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Summary. When lecithin-cholesterol vesicles, containing the mem-
brane-bound spin probe 3-doxyl-cholestane, were set in contact
with mouse lymphocytes, the vesicles adsorbed to the cell and
vesicle-membrane components were transferred to it. The spin
probe was enzymatically reduced at the inside of the cell mem-
brane. The spin-label method provided a means to determine
quantitatively the extent of vesicles adsorption and vesicle-cell fu-
sion by measuring the transfer of vesicles membrane material to
the cell. This method, together with the reduction of spin label by
the cell, allowed also a quantitative estimate of the extent of en-
docytosis during cell-liposome interaction.
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Introduction

The interaction between living cells and liposomes!
has been the subject of numerous studies using a
large variety of experimental procedures [13, 27, 28,
45, 47]. The necessity of using a large number of
different techniques in these studies has emerged
from the complexity of this interaction. Different
phenomena such as liposome adsorption, fusion and
endocytosis, can occur during this interaction. Com-
monly in these studies, liposomes labeled with
radioactive or fluorescence markers have been used.
Less commonly, spin-labeled liposomes have been
used. Fusion between cell and liposome has deserved
particular attention as it is of common occurrence
during cell-liposome interaction. Two main criteria
have been established as evidence of fusion: (1) the
detection of transfer of liposome contents into the
cell and (2) the detection of transfer of liposome
membrane compornents to the cell membrane. Exam-

*  Present address: The Gustal Werner Institute, Uppsala Uni-
versity, Box 531, S-751 21 Uppsala, Sweden.

! The terms vesicle and liposome are used as synonyms in the
present work.

ples of the first group of studies are those of Wein-
stein et al. [5, 47], that used the water-soluble
fluorescence label 6-carboxyfluorescein as a marker,
and those of Dunham et al. [9], that used the cal-
cium-sensitive dye arsenazo III as a marker. Exam-
ples of the second group of studies are those of
Grant and McConnell [12], that used spin probes,
and those of Owen [26], that used a fluorescent
probe. However, as has been pointed out [27,33], it
may be difficult in a particular case to prove that
these criteria have been met, either due to limi-
tations established by the experimental procedure
used or, as usually happens, by the simultaneous oc-
currence of several phenomena during cell-liposome
interaction. Therefore the need for more than one
type of measurement in these studies has been em-
phasized [27, 33]. And, for the same reason, the
finding of additional methods that can discriminate
between these different mechanisms of cell-liposome
interaction is desirable.

We have been interested in studying the incorpo-
ration of lecithin vesicles containing cholesterol into
Iymphocytes, both from the viewpoint of the mecha-
nisms involved in the interaction between cell and
vesicles [8] and from the viewpoint of the effect of
increased cholesterol content on cell activation [147].
This study is concerned with the first of these as-
pects. Spin probes have been used in an attempt to
quantitatively assess different mechanisms of transfer
of the components of the vesicle membrane to the
cells. The paramagnetic resonance signal of these
probes is sensitive to environment order, compo-
sition, and spin probe mobility and concentration.
Our results show that the use of spin probes can
provide a direct way to measure fusion between ves-
icle and cell membranes, but also to assess adsorp-
tion of vesicles to the cell surface and endocytosis. A
detailed account on the preparation and properties
of spin-labeled lecithin-cholesterol liposomes as
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those used in the present study has been published
L7].

Materials and Methods

Lymphocytes were isolated from spleen of A.CA mice as de-
scribed previously [147. The preparation of LCC-liposomes?® con-
taining spin label I has been communicated {7]. All liposome
preparations were subjected to phosphate and cholesterol analy-
sis. Their spin-label concentration was also determined by double
integration of their ESR spectra [7]. Cholesterol was determined
by the method of Hanel and Dam [15] and the method of Zlatkis
[48], according to Rudel and Morris [37]. Phosphate was de-
termined with the method of Bartlett [4]. Membrane-bound de-
hydrogenase activity was measured according to Klingenberg
{19]. ESR measurements and calculations were performed as re-
ferred to before [7].

A typical incubation experiment was performed as follows.
Lymphocytes with a final concentration of 1x107cell/ml were
mixed with liposomes (final lipid concentration=2.5mm) in
0.15MNaCl—2.5mm phosphate (pH 7.40) and left at 23°C. Other
conditions are indicated in the protocol of each experiment. At
the end of the incubation period the cells were sedimented by
centrifugation at 5,000 x g, for 10 min, washed, and the sediment,
the supernatant, and the wash solutions kept. Cholesterol was de-
termined on the cell pellet. ESR measurements were performed
on the cell pellet, the supernatant, and the wash solutions. No
ESR signal, phosphate, or cholesterol was detected in the wash
solutions.

The total number of vesicles N, in a volume of a suspension
was calculated according to the following:

L
N,=— 1
=T M
where L, is the total number of lipid molecules that constitute
vesicles present in the chosen volume of suspension and L, is the
total number of lipid molecules per vesicle. For a particular lipid
component /, its mole fraction X, in a volume of the suspension is

given by:

_LI
L

X, @)

t

where L, is the total number of lipid molecules of  present in the
volumen of suspension under consideration. The total number of
lipid molecules per vesicle L, is given by:

24,
3 xA;

where A, is the area of an ideal curved surface lying between the
two vesicle monolayers and Y x;4, is the average molecular sur-

3

L,=

2 Abbreviations: ESR, electron spin resonance; doxyl, 2,2-di-
methyl-N-oxyl-oxazolidine; LCC-liposomes, lecithin-cholesterol-(3-
doxyl-cholestane)-liposomes; SL, spin label.
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face area of a vesicle lipid molecule, obtained by summing the
products of the mole fraction x; of each lipid component i of the
vesicle and its molecular surface area 4,.

If L, from Eq. (2} and L from Eq. (3) are substituted into Eq.
(1) one gets

L ;
O @
X,24,

For 1 liter of suspension, where the molar concentration of [
is ¢,

L=cN (5)

where N denotes Avogadro’s number. Substituting Eq. (5) in Eg.
(4) yields

NU=M~ (6)
X24,

L, and X, where experimental values. A4, for lecithin was tak-
en as 46.7A% which is the value found in egg lecithin bilayers
containing 50% cholesterol [22]. A4, for cholesterol and 3-doxyl-
cholestane was taken as 38 A2, which is the value experimentally
obtained for fully packed cholesterol [6]. The diameter of a ves-
icle was assumed to be 350A [11] (and G. Dresdner and J. Prej-
za, unpublished observations) and the thickness of the vesicle bi-
layer SO A.

Results

After incubation with LCC-liposomes, the cell pellet
exhibited a paramagnetic resonance signal (Fig.1)
and its cholesterol content increased (Figs.2 and 3).
That these results represented binding of liposomes
to lymphocytes was deduced from the following ob-
servations. Lymphocytes and liposomes showed
large differences in their sedimentation rates (see
Materials and Methods). No sediment was observed
on liposome suspensions centrifuged under the same
conditions as those used for lymphocytes. The
amplitude of the ESR signal and the cholesterc]
content of the cell pellet did not change after several
successive washings. The wash solutions did not
show any ESR signal nor detectable amounts of
cholesterol. The ESR signal and the cholesterol con-
tent of the cell pellet increased with time of incu-
bation (Fig.3). The amplitude of the ESR signal of
the cell pellet decayed at the postincubation period,
whereas that of the supernatant or the original lipo-
some suspension remained constant (Fig.5A4). The
shape of the ESR signal of the cell pellet was dif-
ferent from that shown by the supernatant and the
liposome suspension (Fig. 1).

It should be recalled here that no form of choles-
terol or spin label other than that incorporated into
liposomes was present in the suspension [7].

Although the characteristics and properties of all
cell batches were like those to be described below,
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Fig. 1. ESR spectrum of lymphocytes after incubation with spin-
labeled lecithin-cholesterol vesicles. Dotted line: ESR spectrum of
vesicles present in the supernatant obtained by centrifugation of
the incubation mixture. The vesicle composition was as follows:
Kigoimin=021, X 4. =073, X .o =0061. Incubation time
=15min

cho;

differences were, however, observed between batches.
Parameters such as initial cholesterol concentration,
maximum liposome binding capacity, time for
achievement of maximum binding, rate of decay of
the paramagnetic resonance signal, were characteris-
tic of a particular cell batch but varied between batch-
es.

Liposome-Concentration Dependence
of Liposome Attachment® to Lymphocytes

The extent of attachment of liposomes to lym-
phocytes increased with liposome concentration dur-
ing incubation (Fig.2). There were two regions of
linear increase with different slopes, suggesting that
some saturable mechanism operated in the cellular
uptake of liposomes, as found in other cases [5].
Both the cellular uptake of cholesterol and spin la-
bel occurred in a parallel fashion. In earlier studies a
similar behavior for lecithin vesicles containing spin-
labeled stearic acid was shown [8].

Time-Dependent Attachment of Liposomes
to Lymphocytes

Attachment of liposomes to lymphocytes occurred
already after Smin of incubation (the shortest in-

*  Extent of attachment of vesicles to lymphocytes is used here

to denote the number of vesicle-equivalents per lymphocyte after
incubation of lymphocytes with a vesicle suspension, calculated
on the basis of the cellular increment of cholesterol or spin label.
It does not have any mechanistic significance.
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Fig. 2. Effect of LCC-liposome concentration during incubation
on the incorporation of cholesterol and spin label into lym-
phocytes. 0—o0: cholesterol; e—ae: 3-doxyl-cholestane. The lipo-
some composition was as follows: X =031, X, =064,
X1 eno, = 0.055. Incubation time =35hr

lecithin

—
[3)]

115
110

g1 O

ESR signal
(molecule/cell) x1G®

o
AlCholesterol)

50 150
Incubation time (min)

Fig. 3. Time-dependent incorporation of liposomes into lym-
phocytes. Spin-label incorporation was monitored by the ampli-
tude of the middle resonance of the ESR signal of the cell pellet
(0—o0). e—e: cholesterol. The liposome composition was the
same as that indicated in Fig. 1

cubation time studied) as revealed by the cholsterol
content and the paramagnetic resonance signal of
the cell pellet (Fig.3). Both showed a parallel in-
crease and reached a plateau within 40-160 min, de-
pending on the cell batch and the liposome-cell con-
centration ratio used. Binding and subsequent phe-
nomena that followed incubation led to defined
changes of the paramagnetic resonance spectrum of
the cell-bound spin probe. These changes were mo-
nitored by means of the spectral parameters 2Ty, 9,
and H/D [7] (Fig.4). H is the amplitude of the mid-
dle line of the spin-label ESR spectrum and D is the
value of the double integral of the spectrum which is
proportional to spin-label concentration. For a de-
finition of 2T and & see Fig.4. The variation of &
and H/D can be followed with reference to Table 1.
The observed changes indicated that the spin label
was transferred from the liposomes to an environ-
ment where it reached a lower concentration, and
support the view that it diffused laterally in the lym-
phocyte membrane. Such changes were not observed
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Fig. 4. ESR parameters used for monitoring the interaction be-
tween lymphocytes and LCC-liposomes. The spectra are the same
as those shown in Figs. 6A and 7A, reference [7]. They are ESR
spectra from LCC-liposomes with different mole fractions of cho-
lesterol (A) and spin label (B). 4. Hyperfine splitting 2T,. B. Pa-
rameter 8. & values are positive above the base line and negative
below it. Before calculating J, the ESR spectra of all samples
were normalized by assigning to the double integral of their spec-
tra the same arbitrary value

in the ESR spectra of vesicles that remained in the
supernatant after incubation. Variations of the hy-
perfine splitting 27} of the cell-bound spin label
with time of incubation were observed only in cases
where the vesicles had a low concentration of spin
label. Compared with the liposomes, those lym-
phocytes that were incubated with liposomes whose
3-doxyl-cholestane mole fraction was lower than
0.05, showed a value for 27, that was 90.44-4.9%, of
that of the liposomes. Instead, lymphocytes incu-
bated with liposomes whose 3-doxyl-cholestane mole
fraction was higher than 0.065 showed a 27} value
that was 99.8 +4.3%, of that of the liposomes. These
values are the average and standard deviation of
two groups each of 15 and 18 experiments, respec-
tively. This result can be explained by the opposed
effects that cholesterol and spin-label concentration
had on 2T} [7] and to the relatively moderate ex-
pected change of the cholesterol-lecithin molar ratio
of the lymphocyte membrane as a consequence of
liposome uptake and incorporation®. The observed

4 Yn fact, assuming: (a) a cholesterol-lecithin molar ratic of the

lymphocyte membrane of 1.0 [1, 10, 21, 407 and of the liposome
membrane of 2.0 [7], (b) a cholesterol content of the lymphocyte
membrane corresponding to 6 x 108 molecules/cell [14] and of the
liposome of 9 x 10® molecules/10° vesicles [7], and () a lecithin
content of the lymphocyte membrane corresponding to 6
x 108 molecules/cell [1, 10, 21, 407 and of the liposome of 4.5
% 10® molecules/10° vesicles [7], a maximal increase of the cho-
lesterol-lecithin molar ratio of the lymphocyte-liposome complex
to 1.4 was expected by the attachment of 1 x 10° vesicles per cell.
The mole fraction of cholesterol would increase under the same
circumstances from 0.50 to 0.58.

G. Dresdner et al.: Vesicle Incorporation to Lymphocytes

Table 1. Course of the incubation of lymphocytes with LCC-lipo-
somes monitored by the ESR parameters H/D and 6°

Incubation  H/D 1)

time Cell pellet Super- Cell pellet Super-

(min) natant natant
5 7.8 4.8 —0.30 —0.50
15 7.1 4.8 —-029 —0.55
70 7.1 5.1 —0.31 —0.58

180 7.2 5.1 —0.30 —0.58

a

Lymphocytes (107 cell/ml) were incubated with LCC-lipo-
somes (final concentration = 1.45 ymol lipid/ml) with the following
composition: X =021, X 0. =0.73, X1 cpor. =0.061

lecithin chol.

change in 2T was also in agreement with the view
that 3-doxyl-cholestane was transferred during incu-
bation from the liposome membrane to the lym-
phocyte membrane.

Spin-Label Reduction at the Lymphocyte Membrane

Earlier investigations have shown that spin labels
are reduced at the plasma membranes of living cells
3, 12, 18, 36, 42]. This capacity to reduce spin la-
bels has also been observed in human lymphocytes
[18].

The amplitude of the paramagnetic signal of 3-
doxyl-cholestane, measured by the amplitude of the
center line of the spectrum, decayed, after spin-label
incorporation into the lymphocyte, by reduction at
the cell membrane (Fig.54). The decay followed a
first-order kinetics and it was often preceded by an
initial period where no change was detected or even
a slight increase in the amplitude of the paramag-
netic resonance signal was observed (Fig.6B). An
explanation for this apparent initial lack of reduc-
tion of 3-doxyl-cholestane is given below where post-
incubation phenomena are described. The rate of
decay of the ESR signal was temperature-dependent
[8]. It was independent of the time of incubation. It
was also observed on spin-labeled stearic acid incot-
porated in lymphocytes that had been incubated
with lecithin liposomes containing that spin label
[8]. These changes were not reversed by addition to
the cells of potassium ferricyanide (final concentra-
tion==2mm) at the postincubation period as it has
been reported for human lymphocytes [18]. Nor by
adding this substance during incubation or pretreat-
ing the cells 10 min with it before incubation. The same
result was obtained by adding to the cells, in the
fashion described for potassium ferricyanide, the mem-
brane-reductase inhibitors [23] sodium azide (final
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Fig. 5. Reduction of spin label incorporated into lymphocytes after
incubation with LCC-liposomes. Reduction was monitored by the
amplitude of the middle resonance of the ESR signal of the cell-
bound spin label. The composition of the liposomes was as fol-
lows: X, s =031, X, =064, Xg . =0.048. A. Comparison
between the cell pellet (0—o) and the supernatant (vesicles)
(e—e). B. Comparison between undiluted and diluted pellet. (a)
0—o0: cell pellet of a single sample controlled by successive measure-
ments. (b) e—a®: each point was obtained from a sample contain-
ing the same number of cells as that in (a) that were resuspended,
after incubation and separation from the supernatant, to the same
concentration used during incubation, and left in that way until,
just before measurement of the ESR spectrum, was centrifuged
again

concentration: 0.10-0.17mM) or p-hydroxi-mercuriben-
zoate (final concentration 9x10-° to 3 x 10~ *wm).
Dilution of the cell pellet to the cell levels present
during incubation decreased the rate of the reaction
to about one-fourth of the value obtained with the
undiluted pellet (Fig. 5B).

Reductase activity of intact lymphocytes was in-
vestigated with the ferricyanide method [19]. Fer-
ricyanide does not diffuse through the lymphocyte
cell membrane [18,19]. Its reduction by intact cells
is thus a measure of the reducing activity located at
the external lymphocyte surface. It was found that
lymphocytes had a high ferricyanide-reducing ac-
tivity (Fig.6A). This activity was almost abolished
by rupturing the cells by mild homogenization
(Fig. 6 4). That the exernal reductase activity was dif-
ferent from that observed with cell-incorporated spin
labels was supported by the following facts. While
breakdown of the lymphocytes leads to an almost
complete disappearance of the ferricyanide-reductase
activity, it increased instead the nitroxide-reductase
activity, responsible for the decay of the paramag-
netic resonance signal of the lymphocyte (Fig. 6B).
Also, as mentioned before, the external addition of
potassium ferricyanide did not modify the reduction
rate of cell-bound spin label. These results also sup-
port the view that the enzyme (or enzymes) respon-
sible for the ferricyanide-reductase activity was lo-
cated on the outside membrane surface of the lym-
phocyte, whereas that responsible for the nitroxide-
reductase activity was located at the inside of the

159

0
o
r \ g 100"<\. To~0- 00
9~O.10- N g.
< S 90 e
< k=, N
o
-0.20} 5
o
. £ T . .
100 300 1 2 3 4
A Reaction time (s) B Time(h}

Fig. 6. Reductase activity of the lymphocyte membrane. In each
case a 1-m] sample containing 1x 10° cells was used. A. External
ferricyanide-reductase activity. o—o: intact lymphocytes. o—n:
lymphocytes broken down by means of 15 passes in a Potter-
Elvehjem homogenizer. B. Nitroxide-reductase activity. o—o: in-
tact lymphocytes. @—e: pellet of lymphocytes previously homo-
genized as in 4

membrane. The last must have also been in close
contact with the membrane lipids since the spin la-
bel itself is located in the lipid phase of the mem-
brane [39]. This has also been shown to be the case
of other lipid-soluble spin probes [42].

Extent of Vesicle Attachment to Lymphocytes

The extent of vesicle attachment to lymphocytes
during incubation was estimated both from spin-la-
bel incorporation data and cholesterol incorporation
data (Tables2 and 3). In order to give a correct es-
timate of the total amount of vesicles incorporated
into the cells within a certain period of time, spin-
label incorporation data were corrected for spin-la-
bel reduction within that period of time. Details of
the correction procedure are given below in the sec-
tion titled Rate of Vesicle Attachment to
Lymphocytes. The rate of spin-label reduction was in
turn corrected for cell concentration, as ESR
measurements were performed on the cell pellet. The
amounts of vesicles attached to a lymphocyte, calcu-
lated on the basis of these corrected spin-label in-
corporation data, are shown in Table4. If compari-
son is made between the data of Table2 and Ta-
ble3, it can be seen that there is a good agreement
between the extent of vesicle attachment to lym-
phocytes calculated from cholesterol-increment data
and spin-label incorporation data. Comparison be-
tween the data of Table2 and Table4 shows that the
difference between the extent of vesicle attachment
of lymphocytes calculated from corrected spin-label
incorporation data and cholesterol-increment data is
given by the amount of vesicles that were modified
by some kind of cellular mechanism, in this case en-
zymatic reduction of the vesicle component 3-doxyl-



160

Table 2. Number of vesicles attached to lymphocytes, at 23°C at
an incubation ratio of 4 x 10° vesicles/cell, calculated on the basis
of the increment of cell cholesterol after incubation

G. Dresdner et al.: Vesicle Incorporation to Lymphocytes

Table 4. Number of vesicles attached to lymphocytes at 23°C cal-
culated on the basis of the amount of spin label 3-doxyl-choles-
tane present in the cell after incubation®

Incubation  Attached No. vesicles Average rate of
time per cell® vesicles attachment
(hr) (vesicle/cell/hr)

3 65,000 +12,000(2) 22,000

6 67,000+ 4,000(4) 11,000
22 103,000 + 40,000(2) 5,000

®  Mean + standard error. Number of experiments is in paren-
theses

Table 3. Number of vesicles attached to lymphocytes, at 23°C at
an incubation ratio of 4 x 10° vesicles/cell, calculated on the basis
of the basis of the amount of spin label 3-doxyl-cholestane pres-
ent in the cell after incubation

Incubation  Attached No. vesicles Average rate of
time per cell® vesicle attachment
(hr) (vesicle/cell/hr)

3 41,000 (1) 14,000

4 72,0004+ 4,0002) 18,000

6 65,000 +29,000(4) 11,000

8 94,000 +13,000(2) 12,000
12 99,000+ 15,000(2) 8,000
14 98,000 (1) 7,000
16 102,000 + 25,000(2) 6,000

?  Mean+standard error. Number of experiments in paren-
theses.

cholestane. These data sustain the view therefore
that it is not only the 3-doxyl-cholestane moiety
which was modified after the attachment of vesicles
to the cell, but also cholesterol was modified, pre-
sumably part of it decomposed. This suggested,
therefore, that part of the vesicles might have been
broken down by the cell as whole units after attach-
ment.

Adsorption of Vesicles to Lymphocytes

The magnitudes of H/D and 6 depend on the local
concentration of spin label [7], both at the lym-
phocyte and at the liposome membrane. Since, after
fusion, the spin label diffuses in the lymphocyte
membrane and therefore its concentration decreases,
the value of these parameters increases. The value of
these parameters gives therefore a measure of the ra-
tio between fused and adsorbed intact vesicles. It is
thus possible, form the measured ESR parameters, a
parameter-spin-label concentration plot [7], and the
amount of spin label present, calculated by double
integration of the ESR spectrum, to estimate the

Experi-  vesicle/cell  Incubation No. attached
ment at time {(hr)  vesicles/cell
No. incubation
%« 10-6 Uncorrected Corrected
1 3.8 4 67,000 77,000
8 99,000 150,000
12 105,000 209,000
16 109,000 216,000
2 4.6 4 95,000 106,000
8 108,000 146,000
12 111,000 180,000
16 116,000 216,000

*  Bothuncorrected data and data corrected for spin-label reduction

after vesicle attachment to the cell are shown.

relative and absolute amounts of fused and nonfused
(adsorbed) vesicles.

Assuming, when a fraction of vesicles fuses with
the lymphocyte cell membrane, that the spin label
remains in the lipid phase of the membranes only,
and that it diffuses rapidly, the values of H/D and d
will vary linearly with spin-label concentration. Tak-
ing ¢ as an example, its value at the cell pellet after
incubation will be given by

or,=ad,+(1~a)é, (7

where Ly refers to the lymphocyte-vesicle complex
of the cell pellet, v to vesicles, f to spin label that
has diffused laterally after fusion, and a to the frac-
tion of vesicles adsorbed to the lymphocyte external
surface. From Eq. (7) it follows that

8,0,
5,~8,

®)

A homologous Equation such as (8) can be derived
for H/D. In Eq. (8), 6,, and §, are obtained experi-
mentally, 6, can be calculated from dilution of the
spin label using values of cell uptake of spin label
and a set of parameters related to lymphocyte mem-
brane composition. Since the value of 6, depends on
the fraction of vesicles (1 —a) that has fused with the
lymphocyte membrane, a solution for 6, and a is in
fact obtained simultaneously. For further details see
the Appendix.

A calculation, made using the procedure just de-
scribed, is shown in Table 5. The range of the values
in H/D found in the experiments whose results are
shown in Table5 were as follows: (3.3, 9.1} for the
cell pellet and (4.6, 5.4) for the vesicles. The ranges
of the & values were: (—0.62, —0.32) for the cell pel-
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Table 3. Per cent of attached lecithin-cholesterol vesicles adsorbed
to lymphocytes after various times of incubation®

Incubation conditions 9% Adsorbed vesicles®

No. vesicles

Time (min) x10-° H/D é
cell

5 2.9 58 73
15 29 88 69
70 29 100 86
180 2.9 75 78
240 35 99 71
300 11 83 89
300 8.9 53 82

*  The procedure used for these calculations is indicated in the
Appendix

®  The headings of columns 3 and 4 indicates the ESR parame-
ter that was used for the calculation of the percentage of vesicles
adsorbed to the cell.

let and (—0.68, —0.62) for the vesicles. In this calcu-
lation a lymphocyte 8 um in diameter with a cell
membrane containing a 50-A-thick lipid bilayer,
57%, protein, 309 lipid [1, 10, 21, 407 (see also foot-
note 3), and a cell membrane cholesterol-lecithin
molar ratio close to 1 has been considered. The last
assumption is justified since the cells have a mem-
brane cholesterol-lecithin molar ratio of 0.9-1.0 [1,
10, 21, 407 and were incubated with vesicles with a
ratio larger than 1.5, in most cases larger than 2.

In all experiments the per cent of vesicles adsor-
bed to the lymphocyte surface exceeded 50 % of the
total number of attached vesicles. The values shown
in Table4 were not corrected for spin-label reduc-
tion in the cell. A correction for spin-label reduction
would decrease those values in amounts that depend
on the incubation time. For a 4- to 5-hr incubation
experiment a maximal decrease of 5% would be ex-
pected.

Rate of Vesicle Attachment to Lymphocytes

Average rates of attachment of vesicles to lym-
phocytes, calculated both from spin-label data and
cholesterol data, are shown in Table2 and Table3.
These results are comparable to each other if due
consideration is paid to the variability observed
owing to the use of different cell batches in these
experiments. The average rate of vesicle attachment
decreases with time of incubation on account of the
lower contribution that the large initial rates of at-
tachment make time of incubation. These rates of at-
tachment are comparable with those obtained by
Weinstein et al. [47] for the incorporation of lec-
ithin vesicles into human lymphocytes.

161

More accurate values for the rates of attachment
of vesicles to lymphocytes can be calculated from
spin-label incorporation data assuming the attain-
ment of a steady state at the plateau region of Fig, 3.
The assumption made is that, after the onset of in-
cubation, as the amount of vesicles attached to the
cell rises, the rate of disappearance (measured in this
case by the rate of loss of the paramagnetic reso-
nance signal of the cell-bound spin label) pro-
gressively increases, until a steady state is reached,
where the rate of vesicle attachment is equal to the
rate of disappearance.

The change with time of the total amount of ves-
icle-equivalents per cell v is given by

v=v,~, ©)

where v, is the rate of attachment of vesicle-equiva-
lents per cell and v, is the rate of disappearance of
vesicle-equivalents per cell due to reduction of spin
label. At the plateau region (Fig. 3), the number of
vesicle-equivalents per cell is constant, thus v=0.
From Eq. (9) it follows that

v, =U,=constant. (10)

Since the rate of disappearance of vesicle-equiva-
lents per cell v, follows a first-order kinetics,

v,=v,=kc, (11)

where ¢, denotes the measurable number of vesicle-
equivalents per cell at the plateau region and k is a
first order kinetic constant. Therefore

Ac=kc, At (12)

gives the correction for the number of vesicle-
equivalents per cell that disappearance in the inter-
val At. For any time interval preceding the plateau
region, ¢, in Eq.(12) can be replaced by the average
number of vesicle-equivalents per cell in that inter-
val. The error introduced by this approximation is
quite small. The value of k in Eq.(12) can be ob-
tained from measurements on the zone of constant
rate of decay of the cell paramagnetic resonance sig-
nal at the postincubation period (Fig.5). This value
must be corrected for the cell concentration of the
pellet (Fig. 5B).

Vesicle attachment data calculated in the way
just described are shown in Fig. 7.

Postincubation Phenomena

After separation of the lymphocytes from the ves-
icles, at the end of the incubation period, other
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changes of the ESR spectrum of the cell-bound
spin label than decay of amplitude of the para-
magnetic resonance signal were also observed. The
course of these changes can be followed with ref-
erence to Fig.84. Parameter H/D increased and
reached a maximum at about 2hr of postincubation
and then decreased progressively. The high initial
values of parameter ¢ remained constant for about
2hr and then decreased simultaneously with H/D.
The initial increase in H/D explains why the decay
of the ESR signal of the cell-bound spin label was
often observed only after 2hr of postincubation and
even a small increase of its amplitude detected with-
in this period (Fig. 5, Fig. 6B). This increase in H/D
was not always observed. But in all experiments
there was. present a high initial H/D value followed
by a decrease, in a similar fashion to that shown for
6 in Fig.84. Changes in 2T were less defined
among different experiments as those observed for
H/D and &, due parhaps to the simultaneous dif-
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Fig. 7. Attachment of LCC-liposomes to lymphocytes, calculated
from spin-label uptake data. @—e: calculated from ESR measure-
ments performed on the cell pellet, without correction for spin-
label reduction. o—0: calculated from spin-label reduction in the
cell pellet, and corrected for cell concentration of the pellet. o—
o: total number of vesicles attached. The liposome composition
was as in Fig. §
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fusion of both spin label and cholesterol into the
lymphocyte following fusion. Within a particular ex-
periment there was nevertheless a defined pattern of
change of 2T|. Both an initial increase in 2T} fol-
lowed by a decrease and the reverse pattern were
observed.

After 6 to 8hr postincubation the paramagnetic
resonance spectra of the cell pellet, the supernatant
(containing the liposomes), and the liposome suspen-
sion were the same. The ESR parameters of the cell
pellet mentioned above reached, therefore, identical
values with those of the supernatant and the lipo-
some suspension. However the ESR signal of the
cell pellet continued to decay until it vanished com-
pletely. The ESR signal amplitude and ESR parame-
ters of the supernatant and the original liposome
suspension remained instead unchanged for signifi-
cantly longer periods of time.

The changes in H/D and 4§, observed after the
supply of vesicles from the medium to the lym-
phocyte was stopped, indicated continued diffusion
of spin label at the lymphocyte membrane, following
fusion with the cell of vesicles adsorbed on the cell
surface. As the amount of spin label that diffused
into the lymphocyte membrane decreased by reduc-
tion, the contribution that the spin label present in
adsorbed vesicles made to the ESR spectrum was
larger and the ESR spectrum of the lymphocyte-ves-
icle complex became more similar to that of the ves-
icles. A calculation of the relative and absolute
amounts of adsorbed vesicles during the postincu-
bation period is shown in Fig.8B. It should be re-
called here that during the postincubation period
the spin label was continuously reduced without re-
supply of vesicles from the medium, which explains
the exponential decrease of vesicle-equivalents calcu-
lated on this basis. In particular is noticed here, for
later discussion, the fraction of vesicles that re-
mained unmodified attached to the cell surface (ar-
rows in Fig 8) and incorporated as such into the
cell.

Fig. 8. Postincubation phenomena on fymphocytes
incubated with spin-labeled lecithin-cholesterol vesicles.
The vesicle composition was as follows: Xy =0.21,
X o1, =073, X1 cno. =0.061. 4. Variation of ESR
parameters H/D and 6. o—o: cell pellet; o—e:
supernatant (vesicles). B. Number and per cent of
equivalents of total and adsorbed vesicles in
lymphocytes, in the same experiment shown in 4

Attached vesicles
per cell x 1073
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Discussion

When lymphocytes were incubated with spin-labeled
lecithin-cholesterol vesicles, binding of the vesicles to
the cell was rapidly followed by incorporation of
vesicle membrane components into the cell. The pre-
dominant hydrophobicity of the spin probe used, the
abundant evidence available concerning its location
in lipid bilayers [39], the changes of the paramag-
netic resonance spectrum that indicated lateral dif-
fusion of the probe in a membrane-like environment,
plus its reduction after attachment to the cell, in-
dicated that the probe became attached to the lym-
phocyte membrane and fusion between liposomes
and cells occurred. Additional evidence was pro-
vided by previous findings that showed that lecithin
vesicles containing spin-labeled stearic acid were in-
corporated in these cells in a similar fashion [8] and
that the binding of lecithin-cholesterol vesicles de-
creased the reactivity of the cells towards B and T
cell activators [14], which are known to act at the
cell membrane. These results are in agreement with
those of Weinstein et al. [5, 45], who studied the
interaction between human peripheral blood lym-
phocytes and dioleoyl lecithin-unilamellar vesicles
containing 6-carboxylfluorescein in their internal
aqueous compartment and those of Huang et al
[16] who studied the interaction between mouse
thymocytes and, among others, egg lecithin-unila-
mellar vesicles containing [*H]-inulin in the internal
agueous compartment. A major difference between
the present investigation and those of the foremen-
tioned authors is that in our studies the transfer of
vesicle membrane components to the lymphocyte
membrane instead of the transfer of vesicle contents
has been monitored.

Our results suggest that in the system we have
studied endocytosis plays a larger role than that
exhibited by other systems [3,16,47]. Results of the
postincubation period show that at least 20 % of the
vesicles that remained attached to the cell after sepa-
ration of the cells from the bulk of the vesicle sus-
pension were incorporated as intact vesicles
(Fig.8B). But this fraction must have been much
larger, since such form of incorporation must have
been operating during the whole postincubation per-
iod. This form of incorporation must have also been
operating during the whole incubation perijod.

An analysis of the possibility that the observed
reduction of spin label of adsorbed vesicles could be
due to reductase activity of the outer lymphocyte
surface shows that most of the evidence is against
this possibility. First, the addition of external po-
tassium ferricyanide at any stage of cell-liposome in-
teraction does not affect the rate of spin-label re-
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duction, nor the addition of the reductase inhibitors
such as sodium azide of p-hydroxy-mercuribenzoate.
In the second place, the nitroxide-reducing activity
increases by cell disruption, which supports the view
that there are intracellular enzymes that play a more
direct or indirect role on the rate of this reducing
activity. In the third place, the external ferricyanide-
reductase activity of the cell decreases by mild cell
disruption. The two last results show that both re-
ductase activities must be associated, if not to dif-
ferent membrane proteins, at least to parts of a pro-
tein moiety accessible from different sides of the
lymphocyte membrane. In the fourth place, it is dil-
ficult to explain how the whole amount of spin label
of adsorbed vesicles could be completely reduced, at
the rate observed, by an enzyme located on the lym-
phocyte outer surface. Particularly difficult would be
to explain a complete reduction of the spin label lo-
cated at the inner vesicle monolayer. Kornberger
and McConnell [20] have shown that complete fast
oxidation of spin-labeled phospholipid located on
the outside vesicle monolayer preserves the integrity
of the spin label located at the inside monolayer,
and that the decay of the asymmetry in spin-label
distribution between the two monolayers of the ves-
icle has a half-time of 6.5hr at 30°C. The half-time
of the transbilayer movement of cholesterol in phos-
pholipid vesicles has been found to be larger [34]
and lower [2] than this. No information of this type
has been found in the literature for 3-doxyl-choles-
tane. In the fifth place, the vanishing of the para-
magnetic resonance signal of the adsorbed vesicles
in the cell pellet could not explain the concomitant
vanishing of cholesterol in the same proportion as
the vanishing of the spin-label signal by reduction,
even assuming that, after reduction, the vesicles
would be released from the cell surface. A concom-
itant vanishing of components of the vesicle mem-
brane could be explained if, for instance, the lipo-
some wall would be broken down enzymatically
within a small closed volume, allowing spin-label
molecules to get in close contact with the reductase.
These conditions could be met in a small endocytic
vesicle that originated at the cell membrane [25,43].
In the sixth place, dilution of the cell pellet leads to
a decrease of the rate of the nitroxide reducing re-
action. This effect could be partly explained by a de-
crease on the proximity of vesicles adsorbed to the
surface of neighboring cells, but it must be recalled
also that cell dilution decreases the rate of endo-
cytosis [17,41].

Another argument that supports the view that
endocytosis plays a significant role in vesicle incor-
poration in our experiments is the comparison be-
tween the extent of vesicle incorporation calculated
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from cholesterol data and that calculated from spin-
label data. It follows from this comparison that the
cellular concentration of spin-label and cholesterol
increase with time of incubation to about the same
extent (Tables 2-4). But since a large part of spin la-
bel has been degraded by reduction, cholesterol
must also have been degraded at about the same
rate. However, the normal rate of cholesterol break-
down of the lymphocyte [30-317 is much lower than
the rate estimated here from spin-label reduction.
This suggests therefore that some common faster
mechanism for the breakdown of 3-doxyl-cholestane
and cholesterol must have operated in the cell.

Another argument that supports a larger role of
endocytosis in our experiments is the following. If
the results obtained from experiments on cell-cell fu-
sion [32] and liposome-liposome fusion [29] are val-
id also for cell-liposome fusion, for a lymphocyte
8um in diameter and a cell membrane containing
57%, protein [1] and lipid in the form of a bilayer
50-A thick, to incorporate let us say 5 x 10* lecithin-
cholesterol vesicles by fusion, would cause an in-
crease in cell diameter of about 75 %, assuming that
the thickness of the bilayer has remained constant,
ie, an increase in diameter up to about 14 pm. If it
would incorporate 25 x 10* vesicles by fusion then
the diameter should increase to about 21 pm. But no
increase in cell diameter at all has been observed in
our experiments, even after incubating the cells
22 hr. Therefore, a large part of vesicle membrane
material must have been transferred into the cell.

Our results show therefore that even when fusion
is a quantitatively important mechanism of liposome
incorporation in lymphocytes, endocytosis plays a
significant role. These results agree with results re-
cently published by Owen [26] using a vesicle mem-
brane-bound fluorescent probe.

Studying cell-liposome interaction by means of
the use of spin probes thus represents an effective
way to assess liposome adsorption to the cell sur-
face; fusion, by measuring the transfer of vesicle-
membrane components to the cell; and provides
complementary information for the assessment of
endocytosis.

Appendix

Calculation of the Mole Fraction

at the Lymphocyte Cell Membrane

of Spin Label Transferred

to the Membrane After Cell-Vesicle Fusion

If during the interaction between lymphocytes and spin-labeled
lecithin-cholesterol vesicles, a fraction of the vesicles adsorbs to
the cell surface and another fraction fuses with the cell mem-

G. Dresdner et al.: Vesicle Incorporation to Lymphocytes

brane, the spin label will be present in two environments with
different composition that will affect the motional freedom and
the collision frequency of the label molecules. The paramagnetic
resonance signals of the spin label, that originate at these two
environments, will also be different. If, at a certain time during
the incubation of lymphocytes and vesicles, parameter § is used
to characterize and measure these signals (the same reasoning ap-
plies to parameter H/D), there will be a value of 6 peculiar to the
spin label present in the adsorbed vesicles §, and a value of ¢
peculiat to the spin label that has diffused laterally in the lym-
phocyte membrane after fusion §,. Experimentally, however, after
the incubation of cells and vesicles, it will only be possible to
measure §, and a value &, of the cell pellet that arises from the
lymphocyte-vesicle complex, to which both vesicle-bound and la-
terally diffused spin label will contribute.

If 6 varies linearly with spin-label concentration, then the fol-
lowing relationship will hold:

0p,=ad, +(1—a)d, (A1)

where a represents the fraction of spin label present in the adsor-
bed vesicles. Thus

a:m_ (A2)
3,-5,

An approximate solution of Eqg. (A.2) can be obtained under
the following assumptions:

1) After cell-vesicle fusion, the vesicle lipids diffuse laterally
in the lymphocyte cell membrane until homogeneous distribution
of the lipid molecules that have diffused is achieved in the lipid
phase of the cell membrane, and within a time interval which is
much shorter than the time necessary for measuring the spin-label
concentration at the lymphocyte membrane [38,447;

2) the spin label distributes only in the lipid phase of the
Iymphocyte membrane and does not interact with other mem-
brane components;

3) the lipid phase of the lymphocyte cell membrane is con-
stituted mostly by phospholipid and cholesterol [1,21,407;

4) the cholesterol molar fraction of the lymphocyte membrane
is about 0.5 [1,21,37] and remains around 0.5-0.6 (see foot-
note 4);

5) almost all the cellular cholesterol of the lymphocyte is
present in the cell membrane (cholesterol is in fact assumed to be
present only in the cell membrane and it is used as a marker to
estimate the extent of contamination of plasma cell membrane
preparations with membranes from other cell organelles [1, 24,
36, 467);

6) the variation of 6 with variations of spin-label concen-
tration that will occur at the lymphocyte-vesicle complex as a
consequence of fusion will be linear, which is a good approxima-
tion for Xg 0.065 (Figs.5B and 7C in ref. [7]).

In the following paragraphs, the number of phospholipid,
cholesterol, and spin-label molecules will be designated by P, C,
and C°, respectively. The subscripts L and ¢ will indicate whether
they are present at the lymphocyte membrane or at the vesicle
membrane, respectively.

Before cell-vesicle fusion, the total number of lipid molecules
L, of a spin-labeled vesicle composed of phospholipid and choles-
terol, and the homologous number for the lymphocyte membrane
L,, are given, respectively, by

<
cholestane ~

L,=P+C,+C; (A3)
and

Ly=P+Cy. (A4)
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Fig. 9. Plot of calculated values of § and H/D against the fraction
(1—a) of spin-labeled lecithin-cholesterol vesicles assumed to have
fused with a lymphocyte; f refers to spin label that would diffuse
laterally in the plane of the membrane after fusion; Lu refers to
the lymphocyte-vesicle complex present in the cell pellet obtained
by centrifugation after incubating lymphocytes with vesicles.
These calculations were made from an experiment in which, after
5-hr incubation, 5.2 x 10* vesicles were attached per cell, calculat-
ed on the basis of the increment of cell cholesterol. The vesicle
composition was as given in Fig. 2. Before incubation, the lym-
phocytes had 3.3 x 108 cholesterol molecules per cell. Other exper-
imental values were: 6,=—0.68, §,,=—0.63, (H/D),=49, and
(H/D);,=6.6. By calculation (X o)y =0.006 and (X¢),=052 was
obtained. The corresponding value of &, was 0.46 and that of
(H/D), 148

After the fusion of n vesicles with a lymphocyte, the total
number of lipid molecules of the lymphocyte membrane (L), will
be given by

Ly);=P+C +nP,+C,+C9 (A.5)

and the mole fraction of spin label at the lymphocyte membrane
after fusion is given by

nC?

- A6
L, (A9

(Xco)

The mole fractions of cholesterol and phospholipid at the
lymphocyte membrane after fusion can be calculated by relation-
ships homologous to Eq. (A.6) above,

Assume now that, after incubation of lymphocytes with spin-
labeled lecithin-cholesterol vesicles, it is determined that » vesicles
became attached to the cell, either adsorbed to it or fused with it.
Calculate now the amount of spin label that can laterally diffuse
in the lymphocyte membrane by assigning arbitrary increments to
the fraction of fused vesicles (1 —a) in Eq. (A.1) above, for various
values of a. Calculate the corresponding molar fractions of spin
label at the lymphocyte membrane after each increment of (1 —a)
by means of Eq. (A.6) above. From these values and the plots of
Fig. 7C (Fig.5B for H/D) of the accompanying paper, calculate
the corresponding values of §,. Calculate now a series of §,, val-
ues by means of: Eq. (A.1) above, the obtained 4, values, their
corresponding a values, and the experimentally obtained §, val-
ues. A plot like that shown in Fig.9 can now be made and the
calculated 4;, value that matches the experimental one is chosen
for determining a.

165

Acknowledgements

We thank Prof. Anders Ehrenberg, from the Department of Bio-
physics, Stockholm University, for the facilities provided to per-
form this work and Ms. Caroline Mohlstrém for technical assis-
tance. The support of the Swedish International Development
Authority and the Swedish Institute to one of us (G.D.) is grate-
fully acknowledged. This work was supported by grant No.
78:263 from the Swedish Cancer Society.

References

—

. Allan, D., Crumpton, N.J. 1970. Preparation and character-
ization of the plasma membrane of pig lymphocytes. Biochem.
J.120:133-143
2. Backer, J.M., Dawidowicz, E.A. 1979. The rapid transmem-
brane movement of cholesterol in small unilamellar vesicles.
Biochim. Biophys. Acta 551:260-270
3. Baldassare, J.J., Robertson, D.E., McAfee, A.G., Ho, C. 1974.
A spin label study of energy-coupled active transport in Es-
cherichia coli membrane vesicles. Biochemistry 13:5210-5214
4. Bartlett, G.R. 1959. Phosphorus assay in column chromatog-
raphy. J. Biol. Chem. 234:466-468
5. Blumenthal, R., Weinstein, I.N.,, Sharrow, S.0., Henkart, P.
1977. Liposome-lymphocyte interaction: Saturable sites for
transfer and intracellular release of liposome contents. Proc.
Natl. Acad. Sci. USA 74:5603-5607
6. Demel, R.A.,, Geurts van Kassel, W.S.M., Deenen L.L.M. van.
1972, The properties of polyunsaturated lecithins in mono-
layers and liposomes and the interactions of these lecithins
with cholesterol. Biochim. Biophys. Acta 266:26-40
7. Dresdner, G. 1981. Preparation and properties of spin-labeled
lecithin-cholesterol liposomes. J. Membrane Biol. 64:145-153
8. Dresdner, G., Ehrenberg, A, Hammarstrom, L., Smith, E.
1979. Interaction between lymphocytes and lecithin-choles-
terol vesicles. 1979. Acta Chem. Scand. B33:599
9. Dunham, P, Babiarz, P, Israel, A, Zerial, A., Weissmann, G.
1971. Membrane fusion: Studies with a calcium-sensitive dye,
arsenazo III, in liposomes. Proc. Natl. Acad. Sci. USA
74:1580~1584
10. Ferber, E., Kresch, K., Wallach, D.F.H., Imm, W. 1972. Iso-
lation and characterization of lymphocyte plasma membranes.
Biochim. Biophys. Acta 266:494-504

11. Forge, A., Knowles, P.F., Marsh, D. 1978. Morphology of egg
phosphatidylcholine-cholesterol single-bilayer vesicles, studied
by freeze-etch electron microscopy. J. Membrane Biol. 41:249-
263

12. Grant, C.W.M., McConnell, H.M. 1973. Fusion of phospho-
lipid vesicles with viable Acholeplasma laidlawii. Proc. Natl
Acad. Sci. USA 70:1238-1240

13. Gregoriadis, G., Allison, A.C, editors. 1980. Liposomes in
Biological Systems. Wiley, Chichester

14. Hammarstrom, L., Smith, C.LE.,, Dresdner, G. 1980. Is choles-
terol the receptor for polyene antibiotics induced B lym-
phocyte activation? Cell. Immunol. 56:193-204

15. Hanel, HK., Dam, H. 1955. Determination of small amounts
of total cholesterol by the Tschugaeff reaction with a note on
the determination of lathosterol. Acta Chem. Scand. 9:677-682

16. Huang, L., Ozato, K., Pagano, R. 1978. Interations of phos-
pholipid vesicles with murine lymphocytes. I. Vesicle-cell ad-
sorption and fusion as alternate pathways of uptake. Membr.
Biochem. 1:1-25

17. Kaplan, J. 1976. Cell contact induces an increase in pynocy-

totic rate in cultured epithelial cells. Nature (London)

263:596-597



166

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3

—_

32

33.

34.

Kaplan, J,, Canonico, P.G., Caspary, W.J. 1973. Electron spin
resonance studies of spin-labeled mammalian cells by detec-
tion of surface-membrane signals. Proc. Natl. Acad. Sci. USA
70:66-70

Klingenberg, M. 1979. The ferricyanide method for elucidat-
ing the sidedness of membrane-bound dehydrogenases. In:
Methods of Enzymology. S. Fleischer and L. Packer, editors.
pp-229-233. Academic Press, New York

Kornberg, R.D., Mc Connell, HM. 1971. Inside-outside tran-
sitions of phospholipids in vesicle membranes. Biochemistry
10:1111-1120

Ladoulis, C.T., Misra, D.N,, Estes, L.W., Gill, T.J., II1. 1974.
Lymphocyte plasma membranes. I. Thymic and splenic mem-
branes from inbred rats. Biochim. Biophys. Acta 356:27-35
Levine, Y.K., Wilkins, M.H.F. 1971. Structure of oriented li-
pid bilayers. Nature, New Biol. 230:69-72

Low, H., Crane, F.L. 1978. Redox function in plasma mem-
branes. Biochim. Biophys. Acta 515:141-161

Mahler, H.R, Cordes, E.H. 1966. Biological Chemistry.
pp. 378-403. Harper & Row, New York

Morton, D.B. 1976. Localisation and function of lysosomal
enzymes. In: Lyosomes in Biology and Pathology. J.T. Din-
gle and R.T. Dean, editors. Vol. 5, pp.203-256. North-Hol-
land Publishing Co., Amsterdam

Owen, C.S. 1980. A membrane-bound fluorescent probe to de-
tect phospholipid vesicle-cell fusion. J. Membrane Biol. 54:13-
20

Pagano, R., Weinstein, J.N. 1978. Interactions of liposomes
with mammalian cells. Annu. Rev. Biophys. Bioeng. 7:435
Papahadjopoulos, D., editor. 1978. Liposomes and their uses
in biology and medicine. Ann. N.Y. Acad. Sci. 308:1-462
Papahadjopoulos, D., Poste, G., Schaeffer, B.E.,, Vail, W.J.
1974. Membrane fusion and molecular segregation in phos-
pholipid vesicles. Biochim. Biophys. Acta 352:10-28

Philippot, J.R., Coopet, A.G., Wallach, D.F.H. 1975. A ni-
troxide-sterol derivative potently modifies cholesterol biosyn-
thesis by normal and neoplastic guinea pig lymphocytes. Bio-
chim. Biophys. Acta 406:161-166

. Philippot, J.R., Cooper, A.G., Wallach, D.F.H. 1975. 25-Hy-

droxicalciferol and 1,25-dihydroxicholecalciferol are potent in-
hibitors of cholesterol biosynthesis by normal and leukemic
(L,C) guinea pig lymphocytes. Biochem. Biophys. Res. Com-
mun, 72:1035-1041

Poste, G., Nicholson, G.L., editors. 1978. Membrane Fusion.
North-Holland Publishing Co., Amsterdam

Poste, G., Papahadjopoulos, D. 1978. The influence of vesicle
membrane properties on the interaction of lipid vesicles with
cultured cells. Ann. N.Y. Acad. Sci. 308:164-181

Poznansky, M.J,, Lange, Y. 1978. Transbilayer movement of
cholesterol in phospholipid vesicles under equilibrium and

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45,

46.

47.

48.

G. Dresdner et al.: Vesicle Incorporation to Lymphocytes

non-equilibrium conditions. Biochim. Biophys. Acta 506:256~
264

Quintanilha, AT, Packer, L. 1977. Surface localization of
sites of reduction of nitroxide spin-labeled molecules in mi-
tochondria. Proc. Natl. Acad. Sci. USA 74:570-574

Rouser, G., Nelson, G.J,, Fleischer, S., Simon, G. 1968. Lipid
composition of animal cell membranes, organelles and organs.
In: Biological Membranes. D. Chapman, editor, pp.5-69.
Academic Press, London

Rudel, L.L., Morris, D.J. 1973. Determination of cholesterol
using o-phthalaldehyde. J. Lipid Res. 14:364-366

Scandella, C.J., Devaux, P., McConnell, H.M. 1972, Rapid lat-
eral diffusion of phospholipids in rabbit sarcoplasmic re-
ticulum. Proc. Natl. Acad. Sci. USA 69:2056-2060

Smith, L.C.P., Butler, K.W. 1976. Oriented lipid systems as
model membranes. In: Spin Labeling. Theory and Appli-
cations. L.J. Berliner, editor. pp.411-451. Academic Press,
New York

Smith, W.I.,, Ladoulis, C.T., Misra, D.N., Gill, T.J,, III, Bazin,
H. 1975. Lymphocyte plasma membranes. III. Composition of
lymphocyte plasma membranes from normal and immunized
rats. Biochim. Biophys. Acta 382:506-525

Steinman, R.M,, Silver, J.,, Cohn, Z.A. 1974. Pinocytosis in fib-
roblasts: Quantitative studies in vitro. J. Cell Biol. 63:949-969
Stier, A., Sackman, E. 1973. Spin labels as enzyme substrates.
Heterogeneous lipid distribution in liver microsomal mem-
branes. Biochim. Biophys. Acta 311:400-408

Stossel, T.P., Pollard, T.D., Mason, R.J, Vaughn, M. 1971
Isolation and properties of phagocytic vesicles from polymor-
phonuclear leukocytes. J. Clin. Invest. 80:1745-1757

Triuble, H., Sackmann, E. 1972, Studies of the crystalline-li-
quid crystalline phase transition of lipid model membranes.
I1L. Structure of a steroid-lecithin system below and above the
lipid-phase transition. J. Am. Chem. Soc. 94:4499-4510
Tyrrell, D.A., Heath, T.D,, Colley, C.M.,, Ryman, B.E. 1976.
New aspects of liposomes. Biochim. Biophys. Acta 457:259-
302

Wallach, D.F.H., Winzler, R.J. 1974. Evolving Strategies and
Tactics in Membrane Research. pp. 4~-56. Springer-Verlag, Ber-
lin

Weinstein, J.N., Yoshikami, S., Henkart, P., Blumenthal, R,
Hagins, W.A. 1977. Liposome-cell interaction: Transfer and
intracellular release of a trapped fluorescent marker. Science
195:439-492

Zlatkis, A., Zak, B. 1969. Study of a new cholesterol reagent.
Anal. Biochem. 29:143-148

Received 2 December 1980; revised 23 April 1981; revised again
19 June 1981



