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The procoagulant activity of human eryth , which provides a of the translocation of acidic
phospholipids from the inner to the outer monolayer of the plasma membrane, has been compared with the
percentage cell fusion in experiments on the effects of electrical breakdown pulses under differing experimental
conditions. After treatment with breakdown pulses of 20 us or longer (5 kVem ™), the plasma membranes of
erythrecytes in 250 mM sucvose exhibited an almost complete loss of asvmmetry with respect to acidic phospho-
lipids. As the breakd voltage was i d from 2 to 5 kVcm ™! (with breakdown pulses of 99 us), the sarface
of acidic ph ids and cell fusion increased approximately in parallel. Furthiermore, with 99 us
pulses and a voltage of 3 kVem ™', a decrease in the osmolarity from 250 to 150 mM of the sucrose medium was
accompanied by an increase in botk the surface of acidic phospholipids and the extent of cell fusion.
Breakdown pulses of 2-5 us were sufficient to cause a marked loss of asymmetry, but no cell fusion was observed
unless the pulse length was at least 20 us. Kinetic il that of the acidic ph
at the cell surface was more likely to be due to a direct effect of the electric field pulses on plasma membrane
structure than to secondary effects, such as the action of end on the b ek It
seems possible that a surface of acidic ph lipids may il to the ‘long-lived fusogenic
state’ (Sowers, A.E. (1986) J. Cell Bio). 102, 1358-1362) and the i (Teissié, J. and
Rols, M.P. (1986) Biochem. Biophys. Res. Commun. 140, 255-266) that emble cell fusion to occur when contact
between cells is established after they have been subjected to field pulses. Our observations alse provide

circunstaniial support for the concept that ch in the holipi y of s inay be
i in physiologi i of fusion,
Introduction pholipids {2-51. In previcus work, we observed that an

increase in the procoaguiant activity of human erythro-
cytes is associated with fusion of these cells that is

" ¢ induced by the permeant molecule poly(ethylene gly-
and sph lin, while the inner leaflet col) 400 in the p

The phospholipids «n the outer leaflet of the human
erythrocyte plasma memdbrane are primarily phospha-

N hy of Ca?*. Erythrocy that
the acidic _[1] of acidic were incubated wuth lonophore AB!S‘) subtilisin, and
phospholipids on the outside of sickled erythrocytes [2], Ca?* also d " activity,
and platelets [3,4] ylelds procoagulam surfaces that t0a lete loss of b g -y.‘;md they
facilitate the of p bin into thromt fused on sut toah I "
The catalyuc potential of such surfaces provides a From these . we T ,(hm a N
ive of the d acidic phos- tion of phosphatidylserine to the outer leaflet of the
plasma b plays an role in fusion
rom——— JA. Lucy, D of Bi istry and Chem- protocols that involve cell swelling [€).
istry, Royal Free Hospital School of Medicine, Rawiand Hill Street, Re“e‘“ reports from other hbm'ﬂmﬂes have also

London NW3 2PF, UK. indicated that ch in the phosph
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of plasma membrancs are associated with cell fusion
[7.8). By contrast, although fusion of vesicular stomati-
tis virus with lipid-symmetric human erythrocyte ghosts
1s more rapid than fusion with lipid-asymmetric ghosts,
the susceptibility tc fusion appears to be related to the
packing characteristics of the target membranc rather
than to any particular phospholipid [9].

Some years agw idressler et al. [10] found that the
asymmetric distribution of phosphatidylethanolamine
in the plasma membrane of human crythrocytes was
completzly lost in ghosts prepared by colioid-usmotic
lysis after electric breakdown and resealing, although
phosphatidylserinc was much less affected. No experi-
ments on the fusion of cells exposed to the electric
breakdown pulses were reported. but a possible mcch—
anistic link the ent of phospholipid
flip-flop and electrically-induced cell fusion was dxs-
cussed. More recently it has been observed that elec-
tric field pulses induce 1the formation of a *long-lived
fusogenic state” [11] or ‘transient permeant structures’
[12] that enable cell fusion to occur when contact
between cells is established after they have been sub-
jected to field pukes. Changes in the phospholipid

y of plasma might contribute to
such states or structures [13]. We have thercfore un-
dertaken experiments to investigate possible ‘relation-
ships between the surface exposure of acidic phospho-
lipids and cell fusion in human erythrocytes tkat are
exposed to electric field pulses.

Materizls and Methods
Materials

Bovire blood coagulation factors (factor Xa, pro-
thrombin, thrombin) were from Sigma Chemical Co.
Bovine factor Va was from Diagnostic Reagents Ltd.
The ch ic substrate for t| in, 2238, (H-n-
phenylalany!-L-pipecolyl-L-arginine-p-nitroanilide dihy-
drochloride), was from KabiVitrum (Stockholm, Swe-
den).

Methods

Unless otherwise staicd, assays for prothrombinase
were performed in duplicate, and each expeiiment was
undertaken at least three times. In cach case, the
results shown are from one representative experiment.

Exposure of erythrocytes to electrical breakdown pulses
Human erythrocytes were washed and freed from
leucocytes as described in [14], and resuspended in a
buffered salt solution (124 mM NaCl/40 mM Hepes
buifer at pH 7.4). 5 ul of a packed suspension of the
cells was added 1o 950 ul of a solution of sucrose (150
or 250 mM), containing 1.1 mM Ca®** and 10 mM

histidine, which had a conductivity of 235 pScm™'
Ca®* was present in the medium to stabilise the cry-
throcytes against the alternating field and the d.c. ficld
pulses [15]. In the absence of Ca’*, the cells lysed
when the d.c. pulses were applied. A stainless steel
pipetting annular electrode chamber (Kruss GmbH,
Hamburg) with an clectrode gap of 500 um was uscd
with a Zimmermann Cell Fusion System (GCA Corp.,
Chicago). 1.5 min after adding the packed cells to ine
buffered suciose, the eryth were aligned by di-
clectrophorcsis in an a.c. ficld of 0.16 kVem™' at 1.5
MHz. After a further 0.5 min, thrce square wave,
electric field pulses (of 99 us, unless otherwise de-
scribed in the text) were applied to the cells at 1 s
intervals, and the a.c. field was removed 0.5 min later,
The pulsed cell sample was removed from the elec-
trode chamber, ;md divided intc two portions. Onc
portion was used to i igate cell fusion i
the other portion was assayed for prothrombinase ac-
lvvny and cell lysxs To avoid pnsalble interfcrence by
in in the proth bi assay, quan-
titative assays of celi fusmn were made separately.

Assay of procoagulant activity and cell lysis

Samples (20 1) of pulsed or unpulsed erythrocytes,
or lysed cells, were added to 480 ul of thc abovz
buffered sucrose solution. l()ﬂ ! samples were then

d for the determi of lant activ-
ity. 50 u1 of a cocktail (containing factor Xa, factor Va,
and CaCl,) was added to each sample, and the mixture
was incubated at 37°C for 2 min before adding 50 i of
a pre-warmed solution containing prothrombin and
CaCl,. The final concentrations in the assay were: 2
1M prothrombin, 4 mM CaCl,, 0.2 units per ml factor
Xa, and 6 nM factor Va. Unless otherwise stated in the
text, prothrombin was added to the cells 6 min after
the electrical breakdown pulses. After various subse-
quent time intervals, 20 ul samples were removed, and
thrombin formation was stopped by diluting them into
0.5 ml 50 mM Tri¢-HCl, 120 mM NaCl, 2 mM EDTA
(pH 7.5) at room temperature. Chromogenic substrate
§2238 was added to a final concentration of 150 uM,
and the quantity of thrombin present was determiiced
from the rate of change of absorbance at 405 nm using
a calibration curve.

‘The remains of ¢ach sample of pulsed or unpulsed
celi sample, 'vas m=intained at 37°C for 11 min (until
the prothrombinase a: were completed), and then
centrifuged a: 2000 % g for 3 min. Ceil lysis was esti-
mated from the absorbance at 405 nm of the
hacmoglobin in the supernatant by comparing the ab-
sorbance values obta:ned with those from a prepara-
tion of cells which had been totalled lysed, by adding 5
11 of packed cells to 950 ui of distilled water, and
subsequently sonicated. The preparations of lysed cells
that were obtained in this way gave valucs in the assay




for the maxirium procoagu-ant activity which were
reproducible throughout the cuurse of cach experi-
ment.

Cell fu.ion

Erythrocytes were labelled with 6-carboxyfluo-
rescein as previously described {16], but the labelled
cells were then mixed with unlabelied cells in the
proportion of 1:4.5. Exposure of human eryth

[ABLE 1

Colloid asm2tiz Baemolysis of human ervthrocytes after expesure o
electrical breakdown pulses in differing non-ionic media

The incidence of huemolysis, +S.D. (= 31 was determined 23 min
after human erythrocytes w ed by dictectrophoresis and
exposed 1o three consecutive square wave pubses (S kVem ™'y in
250 mM solutions of the solutes shown. as described in Materials and
Methods, Each solution coatained 1.1 mM Ca** and 10 mM histi-
dine. and had a conductivity of 235 pSem ',

to an electrical breakdown voltage is followed by the
almost-instantancous diffusion of 6-carboxyfluorescein
. from labelled to unlabelled cells [17]. The percentage
of cell fusion was determined using a Nikon Diaphot-
TMD microscope, fitted with a X 100 oil immersion
objective, an HBO 100 W merc ary lamp, and a B filter
cassette to view the carboxyfluorescein probe by epi-
fl Cells were d on a mi pe slide
in randomly selected fields after their exposure to
breakdown pulses. Between 150 and 450 cells (depend-
ing on the incidence of fusion) were counted in tripli-
cate for each experimental condition. The percentage
cell fusion was defined as B/A(x 100), where B was
the number of fused fluorescent cells in a pearl chain
of erythrocytes, and A4 was the total number of cells
counied. Fluorescent cells which were adj to un-

Solution Duration of Hacmolysis
pulses (us) “)

250 mM erythrital 0 637+45
2500 mM mannitol 0 27.6+4.0
250 mM sucrose ) 0111
250 mM erythritol 9 §
250 mM mannitol %

250 mM sucrose 99

thai factor Va (M, 330000), used in the prothrombi-
nase assay, is unlikely to have entered the pulsed cells.
Minimal swelling and nacmoiysis were achieved by an
appropriate choice of non-electrolyte in the medium
u~ed fur pulsmg the cclls Table 1 shows the percentage

labelled cells in pearl chains were not included in B.
All cells in such chains were, however, included in A.
Single cells (labelled and unlabelled) were also in-
cluded in A. Pearl chains which had no fluorescent
c>lls were not counted because the presence of cyto-
plasmic connections in such chains cannot be estab-
lished or excluded on a quantitative basis.

Results

Haemolysis, procoagulant activity, and fusion of erythro-
cytes exposed to breakdown pulses of increasing duration

Intact human eryth in sucrose soiuti had
virtually no procoagulant activity (3.1% + S.D. 2.1, n =
9, of the procoagulant activity of lysed cells). When
erythrocytes were incubated for 45 min at 37°C in
sucrose solutions of decreasmg osmolan(y in previous
work, their p d in parallel
with the cell lysis as a of the i i

d, under the conditions of our ex-
periments, 23 min after erythrocytes were subjected to
three consecutive d.c. square wave pulses (5 kVem™')
of 20 pus or 99 ps duration, in 250 mM solutions
(conductivity 235 pScm™") of enythritol, mannitol, or
sucrose (each containing 10 mM histidine and 1.1 mM
Ca®*), Although solutions of mannitol and erythritol
are commonly used in the electroiusion of cells, it is
clear that haemolysis of the treated erythrocytes was
least in the sucrose solution. Erythrocytes were there-
fore pulsed in sucrose solutions ir all of the experi-
ments reported in the present paper.

The effect of electrical breakdown pulses (5
kVem~') of increasing duration, from 0.5 to 99 us, on
the procoagulant activity and the haemoly "5 ¥
erythrocytes suspended in 250 mM sucrose solut s,
was investigated. Fig. 1 shows that the percentage
procoagulant activity of the cells increased much more
rapuﬂy than the percentage lysis for pulse lengths

accessibility of the acidic phospholipids in the inner
leaflet of the plasma membrane [6}. Erythrocytes are
permeabilised by electrical breakdown pulses, and this
results in colloid osmotic swelling that is followed by
cell lysis (18]. Consequently, erythrocytes that have
been exposed to electrical breakdown pulses similarly
exhibit procoagulant activity. In order to see if acidic

hospholipids becume ible in pulsed cells as a
primary of electrical breakd rather

0.5 ps and 20 ps. Furthermore, with 60 1S
pulses about 58% of the total prothrom
was exposed although, ]udgmg from the percentage
haemolysis, ualy abou: 15% of the total pmthmmbx~

nase activity was attril to acidic ph in
the inner monolayer of lysed cells. Approximately 43%
of the acidic phospholipids were therefc d at

the surface of the treated cells. However, for reasons
considered below in the Discussion section, this is

than as a secondary consequence of cell lysis, it is
desirable to minimise colloid osmotic swelling. A mini-
mal release of haemoglobin (M, 65000) alo indicates

bably an und; of the loss of phospholipid
asymmetry in the pulsed cells.

With a breakdown voltage of 5 kVcm™!, pulses of
only 2 us duration were sufficient to induce a marked
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Fig. 1. Human erythrocytes in a 250 mM sucrose solution, containing.
1.1 mM Ca®* and 10 mM histidine, were aligned in pearl chains by
dielectrophoresis and subjected to three consecutive d.c. square wave

pulses (5 kVem™?), of increasing duration time (0.5 to 99 ps) as
described in Materials and Methods. The

activity and the percentage
cell fusion (Flg 1), it is apparent from Fig. 2 that the
percentage cell fusion and the procoagulant activity
increased in a comparable manner when the break-
down voltage was increased from 2.4 to 5 kVem™!.

Effect of hypotonic sucrose solution
Previous work in this laboratory showed that chains
of vp to 14 fused cells were formed when human
erythrocytes in 150 mM erythritol were exposed to an
electric field pulse, whereas only a few cells were fused
when they were pulsed in 200 mM erythritol [17); NS1
mouse myeloma cells behaved in a similar manner [19].
In electro-acoustic fusion of human erythrocytes, the
fusion yield in 170 mosM solutions was much higher
than the yield from cells in 272 mosM solutions [20].
Thc electrofusmn of mammaiian cells in strongly
media ining sorbitol also resulted
m hlgh yields of hybridoma cells [21]. We have there-
fore investigated the effect of varying the d.c. break-
down voitage, over the range 2 to 5 kVem™', on the

activity (O), percentage cell fusion (a), and percentage haemolysis
(®) were determined as described in Materials and Methods.

loss of phospholipid asymmetry in the treated erythro-
cytes (Fig. 1). Interestingly, much longer pulses were
required for the induction of ccll fusion (Fig. 1). It is
thus apparent that in addition to the surface exposure
of acidic ph ipids, other 1 ch in the
erythrocyie membrane, which are induced by relatively
long electrical pulses, precede cell fusion.

Effects of the breakd.
ity, lysis, and cell fusion

Using 99 us pulses, experiments were undertaken to
study the effect of varying the d.c. breakdown voltage,
over the range 2-5 kVem™', on the procoagulant
activity, lysis, and fusion of erythrocytes in 250 mM
sucrose. As with increases in the duration of the field
pulses, i in the breakd voltage lted in
the percentage procoagulant activity rising more rapidly
than the percentage haemolysis (Fig. 2). With an ap-
plied voltage of 5 kv cm ™', 45% of the total prothrom-
binase activity was exposed. However, as judged by the
percentage haemolysis, only about 18% of the total

activity was attr to
lipids in the inner monolayer of lysed cells. This fur-
ther indicates that electrical breakdown pulses act on
erythrocytes to expose acidic phospholipids at the celt
surface.

With a breakdown voltage of 2 kVem™!, no cell
fusion occurred. As the voltage was increased, chains
of fused cells of increasing length were seen. Unlike
the dissimilar effects of increases in pulse length on the

voltage on proc lant activ-

Jant activity, lysis, and fusion of erythrocytes
in 150 mM sucrose solutions.

Although the effect of increasing the applied voltage
on the prothrombinase activity of erythrocytes in 150
mM sucrose was broadly similar to that seen with the
cclls in 250 mM sucrose (Fig. 2), there was some

that the h bi activity of the cells
might develop at slightly lower voltages in the hypo-
tonic solutions (Fig. 3). This possibility was investigated

ot}

Electric strength (kV/cm}

Fig. 2. Human erythrocytes in a 250 mM sucrose solution, containing
1.1 mM Ca?* and 10 mM histidine, were aligned in pear! chains by
dielectrophoresis and subjected to three consccutive d.c. square wave
pulses (99 us), of increasing voltage (2 to 5 k¥ cm '), as described in
Materials and Methods. The percentage procoagulant activity (0),
percentage cell fusion (&), and percentage haemolysis (8) were

determined as described in Matesials and Methods.
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Electric strength {kV/cm)
Fig. 3. Human erythrocytes in 2 156 iaM sucrose solution. containing
1.t mM Ca®* and 10 mM histidine, were aligned in pear! chains by
dielectrophoresis and subjected 10 three consecutive d.c. square wave
pulses (99 us), of increasing voltage (2 to § kVem™"), as described in
Materials and Methods. The percentage procoagulant activity (O),
percentage cell fusion (a), and percentage haemolysis (®) were
determined as described in Materials and Methods.

by measuring the prothrombinase activity and the
haemolysis in triplicate with erythrocytes from a single
donor that were subjected to pulses of 99 us (3
kVem~') in 150 mM and 250 mM sucrose solutions. It
appears from Table 11 that, after allowing for the lysed
cells, more procoagulant activity was exposed in the
erythrocytes that were subjected to the breakdown
pulses in the hypotonic sucrose solution.

Longer chains of fused cells were observed with

+

er in the | ic sucrose solution than

TABLE 11
Prothrombinase activity of human erythrocytes after exposure fo electri-

TABLE tfi

Prothrombinase activity of human erythrocytes at differing times after
exposure to electrical breakdown pulses

The percentage prothrombinase activity and the percentage hacmol-
ysis were determined, in triplicate, for aligned erythrocytes from a
single donor 6 min and 36 min after their exposure to three consecu-
tive dic. 99 s square wave pulses (4 kVem™ 1) in 150 mM sucrose
(containing 1.1 mM Ca®* and 16 mM histidine), as described in
Materials and Methods.

Time period Prothrombinase % prothrom- % lysis
(nmol thrombin  binase
1" min~")
6 min 109 415 9.1
36 min e 4.5 315
6 min 137 524 186
36 min 140 534 26.6
6 min 4.7 56.1 15.1
36 min 164 62.7 264
36 min
(untreated cells) (X3 53 6.6
Lysed cells 26.1

with cells in 250 mM sucrose. With erythrocytes in 150
mM sucrose solution (Fig. 3), as with the cells in 250
mM sucrose (Fig. 2), the percentage cell fusion and the
percentage procoagulant activity increased in an ap-
proximately parailel manner when the breakdown volit-
age was increased from 2.4 to 5 kVem ™',

Time course of exposure of acidic phosphollplds

I d d: of the by endoge-
nous is for the devel
procoagulant activity m plasma membranes exposed to

electrical breakd pulses, the p! lant activity
might be expected to increase wilh time after delivery
of the pulses. The procoagulant activity was therefore
delulmmed (in triplicate) 6 min and 36 min after the

cal breakdown pulses in sucrose solutions of differing

The i activity and the haemol-
ysis were determined in triplicate for erythrocytes from a single
dunor that were aiigned by dielectrophoresis and exposed to three
consecutive d.c. 9 us square wave pulses (3 kVem™') in 150 mM
and 250 mM solutions of sucrose (containing 1.1 mM Ca®* and 10
mM histidine), as described in Materials and Methods.

Solution % prothrombinase % haemolysis

activity
150 mM sucrose  25.7 14

23 17

243 122

(mean 23.8+5.D.1.8) (mean 11.8+5.D.0.3)
250 mM sucrose 5.2 122

14.0 77

102

8.8
(mean 13.1+SD.2.1)  (mean 9.6+5.D. 1.9)

b pulse with from a single donor
that were subjected to 99 us pulses (4 kVem™") in 159
mM sucrose solution and then mainiained at room
temperature. Table III shows the data obtained from
which it is apparent that there was Imle lncrease in
surface of acidic ph
min and 36 min after the field pulses; the mean value
of the procoagulant activity after 36 min was only 8%
greater than that after 6 min. This indicates that expo-
sure of the acidic phospholipids at the cell surface was
more likely to be due to a direct effect of the electric
field pulses on plasma membrane structure than to
secondary effects, such as the acnon of endogenous
on the

The percentage haemolysis in Table HI increased
with time; the mean value of the percentage haemoly-
sis after 36 min was 60% greater than that after 6 min.
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Since the haemolysis, but not the procoagulant activity
of the cells increased markedly between 6 and 36 min
after the field pulses, it would seem that thc cells
which lysed during this period also resealed almost
completely.
Discussion
The rate of of hrombin to th bil
by the enzyme complex factor Xa-factor Va, which we
employed in our expenments. has been used quite
ively as a co and i-quanti
tative way of monitoring the surface exposure of phos-

there was only a small increase in procoagulant activity
during the following 30 min. Furth: our mea-
were on cell in which the per-
centage haemolysis was mostly less than 20% (with the
10 ps pulses in Fig. 1, haemolysis was only 10%).
Secondary effects cannot be comple:ely excluded, how-
ever, as we were unable to determine whether changes
in phospholipid asymmetry occurred during the first 6
min. after the pulses.
In our experiments pamal resealing of Iysed
h prior to our f
assays, may have lted in acidic phospholipi
inner ining their i ibility. The

in the

phatidylserine in the plasma membranes of 1
[22] and erythrocytes [2]). In the latter work, it was
shown that a combination of sncklmg and ATl’ deple-

it to the activity that was at-
tributed to acidic phospholipids in the inner mono-
laycr, as judged from the percentage haemolysis, could

tion resulted in a til P in fi
tidytserine in the outer membrane leaflet of human

as d by phospholi A, acces-
slblllly and by the 1 bis assay. H y it

was recently reported that the prothrombinase assay
de!ecls phosphatldylclhanulamme almost as well as

have been overestimated (particularly as the
extent of haemolysis was determined after the pro-
thrombinase assays were completed). Consequently, in
the experiment of Fig. 1, there may have been an
almost complete loss of asymme(ry in the dlslrlbllllOl'l
of acidic phospholipid d to

Iserine in with phosphatidyl-
choline [5]. The relative reactivity in the prothrombi-
nase assay of the acidic phosphohplds when (hey are in
the er plasma is un-
known. There is th no conflict b our
observations and the earlier findings of Dressler et al.
[10].

Pronase was included in the fusion medium in previ-

hreakd,

pulses longer than about 20 gs.

In the plasma membranes of eukaryotes, amino-
phosphollpld asymmen'y appears !o be due to the
activ-
ny that the lipid rand
:znnon by flip-flop [25]. Interactions of the acidic phos-

ids with the may also con-
tribute to the mai of phospholipid

ous work from this lab y on the el ion of
erythrocytes [23], since an early investigation showed
that pronase stabilises cells against lysis caused by
electrical breakdown [24]. This appears to result from
proteolytic action on the cells and the presence of
contaminating Ca?* ions in commercial preparations
of pronase [15). Since Ca®* ions alone substantially
protect human erythrocytes against clectrical break-
down, and it was desirable to avoid the proteolytic
effects of pronase in the present experiments, a

dium that ined 1.1 mM Ca®* was
used in the work reported here. Cell fusion occurred
similarly in the presence of Mg?* (1.1 mM). However,
Mg?* was less effective than Ca* in protecting against
cell lysis, and lhls precluded experiments on possmlc

changes in ph ry being i
in the presence of Mg?*

Earlier anal of chi in phospholipid asym-
metry iated with electric were made

on ghosts after they had been incubated for 60 min
[10]. It is therefore possible that the observed ch:

in eryth: {25], in which case damage to the mem-
brane skeleton caused by field puises might be ex-
pected to give rise to a loss of phospholipid asymmetry.
Voltage-dependent blebbing of the plasma membrane
that was inhibited by increasing the tonicity of the
medium has been observed by light microscopy with
several cell types exposed to electric field pulses, and it
has been d that this pt may have
resulted from a local rupture of the cytoskeleton [26].
A)though no blebbing was observed with human ery-
throcytes subjected to electric field pulses, it may be
relevant that the loss of phospholipid asymmetry in
human erythrocytes which occurs when they are treated
with Ca®* and i hore A23187 is associ-
ated with shedding of vesicles from the plasma mem-
brane [27).

1t is relevant to our findings that the application of
electrical pulses to yenst cells has been observed to
induce an ion of the cationic dye,
9-aminoacridine. Th:s ‘may have been due to the ap-

may have arisen from secondary effects, such as the
action of endogenous proteinases, rather than from a
direct effect of (hc electric field pulses on membrane

Our were d only 6 min
after exposure of the cells to breakdown pulses, and

of addi ive groups on the
outer side of the plasma membrane [28). A study made
with ¥P-NMR of ¢lectropermeabilised Chinese ham-
ster ovary cells also showed that the polar head groups
of about 70% of plasma membrane phospholipids were
in a new configuration in the permeabilised cells, and



n has been proposed that this leads to a decrease in
forces b the treated cells
that facilitates cell fusion [29,30].

In our experiments, breakdown pulses of 2-5 pus
caused a marked loss of phospholipid asymmetry, but
no cell fusion was observed unless the pulse length was
at least 20 s (Fig. 1). A loss of phospholipid asymme-
try in the plasma membrane is therefore not sufficient
to induce fusion. However, human erythrocytes that
have ly lost their phospholipid v have
been found to exhibit an increased susceptibility to
fusion induced by poly(ethylene glycol) 6000 [7]. Sur-
face of acidic ph ids also occurs in the

7

hemi-fusion of these cells [23}, may correspond physi-
cally to sitcs at which phospholipid asymmctry has
been lost. A surface exposure of phosphatidylsezine at
localised sites in the plasma membranes of erythrocytes
as a q of electrical would addi-
tionally be expected to facilitate cell fusion in view of
the fact that the addition of suffi clent phosphandyl-
serine to | i of

leads to fusion in the of Ca**

[35]. The present findings thus give circumstantial sup-
port to tite concept that changes in phospholipid asym-
metry may be important in physiologically-occurring
instances of biomembrane fusion, such as the fusion of

fusion of human er induced by p Is that
involves cell swelling [6]. Since we observed approxi-
mately parallei increases in the surface exposure of
acidic phospholipids and cell fusion with

blasts [36] and the exocytosis of chromaffin gran-
ules [37].

Ack

pulses of 99 us, it seems probable that exposure of
acidic phospholipids at the cell surface facilitates the
fusion process but that fusion cannot occur in the
absence of other events, e.g. the development of struc-
tural defects in the phospholm\d bllayer.

‘The primary work involved in b hospholipid
bilayers into close apposition is that necessary to dehy-
drate their polar head groups. Hydration repulsion
between bllayers of anionic phospholipids is readily

by the addition of Ca>* ions to the
aquenus phase. Most of the water between the two
faces is then displaced, since the Ca’*
ions bind to the polar gmups of !he anionic phospho-
|Iplds, and the her [311
of i ine from the inner to the
outer monolayer of the plasma membrane of erythro-
cytes in the presence of Ca®* ions would thus be
expected to decrease the forces of hydration repulsion
between approaching cells, and it has been suggested
that the fusogenic state of the plasma membrane that
results from the of cells to I field
pulses may involve a loss of phospholipid asymmetry
[13). Our observations are consistent with this sugges-
tion. A localised, surface of acidic phosph
lipids may therefore contribute to the ‘long-lived fuso-
genic state’ [11] and the ‘transient permeant structures’
[12] that enable cell fusion to occur when contact
between cells is established after they have been sub-
jected to ficld pulses. However, the long-lived fuso-
genic state has a much shorter life-time [32] than the
change in phospholipid d in our
experiments. This would be amlclpatcd if the susface

P of acidic ds is only one of several
factors that contnbule to |he fusogcmc state.

The pores by ion in
the of erythrocytes [33], the point

defects which precede the electro-fusion of erythro-
cytes [34], and the similar but more stable defects
which are associated with the electrically-induced,
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