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Absirac’-A series of brief electrical high-voltage discharges were given to cultured NHIK 
3025 cells to render the plasma membrane transiently permeable to drugs. Using [‘4C]sucrose 
as an inert marker which normally does not cross plasma membranes, increased permeability could 
be demonstrated for no longer than I0 min following electrical treatment, indicating that the 
permeabilization was entirely reversible. The reversibility of the treatment was further demonstrated 
4~ a lack of effect on cell growth and colony-forming ability. When cells were given electrical 
discharges immediately bej&e or during exposure to cis-dichlorodiammineplatinum(II) (cis-DDP) 
the cytotoxic drq ejfect increased. By using electrical discharges during a 2 hr drug treatment 
period the qtotoxicity was enhanced to an extent corresponding to at least a S-fold increase in 
drug uptake relative to unpermeabilized cells. This increase in drug uptake was conjrmed by 
direct measurements of the amount of cell-associated Pt by atomic absorbtion spectroscopy. The 
results suggest that uptake across the plasma membrane may be the rate-limiting factor in the 
cytotoxic effect of cis-DDP. Furthermore, the methodology applied in the present study may 
prove useful in assessing the influence of membrane permeability on the effect of other $otoxic 
drugs. 

INTRODUCTION 
MANY chcmothcrapcutic drugs have hccn shown 
to rxcrt their cytotoxic cffcct by inflicting damage 
upon vital macromolcculcs within the ccl1 (i.e., 
DNA, tubulin, enzymes, etc.). Although any one 
such drug appears to inactivate diffcrcnt types of 
cells by the same molecular mechanisms, thcrc is 
ncvcrthclcss considcrablc variation in the scn- 
sitivit) of diffcrcnt ~11 types to the drug. The 
origin of such variations may hc of a biological 
nature, rcflccting diff‘crcnccs in growth kinetics. 
repair mechanisms, the prcscncc of protcctivc com- 
pounds, tissue morphology, drug uptake through 
cell mcmbrancs, etc. Knowlcdgc about the influ- 
c’ncr of thcsc biological characteristics on drug 
rosicity may ha\c grrat impact on both the dcvcl- 
opmcnt of new anticancer drugs, and thr dcvcl- 
opmcnt of new treatment rcgimcns for establishrd 
drugs. 

In the prcscnt study WC have invcstigatcd the 
significance of the plasma mcmbranc as a factor 

in limiting the cytotoxic cffcct of the chcm- 

othcrapcutic drug cis-DDP. We have used an cstab- 
lished rlectropcrmcabilization tcchniquc in an 
attempt to change the degree of pcrmcability of 

the plasma membrane to this cytotoxic agent. It 
has been reported by others that thr permeability 
of the plasma membrane to various chemical com- 
pounds can bc increased, in a revcrsiblc manner, 
by exposing the cells to clcctrical discharges of 
high voltage and short duration and that such 
treatment results in little or no damage to intra- 
crllular organcllcs and ccl1 function [l-5]. By using 
this method, substances which normally do not 
cross biological mcmbrancs, for cxamplc eosin and 
sucrose, can bc introduced into thr cytosol in large 
quantities [ 1, 51. 

Our proposition was that if the cytotoxic ctl’cct 
of a drug like ris-DDP is in some way limited 

by the plasma mcmbranc, the electrical discharge 
trcatmcnt applied in prcscnce of the drug would 
facilitatr thr entry of drug into the cytosol thrrcby 
increasing the cytotoxic drug cffcct. 

MATERIALS AND METHODS 

Cells and cultivation 
Cells of the cstablishcd ccl1 lint NHIK 3025, 
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derived from human uterine cervix carcinoma in 
situ [6, 71 were used. The cells were routinely 
grown as a monolayer, at 37” C in medium E2a 
[8] containing 30% serum [i.e., 20% human serum 
prepared in the laboratory and 10% horse serum 
(Gibco)]. In order to maintain cells in continuous 
exponential growth, the cell cultures wcrc tryp- 
sinized (0.25% trypsin, Difco 1 : 250) and rccul- 
turcd three times a week [9]. Cells were routinely 
recultured on the day before use in experiments. 

Electropermeabilization 
The apparatus and method for clec- 

tropermeabilization was, essentially, as previously 
described in detail [ 11. Briefly, a 2 ml aliquot of 
cell suspension (5-l 0 X lo” cells per ml of 
medium E2a) was placed in a square-bottomed 
(1 X 1 cm) Pcrspex chamber, two of the opposing 
inner walls of which were stainless steel electrodes. 
The elcctrodcs were connected to a 1.2 pF capaci- 
tor which was charged by a 2000 V power supply. 
By using a manual switch the charged capacitor 
could bc discharged through the circuit containing 
the electrode chamber. Under these conditions the 
time constant of the exponential decay was found 
to be about 45 pscc. Consecutive discharges were 

given at intervals of about 3 sec. The above expcr- 
imental procedures wcrc carried out in an incu- 

bator room maintained at 37” C. 

Estimation of [’ ‘Clsucrose uptake 
15 pCi[“C]sucrosc was added to 1 ml sus- 

pensions of clectropcrmcabilized or non-clcc- 
tropermeabilizcd NHIK 3025 cells at 37” C. After 
20 min, 300 pl samples of cell suspension were 
washed three times in 4 ml volumes of ice-cold 
phosphate-buffered saline (PBS), pelleting by ccn- 
trifugation between washes. Washed ccl1 pellets 
were dissolved in 500 pl 0.4% (w/v) dcoxycholatc 
in 0.1 M NaOH, thcrcaftcr mixed with 3 ml scin- 
tillation fluid plus 150 pl 1 N HCL, and radio- 
activity was mcasurcd as DPM (disintegration per 
minute) in a liquid scintillation counter (Beckman 
LS 1800, U.S.A.). 

Atomic absorbtion spectroscopy 
After treatment with drugs and/or pcr- 

meabilization cell suspensions were washed once 
in E2a and to each sample was added 200 pl 8N 
HNOcI per 10” cells. Thereafter the samples were 
sonified for about 15 see with a Branson Ccl1 
Disruptor B 15. Analysis of cellular-bound plati- 
num was pcrformcd using a Varian SpectrAA- 
atomic absorbtion spectrometer fitted with a GTA- 
96 graphite tube atomizer. Instr’umcnt control and 
data acquisition was by ,Varian DS-15 Data 
Station using Varian Atomic Absorbtion Software. 
Fifty ~1 aliquots were placed in a graphite tube 

and the atomic absorbtion signal measured with a 
platinum-lamp at 256.9 nm by using a suitable 

temperature-program. Automatic background cor- 
rection with a modulated deuterium lamp was util- 

ized. The amount of platinum was calculated from 
a calibration curve run immediately before 
samples. Each point was represented by three par- 
allels from which the mean value and standard 

error (S.E.) was calculated. 

Increase in cell number 
To monitor cell proliferation capability after 

electrical treatment the increase in cell number 
was registered: cells were loosened from stock cul- 

tures by trypsinization, exposed to electrical dis- 
charges and then scedcd into Falcon plastic flasks 

(25 cm2 growth area). At different times aftcr- 
wards, the mean number of cells per microcolony 
was calculated by differential counting of about 
100 microcolonies utilizing an inverted micro- 
scope. 

Cell survival measurements 
Ccl1 survival was cstimatcd from colony forming 

ability: after trypsinization and centrifugation, the 
NHIK 3025 cells were resuspended in medium 
E2a (5-10 X 10” cells/ml). The cells wcrc kept in 
suspension whilr they were treated with cis-DDP 

(2 hr) and/or exposed to electrical discharges. 
Treatment with cis-DDP was initiated by adding 

a small volume of a concentrated solution of drug, 
in glycozole [lo] to the cell suspension. Following 
exposure to the drug, the cells were transferred to 
fresh medium and a cell number adjusted to give 

150 colonies per dish was seeded into 6 cm Falcon 
plastic dishes with 5 ml fresh medium. The dishes 
were incubated in an atmosphere of 5% CO, at 
37” C for a total of lo-14 days with a medium 
change on day 6. Cells in the dishes were sub- 
sequently fixed in 96% ethanol and stained with a 
saturated solution of mcthylenc blue. Only colonics 
containing more than 40 cells were considered as 
originating from a ccl1 which had survived the 
cxpcrimcntal manipulations. Each observation was 
reprcscntcd by five dishes from which the mean 

value and standard error (S.E.) wcrc calculated. 

Drugs 
Cis-DDP (cis-dichlorodiammineplatinum) was 

purchased from Farmitalia Carlo Erba, Spain, and 

[“Cl sucrose was purchased from the Radi- 
ochcmical Centrc, Amcrsham, Bucks, U.K. 

RESULTS 
In Fig. 1, the broken lint rcprescnts the amount 

of cell-associated [‘“Clsucrosc in control cells after 
a 20 min incubation at 37” C; data arc given as 
DPM per ccl1 sample. The circles rcprcscnt the 
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Fig. 1, Uptake of [14C]~ucmse fy A’HIK 3025 rells. The cell receiwd 
Jiw contecutioe electrical dischargec and at d@rent times thereafter ar 
indicated on the ashscista (“C]sucrose ~(aas added. The rtotope UYIY 

pre\ent/or 20 min hefore the cc&i& taken up b_r the cells u’as measured. 
The rtippled line lulith standard ermr (S.E.)] shows the uptake 4~ (elf{ 

/hat did not rerewr electrical dixhargec. Each euperimentnl point I\ 
~~prewnted hv three parallel wnple~ ,frorn ulhich the menn wiue WI.\ 
rnlrulated. S.E. ic indicnted u,hen eucerdinl the ynholr. Thp cuwe u~nc 

/Itted tg the method of Im.rt scpre.s ,fbr on expmentinl decrmte in drq 
uptclke cmd t, ,L I~‘O.I tnfrulnted to 2.1 min (corr.coef. = 0.91\. 

corresponding radioactivity in samples of cells 
cxposcd to five consecutive electrical discharges 

(pulses) at time 0, then incubated for a 20 min 
prriod with [’ ‘Clsucrosc starting at the time points 
indicated on the abscissa. While the data indicate 
that there is a significant uptake of [“Clsucrosc 
into control cells, the amount of radioactivity 
which cntcrs clectropcrmcabilizcd cells is S-fold 
grcatcr when the [ “Clsucrosc is added immedi- 
ately after the clcctrical trcatmcnt. Howcvcr, the 
amount of [ “Clsucrosc taken up into cells 
drcrcascs quickly as the time between clcctrical 
dischargrs and addition of [“C]sucrose is 
increased, and is down to the control lrvcl after 
.%-lo min. 

Thv data of Fig. 1 indicate that the membrane 
damage induced by the electrical discharge trcat- 
mcnt is rcvcrsiblc. It was thcrcforc of intcrcst to 
invcstigatc thr cffcct of clcctrical discharges on ccl1 
survival and ccl1 growth kinetics. In Fig. 2, ccl1 
survival is shown as a function of the number 
of consrcutivc discharges to which the cells \vcrc 
cxposcd. The survival curve is charactcrizcd b>, an 
initial shoulder up to about 10 discharges, whcrc 
no significant cffcct of the treatment can bc seen, 
fbllowcd by an rxponcntial dccrcasc in ccl1 sur- 
vival. 

(Iv11 growth was mcasurcd as the incrcasc with 

time in the mean cell number per microcolony 

(Fig. 3). For cells exposed to up to 1.5 discharges, 
the data show no significant reduction in the mean 
doubling time as compared to untrcatcd eels. Thus, 
even when cells arc given 15 consccutivc 

discharges, after which only about 30% arc able 
to form colonies (Fig. 2), cell cycle progression is 
not dclaycd in the surviviIig ~11s. 

From Fig. 1 it can be seen that cellular uptake 
of [’ ‘Clsucrosc is greatly enhanced during the first 
minutes after the electrical discharges. The prob- 
able reason for this is that the clcctrical trratment 
causes clcctro-mechanical instabilities in the ccl1 
mcmbranc resulting in a transient increase in its 
pcrmcability to small molcculcs 12, 3, 11 1. Il’ith 
this in mind, wc studied the rtlicct of ccl1 survival 
ofcis-DDP (5 pAI, 2 hr cxposurc) added at various 
times after the cells wcrc cxposcd to fivr electrical 

discharges. Figure 4 shows ccl1 survi\.al as a f‘unc- 
tion of time clapsing bctwrcn clcctrical discharges 
and start of a 2 hr drug trcatmcnt; the broken lint 
rcprcscnts the fraction of cells surviving a 2 hr 
treatment with 5 p.hl cis-DDP in the abscncc of 
any clcctrical discharges. ‘II ic cytotoxicit). of c,is- 

DDP was considerably grcatcr cvhrn the drug \vas 
added immediately after the 41s rrccivcd the rlvc- 
trical dischargrs. Howcvcr, when c%-DDP was 
added at subscqucnt timr points its cytotoxicit) 
gradually diminished to thr lcvrl sc(*n in ~11s 
which had not rcccivcd c.lcctrical discharges. 

The results dcpictcd in Fig. 1 may bc cxplaincd 
satisfactorily by supposing that the uptake of <is- 
DDP is incrcascd durilig the first minutes after 
thr clcctrical discharges. i.c.. that the clcctrical 

trcatmrnt incrcascs the ccl1 mcmbranc’s pcr- 
meability fi)r &DDP as it dots for [ “C]sucrosc 
(Fig. 1). Hokycvcr. the mcmhranc damage must 
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Fig. 3. The mean number of NHIK 302.5 cells per microcolonv as a 
function of the time after seeding of single cells. Before seeding the cells 
received either no discharges (control) (0), 5 discharges (A), 10 

discharges (V) or 15 discharges (0). The straight line was Jitted 6~’ 
the method of least squares (corr.coef = 0.99) for cells that did not 
receioe electrical discharges (control) and it shows an exponential increase 

in cell number with a mean doubling time of 18.9 hr. 

be restituted rapidly, since the fraction of cells 
surviving drug treatment increases if some minutes 
elapse between elcctropermcabilization and start 

of cis-DDP treatment. 
While Fig. 4 shows that cell survival was low- 

ered from 22% to 1% (values at time = 0 in Fig. 
4) for cells exposed to just one scquencc of five 

‘.O’ 

Time (min) 

Fig. 4. Suraival of NHIK 3025 cells afler treatment ulith 5 (*hi cis- 
DDP for 2 hr. The cells were giuen jive electrical discharges and cis- 
DDP was added at d&fferent times thereafter as indicated on the abscissa. 
The stippled line [kth standard error (S.E.)] show the surGaa1 ,for 
cells that did not receive electrical discharge.r. The curw was Jitted 4~ 
the method of least squares for an exponential decrease in In S(t)-In S,, 
where S,, is the suruiving fraction for cells treated Gth cis-DDP that 
did not receive electrical discharges and S(t) the surviaing fraction for 
cells that received cis-DDP at time t after the electrical discharges were 
given. t,,, ms calculated to 2.0 min (rorrmef. = 0.93). Standard 

errors (S.E.) are indicated when exceeding the ;>jmbols. 

consecutive electrical discharges immediately prior 
to the addition of cis-DDP (5 PM, 2 hr exposure), 
the data of Fig. 5 show that the effect of cis-DDP 
is even further increased if the cells are given 
repeated electrical discharges during drug treat- 

ment. Furthermore, to support our assumption 
that the cytotoxicity was a result of an increased 
drug uptake we also measured the amount of cell 
associated Pt (Fig. 5, lower panel). In these cxper- 
iments samples of cells were exposed to a standard 
electrical discharge treatment (consisting of five 

consecutive discharges, each single discharge given 
at intervals of about 3 set) either once, twice or 

up to 6 times in the course of the 2 hr period during 
which cis-DDP was present in the cell culture. The 

interval bctwccn the standard discharge treatments 
was 120/n min, where n is the number of standard 
discharge trcatmcnts applied. As shown in Fig. 5 
(upper panel), up to six scrics of electrical pulses 
had relatively little effect on the survival of cells 
that did not receive cir-DDP. However, for cells 
treated with 3 or 4 PM cis-DDP, cell survival fell 
progressively as cells were exposed to an increasing 
number of standard discharge trcatmcnts. Series 
of electrical pulses in cxcc~~ of the first three or 
four did not further significantly increase the sen- 
sitivity of the cells to the applied doses of cis-DDP. 

From the lower panel of Fig. 5 the amount of ccl1 
associated Pt as measured by atomic absorbtion 
spectroscopy was found to increase with increasing 
numbers of standard discharge treatments up to 
the first three or four treatments (Fig. 5, lower 
panel). Thereafter the amount of cell associated Pt 
was found to decline. This may bc explained by 

the effect seen from the upper panel in Fig. 5, that 
there is a significant effect on cell survival by 
the electrical treatment alone (after six trcatmcnts 
about 50% of the cells arc killed). Thus the 

decrease in cell-associated Pt observed after more 
than four electrical discharge treatments is prob- 
ably a result of irrcpairable membrane disruption 
caused by too many electrical discharges. 

In order to investigate whether the electrical 
trcatmcnt in itself modified the cytotoxicity of cis- 
DDP, an experiment was conducted in which a 
solution of cis-DDP was exposed to five consecutive 
electrical discharges immediately bcforc it was 
added to the cells. In so far as there was no dctcct- 
able change in the colony forming ability of cells 
exposed to “normal” or “pulsed” cis-DDP, this 
treatment did not alter the cytotoxicity of cis-DDP 
per se. Thus, it is likely that cis-DDP remained 
unchanged by the clcctrical discharges applied in 
the above experiments in which up to six series of 
pulses wcrc utilized. 

In Fig. 6 a comparison is made bctwcen the 
effect of exposing NHIK 3025 cells to various 
concentrations of cis-DDP for 2 hr, either in the 
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1;1g, 5. Suwirml (upper panel) and the amount qf cell astociated Pt 

(lmer panel) for ,VHlK 3025 cells that rer&ed electrical disrhar,qrc 

during treatment with cis-IIl~Pfor 2 hr. Surr,ical of tells were measuvd 

afier treutment &hout control (A) and with 3 (0) or 4 (0) )LM cis- 

I)DP. I .ptakr of PI (0) wat mearured aJler treatment u,ith 20 ~11 

ris-IIDP. Fwe cun.tecutiz~e electrical dircharges were gilmen II times ni 

indicated on the absriwa (n = 1-6) each 120/n minfrom the Jtart o/’ 

the cis-l)DP treatment. Standard error5 (S.E.)are indicated u,hm ewe& 

ing thr ymbols. 

absence of electrical treatment (triangles) or when 
standard discharge treatments were applied at 40- 
min intervals [i.c., at time points 0, 40 and 80 min 

(circles)]. Clearly, throughout the range of cis-DDP 
concentrations investigated, cells which rcccivcd 
clcctrical discharges were much more scnsitivc to 
cis-DDP than were those which did not. Although 
WC cannot cxcludc the possibility that the small 
diffcrencc in shape between the two dose-cfrcct 
curves shown may br of significance one may as 
a good approximation state that the diffcrcncc 

bctwcrn the two curves represents a S-fold dosc- 
csnhancing rffcct. 

DISCUSSION 

Effect of electrical discharges on cell growlh, cell survival 
and plasma membrane permeabi& to sucrose 

The apparent uptake of [’ 'Clsucrosc by cells 
which were not clectropcrmcabilizcd (Fig. 1) may 
hc rclatcd to the cndocytotic activity of NHIK 

Concentration of CIS-DDP ll_~Mi 

f:ig. 6. Surail:al oj ,1:HII; 302.5 rellr C~~PI t,mtmrnt with di&rent 

(oncentration of cis-IIIIP far 2 hr. Th e re//\ recuiwd no dischar~ger 

(A) or /he consecutive discharges 3 time< N&I 1-O min fwm the rtart 

of the cis-DIIP treatment (0). Standard ~r)nr\ i,S.E.) arc indiratcd 

u’hen ercvediq the ymhol~ 

3025 cells and to the accumulation of’ sucrose at 
the cell surface region due to trapping and adsorp- 
tion [I]. By exposing NHIK 3025 ~11s to clcctrical 
discharges of high voltage and short duration the) 
could be rendcrcd permcablc to [I’@ Isucrosc (Fig. 
1). However, upon subscqucnt incubation at 
37” C. the cell’s permeability to sucrose was scc‘n 

to decline in an exponential manner with I& of 
about 2.1 min. This exponential decay in mrm- 
branc permeability is similar to that Lvhich has 
been observed in rat hrpatocytcs [ I] and in mouse 
lymphocytes [5] pcrmcabilized b), the same pro- 
ccdurc. That such widely difYcrcnt ccl1 types 
respond to this electrical trcatmcnt so similarly, 
implics that a common structural alteration in the 
plasma mcmbranc must arise, which is rc*sponsiblc 
for the pcrmcability changes seen [ 21. .I so-called 
“dielectric breakdown” of the mcmhranc occurs 
above a certain critical coltagc, and rc.sults in 
regional changes in the lipid hi-layer of the plasma 

membrane leading to rnhanccd mcmhranc p(‘r- 

meability 12, 3, 11 1. 
\,‘arious studies on the challgcs in rhc plasma 

mcmbranc brought about tn clcctro- 
pcrmcabilization indicate that it brcamc tran- 
siently pcrmcablc to molcculcs of low hl\t’ ] 1. 2, 
51. Clearly then, a loss of ions and compounds of 
low RlLV from the ccl1 might havr an advcrsc cfrcct 
upon normal ccl1 function. Howr\.cr, clcctro- 
permcabilization did not seem to affi*ct NHIK 
3025 cells advcrscly, provided that the numh(*r of 
clcctrical pulses applied to the cells was limited to 
10 or Irss. Under thcsc conditions. normal mcm- 
branc pcrmcability was rcstorcd rapidly-within 
5-10 min at 37” C-and no rBi-ct on growth rate 
and ccl1 survival was dctcctablr (Figs. 2 and 3) It 
is thcrcforc most probable that an>’ cffi-cts of‘up to 
10 clcctrical discharges on normal cc~llular limction 
arc slight, and that they arc full\, rc*\,rrscd ivithin 
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a short period following the restoration of normal 
permeability of the plasma membrane. Under con- 
ditions where cells were exposed to more than 
about 10 discharges, ccl1 survival dccrcased in 
an exponential manner with increasing number of 
discharges (Fig. 2). The most likely explanation for 
this is that each pulse products a certain amount of 
membrane damage and that the effect of con- 
secutive pulses is additive. Consequently, cell 
death will ensue when membrane damage passes a 
certain critical level, tither because the membrane 
becomes mechanically unstable and does not repair 
[l] or because the time taken to cffcct repair of the 
plasma membrane is so long that osmotic processes 
produce cell lysis first [4]. When cells wcrc sub- 
jected to separate series of 5 consecutive discharges 
at intervals of at least 20 min the effect on ccl1 
survival was much less pronounced (Fig. 5). The 
probable reason for this is that the damage to 
the plasma mcmbranc inflicted by each series of 
discharges was fully repaired before the next series 

was given. 

Effec/ of electrical discharges on plasma membrane 
permeability LO cis-DDP 

The cytotoxicity of cis-DDP was clearly 

increased if the drug was present immcdiatcly after 
(Fig. 4) or during treatment with electrical dis- 
charges (Figs. 5, upper panel and 6). The fact that 
the amount of cell associated Pt as rccordcd by 
atomic absorbtion spectroscopy was incrcascd after 
treatment with electrical discharges (Fig. 5, lower 
panel) strongly supports the conclusion that the 
increased cytotoxicity is due to an incrcascd uptake 
of cis-DDP through plasma membrane. Other 

explanations such as for example that the cellular 
metabolism may be altered due to the electrical 
discharges seem unlikely since the effect of cis-DDP 
was found to bc increased cvcn after discharge 
treatments which by themselves did not affect 
tither ccl1 survival or cell cycle progression (Figs. 

2 and 3). 
An interesting question is, however, whether or 

not the restitution of membrane damage affects the 
uptake of [‘“Cl sucrose and cis-DDP similarly. 

From Fig. 4 cell survival was found to increase 

with time elapsed between treatment with clcc- 
trical discharges and addition of drug. The survival 
curve in Fig. 6 representing cells treated with cis- 
DDP without electrical discharges (upper curve), 
is well fitted by a straight line in the drug dose 
range from 3 to 10 p.M, the correlation coefficient 
being 0.994. Thus, in this dose range the curve is 
exponential. Furthermore, atomic absorbtion 
measurements have shown that the amount of cell 
associated Pt is proportional to the cxtracellular 
concentration in this concentration range (data not 
shown). It therefore seems reasonable to assume 

that the survival (S) is proportional to an expon- 
ential function: 

s M e-lc:l 

-1nS m -[Cl 

where [C] is the intracellular concentration of cis- 
DDP. Thus, 1nS may be a relative measure of 
the amount of intracellular cis-DDP, and if our 
assumption is correct, Fig. 4 describes the decrease 
in the rate at which cis-DDP is taken up into cells 
with increasing time from elcctropermcabilization 
to addition of drug. The data of both Fig. 1 and 
Fig. 4 are, within the limits of experimental error, 
well fitted by cxponcntial functions with similar 
half times. Thus, the cell membrane is restituted 
in a manner which probably rcduccs its per- 
mcability for cis-DDP and for [‘*C]sucrose at the 
same rate. 

The effect of cis-DDP was cnhanccd optimally 
when cells were exposed to a series of five con- 
secutive electrical discharges four or more times, 
at regular intervals, during the 2-hr incubation 
with the drug present (Fig. 5, upper panel). This 
indicates that an equilibrium is reached bctwccn 
the intracellular and cxtraccllular drug com- 
partments and that no further increase in the intra- 
cellular amount of drug is possible for this con- 

ccntration of drug in the medium. Using atomic 
absorbtion mcasurcmcnt the amount of Pt/ccll was 
calculated (Fig. 5). Because some of the cells were 
disrupted by the clcctrical discharge treatment, 
(see the upper panel in Fig. 5), our mcasurcmcnt 
may reprcscnt an underestimation. This is obvi- 
ously the case for cells treated with as many as 
five and six standard discharge treatments (XC the 

lower panel in Fig. 5) and a similar effect was 
reported for the uptake of [’ ‘Clsucrose in rat hepa- 
tocytcs [l]. For cells treated with three standard 
discharge treatments the amount of cell associated 
Pt is 2.7 times higher than for untreated cells. 
A comparison between the cis-DDP dose-response 
curves for unpcrmcabilizcd and pcrmcabilized cells 
that rcccived three standard discharge treatments 
showed a dose-modifying factor of about 3 (Fig. 
6). It thcrcforc seems probable that the uptake of 
&DDP through the plasma mcmbranc of NHIK 
3025 cells is increased 3-fold by this treatment. 

The lransport of cis-DDP inlo mammalian cells 
The ultimate cellular target for cis-DDP is 

believed to bc DNA [ 12, 131. Our results suggest 
that the factor which limits the access of cis-DDP 
to its target is the functional integrity of the plasma 
membrane. While the exact mechanisms rcspon- 
sible for the passage of cis-DDP from the cxtra- 
cellular environment to its ultimate site of action 
within the nucleus arc unknown, our results sug- 
gest that, under normal conditions, only a limited 
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amount of c&DDP is ahlc to cross the plasma 

mrmbranc and gain access to the cytosol. \t’c have 
previously found that the cytotoxicity of cis-DDP 
is substantially rcduccd at temperatures below 
37” 6, an observation which accords with that of 
others [ 14, 151, and that its cytotoxicit\. is 1 ;I so 

diminished in our cells under hypoxic conditions 
(unpublished results). r\lthough the possible cxpla- 
nations to the rcduccd cytotoxicity of ri.r-DDP at 
hypothermic tcmpcraturcs is numerous [ 151, thcsc 
results suggest that cis-DDP may br taken up into 
the ccl1 by a transport mechanism which is both 
tcmpcraturc- and cnctg-dcpcndcnt, i.c. b)- some 
Ibrm of active transport. This is in accordance cvith 
thr suggestion of Byficld and Calabro;Jonrs [ 14, 
161 that ci.\-DDP is takrn up by amino acid carrier 
protcins. Scanlon PI al. [ 17, 181 found that the 
uptake of mcthioninc and amin0isobutyric acid 
in Ll’LI 0 cells was wduccd by cis-DDP. Thq 
suggested that a possible explanation could be that 
cis-DDP was bound to specific mcmbranc carriers. 

Safirstcin e/ nl. [ 191 have shown that the uptake 
of cthylcnc-diammincchtoroplatinum (an analogur 
of’ (is-I)DP) into rat kidneys is temperature- and 
cnrrgy-dcprndcnt, a finding which also suggests 
the cxistcnce of’ an active transport mechanism. 
\\‘hcn the uptake of‘ cis-DDP into kidneys arc 
inhibitrd b!, certain drugs [ 19, 201 the rcason 
could br that the acti1.c transport is in some wa> 
influcncrd by thcsr drugs. Similarly our obscr- 
\.ation [ 2 I] that hcnzaldchydc, an anticancer drug 
which binds to mcmbranc proteins [Z, 231. 
rcduccs the cvtotoxicitv of &-DDP could mean 
that bcnzaldchydc influcnccs the acti\rc transport. 

In some carlicr reports, it was proposed that ci.\- 
DDP and another platinum-analoguc cis-dich- 
loro(dipyridinc)platinum may cntcr the cells h) 
passi\rv diffusion [ 24. 251. This proposition \vas 

partly based on the observation that, in hacmo- 

poirtic precursor cells, the cytotoxicit). of cis-DDP 
\vas largcl>, tcmpcraturc-indrpcndcnt, while thr 
cytotosicity of a nitrogen mustard (HN2) was 
strictly tcmpcraturc-dcpcndcnt [25]. Howcvcr. 
other Lvorkcrs dispute that the cytotoxicity of c.i~- 
DDP is tcmpcraturc-indcpcndcnt [ 15 1. Such con- 
flicting results could possibly suggest that &-DDP 
is transported by different mechanisms according 
to ccl1 type. The wsults of Oga\va rl 01. [ 231, lvliich 
imply scparatc modes of transport for ci.r-DDP and 
HS’L. ha1.c been strcngthcncd by thy results of 
Dornish r/ al. [ 211 who also find it likely that tit- 
DDP and HN2 arc taken up into the cells I)) 
cntircl! ditltircnt mechanisms. In the c‘asv of ~11s 
lacking an acti\rc transport mechanism that arc 
functional for (is-DDP its cytotoxic cfliw ma)’ pcr- 
haps bc rclatcd to simple passi\,ca diffirsion [ 1.11. 

\Vhilr the fivzt that some cell types arc less wi- 
sitivc to <I’.(-DDP than 0thcr.s ma\ 1~ rclatcd to 
diffcrcnccs in their ability to repair drug-induced 
DNX tlamqc [ 26. 271. our results suggest that the 

drgrcc to which the drug passes throu& the 

p&ma mcmbranc could 1~ of qua1 inl}xJrtmcc. 

It can bc imaginc~d that in an ill i’ii’0 situation 
tumour cells Lvhich arc particularly scnsiti\.c to c+ 
DDP could bc thosr haling an c+f(*cti\-c transport 
of the drug. 

‘l‘hc results of our cxpcrimcnt suggest that the 
clcctropcrmcahilization tcchniquc dcscribcd above 
may I)c useful in in\wtigating the role of’ the 
plasma mcmbranc in dctcrminillg the qtotoxicit) 
of wrtain drugs. 
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