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DNA transfeetio n in mo use L-cells was pe rfor med by 
means o f tlie e lectropermeabilization technique (U. Z im
mermann , G. Pilwat , a nd F. Ri emann , Z . Naturfo rsch. 29, 
304 (1974». T he plasmid pSV 2-neo used leads to neomy
cin- resistance in stably transfected L-cells. O ptimized con
ditio ns resu lted in high yields o f clones at relatively low 
DNA concentratio n. T he in fl uence of temperature during 
pulse applica tio n and during the subseque nt resea ling 
process as weil as the fie ld parameters and medium com
position are cl iscussed . 

Introduction 

Introduction of fo reign substances into living ce lls 
without deterioratio n of cellular and membrane 
functions can be achieved with a reversible electrica l 
breakdown technique pioneered by Z immermann et 
al. [1-7]. In this procedure the cell membrane is 
subjected to a fi e ld pulse of high intensity (kV/cm 
range) and of very short duration (ra nge nano-f!sec). 
Once the breakdown voltage of the membrane of the 
order of IV is exceeded in response to the extern al 
field , the membrane loca lly breaks through resul ting 
in an increase of the overall membrane permeability 
depenelent on the fie ld intensity . 

Electropenneabilization of the membrane is re
versible provided that the exposure time of the ce ll in 
the field is short enough . After a given time , which 
depends on the temperatu re during the resea ling 
period and on the field strength of the applied pulse, 
membrane impermeability and resistaI1Ce is resto reel. 

By these means it is possible to incorporate dyes 
[3 , 4], drugs [8- 12], a lbumin [2, 8, 13], enzymes 
[14], latex particles [15, 16], D NA [17] and even 
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who le cell s [18, 19] into va ri ous host cell s as was 
demonstrated almost one elecade ago . 

Rece ntly this metho el was aga in applied by seve ral 
laborato ries [20-22] fo r D NA transfection because 
of the apparent limita tions of the conventional DNA 
transfer techniques. T he system parameters required 
for a successful electropermeabilizatio n are to some 
extent different fro m those developed for electrofu
sion [6] . In this communication we report on e lectric 
fi eld induced DNA transfection experiments of 
mouse L-cells by modifications of our p reviously ele
scribed e lectropermeabilization proceelure, leading 
to greatly increased yields of transfection and stable 
gene expression. 

Materials and Methods 

Mouse L-ce lls were grown to confluency in RPMI 
1640 medium (Boehringer, Mannhe im , FR G) sup
plemented with 5% feta l ca lf serum (FeS) . 

For transfection , t he RPMI medium was decanted 
and replaceel by isotonic so lutions of low ionic 
strength (280 mM inositol and 1. 1 mM phosphate buf
fer). The cells were scraped off the surface of the 
culture vessels anel centrifuged at 140 x g. The cell 
pe llet was suspended in the low ionic strength solu
tion to which 0. 1 mg/mi dispase was added (6 U/mg, 
grade I , Boehringer , Mannheim) . T he reafter the 
cell s were washeel with a medium in which the fie ld 
pul se application was perfo rmed : 30 mM Ke l, 
220 mM inosito l and 1.1 mM phospha te buffe r , 
pH 7.2. 

For fi e lel pulse application at 4 oe the cells were 
suspended in the above medium at a density of 
2 x 105 to 2.3 X 106 cell s/ml. T he DNA was added be
fo re fi e ld exposure to the suspension in a final con
centration of 1 f!g/ml if not stated otherwise. 

T he circular form of a neomycin resistance gene 
ca rrying plasmid pSV 2-neo [23] was used in most of 
the experiments. For linearization 50 f!g of the plas
mid-DNA were digested for 3 h at 37 oe with 3 x 50 
units of Eeo R 1 added after 0 , 1, a nd 2 h . After 2 
cycles of phe nol/chloroform-extractions the D NA 
was precipitated in 2 vo lumes of ethanol. Th~ plas
mid was iso lated from E. eoli. 

For transfeetion of the plasmid DNA the discharge 
chamber technique was used as introduced by Z im
mermann et al. [8, 24, 25] for fie ld medi ated ce ll 
e ncapsulation . Bri efly, the discharge chamber used 
consisted of 2 flat , parall el platinum e lectrodes 
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(1 x 3 cm) , 1 cm apart, mounted in a rectangular 
weil of a plexiglass chamber. Cell suspension was 
filled into the weil up to the upper edge of the elec
trodes. Depending on the discharge chamber used, 
0.5 or 2 ml of cell-free medium were then layered 
over the cell suspension in order to cover the weil of 
the chamber . The duration of the pulses was ad
justed to 5 f!s. Field application was performed at 
4 oe. The suspension was kept for 1-2 minutes at 
this temperature. Then the solution was removed by 
micropipette and transferred into 15 ml resealing 
medium which was preheated to 37 °C (120 mM 
NaCI , 3.5 mM KCI , 8.5 mM K2HP04 , 3 mM KH2P04 , 

0.5 mM Mg-acetat , 0.1 mM Ca-acetat and 10 mM glu
cose). The cells were kept for a further 20 min in the 
resealing medium at 37 oe. After completion of the 
resealing process the cells were centrifuged and 
transferred in RPMI 1640 medium supplemented 
with 5% FCS to FaIcon culture flasks (75 cm2 growth 
area). In an aliquot of the suspension the number of 
total cells was count~d using a Neubauer chamber. 
After 48 h of incubation the medium was removed 
and selection medium was added (RPMI 1640 con
taining 5% FCS and 500 f!g/ml of Gibco-G-418) . 
D ead cells were removed by exchange of the selec
tion medium every 3-4 days . Stable transformants 
were enumerated by counting the colonies develop
ing within 12- 18 days after the addition of the selec
tion medium. Results are expressed as colonies per 
106 cells originally counted after the resealing period. 

Results and Discussion 

Table I summarizes the number of stable trans
formants obtained by electropermeabilization under 
various field and resealing conditions using circular 
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DNA. A fie ld strength of 8 kV/cm was sufficient to 
obtain good yields of clones although 10 kV/cm gave 
in most of the experiments better and more repro
ducible results. Increasing the field strength up to 
20 kV/cm or multiple pulse application (3 pulses in 
an interval of 20 sec at 10 kV/cm) did not result in 
correspondingly increased yields of stable trans
formants. Table I also shows that a concentration of 
1 f!g/ml circular DNA seems to give optimal results if 
the absolute number of drug resistant cells is con
sidered . If one expresses yield per 1 f!g circular DNA 
(Table I , experiments 9-1 to 9-3), the relative yield is 
high er with 0.1 f!g/ml DNA than with 1 f!g/ml and 
further decreases with 5 f!g/ml of DNA. On average, 
84 stable transformants per 106 treated cells were 
obtained. Gene transfer by the calcium phosphate 
technique yields between 1-5% of transfected cells 
[26-28]. Using liposomes as carriers, Schaefer-Rit
ter et al. [29] found with 10% of total cells trans
fected yields of 200 stable transformants per 106 cells. 
On this basis , about 5% of total cells should have 
been successfully transfected in our experiments. 
However , Neumann et al. [20], also using the electric 
field technique for gene transfer into cells, found at 
least a threefold higher yield of colonies when using 
linear rather than circular DNA. We obtained an 
increase of up to 20-fold of stable transformants 
when linear rather than circular DNA was used 
under otherwise comparable experimental condi
tions (Table 11) . Now the yield was above 400 col
onies per 106 transfected cells wh ich suggests that 
ab out 20-25 % of total cells had been transfected 
originally . 

It should be noted that sometimes variations in the 
yield of clones were observed between comparable 
experiments (not all data shown). More reproducible 

Table 1. Yield of stably trans-
Exp. Field Number Number Clones Clones DNA fected clones under various 
no. intensity of of per per 106 ce lls concen trat ion fi eld cond itions , obtained with 

[kV/cm] 5 f,ls -pulses ce ll -clones 106 cells and 1 f,lg DNA [f,lg/ml] circular plasmid DNA. If not 
otherwise stated the DNA con-

8-1 8 1 320 71.7 23.9 1 centration was 1 f,lg/ml. Num-
8-5 10 1 243 71.9 24.0 1 bers in brackets refer to the 

13-1 10 1 72 122 40.7 1 number of clones per 1 f,lg 
10-1 10 1 105 128 42.7 1 DNA. The number of cells var~ 

8-2 15 1 358 65.6 21.7 1 ied between 6 x 105 and 7 x 10 
8-3 20 1 306 63.6 21.2 1 t 01 ex-per experiment. In con r 
8-6 10 2 397 58.8 19.6 1 . . h' h cells were penments m w lC . 

13-2 10 3 93 88 29.3 1 ' expen-subjected to the same . out 
8-7 10 3 504 86.8 28.9 1 mental procedure wlth r 

pulse application, either no ~ 
Average clone number: 266 84 28 . I was foun . only a smgle c one 

9-1 10 65 8.9(130) 29 .7 0.1 
9-2 10 240 41.4(9.6) 2.8 5 
9-3 10 240 44.4( 48) 14.7 1 
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~ab le H . Comparison between the ie ld f b . ' . . 
clrcula r and lin ea rized plasm id DNA YTh 10 sta le tJ ansfo lma nts obtalll ed with 
'. I f' . e lI1ean zed DNA wa b . d 

Cll cu ar orm by digestion with E R 1 ( M ' ,s 0 taille [rom the 
were obtained in para llel exper im~~ ts u s i ~ee1 ~1~l;l a l; ~nd Methods). T he resu lts 
cells/ml fo r the circlilar and linear form fgDNf,lAg . 0 . NA and 1.3 and 2.4 x 106 

Form of Field intensity Nllmber of 
DNA [kV/cm] 5 f,lS-pulses 

circular 10 
linear 10 

1 
1 

o lespectlvely. 

Nllmber of Clo nes pel' CI 6 ones per 10 cells 
cell clones 106 ce ll s 

112 
4153 

22 
439 

and 1 ~tg DNA 

5 .5 
109.8 

93 1 

~esults can be expected if the manual steps involved 
m the procedure can be standardized by the develop
ment of more sophisticated apparatus. 

In discussing the experimental conditions applied 
b~ oth~r groups for field media ted transfer, several 
dlfferences to Our procedure need to be pointed out. 

other fiel~ .conditions, ~owever , Neumann et al. [20] 
now . confum our prevlOus results in field induced 
loadmg experiments. 

Neuma~n et al. [20] used trypsin rather than dis-
. pase to dIsperse the celJs. This leads to long-Iasting 
chan~es of ~embrane. properties as revealed by the 
electlo-r~tatlOn techmque (see review [30]) . They 
~Iso ~pphed the electric pulses in solutions contain-
111~ hIgh concentrations of NaCI in the absence of 
K- lOns . Because of leakiness of K-ions through the 
? ermeabilized membranes, the viability of the cells 
IS hkely to be greatly diminished as shown for man 
cells by Z immermann and coworkers [3] Ne y . umann 
et al. [20] furthermore applied fie ld pulses at 20 oe. 
At thls tempera ture the life span of the high ._ 

bT . pel 
mea IlzatlOn state of the membrane is very short . 
~ven small molecules like sucrose are taken up only 
111 very sm all amounts at this temperature as com
pared to uptake at 4 oe. This may be the reason why 
Neumann et al. [20] obtained optimal re~ults with 
~NA concentrations of up to 50 f!g/ml and very poor 
y~elds at lower DNA concentrations . With the cal
CIU~ phosphate technique such high DNA concen
tratJons are toxic for cells. Indeed , we fo und that 
already 5 f!g/ml of DNA caused a reduction of the 
number of colonies and , on the basis of colonies per 
Itg of DNA , best results were actually obtained with 
DNA c . 

oncentratlOns of 0.1 f!g/ml. Therefore it 
seems that the efficiency of transferring DNA . t 
the cell . . 111 0 

. S IS supenor under our conditions. Tbe rapid 
reseahng ' f h 
I . plocess 0 t e membrane at 20 °C also ex-

P~tter et al. [21] also found a 50-fold bigher yield 
of tl ansfectants when using linear rat her than circu
lar DNA. With linear DNA optimal yields were 
about 200-300 transfecÜlI1ts per 106 cells Ho h . . wever , 
t ese fIgures are based on viable cells and would 
therefore have to be reduced by about one half if 
total cells had been counted as in Our case Th f' Id 

I. . . e le 
app IcatlOn was carried out at 0 °C by P tt I 

. 0 er et a. 
[21]. A fJeld strength of 4- 8 kV/cm used by these 
a~thors IS too low at this temperatUl'e because below 
4 C the break down voltage is further increased 
dramatIcally and also irreversible changes in the 
membrane are observed under the influence of the 
breakdown pulse [31 , 32]. The DNA concentration 
used by Potter et al. [21] (20 f!g/ml) also indicates a 
relatlvely low efficiency as discussed above for the 
work of Neumann et al. [20]. 

The methods described here were designed to 
avold the shortcommgs discussed above . If executed 
pr~p.erly , the e lectric field pu lse technique is a highly 
efflclent method for DNA transfer , in particular 
when 1111ear fonns are used . Further deve lopments 
and ~pplIcatIOns of this technique to other cells are 
certal11ly required . However tlle bl lk f I' ' . , I 0 Iterature 
bel11g avmlable on reversible electrical breakdow 
fleld media ted transfer of foreign substances in~~ 
ce.lIs and electrofusion pave the way for furtber opti
mlzatlOn of the electro transfection technique. 
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