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Efficiency of High- and Low-Voltage Pulse Combinations
for Gene Electrotransfer in Muscle, Liver, Tumor, and Skin

F.M. André, 2 J. Gehl,3 G. Sersa,* V. Préat,® P. Hojman,3% J. Eriksen,® M. Golzio,®” M. Cemazar,*
N. Pavselj,>® M.-P. Rols,® D. Miklavcic,® E. Neumann,? J. Teissi¢,®” and L.M. Mir'2

Abstract

Gene electrotransfer is gaining momentum as an efficient methodology for nonviral gene transfer. In skeletal
muscle, data suggest that electric pulses play two roles: structurally permeabilizing the muscle fibers and elec-
trophoretically supporting the migration of DNA toward or across the permeabilized membrane. To investi-
gate this further, combinations of permeabilizing short high-voltage pulses (HV; hundreds of V/cm) and mainly
electrophoretic long low-voltage pulses (LV; tens of V/cm) were investigated in muscle, liver, tumor, and skin
in rodent models. The following observations were made: (1) Striking differences between the various tissues
were found, likely related to cell size and tissue organization; (2) gene expression is increased, if there was a
time interval between the HV pulse and the LV pulse; (3) the HV pulse was required for high electrotransfer
to muscle, tumor, and skin, but not to liver; and (4) efficient gene electrotransfer was achieved with HV field
strengths below the detectability thresholds for permeabilization; and (5) the lag time interval between the HV
and LV pulses decreased sensitivity to the HV pulses, enabling a wider HV amplitude range. In conclusion,
HV plus LV pulses represent an efficient and safe option for future clinical trials and we suggest recommen-

dations for gene transfer to various types of tissues.

Introduction

HE CONCEPT OF GENE ELECTROTRANSFER has developed

from the first in vitro studies in 1982 (Neumann ef al.,
1982) to an efficient methodology for nonviral gene delivery
in various tissues. Reviews have summarized the consider-
able interest in medical electroporation treatments for sev-
eral tissues, for example, electrochemotherapy for subcuta-
neous tumors, including an increasing number of potential
applications foreseen in preclinical trials (Andre and Mir,
2004; Mir et al., 2005; Cemazar et al., 2006; Heller and Heller
2006; Prud’homme ef al., 2006).

In vivo, gene electrotransfer to muscle remains of particu-
lar interest, as transfer to this tissue enables long-term se-
cretion of proteins for systemic therapy because of the
longevity and secretory functions of muscles (Mir et al., 2005;
Hojman et al., 2007a). However, gene electrotransfer to other

tissues, including tumor tissue, is also of great therapeutic
potential. Since the initial in vivo studies (Titomirov ef al.,
1991; Heller et al., 1996b; Aihara and Miyazaki, 1998; Mir et
al., 1998a; Rols ef al., 1998; Suzuki et al., 1998) and the opti-
mization work in 1999 (Gehl and Mir, 1999; Mir et al., 1999),
and because of reduced availability of other appropriate
equipment, gene electrotransfer has essentially been per-
formed with trains of identical pulses (Molnar et al., 2004;
Mir et al., 2005; Wang et al., 2005). Results from experiments
using combinations of short high-voltage (HV) pulses and
long low-voltage (LV) pulses, however, permit deciphering
of the mechanistic details for the understanding of gene elec-
trotransfer into skeletal muscles (Bureau et al., 2000;
Satkauskas et al., 2002, 2005).

Molecular physicochemical electroporation theory, based
mainly on electro-optical and conductometric data on cells,
suggests the presence of at least two types of transient per-
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meant structures: (1) a large number of transient short-lived
“electropores” (membrane fluctuations) with a postpulse life
time of a few milliseconds, and (2) a smaller number of
larger, long-lived metastable permeation structures. The mo-
lecular basis for permeabilization is accounted for mainly by
the these long-lived permeation structures, which are re-
sponsible for interactive mass transport of transiently mem-
brane-adsorbed molecules across the membrane after the
pulse. These structural features are instrumental for the anal-
ysis of the various data obtained with HV plus LV pulse com-
bination modes and the effects of a time lag between the
pulses.

The electric pulses play two roles: (1) permeabilization of
the target cells and (2) enforcement of the electrophoretic
transport of DNA toward (Henshaw ef al., 2006), as well as
across, the permeabilized membrane (Bureau ef al., 2000).

The electroporator used in the present study was devel-
oped to deliver LV pulse(s) after a defined period of time af-
ter the HV pulse(s). Using different time lags between the
HV and the LV pulses, it was found that in tibialis cranialis
muscles the postpulse permeabilization of 5'Cr-labeled
EDTA persisted for 300 sec after a single HV (100 usec, 800
V/cm). Nevertheless, LV pulse(s) remain effective in in-
creasing the transfection efficiency even when delivered 50
min after the HV pulse (Satkauskas et al., 2002).

Therefore, an approach was started to characterize opti-
mal conditions and pulse parameters for muscle, liver, tu-
mor, and skin tissues. On the basis of the known efficiency
of the combination modes (Satkauskas et al., 2002, 2005;
Pavselj and Preat, 2005), the focus of this study has been on
the four different tissues and on (1) the voltage amplitude of
the HV pulse, (2) the voltage amplitude of the LV pulse, and
(3) the time interval between the HV and LV pulses. By ap-
plying different methodologies to all four tissue types, the
efficiency of the procedure was comprehensively evaluated,
resulting in recommendations for gene electrotransfer in
each case.

Materials and Methods
Plasmid DNA

All the groups have used the same plasmid constructs. Plas-
mid pEGFP-NT1 (Clontech, Palo Alto, CA), encoding green flu-
orescent protein (GFP) under the control of a cytomegalovirus
(CMYV) promoter, was used for qualitative assessment of the
efficiency of gene electrotransfer and for long-term follow-up
studies of gene expression in skeletal muscle.

For precise quantification of the transfer efficiency, pCMV-
Luc+ (Clontech) encoding firefly luciferase under the control
of a CMV promoter was used. The plasmids were amplified
in Escherichia coli, and all plasmid preparations were performed
with an EndoFree plasmid mega or giga kit (Qiagen, Chats-
worth, CA) in accordance with the manufacturer’s instructions
and were dissolved in phosphate-buffered saline (GIBCO PBS;
Invitrogen, Cergy Pontoise, France). The concentration and
quality of the plasmid preparations were controlled by spec-
trophotometry and gel electrophoresis.

Animals

Animals were housed and handled according to recom-
mendations of the European Convention for the Protection

ANDRE ET AL.

of Vertebrate Animals and with permission from respective
national authorities. For the experiments on muscle, tumor,
and skin, hair was removed from the treated area by de-
pilation cream 1-2 days before DNA electrotransfer. For all
experimental procedures, mice or rats were anesthetized by
intraperitoneal administration of an anesthetic mixture con-
taining ketamine hydrochloride (100 mg/kg body weight)
and xylazine (40 mg/kg body weight). Mice were killed by
quick cervical dislocation, whereas rats were killed by in-
halation of diethyl ether.

Skeletal muscle. For all experimental procedures involv-
ing skeletal muscle, 7- to 9-week-old C57BL/6 female mice
(Bomholtgaard [Ry, Denmark] or Janvier [Le Genest St Isle,
France]) were used.

Tumor. B16-F1 melanoma cells, LPB fibrosarcoma cells,
and SA-1 fibrosarcoma cells were cultured in vitro in Dul-
becco’s modified Eagle’s medium (DMEM) or minimal es-
sential medium (MEM) (Gibco; Invitrogen) supplemented
with penicillin (100 U/ml), streptomycin (100 mg/ml), and
8% fetal calf serum (Gibco; Invitrogen). Young (6- to 8-week-
old) C57BL/6 female mice (Bomholtgaard or Janvier) were
inoculated subcutaneously via the left flank with 1 X 10°
syngeneic B16 or LPB tumor cells (in 100 ul of MEM). SA-1
tumor cells (5 X 10%) were injected into A/J mice (Institute
of Pathology, Medical Faculty, University of Ljubljana, Ljubl-
jana, Slovenia). The tumors were treated when they reached
an average diameter of 67 mm (7-8 days after inoculation).

Liver. Liver experiments were performed on 7- to 9-week-
old C57BL/6 female mice (Janvier).

Skin. Skin experiments were performed on 8- to 10-week-
old male Wistar rats (Janvier). Five to eight electroporation
sites were placed on the back of each rat.

DNA injections and electrodes

Skeletal muscle. The tibialis cranialis muscles were in-
jected with 10 ug of plasmid in 20 ul of PBS, using either a
Hamilton syringe (RN type 4, 26-gauge with 16-mm-long
needles) or an insulin injection needle (29 gauge). Injection
was performed gently with an injection time of 15 sec. Two
parallel external stainless steel plate electrodes (IGEA, Carpi,
Italy) with a gap of 4 or 5.7 mm (width, 1 cm; thickness, 1
mm) were placed at each side of the leg and electrical con-
tact was ensured by ultrasonography conductive gel (EKO-
GEL; EuroCamina, Egna, Italy). The electric field was placed
perpendicular to the fiber axis. Pulsing was performed 30 sec
after DNA injection.

Tumor. Fifty micrograms of DNA in 50 ul was injected
intratumorally with a Hamilton syringe (RN type 4, 26
gauge with 16-mm-long needles). Injection time was be-
tween 15 and 25 sec. Two parallel external stainless steel
plate electrodes (IGEA) with a gap of 5 mm were placed
at each side of the tumor in order to encompass the whole
tumor. Ultrasonography conductive gel (EKO-GEL; Euro-
Camina) was applied to ensure electrical contact between
electrodes and skin. Pulsing was performed 30 sec after
DNA injection.
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Liver. For exposing the liver, a subxiphoid lateral incision
was performed. Exerting a light pressure at each side of this
incision allowed protrusion of the left liver lobe (main and
largest lobe). Eighty micrograms of DNA in 100 ul was in-
jected intravenously to avoid direct transfer of the DNA to
the liver cells in the absence of the electric pulses (Andre et
al., 2006). The treated liver lobe was placed between two par-
allel stainless steel plate electrodes with a gap of 3 mm
(width, 2 cm; thickness, 1 mm). Ultrasonography conductive
gel (EKO-GEL; EuroCamina) was applied to ensure good
contact between the electrodes and the liver. Pulsing was
performed 3 min after DNA injection into the retro-orbital
sinus. Injection time was between 20 and 25 sec. After gene
transfer, the abdominal muscles and skin were sutured.

Skin. A skin fold was manually lifted from the underly-
ing tissues and 50 ug of DNA in 25 ul was injected subcu-
taneously with a Hamilton syringe and a 30-gauge needle.
Parallel plate electrodes with a gap of 4 mm and 1-cm width
were fitted around the skin fold. Ultrasonography conduc-
tive gel (EKO-GEL; EuroCamina) was applied to ensure elec-
trical contact between electrodes and skin. Pulsing was per-
formed 30 sec after DNA injection.

Pulse generators

The various HV plus LV pulse combinations were gener-
ated with a Cliniporator (IGEA). Voltage and current traces
corresponding to the actually applied voltages and actually
measured current during the whole pulses were recorded
and stored in the Cliniporator for evaluation of the actual
electrical parameters. HV pulses and LV pulses were deliv-
ered in various train combinations with or without a time
lag of 1 sec between pulses. Alternatively, trains of eight
identical electric pulses of 5-20 msec at intermediate electric
field strengths were delivered with a P-15 GHT1287 elec-
tropulsator (Jouan, St Herblain, France).

Luciferase activity measurement

Mice were killed 48 hr after electrotransfer, except for the
experiments on liver, in which they were killed at 24 hr. Mus-
cle, tumor, or liver tissue was removed, weighed, and put in
a tube containing lysing matrix (Bio 101 Systems lysing ma-
trix A tube; Q-Biogene, Illkirch, France) and 1 ml of chilled
cell culture lysis reagent solution (two tubes for the liver lobe),
while 200-mg skin samples were cut into pieces and homog-
enized in 1 ml of cell culture lysis reagent solution. For prac-
tical reasons, approximately half of the liver lobes were not
weighed. The average left liver lobe weight was 311 * 32 mg.
This value was used instead for the unweighed lobes. Cell cul-
ture lysis reagent (Promega, Madison, WI) was prepared from
stock and supplemented with one tablet of protease inhibitor
cocktail (Boehringer Mannheim, Mannheim, Germany). Tis-
sues were homogenized and centrifuged at 12,000 rpm for 10
min. For muscle, tumor, and liver, luciferase activity was mea-
sured in 20 ul of the supernatant, using a Lumat LB 9507 lu-
minometer (Berthold France, Thoiry, France), by integration
of the light produced over 10 sec, starting after the addition
of 100 ul of luciferase assay substrate (Promega) to the sam-
ple lysate. For skin, luciferase activity was assessed from 10
ul of the supernatant, using a luminometer (TD-20/20 lumi-
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nometer; Promega), with a 3-sec delay time and integration
over 15 sec, starting after the addition of 50 ul of luciferase as-
say substrate (Promega) to the skin lysate. Results were col-
lected from the luminometer as relative light units (RLU). Fi-
nal results were expressed as picograms of luciferase per
milligram of tissue by calibration with purified firefly lucifer-
ase protein (Promega).

In vivo GFP expression follow-up

GFP fluorescence was detected in live mice by whole body
imaging, using a Leica MZFLIII stereomicroscope fitted with
a Roper CoolSNAP charge-coupled device (CCD) camera
(Leitz, Wetzlar, Germany). Image acquisition and analysis
were performed with Metaview software. The sensitivity of
the detection camera allowed for detection of GFP fluores-
cence emission across the skin of anesthetized animals. Al-
ternatively, mice were killed 48 hr after DNA electrotrans-
fer and GFP expression in the transfected tissue was
evaluated with a Nikon SMZ1500 fluorescence stereomicro-
scope (DFA, Copenhagen, Denmark) in blinded and ran-
domized order. Gene expression was scored on the basis of
the surface area of muscle fibers expressing enhanced green
fluorescent protein (EGFP) on a scale from 0 to 5: 0, no EGFP
expression; 1, less than 20% of the muscle expresses EGFP;
2, 20-40%; 3, 40-60%; 4, 60-80%; 5, more than 80% of the
muscle surface expresses EGFP.

Statistical analysis

The number of muscles or animals (mice or rats) is re-
ported for each experiment. Significance of the differences
between groups was evaluated by Student ¢ test performed
on the experimental values or on their logarithms. For sta-
tistical comparison of several groups, one-way analysis of
variance (ANOVA) was performed. The figures present lu-
ciferase expression data as means = SD.

Results

The results of the studies to optimize the voltage ampli-
tude of the HV pulse confirmed previous data. For instance,
increasing the duration or the number of HV pulses did not
further improve transfer efficiency. In addition, we evalu-
ated the effect of the LV amplitude, as well as the effect of
using long low-voltage pulse (400 msec) compared with
eight pulses of 50 msec at 2-Hz repetition frequency (same
total pulse duration). Finally, we analyzed the effects of a 1-
sec time interval between the HV and LV pulses.

Skeletal muscle

GFP expression in skeletal muscles after gene electro-
transfer. In a first series of experiments, color fluorescent im-
ages on the transfection efficiency in muscles were obtained
with GFP (Fig. 1). GFP expression was scored on the basis of
the extension of fluorescent fibers in the treated muscle. A large
range of amplitudes of the HV pulse was found efficient when
the HV pulse was consistently followed by an LV of 400 msec
at the applied field strength of 80 V/cm (Fig. 1). Applying a
constant HV at 700 V/cm followed by LVs of field strengths
showed that efficient gene transfer was obtained with LVs of
400 msec at 70-120 V/cm (data not shown).
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FIG.1. Qualitative analysis of fluorescence in skeletal mus-
cle after electrotransfer of GFP as a function of HV electric
field strength (V/cm). Pictures were taken 48 hr after elec-
trotransfer, and the columns show mean fluorescence
score = SD of six muscles. In comparison with the first level
(125 V/cm), there was significantly higher expression from
700 V/cm and upward (p < 0.05).

The detection of GFP expression across the skin of the
same animal was obtained over several weeks (Fig. 2). In two
independent experiments, GFP expression after gene elec-
trotransfer with the HV and LV combination was found to
last longer than GFP expression after gene electrotransfer
with the classical trains of eight pulses of 20 msec at 200
V/cm (data not shown).

Luciferase expression in skeletal muscle after gene elec-
trotransfer. Quantification of the transfer efficiency was de-
termined by measuring luciferase activity in the muscles.
Two sets of experiments differing by the absence (Fig. 3a) or
the presence (Fig. 3b) of a 1-sec time lag between the pulses
were performed to assess the optimal amplitude of the HV.
The electric field strength of the 100-usec HV ranged from
200 to 1800 V/cm, while the LV was kept constant at a pulse
duration of 400 msec at 80 V/cm. These results confirmed
the semiquantitative analysis (GFP), showing that a broad
range of HV electric field strengths resulted in high levels of
expression 48 hr after gene electrotransfer.

Surprising differences were detected for the presence of a
1-sec lag between HV and LV pulses. In the presence of the
lag we found that (1) the lowest HV field strength tested (200
V/cm) resulted in higher levels of expression than without
the lag (Fig. 3a); (2) the range of efficient HV field strengths
extended up to 800 V/cm without a lag and up to 1200 V/cm
with the 1-sec lag; (3) the plateau of expression at these “op-
timal” values was about 10 times higher in the presence of
the 1-sec lag between the HV and the LV pulses; and (4) no
dramatic decrease in efficiency was observed at the highest
field strengths tested (above 1400 V/cm) when there was a
lag, in contrast to pulses without the 1-sec lag, for which ex-
pression almost disappeared at 1600 or 1800 V/cm. Com-
parisons with gene electrotransfer with 8 X 20 msec pulses
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showed that the presence of a lag between the HV and LV
resulted in 10 times higher levels of expression level when
using this pulse combination (Fig. 3b).

Thus, with the HV and LV pulse combinations there is no
distinct “optimal” value but a range of efficient field
strengths all giving rise to high expression levels. This is in
contrast to the large decrease in expression found when us-
ing trains of rectangular pulses with amplitudes deviating
from the optimal value (e.g., 50 V/cm apart from the opti-
mal field strength of 200 V/cm [see Fig. 3]; see also Fig. 1 in
Mir and coworkers [1999]).

Tumor

In B16 melanoma tumors, the effect of the field strength
of the HV pulse, as well as the effect of a 1-sec lag between
the HV pulse and the LV pulses, was monitored on the ba-
sis of luciferase activity (Fig. 4). With LV parameters identi-
cal to those found for skeletal muscle (400 msec at 80 V/cm)
we found that higher HV field strengths (800 V/cm) had to
be applied to reach a plateau of expression and that almost
no decrease in expression was found at the highest field
strength (2000 V/cm) tested (Fig. 4a).

With an HV pulse with an amplitude of 1300 V/cm, the
efficiency of gene electrotransfer was a function of the elec-
tric field strength of the LV component (Fig. 4c). Field
strengths greater than 80 V/cm were found to give efficient
gene transfer in B16 melanomas. Even though there was no
distinct peak, 140 V/cm seemed to be an appropriate field
strength for gene electrotransfer in tumors. Another tumor
type, the fibrosarcoma SA-1 transplanted in A/] mice,
showed similar results (data not shown). In the B16 mela-
noma model, comparisons between 1 HV and 8 LV (50 msec,
80 V/cm) and 1 HV and 1 LV (400 msec, 80 V/cm; same to-

Light illumination|

GFP fluorescence

FIG. 2. Detection of GFP expression in muscles across the
skin in vivo. The leg was observed under a stereomicroscope
with a CCD camera. Top: Obtained by direct light. Bottom:
Expressing fibers (in green) are clearly present under fluo-
rescence detection. Pictures are representative images of the
results on day 2 after electrotransfer, using HV plus LV com-
binations.
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FIG. 3. Quantitative analysis of expression of
the luciferase gene in skeletal muscle as a func-
tion of HV electric field strength (V/cm). Mea-
surements were performed 48 hr after electro-
transfer, using one HV of 100 usec and one LV of
400 msec at 80 V/cm in the absence (a) or in the
presence (b) of a 1-sec lag between the HV and
the LV. Each group consisted of six mice, and data
are presented as means * SD as described in Ma-
terials and Methods. LV-alone controls were pre-
viously published (Satkauskas et al., 2002, 2005).
Statistical analysis showed significant differences
between the groups of HV at 200 V/cm versus in-
jection alone in the presence of a lag (p < 0.001),
but no significant difference in the absence of a
lag (Bonferroni ¢ test). The highest values (HV at
400, 600, and 800 V/cm) were significantly dif-
ferent from the second highest values (HV at 1000,
1200, and 1400 V/cm) both in the absence (p <
0.001) and in the presence (p < 0.05) of the lag.
The highest HV amplitudes (1600 and 1800 V /cm)
resulted in a significant difference from injection
alone in the presence of a lag (p < 0.001) but not
in the absence of a lag. The comparison of lag ver-
sus no lag for these four levels of expression (re-
spectively: 200 V/cm; 400, 600, and 800 V/cm;
1000, 1200, and 1400 V/cm; and 1600 and 1800
V/cm) showed statistically significant differences
(p < 0.001 except for 400, 600, and 800 V/cm, for
which p < 0.05).

FIG.4. Quantitative analysis of expression of the
luciferase gene in B16 tumors as a function of the
HV electric field strength (a), of the absence or
presence of a 1-sec lag between the HV and the
LV (HV, 100 psec at 1300 V/cm; LV, 400 msec at
140 V/cm) (b), and of the LV electric field strength
(c). Measurements were performed 48 hr after
electrotransfer in groups of six mice. No statisti-
cally significant differences (except the difference
from the injection-alone group) were found using
either parametric tests (ANOV A with Bonferroni’s
correction) or nonparametric tests (Kruskal-Wal-
lis).
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tal duration of the LV component) did not reveal a signifi-
cant advantage (data not shown).

A 1-sec lag between the HV and LV pulses did not affect
the level of maximal expression of the luciferase gene (Fig.
4b). However, in the B16 tumors, higher voltages (1400 and
1600 V/cm) resulted in a decrease in luciferase expression
in the absence of a lag.

Liver

For reasons described later (see Discussion), DNA had
to be injected intravenously in a small volume (100 ul) to
perform an appropriate analysis of the effects of the HV
and LV pulses on the efficiency of gene electrotransfer in
mouse liver. The transfection efficacy of the HV pulse was
tested on the basis of LV parameters (400 msec at 80 V/cm)
that had been found optimal for gene electrotransfer in
muscles. Contrary to skeletal muscle and tumors, none of
the HV conditions tested resulted in any increase in lucif-
erase expression compared with LV applications alone
(Fig. 5a). Considering the possibility that the LV pulse of
400 msec at 80 V/cm was already permeabilizing liver
cells, the field intensity was decreased and the experiments
were repeated at 20 V/cm (Fig. 5b). Thus in liver no HV
is necessary if an LV of 400 msec is delivered, even at low
field strengths.

ANDRE ET AL.

Skin

Gene electrotransfer to rat skin folds showed greater vari-
ability in luciferase expression than in muscle and tumors.
To counterbalance this scattering, more repeats were per-
formed for each experimental condition (n = 8 to 12), but
with fewer experimental conditions (Fig. 6). A constant high
level of gene expression was observed when increasing the
HV amplitude from 700 to 1300 V/cm (data not shown), sim-
ilar to the situation in muscle. For LV pulses, a 27-fold in-
crease in median luciferase expression with respect to the
controls was reached with 1 HV pulse (1000 V/cm) and 1
LV pulse (140 V/cm, 400 msec), in the absence of a time lag
between pulses (Fig. 6a). The presence of a lag resulted in
higher luciferase activity, in particular with LV pulses of 140
V/em (Fig. 6b; data not shown for other LV field ampli-
tudes). No difference was found between using one LV pulse
of 400 msec or eight LV pulses of 50-msec pulse duration
(data not shown).

Discussion

Optimizing HV and LV combinations to transfer genes in
muscle, tumors, liver, and skin

The tissues tested needed different parameters, which was
indeed expected because of the differences in tissue struc-
ture, cell size, and DNA distribution after injection. We also
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FIG. 6. Quantitative analysis of expression of the | 10000 ;
luciferase gene in rat skin as a function of the LV
electric field strength (a) and of the absence or the
presence of a 1-sec lag between the HV and the LV
(b). One HV of 1000 V/cm and 100 usec was deliv-
ered before the LV pulse of 400 msec. In (b), the LV
pulse had a field strength of 140 V/cm. Measure-
ments were performed 48 hr after the electrotrans-
fer and the results are represented on a log scale
with picograms of luciferase per milligram of tissue
of all the samples in each group. A normality test
over the experimental groups failed, so the data are
represented with a median (horizontal line), 25th
and 75th percentiles (gray box), and 10th and 90th

100 1
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percentiles (error bars). Solid diamonds represent 0.04
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all the outliers. Each group comprised at least 8 sam-
ples, and on average 14 or 15 samples. LV-alone con-
trols were previously published (Pavselj and Preat,

inj, 80 110 140 200 no 1s 42s
only lag

LV (Vicm)

2005). Statistically significant differences were
found between the control (inj. only) and the rest of

the groups (p < 0.05, one-way ANOVA, Dunn'’s test). No statistically significant difference was found between the delay of
1 sec versus 4.2 sec versus no delay or between the different LV amplitudes.

showed that the HV and LV pulse combination allows a wide
range of field strengths for maximal efficiency. Hence, slight
deviations from the optimal experimental design (e.g., inho-
mogeneous electric field distribution due to the anatomy of
the tissue) will have less consequence for gene transfer effi-
ciency.

A great advantage of the HV plus LV pulse combination
is the possibility to separately adapt the HV and LV pulse
parameters. Independent control of HV and LV pulses has
allowed determination of good parameters for efficient gene
electrotransfer in the tissues explored: muscle, tumor, liver,
and skin (Table 1). The recommendations listed in Table 1
are based on the results presented here and are limited to an
experimental setup similar to ours. The recommendations,
however, give us the opportunity to address some of the
mechanisms underlying gene electrotransfer. For example,
the inclusion of a time lag between the HV and LV pulse en-
sures maximal efficiency of the procedure but separates the
pulses and thereby triggers two contractions. This is why the
absence of a time lag is recommended if a single contrac-
tion/sensation is desired. Finally, recommendations also in-
clude previous theoretical knowledge concerning the tem-
perature increase when electric pulses are delivered to
tissues in vivo (Davalos et al., 2003): when minimal heating
of the tissue is desired, it is recommended to split the 400-
msec pulses into several shorter pulses (e.g., eight pulses of
50 msec), as the period between consecutive LV pulses
allows for dissipation of part of the electric energy of the
electric pulses into heat. Yet the experimental efficiency is
similar.

Differential requirements for various tissues

This study has revealed differences in the electrical pa-
rameters needed to ensure efficient gene electrotransfer in
various tissues. In each tissue transfection efficiency depends
on the DNA distribution and electric field distribution within
the tissue. In particular, DNA distribution is different in dif-
ferent types of tissue (Andre et al., 2006; Mesojednik ef al.,

2007). DNA distributes easily in muscle; in small rodents
DNA disperses across whole muscle. In liver, on the other
hand, we found it necessary to perform intravenous injec-
tion in order to avoid the hydrodynamic effect of the injec-
tion of fluid directly in the tissue (Liu et al., 1999). In all ex-
periments the CMV promoter was used, and it should be
noted that this promoter might show different levels of ac-
tivity in different tissues.

Differences in optimal field strength of high-voltage pulses

Some of the differences between the tissues could be an-
ticipated as they follow the predictions of biophysical knowl-
edge about cell electropermeabilization. The higher HV field
strengths required in tumors and skin (with respect to mus-
cle) to reach the plateau value are rationalized in terms of
the average cell diameter and shape differences between the
cells of these tissues. Note in particular that muscle fibers are
elongated rods with a long axis greater than the diameter of
skin and tumor cells. This is in line with the quantitative ex-
pression relating the electrically induced change in the trans-
membrane potential difference with the geometric cell and
tissue dimension (Neumann et al., 1999). In the case of B16
tumors, the fact that almost no decrease in expression was
found at the highest field strength tested (Fig. 4a) might also
be explained by the smaller cell size of B16 tumor cells com-
pared with muscle fibers.

The observation that no HV is necessary to obtain efficient
gene transfer in the liver is surprising. We have avoided trans-
fer by a hydrodynamic-like procedure by injecting DNA intra-
venously in a reduced volume (100 ul). The efficiency of DNA
transfer in liver with only LV pulses possibly lies in the partic-
ular membrane features of hepatocytes. Moreover, hepatocytes
are electrically connected through gap junctions. The conduc-
tive gap junctions permit viewing a cluster of hepatocytes as
one big cell of large radius, such that the electric potential drop
induced by the external field involves a large amplification fac-
tor. Hence small external field strengths might become effec-
tive in electroporating the hepatocyte cell membrane.
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Differences in optimal field strength of low-voltage pulses

Guided by previous attempts to optimize the LV compo-
nent in skeletal muscle (Satkauskas et al., 2005), we tested
only a low-voltage component of 400 msec total duration,
delivered as a single LV pulse of 400 msec or as a train of
eight LV pulses of 50 msec. LV pulses could affect DNA elec-
trotransfer by promoting interstitial electrophoretic migra-
tion and thereby the distribution of DNA to cells in the tis-
sue. Thus in principle the same parameters for the LV pulse
may be effective. The experimental results, however, reflect
a more elaborate situation: the LV parameters must be
adapted in each case to the specific tissue (Table 1).

In liver, the efficiency of the low LV field strength (20
V/cm) could result from the following: (1) The electrodes are
in direct contact with the tissue (thus, there is no voltage
drop across the skin); (2) the tight connective cell architec-
ture of the hepatocytes represents a continuous electrically
conductive cell interior; and (3) there is no distension by
DNA injection. The distance the DNA must be elec-
trophoretically relocated is shorter than in the case of the
three other tissues, where the DNA was injected locally. It
should be noted that the low field strength values, as well
as the lack of any necessity for an HV pulse, perfectly match

TaBLE 1.
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the conditions found by other groups, demonstrating satis-
factory gene electrotransfer efficiency in liver by trains of
identical pulses at low field strength (25 to 50 V/cm) (Suzuki
et al., 1998; Liu and Huang, 2002).

Consequences of these findings for gene transfer
efficiency and safety

Recall that optimal gene expression with the HV and LV
pulse combination in muscle, tumor, and skin is obtained
with a rather large range of field intensities for the HV pulse
(Figs. 3 and 4a). The electric field distribution within a tis-
sue is not homogeneous (Miklavcic et al., 1998, 2000). Be-
cause, however, the transfection efficiency of the HV and LV
pulse combination appears to be due largely to the elec-
trophoretic displacement during the LV pulse, transfection
with this pulse combination is less susceptible to the lack of
homogeneity in the field distribution. In fact, in a large part
of the tissue the local electric field intensity of the HV pulse
will remain within the window of efficiency over a wide
range of HV field strengths. With trains of identical pulses,
the optimal field strength must be determined carefully be-
cause values of a few tens of V/cm higher or lower than the
optimum could result in large decreases in gene expression

RECOMMENDATIONS FOR IN VIvO GENE ELECTROTRANSFER IN VARIOUS TISSUES,

UsING COMBINATIONS OF HIGH AND Low VOLTAGE PULSES?

High-voltage pulse(s)

Low-voltage pulse(s)

Interval
(duration
Field Pulse Number Repetition between Field Pulse Number Repetition
strength duration of frequency pulses; strength duration of frequency
(V/em) (usec) pulses (Hz) sec) (V/em) (msec) pulses (Hz)
Skeletal muscle, transcutaneous pulses
600 100 1 — ob 100 400 1 —
700 100 1 — 1¢ 80d 400 1 —
700 100 1 — 1¢ 100 400 1 —
700 100 1 — 1€ 100 50 8¢ 1
Tumors, transcutaneous pulses
1000 100 1 — 0 140 400 1 —
1000 100 1 — 0 140 50 8¢ 1
Liver, electrodes in direct contact with the tissue
— 0 — — 20 400 1 —
— 0 — — 20 50 8¢ 1
Skin
1000 100 1 — ob 140 400 1 —
1000 100 1 — 1€ 140 400 1 —
1000 100 1 — 1¢ 140 50 8¢ 1

@Using plate electrodes.
bTo be used when a single contraction/sensation is desired.

¢To be used when maximal efficiency of the procedure needs to be obtained.

4T be used when no effect on the muscle is desired.

¢To be used when minimal heating of the tissue would be desired—the period between consecutive LV pulses allowing for dissipation of

the heat generated by the electric pulses.
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(Gehl and Mir, 1999; Gehl et al., 1999; Mir et al., 1999; Ce-
mazar et al., 2002). Thus, using the HV and LV pulse com-
binations allows manipulation over a wider range of thera-
peutic field strengths.

Low levels of permeabilization are sufficient

The lowest efficient HV pulse field strengths that ensure
effective gene electrotransfer if combined with LV pulses are
lower than previous estimations of the reversible electropo-
ration detection threshold for eight consecutive pulses of the
same duration as used here (Fig. 3) (Gehl and Mir, 1999; Gehl
et al., 1999; Miklavcic et al., 2000). Hence gene electrotrans-
fer can occur with electric pulses, which cause less intense
membrane alterations than are needed for detectable diffu-
sion of small hydrophilic molecules through the membrane
(e.g., °'Cr-labeled EDTA) (Gehl and Mir, 1999; Gehl et al.,
1999). Thus this indicates that low levels of electroperme-
abilization, which as such are experimentally under the de-
tection limit, are already instrumental in gene electrotrans-
fer.

This particular feature is reinforced by the fact that only
one HV pulse is delivered in the HV plus LV combination.
Electrochemotherapy protocols, in which the delivery of
small molecules is required, always use six or eight HV
pulses (Heller et al., 1996a; Mir et al., 1998b). Reversible and
irreversible electropermeabilization thresholds have been
determined with trains of eight pulses (Gehl and Mir, 1999;
Gehl et al., 1999; Miklavcic et al., 2000). The high efficiency
of gene electrotransfer achieved with a single HV pulse sup-
ports the concept that it is mandatory to destabilize the mem-
brane of cells. However, the level of membrane perturbation
can be lower than needed for detectable membrane perme-
abilization. If the actual permeabilization of the membrane
is low, membrane resealing can be completed in a shorter
time. This rationalizes the safety of the procedure.

Influence of gap between HV and LV pulses

Particularly in muscle, where the results are of lowest
variability, a lag between the HV and LV pulses is an es-
sential parameter for the efficiency of gene electrotransfer
and in the choice of the electrical parameters. First, the op-
timal range of HV field strengths depends on whether or not
there is a lag between the HV and LV pulses. With a lag, the
range of optimal values was wider (in muscle, 400-1200
V/cm instead of 400-800 V/cm). Moreover, at high HV field
strengths, gene expression was not totally abolished if the
time lag is present. This observation can be linked to more
intense partial damage of the tissue (at least at 1600 and 1800
V/cm) without the lag because there would be no time for
recovery of the cell membrane between the HV and LV
pulses. Indeed, this effect of the lag can be analyzed through
the theoretical knowledge of membrane electropermeabi-
lization: it is widely accepted that (1) the external field
strength determines the area of the cell membrane that will
be electropermeabilized (Foster and Schwann 1989; Kotnik
et al., 1997; Teissie et al., 1999), and (2) during pulsing a large
number of defects (electropores) is generated (Teissie et al.,
2005). According to the theories, most of these “electropores”
reseal shortly after the end of the pulse. A fraction of the
more stable defects (long-lived metastable permeation struc-
tures) reseal more slowly (Golzio et al., 2002). The half-life of
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these structures depends on the temperature. In summary,
resealing is progressive, and recovery of membrane integrity
can take seconds or minutes. Therefore, if no lag is applied
between the HV and LV pulses, after-field transport can con-
tinue within the lag period through the electroporation-in-
duced larger permeation passages. Because these transport
passages reseal only slowly, a consecutive pulse meets the
membrane during resealing and can support the elec-
trophoretic cross-membrane electromigration of DNA. In the
slow resealing phase most of the smaller electropores are re-
sealed to a large extent, preventing any further, finally detri-
mental exchange of molecules and ions between cell interior
and the outside.

Conclusion

Gene electrotransfer is a rapidly expanding field and
knowledge about pulse optimization, and particularly im-
portant points regarding various tissues, are thus in demand.
In this comprehensive study of muscle, tumor, skin, and
liver, we have evaluated the use of combination pulses of
high voltage and low voltage. Interesting organ-specific dif-
ferences have been found. Potential side effects have also
been evaluated, as shown in Hojman and coworkers (2007b,
2008).

The documented efficiency and safety of the HV plus LV
pulse combinations will facilitate the transfer of DNA elec-
trotransfer based on the HV plus LV pulse combination to
the clinical level.
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