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Abstract

Background Recently, in vivo gene transfer with electroporation (electro-
gene transfer) has emerged as a leading technology for developing nonviral
gene therapies and nucleic acid vaccines. The widely hypothesized mechanism
is that electroporation induces structural defects in the membrane and
provides an electrophoretic force to facilitate DNA crossing the permeabilized
membrane. In this study, we have designed a device and experiments to test
the hypothesis.

Methods In this study, we have designed a device that alternates the polarity
of the applied electric field to elucidate the mechanism of in vivo electro-gene
transfer. We also designed experiments to challenge the theory that the low-
voltage (LV) pulses cannot permeabilize the membrane and are only involved
in DNA electrophoresis, and answer the arguments that (1) the reversed
polarity pulses can cause opposing sides of the cell membrane to become
permeabilized and provide the electrophoresis for DNA entry; or (2) once
DNA enters cytoplasmic/endosomal compartments after electroporation, it
may bind to cellular entities and might not be reversibly extracted. Thus a
gradual buildup of the DNA in the cell still seems quite possible even under
the condition of the rapid reversal of polarity.

Results Our results indicate that electrophoresis does not play an important
role in in vivo electro-gene transfer.

Conclusions This study provides new insights into the mechanism of electro-
gene transfer, and may allow the definition of newer and more efficient
conditions for in vivo electroporation. Copyright © 2005 John Wiley & Sons,
Ltd.
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Introduction

Naked plasmid DNA (pDNA) has been considered the simplest and safest
gene delivery system. It has been known for more than a decade that naked
DNA can be transferred into cells in vivo and result in gene expression. Mouse
muscle injected with naked pDNA resulted in long-term protein expression
[1]. Plasmid DNA was neither replicated nor integrated into the host cell
genome, but remained in its episomal form [2] and was expressed in both
dividing and nondividing cells. However, a big drawback of naked plasmid
DNA as a vector for gene therapy is its low efficiency of gene expression.
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As a result, naked DNA gene transfer has been mainly
used for genetic immunization studies. In addition, there
is high inter-individual variability in the levels of the
transferred gene expression. The reason for the lack of
reproducibility is not known, but it may present a serious
problem in clinical settings [3].

Recently, gene delivery in vivo using electroporation
has become an area of greater research interest [4].
The transfection efficiency by electroporation is many
times greater than that of naked DNA injection, with
markedly reduced inter-individual variability [5,6]. Gene
transfer by electroporation in vivo has been effective
for introducing DNA into rat hepatocellular carcinomas,
hepatocytes, mouse testes, melanoma, skeletal muscle,
skin, lung and rat skeletal muscle for correcting anemia
of renal failure [7-13]. Particularly, skeletal muscle
has been shown to be the most promising tissue
for electro-gene transfer in several contexts: (i) There
is no significant cell replacement in skeletal muscle
tissue, so that introduced genes are not rapidly lost
following mitosis [14]; transgene expression can persist
for relatively long periods [15]; and (ii) Skeletal muscle
has an abundant blood vascular supply, thus providing
an efficient transport system for the carriage of secreted
protein into the circulation. Therefore, applications of
electroporation have been extended to using muscle for
systemic delivery of therapeutic proteins [16,17].

Electroporation as a gene delivery strategy combines
naked DNA injection with pulsed electric-field treatment.
The principles of electroporation are based on the
assumption that the cell membrane, normally not
permeable to charged macromolecules, is physically
equivalent to an electrical capacitor [18,19]. The lipidic
membrane can be considered as a dielectric element
placed between the extracellular environment and the
cytoplasm. When cells are exposed to an electric field,
structural defects in the membrane or opening and
enlarging pores will be induced, which permits the transit
diffusion of charged macromolecules such as nucleic acids
[18,19]. The general mechanism of electro-gene transfer
clearly begins with a temporary increase in membrane
permeability resulting from the electric pulses, followed
by the diffusion of molecules through the membrane
[17,19,20]. The question is how DNA diffuses across the
permeabilized membrane, through a passive mechanism
or through the effects of electrophoretic force. It has
been suggested that the increased expression rates for
in vivo DNA electro-transfer in muscle tissue are due
to the enhanced movement of DNA by electrophoresis,
following membrane permeabilization [21-23]. Several
publications point to this model of in vivo DNA electro-
transfer [3,21-23]. However, the true mechanism is not
yet fully understood.

In this study, we have designed a device that alternates
the polarity of the applied electric field to elucidate the
mechanism of in vivo electro-gene transfer. If there is DNA
electrophoresis driving the DNA into the cells, DNA will
be forced into the cells at the anode during the first pulse.
When the polarity is reversed during the second pulse, the
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DNA will be drawn back to the opposite side (cathode),
and so forth. As a result, the DNA cannot move into the
cells in such a way as to diminish gene expression. We
also designed an experiment to answer the arguments
that (1) the reversed polarity pulses can cause opposing
sides of the cell membrane to become permeabilized and
provide the electrophoresis for DNA entry; or (2) once
DNA enters cytoplasmic/endosomal compartments after
electroporation, it may bind to cellular entities and might
not be reversibly extracted. Thus a gradual buildup of
the DNA in the cell still seems quite possible even under
the condition of the rapid reversal of polarity. Our results
indicate that electrophoresis does not play an important
role in in vivo electro-gene transfer. This study provides
new insights into the mechanism of electro-gene transfer,
and may allow the definition of newer and more efficient
conditions for in vivo electroporation, such as an increased
diffusion rate for DNA.

Materials and methods

Materials

PNGVL3-Luc containing the cDNA of firefly luciferase
driven by the cytomegalovirus (CMV) promoter was
custom prepared by Bayou Biolabs (Harahan, LA,
USA) and was the kind gift of the National Gene
Vector Laboratory. 2,2,2-Tribromoethanol and Evans
Blue dye were purchased from Sigma-Aldrich Chemical
Co. (Milwaukee, WI, USA). A BTX T820 square-wave
electroporater was purchased from Genetronics (San
Diego, CA, USA). Animals were kept at the University of
Pittsburgh Central Animal Facility. All experiments were
conducted under protocols approved by the Institutional
Animal Care and Use Committee.

Electro-transfer of DNA

Mice (three per group) were anesthetized with an
intraperitoneal injection of 8 mg of 2,2,2-tribromoethanol
and the quadriceps muscles were surgically exposed.
The syringe electrode, which was developed by our
laboratory [7], was positioned so that one needle was
inserted into the quadriceps parallel to the long axis
of the muscle fiber and the other needle was inserted
into the gastrocnemius. A DNA solution was injected
into the quadriceps muscle through one syringe of the
electrode immediately prior to application of current. The
polarity applied in the quadriceps can be either anodic or
cathodic. Unless otherwise stated, 10 ug of DNA in 10 pl
of 0.9% saline was injected into the quadriceps. When
using caliper electrodes, electric pulses were immediately
applied to the muscle by caliper electrodes with 1-cm?
plates (Genetronics). Electric-field strength is reported in
terms of the ratio of the applied voltage to the distance
between the electrodes (V/cm).

J Gene Med 2006; 8: 353-361.
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Protein expression assays

Mice were sacrificed 3 days after electroporation and the
quadriceps muscle was removed. Then, 1 ml of lysis buffer
(0.1% Triton X-100, 2 mM EDTA, and 0.1 M Tris-HCI pH
7.8) was added and the muscle was homogenized using
a tissue tearor. After centrifugation at 14 000 rpm for
2 min, a 10-ul aliquot of the supernatant was analyzed for
luciferase activity. Luminescence was measured for 10 s
in each assay, and the luciferase activity for the each assay
is presented as relative light units (RLU) per quadriceps
[Luciferase protein (pg) = 7.98 x 10~°RLU + 0.093RLU,
R? = 0.99].

Results

Design of the device to deliver pulses
with alternating polarity

The custom-made electronic device, as shown in
Figure 1A, consists of a pulse generator, a switching circuit
and data-acquisition equipment. In order to generate
the alternating polarity voltage signal, the square wave
created by the pulse generator (T820) was passed through
the switching circuit. In this way, the direction of
electrical potential across the electrodes was reversed
for consecutive peaks. The data, the applied voltage
signal and the resistive response of the tissue were
recorded with the data-acquisition equipment. As shown
in Figures 1B and 1C, this device successfully delivered
electrical pulses with either consistent (nonalternating)
polarity or alternating polarity.

Electro-gene transfer into muscle with
consistent or alternating polarity

Luciferase plasmid (10 ug) was injected into mouse
quadriceps, and electric pulses were delivered through
either caliper or syringe electrodes. Two types of pulses,
short-duration (20 us) and long-duration (20 ms), were
used in this experiment. Comparison of the results,
as shown in Figure 2A, revealed that there was no
significant difference in the levels of luciferase expression
under pulses with either the consistent or alternating
polarity (p > 0.1). If the electrophoretic force is a
contributing mechanism in electro-DNA transfer, an
alternating polarity signal should produce lower gene
expression rates than those of a consistent polarity signal.
To test this possibility, the effect of the pulse duration on
gene expression was examined. The pulses were delivered
by the caliper electrodes and the pulse duration was
varied from 2 to 20 ms. The data in Figure 2B indicated
that the efficiency of gene transfer increased with an
increase in the pulse duration (200 V/cm, 6 pulses).
However, no significant difference in gene expression
was observed when the pulses were delivered either
with the consistent or with the alternating polarity. The
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Figure 1. Pulse delivery equipment that we designed and built
to generate pulses with consistent and alternating polarity.
(A) Pulse signal generated by our custom-made device with
(B) consistent polarity and (C) alternating polarity

same pattern, as shown in Figure 2C, was also obtained
when increasing the number of pulses (200 V/cm,
20 ms). These results again indicate that electrophoresis
was not involved in the enhancement of electro-gene
transfer.

Gene transfer with a combination of
HV and LV pulses and LV pulses alone

A technique combining two pulses, high-voltage (HV) and
low-voltage (LV), was developed for in vivo gene transfer
by Bureau and colleagues [23]. They proposed that there
are two active components in the delivered electric pulses:
cell electropermeabilization induced by the HV pulses and
electrophoretic forces on DNA induced by the LV pulses.
Similar studies by Mir’s group observed that one HV pulse
followed by four LV pulses resulted in 10-fold higher

J Gene Med 2006; 8: 353-361.
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Figure 2. Luciferase expression after DNA electro-transfer into the

quadriceps with the pulses of consistent or alternating polarity.

(A) Electro-gene transfer was done with either caliper or syringe electrodes delivering either short (20 ps) or long (20 ms) pulses.
(B, C) Luciferase expression as a function of the pulse duration and pulse number. Data represent the mean =+ standard deviation

(SD) (n=3)

gene expression than one HV pulse followed by one LV
pulse when the lag time between the HV and LV pulses
was set from 1 to 300 s. They suggested, based on the
above observations, that LV pulses play an important

Copyright © 2005 John Wiley & Sons, Ltd.

electrophoretic role in DNA electro-transfer. The 300 s of
lag time was long enough to allow us to manually switch
the pulses from HV to LV in our device so that we could
replicate the studies performed by Mir’s groups using
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pulses of alternating polarity. We obtained, as shown
in Figure 3A, results similar to Mir’s group, in which
no enhancement of gene expression was detected when
DNA was injected after LV pulses, but a gene could be
efficiently transferred into muscle when DNA was injected
either before or after delivery of HV pulses. This result
also indicated that our device is reliable to perform the
experiment by Mir’s group. However, we did not observe
any difference in efficiency of gene transfer when the
LV pulses were delivered either with consistent or with
alternating polarity.

It was proposed that HV pulses permeabilize the mem-
brane, whereas the LV pulses can not permeabilize the
membrane and are only involved in DNA electrophoresis
[21,23]. To examine the electrophoretic properties with-
out interference from membrane permeabilization effects,
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we next used six LV pulses (80 V/cm, 99 ms) to evaluate
transfection efficiency. The data again showed similar
levels of luciferase expression (Figure 3B) and distribu-
tion of green fluorescent protein (GFP) (Figure 3C) using
either the consistent or alternating pulses in both mice
and rat. Bureau et al. also reported that the LV pulses
(4 x 80 V/cm) were able to promote gene transfer with-
out inducing apparent permeabilization, as evidenced by
51 Cr-EDTA uptake [23]. However, the enhancement of
gene expression as shown in Figures 3B and 3C indicated
that LV pulses can induce permeabilization. To confirm
that, we injected mice with Evans Blue dye (EBD) followed
by six LV pulses (80 V/cm, 99 ms). The tetrasodium diazo
salt Evans Blue is a membrane-impermeable molecule.
This in vivo tracer technique provides information about
certain structural and dynamic features of normal and
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Figure 3. Luciferase expression as a function of the pulse polarity using consistent or alternating polarity. The electroporation was
delivered, using the caliper electrodes, with the combination of one HV pulse (800 V/cm, 99 ps) and four LV pulses (80 V/cm,
99 ms) (A) and six LV pulses (A, B, C). DNA was injected (inj.) before or after the delivery of the HV or LV pulse (A), and the lag time
between the HV and LV pulses was 30 sec. Fifty microgram luciferase DNA (B) in 100 pl of 0.9% saline and 20 ng of EGFP plasmid
(pCMV-EGFP-NI) (C) were injected into the quadriceps of rat (SD, female 10 week-old rat) (B) and mice (C) respectively, followed
by delivery of 6 LV pulses. For GFP assay, muscle sections (10 pm), 3 days after the injection, were mounted with Vectashield
mounting medium. All sections were examined and photographed with a Nikon fluorescence microscope (x200). Data represent

the mean &+ SD(n = 3)
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pathological skeletal myocytes [24]. Membrane perme-
abilization, or tissue damage, caused by electroporation
can be diagnosed by visualizing the color of the treated
muscle as injected EBD selectively accumulates in the
permeabilized or damaged myocytes [7]. As shown in
Figure 4, myocyte uptake of EBD was detected 1 day
after dye injection with a caliper electrode. Accumulated
EBD was observed in the quadriceps of mice which were
given the LV pulses with consistent and alternating polar-
ity or given six pulses (200 V/cm, 200 ms), but not for
the muscles without electroporation. These results again
suggested that LV pulses can induce membrane perme-
abilization.

Other experiments showing no
involvement of the electrophoretic
force

The first study supporting the hypothesis of the
involvement of the electrophoretic force in electro gene
transfer was reported by Klenchin and colleagues [25].
They found that efficiency of gene transfer in vitro
significantly decreased when the electrophoretic mobility
of DNA is diminished by an increase in medium viscosity
(from 2.5 to 10% Ficoll), as well as by adding Mg?* to the
medium [25]. The properties of in vitro electrophoresis
have already been established: therefore, these results
are not difficult to understand based on the fact that
the electrophoretic mobility inversely depends on the
viscosity of the medium, and that binding Mg?* to
DNA molecules can dramatically decrease the effective

F.Liu etal.

charge of the DNA polyanions and raise the ionic strength
(increase shielding) [25]. The data in Figure 5A showed
that, when DNA in a solution containing either Mg+
or 10% Ficoll was injected into the muscle without
electroporation, luciferase gene expression was 5 to
10 times lower than that of DNA in saline solution.
However, the data in Figure 5B indicated that there
was a more than 10-fold increase in gene expression
with electro-gene transfer and, in particular, the levels of
luciferase expression were not affected by an increase
in either concentration of Ficoll or Mg?*. Again,
electroporation with either consistent or alternating
polarity pulses made no difference in efficiency of gene
transfer.

It has been reported that the plasmid interaction
with the in vitro electropermeabilized cell surface was
not affected by pulses of reversed polarities [26]
because the plasmid DNA forms a complex with the
cell membrane from which plasmid DNA enters the
cell after the application of electrical pulses has ended
[27]. These membrane complexes are not disrupted by
reversing the polarity of the electrical field [28]. When
changing both the pulse polarity and their direction,
DNA interacts with the whole membrane cell surface
[27,28] and leads to an increase in gene expression
[29]. All the above observations raise the concerns:
(1) the reversed polarity pulses can cause opposing
sides of the cell membrane to be permeabilized, which
leads to an increase in the number of muscle fibers
transfected as some fibers may not be accessible to the
DNA (if it is only driven by the electrophoretic force
towards the membrane in one direction); or (2) once

B

Figure 4. Evans blue (0.1%, 100 pnl) was intravenously injected into mice followed by delivery of 6 LV pulses using the caliper
electrode to the quadriceps with consistent (A) or alternating (B) polarity and either 200 V/cm, 20 ms pulses (C) or no pulses (D).
Evans Blue fluorescence of 10 pm cryosections (1 day after the injection) from the quadriceps were examined by fluorescence

microscopy at 200 x magnification

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 5. The levels of luciferase expression as a function of
Mg2+ and Ficoll concentration in the medium. (A) Plasmid
DNA in different media was injected into the muscle without
electroporation. (B) The pulses (200 V/cm, 6 pulses, 20 ms),
after DNA injection, were delivered by caliper electrodes with the
consistent or alternating polarity. Data represent the mean + SD
(n=3)

DNA enters cytoplasmic/endosomal compartments after
electroporation, it may bind to cellular entities and might
not be reversibly extracted. Thus a gradual buildup of
the DNA in the cell still seems quite possible even under
the condition of the rapid reversal of polarity. To rule
out these possibilities, we designed an experiment in
which DNA was injected (10 ug/10 ul) into the site
between the epimysium (the fibrous sheath covering
the muscle) and muscle fiber of quadriceps. Six pulses
were delivered immediately after the injection of DNA.
In this experiment, the current moves in a direction
perpendicular to the length of the fiber, with one electrode
on the epimysium directly over the site of injection
and the other electrode on the opposite side of the
muscle. When DNA is sandwiched between the epimysium
and muscle, it can only move in two directions under
the assumed electrophoretic force, either toward the
muscle or toward the epimysium. The direction of this
movement depends on the polarity of the pulses. If the
electrophoretic force does in fact exist, the DNA should
move toward the cells when the muscle is in contact
with the anode of the caliper electrode (epimysium
is in contact with the cathode) during electroporation
(200 V/cm, one direction of six pulses). If this is the
case, the efficiency of electro-gene transfer should be

Copyright © 2005 John Wiley & Sons, Ltd.
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greatly enhanced. When the polarity is reversed (i.e.
muscle is in contact with the cathode of the caliper
electrode), the DNA would be driven away from the
cells and thus, the efficiency of electro-gene transfer
would dramatically decrease. The data in Figure 6
showed that very low levels of gene expression were
observed for the control group (without electroporation)
and more than 100-fold enhancement was detected for
both electroporation groups. The enhancements were
regardless of the polarity of the electrode. The levels
of gene expression in Figure 6 were lower compared to
that in Figure 2 because pDNA was not injected into the
inside of muscle.

Discussion

For many years, the delivery of electric pulses has been
used to introduce small molecules, or foreign genes,
into prokaryotic and eukaryotic cells in vitro and in vivo.
In previous invitro studies, it was reported that the
electrophoretic effects of an electric field on polyanionic
DNA were likely to be of importance for efficient DNA
transfer [25,30,31]. Electrophoresis could play a role
[23] in several ways: (i) improving diffusion of DNA in
the tissue; (ii) allowing DNA to have a closer contact
with cell membrane; or (iii) inserting DNA into or
driving DNA through the permeabilized membrane. The
involvement of electrophoresis in electro-gene transfer
was first reported by an in vitro experiment in which the
transfection efficiency of cells on a monolayer porous
film was found to vary, depending on the polarity
of the pulse [25]. A single pulse (field intensity of
1500 V/cm, and duration 100 us) with a polarity inducing
DNA electrophoresis toward the cells resulted in a 10-
fold excess of transfection efficiency compared to a
pulse with reversed polarity [25]. It can be imagined
that the reversed polarity with such a strong field,
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Figure 6. The level of luciferase expression after DNA was
injected into the site between the epimysium and muscle
fiber of quadriceps, followed by no electroporation (injection
only), electroporation 1 (EP1) and electroporation 2 (EP2)
using caliper electrodes. Data represent the mean + SD (n = 3).
EP1: epimysium was in contact with the cathode during
electroporation (200 V/cm, 20 ms/pulse, one direction of six
pulses). EP2: epimysium was in contact with the anode
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1500 V/cm, would induce the electrophoretic force which
could drive DNA away from the cells, resulting in
low transfection efficiency. We agree that there is an
electrophoretic force in in vitro DNA transfer because
the cell culture medium is electrically conductive. Before
the electric pulses, DNA is randomly distributed between
the electrodes, but, during the pulses, the molecules
are then reoriented and drawn toward to the anode.
The question is whether electrophoresis can drive DNA
across the cell membrane, particularly in an in vivo
situation.

Efficient procedures for DNA electro-transfer in vivo
have been used for nearly a decade. However, the
implied mechanism is still much unknown. It is generally
accepted that electric pulses could induce electrophoresis,
which is critical for invivo gene transfer [3,21-23],
although there is a lack of direct evidence to support
the hypothesis. The theory for the DNA electrophoresis
was proposed that when pores in the membrane are
formed, electric-field lines concentrate in the pores [25].
The high field intensity in the pores will result in
plasmid orientation and a subsequent fast passing of DNA
through the pores [25]. A study favoring the hypothesis
examined electro-gene transfer in the skeletal muscle
using a combination of short HV (high voltage) and
long LV (low voltage) pulses [21,23]. While a highly
permeabilizing sequence of eight HV pulses led to a
low level of gene transfer, the combination of one HV
pulse followed by four LV pulses resulted in optimal gene
transfer efficiency [21,23]. It was assumed that HV pulses
could affect the cells (membrane permeabilization) but
not promote significant electrophoresis because of their
short duration, and that DNA transfer was facilitated by
electrophoresis of the DNA induced by the LV pulses
[21,23]. Another study supporting the hypothesis found
that DNA had to be injected in muscles before the
delivery of electric pulses to achieve enhanced gene
transfer [3]. Mir et al. found, using skeletal muscle as
a model, that adding > Cr-EDTA shortly after the delivery
of electric pulses resulted in the uptake of °1Cr-EDTA,
whereas gene transfer did not occur when DNA was
added after the pulses [3]. While the above observations
are important for understanding electro-gene transfer, the
data presented in our study indicated that electro-gene
transfer in vivo is not facilitated by DNA electrophoresis.
Efficient gene transfer by electroporation is associated
with both cell membrane permeabilization and passive
diffusion of DNA through the permeabilized membrane
defect. An implication for these results is the ability to
transfer neutral particles, such as PEGylated compounds,
by electroporation.
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