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Non-viral gene transfer is markedly enhanced by the application of in vivo
electroporation. Electroporation is a safe and efficient system to introduce
genes to a wide variety of tissues, including skeletal muscle, tumors, kidney,
liver and skin. Electroporation has been demonstrated to be effective
in numerous disease models. This review focuses on the principles of
electroporation and the target tissues employed for gene therapy. Based
on the accumulation of positive results, the first clinical study for the
treatment of malignant melanoma is now underway, and preclinical studies
have suggested that electroporation is useful as a gene therapy protocol.
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1. Introduction

Gene therapy in human beings was first performed in a girl with adenosine
deaminase deficiency in 1990 (1. In the 15 years since the first clinical trial,
1314 protocols for human gene therapy have been approved (updated in January
2007 201]). Safe and efficient delivery of DNA in vivo is a major requirement
for gene therapy applications. So far, 18% (n = 234) vectors used in gene therapy
clinical trials are naked/plasmid DNA vectors. Traditionally, plasmid-based
technology has been limited in scope because expression levels following
naked DNA transfer have been low. However, numerous investigators have
outlined the safety and toxicological concerns of injecting viruses for delivery of
transgenes into animals and humans (2. When compared with viral vectors,
the advantages of naked DNA transfer include reduced potential for immuno-
genicity, integration into the genome and environmental spread. Although
plasmid DNA or oligonucleotide-based gene transfer methods are attractive,
efficient and/or effective delivery methods are lacking. However, one method
that has emerged as a means to facilitate the delivery of plasmid DNA is
in vivo electroporation.

Electroporation originated for 7z vitro transfection (3] has become a standard
laboratory method. The discharge of an electric field changes the plasma
membrane permeability, and thereby results in the uptake of molecules (4-6. The
application of 7z vivo electroporation for drug delivery was first demonstrated in a
variety of different tumors in animals and humans (7). This technique was then
applied to plasmid DNA transfer [8,9]. /n vivo electroporation is applicable to
almost all tissues tested, with the primary issue being accessibility. The use of
in vivo electroporation for plasmid DNA delivery has seen tremendous growth,
including the initiation of clinical trials (e.g., ‘Phase I Trial of Intratumoral pIL-12
Electroporation in Malignant Melanoma’).

The increased use of in vivo electroporation for gene delivery has established
its potential for numerous therapeutic applications. Numerous published studies
describe the in vivo electroporation delivery of plasmid DNA. This review focuses
on the most recent studies using 7 vivo electroporation for the delivery of plasmid
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DNA or nucleotides, demonstrating a clear therapeutic
response with the potential for clinical use.

2. Mechanism of electroporation

A more efficient level of plasmid DNA transfer and transgene
expression can be accomplished by using a series of
square-wave electric pulses to drive naked DNA into a stable,
non-dividing population of cells. However, the exact
mechanism of electroporation is largely unknown. The cell
membrane, normally not permeable to large molecules
such as DNA is thought to be equivalent to an electrical
capacitor [10]. The physical process of electroporation exposes
the target tissue to brief electric field pulses that induce a
temporary and reversible breakdown of the cell membrane
and the formation of pores [11]. In 1965, Coster reported
the ‘punch-through’ phenomenon in membranes exposed
to an electric field 112]. In 1973, Zimmermann et a/. described
a reversal electrical breakdown of the cell membrane [13). They
discharged electric pulses into an Escherichia coli suspension in
a chamber and analyzed the size fractionation. They found a
reduced volume of E. coli if a critical field strength is exceeded;
thus suggesting that the cell membrane was breaking down.
Zimmmerman thus proposed the following mechanism of
electrical breakdown of the cell membrane in vitro [6). As the
cell membrane is extremely conductive, the current lines pass
through the inside of the cell based on the increase in field
strength. Consequently, pore formation by electrical break-
down occurs. This pore formation is very rapid, occurring
within 10 ns [14], and the size of these pores was estimated
to be < 10 nm [15,16]. With an increased duration of the
electric field, the number of pores increases, and they merge.
When the pores merge into a single large pore, irreversible
breakdown occurs. The reclosing of the membrane can be
delayed by keeping the cells at a low temperature. A smaller
molecule, such as oligonucleotides can be transferred into
the cytosol through the pore. However, DNA of at least
150 kb, which is larger than the pore, can be introduced
by electroporation [17], suggesting that the mechanism of
gene migration into cytosol is simply based on diffusion.
Thus, there is a question over how DNA diffuses across the
permeabilized membrane: through a passive mechanism or
through the effects of electrophoretic force? Mir et al. investi-
gated the mechanisms of 77 vivo gene transfer by comparing
LacZ gene expression and the uptake of >!Cr-EDTA, a marker
of small molecule uptake in muscle-fiber permeabilitzation [11].
Although the uptake of >'Cr-EDTA appeared even when
administered 30 s after an electric pulse, LacZ gene expression
occurred only when administered before an electric pulse. These
observations suggest that there are different mechanisms involved
between DNA and small molecules which are uptaken under
electric field exposure. The instability of the lipid bilayer and
the electrophoreic forces induced by electric pulses may be
critical for 77 vivo gene introduction [18-20). Nevertheless, this
hypothesis has been recently challenged 21] and a passive

mechanism involving simple diffusion of DNA through the
membranes was proposed. In addition, Chernomordik ez a/.
proposed another hypothesis [22]. The electric pulse causes
membrane instability and forms vesicles containing DNA,
and thereafter the DNA is transferred to the cytosol by
endocytosis. Xie et al. demonstrated that electric pulse
treatment transferred only the DNA attached to the cell
membrane [23]. Taken together, the electric pulses induce
transfection not only by altering membrane permeabilization,
but also by promoting DNA migration.

After electroporation, exogenous DNA is transcribed in the
nucleus in a transient fashion and is rarely integrated into the
genome. The frequency of mutations after electroporation is
reported to be lower than after a CaPOy or diethylaminoethyl
dextran co-precipitation method [24]. Although the actual
mechanism remains controversial, numerous studies have
focused on the practical aspects of electroporation, for
example, the optimal conditions for nucleic acid delivery to
ensure long-term high transgene expression levels, without
causing pain or tissue damage.

3. Tissue-targeted gene transfer

Since the in vivo application of electroporation, the optimal
conditions of electroporation (including the shape of the
electrical pulse, pulse amplitude, pulse length, and electrode
devices) have been examined in many tissues. Although many
organs and tissues have been electroporated, most of these
studies used skeletal muscle and tumors as the target organ.

3.1 Skeletal muscle

Since the initial report by Aihara and Miyazaki (25, in vive
electroporation of skeletal muscle for the delivery of thera-
peutic proteins has become widely used. Although the
equipment, electroporation conditions, delivery methods,
vectors and animal models differ substantially, all studies
conclude that intramuscular plasmid injection followed by
electroporation can be successfully used to deliver therapeutic
genes. The muscle is the optimal target organ for plasmid
DNA injection combined with electroporation, as the
persistent, long-term production and secretion of proteins into
the bloodstream can be expected. The postmitotic nature of
muscle fibers, combined with their excellent vascularization,
relatively easy access to numerous groups of muscle and the
potential for localized expression, makes muscle a good target
for gene therapy. Expression levels are increased by as much as
two to three orders of magnitude over plasmid injection alone,
to levels comparable to those of viral-mediated transfection,
and physiological or therapeutic plasma levels of the gene
product can be achieved.

Muscle fibers are postmitotic cells that have a long
lifespan, and, thus, long-term transduction in muscle can
be expected. The duration of gene expression is reported to
be 9 — 19 months after electroporation-mediated in vivo gene
transfer into skeletal muscle (26-28]. Reported studies using
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electroporation-mediated gene transfer provide evidence that
sustained levels of secreted molecules can be achieved using
plasmids in a simple, safe and efficient manner, with signi-
ficant potential for recombinant protein and vaccination
therapies. Muscle can be used as an endocrine tissue to
secrete proteins at therapeutic concentrations to circulate
around the body. For example, erythropoietin in anemia
or B-thalassemia, cytokines for the treatment of chronic
diseases, or clotting factors in hemophilia. Electroporation
was also recently recognized as a reliable method to enhance
DNA vaccine delivery [29-31].

3.1.1 Supplementation

Skeletal muscle-targeting electroporation is suited to the
supplementation of secretory molecules, such as erythropoietin,
GM-CSF and FLT3 ligand (32.33], and Factor VIII [34 or
IX 26] in hemophilia. A variety of methods have been reported
for experimental erythropoietin gene therapy. Rizzuto ez al.
demonstrated that electroporation-mediated erythropoietin
gene transfer increased the production and secretion of
recombinant protein from mouse skeletal muscle by
> 100-fold [35]. Therapeutic erythropoietin levels were
attainable in mice with a single injection of as little as 1 pg
of plasmid DNA, and the increase in hematocrit was
long-lasting. Furthermore, they achieved pharmacological
regulation of vector expression through a tetracycline-inducible
promoter. Electroporation-mediated erythropoietin ~ gene
transfer has been applied to the treatment of mice with
B-thalassemia (3. The authors found that this procedure
induced very high hematocrit levels associated with increased
erythropoietin in [-thalassemic mice when compared to
disease control mice. In addition, erythropoietin transfection
has also been successfully applied to animals with renal
disease [57.38]. The technique is also applicable to non-human
primates [39]. However, to avoid adverse effects, such as poly-
cythemia or hypertension, controllable erythropoietin vectors
are desired. In addition to tetracycline-sensitive promoters,
it has also been accomplished with the mifepristone-sensitive
GeneSwitch = system [40,41]. Moreover, Maruyama et al.
demonstrated that liver-targeted soluble human erythropoietin
receptor gene transfer by tail-vein injection with
hydrodynamics-based transfection is useful for neutralizing
erythropoietin delivered by in vivo electroporation [42].

3.1.2 Vaccination

The principle of immunization is to induce the generation of
memory T and B cells and the presence of neutralizing
antibody in the serum following the injection of a foreign
protein. The observation that direct 7z vivo gene transfer of
recombinant DNA resulted in expression of protein in situ
led to the development of DNA vaccines. DNA vaccination
has been intensely studied as a means of generating immunity
against antigens from infectious agents or tumors, as the
method is simple, versatile and safe. When compared with
other methods, the advantage of DNA vaccination is that the
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delivery of the antigen gene can easily be coupled to the
delivery of any number of genes that modify the immune
response. Introducing the gene encoding a protein directly
into the skin [43] or muscle [44] of an animal elicits an
immune response. In fact, plasmid-based vaccine injection
is an attractive approach as it provides several advantages
over present vaccines: i) a reduced need for live-attenuated
pathogens (i.e., bacteria and viruses) or recombinant proteins;
ii) plasmid DNA can be manufactured in a very cost-effective
manner; and iii) plasmid DNA can be stored with relative
ease. After plasmid DNA is introduced, the organ will
produce the antigen inducing the immune response, thereby
acting as the ‘bioreactor’ [45]. Moreover, antigen presentation
occurs through the MHC class I or class I restricted pathways,
and all arms of the immune response are activated (i.e., helper
T cells, cytotoxic T lymphocytes and humoral immunity).
DNA vaccination has been effective in rodents, but the
results have been less impressive in large animals and
humans because of low or poorly reproducible gene transfer
efficiency [29]. Therefore, multiple immunizations with high
DNA doses are often required to achieve modest responses,
particularly in primates [46]. One reason for the lack of
efficacy of DNA vaccines in large animals and in initial
human clinical trials seems to be inefficient uptake of DNA
by muscular tissue, which differs between small and large
animal species. It has been demonstrated that the level of
antibodies produced is directly related to antigen expression
levels [47.48]. Consequently, many approaches have been
investigated to improve these vaccines (reviewed in [49]), and
one of the most effective has been 77 vivo electroporation.
Although increased transfection efficiency and concomitant
increased antigen expression may explain the increased
immune response in animals treated with DNA injection
and electrotransfer [46, damage to muscle cells and the
release of ‘danger signals' after electroporation may also
contribute (30]. The work of Gronevik ez al. [50], for example,
supports the notion that tissue injury is relevant. They
found that in mice immunized against human secreted
alkaline phosphatase by combined intramuscular DNA
inoculation and electroporation, the highest levels of
antibody production occurred in mice with the most muscle
damage. Several recent studies have confirmed the enhanced
efficiency of electrotransfer in DNA immunization: after
electrotransfer of a plasmid encoding a surface antigen of
the hepatitis B virus, antibody titers increased in mice, rabbits
and guinea-pigs [46]. This was also demonstrated in mice
after the electrotransfer of a plasmid encoding a tuberculosis
protein [51]. For example, a single injection of plasmid
encoding neuraminidase from influenza virus followed by
electroporation in mice was able to provide long-term
protection from influenza [52]. The ability of DNA vaccines to
break tolerance has found applications in tumor immunology
because most tumor-associated antigens are poorly
immunogenic self-molecules. For example, several studies
have demonstrated the effectiveness of electroporation in
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vaccination against melanoma-associated antigens, HER2/neu
(c-ErB2) and carcinoembryonic antigen (CEA) [49].

3.1.3 Cytokines or growth factors
Regulatory cytokines such as TGF-1, IL-4 and IL-10 can
protect against several autoimmune or inflammatory diseases.
The in vivo delivery of these cytokines can be performed by
both viral and nonviral gene therapy methods [53,54]. However,
cytokines have pleiotropic effects, for example, TGF-P1 is a
fibrogenic growth factor in several diseases. Therefore, their
administration can be associated with undesirable effects. On the
other hand, cytokine inhibitors have the advantages of being
non-toxic and long-lived in body fluids, as compared with
most cytokines. Lawson ez al. demonstrated that the gene trans-
fer of an IFN-y receptor/Fc (IFN-YR/Fc) fusion protein protected
MRL-Fas'’ mice from early death and reduced autoantibody
titers, renal disease and histological markers of a systemic lupus
erythematosus-like disease [55]. In addition, electroporation
after intramuscular injection of plasmid DNA coding a human
IL-1 receptor antagonist [56] or soluble TNF receptor-Fc [57] in
a collagen-induced arthritis model resulted in significant inhi-
bition of collagen-induced arthritis (CIA). An experimental
model of glomerulonephritis was ameliorated by interfering
PDGF using PDGF receptor/Fc chimeric gene transfer into
muscle (58, and ciclosporin-induced nephrotoxicity was
suppressed by TGF-P receptor/Fc chimeric gene transfer [59].
In contrast, wound healing in diabetic mice is enhanced by
the delivery of plasmids encoding TGF-P (601, although gene
transfer encoding a TGF-B antagonist has been shown to
ameliorate kidney disease. Growth factor gene transfer may
also be useful in reducing the adverse effects associated with
therapeutic agents. The delivery of plasmids encoding growth
factors has been shown to suppress the toxicity associated
with carbon tetrachloride intoxication [61], or with the clinical
use of ciclosporin A [62], bleomycin [63] or cisplatin [64].

3.2 Tumors

Electroporation-mediated chemotherapy, or enhanced delivery
of chemotherapeutic drugs, particularly bleomycin, and more
recently cisplatin [65], to accessible solid tumors has been
successfully used in humans for many years [66,67]. Recently,
investigators focused on intratumoral plasmid delivery as a
means to increase long-term antitumor immunity [68,69], to
inhibit angiogenesis [70] or to reduce tumor volume [71].
Studies have shown that the intratumoral electrotransfer of
genes is more effective than intramuscular electrotransfer of
the same gene in the eradication of established tumors [72],
and this difference is explained by underlying immunological
mechanisms, T-cell infiltration, cytotoxic T lymphocyte activity
and direct inhibition of angiogenesis [72.

Suicide gene therapy using herpes simplex virus-thymidine
kinase/ganciclovir technology has suppressed the growth and
metastasis of subcutaneously grafted mammary tumors in
mice, although no complete regression was noted [71].
Significant inhibition of tumor growth was also obtained with

intratumoral electroporation of TNF-related apoptosis-induc-
ing ligand (TRAIL/Apo2 ligand), an apoptosis inducer [73].
Some authors have also shown that intratumoral electroporation
of antisense MBD?2, an enzyme involved in DNA methylation,
results in significant inhibition of tumor growth in a nude mouse
graft human tumor model [74]. The electroporation of plasmids
encoding cytokines into tumors has been widely used. IFN-t [75],
IL-12 and IL-18 (76] have been shown to reduce tumor growth
and increase survival times in different tumor models.

3.3 Kidney
The combination of local DNA injection in muscle or tumor
followed by in vive electroporation has been shown to result in
highly efficient gene expression, but gene expression was only
observed in the limited area where the injected DNA was
distributed. To apply this simple gene transfer technique to
the treatment of various glomerular or tubulointerstitial
diseases other than renal cancer, therapeutic genes should be
introduced diffusely into glomeruli or tubulointersitium. To
overcome this problem, Tsujie ¢t al. succeeded in glomerular
mesangial-targeted gene transfer by electroporation combined
with selective infusion of DNA into the renal artery [77). They
employed a pair of tweezer-type electrodes to administer electric
pulses into the whole kidney. As glomerular mesangial cells
react to injury and secrete various inflammatory cytokines and
growth factors, mesangium-targeting therapies have been
reported. Electroporation-mediated transfection of a DNAzyme
for TGF- into glomerular mesangial cells suppressed TGF-8
expression, thereby inhibiting consequent glomerular extra-
cellular matrix accumulation in anti-Thy-1 nephritickidneys (7).
RNA interference (RNAI), which is initiated by the introduction
of dsRNA into the cell, leads to sequence-specific destruction
of endogenous RNA. Takabatake ez al. proved that electro-
poration is also effective in RNAI transfection in vivo. They
showed that the electrotransfer of short interference RNA
(siRNA) against TGF-B1 into mesangial cells significantly
ameliorated glomerular matrix expansion in experimental
glomerulonephritis  [79. Glomerular extracellular matrix
expansion was also ameliorated by overexpression of ets-1 [80]
or hepatocyte growth factor [81] introduced by electroporation.
Because tubulointerstitial inflammation and fibrosis are
common features in a variety of progressive renal diseases,
and may indicate the degree of impairment of renal function
and predict long-term prognosis more accurately than
glomerular injury, targeting interstitial cells has proven to
be challenging. Nakamura ez a/. demonstrated that electro-
poration combined with retrograde DNA infusion via
the ureter resulted in the transfection into interstitial
fibroblasts (82). Of interest is whether retrograde infusion of
DNA via the ureter allows the DNA to enter the interstitial
area bypassing between papilla epithelial cells, after which
DNA is distributed diffusely in the cortical interstitial
spaces (83]. Furthermore, Fujii ez a/. demonstrated a simple
electroporation method with high transfection efficiency and
reduced surgical invasiveness [84]. The injection of DNA
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directly into parenchyma followed by electroporation resulted
in gene transfer into interstitial fibroblasts.

3.4 Liver

The liver is one of the primary targets for gene therapy
in numerous metabolic diseases, cancers, hepatitis and
other pathologies. Although recombinant viral vectors,
particularly adenoviral vectors, have been widely used to
introduce new genes into the liver, their usefulness may
be mitigated by side effects, potential safety concerns and
immunologic reactions to viral components, which often
precludes redosing (ss-8s]. Plasmids delivered to the hepatic
vasculature (89] by hydrodynamic methods (90,91] have been
reported to deliver transgenes to the liver; however, hydro-
dynamic methods often require injection of large volumes of
fluid, thus preventing application to humans. Electroporation
combined with chemotherapy (electrochemotherapy) has
been performed for different malignancies, including liver
malignancies in animal models [92]. Recently, tumor reduction
was successful with intratumoral IL-12 gene therapy by
electroporation [93]. In addition, transgene expression driven
by the phosphoenolpyruvate carboxykinase gene promoter is
nutritionally regulated in the liver by this method [94], and
hydrodynamic methods have recently improved. When
combining intravenous reporter gene plasmid injection
with electroporation, expression levels were shown to increase
up to 200,000-fold when compared with plasmid injection
alone [95]. The strategy of RNAi-based gene silencing in
combination with electroporation also provides a possible
complement to the limited therapeutic options currently
available for chronic hepatitis B or C virus infection [96].

3.5 Skin

Electroporation-mediated plasmid DNA delivery to the skin is
promising as an alternative technique for DNA vaccination
and other therapeutic gene transfer applications requiring
local or systemic delivery of recombinant protein [97]. Direct
plasmid injection into the skin typically results in transduction
restricted to the epidermis. However, in different animal
species, when electroporation is applied after the injection,
larger numbers of adipocytes and fibroblasts and numerous
dendritic-like cells within the dermal and subdermal tissues,
as well as lymph nodes draining electropermeabilized sites,
are transfected [98,99]. The delivery of therapeutic genes, such
as keratinocyte growth factor [100] or TGF-B [60], has been
shown to improve wound healing in a mouse wound-healing
model. DNA vaccines, such as plasmids expressing the
hepatitis B surface antigen can be efficiently produced by
skin cells and can elicit humoral and cellular responses [101]
following plasmid injection and electroporation.

3.6 Other organs

Numerous other tissues or organs have been successful targets
for electroporation-mediated gene transfer. Electroporation
has been also employed to transfer genes to the retina [102-104].

Isaka & Imai

A mild electric pulse (99 ms-long pulses of 12 V/cm strength)
resulted in high levels of gene expression without causing
serious damage [105]. For 77 vivo electroporation in the living
eyeball, the eyeball is placed between the two electrode discs to
administer electric pulses immediately after the intravitreous
injection of DNA [105].

Several organs or tissues, such as vasculature, airways, and
intestinal smooth muscle cells, cannot be directly accessed to
deliver DNA, but genes could be delivered from the inside.
In one study, intra-tracheal administration of HGF gene
followed by electroporation transduced bronchial and alveolar
epithelial cells, thereby reducing bleomycin-induced pulmo-
nary fibrosis [106]. Although several electroporation approaches
have been reported, a porous balloon catheter-mediated
electroporation system is an elegant method. The electrode
system uses the guide wire as one electrode and an
internal wrapped wire contained within the balloon as
the other electrode 1107]. This transluminal catheter-based
electroporation was shown to induce transduction in
vasucular subendothelial cell layers in pigs, suggesting that
transcutaneous intraluminal electroporation-mediated gene
therapy may be applicable. Bladder smooth muscle has been
also transduced by electroporation-mediated transfection by
injecting the DNA into the subserosal region of the exposed
bladder wall [108].

3.7 Clinical trials

Although recombinant IL-12 (rIL-12) therapy had some
success for the treatment of cancer, systemically administered
rIL-12 induces serious side effects [109]. Rakhmilevich ez al.
compared the antitumor efficacy and side effects of an in vivo
IL-12 transfer and systemic rIL-12 therapy [110]. Although the
anticumor efficacy of rIL-12 therapy appeared to be slightly
higher than that of IL-12 gene therapy in B16 melanoma
models, IL-12 gene therapy resulted in reduced mortality
levels in mice. Recent Phase I melanoma clinical trials
using naked IL-12 plasmid showed some beneficial clinical
effects [111]. Recent preclinical studies suggest that electro-
poration can dramatically increase the efficacy of IL-12 gene
therapy [68]. In addition, no significant toxic effects due
to electroporation-mediated IL-12 gene therapy were
observed in B16 mouse melanoma models [112]. Together
with these observations, Phase I melanoma clinical trials by
electroporation-mediated IL-12 intracumoral gene therapy
has started to determine the side effects, the correct dose of
treatment and its effectiveness in treating melanoma.

4. Conclusion

In this review, the authors have shown that gene transfer
using electroporation can be effectively applied in both small
and large animals, and this approach has been employed
in clinical human gene therapy. Numerous studies have
demonstrated the effectiveness of intracumoral delivery of
therapeutic genes. In addition, DNA vaccination has been
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Figure 1. Three steps in gene therapy. Step 1: the administration route to deliver the therapeutic gene to the surface of the target cell
should be selected. For example, in the kidney, the administration of DNA via renal artery results in transduction in glomerular mesangial
cells, while parenchymal injection or ureteral injection leads to transfection into interstitial cells. In addition, augmentation of intrinsic
hydrostatic organ pressure may distribute plasmid DNA diffusely to the cell surface. Step 2: electroporation enhances the efficacy of the
second step, which transfers the DNA from cell surface to the cytosol. Step 3: Transfected DNA is carried to the nucleus, and thereafter

transduced into the nucleus.

reported to be effective against antigens from various
sources, such as cancer, infection and inflammatory diseases.
The systemic delivery of therapeutic molecules such as
erythropoietin by transferring genes into muscle or skin is
also promising. For electroporation, surface tissues or organs,
such as skin, muscle or subcutaneous tumors, are apparently
suitable. However, in animal models, internal tissues, such as
kidney, liver or internal tumors, are also a good targets
for electroporation. To apply electroporation-mediated gene
therapy to an internal organ, it will be important to
develop suitable electrodes for effective delivery. Based on
the accumulation of positive results, the first clinical study
for the treatment of malignant melanoma has begun.
Preclinical studies have suggested that electroporation is
useful for gene therapy. Although clinical trials have already
begun, there are numerous limitations that must be overcome
before routine clinical use. Nevertheless, future research is
expected to yield site- and disease-specific electroporation
delivery strategies and to overcome present limitations.

5. Expert opinion

Gene therapy was originally a clinical strategy in which
genetic material was transferred to somatic cells in order
to correct an inherited genetic disorder. Gene therapy
provides: i) correction of cellular dysfunction by expressing
the deficient gene; ii) the addition of new cellular functions
by the transfer of an exogenous gene; and iii) inhibition of
unfavorable cellular actions by introducing a counteracting
gene. Thus, the application of gene therapy has been
extended to the treatment of acquired diseases, including
cancer, infections and vascular diseases. The success of gene
therapy is strongly dependent on the use of an efficient

gene transfer system to allow the expression of the therapeutic
gene in a specific organ, tissue or cell. In general, gene therapy
is actually a three-step process (Figure 1): i) carrying the
therapeutic gene to the surface of the target cells; ii) introducing
itinto cells; and iii) incorporating it into the nucleus. Although
electroporation enhances the efficacy of the second phase,
sufficient attention should also be paid to the first step. As
mentioned in Section 2, therapeutic genes should be
delivered to the surface of the rtarget cell prior to
the administration of electric pulses. We believe that the
augmentation of intrinsic hydrostatic organ pressure may
distribute plasmid DNA diffusely to the cell surface, and
thereby result in increased transduction. In addition, an
accessible route for site-specific transfection should be
selected because different administration routes determine
the transduced cells in some organs, such as in the kidney.
Although delivery systems using electroporation have
been investigated, the optimal delivery conditions need to be
examined. For example, electrical parameters such as voltage,
pulse width, the number and frequency, as well as electrode
configuration/instrumentation, should be determined for the
target tissue. Electrode configuration is also very important,
particularly for plate- versus and needle-type electrodes. In the
case of murine muscle, tranduction efficacy by electroporation
seems to be better in pretibial muscle than in gastrocnemius
muscle, and tearing the muscle capsule decreases transfection
efficiency. In the case of parenchymal kidney transfection,
DNA injection with the clamping of renal vessels followed
interstitial
transduction (84]. In the case of renal transfection via the renal

by electroporation has resulted in global
artery (77] or ureter [82], a slight increase in hydrodynamic
pressure augments transduction, suggesting that the stress

of slight increases in intrinsic renal pressure might induce
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global distribution, thereby increasing transfection efficiency.
Therefore, we should examine the optimal delivery conditions
of plasmid DNA injection. For example, the route of DNA
delivery, the volume of injected DNA, the speed of injection
and the clamping of the draining vessels should all be
determined according to the target tissue.

Gene transfer by electroporation, which uses plasmid DNA
as the vector, has several advantages over the conventional
gene transfer method using viral vectors. The preparation of
a large quantity of highly purified plasmid DNA is easy and
inexpensive. In addition, combination gene therapy can be
performed easily and simply in the same manner as for
the single-gene therapy, merely by mixing more than one
therapeutic plasmids. Multiple plasmids can be introduced
into the same cells by electroporation [103]. For example,
electroporation-mediated co-transfection with an Epstein-Barr
virus nuclear antigen-1 expression vector has been shown
to enhance the transgene expression of an origin of latent
viral DNA replication-harboring plasmid vector [77]. Recently,
Matsuda and Cepko demonstrated an elegant strategy using
the Cre/loxP system in combination with cell-type specific
promoter-regulated recombination system to restrict transgene
expression in specified cell types in retina [103). Furthermore,
co-transfection of cytokine genes could effectively modulate
the immune responses in a large animal following in vive
electroporation of a DNA vaccine [113].

Although electroporation-mediated chemotherapy has been
successfully used for many years, electrical shock may be the
hurdle to further clinical applications. Transplanted organs
may, therefore, be good candidates for electroporation-mediated
gene therapy because electric pulses can be administered only
to the donor organ ex vivo. By using this strategy, the reno-
protective potential and safety of HGF gene transfer was
assessed using a porcine kidney transplant warm ischemia
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