Chapter 13
Electrotransfer of Plasmid DNA

Jean-Michel Escoffre, Marie-Pierre Rols, and David A. Dean

Abstract Various vectors have been developed in the field of gene transfer. However, important
unresolved problems persist such as secondary toxicity or low gene transfer efficiency of viral
as well as nonviral vectors. Therefore, an efficient and safe method of DNA delivery needs to be
found. DNA electrotransfer is a physical method that consists of the local application of electric
pulses after the introduction of DNA into the extracellular medium. Electrotransfer has proven to
be one of the most efficient and simple nonviral methods of delivery. Moreover, it may provide an
important alternative technique in the field of cell and gene therapies. The present chapter focuses
on questions related to the mechanism of DNA electrotransfer, i.e., the basic processes responsible
for membrane electropermeabilization, interaction of plasmid DNA with the plasma membrane, and
its transport through the cytoplasm and into the nucleus.
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Introduction

Gene therapy involves the delivery of therapeutic genes into the target cells in order to prevent, treat,
or cure genetic and acquired human diseases. The administration of naked plasmid DNA into target
cells and tissues can be considered as the simplest and safest method for gene delivery [1].
Historically, naked plasmid DNA has not been the choice vector for gene therapy because of the
variable and relatively low transfection efficiencies compared to those achieved with viral vectors [2].
Unfortunately, viral proteins can induce specific immune responses that can limit the ability to
readminister the viral vectors [3]. Moreover, viral vectors, like retrovirus or lentivirus, can evoke
insertional mutations during their integration into the host genome [4, 5]. As a result, these adverse
events may pose a danger for the patient. In contrast, naked plasmid DNA is composed entirely of
covalently closed circles of double-stranded DNA with no associated protein [6]. Moreover, naked
plasmid DNA is simple to manipulate and can easily be produced in large pharmaceutical grade
quantities [7]. These properties highlight why plasmid DNA is an attractive molecule for human
clinical applications. However, the current challenge consists of developing an efficient and safe
method for gene delivery.
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The controlled use of electric pulses as a safe tool to deliver therapeutic molecules to tissues and
organs has been developed over the last decade [8, 9]. This method refers to the transient increase
in the permeability of the cell membrane when exposed to electric field pulses. This process is
commonly known as electropermeabilization or electroporation [10, 11]. Nowadays, electroperme-
abilization represents one of the most widespread techniques to transfer genetic material. In vivo
gene electrotransfer is of special interest since it is the most efficient nonviral strategy for gene
delivery and also because of its low cost, ease of realization, and safety [11]. Moreover, gene delivery
is limited to the volume of tissue localized between the electrodes, where the electric field pulses
are applied. In contrast to viral vectors, this method allows the delivery of large plasmid DNA
(range from 3 to 5 kbp), which greatly expands research and clinical applications. As a result, gene
electrotransfer has now been applied to a wide variety of tissues including muscle [12, 13], skin
[14, 15], liver [16], lung [17, 18], kidney [19], eyes [20, 21], brain [22], joints [23], and tumors [24, 25].
This strategy is not only promising for the treatment of genetic and acquired diseases, but also for
the systemic secretion of therapeutic proteins [26]. Genetic vaccination and cancer gene therapy are
also additional fields of application [27, 28]. Therefore, electrogenetherapy is relevant in a variety
of research and clinical settings including cancer therapy, modulation of pathogenic immune
responses, and treatment of infectious diseases [29]. A phase I dose escalation trial of electropo-
ration of a plasmid expressing interleukin-12 (IL-12) has been carried out in patients with metastatic
melanoma. Biopsies showed plasmid dose proportional increases in IL-12 protein levels as well
as marked tumor necrosis and lymphocytic infiltrate, indicating this modality to be safe, effective,
and titratable [30].

However, the mechanisms underlying DNA electrotransfer are not completely known. The
comprehension of these mechanisms is necessary for the rational use (i.e., efficiency and safety) of
the method, in vitro and in vivo [31]. Successful electrotransfer of plasmid DNA into target cells
depends on the ways the cell membrane has been permeabilized, as well as how the DNA molecules
interact with and are transported from the plasma membrane towards the nuclear envelope. The
focus of this review is to describe the different aspects of these processes.

Membrane Electropermeabilization

Basic Aspects: Modulation of Membrane Potential Difference

The key effect of an electric field on cells is a position-dependent change in the resting transmem-
brane potential difference, AY, of their plasma membrane. If the cell membrane is modeled as a
thin spherical dielectric shell, the electrically induced potential difference, AY o which is the differ-
ence between the potential inside the cell, Y., and the potential outside the cell, Y .ata point M
on the cell surface, is given by:

AV, (=Y, —¥_ =-g)r Ecos(GM){l—e( I)}, (13.1)
where ¢ is the time after the onset of the electric pulse, g depends on the conductivities A of the
membrane, of the cytoplasm, and of the extracellular medium, 7 is the radius of the cell, E the field
strength, 6, is the angle between the normal to the membrane at the position M and the direction of
the field, and 7is the membrane charging time (Fig. 13.1a) [32]. The field-induced potential difference
adds to the resting potential A¥_ [33].
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Fig. 13.1 Physical principle of electropermeabilization. (a) The plasma membrane is the site of native transmembrane
potential difference, Ay, (blue arrow). If we consider the cell like a sphere and the plasma membrane like a dielectric
spherical shell, when we apply an electric pulse, an induced transmembrane voltage, Ay, is created (red arrow).
Being dependent on the angular parameter 6, the Ay, effect is position-dependent on the cell surface; therefore,
the side of the cell facing the anode is hyperpolarized, while the side of the cell facing the cathode is depolarized.
(b) The localization and asymmetry of electropermeabilization can be detected by propidium iodide uptake in a CHO
cell submitted to a train of 10 pulses, 5 ms, 1 Hz at 0.7 kV/cm. Propidium iodide uptake is visualized by fluorescence
microscopy. Pseudocolor image and 3D graph are obtained by Image J software

AY = AY, + AW, (13.2)

Being dependent on the angular parameter 6, the field effect is position-dependent on the cell sur-
face. Therefore, the side of the cell facing the anode is going to be hyperpolarized, while the side
of the cell facing the cathode is depolarized (Fig. 13.1b). This theoretical prediction has been experi-
mentally validated by using a voltage-sensitive fluorescent dye [34]. Therefore, the transmembrane
potential difference of a cell exposed to an electric field defines the sites (location, extend) where
molecule uptake can take place.

Scaling of Electropermeabilization

Therefore, membrane permeabilization occurs only on the part of the cell membrane where the
potential difference has been brought to its critical value [35]. This value has been evaluated to be
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on the order of 200-300 mV regardless of the cell type [36]. Field intensities, E, larger than a critical
value, E , must be applied where E_is dependent on the size of the target cells. This value ranges
from 200 V/cm in the case of large cells such as mice myotubes to 1-2 kV/cm in the case of bacteria.
Therefore, electric field values have to be adapted to each cell line. Membrane permeabilization is
controlled by the field strength (Fig. 13.2), which is the trigger of permeabilization: when E is larger
than E , it controls the area of the cell surface which is affected [37]. Membrane permeabilization
only occurs for electric field values, E, higher than the threshold value, Ep, regardless of the number
and duration of electric pulses. Increasing E above E leads to an increase in the area where permea-
bilization takes place and, in that particular area, the extent of permeabilization is determined by the
number and duration of electric pulses (Fig. 13.2). As a whole, these data led to the concept of
membrane domains, where macrodomains are regions where permeabilization can take place and in
which an area is determined by the pulse intensity according to:

Al E)
-2, (13.3)

where A is the cell surface. Within macrodomains, microdomains (defects, pores, permeant struc-
tures, etc.) exist as areas where permeabilization actually takes place and in which density depends
on the number of pulses and on the pulse duration [37]. However, the molecular characteristics of
these domains in terms of composition, structures, and dynamics remain an open question.
Theoretical models have been proposed to explain the mechanism of this reversible membrane
electropermeabilization. Nevertheless, the molecular definition of the transient permeable structures
is not yet known.
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Fig. 13.2 Effect of the electric field parameters on membrane permeabilization. The electric field E leads to the
induction of a transmembrane potential difference, Ay, which sur-imposes to the resting Ay, Cells are hyperpolarized
at the anode-facing side, while depolarized at the cathode side. The pink area represents the area where the resulting
potential is higher than the threshold value, so where permeabilization is present when E > E . Increasing E above
E leads to an increase in this area. At a constant E value, increasing the pulse number N or the pulse duration 7 does
not lead to any increase of that area, but leads to a increase in permeabilization efficiency as shown here by a red
color. Blue squares represent the electrodes
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Electropermeabilization, A Fast and Localized Process

The use of video microscopy allows visualization of the permeabilization phenomenon at the single
cell level. Propidium iodide uptake in the cytoplasm is a fast process that can be detected seconds
after the application of electric pulses (Fig. 13.1b). Exchange across the permeabilized membrane
is not homogeneous on the whole cell membrane. It occurs at the sides of the cells facing the
electrodes in an asymmetrical way where it is more pronounced at the anode-facing side of the cells
than at the cathode, i.e., in the hyperpolarized area than in the depolarized area [38], which is in
agreement with the above theoretical considerations.

Electropermeabilization can be described as a three-step process in respect with electric field:
(1) Before electropulsation, the plasma membrane acts as a physical barrier that prevents the free
exchange of hydrophilic molecules between the cell cytoplasm and external medium; (2) during
electropulsation, the transmembrane potential increases which induces the formation of transient
permeable structures facing the electrodes and allows the exchange of molecules; (3) after electro-
pulsation, membrane resealing occurs.

Gene Electrotransfer

Basic Aspects: Scaling of Gene Expression

Membrane permeabilization is the first step of gene electrotransfer. However, this step, although
necessary, is not sufficient to obtain gene expression. Millisecond pulses are generally required to
obtain efficient gene expression by preserving cell viability and limiting the electric field intensities
required when short pulses are used [39, 40]. Nevertheless, gene electrotransfer can be obtained
with short strong pulses [41]. The transfection efficiency obeys the following equation:

Expr = KNT** (1 —%} f(DNA) (13.4)

where K is a constant, N the number of pulses, and T is the pulse duration. The dependence on the
plasmid concentration f{DNA) is rather complex, and it is observed that high levels of plasmids are
toxic [42]. The effect of pulse duration also appears to be essential as it is a key parameter for
efficient gene expression in target cells and tissues [41].

Additionally, the polarity of the electric field has a direct effect on transfection. This dependence
of the transfection efficiency on the direction of the field might be due to the involvement of the
electrophoretic force in the translocation of the negatively charged plasmid DNA [43]. While cell
permeabilization is only slightly affected by reversing the polarity of the electric pulses or by
changing the orientation of pulses, increased transfection levels are observed where these last
effects are due to an increase in the cell membrane area where plasmid DNA interacts [44].

Gene Electrotransfer: A Multistep and Localized Process

Fluorescent plasmids allow monitoring of the interaction of DNA molecules with permeabilized
cells [45]. DNA molecules, which are negatively charged, migrate electrophoretically when sub-
jected to the electric field. Under electric fields, which are too small to permeabilize the membrane,
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the DNA simply flows around the membrane in the direction of the anode. However, beyond a
critical field value, above which cell permeabilization occurs, the DNA interacts with the plasma
membrane. This interaction only occurs at the pole of the cell opposite the cathode and demon-
strates the importance of electrophoretic forces in the initial phase of the DNA/membrane interac-
tion. When the DNA/membrane interaction occurs, one observes the formation of microdomains
whose dimensions lie between 0.1 and 0.5 um. Also seen are clusters or aggregates of DNA, which
grow during the application of the field. However, once the field is cut, the growth of these clusters
stops. DNA electrotransfer can be described as a multistep process with respect to electropulsation.
First, the negatively charged DNA migrates electrophoretically towards the plasma membrane on
the cathode side, where it accumulates. For electric field values above a certain threshold, the
plasma membrane is permeabilized, thereby allowing the accumulated plasmid DNA to be inserted
into it. This interaction, which is observed for several minutes, lasts much longer than the duration
of the electric field pulse. Translocation of the plasmid from the plasma membrane to the cytoplasm
and its subsequent passage towards the nuclear envelope takes place with kinetics ranging from
minutes to hours. When the plasmid has reached the nucleus, gene expression can take place and
can be detected for up to several weeks afterwards. Due to the good correlation between visualiza-
tion of DNA/membrane interaction and gene expression, these results are consistent with a multi-
step process of DNA electrotransfer: (1) Before electropulsation: plasma membrane acts as a
physical barrier that prevents the entrance of plasmid DNA into the target cells (Fig. 13.3a);
(2) during electropulsation, the plasma membrane is permeabilized on the cell sides facing the
electrodes. Negatively charged plasmid DNA migrates electrophoretically towards the permeabi-
lized membrane on the cathode side, where it is inserted in membrane competent sites (Fig. 13.3a).
Nevertheless, DNA/membrane interaction can be obtained on the whole cell membrane perimeter
by changing the polarity of electric pulses [44]. (3) After electropulsation, plasmid translocation
through the cytoplasm to the nucleus takes place, eventually leading to gene expression. This final
step, including plasmid DNA trafficking in the cytosol and its passage through the nuclear pore, can
limit gene expression. The challenge is to overcome these limiting steps. An alternative approach
comes from nanosecond pulsed electric fields (nPEFs). New findings indeed indicate that very
short (10-300 ns) but high (up to 300 kV/cm) pulses extend classical electropermeabilization to
include events that primarily affect intracellular structures and functions. As the pulse duration is
decreased below the plasma membrane charging time constant (see equation 13.1 [12]), plasma
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Fig. 13.3 The different steps involved in DNA electrotransfer. (a) During the application of the electric field, DNA
molecules (labeled with a fluorescent marker, TOTO-1) migrate towards the electropermeabilized cell plasma
membrane where they interact with and can become inserted in the membrane. This interaction proceeds from a few ms
to a few minutes. (b) After the electric field application, transport of DNA in the cytoplasm takes place with kinetics
ranging from minutes to hours, finally leading to (¢) gene expression lasting several days to weeks
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membrane effects decrease and intracellular effects predominate [46, 47]. When used in conjugation
with classical electropermeabilization, nanopulses can increase gene expression. The idea is to
perform classical membrane permeabilization and allow plasmid DNA electrotransfer and then,
30 min later, permeabilize the nuclear envelope by using short nPEFs. Thus, it is possible to not
only electropermeabilize cells, but also electromanipulate them.

Cytoplasmic Trafficking

Once the membrane has been destabilized allowing for DNA entry, plasmids are confronted by a
number of barriers that must be overcome in order for gene expression to occur, none of which
depend on the electrical field. Studies with fluorescently labeled plasmids show that the DNA
crosses the plasma membrane, but remains near the inner surface of the membrane for a period of
time. Since cortical actin forms a meshwork beneath the plasma membrane in order to provide
structure to the cell and connections between surface proteins and intracellular networks, it is likely
that the entering DNA becomes “trapped” within this area for a brief amount of time. Similar findings
have been reported for the entry of a number of viral particles, including HIV and Semliki Forest
virus [48, 49]. How the DNA escapes this region is unclear, but the meshwork is not uniform and
areas with a larger mesh size may allow for localized diffusion of the DNA out of this region and
toward the interior.

How DNA, or any molecule for that matter, moves through the cytoplasm to the nucleus has long
been assumed to be by means of diffusion. However, a number of studies have elegantly shown that
the cytoplasm is relatively stiff and does not allow for a great deal of free diffusion of large mole-
cules. Using a combination of cell-free extracts, microinjected cells, and fluorescence recovery after
photobleaching experiments, Verkman and colleagues demonstrated that DNA fragments longer
that 2,000 bp do not diffuse to any significant degree within a biologically relevant time frame [50].
Indeed, while 1,000 bp DNA fragments diffuse relatively freely in cytoplasm, 2,000 bp fragments
show greatly reduced movement, and 6,000 bp fragments are immobile. The reason for this limited
diffusion is that the cytoplasm is not simply an aqueous environment, but rather a complex system
with visco-elastic properties which is composed of multiple cytoskeletal elements, including micro-
filaments, microtubules, and intermediate filaments. These elements are organized into a complex,
crowded latticework that is constantly remodeling itself in response to a variety of internal and
external stimuli. This lattice is a barrier to the movement of DNA toward the nucleus, which is
evident from the fact that disruption of the actin cytoskeleton using latrunculin B or cytochalasin D
resulted in greatly enhanced diffusion of large DNA fragments within the cytoplasm of microin-
jected cells [51].

If, then, DNA cannot diffuse to any extent through the cytoplasm, how does it reach the nucleus?
It has been demonstrated that, like many viruses and cellular proteins, plasmids move through the
cytoplasm along the microtubule network using dynein as a microtubule motor protein [52, 53].
Unlike many proteins that are trafficked along microtubules, DNA does not bind directly to either
dynein or the microtubules themselves. Rather, it is thought to interact with the motor proteins
through adapter proteins that bind to the DNA once it enters the cytoplasm [52, 53]. While it is
“naked” DNA that is electroporated into the cell, any plasmid or DNA fragment very quickly
becomes associated with a number of cations, peptides, and proteins that interact electrostatically
and/or sequence-specifically with the DNA. The resulting protein—-DNA complex is the form of DNA
that traffics through the cell. Although the exact nature of the protein complement that binds to the
DNA to mediate interactions with the microtubule motors to facilitate movement is unknown, several
recent studies have used a proteomics approach to begin to address this question [54, 55]. Taking an
in vitro approach to identify proteins in cytoplasmic extract, which bind to plasmids that traffic and
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enter the nuclei of either all cells or specific cell types, a number of proteins have been identified.
These include a number of proteins that bind directly, but nonspecifically, to DNA as well as a
number of general and cell-specific transcription factors that recognize unique sequences within the
plasmids. While both studies focused on the ability of these plasmids to enter the nuclei of nondi-
viding cells, all DNA that enters the nucleus must also be able to move through the cytoplasm, so it
is likely that many of the proteins identified may also play a role in cytoplasmic trafficking as well
as nuclear import. Since many proteins that bind DNA are nuclear proteins, when they bind to the
DNA, the DNA becomes partially coated with nuclear localization signals (NLSs), the small amino
acid postal code that directs proteins to the nucleus. Both studies found the small GTPase RAN and
several importin 3 family members that bind to the DNA, supporting previous studies showing that
these proteins are necessary for nuclear import of plasmids [56]. Further, coprecipitation assays of
cells that had been electroporated with these plasmids demonstrated that both proteins formed
complexes in transfected cells following electroporation. RNA interference-mediated reduction of
these proteins confirmed that importin § was indeed needed for cytoplasmic movement and nuclear
import in living cells. Taken together with several studies demonstrating that importin 3 can bind to
NLSs on proteins destined for the nucleus and at the same time bind to dynein for movement along
microtubules [52, 57-59], these findings support the model for trafficking of plasmids (Fig. 13.4).
Additionally, the speed with which plasmids move to the nucleus has not been directly measured,
but in static cells, once DNA is free in the cytoplasm, nuclear DNA can be detected within 1 h in many
cell types [60, 61]. Further, in cells electroporated with plasmid, gene expression can be detected
within several hours [61], suggesting that movement can be relatively rapid, although much slower
than the millisecond timescale needed for transport across the plasma membrane. The rates of plasmid
movement through the cytoplasm also can be increased by manipulation of the microtubule network.
In initial studies designed to look at how stretching the basement membrane of lung epithelial cells in
a cyclic manner to represent tidal breathing in the lung affected the intracellular trafficking of plasmids,
it was found that cyclic stretch increased microtubule acetylation and that cells with elevated levels

Fig. 13.4 Intracellular trafficking of plasmids. Following electropermeabilization of the plasma membrane and
translocation through the cortical actin layer, plasmids associate with a number of DNA-binding proteins present in the
cytoplasm to form DNA-protein complexes. At least some of the NLSs present on these DNA-binding proteins are
accessible to the importin machinery and are bound by importin 3 or transportin, which then interacts with the micro-
tubule motor protein dynein to move the DNA through the cytoplasm toward the nucleus. The motor—cargo complex
then falls apart, allowing the DNA to enter the nucleus in a DNA-sequence- and importin-dependent process
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of acetylated microtubules showed greater and more rapid gene expression following transfection
[62, 63]. This effect was mediated through the major tubulin deacetylase, HDACG6, whose activity was
inhibited by cyclic stretch. When the level of acetylated microtubules increased by the application of
cyclic stretch, drug inhibition of HDAC6, or siRNA-mediated silencing of HDACG6, plasmids
trafficked along microtubules to the nucleus much faster than in untreated cells, resulting in up to an
almost 30-fold increase in transfection efficiency by 24 h postelectroporation [61].

Nuclear Import

Plasmid movement through the cytoplasm toward the nuclear envelope does not guarantee that
the plasmid will be translocated across the nuclear envelope into the nucleus for gene expression.
Indeed, it has been shown that in the absence of cell division, nuclear import of plasmid DNA is a
sequence-specific process that requires binding of specific transcription factors and other proteins
to the DNA in order for nuclear translocation to occur. In most laboratory transfections, actively
dividing cells are used. Since one of the hallmarks of mitosis is nuclear envelope breakdown, any
DNA that has entered the cytoplasm prior to mitosis would gain access to the nuclear compartment
once cells enter the M phase. Indeed, it has been repeatedly shown that nonviral transfections, and
transductions by numerous viruses, are cell cycle dependent [64—68]. Although it has been shown
that mitosis-associated nuclear envelope breakdown greatly enhances nuclear localization of
plasmids and transfection efficiency, it is not required.

Numerous groups have demonstrated that plasmids can enter the nuclei through nuclear pore
complexes (NPCs) in the absence of cell division, although the efficiency of such transfection is
usually much lower than in dividing cells [69—71]. Moreover, certain DNA sequences can increase
this nuclear targeting of plasmids prior to mitosis. This nuclear import of plasmid DNA through the
NPCs is a sequence-specific process, mediated by specific eukaryotic sequence elements [69].
When delivered side-by-side, plasmids containing as little as 72 bp of the SV40 enhancer target the
nucleus of most cells within several hours, whereas an isogenic plasmid lacking this 72 bp sequence
remains cytoplasmic until cell division (or indefinitely if the cell is nondividing) [69, 72]. This
sequence, termed the SV40 DNA nuclear targeting sequence (DTS), has been shown to mediate
plasmid nuclear import in all primary cells and cell lines tested, as well as in tissues of living
animals [69, 71-77]. Apart from this SV40 sequence, several other DTSs have been identified and
shown to mediate plasmid nuclear import in either all or specific cell types [71, 78-80]. For
example, Reich and colleagues have shown that plasmids containing multiple NF-kB binding sites
had increased levels of gene transfer compared to identical plasmids lacking NF-kB binding sites,
due to more efficient transfer across the nuclear envelope [52, 81]. Further, several DTSs have been
shown to act only in specific cell types due to the fact that they bind to transcription factors
expressed only in those cells. Two such sequences are the smooth-muscle-cell-specific SMGA DTS,
whose activity is dependent on the smooth-muscle-specific transcription factors SRF and Nkx3.1
[71, 76, 78, 79], and the alveolar epithelial type II cell-specific SPC DTS, whose activity requires
several transcription factors expressed together in alveolar epithelial type II cells [80]. In all cases,
inclusion of the DTS on a plasmid greatly increases nuclear import and gene expression in cells.

The defining feature of the DTS is that it contains binding sites for a number of transcription
factors. Because transcription factors act in the nucleus, they contain NLSs that target them to
the nucleus through interactions with receptor proteins. Although transcription factors function in the
nucleus, they spend a fair amount of time in the cytoplasm, either after their translation or as part
of their normal regulation (many factors, such as NF-kB, are sequestered in the cytoplasm as a way
of controlling their access to genes in the nucleus). When plasmids carrying a DTS are delivered
into the cytoplasm by any method, some of these transcription factors can bind to the DTS, thereby
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coating a region of the plasmid with NLSs, at least some of which are oriented away from the
DNA itself. These DNA-bound NLSs can be recognized by importin 3 or transportin and trans-
ported into the nucleus through the NPC [54, 56, 69, 70, 82, §83].

Although the function of the DTS is mediated by binding of NLS-containing transcription
factors, it would seem that any eukaryotic regulatory sequence could function similarly for DNA
nuclear import. Surprisingly, this is not the case and although half a dozen or so DNA nuclear
targeting sequences have been identified, most promoters and enhancers, including the CMV
immediate-early promoter/enhancer, the Herpes TK promoter, and the RSV LTR, have no import
activity [72]. The likely explanation for this is that the transcription factors bound to these other
promoters may not present their NLSs in an orientation that is accessible to the importins, as
demonstrated by studies with GAL4 DNA-importin binding [84]. Further, while the dependence on
the DTS for plasmid nuclear import appears almost absolute in cultured cells, a number of studies
have shown that in many tissues, especially skeletal muscle, robust gene transfer and expression can
be obtained using plasmids lacking any nuclear import sequence. It is likely that when the cyto-
plasm becomes filled with large concentrations of plasmids, at least some of the plasmids can
randomly make their way to the nuclear envelope and be imported into the nucleus independent of
any DTS. Indeed, when linear DNA is brought close enough to the nuclear envelope using laser
tweezers, it is pulled in [85]. Further, it has been shown that when DTS-lacking plasmids are delivered
to the cytoplasm of a mouse myotube in vivo, no gene expression is observed until 1,000,000
plasmids are injected, suggesting that mass action could account for the nuclear localization [86].

Conclusion

All in all, in addition to its potential use in gene therapy, gene electrotransfer is, because of its
simplicity, a powerful laboratory tool to study gene expression and function in a given cell or a
tissue. The processes by which molecules translocate across the electropermeabilized membrane
are dependent on the size of the molecules. Small molecules can freely cross the permeabilized cell
membrane, but plasmid DNA transfer involves complex steps including interaction with the per-
meabilized membrane. New directions of research are needed to characterize membrane competent
sites involved in gene electrotransfer in terms of composition, structure, and dynamics. If the effects
of the electric field parameters are about to be elucidated (electric pulse strength higher than a
threshold value, millisecond pulse duration for efficient gene expression), the associated membrane
destabilization, which is a stress for the cells and may affect the cell viability, has still to be clearly
described. Moreover, it becomes evident that extracellular barriers (e.g., extracellular matrix and
exogenous nucleases) and intracellular barriers (e.g., cytoplasm crowding, endogenous nucleases,
nuclear envelope) compromise the transfection efficiency. Furthermore, studies will also be neces-
sary to understand the cascade of events triggered by electropermeabilization at the tissue level
where new constraints coming from tissue organization are present, such as the inhomogeneity of
the electric field strength and the intracellular distribution of plasmid DNA [38, 87].
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