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Electrotransfer of molecules is a well established tech-
nique which finds extensive use for gene transfer and 
holds great promise for anticancer treatment. Despite its 
widespread application, the mechanisms governing the 
entry of DNA into the cell and its intracellular trafficking 
are not yet known. The aim of this study is to unravel the 
role of the actin cytoskeleton during gene electrotrans-
fer in cells. We performed single-cell level approaches 
to observe the organization of the actin cytoskeleton in 
Chinese hamster ovary (CHO) cells. In addition, we per-
formed experiments at the multiple-cell level to evaluate 
the efficiency of DNA transfer after alteration of the actin 
cytoskeleton using the drug latrunculin B. Actin patches 
colocalizing with the DNA at the plasma membrane 
were observed with additional characteristics similar to 
those of the DNA aggregates in terms of time, number, 
and size. The disruption of the microfilaments reduces 
the DNA accumulation at the plasma membrane and 
the gene expression. This is the first direct experimental 
evidence of the participation of the actin cytoskeleton in 
DNA electrotransfer.

INTRODUCTION
 e cell plasma membrane acts as a barrier that hinders the trans-

fer of molecules such as nucleic acids.  erefore, a variety of tech-

niques have been developed to transfer DNA to the cytoplasm. 

 ese include the use of viruses,1 chemical methods such as cell-

penetrating peptides,2 or liposome-mediated transfer,3 as well as 

the physical approaches of sonoporation4 and electroporation.5–7

Electroporation or electropermeabilization relies on the appli-

cation of pulsed electric #elds to cells.  ereby, plasma membranes 

become permeable to a large variety of nonpermeant molecules.8–10 

Electroporation has proven to be a versatile technique. It has the 

advantages of being simple, safe, and highly e$cient. Successful 

clinical applications of this method such as cancer treatment and 

gene therapy have been developed. A local antitumor drug delivery 

treatment in patients, called electrochemotherapy, has emerged.11 

Electrotransfer has also been used to transfer DNA in vivo into 

the skin, liver, tumors, skeletal muscle cells, and a large variety 

of other tissues (for a review see ref. 12). Electrochemotherapy is 

now being accepted in a number of countries as a palliative treat-

ment, and clinical trials of gene electrotransfer are now under 

investigation.13,14

Many models have been proposed to explain the basic mecha-

nism of electropermeabilization and gene transfer as well as the 

di%erence in the e$ciency of penetration between small sized 

molecules (such as anticancer drugs) and macromolecules (such 

as plasmid DNA).15–18 It is especially important to understand 

why only a few percent of cells express the electrotransfered gene 

while nearly 100% of a cell population can be electropermeabi-

lized. Experiments show that membrane permeabilization takes 

place facing the electrodes and that it is asymmetric, the mem-

brane area facing the anode being more permeabilized than the 

one facing the cathode.19 It allows the free and rapid di%usion 

of small (below 4kDa) external compounds into the cytoplasm. 

Gene transfer and expression appear as a multistep and complex 

process, which requires (i) membrane permeabilization, (ii) elec-

trophoretic migration of the DNA, (iii) DNA/membrane inter-

action, (iv) translocation and migration of the plasmid in the 

cytoplasm, and (v) its passage through the nuclear envelope.6,19 20 

However, little is known about the details of these steps, in par-

ticular, the behavior and future of the DNA in steps (iv) and (v) 

while the electric #eld is turned o%.  is complex process involves 

an anchoring step connecting plasmid DNA to the permeabi-

lized membrane facing the negative electrode during the electric 

pulses, followed by a postpulse transfer into the cytoplasm.19 21 22 

Recent results reveal the existence of two classes of plasmid DNA/

membrane complexes: (i) complexes of low stability from which 

plasmid DNA can leave and return to the pulsation bu%er, and 

(ii) complexes of high stability, where plasmid DNA cannot be 

removed even by applying electric pulses of reversed polarity. 

Only plasmid DNA belonging to the second class leads to e%ec-

tive gene expression.22 A'er being internalized, DNA must cross 

the cytoplasm to reach the nucleus. DNA mole cules larger than 

2,000 base pairs are unable to di%use freely in the cytoplasm.23 

However, electrotransfer leads to gene expression.  erefore, plas-

mids must be able to cross the cytoplasm by other means than 
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free di%usion. Characterizing how plasmids move through the 

cytoplasm is imperative to understanding and enhancing trans-

fection e$ciencies. One possibility is that plasmids use the cell’s 

own machinery to be transported through the cytoplasm. While 

the active transport of electrotransfered plasmids along microtu-

bules has been previously observed,24 25 an active participation of 

the actin network has not yet been reported. In this study we pres-

ent results which clearly indicate that the actin cytoskeleton also 

has an active role during the electric #eld mediated gene transfer 

in mammalian cells.

RESULTS
For our investigations, single-cell level approaches were 

preferred. We performed two complementary strategies of 

visualization of the actin organization.  e #rst was to use 

 phalloidin-rhodamine 123 as a +uorescent label speci#c for 

#lamentous actin. It gives a good spatial resolution but requires 

#xation of the samples.26  e second strategy was to transiently 

express actin fused with enhanced green +uorescence protein 

(EGFP) allowing for dynamical observations. In addition, we 

performed gene expression experiments at the multiple-cell 

level.  is approach gives access to the e$ciency of the  complete 

transfer process.

Effect of the electric field on the actin cytoskeleton 
in the presence of DNA
 e #rst objective was to determine to what extent the applica-

tion of electric #eld pulses in the presence of DNA could a%ect the 

organization of the actin cytoskeleton. To this end, we performed 

single-cell level observations of the #lamentous actin labeled with 

the phalloidin-rhodamine 123 dye. We observed the formation 

of actin patches which corresponded in location, time, number, 

and size to the DNA aggregate occurrence (Figures 1 and 3 and 

Supplementary Video S1). Indeed, these patches were local-

ized only at the plasma membrane facing the negative electrode 

which is the area where the DNA interacts with the membrane. 

 ey were observable 10 minutes a'er the electric #eld applica-

tion.  is value corresponds to the average persistence time of the 

DNA aggregates.  e average number of actin patches counted 

was 8.4  3.9 per cells.  e number of DNA aggregates was 7.2  

3.8.  eir size was comparable to the one of the DNA aggregates. 

 ese actin structures were never observed in the absence of DNA 

during the electric #eld application.  ese observations suggest 

that actin could be involved in DNA/membrane interaction and/

or DNA crossing of the membrane.

To complete and con#rm these results, we performed 

similar experiments with another strategy. Instead of using 

 phalloidin-conjugated label, we observed the actin cytoskeleton 

of live Chinese hamster ovary (CHO) cells transiently express-

ing EGFP-actin. Once again, the formation of actin patches at 

the plasma membrane facing the negative electrode was observed 

(Figure 2 and Supplementary Video S2), with an average num-

ber of 8.5  3.9 patches per cell. Time series acquisitions gave 

information about the lifetimes of these structures.  ey began 

to be visible around 5 minutes a'er the electric #eld applica-

tion, i.e., ~5  minutes a'er the formation of the DNA aggre-

gates (Figure 2b,g).  e disappearance of some of the actin 

patches started a'er ~15–20 minutes (Figure 2c,d), while other 

patches persisted at the plasma membrane for up to 45 minutes 

(Figure 2e,h–j). In conclusion, actin polymerized in patches a few 

minutes a'er the DNA/membrane interaction was established 

and could stay in this stage for 45 minutes.

In order to con#rm that the actin patches were a direct conse-

quence of the presence of DNA and coincided with the location of 

the DNA aggregates, we performed two color colocalization stud-

ies on living cells. We electrotransfered +uorescent DNA labeled 

with POPO-3 into CHO cells which transiently expressed EGFP-

actin. Our observations showed that DNA aggregates and actin 

patches colocalized well (Figure 3). Actin polymerized exactly at 

the positions where the DNA interacted with the plasma mem-

brane.  ese observations strongly suggest that actin is actively 

involved in the uptake of DNA by the CHO cells.

Effect of actin disruption on DNA/membrane 
interaction
From the observations described above, it seems plausible that 

actin has an e%ect on the #rst steps of electrotransfection, i.e., on 

the DNA/membrane interaction. To investigate this further, we 

10 minutes

E

Figure 1 Effect of the electric field applied in the presence of plas-
mid DNA on the actin cytoskeleton organization in CHO cells. The 
cells were pulsed in the presence of the pEGFP-C1 plasmid DNA with 
the following parameters: 10 pulses of 5 ms at 0.4 kV/cm and 1 Hz. (a–h) 
Cells were fixed 10 minutes after the application of the electric field 
and stained with phalloidin-rhodamine 123 dye (32 cells with actin 
patches were observed). The observations were performed using con-
focal microscopy. Panel b is a projection of a z-stack. The black arrow 
on the right side indicates the direction of the electric field. The white 
arrows on the pictures point to the actin patches formed at the plasma 
membrane facing the negative electrode. Bar = 20 µm. CHO, Chinese 
hamster ovary; EGFP, Enhanced green fluorescence protein.
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disrupted the actin cytoskeleton with latrunculin B and observed 

the e%ect on DNA behavior at the plasma membrane. Latrunculin 

B binds to a monomer of actin causing the depolymerization of 

the actin #laments. We used concentrations which were high 

enough to destroy #laments but did not a%ect the cell viability and 

morphology.  e optimum conditions of latrunculin B incuba-

tion were 0.1 µmol/l for 1 hour at 37 °C (Figure 4c). Under these 

conditions the density of actin #laments was reduced, but cell 

viability and morphology were una%ected (Figure 4c). Higher 

concentrations, however, led to changes in cell morphology and 

viability (Figure 4e). CHO cells were pulsed in the presence of 

+uorescently labeled DNA (TOTO-1). In nontreated cells, the 

DNA/membrane interaction was characterized by aggregate for-

mation at the plasma membrane facing the negative electrode 

DNA Actin Merge

E

Figure 3 Visualization of the DNA/membrane interaction and the 
actin cytoskeleton in CHO cells after application of the electric field. 
CHO cells transiently expressing the EGFP-actin protein were pulsed in 
the presence of POPO-3 labeled plasmid DNA (pEGFP-C1) with the fol-
lowing parameters: 10 pulses of 5 ms at 0.4 kV/cm and 1 Hz. The obser-
vations were performed using wide field microscopy between 5 and 30 
minutes after application of the electric field. (a,d,g,j) POPO-3 labeled 
DNA, (b,e,h,k) EGFP-actin protein expression, (c,f,i,l) merge of the 
two channels (18 cells clearly showed colocalization between DNA and 
actin). The black arrow on the right side indicates the direction of the 
electric field. Bar = 5 µm. CHO, Chinese hamster ovary; EGFP, enhanced 
green fluorescence protein.
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Figure 2 Effect of the electric field applied in the presence of plasmid DNA on the actin cytoskeleton organization in CHO EGFP-actin 
expressing cells. CHO cells transiently expressing the EGFP-actin protein were pulsed in the presence of pEGFP-C1 plasmid DNA with the following 
parameters: 10 pulses of 5 ms at 0.4 kV/cm and 1 Hz. The observations were performed using wide field microscopy. (a–e) Time series of a cell, (f–g) 
another cell observed before the electric field application and 6 minutes after, (h–j) different cells at different times (25 cells with actin patches were 
observed). The black arrow on the right side indicates the direction of the electric field. The white arrows on the pictures point to the actin patches 
formed at the plasma membrane facing the negative electrode. Bar = 10 µm. CHO, Chinese hamster ovary; EGFP, enhanced green fluorescence 
protein.
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Figure 4 Effect of latrunculin B on the actin cytoskeleton organi-
zation in CHO cells. Filamentous actin was stained with phalloidin-
rhodamine 123 dye after fixation of the sample. The observations were 
performed using confocal microscopy. (a,b) nontreated cells, (c,d,e,f) 
latrunculin B treated cells at 0.1 µmol/l (c,d) or 0.5 µmol/l (e,f), 37 °C for 
1 hour (c,e) or 24 hours (d,f) (for each condition, a minimum of 50 cells 
were observed). Bar = 20 µm. CHO, Chinese hamster ovary.
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(Figure 5a,c,e,g) as previously described.19 In the treated cells, 

the DNA/membrane interaction was clearly less visible but still 

present (Figure 5b,d,f,h). We counted the number of aggregates 

present as a function of +uorescence intensity (Figure 5i). For the 

control cells, the mean +uorescence intensity of the aggregates was 

12,949  476 arbitrary units while for the treated cells the mean 

+uorescence intensity was 6,480  514 arbitrary units (Figure 5i 

inset).  e di%erence was highly signi#cant (P = 5 × 10−10).  is 

hints at the actin cytoskeleton being involved in the accumulation 

of the DNA inserted into the plasma membrane. It is noteworthy 

that even a'er disruption of the actin cytoskeleton some DNA was 

still located in patches on the membrane.  us it appears that actin 

can enhance the amount of DNA in the patches on the membrane, 

but is not needed for patch formation.

Effect of actin disruption on gene expression
Subsequent to internalization into the cell, the DNA has to move 

through the cytoplasm to reach the nucleus for gene expression 

to occur. In order to investigate whether the actin cytoskeleton 

had an e%ect on the DNA intracellular movement, we measured 

EGFP reporter gene expression on cells which were treated with 

 latrunculin B. We evaluated both the percentage of +uorescent 

cells (i.e., percentage of EGFP transfected cells) and the mean 
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Figure 5 Visualization of the DNA/membrane interaction and fluo-
rescence intensity distribution of the DNA aggregates in CHO cells 
with and without latrunculin B drug treatment. The cells were pulsed 
in the presence of TOTO-1 labeled plasmid DNA (pEGFP-C1) with the 
following parameters: 10 pulses of 5 ms at 0.4 kV/cm and 1 Hz. (a,c,e,g) 
control cells, (b,d,f,h) latrunculin B treated cells (0.1 µmol/l, 37 °C, 1 
hour before the electric field application) (in both conditions, 34 cells 
were visualized), (i) number of aggregates counted as a function of the 
fluorescence intensity in control (gray) and treated cells (black) (number 
of aggregates counted n = 330 for the control cells and n = 154 for the 
treated cells), (i inset) mean fluorescence intensity (mean + SEM). The 
black arrow on the right side indicates the direction of the electric field. 
Bar = 20 µm. CHO, Chinese hamster ovary; EGFP, enhanced green fluo-
rescence protein.
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Figure 6 Gene expression in CHO cells treated with latrunculin B 
before or after electric field application. The cells were transfected with 
pEGFP-C1 plasmid DNA with the following parameters: 10 pulses of 5 ms 
at 0.4 kV/cm and 1 Hz and analyzed by flow cytometry. (a) Percentage 
of transfected cells, (b) transfection efficiency both normalized in rela-
tion to T. Experiments were performed in triplicate and repeated seven 
times (mean + SEM). NT, nontreated and nontransfected cells; E, cells 
exposed to electric field but without DNA; T, nontreated but transfected 
cells (our reference); L1hT, latrunculin B incubation performed for 1 hour 
before the transfection; TL1h/TL24h, latrunculin B incubation performed 
for 1 hour /24 hours after the transfection; CHO, Chinese hamster ovary; 
EGFP, enhanced green fluorescence protein.
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+uorescence intensity (i.e., the transfection e$ciency). Latrunculin 

B incubations were performed 1 hour before application of the 

electric #eld in the presence of plasmid DNA (L1hT on Figure 6). 

 e objective was to disturb the DNA/membrane interaction step 

as in the previous experiment (Figure 5b,d,f,h). Treatments were 

also performed 1 hour and 24 hours a'er the electric #eld appli-

cation (TL1h and TL24h respectively on Figure 6) with the aim 

to potentially disturb the translocation and the transport of the 

DNA through the cytoplasm.  e concentration of latrunculin B 

was chosen to be 0.1 µmol/l (Figure 4c,d).  ree di%erent control 

experiments without any drug treatment were additionally per-

formed.  e #rst control corresponded to cells not exposed to an 

electric #eld (NT on Figure 6), the second to cells exposed to an 

electric #eld (E on Figure 6) and the third one corresponded to 

cells exposed to electric pulses in the presence of plasmid DNA 

(T on Figure 6).  is last control was used as a reference, all the 

data being normalized in relation to it.

In the case of pretreatment with latrunculin B (L1hT), both 

the transfection level and e$ciency decreased. We measured a 

decrease of 30% and 40%, respectively, compared to the reference 

cells (T) (Figure 6), indicating that the actin network alteration 

before the electric #eld application had an e%ect on gene expres-

sion. For the latrunculin B treatments performed a'er the DNA 

electrotransfer (TL1h and TL24h), the percentage of transfected 

cells was the same as for the reference cells (Figure 6a). At the 

moment of application of the electric pulses, the control cells and 

the post-treated cells were exactly in the same state. However, the 

transfection e$ciency decreased by about 20% for the 1 hour post-

treated cells (TL1h) and increased by about 40% for the 24 hours 

post-treated (TL24h) (Figure 6b).  ese results show that the 

actin cytoskeleton has an in+uence on the gene expression. In the 

#rst step(s) of DNA transfer, the actin cytoskeleton seems to be 

necessary for optimal DNA expression, whereas later on, interac-

tions with the actin network appear to be a limiting factor in the 

plasmid DNA transfer process.

DISCUSSION
A primary limitation of gene therapy, speci#cally nonviral gene 

therapy, is the di$culty in achieving high levels of gene expres-

sion.  e plasma membrane and nuclear envelope as well as the 

dense cytoplasmic meshwork are all obstacles to DNA transfer 

which must be overcome by the DNA in order to reach the nucleus 
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-Left side: The DNA enters via electroendocytosis

                 and is confined in a lipid vesicle and 

                 subsequently in an actin patch

-Right side: The DNA crosses the plasma

                   membrane via an electropore an is confined

                   vesicle-like structure and subsequently in an

                   actin patch

Electropermeabilization of the plasma membrane1 :

Electrophoretic migration of the DNA2 :

DNA/membrane interaction (aggregate formation)3 :

Insertion of the DNA in the plasma membrane4 :

Translocation of the DNA5 :

DNA enclosed in actin patches at the plasma membrane level6 :

DNA transport via the microtubules network and motor proteins7 :

Two possible models:4 - 6 :

Figure 7 DNA electrotransfer possible mechanisms. It is a multistep 
process. During application of the electric pulses, the plasma membrane 
is permeabilized (step 1), the DNA, because of its negative charge, 
electrophoretically migrates toward the positive electrode (step 2). It 
interacts with the electropermeabilized membrane facing the negative 
electrode and forms aggregates (step 3). The electrophoretically driven 
insertion (step 4) and the translocation (step 5) of the DNA through the 
plasma membrane are not yet known but two models can be proposed. 
The DNA could pull the membrane during its insertion and initiate the 
formation of a vesicle; we can in this case speak about electroendocytosis 
(left side), or the DNA could be inserted where an electropore is formed, 
pull it, and initiate the formation of a vesicle-like structure (right side). 
The plasma membrane is in interaction with the actin network thanks 
to connecting proteins. The presence of vesicle or vesicle-like structure 
may induce the recruitment actin associated proteins and initiate its 
polymerization where the lipid–DNA complex is located (step 5 and 6). 
Other data indicate that DNA migration in the cytoplasm might occur 
via motor proteins interacting with the microtubule network (step 7).24,25 
The DNA could either be enclosed in the lipid vesicle or naked, and 
interacting with protein(s) providing the connection between it and the 
microtubule network. Subsequent steps are the crossing of the nuclear 
envelope and the expression in protein of the DNA sequence (not repre-
sented in the illustration here).
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and to be transcribed. A number of studies have been devoted to 

understanding the mechanisms by which the DNA overcomes the 

barriers presented by the plasma membrane and nuclear envelope, 

while processes occurring in the cytoplasm are only recently being 

investigated. Our study has focused on the actin cytoskeleton and 

its implication in the mechanism of gene delivery mediated by elec-

tric #eld.

Our results show that when DNA was present during the elec-

tric #eld application, and only in that case, the formation of actin 

patches at the plasma membrane occured.  eir characteristics 

were similar to the ones of the DNA aggregates.19  ey had the 

same location (plasma membrane facing the negative electrode), 

the same persistence (10 minutes a'er application of pulses), the 

same number (7–8 per cell), and comparable size.  ese observa-

tions were made using two di%erent labeling strategies (phalloidin-

conjugated dye and EGFP-actin transient expression).  e actin 

patches colocalized with the DNA aggregates at least at the plasma 

membrane level facing the negative electrode.  e observation of 

the EGFP-actin CHO cells gave information about the lifetime of 

these patches and their future in cells.  ey became detectable at 

the earliest 3 minutes a'er the application of the electric #eld and 

stayed localized at the plasma membrane until 45 minutes.  e 

observed colocalization and the similarities in the behavior of 

actin patches and DNA aggregates lead us to suggest that actin is 

actively involved in the process of DNA entry and transport in the 

cytoplasm. It is the #rst time in the case of gene transfer mediated 

by electric #elds that a correlation between changes in the actin 

cytoskeleton and DNA electrotransfer is seen.

Disruption of the actin network led to a signi#cant decrease of 

the DNA accumulation at the plasma membrane. It did not change 

the way the DNA interacts with the membrane i.e., the formation 

of aggregates. Despite the fact that actin does not appear to play 

a role in the initial formation of the DNA/membrane complexes, 

it could play an important role in the quantity of DNA interact-

ing with the plasma membrane.  e decrease in accumulation of 

DNA at the membrane level when the actin network is altered 

could mean that the actin cytoskeleton participates in the tran-

sition from the low to the high stability complexes. It has been 

suggested that the DNA is trapped in the membrane during the 

application of the electric #eld19 22 but it remains accessible until 

5 minutes a'er the last electric pulse.27 Indeed, the DNA is sensi-

tive to DNAse action in the few minutes following the electroper-

meabilization indicating access to external molecules.  e DNA 

is protected later on, at a time corresponding to the end of the 

permeabilized state.28  is time coincides with the appearance of 

the actin patches. In addition, it was shown that the lifetime of 

the permeable state is dependent on the cytoskeleton.29 It seems 

that there is a correlation between the permeable state of the 

membrane, the enclosing of the DNA, and the actin polymeriza-

tion at the membrane. It is possible that the DNA trapping and 

thus DNA accumulation are actin-dependent even if in this time 

range no actin polymerization was detectable.  e actin polym-

erization in patches colocalizing with the DNA was observable 

a'er 3  minutes.  ese observations suggest that the DNA may be 

enclosed in structures where actin polymerization occurs. During 

the time in which these structures are formed, the membrane is 

permeable and the DNA remains accessible.

 e way the DNA crosses the plasma membrane is still 

unknown. It is possible an endocytotic process could be occur-

ring (Figure 7, le' side). Actin has been shown to be important 

in a number of modes of exogenous molecular uptake (pinocyto-

sis, phagocytosis, and macropinocytosis) and is also expected to 

play a role in clathrin or caveolin independent endocytosis.30  e 

budding structure from the plasma membrane is a prerequisite 

for any endocytotic pathway.31 All types of endocytosis require 

the involvement of actin for both the budding step and the early 

stage of the endosomal transport.  e time needed for the inter-

nalization step is in agreement with what we have observed.32,33 

Electroendocytotic processes have already been proposed by 

other research groups.16,34–36 Membrane actin polymerization is 

known to occur when a high amount of phosphatidylinositol 

4,5- bisphosphate, which is highly negatively charged, is present in 

the membrane.37 Phosphatidylinositol 4,5-bisphosphate recruits 

dynamin proteins which polymerize at areas with high membrane 

curvature.38 Dynamin subsequently initiates the actin polymeriza-

tion. It is possible that the high local density of negative charge 

in the DNA aggregate could trigger a similar response from the 

actin network.  e electrophoretically driven insertion of the DNA 

into the membrane could pull the plasma membrane and initiate 

a lipid vesicle (Figure 7, le' side, steps 4, 5). As it is the case for 

extra cellular pathogens, membrane invaginations could also form 

due to the DNA aggregates, without any assistance from the cell 

 machinery.39  us, binding to the membrane and a subsequent 

connection to the actin network could be a very general means 

for particle engulfment and transport which could be exploited by 

both pathogens (bacteria, viruses) and nonviral vectors (Figure 7, 

step 6).  e second model suggested to explain molecular uptake 

mediated by the electric #eld is internalization through elec-

tropores, resulting in direct access to the cytoplasm (Figure 7, right 

side).5,7,18 In addition to the fact that pores were never observable, 

one of the limits of this model is that molecules above 4 kDa do 

not show any di%usion motion through the plasma membrane.7 

 e DNA interacts during tens of minutes with the membrane and 

moreover forms aggregates whose size was evaluated to be between 

100 and 500 nm.19  is is much higher than the pore size estima-

tion of 1–10 nm.7 However, it remains possible that the DNA accu-

mulates where pores are formed and its electrophoretically driven 

insertion in the membrane pulls the pore (Figure 7, right side steps 

4, 5).16  e vesicle-like structure formed could be recognized as an 

endocytotic vesicle and induce a similar response from the cell as 

for an endocytotic process, with the recruitment of dynamin at the 

neck of the vesicle-like structure and as a consequence polymeriza-

tion of actin in a patch around it (Figure 7, step 6).

Disruption of the actin network leads to a lower gene expres-

sion when 1 hour treatments were performed before or a'er elec-

tric #eld application.  e lower expression level for the 1 hour 

pretreatment can be explained by the lower accumulation of DNA 

observed at the membrane. Indeed, if less DNA interacts with the 

plasma membrane, less DNA enters/migrates within the cell to the 

nucleus and less DNA is available for expression. Ondrej et al.40 did 

similar experiments on #broblasts transfected via lipoplex forma-

tion. A'er transfection, they performed latrunculin B  treatment 

using higher concentrations and counted much lower numbers 

of plasmid copies in the nucleus.  e lower expression for the 1 
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hour post-treatment suggested that the internalization and early 

transport of the DNA is actin-dependant.  is could arise from an 

eventual disturbance of actin patch formation by the presence of 

latrunculin B. Surprisingly, the expression level was higher when 

the treatment was performed for 24 hours. We propose that the 

dense actin network, while being useful at earlier stages of transfec-

tion (interaction with the membrane, internalization, early trans-

port), could restrain the later stage of the DNA transport/di%usion. 

Verkman and colleagues have shown that DNA fragments longer 

than 2,000 base pairs showed no translational di%usion through 

the cytoplasm.23 More recent work from this group has shown that 

the actin cytoskeleton is the principal structure that limits this pas-

sive di%usion through the cytoplasm and that disruption of the 

actin cytoskeleton by drugs results in an increase in the di%usion 

of large macromolecules or linear DNA fragments.41 Our #nd-

ings can thus be interpreted by an endocytosis-like phenomenon 

which explains the entrance and tra$cking of electrotransfered 

plasmid DNA within the cell, with the actin cytoskeleton being 

involved in the membrane invagination and the early stage of the 

transport. Further long range transport takes place via the tubulin 

network.30,42,43 Vaughan et al. have previously shown that a stabili-

zation of the microtubule network enhances electrotransfered plas-

mid expression.24 25  ey also demonstrated the ability of plasmid 

DNA to interact with the microtubules via other proteins, which 

suggests an active movement along the microtubule network. Our 

results are in agreement with their #ndings, that a disruption of 

the actin network may make the movement of the DNA easier by 

reducing the crowding around it (Figure 7, step7). While it has 

been previously shown that electrotransfered plasmids move along 

the microtubule network and likely use dynein as the molecular 

motor that facilitates movement toward the nucleus,24 our work 

sheds light on the involvement of actin in this process.

In conclusion, we have shown that the actin cytoskeleton plays 

an important role in the gene transfer process mediated by the 

electric #eld in CHO cells. While it appears to be actively involved 

in the success of the #rst transfer step(s), it seems that it hinders 

DNA motion at later stages. If the actin cytoskeleton has a role in 

an active transport process, it should have it only at the early stage. 

We propose that the DNA, a'er being electrophoretically pushed to 

the membrane, accumulates in sites surrounded by actin anchored 

in the plasma membrane.  e actin could polymerize around the 

DNA aggregates as a consequence of an endocytosis-like pro-

cess.  is involvement of actin in the crossing and/or transport of 

plasmid DNA is observed in gene delivery methods mediated by 

endocytosis such as liposome-mediated transfer.40,44 Certain bacte-

rial pathogens and many viruses use the actin cytoskeleton and its 

associated motor proteins for intracellular movement.45–49 We will 

continue to investigate the role of the actin cytoskeleton and also 

the role of the microtubules in the intracellular tra$cking of the 

DNA. In particular, the use of single particle tracking may help in 

characterizing the behavior of the DNA while in the cytoplasm, and 

con#rm our hypothesis of the active involvement of the cytoskel-

eton in the migration of the DNA through the cytoplasm.

MATERIALS AND METHODS
Cells.  e wild-type Chinese hamster ovary clone (Toronto strain) was 

selected for its ability to grow in suspension or plated on petri dishes or 

on 22 × 22 mm microscope glass coverslips (Lab-Tek II; Nunc, Roskilde, 

Denmark).  ey were grown in Eagle’s minimum essential medium 

(Eurobio, Les Ulis, France) supplemented with 8% heat inactivated fetal 

bovine serum (Gibco-Invitrogen, Carlsbad, CA), 0.584 g/l L-glutamine 

(Gibco), 3.5 g/l D-glucose (Sigma, St Louis, MO), 2.95 g/l tryptose-

phosphate (Sigma), 100 U/ml penicillin (Gibco), 100 mg/l streptomycin 

(Gibco), and BME vitamins (Sigma).19

Electropulsation apparatus. Electropulsation was operated by using a 

CNRS cell electropulsator (Jouan, St Herblain, France), which delivered 

square-wave electric pulses. An oscilloscope (Enertec, St Etienne, France) 

monitored the pulse shape. Two stainless-steel parallel plate electrodes 

(length = 10 mm, interelectrode distance = 4 or 10 mm), connected to the 

voltage generator, gave a uniform electric #eld.

Electropulsation procedures. Cells in suspension were washed, resus-

pended in 100 µl plasmid-containing pulsation bu%er (10 mmol/l K
2
HPO

4
/

KH
2
PO

4
 pH 7.4, 1 mmol/l MgCl

2
, 250 mmol/l sucrose) and placed between 

the electrodes with a 4 mm gap.  e electric #eld parameters were 10 pulses 

of 5 ms duration, 0.7 kV/cm intensity and 1 Hz frequency at room temper-

ature.  e electrotransfer of genes into CHO cells is optimal under these 

conditions.19 For plated cells, the culture medium was replaced by the 

same bu%er described above. To allow for the immersion of the electrodes, 

the volume of the pulsation bu%er was raised to 300 µl containing 1.25 µg 

plasmid DNA. Identical electric #eld conditions were used except for the 

intensity which was reduced to 0.4 kV/cm and the electrode gap which was 

10 mm.19 In both cases, cells were maintained in the pulsation bu%er for a 

few minutes a'er application of the electric pulses to allow for the return 

to the impermeable state.

DNA staining. A 4.7 kb plasmid (pEGFP-C1, Clontech, Palo Alto, CA) 

carrying the EGFP gene controlled by the cytomegalovirus promoter 

was stained stoichiometrically with DNA intercalating dyes TOTO-1 or 

POPO-3 (Molecular Probes-Invitrogen, Carlsbad, CA).19  e plasmid was 

stained with 7.6 × 10−5 mol/l dye at a DNA concentration of 1 µg/µl for 60 

minutes on ice.  is concentration yields an average base pair to dye ratio 

of 20.  e +uorescence intensity detected is directly related to the amount 

of DNA. Plasmids were prepared from transformed Escherichia coli by 

using the Maxiprep DNA puri#cation system according to manufacturer 

instructions (Qiagen kit, Qiagen, Chatsworth, CA).

Actin staining.  e following protocol is provided by Molecular Probes. 

 e cells, cultured in 24-well plates, were #xed with 4% paraformalde-

hyde (Sigma) in phosphate-bu%ered saline (PBS) for 10 minutes at room 

temperature and permeabilized with 0.1% Triton X-100 (Sigma) in PBS 

for 5 minutes.  e cells were incubated with 1% BSA (Sigma) in PBS for 

30 minutes.  e phalloidin-rhodamine 123 (Molecular Probes) was added 

to the cells for 20 minutes (1U in 200 µl PBS per well) in the dark.  e 

phalloidin-rhodamine 123 speci#cally stains #lamentous actin. Between 

each step, the cells were washed two times with PBS containing Ca2+ and 

Mg2+. A'er drying, coverslips were mounted on a glass slide with mowiol 

and observed by confocal microscopy.  e excitation and emission wave-

lengths of phalloidin-rhodamine 123 are 540 nm and 565 nm respectively.

EGFP-actin transient expression.  e cells were suspended in the pulsation 

bu%er (5 × 105 cells in 100 µl) containing 2 µg of pEGFP-actin (Clontech) 

and electrotransfected with parameters de#ned for the cell suspensions 

(see electropulsation procedures) 24–48 hours before use.

Latrunculin B treatment.  e latrunculin B (Molecular Probes) incuba-

tions were made at 0.1 µmol/l at 37 °C for 1 hour before or 1 hour and 

24 hours a'er the application of the electric pulses.50  e latrunculin B 

was diluted in dimethyl sulfoxide and added to the culture medium of cells 

plated 24 hours prior.
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Gene expression procedure.  e cells were cultured on plastic coverslips 

(Melinex; Agar scienti#c, Essex, UK) cut in relation to the size of the elec-

trodes (10 × 10 mm) and deposed in 24-well plates. One 50 µl drop con-

taining 25 × 103 cells in the culture medium was deposited in the centre 

of the coverslip and spread out with the pipette tip. A'er adhesion of the 

cells (around 20 minutes at 37 °C), 1 ml culture medium was added and 

the cells were cultured for 24 hours.  e electrotransfection with pEGFP-

C1 was performed in 200 µl pulsation bu%er containing 2 µg plasmid.  e 

parameters were those de#ned for plated cells (see electropulsation proce-

dures). A'er 24 hours, the cells were washed, harvested with trypsin-EDTA 

(5 minutes, 37 °C) and suspended in 300 µl PBS.  e samples were analyzed 

by +ow cytometry (FACScan) via the channel FL1 (510 nm  λ
em

  540 nm) 

to evaluate both the percentage of +uorescent cells (i.e., percentage of EGFP 

transfected cells) and the mean level of +uorescence associated (i.e., the e$-

ciency of transfection). All the values were normalized in relation to the 

control cells which were transfected but not treated with latrunculin B.

Cell viability. Cell viability was determined by the ability of cells to grow 

and divide over a 24 hours period (corresponding to more than one 

generation). Viability was measured by monitoring cell growth trough a 

 coloration method with crystal violet.  e cells were incubated with 0.1% 

crystal violet in PBS for 20 minutes at room temperature and lysed with 

10% acetic acid for 10 minutes at room temperature. 100 µl were diluted 

in 2 ml PBS and the optical density was measured at 595 nm.  e optical 

density is proportional to the amount of cells and the measurements were 

normalized in relation to the control cells which were transfected but not 

treated with latrunculin B.21

Wide field microscopy. Cells were observed with a Leica ×100, 1.3 numeri-

cal aperture oil immersion objective mounted in a Leica DMIRB inverted 

microscope (Leica Microsystems GmbH, Wetzlar, Germany).  e wave-

lengths were selected by using the Leica L4 #lter block (450 nm  λ
ex

  

490 nm; dichroic mirror 500 nm, 500 nm  λ
em

  550 nm) for the TOTO-

1-labeled DNA and the EGFP-actin fusion protein and the Leica N2.1 #l-

ter block (515 nm  λ
ex

  560 nm; dichroic mirror cuto% 580 nm, 580 nm 

 λ
em

) for the POPO-3-labeled DNA. Images were recorded and analyzed 

with the MetaVue Imaging System (Molecular Devices, MDS Analytical 

Technologies, Downingtown, PA) #tted with a cooled charge-coupled device 

camera (Princeton Instruments, Trenton, NJ).  is digitizing set-up allowed 

quantitative localized analysis of the +uorescence emission.  is was per-

formed along the cell membrane. Plot histograms detected local +uorescence 

intensity increase above the background level outside of the cells which is 

directly related to the number of +uorescent molecules locally present.

Confocal microscopy. Cells were observed with a Leica ×100, 1.4 numerical 

aperture oil immersion objective mounted in a Leica DMRE upright micro-

scope equipped with the Leica TCS SP2 confocal system and monitored using 

the Leica Confocal So'ware. A 543 nm laser was used to excite the rhodamine 

123 +uorophore and a suitable region of the emission spectrum was selected.

Statistical analysis. Errors bars represent the SE of the mean (SEM).  e 

statistical signi#cance of di%erences between +uorescence intensity of DNA 

aggregates in the control and the latrunculin B treated cells was evaluated 

using a paired Student’s t-test.  e statistical signi#cance of di%erences in 

gene expression e$ciency (percentage of transfected cells and their mean 

+uorescence level) between the control and the latrunculin B treated cells 

was evaluated by the nonparametric Mann–Whitney–Wilcoxon test.  e 

degree of signi#cance is given with these following labels: NS, not signi#-

cant; *P < 0.05; **P < 0.01; ***P < 0.001.

SUPPLEMENTARY MATERIAL
Video S1. z-stack projection of a CHO cell 10 minutes after the electric 
field exposure in the presence of plasmid DNA.
Video S2. Time series of a CHO cell, expressing EGFP-actin, after 
 application of the electric field in the presence of plasmid DNA.
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