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Electroporation/electropermeabilization, i.e. the result of the application of electric pulses to tissues, is a physical
method for delivery of exogenous molecules into cells. It is effective particularly for compounds with limited
transmembrane transport. In vivo, electropermeabilization facilitates the delivery of chemotherapeutic drugs
into tumor cells that is the basic mechanism of the antitumor effectiveness of electrochemotherapy. This therapy
has also blood flowmodifying effects in tissues. The aim of our present study was to understand and explain the
effects of electropermeabilization on the dynamics (vasomotricity, permeability and recovery) of subcutaneous
blood vessels towards different size ofmolecules. These featuresweremeasured in C57Bl/6mice via a dorsal skin
fold window chamber, using fluorescently labeled dextrans of different sizes, intravital fluorescence microscopy
imaging and specific image analysis. Application of electric pulses on the skin in vivo resulted in a rapid
increase in vascular permeability that gradually recovered to basal levels at different times post-treatment,
depending on dextran size. Simultaneously, the immediate constriction of the blood vessels occurred that was
more pronounced for arterioles compared to venules. This vasoconstriction of arterioles results in a transient
“vascular lock”.
The increased permeability of small vessels walls whatever the dextran size associated with delayed perfusion
explains the improved delivery of the intravenous injected molecules (i.e. drugs, gene delivery) into the tissues
induced by electropermeabilization in vivo.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Electroporation/electropermeabilization (EP), i.e. application of elec-
tric pulses to cells or tissues, induces reversible permeabilization of cell
membranes under suitable conditions, thus facilitating entry into the
cells of non-permeant or poorly permeant molecules [1]. Biological re-
sponses and associated techniques have a broad spectrum of biomedical
applications, such as gene and cytotoxic drug delivery [2–4]. EP of tissues
in humans is feasible, efficient and tolerable and its most advanced
routine clinical use is electrochemotherapy (ECT). The cytotoxicity of
bleomycin and cisplatin is potentiated by increased drug delivery into
tumor cells by EP that results in up to 80% of complete responses in
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different tumor types [5]. Reversible permeabilization of cell membrane
due to EP is the basic mechanism of the antitumor effectiveness of ECT
[5–10]. Nowadays, EP is also increasingly used for the delivery of differ-
ent nucleic acids (plasmid DNA, siRNA, miRNA, and shRNA) into cells
in vitro and also into different tissues in vivo, including muscle, skin
and tumors. This application is termed electrogenetherapy [11–16]
where clinical trials with electrotransfer of IL-12 in melanoma patients
showed positive results [17,18].

In addition to the improved delivery of exogenous molecules to tis-
sues, it has been observed that EP has blood modifying effects in tumors
and normal tissues [19–21]. Different indirect techniques have been
used for measuring blood flow changes after EP used in ECT of tumors
and electrogene therapy applied to muscles [22–25]. In tumors, a signif-
icant reduction of blood volumehas been evaluated after EP [21]without
any systemic change in blood flow in normal tissue [24]. Thus, EP ap-
pears to be a tumor blood flow modifying approach that acts locally,
without systemic vascular effects. Clearance of the drug from tumors
impeded by reduced blood flow may improve its delivery into the
permeabilized tumor cells. In muscles, the effect on perfusion is short-
lived compared to tumors [19].
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Investigation of the reversible effects of EP on the cytoskeleton of
cultured primary endothelial cells in vitro has shown that EP results in
a loss of contractility and in a disruption of the barrier function of the
endothelium by interacting with the cytoskeletal organization and
integrity of cell junctions [26].

Using the combination of high voltage (HV) and low voltage (LV)
pulses protocol for plasmid DNA electrotransfer to the skin, we previ-
ously showed that EP induced a transient constriction and increased
permeability of blood vessels as well as a “vascular lock”. We demon-
strated that these blood flow modifying effects of EP in the skin
contributed to the infiltration of immune cells in the exposed area
[27]. When combined with local injection of plasmid DNA for vaccina-
tion, this could enable the initial and prolonged contact of immune
cells with encoded therapeutic proteins [28].

However, for the validated protocol used in biomedical applica-
tions (8 pulses, 100 μs duration, 1300 V/cm, 1 Hz), the effect of EP
on drug delivery to the target tissue via blood vessels remains poorly
addressed [29,30]. Only one study showed that the expression of
genes can be achieved after an intravenous injection of plasmid
DNA and subsequent application of electric pulses to different
tissues including the skin in mice. Although the expression levels
were lower in comparison to the levels achieved with direct injec-
tion of plasmid DNA into the tissue and subsequent application of
electric pulses, they were still statistically relevant if compared to
the intravenous injection only [28]. However, how the delivery of
molecules modulated by the EP‐induced vascular lock and increased
permeability of blood vessels for different sizes of molecules still
remains to be explained.

In order to observe directly, at the single blood vessel level, the
effects of electric pulses on the dynamics (vasomotricity, permeability
and recovery) of subcutaneous blood vessels and the subsequent deliv-
ery of molecules with increasing sizes in the surrounding tissue, an
in vivo analysis was performed on dorsal window chambers (DWC) of
mice using intravital fluorescence digitized microscopy imaging
[27,31]. For this purpose, electric pulses were delivered directly to the
skin. We used fluorescein isothiocyanate (FITC) labeled dextrans (FD)
of different sizes to mimic different molecules and study the temporal
and spatial changes in normal blood vessel morphology and dynamics
after EP.
2. Materials and methods

2.1. Animals

Adult female C57Bl/6 mice (Charles River Laboratories, France or
Institute of Pathology, Faculty of Medicine, University of Ljubljana,
Slovenia) weighing between 21 and 26 g were used as host for
DWC preparations. All animal experiments were conducted in
accordance with French procedural guidelines for animal handling
and with approval from the Regional Ethical Review Committee
(MP/02/36/10/10) or in accordance with the official guidelines
and approval of the Ministry of Agriculture, Forestry and Food of
the Republic of Slovenia (permission No.: 34401-12/2009/6).
2.2. Reagents

Fluorescein isothiocyanate (FITC) labeled dextrans (FD) (20, 70
and 2000 kDa) were purchased from Sigma Chemical Co. (St. Louis,
MO). They were dissolved in phosphate-buffered saline (PBS) and
washed through 10, 30 and 1000 kDa spin filters (Sartorius Stedim
Biotech GmbH, Goettingen, Germany) at 3000 rpm to remove any
free FITC or low molecular weight contaminants. The high molecu-
lar weight component was resuspended in PBS at 37.5 mg/ml
concentration and used in mice at 3.75 mg/100 μl.
2.3. DWC surgery

Surgery was carried out under general anaesthesia using intra
peritoneal injection of Ketamine (1 mg/ml, MERIAL, Lyon, France or
Narketan®, Vetoquinol AG, Ittigen, Switzerland), Xylazine (5 mg/ml,
Bayer, Puteaux, France or Chanazine, Chanelle Pharmaceuticals
Manufacturing Ltd, Loughrea, Ireland) and Acepromazyne (0.4 mg/ml,
Promace, Fort Dodge Animal Health, Iowa, USA). Briefly, animals were
kept warm using heating pads and an aseptic technique was used
throughout the surgical procedure. The DWC consisted of two symmet-
rical titanium frames (APJ Trading Co., Ventura, CA, USA). These frames
sandwiched an extended double layer of dorsal skin with the use of
stainless steel screws and sutures. After the implantation of the frames,
one layer of the skin (12 mm diameter) was surgically removed to
create an observation window. After addition of sterile PBS, a sterile
glass coverslip was attached to the open frame with a stainless steel
clip to cover the surgical site and provide visual access to the vascular
network of the skin [32]. After the surgery and on the following day,
Profenid (Sanofi-Aventis, Paris, France) was injected, intramuscularly,
to provide analgesia and to avoid inflammation (10 mg/kg, 50 μl in
each thigh).
2.4. Study design

EPwas carried out three to 14 days following surgery, by application
of eight square electric pulses, amplitude per distance 1300 V/cm,
pulse length 100 μs, repetition frequency 1 Hz, generated by an
electropulsator (Jouan GHT, St Herblain, France; or Cliniporator™,
IGEA s.r.l., Carpi, Italy). Pulses were delivered by two parallel stainless
steel rods (length 5 mm, width 1.3 mm) 4 mm apart, which were
placed in contact with the intact skin on the opposite side of the cover
glass. Good contact was assured by means of conductive gel (Eko-gel,
Egna, Italy). Mice in which no EP was applied served as a control
group. FDs were injected in the retro-orbital plexus. FDs were
injected either before EP to observe extravasation of FDs into the tissue,
or at different times post-EP to observe the “resealing” of the vessel
walls.
2.5. Intravital microscopy and image acquisition

Intravital microscopy was carried out on a customized stage for
holding mice using an upright “Macrofluo” fluorescence macroscope
(Leica Microsystems SA, Rueil-Malmaison, France), equipped with
a Cool Snap HQ Camera (Roper Scientific, Photometrics, Tucson,
AZ, USA), or a Zeiss SteREO Lumar.V12 (Zeiss, Jena, Germany) fluo-
rescence stereomicroscope equipped with a MRc.5 digital camera
(Zeiss). Animals were anaesthetized with inhalation anaesthesia
(Isofluran, Nicholas Piramal India LTD, London, UK or Belamont,
Neuilly sur Seine, France) throughout the experiment. Vessels were
imaged by fluorescence using appropriate filters (excitation filter,
BP: 480/40 nm, emission filter, BP 527/30 nm). After injection of
100 μl of FD, one stack of images was acquired before EP. Images were
taken every 20 s for 2 min. The same procedure of image acquisition
(every 20 s for 2 min) was performed immediately after EP. Immedi-
ately afterwards, a third stack of images was acquired in which images
were taken every 2 min during 30 min. For experiments with 20 kDa
FDs, due to its rapid clearance, the acquisition with 20 s time interval
after EP was performed during 12 min. When injection of FD was
performed after EP, two stacks were acquired consecutively just
after the injection one stack of 2 min (at a 20 s repetition rate) and
another one of 30 min (at a 2 min repetition rate). The files were stored
and analyzed off-line with image acquisition and analysis software
(Metavue, Metamorph, Molecular devices, Sunnyvale, CA, USA or
AxioVision, Zeiss).



Fig. 1. Characterization of the DWCmodel. A— filling up of the blood vessels. Time course
of mean fluorescence intensity changes in DWC vessels after 20, 70 and 2000 kDa FD
injection B — elimination of the dextran. Mean fluorescence values were expressed as a
% of the intensity, when the perfusion of vessels was totally completed. C—mean fluores-
cence intensity changes in DWC tissues with time. Measure of relative mean fluorescence
intensity changes in DWC tissues outside the blood vessels in the same control mouse at
different times after DWC implantation.

398 E. Bellard et al. / Journal of Controlled Release 163 (2012) 396–403
2.6. Data analysis

Increase in fluorescence intensity inside and outside the blood
vessels was determined as follows. The “flattened background” option
of image analysis software (Metavue or AxioVision) allowed for the
correction of the image of filled blood vessels (before extravasation)
for a non-uniform background. After this correction, by applying a
suitable threshold on the image, the image was binarized and a mask
of the vessel network was obtained. The tissues outside the vessels
were defined by an inversion of the binarized mask of the vessel
network. From these masks, the area of blood vessels and tissues was
determined. After combination of themaskswith all the aligned images
of the acquired stacks, we determined the variation in fluorescence
intensity inside and outside the vessels at all-time points after EP. The
percentage of variationswas calculated to avoid the variability between
mice in the initial value of tissue fluorescence intensity. The time
dependence of the obtained values during the first 3 min post EP was
calculated to determine the initial mean fluorescence intensity changes
per minute. When injection of FDs was performed after EP, the initial
mean fluorescence intensity changes per minute were determined
from the 3 min following a normal time of filling up of blood vessels
(Fig. 1). The diameter of venules and arterioles was measured with
AxioVision (Zeiss) software or Image J software (National Institute of
Mental Health, Bethesda, MD, USA). Vessels were categorized as
arterioles if they were narrow, straight and with few branches, and
the others were defined as venules [33]. To measure diameters, at
least five venules (diameters between 20 and 250 μm) and arterioles
(10–100 μm) were selected from each mouse. Diameters of vessels
were determined before application of electric pulses and thereafter
every 20 s for the first 2 min and every 2 min for the rest of the acqui-
sition time (30 min).

2.7. Statistical analysis

Statistical analysis was carried out using Prism 5 Statistical software
(GraphPad Software Inc., San Diego, CA). For comparison of control and
EP groups, Student t-tests were used, and for multiple comparisons,
a one-way ANOVA with Dunnett's post-test. A value of pb0.05 was
considered to represent a significant difference between groups.

3. Results

3.1. Characterization of the DWC model: perfusion and clearance of
FITC-labeled dextrans (FDs) in the blood vessels

In order to characterize if the perfusion of the blood vesselswas inde-
pendent of themolecular weight of the dextran, we first determined the
kinetics of blood vessel filling after intravenous (i.v.) injections of FDs.
Whatever the size of the dextran (20, 70 or 2000 kDa), the perfusion
was completed within 120 s after the injection (Fig. 1A, Supplementary
movie S1). Therefore, in all further experiments, EP was applied at
2 min after the injection of FDs.

We also determined the clearance of FDs from the blood stream and
their long-termpresence in the surrounding tissue. The clearance kinetics
of FDs in intact vesselswas dependent on their size. The larger FDs stayed
in the blood stream for longer. The half time of clearance for 20 kDa FD
was 8.5 min and for 70 and 2000 kDa FDs were greater than 4 h (5 h
30 min and 4 h, respectively) (Fig. 1B).

In order to study non-specific effects that could be induced by DWC
surgery on vessel permeability, we measured the extravasation of
70 kDa FD from the blood vessels of a control mouse without EP, at
different times after DWC implantation (Fig. 1C). The percentage of
variation of mean fluorescence intensity in the tissues outside the
vessels was very low and only slightly modified as a function of time
during 15 days, indicating that implantation of DWC alone did not
affect the permeability of vessels with time.
3.2. The EP-induced blood vessel permeability varies for different sizes
of dextrans

In order to study the effects of EP on blood vessel permeability for
different sizes of circulating molecules, we compared the extravasa-
tion of 20, 70 and 2000 kDa FDs from the blood vessels that were
exposed to EP relative to control mice (no EP). The extravasation of
70 kDa FD induced by EP is illustrated in Fig. 2 (Supplementary
movie S2), demonstrating a rapid leakage from all exposed blood
vessels.



Fig. 2. Direct imaging of fluorescence leakage from the DWC vessels into tissues after EP. 70 kDa FD was injected i.v. and blood vessels were visualized by fluorescence macroscopy
at ×25 magnification at the indicated times. Upper panel, no EP applied. Lower panel, eight square wave electric pulses, amplitude per distance 1300 V/cm, pulse length 100 μs at
repetition frequency 1 Hz were applied.
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The time course of extravasation was measured by the relative var-
iation of mean fluorescence intensity in the tissue after EP (Fig. 3A). The
relative variation of mean fluorescence intensity was corrected by the
Fig. 3. Quantification of FD leakage kinetics after EP. (A): relative mean fluorescence
intensity changes for 20, 70 and 2000 kDa FDs in DWC tissues outside the vessels as a
function of time after EP (eight square wave electric pulses, amplitude per distance
1300 V/cm, pulse length 100 μs, repetition frequency 1 Hz, (n=6)), in comparison with
the control group without EP (n=5). (B): initial relative mean fluorescence intensity
changes per minute, determined from the first 3 min following EP for 20, 70 and
2000 kDa FDs (EP group (n=5), control group (n=4)). *Pb0.05, **Pb0.01 relative to
pertinent control. Error bars indicate SEM.
vascular area (area of blood vessels) in the observed tissues of mice
exposed to EP (see Materials and methods). For the 70 kDa FD, the
increase was linearly dependent on time, as expected from the increase
of vessel permeability present during the first minutes. For 2000 kDa
FD, the same linear dependency was observed after the 3 min delay.
However, the relative variation in mean fluorescence intensity was
lower in comparison with 70 kDa FD (Fig. 3A). For 20 kDa FD, the
increase in relative variation of mean fluorescence intensity reached a
plateau value after 3 min (Fig. 3A).

For dextrans up to 70 kDa, a high and statistically significant
increase in relative variation of mean fluorescence intensity per
minute was obtained immediately after EP in comparison to control
mice (Fig. 3B). For the 20 kDa FD, the fast clearance of dextran from
the blood stream decreased the quantity of dextran available for
leakage into the tissue, leading to a lower relative variation of mean
fluorescence intensity per minute. In contrast, EP did not induce
immediate leakage for 2000 kDa FD. Indeed, no modification of
the relative variation of mean fluorescence intensity per minute
was detected immediately after EP (Fig. 3B). However, after a delay
(4 min), a significant increase in the variation of mean fluorescence
intensity per minute, similar to the ones determined for smaller
sizes of FDs, was quantified (10.9% +/−4.7 of variation per min).

3.3. EP-induced blood vessel permeability is reversible

In order to determine the duration of the EP‐induced permeability of
blood vessels, we compared the extravasation of different FDs when
injected at different times after EP (Fig. 4). The relative variation of
mean fluorescence intensity per minute in the tissue quickly decreased
when there was an increase in the delay interval between EP and
70 kDa FD injection. This suggested a quick partial restoration of
blood vessel impermeability. However, the relative variation of mean
fluorescence intensity per minute returned to the control level only
1 h post-EP (Fig. 4A). Similar data were observed with 2000 kDa FD
(Fig. 4B).

We hypothesized that this delayed return to control level could be
explained by a residual permeability to smaller molecules. Thus, we
used intermediary times of injection (30 s, 5, 10, 20 and 30 min) with
20 kDa FD, to measure more precisely the lifetime of blood vessel
increased permeability. In these conditions, the relative variation of
meanfluorescence intensity perminute in the tissue remained constant
at shorter time intervals (30 s, 5 min and 10 min) between EP and
injection of FD (Fig. 4C).

image of Fig.�2
image of Fig.�3


Fig. 4. Duration of the EP-induced blood vessel permeability. Relative mean fluorescence
intensity changes per minute in DWC tissues outside the vessels. Eight square electric
pulses, amplitude 1300 V/cm, pulse length 100 μs, repetition frequency 1 Hz were
applied and FD injection was performed at the indicated times. No EP was performed in
controls. (A) 70 and (B) 2000 kDa FD injected 20 s, 8, 15, 35 and 60 min after EP, and
(C) 20 kDa FD injected 30 s, 5 10, 20 and 30 min after EP. Three to five mice were tested
for each experimental group. *Pb0.05, **Pb0.01, ***Pb0.001 relative to control. Error bars
indicate SEM.
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This result suggested that the quick restoration of blood vessel
impermeability observed with 70 and 2000 kDa FDs was indeed
partial and did not prevent the leakage of smaller molecules during
the first 10 min after EP.

3.4. EP induces vascular lock in normal blood vessels

Without EP, the filling up of blood vessels was immediate (within
2 min) with no leakage from blood vessels whatever the size of FD
used (Fig. 1). When FDs were injected 20 s after EP, the filling up
of pulsed blood vessels was slowed down whatever the size of the
dextran (Fig. 5, Supplementary movie S3).

3.5. Duration of EP-induced vascular lock

In order to determine the duration of the vascular lock, FDs (20
and 2000 kDa)were injected at different times after EP. The percentage
of mean fluorescence intensity inside blood vessels was plotted as a
function of time (Fig. 6A and D). The shape of the curves clearly
depended on the delay between EP and FD injection. To quantify this
duration, we calculated their time derivatives. When the amplitude of
the derivative was maximal, the vessel filling up speed was maximal.
Themaximal value of the derivative was determined for each condition
as the maximal variation of intensity per second (Fig. 6C and F). The
delay between the time of injection (time 0) and time of the maximal
derivative reflected the occurrence of blood vessels filling up. This
delay was determined for each condition (Fig. 6B and E). For 20 kDa
FD, the time needed to restore blood flow was at least 5 min (Fig. 6B).
Ten minutes is needed to reach the normal rate of the blood flow
(Fig 6C). In others words, these data showed that 5 min after EP, even
if the blood flow was restored, its rate did not return to normal values
until 10 min after EP. For 2000 kDa FD, the restoration of the blood
flow was observed at least 15 min after EP. (Fig. 6E). The rates of blood
flow were slightly decreased in comparison to normal value but not
significantly (Fig 6F).

Therefore, the EP-induced vascular lock was detected over less
than 10 min for 20 kDa FD and less than 15 min for 2000 kDa FD
after EP.

3.6. Blood vessel constriction during EP-induced vascular lock

In order to characterize the EP-induced vascular lock, we measured
the variation in the diameters of venules and arterioles during the first
30 min after EP. With 70 kDa FD, the increased permeability of blood
vessels was associated with a constriction of both arterioles and
venules. A small, but significant, constriction of venules (approx. 20%)
was observed immediately after EP (Fig. 7B). The diameter of venules
was totally restored 3 min after EP. Constriction of arterioles was
more pronounced (approx. 65%) and mainly restored within 3 min
after EP. However, the total restoration of their diameter was obtained
after 8 min post-EP (Fig. 7A). The diameter of venules and arterioles in
control mice were not modified during the same observation time.
These results were not dependent on the FD's size (data not shown,
Supplementary movie S4).

4. Discussion

This study presents the results of in vivo direct observations of the
early events in blood vessels after EP in a DWCmodel in mice. Delivery
of validated EP parameters used in clinical applications [29,30] to
normal tissue (skin) led to a rapid increase in the permeability of
blood vessels for different sizes of molecules that gradually returned
to basal (control) levels within 1 h post-treatment. Moreover, EP
induced an immediate constriction of blood vessels that was transient
and returned to control levels within 8 min.

First, we characterized the DWCmodel. We showed that the filling
up of the blood vessels (perfusion) was completed within 2 min after
injection of FDs, in the absence of EP, whatever the size of the FD. FD
injection did not modify the blood flow. A longer plasma elimination
half-life and total blood clearance were detected for larger FDs (Fig. 1).
This has already been observed in studies on children. Indeed, 2–3 h
after injection, the main part of the dextran molecules still circulating
in the blood flow had amolecular weight of 30–50 kDa ormore. Smaller
molecules had already by this time been excreted into the urine [34].

Our experimental setting using the DWC model in mice, allowed
direct observation of blood vessels in vivo. As such, we could measure
in situ the changes in blood vessel permeability after EP, in real time.
Molecules (up to 70 kDa) were used as model molecules for drugs
and oligonucleotides whilst 2000 kDa FD has a molecular size compa-
rable to plasmid DNA [35,36]. We showed an occurrence of vascular
permeability immediately after EP for 20 and 70 kDa FDs (Figs. 2
and 3). For 2000 kDa FD, this occurrence of permeability was delayed
in time (4 min). Therefore, permeability was observed for all three
sizes of FDs (20 kDa, 70 kDa and 2000 kDa) that in normal circum-
stances do not diffuse readily through vessel walls [37]. Vascular
impermeability was partially restored within 10 min for all sizes of
FDs, whilst a low level of leakage was still present after this time.
The impermeability of vessels totally returned to basal values within
1 h after EP (Fig. 4).

image of Fig.�4


Fig. 5. Illustration of the EP-induced vascular lock. Eight square wave electric pulses, am-
plitude 1300 V/cm, pulse length 100 μs, repetition frequency 1 Hz were applied. 20, 70
and 2000 kDa FDs were injected 20 s after EP. DWC were observed by fluorescence
macroscopy and images were acquired immediately after (0 min), 2, 4 and 6 min after
FDs injection.

Fig. 6. Quantification of vascular lock after EP. Eight square wave electric pulses, ampli-
tude per distance 1300 V/cm, pulse length 100 μs, repetition frequency 1 Hz, were ap-
plied. 20 or 2000 kDa FITC-dextran was injected at different times after EP, and
compared to the control. (A, D) The fluorescence intensity as a percentage relative to
the 6 min value is plotted as a function of time for 20 and 2000 kDa dextran, respectively.
Derivatives of (A, D) curves, respectively, were calculated. (B, E) Delay of the occurrence of
the maximal derivative was determined for each condition (B — 20 kDa, E — 2000 kDa
FD). (C, F) Amplitude of the maximal derivative value was plotted for each condition
(C — 20 kDa, F — 2000 kDa FD). *Pb0.05, **Pb0.01, ***Pb0.001 relative to control. Error
bars indicate SEM.
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A direct consequence of these findings is that, once injected intrave-
nously, plasmid DNA could mostly be delivered to the tissue between
3 and 10 min after EP. Now, plasmid DNA must be present during
the application of electric pulses in order to be efficiently transferred
into the cells because of the involvement of electrophoretic forces
[12,35,38]. Therefore, skin transfection after intravenous plasmid DNA
injection could be impeded because of this delayed vascular permeabil-
ity thatwe observedwith 2000 kDa FD. This delay explains the very low
level of transfection in the skin after intravenous plasmid DNA injection
reported elsewhere [28].

The permeability of blood vessels for 70 kDa FD was slightly higher
than for 2000 kDa FD whereas, for the 20 kDa FD, the results were
slightly lower (Fig. 3). This was due to its quick clearance out of the
blood stream (8.5 min) (Fig. 1B). Molecules in size up to 70 kDa could
diffuse easier into the tissue after EP than much larger ones such
as 2000 kDa FD. The increased vascular permeability is due to the
structural changes in the blood vessels' wall that are caused by a direct
effect of EP on the endothelial lineage present in arterioles and venules
[27]. Previously published results on endothelial cells in vitro showed
reversible structural changes of the cytoskeleton and cell junctions
concomitant with a rapid rise in endothelial monolayer permeability
[26]. Nevertheless, the full restoration of blood vessel permeability,
observed in our study, confirmed that no endothelial cells were irre-
versibly damaged by the validated EP parameters in vivo. The effects
of irreversible electroporation (IRE) on blood vessels by applying stron-
ger EP parameters than in our study (10 pulses of 100 μs, 3800 V/cm,
10 Hz) showed that in large vessels only the vascular smooth muscle
cells were affected at day 28 post-treatment [39]. However in our
study we provide evidence that the application of validated EP parame-
ters used in clinical applications [29,30] does not harm small vessels
(arterioles, venules and capillaries). Therefore, we provide additional
proof of the safety of EP, when applied to normal tissues. Although
mouse skin has different physiological and anatomical properties com-
pared to human skin, several studies have demonstrated that the effects
of EP observed inmouse studieswere also confirmed in preclinical stud-
ies in higher mammals (pigs) and in clinical studies in humans [40–42].
The immediate and transient constriction of blood vessels that
we observed was in agreement with global observations of reduced
perfusion measured by Gehl et al. using Patent Blue staining in vivo in
normal muscle tissue after EP [19]. A first phase of vascular response
to EP was attributed to sympathetically-mediated vasoconstriction
acting on smooth muscles of afferent arterioles, leading to a rapid and
profound but short-lived initial decrease in blood flow. Arterioles
have a thick vessel wall with a Tunica Media composed of several
layers of circular smooth muscles, whereas veins and venules have a
thinner layer of circular smooth muscles. Following the hypothesis of
sympathetically-mediated vasoconstriction, these different morphol-
ogies should make arterioles more sensitive to EP than venules. Our
measurements of blood vessel diameters provide direct evidence of
the different levels of vasoconstriction of venules and arterioles Namely,
the constriction of venules was minor (~20%), a level significant only
immediately after EP (1 min), and was restored to its basal level within
3 min. The constriction of arterioles was more profound (~65%) and
long lasting (8 min) (Fig. 7). These vasoconstrictions resulted in the
“vascular lock” (Fig. 5). In the proposed model of vasoconstriction in
mouse muscle, a second phase was attributed to the permeabilization
of muscle fibers and endothelial cell membranes leading to increased
interstitial pressure and decreased intravascular pressure, which could
explain delay of perfusion in muscles [19]. Additionally, we determined
that the filling up of pulsed blood vessels was slightly different for
various sizes of FDs (Fig. 6). Furthermore, our results also demonstrate
that the delivery of large molecules (2000 kDa) to the tissues was
delayed (Figs. 3A, 5). Indeed, when 2000 kDa FD was already present

image of Fig.�5
image of Fig.�6


Fig. 7. Time course of blood vessel diameter changes. Blood vessels were visualized by
70 kDa FD injection and their diameters were normalized to the initial value before EP.
Normalized diameters of arterioles (A) and venules (B) were plotted as a function of
time after EP (eight square wave electric pulses, amplitude per distance 1300 V/cm,
pulse length 100 μs, repetition frequency 1 Hz, (n=5)) in comparison with the control
group without EP (n=5). Error bars indicate SEM.
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in the blood stream, the extravasation induced by EP was delayed
compared to smaller FDs and began ~4 min after EP.

To the best of our knowledge, this study is the first report of direct
observation of EP-induced increased permeability of vessels in vivo with
validated electric pulses used for biomedical applications according to
the size of dextrans.Wewere able to gain an insight into the physiological
processes thatwere altered by EP of the tissues, that had before only been
the subject of speculation [19,24,43].
5. Conclusions

The increased leakage of different sizes of FDs indicated that
EP-induced permeability of the vasculature could be effective for a
broad range of molecules such as oligonucleotides and plasmid DNA.
For small molecules (20 kDa FD) because of their rapid elimination EP
has to be performed rapidly after the injection. If performed after
EP, the injection has to be undertaken within 10 min. In support to
this, in ECT with cisplatin, the antitumor effect was still pronounced
when cisplatin was injected 10 min after EP [44]. For dextrans above
70 kDa, their slow clearance and the linear increase in extravasation
after EP suggest that, after injection of large molecules, EP can be
applied after a longer time interval, resulting in the same amount of
delivered molecules into the target tissue. Finally, the delayed perme-
ability observed with 2000 kDa FD suggests that very large molecules
such as plasmid DNA are more sensitive to vascular lock. Indeed,
arteriole constriction delays 2000 kDa molecule extravasation, whereas
leakage of smaller molecules is not impeded. Thus, knowledge of the
vascular effects of EP can lead to a better planning of the treatments
that are based on EP (electrochemotherapy, electrogene therapy and
DNA vaccination) for increased efficacy of treatment or for distribution
of the i.v. injectedmolecules (i.e. drugs, siRNA, plasmid DNA) [28,45–48].

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.jconrel.2012.09.010.
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