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Increased permeability of blood vessels after reversible electroporation is facilitated by alterations in endothelial cell-to-cell junctions

Tumor microenvironment plays a major role in tumor initiation and progression and therefore represents a potential target for tumor treatment. One of the first components of tumor microenvironment that became a topic of intensive research was tumor vasculature. Two types of vascular targeted therapies were developed: anti-angiogenic therapy, which aims to prevent the formation of new tumor vessels and vascular disrupting therapy, which targets existing tumor vasculature. Although the distinct mechanism of action between the two therapies is clear, some of the vascular targeting drugs or therapies, such as C9, deoxypodophyllotoxin, trans-3,5,4'-trimethoxystilbene, siRNA targeting endoglin and ENMD-1198 exert both antiangiogenic as well as vascular disrupting action [START_REF] Alex | Resveratrol derivative, trans-3,5,4'-trimethoxystilbene, exerts antiangiogenic and vascular-disrupting effects in zebrafish through the downregulation of VEGFR2 and cell-cycle modulation[END_REF][START_REF] Jiang | Deoxypodophyllotoxin exerts both anti-angiogenic and vascular disrupting effects[END_REF][START_REF] Pasquier | ENMD-1198, a new analogue of 2-methoxyestradiol, displays both antiangiogenic and vascular-disrupting properties[END_REF][START_REF] Ren | Anti-angiogenic and vascular disrupting effects of C9, a new microtubule-depolymerizing agent[END_REF][START_REF] Dolinsek | Multiple Delivery of siRNA against Endoglin into Murine Mammary Adenocarcinoma Prevents Angiogenesis and Delays Tumor Growth[END_REF][START_REF] Dolinsek | Endoglin silencing has significant antitumor effect on murine mammary adenocarcinoma mediated by vascular targeted effect[END_REF].

In that context, one of the promising vascular disrupting therapies is electrochemotherapy (ECT). ECT combines the local application of electric pulses and the systemic or local injection of antitumor chemotherapeutic drugs such as bleomycin or cisplatin [START_REF] Sersa | Reduced blood flow and oxygenation in SA-1 tumours after electrochemotherapy with cisplatin[END_REF][START_REF] Sersa | Vascular disrupting action of electroporation and electrochemotherapy with bleomycin in murine sarcoma[END_REF]. Electroporation/electropermeabilization (EP), i.e. application of well-defined electric pulses to cells or tissues, indeed induces the reversible permeabilization of cell membranes. The treatment results in a facilitated delivery into the cells of non-permeant or poorly permeant molecules [START_REF] Neumann | Gene transfer into mouse lyoma cells by electroporation in high electric fields[END_REF][START_REF] Mir | Introduction of definite amounts of nonpermeant molecules into living cells after electropermeabilization: direct access to the cytosol[END_REF]. Although ECT is nowadays already in routine clinical practice for treatment of subcutaneous tumors throughout Europe [START_REF] Marty | Electrochemotherapy -An easy, highly effective and safe treatment of cutaneous and subcutaneous metastases: Results of ESOPE (European Standard Operating Procedures of Electrochemotherapy) study[END_REF][START_REF] Campana | Recommendations for improving the quality of reporting clinical electrochemotherapy studies based on qualitative systematic review[END_REF], mechanisms involved in antitumor effectiveness are still not fully understood. Reversible permeabilization of cell membrane resulting in enhanced cytotoxicity of chemotherapeutics into the cells is the basic mechanism of the antitumor effectiveness of electrochemotherapy [START_REF] Sersa | Antitumor effectiveness of electrochemotherapy with cis-diamminedichloroplatinum(II) in mice[END_REF][START_REF] Orlowski | Transient electropermeabilization of cells in culture. Increase of the cytotoxicity of anticancer drugs[END_REF]. In addition, it has been observed that EP alone induces blood modifying effects in tumors and normal tissues [START_REF] Gehl | Vascular reactions to in vivo electroporation: characterization and consequences for drug and gene delivery[END_REF][START_REF] Sersa | Tumor blood flow modifying effect of electrochemotherapy with bleomycin[END_REF], but when combined with chemotherapeutics it also results in disruption of tumor vasculature, without affecting adjacent normal vasculature [START_REF] Markelc | Differential mechanisms associated with vascular disrupting action of electrochemotherapy: intravital microscopy on the level of single normal and tumor blood vessels[END_REF]. This dual effect of ECT has clinical importance. On one hand, due to the vascular disrupting action of ECT, it has proven to be successful in the treatment of bleeding tumors [START_REF] Snoj | Limb sparing treatment of bleeding melanoma recurrence by electrochemotherapy[END_REF][START_REF] Agerholm-Larsen | Preclinical validation of electrochemotherapy as an effective treatment for brain tumors[END_REF]. On the other hand, it can be safely applied to tumors that lie in the vicinity of big normal blood vessels, as was recently demonstrated in a clinical study on liver metastases of colorectal cancer [START_REF] Edhemovic | Intraoperative electrochemotherapy of colorectal liver metastases[END_REF]. Moreover, even when used close to the heart, electroporation proved to be a safe method [START_REF] Al-Khadra | The role of electroporation in defibrillation[END_REF][START_REF] Mali | The effect of electroporation pulses on functioning of the heart[END_REF][START_REF] Mali | Electrochemotherapy of colorectal liver metastases--an observational study of its effects on the electrocardiogram[END_REF].

Recently, the effects of EP on normal skin blood vessels were thoroughly investigated by direct visualization. Namely, with the use of intravital microscopy using fluorescence stereomicroscope in a mouse dorsal window chamber (DWC) model we demonstrated that the application of electric pulses with different parameters leads to a rapid increase in skin blood vessel permeability. Additionally, the application of electric pulses induced an immediate constriction of blood vessels, which although transient produced a reduction in the perfusion of the exposed vessels, the so-called vascular lock that lasted a maximum of 10 min [START_REF] Bellard | Intravital microscopy at the single vessel level brings new insights of vascular modification mechanisms induced by electropermeabilization[END_REF]. Furthermore, a histological analysis of the treated skin revealed extravasation of erythrocytes and infiltration of leukocytes together with some reversible damage to the skin [START_REF] Markelc | In vivo molecular imaging and histological analysis of changes induced by electric pulses used A C C E P T E D M A N U S C R I P T for plasmid DNA electrotransfer to the skin: a study in a dorsal window chamber in mice[END_REF]. Furthermore, using mathematical modelling based on the data of extravasation of fluorescently labelled dextrans, we showed a higher microvascular permeability after EP for smaller molecules (70 kDa) compared to the larger ones (2000 kDa) [START_REF] Corovic | Modeling of microvascular permeability changes after electroporation[END_REF]. These data provided further evidence confirming the previously proposed model of the underlying
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mechanisms of blood flow modifying effects of EP in normal tissues [START_REF] Jarm | Antivascular effects of electrochemotherapy: implications in treatment of bleeding metastases[END_REF]. However, whether the significant increase in permeability of blood vessels observed in vivo is due to the loss of contractility of endothelial cells (EC) and disruption of endothelial cell-to-cell junctions observed in vitro (paracellular transport) [START_REF] Kanthou | The endothelial cytoskeleton as a target of electroporation-based therapies[END_REF] or to the overall increase of cell membrane permeability (transcellular transport), remains to be demonstrated.

Therefore, to determine whether the in vivo effects of EP on permeability of blood vessels are linked to the permeabilization of ECs membranes and/or disruption of cell-to-cell junctions, an in vivo analysis at a cellular resolution was performed in DWC model in mice using intravital fluorescence multiphoton microscopy (IVMM). Intravital microscopy (IVM) has played a key role in studies of the morphology and function of blood vessels and their response to different treatments. Imaging techniques and offline analysis methods are a vital and active area of biological research [START_REF] Lunt | Application of intravital microscopy in studies of tumor microcirculation[END_REF]. The high resolution and deep tissue penetration of multiphoton microscopy (IVMM) have made this technique currently the best choice for intravital studies of biological events at a cellular resolution. Furthermore, the dependency of the fluorescence lifetime of a fluorophore on its molecular environment but not on its concentration has enabled the researchers to get deep inside the interactions of a fluorophore with its biological environment with Fluorescence Lifetime Imaging (FLIM) [START_REF] Becker | Fluorescence lifetime imaging--techniques and applications[END_REF].

In this study, we aim to study the temporal and spatial changes in the permeability of cell membranes and the integrity of endothelial cell-to-cell junctions after EP. To achieve this, we applied electric pulses either to murine endothelial cells in vitro or directly to the normal skin in mice. We used fluorescently labelled antibodies (Alexa Fluor) targeting CD31 (PECAM-1) or VE-Cadherin, molecules in endothelial cell-to-cell junctions, 70 kDa fluorescein isothiocyanate (FITC) labeled dextran (FD) and followed the resulting changes in vitro and by using IVMM and FLIM.

MATERIALS AND METHODS

Reagents

Fluorescein isothiocyanate (FITC) labeled dextran (FD) (70 kDa) was purchased from Sigma Aldrich (St. Louis, MO, US). It was dissolved in phosphate-buffered saline (PBS) and washed through 30 kDa spin filter (Sartorius Stedim Biotech GmbH, Goettingen, Germany) at 3000 rpm to remove any free FITC or low molecular weight contaminants. The high molecular weight component was resuspended in PBS and used in mice at 37.5 mg/ml (3.75 mg/mouse in 100 µl) concentration. The CD31 (PECAM-1) rat anti-mouse antibody (clone 390, unconjugated; Life Technologies) was custom conjugated to Alexa Fluor ® 555 or Alexa Fluor ® 647 by Life Technologies. Hoechst 33342 nuclear dye was purchased from Life Technologies.

Mice

Adult female C57Bl/6 mice (Charles River Laboratories, France) weighing between 18-23 g were used as hosts for dorsal window chamber (DWC) surgery. 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).
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Dorsal window chamber (DWC) surgery

Surgery was carried out as previously described [START_REF] Markelc | Differential mechanisms associated with vascular disrupting action of electrochemotherapy: intravital microscopy on the level of single normal and tumor blood vessels[END_REF][START_REF] Bellard | Intravital microscopy at the single vessel level brings new insights of vascular modification mechanisms induced by electropermeabilization[END_REF][START_REF] Markelc | In vivo molecular imaging and histological analysis of changes induced by electric pulses used A C C E P T E D M A N U S C R I P T for plasmid DNA electrotransfer to the skin: a study in a dorsal window chamber in mice[END_REF] under general anesthesia using intraperitoneal injection of Ketamine (4 mg/kg, MERIAL, Lyon, France) and Xylazine (20 mg/kg, Bayer, Puteaux, France). Briefly, animals were kept warm using heating pads and an aseptic technique was used throughout the surgical procedure. Two symmetrical titanium frames (APJ Trading Co., Ventura, CA, US) sandwiched an extended double layer of dorsal skin which was attached to them with stainless steel screws and sutures. After the implantation of the frames, one layer of skin (~12-mm diameter) was surgically removed to create an observation window. Then, all the underlying fat and connective tissue that was not associated with the remaining layer of the skin was carefully dissected away with microsurgical tools. Then, sterile PBS was added into the created hole and 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. After the surgery and on the following day, Profenid (Sanofi-Aventis, Paris, France) was injected, intramuscularly, to provide analgesia and to avoid inflammation (10mg/kg, 50 µl in each thigh).

In vivo electropermeabilization

EP was carried out 3 to 7 days following the surgery, by application of standard ECT pulse parameters [START_REF] Marty | Electrochemotherapy -An easy, highly effective and safe treatment of cutaneous and subcutaneous metastases: Results of ESOPE (European Standard Operating Procedures of Electrochemotherapy) study[END_REF]: 8 square wave electric pulses, amplitude per distance 1300 V/cm, pulse length 100 µs, repetition frequency 1 Hz, generated by an electropulsator (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 a conductive gel (Eko-gel, Egna, Italy). Mice in which no EP was applied were regarded as a control group. To visualize the cell-to-cell junctions in vivo the fluorescently labelled CD31 rat anti-mouse antibody (PECAM-1) was injected intravenously (25 µg in 100 µl) 4 -6 h before IVMM and FD (3.75 mg in 100 µl) 3-5 min before IVMM to observe its extravasation from blood vessels into the tissue after EP. To visualize the change in the shape of endothelial cell nuclei, a 150 µl of PBS containing 1mg/mL Hoechst was injected in the retro-orbital plexus 1 min before IVMM. There was no temperature control inside the DWC during the experiments.

Intravital multiphoton microscopy

Intravital multiphoton microscopy (IVMM) was carried out using a 7MP upright fluorescence microscope (Carl Zeiss S.A.S., Jena, Germany), equipped with a 20x objective (NA 0.95) and coupled to a Ti-Sapphire femtosecond laser, Chameleon Ultra 2 (Coherent Inc) tuned to 720 nm or 820 nm in case of Alexa Fluor ® 647, to simultaneously excite FITC and Alexa Fluor ® 555. Throughout the experiment, animals were anaesthetized with inhalation anaesthesia (Vetflurane) and immobilized on a customized heated stage. Emitted light from labelled vessels (FITC dextran) and from endothelial cell-to-cell junctions (Alexa Fluor ® 555 or Alexa Fluor ® 647 -PECAM-1) was detected through 500-550 nm and 565-610 nm or 640-710 nm bandpass filters with non-descanned detectors. Five min after an i. v. injection of 100 µl of FD and before EP, a 3D image stack (x, y, z) of 101 x-y sections at a 
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Intravital fluorescence lifetime imaging microscopy

Intravital FLIM was carried out using multidimensional time-correlated single-photon counting (TCSPC) system based on SPC150 module (Becker Hickl, Germany) in combination with multiphoton laser scanning. For FLIM experiments, the laser was tuned to 820 nm to excite Alexa Fluor ® 647 and emitted photons from endothelial cell-to-cell junctions were detected through a 665-715 nm bandpass filter, on a high speed hybrid detector (HPM-100-40). A 36 µm TCSPC-FLIM image stack (x, y, z) of 7 sections at a resolution of 256x256 and with z-spacing of 6 µm was acquired and formed by averaging 16 video frames. For each x-y section, the long acquisition time induced by the averaging (113s/section) allowed to collect enough photons to deliver an image with a representative decay curve in each pixel. The FLIM sections were analyzed with the SPCImage FLIM data analysis software (Becker & Hickl, Germany).

In vitro studies: Cell culture, electropermeabilization and immunofluorescence

Immortalized mouse brain endothelial cell line bEnd.3 cells (ATTC, Manassas, VA, US) were grown to a confluent monolayer in Dulbecco's Modified Eagle's Medium (DMEM, Life Technologies) supplemented with 5% fetal bovine serum (FBS), 100U/mL penicillin/streptomycin (Gibco-Invitrogen) in 8 well Nunc™ Lab-Tek™ II Chamber Slide™ (Thermo Scientific, Waltham, MA, US) pre-coated with 0.1 mg/ml Matrigel TM .

To permeabilize the bEnd.3 cell monolayer in vitro, cells were first washed with EP buffer (10mM K 2 HPO 4 /KH 2 PO 4 buffer, 1mM MgCl 2 , 250mM sucrose, pH 7.4) and then incubated in it during EP, which was performed with the following pulse parameters: 8 square wave electric pulses, amplitude per distance 600 V/cm, pulse length 100 µs, repetition frequency 1 Hz. Pulses were generated by Electrocell S20 electropulsator (Betatech, St
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Orens, France) and delivered by plate electrodes with a distance of 7.3 mm between them. Cells were then incubated for 5 min in EP buffer (except in the group 0 min, where the cells were fixed immediately after EP) before it was changed for DMEM.

To observe changes in cell-to-cell junctions, bEnd.3 cells were fixed in periodate-lysineparaformaldehyde buffer (PLP) for 15 minutes at room temperature, before or at 0, 5, 10, 20, 30 and 60 minutes after EP. To enable the visualization of junctions, bEnd.3 cells were successively incubated with Alexa Fluor ® 555 labelled rat anti-mouse CD31 antibody (2 µg/well) and Alexa Fluor ® 647 labelled rat anti-mouse VE-cadherin antibody (0.5 µg/well). In-between labelling steps, the cells were washed 3x with PBS for 5 min. Cell nuclei were stained with Hoechst 33342 dye (ThermoFisher). After labelling, the slides were mounted with ProLong® Gold Antifade Mountant, air dried for 24 h and the edges of cover glass were sealed with nail varnish. Fixed bEnd.3 cells were observed with a FV1000 confocal microscope (Olympus) equipped with a 40x objective (NA 0.95). Alexa Fluor ® 555 and 647 were excited using 559 nm and 635 nm excitation lasers respectively, and detected through suitable filters (570/55nm and 705/100nm respectively) with PMT detectors. To image Hoechst a 405 nm laser diode was used and emitted light was detected through suitable bandpass filters (425/50nm). Different channels were acquired sequentially to prevent bleed through of dyes into other channels. Images were stored and analyzed off-line with ImageJ (NIH, Bethesda, US) image analysis software.

To quantify the VE-cadherin intensity in junctions in vitro a line profile (10 pixel width) was drawn in ImageJ across separate junctions and the maximum intensity within the junction was recorded for each time point after EP. Then, the mean maximum intensity within the junctions was normalized to the mean maximum intensity within the junction of the control non-treated cells.

In vivo data analysis

To determine the quantity of Alexa Fluor ® 555 labeled antibody and the quantity of FD in the intravascular and extravascular space in vivo the Imaris software was used. 3D volumes of interest were selected inside and outside the blood vessel and the mean fluorescence intensity in these volumes was measured for each channel separately (Alexa Fluor ® 555 and FD) and recorded for each time point (Fig. 1). Changes in fluorescence intensity were calculated as a percentage of variation compared to the image before EP, to avoid the variability between mice due to the different initial value of "before EP" mean fluorescence intensity. To determine the changes in the quantity of CD31 labelling in the cell-to-cell junctions between endothelial cells in vivo, a mask of the Alexa Fluor ® 555 labelling was constructed with the Imaris "isosurface" module for each time point. On the initial 3D image acquired before EP the parameters for the construction of the isosurface mask were determined and were then applied on all subsequent images in the time series (Fig. 1). In order to differentiate the behavior of venules, arteries and capillaries after EP, a 3D crop of the venule and the artery was performed and separate channels were created for each one. Then, these 2 channels were subtracted from the original image to give a third channel comprised from the remaining capillaries (Fig. 1). On these newly formed channels the isosurface masks were created with the same parameters as used for the creation of the original isosurface mask of the entire vasculature. The volumes of these masks were then recorded for each time point and normalized to the volume of the isosurface mask constructed on the first acquired image in the control group or to the image acquired before EP for each mouse separately. Then, for each time point the mean value of these volumes was calculated. Additionally, to counteract the effect of photo bleaching due to repetitive imaging of the same area of interest, the values were further normalized to the mean value of the control group for each time point separately.
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After calculating the volumes of CD31 labelled junctions the mice in EP group were divided into two subgroups. The first group consisted of mice where a return of volume of CD31 labelled junctions was observed after an initial decrease (Return) and the second group consisted of mice where there was no return of volume of CD31 labelled junctions during the entire observation period (No return).
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To determine the change in the length and the width of endothelial cells, their length (longest line horizontal to the length of the vessel) and their width (longest line perpendicular to the length) was measured in 3D in Imaris (Bitplane) for individual endothelial cells. The change in the measured value was then calculated as the % of change from the obtained measurement on the first acquired image.

The Alexa Fluor ® 647 fluorescence lifetime in the CD31 labelled junctions was calculated as follows. Briefly, the Z slice with the cells junctions was selected and a region of interest was defined surrounding the venule. On a bright position (representative of CD31 labelled cell-tocell junctions), the "shift" value was changed to improve the  2 . Then, with the "calculate decay matrix" option of the SPCImage FLIM software (Becker&Hickl), the decay curve in the individual pixels of the region of interest was fitted with an appropriate decay model function, i.e., a single-exponential model, resulting in a single fluorescence lifetime per pixel. Finally, the mean lifetime values of Alexa Fluor® 647 fluorescence was calculated from all the pixels of the region of interest.

To determine vessels leakage according to platelets aggregation, increase in fluorescence intensity outside the blood vessels was determined in regions of interest manually drawn face to vessels positive or negative in platelets (ImageJ, National Institute of Mental Health, Bethesda, MD, USA). The percentage of variations was calculated to avoid the variability between mice in the initial value of tissue fluorescence intensity.

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 p < 0.05 was considered to represent a significant difference between groups.

RESULTS

3D Multiphoton microscopy revealed the changes in blood vessels diameter and their increased permeability after EP

Our previous studies showed that EP increases the extravasation of macromolecules from blood vessels into surrounding tissue [START_REF] Bellard | Intravital microscopy at the single vessel level brings new insights of vascular modification mechanisms induced by electropermeabilization[END_REF][START_REF] Markelc | In vivo molecular imaging and histological analysis of changes induced by electric pulses used A C C E P T E D M A N U S C R I P T for plasmid DNA electrotransfer to the skin: a study in a dorsal window chamber in mice[END_REF]. In order to confirm this observation and to define it in 3D space, we used fluorescently labelled antibody against CD31 to visualize the endothelial cell-to-cell junctions, which enabled us to see the blood vessels wall and measure the vessels' diameter (Fig. 2A,B, Fig. 3A,B). Additionally, we intravenously injected 70 kDa FD before EP and then determined its extravasation by the relative variation of mean fluorescence intensity (green channel) outside the blood vessels (Fig. 2A,B). Immediately after EP, the diameter of blood vessels was reduced (Fig. 3B). This change was transient and the diameter of blood vessels returned to pre-EP value already on the second acquired image (~14 min after EP, Supp Fig. 1). Moreover, the decrease of the diameter was also accompanied by the change of the shape of EC, both in venules and arteries (Fig. 3C-G). The individual EC in venules were clearly visible, as the CD31 antibody labelled the cell-to-cell junctions between neighboring cells. This enabled to determine the size and the shape of individual cells and follow their changes at the single cell level after EP (Fig. 3C,D). The application of electric pulses reduced the length as well as the width of individual EC's on venules and altered their shape (Fig. 3E,G). Moreover, it also permeabilized some EC's as indicated by uptake of propidium iodide after EP (Supp Fig 2). EC's in arteries could not be as easily distinguished, especially after EP, where the large reduction in diameter after EP did not allow to identify single cells (Fig. 3F). Also, the labeling of cell-to-cell junctions was different than in venules, providing a more tile like appearance of EC's in arteries (Fig. 3A,F). Therefore, Hoechst was intravenously injected to label the nuclei and enable the determination of changes in shape on a single cell/nuclei level in arteries (Fig. 3F). This revealed that after EP there was a decrease in size of EC as well as
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their nuclei in arteries as was the case in venules (Fig. 3F, G, Supp Movie 1). However, due to the described difficulties, it was not possible to follow the same individual cells in arteries before and after EP. The changes in diameter of blood vessels were accompanied by a concomitant increase in permeability. After EP we observed a high and statistically significant increase in relative variation of mean fluorescence intensity for 70 kDa FD in the tissue outside the blood vessels (Fig. 2C, Supp Movie 2). The highest increase in relative variation of mean fluorescence intensity in the tissue was obtained on the second image after EP (i.e. 7 min) and then reached a plateau value 17 min after EP (Fig. 2C). In contrast, the relative variation of mean fluorescence intensity after EP inside the blood vessels was decreasing at the similar rate as in the Control group, indicating that the EP induced leakage did not substantially reduce the pool of circulating FD (Supp Fig. 3). There was a significant difference in the amount of FD leakage between the group of mice where there was no return of CD31 labelling after EP and the group where CD31 labelling returned after EP (Fig. 2C).
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In vivo effects of EP on endothelial cell-to-cell junctions

In order to determine if the increased permeability of blood vessels for macromolecules could be explained by the changes in the cell-to-cell junctions, as already shown by in vitro data on human umbilical vein EC [START_REF] Kanthou | The endothelial cytoskeleton as a target of electroporation-based therapies[END_REF], we used the same approach as before, labeling of EC cell-to-cell junctions with fluorescently labelled antibody against CD31. The intensity of the labelling of CD31 in the junctions, correlating to the amount of CD31 present in them, was then compared at different time points before and after EP and to the untreated control group to give a measure of the changes in the quantity of CD31 present in the junctions. The loss of CD31 labelling from the cell-to-cell junctions induced by EP is illustrated in Figure 4 (Fig. 4A, Supp Movie 3) and was associated with a rapid extravasation of 70 kDa FD from the exposed venules (Fig. 2, Fig. 4).

Fig. 4. Changes in the volume of CD31 labelled cell -to-cell junctions in relation to 70 kDa FD leakage. Representative images of the changes in the determined volume of CD31 labelled cell -to-cell junctions in Control group and in the group where EP was applied (A). Eight square wave electric pulses, amplitude per distance 1300 V/cm, pulse length 100 μs, repetition frequency 1 Hz, were applied in EP groups. 70 kDa FD was injected i.v 3 min before the first image. Scale bar: 100 µm. The volume of CD31 labelled cell -to-cell junctions normalized to control (n=10) in relation to time (left y axis) was plotted together with relative mean fluorescence intensity changes for 70 kDa FD (right y axis) to show time relation between them (B, C). In (B) the group of mice where there was no return of CD31 positive volume after EP is shown (n=6) and in (C) the group of mice where there was return of labeling after EP (n=6) is shown. Error bars indicate SEM.

The time course of cell-to-cell junctions' changes was measured by the relative variation of the volume of CD31 labelled voxels in the acquired 3D images of blood vessels (Fig. 4B,C). A gradual and significant decrease in the volume of CD31 labelled voxels was
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obtained after EP with a return to the control levels in 8 out of 15 mice, which corresponded to a decrease of relative variation of fluorescence intensity of 70 kDa FD (Fig. 4C). In contrast, the volume of CD31 labelled voxels in the remaining 7 mice continued to decrease throughout the observation period (Fig. 4B). A small linear decrease of ~8% per image was also observed in the control group due to Alexa Fluor ® 555 photo bleaching, however, this decrease was significantly lower compared to what was observed with EP group (Supp Fig. 4, Supp Movie 4).

These results could demonstrate that the initial significant alterations in endothelial cell-to-cell junctions correlated with an increased leakage of 70 kDa FD from blood vessels into the tissue and a partial restoration of these junctions in some vessels. This was confirmed by direct comparison of the timeline of relative variation of mean fluorescence intensity for 70 kDa FD and the changes in the volume of CD31 labeled junctions (Fig. 4B,C), where it was clearly demonstrated that the largest changes in relative variation of mean fluorescence intensity are achieved simultaneously with the largest decrease in the volume of CD31 labelled junctions (Fig. 4B). In the group where the cell-to-cell junctions labelling did not return, the relative variation of mean fluorescence intensity reached a plateau level ~20 min after EP, however it did not return to pretreatment levels, demonstrating that the permeability of blood vessel wall for 70 kDa FD was still slightly increased (Fig. 4B). In contrast, in the group where the return of cell-to-cell junctions labeling was observed, the relative variation of mean fluorescence intensity returned to pretreatment levels indicating a complete abrogation of 70 kDa FD leakage from blood vessels, thus resealing of blood vessel wall (Fig. 4C). The observed changes were not related to the initial diameter of the blood vessels, nor to the initial volume of CD31 labelled cell-to-cell junctions (Supp Fig. 5 and6).

Because arteries, venules and capillaries differ in their structure and in their response to EP [START_REF] Bellard | Intravital microscopy at the single vessel level brings new insights of vascular modification mechanisms induced by electropermeabilization[END_REF][START_REF] Markelc | In vivo molecular imaging and histological analysis of changes induced by electric pulses used A C C E P T E D M A N U S C R I P T for plasmid DNA electrotransfer to the skin: a study in a dorsal window chamber in mice[END_REF] we separately analyzed the modifications of endothelial cell-to-cell junctions' induced by EP for each category of blood vessels (Fig. 5A,D,G). Figure 5 illustrates the different effects induced by EP on blood vessels shape and on the volume of CD31 labelling in EC cell-to-cell junctions. The gradual and significant decrease in the volume of CD31 labelled voxels induced by EP was similar between arteries, venules and capillaries (Fig. 5B,E,H). This result demonstrates that just after EP the junctions between EC of these vessels are equally affected. Interestingly, ~30 min after EP there was a "restoration" effect in the determined volume of CD31 labelled voxels in more than 50% of mice. This was observed in all three types of vessels, but it was more pronounced for venules and capillaries (Fig. 5B,E,H). However, it must be noted, that when comparing to the control mice, it took ~90 min for the venules and capillaries to reach control levels in the group where the "restoration" was observed (Fig. 5F, I F), whereas, arteries regained only ~50% of the labelled volume in the same time (Fig. 5C). These results indicate that the response of all three blood vessels types to EP is specific. Venules and capillaries are more similar in their behavior after EP compared to arteries. The diffusion of 70 kDa FD in the tissue after it leaked from blood
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vessels unable us to perform similar analysis for 70 kDa FD leakage, as it was not possible to retrospectively determine which blood vessel was the source.

Fig. 5. Blood vessel type dependent changes in CD31 labelled cell -to-cell junctions volume after EP. The imaged 3D volume was separated into 3 parts to include only arteriole (A), venule (D) or capillaries (G) and the volume of CD31 labelled cell-to-cell junctions was plotted against time for each type of blood vessels (B, E, H). Eight square wave electric pulses, amplitude per distance 1300 V/cm, pulse length 100 μs, repetition frequency 1 Hz, were applied in EP groups. Obtained volumes were normalized to the con trol level and plotted against time to correct for photobleaching (C, F, I). Controlmice where no EP was applied (n=12). EP_returnmice where EP was applied and return of junctions was observed (n=8), EP_no returnmice where EP was applied and no return of junctions was observed (n=7). Scale bar: 50 µm. Error bars indicate SEM. *P<0.05 in comparison to control (B, E, H) and P<0.05 in comparison to EP_no return group (C, F, I).

In vivo effects of EP on the fluorophore linked to CD31 antibody

To confirm that the reduction of the CD31 associated fluorescence intensity was due to a decrease in the number of detected CD31, it was needed to make sure that it was not associated to a decrease in the fluorophore quantum yield (modification of the environment or energy transfer) due to an alteration of the environment. The fluorescence emission for a given excitation intensity I0 is dependent on the number of emitting molecules N and on the fluorophore quantum yield If = K I0 N 

The change in quantum yield can be accessed by the experimental evaluation of the fluorophore lifetime by FLIM. We looked at the modification of the fluorescence lifetime of Alexa Fluor 647 induced by EP. The choice of Alexa Fluor 647 was due to its longer lifetime compared to Alexa Fluor 555 (1 ns compared to 0.3 ns) which was used in the rest of the study. Furthermore, a previous study reported that Alexa Fluor 647 conjugated to a kinase
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inhibitor could undergo changes in fluorescence lifetime between the free and bound states [START_REF] Lebakken | A Fluorescence Lifetime-Based Binding Assay to Characterize Kinase Inhibitors[END_REF]. Thus, the change in fluorescence lifetime of Alexa Fluor 647 fluorophore, directly linked to its quantum yield, may be indicative of the changes in its environment and could result in a decreased fluorescence intensity, thus skewing the volumetric measurements of CD31 labelled cell-to-cell junctions.

In order to study whether the lifetime of Alexa 647 was modified, we i.v. injected Alexa 647 CD31 antibody and we performed FLIM 4h after the injection of antibodies. FLIM was performed before and after EP. The Alexa 647 fluorescence lifetime in cell-to-cell junctions was measured for each pixel by fitting the decay curve with a single-exponential model and represented by a heat map (Fig 6A ,B). The measurement performed before and after EP did not show significant modification of Alexa 647 lifetime (and quantum yield ) after EP (Fig. 6C). This result confirms that the loss of CD31 fluorescence intensity clearly reflects the decrease of Nthe number of detected fluorophoresand thus an alteration of cell-to-cell junctions and is not due to a modification of the quantum yield of the fluorophore and thus a modification of its environment.

Fig 6. Fluorescence lifetime of Alexa 647 bound to anti-CD31 antibody before and after EP. Representative FLIM images of 3D volumes before and after EP (13 min after EP) showing Alexa 647 lifetime in cell-to-cell junctions for each pixel. Alexa 647 lifetime is represented as a heat-map in picosecond (ps) (A and B). Scale bar: 30 µm. The measured mean Alexa 647 lifetime was not statistically significantly different before and after EP (C).

Eight square wave electric pulses, amplitude per distance 1300 V/cm, pulse length 100 μs, repetition frequency 1 Hz, were applied in EP groups (n=3).

In vitro effects of EP on endothelial cell-to-cell junction proteins
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To further confirm the alteration in cell-to-cell junctions after EP, we observed in vitro how were the endothelial junctional proteins affected by EP. We used a murine endothelial cell line bEnd.3 grown in monolayers and performed immunofluorescence staining with CD31 and VE-cadherin fluorescently labelled antibodies, before and at different times after EP. We used VE-cadherin as a second endothelial junctional protein due to poor expression of CD31 in majority of in vitro endothelial cell cultures [START_REF] Brown | Tight junction protein expression and barrier properties of immortalized mouse brain microvessel endothelial cells[END_REF][START_REF] Song | Culture of murine brain microvascular endothelial cells that maintain expression and cytoskeletal association of tight junction-associated proteins[END_REF].

We observed a transient but significant decrease of CD31 and VE-cadherin fluorescence intensity in the endothelial cell-to-cell junctions after EP (Figure 7) which returned to the levels similar or higher than in the control non-treated cells within 20 min after EP (Fig. 7C). These in vitro experiments recapitulate our in vivo results where we observed a transient decrease of CD31 positive voxels in the endothelial cell-to-cell junctions after EP in the group of mice where the return of cell-to-cell junctions appeared (Fig. 4). Moreover, often clearly visible gaps between the endothelial cells appeared after EP, indicating that in some instances, the cell-to-cell junctions were completely disassembled (Fig. 7B), which may indicate a significant damage to those junctions and provide an explanation for the group of mice where the return of endothelial cell-to-cell junctions was not observed (Fig. 2,4).

A C C E P T E D

M A N U S C R I P T Taken together, this data demonstrates that a rearrangement of endothelial junctional proteins appears after EP implying on a disruption of the barrier function of the endothelium, which is probably the main reason for the increased permeability of the blood vessel wall after EP.
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DISCUSSION

In this study, we aim to study in vivo alteration of endothelial cell-to-cell junctions occurring after EP. Our experimental setting using DWC models in mice in combination with multiphoton microscopy allowed direct observation of blood vessels at the single endothelial cell level in 3D. By doing so, we could measure in situ the alterations in cell-to-cell junctions and correlate them to the previously known changes in blood vessel permeability after EP [START_REF] Bellard | Intravital microscopy at the single vessel level brings new insights of vascular modification mechanisms induced by electropermeabilization[END_REF][START_REF] Markelc | In vivo molecular imaging and histological analysis of changes induced by electric pulses used A C C E P T E D M A N U S C R I P T for plasmid DNA electrotransfer to the skin: a study in a dorsal window chamber in mice[END_REF]. Delivery of validated EP parameters used in clinical applications [START_REF] Marty | Electrochemotherapy -An easy, highly effective and safe treatment of cutaneous and subcutaneous metastases: Results of ESOPE (European Standard Operating Procedures of Electrochemotherapy) study[END_REF] to normal tissue (skin) led to an immediate constriction of blood vessels which correlated with the change in the shape of EC. This was followed by an increase in permeability of blood vessels for 70 kDa FD and a decrease in the volume of CD31 labelled cell-to-cell junctions. Interestingly, both the permeability of blood vessels and the volume of CD31 labelled cell-tocell junctions returned to initial values in only 50% of the treated mice, whereas in the others it did not.

First, we set out to confirm that previously reported findings of the effects of EP on blood vessels can be observed using our model. We used a fluorescently labelled antibody targeting CD31 to label the endothelial cell-to-cell junctions and used multiphoton microscopy to confirm the previously reported changes in the blood vessels diameters after EP in 3D (Fig. 3) [START_REF] Bellard | Intravital microscopy at the single vessel level brings new insights of vascular modification mechanisms induced by electropermeabilization[END_REF][START_REF] Markelc | In vivo molecular imaging and histological analysis of changes induced by electric pulses used A C C E P T E D M A N U S C R I P T for plasmid DNA electrotransfer to the skin: a study in a dorsal window chamber in mice[END_REF]. Indeed, the reduction of the diameter of both arteries and venules was observed after EP (Fig. 3); however, due to the temporal limitation of the imaging technique we were not able to follow this in more detail. Fluorescently labelled CD31 antibodies have already been used to label endothelial cell-to-cell junctions in vivo, however, not for the purpose to follow spatiotemporal changes of single EC in DWC model [START_REF] Proebstl | Pericytes support neutrophil subendothelial cell crawling and breaching of venular walls in vivo[END_REF][START_REF] Khurana | Intravital high-resolution optical imaging of individual vessel response to photodynamic treatment[END_REF]. Currently, the first phase of vascular response to EP is attributed to direct smooth muscle cells electrical field stimulation and followed by indirect sympathetically-mediated vasoconstriction acting on smooth muscles of afferent arteries, leading to a rapid and profound but short-lived initial decrease in blood flow [START_REF] Gehl | Vascular reactions to in vivo electroporation: characterization and consequences for drug and gene delivery[END_REF]. Nevertheless, venules are also affected but to a lesser extent [START_REF] Bellard | Intravital microscopy at the single vessel level brings new insights of vascular modification mechanisms induced by electropermeabilization[END_REF][START_REF] Markelc | In vivo molecular imaging and histological analysis of changes induced by electric pulses used A C C E P T E D M A N U S C R I P T for plasmid DNA electrotransfer to the skin: a study in a dorsal window chamber in mice[END_REF][START_REF] Jarm | Antivascular effects of electrochemotherapy: implications in treatment of bleeding metastases[END_REF]. This short-lived vasoconstriction was shown to last up to 8 min and resulted in a so-called vascular lock effect, i.e. abrogation of blood flow [START_REF] Bellard | Intravital microscopy at the single vessel level brings new insights of vascular modification mechanisms induced by electropermeabilization[END_REF]. Despite the temporal limitations of our approach we were still able to confirm that vasoconstriction after EP is detectable in our model. Furthermore, we provide for the first time the evidence that the change in the diameter of blood vessels after EP is associated with a change in the shape of EC, both in venules and in arteries in 3D in vivo (Fig. 3). Then, we used an i.v. injected 70 kDa FD as a model molecule for drugs and oligonucleotides [START_REF] Paganin-Gioanni | Direct visualization at the single-cell level of siRNA electrotransfer into cancer cells[END_REF] and confirmed in 3D the increase of permeability of blood vessels after EP for this size of molecules (Fig. 2). As previously reported, EP increases permeability of blood vessels for various sizes of macromolecules spanning up to 2000 kDa, which implies that this technique could be used for increased local delivery of a plethora of drugs including nanoparticles or PEGylated liposomes [START_REF] Bellard | Intravital microscopy at the single vessel level brings new insights of vascular modification mechanisms induced by electropermeabilization[END_REF]. All of the mice where EP was applied showed statistically significantly increased permeability for 70 kDa FD; however, we observed a separation of the scale of their response into 2 distinct groups. The first group of mice (n=7) showed a high increase in the permeability of blood vessels, demonstrated by >600% change in relative mean fluorescence intensity compared to pretreatment values, whereas the second group (n=8) showed only a moderate increase in the permeability (~60% change in relative Based on the published in vitro studies showing reversible structural changes of the cytoskeleton and cell junctions concomitant with a rapid rise in endothelial monolayer permeability [START_REF] Kanthou | The endothelial cytoskeleton as a target of electroporation-based therapies[END_REF][START_REF] Meulenberg | Differential cellular effects of electroporation and electrochemotherapy in monolayers of human microvascular endothelial cells[END_REF][START_REF] Meulenberg | Low-magnification image analysis of Giemsa stained, electroporation and bleomycin treated endothelial monolayers provides reliable monolayer integrity data[END_REF] and histological analysis of early time points of the tissues exposed to EP, showing alterations in the shape of EC [START_REF] Sersa | Vascular disrupting action of electroporation and electrochemotherapy with bleomycin in murine sarcoma[END_REF][START_REF] Markelc | In vivo molecular imaging and histological analysis of changes induced by electric pulses used A C C E P T E D M A N U S C R I P T for plasmid DNA electrotransfer to the skin: a study in a dorsal window chamber in mice[END_REF][START_REF] Jarm | Antivascular effects of electrochemotherapy: implications in treatment of bleeding metastases[END_REF], we chose to more closely inspect the changes in the endothelial cell-to-cell junctions. Additionally, recent reports showed that magnetic forces can increase the permeability of blood vessels by disrupting endothelial cellto-cell junctions [START_REF] Qiu | Magnetic forces enable controlled drug delivery by disrupting endothelial cell-cell junctions, Nat. A C C[END_REF]. Therefore, we decided to follow the changes in the volume of CD31 labelled junctions after EP with time and showed that, indeed, the cell-to-cell junctions are affected by EP (Fig. 4,5). We have shown that the volume of CD31 labelled junctions is reduced after EP and that we could see the same separation into 2 distinct groups as was the case with the increase in the permeability of blood vessels for 70 kDa FD (Fig. 4). In the group of mice where the increase of permeability was moderate, we have observed that the volume of CD31 labelled junctions' returns to the levels comparable to the control group and that the turning point is ~30 min after EP, which coincides with the decrease in the permeability of blood vessels for 70 kDa FD (Fig. 4B). In contrast, in the group of mice where there was a high increase in the permeability of blood vessels the volume of the CD31 labelled junctions was decreasing throughout the observation period (Fig. 4C). However, similarly as in the first group, at ~30 min after EP, there was a change in the rate of disappearance of the labelled junctions that coincided with the decrease in the permeability of blood vessels for 70 kDa FD (Fig. 4C). To further elaborate whether this measurement could be over-dependent on a certain type of blood vessels, we have separately analyzed the effect of EP on the volume of CD31 labelled cell-to-cell junctions in arteries, venules, and capillaries and showed that they respond in a similar manner (Fig. 5). Moreover, we confirmed using FLIM that the observed changes in the quantified volume of CD31 labelled cell-to-cell junctions are not due to a modification that EP would cause to the environment of the fluorophore attached to the CD31 antibody, as was indicated by the fluorophore retaining the same fluorescence lifetime as before EP (Fig 6). An explanation for the observed decrease in the volume of CD31 labelled junctions could be that CD31 (PECAM-1) is constantly recycled and it can take up to 30 min in vitro to completely replenish the cell-to-cell junctions with CD31 [START_REF] Mamdouh | Targeted recycling of PECAM from endothelial surface-connected compartments during diapedesis[END_REF][START_REF] Muro | A novel endocytic pathway induced by clustering endothelial ICAM-1 or PECAM-1[END_REF], or alternatively it is redistributed in the cellular membrane. This is in line with the hypothesis that EP disrupts the endothelial junctions and then CD31 is either recycled back to the endothelial membrane or redistributed back to the junctions, which was confirmed by our in vivo observations in the group where we have seen the return of CD31 labelling. We confirmed this phenomenon in our in vitro experiments with murine endothelial cells bEnd.3 grown as monolayers, where EP transiently reduced the quantity of VE-cadherin present in the cell-to-cell junctions, which has returned to control levels within 20 min after EP (Fig. 7). This shows, that the predominant reason for the in vivo observed return of CD31 labelling after EP is the re-establishment of endothelial cell-to-cell junctions and not the relabelling of CD31 proteins by the remaining circulating antibody (half-life of rat IgG2a antibodies can be more than 4 days [START_REF] Peppard | The biological half-lives of four rat immunoglobulin isotypes[END_REF]). Notably, we have also observed presence of gaps between the endothelial cells after EP, which were still present even 20 min after EP, but
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absent in control non-treated monolayers (Fig. 7B). These gaps would indicate an extensive damage and complete disassembly of the endothelial cell-to-cell junctions and might be the main channel through which macromolecules extravasate after EP. Conversely, they might explain the behavior of the second group of mice where we did not see the return of CD31 labelled cell-to-cell junctions. Another possible explanation for the observed differences between the two groups of mice could also be the result of the heterogeneity of the electric field distribution in tissues, which would then result in local differences in response to EP. As our field of view in IVMM was only ~1.6% (~0.5x0.5 mm) of the entire affected area, we could be imaging areas that were more or less affected by EP. A further proof to the heterogeneity of the response of blood vessels to EP is the stochastic focal aggregation of platelets on blood vessel walls (Supp Fig. 7), which would imply that there is a difference in the extent of the disruption of cell-to-cell junctions within the same mouse/vessel. One possible explanation for the reduction of the CD31 labelling in the cell-to-cell junctions could also be the inactivation of the Rho kinase [START_REF] Kanthou | The endothelial cytoskeleton as a target of electroporation-based therapies[END_REF]. Kanthou et al showed that EP besides destabilizing the endothelial cytoskeleton also reduces the basal levels of phosphorylated myosin light chains implicating Rho kinase inactivation [START_REF] Kanthou | The endothelial cytoskeleton as a target of electroporation-based therapies[END_REF]. As activation of Rho proteins necessitates their translocation and association with membrane components it is likely that EP inactivates Rho by preventing its association with the cell membrane, thus preventing the reestablishment of cell-to-cell junctions after EP, which could consequently lead to internalization of CD31 as it is no longer in a homophilic CD31/CD31 interactions between neighboring endothelial cells [START_REF] Privratsky | PECAM-1: regulator of endothelial junctional integrity[END_REF].

The currently proposed model of the effects of EP on blood vessels is a two-phase model. In this model, the second phase, based on the data obtained in muscle, was attributed to the permeabilization of muscle fibers and endothelial cell membranes due to EP leading to increased interstitial pressure and decreased intravascular pressure. This model also suggests that the increase in the permeability of blood vessels can be attributed to the increase in the permeability of the membranes of EC, which are indeed exposed to higher electric field strength than surrounding tissue [START_REF] Sersa | Vascular disrupting action of electroporation and electrochemotherapy with bleomycin in murine sarcoma[END_REF][START_REF] Gehl | Vascular reactions to in vivo electroporation: characterization and consequences for drug and gene delivery[END_REF]. This prediction was based on the resealing kinetics of cellular membranes after EP in vitro and in vivo, which were shown to be in the order of 10 min [START_REF] Gehl | Vascular reactions to in vivo electroporation: characterization and consequences for drug and gene delivery[END_REF][START_REF] Pucihar | Kinetics of transmembrane transport of small molecules into electropermeabilized cells[END_REF][START_REF] Escoffre | Membrane disorder and phospholipid scrambling in electropermeabilized and viable cells[END_REF]. Moreover, it was already shown that the increased permeability of blood vessels after EP, even for large macromolecules, can actually persist longer than it can be explained solely by the membrane resealing kinetics after EP [START_REF] Bellard | Intravital microscopy at the single vessel level brings new insights of vascular modification mechanisms induced by electropermeabilization[END_REF][START_REF] Markelc | In vivo molecular imaging and histological analysis of changes induced by electric pulses used A C C E P T E D M A N U S C R I P T for plasmid DNA electrotransfer to the skin: a study in a dorsal window chamber in mice[END_REF]. Even in in vitro settings, where it is well established that membrane resealing after EP is completed within 10 min after EP, otherwise the cell is regarded as irreversibly electroporated, it was repeatedly shown that monolayers of EC still have increased permeability for macromolecules even 40 min after EP [START_REF] Kanthou | The endothelial cytoskeleton as a target of electroporation-based therapies[END_REF][START_REF] Meulenberg | Differential cellular effects of electroporation and electrochemotherapy in monolayers of human microvascular endothelial cells[END_REF][START_REF] Meulenberg | Low-magnification image analysis of Giemsa stained, electroporation and bleomycin treated endothelial monolayers provides reliable monolayer integrity data[END_REF]. Those in vitro investigations pinpointed endothelial cell-to-cell junctions as a possible mechanism responsible for the observed increased permeability of blood vessels in vivo [START_REF] Kanthou | The endothelial cytoskeleton as a target of electroporation-based therapies[END_REF]. We now provide a direct in vivo proof on the level of single EC that the alterations in endothelial cell-to-cell junctions after EP are the main mechanism responsible for the observed increased permeability of blood vessels for macromolecules, which was demonstrated by the strong correlation between extravasation of 70kDa FD from
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blood vessels and the changes in the volume of CD31 labelled cell-to-cell junctions. Although, our investigations can conclusively show the importance of cell-to-cell junctions in the increased permeability of normal blood vessels, this may not necessarily reflect the changes in the tumor vasculature. However, as one of the main hallmarks of tumor vasculature is that it is inherently leaky and does not have proper organization of endothelial cell-to-cell junctions, the effects of EP on their organization might be diminished or even absent. Additionally, as previously shown, the main effect of EP on tumor vasculature is a profound and long lasting vascular lock, which lasts longer than the disruption of the cell-tocell junctions that was observed in current study [START_REF] Markelc | Differential mechanisms associated with vascular disrupting action of electrochemotherapy: intravital microscopy on the level of single normal and tumor blood vessels[END_REF].

The intriguing finding of this study is the separation of mice where EP was applied into 2 distinct groups: a group with moderate increase in permeability and return of labelled cell-to-cell junctions and a group with high increase in permeability and without any return of labelled cell-to-cell junctions. As mentioned before, the return of the CD31 labelling in the first group could be explained with the CD31 recycling hypothesis, but this cannot explain the observed behavior in the second group. The first hallmark of the second group is a high increase in permeability of blood vessels for 70 kDa FD after EP, which indicates that the integrity of blood vessel wall was significantly perturbed and that molecules from the surrounding tissue can gain access to the circulating blood as well. This was confirmed previously and it can be exploited for systemic delivery of macromolecules after local application of EP to the skin. [START_REF] Blagus | In vivo real-time monitoring system of electroporation mediated control of transdermal and topical drug delivery[END_REF]. But this also shows that macromolecules such as collagen and tissue factor (TF), which are a key component of platelet activation pathway [START_REF] Stein-Merlob | Blood Accessibility to Fibrin in Venous Thrombosis is Thrombus Age-Dependent and Predicts Fibrinolytic Efficacy: An In Vivo Fibrin Molecular Imaging Study[END_REF][START_REF] Furie | Mechanisms of thrombus formation[END_REF][START_REF] Mann | Models of blood coagulation[END_REF], are exposed to the circulating blood after EP. Both molecules serve as a defense against perturbations in the blood vessel wall, collagen acting as a first line defense and TF as a second line of defense, but both of them, once in contact with circulating blood, trigger the platelet activation pathway. The first step in platelet activation pathway is attachment of platelets to the blood vessel wall at the site of the "injury" and once activated they further propagate clot formation [START_REF] Furie | Mechanisms of thrombus formation[END_REF]. In the case, when the cell-to-cell junctions are sufficiently perturbed, the forming clot fills the gap between neighboring cells to prevent leakage of macromolecules from blood vessels. However, this process is not immediate and is dependent on the size of the injury [START_REF] Furie | Mechanisms of thrombus formation[END_REF][START_REF] Mann | Models of blood coagulation[END_REF]. The activation of platelets and formation of clots could be the reason for the observed lack of the return of labelled junctions in our settings, as the formation of a clot and its binding into the cell-to-cell junctions would prevent the internalized labelled CD31 to be recycled back into the cell-to-cell junction. Indeed this is what we have seen in our experiments, where labeled platelets formed clots at the blood vessel wall after EP (Supp Fig. 7). Interestingly, clots were formed stochastically, implying that the effect of EP on blood vessel permeability and disruption of cell-to-cell junctions is heterogeneous even within the same mouse. Furthermore, the areas associated to platelet aggregation had a higher increase of permeability of blood vessel wall as indicated by increased leakage of 70 kDa FD. The subsequent event after platelet activation and clot formation is local inflammation, which can increase permeability of blood vessels for a prolonged period of time, as was observed previously and confirmed in our study [START_REF] Sersa | Vascular disrupting action of electroporation and electrochemotherapy with bleomycin in murine sarcoma[END_REF][START_REF] Markelc | In vivo molecular imaging and histological analysis of changes induced by electric pulses used A C C E P T E D M A N U S C R I P T for plasmid DNA electrotransfer to the skin: a study in a dorsal window chamber in mice[END_REF]. Local inflammation also recruits leukocytes to the site of injury [START_REF] Rao | Endothelial-dependent mechanisms of leukocyte recruitment to the vascular wall[END_REF], which was previously confirmed when EP was applied to normal skin that can then facilitate uptake and
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presentation of new antigens to the host immune system. This mechanism is currently exploited in DNA vaccination, where EP dramatically increases its effectiveness and it could also be exploited in combination with immunotherapy [START_REF] Sällberg | Electroporation for therapeutic DNA vaccination in patients[END_REF][START_REF] Sersa | Electrochemotherapy of tumors as in situ vaccination boosted by immunogene electrotransfer[END_REF][START_REF] Calvet | The promising alliance of anti-cancer electrochemotherapy with immunotherapy[END_REF].

CONCLUSIONS

The use of EP to deliver a wide range of macromolecules, ranging from cytostatic drugs to plasmid DNA, to either normal tissue or to tumors is expanding [START_REF] Sersa | Electrochemotherapy of tumors as in situ vaccination boosted by immunogene electrotransfer[END_REF][START_REF] Yarmush | Electroporation-based[END_REF]. However, the underlying mechanisms that are essentially a tissue specific response to EP remain poorly understood. To our best knowledge, our study shows for the first time in vivo in 3D on a single EC level that alterations in endothelial cell-to-cell junctions play an important role in the response of blood vessels to EP. Furthermore, this event alone could possibly trigger the platelet activation cascade and formation of clots, leading to local inflammation. Thus, knowledge of the vascular response to EP at early as well as at late time points after EP can lead to better planning of EP based treatment as well as providing new potential targets for increasing the efficacy of either delivery of macromolecules to tissues or increasing DNA vaccination efficiency.
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Fig. 1 .

 1 Fig. 1. Workflow of data analysis. To determine the volume of CD31 labelled junctions the "isosurface " module of Imaris (Bitplane) software was used. The isosurface masks were obtained for the entire vasculature as well as separately for artery, venule and capillaries (top panel). The quantification of FD leakage from blood vessels after EP was performed by positioning 2 separate 3D volumes in the acquired 3D image. One 3D volume (cyan) was placed inside a venule and the other (blue) was placed into the adjacent tissue where no blood vessels were present (bottom panel). Scale bars on all images are 50 µm, except in the 2 bottom right images where Scale bars are 30 µm.

Fig. 2 .

 2 Fig. 2. Direct visualization and quantification of FD leakage kinetics after EP. Visualization of the increase of the permeability of blood vessels (CD31 labelled junctions in red) for 70 kDa FD (green) after EP (A, B). Eight square wave electric pulses, amplitude per distance 1300 V/cm, pulse length 100 μs, repetition frequency 1 Hz, were applied in EP groups. 70 kDa FD was i.v injected 3 min before the first image. Relative variation of mean fluorescence intensity as a function of time for 70 kDa FD after EP in the tissue outside blood vessels (C) in Control mice (n=10, •) in comparison with groups where EP was applied . ■: group with a return of CD31 labelled junctions (EP_return, n=6) and ▲: group with no return of CD31 labelled junctions (EP_no return, n=6). Mean values ±SEM are shown in C. * -P<0.05 compared to control. **-P<0.05 compared to control and EP return group. Scale bars: 70 µm.

Fig. 3 .

 3 Fig. 3. Reduction in diameter of blood vessels and change in shape of EC after EP. The reduction of diameter of artery (left large vessel) and venule (right large vessel) after EP (A, B). Eight square wave electric pulses, amplitude per distance 1300 V/cm, pulse length 100 μs, repetition frequency 1 Hz, were applied. Scale bar: 70 µm. Change of the shape of individual EC in venules after EP (E). Indivi dual EC in C, delineated by CD31 staining, marked with a different color and then the same cells traced in D after EP and their shape marked again. Scale bars: 20 µm. Change of cell size (CD31 staining in red) and nuclei size (Hoechst in cyan injected i.v. 1 min before first image) in arteries due to EP (F). Scale bars: 50 µm. Quantification of the % of change in the length and width of individual endothelial cells after EP, or between the first and the second image in case of the control group (Ctrl) (G). Data presented as mean ±SEM. n>25 cells/condition from n> 5 mice per condition. ** P<0.01, *** P <0.001 vs Ctrl.

Fig 7 .

 7 Fig 7. Transient disruption of endothelial cell-to-cell junctions after EP in vitro. Representative confocal images (6A, B) of VE-cadherin and CD31 staining in murine endothelial cells bEnd.3 grown in vitro and exposed to EP (8 square wave electric pulses, amplitude per distance 600 V/cm, pulse length 100 µs, repetition frequency 1 Hz, distance between electrodes 7.3 mm) at designated times after EP. In (B) higher power images of both intact endothelial cell-to-cell junctions (arrowhead) and EP induced gaps (arrows) are shown. The quantification of the changes in average VE-cadherin fluorescence intensity in cell-to-cell junctions plotted at different times after EP (C).Data is presented as mean±SEM. *** P<0.001. Scale bar: 50 µm (A), 10 µm (B).
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Supp Fig. 1. Timeline of changes in diameter of venules, arteries and capillaries after EP. The reduction of diameter of artery (straight large vessel without obvious EC cell shape), venule (large vessel with obvious EC cell shape) and capillaries (small vessels) after EP. Eight square wave electric pulses, amplitude per distance 1300 V/cm, pulse length 100 μs, repetition frequency 1 Hz, were applied. CD31 staining in red. Scale bar: 100 µm.

Supp Fig. 
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Graphical abstract