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Here we present an in vivo exposure system for studying the influence of nanosecond pulsed electric fields (nsPEFs) on
tumour microenvironment using multiphoton imaging. We found that a single nsPEF (10ns, 30-50kV/cm) strongly affects the
tumour neovascular network, collapsing micro-capillaries irreversibly but transiently affecting the diameter of larger vessels.
Human glioblastoma cells (U87-MG) grafted into the avian chorioallantoic membrane (CAM) were immediately depleted of
their blood supplies, showing the early events of nsPEF effects in a complex tissue environment with multiphoton intravital
imaging.

Introduction

High-intensity pulsed electric fields with nanosecond durations (3-300ns; nsPEFs) have emerged as a promising tool for
tumor ablation [1,2,3]. The physical mechanisms and specific type of cell death that occurs following the application of
nsPEFs is under investigation by several groups and initial studies have shown effects on cell signaling through calcium and
cell death pathways [4,5,6], mitochondria [7] and cytoskeleton [8,9,10].

In  order  to  understand  the  utility  of  nsPEF  in  treating  solid  and  resistant  cancer,  we  developed  a  system to  apply
electromagnetic fields in vivo to vascularized 3D tumours, similar to the one used for longer pulse duration (50µm) in
canine patient [11]. We used multiphoton microscopy tools and intravital imaging to study how nsPEFs affect tumor cell
physiology and microenvironment by xenografting human cancer cells into the avian chorioallantoic membrane (CAM),
allowing the study of the response at the level of tumor microenvironment in vivo, where tumor cells are vascularized and
proliferating in 3 dimensions.

Methods

1.      In vivo model

Shell-less ex ovo chorioallantoic membranes (CAM) from quail eggs were grafted with human U87-MG glioblastoma cells
(ATCC® HTB-14™) that were modified by lentiviral infection to stably express fLuc2 and GFP (U87-fLuc2/GFP, maximum
excitation  λ=395nm,  maximum emission  λ=509nm)  under  the  control  of  the  CMV.  Embryos  were  maintained  in  the
incubator until tumor size reached 0.5-1mm in diameter and had clear vascularization, usually 48h post-implantation.

2.      Exposure system

We developed an nsPEF exposure setup (Fig.1), composed of an nsPEF generator, a digital phosphor oscilloscope (DPO), a
high-voltage  measurement  device  (tap-off),  an  electrode-based  delivery  system  and  a  microscope  stage.  The  nsPEF
generator (FPG 10-1NM-T, FID Technology, Germany) delivered 10ns pulses with amplitudes between 4.5kV and 10kV and
with rise-times around 5ns. A 1GHz oscilloscope (DPO 4104, Tektronix, USA) using 30dB attenuator connected to the
40dB  attenuation  tap-off  was  used  to  display  the  time-domain  measurements  of  each  delivered  electrical  pulse.  The
numerical dosimetry of the nsPEF exposure setup was performed using numerical modeling and full-wave 3D simulations
based on a discretization of Maxwell's equations in integral form [12,13].

3.      3D time-lapse fluorescence measurements

Embryos  were  positioned  on  a  heated  microscope  stage  of  a  customized  Olympus  multiphoton  microscope
BX61WI/FV1200MPE  with  a  25X  immersion  objective  (1.05NA,  2.0mm  working  distance)  coupled  with  a  tunable
femtosecond Ti:Sapphire pulsed laser (Chameleon Ultra II, Coherent) for the excitation. The nsPEF delivery electrodes
were positioned alongside tumours at  the CAM surface with a micromanipulator under the microscope objective.  To
visualize the blood flow, Rhodamine B isothiocyanate Dextran 70kDa was injected in the peripheral vasculature of the
CAM. Image stacks were taken at  2μm steps,  acquired under 870nm excitation wavelength each 5min with FluoView
FV1200 software (v4.1.1.5, Olympus). The different components of the emitted light from the sample were separated using
a dichroic mirror (570nm) and detected by a pair of photomultiplier tubes preceded by fluorophore specific emission filters
(BA 575-630 for Rhodamine, BA 495-540 for GFP).

The  images  obtained  were  analyzed  with  Imaris  software  (Bitplane  AG)  or  Fiji/ImageJ  (NIH),  which  were  used  to
background correct and median filter all images equally across treated samples and controls.

Results

The dosimetry of the in vivo delivery system showed that the electric field in the central region between the electrodes had
a good homogeneity, as based on 3D numerical simulations (Fig.1b). The intensity of the electric field delivered to the
tumour in this central region was between 30-50 kV/cm.
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Consistent with previous results [2], we observed a strong effect of nsPEF on tumour vasculature. Relative blood volume
(∆V/V0)  and  blood  fluorescence  (∆F/F0)  measurements  were  performed  on  Z-stacks  of  vascularized  tumours  and
peripheral  CAM  networks.  The  application  of  a  single  10ns  PEF  drastically  affected  blood  flow,  which  decreased
progressively  to  20% inside  the  tumor,  but  that  also  was  accompanied  by  bleeding  and  an  increase  in  extravascular
fluorescence volume (287.52%) and fluorescence (387.10%), immediately after treatment and continuing at t=20min (Fig.2).
We  demonstrated  that  the  application  of  a  single  nsPEF  application  had  a  greater  impact  on  capillaries  and  smaller
neovasculature, than on the larger vessels of the CAM.

Conclusion

We have developed and characterized a new system for studying the effects of nsPEF in vivo using intravital multiphoton
imaging of tumours expressing fluorescent protein reporters. This approach provides real-time information about the early
events  in  tumour  microenvironment  that  occur  after  nsPEF  treatment.  A  disruption  of  neovasculature  was  visualized
following the application of  a  single  nsPEF,  similar  to that previously  observed with Doppler ultrasound and histology
[2,14,15,16]. The vascular effects of nsPEFs are comparable to those seen with pulses of longer duration (100μs) in mouse
skin [17],in mouse hindlimb muscle [18] or rabbit organs [19], suggesting a general effect of electrical stimulation on tissue
perfusion that extends to the nanosecond regime. The predominance of the observed effect on capillaries and absence of
innervation in the CAM vasculature allows us to rule out neurovascular mechanisms and points to direct effects of nsPEFs
on endothelia and cytoskeleton at their junctions [20]. The subcellular resolution of multiphoton microscopy allows us to
directly image this in future studies.  In summary, we have shown a robust effect of a single 10ns PEF on vascularized
glioblastoma in 3D, highlighting the importance of vessel size and morphology in these effects and resolving these responses
in time. Future work will combine fluorescent and bioluminescent reporters to measure tumour regression and to visualize
the signaling pathways activated in vivo in the hours and days following nsPEF application.
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Figures

Figure 1. nsPEF exposure setup. a) Nanosecond pulse generator, measurement device (oscilloscope) and microscope stage,
b) Spatial distribution of the electric field magnitude of the delivery system around the tumor (Tu) for a 6.1-kV delivered
voltage in a 2D vertical plane perpendicular to the electrode tip.

Figure 2. Graft of U87 cells show complex irrigation patterns that can be depressed by nsPEF. Intravascular rhodamine
dextran and GFP-U87 grafted on CAM were observed with multiphoton microscope and average Z-stacks are (a-c, e-i).
Measurements of fluorescence change relative to blood volume are represented on graph (d) over time before and after
nsPEF treatment. v = vessels, t = tumor mass, cp = capillary plexus. Scale bar in (a) = 100µm applied to all.
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