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Normal and Fibrotic Liver Parenchyma Respond Differently to 
Irreversible Electroporation

Chenang Lyua, Maya Lopez-Ichikawab, Boris Rubinskya, Tammy T. Changb

aDepartment of Mechanical Engineering, University of California, Berkeley, CA 94720

bDepartment of Surgery, University of California, San Francisco, CA 94143

Abstract

Background: The safety and efficacy of irreversible electroporation (IRE) in treating hepatic, 

biliary, and pancreatic malignancies are active areas of clinical investigation. In addition, recent 

studies have shown that IRE may enable regenerative surgery and in vivo tissue engineering. To 

use IRE effectively in these clinical applications, it is important to understand how different tissue 

microenvironments impact the response to IRE. In this study, we characterize the electrical and 

histological properties of non-fibrotic and fibrotic liver parenchyma before and after IRE 

treatment.

Methods: Electrical resistivity and histology of fibrotic liver from C57BL/6 mice fed a 0.1% 3,5-

diethylcarbonyl-1,4-dihydrocollidine (DDC) diet were compared to those of non-fibrotic liver 

from matched control mice before and after IRE treatment.

Results: At baseline, the electrical resistivity of fibrotic liver was lower than that of non-fibrotic 

liver. Post-IRE, resistivity of non-fibrotic liver declined and then recovered back to baseline with 

time, correlating with hepatocyte repopulation of the ablated parenchyma without deposition of 

fibrotic scar. In contrast, resistivity of fibrotic liver remained depressed after IRE treatment, 

correlating with persistent inflammation.

Discussion: Non-fibrotic and fibrotic liver respond to IRE differently. The underlying tissue 

microenvironment is an important modifying factor to consider when designing IRE protocols for 

tissue ablation.

Introduction

Irreversible electroporation (IRE) is a tissue ablation technology that employs short, high 

electric field pulses to permanently permeabilize cells and induce cell death.1 A unique 

feature of IRE is that it induces cell death within tissues while leaving the extracellular 
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matrix intact, allowing repair of the ablated tissue without formation of scar.2-6 Although 

some studies suggest that IRE induces cell death by apoptosis,7-9 recent data show that IRE 

induces more immunogenic forms of cell death, including pyroptosis and necroptosis.10 

Immunogenic effects of IRE are evidenced by its ability to induce tumor regression at sites 

distant from the treated target tissue.11 Determining the role of IRE in the treatment of 

hepatic, biliary, and pancreatic malignancies is an active area of clinical investigation,12-21 

and IRE may potentially be combined with immunotherapy to treat advanced cancers.22,23

In addition to clinical applications in tumor ablation, IRE may be an enabling technology for 

tissue engineering and regenerative surgery. IRE kills cells without destroying the 

extracellular matrix, thereby producing decellularized scaffolds that can be reseeded with 

new cells.24-26 Moreover, IRE treatment of host liver parenchyma creates a niche that is 

supportive of in vivo engraftment of exogenously implanted hepatocytes.27 These results 

suggest that IRE may be developed to facilitate engraftment of stem-cell-derived cells into 

dysfunctional solid organs, constituting a minimally-invasive form of regenerative surgery 

that can be an alternative or adjunct to transplantation as a treatment for end-stage organ 

failure.

Both tumor ablation and regenerative surgery applications require knowledge of how IRE 

may affect fibrotic tissues differently than non-fibrotic tissues, and this knowledge is 

currently lacking. Fibrotic tissues are characterized by a stiffened extracellular matrix, 

deposition of aligned collagen fibers, and chronic infiltration of inflammatory cells. These 

factors may alter the conductivity of the tissue.28 In addition, due to differing cell sizes and 

morphologies, infiltrating immune cells and activated myofibroblasts may respond 

differently to IRE pulses than parenchymal cells.29-32 For liver tumors, IRE is most 

commonly being used to treat colorectal metastases, which generally occur in non-fibrotic 

livers, and hepatocellular carcinomas, which occur more frequently in fibrotic livers.
16-19,33,34 Therefore, it is possible that the optimal IRE regimens to treat liver colorectal 

metastases versus hepatocellular carcinoma may be different because of differences in the 

underlying tissue milieu. In addition, end-stage organ failure, and in particular end-stage 

liver disease, typically present in adults in the setting of advanced tissue fibrosis.35 Thus, it 

is also critical to determine the factors that regulate the response of fibrotic tissues to IRE in 

order to develop the technology for regenerative surgery purposes.

Electrical resistance is the measure of how much a material opposes the flow of current. 

Resistance (R), measured in units of ohms (Ω), is defined by Ohm’s law as the ratio of 

voltage (V) to current (I) within a circuit, R=V/I. Whereas resistance is modulated by a 

material’s length and cross-sectional area, resistivity is represented in units of ohms-cm 

(Ω·cm) and describes the intrinsic property of the material to oppose the flow of current. 

Impedance (Z) extends the concept of resistance in direct current circuits to alternating 

current circuits and is useful in assessing the response of tissues to IRE treatment. IRE 

induces formation of permanent nanopores within cell membranes, resulting in characteristic 

decrease in tissue impedance after treatment.36 While mechanisms regulating changes in 

tissue impedance are complex and likely multi-factorial, measuring impedance has been 

proposed as a way to determine the extent of IRE-mediated tissue ablation.36-38
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We hypothesized that intrinsic resistivities of non-fibrotic versus fibrotic tissues are 

different, and that fibrotic tissues respond to IRE differently and would exhibit distinct 

impedance profiles post-IRE compared to non-fibrotic tissues. To test these hypotheses, we 

determined the in vivo resistivity and/or impedance of non-fibrotic and fibrotic livers of 

mice before and after IRE treatment and correlated the electrical properties of the tissues 

with histological findings. The overall goal was to advance our understanding of how tissue 

microenvironments modulate cellular responses to IRE and to inform the design of IRE 

regimens for clinical applications such as tumor ablation and regenerative surgery.

Methods

Mice.

Male 6-8 week-old C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, 

ME). All mice were cared for in accordance to the National Institutes of Health “Guide for 

the Care and Use of Laboratory Animals.” Only male mice were used in these experiments 

because male and female mice develop different disease phenotypes in response to 3,5-

diethoxycarbonyl-1,4-dihydrocollidine (DDC) intoxication.39 Our experimental goals were 

to determine the differences in electrical properties between control non-fibrotic and fibrotic 

liver; therefore, it was desirable to minimize variability within the fibrosis group.

Experimental Liver Fibrosis.

Mice were given a standard mouse chow diet supplemented with 0.1% DDC (Sigma-

Aldrich, St. Louis, MO) for 4 weeks to induce cholestatic liver fibrosis.40 Control mice were 

maintained on standard mouse chow diet for comparison.

IRE.

Anesthesia, aseptic technique, perioperative care, and analgesia were performed in 

accordance to standard procedures and protocols approved by the Institutional Animal Care 

and Use Committee at UCSF. To expose the liver, a 1-cm incision along the midline was 

made directly below the xiphoid. Gentle pressure was applied on both sides of the incision to 

bring the left lobe of the liver into the wound. Custom 10mm-diameter circular-plate copper 

electrodes were affixed to calipers and connected to an ECM 830 Square Wave 

Electroporation System (BTX Harvard Apparatus, Holliston, MA). IRE of the liver was 

performed by gently holding the lateral half of the left lobe between the two electrodes, 

while avoiding contact of the electrodes with any other surface. The thickness of the liver 

lobe of each mouse was measured before IRE administration to determine the voltage 

required to deliver the prescribed electric field strength. Electrical pulses were applied using 

parameters of 750V/cm or 1500V/cm, 8 total 100μs square pulses, each pulse separated by 

100ms. After IRE, the liver lobe was returned to the abdomen, and the abdominal incision 

closed by sutures in two layers. The mouse was then allowed to recover from anesthesia per 

standard peri-operative protocol.

Tissue Impedance Measurements.

Liver tissue impedance was measured using custom 10mm-diameter circular-plate copper 

electrodes connected to a 4294A Precision Impedance Analyzer (Agilent Technologies 
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Japan, Hyogo, Japan). The same 10mm circular electrodes were used for both IRE and for 

measuring impedance. In both cases, the surface of the electrodes encompassed the entire 

lateral half of the left lobe. Areas previously treated with IRE were identified anatomically. 

Impedance (Z) was measured over the entire range of electrical current frequencies from 

40Hz to 20MHz. The magnitude of impedance at 10kHz (|Z|10kHz) was representative of the 

magnitude of overall tissue impedance and determined over several biological replicates to 

show statistical significance. According to our previous experiment, the Cole model is valid 

to characterize the impedance spectrogram obtained from multi-frequency measurements 

before and after electroporation, and the value of impedance at zero frequency (resistance) 

can be computed as proportional to the impedance at 10kHz.36 The resistance is scaled by 

the cell constant, K, defined as the ratio between the resistivity and the measured resistance, 

which depends on the sample geometry.36 For each mouse at each timepoint, impedance was 

measured at the same location 3 times and values were averaged to represent the impedance 

of the tissue. All impedance measurements were performed in vivo while mice were under 

anesthesia. Impedance measurements 1, 3, and 7 days after IRE treatment were obtained by 

re-opening the previously made midline incision and delivering the left lobe out from the 

wound.

Histology.

Mouse liver was harvested and fixed in 10% formalin 1, 3, or 7 days after IRE treatment. 

Paraffin sectioning, hematoxylin and eosin (H&E), and Sirius Red staining were performed 

by the UCSF Liver Center Pathology Core using standard procedures.

Injury Area Analysis.

IRE injury area was quantified from H&E stained sections. Images were captured with a 

Zeiss Axiocam MRc5 color camera adapted to the photoport of a Zeiss AxioImager A1 

upright microscope (Zeiss, Oberkochen, Germany) at the UCSF Biological Imaging 

Development Center (San Francisco, CA). Images were digitally acquired using Axiovision 

4 imaging software (Zeiss). Injury area measurements were obtained by outlining the injured 

regions and determining the surface area using ImageJ software (Bethesda, MD).

Immunohistochemistry Staining.

Paraffin embedded samples were sectioned at 5μm and stained by HistoWiz Inc. (Brooklyn, 

NY) on a Bond Rx autostainer (Leica Biosystems, Buffalo Grove, IL) with enzyme 

treatment (1:1000) using standard protocols. Bond Polymer Refine Detection (Leica 

Biosystems) was used according to manufacturer’s instructions. Antibodies used were Ly6G 

(RB6-8C5, 1:300; Abcam, Cambridge, MA), F4/80 (BM8, 1:200; eBioscience, San Diego, 

CA), and CD11b (EPR1344, 1:10000; Abcam). Sections were counterstained with 

hematoxylin, dehydrated and film coverslipped using a TissueTek-Prisma and Coverslipper 

(Sakura, Torrence, CA). Whole slide scanning was performed on an Aperio AT2 (Leica 

Biosystems) and analyzed using Aperio Image Scope software (Leica Biosystems).
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Statistical Analysis.

Student’s two-tailed t-tests and linear regression analyses were performed with GraphPad 

Prism version 7.01 (GraphPad, La Jolla, CA). Two-tailed p-values < 0.05 were considered 

statistically significant. Data were expressed as average ± standard error (SEM).

Results

Resistivity of fibrotic liver tissue is lower than that of control non-fibrotic liver.

The impedance measurements obtained from liver tissue in vivo while mice were under 

anesthesia differed significantly from values obtained from resected liver tissue ex vivo (data 

not shown). Therefore, all impedance and resistivity values reported in this study were 

obtained from in vivo measurements. DDC intoxication induces biliary fibrosis 

characterized by inflammatory infiltrates and deposition of aligned collagen fibers around 

the peri-portal areas (Figure 1A).40 Average tissue resistivity of fibrotic liver from DDC-

treated mice (1275±50 Ω·cm) was significantly lower than that of non-fibrotic liver from 

control mice (1593±51 Ω·cm, p<0.001) (Figure 1B). These results demonstrate that the 

electrical properties of fibrotic tissues are innately different from non-fibrotic tissues at 

baseline.

Resistivity of non-fibrotic liver decreases rapidly after IRE treatment, whereas the 
decrease in resistivity of fibrotic liver is slower.

We measured the change in resistivity of control and fibrotic liver minutes after IRE 

application at two electric field strengths. The electric field strength of 750V/cm is slightly 

above the lower threshold capable of inducing irreversible electroporation.1 The electric 

field strength of 1500V/cm is commonly used in current clinical tissue ablation applications.
41 Electric fields were applied for 8 pulses at a pulse length of 100μs to avoid the electrolytic 

effects of applying a high number of pulses.42 In control non-fibrotic liver, the resistivity of 

the tissue decreased significantly within minutes after IRE treatment at both 750V/cm and 

1500V/cm, and stabilized after 10 minutes at −403±153 Ω·cm from baseline. Resistivity 

decreased more rapidly after 1500V/cm IRE than after 750V/cm IRE and stabilized at a 

lower value of −720±128 Ω·cm from baseline (Figure 2A). In contrast, the resistivity of 

fibrotic liver tissue increased slightly immediately after IRE treatment at 750V/cm and 

1500V/cm (Figure 2B and 2C). Also in contrast to non-fibrotic liver, the resistivity of 

fibrotic liver tissue did not decrease significantly after IRE treatment at 1500V/cm (Figure 

2C). Linear regression coefficients (i.e. slopes) of the two lines in Figure 2A were 

significantly different, indicating that the rate of resistivity decrease in response to 

1500V/cm IRE was significantly faster compared to 750V/cm in non-fibrotic liver (p<0.05). 

Likewise, linear regression of the lines in Figure 2C showed that the rate of resistivity 

decrease in response to 1500V/cm IRE was significantly faster for control liver compared to 

fibrotic liver (p<0.05). These findings indicate that the immediate effects of IRE are different 

on non-fibrotic versus fibrotic liver tissue and that these differences are augmented at higher 

IRE electric field strengths.
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Tissue resistivity of non-fibrotic liver recovers to baseline by 7 days after IRE treatment, 
but remains depressed in fibrotic liver.

To determine the effect of IRE treatment on tissue impedance on a longer time scale, we 

treated mouse livers with either 750V/cm or 1500V/cm IRE and then measured the 

impedance of the treated tissue 1, 3, or 7 days later. The tissue resistivity of fibrotic liver 

decreased significantly from baseline one day after 750V/cm IRE to 908±70 Ω·cm (p<0.01), 

whereas the resistivity of control liver remained relatively the same at 1523±135 Ω·cm 

(Figure 2D). In contrast, resistivity of both control and fibrotic liver dropped significantly 

one day after 1500V/cm IRE to 765±70 Ω·cm and 532±8 Ω·cm, respectively. Resistivity of 

fibrotic liver decreased to a lower level than that of control liver (p<0.001), and the reduction 

paralleled the lower baseline resistivity of fibrotic liver tissue (Figure 2E). Day 3 after IRE 

treatment marked a time of tissue resistivity recovery for both control and fibrotic liver 

treated with either electric field strength (Figure 2D and 2E). However, at day 7, the 

resistivity of control liver continued to increase (1823±238 Ω·cm for 750V/cm and 1337±69 

Ω·cm for 1500V/cm), whereas the resistivity of fibrotic liver remained significantly 

depressed (1149±59 Ω·cm for 750V/cm, p<0.05 compared to control; 893±37 Ω·cm for 

1500V/cm, p<0.01 compared to control) (Figure 2D and 2E). These data indicate that the 

response of non-fibrotic and fibrotic liver to IRE treatment is significantly different, 

especially at later timepoints.

To further illustrate the difference in response of control and fibrotic liver to IRE treatment, 

we determined the complex impedance of the tissues over the full range of electrical current 

frequencies. Measurements of impedance as a function of frequency from representative 

mice clearly demonstrated significant differences in response between control and fibrotic 

liver after 1500V/cm IRE treatment. Non-fibrotic liver showed significantly reduced 

impedance over the span of biologically relevant electrical frequencies at 1 and 3 days after 

1500V/cm IRE and recovery of tissue impedance to baseline levels by day 7 (Figure 3). In 

contrast, at all timepoints after 1500V/cm IRE, fibrotic liver showed persistently reduced 

tissue impedance that did not recover at day 7. These differences in impedance profiles 

suggest that whereas non-fibrotic livers eventually regain their baseline electrical properties 

after IRE treatment, fibrotic livers do not.

Differences in tissue impedance correspond to differential effects on cell death and 
inflammation in control and fibrotic liver after IRE treatment.

Liver tissue histology was examined 1, 3, and 7 days after 750V/cm or 1500V/cm IRE 

treatment (Figure 4A). One day after IRE, control livers showed small homogenous areas of 

parenchymal cell death in response to 750V/cm (2.1±1.6mm2) (Figure 4B) and larger areas 

of homogenous cell death in response to 1500V/cm (30.8±2.86mm2) (Figure 4C). In 

contrast, fibrotic liver demonstrated patchy areas of cell death interspersed between peri-

portal inflammation, ductular reaction, and fibrosis (Figure 4A). Larger zones of patchy 

parenchymal cell death developed in fibrotic liver after 1500V/cm compared to 750V/cm, 

but peri-portal areas of inflammation and fibrosis were largely spared. On day 3, areas of 

parenchymal cell death expanded in control livers treated with 750V/cm (17.0±2.2mm2) and 

were significantly larger than the patchy areas of cell death in fibrotic livers treated with the 

same electric field strength (0.8±0.6mm2, p<0.001) (Figure 4B). The area size of tissue 
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injury was comparable between control (38.0±6.0mm2) and fibrotic livers (29.3±1.8mm2) 

treated with 1500V/cm (Figure 4C). However, in control livers, there was very little 

inflammatory infiltration associated with areas of cell death, as opposed to fibrotic livers in 

which massive expansion of peri-portal inflammatory cells replaced the patchy areas of cell 

death (Figure 4A). On day 7 after 750V/cm ablation, consistent with previous reports,3,6,27 

control liver parenchyma repaired and regenerated itself without scarring. In fibrotic liver 

treated with 750V/cm, the parenchyma also returned to the pre-treatment baseline, showing 

peri-portal inflammation and no detectable areas of cell death (Figures 4A and 4B). After 

treatment of control liver with the higher electric field strength of 1500V/cm, a contracted 

area of inflammatory cellular infiltrate remained at the site of IRE treatment (4.4±2.4 mm2), 

surrounded by normal-appearing liver tissue. In contrast, in the fibrotic liver after 1500V/cm 

IRE, the massive inflammatory infiltrate seen at day 3 persisted (30.0±0.4mm2, p<0.001 

compared to 1500V/cm control liver) and there were no signs of repopulation of the ablation 

zone with hepatocytes (Figures 4A and 4C). These histological findings demonstrate that the 

differences in tissue impedance after IRE treatment correlated with differing patterns of cell 

death and inflammatory response in non-fibrotic and fibrotic liver tissue.

To further characterize the inflammatory filtrate in control and fibrotic livers after IRE 

treatment, we performed immunohistochemistry for immune cell markers on day 3 post 

1500V/cm IRE. Ly6G is a marker for neutrophils, F4/80 is a marker for Kupffer cells 

(resident liver macrophages), and CD11b is a marker for monocyte-derived macrophages.43 

There were very few Ly6G+ or CD11b+ cells in the parenchyma of non-fibrotic liver that did 

not receive IRE treatment. F4/80+ cells were detected lining the sinusoids, consistent with 

the presence of Kupffer cells in normal liver homeostasis (Figure 5). In fibrotic liver without 

IRE treatment, there was Ly6G+ and CD11b+ cells present in the parenchyma and increased 

numbers of F4/80+ cells around the peri-portal zones, consistent with ongoing inflammation 

in the setting of chronic liver injury. Non-fibrotic liver parenchyma treated with 1500V/cm 

IRE demonstrated greater numbers of Ly6G+, F4/80+, and CD11b+ cells compared to 

uninjured non-fibrotic liver, and these cells were mostly localized to peri-portal areas. In 

contrast, fibrotic liver treated with 1500V/cm IRE showed disseminated Ly6G+ cells, 

massive infiltration of F4/80+ cell, and large clusters of CD11b+ cells throughout the injured 

tissue. These finding suggest that there is greater recruitment and activation of neutrophils, 

Kupffer cell, and monocyte-derived macrophages in fibrotic liver as compared to non-

fibrotic liver after treatment with 1500V/cm IRE.

Discussion

Our results show there are important differences in the electrical properties of non-fibrotic 

and fibrotic liver tissues, and the presence of fibrosis modulates tissue response to IRE 

treatment. First of all, the baseline resistivity of fibrotic liver was lower than that of non-

fibrotic liver. Although electrical current may flow more easily through fibrotic liver, the rate 

of resistivity decrease immediately after IRE treatment was attenuated in fibrotic liver 

compared to non-fibrotic control. At later timepoints, the resistivity of fibrotic liver was 

significantly lower than that of the control liver at days 1 and 7 after IRE treatment, whereas 

control and fibrotic liver resistivities were comparable on day 3 post-IRE. Importantly, 7 

days after IRE treatment, the impedance profile of control liver returned to near pre-
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treatment baseline, but the impedance of fibrotic liver remained significantly depressed. 

Recovery of tissue impedance in control liver correlated with repopulation of the ablated 

liver parenchyma with hepatocytes, without formation of scar. Reduced tissue impedance in 

fibrotic liver corresponded with persistent inflammatory infiltrates in the ablated tissue.

The effect of fibrosis on the conductivity of tissues is not well understood. In computational 

models of cardiac fibrosis, fibrotic septae have been incorporated as non-conductive bands 

that either slow overall conduction or behave as decoupling elements that promote re-entrant 

arrhythmias.28,44 Our results suggest that fibrotic tissues have lower resistivities compared to 

controls and therefore allow easier passage of electrical current. It is possible that fibrotic 

bands distort tissue architecture in a way that creates “short-circuits” through the 

parenchyma, leading to lower resistivity in fibrotic liver. If so, IRE applied at a uniform 

voltage may have heterogeneous effects within a fibrotic tissue volume, which has important 

implications for the treatment of highly fibrotic tumors like pancreas adenocarcinoma.

The effects of IRE on the resistivities of control and fibrotic livers were different and 

depended on the electric field strength and timepoint after treatment. In general, we saw 

similar trends in tissue response to 750V/cm (electric field strength near the lower threshold 

of inducing IRE) and 1500V/cm (electric field strength typically used in clinical tumor 

ablations). Differences demonstrated between control and fibrotic livers after 750V/cm IRE 

were augmented after 1500V/cm IRE. Changes in resistivity at various timepoints after IRE 

likely reflect different underlying biological processes. Minutes after IRE treatment, 

decreases in tissue impedance are dominated by increased current flow as a result of the 

permeabilization of cell membranes.36 Compared to resistivity in control liver, fibrotic liver 

resistivity decreased significantly more slowly right after IRE treatment, suggesting that the 

rate of cell membrane permeabilization may be attenuated in fibrotic tissues.

Previous studies indicate that IRE-induced cell death manifests by 6 hours after treatment 

and continues to evolve for up to 3 days, at which point tissue repair begins. Repopulation of 

the ablated tissue with new parenchymal cells may be complete by days 7-14. 3,6,10,27 In our 

study, both non-fibrotic and fibrotic liver tissues demonstrated cell death at days 1 and 3 

after IRE. However, in contrast to the homogenous ablation zone in the control liver, fibrotic 

liver demonstrated patchy areas of hepatocyte cell death with sparing of the inflammatory 

infiltrates around the portal tracts. This is consistent with the idea that IRE may induce 

“short-circuits” within fibrotic tissues, resulting in heterogeneous patterns of cell death. In 

addition, susceptibility to electroporation is dependent on cell size and morphology, and 

smaller cells require higher voltages.29-32 Therefore, the sparing of inflammatory infiltrates 

and areas of fibrosis may also be because immune cells and myofibroblasts are significantly 

smaller than hepatocytes. Importantly, unlike in non-fibrotic liver, 1500V/cm IRE induced 

severe and persistent inflammation at the site of ablation in fibrotic liver. Whereas control 

livers showed repopulation of the ablation site with hepatocytes, without formation of scar, 

fibrotic livers demonstrated massive ongoing inflammatory infiltrates at 7 days post-IRE. 

Repopulation of the ablation zone with hepatocytes in control livers correlated with recovery 

of tissue impedance back to pre-IRE levels. Persistent inflammation in fibrotic livers 

correlated with persistently reduced tissue impedance measured through a range of 

frequencies. These results suggest that in fibrotic tissues, IRE administered at the commonly 
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used electric field strength (i.e. 1500V/cm) does not kill fibrosis-associated inflammatory 

infiltrates and may additionally promote the inflammatory process. Furthermore, our 

findings suggest that the regenerative mechanisms induced in non-fibrotic tissues after IRE 

may be inhibited or dysregulated in fibrotic tissues.

The clinical implications of our findings are significant, because we show that the effect of 

IRE is modulated by the tissue microenvironment. Tumor microenvironments have 

important roles in modulating tumor aggressiveness, metastases, and response to treatment.
45 We show that IRE induces a different pattern of tissue ablation and inflammatory 

response activation in non-fibrotic versus fibrotic liver parenchyma. These differences may 

impact the way tumors that arise in non-fibrotic liver (e.g. colorectal metastases) respond to 

IRE compared to tumors that arise in fibrotic liver (e.g. hepatocellular carcinoma), especially 

in the setting of combination immunotherapy. As such, an interesting and important area of 

future investigation would be to determine whether the amplified IRE-induced inflammatory 

reaction in fibrotic tissues promotes or inhibits tumor progression. In addition, our findings 

suggest that IRE-induced “scarless regeneration” may be inhibited or dysregulated in fibrotic 

tissues, posing a challenge to using IRE to facilitate regenerative surgery in failing organs 

that are fibrotic. However, since we show that IRE has distinct effects on inflammatory 

infiltrates and areas of fibrosis, our results also open new possibilities of using IRE to re-

educate the stroma and induce remodeling of the tissue microenvironment.
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Figure 1. Fibrotic liver tissue with peri-portal inflammation and collagen deposition 
demonstrates lower electrical resistivity than non-fibrotic liver tissue.
(A) Hematoxylin and eosin (H&E) and Sirius Red histologic staining of control non-fibrotic 

and fibrotic liver tissue. After 4 weeks of 0.1% DDC diet, mice develop peri-portal 

inflammatory infiltrates (arrows) and collagen deposition with portal-portal bridging fibrosis 

(arrowheads). Magnification 4x. Scale bar = 500μm for all images. (B) Baseline resistivity is 

significantly lower in fibrotic liver compared to control non-fibrotic liver. Liver tissue 

resistivity at 10kHz was determined in control mice (n=27) and mice fed a 0.1% DDC diet 

for 4 weeks (n=21). ***p<0.001 by Student’s t-test.
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Figure 2. Liver tissue resistivity after IRE treatment is modulated by the electric field strength 
and presence of fibrosis.
The change in tissue resistivity at 10kHz (Δ Ω·cm) was determined by subtracting the pre-

IRE baseline resistivity from the resistivity determined at 1, 2, or 5 minute intervals post-

IRE for up to 15 minutes (A-C) or absolute resistivity (Ω·cm) was determined at 10kHz at 

baseline prior to IRE (day 0) and at 1, 3, or 7 days after IRE treatment (D-E). (A) Early 

response of control non-fibrotic liver after 750V/cm or 1500V/cm IRE treatment. (B) Early 

response of control versus fibrotic liver tissue after 750V/cm IRE. (C) Early response of 

control versus fibrotic liver tissue after 1500V/cm IRE. (D) Later response of control versus 

fibrotic liver tissue after 750V/cm IRE. (E) Later response of control versus fibrotic liver 

tissue after 1500V/cm IRE. Day 0 resistivity data shown in D-E are the baseline resistivity 

data presented in Figure 1. All other resistivity data represent measurement in 3-5 
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independent animals in each group of mice at each timepoint (n=3-5). Regression 

coefficients (i.e. slopes that represent the rate of resistivity decrease) comparing 750V/cm 

versus 1500V/cm in non-fibrotic liver (A) and control versus fibrotic liver after 1500V/cm 

treatment (C) are significantly different (p<0.05). Asterisks show the timepoints in which 

resistivity was significantly different between control and fibrotic liver (B-E). *p<0.05, 

**p<0.01, ***p<0.001 by Student’s t-test. Error bars represent SEM.
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Figure 3. Impedance of non-fibrotic liver returns to baseline by day 7 after IRE treatment, 
whereas impedance of fibrotic liver remains significantly depressed.
Lines represent the magnitude of tissue impedance (|Z|) in the livers of representative mice 

in each group as determined through the entire range of electrical frequencies. By day 7 after 

IRE, the impedance of control non-fibrotic liver returns to pre-treatment baselines. In 

contrast, the impedance of fibrotic liver after 1500V/cm IRE remains significantly reduced.
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Figure 4. Patterns of cell death and inflammation after IRE treatment are different in fibrotic 
liver compared to control liver.
(A) Histology of control and fibrotic liver was examined by H&E staining on days 1, 3, and 

7 after 750V/cm or 1500V/cm IRE treatment. Histology shows recovery of both control and 

fibrotic liver to baseline tissue architecture by 7 days after 750V/cm IRE. Control liver 

shows partial recovery of normal liver parenchyma at 7 days after 1500V/cm IRE. In 

contrast, fibrotic liver demonstrates persistent and severe inflammatory infiltrates at 7 days 

after 1500V/cm IRE. Magnification 4x. Scale bar = 500μm for all images. (B) Injury area 

size after 750V/cm IRE treatment in control and fibrotic liver. (C) Injury area size after 
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1500V/cm IRE treatment in control and fibrotic liver. Measured injury areas include areas of 

cell death and associated inflammatory infiltration. Histology images (A) are representative 

of 3-5 mice at each timepoint for each group (n=3-5), with the exception of “day 1-fibrotic 

liver-1500V/cm” for which n=2. Injury area data (B-C) represent the average injury area for 

each group at each timepoint, with error bars showing SEM. Asterisks show the timepoints 

in which injury area was significantly different between control and fibrotic liver. *p<0.05, 

***p<0.001 by Student’s t-test.
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Figure 5. There is greater recruitment and activation of neutrophils, Kupffer cells, and 
monocyte-derived macrophages in fibrotic liver treated with IRE as compared to control non-
fibrotic liver.
Immune cell infiltrates were characterized by staining for Ly6G (neutrophils), F4/80 

(Kupffer cells - resident liver macrophages), and CD11b (monocyte-derived macrophages.) 

Control and fibrotic livers were analyzed 3 days after 1500V/cm IRE treatment. Liver 

parenchyma treated with IRE (1500V/cm IRE) and adjacent uninjured parenchyma (No 

IRE) were examined. Dark brown cells represent positive antibody staining. Uninjured liver 

parenchyma demonstrated high background staining to the CD11b antibody; arrows point to 

dark brown cells with positive CD11b antibody staining in the bottom row of images. 

Magnification 12x. Scale bar = 200μm for all images.
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