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Chapter 6 

Transforming growth factor beta inhibition mitigates ureteral wall 

and kidney scarring following injury to the upper urinary tract with 

irreversible electroporation  

Laurien GPH Vroomen, Masashi Fuijmori, Arjun Sivaraman, Diane Felsen, Martijn R Meijerink, 

Jonathan Coleman, Stephen B Solomon, Joseph P Erinjeri, Govindarajan Srimathveeravalli 
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ABSTRACT 

Objective: To determine whether transforming growth factor- (TGF-) inhibition with 

pirfenidone (PFD) can mitigate post-ablation scarring and associated complications following 

injury to the upper urinary tract with irreversible electroporation (IRE).  

Methods: IRE was performed using caliper electrodes in the ureter in 24 rats. Post-IRE, 

animals were randomly assigned to cohorts receiving either PFD or no drug. Following MRI, 

rats were euthanized at 2, 5, or 10 days post-IRE. The urinary tract was extracted, and scored 

on a five-point scale for renal pelvis and ureteral dilation. Immunohistochemistry was used 

to quantify levels of collagen, myofibroblasts and TGF- in the ureter and kidney.  

Results: Injury to the ureter with IRE resulted in progressive ureteral scar formation as 

evidenced by increased collagen content and myofibroblast levels on Day 5 and 10 post-IRE 

(all p < 0.01). TGF- staining in the ureter was increased post-IRE (all p < 0.03). Adjuvant PFD 

mitigated these effects, with reduction in tissue collagen at Day 10 (p = 0.04), and lower 

levels of myofibroblasts (p < 0.05) at all experimental timepoints, but not TGF- (at Day 2 (p 

= 0.526) and Day 10 (p = 0.171)). Anatomic changes in the urinary tract manifested earlier 

(Day 2) than scarring of urinary tract. PFD treatment did not alter the incidence or severity of 

these changes (p = 0.3). Urinary obstruction post-IRE resulted in kidney scarring which was 

also mitigated through adjuvant PFD when assessed in Day 10 samples (p = 0.0001).  

Conclusion: Adjuvant PFD can inhibit scarring of the ureteral wall and kidney following injury 

to the ureter with IRE, mitigating urinary stricture. PFD-treatment has no impact on 

anatomic changes.  

  



INTRODUCTION 

Ablation of tumors that are within or adjacent to the genitourinary tract is associated with 

scarring at the site of treatment during the healing process, leading to stricture formation. 

Stricture is a serious complication that can lead to obstructive uropathy and kidney injury1. 

In order to avoid strictures, ablation of tumors within the genitourinary tract has been 

limited to superficial treatment (<0.5 mm of the mucosa) using lasers or electrocautery2,3. 

Despite careful planning and conservative treatment, a substantial portion of patients 

undergoing ablation in the genitourinary tract develop strictures2,3. Further, conservative 

application of energy also results in incomplete treatment, wherein local tumor recurrence 

has been reported in 31-68% of patients2,3. These factors impede the advancement of 

ablation for the management of genitourinary tract tumors with the intent to treat, and 

limiting the number of patients who can benefit from minimally invasive non-surgical 

therapy. Consequently, new treatment regimens that reduce post-ablation scarring of the 

urinary tract can improve the clinical management of patient with genitourinary tract 

tumors.  

Irreversible electroporation (IRE) has proven safe for ablation in the kidney when the 

treatment zone involves the renal pelvis in both patients and in the preclinical setting4–6. The 

safety outcomes have been largely attributed to the predominantly non-thermal cell killing 

mechanism of IRE. The favorable safety profile of IRE provided rationale for its development 

and evaluation for ablation within the genitourinary tract. Srimathveeravalli et al. developed 

catheters and demonstrated the preliminary feasibility of performing image-guided 

endoluminal IRE in the ureter without intraprocedural complications7. In further work 

Srimathveeravalli et al. report that while catheter based IRE can be used for penetrative 



ablation in the ureter without risk of perforation, scarring of the ureteral wall manifested in 

all animals undergoing treatment8.   

Ablation-related injury of the ureter results in the release of inflammatory cytokines, 

increase in cell death markers and the initiation of other physiologic changes that lead to 

fibroblast activation and differentiation into the myofibroblast sub-type that expresses α-

Smooth Muscle Actin (α-SMA) 9,10. Subsequent proliferation and synthesis of excess collagen 

by myofibroblasts cells underlies ureteral wall scarring, which increases lumen stiffness and 

reduced peristalsis of the ureter11. Transforming Growth Factor β (TGF-β) has been 

implicated as a key regulator of fibroblast differentiation, and plays a major role in 

stimulating myofibroblasts to secrete collagen12. Identifying the role of TGF-β in scarring and 

renal fibrosis has allowed the development of potent pharmacological agents that have been 

demonstrated to effectively mitigate these effects. One of these drugs is pirfenidone (PFD), 

which has previously been shown to be a compelling regulator of tissue collagen levels 

during scarring by modulating TGF-β activity in multiple organ systems and different animal 

models13–17.  

Therefore, the goal of this study was to determine whether adjuvant PFD can 

mitigate ureteral wall scarring and attendant complications following penetrative injury to 

the upper urinary tract with IRE. 

  



MATERIALS AND METHODS 

Animals 

This study was approved by the Institutional Animal Care and Use Committee (IACUC). 

Twenty-four male Sprague Dawley rats (75 – 90 days old; weight range, 250 – 300 gram) 

were obtained from Charles River Laboratories (Wilmington, MA). Animals were housed in 

an Association for Assessment and Accreditation of Laboratory Animal Care (AALAC) 

accredited facility and acclimated to their environment at least one week prior to 

experimentation. Standard laboratory food and water were provided ad libitum.  

Treatment 

The animals underwent treatment while they were under inhaled anesthesia (2-3% 

isoflurane in 100% oxygen). Following anesthesia, midline laparotomy was performed to 

expose the right proximal ureter (Fig. 1A). Subsequently, the ureter was isolated and caliper 

electrodes (Tweezertrodes, Harvard Apparatus, MA) were used to deliver electric pulses 

(2000 V/cm, 90 pulses, 100 μs pulse length, 1 Hz delivery rate) from a square wave generator 

(ECM 835, Harvard Apparatus, MA), in order to achieve a single 0.5 cm long ablation (Fig. 

1B). IRE was chosen as treatment technique for the experiments as it allows penetrative 

ablation in the urinary tract with minimal risk of perforation 8. Post-IRE, animals were 

randomly assigned to cohorts receiving PFD (100 mg/kg/day i.p. for 10 days) or no drug. The 

anti-fibrotic agent was dissolved in DSMO, PEG 300 and H20 at a concentration of 20 mg/ml. 

All animals were treated successfully with IRE. There were no procedure (Fig. 1C) or drug 

related complications and all animals survived till designated euthanasia end points.  



Figure 1. Intra-surgical irreversible electroporation (IRE) in a rat model. (A) Exposure of the right 

ureter before full thickness ablation with IRE. (B) Application of high-voltage electric pulses to the 

isolated ureter using caliper electrodes. (C) Demarcation of the macroscopic area of the 2 cm 

ablation zone (white dotted line), showing dilatation and hemorrhagic discoloration of the ureter. 

Gross pathology and histologic studies 

Following contrast-enhanced magnetic resonance imaging (ceMRI), animals were euthanized 

(n=4, from each cohort) at 2, 5, and 10 days post-IRE. Immediately post-euthanasia, the 

complete urinary tract (bilateral kidneys, ureter and bladder) was extracted en bloc, and 

scored on a five-point scale (0 to ++++) for adverse events (ureteral dilation and 

hydronephrosis). Independent interpretation of gross specimens was performed by two 

individuals (LV and MF). Discrepant interpretations were resolved via consensus review. 

Histological examination of inflammation and remodeling of the ureteral wall (at 

ablation and superior to the site) and corresponding kidney was performed using (1) 

Hematoxylin and Eosin (H&E) for structural evaluation, (2) Masson Trichome to assess 

collagen levels in tissue, (3) α-SMA (14-9760-82, Thermo Fisher Sci, USA) 

immunohistochemistry (IHC) to identify myofibroblasts and (4) TGF-β IHC (ab9758, Abcam 

Inc. USA) for assessing tissue levels of the cytokine. 

Imaging 



Rat kidney contrast enhanced MRI (ceMRI) scans were carried out on a 300 MHz Bruker 7T 

Biospec scanner (Bruker Biospin GmbH, Ettlingen, Germany) equipped with a 640 mT/m ID 

115 mm gradient (Resonance Research, Inc., Billerica, MA). RF excitation and acquisition 

were achieved by an ID 7 cm Bruker birdcage resonator. The rats were immobilized with 2% 

isoflurane gas (Baxter Healthcare Corp., Deerfield, IL) in oxygen. Animal respiration was 

monitored with a small animal physiological monitoring system (SA Instruments, Inc., Stony 

Brook, New York). Scout images along three orthogonal orientations were first acquired for 

animal positioning. For rat kidney contrast enhanced imaging, Gd-DTPA contrast agent 

(Magnevist, Bayer HealthCare, Wayne, NJ) was injected via tail vein at a dose of 2 mmol/kg. 

Coronal 3D T1-weighted images covering the kidneys using the FLASH (Fast Low Angle Short) 

gradient-echo sequence were acquired every 5 minutes for up to 1-hour post contrast 

injection with the following acquisition parameters: TR 8.1 ms, TE 2.5 ms, 2 averages, in-

plane resolution of 234 x 293 um, and slice thickness of 0.57 mm. 

Statistical analysis 

Multiple (n=5) photomicrographs were taken from each immunohistochemistry slide at 40x 

resolution. Images were analyzed using ImageJ Software (National Institutes of Health). All 

results were summarized by mean and standard deviation, or as percentages as appropriate. 

Comparisons between the treated side and contralateral control were made using the 

Student’s t-test. Statistical analyses were performed using SPSS, version 20.0 (SPSS, Chicago, 

IL, USA). The level of statistical significance was set to p < 0.05. 

 

RESULTS 



IRE of the upper urinary tract results in progressive scar formation  

To understand tissue healing following IRE, we assessed the ureteral wall at Day 2, 5 and 10 

post-IRE for collagen content, the presence of myofibroblasts and TGF-β.  Compared to 

control samples, tissue levels of collagen and the histologic appearance of the ureteral wall 

were unremarkable at Day 2 post-IRE (Fig. 2B). Samples acquired at Day 5 and Day 10 post-

IRE demonstrated progressive increase in tissue collagen content (Fig. 2C-D; p = 0.0009 and p 

= 0.005, respectively) with reduced cellularity and disorganized tissue architecture in the 

ureteral wall, consistent with scarring. These findings were present at the site of ablation, as 

well as the ureteral wall superior to the site of treatment.  α-SMA staining of smooth muscle 

cells in the muscularis of the ureteral wall could be observed in untreated samples (Figure 

3A), while the presence of this distinct layer and staining was not obvious in samples taken 

at Day 2 post-IRE (Figure 3B). Samples from Day 5 and Day 10 post-IRE did not present 

discernible muscularis, but increasing numbers of spindle shaped cells, consistent with 

proliferation of cells with myofibroblast phenotype (all p < 0.005) was observed (Figure 3 C-

D). Compared to the untreated ureter, the number of cells staining positive for TGF-β 

increased between Day 2 and Day 10 post-IRE (Figure 4). After an initial increase of cells 

staining positive for TGF-β and α-SMA in the first 5 days post-IRE, gradual decrease in cell 

numbers was observed (all p < 0.05). A number of spindle shaped cells staining positive for 

TGF-β was observed in Day 5 and 10 samples. The degree and intensity of TGF-β staining in 

urothelial cells appeared similar in control and the IRE treated samples taken at different 

timepoints.  



Figure 2. Scar formation in IRE treated ureter (all at 40x magnification). Masson trichrome staining 

was used to evaluate post-IRE collagen (blue staining within tissue) deposition in the ureteral wall. 

When compared to (A) untreated control ureter, collagen levels were observed to progressively 

increase in (B) Day 2, (C) Day 5 and (D) Day 10 samples, with reduced cellularity in the ureteral wall 

and loss of normal tissue architecture. 

 

Figure 3. Population of myofibroblasts in IRE treated ureter (all at 40x magnification). 

Immunohistochemical (brown) staining for α-SMA of ureteral tissue showed (A) untreated control 



sample to have a normal appearing muscularis (asterisks) with few spindle shaped cells. (B) In Day 2 

samples, IRE treatment resulted in the loss of a distinct muscularis with notable numbers of spindle 

shaped cells staining for α-SMA, with increased in numbers in (C) Day 5 and (D) Day 10 samples.  

 

 

Figure 4. Population of TGF-β positive cells in IRE treated ureter (all at 40x magnification). 

Immunohistochemical (brown) staining for TGF-β of ureteral tissue showed (A) strong positive 

staining of the urothelium in untreated samples, while there was limited staining within the ureteral 

wall. (B) In Day 2 samples IRE treated ureter demonstrated increased number of TGF-β positive cells, 

with a number of them exhibiting an elongated, spindle like morphology, consistent with activated 

fibroblasts. The numbers of TGF-β positive cells were observed to progressively increase in (C) Day 5 

and (D) Day 10 samples.  

 

Injury to the upper urinary tract results in immediate anatomic changes in the ureter and 

the kidney 

We performed gross examination and magnetic resonance imaging of the complete urinary 

tract (bilateral ureter and kidney) to identify treatment related complications, and the 

corresponding anatomic changes. Gross examination of en bloc resected urinary tract 

allowed identification and isolation of all ablations in all animals (n = 24). Ablation size 

roughly corresponded to the diameter of the electrode (~ 5mm) used to perform pulse 

delivery, where the treated ureter appeared pale when compared to the contralateral 



untreated ureter (Figure 1). Marked ureteral dilation, consistent with hydroureter was 

observed in all animals, including animals receiving adjuvant PFD. Progressive enlargement 

of the kidney could be observed at the side having the treated ureter, while the size and 

appearance of the contralateral kidney was unremarkable (Figure 5). Hydroureter and 

kidney enlargement manifested in all Day 2 samples and these changes persisted in all 

samples in Day 10 animals, regardless of treatment with adjuvant PFD.  CeMRI performed at 

Day 2 and 10 post-IRE revealed substantial renal pelvis and ureteral dilation, with evidence 

of hydronephrosis (Figure 6) in the urinary tract treated with IRE, with or without adjuvant 

treatment with PFD. Ureteral dilation was found to occur superior to the location of the 

treatment (Figure 6) in all cases. Urine and contrast passed through the treated urinary tract, 

but the volume of material passing through was reduced when compared to the 

contralateral urinary tract (Figure 6). There was no evidence of contrast medium 

extravasation in the vicinity of the ablation zones in any animal, indicating preservation of 

lumen integrity. 

 



 

Figure 5. Gross appearance and anatomic changes in the upper urinary tract of animals treated with 

IRE, with or without adjuvant PFD. Gross specimen examination at necropsy revealed ureteral 

dilation and progressive hydronephrosis at the site of ablation at all experimental time points, 

without significant differences in severity between IRE only (A,C,E) and rats receiving adjuvant PFD 

(B,D,F). Between Day 2 and Day 5, increased incidence of kidney enlargement was observed in both 

groups that stabilized thereafter.   

 

Figure 6. Pre- and post-procedural contrast enhanced MRI (ceMRI) of the upper urinary tract of a rat. 

CeMRI showing a normal aspect of the upper urinary tract (no hydroureter or hydronephrosis) before 



treatment of the right ureter (white arrow) with irreversible electroporation (A-B). Two days post-

IRE, ceMRI reveals ureter dilation (white arrow) and mild hydronephrosis at the treated site and no 

hydroureter at the untreated side (red asterisk) (C-D). At 10 days follow-up, severe hydronephrosis 

and dilatation of the right kidney and ureter is shown on ceMRI (E-F). 

 

PFD reduces ureteral scarring and promotes recovery of ureteral wall architecture 

following injury with IRE 

To determine the effect of PFD following IRE of the ureter, we compared collagen levels in 

the ureteral wall in PFD treated and untreated animals. A gradual increase in collagen 

content within the ureteral wall could be observed in PFD treated animals at Day 2 and 5 

post-IRE, with levels higher than that of negative samples (Fig 7A) but not different from 

samples taken from animals not receiving PFD. At Day 10 post-IRE, PFD treatment reduced 

collagen deposition in the ureteral wall resulting in significantly lower collagen levels when 

compared to animals not receiving PFD (p = 0.04). The ureteral wall of IRE treated animals 

receiving PFD demonstrated greater cellularity and reduced disorganization of tissue (Figure 

7) architecture when compared to animals not treated with PFD (Figure 2). Evaluation of α-

SMA IHC revealed that treatment with PFD reduced the number of myofibroblasts (Figure 

8A) in ureteral wall when compared to animals not receiving PFD at all assessed timepoints 

(all p = < 0.003). A distinct muscularis layer could be observed in animals receiving PFD in 

Day 10 samples but not at earlier timepoints, suggesting recovery of the smooth muscle 

layer following injury with IRE (Figure 8). The number of cells staining positive for TGF-β 

increased in PFD treated animals (Figure 9) albeit at a slower rate when compared to 

samples from animals not receiving PFD. Except Day 5 samples, the number of TGF- 

positive cells was not different between the two groups (Day 2 (p=0.526) and Day 10 

(p=0.171)).  



 

Figure 7. Collagen deposition in the ureter of animals receiving adjuvant PFD after IRE. Masson 

trichrome staining was used to evaluate post-IRE collagen (blue staining within tissue) deposition in 

the ureteral wall. When compared to (A) Collagen levels in the ureter of PFD treated animals was no 

different from untreated animals on Day 2 and 5, but Day 10 levels were significantly lower. These 

findings were reflected in Masson trichrome samples acquired at B) Day 2, (C) Day 5 and (D) Day 10 

post-IRE (all at 40x magnification). 

 

Figure 8. Population of myofibroblasts in the ureter of animals receiving adjuvant PFD after IRE. 

Immunohistochemical (brown) staining for α-SMA of ureteral tissue showed (A) population of 

myofibroblasts in PFD treated animals remained lower than untreated control at all timepoints. (B) In 

Day 2 samples, IRE+PFD treatment resulted in the loss of a distinct muscularis, similar to what was 

observed in IRE only animals. There were increased number of α-SMA positive cells in (C) Day 5 and 



(D) Day 10 samples, but a distinct muscularis layer could be observed (asterisk) (all at 40x 

magnification).  

 

Figure 9. Population of TGF-β positive cells in IRE treated ureter (all at 40x magnification). 

Immunohistochemical (brown) staining for TGF-β of ureteral tissue showed (A) PFD treatment does 

considerably reduce the number of TGF-β in IRE injured ureter. (B) In Day 2 samples IRE treated 

ureter demonstrated increased number of TGF-β positive cells, with a number of them exhibiting an 

elongated, spindle like morphology, consistent with activated fibroblasts. The numbers of TGF-β 

positive cells were observed to progressively increase in (C) Day 5 and (D) Day 10 samples.  

 

Adjuvant PFD mitigates scarring in the obstructed kidney  

As PFD can provide systemic anti-scarring benefit, we assessed the status of the kidney in 

response to urinary obstruction following IRE. Assessment of tissue samples at Day 10 

following IRE suggested that while elevated when compared to negative controls (p < 0.05), 

adjuvant treatment with PFD resulted in approximately 50% reduction in collagen levels in 

the kidney when compared to animals not receiving the drug (Figure 10A, collagen: p = 

0.0001). Similarly, there were increased presence of myofibroblasts in the kidneys of IRE 

treated animals when compared to negative controls, but the myofibroblast population was 

significantly lower in animals receiving adjuvant PFD (Figure 10B, all: p < 0.003). 



 

Figure 10. Comparison of scarring and related cellular activity in the kidney of animals treated with 

IRE+PFD vs. IRE alone. (A) Masson Trichrome staining for collagen and (B) α-SMA for myofibroblast 

population in the kidney evaluated at sequential timepoints show demonstrable reduction in both 

factors in animals receiving adjuvant PFD. 

 

Adjuvant PFD does not impact anatomic remodeling of the urinary tract 

While PFD provides anti-scarring benefits, we wanted to determine whether this benefit 

carried over to anatomic changes in the urinary tract. We compared scoring of anatomic 

changes in the kidney (renal dilation) and the ureter (ureteral dilation) in animals treated 

with or without PFD for all experimental timepoints. Our analysis did not reveal any 

difference in the incidence or the score for severity of the change between untreated (Day 2: 

0.8±0.4; Day 5: 1.9±0.9; Day 10: 2.0±1.2) or PFD treated animals (at Day 2: 0.6±0.7; Day 5: 

1.6±0.9; Day 10: 1.4±1.4) (Day 2: p= 0.7; Day 5: p = 0.6; Day 10: p = 0.3).  



DISCUSSION 

Normal wound healing is characterized by four distinct phases, beginning with acute 

inflammation, followed by scar formation, and culminating in tissue remodeling or 

regeneration18. Like any physiologic wound, ablation elicits a robust wound healing 

response. While scarring and remodeling can impact normal biologic function at the site of 

ablation, this has not proven a contraindication for ablation when used for the treatment of 

solitary tumors in solid organs such as the liver. However, post-ablation scarring in tubular 

organs, such as the ureter, can reduce normal peristaltic function and lead to urinary 

obstruction. Injury to the ureter with IRE led to an increase in the collagen content within 

the ureteral wall between Day 5 – 10 post-treatment, consistent with scarring following a 

brief period of inflammation. This scar formation occurred concomitant with higher levels of 

TGF-β staining. TGF-β can have multiple effects on cells in a context dependent manner19, 

and is highly expressed in urothelium under normal conditions, playing a role in cell 

homeostasis20. In IRE injured ureter we observed increased TGF-β staining in multiple cell 

types, especially in elongated, spindle shaped cells staining positive for α-SMA, indicating a 

myofibroblast phenotype. During normal wound healing TGF-β initiates differentiation and 

collagen production in fibroblasts, and these processes seem to underlie post-IRE scar 

formation in the ureteral wall. Increased collagen levels in the tissue resulted in a 

simultaneous loss of normal ureteral wall architecture, and reduced cellularity especially in 

the affected the muscularis of the ureter, which controls peristaltic function of the organ. 

These findings reaffirm that normal wound healing processes in ablated tissue can result in 

loss of ureteral function, thereby reinforcing the importance of active management of the 

post-treatment wound healing process.  



Through work presented here, we demonstrate that adjuvant administration of anti-

fibrosis drugs, such as PFD can reduce scarring at the site of IRE and to some extent promote 

recovery of normal architecture of the urinary tract. While the exact mechanism through 

which PFD mitigates scar formation is unknown, it has been identified to have a strong 

inhibitory effect on TGF-β activity21 and has been shown to reduce proliferation and collagen 

production in fibroblasts22,23. While rats in the PFD cohort were placed on the drug 

immediately post-surgery, there was an observable delay in the effect of the drug on 

collagen levels in tissue. Despite this delayed effect, collagen levels in rats receiving PFD 

were significantly lower than animals not receiving the drug, and were close to levels 

recorded in unmanipulated normal ureter. The effect of PFD was more pronounced and 

immediate on α-SMA positive fibroblasts, identifying possible mechanisms through which 

scarring was being reduced at the site of injury. The marked reduction of scar formation also 

provided some regenerative benefits, as a distinct muscularis could be observed in the 

ureteral wall of PFD treated animals. Interestingly, PFD resulted in limited direct reduction of 

the population of TGF-β positive cells in the injured ureter, suggesting that the interaction 

between PFD and TGF-β may not be proportional to downstream activation of fibroblasts 

and collagen synthesis.  

Urinary obstruction following injury to the ureter can arise from two distinct 

mechanisms. Acutely, IRE induces cell death in the ureteral wall and the attendant loss of 

the smooth muscle layer is expected to result in immediate reduction in peristalsis of the 

treated ureteral segment. Such loss of peristalsis can increase hydrodynamic pressure within 

the ureter and lead to anatomic remodeling, such as dilation of the ureteral wall, and the 

subsequent reflux of urine into the renal pelvis can cause hydronephrosis. Urinary 

obstruction can also arise later as a consequence of scar formation in the ureter as part of 



tissue healing following primary insult. In this study, urinary obstruction related anatomic 

changes were observed to manifest much earlier than scar formation in the urinary tract 

itself, and our results indicate that adjuvant PFD only mitigated late scar formation but had 

no impact on anatomic remodeling. Complications from iatrogenic injury to the ureter 

during surgical or ureteroscopic procedures is managed by placement of a stent that drains 

urine from the renal pelvis directly into the bladder. Such stent placement reduces 

alterations in hydrodynamic within the urinary tract from possible loss of peristalsis or 

inflammation related edema in the ureteral wall. While standard of care stent placement 

mitigates acute risk of urinary obstruction, this approach cannot prevent scarring of the 

ureteral wall at the site of injury and subsequent development of late urinary obstruction. 

Owing to the small size of the rat urinary tract we were unable to validate whether 

combination of stent placement with adjuvant PFD could mitigate both acute and late 

urinary obstruction.  

Prolonged ureteral obstruction most often results in renal interstitial fibrosis, eliciting 

permanent loss of normal integrity and function of the kidney24. Our findings showed that 

the post-IRE urinary obstruction caused accumulation of collagen in the renal cortex of the 

obstructed kidney, and, PFD treatment significantly inhibited collagen deposition, thereby 

reducing kidney scarring despite evidence of hydronephrosis. As accumulation of collagen is 

the hallmark of renal fibrosis, the reduction of collagen accumulation by PFD reflects its anti-

fibrotic effect. In line with our results, Shimizu et al. demonstrated that PFD can attenuate 

both renal fibrosis and renal damage in rats with unilateral ureteral obstruction23. These 

results suggest that adjuvant PFD can also have a role in preventing chronic kidney scarring 

observed in patients receiving stent placement to mitigate urinary obstruction from tumor 

impinging on the upper urinary tract.  



Our experiments used a single type of ablation (IRE) for the sake of avoiding 

perforation, and therefore may be considered not generalizable to other forms of ablation 

(thermal ablation, for example). We previously performed pilot studies on stricture 

formation following photodynamic therapy in the genitourinary tract25 and found collagen 

deposition patterns to be remarkably similar to what was observed in our IRE studies, 

therefore suggesting that our approach holds relevance to other types of ablative 

treatments. Our study was limited to Day 10 post-treatment and therefore does not capture 

the remodeling and regeneration phases of wound healing that can take a few months to 

complete. The short window of adjuvant PFD administration also limits conclusions on the 

durability of anti-scarring effect of PFD or the optimal drug dosing/regimen for translation. 

Therefore, we are unable to draw meaningful conclusions on how adjuvant PFD can impact 

long-term urinary function following IRE injury.  

Catheter based IRE has previously been evaluated in the urinary tract for 

reproducible, penetrative ablation in a dose dependent fashion7. Coupled with our results, 

the use of IRE with adjuvant PFD can allow the application of ablation for complete local 

tumor control while minimizing the risk of treatment-related complications. 
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ABSTRACT 

Irreversible electroporation (IRE) uses microsecond long electric pulses to kill cells through 

membrane permeabilization, without affecting surrounding extracellular structures. We 

evaluated whether IRE can be used to induce urinary obstruction and renal fibrosis in a rat 

model. Intrasurgical IRE performed with non-invasive caliper electrodes resulted in 

immediate loss of peristalsis in the treated ureteral segment. IRE treatment induced cell 

death in ureteral muscularis and loss of urothelium. Dilation of the ureter was observed on 

gross anatomic evaluation and histopathology. Magnetic resonance imaging indicated partial 

stricture and urinary obstruction in IRE treated urinary tract, but there was no evidence of 

urinoma, leakage or fistula formation in any animal. Enlargement of the kidney with 

progressive renal dilation and hydronephrosis was evident between Day 2 and Day 10 post-

treatment. Obstructed kidney demonstrated scarring with significantly elevated levels of 

tissue collagen, and increased presence of macrophages and α-Smooth Muscle Actin positive 

fibroblasts. There was a steady decrease in the number of glomeruli in the obstructed 

kidney, while glomeruli numbers in the contralateral kidney remained unchanged through 

the 10-day observation period. IRE provides a safe and reproducible technique to induce 

partial ureteral obstruction and renal fibrosis in rat model without the need for ligation or its 

associated complications.  

 

 

  



INTRODUCTION 

Renal fibrosis, characterized by interstitial scarring and glomerular loss, is associated with a 

variety of disorders such as diabetes, hypertension, and congenital or acute urinary 

obstruction (UO) following injury to the upper urinary tract1. Animal models are invaluable 

for studying and testing therapeutic strategies for this condition, where renal fibrosis can be 

induced through chemical injury, genetic alterations or surgical techniques. Surgical 

induction of renal fibrosis largely relies on creating an UO by mechanically limiting urine flow 

in the ureter through ligation2. While surgical induction of renal obstruction presents several 

advantages, the absolute or abrupt obstruction of the urinary tract achieved in this model 

rarely occurs in humans. Also, surgically induced UO accelerates sequelae of events leading 

to renal fibrosis which does not closely mimic the clinical scenario. UO can arise in young 

adults from calculi3, whereas prostatic hypertrophy or carcinoma, and retroperitoneal or 

pelvic neoplasms are common causes of UO in the older population4. UO can also occur as a 

late complication following iatrogenic injury to the urinary tract during irradiation or surgery 

in the pelvis5. While the etiology of UO in these clinical scenarios is variable, the obstruction 

is usually partial, dynamic and often, progressive. Techniques reported by Chevalier et al.6 

overcome some of these limitations by generating progressive partial UO, but its application 

has been reported only in neonatal animals and it is unclear whether it can be used with 

adult animal models. Hence, a technique that can reproduce clinically relevant UO and 

subsequent development of renal fibrosis can improve our ability to develop translationally 

relevant therapeutic strategies to mitigate the effects of fibrosis. Irreversible electroporation 

(IRE) is a technique that uses microsecond long electric pulses to induce permanent pore 

formation in cell membranes, leading to cell death because of loss of homeostasis7. Luminal 

structures such as ureters retain their wall integrity after treatment with IRE 8 ; however, 



scarring of the tunica muscularis in the treated region causes stricture formation and 

reduction of lumen patency9. Considering its working mechanism, we hypothesized that IRE 

would be a potentially attractive technique for the generation of clinically relevant UO in an 

animal model. The goal of this study was to determine if full thickness IRE of the ureter can 

be used for the induction of UO and renal fibrosis in a rat model.  

 

METHODS 

Animal model and experimental design 

Experiments were performed according to a protocol approved by the institutional animal 

care and use committee. A total of 24 male Sprague Dawley rats (75 – 90 days old; weight 

range: 250 – 300 gram) were treated with IRE. Post-procedurally, animals were selected at 

random for sacrifice at 2, 5, or 10 days follow-up (8 rats per timepoint). 

Surgical procedure 

All animals were treated while under inhaled anesthesia (2-3% isoflurane in 100% oxygen). A 

midline laparotomy was performed to expose and isolate the right proximal ureter (Figure 9 

A), and caliper electrodes (Tweezertrodes, Harvard Apparatus, MA) were used to apply 90 

pulses of 2000 V/cm (100 μs pulse length, 1 Hz delivery rate) from a square wave generator 

(ECM 835, Harvard Apparatus, MA) (Figure 1 B-C). The surgical incision was closed and the 

animals were recovered for observation.  



Figure 1. Irreversible electroporation of the ureter in a rat model in order to generate a unilateral 

ureteral obstruction. (A) Isolation of the proximal part of the ureter after midline laparotomy and 

exposure of the right ureter. (B) Application of electric pulses to the ureter using tweezer electrodes. 

(C) Demarcation of the macroscopic area of the ablation zone (white dotted line), showing 

hemorrhagic discoloration. 

 

Imaging 

Peristaltic status of the ureter in animals was assessed before and after ablation with 

videography. ceMRI of the upper urinary tract was performed prior to sacrifice on a 300 MHz 

Bruker 7T Biospec scanner (Bruker Biospin GmbH, Ettlingen, Germany) equipped with a 640 

mT/m ID 115 mm gradient (Resonance Research, Inc., Billerica, MA). Coronal 3D T1-weighted 

images covering the kidneys using the FLASH (Fast Low Angle Short) gradient-echo sequence 

were acquired every 5 minutes for up to 1-hour following administration of Gd-DTPA 

contrast agent (Magnevist, Bayer HealthCare, Wayne, NJ) via a tail vein at a dose of 2 

mmol/kg. The acquisition parameters were TR 8.1 ms, TE 2.5 ms, 2 averages, in-plane 

resolution of 234 x 293 um, and slice thickness of 0.57 mm. 

Assessment of anatomic changes in the urinary tract 

Immediately after euthanasia, the complete urinary tract was extracted, and scored on a 

five-point scale (0/+/++/+++/++++) for increasing evidence of renal dilatation, ureteral 

dilatation and hydronephrosis. The abdominal cavity was assessed for surgical adhesions, 

urinary leakage or urinoma. Independent interpretation of gross specimens was performed 



by two experienced urologists and discrepant interpretations were resolved via consensus 

review.  

Quantification of renal scarring 

Kidney on the side of UO and contralateral kidney were sectioned, fixed in 10% neutral 

buffered, formalin, embedded in paraffin and stained with Hematoxylin and Eosin (H&E), 

Masson’s Trichrome (for collagen) and alpha-smooth muscle actin (α-SMA; 14-9760-82, 

Thermo Fisher, Inc.) and CD68 (MCA341GA, BioRad Inc).  Multiple (n = 5) photomicrographs 

were taken from each immunohistochemistry (IHC) slide at 40x resolution and the images 

were analyzed using ImageJ Software (National Institutes of Health) to quantify IHC staining 

in the tissue samples. 

Assessment of ureteral injury 

Ureter at the site of, and superior to the location of IRE was sectioned, fixed in 10% neutral 

buffered, formalin, embedded in paraffin and stained with Terminal deoxynucleotidyl 

transferase mediated dUTP nick end labeling (TUNEL) and H&E. IHC slides were interpreted 

by a core facility pathologist for ureteral wall integrity and the degree of cell death.  

Evaluation of glomeruli and renal dilation 

H&E slides of the axial cross section of kidney from the treated and contralateral urinary 

tract were scanned at high resolution (Bruker Biospin GmbH, Ettlingen, Germany). Images 

from whole slide scans were used to manually quantify severity of renal pelvis dilation and 

the number of glomeruli at different timepoints following treatment.  

Statistics 

All results were summarized by mean and standard deviation. Comparisons between treated 

side and contralateral control were made using the Student’s t-test. Statistical analyses were 



performed using SPSS, version 20.0 (SPSS, Chicago, IL, USA). The level of statistical 

significance was set to p < 0.05. 

 

RESULTS 

Injury with IRE results in acute loss of peristalsis and late scarring in the ureter 

To understand the effect of IRE on the ureter we assessed the functional status of the organ 

using videography and histopathology analysis. When compared to the pre-treatment video 

of peristalsis in the ureter (Video 1A), treatment with IRE resulted in immediate reduction or 

complete loss of peristalsis at, or superior to the treated segment (Video 1B). The ureter 

inferior to the treated segment was seen to retain peristaltic motion (Video 1B). The loss of 

peristalsis was not observed when caliper electrodes were placed without pulse application, 

and there was no obvious change in peristaltic activity in the contralateral untreated urinary 

tract. Evaluation of H&E slides indicated that IRE caused transmural injury to the ureter. 

When compared to control ureter (Figure 2A), with IRE treated ureter at Day 2 showed 

attenuation of urothelium, hemorrhage and cell death in the muscularis (Figure 2 B). Cell 

death in the ureteral wall from IRE was confirmed with TUNEL staining (Figure 2 C). Day 10 

post-IRE samples showed progressive wound healing, with signs of inflammation and 

scarring in the ureteral wall with recovery of the urothelial layer (Figure 2 D).  

 

* Video 1. Change in peristalsis of the ureter following treatment with IRE. (A) Pre-IRE video shows 

normal peristaltic movement in both the right (to be treated) and left (control) ureters. (B) IRE 

treated ureteral segment (right, superior to the blood vessel) shows loss of peristalsis while normal 

motion can be observed in the segment inferior to the blood vessel. Peristaltic motion in the 

contralateral urinary tract is unremarkable.  

 



 

Figure 2. Histologic appearance of the ureter at different timepoints following injury with IRE (A) 

Cross sectional appearance of normal ureter (40X magnification). (B) Injury with IRE results in the 

attenuation of the urothelium (arrows), dilation of ureteral lumen and loss of normal ureteral wall 

architecture (40X magnification). (C) TUNEL IHC (nuclear brown stain on dying cells) on Day 2 sample 

of ureter showing full thickness injury to the ureteral wall with diffuse cell death (40X magnification). 

(D) Masson Trichrome stain on Day 10 sample of ureter showing significant scar formation (blue 

staining for collagen) in the ureteral wall and loss of the muscularis layer (40X magnification).  

 

IRE treatment results in partial UO without fistula, urinoma formation or urinary leakage 

We evaluated the induction of UO following IRE and the time course of changes in the 

obstructed urinary system using MRI and examination of gross anatomy. Stricture formation, 

with ureteral and collecting system dilation, and progressive hydronephrosis was observed 

in all cases on contrast enhanced MRI (ceMRI), at Day 2 and Day 10 post-treatment (Figure 3 

A). Urinoma or contrast media extravasation from the urinary tract was not observed in any 

animal, suggesting the absence of urinary leakage and continued patency of the treated 

urinary tract. The UO was not complete as delayed, but continued passage of contrast 



material/urine could be observed in all animals/timepoints (Figure 3 B-C). Compared to the 

corresponding contralateral unobstructed kidneys, IRE treated urinary tract demonstrated 

higher scores for ureteral dilation and kidney enlargement at necropsy (at 2 days: 0.7±0.6; 5 

days: 1.8±0.9; 10 days: 1.7±1.3) (all p <0.0001).) (Figure 4 A-C). Surgical adhesions or fistula 

formation was not observed on gross anatomic evaluation in any animal/timepoint.  

 

 

Figure 3. Imaging of the urinary tract following IRE. (A) Contrast-enhanced MR imaging (ce-MRI) of 

the upper urinary tract prior to IRE shows normal passage of contrast/urine (arrow). (B) At Day 2 

following IRE, mild hydronephrosis and moderate ureter dilatation (arrow) can be observed. Passage 

of urine/contrast through the ureter is severely delayed. (C) At Day 10 post-IRE, significant 

hydronephrosis, severe ureteral dilation superior to the treatment site (arrow) can be seen. Passage 

of urine and normal appearing ureter is seen inferior inferior to the site of IRE treatment (asterisk). 

Extravasation of contrast media consistent with urinary leakage or urinoma is not observed in any 

animal. 

 

 

Figure 4. Gross anatomic examination of IRE treated and contralateral control urinary tract. (A) 

Kidney enlargement (white arrow) with mild ureteral dilation at Day 2 post-IRE. Hydronephrosis 



(white arrow) and ureteral dilation (black arrow) were more pronounced at (B) Day 5 and (C) post-

IRE.  

 

Post-IRE UO induces in progressive kidney scarring 

We used IHC to characterize the changes in the kidney following IRE induced UO. Persistent, 

and increased levels of cellular and protein markers of kidney scarring were observed 

following IRE induced UO. UO increased the levels of both α-SMA positive fibroblasts (Figure 

5, p = 0.03) as early as Day 2 post-IRE when compared to contralateral kidney. While the 

population of fibroblasts and macrophages increased throughout the remaining observation 

period (all p < 0.01), the rate of increase between Day 5 and Day 10 samples was lower than 

when compared between Day 2 and 5 post-IRE (Figure 6). There was similar increase in the 

tissue staining for collagen between Day 2 and 10 samples, however the change in tissue 

collagen was greatest between Day 5 and 10 post-IRE (Figure 7, p = 0.02). Collagen levels in 

obstructed kidney remained significantly more than the contralateral side at all assessed 

timepoints, indicating progressive scarring in the organ (all p < 0.05). 

Figure 5. Alpha-smooth muscle actin (brown) staining of obstructed kidney to identify activated 

fibroblast population. When compared to (A) control, obstructed kidney showed increasing levels of 

α-SMA positive cells at (B) Day 2, (C) Day 5 and (D) Day 10 post-IRE (all at 40x magnification). The 

population of α-SMA positive fibroblasts was significantly greater than contralateral control kidney at 

all evaluated timepoints (all p < 0.03). 



 

Figure 6. CD68 (brown) staining of obstructed kidney to identify macrophage population. When 

compared to (A) control, obstructed kidney showed increasing levels of CD68 positive macrophages 

at (B) Day 2, (C) Day 5 and (D) Day 10 post-IRE (all at 40x magnification). (E) The population of 

macrophages was significantly greater than contralateral control kidney at all evaluated timepoints 

(Day 2: p = 0.1583; Day 5: p = 0.001; Day 10: p = 0.001). 

Figure 7. Masson’s Trichrome (blue) staining of obstructed kidney to identify collagen levels. When 

compared to (A) control, obstructed kidney showed increasing collagen levels at (B) Day 2, (C) Day 5 

and (D) Day 10 post-IRE (all at 40x magnification). (E) The population of macrophages was 

significantly greater than contralateral control kidney at all evaluated timepoints (all p< 0.05). 

 

IRE induced unilateral UO does not increase glomeruli numbers in contralateral kidney 

To understand anatomic changes to the kidney, we evaluated renal pelvis size and glomeruli 

in the obstructed kidney, and compared the latter with the contralateral side. Consistent 

with imaging and gross anatomy findings, UO following IRE caused renal pelvis dilation, with 



maximum change in size between Day 2 and Day 5 (4177±250 μm versus 5884±129 μm; p = 

0.0005), where there was insignificant difference in the size of the renal pelvis between Day 

5 and Day 10 (5884±129 μm versus 7373±1016 μm; p = 0.07) (Figure 8). UO resulted in 

gradual and progressive reduction in the number of glomeruli in the obstructed kidney, 

while the number of glomeruli in the contralateral side remained unchanged during the 

observation period through Day 10 (Figure 9, all p<0.02). There was an inverse relationship 

between glomeruli loss in the obstructed kidney and the collagen content in the kidney as 

compared to renal dilation (R2 = 0.997 [p=0.04]; R2 0.95 [p=0.14]).  

 

Figure 8. Change in renal pelvis size in obstructed kidney following IRE of the urinary tract. 

Hematoxylin and eosin-stained histologic kidney sections from control (A) and obstructed kidney 

collected at (B) Day 2, (C) Day 5 and(D) Day 10 following IRE. 

 



Figure 9. Change in glomeruli numbers in obstructed kidney following IRE of the urinary tract. 

Quantification of glomeruli (arrows) in hematoxylin and eosin-stained whole kidney sections from 

control (A) and obstructed kidney collected at (B) Day 2, (C) Day 5 and(D) Day 10 following IRE (all at 

4x magnification). (E) Steady decline in glomeruli numbers can be seen in obstructed kidney while 

numbers in contralateral kidney remain stable (all p < 0.05).  

 

DISCUSSION 

IRE is used in patients for non-surgical ablative therapy of tumors in the liver, pancreas and 

kidney10,11. A unique feature of IRE is that collagenous extracellular matrix in the treatment 

zone is largely left unaffected, preserving the patency of luminal organs8,9. Here we have 

adopted IRE to create a simple technique for predictable creation of partial UO without the 

need for ligation. IRE induced UO seems to arise from two different mechanisms. Acutely, 

injury from IRE to the muscularis of the ureteral wall induces loss of peristalsis in the treated 

segment, causing urinary reflux and urodynamic changes that mimic UO arising from calculi, 

or impingement of the ureter from trauma or iatrogenic injury. Srimathveeravalli et al. have 

previously reported ureteral stricture from scarring in a swine model as a late effect of IRE 

treatment9, and the stricture we observed on imaging could be contributing to persistent UO 

following IRE of the rat ureter. Such scar related stricture formation can be relevant to UO as 

a sequalae to chronic inflammation or tumor infringement into the upper urinary tract.  



Induction of UO and kidney injury following of IRE of the ureter has been previously 

reported in a patient sized large animal model9, and here we demonstrate it in rats, which is 

more relevant for the study of renal fibrosis. Electroporation has long been used for gene 

transfection in-utero and with neo-natal mice, and therefore the techniques reported here 

can be easily adapted for mice with minimal modifications. While UO can be induced with 

ligature, IRE mediated UO presents multiple benefits such as the absence of urinoma or 

fistula formation as a complication, and the possibility of performing the technique 

bilaterally with minimal morbidity to the animal. IRE has been previously been shown to be 

safe to use adjacent to large blood vessels, and our approach can be used to induce stenosis 

of the renal artery or vein (see video), mimicking a common clinical scenario seen in patients 

who have kidney disease as a consequence of diabetes or high blood pressure.   

While our proposed approach provides certain benefits over surgical ligature, it may 

be relevant only to UO related renal fibrosis and not for other etiologies such as diabetes or 

hypertension where fibrosis is observed in the absence of obstruction and hydrodynamic 

changes in the kidney. Our results are limited by a short window of observation and the 

long-term evolution of IRE mediated UO, and its consequence on renal fibrosis has to be 

studied in more detail. The other shortcoming of our approach is that the obstruction cannot 

be fully reversed in rats, however, placement of a urinary stent in large animals to enable 

normal passage of urine to the bladder should be feasible.  

In conclusion, intra-surgical IRE of the ureter can induce predictable partial UO, 

resulting in kidney scarring. The nature and progression of UO is similar to what is observed 

in patients in a variety of clinical scenarios (see Figure 10 for a typical clinical case example), 

improving upon the immediate obstruction that is currently achievable with surgical ligature 

of the ureter.  



 

Figure 10. Imaging appearance of urinary obstruction and associated anatomic changes in a 33-year-

old male patient showing right mid ureteric stricture. The obstruction in partial with observable 

passage of contrast into the bladder (arrow), dilation of the ureter superior to the site of obstruction 

(dashed arrow) and renal pelvis dilation (arrowhead). 
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