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Objective: This study aimed to establish a rat model that simulates benign esophageal strictures induced by endoscopic submucosal
dissection (ESD).

Materials and Methods: Sixteen male Sprague-Dawley rats were randomly divided into mucosal resection (n = 8) and sham-
operated groups (n = 8). The rats in the mucosal resection group underwent a 5-mm three-fourths mucosal resection by way of a 3-mm
incision in the distal esophagus under direct visualization via laparotomy. Rats in the sham-operated group underwent a 3-mm incision
of the muscularis propria layer in the distal esophagus via laparotomy without mucosal resection. Dysphagia score, weight gain,
mucosal constriction rate, and histology were evaluated 2 weeks after surgery.

Results: Technical success was achieved in all the animals. One rat in the mucosal resection group died of infection, and no other
complications were observed. Weight gain (P < 0.001) and luminal diameter derived from the esophagograms (P < 0.001) were
significantly lower in the mucosal resection group than those in the sham-operated group. Dysphagia score (P < 0.001) and mucosal
constriction rate (P < 0.001) were significantly higher in the mucosal resection group than those in the sham-operated group. The
inflammation grade (P = 0.002), damage to the muscularis propria (P < 0.001), number of nascent microvessels (P = 0.006), and degree
of a-SMA positive deposition (P = 0.006) were significantly higher in the mucosal resection group.

Conclusion: A rat model of benign esophageal stricture induced by ESD was successfully and safely established by mucosal resection.
Keywords: esophageal stenosis, endoscopic mucosal resection, models, animal

Introduction

Endoscopic submucosal dissection (ESD) plays an important role in Barrett’s neoplasia and is considered the first-line
treatment for esophageal squamous cell carcinoma.! However, esophageal stricture (11-20%) is a common complication
following esophageal ESD,” especially when the lesion extends more than three-fourths of the luminal circumference
(88-100%).> Esophageal strictures can cause severe symptoms (eg, vomiting and dysphagia) and thus greatly reduce the
quality of life of patients, which is often refractory to treatment.* Many approaches have been used to prevent benign
esophageal strictures after ESD (eg, periodic balloon dilation, steroids, stent placement, tissue shielding method, and
tissue engineering), but no ideal prevention strategy has been established.’

Small rodent models are critical for the development of biology and medicine.®” Compared with larger animal models, the
advantages of small rodent models include shorter gestation time, ease of use, genetic manipulation, and cost-effectiveness.®’
These strengths make small rodent models the most commonly used models for physiology, pharmacology, genetics, and
preclinical research. However, owing to the size of the instruments, animal studies related to ESD are mainly based on large
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animals, such as canines and swine.'®"" To our knowledge, a rodent model that can successfully simulate benign esophageal
strictures induced by ESD is still scarce, limiting the in-depth research of the underlying mechanisms and development of
novel treatments. Wu et al recently established a rat model of esophageal stricture by using an electrosurgical knife to remove
the mucosal layer and submucosal layer of the esophagus.'* However, their method requires a high degree of proficiency and
precision. Therefore, this study aimed to establish a simple, stable and reproducible rat model that could successfully simulate
benign esophageal strictures induced by ESD.

Materials and Methods

Study Design

The protocol for this animal study was approved by the Institutional Animal Care and Use Committee (approval number
NCC2022A109). All animals were maintained according to the Guide for the Care and Use of Laboratory Animals.
Sixteen male Sprague-Dawley rats (300-350 g) (Beijing HFK Bio-Technology Co., Ltd, Beijing, China) were randomly
assigned to either a mucosal resection group (n = 8) or a sham-operated group (n = 8). All animals were individually
raised in cages in a temperature-controlled room (24 + 2 °C) with a 12 h light/dark cycle for 1 week before the operation.
Mucosal resection and sham operation were performed according to the protocol described below. Body weight
measurement and esophagography were performed 2 weeks after the operation. Immediately after esophagography, all
animals were euthanized using inhalable carbon dioxide, followed by macroscopic and histological analyses.

Mucosal Resection and Sham Operation

The animals were fasted for 12 h before the operation. The rats were anesthetized by intramuscular injection of atropine
sulfate (0.05 mg/kg) (Tianjin Jinyao Pharmaceutical Co., Ltd, Tianjin, China), xylazine (10 mg/kg) (XiYa Reagent,
Shandong, China), and a mixture of tiletamine and zolazepam (50 mg/kg) (Virbac Corporation, Texas, USA). The distal
esophagus was separated via a median abdominal incision, and a 3-mm incision was made in the muscularis propria of
the distal esophagus 10 mm from the esophagogastric junction. Next, the mucosa underlying the muscularis propria was
separated and pulled out using micro-forceps, and a 3/4 circumferential mucosal resection (length: 5 mm) was performed.
After mucosal resection, the 3-mm incision in the muscularis propria was closed with continuous 7-0 polyglycolic acid
absorbable sutures. Finally, the midline abdominal incision was closed in two layers using continuous 4-0 silk sutures
(Figure 1). In contrast, rats in the sham-operated group underwent the same operation as that in the mucosal resection
group, except for mucosal resection.

Follow-Up Examinations
The rats were housed individually in cages and fasted on the first day after the operation. All rats were given a liquid diet
for 3 days, and a solid diet was given from the fourth day after the operation. When rats had trouble ingesting solid foods,
they were given a semi-solid diet or even a liquid diet. Based on daily monitoring, the modified dysphagia score was
evaluated in a totally blinded manner: 4 = complete dysphagia, 3 = able to eat liquid food only, 2 = able to eat semi-solid
food only, 1 = able to eat solid food, and 0 = able to eat a normal diet.'*> Based on body weight measurements taken
before and two weeks after the operation, weight gain was calculated. And the luminal diameter of the operated
esophagus was measured through the follow-up esophagograms by using RadiAnt DICOM Viewer (version 2021.1,
Medixant Company, Poland).

The esophagus was excised, longitudinally dissected, and macroscopically evaluated after euthanasia. The following
formula was used to calculate the rate of lateral mucosal constriction, which represents the degree of stricture at the lesion site:'*

Length of short axis at site of

maximal contraction
1 — (Length of short axis at normal mucosal site on oral side

+Length of short axis at normal mucosal site on anal side x | )

x 100

Mucosal contraction rate (%) =

The excised esophageal samples were fixed in 10% buffered formalin for 24 h and longitudinally cut to prepare them for
paraffin embedding. The paraffin-embedded blocks were sectioned at a thickness of 4 um and stained with hematoxylin and
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Figure | The process of developing the rat model to simulate benign esophageal stricture induced by endoscopic submucosal dissection. (A) The distal esophagus was
separated via a median abdominal incision, and a 3-mm incision (black arrow) was made in the muscularis propria of the distal esophagus. The incision was located 10 mm
from the esophagogastric junction. (B—C) The mucosa (black arrowhead) underlying the muscularis propria was pulled out, and a 3/4 circumferential mucosal resection
(length: 5 mm) was performed. (D) The incision on the muscularis propria was closed by continuous suturing using 7-0 absorbable sutures.

eosin (HE), Masson’s trichrome (MT), and a-SMA antibodies (ab21027; Abcam, Cambridge, UK). The inflammation grade
and number of nascent microvessels in the lesion submucosal layer were determined using HE staining images.'*'> Damage
to the muscularis propria was evaluated using MT staining images.'* The degree of 0-SMA positive deposition was measured
by the proportion of positive cells in each visual field using immunohistochemical staining.'® The results of the histological
analysis are shown in Table 1. A BXS51 microscope (Olympus, Tokyo, Japan) was used for histological analysis.
Measurements were performed using Image-Pro Plus software (version 6.0; Media Cybernetics, Silver Spring, MD, USA).
Three researchers who were blinded to group classification conducted all analyses.

Table | The Scoring System of the Histologic Analysis Used in This Study

Inflammation Grade*
0 No inflammation
| Inflammation in the mucosa/submucosa
2 Inflammation in the mucosa/sub-mucosa/muscularis propria
3 Inflammation in all layers of the esophageal muscle
Damage to the muscularis propria*
0 No atrophy or fibrosis in the muscularis propria of any measured section
| Atrophy or fibrosis but limited to the inner circular muscularis
2 Atrophy or fibrosis but limited to the outer longitudinal muscularis
3 Muscularis propria transmural fibrosis

a-SMA positive deposition!

0 None

| Mild

2 Moderate
3 Severe

Notes: *The infllmmation grade and damage to the muscularis propria were determined according to the visual field (x40
magnification) of the lesion in all samples. TThe degree of a-SMA positive deposition was determined by the mean value of five
random high-power fields (X200 magnification) of the lesion in each specimen.
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Statistical Analysis

All data are expressed as the median (interquartile range) or mean + standard deviation (SD). Differences between two
groups were compared using Student’s #-test, Welch’s #-test, or Mann—Whitney U-test, when appropriate. Statistical
significance was set at P < 0.05. GraphPad Prism 8.0.2 (GraphPad Software Inc., San Jose, CA, USA) was used for all
the statistical analyses.

Results
Establishment of Rat Model

Technical success was achieved in all 16 rats. Unfortunately, one rat in the mucosal resection group died due to infection
on postoperative day one, which was excluded from the analysis. The remaining rats survived without any complications
until the end of the study (Figure 2).

Dysphagia Score and Weight Gain

In the mucosal resection group, five rats were switched to a liquid diet, and the other two were switched to a semi-solid
diet. In the sham-operated group, two rats showed decreased normal diet intake, and no rats switched to a liquid or semi-
solid diet. The median modified dysphagia scores were 3 (1) and 0 (1) in the mucosal resection and sham-operated
groups (P < 0.001), respectively. In addition, the mean weight gain 2 weeks after the operation was lower in the mucosal
resection group than that in the sham-operated group (—27.3 £ 10.7% vs 17.0 £ 5.0%, P < 0.001).

Esophagography and Gross Examination

Follow-up esophagography revealed obvious esophageal constriction in the mucosal resection group (Figure 3A). Moreover,
the mean luminal diameter of the operated esophagus derived from the follow-up esophagograms was significantly lower in
the mucosal resection group than that in the sham-operated group (1.2 £ 0.3 mm vs 3.8 £ 0.6 mm, P < 0.001) (Figure 3B).
Macroscopic analysis indicated that all rats in the mucosal resection group had esophageal stricture, but there was no sign of
esophageal stricture in the sham-operated group (Figure 3C, D). In addition, the mean rate of mucosal constriction was higher
in the mucosal resection group than that in the sham-operated group (48.8 £ 9.2% vs 4.8 = 1.4%, P <0.001).

Histological Findings

Regenerative squamous epithelium, inflammation in the muscle layers, and transmural fibrotic tissue formation in the
muscularis propria were evident in the mucosal resection group, and these findings were not observed in the sham-
operated group (Figure 4A-D). The mean number of nascent microvessels in the submucosal layer per unit area was
higher in the mucosal resection group than that in the sham-operated group (15.1 + 7.2 vs 3.8 + 1.4, P = 0.006)
(Figure 4E). The median inflammation grades were 3 (2) and 0 (0.75) in the mucosal resection and sham-operated groups
(P =0.002), respectively (Figure 4F). The median scores of damage to the muscularis propria were 3 (1) and 0 (1) in the

Sprague-Dawley rats

n=16

Randomization l

Mucosal resection Sham operation

n=8 n=8

Two weeks Death: n=1

Examinations Examinations

n=7 n=8

Figure 2 Flow chart of the study.
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Figure 3 Follow-up examinations 2 weeks after the operation. (A) Follow-up esophagography showing severe esophageal constriction (arrowhead) in the mucosal resection
group (left) and no esophageal constriction in the sham-operated group (right). (B) The mean luminal diameter of the operated esophagus derived from the follow-up
esophagograms was significantly lower in the mucosal resection group than that in the sham-operated group (1.2 £ 0.3 mm vs 3.8 + 0.6 mm, P < 0.001). (C) Macroscopic
analysis showing severe mucosal constriction (arrow) in the mucosal resection group and no mucosal constriction in the sham-operated group. (D) The mean rate of
mucosal constriction was significantly higher in the mucosal resection group than that in the sham-operated group (48.8 + 9.2% vs 4.8 + 1.4%, P < 0.001). Data are presented
as mean * standard deviation.

Abbreviations: MR, mucosal resection; SO, sham-operated.

mucosal resection and sham-operated groups (P < 0.001), respectively (Figure 4G). In the mucosal resection group,
a-SMA-positive myofibroblast-forming layers with regular horizontal arrangements were observed in the submucosal
layers (Figure SA, B). The mean degree of a-SMA positive deposition per unit area was higher in the mucosal resection
group than that in the sham-operated group (1.8 + 0.5 vs 0.5 + 0.2, P < 0.001) (Figure 5C).

Discussion

Several methods have been used to induce benign esophageal strictures in rat models, including corrosive injury'’ and
stent-related methods.'® These rat models have been widely used to study prophylactic methods for corrosive esophageal
burn-induced strictures and stent-induced esophageal tissue hyperplasia. However, ESD has been increasingly associated
with the etiology of benign esophageal stricture formation. A rodent model that can successfully simulate benign
esophageal stricture induced by ESD is still limited. Up to now, only the rat model of benign esophageal stricture
established by Wu et al'? may successfully simulate benign esophageal stricture induced by ESD. Differently, we
perform mucosal dissection under direct visualization through an incision in the muscularis propria of the esophagus,
rather than a choledochoscope-assisted esophageal mucosal burn through a perforation of the gastric wall. Therefore, in
this study, an easier rat model of benign esophageal stricture induced by mucosal resection was established with
a mucosal constriction rate of 48.8%. The technical success rate was 100% (8/8) and the modeling success rate was
87.5% (7/8).
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Figure 4 Longitudinal histological staining of rat esophagus 2 weeks after the operation. (A) Representative hematoxylin and eosin (H&E) staining image showing severe
inflammation, angiogenesis, and regenerative epithelium in the mucosal resection group. (B) Representative H&E staining image showing no signs of inflammation and
angiogenesis in the sham-operated group. (C) Representative Masson’s trichrome staining image showing atrophy and fibrosis of the muscularis propria in the mucosal
resection group. (D) Representative Masson’s trichrome staining image showing no signs of atrophy and fibrosis of the muscularis propria in the sham-operated group. (E)
The number of nascent microvessels in the submucosal layer per unit area was higher in the mucosal resection group than that in the sham-operated group (15.1 7.2 vs 3.8
* 1.4, P = 0.006). (F) The median inflammation grade was 3 (2) and 0 (0.75) in the mucosal resection and sham-operated groups (P = 0.002), respectively. (G) The median
score of damage to the muscularis propria was 3 (1) and 0 () in the mucosal resection and sham-operated groups (P < 0.001). Data are presented as median (interquartile
range) or mean * standard deviation. *caudal side; # cranial side.

Abbreviations: MR, mucosal resection; SO, sham-operated.

A rat model of benign esophageal stricture has traditionally been induced by corrosive injury, especially with NaOH.
Corrosive esophageal burns cause full-thickness necrosis involving the mucosa, submucosa, and muscular layer. Furthermore,
the mortality and complication rates of the corrosive esophageal burn model are likely to be higher in severe cases. For rats
requiring gastrostomy feeding and gastric puncture postoperatively, Gehanno and Guedon'’ used 50% NaOH to construct
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Figure 5 Longitudinal immunohistochemistry staining (0-SMA) of rat esophagus 2 weeks after the operation. (A) In the mucosal resection group, a large number of a-SMA positive
myofibroblasts (arrows) was found in the submucosal layer. (B) In the sham-operated group, almost no a-SMA positive myofibroblasts were found in the submucosal layer. (C) The
mean degree of a-SMA positive deposition per unit area was higher in the mucosal resection group than that in the sham-operated group (1.8 £ 0.5 vs 0.5 £ 0.2, P <0.001). Data are
presented as mean # standard deviation. *caudal side; “Cranial side.

Abbreviations: MR, mucosal resection; SO, sham-operated.

a corrosive esophageal burn model, but 20 (30.8%) of 65 rats died during the first 3 days of the experiment. Okata et al' also

reported mortality rates of 37.5% (3/8), 20% (2/10), 72.7% (8/11), and 66.7% (4/6) when the NaOH concentration was 20, 30,
40, and 50%, respectively, while the incidence of esophageal perforation was up to 66.7% (4/6) when the NaOH concentration
was 50%. In the present study, one rat (12.5%, 1/8) died within 24 h postoperation due to infection in the mucosal resection
group, and the remaining rats had no definite complications until the end of the study, confirming the safety of this mucosal
resection rat model.

In addition, several clinical studies have shown that strictures often occur 3 weeks after corrosive esophageal injuries
but 2—4 weeks after ESD.**** For this reason, many experimental studies related to the rat model of corrosive esophageal
burns choose 3 weeks or longer postoperatively as the time of sacrifice.'>?*%" In the current rat model, after mucosal resection,
postoperative stricture formation after 2 weeks was responsible for feeding difficulties (Figure 3), and the epithelium was
1.'> Compared with corrosive esophageal burn rat models, our

20,21

regenerated (Figure 4A), consistent with the research of Wu et a
mucosal resection rat model seems to have the potential to shorten the study duration for evaluating new preventive strategies
for esophageal stricture formation.

The mechanisms of esophageal stricture formation induced by alkali (eg, NaOH) and ESD differ. Alkalis cause
liquefactive necrosis, leading to severe esophageal damage. The liquefactive necrosis process often lasts 3—4 days and is
related to mucosal inflammation and vascular thrombosis, causing extensive or focal ulceration and sloughing. In general,
the natural process is fibrosis and collagen deposition, followed by stricture formation in the second or third week.?® In

contrast, ESD causes a large area of esophageal mucosal defects, which means the loss of a barrier against saliva, food,
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gastric acid, and microbes. Esophageal stricture development is a healing process followed by scarring of the mucosal
tissue defect, with severe inflammation, atrophy, and fibrosis in the muscularis propria. In the current study, severe
inflammation, angiogenesis, atrophy, and fibrosis were found in the mucosal resection group, which is consistent with the
results of previous investigations.'*'* Another important pathological feature in the healing process of mucosal defects
after ESD is the appearance of myofibroblasts with horizontal extension and a parallel arrangement of spindle cells.?” As
expected, we also found a spindle-shaped a-SMA-positive myofibroblast cambium in a regular horizontal arrangement
(Figure 5A). Therefore, it is plausible that the proposed mucosal resection rat model is appropriate for further studies of
post-ESD esophageal strictures related to mechanisms, treatment strategies, etc.

To date, numerous anti-inflammatory and anti-fibrotic agents for preventing esophageal stricture formation in corrosive
esophageal burn rat models have been studied.”®>° However, it is unclear whether these agents can also be applied in
preventing and treating post-ESD esophageal strictures since the underlying mechanisms of stricture formation after corrosive
injuries and ESD differ. Interestingly, corticosteroids have been reported to be effective in preventing post-ESD stricture
formation;>*'~*? however, they are unlikely to generate obvious benefits for preventing esophageal stricture after corrosive
injuries.>*~** Therefore, a rat model of mucosal resection is essential for evaluating new medications or other prevention and
treatment strategies for post-ESD stricture formation.

This study has several limitations. First, mucosal resection was performed in a rat model under direct visualization via
laparotomy rather than intraluminally, as in ESD. However, the size of the rodent model and the available endoluminal
devices limit the possibility of performing ESD in rodent models. Second, the healing process of mucosal defects was not
recorded or explored in depth in this study. Further studies on the mechanism of post-ESD esophageal stricture formation
in rodent models are warranted.

Conclusion

In summary, the proposed rat model of benign esophageal strictures induced by mucosal resection is simple, stable, and
reproducible, which can also help to shorten study duration time and improve cost effectiveness. This model may serve as
a useful tool to further investigate the pathogenesis of and develop novel prevention and treatment strategies for benign
esophageal strictures after ESD.

Abbreviations
ESD, Endoscopic submucosal dissection; DICOM, Digital Imaging and Communications in Medicine; HE, hematoxylin
and eosin; MT, Masson’s trichrome; SD, standard deviation; NAOH, sodium hydroxide.
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