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Intestinal ischemia is a life-threatening condition associated with a broad range of clinical conditions including atherosclerosis, thrombosis,
hypotension, necrotizing enterocolitis, bowel transplantation, trauma and chronic inflammation. Intestinal ischemia-reperfusion (IR) injury

is a consequence of acute mesenteric ischemia, caused by inadequate blood flow through the mesenteric vessels, resulting in intestinal
damage. Reperfusion following ischemia can further exacerbate damage of the intestine. The mechanisms of IR injury are complex and poorly
understood. Therefore, experimental small animal models are critical for understanding the pathophysiology of IR injury and the development of
novel therapies.

Here we describe a mouse model of acute intestinal IR injury that provides reproducible injury of the small intestine without mortality. This is
achieved by inducing ischemia in the region of the distal ileum by temporally occluding the peripheral and terminal collateral branches of the
superior mesenteric artery for 60 min using microvascular clips. Reperfusion for 1 hr, or 2 hr after injury results in reproducible injury of the
intestine examined by histological analysis. Proper position of the microvascular clips is critical for the procedure. Therefore the video clip
provides a detailed visual step-by-step description of this technique. This model of intestinal IR injury can be utilized to study the cellular and
molecular mechanisms of injury and regeneration.

Video Link

The video component of this article can be found at https://www.jove.com/video/53881/

Introduction

The intestine is very sensitive to interruption of blood flow which causes ischemia and epithelial damage. Reperfusion after ischemia provides
re-oxygenation of the tissue, and can further promote pathology. Therefore, intestinal ischemia and reperfusion injury is associated with a wide
range of pathologies, including necrotizing enterocolitis, allograft rejection in smaII bowel transplantation, complications of abdominal aortic
aneurysm surgery, cardiopulmonary bypass, and |nf|ammatory bowel disease 2. Intestinal IR i injury, especially acute mesenteric ischemia, is a
life threatening condition resulting in morbidity and mortallty

Although poorly understood, intestinal ischemia-reperfusion (IR) injury is thought to be associated with changes in the gut microbiota as well as
the production of reactive oxygen species and inflammatory cytokmes and chemokines "*®. This leads to activation of both innate and adaptive
immune mechanisms which promote inflammation and tissue injury 18,

Animal models are critical for understanding the mechanisms of IR injury, as they allow easy gain- and loss-of-function genetic experiments.
Several animal models of IR have been developed which |nclude complete vascular occlusion, low flow ischemia, and segmented vascular
occlusion (summarized in a recent comprehensive review ) Intestinal ischemia caused by complete vascular occlusion of superior mesenteric
artery (SMA) is an easy and commonly used model of IR in large animals and rodents 1" However, different areas of the gut have different
susceptibility to injury. In addition, the diverse range of anesthetics, analgesics, artery occlusion techniques, as well as inconsistency in the
duration of ischemic injury and recovery result in variable degrees of injury confounding our understanding of the biology of IR across multiple
studies. Table 1 demonstrates these inconsistencies in murine IR studies. The biggest drawback from using shorter ischemic times (30-45 min)
is targeting the window of recovery upon which discernible differences between cases and controls can be observed. Mild injury to the epithelium
may be resolved an hour after reperfusion, therefore specialized pathological metrics may be required to find differences in epithelial restitution.
In contrast, excessive damage, as seen by 100 min of ischemic injury may result in the complete denudement of the epithelium, where restitution
is no longer possible, increasing the rate of mortality, and recovery time. Therefore, here we describe the detailed procedure of intestinal IR

in mice which results in reproducible injury without mortality to encourage the standardization of this technique across our field. This model of
intestinal IR injury can be utilized to study the cellular and molecular mechanisms of injury and regeneration.
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Animal studies were performed in accordance with the National Institute of Health guidelines and were approved by the Institutional Animal Care
and use Committee of the Trudeau Institute. 8-12 week old C57BL/6 mice were used for the study.

1. Preparation for Surgery

1.
2.
3

Prepare and sterilize surgical instruments.

Prepare isoflurane-based anesthesia system with nose cone, and heated pad. Make sure heated pad is not overheated (<39 °C).

Make sure that the isoflurane gas scavenging canister is positioned correctly to ensure the exhaust ports at the bottom of the canister are not
blocked or occluded in any way. Weigh gas scavenging canister prior to procedure and document weight on canister. Discard canister when
canister weight exceeds 50 g of accumulated weight (~12 hr).

2. Anesthesia

1.

5.

Anesthetize mouse with 3% isoflurane in an induction chamber (1 L/min O,).
1. Assess anesthetic depth by an inability to remain upright, loss of purposeful voluntary movement, loss of blink reflex, muscle relaxation,
and loss of response to reflex stimulation (toe or tail pinch with firm pressure).
2. Assess respiratory rate and pattern by observing chest wall and abdominal movements. Under optimal anesthesia, the breath rate
should be ~ 55-65 breaths per min.
3. Remove mouse from the induction chamber and quickly shave the abdomen area of the mouse.

To prevent corneal desiccation, place bland ophthalmic ointment in the eyes.

Place mouse on the heated pad and connect it via nose cone to anesthesia system. Make sure latex nose cone membrane firmly fits over the
head of the mouse and there is no leak of isoflurane.

Reduce isoflurane rate to 1.5%, and inject buprenorphine (0.1 mg/kg) and ketamine (10 mg/kg) subcutaneously to prevent wind-up of the
pain-cascade.

Wipe the skin of the operation area with a sterile cotton swab soaked with Betadine surgical solution followed by 70% ethanol.

3. Surgery

Make a mid-line 3-5 cm laparotomy with operating scissors. Cover operation area with sterile non-adherent pad moistened with saline. Isolate
cecum and ileum and expose the superior mesenteric artery using cotton swabs moistened in saline.

To facilitate clip applying, make small nicks in the mesentery surrounding the superior mesenteric artery using fine iris scissors.To do this,
gently raise the intestine with dressing forceps and cut mesentery on both sides of the superior mesenteric artery at the desired clip position
(Figure 1A). Then, add few drops of sterile saline to the area of desired clip position before applying clips.

Note: To perform the sham surgery, follow the surgical procedure up to step 3.2. Do not apply clips. Instead, maintain the tissue moist by
added warm saline as described in 3.6 for 1 hr. Afterwards, proceed to step 4.1,

Occlude the first order branches of the superior mesenteric artery with microvascular clips (70 g force) using a clip applier to create a 5-7
cm region of the ischemic ileum adjacent to cecum (Figure 1B). Although the position of the vessels is conservative, there might be slight
variations between mice (see examples on Figure 1). Therefore, 2 or 3 clips are usually required (see the location of the clips on Figure 1A,
D, E, black arrows).

Note: Use high quality vessel clips. High pressure clips can damage vessels and prevent regeneration whereas low pressure clips (<30 g)
may not completely block blood flow.

Block collateral blood flow through the intestine using two microvascular clips across vessels (40 g force), demarking the region of ischemic
intestine (Figure 1). Occlusion of collateral vessels is required to prevent blood supply from adjacent blood vessels (see the location of the
clips on Figure 1A, D, E, green arrows).

Optional: Add heparin solution (6 USP units/ml), to prevent blood clotting. Dropwise add 0.5 ml of heparin solution to the isolated intestine.
Wet sterile non-adherent pad delicate wipes with saline pre-warmed to 37 °C and apply to surgical area. Make sure that wipes remains wet
during the entire procedure.

Maintain ischemia for 60 min using 1-1.5% isoflurane anesthesia throughout. If ischemia procedure is performed correctly, the ischemic
region will change to wine red in color in approximately 30 min. Note that blood vessels distal to the clip position are enlarged during ischemia
(Figure 1, right panels) indicating successful occlusion.

Closely monitor the mouse during the ischemia stage. Continue to apply saline solution to the non-adherent pad covering the surgery site.
Mark the edges of the ischemic area by pipetting 20 pl of Gill's 3 hematoxylin on the tissue to facilitate harvesting the ischemic tissue and
adjacent healthy tissue from the same mouse for comparison (Figure 1E, right panel).

4. Reperfusion Stage

At the end of the ischemia add few drops of saline on the clip area and gently remove microvascular clips with clip applier. Then, gently
push the intestine back to the abdominal cavity using saline moistened cotton tips. Remove non-adherent pad and close the abdominal wall
and skin using 9 mm stainless steel wound clips. If reperfusion is performed longer than 3 hr, use an absorbable vicryl suture to close the
abdominal wall before applying wound clips on skin.

Maintain mice in a heated clean cage for desired amount of time (30 min, 60 min, 120 min, or 180 min) for the reperfusion phase.

Check animals at least every 30 min to assure stability.
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5. Necropsy and Harvesting of Small Intestine

N =

7.

Euthanize mice by CO, overdose followed by cervical dislocation at the desired time following reperfusion.

Open abdominal cavity and collect the ischemic intestinal tissue for further analysis. Harvest healthy normal tissue adjacent to the injured
tissue as an internal control to account for any systemic reaction to injury.

Note: This control is more appropriate than the sham operated control mice because sham operated mice do not undergo a systemic reaction
to IR-induced injury.

Wash out intestinal content using 30 ml syringe with attached gavage needle filled with saline and then cut the intestine longitudinally. If a
sample of intestine is required for gene expression analysis, cut a 1.5 mm fragment longitudinally, and use the remaining piece for histological
analysis.

For histological analysis, prepare a Swiss roll using a pair of forceps to roll the intestine.

To maintain the rolled form, place the pieces of intestine between biopsy foam pads in tissue cassettes (Figure 2). Place the cassettes in
10% buffered formalin.

Fix tissue in formalin for at least 24 hr. Replace formalin with 70% Ethanol for an additional 24 hr. Store tissue in 70% ethanol indefinitely at
room temperature.

Embed in paraffin, cut 5 ym sections and stain with hematoxylin and eosin using a standard protocol (Figure 3).

6. Scoring

PN

Score the murine ischemia-reperfusion injury as summarized in Table 2. Choose an appropriate scoring method.

Optional: Divide the field of view into four sections since the severity of the injury varies throughout the section.

Calculate the average grade of each section from scores obtained blindly.

Compare the grade of the injured tissue between cases and control as well as to the uninjured tissue using a Kruskal-Wallis Test, followed by
a Dunn's multiple comparisons test.

Representative Results

We optimized the experimental protocol of IR surgery to obtain reproducible IR induced injury of the ileum in mice. Representative results are
demonstrated in this section.

Figure 1 shows examples of microvascular clips position to induce ischemia of the ileum. Black arrows show position of the main clips occluding
first order branches of superior mesenteric artery. Green arrows show the position of additional clips to block blood supply from collateral
vessels. Note increased size of occluded vessels distal to the clips position and color change of the ischemic region of intestinte. After removal of
the clips at the end of ischemia blood vessels regain blood flow and return to normal size.

Figure 2 shows an example of a tissue cassette containing Swiss rolls prepared from control and ischemic regions of the ileum after 1 hr of
ischemia, followed by a 1 hr of reperfusion. A piece of spleen was included to facilitate positioning of control and IR intestine during processing
and staining. Note the color difference between control and ischemic tissue.

Figure 3 shows representative hematoxylin and eosin staining of control and ischemic regions of the ileum after 1 hr of ischemia, or 1 hr of
ischemia followed by a 2 hr of reperfusion. Note the severe damage of the epithelium after 1 hr of ischemia characterized by hemorrhagic villi,
epithelium denudement with partial to complete ablation of crypts, and immune cell infiltration (asterisk). After a 2 hr of reperfusion villi damage
and inflammation persist (asterisk), but there is no tissue hemorrhage.

Figure 4 shows an example of the analysis of inflammatory cytokines expression at 1 hr and 2 hr after ischemia-reperfusion in ischemic and
control intestine. Note upregulation of mMRNA expression of TNF, IL-1b, IL-6 and CXCL2 at 1 hr and 2 hr after ischemia-reperfusion compared to
control healthy tissue.
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Figure 1: Induction of Ischemia using Vascular Clips. (A) Isolated area of the intestine containing cecum and ileum. Small cuts in the
mesentery surrounding the superior mesenteric artery are made to facilitate clip application. (B) Microvascular clip application using clip
applier. (C) Position of microvascular clips on superior mesenteric artery to induce ischemia. (D, E). Examples of vasculature structure and clip

positioning in different mice. Arrows indicate the ischemic area of ileum marked by hematoxylin. Please click here to view a larger version of this
figure.

spleen

Figure 2: Tissue Preparation for Histological Analysis. Tissue cassette containing Swiss rolls prepared from ischemic and control regions of
the ileum after 1 hr of ischemia followed by a 1 hr of reperfusion. Please click here to view a larger version of this figure.
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ileum after 1 hr of ischemia, or 1 hr of ischemia followed by a 2 hr of reperfusion. Bars = 500 um (top panels), 200 upm (bottom panels). Please

click here to view a larger version of this figure.
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Figure 4: Expression of Inflammatory Cytokines During Ischemia-Reperfusion. Expression of CXCL2, TNF, IL-6, IL-1b was measured at 1
hr and 2 hr after ischemia-reperfusion in ischemic tissue (IR) and normal control tissue (C) adjacent to the ischemic region by real-time PCR. n =
3 - 8 mice per group, * p <0.05; ** p <0.01; *** p <0.001. Error bars represent s.e.m. Please click here to view a larger version of this figure.
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Murine Anesthesia / Analgesia Artery occlusion method Ischemia time | Time after Reference

Species reperfusion

Sprague- Sodium pentobarbital Occlusion of SMA and celiac artery using 45 min 2 hr 12

Dawley rats aneurysm clip or clamp

C57BI6/129 2% halothane Occlusion of mesenteric arteriole, and the 30to 130 min |6 hr 13
proximal and distal portions of the ischemic
tissue.

C57BL/6 Ketamine, Isoflurane Occlusion of SMA using aneurysm clips. 1hr 1.5hr 4,8,11

Occlusion of collateral circulation at the
proximal and distal areas.

C3H/Hej Sodium pentobarbital Occlusion using aneurysm clip or clamp 40 min 6 hr 14

C56BL/6 Isoflurane Occlusion of SMA and ileocolic artery using 100 min 1,2,4,24hr |15
aneurysm clip or clamp

C57BL/6 Urethane Occlusion using aneurysm clip or clamp 45 min 60 min 16

Table 1: Variations in Methodology in Murine Intestinal IR-induced Injury

Histology scoring system Reference

Grade 0: Normal mucosa 13,17,18

Grade 1: Subepithelial space at the villous tip

Grade 2: More extended subepithelial space

Grade 3: Epithelial lifting along the villous sides
Grade 4: Denuded villi

Grade 5: Loss of villous tissue

Grade 6: Crypt layer infarction

Grade 7: Transmucosal infarction

Grade 8: Transmural infarction
Grade 0: Normal mucosa 4,8,11,19-21

Grade 1: Sloughing of cells on villous tips

Grade 2: Mid-villous damage

Grade 3: Villi were absent, but crypts were still readily detectable

Grade 4: Complete absence of epithelial structures and transmural necrosis
Grade 0: Normal villus 6,22-31
Grade 1: Villi with tip distortion

Grade 2: Goblet cells and Gugenheims' spaces are missing

Grade 3: Villi with patchy disruption of the epithelial cells

Grade 4: Villi with exposed, but intact lamina propria with epithelial cell sloughing

Grade 5: Lamina propria is exuding

Grade 6: Villi that display hemorrhage or to villi that are denuded
Grade 0: Normal histology 32,33
Grade 1: Slight disruption of the surface epithelium

Grade 2: Epithelial cell loss injury at villus tip

Grade 3: Mucosal vasocongestion, hemorrhage, and focal necrosis with loss of less than half of villi

Grade 4: Damage extending to more than one-half of villi

Table 2: Histology Scoring Systems in Murine Intestinal IR-induced Injury
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The development of mouse models of intestinal IR injury have greatly improved the understanding of the mechanisms of tissue injury and aided
in the development of potential therapeutic strategies to minimize tissue damage 79134 The critical steps of this protocol are proper positioning
of the microvascular clips, correct timing of the ischemia and proper histologic evaluation of IR injury.

The duration of ischemia is critical for subsequent epithelial damage. The typical time required to induce reproducible IR injury without morbidity
and mortality of experimental mice is 45-60 min followed by a 2-3 hr reperfusion. Extended periods of ischemia may results in complete loss

of the epithelium and increased mortality. For example, in a porcine model of jejunal ischemia, 60 min occlusion resulted in partial loss of villa
epithelium, whereas occlusion for 120 min led to the complete loss of villus epithelium %, Importantly, germ-free and genetically manipulated
mice may display an increased sensitivity to IR injury, and therefore optimal time of ischemia and reperfusion may need to be optimized in
preliminary experiments. Although typical time for evaluation of tissue damage after reperfusion is 2-3 hr, longer time (12 hr) is required for the
analysis of intestinal stem cell mobilization % Additionally, changes in commensal microbiota and TLR/Nod-mediated signaling can significantly
influence the outcome of the of IR injury 4837

The proper position of microvascular clips is also critical for reproducible IR injury. Here we describe the model of IR injury of the murine distal
ileum. Distinct parts of the intestine are known to display different sensitivity to IR injury. For example, jejunum is more sensitive to IR injury
than ileum and colon %**4%_ |n fact, ischemia-reperfusion model of jejunum by occluding SMA with a single clip is commonly used to study the
mechanisms of IR injury (see ref. 9 for a comprehensive review of different methods of IR-injury in animals). However, the precise position of
the clip and the analysis of different sections of intestine, as well as different methods of anesthesia varies between these studies, making it
difficult to reproduce (see Table 1). An additional complication of IR injury of jejunum is high mortality since position of the vascular clip close
to the root of SMA affects blood supply to broad area of intestine. Therefore, in the current study we developed a protocol to induce consistent
IR injury of terminal ileum, which is easy to reproduce. To induce reproducible IR injury of ileum, the proper position of vascular clips is critical.
This is achieved by occluding the peripheral and collateral branches of the superior mesenteric arter¥.The degree of IR injury can be assessed
by evaluation of hematoxylin and eosin sections using original Chiu/Park or modified score systems 118344132 Additionally, evaluation of tissue
damage can be performed using terminal deoxynucleotidyl transferase biotin-dUTP nick end-labeling (TUNEL) staining of fragmented DNA,

or active caspase-3 immunohistochemical staining, analysis of neutrophils by measuring myeloperoxidase activity or immunohistochemical
evaluation of neutrophils using Gr-1, or Ly6G antibody staining m Inflammatory cytokines and chemokines, such as IL-1b, TNF, IL-6, CXCLA1,
CXCL2, CCL2 can be evaluated by real-time PCR 248 An example of the analysis of inflammatory cytokine expression is shown on Figure 4.

It is important to note that despite the high reproducibility and accessibility of IR injury of the ileum, this model may not reflect all clinical signs of
human disease, in particularly chronic disease conditions and conditions with partial occlusion of the superior mesenteric artery ® There are also
differences in villus microvasculature between mice and humans, as well as levels of xanthine oxidase, a key enzyme mediating production of
reactive oxygen species during IR injury 943, Therefore, models using large animals, such as pigs are being developed 944 Careful selection of
the animal model depending on the human condition being studied is critical. In summary, we describe an easy and robust model of intestinal IR
injury which can be utilized to study the cellular and molecular mechanism of epithelial injury and regeneration.
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