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SHORT ABSTRACT:

LONG ABSTRACT:
Necrotizing enterocolitis (NEC) is the most severe gastrointestinal (GI) disease that often occurs in premature infants, especially very low birth weight infants, with high mortality and unclear pathogenesis. The cause of NEC may be related to inflammatory immune regulatory system abnormalities. An NEC animal model is an indispensable tool for NEC disease immune research. NEC animal models usually use C57BL/6J neonatal mice; BALB/c neonatal mice are rarely used. Related studies have shown that when mice are infected, Th2 cell differentiation is predominant in BALB/c mice compared to C57BL/6J mice. Studies have suggested that the occurrence and development of NEC are associated with an increase in T helper type 2 (Th2) cells and are generally accompanied by infection. Therefore, this study used neonatal BALB/c mice to induce an NEC model with similar clinical characteristics and intestinal pathological changes as those observed in children with NEC. Further study is warranted to determine whether this animal model could be used to study Th2 cell responses in NEC. 

INTRODUCTION:
Necrotizing enterocolitis (NEC), the most severe gastrointestinal (GI) disease, occurs in most premature infants (&gt;90%), especially those with very low birth weight (VLBW)1. In VLBW infants, the incidence of the disease ranges from 10% to 12%, and the mortality of children diagnosed with NEC is between 20% and 30%2,3. The cause of NEC may be related to mucosal injuries, invasion by pathogenic bacteria, and intestinal feeding, which can lead to inflammatory responses and the induction of intestinal injuries in susceptible hosts3. The pathogenesis of NEC is unclear. Relevant research shows that the affected infant’s immune response is abnormal, and genetic susceptibility, microvascular tension, and intestinal bacterial changes may play important roles in the disease3.

The NEC animal model is an indispensable tool for research on the pathogenesis of NEC. The animal species used for NEC models are pigs, rats, and mice. However, due to the long gestation period, growth cycles, and high costs, in recent years, pigs have not been the first choice for NEC models and have been replaced with rats or mice4. As there are differences in the immune background of different mouse strains5, different studies need to use different strains of mice to establish NEC animal models. BALB/c mice have an important feature; when they are infected or cope with external damage, the polarization of TH2 cells during infection in mice is significantly stronger than that in other strains of mice6-8. T helper cells play a crucial role in the occurrence and progression of NEC, especially the development of TH2 cells3,9-11. Therefore, this study used BALB/c mice to establish the NEC model, which might be helpful for NEC disease research on T cells. 


PROTOCOL:

This research was approved by the Medical Ethics Committee of Guangzhou Women and Children’s Medical Center (NO. 174A01) and the Animal Ethical Committee of the Guangzhou Forevergen Biosciences Laboratory Animal Center (IACUC-G160100). All animals were bred in the same room in a specific pathogen-free (SPF) environment, and experiments were carried out in a conventional environment. The mice used for breeding were 7–8 weeks old; the mice for inducing NEC were separated from the dam on Day 4, and the control (Cont.) group mice were nursed and fed by the dam.

1.	Preparation of reagents and devices

1.1.	Prepare the milk substitute for the BALB/c mice in the corresponding ratio (premature baby milk powder: goat milk powder = 2:1). 

NOTE: The final nutritional compositions of formula milk12 are shown in Table 1.

1.2.	LPS solution (2.5 mg/mL)

1.2.1.	Dissolve a total of 10 mg of LPS powder in 4 mL of sterilized double-distilled water, mix well, and store in a refrigerator at -20 &#176;C after aliquoting.

NOTE: The LPS solution is stored in the dark at 2–8 &#176;C for immediate use or at -20 &#176;C for long-term storage.

2.	Induce necrotizing enterocolitis in neonatal BALB/c mice 

2.1. Feed the neonatal mice.

NOTE: NEC-inducing experiments were started when the mice were 4 days old, and the mice were divided into a Cont. group (n = 24) and the NEC group (n = 72).

2.1.1.	Keep the neonatal mice in the same cage with the dam, nursed by the dam on Days 0–4. 

2.1.2.	On the night of Day 4 (when the neonatal mice weigh 2.5–3 g), separate the neonatal mice in the NEC group from the dam to induce NEC, keep them in an animal incubator, and feed them with formula. However, the Cont. group is allowed to stay with and be fed by the dam.

NOTE: Neonatal mice that are separated from the dam must be raised in an incubator because of their weak body temperature regulation.

2.2.	Prepare the gavage tube by soaking it in 75% alcohol containers for 1–2 min and wash them twice in clean, double-distilled water. 

NOTE: To avoid cross-contamination among the mice, the above process must be performed after feeding each mouse.

2.3 Induce the NEC model.

2.3.1. Take the neonatal mice from the dam on Day 4 and fast them for one night. 

2.3.2. Gavage the mice with LPS (20–30 &#181;L at a time) and feed them with formula on Day 5 (40–50 &#181;L at a time). 

2.3.3. From Day 5 onwards, subject the mice to a hypoxia-reoxygenation-cold-shock cycle twice a day for 5 days. Place the mice in a hypoxia device at 5% O2 for 90 s and reoxygenate them for 3 min; repeat this process five times. Next, place the mice in a 4 &#176;C environment for 15 min and then transfer them to an incubator. See Figure 1A,B for the induction process. 

NOTE: A cycle of hypoxia–reoxygenation–cold stimulation was performed once in the morning and once in the afternoon. A mixture of 5% O2 with 95% N2 was prepared in the container, and the concentration was measured with an oxygen detector.

2.4. Closely observe all the mice, weigh them every day, record the survival of the mice during the induction period, and record the stool characteristics (with or without sticky stools/bloody stools).

NOTE: The established NEC model lasts for 5 days.

2.5. On Day 10 or earlier, when the mice show NEC symptoms (ileus, hematochezia, diarrhea)13, euthanize the mice by inhalation anesthesia with isoflurane, and collect the intestinal tissue.

NOTE: In this study, tissues were taken immediately after euthanasia after the appearance of NEC symptoms. Tissues were not collected from mice that died spontaneously. 

3.	Gavage the mouse.

3.1. Fix the mouse head, holding the gastric tube in the right hand. Insert the gastric tube from the left corner of the mouth of the mouse. 

NOTE: The head was fixed with the index finger on the mouse’s head and gently pressed backward and downwards to prevent the mouse from bending forwards during the operation and affecting the insertion of the gastric tube. 

3.2. Slowly move the tube to the center of the mouth. After inserting the tube approximately 2–3 cm, push 40–50 &#181;L of formula or 20–30 &#181;L of LPS into the digestive tract. See Figure 2A,B for the gavage. 

NOTE: Under normal circumstances, the gastric tube is inserted into the digestive tract smoothly. If the mouse has a strong vomiting reflex, the gastric tube has been inserted into the trachea by mistake. The gastric tube must be pulled out gently and the mouse allowed to rest for a while before attempting gavage again.

4.	Collect fresh intestinal tissue specimens for hematoxylin and eosin (H&amp;E) staining

4.1.	Immerse the fresh ileum tissue from the mouse in 10% formalin for 24 h. 

4.2.	Embed the tissues in paraffin and slice them into 4 &#181;m sections.

4.3.	Deparaffinize the sections in xylene and rehydrate them successively in absolute ethanol, 95% ethanol, 80% ethanol, 70% ethanol, and distilled water, soaking for 5 min in each step. Stain the sections with hematoxylin solution for 5 min and differentiate them in 1% hydrochloric acid in 75% alcohol for 5 s. Finally, stain them with eosin solution for 1 min.

NOTE: After staining with hematoxylin solution, it must be differentiated with 1% hydrochloric acid in ethanol to remove excessively bound hematoxylin solution and cytoplasmic hematoxylin dye. The concentration of 1% hydrochloric acid is suitable for intestinal tissue.

4.4. Examine the histopathology of the intestinal tissue at 40x magnification.

REPRESENTATIVE RESULTS:
The BALB/c mouse NEC model was induced by formula feeding, LPS feeding, hypoxia, and cold stimulation. During the induction period, the mice were observed for intestinal pathology, stool characteristics, body weight changes, and daily survival. Representative images of the small intestine during NEC induction; the numbers in the picture represent the intestinal pathology score from 0 (normal epithelium) to 4 (the most severe) (Figure 3A). The intestinal pathology score was significantly higher in the NEC group than in the Cont. group (Figure 3B). The numbers in the picture represent stool scores from 0 (well-formed pellets) to 3 (liquid stools) (Figure 3C). On Day 10, the stool scores of the NEC groups were significantly higher in the NEC group, indicating that intestinal dysfunction in the NEC group was more serious (Figure 3D). On Day 5, the first day of induction of the NEC model, there was no significant difference in body size between the two groups. However, on Day 10, the mice in the NEC group were significantly thinner than the mice in the Cont. group (Figure 4A). 

During the 5 days during which the model was established, the weight of the mice in the NEC group increased slowly or even showed negative growth, and the survival rate of the mice in the NEC group gradually decreased compared with the Cont. group (Figure 4B,C). In addition, another batch of mice was used to induce the NEC model but without collecting the tissues; by Day 13, all the mice in this NEC group had died, and the survival curve was significantly reduced (Supplemental Figure S1). Figure 5A shows the morphology and pathological results (necrosis of intestinal mucosal tissue) of the resected ileocecal area of the intestinal tissue from NEC patients in this hospital. In this study, the mice in the NEC group (1/13) developed ileocecal hemorrhage and necrosis (Figure 5B). 

Figure 1: Induction of the BALB/c NEC model process. (A) The mice in the NEC group were separated from the dam at birth until they were 4 days old (on Day 4) and fasted that night. The NEC model was induced from Day 5 onwards after birth and lasted for 5 days. Intestinal tissue specimens were collected on Day 10 or earlier. The mice in the Cont. group were housed with and nursed by the dam. (B) The sequence of operations for each day after inducing the NEC model. Abbreviations: Cont. = control; NEC = necrotizing enterocolitis; LPS = lipopolysaccharide. 

Figure 2: Gastric gavage. (A) A specialized gavage device was used in this study, which was combined with a plastic tube and syringe. (B) The gavage tube entered from the corner of the mouth at a 45&#176; angle to the vertical line. (C) The tube was slowly moved to the center of the mouse's mouth to ensure that the gastric tube and the esophagus were at the same vertical level. Abbreviations: D= diameter.

Figure 3: BALB/c mouse NEC model. (A) Photomicrographs of the intestinal pathology score from the two groups, e.g., showing intact and normal mucosa in the Cont. group (score 0), mild submucosal or lamina propria swelling separation in two groups (score 1), moderate submucosal and/or lamina propria separation in the NEC group (score 2), severe submucosal and/or lamina propria separation in the NEC group (score 3), intestinal villi disappearance with intestinal necrosis in the NEC group (score 4). (B) The intestinal pathology scores in the mice after NEC induction were higher than that of the Cont. group (n = 9 in the Cont. group, n = 35 in the NEC group, *** P＜0.001 with Student's t-test). (C) Photomicrographs of stool scores from two groups, e.g., showing well-formed pellets in the Cont. group (score 0), formed stools in two groups (score 1), semiformed stools in the NEC group (score 2), and liquid stools in the NEC group (score 3). (D) The stool scores in the NEC group were significantly higher than that in the Cont. group (n = 6 in the Cont. group, n = 13 in the NEC group, *** P＜0.001 with Student's t-test). The red triangle represents the separation of mucosa and lamina propria, and the black arrow points to mouse feces. Scale bars = 50 &#181;m. Abbreviations: Cont. = control; NEC = necrotizing enterocolitis; HE = hematoxylin and eosin.

Figure 4: Comparison of body shape and the survival of mice between the Cont. group and the NEC group. (A) The appearance of the two groups of mice on Day 5 and Day 10. (B) This section shows the weight changes of the mice in two groups over time; the x-axis represents the number of days after the mice were born, and the y-axis represents the weight changes of the mice; **P &lt; 0.01, ***P &lt; 0.001 with Student's t-test to compare the Cont. group (n = 10) and the NEC group (n = 27) (C) This section shows the survival curves of mice in the control group (n = 10) and the NEC group (n = 25). Abbreviations: Cont. = control; NEC = necrotizing enterocolitis.

Figure. 5: Ileocecal hemorrhage in children with NEC and mice with NEC. (A) Hemorrhage and necrosis of the ileocecal area in children with NEC. (B) Hemorrhage and necrosis in the ileocecal area of mice with NEC (1/13); however, the intestines of the mice in the Cont. group were normal, without hemorrhage and necrosis. The black triangle refers to intestinal hemorrhage and necrosis, and the red arrow shows hemorrhage and necrosis of the ileocecal area. Scale bars = 50 &#181;m. Abbreviations: Cont. = control; NEC = necrotizing enterocolitis.

Table 1: Dairy formula milk ingredients.

Supplemental Figure S1: The survival curve was significantly reduced in the NEC group so that all mice died spontaneously (n = 5 in the Cont. group, n = 10 in the NEC group). Abbreviations: Cont. = control; NEC = necrotizing enterocolitis.

DISCUSSION:
NEC is the most common gastrointestinal system emergency for neonates, with a high incidence and mortality, especially in premature infants1-3. However, its pathogenesis is still unclear. It is currently believed that mucosal damage, pathogen invasion, and enteral feeding are high-risk factors for NEC3. To date, the animals used for the NEC model are mainly pigs, rats, and mice. Most studies have used neonatal C57BL/6 mice to induce NEC13-16, and very few studies have used BALB/c neonatal mice to induce NEC. However, BALB/c mice have the advantage of Th cell polarization6-8, which warrants further study to determine whether they can be a good NEC model for Th cell research of the disease. 

We referred to the Nadler pathological score standard of NEC model17 and found that the score of the NEC group was significantly higher than that of the control group. A score ≥ 2 indicates NEC, and the success rate of inducing NEC is 38–50%. We also evaluated the stool scores18 of the two groups of mice and found that the scores of the NEC group were higher than those of the control group. The higher the score, the more serious the intestinal dysfunction. All these data show that the establishment of the NEC model was successful. In addition, it is encouraging that the neonatal BALB/c mouse model of NEC can simulate human NEC to a certain extent. Hemorrhage and necrosis occur in the intestines of children with NEC3,19; similar pathological conditions were observed in this model.

Gavage is the key step in inducing NEC in the mouse model. If the gavage operation was not proficiently mastered, it was easy to mistakenly place the gastric tube into the trachea and cause the mouse to die. During gastric gavage, the left thumb, middle finger, and ring finger were used to clamp both sides of the mouse's torso, and the index finger was placed on the head to fix the mouse in place. This was to prevent the mouse from moving around and causing the gastric tube to damage the esophagus. The gastric tube was inserted from the left corner of the mouse's mouth. It is only when the gastric tube enters the esophagus smoothly without resistance could we continue inserting it. LPS or formula milk should be injected only after inserting the gastric tube 2–3 cm from the mouse's lower lip. 

The length of hypoxia should be carefully monitored. In this study, hypoxia lasted for 90 s each time. If hypoxia is too long, the mice will not be able to tolerate it and will die. This model may be used to research NEC-related immune cells, especially TH1 and TH2 cells3,9-11,20. In the future, we plan to investigate whether this model is useful to study Th2 cell responses in NEC. In addition, this study also introduced a new method of stool scoring to evaluate intestinal dysfunction in mice with NEC18. However, there are some limitations to this study. For example, the success rate of the model was not very high. Efforts are ongoing to improve the method of BALB/c NEC modeling to increase the success rate by adjusting the hypoxia level from 5% O2 to 1% O2, as described previously15.
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