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Abstract
Necrotizing enterocolitis (NEC) remains one of the highest causes of mortality and of
acute and long-term morbidity in premature infants. Multiple factors are involved in the
pathophysiology of NEC including the immaturity of the immune system and the
complex changing composition of the intestinal microbiome. This is compounded by the
fact that the premature infant should ideally still be a developing fetus and has an
immature intestinal tract. Because these complexities are beyond the scope of studies
in single cell cultures, animal models are absolutely essential to understand the
mechanisms involved in the pathophysiology of NEC and the effects of inflammation on
the immature intestinal tract. To this end, investigators have utilized many different
species (e.g. rats, mice, rabbits, quails, piglets, and non-human primates) and
conditions to develop models of NEC. Each animal has distinct advantages and
drawbacks related to its preterm viability, body size, genetic variability, and cost. The
choice of animal model is strongly influenced by the scientific question being addressed.
While no model perfectly mimics human NEC, each has greatly improved our
understanding of disease. Examples of recent discoveries in NEC pathogenesis and
prevention underscore the importance of continued animal research in NEC.
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Introduction
Necrotizing enterocolitis (NEC) is the leading cause of gastrointestinal morbidity
and mortality in preterm infants. NEC currently affects 5-10% of very low birth weight
(VLBW) infants, carries a mortality rate as high as 40%(1, 2), and many of these
patients will progress to severe NEC requiring surgical intervention (Figure 1). The
pathophysiology of NEC remains to be fully elucidated, but several risk factors have
been identified, including prematurity, bacterial colonization, enteral feeds, and an
immature immune system(3). While observational studies in humans have led to the
identification of these risk factors, manipulation of these variables is not ethical or
plausible in humans. Likewise, the complex interactions between microbiota, immune
cells, enterocytes, and premature physiology are too broad to be studied in single-cell
cultures. As a result, scientific studies utilizing animal models have been foundational in
discovering much of what we know about NEC pathogenesis. These models allow for
additional studies that are otherwise not feasible in humans. These include manipulation
of biochemical pathways, examinations of specific cellular receptors or cell types,
targeted examinations of the microbiome, and direct measurements of bowel perfusion
and intestinal permeability. Additionally, animal models permit investigation of promising
preventive or treatment strategies, providing an invaluable proof-of-concept prior to
human trials (4, 5).
The use of animal models has been pivotal to improving our current
understanding of NEC and identifying potential therapeutic strategies. For example,
animal models have advanced our understanding of the protective effects of individual
elements of maternal milk on the intestinal epithelium, modulators of biochemical

pathways with therapeutic potential such as Toll-like Receptors, the role of the
microbiome in the protection and propagation of NEC, and even the role of individual
cell types in NEC pathogenesis(5-9). To better understand the pathophysiology of NEC
and the effects of inflammation on the immature intestinal tract, investigators have
utilized many different species (e.g. rats, mice, rabbits, quails, piglets, and non-human
primates)(5, 10-13) and conditions to develop models which simulate the
pathophysiology seen in NEC. Each animal has distinct advantages and drawbacks
related to their preterm viability, body size, genetic variability, and cost. The choice of
animal model should be strongly influenced by the scientific question being addressed.
While no model perfectly mimics human NEC, there are distinct advantages and
disadvantages of each, and each has greatly improved our understanding of disease. A
thorough understanding of each model will better allow the investigator to choose the
appropriate one (based on the question being addressed), and will allow reviewers and
funders to determine the value of future studies. The purpose of this review is to 1)
Justify the value of animal models in the study of NEC, 2) Discuss the three most
commonly used animal species for the study of NEC, and 3) Identify the advantages
and disadvantages of each model and highlight recent discoveries from each.

Modeling NEC in the Rat
The earliest animal models of NEC were done in adult animals and mainly
examined the effects of different feeding compositions on closed loops of bowel. In
these models, ischemia/reperfusion injury was induced by temporary occlusion of the
superior mesenteric artery (SMA) or surgical creation of a small bowel closed loop. By

the mid-1970’s, clinicians and scientists realized that a new model needed to be
developed that took into account the immaturity of the intestine, formula feedings, and
bacteria. The first model to successfully achieve this was described by Barlow et al. in
1974(10). In this study, she demonstrated that gut flora and lack of breast milk were
important contributors to the development of NEC-like injury; facts that are still
applicable in our understanding of NEC today. In 1975, using rats, she included
hypoxia/ hypothermia/ formula-feeding (HHF) to enhance the model(14). These
experiments laid the foundation for animal models of NEC, establishing that these
models must rely on mechanistic, histopathological, and physiologic changes similar to
human NEC to be considered relevant(15). The initial histologic grading system
described by Barlow remains pertinent for disease confirmation in all current rodent
models.
NEC models utilizing rats have several benefits including their low cost per litter
size, a higher resilience to stressors than other species such as mice, and relative large
size compared to mice. The major disadvantages to using rats include a lack of
biomolecular reagents such as commercially available antibodies, and a lack of the
ability to utilize genetic techniques to understand mechanisms. Additionally, the
resilience to stress is also disadvantageous when inducing NEC, as rats have a
superior tolerance to bacterial contamination and endotoxins compared to humans.
One important point about NEC models that utilize rats is that there is great
variation reported in the literature as to how injury is induced. This includes how rat
pups are fed, what composition of formula they are fed, and how often the formula is
given (most often three, four, or six times per day). Both term and pre-term delivery is

utilized. The pups are delivered via cesarean section to avoid breast feeding or
oxytocin injection to induce labor(16). Following delivery, rat pups may be exposed to
varying durations of hypoxia, (Figure 2), hypothermia, and/or hyperoxia(17). To boost
the disease severity of the model, an additional “bonus” factor is often added by
investigators, which may be lipopolysaccharide (LPS)(18), enteric bacteria(19),
Cronobacter sakazakii(20), or casein(21), among others. These may be administered
enterally (Figure 3), intravenously, or even intraperitoneally(22). One of the most striking
features of the rat HHF NEC model is that exposure to hypoxia and hypothermia in pups
that are dam fed essentially never leads to NEC.
Rat NEC models have been useful in demonstrating prevention of NEC with
administration of probiotics, growth factors, stem cells, human milk oligosaccharides,
TNF blockers, and various anti-oxidants. Rat NEC models have also been useful in
temporal biomarker studies (e.g. correlation on intestinal fatty acid binding protein with
timing of ischemia and severity of tissue injury(23)). Currently, the administration of a
protein kinase A inhibitor(24) and milk-derived exosomes(25) are being studied in a rat
model with promising results as potential treatments for NEC.

Modeling NEC in the Mouse
Mice have been widely used in biomedical research. The similarities between
mice and humans in anatomy, physiology, and genetics have led to numerous
advances in human biology, and the advanced knowledge of mouse genetics has
greatly facilitated mechanistic studies. In addition, their comparatively low maintenance
cost, high reproductive rates, and short life cycle offer great advantages. As such, mice

are an attractive species to use in modeling NEC. The earliest attempt to use mice in
NEC research was an adult isolated ileal loop model in 1986 by former U.S. Surgeon
General CE Koop(26). However, the first true advance in utilizing mice was in 2006
when the rat model of NEC was adapted to mice(11). Similar to the rat model described
above, mice in this model were delivered by cesarean section prior to term, and then
gavage fed every 2 hours with 200kcal/kg/day with Esbilac puppy formula using a small
orogastric feeding catheter (Figure 4). Mouse pups are exposed to hypoxia and cold
stress using 100% nitrogen exposure for 1 minute and 4ºC exposure for 10 minutes,
twice daily for a total of 72 hours. Since the first description of this model, several
notable variations have been developed including: the use of hypothermia, ranging from
no hypothermia to 10 minutes at 4ºC; the type, amount, and frequency of formula
feedings; the type of delivery; the age of initiation of injury; and the use of formula
adjuncts such as live bacteria, LPS, or other inflammatory agents.
The primary advantages of mice include the ability to use genetically altered animals
and animals that were raised in germ free conditions. Transgenic mice have been used
to study a host of receptors and mechanistic pathways that are thought to be of
relevance to the pathophysiology of NEC, including Toll-like receptor 4, tumor necrosis
factor, and interleukin 18(11, 27, 28). In addition, alterations to the intestinal microbiome
are now thought to be fundamental to the development of NEC. Utilizing mice that are
bred and raised in the absence of bacteria, investigators have been able to begin to
understand the effects of varying bacterial compositions on the immature intestinal
tract(29).

Recent concerns have arisen regarding the HHF models including a lack of
advances in treatment options, the developmental stage of disease, and the severity of
the conditions utilized. In response to this, several new mouse models have been
developed that attempt to leverage inflammatory pathways rather than hypoxia as a
driver of injury. Trinitrobenzenesulfonic acid (TNBS) has been utilized in 10-day old
mice. TNBS acts as a hapten, binding to host proteins and generating an immune
response that results in a mucosal injury similar to that of NEC(30). A second model
utilizes disruption of Paneth cells followed by enteral gavage of bacteria to induce
disease in 14-day old mice that also induces injury similar to NEC(9). These new
models offer additional insight into mechanistic pathways of how the immature intestinal
tract can be injured and strongly support the new theory that NEC may a final common
pathway of multiple initiating events(31). The Paneth cell disruption model has the
distinct advantage of timing that most closely mimics the human intestinal tract, i.e.
NEC-like injury is only seen in a narrow developmental window that correlates with the
timing of highest risk in premature infants.
The mouse model has been useful in demonstrating mechanisms of prevention
of NEC by probiotics and anti-oxidants, NEC prevention by fecal microbial
transplantation(32), and the lack of impact of osmolality of enteral feeding on NEC
severity(33). The mouse model has also been useful in confirming mechanisms
underlying platelet consumption in NEC(34). The TLR4 knockout mouse has been
essential in discovering the roles of this receptor in NEC (35) and in demonstrating that
NEC can occur with Paneth cell insult in the absence of TLR4 (9). Recent studies using
transgenic mouse models of NEC have also discovered important immune modulating

milk proteins, such as the LPS recognition receptor sCD14, stressing the need for
improvement of infant formulas(25).
While the use of mice to model NEC has greatly advanced our understanding of
the immature intestine and its injury, the small size of mouse pups makes studies with
them technically challenging, including limiting the ability to obtain serial samples,
obtaining maternal milk, and gavage feeding animals.

Modeling NEC in the Pig
A relatively recent but exciting model used to study NEC is the piglet model,
which utilizes the larger body size of the piglet as a distinct advantage. Piglets can be
used for repeated tissue sampling, analysis of tissue perfusion and blood flow, and
differential analysis of feeding route, nutritional components, and volumes. In this
model, piglets are delivered by C-section at 90% term. Following birth, preterm piglets
go through a period of natural hypoxia/hypothermia, and then are formula fed to induce
injury(5). A variation uses total parental nutrition at birth followed by a transition to
enteral formula feeds on the 2nd day of life(4, 36). The advantages of piglets as a model
for NEC include their size, their physiology and anatomy which closely resembles that of
a human infant, and the ability to utilize premature offspring which allows for the study
of an immature intestine in an immature host(37). This is advantageous over rat and
mouse models, where immature intestines can be studied but the hosts themselves are
more mature(38). However, piglets are extremely costly to maintain, and there are
limited analytical tools available such as antibodies. Additionally, there is little to no
current availability to utilize genetic techniques to study disease mechanisms. Lastly,

the piglet models of NEC cause intestinal injury that is global (stomach through rectum)
which differs from rodent models which more specifically affect the distal small intestine.
However, it is also important to note that while most human NEC occurs at the distal
small intestine, NEC totalis is a significant NEC variant that like the pig model, affects
the entire bowel.
The piglet model has been useful in demonstrating prevention of NEC with
enteral but not parenteral antibiotics, in identification of NEC prior to the onset of
symptoms by NIRS monitoring and plasma intestinal fatty-acid binding protein (4), and
in prevention of NEC with bovine colostrum. A recent study has successfully identified
elevated plasma levels of circulating cell-free DNA and neutrophil proteins as early
markers associated with NEC(39). Ongoing research with piglet models continues to
highlight the anti-inflammatory effects of human milk oligosaccharides and elucidate
their role in maturation of intestinal function(40).

Novel Models and Future Directions
Rabbits and hamsters have been also used in the study of NEC (12, 41). These
models are variations of the hypoxia/ hypothermia/ formula feed method, and some
include addition of LPS. A rabbit model uses formula feedings with Enterobacter
cloacae to produce a NEC-like mucosal injury, in addition to creating a distal obstruction
by anal blockage to simulate the intestinal dysmotility of premature infants. This model
has allowed for the study of management of non-surgical NEC(42). A gnotobiotic quail
model has also been used successfully to delineate the contribution of individual
bacterial species in the pathophysiology of NEC(12). Innoculation of germ-free quails

with bacteria associated with NEC have improved our understanding of the iNOS
pathway activation prior to the development of macroscopic lesions in NEC(43). Another
noteworthy model is the premature baboon, delivered via C-section at 125 days
gestation, which is equivalent to a 27-week gestation human(13). The baboons were
treated with mechanical ventilation, antibiotics, enteral feeds, and other necessary
treatments similar to those provided to a neonate with sepsis. Outcomes were
compared showing a difference in the Transforming growth factor-beta expression in
premature intestines during NEC. These less commonly used models have a role in
NEC research; however, they are relatively understudied and their associated costs are
significant, making them less attractive than more conventional models.
In addition, several novel systems show promise in the study of intestinal injury
and development of NEC. Enteroids, while not strictly “animal” models, are intestinal
stem cells harvested from human or mouse crypt cells and grown in culture to produce
self-renewing intestinal tissue(44). These 3-dimensional structures can be manipulated
to study biochemical signaling pathways in NEC and pharmacologically and genetically
altered in the search for therapeutic targets. A novel study using mice to implant human
intestine subcutaneously, while not physiologic, allows for the manipulation of human
tissue to study NEC(45). Another new application is gene editing technology, which may
lead to further transgenic studies in rats and large animals, although it has not yet been
used in published models of NEC(46).
Summary
Animal models of NEC have been in use for more than forty years. The current
animal models, albeit varied, provide invaluable mechanistic understandings of the

physiology of the immature intestine, and the pathogenesis of NEC. Without these
animal models, our current understanding of the biochemical pathways leading to the
development of NEC, the protective effects of breastmilk, and the physiologic
implications of an immature intestine would be severely limited. Furthermore, animal
models provide a unique testing venue for potential therapeutic options prior to
application in clinical trials. Each animal has distinct advantages and drawbacks related
to their preterm viability, body size, genetic variability, and cost. The choice of animal
model is strongly influenced by the scientific question being addressed. While no model
perfectly mimics human NEC, each has greatly improved our understanding of the
immature intestinal tract, and the pathophysiology that leads to NEC. Further
development and funding of animal research is essential to reducing the impact of this
devastating disease of the most vulnerable humans.
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Figure Legends
Figure 1. Exploratory laparotomy of premature neonate with severe NEC requiring
surgical intervention. Note the patchy areas of necrosis (black arrow), distended bowel
(star), and inflammation (white arrow).

Figure 2. Rat pups are exposed to hypoxia in a chamber created using 100% nitrogen
to washout room air, then clamped shut. Hypoxia duration may vary between
investigators from 1 to 10 minutes. Note the cyanotic discoloration of the pups.

Figure 3. Gavage feeding of 1 day old rat pup using silicone orogastric tubing and
syringe. A variety of small-sized catheters may be used, such as angio-catheters or as
in this case, a 1.9F central venous catheter.

Figure 4. A 4 day old mouse pup undergoing gavage feeding, note the milk bubble
(white area) on the pup’s abdomen indicating that milk is filling the stomach.

