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ABSTRACT 

 

 Neonatal necrotizing enterocolitis (NEC) is the most common gastrointestinal 

disease in premature babies. Despite significant morbidity and mortality, the cause of this 

disease remains unclear and there are no preventative treatments available. Prematurity 

and enteral feeding of infant formula are considered to be the primary risk factors for 

development of NEC. Interestingly, the incidence of NEC is six to ten times lower in 

breast-fed babies compared to those that were formula-fed. The factors responsible for 

the protective effect of breast milk against NEC have not been identified, but epidermal 

growth factor (EGF) is one of the most promising candidates. EGF is found at high 

concentrations in human milk, but is not present in any commercial formula. Mothers 

with extremely premature babies have 50-80% higher levels of EGF in their breast milk 

compared to mothers with full term infants. This suggests that EGF plays an important 

role in the development of premature infants. Our studies have shown that 

supplementation of EGF into formula significantly reduces the incidence of NEC in a 

neonatal rat model. However, the mechanisms underlying this EGF-mediated reduction 

of NEC are not understood. The overall hypothesis of this dissertation is that the 

protective effect of EGF in NEC pathogenesis is mediated via increased expression of 

pro-survival genes and strengthening of the mucosal barrier. The results of the studies 

within this dissertation demonstrate that treatment with EGF significantly decreases 

intestinal epithelial cell apoptosis at the site of NEC injury by up-regulating anti-
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apoptotic genes and down-regulating pro-apoptotic genes. Furthermore, supplementation 

of formula with EGF strengthens the mucosal barrier by inducing accelerated maturation 

of ileal goblet cells and mucin-2 production. In addition, EGF treatment normalizes 

expression of crucial tight junction proteins in the ileum. Consequently, EGF treatment 

results in a significant decrease in intestinal paracellular permeability and improved 

barrier function. Results from these studies will provide significant contributions to the 

understanding of EGF-mediated reduction of NEC, which may lead to development of 

therapeutic strategies for the treatment of human NEC. 
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1. INTRODUCTION 

 Neonatal necrotizing enterocolitis (NEC) is the most common and devastating 

gastrointestinal disease of prematurely born infants (138). It is estimated that there are 

approximately 9,000 cases each year in the United States, with death occurring in 20% to 

40% of affected infants (112, 113). Severe, end-stage NEC is characterized by an 

extensive hemorrhagic inflammatory necrosis of the distal ileum and proximal colon (86). 

The disease can be mild to severe, with clinical presentation ranging from abdominal 

distention and tenderness, pneumatosis intestinalis, occult or frank blood in stools, 

intestinal gangrene, bowel perforation, sepsis, and shock (138). The incidence of NEC is 

highest among smaller, more premature babies with a birth weight less than 1500 g (113) 

and is rarely seen in full-term babies or older children (153). The pathophysiology of this 

disease remains poorly understood; however, prematurity, enteral feeding, intestinal 

hypoxia-ischemia, and bacterial colonization are considered major risk factors for 

development of NEC (19). Currently, there is no preventative treatment for this disease. 

 The combination of prematurity, enteral feeding, intestinal ischemia and bacterial 

colonization can lead to increased mucosal injury, leaving the immature intestine at high 

risk for developing NEC (Figure 1.1). Approximately 90% of cases occur in premature 

infants (86). Premature neonates are thought to be susceptible to NEC due to immaturities 

of the gastrointestinal tract, including a decreased immune response, poor motility, 

reduced absorptive function, enzyme function, and gut hormone regulation, low levels of 

protective mucus, and reduced regenerative capabilities (99, 137). Approximately 95% of 
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cases occur in babies who have been fed enterally before disease onset (2). The 

mechanism associating feeding to NEC is not well understood. It has been suggested that 

the increased osmolality of infant formula is injurious to the immature intestine (35). 

Evidence also suggests that feeding promotes bacterial colonization of the intestinal 

lumen (111). It is hypothesized that the bacterial proliferation following enteral feeding 

stimulates endotoxin production, thereby increasing the risk of NEC. Another 

predisposing factor in the pathogenesis of NEC is intestinal hypoxia-ischemia. Premature 

infants often have episodes of perinatal distress, which results in shunting of blood away 

from the intestine. The “diving reflex” of the premature infant ensures that blood flow is 

redistributed to preserve adequate perfusion of vital organs such as the brain, heart and 

kidneys (176). This leaves the intestinal mucosa vulnerable to further damage. 

 
FIGURE 1.1. Major risk factors leading to development of NEC. 
(Adapted from Krissinger, 1995). 
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Animal Models of NEC and Their Relevance to Human NEC 

 Several animal models have been developed to study the pathophysiology of 

NEC, including pigs (32), dogs (59), rabbits (143), mice (108) and rats (4, 18). The ideal 

NEC model should be consistently reproducible, inexpensive, and relevant to prematurity 

of the gastrointestinal tract. Among these animal models, the rat NEC model has been 

shown to be the best experimental model to study the etiology of this disease (4, 20, 31). 

In this model, intestinal injury is developed by artificially feeding prematurely born rats a 

cow’s milk-based formula in combination with exposure to hypoxia and cold stress 

during the first four days of life (4). Following this protocol, rats develop NEC-like injury 

localized predominantly in the terminal ileum (Figure 1.2).  

Rats and mice have a short gestation period, and many critical intestinal functions 

develop postnatally. In contrast, other mammals, such as humans, pigs and sheep, have a 

long gestation period and intestinal development occurs predominantly in utero. Thus, 

using the neonatal rat model is highly relevant to the study of diseases related to the 

immature human gut (142). The major advantage of the neonatal rat model is that many 

of the clinical and pathological changes are similar to those found in humans: the 

abdomen is distended, blood is detected in stool, the ileum and proximal colon are the 

most affected parts of the intestine, and pneumatosis intestinalis is evident in most 

animals. Further, the neonatal rat model encompasses three major risk factors for human 

NEC- prematurity, formula feeding, and hypoxia-ischemia.  
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FIGURE 1.2. Macroscopic appearance of the gastrointestinal (GI) tract of a normal, 
healthy neonatal rat compared to the GI tract from a rat with fully developed NEC. The 
jejunum and ileum from healthy rats have no visual pathological changes. In animals with 
NEC, the distal ileum exhibits severe hemorrhage and discoloration (arrow). Photos by B. 
Dvorak.  

 

 

Maternal Milk and NEC 

 Breast milk is a well-balanced source of nutrition for the newborn. It provides the 

major nutrients, vitamins, minerals and a plethora of biologically active and 

immunomodulatory factors, such as hormones, cytokines, growth factors and nucleotides, 

that are essential for the maturation of the intestine (104 282). Epidermal growth factor 

(EGF) is one of the major peptides present at biologically significant concentrations in 

colostrum and human milk (22, 131). However, factors such as EGF are absent in all 

commercially available infant formulas (82, 210). Consequently, premature infants who 

are never fed breast milk do not expose their developing gastrointestinal tracts to 

biologically active factors such as EGF.  
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Several studies have shown that breast milk is protective against NEC in humans (81, 

117) and in animal models (4, 149). However, the component(s) of breast milk 

responsible for protection against NEC remains elusive. We have shown that during the 

first month of lactation, EGF levels in the milk of mothers with extremely premature 

babies are 50% to 80% higher compared to the milk of mothers with full-term infants 

(38). We speculate that the increased levels of EGF in the milk of mothers with extremely 

premature babies may be responsible for the protective effect of breast milk against 

neonatal intestinal diseases, such as NEC. 

 

Epidermal Growth Factor Family of Ligands and their Receptors 

The epidermal growth factor (EGF) family is comprised of polypeptides that 

share significant sequence homology and are involved with regulation of cell replication, 

cell movement, and cell survival (72). The EGF family of ligands can be divided into two 

groups based on their binding specificities to the EGF-R/ErbB family of receptor tyrosine 

kinases (ErbB-1, ErbB-2, ErbB-3, and ErbB-4) (Figure 1.3) (21, 79). The first group 

consists of EGF, transforming growth factor-α (TGF-α), and amphiregulin (AR), which 

bind preferentially to the EGF-R/ErbB-1 receptor. The second group consists of heparin-

binding EGF (HB-EGF), betacellulin (BTC), and epiregulin (EPR), which exhibit dual 

specificity for ErbB-1 and ErbB-4 (72). When ligand binds to ErbB receptors, homo- and 

hetero-dimers are formed, leading to activation of the intrinsic kinase domain and 
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subsequent phosphorylation of specific tyrosine residues in the kinase domain of the 

cytoplasmic tail.  

ErbB receptor homo- and hetero-dimers are dependent on which EGF family 

ligand binds (33), and each ErbB receptor dimer has unique substrate recruitment 

capabilities (34). Therefore, distinct signaling pathways can be stimulated by binding of 

the various ligands. 

 
FIGURE 1.3. Simplified schematic of the epidermal growth 

factor receptor family and ligands that bind them.  
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Biological Effects of Epidermal Growth Factor in the Intestine 

 

EGF has trophic, maturational, and healing effects on the intestinal mucosa (36, 

42, 154). EGF produces a variety of biological responses, including enhanced 

proliferation and differentiation of epithelial cells. The biological actions of EGF are 

mediated through specific binding to EGF-R, which is distributed throughout the fetal 

and neonatal intestinal tract (25). The major sources of EGF for the developing neonate 

are maternal colostrum, milk, and saliva (38, 60, 172). In adulthood, the salivary glands 

are the major producers of EGF; however, the kidneys, Brunner’s glands of the 

duodenum, and Paneth cells of the proximal jejunum are also capable of producing 

endogenous EGF (23). 

 

Role of Epidermal Growth Factor in NEC 

The protective role of EGF against a variety of gastrointestinal injuries is well 

established. It has been shown that luminal EGF stimulates restitution and proliferation of 

gastrointestinal mucosal cells, affects gastric adaptation to noxious substances and 

healing of acute and chronic lesions, and inhibits gastric acid secretion (105). Further, 

both enteral and parenteral administration of EGF enhance intestinal adaptation following 

small bowel resection (48, 187). Previous studies have also demonstrated a critical role of 

EGF in mucosal repair during colitis, where it was shown to reduce erosions and 

ulcerations of the mucosa (160). 
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In contrast to non-necrotizing colitis, NEC is a disease that predominantly affects 

the distal ileum and proximal colon (100). The first report relating EGF and NEC in 

humans was from England, where a critically ill infant diagnosed with NEC-like 

symptoms was successfully treated by continuous intravenous infusion of EGF (190). It 

has also been reported that infants with NEC have diminished levels of salivary and 

serum EGF compared to healthy controls (75, 182). Further, neonates with NEC have 

increased urinary levels of EGF which may result from increased absorption of EGF 

through the damaged intestinal mucosa (177). In EGF-R knock-out mice, the animals 

develop hemorrhagic enteritis which is pathologically similar to NEC (123). These 

studies suggest EGF insufficiency may play an important role in NEC pathogenesis. 

 

Oral Administration of Epidermal Growth Factor Reduces the Development of 

Experimental NEC 

In normal suckling animals, supplementation of EGF into formula enhances 

growth of the stomach and the small intestine (10), induces precocious maturation of 

intestinal brush-border disaccharidase activities (140), and modulates intestinal nutrient 

transport (141). Because the incidence of NEC is associated with formula feeding of 

newborn babies, we proposed that the absence of EGF in the developing gut increases the 

potential to develop this disease. Using the neonatal rat model, where pups are artificially 

fed formula and exposed to asphyxia and cold stress to induce NEC, we found that oral 

administration of EGF (500 ng/ml) decreases the incidence of disease by more than 50%  
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(40). Results from this study suggest a critical role of EGF in the maintenance of gut 

integrity and healthy development. 

The importance of this finding is particularly significant because EGF was given 

orally. The use of growth factors for the treatment of gastrointestinal disease is always 

associated with concerns over their potential risks. Systemically administered growth 

factors could induce proliferation in other regions of the body that harbor premalignant 

cells (150). Thus, enteral administration of EGF enables the use of a higher dose of EGF 

and helps deliver growth factor directly to the site of intestinal injury. Rat milk contains 

between 30-50 ng/ml of EGF (173, 195). Preliminary studies indicated that 

supplementation of formula with a physiological dose of EGF (100 ng/ml) had markedly 

lower efficiency on the prevention and severity of NEC. Maternal milk contains a variety 

of proteins, such as casein, which can act as competitive substrates for proteolytic 

enzymes and specific proteolytic inhibitors that can protect luminal peptide growth 

factors from degradation (151, 163). In addition, intestinal proteolytic activity is 

significantly lower during the early postnatal period compared to adulthood (76). 

Therefore, supplementation of a higher dose of EGF (500 ng/ml) into formula can 

compensate, in part, against this inherent proteolytic degradation in the stomach and in 

the small intestine and improve the efficiency of injury treatment during the perinatal 

period of life.  

 

 



 
 
 
 
 

22

 
 
Epidermal Growth Factor Receptor Expression in the Intestine during NEC 

The mechanisms underlying the protective effects of EGF in injured mucosa are 

not clearly understood. However, the involvement of the EGF receptor in the biological 

action of EGF has been extensively studied (25). The presence of EGF-R in human fetal 

intestine was first demonstrated in crypt cells, epithelial cells at the base of the villus, and 

in the inner circular layer of the intestinal muscle (156). In rats, EGF-R expression was 

detected throughout the entire small intestine (164) and localized predominantly on the 

basolateral membrane of the crypt and villus epithelium (174, 193, 194). However, 

studies have shown the presence of EGF-R on the apical membrane of villus epithelium 

in rats (128) and rabbits (204) in addition to the basolateral membrane. Indeed, results 

from our studies indicate that in neonatal rats, low expression of EGF-R is localized in 

both the apical and basolateral membranes of ileal enterocytes (40).  

Previous studies have shown that during mucosal injury EGF-R localization and 

expression in the intestinal mucosa is changed. In mice and rats that have undergone 

small bowel resection, an increase in EGF-R production and increased receptor activation 

was noted (181, 205). In addition, increased EGF-R production was reported in epithelial 

cells of ulcer margins (207), with EGF-R expression localized on the basolateral and 

apical surfaces (192). These results indicate that during mucosal injury, the EGF-R can 

effectively be reached by its ligands from the luminal side. Further, during the early 

postnatal period high intestinal permeability enables rapid transport of EGF across the 

jejunal epithelium (164) and therefore EGF-R on the basolateral side of the epithelium 
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can be reached as well. In our neonatal rat model, the presence of EGF-R in NEC tissues 

is localized predominantly in the apical and basolateral membranes of the villi 

enterocytes, whereas in healthy tissue EGF-R is minimally detected (Figure 1.4) (40). 

Changes in EGF-R expression are observed as soon as 24 hours after asphyxia/cold stress 

exposure, before any histopathological changes in intestinal architecture can be detected. 

Taken together, these data support the idea that the EGF-R belongs to an essential 

defense mechanism of intestinal epithelial integrity where peptide growth factors such as 

EGF play critical protective and healing roles (150, 152). 
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FIGURE 1.4. Epidermal growth factor receptor localization in neonatal ileum. 
Representative sections from a normal rat (A, D), showing low levels of EGF-R signal in 
apical and basolateral membranes of enterocytes; a rat with NEC (B, E), showing 
increased expression on apical and basolateral membranes of enterocytes; and an EGF 
treated rat (C, F), showing decreased expression on the apical and basolateral membranes 
of the villus. Magnification x 200 (A, B, C) and x 1000 (D, E, F). Published in Am. J. 
Physiol. Gastrointest. Liver Physiol. 282:156-164, 2002. 
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Endogenous Production of Epidermal Growth Factor Ligands in the Intestine 

In normal suckling rats, intestinal contents of EGF and TGF-α peptides are similar 

but the origins are different. The major source of intestinal EGF is maternal milk (172). 

TGF-α, however, is not detectable in rat milk and its intestinal content is likely the result 

of endogenous synthesis by the small intestine and pancreatic secretion (41). Previous 

studies done in our lab have shown that endogenous intestinal EGF and TGF-α 

production can be regulated nutritionally in suckling rats. Feeding rats a growth factor-

free formula for four days resulted in significant increases of TGF-α and EGF mRNA 

levels in the developing duodenum and ileum (43). Other studies have shown increased 

mucosal TGF-α expression in adult rabbits (185) and rats (78) with experimental colitis. 

Mice lacking TGF-α exhibited increased susceptibility to dextran sulfate-induced colitis 

(45), while mice over expressing TGF-α had markedly decreased susceptibility to 

experimentally induced colitis (44). In our rat model of NEC, we found that ileal EGF 

and TGF-α mRNA levels were unaffected by either NEC injury or EGF treatment (40). 

These observations indicate that the highly immature intestinal tissue does not have the 

potential to initiate the reparative process by increasing endogenous production of EGF-R 

ligands.  

 

Intestinal Inflammation in NEC 

 Cytokines regulate and direct the majority of immune responses and are produced 

by a variety of immune and non-immune cells. The balance between production of pro- 



 
 
 
 
 

26

 
 
and anti-inflammatory cytokines is essential in both host defense against pathogens as 

well as the pathophysiology of inflammatory disorders. In particular, the pro-

inflammatory cytokines IL-18 (95, 130), IL-12 (129, 144), IFN-γ (13, 17), and TNF-α 

(120, 166) have been implicated in inflammatory diseases of the small intestine.  

 The intestine is capable of producing an array of cytokines that are important in 

the development and control of inflammatory responses from immune and non-immune 

cells (92, 119). The mucosal immune system consists primarily of lamina propria 

lymphocytes, macrophages/monocytes, and intraepithelial lymphocytes, all of which are 

capable of producing pro-inflammatory cytokines (62, 158). However, it is well 

established that the intestinal immune system of the neonate is highly immature and there 

are decreased numbers of immune cells present in the intestine (84, 170). Evidence 

suggests that the risk factors for NEC induce an inflammatory cascade that results in the 

pathology associated with the disease (134). Using our neonatal rat model, we have 

shown that pro-inflammatory IL-18 and IL-12 are up-regulated in the distal ileum of 

animals with NEC (69). Further, there is a positive correlation between increased levels 

of these cytokines and the degree of tissue damage. Treatment with EGF significantly 

reduces the overproduction of IL-18, while increasing production of anti-inflammatory 

IL-10 (66). 

 Interestingly, pro-inflammatory TNF-α was not produced by intestinal epithelial 

cells during NEC pathogenesis (69). However, we found that neonatal rats with NEC had 

elevated levels of TNF-α in the luminal intestinal contents. We demonstrated that the 
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resident hepatic macrophages, Kupffer cells, are the major source of TNF-α during the 

development of NEC (68). Clearly, the liver plays an important role in the 

pathophysiology of NEC by releasing TNF-α into the biliary system, which then can 

exacerbate intestinal injury. Recently, we showed that the incidence and severity of NEC 

can be reduced by injecting animals with anti-TNF-α (65). These studies demonstrate 

that cytokines play an important role in NEC pathogenesis. 

  

Intestinal Apoptosis 

The intestinal mucosa is replaced every two to three days with new epithelial cells 

originating from crypt stem cells (64). In order to maintain homeostasis, the rate of cell 

production must be equal to the rate of cell loss (64). Under normal conditions, it is 

thought that apoptosis, and not simple exfoliation of cells, accounts for the majority of 

enterocyte loss in the gut lumen. This allows the small intestine to maintain a constant 

cell number (64, 157). Apoptosis is a physiologic mode of cell death characterized by 

DNA fragmentation, chromatin condensation, nuclear fragmentation, cellular 

vacuolization, cell shrinkage and apoptotic body formation. It is not accompanied by an 

inflammatory response. Apoptosis can be initiated by extracellular stimuli, such as 

cytokines, via the activation of the death receptors Fas and TNFR-1, as well as 

perturbation of mitochondria by stimuli such as oxidative stress.  

The Bcl-2 family of cytoplasmic proteins is an important class of molecules that 

regulate enterocyte apoptosis (103). Several Bcl-2 family members have been identified 
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in mammals: Bcl-2, Bcl-xL, Bcl-w, and Mcl-1 inhibit apoptosis, whereas others, such as 

Bax and Bad, activate apoptosis (133) (Figure 1.5). The various Bcl-2 family members 

can dimerize with one another, with one monomer antagonizing or enhancing the 

function of another. Thus, the ratio of pro-apoptotic to anti-apoptotic proteins in a cell 

may act as a “rheostat” for whether the cell will undergo apoptosis (211). Anti-apoptotic 

proteins, such as Bcl-2, inhibit cell death by attenuating the effects of cytochrome c 

release from the mitochondria and countering the effects of the pro-apoptotic protein Bax 

(94, 106). These proteins contribute to the signaling pathways that modulate caspase-3 

activity, which is necessary for the chromatin condensation and DNA fragmentation that 

characterize apoptosis (88, 155). An increase in the expression of pro-apoptotic proteins 

relative to a reduced expression of anti-apoptotic proteins may create an environment that 

favors apoptosis (188). In addition, the transcription factor p53 negatively regulates Bcl-2 

expression and positively regulates Bax expression (180, 208).  

Caspases are a novel family of proteases which contain cysteine at the active site 

and cleave the target protein following aspartic acid (11). There are ~14 different 

caspases that have been identified and they are crucial mediators of apoptosis. Caspase-3 

is activated by cleavage once the cell is committed to apoptosis. Thus, caspase-3 is 

considered to be the executioner protease. It is responsible for cleaving a wide variety of 

substrates including poly(ADP-ribose) polymerase and the inhibitor of DNase, ultimately 

leading to DNA degradation. 
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Increased apoptosis in the small intestine has been correlated with pathological 

conditions such as ischemia-reperfusion injury and bacterial invasion (50, 97). 

Importantly, in a surgical model of intestinal ischemia-reperfusion injury, the specific 

inhibition of apoptosis by a peptide caspase inhibitor reduced histological damage (50). 

Further, when Bcl-2 is over-expressed in the intestine, the bowel is protected from 

ischemia-reperfusion-induced necrosis (28). Intestinal ischemia-reperfusion injury likely 

plays a role in NEC pathogenesis; thus, it has been hypothesized that epithelial apoptosis 

may contribute to mucosal injury (91). 

 

 

FIGURE 1.5. Members of the Bcl-2 family of cytoplasmic proteins. 
      (Adapted from Ranger, 2001) 
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ErbB Receptor Signaling and Intestinal Epithelial Cell Survival 

 The ErbB receptor family can activate several signaling pathways involved in 

cellular function. Activation of ErbB receptors can lead to cell survival through multiple 

downstream pathways, such as STAT-3, PI3-K, and MAPK pathways, by positively 

regulating expression of anti-apoptotic proteins (34) and negatively regulating pro-

apoptotic proteins (Figure 1.6) (136).  

In a murine model of small bowel resection, increased levels of epithelial cell 

apoptosis were attenuated by EGF (74, 188) and exaggerated when the EGF-R was 

defective (103). The mechanism by which EGF protects intestinal cells against apoptosis 

may be through the inhibition of caspases (110), increased expression of anti-apoptotic 

proteins (Bcl-2/Bcl-xL), (115, 189), or decreased expression of pro-apoptotic proteins 

(Bad/Bax) (188). 
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FIGURE 1.6. Simplified ErbB survival signals and apoptosis signaling. Oxidative stress 
and activation of the death receptors can initiate cell death pathways by shifting the 
balance to pro-apoptotic pathways. EGF can bind to ErbB and activate signaling that 
blocks mitochondrial damage by inhibiting expression of pro-apoptotic proteins, thus 
shifting the balance to promote cell survival. B. Dvorak. 
 

 

Mucosal Barrier of the Intestine 

 The mucosal barrier of the intestine consists of a complex defense system that is 

designed to prevent luminal antigens from invading the body (87). The barrier function is 

maintained by a variety of repair mechanisms, and disruption of these mechanisms can 

lead to uncontrolled transfer of bacteria and antigens across the intestinal mucosa. 
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Consequently, a systemic inflammatory response can be initiated, leading to further 

damage of the mucosa and the propagation of a vicious cycle that in the end, results in 

development of disease. There are several factors that contribute to intestinal barrier 

integrity. In addition to the unique immunoglobulin response to antigen/pathogen 

penetration, there are several mechanical and chemical factors that protect the epithelium. 

These include gastric acidity, peristalsis, the mucous layer, digestive enzymes, secreted 

antimicrobial factors, and tight junctions (63).  

The goblet cell is a major epithelial cell lineage present throughout the small and 

large intestine. Goblet cells increase in number along the intestinal tract and release 

mucus in response to luminal stimulation (203). The mucous layer acts as a lubricant as 

well as a protective physical barrier between the mucosal surface and the luminal 

contents (183). This layer is formed by mucins, which are huge mucus glycoproteins with 

a molecular mass of approximately 20,000 kD. To date, nine mucin genes have been 

identified which code for the protein cores of mucins (168). Mucins can be classified as 

being either secretory or membrane associated. The secreted mucins (MUC2, MUC5AC, 

MUC5B, and MUC6) are gel forming mucins that are found on the mucosal surface 

(148). MUC2 is specifically secreted by intestinal goblet cells. The membrane associated 

mucins (MUC1, MUC3, and MUC4) are found at the apical membranes of the epithelial 

cells (61, 127, 145). 

 Because mucins are essential for intestinal epithelial integrity, any defects in 

mucin expression could lead to altered barrier function. In inflammatory bowel disease, 
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studies have shown that there are alterations in both membrane associated and secretory 

mucins which involve mutations in mucin genes, changes in mRNA and protein levels, 

degree of glycosylation, sulphation, and rates of degradation (47). In humans with 

ulcerative colitis and in animal models of colitis, MUC2 synthesis and secretion is 

decreased, implying diminished mucosal protection in active disease (29, 30, 198). 

Further, MUC2 knockout mice are very susceptible to inflammatory bowel disease (200), 

suggesting that changes in mucins may contribute to the development and/or perpetuation 

of chronic colitis.  

 

The Tight Junction Barrier 

Tight junctions form continuous intercellular contacts between epithelial cells and 

create a regulated barrier to the paracellular movement of water, solutes, and immune 

cells (49). The tight junction barrier has two functions: to act as a physical barrier and a 

fence. The barrier function of tight junctions is essential in the intestine to prevent 

systemic contamination by bacteria and toxins that are present in the external 

environment. The fence function of tight junctions contributes to cell polarity by limiting 

the exchange of membrane lipids and proteins between the apical and basolateral 

membrane domains (49). Several tight junction components have been identified and 

include the transmembrane proteins occludin, claudins, and junction adhesion molecule 

(JAM), and the cytoplasmic plaque proteins, ZO-1, ZO-2, ZO-3, cingulin, and 7H6 (125, 

139) (Figure 1.7). In order for the transmembrane proteins to provide a paracellular seal 
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they must be positioned properly at the membrane. Assembly, scaffolding, and regulation 

of the tight junction are thought to be accomplished by the cytoplasmic plaque proteins 

(49). These structural proteins associate with the actin cytoskeleton and the cytoplasmic 

side of the transmembrane proteins.  

The TJ protein complex is intimately associated with the apical perijunctional 

actin-myosin ring (27). Many TJ proteins interact with both F-actin and myosin (118), 

and these interconnections are thought to be essential for TJ stabilization and regulation 

(196). Paracellular permeability can be regulated by contraction of the actin-myosin ring, 

which is driven by myosin light chain kinase (MLCK)-mediated phosphorylation of 

myosin II regulatory light chain (MLC) (197). Further, this phosphorylation occurs 

within the perijunctional actin-myosin ring and colocalizes with the TJ (9). Evidence 

suggests that MLCK-mediated regulation of TJ permeability is common in a variety of 

physiological and pathophysiological pathways that lead to altered paracellular 

permeability in vivo and in vitro (139, 196).  

Permeability properties of the tight junction are dynamically regulated by diverse 

physiological and pathophysiological stimuli. Infection with enteropathogenic E. coli 

(EPEC) causes diarrhea in pediatric patients and in an in vitro model using intestinal 

epithelial cell lines, it was found that EPEC induces a large increase in TJ permeability 

via reorganization of the actin cytoskeleton, redistribution of TJ proteins, and increased 

myosin light chain phosphorylation (213). The immune system also plays an important 

role in modulating intestinal permeability. High levels of the pro-inflammatory cytokines, 
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IFN-γ and TNF-α, are found in intestinal mucosa during inflammatory bowel 

disease.(120). These cytokines have been shown to decrease barrier function of cultured 

intestinal epithelial monolayers via reorganization of many TJ proteins, including 

occludin, ZO-1, claudin-1, claudin-4, and JAM (14). In addition, these studies 

demonstrated that increased paracellular permeability was associated with increased 

myosin light chain phosphorylation (213). A growing body of evidence is clearly 

showing that altered paracellular permeability is associated with disturbances in TJ 

structure and function (3, 27, 52, 57, 126, 175). 
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FIGURE 1.7. The tight junction (TJ) barrier in airway epithelium, with similar structure 
as seen in intestinal epithelium. The TJ regulates paracellular permeability and is 
composed of several transmembrane proteins, including occludin and claudins. 
(Adapted from Nastech Pharmaceutical Company) 
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Significance 

 

 The incidence of NEC is becoming increasingly frequent and mortality rates are 

climbing as well (80). It has been suggested that NEC may become the principal cause of 

death in the premature infant (101). Several laboratories are currently working on 

identifying potential therapeutic strategies for the treatment of NEC. Our work has shown 

great potential in that supplementation of EGF into formula prevents development of 

NEC in neonatal rats.  

The goal of this dissertation research is to clarify the molecular mechanisms 

involved in the protective effect of EGF against NEC injury. The central hypothesis is 

that the protective effect of EGF in NEC pathogenesis is mediated via increased 

expression of anti-apoptotic genes and strengthening of the mucosal barrier. One of the 

best experimental models to study the pathogenesis of NEC is the neonatal rat model. 

This model is well established in our laboratory and will be used to pursue this 

hypothesis. This research is important because the molecular mechanisms of the EGF 

healing effect in NEC must be understood before an adequate therapy for neonatal human 

NEC can be developed. 
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Specific Aims 
 

Specific Aim 1: Determine if EGF treatment alters expression of apoptotic genes and 

proteins in the ileum during NEC pathogenesis. 

Hypothesis 1: EGF treatment of experimental NEC up-regulates expression of anti-

apoptotic genes and proteins that will promote cell survival. 

 

Specific Aim 2:  Characterize the intestinal barrier dysfunction associated with NEC and 

determine if EGF treatment improves barrier function. 

Hypothesis 2: NEC is associated with increased intestinal permeability and EGF 

treatment will significantly improve barrier function. 

 

Specific Aim 3: Determine if NEC is associated with alterations in the tight junction 

barrier and evaluate whether EGF treatment modulates expression and cellular 

distribution of epithelial tight junction proteins in the small intestine.  

Hypothesis 3: EGF treatment of experimental NEC normalizes expression and subcellular 

localization of tight junction components.  
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2. EPIDERMAL GROWTH FACTOR REDUCES INTESTINAL APOPTOSIS 

DURING NEC PATHOGENESIS 

 

Portions of this chapter are published in the American Journal of Physiology- 

Gastrointestinal and Liver Physiology. Epidermal Growth Factor Reduces Intestinal 

Apoptosis in an Experimental Model of Necrotizing Enterocolitis. Clark JA, Lane RH, 

MacLennan NK, Holubec H, Dvorakova K, Halpern MD, Williams CS, Payne CM, and 

Dvorak B. 288: G755-G762, 2005. 
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their assistance in hand-feeding rats, H. Holubec for histological scoring and assistance 

with cleaved caspase-3 staining, C. Williams for assaying corticosterone levels, R. Lane 

and his lab for measuring mRNA levels of Bax and Bcl-2, and the Histology Core facility 

for embedding and sectioning tissue. 

 

Introduction 

 

The incidence of NEC is significantly decreased in breast milk-fed compared to 

formula-fed infants (15, 46, 116, 171, 202).  Further, maternal rat milk reduces the 

severity of experimental NEC in the neonatal rat model of NEC (39).  The components of 

maternal milk that are responsible for protection against NEC remain unknown, but EGF 
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is one of the most promising candidates in NEC prophylaxis (37). In the experimental rat 

model of NEC, we have previously shown that supplementation of EGF into cow’s milk-

based formula reduces the incidence of NEC by 50% (40). However, the mechanisms 

underlying EGF-mediated reduction of NEC are still not understood.  

Although end-stage NEC is characterized histopathologically as extensive 

necrosis, recent reports suggest that apoptosis accounts for the initial loss of cells in the 

apical villi prior to full development of the disease (53, 91, 132). It has been suggested 

that activation of the EGF-receptor signaling pathway blunts apoptosis (34) thereby 

preserving the villus architecture.  Oral administration of EGF may prevent apoptosis in 

the ileum; consequently, the intestinal epithelium will be protected from developing 

NEC. 

The aim of this study was to investigate if EGF-mediated reduction of NEC is 

associated with alterations in the expression of pro- and anti-apoptotic factors belonging 

to the Bcl-2 family of cytoplasmic proteins. An increase in the expression of anti-

apoptotic proteins, such as Bcl-2, relative to a reduced expression of pro-apoptotic 

proteins, such as Bax, may create an environment that favors cell survival (188).  To 

achieve this aim, we induced NEC in neonatal rats using formula feeding coupled with 

exposure to asphyxia/cold stress. We investigated the effects of enteral administration of 

EGF on changes in intestinal morphology and expression of the apoptotic genes Bcl-2, 

Bcl-xL, Bcl-w, Bax, and Bad, as well as protein expression of Bax and Bcl-2, in the 

terminal ileum (site of NEC injury). Furthermore, histological localization of cleaved 
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caspase-3, a specific marker for apoptotic cells, was evaluated in the terminal ileum. To 

evaluate if EGF treatment induced epithelial cell proliferation in the terminal ileum, 

expression of proliferating cell nuclear antigen (PCNA) was measured. 
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Methods 
 
 

Animal model and diets 

The protocol was approved by the Animal Care and Use Committee of the 

University of Arizona (A-324801-95081). Neonatal Sprague-Dawley rats (Charles River 

Labs, Pontage, MI) originating from 14 separate litters were used in 5 different 

experiments. Newborn rats were collected immediately after birth to prevent suckling of 

maternal milk. Animals were assigned to one of three experimental groups: NEC, pups 

artificially fed with growth factor-free formula; NEC+EGF, pups artificially fed formula 

supplemented with 500 ng/mL rat EGF (Harlan Bioproducts. Indianapolis, IN), or dam 

fed (DF). Experimental NEC was induced by asphyxia and cold stress as previously 

described (40, 68, 69). Briefly, pups were stressed twice daily by breathing 100% 

nitrogen gas for 1 min followed by 10 min at 4° C. After 96 hr, all surviving animals 

were sacrificed. Animals that died before 96 hr were excluded from the study because 

post-mortem tissue is not suitable for evaluations. 

 

NEC evaluation 

 Pathological changes in intestinal architecture were evaluated using a histological 

NEC scoring system developed in our lab (39, 40, 69) (Figure 2.1). Histological changes 

in the ileum were scored by a blinded evaluator (H. Holubec) and graded as follows: 0 

(normal)- no damage; 1+ (mild)- slight submucosal and/or lamina propria separation; 2+ 
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(moderate)- moderate separation of the submucosa and/or lamina propria, and/or edema 

in the submucosal and muscular layers; 3+ (severe)- severe separation of the submucosa 

and/or lamina propria, and/or severe edema in submucosal and muscular layers, regional 

villous sloughing; 4+ (necrosis)- loss of villi architecture and necrosis. Intermediate 

scores of 0.5+, 1.5+, 2.5+, and 3.5+ were also utilized to more accurately assess levels of 

ileal damage when necessary. To determine the incidence of NEC, animals with 

histologic scores of less than 2+ were considered to not have NEC, animals with 

histologic scores of 2+ or greater were considered to have developed NEC. 

 

FIGURE 2.1. Histological changes in intestinal architecture of rats with NEC. Neonatal 
rat ileum stained with hematoxylin and eosin, showing representative sections for each 
morphological grading score. Magnification x 200. Published in Am. J. Physiol. 
Gastrointest. Liver Physiol. 282:156-164, 2002. 

 

Corticosterone measurement 

Blood was collected from the trunk and centrifuged for 5 min at 10,000 rpm. 

Plasma samples were then frozen until the assay was performed. Corticosterone was 
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assayed in duplicate by using a double-antibody 125I-radioimmunoassay kit (ICN 

Pharmaceuticals, Costa Mesa, CA). Plasma samples were diluted 1:200 in the assay 

buffer prior to radioimmunoassay.  

 
 
RNA preparation 

Total RNA was isolated from ileal tissue using the RNeasy Mini Kit (Qiagen, 

Santa Clarita, CA) as described in the manufacturer’s protocol and our previous studies 

(40, 68).  All samples were incubated with RNase-free DNase (20 U per reaction) for 10 

min at 37°C to eliminate DNA contamination. RNA concentration was quantified by 

ultraviolet spectrophotometry at 260 nm, and the purity was determined by the 

A260/A280 ratio (SPECTRAmax PLUS; Molecular Devices, Sunnydale, CA).  The 

integrity of RNA was verified by electrophoresis on a 1.2% agarose gel containing 

formaldehyde (2.2 mol/L) and ethidium bromide in 1 x MOPS buffer (40 mmol/L MOPS, 

pH 7.0, 10 mmol/L sodium acetate, and 1 mmol/L EDTA, pH 8.0) (40, 68).  

 

RT and Real-time PCR 

RT Real-time PCR assays were performed to specifically quantify rat Bcl-2, Bcl-

xL, Bcl-w, Mcl-1, Bax, and Bad steady state mRNA levels. cDNA was synthesized from 

0.5 µg of DNase treated total RNA. Target (Bcl-2, Bcl-xL, Mcl-1, Bax, and Bad) primers 

and probes were designed using Primer Express Software™ (Applied Biosystems, Foster, 

CA) (Table 2.1); target probes were labeled with fluorescent reporter dye FAM (146). 
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Pre-Developed TaqMan® primer and probe was used for detection of Bcl-w (Applied 

Biosystems).  Prior to initiation of real-time PCR, all primer pairs were tested with serial 

Mg+2 and primer concentrations to determine the optimal reaction conditions and to 

demonstrate the specificity of each primer pair. Reporter dye emission is detected by an 

automated sequence detector combined with ABI Prism 7700 Sequence Detection 

System® software (Applied Biosystems). An algorithm normalizes the reporter signal 

(Rn) to a passive reference and multiplies the standard deviation of the background Rn in 

the first cycles by a default factor of 10 to determine threshold CT. CT has a linear relation 

with the logarithm of the initial template copy number (77).  Real time PCR 

quantification is then performed using TaqMan® glyceraldehyde-3-phosphate 

dehydrogenase controls. Prior to the use of GAPDH as a control, serial dilutions of 

cDNA are quantified to prove the validity of using GAPDH as an internal control. 

Relative quantification of PCR products are then based upon value differences between 

the target and GAPDH control using the comparative CT method (122).  Cycle 

parameters were 55˚C x 5 min, 95˚C x 10 min, and then 40 cycles of 95˚C x 15 sec 58˚C 

x 60 sec. All samples were run in triplicate for each PCR reaction. 

 
TABLE 2.1.  Sequences of Apoptosis PCR Primers and Probes 

 
Gene Sense Primer 

(5’-3’) 
Antisense Primer 

(5’-3’) 
Probe Sequence 

(5’-3’) 
GenBank 

Bcl-2 aggattgtggccttctttgagtt gccggttcaggtactcagtcat ccctggtggacaacatcgctct NM016993 
Bcl-xL ctgggacacttttgtggatctctac acgctcctggcctttcc tcgggtgctgtattgtt U34963 
Mcl-1 gaaggcggcatcagaaatgtg cagcccctactccagcaa tggcttttgcgggt AF115380 
Bax ttgctgatggcaacttcaactg ctttagtgcacagggccttgag ccgcgtggttgccctcttctactttg U32098 
Bad cagcgcagcgctatgg cgaggaagtcccttgaaggaa ttcatcgctcatccttcg AF003523 
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Western Blot 

 

Individual frozen ileum samples were homogenized with a hand-held 

homogenizer (Pellet Pestle®, Kimble/Kontes, Vineland, NJ) in a 5x volume of ice-cold 

homogenization buffer (50 mM Tris HCl, pH 7.4; 150 mM NaCl; 1 mM EDTA; 0.1% 

SDS; 1% Na-deoxycholic acid; 1% Triton X-100; 50 mM DTT; 50 µg/ml aprotinin; 50 

µg/ml leupeptin; 5 mM PMSF). The homogenates were centrifuged at 10,000 rpm for 5 

min at 4° C and the supernatant was collected. Total protein concentration was quantified 

using the Bradford protein assay (12). For protein analysis, 50 µg of protein was added to 

an equal volume of 2x Laemmli sample buffer and boiled for 5 min. The samples were 

run on a 10-20% gradient polyacrylamide gel (Bio-Rad, Hercules, CA) at 95 V for 1 hr. 

Protein was transferred to Immuno-Blot PVDF membranes (Bio-Rad) at 15 V for 1 hr. 

Membranes were blocked with 5% nonfat milk in Tris-buffered saline with 0.1% Tween 

20 (Sigma, St. Louis, MO) for 1 hr at room temperature and then incubated with a rabbit 

polyclonal anti-Bax antibody (Pharmingen, San Diego, CA) or mouse monoclonal anti-

Bcl-2 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) overnight at 4° C. After 

being washed, the membranes were incubated for 1 hr at room temperature with 

horseradish peroxidase-conjugated goat anti-rabbit IgG (for Bax) or goat anti-mouse IgG 

(for Bcl-2; Santa Cruz Biotechnology). Proteins were visualized with a chemiluminescent 

system (Pierce, Rockford, IL) and exposed to x-ray film. Densitometry was performed to 

compare protein expression between groups with Bio-Rad QuantityOne software.  

 



 
 
 
 
 

47

 
 
Ileal Morphometry 

From each animal, a 2-cm section of distal ileum next to the ileocecal valve was 

fixed overnight in 70% ethanol, paraffin-embedded, sectioned at 4-6 µm, and stained 

with hematoxylin and eosin (H&E) for morphometric measurements; 8-10 villi were 

measured for each animal and 10-13 animals were evaluated per experimental group.  

Sections from animals that exhibited full necrosis were not included in analyses because 

of the lack of intact tissue to evaluate.  Villi were measured from the tip to the crypt base 

and the number of epithelial cells in this crypt-villus axis was enumerated. These 

measurements were performed using an image analysis system (Image-Pro Plus; Media 

Cybernetics, Silver Spring, MD). Analysis of all morphologic data was performed in a 

blind manner to prevent observer bias. 

 

Immunohistochemistry 

Expression of cleaved caspase-3 protein and PCNA were evaluated.  Serial 

sections from ileal samples were processed as previously described (40, 68).  After 

deparaffinization, rehydration and incubation in hydrogen peroxide, sections were 

blocked with 1.5% appropriate serum (Vector Laboratories, Burlingame, CA), then 

incubated with the following antibodies: 2.0 µg/ml rabbit polyclonal anti-human cleaved 

caspase-3 (Cell Signaling Technology Inc, Beverly, MA), or 2.0 µg/ml goat polyclonal 

anti-rat PCNA (Santa Cruz Biotechnology), followed by biotinylated secondary antibody 

(Vector Laboratories), Vectastain Elite ABC reagent (Vector Laboratories), 
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diaminobenzidine (DAB) activated by hydrogen peroxide, and counterstained with 

hematoxylin.  Control sections were treated with the same procedure except they were 

incubated with 2.0 µg/ml rabbit Ig (for caspase-3) or 2.0 µg/ml goat Ig (for PCNA) 

(Sigma, St. Louis, MO).  No immunostaining was observed in the controls.  Sections 

from both experimental groups were immunostained for a specific antigen at the same 

time so that comparisons between groups could be assessed. For caspase-3 

measurements, stained slides were evaluated by a blinded evaluator (H. Holubec), and 

enumeration of positively stained cells was accomplished by counting 8-10 villi per 

animal and evaluating 5 rats per experimental group. 

 

Statistics 

Statistical analyses between NEC, NEC+EGF, and DF groups were performed 

using ANOVA followed by Fisher PLSD.  For protein ratios and caspase-3 

measurements, analyses were performed using the Paired t-test. All statistical analyses 

were conducted using the statistical program Statview for Macintosh computers (Abacus 

Concepts, Inc., Berkely, CA). All numerical data are expressed as mean ± SEM. 
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Results 
 

Morphometric measurements 

Intestinal morphology was examined by light microscopy. The NEC group had 

significantly shorter villi compared to DF animals. Villi in the NEC+EGF group were 

significantly longer than those not given EGF (Figure 2.2A).  In order to determine 

whether the increase in villus height in the EGF group was a result of increased 

proliferation, the total number of epithelial cells in each measured villus was counted, 

and results from these measurements were expressed as the number of epithelial cells per 

micrometer of villus. There were no significant differences seen between the groups, 

indicating that EGF did not induce proliferation in the ileum (Figure 2.2B). 
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FIGURE 2.2. Morphologic measurements of villus length (A) and number of villi 
epithelial cells (B) in the ileum of neonatal rats that were dam fed (DF), formula fed 
(NEC), and fed formula supplemented with 500 ng/mL EGF (NEC+EGF). n = 10-13 rats 
per experimental group. * p ≤ 0.05 vs. DF and NEC+EGF. 
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Cell Proliferation induced by EGF 

In order to further evaluate the mitogenic effects of EGF on intestinal epithelial 

cells, the cell proliferation marker PCNA was evaluated by immunohistochemistry 

(Figure 2.3). There were no significant differences observed between NEC and 

NEC+EGF groups, further supporting the morphometrical data that indicated 

supplementation of EGF into formula did not induce epithelial cell proliferation in the 

terminal ileum. 

 

FIGURE 2.3. Histological localization of proliferating cell nuclear antigen (PCNA) in the 
ileum. Representative sections from DF, NEC and NEC+EGF animals stained for PCNA 
are shown, as well as a negative control (Neg.). There were no significant differences 
between groups. n=6 rats per experimental group. 
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Plasma corticosterone levels 

The exposure to stress can result in increased epithelial apoptosis of the 

gastrointestinal tract (56), (91).  In order to characterize animal response to repeated 

asphyxia/cold stress during the study, plasma corticosterone levels were measured using 

radioimmunoassay. To assure that serum corticosterone levels were not the result of 

immediate asphyxia/cold stress treatment, animals were not stressed for 16 hr before 

harvest. Rat pups artificially fed with formula (NEC) or with formula supplemented with 

500 ng EGF (NEC+EGF) had significantly elevated levels of corticosterone compared to 

DF animals (Figure 2.4).  However, there was no statistically significant difference 

among NEC and NEC+EGF groups.  This indicates that while artificially fed animals are 

more stressed than DF animals, supplementation of EGF into formula did not reduce this 

effect.  
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FIGURE 2.4. Corticosterone (ng/ml) in plasma of DF, NEC, and NEC+EGF neonatal 
rats. n=15 rats per experimental group. * p ≤ 0.0001 vs. NEC and p ≤ 0.001 vs. 
NEC+EGF.  
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Ileal mRNA levels of pro-and anti-apoptotic genes 

 

Gene expression of pro-apoptotic Bax and Bad and anti-apoptotic Bcl-2, Bcl-w, 

Bcl-xL, and Mcl-1 were evaluated in the ileum using RT Real-time PCR.  Gene 

expression of Bax and Bcl-2 were changed the most significantly during NEC 

pathogenesis. Pro-apoptotic Bax mRNA levels were significantly increased in the NEC 

group compared to DF animals (Figure 2.5A). EGF supplementation markedly decreased 

Bax mRNA levels compared to animals fed formula alone (Figure 2.5A). Conversely, 

anti-apoptotic Bcl-2 mRNA levels were significantly decreased in the NEC group 

compared to DF animals (Figure 2.5B). Supplementation of formula with EGF 

significantly increased Bcl-2 mRNA levels compared to NEC but still remained markedly 

lower than DF animals (Figure 2.5B).  
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FIGURE 2.5. Ileal mRNA levels of Bax (A) and Bcl-2 (B) were evaluated using real-time 
RT-PCR. The mean steady-state mRNA level for the DF group was assigned a value of 
1.0 and the mean mRNA from the NEC and NEC+EGF groups were determined relative 
to this number. n= 10 rats per experimental group. * p ≤ 0.01 vs. DF,  ‡ p ≤ 0.05 vs. 
NEC. 
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There were no statistically significant differences in Bad, Bcl-xL, Bcl-w, or Mcl-1 

expression between NEC and NEC+EGF groups (Figure 2.6).  To determine if there was 

a shift in the balance of apoptotic genes that favor cell survival in EGF supplemented 

animals, the ratio of Bax:Bcl-2 mRNA levels were evaluated (Table 2.2). The Bax:Bcl-2 

ratio was markedly increased in the NEC group compared to DF animals. 

Supplementation with EGF decreased the ratio compared to animals given formula alone. 

 

FIGURE 2.6. Ileal mRNA levels of Bad, Bcl-xL, Bcl-w, and Mcl-1 were evaluated using 
real-time RT-PCR. The mean steady-state mRNA level for the DF group was assigned a 
value of 1.0 and the mean mRNA from the NEC and NEC+EGF groups were determined 
relative to this number. n= 10 rats per experimental group. * p ≤ 0.05 vs. DF. 
 
 

TABLE 2.2.  Ratio of Bax to Bcl-2 mRNA Expression in the Ileum 

 DF NEC NEC+EGF 

Bax/Bcl-2 ratio 1 250 10 
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Ileal levels of pro- and anti-apoptotic proteins 

Ileal expression of pro-apoptotic Bax and anti-apoptotic Bcl-2 proteins were 

evaluated using Western blot. Pro-apoptotic Bax protein levels were markedly increased 

in NEC animals compared to DF animals. Supplementation with EGF decreased 

expression of Bax compared to animals fed formula alone. Anti-apoptotic Bcl-2 protein 

levels were increased in animals supplemented with EGF compared to NEC animals 

(Figure 2.7). The Bax:Bcl-2 ratio for protein expression was also evaluated and was 

significantly decreased in NEC+EGF animals compared to the NEC group (n = 10 per 

experimental group, p ≤ 0.0001). This indicates that EGF treatment shifts the balance of 

apoptotic proteins in favor of cell survival.  

 

FIGURE 2.7. Representative protein bands for Bax (21 kD) and Bcl-2 (26 kD) by 
Western blot are shown for DF, NEC, and NEC+EGF groups. DF levels are shown as 
age-matched controls. 
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Apoptosis 

Cleaved caspase-3, a specific marker for apoptotic cells, was used to detect and 

localize apoptotic changes in the terminal ileum of neonatal rats in all experimental 

groups (Figure 2.8A).  In the NEC group, there was a significant increase in the number 

of caspase-3-positive epithelial cells at the tip of the villus (Figure 2.8B).  EGF treatment 

significantly decreased cleaved caspase-3 staining compared to the NEC group with only 

occasional positive apoptotic cells observed in the EGF treated rats. No cleaved caspase-

3 positive cells were detected in DF controls. 
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FIGURE 2.8. Cleaved caspase-3 localization in the ileum of neonatal rats. Representative 
slides for DF, NEC, and NEC+EGF groups are shown (A). Arrows pointing to cells 
exhibiting a positive signal. Magnification x 100. Caspase-3-positive epithelial cells were 
counted from 8-10 villi per animal and results are expressed as percentage of caspase-3-
positive cells per villi (B). n=5 rats per experimental group. * p ≤ 0.001 vs. NEC. 
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Discussion 
 
 

 Alterations in apoptosis may predispose the intestine to development of NEC 

(91). This study is the first to show that EGF treatment of NEC elicits changes in 

expression of apoptotic genes and proteins in the terminal ileum, shifting the balance 

between pro- and anti-apoptotic proteins in favor of cell survival. We have previously 

shown that supplementation of EGF into milk formula significantly reduces the incidence 

of NEC in a neonatal rat model (40).  These data suggest a possible mechanism of EGF-

mediated reduction of experimental NEC.    

Previous studies done by Berseth et al. (10) have shown that supplementation of 

EGF into milk formula enhances neonatal intestinal growth and intestinal cellular 

proliferation in normal suckling rats.  In our NEC model, a significant reduction of villus 

length was measured in the intact portions of the terminal ileum of the NEC group 

compared to DF controls.  Supplementation of formula with EGF resulted in 

normalization of villus size.  Because the number of epithelial cells per micrometer of 

villus length was not different between the NEC and NEC+EGF groups and there were 

no differences in staining for proliferating cell nuclear antigen, we speculate that 

proliferation is not being induced in the EGF treated group. This speculation is further 

supported by our previously published observation that ileal protein-to-DNA ratios are 

not different among these experimental groups (40).  In addition to its mitogenic effects, 

EGF has multiple non-mitogenic actions within the gastrointestinal tract (199). In rat and 

mouse models of small bowel resection (SBR) increased intestinal morphologic 
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parameters, such as villus height or crypt depth, with exogenous EGF have been reported 

(24, 74, 114). The results from the present study using a NEC model indicate no changes 

in intestinal epithelial proliferation as a result of enteral administration of EGF. Thus, the 

data suggest that the enhanced villus length observed in the intestinal mucosa of the 

NEC+EGF group results from inhibition of apoptosis of epithelial cells rather than from 

increased mitogenic effects of EGF. 

Apoptosis is a physiologic mode of cell death, distinct from necrosis, that plays an 

important role in many physiological and pathological processes (96, 178, 209).  The 

intestinal epithelium has a high turnover rate that necessitates the apoptotic removal of 

cells at the end of their normal life cycle (8). In neonatal rats, the exposure to stress 

results in increased apoptosis in the gastric (56) and intestinal epithelium (91).  In vitro 

studies using the rat intestinal epithelial cell line IEC-6 demonstrated a dose-dependent 

effect of increasing corticosteroids levels on the induction of apoptosis (93). In our 

studies, formula feeding combined with repeated asphyxia/cold stress resulted in a 

significant increase of plasma levels of corticosterone in both the NEC and NEC+EGF 

groups (4-5 fold) compared to the DF group. Therefore, apoptotic changes measured 

between NEC and NEC+EGF groups cannot be attributed to differences in corticosterone 

levels.  Expression of pro-apoptotic genes and proteins were significantly higher in the 

NEC group compared to the NEC+EGF group, and EGF treatment resulted in a shift in 

the balance of pro- and anti-apoptotic markers in favor cell survival.  Thus, we speculate 

that EGF has a direct effect on blunting apoptosis at the site of NEC injury.  
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Bcl-2 and related cytoplasmic proteins are key regulators of apoptosis, and the 

balance of their pro- and anti-apoptotic members is a critical factor for cell survival (1). 

The mechanism by which EGF protects intestinal cells against apoptosis may include the 

reduction of Bax expression (58), the increase of Bcl-2 (115) and Bcl-xL (135, 189) 

expression, or the inhibition of caspases (110). Studies using the murine model of short 

bowel resection (SBR) indicate that enterocyte apoptosis during intestinal adaptation is 

attenuated  by EGF (73) and exaggerated when the EGF-R is defective (74).  Similarly, 

Stern et al. (188) and Knott et al. (103) have shown that exogenous EGF retards rates of 

enterocyte apoptosis and modifies the expression of critical Bcl-2 family members.  By 

decreasing pro-apoptotic Bax and increasing anti-apoptotic Bcl-w expression, the balance 

between pro- and anti-survival genes shift in favor of cell survival.  Inhibition of EGF-R 

signaling in the SBR model accelerates the rate of apoptosis and modifies the expression 

of Bcl-2 related peptides in favor of apoptosis (103). Our results using the neonatal rat 

model of NEC are in agreement with findings from the adult murine SBR model.   

Bcl-2 and Bax are critical factors in apoptosis regulation because the molecular 

ratio of Bax/Bcl-2 acts as a cellular “rheostat” determining cellular flux toward or away 

from apoptosis (106, 146). The tissue Bax/Bcl-2 ratio is often used as an indicator of 

sensitivity to pro- or anti-apoptotic stimuli (83, 107).  In this study, the development of 

experimental NEC in neonatal rats was associated with a huge increase in the Bax/Bcl-2 

mRNA ratio (250-fold) in injured ileum compared to healthy DF littermates.  Bax protein 

expression was also significantly increased in animals with NEC compared to DF 
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animals. These findings suggest that massive apoptosis occurred before full necrosis of 

ileal mucosa developed.  Jilling et al. recently showed that caspase-3 activity, a specific 

marker for apoptotic cells, is significantly increased in intestinal lysates of rats with NEC 

(91).  However, it was not specified in which part of the small intestine and in which 

intestinal cells the increase in caspase-3 activity is occurring.  In this study, the number of 

cleaved caspase-3-positive cells was significantly increased in the epithelial cells of the 

terminal ileum – the site of intestinal injury.  Thus, results from our study support 

previous findings and further clarify this observation.  Inhibition of the EGF-receptor 

signaling pathway or knock-out models of NEC are necessary to further clarify the exact 

molecular mechanism of EGF-mediated protection. A recent study using waved-2 mice, 

which have a defective EGF receptor, crossbred with bax-null mice in a SBR model 

clearly indicated that impairment of EGF-receptor signaling augments intestinal epithelial 

cell apoptosis (89).  

In summary, supplementation of EGF into formula markedly decreased the 

Bax/Bcl-2 mRNA and protein ratios and dramatically reduced apoptosis. These results 

indicate that EGF treatment of experimental NEC alters apoptotic gene expression, 

thereby shifting the balance of pro- and anti-apoptotic genes towards cell survival.  We 

speculate that EGF-mediated reduction of epithelial cell apoptosis is an important factor 

by which EGF reduces mucosal injury in the neonatal rat model of NEC.  Better 

understanding of molecular processes underlying EGF-mediated reduction of 
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experimental NEC might provide the basis for the future therapeutic strategies for the 

treatment of human NEC.  
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3. ALTERATIONS IN INTESTINAL BARRIER FUNCTION DURING NEC 

PATHOGENESIS: EFFECT OF EPIDERMAL GROWTH FACTOR TREATMENT 
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reverse transcription, P. McCuskey for performing the scanning electron microscopy, and 
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Introduction 

 

Necrotizing enterocolitis (NEC) is characterized pathologically by submucosal 

edema, mucosal ulcerations, hemorrhage and necrosis of the distal ileum and proximal 

colon (86). These disturbances in epithelial integrity have been shown to increase and 

prolong intestinal permeability in infants with NEC (147). However, it is unclear whether 

increased intestinal permeability is due to frank lesions in the mucosa or modifications to 

the gut barrier.  

In the intestine, there are several mechanical and chemical factors that contribute 

to barrier integrity, such as peristalsis, the mucous coat, and secreted antimicrobial 

factors (63, 203). Goblet cells secrete mucins, which form a semi-permeable mucous 

layer between the lumen and the intestinal epithelium (186). Several mucins have been 

identified; among them, MUC2 is the predominant secretory mucin produced by 
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intestinal goblet cells (47). In premature infants, a deficiency in the mucous layer may 

contribute to intestinal injury (63). However, little is known about the role of goblet cells 

and mucin production during NEC pathogenesis. 

Epidermal growth factor (EGF) insufficiency plays an important role in the 

pathogenesis of NEC. We have shown that supplementation of EGF into cow’s milk-

based formula reduces the incidence of NEC (40), down-regulates the overproduction of 

proinflammatory cytokines (66), maintains bile acid homeostasis (65), and decreases 

intestinal apoptosis at the site of injury (chapter 2)(26). In addition to the roles described 

above, EGF has also been shown to regulate goblet cell and mucin production in both 

airway (191) and intestinal epithelium (36, 90). In these studies, stimulation with 

exogenous EGF accelerated goblet cell maturation and pharmacological inhibition of the 

EGF receptor resulted in decreased goblet cell numbers. In pathophysiological 

conditions, increased goblet cell numbers and mucin production may be critical for 

protection of the repair processes in the epithelium. However, it is unknown whether 

EGF treatment is associated with changes in the intestinal mucosal barrier during NEC 

pathogenesis. 

The aim of this study was to investigate if development of NEC is associated with 

functional changes in intestinal permeability and the mucous layer. In addition, we 

evaluated whether treatment with EGF improved intestinal barrier function. To achieve 

this aim, we induced NEC in neonatal rats using formula feeding coupled with exposure 

to asphyxia/cold stress. Intestinal permeability, the number of goblet cells and MUC2 
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production were evaluated. To better understand the pathology associated with NEC, all 

histological and biochemical evaluations were performed in both the proximal jejunum, 

which is often unaffected by NEC, and in the terminal ileum, the site of NEC injury. 

Alterations in intestinal barrier function may be one mechanism by which EGF prevents 

development of NEC. 
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Methods 
 
 

Animal model and diets 

This protocol was approved by the Animal Care and Use Committee of the 

University of Arizona (A-324801-95081). Neonatal Sprague-Dawley rats (Charles River 

Labs, Pontage, MI) were collected by caesarian section one day prior to scheduled birth. 

Animals were assigned to one of three experimental groups: NEC, pups artificially fed 

with growth factor-free formula; NEC+EGF, pups artificially fed formula supplemented 

with 500 ng/mL rat EGF (Harlan Bioproducts. Indianapolis, IN); or dam fed (DF). All 

groups were exposed to asphyxia and cold stress as described previously (40, 68, 69). 

After 96 hr, all surviving animals were sacrificed. Animals that died before 96 hr were 

excluded from the study because post-mortem tissue is not suitable for evaluations. To 

evaluate differences between the healthy proximal jejunum and damaged terminal ileum, 

sections from these two regions were collected from each animal for histological and 

biochemical measurements.  

 
 
NEC evaluation 

 Pathological changes in intestinal architecture were evaluated using our previous 

published NEC scoring system (chapter 2). Intermediate scores of 0.5+, 1.5+, 2.5+, and 

3.5+ were also utilized to more accurately assess levels of ileal damage when necessary. 
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To determine incidence of NEC, animals with histologic scores of less than 2+ have not 

developed NEC, animals with histologic scores of 2+ or greater have developed NEC. 

  

Assessment of intestinal paracellular permeability 

Intestinal permeability was evaluated using the sugar absorption test (121, 124). 

On day 4 of the experiment, neonatal rats from all groups were gavaged with 150 µl of 

sterile saline containing 103 ng of either lactulose-3H (to indicate paracellular 

permeability) or rhamnose-3H (to indicate transcellular permeability) (American 

Radiolabeled Chemicals, St. Louis, MO). All pups were fasted prior to the sugar 

absorption test to ensure equal dilution of the sugar probes. Because DF pups feed 

continuously and have fuller stomachs, they were fasted for 8 hrs; artificially fed pups 

were fasted for 5 hrs. Two hrs after administration of the sugar probe, animals were 

sacrificed and 30 µl of trunk blood was collected into scintillation vials. Kidneys, lung 

and ileum were also collected and homogenized in 500 µl of sterile water before 

scintillation fluid was added. Radioactivity was measured using a Beckman LS 6500 

multi-purpose scintillation counter (Beckman Coulter, Inc., Fullerton, CA).  

In a separate experiment, neonatal rats were divided into two groups: dam fed 

(DF), and dam fed pups fed a bolus of exogenous EGF (500 ng/ml) diluted in sterile 

saline (DF+EGF). Pups were stressed twice daily with asphyxia and cold stress as 

previously described. On day 4 of the experiment, rat pups were orally administered a 

150 µl bolus containing 103 ng of lactulose-3H (American Radiolabeled Chemicals, St. 
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Louis, MO) diluted in sterile saline. After 2 hr, pups were sacrificed and 30 µl of trunk 

blood was collected into scintillation vials and processed as described above.  

 

RNA preparation 

Total RNA was isolated from jejunal and ileal tissue using the RNeasy Mini Kit 

(Qiagen, Santa Clarita, CA) as described in the manufacturer’s protocol and our previous 

studies (26, 68). All samples were incubated with RNase-free DNase (20 U per reaction) 

for 10 min at 37°C to eliminate DNA contamination. RNA concentration was quantified 

by ultraviolet spectrophotometry at 260 nm, and the purity was determined by the 

A260/A280 ratio (SPECTRAmax PLUS; Molecular Devices, Sunnydale, CA). The 

integrity of RNA was verified by electrophoresis on a 1.2% agarose gel containing 

formaldehyde (2.2 mol/L) and ethidium bromide in 1 x MOPS buffer (40 mmol/L MOPS, 

pH 7.0, 10 mmol/L sodium acetate, and 1 mmol/L EDTA, pH 8.0) (26, 68). 

 
 

RT and Real-time PCR   
 

RT Real-time PCR assays were performed to evaluate MUC2 and Math1 steady 

state mRNA levels. cDNA was synthesized from 0.5 µg of DNase treated total RNA. 

Primers and probes were designed using Primer Express Software™ (Applied 

Biosystems, Foster, CA) (Table 3.1); target probe was labeled with fluorescent reporter 

dye FAM (146). Reporter dye emission was detected by an automated sequence detector 

combined with ABI Prism 7700 Sequence Detection System® software (Applied 
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Biosystems). Real time PCR quantification was then performed using TaqMan® 18S 

controls. Relative quantification of PCR products were based upon value differences 

between the target and 18S control using the comparative CT method (122). Cycle 

parameters were 55˚C x 5 min, 95˚C x 10 min, and then 40 cycles of 95˚C x 15 sec 58˚C 

x 60 sec. All samples were run in triplicate for each PCR reaction. 

 
 
TABLE 3.1.  Sequences of Mucin PCR Primers and Probe 
 
Gene Sense Primer 

(5’-3’) 
Antisense Primer 

(5’-3’) 
Probe Sequence 

(5’-3’) 
GenBank 

MUC2 actgggaatgtgactgctactg accctggtaactgtagtaaagtccat acaaagtgtgggtcccc BC036170 
Math1 ggagcggcgcaggat ttgttgaaggacgggataacgt ctgaaccacgccttcg XM575508 
 

Immunohistology of MUC2and Enumeration of Goblet Cells 
 

MUC2 is produced by intestinal goblet cells and was used to specifically identify 

and enumerate goblet cells in the small intestine (167).  A 2-cm section of proximal 

jejunum and distal ileum was collected from each animal and fixed overnight in 70% 

ethanol, paraffin-embedded, and sectioned at 4-6 µm. Serial sections were stained for 

MUC2. After deparaffinization and rehydration, sections were blocked with 1.5% goat 

serum (Vector Laboratories, Burlingame, CA) in PBS for 30 min, then incubated with 4.0 

µg/ml rabbit anti-MUC2 polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, 

CA) for 30 min, washed with PBS three times, and incubated with a biotinylated goat 

anti-rabbit secondary antibody (Vector Laboratories) for 30 min. After three PBS washes, 

Vectastain Elite ABC reagent (Vector Laboratories) was applied for 30 min, slides were 
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washed three times with PBS, then diaminobenzene (Sigma, St. Louis, MO) was utilized 

as the substrate. Sections were counterstained with hematoxylin, dehydrated, and 

mounted on coverslips. Sections from all experimental groups were stained at the same 

time, and stained sections were evaluated by a blinded observer. MUC2-positive goblet 

cells were enumerated from 12 animals per group. 10 crypt-villus units were counted 

from each animal. Total number of epithelial cells per crypt-villus unit was also 

enumerated. Sections from animals that exhibited full necrosis were not included in 

analyses because of the lack of intact tissue to evaluate. 

    

Scanning electron microscopy 

Segments of distal ileum were fixed overnight at 4°C in 3% glutaraldehyde in 0.1 

M cacodylate buffer, rinsed in 0.1 M cacodylate buffer, and incubated in 1% tannic acid 

in 0.15 M cacodylate buffer for 1 hr. After cacodylate buffer rinse, samples were 

postfixed in 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 hr and then washed in 

0.1 M cacodylate buffer. Samples were dehydrated in a graded series of ethanol (30–

100%) and dried using hexamethyldisilazane (Electron Microscopy Sci, Fort 

Washington, PA, U.S.A.) for 3 min and then air-dried. Samples were mounted onto 

aluminum stubs, sputter coated with gold and viewed using Philips XL 30 scanning 

electron microscope. Digital images were acquired using FEI Microscope control 

software. 
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Statistics  

Statistical analyses between DF, NEC, and NEC+EGF groups were performed 

using ANOVA followed by Fisher PLSD.  The Chi-Squared Test was utilized to analyze 

differences in incidence of disease and survival rates. All statistical analyses were 

conducted using the statistical program StatView for Macintosh computers (Abacus 

Concepts, Inc., Berkely, CA). All numerical data are expressed as mean ± SEM. 
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Results 
 
 
Incidence of NEC in the neonatal rat model 
 
 Using this neonatal rat model, we were able to develop NEC in 60% of animals 

fed formula alone. Supplementation of EGF into formula resulted in a significant 

reduction in the incidence of NEC. Results are summarized in Table 3.2. 

 
 
 
 
 
TABLE 3.2. Survival Rates and Incidence of NEC 
________________________________________________________________________ 

                DF                  NEC    NEC+EGF 

Survival             29/32           45/62 *         55/64 

Incidence of NEC              0/29                          27/45 † #                   19/55 ‡ 

* p ≤ 0.05 vs. DF, † p ≤ 0.0001 vs. DF,  # p ≤ 0.001 vs. NEC+EGF,  ‡p ≤ 0.01 vs. DF 
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Intestinal permeability 
 

Paracellular and transcellular intestinal permeability was assessed in vivo by 

orally administering the disaccharide lactulose-H3 or the monosaccharide rhamnose-H3, 

respectively. Detection of lactulose-3H in the blood was significantly increased in animals 

with NEC compared to DF (Figure 3.1A). Interestingly, animals in the NEC+EGF group 

had significantly lower levels of lactulose-3H in the blood compared to both NEC and DF 

groups, indicating that EGF treatment resulted in decreased intestinal permeability via the 

paracellular route. In humans, the sugar absorption test is performed by analyzing the 

amount of lactulose in the urine. Since it is not feasible to collect equal amounts of urine 

from neonatal rats, we measured levels of lactulose-3H in the kidneys. Animals with NEC 

had significantly increased levels of lactulose-3H in their kidneys compared to DF and 

NEC+EGF pups (Figure 3.1B), suggesting that there is increased intestinal paracellular 

permeability during NEC pathogenesis. There were no significant differences in blood or 

kidney levels of rhamnose-H3 between groups, indicating that transcellular permeability 

is unaltered during NEC pathogenesis and with EGF treatment (Figure 3.1C and 3.1D). 
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FIGURE 3.1. Intestinal permeability was assessed in vivo using the sugar absorption test. 
Lactulose-3H levels were evaluated in the blood (A) and in the kidneys (B) to assess 
changes in paracellular permeability. Rhamnose-3H levels were evaluated in the blood 
(C) and kidneys (D) to assess changes in transcellular permeability. n = 22 animals per 
group. * p ≤ 0.001 vs. DF, † p ≤ 0.0001 vs. NEC+EGF, # p ≤ 0.01 vs. DF  
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Increased levels of lactulose-3H remained in the lumen of the ileum in animals 

treated with EGF, while in animals with NEC there was significantly less lactulose-3H 

present in the ileum (Figure 3.2). If lactulose-3H levels are evaluated in a distant organ, 

such as the lung, there are also significantly higher levels of lactulose-3H present in 

animals with NEC, while EGF treatment reduces this effect (Figure 3.3). These data 

further support findings that animals with NEC have increased intestinal permeability. 
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FIGURE 3.2. Intestinal paracellular permeability was assessed in vivo using the sugar 
absorption test. Lactulose-3H levels were evaluated in the ileum, the site of NEC injury.  
n = 12 animals per group. * p ≤ 0.05 vs. DF, † p ≤ 0.0001 vs. NEC+EGF, # p ≤ 0.005 vs. 
DF  
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FIGURE 3.3. Intestinal paracellular permeability was assessed in vivo using the sugar 
absorption test. Lactulose-3H levels were evaluated in the lung. n = 12 animals per group. 
* p ≤ 0.005 vs. DF and NEC+EGF 
 

 

 

To determine if exogenous EGF has a physiological role in decreasing intestinal 

permeability, dam fed rats were fed exogenous EGF (DF+EGF) and intestinal 

permeability was measured and compared to normal dam fed animals (DF). Both groups 

were exposed to asphyxia and cold stress. There was no difference in paracellular 

permeability between groups (Figure 3.4), indicating that exogenous EGF did not alter 

intestinal permeability in breast-milk fed animals.  
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FIGURE 3.4. Intestinal paracellular permeability in dam fed rats fed exogenous EGF. 
Lactulose-3H levels were measured in the blood of DF and DF+EGF pups. There was no 
difference observed between groups, indicating that exogenous EGF does not result in 
decreased intestinal paracellular permeability in breast milk-fed rats. n=6 animals per 
group. 
 

Mucin-2 and goblet cells in the small intestine 

Mucins are the primary constituents of the mucous layer, which creates a 

protective barrier for the epithelium. MUC2 is the predominant secreted mucin that is 

produced by intestinal goblet cells. To evaluate the barrier properties of the healthy 

proximal jejunum and injured distal ileum, MUC2-positive goblet cells were enumerated 

in both regions of the intestinal tract (Figure 3.5). There were no differences in the 

number of jejunal goblet cells between groups. In contrast, animals with NEC had a 

significantly reduced number of ileal goblet cells compared to DF pups. EGF treatment 

significantly increased the number of goblet cells in the ileum compared to DF and NEC 

animals. Further, in the ileum, EGF treatment resulted in a thickened mucous layer on the 

epithelium of the villi tips (Figure 3.5). 
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FIGURE 3.5. MUC2-positive goblet cells in the small intestine. Numbers are expressed 
as mean MUC2-positive goblet cells per 100 epithelial cells ± SEM. n=12 animals per 
experimental group. * p ≤ 0.0001 vs. DF, † p ≤ 0.0001 vs. NEC+EGF  
 

 
FIGURE 3.6. Localization of MUC2 in the small intestine. Representative sections from 
jejunal and ileal tissue of DF, NEC and NEC+EGF animals. Treatment with EGF resulted 
in a thickened mucous layer in the ileum (arrows). Magnification x 40. 
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Intestinal mRNA levels of MUC2 and Math1 

 Gene expression of MUC2 was evaluated in the small intestine using RT Real-

time PCR. In the jejunum, there were no differences in MUC2 mRNA levels between 

groups. However, in the ileum, EGF treatment resulted in a significant increase (3-fold) 

in MUC2 gene expression compared to DF pups and animals with NEC (Figure 3.7). 

These data indicate that treatment with EGF induces production of MUC2 at the site of 

injury, in the distal ileum.  
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FIGURE 3.7. MUC2 mRNA levels were evaluated in the small intestine using RT 
Realtime-PCR. The mean steady-state mRNA level for the DF group was assigned a 
value of 1.0 and the mean mRNA from the NEC and NEC+EGF groups were determined 
relative to this number. n=10 animals per experimental group. * p ≤ 0.0001 vs. DF and 
NEC 
 

To better understand the mechanism of increased goblet cell density in EGF 

treated pups, gene expression of Math1 was evaluated in the small intestine using Real-

time PCR. Math1 is a transcription factor that is important in intestinal cell fate 

determination (184, 212). Stem cells that express Math1 are committed to the secretory 
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lineage of epithelial cells, including enteroendocrine, goblet, and Paneth cells. In both the 

jejunum and ileum, supplementation of EGF into formula resulted in a significant 

increase in Math1 mRNA levels compared to DF and NEC groups (Figure 3.8). These 

data demonstrate that EGF can directly induce goblet cell maturation, leading to 

increased goblet cell density in the terminal ileum. 

 

0

1

2

3

4

DF NEC NEC+EGF DF NEC NEC+EGFM
ea

n 
re

la
tiv

e 
M

at
h1

 m
R

NA
 le

ve
ls

JEJUNUM ILEUM

*

 *

B

 

FIGURE 3.8. Math1 mRNA levels were evaluated in the small intestine using RT 
Realtime-PCR. The mean steady-state mRNA level for the DF group was assigned a 
value of 1.0 and the mean mRNA from the NEC and NEC+EGF groups were determined 
relative to this number. n=12 animals per experimental group. * p ≤ 0.0001 vs. DF and 
NEC 
 

Scanning electron microscopy of the ileum 

Scanning electron microscopy of the ileum was performed to evaluate 

abnormalities in goblet cell structure at the site of NEC injury (Figure 3.9). Goblet cells 

in both DF and EGF treated animals appeared open with visible droplets of mucin present 
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on the epithelial surface. In animals with NEC, the goblet cells appeared to be sealed with 

no mucin droplets present on the epithelium.  

 

 
 
FIGURE 3.9. Scanning electron microscopy of the ileum from DF (A and B), NEC (C 
and D), and NEC+EGF (E and F) groups. DF animals exhibited well-preserved villi (A) 
with goblet cells that appear to be open with mucus droplets present on the epithelial 
surface (B). In animals with NEC, the villi are significantly damaged, particularly at the 
tip (C), and the goblet cells are sealed with no mucus droplets present (D). EGF treatment 
resulted in preservation of villus architecture (E) and the goblet cells appeared open with 
mucus droplets present (F). Magnification x 1200 (A,C,E) and x 4800 (B,D,F). 
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Discussion 

 

Preterm neonates have increased intestinal permeability during the first two weeks 

of life, which can leave the gut vulnerable to develop intestinal complications such as 

NEC (169). Although the importance of intestinal barrier function in NEC pathogenesis 

has been suggested, until now no study has evaluated this aspect. The present study 

demonstrates that significant changes occur in intestinal permeability and goblet cell 

function during NEC pathogenesis. In addition, we have demonstrated that EGF 

treatment significantly improves intestinal barrier function.   

During the early postnatal period, intestinal permeability is relatively high to 

allow for the absorption of immunoglobulins, growth factors, and food antigens from 

maternal colostrum and milk (142). In neonatal rats, transport of these macromolecules 

ceases following gut closure, which occurs approximately 21 days after birth (142). 

Perturbations to this immature intestinal barrier can result in damage to the mucosa, 

leading to barrier failure and initiation of inflammation. In a study by Piena-Spoel et al, 

human neonates diagnosed with severe cases of NEC had increased intestinal 

permeability compared to healthy controls (147). Although in humans intestinal 

permeability using the sugar absorption test is evaluated by measuring the amount of 

lactulose or rhamnose present in the urine, in our neonatal rat model, it is not feasible to 

collect equal amounts of urine from each rat pup. If these non-metabolized sugars leak 

out of the intestine, they will enter systemic blood via enterohepatic circulation. 
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Consequently, these sugars will be cleared by the kidneys and concentrated in the urine. 

Thus, we chose to analyze lactulose-3H and rhamnose-3H in the blood and kidneys to 

determine changes in intestinal paracellular and transcellular permeability, respectively. 

Our results indicate that animals with NEC had significantly increased intestinal 

paracellular permeability compared to healthy dam fed pups. Transcellular permeability 

was unaltered during NEC pathogenesis, suggesting that the increased intestinal 

permeability was not due to overall gut breakdown but a reflection of alterations at the 

tight junction barrier.  

In addition, we evaluated lactulose-3H levels in the ileum and lungs. In the ileum, 

animals with NEC had significantly less lactulose-3H in the lumen, suggesting the 

majority of sugar had leaked out of the intestine. In contrast, animals treated with EGF 

had significantly more lactulose-3H in the lumen of the ileum, indicating the intestine had 

a tighter seal and was preventing movement of the sugar across the epithelium. The lungs 

were evaluated as an extraintestinal organ. The lungs are also highly perfused and may 

reflect levels of lactulose-3H seen in the blood. Indeed, in animals with NEC, there were 

significantly higher levels of lactulose-3H in the lungs compared to DF and EGF treated 

animals. EGF treatment resulted in normalization to DF levels. Our results indicated that 

at 4 days of age, animals with NEC had significantly increased intestinal paracellular 

permeability compared to healthy dam fed pups.  

Previous studies have shown that exogenous EGF prevents increased ileal 

permeability in sialoadenectomized mice (165), underscoring the important role of EGF 
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in maintaining epithelial barrier integrity. In vitro studies have demonstrated that EGF 

plays an important role in regulating paracellular permeability.  In Caco-2 cell 

monolayers, EGF inhibits both oxidant and acetaldehyde-induced increases in 

paracellular permeability (162, 179). In the present study, supplementation of EGF into 

formula significantly reduced intestinal paracellular permeability compared to animals 

with NEC and DF. We conclude that EGF treatment dramatically improves intestinal 

barrier function during NEC pathogenesis. Indeed, the administration of exogenous EGF 

to DF pups did not change intestinal paracellular permeability. It may be that EGF only 

decreases intestinal permeability under pathological conditions where its role is to protect 

and maintain intestinal barrier function.  

EGF plays a crucial role in the regulation of several gastrointestinal functions. In 

chapter 2, EGF treatment significantly decreased intestinal apoptosis in the ileum of rats 

with NEC (26). We have also shown that EGF prevents the overproduction of pro-

inflammatory IL-12 and IL-18 while increasing production of anti-inflammatory IL-10 in 

the ileum (66). EGF also inhibits oxidant-induced increases in paracellular permeability 

in Caco-2 cells (162). Further, studies using human colonic mucosa (7) and Caco-2 cell 

monolayers (179) have shown that EGF treatment prevented acetaldehyde-induced 

increases in paracellular permeability.  

It has also been shown that EGF accelerates goblet cell maturation and mucin 

production in the airways and the small intestine (85, 191). In airway epithelium, both in 

vitro and in vivo studies have shown that EGF-R signaling regulates mucin production 
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and goblet cell differentiation (191). In the intestine, studies have also shown that EGF 

accelerates goblet cell maturation and mucin secretion in vivo (36, 85). In a model of 

short bowel resection, exogenous EGF increased goblet cell density, whereas 

pharmacological inhibition of EGF-R decreased goblet cell density compared to sham 

operated controls (90). In the study presented herein, we found that EGF treatment 

significantly increased goblet cell density and MUC2 production in the ileum, but had no 

effect on MUC2 production in the jejunum. Further, ileal goblet cells in DF and EGF 

treated animals appeared to be open with mucus droplets on the epithelial surface, 

suggesting active mucin secretion. Math1 is a transcription factor important in cell fate 

determination and is required for the differentiation of the secretory cell lineage in the gut 

(184).  In Math1 null mice, the small and large intestine show normal villus architecture, 

lamina propria, and musculature, but no goblet cells (212). Our results demonstrated that 

Math1 gene expression is significantly increased in both the jejunum and ileum of 

animals treated with EGF. We speculate that the mechanism by which EGF increases 

goblet cell density in the ileum is via upregulation of the transcription factor Math1. The 

ability of EGF to accelerate goblet cell maturation and increase mucin production in the 

ileum, allows a physical and chemical barrier to be created between the epithelial surface 

and the intestinal lumen.  

This study shows for the first time that the intestinal barrier is significantly 

disrupted in the ileum during NEC pathogenesis. EGF treatment reduces intestinal 

paracellular permeability, and specifically increases the number of goblet cells and 
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MUC2 production in the ileum, in part by upregulation of the transcription factor Math1. 

We speculate that EGF is an important factor which maintains integrity of the intestinal 

barrier and reduces mucosal injury in the neonatal rat model of NEC.  
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4. THE ROLE OF TIGHT JUNCTIONS DURING NEC PATHOGENESIS: EFFECT 

OF EPIDERMAL GROWTH FACTOR TREATMENT 
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Introduction 

 

Tight junctions (TJ) form continuous intercellular contacts between epithelial 

cells and create a dynamic barrier to the paracellular movement of water, solutes, and 

immune cells (49). Formation of functional TJ are critical for the maintenance of gut 

permeability and intestinal barrier function. Several TJ proteins have been identified; 

among them, the transmembrane proteins occludin, claudin, and junctional adhesion 

molecule are considered crucial for creating the seal and regulating paracellular 

permeability (49). Occludin is a protein that is thought to be important for cell signaling 

(6) in addition to its role as a structural and functional component of the TJ (51, 55). The 

claudins are part of a large family (~24 members) of proteins that are thought to regulate 
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paracellular permeability and epithelial barrier function (98, 161).  

For the transmembrane proteins to provide a tight seal, they must be properly 

targeted to and positioned at the TJ. Structural proteins such as ZO-1 are thought to 

interact with the transmembrane proteins and the actin cytoskeleton to help tether them at 

the tight junction (49). However, studies have also shown that binding to ZO-1 is 

sufficient but not necessary to assemble the transmembrane proteins into TJ (3). The 

perijunctional actin-myosin ring also plays a dynamic role in paracellular permeability 

because it can undergo circumferential contraction when myosin light chain (MLC) is 

phosphorylated by myosin light chain kinase (MLCK) (27). In cell culture models of 

inflammatory bowel disease, inhibition of MLCK restored intestinal epithelial barrier 

function by preventing an increase in permeability (213). Further, changes in the 

expression and localization of occludin and claudins have been implicated in barrier 

dysfunction during inflammatory bowel disease in both humans (57) and animal models 

(5, 54). However, the role of TJ in NEC pathogenesis is currently unknown. 

In Chapter 3, we showed that EGF treatment resulted in decreased intestinal 

permeability and accelerated maturation of goblet cells. In addition to its demonstrated 

role in intestinal barrier permeability, studies have shown that EGF prevents the 

disruption of TJ proteins in an injury model using Caco-2 cell monolayers (179). 

However, it is unknown whether EGF treatment is associated with changes in the TJ 

barrier during NEC pathogenesis. 

The aim of this study was to investigate if development of NEC is associated with 
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altered expression of TJ proteins in vivo. We also evaluated whether EGF treatment 

effects the expression and subcellular localization of TJ proteins. To achieve this aim, we 

induced NEC in neonatal rats using formula feeding coupled with exposure to 

asphyxia/cold stress. Intestinal gene and protein expression and histological localization 

of the TJ components were determined. To better understand the pathology associated 

with NEC, all histological and biochemical evaluations were performed in both the 

proximal jejunum, which is often unaffected by NEC, and in the terminal ileum, the site 

of NEC injury. Alterations in intestinal barrier function and TJ expression may be one 

mechanism by which EGF prevents development of NEC. 
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Methods 
 
 
Animal model and diets 

This protocol was approved by the Animal Care and Use Committee of the 

University of Arizona (A-324801-95081). Neonatal Sprague-Dawley rats (Charles River 

Labs, Pontage, MI) were collected by caesarian section one day prior to scheduled birth. 

Animals were assigned to one of four experimental groups: NEC, pups artificially fed 

with growth factor-free formula; NEC+EGF, pups artificially fed formula supplemented 

with 500 ng/mL rat EGF (Harlan Bioproducts. Indianapolis, IN); or dam fed (DF). All 

groups were exposed to asphyxia and cold stress (40, 68, 69). After 96 hr, all surviving 

animals were sacrificed. Animals that died before 96 hr were excluded from the study 

because post-mortem tissue is not suitable for evaluations. To evaluate differences 

between the healthy proximal jejunum and damaged terminal ileum, sections from these 

two regions were collected from each animal for histological and biochemical 

measurements.  

 

RNA preparation 

Total RNA was isolated from jejunal and ileal tissue using the RNeasy Mini Kit 

(Qiagen, Santa Clarita, CA) as described in the manufacturer’s protocol and our previous 

studies (26, 68). All samples were incubated with RNase-free DNase (20 U per reaction) 

for 10 min at 37°C to eliminate DNA contamination. RNA concentration was quantified 

by ultraviolet spectrophotometry at 260 nm, and the purity was determined by the 
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A260/A280 ratio (SPECTRAmax PLUS; Molecular Devices, Sunnydale, CA). The 

integrity of RNA was verified by electrophoresis on a 1.2% agarose gel containing 

formaldehyde (2.2 mol/L) and ethidium bromide in 1 x MOPS buffer (40 mmol/L MOPS, 

pH 7.0, 10 mmol/L sodium acetate, and 1 mmol/L EDTA, pH 8.0) (26, 68). 

 
 
RT and Real-time PCR   
 

RT Real-time PCR assays were performed to directly compare rat occludin, 

claudin-1, claudin-2, claudin-3, and claudin-5 steady state mRNA levels. cDNA was 

synthesized from 0.5 µg of DNase treated total RNA. Pre-Developed TaqMan® primers 

and probes were used for detection of occludin, claudin-1, and claudin-3 (Applied 

Biosystems). Claudin-2 and -5 primers and probes were designed using Primer Express 

Software™ (Applied Biosystems, Foster, CA) (Table 4.1); target probe was labeled with 

fluorescent reporter dye FAM (146). Reporter dye emission was detected by an 

automated sequence detector combined with ABI Prism 7700 Sequence Detection 

System® software (Applied Biosystems). Real time PCR quantification was then 

performed using TaqMan® 18S controls. Relative quantification of PCR products were 

based upon value differences between the target and 18S control using the comparative 

CT method (122). Cycle parameters were 55˚C x 5 min, 95˚C x 10 min, and then 40 

cycles of 95˚C x 15 sec 58˚C x 60 sec. All samples were run in triplicate for each PCR 

reaction. 

 
 



 
 
 
 
 

92

 
 
TABLE 4.1. Sequences of Tight Junction PCR Primers and Probes 
 
Gene Sense Primer 

(5’-3’) 
Antisense Primer 

(5’-3’) 
Probe Sequence 

(5’-3’) 
GenBank 

Cldn-2 gtggattttacaaagctgtggctaat ggtccagggaaaggtgaactg cagcccgtggcccct XM236535 
 

Cldn-5 agcagaggcaccagaatcag ccatggctaaagaccgaatgct cccacgcagcgcagag NM031701 
 

 

 

Western Blot   

Individual frozen jejunum and ileum samples were homogenized with a hand-held 

homogenizer (Pellet Pestle®, Kimble/Kontes, Vineland, NJ) in a 5x volume of ice-cold 

homogenization buffer (50 mM Tris HCl, pH 7.4; 150 mM NaCl; 1 mM EDTA; 0.1% 

SDS; 1% Na-deoxycholic acid; 1% Triton X-100; 50 mM DTT; 50 µg/ml aprotinin; 50 

µg/ml leupeptin; 5 mM PMSF). The homogenates were centrifuged at 10,000 rpm for 5 

min at 4° C and the supernatant was collected. Total protein concentration was quantified 

using the Bradford protein assay (12). For protein analysis, 40 µg of protein was added to 

an equal volume of 2x Laemmli sample buffer and boiled for 5 min. The samples were 

run on a 10-20% gradient polyacrylamide gel (Bio-Rad, Hercules, CA) at 95 V for 1 hr. 

Protein was transferred to Immuno-Blot PVDF membranes (Bio-Rad) at 15 V for 1 hr. 

Membranes were blocked with 5% nonfat milk in Tris-buffered saline with 0.1% Tween 

20 (Sigma, St. Louis, MO) for 1 hr at room temperature and then incubated overnight at 

4° C with one of the following primary antibodies: rabbit polyclonal anti-occludin, anti-

claudin-2, anti-claudin-3, anti-ZO-1 (Zymed, San Francisco, CA), goat polyclonal anti-
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MLCK, rabbit polyclonal anti-MLC, or goat polyclonal anti-pMLC (Santa Cruz 

Biotechnology, Santa Cruz, CA). After extensive washing, the membranes were 

incubated for 1 hr at room temperature with horseradish peroxidase-conjugated secondary 

antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Proteins were visualized with a 

chemiluminescent system (Pierce, Rockford, IL) and exposed to x-ray film. Densitometry 

was performed to compare protein expression between groups with Bio-Rad QuantityOne 

software.  

 

Immunofluorescence microscopy of TJ proteins 

Serial sections from jejunal and ileal samples were processed as previously 

described (Chapter 3). After deparaffinization and rehydration, sections were blocked in 

5% bovine serum albumin to prevent non-specific staining and incubated with one of the 

following antibodies: rabbit polyclonal anti-occludin (3.0 µg/ml), anti-claudin-2 (2.0 

µg/ml), anti-claudin-3 (2.0 µg/ml), or anti-ZO-1 (3.0 µg/ml) (Zymed Laboratories, San 

Francisco, CA), followed by Alexa-conjugated secondary antibody (Molecular Probes, 

Eugene, OR). Nuclei were labeled using YOYO-1. Negative control sections were treated 

with the same procedure in absence of primary antibody; no immunostaining was 

observed in the controls (not shown). Sections from each experimental group were 

immunostained for a specific antigen at the same time. 
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Statistics  

Statistical analyses between DF, NEC, and NEC+EGF groups were performed 

using ANOVA followed by Fisher PLSD. Correlation analyses were performed using 

Spearman Rank Correlation. All statistical analyses were conducted using the statistical 

program StatView for Macintosh computers (Abacus Concepts, Inc., Berkely, CA). All 

numerical data are expressed as mean ± SEM. 
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Results 

 

Alterations in occludin during NEC pathogenesis and normalization with EGF treatment 

To determine if changes in intestinal permeability are associated with alterations 

in expression of TJ components, gene expression of occludin was evaluated in the 

intestine using RT Real-time PCR (Figure 4.1). Jejunal occludin mRNA levels were 

unchanged between groups. Ileal occludin mRNA levels were significantly increased in 

animals with NEC compared to DF pups. Treatment with EGF significantly reduced ileal 

occludin mRNA to similar levels seen in DF animals. There was a positive correlation (r 

= 0.661, p ≤ 0.0001) between ileal occludin mRNA levels and progression of ileal injury, 

as determined via histological NEC score (Figure 4.2). 
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FIGURE 4.1. Jejunal and ileal mRNA levels of occludin were evaluated using RT Real-
time PCR. The mean steady-state mRNA level for the DF group was assigned a value of 
1.0 and the mean mRNA from the NEC and NEC+EGF groups were determined relative 
to this number. n=12 rats per experimental group. * p ≤ 0.0001 vs. DF and NEC+EGF 
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FIGURE 4.2. Occludin mRNA levels in the ileum were correlated with the degree of 
injury evaluated by histological scoring of ileal tissue. r = 0.661, p ≤ 0.0001. n=36 
animals. 
 

Histological localization of occludin in jejunum and ileum was evaluated using 

immunofluorescence microscopy (Figure 4.3). In the jejunum, occludin is predominantly 

localized in the cytoplasm along the crypt-villus axis in all groups. In contrast, occludin 

expression was significantly increased in the ileum of animals with NEC compared to DF 

and was localized near the apical membrane in the crypts and in the cytoplasm along the 

villi. EGF treatment markedly reduced expression of occludin and resulted in 

redistribution to the apical and basolateral membranes of the villi.  
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FIGURE 4.3. Occludin localization was evaluated in the proximal jejunum and terminal 
ileum of neonatal rats. Representative slides for DF, NEC and NEC+EGF are shown. 
Magnification x 40.  
 

To quantify changes in protein expression, occludin levels were evaluated in the 

jejunum and ileum by Western blot (Figure 4.4). In the jejunum, occludin protein levels 

were decreased in both the NEC and NEC+EGF groups when compared to DF pups. 

However, at the site of NEC injury, ileal occludin protein expression was increased in 

animals with NEC compared to DF. EGF treatment markedly reduced occludin protein 

expression to a level similar to that seen in DF animals.  
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FIGURE 4.4. Representative 65 kD protein bands for occludin by Western blot are 
shown for DF, NEC and NEC+EGF groups in the jejunum and ileum. β-Actin (43 kD) is 
shown as an internal control.  

 

 

Alterations in claudin-3 during NEC pathogenesis and normalization with EGF 

treatment 

Preliminary studies in our laboratory using microarray revealed that expression of 

the TJ protein claudin-3 was significantly changed during NEC pathogenesis (data not 

shown). Therefore, we further evaluated mRNA levels of claudin-3 in the jejunum and 

ileum using RT Real-time PCR (Figure 4.5). Claudin-3 mRNA levels were significantly 

increased in both the jejunum and ileum of animals with NEC compared to DF pups. 

Supplementation of formula with EGF significantly decreased claudin-3 gene expression 

in the ileum compared to pups fed formula alone. There was a positive correlation (r = 

0.815, p ≤ 0.0001) between ileal claudin-3 mRNA levels and progression of ileal injury, 

as determined via histological NEC score (Figure 4.5).
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FIGURE 4.5. Jejunal and ileal mRNA levels of claudin-3 were evaluated using RT Real-
time PCR. The mean steady-state mRNA level for the DF group was assigned a value of 
1.0 and the mean mRNA from the NEC and NEC+EGF groups were determined relative 
to this number. n=12 rats per experimental group. † p ≤ 0.01 vs. DF, * p ≤ 0.0001 vs. DF 
and NEC+EGF 
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FIGURE 4.6. Claudin-3 mRNA levels in the ileum were correlated with the degree of 
injury evaluated by histological scoring of ileal tissue. r = 0.815, p ≤ 0.0001. n=36 
animals. 
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Immunofluorescence microscopy revealed that claudin-3 was localized 

predominantly in the crypts in both the jejunum and ileum (Figure 4.7). In animals with 

NEC, there was increased staining in the crypts near the apical membrane in both 

jejunum and ileum when compared to DF. EGF treatment normalized claudin-3 

expression similar to DF in the jejunum. In the ileum, EGF treatment resulted in 

redistribution of claudin-3 to the apical and basolateral membranes along the crypt-villus 

axis. 

 
 
FIGURE 4.7. Claudin-3 localization in the proximal jejunum and terminal ileum of 
neonatal rats. Representative slides for DF, NEC and NEC+EGF are shown. 
Magnification x 40.  
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Relative quantification of claudin-3 protein levels in the jejunum and ileum were 

determined by Western blot (Figure 4.8). In the jejunum, claudin-3 was increased in 

animals with NEC compared to DF pups. EGF treatment decreased jejunal claudin-3 

protein expression. Ileal claudin-3 protein levels were markedly increased in the NEC 

group compared to DF. Supplementation of EGF into formula resulted in normalization 

of ileal claudin-3 protein expression to DF levels.  

 

FIGURE 4.8. Representative 22 kD protein bands for claudin-3 by Western blot are 
shown for DF, NEC and NEC+EGF groups in the jejunum and ileum. β-Actin (43 kD) is 
shown as an internal control.  
 

 

Alterations in claudin-1, -2, and -5 during NEC pathogenesis and with EGF treatment 

 To evaluate if additional TJ proteins were being altered during NEC pathogenesis, 

we evaluated mRNA levels of claudin-1, -2, and -5 in the small intestine. Claudin-1 and -

5 were measured in the ileum of DF, NEC, and NEC+EGF animals. In contrast to results 

found in the ileum for mRNA levels of occludin and claudin-3, ileal gene expression of 
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claudin-1 and -5 was significantly decreased in both NEC and NEC+EGF groups 

compared to DF animals (Figure 4.9). Although these TJ molecules may play an 

important role in NEC pathogenesis, we decided to focus on the proteins that were altered 

the most significantly. Therefore, we chose not to further evaluate changes in claudin-1 

and -5. 
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FIGURE 4.9. Ileal mRNA levels of claudin-1 and -5 were evaluated using RT Real-time 
PCR. The mean steady-state mRNA level for the DF group was assigned a value of 1.0 
and the mean mRNA from the NEC and NEC+EGF groups were determined relative to 
this number. n=12 rats per experimental group. * p ≤ 0.05 vs. DF,  † p ≤ 0.05 vs. NEC 
 

 Claudin-2 mRNA levels were evaluated in the jejunum and ileum of all groups 

(Figure 4.10). In the jejunum, claudin-2 mRNA levels were significantly increased in 

animals with NEC compared to DF pups, and EGF treatment resulted in significantly 

decreased expression compared to animals with NEC. In the ileum, there were 
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significantly higher levels of claudin-2 mRNA in animals treated with EGF compared to 

DF and NEC animals.  
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FIGURE 4.10. Jejunal and ileal mRNA levels of claudin-2 were evaluated using RT 
Real-time PCR. The mean steady-state mRNA level for the DF group was assigned a 
value of 1.0 and the mean mRNA from the NEC and NEC+EGF groups were determined 
relative to this number. n=12 rats per experimental group. * p ≤ 0.0001, † p ≤ 0.05 vs. DF 
 

 Immunofluorescence microscopy revealed that in the ileum, claudin-2 was 

localized in the cytoplasm and along the apical and basolateral membranes in both NEC 

and EGF treated animals (Figure 4.11). The staining was intense compared to that 

observed in DF animals. Therefore, relative quantification of claudin-2 protein levels was 

determined by Western blot (data not shown). Although bands were detected, they were 

not appearing at the expected molecular weight. Because the results were difficult to 

interpret, we questioned the specificity of the antibody. After getting the protein bands 

sequenced, it was determined that the antibody was not reacting with claudin-2. 
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Therefore, we decided to withdraw from further evaluating alterations in claudin-2 

expression.  

 

FIGURE 4.11.  Claudin-2 localization in the terminal ileum of neonatal rats. 
Representative slides for DF, NEC and NEC+EGF are shown. Magnification x 40.  
 

 

Detection of the TJ associated protein, ZO-1 

 ZO-1 protein expression was evaluated by fluorescent immunohistochemistry and 

Western blot. There have been no studies that have characterized ZO-1 expression in 

neonatal intestine. After repeated attempts to detect ZO-1, it was determined that the 

sensitivity of the techniques was not adequate to detect levels of ZO-1 in our neonatal 

tissue. 
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Evaluation of MLCK, MLC and pMLC 

 Several studies have shown that alterations in myosin light chain and/or MLCK 

can result in increased intestinal permeability (27, 196). To evaluate if changes in these 

proteins were occurring during NEC pathogenesis, protein levels determined by Western 

blot. The only commercially available antibodies that react with rat tissue are from Santa 

Cruz Biotechnology. Repeated Western blots for MLCK showed heavy bands at 45 kD 

and a faint band at the expected size of 210 kD. There were no differences between 

groups. Detection of MLC and pMLC revealed no changes between groups; however, the 

bands were not at the expected size of 17-20 kD. After speaking with Dr. Turner’s group, 

it was suggested that we not use the commercially available antibodies because they are 

unreliable for detection of these proteins in intestinal epithelium. It is difficult to perform 

Western blots in intestinal epithelium because there are very low levels of MLCK and 

MLC present. Turner’s group has designed their own antibodies for detection in mouse 

epithelium. However, it does not cross react with rat tissue so we are unable to use them 

at this time. 
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Discussion 
  

Intestinal barrier function and paracellular permeability are primarily determined 

by epithelial TJ. The TJ is localized on the apical membrane of polarized epithelial cells 

and functions to create a barrier to the paracellular movement of solutes. The TJ is a 

dynamic structure and can be disassembled and reorganized in response to various 

intracellular and extracellular stimuli (139). Several tight junction proteins have been 

identified, and include the transmembrane proteins occludin and claudins, which are 

considered to be the primary sealing and integral membrane components of the TJ. The 

precise role of these TJ proteins remains unclear; however, occludin has both structural 

and functional roles, whereas claudins appear to provide specificity for defining the 

paracellular permeability of various ions and solutes (161). The adult rat intestinal 

epithelium expresses occludin and claudins, although the expression and subcellular 

localization of the claudin family of proteins varies along the length of the 

gastrointestinal tract (161). It is important to note that TJ proteins have not been 

characterized in the intestinal epithelium of neonates. Consequently, this study is the first 

to demonstrate normal expression patterns of epithelial TJ proteins in the intestine of 

neonatal rats as well as alterations in the TJ barrier during NEC pathogenesis.  

Impaired intestinal barrier function in pathological conditions has been associated 

with reduced expression and changes in distribution of TJ proteins (16, 57, 109). In vitro 

studies using T84-cells showed decreased expression of claudin-3 after exposure to pro-

inflammatory cytokines, resulting in increased paracellular permeability (159). In 
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contrast, Barmeyer et al. found that TJ protein expression was increased in the inflamed 

colon of interleukin-2 knockout mice (5). While these studies were performed in adult 

animals or cell lines, our study is the first to report changes in expression of intestinal 

epithelial TJ proteins in neonatal rats. We found that the major changes in occludin and 

claudin-3 mRNA and protein expression were in the distal ileum of animals with NEC 

compared to DF pups.  Interestingly, occludin expression was not increased in the 

jejunum of NEC pups, suggesting that occludin was being modified specifically at the 

site of NEC injury. Further, in the ileum, occludin distribution was less organized at the 

plasma membrane and localized in the cytoplasm in animals with NEC. Claudin-3 

expression in the small intestine showed a striking pattern of localization in the crypts. 

Although the exact role of claudin-3 in the small intestine remains unknown, we 

speculate that the increased expression of claudin-3 in the crypts of animals with NEC 

may contribute to increased paracellular permeability. The claudins are thought to be the 

pore-forming proteins that regulate the size selectivity of the tight junction barrier. The 

presence of claudin-3 in the crypts may promote a “leakier” epithelium, allowing for 

overall increased intestinal permeability. Further studies are needed to clarify the roles of 

specific tight junctions in the neonatal intestine. Although our results contradict the 

accepted paradigm that increased intestinal permeability is associated with decreased TJ 

protein expression, we hypothesize that this is a reflection of the fundamental differences 

between neonatal and adult intestinal epithelium. Furthermore, there is a positive 

correlation between histological damage and mRNA levels of occludin and claudin-3 
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suggesting that as the intestine becomes more damaged, the epithelial cells begin up-

regulating expression of TJ components. 

As discussed in chapter 3, several studies have shown that EGF can influence 

intestinal permeability. However, there are limited studies showing the effect of EGF on 

the intestinal TJ barrier. Studies using human colonic mucosa (7) and Caco-2 cell 

monolayers (179) have shown that EGF treatment inhibits disruption of occludin from the 

TJ, thereby preventing the acetaldehyde-induced increase in paracellular permeability. 

The present study is the first to show that EGF alters TJ expression in vivo. We found that 

EGF treatment resulted in decreased expression of occludin and claudin-3 in the ileum 

compared to animals fed formula alone. Importantly, occludin was redistributed in the 

ileum of EGF treated animals and localized predominantly on the apical and lateral 

membranes of the epithelial cells, indicating EGF promotes the formation of TJ. This 

normalization of TJ protein expression at the site of NEC injury supports our hypothesis 

that EGF plays an important role in maintaining epithelial cell integrity during disease 

development.  

This study shows for the first time that the intestinal TJ barrier is significantly 

disrupted in the ileum during NEC pathogenesis. EGF treatment normalized expression 

of occludin and claudin-3. We speculate that EGF is an important factor which maintains 

integrity of the intestinal barrier and reduces mucosal injury in the neonatal rat model of 

NEC. Localized alterations in the epithelial TJ barrier may be one mechanism by which 

EGF protects the intestine from injury.  
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5. CONCLUSIONS AND DISCUSSION 

 

 Necrotizing enterocolitis affects thousands of premature infants every year. As the 

number of extremely low-birth-weight babies increases, the risk for developing NEC 

becomes an eminent problem (201). Survivors of a severe acute episode of NEC 

frequently suffer the effects of short bowel syndrome (102), which results in increased 

medical expenses and chronic gastrointestinal difficulties. Supplementation of enteral 

feeds with biologically active substances normally present in breast milk, such as EGF, 

appears to be a safe and logical way to prevent development of NEC. Our research has 

shown that supplementation of formula with EGF significantly reduces the incidence and 

severity of NEC (40), normalizes dysregulation of pro-inflammatory cytokines (67, 70), 

and maintains bile acid homeostasis (71). Results from these studies have begun to shed 

light on how EGF reduces the development of NEC. The overall goal of this dissertation 

was to provide further insight into the mechanisms involved in EGF-mediated reduction 

of NEC, as well as further delineating the critical pathways involved in NEC 

pathogenesis. The following is a brief summary of the stated hypotheses, the results 

utilized in support of these hypotheses, a proposed model describing a potential 

mechanism for the observed results, personal perspectives and a description of future 

research directions for this project. 
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Summary 

 

In the first specific aim, apoptotic changes were evaluated in the ileum. 

Hypothesis 1 stated that EGF treatment of experimental NEC would up-regulate 

expression of anti-apoptotic genes and proteins that would result in promotion of cell 

survival. Evidence in support of this hypothesis was shown in chapter 2. Ileal 

morphometry showed that animals with NEC had significantly shorter villi compared to 

DF animals, and EGF treatment resulted in significantly longer villi compared to both 

groups. It was determined that the increase in villus size in EGF treated animals was not a 

result of proliferation because there were no differences in the number of epithelial cells 

per micrometer of villus or in immunohistological staining of proliferating cell nuclear 

antigen. Thus, the idea that EGF is preventing apoptosis in the ileum was evaluated. 

Results showed that NEC is associated with a significant increase in pro-apoptotic gene 

and protein expression of Bax and decreased expression of anti-apoptotic Bcl-2. In 

contrast, EGF treatment significantly increased expression of anti-apoptotic Bcl-2 and 

inhibited expression of pro-apoptotic Bax. Consequently, the balance of these critical 

apoptotic regulators was shifted towards cell survival. Additionally, the number of 

cleaved caspase-3 positive epithelial cells was significantly reduced with EGF treatment, 

further supporting the idea that apoptosis is inhibited with EGF.  

 Several studies have suggested that massive changes in apoptosis can lead to 

intestinal barrier defects. The second specific aim was to characterize the intestinal 
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barrier dysfunction associated with NEC and to evaluate the effects of EGF treatment on 

barrier function. Hypothesis 2 stated that NEC would be associated with increased 

intestinal permeability and EGF treatment would significantly improve barrier function. 

Evidence in support of this hypothesis was shown in chapter 3. Functional measurements 

of intestinal permeability had not been evaluated in the neonatal rat model of NEC 

previous to this study. It was determined that animals with NEC had significantly 

increased intestinal paracellular permeability compared to healthy DF animals. 

Interestingly, EGF treatment resulted in a significant reduction in permeability, even 

below DF levels. In an effort to better understand why EGF decreased paracellular 

permeability so dramatically, other components of the mucosal barrier were evaluated. 

 The mucous layer plays an important role in protecting the intestinal epithelium 

from damage. Mucins are produced and secreted by goblet cells, which are scattered 

throughout the crypt-villus axis. The data presented in chapter 3 showed that animals 

with NEC had significantly less MUC2-positive goblet cells in the ileum compared to DF 

animals, although gene expression of MUC2 was not different. Significant changes were 

seen with EGF treatment, where the number of MUC2-positive goblet cells in the ileum 

was 4-fold higher than in NEC. Additionally, gene expression of MUC2 was 3-fold 

higher in the ileum of EGF treated pups compared to NEC. EGF treatment resulted in 

upregulation of the transcription factor Math1, suggesting that the increased goblet cell 

density may be due to increased differentiation of the secretory lineage of epithelial cells.  

Scanning electron microscopy of the ileal epithelial surface revealed that goblet cell 
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morphology was altered in NEC, evident by closed, button-like goblet cells with no 

mucus droplets present. This was in contrast to DF and EGF treated animals, where 

goblet cells appeared open with visible droplets of mucus present on the epithelial 

surface. Collectively, these data show that the mucous layer is altered significantly during 

NEC pathogenesis and treatment with EGF results in a thicker, more protective mucous 

layer being produced specifically in the ileum, the site of NEC injury.  

 Several factors can influence paracellular permeability, including alterations in 

physical barriers such as the mucous layer and the tight junction barrier. The third 

specific aim was to determine if NEC was associated with alterations in the tight junction 

barrier and to evaluate whether EGF treatment modulated expression and cellular 

distribution of epithelial tight junction proteins in the small intestine. Hypothesis 3 stated 

that EGF treatment of experimental NEC would normalize expression and subcellular 

localization of tight junction components. Evidence in support of this hypothesis was 

shown in chapter 4. Development of NEC was associated with significantly increased 

gene and protein expression of the TJ components, occludin and claudin-3, in the ileum. 

Further, gene expression levels were positively correlated with increasing damage to the 

ileum. This suggests that as the ileal tissue becomes damaged, the epithelial cells attempt 

to compensate for the loss in barrier function and dramatically up-regulate expression of 

TJ proteins. However, as data from chapter 3 showed, the epithelium is unable to form a 

functioning TJ barrier; therefore resulting in increased paracellular permeability. In 

contrast, EGF treatment appears to promote formation of TJ in the ileum. This was 
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evident by the normalized expression of occludin and claudin-3 to DF levels in ileal 

tissue, and redistribution of these proteins to the apical and basolateral membranes.  

Finally, the results within this dissertation show that EGF treatment is able to 

improve overall intestinal epithelial integrity and barrier function by decreasing 

apoptosis, accelerating goblet cell maturation and mucin production, and normalizing 

expression and distribution of tight junction proteins. Consequently, the intestinal 

epithelium is less leaky, as reflected by the decreased paracellular permeability. This may 

be one mechanism by which EGF prevents development of NEC. 

 

 

Proposed Models 

 

 The pathogenesis of NEC is very complex and likely involves several signaling 

cascades that eventually lead to intestinal barrier dysfunction. By analyzing the clinical 

features of NEC, we can start to delineate the mechanisms contributing to this disease. 

Hackam et al. have described how these clinical observations implicate various putative 

factors in the development of NEC (63). First, NEC affects predominantly premature 

infants. Prematurity puts the immature intestine and immune system at very high risk for 

disordered enterocyte signaling. Second, NEC is known to develop after a systemic 

stress, such as a hypoxia. Hypoxic insults can lead to direct damage of the vulnerable 

intestinal mucosa. Third, NEC is characterized pathologically by findings of pneumatosis 
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intestinalis. Pneumatosis results when bacteria release gases within the wall of the 

intestine. This suggests important roles for bacterial colonization and bacteria-enterocyte 

interactions in disease development. Finally, severe NEC is associated with systemic 

sepsis. This reflects a systemic inflammatory response that leads to release of pro-

inflammatory cytokines and other immune mediators.  

 In the neonatal rat model of NEC, all of the clinical features discussed above 

occur during development of the disease. In this proposed model (Figure 5.1), the 

immature intestinal barrier is intact but vulnerable to damage. Hypoxia, prematurity, 

stress, and enteral feeding of formula results in mucosal injury and disruption of the 

neonatal gut barrier. Bacterial colonization is necessary for development of NEC. With a 

breach in the mucosa, luminal bacteria can translocate across the epithelium and initiate 

an inflammatory response. Our data showed that this inflammatory response is 

characterized by increased production of the pro-inflammatory cytokines, IL-12 and IL-

18. Ileal tissue did not produce TNF-α, however, Kupffer cells in the liver increased 

production of hepatic TNF-α, resulting in increased levels of TNF-α in the lumen of the 

intestine.  

These pro-inflammatory cytokines can activate neutrophils, resulting in 

production of reactive oxygen species and activation of transcription factors such as NF-

kB, ultimately leading to up-regulated expression of inducible nitric oxide synthase 

(iNOS). Increased production of nitric oxide (NO) results in direct epithelial injury, 

leading to apoptosis, as well as disruption of repair mechanisms within the mucosa. In 
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human babies with NEC, increased apoptosis in the apical villi correlated with increased 

nitrotyrosine immunostaining (an in vivo marker of NO release). NO may also cause a 

significant reduction in enterocyte proliferation and migration, leading to impaired 

epithelial restitution. Several in vitro studies using cell monolayers have shown that NO 

can increase paracellular permeability by activating specific isoforms of PKC, depleting 

stores of ATP, resulting in destabilization of the cytoskeleton. These specific mechanisms 

have not been shown in intestinal tissue, but likely play an important role in increasing 

paracellular permeability since high levels of NO are found in injured tissue. In addition 

to NO-induced apoptosis, TNF-α and bile acids are also known to be potent inducers of 

cell death. Both TNF-α and toxic bile acids are increased in the ileum of animals with 

NEC, suggesting that multiple factors may be contributing to the increase in apoptosis 

observed in chapter 2.  

Although studies have shown that apoptosis does not result in significant 

increases in permeability, the massive apoptosis that occurs at the tips of the villi may 

contribute to the increase in paracellular permeability seen in animals with NEC. 

Nonetheless, intestinal barrier dysfunction ultimately leads to barrier failure and 

perpetuation of the disease process by further aggravating the inflammatory response. In 

animals with NEC, there is a dramatic increase in tight junction proteins that positively 

correlates with intestinal damage. This event is likely not the cause of barrier failure. 

Rather, we propose that it represents a compensatory response to restore barrier integrity. 

As the disease progresses, bacteria continue to translocate into the epithelium, the 
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inflammatory response remains ramped up, which eventually leads to systemic sepsis and 

death.  

 Our research has shown that supplementation of EGF into formula decreases the 

incidence of NEC. We have explored several potential mechanisms of EGF-mediated 

reduction of NEC and propose that it plays an important role at several levels. EGF is 

able to significantly down-regulate the overproduction of IL-18, while increasing 

production of anti-inflammatory IL-10. This will indirectly inhibit the up-regulation of 

iNOS, resulting in decreased oxidative stress. Recently, we found that EGF promotes up-

regulation of the ileal bile acid binding protein (IBABP), thereby allowing more efficient 

transport of bile acids across enterocytes. Thus, there is less accumulation of bile acids in 

the lumen of the intestine. In chapter 2, results showed that EGF increased expression of 

anti-apoptotic Bcl-2 and decreased expression of pro-apoptotic Bax, leading to a shift in 

the balance of these proteins in favor of cell survival. EGF treatment resulted in 

significantly reduced numbers of apoptotic cells in the ileum. Taken together, these 

studies suggest that through multiple routes, EGF prevents apoptosis from occurring. 

Most likely, these downstream events reflect activation of various EGF-R signaling 

pathways.  

In addition, we showed in chapter 3 that EGF induces acceleration of goblet cell 

maturation and mucin-2 production via upregulation of Math1. Consequently, the 

protective mucous layer between the luminal contents and the epithelial surface is 

enhanced with EGF treatment. This event may contribute to the decreased intestinal 
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paracellular permeability observed in animals treated with EGF. Finally, EGF treatment 

resulted in normalization of occludin and claudin-3 expression. There have been studies 

directly linking EGF signaling with inhibition of tight junction protein disruption. 

However, in this model, normalization of tight junction proteins likely is due to 

preservation of intestinal epithelial integrity and induced maturation of the intestine. 

 
 

 
 
FIGURE 5.1. A model for development of NEC.  
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To summarize the results presented in this dissertation, the following model was 

created (Figure 5.2). In healthy DF animals, epithelial homeostasis is being maintained, 

partially due to the balance of pro- and anti-apoptotic proteins such as Bax and Bcl-2. 

Goblet cells are present and continuously secreting basal levels of mucins, creating a 

normal mucous layer. Although TJ proteins are being produced by epithelial cells, they 

are predominantly cytoplasmic and not functioning to create a tight paracellular barrier. 

Intestinal permeability is relatively high to allow for absorption of milk proteins. 

 In animals with NEC, an exaggerated inflammatory response leads to increased 

epithelial apoptosis. Increased expression of Bax and decreased expression of Bcl-2 in 

the ileum shifts the balance in favor of cell death. Goblet cells are present but are 

decreased in number and are producing less mucins. This results in a deficient mucous 

layer, leaving the epithelium vulnerable to further damage. Consequently, intestinal 

paracellular permeability increases significantly. In an attempt to restore barrier function, 

the epithelial cells up-regulate expression of occludin and claudin-3. However, they are 

unable to form functioning TJ and permeability remains elevated. 

In animals fed formula supplemented with EGF, apoptosis is inhibited. EGF 

increases expression of Bcl-2 and decreases expression of Bax, shifting the balance in 

favor of cell survival. EGF accelerates the maturation of goblet cells at the site of injury, 

leading to increased numbers of goblet cells and mucin production in the ileum. 

Consequently, the mucous layer is enhanced. Occludin and claudin-3 expression is 

normalized after EGF treatment, and TJ proteins are redistributed to the apical and 
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basolateral membranes, suggesting formation of functioning TJ. Therefore, intestinal 

paracellular permeability is significantly decreased compared to DF and NEC animals. 

These reparative mechanisms lead to restoration of intestinal barrier function and 

prevention of NEC.  

 

  

 

FIGURE 5.2. Model for intestinal barrier function during NEC pathogenesis. 
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 Personal Perspectives and Future Directions 

 
 

There are several questions that can be addressed regarding the results of this 

dissertation which will provide future research directions. In regard to the apoptosis 

experiments, identification of the specific EGF receptor signaling pathway that leads to 

cell survival needs to be determined. In vitro and in vivo models can be designed to 

address this question. For example, waved-2 mice have a defective EGF-R which can be 

used to study intestinal apoptosis during exposure to asphyxia and cold stress. This will 

confirm that EGF-R signaling is directly involved with alterations in apoptosis during the 

development of NEC. In vitro studies using intestinal epithelial cell lines, such as IEC-6 

or IEC-18, can be designed to identify the role of individual EGF-R signaling pathways. 

To mimic the conditions leading to intestinal injury in NEC, cells can be treated with 

TNF-α or bile acids, both of which have been shown to potent inducers of apoptosis. 

Inhibitors of the major EGF-R signaling pathways, such as MAPK and PI3-K, can be 

used in combination with exogenous EGF to further delineate the molecular mechanism 

of EGF-mediated reduction of NEC. 

The most efficient way at evaluating the mechanisms of EGF-mediated reduction 

of NEC would be to utilize transgenic mice. We have designed and are currently using a 

neonatal mouse model that will allow many mechanistic questions to be addressed. For 

example, to evaluate the role of Bcl-2 in NEC, the Bcl-2 knockout mouse can be studied. 

These animals should be extremely susceptible to NEC injury based on the data presented 
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in chapter 2. Not only would transgenic mice models allow us to determine which genes 

are critical in order to prevent NEC development (Bcl-2, MUC2, TJ proteins?) but would 

also allow us to evaluate what happens when mice are also lacking genes involved in 

EGF-R signaling pathways. 

Another question that can be addressed is in regard to intestinal permeability. The 

sugar absorption test used in the experiments presented herein measures intestinal 

permeability along the entire length of the gastrointestinal tract. This may mask the true 

differences occurring in the distal ileum, the site of NEC injury. Intestinal bowel loop 

experiments could be used to specifically determine flux of a labeled tracer from the 

lumen to the blood in a clamped off piece of ileum. Although this technique may provide 

the most accurate answer, the technique may not be feasible in our 4 day old neonatal 

rats, weighing less than 5 g. These animals would have to be under anesthesia for a long 

period of time, which may significantly affect survival rates. In addition, damaged 

intestinal tissue in animals with NEC is extremely fragile and may be too difficult to 

work with.  

In regard to the TJ protein experiments, it seems as though the alterations are 

secondary to prior events that occurred in the epithelial cells. However, studies have 

shown in Caco-2 cell monolayers that EGF directly prevents disruption of TJ proteins, 

such as occludin, resulting in decreased paracellular permeability. In order to definitively 

determine whether EGF can directly alter TJ proteins in NEC, in vitro studies need to be 

designed using cultured intestinal epithelial cells. These studies would help delineate the 
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sequence of events that leads up to increased expression of TJ proteins in NEC and 

normalization with EGF treatment. 

Ultimately, the biggest question remaining is whether these changes also occur in 

human tissue. In order to address these issues, human intestinal biopsy samples must be 

collected from healthy babies and babies diagnosed with NEC. These studies are essential 

to confirm that EGF has the potential to protect the human intestine from development of 

NEC like we observed in neonatal rats.  

 

 In conclusion, the data presented in this dissertation support the overall 

hypothesis that that the protective effect of EGF in NEC pathogenesis is mediated via 

increased expression of pro-survival genes and strengthening of the mucosal barrier. EGF 

has a distinct and important role in normal intestinal development as well as repair 

mechanisms following gastrointestinal mucosal injury. It is our hope that clinical trials 

can be designed to test the efficacy of EGF treatment in preventing this devastating 

disease in human babies. 
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APPENDIX A. DEVELOPMENTAL CHANGES IN  

TIGHT JUNCTION EXPRESSION 

 

Introduction 

 

 The regulation of intestinal transport functions is dependent on the junctional 

complex connecting enterocytes together (142). The TJ selectively controls the passive 

diffusion of small solutes and ions through the paracellular space. Characterization of the 

adult intestinal epithelial TJ barrier has been studied extensively; however, little attention 

has been paid to the role of paracellular pathways in the developing intestine. It remains 

unknown how large the passive paracellular component of solute absorption is, or how 

the ratio of transcellular to paracellular absorption is altered during development (142). 

There is indirect evidence that suggests the properties of the paracellular pathway are 

changing during development. Permeability of the neonatal intestine is higher than in 

adults (206). This allows for the rapid absorption of macromolecules such as 

immunoglobulins, growth factors, and food antigens. It is assumed that the tight junction 

proteins are present in the immature intestine but are not functioning to create a tight 

paracellular seal. Research done within this dissertation has shown that the TJ barrier can 

be significantly disturbed during pathological conditions. Characterization of the normal 

development of the TJ barrier would be beneficial and could be used to help interpret the 

results described within this dissertation.  
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 The aim of this study was to evaluate the developmental expression of TJ 

components in the ileum of normal healthy rats from birth to adulthood. Ileal tissue was 

used to determine gene and protein expression of occludin, claudin-1, -2, -3, and -5.  
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Methods 

 

Animal Model 

This protocol was approved by the Animal Care and Use Committee of the 

University of Arizona (A-324801-95081). Female Sprague-Dawley rats (Charles River 

Labs, Pontage, MI) were bred and allowed to give birth naturally. Pups were taken away 

from the mother at the following time points (days of age): 0 (newborn, never suckled), 1, 

3, 5, 7, 9, 11, 13, 16, 21, 28, and 42. For each time point, 6 pups originating from 2 

different litters were used. Intestinal tissue was collected from each animal for 

biochemical and histological measurements.  

 
 
RNA preparation 

Total RNA was isolated from ileal tissue using the RNeasy Mini Kit (Qiagen, 

Santa Clarita, CA) as described in the manufacturer’s protocol and our previous studies 

(26, 68). All samples were incubated with RNase-free DNase (20 U per reaction) for 10 

min at 37°C to eliminate DNA contamination. RNA concentration was quantified by 

ultraviolet spectrophotometry at 260 nm, and the purity was determined by the 

A260/A280 ratio (SPECTRAmax PLUS; Molecular Devices, Sunnydale, CA). The 

integrity of RNA was verified by electrophoresis on a 1.2% agarose gel containing 

formaldehyde (2.2 mol/L) and ethidium bromide in 1 x MOPS buffer (40 mmol/L MOPS, 

pH 7.0, 10 mmol/L sodium acetate, and 1 mmol/L EDTA, pH 8.0) (26, 68). 
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RT and Real-time PCR   
 

RT Real-time PCR assays were performed to directly compare rat occludin, 

claudin-1, claudin-2, claudin-3, and claudin-5 steady state mRNA levels. cDNA was 

synthesized from 0.5 µg of DNase treated total RNA. Pre-Developed TaqMan® primers 

and probes were used for detection of occludin, claudin-1, and claudin-3 (Applied 

Biosystems). Claudin-2 and -5 primers and probes were designed using Primer Express 

Software™ (Applied Biosystems, Foster, CA) (Table A.1); target probe was labeled with 

fluorescent reporter dye FAM (146). Reporter dye emission was detected by an 

automated sequence detector combined with ABI Prism 7700 Sequence Detection 

System® software (Applied Biosystems). Real time PCR quantification was then 

performed using TaqMan® 18S controls. Relative quantification of PCR products were 

based upon value differences between the target and 18S control using the comparative 

CT method (122). Cycle parameters were 55˚C x 5 min, 95˚C x 10 min, and then 40 

cycles of 95˚C x 15 sec 58˚C x 60 sec. All samples were run in triplicate for each PCR 

reaction. 

 
TABLE A.1. Sequences of PCR Primers and Probes 
 
 Gene Sense Primer Antisense Primer Probe Sequence GenBank  
Cldn-2 gtggattttacaaagctgtggctaat ggtccagggaaaggtgaactg cagcccgtggcccct XM236535 

 
Cldn-5 agcagaggcaccagaatcag ccatggctaaagaccgaatgct cccacgcagcgcagag NM031701 
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Western Blot   

Individual frozen ileum samples were homogenized with a hand-held 

homogenizer (Pellet Pestle®, Kimble/Kontes, Vineland, NJ) in a 5x volume of ice-cold 

homogenization buffer (50 mM Tris HCl, pH 7.4; 150 mM NaCl; 1 mM EDTA; 0.1% 

SDS; 1% Na-deoxycholic acid; 1% Triton X-100; 50 mM DTT; 50 µg/ml aprotinin; 50 

µg/ml leupeptin; 5 mM PMSF). The homogenates were centrifuged at 10,000 rpm for 5 

min at 4° C and the supernatant was collected. Total protein concentration was quantified 

using the Bradford protein assay (12). For protein analysis, 40 µg of protein was added to 

an equal volume of 2x Laemmli sample buffer and boiled for 5 min. The samples were 

run on a 10-20% gradient polyacrylamide gel (Bio-Rad, Hercules, CA) at 95 V for 1 hr. 

Protein was transferred to Immuno-Blot PVDF membranes (Bio-Rad) at 15 V for 1 hr. 

Membranes were blocked with 5% nonfat milk in Tris-buffered saline with 0.1% Tween 

20 (Sigma, St. Louis, MO) for 1 hr at room temperature and then incubated overnight at 

4° C with one of the following primary antibodies: rabbit polyclonal anti-occludin or 

anti-claudin-3 (Zymed, San Francisco, CA). After extensive washing, the membranes 

were incubated for 1 hr at room temperature with horseradish peroxidase-conjugated 

secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Proteins were 

visualized with a chemiluminescent system (Pierce, Rockford, IL) and exposed to x-ray 

film. Densitometry was performed to compare protein expression between groups with 

Bio-Rad QuantityOne software.  
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Fluorescent Immunohistochemistry of TJ proteins 

Serial sections from ileal samples were processed as previously described. After 

deparaffinization and rehydration, sections were blocked in 5% bovine serum albumin to 

prevent non-specific staining and incubated with one of the following antibodies: rabbit 

polyclonal anti-occludin (3.0 µg/ml) or anti-claudin-3 (2.0 µg/ml) (Zymed Laboratories, 

San Francisco, CA), followed by Alexa-conjugated secondary antibody (Molecular 

Probes, Eugene, OR). Nuclei were labeled using YOYO-1. Negative control sections 

were treated with the same procedure in absence of primary antibody; no immunostaining 

was observed in the controls. Sections from each experimental group were 

immunostained for a specific antigen at the same time. 

 
 
Statistics  

Statistical analyses between DF, NEC, and NEC+EGF groups were performed 

using ANOVA followed by Fisher PLSD. All statistical analyses were conducted using 

the statistical program StatView for Macintosh computers (Abacus Concepts, Inc., 

Berkely, CA). All numerical data are expressed as mean ± SEM. 

 



 
 
 
 
 

129

 
 
Results and Discussion 
 
 
Ileal mRNA levels of TJ components 
  
 Gene expression of occludin, claudin-1, -2, -3, and -5 were evaluated by RT Real-

time PCR (Figure A.1). For all TJ proteins analyzed, interpretation of the results is 

difficult. However, it shows that alterations in expression of specific TJ proteins does 

occur, and may coincide with physiological changes in the intestine, such as weaning. For 

example, claudin-3 mRNA levels begin to significantly increase starting at day 21, when 

gut closure occurs. This may represent functional changes in the intestinal barrier as 

animals wean from milk and begin eating solid foods.  

 

Protein levels of TJ components 

 Ileal protein levels of occludin and claudin-3 were evaluated by Western blot and 

fluorescent immunohistochemistry at each time point. Although Western blot results 

revealed similar patterns of expression found in mRNA levels, obtaining quantitative 

results from 3 animals per time point was not feasible due to variability between animals. 

Similar difficulties were found with fluorescent immunohistochemistry. We speculate 

that the majority of changes between time points are minimal and consequently difficult 

to detect. 



 
 
 
 
 

130

 
 

Claudin-1

0

1

2

3

4

5

6

7

8

0 1 3 5 7 9 11 13 16 21 28 42 DF
NEC

NEC
+EG

F

Age (days)

M
e
a
n

 r
e
la

ti
v
e
 m

R
N

A
 L

e
v
e
l

Claudin-2

0

1

2

3

4

5

6

7

0 1 3 5 7 9 11 13 16 21 28 42 DF NEC

NEC
+EG

F

Age (days)

M
e
a
n

 r
e
la

ti
v
e
 m

R
N

A
 l
e
v
e
l

 
Claudin-3

0

1

2

3

4

5

6

7

8

0 1 3 5 7 9 11 13 16 21 28 42 DF NEC

NEC
+EG

F

Age (days)

M
e
a
n

 r
e
la

ti
v
e
 m

R
N

A
 L

e
v
e
ls

Claudin-5

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 1 3 5 7 9 11 13 16 21 28 42 DF
NEC

NEC
+EG

F

Age (days)

M
e
a
n

 r
e
la

ti
v
e
 m

R
N

A
 l
e
v
e
l

 
Occludin

0

0.5

1

1.5

2

2.5

3

0 1 3 5 7 9 11 13 16 21 28 42 DF
NEC

NEC
+EG

F

Age (days)

M
e
a
n

 r
e
la

ti
v
e
 m

R
N

A
 l
e
v
e
ls

 
FIGURE A.1. Developmental changes in mRNA levels of claudins and occludin in the 
ileum of neonatal rats. The mean steady-state mRNA level for the day 0 group was 
assigned a value of 1.0 and the mean mRNA from all other groups were determined 
relative to this number. Data from DF, NEC and NEC+EGF groups were included for 
comparison. 
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Future Directions 
 

Characterization of the developmental changes in the TJ barrier is essential in 

order to better understand the role of TJ proteins during the perinatal period. In this 

project, tissue from numerous time points was collected for biochemical and molecular 

analyses. Although we were unable to fully understand and characterize the changes in TJ 

protein expression during the time of this dissertation project, this will be an important 

project to continue in the future. Not only can the tissue be used to evaluate changes in 

the TJ barrier, but can be useful in better understanding the normal developmental 

physiology of other proteins, such as the bile acid transporters.   
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APPENDIX B. ANIMAL MODEL PROTOCOLS 

 

Rat Milk Substitute Protocol 

 
Solids (grams):                        100 ml  160 ml  200 ml  250 ml 
Serum albumin, bovine 3.6  5.8  7.2  9.0   
Non-Ca Mineral Mix  0.6  0.96  1.2  1.5  
Teklad Vitamin Mix  0.4  0.64  0.8  1.0   
Supplemental Vitamin Mix 0.055  0.09  0.11  0.138   
 
Liquids (ml): 
Evap. whole milk  61.5  98  123  154   
ddHOH   1.6  2.6  3.2  4.0   
Intralipid, 20%  29.2  47  58.5  73.12   
Almond Oil   1.0  1.6  2.0  2.5   
CaCO3, 4%   1.0  1.6  2.0  2.5  
Ca lactate, 4%   1.0  1.6  2.0  2.5   
Salt Mix 1   1.0  1.6  2.0  2.5   
CuSO4, 3.09%  57 µl  91 µl  114 µl  142 µl   
ZnSO4, 37.93%  7 µl  11 µl  14 µl  17.5 µl   
 
Mix on magnetic stirrer 
Homogenize with PolyTron in small batches and store in 4 C. 
 
 
4% CaCO3 
1 g CaCO3 
bring up to 25 ml with ddHOH 
 
4% Ca lactate 
1 g Sigma Ca lactate (L-2000) 
bring up to 25 ml with ddHOH 
 
Salt Mix 1 
8.75 g NaCl 
0.25 g KCl 
25 ml ddHOH 
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Pedialyte (Ross Labs) Protocol 

 
 
 

100 ml  1000 ml 
Na citrate   0.882 g 8.824 g 
KCl     0.149 g 1.491 g 
NaCl    0.088 g 0.877 g 
D-glucose (dextrose)  2.5 g  25.0 g 
ddHOH   98 ml  980 ml 
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