
ABSTRACT 

WINGATE, MARVIN, JASON. The Role of a Protease Enzyme, Calcium and Hormones on 

Chick Intestinal Morphology and Differentiation. (Under the direction of Dr. Betty Black). 

 

The present work focused on the morphology, ontogeny and differentiation of the avian 

intestine with regards to dietary supplementation and culturing embryonic chick intestine in 

defined media with calcium or hormones. Supplementing a corn-soybean based diet with the 

protease enzyme Cibenza™ DP 100 (CB) has been shown to increase growth performance and 

feed conversion ratio in broiler chicks (Odetallah et al. 2003, 2005). The present study examined 

the effect of supplementing a corn-soybean with CB on intestinal morphology and maltase 

enzyme activity in the young chick jejunum. On days 3 through 7 and on day 12, post-hatch 

chicks were sacrificed and segments of jejunum were processed for histology and subsequent 

image analysis. CB supplementation increased villus height on days 4 and 7 of the trial while the 

villus height to crypt depth ratio was increased on days 6 and 7 (P<0.05), respectively. A second 

experiment examined the effect of supplementing a corn-soybean based diet with CB on jejunal 

length, jejunal length and jejunal maltase activity. CB supplementation showed no significant 

effect on jejunal maltase activity; however, CB supplementation did increase jejunal length on 

day 7 and 15 of the trial (P<0.05), indicating that an increase in gut growth and villus height 

might explain CB effects on growth performance in broiler chickens.  

The second study examined genes involved in epithelial differentiation in embryonic and 

post-hatch chick intestine. The selected genes represent intestinal homeobox genes, goblet cell 

markers and enterocyte markers. For intestinal homeobox genes, cdxA and cdxB were selected 

to study. For Goblet cell markers, the progenitor cell marker for secretory cells Cath1 was 

selected as was a goblet cell mucin gene, MUC2. For Enterocyte genes, the Notch signaling 

pathways gene Hes1 was selected as were the glucose transporter genes SGLT1 and GLUT2. In 



the embryonic jejunum, mRNA expression was compared via real-time PCR at 16 and 19 days of 

incubation. When comparing the 16 and 19 day old jejuna Muc2, Cath1, SGLT1, GLUT2 and 

cdxA were significantly upregulated at 19 day of incubation (p<0.05), while mRNA levels of the 

enterocyte maker Hes1 and the homeobox gene cdxB remained unchanged (p>0.05). A larger 

developmental series comparing embryonic days 14, 16, 18, and 4 days post-hatch jejunal 

mRNA expression levels of Cath1, MUC2 and Hes1 showed that Cath1 and MUC2 were 

significantly upregulated (p<0.05) while Hes1 mRNA expression levels remained unchanged 

(p>0.05). The present study gives further insights on the regulation of progenitor cell markers 

and their role in the development of the embryonic and post-hatch chick intestine. 

            The final study examined the role of extracellular calcium and the hormones thyroxine 

(T4), hydrocortisone (HC) and prostaglandin E2 (PG) in modulating epithelial gene expression 

of embryonic chick intestine in culture. Real-time PCR was used to analyze gene expression of 

intestinal homeobox genes, goblet cell markers and enterocyte markers. Culturing 16-day 

embryonic jejunum in defined media containing 2.8mM Ca2+ for 48 hours significantly increased 

the gene expression of Cath1, Hes1, SGLT1, and cdxB while decreasing the mucin gene MUC2. 

Culturing embryonic chick intestine with 0.73x10-6M T4 for 48 significantly increased MUC2, 

Hes1, and cdxA gene expression, while culturing with 1X10-6 M PG significantly increased Hes1 

and MUC2 gene expression while decreasing GLUT2 and SGLT1. Culturing 16-day old 

embryonic jejunum in 1X10-6 M HC resulted in no significant changes in gene expression. The 

present study indicates that circulating calcium, T4, and PG influence the expression of genes 

that control controlling intestinal epithelial differentiation during the late embryonic period of 

chick development. 
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CHAPTER 1 

The effect of Cibenza™ DP100 (CB) supplementation on body weight, jejunal villus 

morphology, and maltase activity in young chicks fed a corn-soybean meal diet. 

Abstract 

Supplementing a corn-soybean based broiler diet with the heat stable protease enzyme 

(Cibenza™ DP100) (CB) has been shown to increase growth performance and feed conversion 

ratio in broiler chicks (Odetallah et al. 2003, 2005). The present study investigates the effects of 

(CB) supplementation in a corn soybean based diet on the intestinal morphology and maltase 

enzyme activity in the jejuna of broiler birds. Two trials were performed during this study. The 

first trial examined the effect of CB on broiler body weight (BW), feed intake (FI) and feed 

conversion ratio (FCR) as well as jejunal intestinal morphology measured via intestinal villus 

height and villus to crypt ratios. The present study investigates the effects of (CB) on intestinal 

morphology during 3-12 days post-hatch. Male broiler chicks were randomized to two treatments 

(with or without enzyme) with 6 replicates each. Birds were weighed on days 1, 12 and 21.  Feed 

conversion ratios (FCR) were calculated for the 1-12 day, 13-21 day, and 1-21 day periods. On 

days 3 through 7 and on day 12, chicks were sacrificed and segments of the jejunum were 

processed for histology and subsequent image analysis. (CB) supplementation increased weight 

gain of chicks on days 12 and 21 and improved FCR during all periods studied. The length of 

villi the jejunum was increased on day 4 and day 7 (P < 0.05). There was no effect of enzyme on 

crypt depth. Increases in the villus to crypt ratio were observed on days 6 and 7 (P<0.05). 

The second trial examined the effect of CB supplementation on body weight, jejunal 

length and jejunal maltase activity. CB supplementation showed no significant effect on jejunal 

maltase activity; however, CB supplementation did increase jejunal length on day 7 and 15 of the 



   

2 

 

trial (P <0.05), indicating an increase in gut growth and possible explanation for CB’s effects on 

BW and FCR, respectively. A better understanding on how enzymatic supplementation alters 

intestinal morphology and physiology could help to maximize enzymatic supplementation 

protocols to improve broiler performance and allow for the optimization and formulation of 

lower cost diets in broilers. 
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Literature review 

 

Poultry production and food costs 

 

The United States Department of Agriculture’s Economic Research Service’s livestock, 

dairy and poultry outlook reported that in the second quarter of 2014, broiler meat production 

totaled 9.62 billion pounds, 1.5% higher than in 2013 (LDP-M, 2014). Broiler meat production 

was 18.9 billion pounds in the first half of 2014. Four point two million broiler birds were 

slaughtered in the first half of 2014. Of total feed costs, about 95 percent of costs are used to 

meet energy and protein requirements (LDP-M, 2014). 

 Proper broiler diet formulation is fundamental to economical poultry production (NRC, 

1994). Most poultry diets are composed of cereal grains, soybean meal, by-product meal, fats, 

vitamins and mineral premixes. Diet composition can also alter metabolizable energy; 

components such as fatty acids, tannins and the fibers of grains can affect energy metabolism 

(NRC, 1994).  

An appropriate energy level is one that will most likely result in the lowest feed cost per 

unit of product, whether it be weight gain or egg production (NRC, 1994). Proteins supply amino 

acids that are needed for a variety of functions in the chicken. Amino acids supply the building 

blocks to many structural proteins, such as bones, feathers, claws, ligaments as well as the 

building blocks for soft tissues including muscle (NRC, 1994). 

Intestinal growth in broiler chickens 

            Iji et al. conducted a study on the pattern of development of the intestinal mucosa broiler 

strain chickens fed a commercial diet on days 1, 7, 14, and 21 (Iji et al. 2001). Ija et al. reported 

a significant increase in body weight between day 1 and 21. Empty intestinal weights by region 

were measured and as well as gross organ weights of liver, pancreas, yolk sac and gizzard. The 
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relationships between age and the weights of body/ gizzard, pancreas and yolk sac were 

positively correlated during the study. The regression coefficients for the relationship between 

age and intestinal weight or liver weight were not significant during the study. Iji et al. noted that 

the length of the small intestine and its individual component regions increased with age (Iji et 

al. 2001). 

            Iji et al. further examined the mucosal development of birds fed a commercial starter diet 

at days 1, 7, 14, and 21 (Iji et al. 2001). Iji et al noted that villus height increased with age in all 

regions with the duodenum having the longest villus height.  Iji et al. noted that the apparent 

villus surface area increased with age and was larger in the duodenum. Iji et al. also examined 

the protein contents of each small intestine region and they found that protein contents of the 

mucosa peaked at age day 7 in the jejunum and ileum. The intestinal mucosa protein content was 

also higher on day 7 than compared to the day old hatched chick. Iji et al. observed DNA 

concentrations declined with age in all three small intestinal ages. Iji et al observed that the RNA 

content of the jejunal mucosa declined with age and was higher at hatch than that in the 

duodenum and ileum. Furthermore, Iji et al. observed that the protein: DNA ratio (an indicator of 

cell size) of the mucosa increased with age and was generally lower in the ileum when compared 

to the protein: DNA concentration of the duodenum and jejunum.  Regarding enterocyte 

proliferation and migration, crypt cell column counts and the number of BrDu-labelled cells 

increased with age up to 14 days. Iji et al. observed that the distance covered by cells migrating 

up the crypt to the villus tip increased with age as did the rate of cell migration. Iji et al. Iji et al 

concluded that the rate of intestinal cell proliferation peaked by 7 days post hatch and that cell 

migration increased up to 14 days of age. Iji et al observed that the pattern of mucosal growth 

varies with intestinal region being the greatest at the jejunum, Iji noted that jejunal growth 
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appears to be modulated by high concentrations of RNA as well as a wide Protein: RNA ratio at 

hatch relative to small intestine regions (Iji et al. 2001). Iji et al. concluded their paper with 

stating the rate of development in the jejunum is the most rapid but the other regions are also 

important, on account of villus height or relative length of the intestinal region (Iji et al. 2001). 

The effects of enzyme supplementation on broiler chicken diets 

Keratinase 

 The bacterium Bacillus licheniformis PWD-1 was used by Lin et al. to isolate a 

keratinase protein (Lin et al. 1992).  The isolated keratinase is a monomeric protein with a 

molecular weight of 33 kDa. An azokeratin assay determined that the pH optimum of the B. 

licheniformis keratinase was 7.5 and the optimum temperature is 50°C. Isolated Keratinase 

enxyme from B. licheniformis is stable under cold storage conditions. However, the enzyme 

lacks stability at room temperatures due to autolysis. The B. licheniformis keratinase is capable 

of degrading a wide variety of proteins including bovine serum albumin, casein, collagen and 

elastin. Both natural feather keratin and synthetic azokeratin are specific substrates for the B. 

licheniformis. The keratinolytic activity of the B. licheniformis keratinase was greater than all 

other preoteases tested including; papain, trypsin, collagenase, elastase and proteinase K (Lin et 

al. 1992). The authors suggest that the Bacillus licheniformis PWD-1 keratinase can be added to 

feather meal to make it more digestable in chicken feed. Lin et al also suggest that the Bacillus 

licheniformis PWD-1 keratinase will have a wide variety of production uses due to its broad 

range of proteolytic activity (Lin et al. 1992).  

(Odetallah et al. 2003) examined the effect of Bacillus licheniformis PWD-1 keratinase 

supplementation on corn-soybean meal diets and growth performance of broiler chicks. In 

addition, a secondary goal of the study was to exam the effect of PWD-1 keratinase 
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supplementation on the viscosity of intestinal contents. Supplementing low protein corn-soybean 

diets with the keratinase enzyme increased body weight and improved feed conversion ratio 

when broilers were raised to 26 days of age. Birds on the low protein keratinase-supplemented 

diet had significantly lower body weights than the control birds but they had significantly higher 

body weights and improved feed conversion ratios when compared to the un-supplemented low 

protein diet birds. Supplementing low protein and control diets with the keratinase enzyme 

reduced the viscosity of jejunal contents in the broiler birds. A lower digestive content viscosity 

is associated with better enterocyte absorption of nutrients. Keratinase preparations were shown 

to increase performance in broilers birds. Odetallah suggests that adding keratinase to diets that 

contain higher levels of crude protein would allow the enzyme to free up even more protein 

components and result in higher body weighs in broilers (Odetallah et al. 2003).   

(Wang et al. 2008) further examined Bacillus licheniformis PWD-1 keratinase 

supplementation on traditional soybean diets and on diets containing a mix of soybean meal and 

cottonseed meal 1:1 on crude protein basis. Primary objectives of the study were to exam the 

effect of keratinase-supplementation on growth performance, nitrogen retention, total tract 

apparent digestibility of starch, and changes in intestinal morphology.  A secondary goal of the 

study was to see if keratinase enzyme supplementation could improve the digestibility of 

soybean meal diets containing cottonseed meal.  Regarding growth performance, keratinase 

enzyme supplementation increased body weight gains and improved feed conversion ratio from 1 

to 21 days of age. Birds fed the cottonseed meal containing diet had a higher feed intake (FI) and 

an improved feed conversion ratio (FCR) than birds fed a soybean-based diet. Keratinase-

supplementation improved nitrogen retention and the total tract apparent digestibility of starch. 

Keratinase- supplementation raised nitrogen retention of the containing cottonseed meal 
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containing diets to levels similar to the (control 100% soybean meal) containing diet. Keratinase-

supplementation increased the villus height of the duodenum and jejunum. Keratinase-

supplementation also increased the villus to crypt ratio the duodenum, jejunum and of the ileum. 

Birds fed the cottonseed meal containing diets had an increased villus to crypt ratio in the 

jejunum and ileum.  An increase in villus to crypt ratio has been associated with increased 

nutrient absorption, decreased intestinal secretion, improved disease resistance and improved 

growth performance. In conclusion, the authors suggest that cottonseed meal could be used to 

replace up to half of the soybean meal when the feed is treated with the keratinase enzyme 

(Wang et al. 2008).  

Other enzyme supplementation 

            Cowieson and Adeola examined the effects of adding an enzyme cocktail containing 

phytase, in addition to xylanase, amylase and protease enzymes (XAP) to corn-soybean meal 

based broiler diets (Cowieson and Adeola. 2005). Cowieson and Adeola showed that birds that 

were fed a positive control diet containing both phytase and the XAP enzyme cocktail linearly 

improved both body weight gain and tended to improve feed conversion ratio. When the negative 

control diet was supplemented with both phytase and the XAP cocktail body weight gain was 

improved by 14%, respectively. Cowieson and Adeola further showed that the ileal digestibility 

energy was 165 kcal/kg lower in the negative control diets compared to the phytase and XAP 

enzyme cocktail treated diets. Furthermore, the treatment of negative control diets with phytase 

and the XAP enzyme cocktail reduces in-vitro viscosity, which is associated improved nutrient 

and enzyme diffusion. Cowieson and Adeola implied that combinations of XAP enzyme 

cocktails and phytase is highly effective in improving the performance of broilers allowing for 
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the formulation of lower-cost diets that contribute to the production of poultry products 

(Cowieson and Adeola. 2005). 

Rehman et al. examined the effects of supplementing low protein and low amino acid 

diets with different protease enzymes on performance, carcasses weights, and nitrogen retention 

on broiler chickens (Rehman et al. 2018). Rehman et al reported that birds that were fed a 

positive control diet consisting of 19.3% protein had a higher body weight and body weight gain 

than compared to birds that were fed a low protein containing negative control diet that consisted 

of 18.8% protein at day 14 of the trial study.  Rehman et al. further noted that dietary 

supplementation with the proteases Cibenza DP 100® (CB) and Winzyme pro plus® (WZ) 

numerically increased body weight and body weight gain, when compared with the negative 

control diet containing 18.8% protein during the first 14 days of the trial (Rehman et al. 2018). 

Rehman et al. observed that total feed intake was similar between the birds fed the positive 

control high protein diet and negative control low protein diet, respectively. In addition, Rehman 

et al. noted that all groups that were fed the protease-supplemented diet had similar feed intakes 

(Rehman et al. 2018).  

Rehman et al. observed that during the 1-28-day period, birds fed the positive control 

high protein diet achieved the heaviest body weight in comparison to the negative control low 

protein diet (Rehman et al. 2018).  Rehman et al. observed that bodyweight was significantly 

increased with the supplementation of the proteases CB and WZ in comparison to the negative 

control low protein diet. Reheman et al observed that the feed conversion ratio (FCR) of birds 

supplemented with CB and WZ was equal to that of the FCR of birds fed the positive control 

high protein diet. Rehman et al. measured carcass yields in the studies and noted that dressing, 

heart, gizzard, giblets, chest meat, thigh meat and abdominal fat percentages were not 
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significantly affected by feeding with different protease sources. However, the Rehman et al. 

observed that liver percentages were higher in birds fed the low protein negative control diet. 

Rehman et al. suggested that the higher liver weights in the low protein negative control birds 

could due to the low protein diets containing adequate levels of the amino acids lysine and 

methoine (Rehman et al 2018). 

Rehman et al. also performed cost analysis for the production of the birds used during the 

study. The authors noted that the rearing cost per bird was the highest in the high protein positive 

control diet, followed by the CB and WZ diets, with the lowest rearing cost associated with the 

negative control low protein diet (Rehman et al. 2018). Rehman et al. noted that protease 

supplementation to broiler diets reduced the cost of feed and feed intakes. Rehman et al. 

concluded that using different protease sources in low density protein and amino acids diets can 

improve, growth performance, feed intake, feed conversion ratio, nitrogen retention and 

economic feasibility in broiler chickens, while decreasing the deleterious effects caused by 

feeding broilers diets containing lower concentrations of dietary protein and digestible amino 

acids (Rehman et al. 2018). 

Maltase development in the chick gut 

Maltase is a disaccharide enzyme (EC 3.2.1.20) that hydrolyses the disaccharide maltose 

into two units of glucose. Maltase can hydrolyze α-1, 4 linkages in straight-chain 

oligosaccharides up to nine monomers in length (Boron and Boulpaep, 2005). The units of 

glucose produced by maltase are readily absorbed in the intestine through the microvilli. Poultry 

saliva is deficient in salivary amylase, so pancreatic and intestinal carbohydrases play a 

significant role in the digestion of carbohydrates, in poultry (Low and Zebrowska, 1986). 
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 Maltase is one of many disaccharidase enzymes located on the brush border of the 

intestine. Siddons was one of the first experimenters to examine disaccharide activity in the 

chick (Siddons, 1968). Siddons used intestinal homogenates to examine the enzyme activity of 

the following enzymes maltase, sucrase, palatinase, lactase, cellobiase, and trehalase.   

Siddons measured the total enzyme activity of intestinal homogenates from three-week 

old birds. Siddons discovered that the three-week old chick intestine could hydrolyze maltose, 

sucrose, palatinose. The chick intestine slowly hydrolyzed lactose, but did not hydrolyze 

cellobiose and trehalose. Siddons examined the optimum pH each enzyme in the small intestine, 

maltase (6.2), sucrase (6.4), palatinase (6.8) and lactase (3.6), respectively. Siddons also 

examined the activity of each enzyme along the intestinal tract and digestive contents of four-

week old fed and starved birds. In starved birds, 71% of maltase, 67% of sucrase, 64% of 

palatinase, and 17% of total lactase activity was located in the wall of the small intestine, which 

includes the mucosa. Siddons identified the distal jejunum and proximal ileum as having the 

greatest activity of the before mentioned enzymes. Less than 5% of total dissacharidase activities 

were found in the contents of the small intestine, Siddons concluded that a majority of the 

dissacharidases are located in the epithelial cells of the small intestine (Siddons, 1968).  

 Siddons also measured disaccharidase activity in embryonic gut from embryonic day 12 

to hatching.  Maltase, sucrase, palatinase, and lactase were observed in all embryos. Total 

disacchairadase activity increased with age up to embryonic day 18 with a rate comparable to the 

protein content of each homogenate. From 19 days to hatching, maltase, sucrase, and palatinase 

increased more rapidly than the protein content of each homogenate. Siddons compares this 

increase in enzyme activity to a weaned mammal. In the newly hatched chicks, a majority of the 
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calories in the diet will come from starch, which helps to explain why maltase and sucrase 

activities were high compared to lactase and other enzymes (Siddons, 1968).  

Black and Moog examined the normal development of alkaline phosphatase and maltase 

activity in the embryonic chick intestine (Black and Moog, 1978). Black and Moog also 

investigated the influence of hydrocortisone and thyroxine on the alkaline phosphatase and 

maltase activity in culture. Black and Moog noted that Maltase activity is low in the embryonic 

duodenum at 14 days and steadily rises thereafter. When duodenal strips from 14-day embryos 

were cultured in un-supplemented medium, the specific activity of maltase increased between 

embryonic days 15 and 17, but failed to raise above in-ovo 16 day levels. Black and Moog found 

that when10-6 M hydrocortisone was added to the cultures, the maltase activity kept pace with 

the intact organ. When 10-8 M T4 was added, the increase in maltase activity was slightly 

accelerated during the first day of culture, rose to the maximum value at three days and the 

declined. Black and Moog also examined the activity of maltase in the culture media. They noted 

that in both the control and hydrocortisone supplemented cultures, the levels of maltase at 48 and 

72 hours in culture was greater than that found in-vivo at compared ages. Black and Moog found 

that the presence of T4, the maltase activity accumulated rapidly in the medium, and after 5 days 

of culture led to maltase activities equivalent to maltase levels found in the duodenum at 

hatching. Black and Moog noted that most of the maltase activity in culture was due to 

mirovillous vesicles shed from the villi into the culture medium (Black and Moog, 1978). 

Uni et al. examined intestinal morphology and enzyme activities in Arbor Acres broilers 

from hatch through 14 days post-hatch (Uni et al. 1998). Uni et al. found that small intestinal 

villus volume changed little in the first 2 days after hatch, but thereafter increased rapidly in all 

three small intestinal regions. Uni et al. noted that in the duodenum the increase in villus volume 
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was completed by day 7, whereas the villus volume in the jejunum and ileum villus size 

continued to increase through 14 days. Uni et al. discovered that the jejunum had the greatest 

concentration of RNA per gram of tissue when compared to the duodenum and jejunum. Uni et 

al. also examined the activity of the intestinal disaccharidases and alkaline phosphatase during 

the first two weeks post-hatch. Uni et al. showed that mucosal sucrase and maltase activities 

were significantly lower in the duodenum than in the jejunum. Jejunal activities of sucrase and 

maltase increased to a maximum on days 1 and 2 after hatch, thereafter decreasing. Uni et al. 

found differing results with alkaline phosphatase, with ileal levels activity consistently low as 

compared to duodenal and jejunal activity, which decreased 4 days after hatch (Uni et al. 1998). 

Iji et al. examined the development of intestinal enzyme function in broilers of the 

Steggles X Ross strain (Iji et al. 2001). Iji et al. examined the development of maltase, sucrase, 

an N-terminal aminopeptidase, aminiopeptidase-N (APN) and alkaline phosphatase (AP) during 

the first three weeks post-hatch. Iji et al. observed a specific reduction in the specific activities in 

all four enzymes with age. Iji et al. noted higher maltase activity in the duodenum than in the 

jejunum or ileum while the reverse was noted with APN. The total activities of all enzymes 

increased with age in all three small intestinal regions, respectively. Maltase and sucrase were 

activities were the highest in the jejunum, the authors observed not differences in enzyme actives 

in the duodenum and the ileum (Iji et al. 2001). 

With the addition of enzyme additives to commercial poultry feed increasing in usage 

and in value in the poultry industry, the present study looks to examine if addition of the enzyme 

Cibenza DP 100™ alters endogenous maltase activity within the young chick jejunum. Several 

authors have noted that the addition of enzymes to broiler feed reduces the viscosity of the 

intestinal contents of the birds studied. Several authors have hypothesized that the reduced 
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viscosity of the intestinal contents allows for more surface area and diffusion of nutrients to the 

intestinal brush border and brush border enzymes, which would be one mechanism for increased 

body weight gain and feed conversion ratio seen in several previous studies. The present study 

will examine, in part, if the intestinal brush border enzyme for maltase is increased in birds fed a 

corn-soybean diet treated with Cibenza DP100™ (CB), and if total jejunal maltase is correlated 

with jenunal length. 

Materials and methods 

Experimental diet formulations 

      The composition of the experimental diet 1 is given in Table 1. The composition for the 

control and experimental diet 2 is given in table 2. For the experimental diet, half of the basal 

control diet was supplemented and mixed with Cibenza™DP100 at the level of 400,000 units/kg 

feed. For the experimental diets Cibenza™ DP100 preparation (BioResource International, 

Raleigh, NC, USA) was prepared from Bacillus licheniformis PWD-1, grown in a fermenter at 

50°C for 48 h. The protease preparation was then concentrated by membrane ultrafiltration and 

spray-dried (Wang and Shih, 1999). The Cibenza™ DP100 enzyme preparation had a protease 

activity of 400,000 U/g as measured by the hydrolysis of azo-casein (Lin et al., 1992). No 

xylanase, β-mannanase, β-gluconase or α- galactosidae activities were present, and only low 

levels of α-amylase were detected in this commercial product (85,000 U/g).  

Bird and management study 1 

   One-day old male Arbor Acre broiler chickens were obtained from a commercial hatchery and 

240 were randomly allotted to 24 pens of ten chicks each. Two pens represented one replicate. 

As a result, a total of six replicates per treatment were used to measure growth performance in 

both the control and experimental groups with the control and experimental treatments 
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containing 120 birds each. Each battery was three-tier with plastic wire floors and contained a 

total 12 pens measuring (70 x 65 x 38 cm). For the first 7 days, a plastic mat with 0.1 cm2 mesh 

was placed on the wire floor. Broilers had ad libitum access to food and water throughout the 

experiment. During the first 3 days of the experiment, the room temperature was maintained at 

34±1°C and was then reduced by 2-4 degrees weekly until reaching a final temperature of 

23±1°C on day 21. Light was continuous during the entire experimental period. Mortality was 

recorded and then used to correct for feed consumption. Birds were weighed on days 1, 12 and 

21. Feed intake (FI) was recorded on the same days as Feed Conversion Ratio (FCR) and was 

calculated per each replicate.  

Histology and Morphometric measurements 

  Sections of Arbor Acre broiler jejunum were collected on days 3-7 and again on day 12 

from 5 chicks each day for both the control and experimental treatments. Tissues were fixed in 

10% neutral-buffered formalin, dehydrated through an alcohol series, embedded in paraffin, 

sectioned and stained with hematoxylin-eosin. All histological preparations and staining 

protocols were performed at the Histology lab at the College of Veterinary Medicine at North 

Carolina State University. Slides were examined under a Leica video microscope at 8X 

magnification. Images were digitized and analyzed using Image J software (NIH). Three to six 

intact villi were measured from the mouth of the crypt to the villus tip from each slide. Three to 

six intact intestinal crypts were measured from the mouth of the crypt to the basement 

membrane, at the crypt base to determine the crypt/villus ratio.    

Statistical analysis 

  Control and experimental groups were compared via student T-tests in Microsoft Excel with 

significance set at P≥0.05. 
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Birds and management 2 

One hundred day old Arbor Acre broilers were obtained from the NCSU poultry unit and 

were randomly allotted into 10 pens of ten chicks each. Both the control and experimental groups 

contained 50 birds each. Each battery was three-tier with plastic wire floors and contained a total 

12 pens measuring (70 x 65 x 38 cm). For the first 7 days, a plastic mat with 0.1 cm2 mesh was 

placed on the wire floor. Broilers had ad libitum access to food and water throughout the 

experiment. During the first 3 days of the experiment, the room temperature was maintained at 

34±1°C and was then reduced by 2-4 degrees weekly until reaching a final temperature of 

23±1°C on d 21. Light was continuous during the entire experimental period.  

Jejunal Length and Maltase activity 

 For jejunal measurements, the jejuna were removed from 8-10 control and experimental 

birds on day 3, 5, 7, and 15. The pancreatic duct and Meckel’s diverticulum were used as 

landmarks to define the jejunum. Each intact jejunum was then stretched to full length via a 

small binder clip and measured for length. For the maltase study, the middle 3cm of jejunum was 

collected and cleaned of mesenteries. Each section was then cut into 1cm pieces rinsed of 

digestive contents in ice-cold phosphate buffered saline and frozen until later use. 

For the maltase assay, samples were allowed to thaw and a 1cm piece from each jejunum 

was blotted on filter paper and weighed. Each piece was then homogenized and diluted 10mg/ml 

using distilled water.  The Dalquist method was used to measure maltase activity (Siddons, 

1969). One hundred μl of homogenate was incubated for 10 minutes with 100 μl of 28mM 

maltose substrate dissolved in 50mM maleate buffer, pH 5.8, for 10 minutes in a 37°C water 

bath. Following incubation, 2ml of Tris Glucose Oxidase (TGO) was added to each tube and 
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incubated for 1 hour at 37°C. The absorption of samples were measured in a general lab 

spectrophotometer at a wavelength of 420nm. 

Results 

For diet trial 1; feed intake (FI), body weight (BW), and feed conversion ratio (FCR) are 

summarized in Table 3. The inclusion of Cibenza™ DP100 was applied as described in (Wang 

and Shih, 1999). The inclusion of Cibenza™ DP100 in the corn-soybean based diet had no effect 

on FI during the 1-12 period the experiment (P=0.112), the 13-21 day period of the trial 

(P=0.703), or the entire 1-21 day period of the trial (P=0.203).  The inclusion of Cibenza™ 

DP100 in the corn-soybean based significantly increased the BW of birds at the 12 days of age 

357.4±2.90 grams in the control compared to 376.69±4.19grams in the experimental (P=0.001). 

The inclusion of Cibenza™ DP100 in the corn-soybean based diet significantly increased the 

body weight of the 21-day old chicks 889.17±8.86 grams in the control birds compared to 

921.46±7.89grams in the experimental birds (P=0.012). Furthermore, the inclusion of Cibenza™ 

DP100 in the corn-soybean meal based diet improved the FCR from the 1-12 day period of the 

trial (P=0.002), the 13-21 period of the trial (P=0.025), and the entirety of the trial days 1-21 

(P=0.009).   

 Villus height was increased significantly on day 4 and 7 of trial in the Cibenza™ DP100 

treated birds (P<0.05), as shown in (Table 4 and figure 1). The inclusion of Cibenza™ DP100 

also increased the villus to crypt ratio on day 6 and day 7 of the trial (P<0.05), as shown in 

(Table 4 and figure 2).  

For diet trial 2; only body weight and jejunal length were measured on days 3, 5, 7 and 

15. During the period of trial 2, there was so significant increase in bodyweight of any 

experimental bird group (Table 5). For jejunal length, there was a significant increase in jejeunal 
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length of the Cibenza™ DP100 treated birds on day 7 of the trial 32.9±3.4cm in the control 

compared to 37.4±3.6 cm in the experimental group (P<0.02) and on day 15 of the trial the 

control jejunal length was 52.25±4.8 cm compared to an experimental jejunal length of 55.8±2.5 

cm (P≤0.057) as shown in (Table 5 and Figure 3). 

For diet trial 2, the jejunal length/body weight ratios were also calculated (Table 5 and 

Figure 4). For day 3 of the trial the control group had a significantly higher jejunal length to 

body weight ratio (P<0.05). For day 5, no significant difference was observed between the 

control and Cibenza™ DP 100 treated groups. For day 7, Cibenza™ DP 100 supplementation 

significantly increased the jejunal length to body weight ratio. Between days 7 and 15 there is a 

significant decrease in jejunal to body weight ratio between the two groups. However, between 

the control and Cibenza™ DP 100 supplemented groups there were a significant increase in the 

jejunal length to body weight ratio (P< 0.05). 

The inclusion of Cibenza™ DP100 in the experimental diets had no significant effect on 

maltase activity in the jejunum as measured by ug glucose/min/cm during days 3, 5, 7 and 15 of 

trial 2 (Table 5). The inclusion of Cibenza™ DP100 also had no effect on maltase activity in the 

total jejunum as measured by ug glucose/min/ jejunum during days 3, 5, 7, and 15 of the trial 

period (Table 5). Normalized maltase activity to body weight was also calculated, normalizing 

the maltase activity to body weight did not result in any significant differences between the 

Cibenza™ DP100 treated birds and the control birds and thus is not shown. 
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Table 1. Composition of Experimental Diet 1 

 

Ingredients % 

Corn 61.62 

Soybean, 48% 28.41 

Limestone 1.18 

Dical Phosphate 2.08 

Poultry Fat 5.2 

DL-Methionine 0.19 

Lysine HCl 0.24 

Threonine 0.01 

Salt 0.47 

Choline Chloride 0.2 

Minerals1 (TM-90) 0.2 

Vitamins2 (NCSU-90) 0.1 

Selenium Premix3 0.1 

Total (kg) 100 

Calculated nutritive 

value (%) 
  

ME MJ/kg 3200 

CP 19.3 

Ca 1 

Available P 0.45 

Lysine 1.37 

Methionine 0.5 

Threonine 0.88 

Tryptophan 0.26 

Arginine 1.59 

Histidine 0.6 

Isoleucine 0.98 

Leucine 2.05 

Phenylalanine 1.15 

Valine 1.15 
 

 1The mineral premix was obtained from Eastern Minerals Inc., Henderson, NC, and provided the 

following (per kg of diet): 120 mg Zn from ZnSO4; 120 mg Mn from MnSO4; 80 mg Fe from 

FeSO4.5H2O; 10 mg Cu from CuSO4; 2.5 mg I from CaIO4; and 1 mg Co from CoSO4. 
  

 2The vitamin premix was obtained from Roche, Nutley, NJ and provided the following (per kg of 

diet): 13,200 IU vitamin A; 4,000 ICU vitamin D; 66 IU vitamin E; 0.4mg vitamin B12; 13.2 mg 

riboflavin; 110 mg niacin; 22 mg d-pantothenate; 0.4 mg vitamin K; 2.2 mg folic acid; 

 4.0 mg thiamin; 7.9 mg pyridoxine; 0.253 mg biotin; 100 mg ethoxyquin.   
 3The selenium premix provided 0.2 mg Se/kg diet as Na2SeO3 
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Table 2. Composition of Experimental Diet 2 

 

 

Ingredients %  

Corn (8.65 CP/88 DM) 55.46  

Soy    (49.4 CP/88.4 DM) 28.94  

Limestone (38 Ca ) 1.5  

DicalPhosphate (18.6 P/21 Ca) 2  

Poultry FAT 5  

DL-Methionine 0.26  

Lysine HCl 0.26  

Threonine 0.14  

Salt (NaCl) 0.3  

Choline Chloride-60% 0.22  

Minerals1 (TM-90) 0.2  

Vitamins2 (NCSU-90) 0.1  

Selenium Premix3 0.08  

Corn Starch 4.918  

Sodium Bicarbonate 0.32  

KH2PO4 Pot. Phos. 0.202  

K2C03 Pot. Carbonate 0.1  

Total (kg) 100  

Calculated nutritive value (%) 
 

 

ME MJ/kg 3180  

CP 20  

Lysine 1.119  

Methionine 0.538  

Threonine 0.778  

Tryptophan 0.234  

Arginine 1.155  

Histidine 0.453  

Isoleucine 0.737  
 

1The mineral premix was obtained from Eastern Minerals Inc., Henderson, NC, and provided the 

following (per kg of diet): 120 mg Zn from ZnSO4; 120 mg Mn from MnSO4; 80 mg Fe from 

FeSO4.5H2O; 10 mg Cu from CuSO4; 2.5 mg I from CaIO4; and 1 mg Co from CoSO4. 
  2The 

vitamin premix was obtained from Roche, Nutley, NJ and provided the following (per kg of 

diet): 13,200 IU vitamin A; 4,000 ICU vitamin D; 66 IU vitamin E; 0.4mg vitamin B12; 13.2 mg 

riboflavin; 110 mg niacin; 22 mg d-pantothenate; 0.4 mg vitamin K; 2.2 mg folic acid; 4.0 mg 

thiamin; 7.9 mg pyridoxine; 0.253 mg biotin; 100 mg ethoxyquin. 3The selenium premix 

provided 0.2 mg Se/kg diet as Na2SeO3. 
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Table 3. The Effect of Cibenza™ DP 100 Supplementation on Growth Performance in trial 

1 

 

  
Control 

Cibenza™ 

DP100 (CB) 

Bird 

Number 
P value 

FI 1-12 d 373.98±2.32 383.42±5.14 95 0.112 

 
13-21 d 709.97±5.78 713.59±7.30 90 0.703 

 
1-21 d 1083.94±8.20 1099.54±8.69 90 0.203 

BW 12 d 357.40±2.90 376.69±4.19** 95 0.001 

 
21 d 889.17±8.68 921.46±7.89* 90 0.012 

FCR 1-12 d 1.17±0.01 1.15±0.00** 95 0.002 

 
13-21 d 1.34±0.04 1.30±0.03* 90 0.025 

 
1-21 d 1.27±0.01 1.24±0.01** 90 0.009 

 

Abbreviations: (FI) Feed Intake, (BW) Body Weight, (FCR) Feed Conversion Ratio 
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Table 4. The effect of Cibenza™ DP100 supplementation on jejunal intestinal villus height, 

crypt depth, and villus to crypt ratio 

 

Age 

Post-

Hatch 

Control 

Villus 

height µM 

CB Villus 

height µM 

Control 

Crypt Depth 

µM 

CB Crypt 

Depth µM 

Control 

Villus to 

crypt ratio 

CB Villus 

to crypt 

ratio 

3 420±14.5   118±3.9 3.08±0.141  383±10.4    140±4.7* 3.29±0.137 

(p=0.06) (p=2E-3) (p=0.31) 

4 452±14.6    3.12±0.134  498±15.4*      149±5.5 146±4.2 3.48±0.137 

(p=0.03) 
 

(p=.657) (p=0.07) 

5 586±23 
 

  3.71±0.24  653±43.0       165±8.4 157±9.8 4.25±0.24 

(p=1.64) 
 

(p=.517) (p=0.1) 

6 643±27.8   155±8.9 3.58±0.12  687±29.7    182±7.7*  4.57±0.18** 

(p=0.29) (p=.028) (p=4.2E-5) 

7 675±19.3  153±4.1 

157±6.9 

4.46±0.14  777±25.6*  (p=0.57) 5.03±0.18* 

(p=0.0035)  (p=0.02) 

12 660±21.0 
 

181±6.0  3.73±0.15  733±44.0   182±9.3 4.11±0.25 

 (p=.10) (p=0.9) (p=0.18) 

 

Table four represents the effect of Cibenza™ DP100 supplementation of jujunal villus height, 

crypt depth, and villus to crypt ratio. Five control and five experimental birds were sacrificed on 

days 3, 4,5,6,7 and 12. For each slide 6-8 sections of jejunum from one bird was mounted per 

slide. For the Day 3 control series only 4 slides were usable, for the Day 3 treatment series only 3 

slides were usable and for the Day 4 treatment series only 4 slides were usable. Only fully intact 

villi and crypts were measured, 3-6 villi and crypts were measured from each slide. Villus to 

crypt ratio is expressed as the villus height mm/crypt depth mm. Standard errors are listed beside 

of each value. 
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Figure 1. The Effect of Cibenza™ DP 100 Supplementation on Villus height in trial 1 

Figure 1 represents the effect of Cibenza™ DP100 on jeununal villus height taken from table 4. 

Figure (1A) demonstrates the effect of enzyme supplementation on villus height, asterisks on 

figure (1A) indicate a significant difference between control and experimental groups (P>0.05). 

Figure 1B and 1C is a photomicrograph from the control (1B) and Cibenza™ DP 100 (1C) 

jejunum from 7-day old chicks. 
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Figure 2. The Effect of Cibenza™ DP 100 Supplementation on villus height to crypt depth 

ratio 

Figure 2 is taken from table 4 and demonstrates the effect of Cibenza™ DP 100 supplementation 

on jejunal villus height to crypt depth ratio, asterisks on figure 2 represent significant differences 

between the control and experimental groups (P<0.05).  
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Table 5: The effect of Cibenza™ DP 100 on body weight, jejunal length and maltase 

activity 
 

Day Control BW (g) CB BW (g) P-value n-value 

3 64±4 67±2 p>0.05 8 

5 94±3 91±2 p>0.05 10 

7 128±5 127±6 p>0.05 10 

15 427±19 443±10 p>0.05 10 

     Day Control Jejunal length (cm) CB Jejunal length (cm)  P-value n-value 

3 24.6±0.86 25.0±0.92 p>0.05 8 

5 31.2±0.90 29.4±0.70    p=0.1 10 

7 32.9±1.0 37.3±1.5   p=0.01* 10 

15 52.2±1.5 55.8±0.8   p<0.05* 10 

     Day Control Jejunal length (cm)/BW (g) CB Jejunal length(cm)/BW (g) p-value n-value 

3 0.36±0.01 0.30±0.01 p=0.004* 8 

5 0.30±0.008 0.30±0.008  p=0.2 10 

7 0.24±0.008 0.39±0.01 p<0.001* 10 

15 0.12±0.003 0.14±0.002  p=0.01* 10 

       Maltase activity Maltase activity     

Day 

 Control  

ug glucose/min/cm jejunum CB ug/glucose/min/jejunum p-value n-value 

3 123±20 123±16 p > 0.05 8 

5 231±46 205±31 P > 0.05 10 

7 243±41 162±13 P > 0.05 10 

15 626±68 684±81 P > 0.05 10 

     

Day 

Control  

 ug glucose/min/ per jejunum CB ug glucose/min/jejunum p-value n-value 

3 3051±502 3086±422 P > 0.05 8 

5 7171±1456 5941±849 P > 0.05 10 

7 8129±1495 6069±550 P > 0.05 10 

15 33105±4046 37770±4511 P > 0.05 10 

     

 

Table 5 represents the effect of Cibenza™ DP100 supplementation on body weight, jejunal 

length, jejunal length/body weight ratio and jejunal maltase activity determined by the Dalquist 

method expressing maltase activity as ug/glucose/min/cm jejunum and totoal jejunal maltase 

activity expressed by ug glucose/min/ per jejunum (Siddons, 1969). Asterisks denote a 

significant difference in control versus experimental values (p<0.05).  
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Figure 3. The effect of Cibenza™ DP 100 Supplementation on jejunal length in trial 2 

Figure 3 represents the total jejunal length from the duodenal loop to Meckel’s diverticulum in 

birds fed a control diet vs. a diet supplemented with Cibenza™ DP100 taken from Table 5.  n=8 

for day 3 and n=10 for days 5, 7, and 15. 
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Figure 4. The effect of Cibenza™ DP 100 on Jejunal length to body weight ratio. 

Figure 4 represents the ratio of jejunal length to body weight in birds fed control diet vs 

Cibenza™ DP 100 taken from Table 5. n=8 for day 3 and n=10 for days 5, 7, and 15. 
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Discussion 

 

            The inclusion of Cibenza™ DP100 in the corn-soybean based diet had no effect on FI 

during the 1-12, 13-21, and 1-21 day periods trial 1 (Table 3). Wang et al. also found that the 

inclusion of Versazyme, which is now trademarked as Cibenza™ DP100, had no effect on FI in 

birds fed a corn-soybean based diet during a 1-21, 22-42 and a 1-42 day period trial (Wang et al. 

2008). During trial 1, a significant increase in body weight compared to the control was observed 

on day 12 (5.4%) and on day 21 (3.6%) of the trial (Table 3). Feed conversion ratio was also 

significantly improved in the Cibenza™ DP100 supplemented birds during the 1-12, 13-21, and 

1-21 day periods of the trial (Table 3). (Odetalah et al. 2005) found that Versazyme 

supplementation significantly improved feed conversion ratio in birds fed a corn-soybean meal 

diet from days 1-21. FCR was improved on day 42 of the trial even though keratinase 

supplementation was discontinued on day 21 (Odetalah et al. 2005). Odetalah et al. suggest that 

keratinase supplementation could potentially cause a protein sparing effect in chickens (Odetalah 

et al. 2005). Odetalah et al. 2005 also noted that CB supplemtation reduced the viscosity of the 

intestinal digesta.  Cowieson and Adeola implied that combinations of XAP enzyme cocktails 

and phytase is highly effective in improving the performance of broilers allowing for the 

formulation of lower-cost diets that contribute to the production of poultry products The authors 

contribute the increased performance with a decreased digesta viscosity, which implies improved 

diffusion of intestinal nutrients to the intestinal brush border (Cowieson and Adeola. 2005). 

(Rehman et al. 2018) noted that protease supplementation to broiler diets reduced the cost of 

feed and feed intakes. 

As part of the first experimental trial, intestinal segments were removed and processed 

for histology and morphometric measurements. Following this study’s measurements of the 
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ileum, it was observed that keratinase supplementation via Cibenza™ DP100, formerly named 

Versazyme, significantly increased villus height as early as days 4 and 7 (Table 4 and Figure 1). 

A slight, although not significant, decrease in villus height was observed between days 7 and 12 

of the present study. Uni et al. observed that in the jejunum and ileum that the villus height 

continues to increase past 14 days post-hatch in Arbor Acres broiler chicks (Unit et al. 1998). In 

a similar study, Wang et al. observed Versazyme-supplementation increased the villus height of 

the duodenum and jejunum at 21 and 42 days of keratinase-supplementation. The present study 

shows that the effect of keratinase-supplementation on villus height occurs much earlier than 21 

days occur earlier during supplementation of the Keratinase based enzyme Cibenza™ DP100 to 

a corn-soybean diet. 

 The inclusion of Cibenza™ DP100 to a corn-soybean diet also increased the villus to 

crypt ratio on days 6 and day 7 of the present trial, but not at day 12 (p<0.05), as shown in (Table 

4 and figure 2). A decrease in villus to crypt ration was observed between days 7 and 12 of the 

present study (Table 4 and figure 2).   Keratinase-supplementation also increased the villus to 

crypt ratio in the duodenum, jejunum and of the ileum 21 day-old birds, but not 42 day-old birds 

(Wang et al. 2004). An increase in villus to crypt ratio has been associated with increased 

nutrient absorption, decreased intestinal secretion, improved disease resistance and improved 

growth performance (Wu et al. 2004). Thus the present work again shows an effect of Cibenza™ 

DP100 earlier than previously reported. 

For diet trial 2, body weights were measured on days 3, 5, 7 and 15. During the period of 

trial 2, there was so significant increase in bodyweight of any experimental bird group (Table 5). 

The Metabolizable Energy (ME) of the control diet was 3180 ME Kcal/kg (Table 2). The caloric 
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deficit of the birds in trial 2 may have attributed to the observation of no significant difference in 

BW when comparing the control and Cibenza™ DP100 treated birds. 

 Trial 1 and trial 2 diets also differed in the in corn-soybean ratio, the trial 1 diet 

contained 61.2% corn and 28.41% soybeans while the trial 2 diet contained 55.46% corn and 

28.94% soybeans(Tables 1 and 2). One possibility of the lack of effect on bodyweight in trial 2 

may be due to the lower ratio of corn included in the diet. The lower percentage of corn may 

have given the keratinase enzyme less substrate to significantly increase the metabolizable 

energy of the trial 2 diet, possibly resulting in a null effect of the inclusion of Cibenza™ DP100 

on body weight during the second trial. The diet in trial 2 included 4.9% cornstarch to possibly 

make up for the lowered starch content of the diet. 

The protein content and essential amino acid content of the two diets used in trial 1 and 

trial 2 also differed (Table 1 and 2). The diet for trial 1 contained 19.3% crude protein while the 

diet in trial 2 contained 20% crude protein. Although the diet in trial 2 contained more crude 

protein it was still calorically lower than the diet in trial 1, possibly resulting in the null effect of 

the inclusion of Cibenza™ DP100 on bodyweight as seen in trial 2. The two diets also differed in 

essential amino acid contents. For trial 2, the essential amino acids meet or exceed the chick’s 

requirement when the Metabolizable Energy content of the diet is 3000 Kcal/kg but not at 3200 

Kcal/kg (personal conversation with Jim Garlich). The diet for trial 2 contained 3180 (almost 

3200) Kcal/kg so as to “stress” the need for digestible amino acids, both essential and total (i.e., 

protein), whereas the diet in trial 1 met or exceeded the amino acid contents for a 3200 kcal/kg 

diet (NRC, 1994). The experimental design of trial 2 was conducted under the assumption that 

the inclusion of Cibenza™ DP100 would have a greater effect on bird bodyweight by increasing 

available amino acids to the experimental birds, although that wasn’t observed in the second 
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trial. The essential amino acid percentages differed between trial 1 and trial 2 as follows; lysine 

1.37% for trial 1 compared to 1.12% for trial 2, threonine 0.88% to 0.77%, arginine 1.59% to 

1.15%, histidine 0.6% to 0.23%, isoleucine 0.98% to 0.73%, and tryptophan 0.26% to 0.23%, 

respectively. The trial 1 diet also included the addition of 2.05% leucine, 1.15% phenylalanine 

and 1.15% valine, whereas additional leucine, phenylalanine and valine were not included in the 

trial 2 diets and may have contributed to differences in body weight between the two trials.  

  During trial 1, the inclusion of CB in the corn-soybean based significantly increased the 

BW of birds at the 12 days of age 357.4±2.90 grams in the control compared to 

376.69±4.19grams in the experimental (P=0.001) (Table 3).  For diet trial 2, the study concluded 

at day 15, allowing the second diet trial to continue to 21 days may have led to significant 

results. The inclusion of CB in the corn-soybean based diet significantly increased the body 

weight of the 21-day old chicks 889.17±8.86 grams in the control birds compared to 

921.46±7.89grams in the experimental birds (P=0.012).  

Jejunal segments were removed and measured during the second trial (Table 5). For 

jejunal length, there was a significant increase in jejeunal length of the Cibenza™ DP100 treated 

birds on day 7 of the trial 32.9±3.4cm in the control compared to 37.4±3.6 cm in the 

experimental group (P<0.02) and on day 15 of the trial the control jejunal length was 52.25±4.8 

cm compared to an experimental jejunal length of 55.8±2.5 cm (P≤0.057) as shown in (Table 5 

and Figure 3). It is interesting to note that significant increases in jejunal length were observed in 

trial 2, where there was no effect of CB supplementation in body weight, this is clearly shown 

when jejunal length/body weight is graphed (Figure 4). An increase jejunal intestinal length in 

birds fed a corn-soybean diet supplemented with Cibenza™ DP100 was a surprising finding of 

the present study. Wu et al. reported on the intestinal lengths in birds fed a whole-wheat diet 
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supplemented with xylanse had no effect on the weight or length of the small intestinal segments 

(Wu et al. 2004). The results of Cibenza™ DP100 supplementation and intestinal lengths have 

not been described until the present study. In reviewing other protease supplementation papers, 

the effects of other protease enzymes increasing jejunal length have not been observed as of 

present. A possible mechanism of Cibenza™ DP100 increasing jejunal length could be increased 

amino acid availability produced via Cibenza™ DP100 which allows the broilers to allocate 

more amino acids to gut length. It is likely that increased intestinal lengths could increase the 

amount of time the digesta spends in the small intestine; allowing an increase in nutrient 

absorption as well as increases in body weight and improved feed conversion ratio as seen in 

both trial 1 and reports by others. Conversely, the increase in jejunal length observed in the 

second trial may be induced in the young chicks to compensate for the reduced viscosity of the 

digesta. In the birds fed a corn- soybean meal diet supplemented with Cibenza™ DP100, the 

reduction in the viscosity of the digesta may cause decreased intestinal transitional time. The 

increase in jejunal length observed in trial 2 may be a result of the Cibenza™ DP100 

supplemented birds increasing jejunal length to compensate for decreased transitional time and a 

reduced digesta viscosity.   

For diet trial 2, the jejunal length/body weight ratios were also calculated (Figure 5). For 

day 3 of the trial, the control group had a significantly higher jejunal length to body weight ratio 

(P<0.05). The difference in jejunal weight to body weight ratio being higher in the day 3 control 

birds was an unexpected result of the experiment. It is possible that some chicks may have not 

been eating well during days 1-3, contributing to the difference in jejunal length observed on day 

3.  For day 5, no significant difference was observed between the control and Cibenza™ DP 100 

treated groups. For day 7, Cibenza™ DP 100 supplementation significantly increased the jejunal 
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length to body weight ratio. The significant increases in jejunal length to body weight ratio seen 

at days 7 and 15 due to Cibenza™ DP 100 supplementation could be a result of the enzyme 

increasing amino acid and starch availability for the birds to allocate towards gut development. 

Lilja reported that during the first 7 days of development that intestinal development is the 

fastest in birds (Lilja, 1983).  Between days 7 and 15 there is a significant decrease in the jejunal 

length to body weight ratio between the two groups. However, between the control and 

Cibenza™ DP 100 supplemented groups there was a significant increase in the jejunal length to 

body weight ratio (P< 0.05) (Table 5 and Figure 4).  

The concluding portion of the second trial was to exam the effect of Cibenza™ DP100 on 

Maltase activity in the jejunum. The inclusion of Cibenza™ DP100 in the experimental diets had 

no significant effect on maltase activity in the jejunum as measured by ug glucose/min/cm during 

days 3, 5, 7 and 15 of trial 2 (Table 5). This finding was interesting since Cibenza™ DP100 

contains low levels of α-amylase (85,000 U/g). One could postulate that the addition of even low 

levels of α-amylase would increase the starch content of the experimental diets, possibly 

increasing amylase activity. It is plausible that increases in maltase activity might occur in-vivo, 

but not in an in-vitro assay where substrate is in excess. It is also important to note that increase 

in villus height and jejunal length isn’t correlated with increases in total maltase activity in the 

jejunum. However, the activity of other jejunal enzymes and/or nutrient absorption might be 

enhanced by the inclusion of Cibenza™ DP100, respectively. 
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CHAPTER  2 

The ontogeny of epithelial progenitor cell genes Cath1, Hes1, and functional differentiation 

markers in embryonic and post-hatch chick jejunum 

 

Abstract 

 

The embryonic chick intestine serves as an excellent model to examine the normal 

development of the vertebrate intestine (Coulumbre and Coulumbre, 1958) (Hinni and 

Watterson, 1963), including in tissue culture systems (Black and Moog, 1977). The goal of the 

present study is to examine candidate genes for intestinal development in the embryonic and 

post-hatch chick intestine and to establish baseline gene expression levels for subsequent tissue 

culture experiments. The genes that were selected represent intestinal homeobox genes, goblet 

cell markers and enterocyte markers. For intestinal homeobox genes, cdxA and cdxB were 

selected to study. For goblet cell markers, the progenitor cell marker for secretory cells (Cath1) 

was selected, as was a goblet cell mucin gene (MUC2). For Enterocyte genes, the Notch 

signaling pathways gene Hes1 was selected as were the glucose transporter genes SGLT1 and 

GLUT2. In the embryonic jejunum, mRNA expression was compared via real-time PCR at 16 

and 19 days of incubation. When comparing the 16 and 19 day old jejuna Muc2, Cath1, SGLT1, 

GLUT2 and cdxA were significantly upregulated at 19 day of incubation (p<0.05), while mRNA 

levels of the enterocyte maker Hes1 and the homeobox gene cdxB remained unchanged 

(p>0.05). A larger developmental series comparing embryonic days 14, 16, 18, and 4 days post-

hatch jejunal mRNA expression levels showed that Cath1 and MUC2 were significantly 

upregulated (p<0.05) while Hes1 mRNA expression levels remained unchanged (p>0.05). The 

present study gives further insights on the regulation of progenitor cell markers and their role in 

the development of the embryonic and post-hatch chick intestine. 
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Literature review 

 

Maintenance and control of the epithelial cell population in the small intestine 

 

            The mucosa of the small intestine of vertebrates is a dynamic epithelial tissue involving 

several signaling pathways to control the maintenance and rapid turnover of the epithelial cell 

population. The small intestine is maintained via a proliferating cell compartment localized in the 

intestinal crypts known as the crypts of Lieberkuhn. Cells localized in the intestinal crypts 

differentiate and migrate up the fingerlike villi or into the base of the intestinal crypts. Cells 

destined for the villi differentiate into two cell lineages; the absorptive enterocytes and mucus 

producing goblet cells. Enteroendocrine cells and lysozyme-producing Paneth cells differentiate 

and migrate to locations deep in the intestinal crypts (van de Flier and Clevers, 2009).  

            One signaling pathway involved in the maintenance and differentiation of the intestinal 

epithelium is the highly conserved Notch signaling pathway (Richmond and Breault, 2010). The 

Notch signaling pathway involves the Notch ligands Jagged 1 and 2, and Delta-like 1, 3, and 4 

transmembrane protein receptors that allow communication among physically connected cells 

(Richmond and Breault, 2010). Ligand binding of Notch to its protein receptor initiates the 

proteolytic cleavage of the receptor by γ-secretase allowing the cleaved receptor to be 

translocated to the nucleus, where it combines with RBP-JK. The activation the Notch signaling 

pathway induces Hes1 (hairy/enhancer of split) which is a basic helix loop transcription factor 

that targets genes to regulate proliferation and differentiation (Richmond and Breault, 2010).  

One of the most important genes for cell formation in the intestine is Atoh1, also known as 

Math1 in mice, Hath1 in humans and Cath1 in chickens. Atoh1 is a basic helix-loop (bHLH) 

transcription factor that has been shown to be essential for the secretory lineages in both the 

small and large intestine (Yang et al. 2001). In an intestinal stem cell model proposed by Yang et 
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al., Hes1 expression and the inhibition of Math1 is required for intestinal stem cells to become 

committed to becoming absorptive enterocytes in mouse intestine. Conversely, Math1 expression 

and the inhibition of Hes1 is required for cells to become committed to secretory cells, which 

includes goblet cells, Paneth cells and enteroendocrine cells in the mouse intestine (Yang et al. 

2001).  When Hes1 is knocked out in mice, a majority of the intestinal cells become committed 

towards the secretory lineages (Jensen et al. 2000).  

The Development of goblet cells and mucins in the embryonic and post-hatch chick   

intestine 

 

            Smith and Black observed the pattern of goblet cell differentiation during the third week 

in ovo in the embryonic duodenum (Smith and Black, 1988). They observed that goblet cells are 

infrequent at 14 days of development (7 per 100 previllous ridges, but increase in number by 600 

and 400% during the 14-16 day embryonic period and the 16 to 18 day periods, respectively 

(Smith and Black, 1988). 

            Uni et al. also examined the ontogenesis and development of mucin producing cells in 

the broiler chicken intestine (Uni et al. 2003). Unit et al examined epithelial cells during the late 

incubation period and during the week post-hatch to determine cell numbers and the types of 

goblet cells present. They determined that in the embryonic duodenum at 18 days incubation, 

13% of epithelial cells were goblet cells. They also observed that this proportion of goblet cells 

was maintained through the first week post-hatch in the duodenum. In the final stages of 

incubation, the goblet cells contained acidic mucins, whereas less than 1% were Periodic-Acid 

Schiff positive. Uni noted that in the jejunum and ileum a similar pattern was observed as in the 

duodenum, where at 18 days of embryonic development all goblet cells (about 19%) contained 

acidic mucin in slides stained with Alcian Blue, but fewer or no Periodic-Acid Schiff’s positive 

cells were found.  Goblet cells comprised 23% of the intestinal epithelial cells in the jejunum and 
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26% in the ileum on the day of hatch and this proportion of goblet cells remained similar during 

the first week post hatch in both intestinal regions. Uni et al observed that the number of the 

goblet cells per unit of surface area, measured by the goblet cell number per mm2, increased 

slightly in the duodenum with development; however, increases in goblet cell density were more 

rapid in the jejunum and ileum, reaching 50% in the jejunum and 150% in the ileum during late 

incubation and continuing post-hatch. Uni et al. observed no differences in the density of acidic 

or neutral goblet cells stained with Periodic Acid Schiff (Uni et al. 2003). 

            Jiang et al. cloned the full-length 11,359 base pair chicken MUC2 cDNA and described 

the genomic and functional organization of the MUC2 complex from white leghorn chickens 

(Jiang et al. 2013). Jiang et al also investigated the temporal expression of MUC2 in the small 

intestine of white leghorn chicks at embryonic days 14.5, 16.5, 18.5, 21.5 as well as post-hatch 

days 1, 3, 5, and 7. Jiang et al. observed that at embryonic day 14.5, MUC2 expression levels are 

relatively low in the duodenum, jejunum and ileum. MUC2 levels then steadily increased 

through embryonic day 21.5. On the day of hatching (21.5 days), MUC2 mRNA expression 

levels show relative spike in MUC2 gene expression levels, with MUC2 gene expression 

doubling in duodenal and quadrupling in ileal tissues, followed by a steady increase throughout 

post-hatch. Jiang et al. noted that in the jejunum, MUC2 RNA levels surge to quadruple in gene 

expression at the day of hatch, followed by a decrease from 1 to 3 days post hatch then remain 

high through 7 days post hatch (Jiang et al. 2013). 

The development of nutrient transports in the embryonic and post-hatch chick 

 

            Sklan et al. examined the developmental profile of sucrase-isomaltase, the Na glucose 

transporter SGLT1, and the intestinal homeobox gene cdxA (that is similar to cdx2 in mammals) 

in the developing jejunum of chicks (Sklan et al. 2003). Sklan et al. noted that the expression of 
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cdxA relative to β-actin was low in the embryo at 15 days of incubation then increased from 17 

days of incubation until hatch. After hatching little further increases in cdxA mRNA levels were 

observed. Sklan et al. stated that changes in the expression pattern of the cdxA protein paralleled 

the expression of cdxA mRNA in the jejunum. Sklan et al. also examined the expression of 

sucrase-isomaltase and the Na-glucose transporter SGLT1 in the chick jejunum relative to β-

actin. Sucrase-isomaltase was expressed at 15 days and relative expression was little changed by 

17 days incubation.  However, at 19 days of incubation Sklan et al observed a 3-fold increase in 

sucrase-isomaltase expression. Sklan et al. noted that sucrase-isomaltase mRNA levels decreased 

at hatch followed by a 40% increase in expression at 2 days post-hatch a decrease to day 3 post-

hatch, and little further change by day 7 post-hatch. Regarding SGLT1 expression, Sklan et al. 

also noted that SGLT1 was not detected at days 15 and 17 of incubation, but high levels of 

SGLT1 expression were observed at 19 days of incubation. SGLT1 levels then decreased 

approximately 10-fold at hatch, after which small increases were observed until 7 days post-

hatch. Lastly, Sklan et al performed gel-shift assays to determine if sucrase-isomaltase formed 

specific DNA-protein and DNA-protein-antibody complexes in chick jejunal nuclear extracts. 

Sklan’s gel-shift assay suggested that cdxA interacts with the response element of sucrase-

isomaltase. Sklan’s findings showed how the embryonic chick intestine prepares for the intake of 

high starch diet post-hatch and the importance changes in gene expression in the embryonic 

jejunum (Sklan et al. 2003). 

            Gilbert et al. examined the developmental pattern of several nutrient transporters in 

embryonic chicks and post-hatch broilers selected on a corn-soybean meal based diet (line A) or 

a wheat based diet (line B) (Gilbert et al. 2007). Gilbert et al. selected several nutrient 

transporters to investigate; the peptide transporter PepT1, 10 amino acid transporters, 4 sugar 
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transporters (SGLT1, SGLT5, GLUT2, and GLUT5), and the digestive enzyme aminopeptidase 

N, this review will focus primarily of the sugar transporters as they are the most relative to the 

present study. Gilbert et al. collected embryonic tissue from embryos at days 18 and 20 of 

development, the day of hatch, and post hatch days 1,3,5,7 and 14. 

            Gilbert et al. observed that the Na+-dependent glucose and galactose transporter SGLT1, 

located on chromosome 15 in chickens, had the greatest RNA abundance when compared to the 

other intestinal sugar transporters (Gilbert et al. 2007).  Gilbert et al. determined that the levels 

of SGLT1 mRNA increased linearly with age from embryonic day 20 to 14 days post-hatch. 

Gilbert et al. also showed that the jejunum had the highest levels of SGLT1 mRNA. Gilbert et al. 

further observed that the levels of SGLT1 increased the most dramatically in the jejunum 

compared to the duodenum and ileum (Gilbert et al. 2007). 

            Gilbert et al. noted that the chicken SGLT5 found on chromosome 8 in chickens bears the 

most similarity to the human SGLT5, a glucose transporter, primarily found in the human kidney 

(Gilbert et al. 2007).  Gilbert et al. noted that the SGLT5 mRNA levels change quadratically, 

declining from the embryonic period to day 1 and increasing thereafter. The levels of SGLT5 

were the greatest in ileum, lowest in the duodenum and were intermediately expressed in the 

jejunum. The expression pattern of the fructose transporter GLUT5, GLUT5 is expressed greater 

in the jejunum and ileum compared with the duodenum (Gilbert et al. 2007). 

            Gilbert et al. observed that GLUT2, the basolateral facilitated diffusion transporter of 

glucose, galactose and fructose, had the highest levels of gene expression in the jejunum, lowest 

in the ileum and intermediate in the duodenum (Gilbert et al. 2007). GLUT2 mRNA abundance 

increased linearly with age from embryonic day 20 to 14 days post-hatch. Gilbert et al. observed 
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that GLUT2 increased more dramatically in the jejunum after three days post hatch compared 

with the duodenum and ileum.  

            Li et al. examined 162 intestinal solute carrier genes (SLC) and their expression pattern 

from embryonic day 18 until two weeks post hatch (Li et al. 2008). Li et al. used Affymetrix 

Gene-Chip Chicken Genome array that provided comprehensive coverage of over 28, 000 

chicken genes. Li et al showed that 162 intestinal solute carrier genes belonging to 41 families of 

carriers were expressed during embryonic day 18 to 14 days post-hatch in the chicken intestine. 

Li et al. grouped the 162 genes into 6 clusters based on their pattern of expression. They noted 

that a majority of the transporters (84/162) were clustered into set 4, which showed little to no 

developmental changes from embryonic day 18 until 14 days post-hatch. Thirty-one and 11 

solute carrier genes were clustered into set 1 and set 5 that showed an increase in expression after 

embryonic day 18. Five solute carrier genes that were clustered into set 6 showed an increase in 

expression of two-fold from embryonic day 18 to day of hatching or one-day post-hatch and then 

declined in expression. Fifteen solute carrier genes were clustered into set 3, of which a number 

of these genes showed a transient peak of expression at day of hatch. The 16 solute carrier genes 

that clustered into set 2 showed a downregulation (Li et al. 2008). 

            Li et al. highlighted several monosaccharide transporters that were upregulated during the 

study (Li et al. 2008). The monosaccharide transporters consist of the sodium-glucose 

cotransport SGLT family of genes, notated as the SLC5 genes, and the facilitated diffusion 

GLUT gene family, which are notated as the SLC2 gene family. Li et al. commented that the 

sodium glucose transporter SLC5A1 (SGLT1), which is the main intestinal glucose transporter 

post-hatch, was upregulated 28.8 fold from 18 days of incubation until 14 days post-hatch. In 

contrast, Li et al. observed that SLC5A11 (SGLT6), which transports glucose and myo-inositol 
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showed a different pattern of expression; it was upregulated during embryonic development and 

downregulated following hatching. Li et al. observed that the facilitated glucose, galactose and 

fructose transporter SLC2A2 (GLUT2) and the facilitated fructose transporter SLC2A5 

(GLUT5) were upregulated 104 and 45.5 fold, respectively from embryonic day 18 to 14 days 

post-hatch in the chick intestine (Li et al. 2008). 

Homeobox Genes in the intestine 

 

            Homeobox genes are highly conserved genes involved in the axial patterning during 

development. In the intestine, some homeobox genes remain active where they regulate cranio-

caudal differentiation (Richmond and Breault, 2010). Four mammalian cdx genes that are 

homologs of the Drosophila gene caudal remain active in the gut. Cdx1 has been shown to be 

expressed early in development at the post-somite stages during the transition from a 

pseudostratified epithelium to a monolayer epithelium. In adult mice, cdx1 is restricted to the 

intestinal crypts where it is proposed that it plays a role in the maintenance of the intestinal stem 

cell population (Richmond and Breault, 2010). Cdx2 is expressed at the highest levels in the 

proximal colon with a decreasing gradient both cranially and caudally. Mice that are 

heterozygous for a cdx2 null allele develop ileal polyps, with a histology that is consistent with 

normal gastric epithelium. In contrast, ectopic expression of cdx2 in the stomach leads to the 

development of secretory and enterocyte cells normally seen in the intestine. When cdx2 is 

ablated in the small intestine, the intestinal tissue resembles the stratified squamous tissue of the 

esophagus (Richmond and Breault, 2010).  Cdx4 is a downstream target for cdx2 (Savoy et al. 

2011), but the role of cdx4 is much less understood in gut development (Beck, 2004).  

Chickens express two homobox genes in the gut, cdxA (which is the shares 95% 

homology to the mammalian genes cdx1 and cdx2) and cdxB (which shares the greatest 
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homology with cdx4 in mammals). Geyra et al. investigated the gene expression levels of cdxA 

and cdxB in the embryonic chick intestine (Geyra et al. 2002).  During embryonic development, 

levels of cdxA were 249 artificial units at 5 days, and increased mRNA transcription was 

observed at 15 days with no further increase until hatching. However further increases in mRNA 

expression occurred by 2 days post-hatch, and remained constant through 7 days post hatch. 

Western blot analysis showed gradual increases in the level of cdxA proteins from 15 days 

incubation until 2 days post hatch, after which time values reached a plateau. The levels of cdxA 

mRNA weren’t significantly affected by access to feed. However, Western blot analysis showed 

less cdxA protein in starved chicks than in control chicks at 24 and 48 hours post hatch. After 

access to feed, beginning at 48 hours, cdxA protein levels were increased and were greater than 

at 96 hours post hatch.   

Geyra et al. 2002 used jejunal RT-PCR products as probes to identify cdxB levels 

determined by Northern blot analysis. Geyra et al. observed a steady increase in cdxB mRNA 

levels from 5 days incubation until hatch after which mRNA concentrations reached a plateau.  

Lack of access to feed decreased cdxB expression in the chicks starved for 48 hours at 48 and 72 

hours post-hatch. However, 96 hours after the starved chicks were allowed access to food, cdxB 

mRNA expression levels returned to levels seen in the fed chicks (Geyra et al. 2002). 

            Geyra et al. also examined the effects of delayed access to food on intestinal morphology 

(Geyra et al. 2002).  The intestinal villi of the starved did not decrease with age due to the effects 

of delayed access to food, with villus length and the area less than the control chicks at 48 hours. 

In the chicks given delayed access to food, after three days of feeding the villus area increased 

rapidly reaching the levels of the control chicks after 6 days. Geyra et al concluded their paper by 

noting the importance of cdxA and cdxB in the maintenance and proliferation of the intestinal 
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enterocytes and indicated that delayed access to food depressed levels of cdxA and cdxB in the 

chick intestine (Geyra et al 2002).  
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MATERIALS AND METHODS 

 

Tissue collection and Culture 

 

Fertile eggs of a broiler strain were obtained from the Poultry Science department at NC 

State University and incubated at 37°C in a force draft incubator with automatic egg turner. 

Embryos were collected after 16 and 19 days of incubation for initial RT-PCR studies and after 

14, 16, 18 days of incubation plus 4 days post-hatch for the longer developmental series. The 

post-hatch chicks were reared in the Poultry Science department at NC State University, where 

they were given a commercial starter diet and had ad-libitum access to food and water. For 

ontogeny studies, the incubated eggs were cleaned with 70% ethanol. The small intestine was 

removed from 6 embryos (Figure 1) or hatched chicks, and small segments from the mid-region 

(jejunum) were placed in solutions of an RNA stabilizing solution for storage until RNA 

isolation. 

RNA isolation 

 

RNA was extracted using via Trizol method, quantified using the Nanodrop ND 1000 

spectrophotometer, and checked for quality on 1.2% agarose gel following isolation. 

Real-Time PCR 

 

Each 20 ul of real time PCR solution contained 2.5 ng cDNA template, 1X Power Sybr 

Green PCR Mastermix (Invitrogen), and 250 nM each of Forward and Reverse primers. Forward 

and Reverse RT PCR primers are shown in Table 1.  Cycling conditions were initial 10 min 95 

degrees denature followed by 40 cycles of 30 sec each denaturation, annealing, and extension 

with real time optical data being recorded at both annealing and extension steps.  PCR reaction 

compositions, as well as cycling parameters were empirically determined. CT (cycling threshold) 

values were recorded and normalized to the housekeeping gene 18s (a ribosomal subunit gene). 
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ΔΔCt values were calculated comparing the gene of interest (goi) and the housekeeping gene 

(hk) using the following formula.    

(2) − (𝑐𝑡 𝑒𝑥 − 𝑐𝑡 𝑐𝑜𝑛)𝑔𝑜𝑖

(2) − (𝑐𝑡 𝑒𝑥 − 𝑐𝑡 𝑐𝑜𝑛)ℎ𝑘

 

Statistics 

All statistical analyses were performed using jmp genomics via Tukey’s tests, see figure 

2 for data analysis flow chart. To represent relative gene expression of each gene, ΔΔCt value for 

the youngest developmental time point was chosen and set to one to compare the relative gene 

expression and fold change for the older developmental time points.  
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Results 

 

Gene expression in the embryonic jejunum 

 

            Initially, a small developmental series comparing the gene expression levels of the 

intestinal homeobox genes, goblet cell markers and enterocyte markers at embryonic days 16 and 

19 in the developing chick jejunum was performed to establish baseline expression levels in the 

embryonic chick jejunum. Gene expression levels of the mucin gene Muc2 were significantly 

increased by 7 fold (Figure 3A) from embryonic day 16 to embryonic day 19 (p=0.002). For the 

goblet cell progenitor cell gene Cath1, (Figure 3B), there was an also a significant increase in 

gene expression at 19 days of incubation compared to 16 days of incubation with a four-fold 

increase in gene expression (p=0.01). For the enterocyte differentiation marker Hes1,(Figure 4), 

Hes1 was detected at 16 days of incubation but there was no significant increase in the relative 

gene expression levels of Hes1 between embryonic days 16 and 19 in the jejunum (p>0.05). 

 For the sugar transporters, SGLT1 (the Na dependent glucose transporter) and GLUT2 

(the basolateral facilitated diffusion transporter of glucose, galactose, and fructose), gene 

expression levels were detectable in the jejunum at embryonic day 16 (Figure 5). SGLT1 and 

GLUT2 gene expression levels were also both significantly increased at embryonic day 19 when 

compared to embryonic day 16 (p=0.01) (Figure 5). SGLT1 gene expression (Figure 5A) was 

increased 1.6 folds from embryonic day 16 to embryonic day 19 (p=0.01). GLUT2 increased by 

12.9 fold when comparing embryonic day 16 to embryonic day 19 in the jejunum (Figure 5B) 

(p=0.01) 

 For the intestinal homeobox gene cdxA and cdxB, gene expression was detectable at 16 

days of incubation in the jejunum (Figure 6). CdxA mRNA was significantly upregulated at 19 

days of incubation in the embryonic jejunum (Figure 6A) in comparison to 16 days of incubation 
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(p=0.01), increasing 3.3 fold. For the intestinal homeobox gene cdxB, there was no significant 

increase in the relative gene expression levels between 16 and 19 days of development (p>0.05) 

(Figure 6B). 

Gene expression in the embryonic and post-hatch jejunum 

            For the goblet cell progenitor gene Cath1, the mucin gene Muc2, and the enterocyte 

progenitor cell gene Hes1, a larger developmental series was examined in embryonic jejunum at 

days 14, 16, 18 and 4 days post-hatch. Cath1 was detected in the jejunum at each time point 

(Figure 7A), however, there was no relative increase in gene expression from days 14, 16, or 18 

in the embryonic intestine (p>0.05). Cath1 numerical levels did increase over each 

developmental time-point with fold change values of 1, 1.8, 3.4 and 67.3 for the E14, E16, E18 

and 4PH jejunum.  Cath1 mRNA expression was significantly upregulated when comparing 

embryonic day 14 and 4 days post-hatch in the chick jejunum (Figure 7A); with Cath1 gene 

expression increasing by over 65 fold. For the goblet cell mucin gene Muc2, mRNA was 

detected at all-time points in both the embryonic and post hatch chick jejunum (Figure 7B). 

Muc2 mRNA was found to be significantly increased between embryonic days 14 and 18 

(p=0.03), with no significant difference between embryonic days 14 and 16 (p>0.05). Muc2 

mRNA levels dramatically increased when comparing 18 day embryonic gene expression levels 

to the levels of the 4 day post hatch jejunum levels (p<0.0001), with MUC2 gene expression 

increasing by several thousand fold.  For the enterocyte progenitor gene Hes1, Hes1 mRNA was 

detectable at each time point series (Figure 8). However, no significant increases in Hes1gene 

expression were detected at any embryonic time point, or when comparing the 18 day old 

embryonic jejunum to the 4 day post hatch jejunum levels, although there was a numerical 
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increase in Hes1 gene expression when comparing embryonic day 18 to 4 days post-hatch by 

5.45 fold. 
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Figure 1. Embryonic chick small intestine 

Figure 1 depicts a schematic diagram of the embryonic chick intestine taken from (Ozken, 2004) 

on the left. On the right is the digestive tract taken from a 16-day old embryonic chick intestine. 
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Table 1. Primers used for RT-PCR 

 

Gene Sense sequence  (5’ to 3’) Antisense sequence  (5’ to 3’)  

MUC2 ACCTCTGGATAGCCCCACAC GTGCTCCATAGAACTGGCCT 

cdxA GGATTTTAACCCCATGCAGCC ACCCGGTACTTGTCCTTTGTC 

cdxB GAACTTGCAGCAAACCTTGGA ATTAGGGCTGAGTGAACCAGA 

SGLT1 TTGTGGGCATAGCAGGAACA CCTGAATCCGTTTCCCACCA 

GLUT2 TTTTCCAGAGAGCCGGTGTT GAGCACAAGTCCAACCGTCA 

Cath1 TTCGACCAGCTGCGTAATGT CGAGGGCGCTGATGTAGATT 

HES1 CACCGGAAGTCCTCCAAACC CTCAGGTCGTTCACCGTCAT 

18s CCGAGAGGGAGCCTGAGAA CGCCAGCTCGATCCCAAGA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

52 

 

 
 

Figure 2. Experimental design and data analysis flow-chart 

Figure 2 demonstrates the experimental design and data analysis process for the collection and 

visualization of the data. Initially, embryonic tissue is collected and the RNA is isolated 

measured and diluted for RT-PCR. Following RT-PCR, CT values are collected and the CT 

value for each gene of interest (GOI) is normalized over the housekeeping gene (HK) which was 

18s. Then the ratio of the (GOI/HK) was inputted into JMP genomics. In JMP Genomics, either 

Tukey’s T-tests or Anova analysis was performed. Following data analysis each, the average CT 

value for each individual GOI and the HK gene 18s was entered into the ΔΔCT equation to 

calculate the fold change of each gene in relation to the HK 18. After calculating the fold change 

values, the fold change values were used to make all of the fold change bar graphs in which 

treatments not sharing the same letter were significantly different.    
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Figure 3. Relative fold change of Goblet cell markers MUC2 and Cath1 in embryonic 

jejunum of 16 and 19 day old embryos 

Figure 3 represents the relative fold change of MUC2 and CATH1 in 16 and 19 day old 

embryonic jejunum. RNA samples from 6-9 segments of jejuna were divided into three RNA 

pools for each day (n=3) and analyzed for RT-PCR. Treatments not sharing the same letter are 

significantly different. MUC 2 was significantly upregulated at E19 (p=0.002) and Cath1 was 

significantly upregulated at E19 (p=0.01). 
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Figure 4. Relative fold change of the Notch signaling pathway gene and enterocyte marker 

HES1 in embryonic jejunum from 16 and 19 day old embryos 

Figure 4 represents the relative gene expression and fold change of the enterocyte progenitor cell 

marker HES1 in embryonic and post-hatch jejunum. RNA samples from 6-9 segments of jejuna 

were divided into three RNA pools for each day (n=3) and analyzed for RT-PCR. Treatments not 

sharing the same letter are significantly different. There was no significance in the relative gene 

expression or fold change of HES1 between embryonic day16 and 19 (p>0.05). 
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Figure 5. Relative fold change of enterocyte glucose transport cell markers SGLT1 and 

GLUT2 in embryonic jejunum of 16 and 19 day old embryos 

Figure 5 represents the relative gene expression and fold change of the enterocyte glucose 

transporters SGLUT1 and GLUT2 in 16 and 19 day old embryonic jejunum.  RNA samples from 

6-9 segments of jejuna were divided into three RNA pools for each day (n=3) and analyzed for 

RT-PCR. Treatments not sharing the same letter are significantly different. SGLT1 was 

significantly upregulated at E19 (p=0.01)) and GLUT2 was significantly upregulated at E19 

(p=0.01). 
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Figure 6. Relative gene expression of the intestinal Homebox genes cdxA and cdxB in 

embryonic jejunum of 16 and 19 day old embryos 

Figure 6 represents the relative gene expression and fold change of the intestinal Homeobox 

genes cdxA and cdxB in 16 and 19 day old embryonic jejunum.  RNA samples from 6-9 

segments of jejuna were divided into three RNA pools for each day (n=3) and analyzed for RT-

PCR. Treatments not sharing the same letter are significantly different (P<0.05) cdxA mRNA 

was significantly upregulated at E19 (p=0.01). CdxB relative gene expression was unchanged 

between E16 and E19 (p>0.05). 
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Figure 7. Relative gene expression and fold change of the Goblet cell markers CATH1 and 

MUC2 genes in embryonic and post-hatch chick jejunum 

Figure 7 represents the relative fold change of the intestinal Goblet Cell Markers CATH1 and 

MUC2 mRNA expression levels in embryonic and post-hatch jejunum. RNA samples from 6-9 

segments of jejuna were divided into three RNA pools for each day (n=3) and analyzed for RT-

PCR. Treatments not sharing the same letter are significantly different (p<0.05). CATH1 was 

significantly upregulated between embryonic day 14 and 4 days post-hatch (p=0.02). MUC2 was 

significantly upregulated between embryonic day 14 and 4 days post-hatch (p=0.0001). 
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Figure 8. Relative gene expression of the intestinal Enterocyte cell marker HES1 genes in 

embryonic and post-hatch chick jejunum 

Figure 8 represents the relative fold change of the intestinal Enterocyte cell marker in embryonic 

and post-hatch jejunum. For figure 8, RNA samples from 6-9 segments of jejuna were divided 

into three RNA pools for each day (n=3) and analyzed for RT-PCR. Hes1 was not significantly 

upregulated during any developmental or post-hatch time point (p=0.1). 
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Discussion 

 

For the initial comparison of candidate genes, a comparison of the relative mRNA 

expression for each candidate gene was examined from the jejunum of 16 and 19 day old broiler 

embryos. For the goblet cell mucin gene, MUC2 mRNA transcripts were detected at both 16 and 

19 days of incubation in the jejunum (Figure 3). (Jiang et al. 2013) were able to detect MUC2 

mRNA transcripts as early as 14.5 days of incubation in small intestinal transcripts from white 

leghorn chickens, although MUC2 levels were expressed in very low levels. The present study 

demonstrated that expression levels of the mucin gene Muc2 were significantly upregulated 

(Figure 3) from embryonic day 16 to embryonic day 19 with MUC2 gene expression increasing 

by 7.6 fold (p=0.002). (Jiang et al. 2013) also observed a significant increase in MUC2 

expression levels when comparing jejunal mRNA from 16.5 and 18.5 day old embryos, 

respectively. The increase in the MUC2 gene coincides with previous results from the Black lab 

where goblet cells numbers increase upwards of 400% during the 16 to 18 day embryonic period 

in the duodenum (Smith and Black, 1988). 

  For the goblet cell progenitor cell gene Cath1, mRNA was detected in the embryonic 

jejunum at 16 and 19 days of embryonic development (Figure 3). Cath1 mRNA levels were also 

significantly upregulated between from embryonic day 16 to embryonic day 19 in the jejunum 

(p=0.01), increasing by over four-fold.  According to (Yang et al. 2001), Math1 (the mammalian 

homolog to Cath1 in chickens) is required for intestinal secretory cells; such as goblet cells, 

enteroendocrine cells and Paneth cells. Math1 null mice lack goblet cells and the epithelial cells 

remain in a proliferative state (Yang et al. 2001). Yang noted that in Math1/LacZ transgenic 

mice, Math1 is restricted to the intestinal epithelium at embryonic day 16.5 and is sustained until 

adulthood. Yang examined Math1/LacZ expression in the intestine of 18.5 day old embryonic 



   

60 

 

mice and described Math1 as being located in the villus, inter-villus region and colonic crypts 

(Yang et al. 2001). The present study shows a correlation between increases in the Cath1 and 

MUC2 gene in the embryonic chick jejunum, this suggests that expression of both genes increase 

during a time when goblet cells are increasing in number and producing more mucin proteins.  

The expression pattern of enterocyte stem cell marker genes Hes1 was examined in the 

embryonic chick jejunum at 16 and 19 days (Figure 4). For the enterocyte differentiation marker 

Hes1,(Figure 3), Hes1 was detected at 16 days of incubation but there was no significant increase 

in the relative gene expression levels of Hes1 between embryonic days 16 and 19 in the jejunum 

(p>0.05). (Asai et al. 2005) examined the expression of the chicken homolog of Hes1 in the 

developing intestine with in-situ hybridization and immunohistochemistry. They observed that in 

the developing chick intestine, Hes1 is expressed in both the epithelium and mesenchyme of the 

intestine at day 6 of incubation, whereas chicks from days 9 to 15, Hes1 is localized to the 

intestinal epithelial cells and is only associated with a few proliferating PCNA positive cells 

(Asai et al. 2005). Beginning around day 15 of development, the small intestine of the embryonic 

chick begins forming intestinal crypts at the base of the villi in the inter-villous region where the 

crypts are clearly visible at embryonic day 20. When (Asai et al. 2005) examined the expression 

pattern of Hes1 in the intestine of a 2 week old bird with in-situ hybridization, they observed that 

the expression of Hes1 is localized to the intestinal crypts and that Hes1 co-localizes in regions 

of cells with a high proliferative activity (Asai et al. 2005).  Hes1 expression seems to be 

localized to a select stem cell population in the developing chick intestine, thus the present 

study’s observation that there was no significant increase in the expression of Hes1 mRNA when 

comparing the embryonic jejunum of 16 day old and 19 day old wasn’t surprising.  
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 For the Na dependent glucose transporter, SGLT1, mRNA transcripts were detectable in 

the jejunum at embryonic day 16 (Figure 5). Regarding SGLT1 expression, (Sklan et al. 2003) 

noted that SGLT1 was not detected at days 15 and 17 of incubation via real-time PCR and 

northern blotting (Sklan et al. 2003). In the present study, SGLT1 transcripts were detected at 16 

days of development in the embryonic chick jejunum via quantitative RT-PCR.  In the present 

study, SGLT1 gene expression was significantly increased when comparing the jejununa of 16 

and 19 day old embryos (Figure 5A); with SGLT1 gene expression levels increasing 1.6 fold 

between the two time-points. Sklan et al. observed the highest levels of SGLT1 gene expression 

in the intestine of chicks at 19 days of incubation compared to earlier embryonic ages, although 

they didn’t detect the gene at embryonic day 15 (Sklan et al. 2003). (Li et al. 2008) commented 

that the sodium glucose transporter SLC5A1 (SGLT1) was upregulated 28.8 fold from 18 days 

of incubation until 14 days post-hatch.  Moog and Thomas noted that glycogen is maximal in the 

duodenum of embryonic chicks at 18 days and then rapidly decreases. Noting that glycogen 

stores rapidly decrease in the embryonic intestine prior to hatching, an increase in sugar 

transporter upregulated would be an expected observation as the embryonic intestine is preparing 

for the consumption of starch based feeds. 

For GLUT2, the basolateral facilitated diffusion transporter of glucose, galactose, and 

fructose, gene expression levels were detectable in the jejunum at embryonic day 16 (Figure 5). 

Gilbert et al did not examine sugar transporters in the intestine until 18 days of development and 

in his study the small intestinal regions of the embryonic chick intestine were combined (Gilbert 

et al. 2007). The present study showed that GLUT2 mRNA expression significantly increased at 

embryonic day 19 when compared to embryonic day 16 with GLUT2 mRNA expression levels 

increasing by 12.9 fold (p=0.01) (Figure 5B).  Gilbert et al. did note that GLUT2 had the highest 
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levels of expression in the jejunum and that GLUT2 mRNA abundance increased linearly with 

age from embryonic day 20 to 14 days post-hatch (Gilbert et al. 2007).  

For the chicken intestinal homeobox genes cdxA and cdxB, gene expression was 

detectable at 16 days of incubation in the jejunum (Figure 6). CdxA mRNA levels were 

significantly upregulated at 19 days of incubation in the embryonic jejunum (Figure 6A) in 

comparison to 16 days of incubation with CdxA increasing 3.33 folds from 16 to 19 days in the 

intestinal epithelium (p=0.01). Regarding the relative expression of cdxA mRNA in the chick 

intestine, the current results support the findings of (Sklan et al. 2003) and differ from those of 

(Geyra et al. 2002). Sklan et al. noted that the expression of cdxA relative to β-actin was low in 

the embryo at 15 days of incubation and increases in expression were observed from 17 days of 

incubation until hatch.  Geyra et al. observed increased mRNA transcription of cdxA at 15 days, 

with no further increase until hatching.  However, Geyra noted that, during post-hatch, further 

increases in cdxA mRNA expression occurred until 2 days post-hatch, which did not change 

through 7 days post hatch.  

 For the intestinal homeobox gene (cdxB), there was no significant increase in the relative 

gene expression levels between 16 and 19 days of development (p>0.05) (Figure 6B). The 

present results for cdxB are differing from Geyra’s findings in which Geyra observed a steady 

increase in cdxB mRNA levels from 5 days incubation until hatch, after which mRNA 

concentrations reached a plateau (Geyra et al. 2002). Differences between the present study’s 

findings regarding the expression levels of cdxB mRNA may be due to a difference in 

housekeeping genes that were used to normalize gene expression, Geyra used β-actin as a house 

keeping gene to normalize their results whereas the present study used the ribosomal gene 18s as 

a housekeeping gene. The present study may indicate that the intestinal homeobox gene cdxA 
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aids in the regulation of function differentiation makers in the embryonic chick intestine during 

the late embryonic development period to prepare the intestine for the absorption of nutrients and 

to provide a protective barrier upon hatching.  

For the goblet cell progenitor gene Cath1, the mucin gene Muc2, and the enterocyte 

progenitor cell gene Hes1, a larger developmental series was examined, embryonic days 14, 16, 

18 and 4 days post-hatch. Cath1 was detected in the jejunum at each time point (Figure 7), 

however, there was no relative increase in gene expression from days 14, 16, or 18 in the 

embryonic intestine (p>0.05). Cath1 is a marker gene for secretory cells including the goblet 

cells in the intestine, and the detectable expression of Cath1 coincides with previous work from 

our lab group where Black and Smith noted that goblet cells are present at 14 days of incubation 

in the embryonic duodenum (Black and Smith, 1988). Cath1 mRNA expression was not 

significantly upregulated when comparing embryonic day 18 and 4 days post-hatch in the chick 

jejunum (Figure 7A). This finding was unexpected, especially considering that that goblet cells 

are approximately 13% of the epithelial cell population in the jejunum of 18 day old embryonic 

intestine, increase to 26% of the jejujunal epithelium at hatching are maintained at this value 

during the first week post-hatch (Uni et al. 2003). However, the mouse homolog of Cath1 

(Math1) has been shown to upregulate and down regulate its expression pattern. In the present 

study, Cath1 mRNA expression was significantly upregulated when comparing embryonic day 

14 and 4 days post-hatch (p=0.02).  

For the goblet cell mucin gene Muc2, mRNA was detected at all-time points in both the 

embryonic and post hatch chick jejunum (Figure 7). The expression of MUC2 mRNA in the 

jejuna of 14 day old chicks coincides with the appearance of goblet in the duodena of chicks as 

early as 14 days of development, respectively (Smith and Black, 1998) and the increases in 
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Muc2 gene expression observed in leghorn chicks by (Jiang et al. 2013). Muc2 mRNA was 

found to be significantly increased between embryonic days 14 and 18 (p=0.03), with no 

significant difference between embryonic days 14 and 16 (p>0.05). The increase in the mucin 

gene MUC2’s expression seen in the current study between embryonic day 14 and 18 also 

correlates rather well with increases of goblet cell numbers observed by Black and Smith, where 

Smith and Black observed that goblet cells are infrequent at 14 days of development (7 per 100 

previllous ridges), but increase in number by 600 and 400% during the 14-16 day embryonic 

period and the 16 to 18 day periods (Smith and Black, 1988). The increase in  Muc2 mRNA 

levels dramatically increased when comparing 18 day embryonic gene expression levels to the 

levels of the 4 day post hatch jejunum levels (p<0.0001). At this time, the villi are growing 

rapidly and many more goblet cells are present. 

 For the enterocyte progenitor gene Hes1, mRNA was detectable at each time point series 

(Figure 8). However, no significant increases in Hes1gene expression were detected at any 

embryonic time point, or when comparing the 18 day old embryonic jejunum to the 4 day post 

hatch jejunum levels (p>0.05).  Components of the Notch signaling pathway are almost 

exclusively restricted to the intestinal crypts and play a vital role in maintaining the proliferative 

cells of the intestine (Richmond and Breault, 2010). Hes1 is also been shown to directly bind to 

the promoter of Hath1 (the human homolog of Cath1) and suppress its activity in human colon 

carcinoma derived cells (Zheng et al. 2011). Furthermore, in humans, the overexpression of 

Hes1 and subsequent depletion of Hath1 is associated with the loss of goblet cells seen in 

ulcerative colitis. In Hes1 knockout mice, Hes1 antagonized the expression of bHlH 

transcriptional activators such as Math1 the mammalian homolog of Cath1 (Jenson et al. 2000). 
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  In the present study, Cath1 mRNA was found to be upregulated between embryonic 

days 16 and 19 (Figure 3), and when comparing Cath1 expression of 14 days of embryonic 

intestine to 4 day old post hatch jejunum in the chick jejunum. Thus, the major increase in 

expression seems to occur between 16 and19 days in the embryonic chick jejunum. Imayoshi et 

al. demonstrated that in neuronal progenitor cells, Hes1 undergoes oscillations in gene 

expression and the Hes1 protein then inhibits its own transcription (Imayoshi et al. 2003). In 

neuronal cells models, it is suggested neuronal progenitor cells that Hes1 represses the 

expression of other bHLH genes; down regulation of Hes1 allows upregulation of pro-neuronal 

genes and the subsequent differentiation of neurons or oligodendrocytes, respectively, (Ross et 

al. 2003). Similar mechanisms in which Hes1 gene expression oscillates to inhibit itself could be 

plausible in maintaining the stem cell population of the intestinal crypts while allowing for the 

differentiation of cells of the secretory lineage, such as goblet cells, enteroendocrine cells and 

Paneth cells in the chick intestine.     
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CHAPTER 3 

The effect of calcium and hormones on enterocyte and goblet cell genes in cultured 

embryonic chick intestine. 

Abstract 

            Previous studies have indicated that culturing embryonic chick intestine in defined media 

with calcium and or hormones increases goblet cell differentiation as well as several enterocyte 

markers of enterocyte differentiation including glucose active transport, sucrase activity and 

alkaline phosphatase activity. The present study examined the potential of extracellular calcium 

and the hormones thyroxine (T4), hydrocortisone (HC), and prostaglandin E2 (PG) to alter 

epithelial gene expression and modulate differentiation in culture. Real-time PCR was used to 

analyze the gene of represent intestinal homeobox genes, goblet cell markers and enterocyte 

markers. For intestinal homeobox genes, cdxA and cdxB were selected to study. For goblet cell 

markers, the progenitor cell marker for secretory cells Cath1 was selected, as was a goblet cell 

mucin gene, MUC2. For enterocyte genes, the Notch signaling pathways gene Hes1 was selected 

as were the glucose transporter genes SGLT1 and GLUT2. Culturing 16-day embryonic jejunum 

in defined media containing 2.8mM Ca2+ for 48 hours significantly increased the gene expression 

of Cath1, Hes1, SGLT1, and cdxB while decreasing the mucin gene MUC2. Culturing 

embryonic chick intestine with 0.73x10-6M T4 for 48 significantly increased MUC2, Hes1, and 

cdxA gene expression, while culturing with 1X10-6 M PG significantly increased Hes1gene 

expression while decreasing GLUT2 and SGLT1. Culturing 16-day old embryonic jejunum in 

1X10-6 M HC resulted in no significant changes in gene expression. Thus, calcium and the 

hormones T4 and PG can influence the expression of genes that control intestinal epithelial 

differentiation during the late embryonic period of chick development. 
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Literature Review 

Accelerated goblet cell differentiation in culture 

            Black and Moog examined the effect of culturing embryonic duodenal segments from 14 

day old chick embryos with defined media and the hormones thyroxine and hydrocortisone 

(Black and Moog, 1977). Black and Moog first noted that during in-vivo development in the 

duodenum, goblet cells increase in vivo from 10 per 100 previllous ridge sections at 14 days to 

236 at 18 days and 596 at 19 days. Black and Moog observed that goblet cells are first confined 

to the previllous ridge bases, but after 15 days the goblet cells become more evenly distributed 

between the proximal and distal halves of the embryonic ridges (Black and Moog, 1977). 

            When 14-day old embryonic chick duodenal segments are cultured in Media 199 for 48 

hours, the previllous ridges were observed to increase in height to the same extent as the intact 

duodenum (Black and Moog, 1977). When the duodenal segments were cultured, the number of 

goblet cells increases faster than in the intact duodenum in vivo. Furthermore, Black and Moog 

observed that a larger proportion of goblet cells appeared on the distal half of the embryonic 

villi, indicating that the increase in goblet cell number is partially due to the accelerated 

differentiation of undifferentiated precursors.  Black and Moog also observed that the intensity of 

Periodic Acid Schiff’s staining was also enhanced, an indicator that the goblet cells are 

accumulating more acidic mucins.  

Black and Moog further observed increased goblet cell numbers when 10-9M thyroxine is 

added to the culture media in comparison to tissue cultured in the control media alone (Black and 

Moog, 1977). Black and Moog extrapolated that the accelerated goblet cell formation was not an 

artifact of altered growth in the presence or absence of thyroid hormone, since the explanted 

ridges differed little in length in comparison to those found in vivo at 15 and 16. Black and Moog 
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also noted that if 10-6M hydrocortisone was added to the culture media goblet cells didn’t 

accumulate faster than in the intact duodena.  Black and Moog observed that during the first day 

in culture there was a large increase in goblet cells located on the distal portion of the previllous 

ridges.  Black and Moog suggested that hydrocortisone may act by stimulating differentiation of 

undifferentiated precursors, rather than stimulating the rate of goblet cell division. Black and 

Moog concluded that circulating thyroid hormone levels play a major role in promoting the 

differentiation of goblet cells; however, the authors strongly suggested that other inhibitory 

factors are participating in the control of intestinal development, perhaps via circulating 

inhibitory factors that may regulate the timing of critical developmental events in the embryonic 

intestine (Black and Moog, 1977). 

The role of hormones in glucose active transport and metabolism in the embryonic chick 

intestine 

 

            Black previously examined the development of active transport of glucose in the 

embryonic chick duodenum (Black, 1988a). Black noted that active transport is barely detectable 

at 12-14 days of embryonic development, but then increases 2.5 fold between 17 and 17 days, an 

additional 2.8 fold between 17 days and hatching, and 1.4 fold during the first 4 days post hatch. 

When Black cultured duodena from 14-day-old chicken embryos in hormone free medium, 

active transport rate increases 2.2 fold reaching a level not significantly different from that in 

vivo of the same chronological age (Black, 1988a). Black further showed that the addition of 

1nm thyroxine (T4) and 1µM hydrocortisone (HC) significantly increases glucose active 

transport 207 or 187%, respectively, of control values after 72 hours of culture. Black noted that 

both T4 and HC appeared to accelerate the normal development of glucose active transport 

without altering non-specific glucose uptake and concluded and these hormones can significantly 

increase active glucose transport in cultures of embryonic chick intestine. 
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            Black further examined the effects of T4 and HC on alkaline phosphatase and sucrase 

activity in 14-day old broiler chicken duodena (Black, 1988b). Black observed that in the 

presence of T4, ALP activity is increased to 363% of the control values of ALP and significantly 

exceeds the rate of increase in vivo. Black also observed that T4 has a small but significant effect 

on sucrase activity (Black, 1988b). 

            Black further examined the accumulation of glycogen in cultured embryonic chick 

duodenum (Black, 1988b). When Black cultured 14 day old embryonic chick duodenum in the 

control media for 72 hours, glycogen accumulated within the duodenum to levels found in the 17 

day old embryonic chick duodenum in vivo. Black observed that the addition of T4 in the culture 

system significantly reduced the glycogen accumulation in the embryonic duodenum, whereas 

the addition of HC significantly increased the epithelial glycogen content. Black observed that 

that glycogen removal was significantly increased with the addition of T4, while HC 

significantly decreased glucose oxidation and glucose utilization. Black concluded her findings 

with noting that HC appears to regulate early phases of epithelial differentiation that occurs at a 

relatively slow pace under a slow metabolic rate and accumulating energy stores while T4 

stimulates the pre-hatching period of the intestinal epithelium that is characterized by increased 

differentiation and utilization of stored glycogen and energy products (Black, 1988b).   

The role of calcium in tissue culture 

Black and Smith later examined the role of calcium in the differentiation 

of cultured embryonic chick duodenum (Black and Smith, 1988). Black and Smith first 

examined the normal developmental pattern of goblet cells in broiler chicks. Goblet cells are 

infrequent at 14 days of embryonic development with only 7 per 100 previllous ridges, but 
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increase by 600 and 400% during the 14 to 16 day and 16 to 18 day embryonic periods, 

respectively (Black and Smith, 1988).  

            Black and Smith cultured the duodena from 14 day old embryos in media containing a 

range of calcium concentrations. The authors noted that as ionic calcium concentrations 

increased in the extracellular media from 0.9-2.0mM during 48 hours of culture, the number of 

goblet cells increases from 29 to 158 per 100 embryonic villi. The effect of calcium in culture 

also altered the distribution of goblet cells in tissue culture; the authors observed that the number 

of goblet cells in the distal half of the ridges range from 38% to 45%, although the results were 

not significant. Black and Smith observed that the maximum amount of goblet cell 

differentiation was reached at approximately 1.6mM levels of calcium in culture. Black and 

Smith concluded that calcium plays a role in the differentiation of goblet cells in the embryonic 

intestine and that rising plasma calcium probably interacts with embryonic hormones to produce 

the of goblet cell differentiation observed in ovo during the last week of development (Black and 

Smith, 1988). 

The development of calcium homeostasis in embryonic and neonatal intestine 

            Black and Rogers used the fluorescent probe fura-2 to assay calcium levels in the 

epithelial cell suspensions from embryonic and neonatal chick intestine (Black and Rogers, 

1992). Black and Rogers measured the cytoplasmic concentration in epithelial cells from 

embryos aged 14-20.5 days and from newly hatched 1, 3, and 12 day old chickens to determine 

whether calcium levels change during epithelial differentiation. Black and Rogers observed a 

small but significant rise in the cytoplasmic concentration of calcium between 14 and 17 days of 

embryonic; the authors noted that the 14 to 16 day levels of 76-80 nM raises by 20%, reaching 

92-98 nM during the 17-20 day embryonic period. Black and Rogers observed a greater 130% 
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increase in cytoplasmic calcium concentration between 20 days of incubation and 1 day post-

hatch. Black and Rogers further noted that in neonatal epithelial cells the calcium concentration 

dropped from the 1-day post hatch peak of 209 nM to a 12 day post hatch value of 133 nm, and 

that the cytoplasmic calcium levels in an adult 7-week old bird’s duodenal epithelial cells did not 

significantly differ from that of 12 day old bird’s values (Black and Rogers, 1992).  

            Black and Rogers investigated the calcium homeostasis of the embryonic and neonatal 

intestinal epithelial cells by presenting the cells with a calcium “challenge” to ascertain their 

ability to maintain constant cytoplasmic calcium concentrations (Black and Rogers, 1992).  

Black and Rogers observed that when poorly differentiated epithelial cells from a 14 day old 

embryo are presented with an extracellular calcium challenge, cytoplasmic levels of calcium 

rapidly rise to levels 78-98% of the initial cytoplasmic calcium value. As development continues, 

the ability of the epithelial cells to resist a change in intracellular calcium improves. In cells 

isolated from 18 day old embryos, raising extracellular calcium causes an increase in the 

cytoplasmic calcium levels of 69%, whereas the epithelium from hatched chicks resisted 

cytoplasmic increases and only increased cytoplasmic calcium concentration by 45%.  

            Black and Rogers also compared the pattern of cytoplasmic calcium with the intestinal 

enzyme alkaline phosphatase (ALP), a marker of enterocyte differentiation, to ascertain whether 

calcium might influence functional differentiation of the epithelium. Black and Rogers illustrated 

that the pattern ALP development is similar to the pattern of cytoplasmic calcium concentration 

increases within the duodenal epithelia. Both cytoplasmic calcium and alkaline phosphatase 

increase significantly at 17 days of development, are relatively constant from 17 to 19 days of 

development and increase dramatically during hatching. Black and Rogers concluded that 
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cytoplasmic calcium within the developing intestinal epithelium, in conjunction with hormones, 

plays an important role in intestinal development (Black and Rogers, 1992).  

            Rogers and Black examined the cytoplasmic calcium concentration in cultured 14-day 

old embryonic chick duodena and found that cytoplasmic calcium concentrations decreased 

within the isolated epithelial cells (Rogers and Black, 1996). Rogers and Black also found that 

cells from cultured 14-day old duodena have a reduced ability to maintain low cytoplasmic 

calcium levels following a calcium challenge, indicating that the culturing process appears to 

reduce the calcium homeostasis in the cultured intestine (Rogers and Black, 1996). 

            Rogers and Black further investigated the role of hormones in the development of 

calcium homeostasis by culturing cells from 48 hour cultures with 0.7mM Ca2+ and testing them 

with a “calcium challenge” protocol (Rogers and Black, 1996). Rogers and Black noted that cells 

from duodena cultured in the presence of 1µM HC had an initial Ca2+ calcium concentration of 

67.0nM which increased to 129nM after the addition of 7mM calcium. The cells from the pair 

control cultures had an initial cytoplasmic calcium of 48.5nM that increased to 177nM. Rogers 

and Black observed that the cytoplasmic calcium concentration of cells from the HC-treated 

duodena were initially higher than the control values, but dropped significantly below control 

values after the 15 minute calcium challenge in 7mM calcium. Black and Rogers also examined 

the role of T4 and calcium homeostasis by utilizing their “calcium challenge protocol” and found 

that T4 also enhanced the ability of cultured cells to resist a rise in cytoplasmic Ca2+, but to a 

lesser degree than HC. The authors further noted that during “calcium challenge”, the increase in 

Ca2+ concentration of the t4-treated cells was 77% of that occurring in paired control cultures, 

whereas the Ca2+ rise in HC-treated cells was than 50% of control values. Rogers and Black 

concluded their work with indicating that glucocorticoids and possibly thyroid hormones 
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influence the development of calcium homeostasis in the embryonic chick intestine prior to 

hatching (Rogers and Black, 1996).  

            The purpose of the present study is to use molecular data to elucidate the role of calcium 

and hormones on genes involved in the development and differentiation of the embryonic chick 

intestine during the last week of development. Furthermore, the present study looks to examine 

the molecular and signaling pathway interactions involved in the differentiation of the embryonic 

intestinal epithelium. 

MATERIALS AND METHODS 

 

Tissue collection and Culture 

 

Fertile eggs of a broiler strain were obtained from the Poultry Science department at NC 

State and incubated at 37°C in a force draft incubator with automatic egg turner for 16 days to 

collect the embryonic jejunum for tissue culture. For tissue collection, each egg was sprayed with 

70% ethanol and cleaned prior to opening. Once each egg was opened, the abdominal cavity of 

the embryo was opened and a 3 cm jejunal segment each embryo was removed and placed in 

sterile PBS solution. Each 3cm section of jejunum was divided into six 0.5cm pieces of jejunum 

and transferred to Media 199. Each jejunal segment was then split open to expose the mucosal 

surface to the tissue culture media, Media 199 (Gibco). Each 25-ml Erlenmyer flask contained 

3cm of embryonic intestine, which consisted of one 0.5cm piece of jejunum from six different 

embryos and culture media with the following culture conditions; 0.7mM calcium, 1.3mM 

calcium, 2.8mM calcium. For calcium cultures, each 25-ml Erlenmeyer flask further contained 

2.9 ml of Media 199 (Gibco), 0.03 ml of penicillin-streptomycin solution (50 unit/ml; Gibco) and 

either 0.1 ml 22.5mM EGTA for 0.7mM calcium cultures, 0.1 ml of dH2O for 1.3mM calcium 

cultures or 0.1ml of 48mM CaCl2 for 2.8mM calcium cultures. After the addition of jejunal 
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tissue segments, the flasks were then gassed with a mixture of 95% O2 and 5% CO2, stoppered 

tightly and incubated at 38˚C for 48 hours. Following culture, the embryonic intestinal segments 

were placed in RNA Later and stored until RNA isolation. 

For the hormone culture series, fertile eggs of a broiler strain were obtained from the 

Poultry Science department at NC State and incubated at 37°C in a force draft incubator with 

automatic egg turner for 16 days to collect the embryonic jejunum for tissue culture. Once each 

egg was opened, the abdominal cavity of the embryo was opened and a 4 cm jejunal segment 

each embryo was removed and placed in sterile PBS solution. Each 4 cm section of jejunum was 

divided into 8, 0.5cm pieces of jejunum and transferred to Media 199. Each jejunal segment was 

then split open to expose the mucosal surface to the tissue culture media, Media 199 (Gibco). For 

hormone cultures, each 25-ml Erlenmeyer flask contained 2.9 ml of Media 199 (Gibco), 0.03 ml 

of penicillin-streptomycin solution (50 unit/ml; Gibco) and 0.1 ml of sterilized distilled water 

(control) or 0.1 ml of media containing a hormone, bringing the calcium concentration of each 

flask to 1.3 mM of calcium. Thyroxine solutions were prepared by dissolving 3, 3′, 5, 5″-

Tetraiodo-L-thyronine in Media 199. The thyroxine concentration of the experimental culture 

flasks was .73 x10-9 M T4. Hydrocortisone (17-Hydroxycorticosterone, Sigma) was prepared by 

dissolving the hydrocortisone in 1ml of absolute ethanol and then adding the dissolved 

hydrocortisone to Media 199 for stock solutions, the final hydrocortisone concentration in 

culture was1 x10-6M.  Prostaglandin E2 (Sigma) was prepared by dissolving the hormone in 

absolute ethanol and diluting stocks with Media 199 (Gibco) the final prostaglandin 

concentration in culture was1 x10-6M. After the addition of jejunal tissue segments, the flasks 

were then gassed with a mixture of 95% O2 and 5% CO2, stoppered tightly and incubated at 38˚C 



   

78 

 

for 48 hours. Following culture, the embryonic intestinal segments were placed in RNA Later 

and stored until RNA isolation. 

RNA isolation 

RNA was extracted using via Trizol method, quantified using the Nanodrop ND 1000 

spectrophotometer, and checked for quality on 1.2% agarose gel following isolation. 

Real-Time PCR 

 

Each 20 ul of real time PCR solution contained 2.5 ng cDNA template, 1X Power Sybr 

Green PCR Mastermix (Invitrogen), and 250 nM each of Forward and Reverse primers. Forward 

and Reverse RT PCR primers are shown in Table 1.  Cycling conditions were initial 10 min 95 

degrees denature followed by 40 cycles of 30 sec each denaturation, annealing, and extension 

with real time optical data being recorded at both annealing and extension steps. PCR reaction 

compositions, as well as cycling parameters were empirically determined. CT (cycling threshold) 

values were recorded and normalized to the housekeeping gene 18s, ΔΔCt values were calculated 

comparing the gene of interest (goi) the housekeeping gene (hk) using the following formula.  

  

(2) − (𝑐𝑡 𝑒𝑥 − 𝑐𝑡 𝑐𝑜𝑛)𝑔𝑜𝑖

(2) − (𝑐𝑡 𝑒𝑥 − 𝑐𝑡 𝑐𝑜𝑛)ℎ𝑘

 

Statistics 

All statistical analyses were performed using jmp genomics via Tukey’s tests. To 

represent relative gene expression of each gene in cultures with different calcium concentrations, 

1.3mM Ca2+ was chosen and set to one. Then, the relative gene expression and fold change 

between the different calcium cultures concentrations using the above ΔΔCt equation. For the 
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hormone culture series, the control cultures were and set to one using the above ΔΔCt equation. 

For details regarding data analysis and experimental design, please see figure 2 in chapter two. 

Signaling pathways and gene interactions 

            Gene interactions and signaling pathway models were created in GeneGo by Metacore by 

inputting all seven genes of interest and creating the best fit model of gene interactions and 

signal transduction pathways. 

Results 

The effect of calcium on gene expression in cultured embryonic chick intestine 

            Culturing 16 day old embryonic chick jejunum in Media 199 (Gibo) with 0.7mM, 

1.3mM, or 2.8mM calcium for 48 hours had the following effects on genes pertaining to goblet 

cells and the mucin gene MUC2. For the secretory and goblet cell marker Cath1, the fold-change 

values were 0.45 for the 0.7mM Ca2+culture and 4.25 for the 2.8mM Ca2+culture, relative to the 

1.3 mM Ca2+culture that represents physiological calcium levels. Cath1 was significantly 

increased when comparing the 0.7mM Ca2+culture fold-change values to those of the 2.8mM 

Ca2+ cultures; 0.45 and 4.25, respectively (Figure 1A) (P=0.0001). There was no significant 

difference in Cath1 gene expression when comparing the 0.7mM calcium culture value of 0.45 to 

that of 1.3 mM Ca2+cultures (P>0.05), but Cath1 gene expression was significantly increased 

when comparing the 1.3 mM Ca2+ cultures fold to the 2.8 mM Ca2+ culture fold-change of 4.25 

(P=0.00018). 

 For the gel forming mucin gene, MUC2, the fold-change values were as follows, 0.93, 1, 

and 0.68 for the 0.7mM, 1.3mM and 2.8mM calcium cultures. MUC2 gene expression was 

significantly decreased when comparing the 2.8 mM Ca2+ culture fold-change values to those of 

0.7 mM and 1.3 mM Ca2+ (Figure 1) (P=0.0023).  
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            For the enterocyte marker gene HES1, the culture of 16 day old embryonic jejunum for 

48 hours in media199 (Gibco) with 0.7mM, 1.3mM, or 2.8mM calcium produced the following 

fold changes in HES1 gene expression; 0.51, 1, and 1.26. HES1 gene expression levels increase 

when comparing the 0.7mM calcium culture to the 2.8mM gene expression fold changes (Figure 

2) (P<0.0001). HES1 gene expression was also significantly increased when comparing the 

1.3mM calcium culture to the 2.8mM calcium culture (Figure 2) (P=0.0018).  HES1 gene 

expression wasn’t significantly different when comparing the 0.7mM calcium culture to the 

1.3mM calcium culture gene expression values (Figure 2) (P>0.05). 

            For the apical active transporter of glucose, SGLT1, the fold-change values were 1.15, 1, 

and 1.56 for the 0.7mM, 1.3mM and 2.8mM Ca2+cultures. SGLT1 gene expression of the sugar 

transporter was significantly increased when comparing the 0.7mM calcium culture to the 

2.8mM calcium culture (Figure 3A) (P<0.0001). The gene expression level of SGLT1 was also 

increased significantly when comparing the 1.3mM calcium culture conditions to the 2.8mM 

calcium culture condition fold-change values (Figure 3) (P=0.008). For the basolateral 

transporter of glucose, GLUT2, the culturing of 16-day-old embryonic jejunum in media 

containing low (0.7mM), normal (1.3mM), or high (2.8) calcium levels produced the following 

fold-change values; 0.04, 1, and 0.18. None of the culture conditions resulted a significant 

difference in the gene expression levels of the basolateral sugar transporter for each calcium 

culture treatment group (Figure 3B) (P>0.05). 

            For the intestinal homeobox gene cdxA, culturing 16 day old embryonic chick jejunum in 

increasing calcium concentrations resulted in decreasing fold-change values for the 0.7mM, 

1.3mM, and 2.8 culture of 1.56, 1, and 0.6, although not significant between the treatment groups 

(P>0.05) (Figure 4A).  
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For the intestinal homeobox gene and tumor suppressor CdxB, culturing embryonic chick 

jejunum in 0.7mM, 1.3mM and 2.8mM extracellular calcium produced fold-change increases of 

0.49, 1.0, and 1.83 in gene expression. CdxB was significantly increased when comparing the 

low calcium treatment (0.7mM) to the high calcium (2.8mM) (P=0.0002), and when comparing 

the normal calcium culture (1.3mM) to the high calcium (2.8mM) treatment group (P=0.008) 

(Figure 4B). 

The effect of hormones on gene expression in cultured embryonic chick intestine 

            For the goblet cell marker Cath1, there was no significant difference between the control 

and hormone treatment groups containing the following conditions; 1x10-6 M hydrocortisone 

(HC), 1X10-6 M prostaglandin E2 (PG), or  0.73x10-6M thyroxine, respectively, (Figure 5A)  

(P>0.05). For the mucin gene MUC2 (Figure 5B), MUC2 was significantly upregulated when 

comparing the control culture fold-change of 1.0 to the 0.73x10-6M thyroxine treatment culture 

fold-change of 7.70 (P<0.0001). MUC2 was also significantly upregulated (Figure 5B) when 

comparing the control culture gene expression level of 1 to 1X10-6 M prostaglandin E2 gene 

expression level of 28 (P=0.0001).  There was no significant difference in the gene expression of 

MUC2 when comparing the control culture to 1x10-6 M hydrocortisone (P>0.05), (Figure 5B). 

            For the enterocyte marker HES1, the relative gene expression of HES1 was significantly 

increased by 3 fold when comparing control cultures to the thyroxine-treated cultures (Figure 6) 

(P=0.0095). The gene expression level of HES1 was increased l.15 fold in cultures containing 

prostaglandin E2 (PG) when compared to the control cultures (Figure 6) (P<0.05). The culture 

containing 1x10-6 M hydrocortisone reduced Hes1 gene expression levels by 19%, although this 

change was not significant (Figure 6) (P>0.05). 
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            For the apical active transporter of glucose SGLT1 and the basolateral sugar transporter 

GLUT2, culturing 16 day old embryonic chick jejuna in media containing 1x10-6 M 

prostaglandin E2 (PG) for 48 significantly decreased the expression of SGLT1 and GLUT2 in 

comparison to the control by at least 72% (P=0.01) (Figure 7). There was no effect of 1x10-6 M 

hydrocortisone (HC) or 0.73x10-9M thyroxine (T4) on expression of SGLT1 or GLUT2 (Figure 

7) in culture (P>0.05). 

            For the intestinal homeobox gene cdxA (Figure 8) thyroxine treatment significantly 

increased the gene expression levels of the cdxA when compared to the control cultures 

(P=0.01). Hydrocortisone and prostaglandin E2 did not significantly alter the gene expression of 

cdxA in culture (P>0.05). For the intestinal homeobox gene cdxB, none of these hormones had a 

significant effect of relative gene expression in culture (P>0.05) (Figure 8). 

            In summary, culturing embryonic chick intestine in media containing 0.73x10-9 M 

thyroxine significantly upregulated MUC2, HES1 and cdxA (Figure 9). Upregulation of the 

mucin gene MUC2 by thyroxine was more than 7 fold relative to control values (Figure 5 and 

Figure 9). Culturing embryonic chick intestine in media containing 1x10-6 M prostaglandin E2 

increased the gene expression of MUC2 by more than 25 fold relative to control cultures (Figure 

5 and Figure 10). Prostoglandin E2 also slightly increased HES1 expression, and significantly 

decreased the expression of the glucose transporter genes SGTL1 and GLUT2 (Figure 10). 
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Table 1. Primers used for RT-PCR 

 

Gene Sense sequence  (5’ to 3’) Antisense sequence  (5’ to 3’)  

MUC2 ACCTCTGGATAGCCCCACAC GTGCTCCATAGAACTGGCCT 

cdxA GGATTTTAACCCCATGCAGCC ACCCGGTACTTGTCCTTTGTC 

cdxB GAACTTGCAGCAAACCTTGGA ATTAGGGCTGAGTGAACCAGA 

SGLT1 TTGTGGGCATAGCAGGAACA CCTGAATCCGTTTCCCACCA 

GLUT2 TTTTCCAGAGAGCCGGTGTT GAGCACAAGTCCAACCGTCA 

Cath1 TTCGACCAGCTGCGTAATGT CGAGGGCGCTGATGTAGATT 

HES1 CACCGGAAGTCCTCCAAACC CTCAGGTCGTTCACCGTCAT 

18s CCGAGAGGGAGCCTGAGAA CGCCAGCTCGATCCCAAGA 
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Figure 1. The effect of calcium on goblet cell markers Cath1 and MUC2 gene expression in 

cultured embryonic chick intestine 

Figure 1 represents the effect of calcium on the goblet cell marker genes Cath1 and MUC2 in 

culture. Figure 1 consists of two cultures for each treatment that were separated into two RNA 

pools (n=2). Treatments not sharing the same letter are significantly different (P<0.05). For 

Cath1 gene expression (Figure 1A); Cath1 was significantly upregulated when comparing the 

0.7mM Ca2+culture to the 2.8mM Ca2+ culture (P=0.0001) and when comparing the 1.3mM 

Ca2+culture  to the 2.8mM Ca2+culture (P=0.001), there was no significant difference in gene 

expression when comparing the 0.7mM calcium culture to the 1.3 mM Ca2+ culture (P>0.05).For 

MUC2 (Figure 1B), there was a significant decrease in the relative gene expression when 

comparing the 2.8mM Ca2+ culture to the 0.7 mM Ca2+ culture (p=0.0023), there was no 

significant difference when comparing the 0.7 mM Ca2+ culture to the 1.3 mM Ca2+ culture 

(P>0.05). 
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Figure 2. The effect of calcium on the enterocyte cell marker HES1 gene expression in 

cultured embryonic chick intestine 

Figure 2 represents the effect of calcium on the enterocyte marker HES1 in culture. Figure 2 

consists of two cultures for each treatment that were separated into two RNA pools (n=2). 

Treatments not sharing the same letter are significantly different (P<0.05).  HES1 was 

significantly upregulated when comparing the 0.7mM Ca2+ culture to the 2.8mM Ca2+ culture 

(P<0.0001). HES1 gene expression was also significantly increased when comparing the 1.3mM 

Ca2+ culture to the 2.8mM Ca2+ culture (P=0.0018). There was no significant difference between 

the 0.7mM Ca2+ culture and the 1.3mM Ca2+ culture (P>0.05).   
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Figure 3. The effect of calcium on sugar transporters SGLT1 and GLUT2 gene expression 

in cultured embryonic chick intestine 

Figure 3 represents the effect of calcium on the glucose transporter genes SGLT1 and GLUT2 in 

culture.  For figure 3, two cultures for each treatment where separated into three RNA pools 

(n=2) and analyzed by RT-PCR. Treatments not sharing the same letter are significantly different 

(P<0.05). For the active glucose transporter gene SGLT1 (Figure 3A), SGLT1 gene expression 

was significantly increased when comparing the 0.7mM Ca2+ culture treatment to the 2.8mM 

calcium culture (P<0.0001). SGLT1 gene expression was also significantly different when 

comparing the 1.3mM Ca2+ culture to the 2.8mM calcium culture (P=0.008).  For SGLT1, there 

was no significant difference in gene expression when comparing the 0.7 mM Ca2+ culture to the 

1.3mM calcium culture. For the basolateral transporter of glucose, GLUT2 (Figure 3B), there 

was no significant difference in the relative gene expression between any of the calcium culture 

treatment groups (P>0.05). 
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Figure 4. The effect of calcium on the intestinal homeobox genes cdxA and cdxB in cultured 

embryonic chick intestine 

Figure 4 represents the effect of calcium on the relative gene expression of cdxA and cdxB in 

culture. For figure 4, two cultures for each treatment were separated into two RNA pools (n=2) 

and analyzed by RT-PCR. Treatments not sharing the same letter are significantly different. For 

the intestinal homeobox gene cdxA (Figure 4A), there was no significant difference between 

calcium culture treatments (P<0.05). For the intestinal homeobox gene cdxB (Figure 4B), there 

was a significant increase in relative gene expression when comparing the 0.7mM Ca2+ culture to 

the 1.3mM Ca2+ culture (P=0.0002). CdxB gene expression was also significantly different when 

comparing the 1.3mM calcium culture to the 2.8mM calcium culture (P=0.008). For cdxB gene 

expression, there was no significant difference between the 0.7mM Ca2+ culture and the 1.3mM 

Ca2+ culture.    
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Figure 5. The effect of hormones on the goblet cell marker gene expression in cultured 

embryonic chick intestine 

Figure 5. Represents the relative gene expression of the goblet cell markers CATH1 and MUC2 

in embryonic chick intestine tissue cultures containing media 199 (control) plus 1x10-6 M 

hydrocortisone, 1x10-6 M prostaglandin E2 or 0.73x10-9M thyroxine (T4). Each culture flask 

contained 1.3mM Ca2+. Three cultures per treatment were separated into 3 RNA pools (n=3) and 

analyzed by RT-PCR. Treatments not sharing the same letter are significantly different (P<0.05). 

For the goblet cell marker CATH1 (Figure 5A), there was no significant difference between the 

control and hormone treatment groups (P>0.05). For the mucin gene MUC2 (Figure 5B), MUC2 

was significantly upregulated when comparing the control culture to 0.73x10-9M T4 treatment 

culture (P<0.0001). MUC2 was also significantly upregulated when comparing the control 

culture to 1X10-6 M prostaglandin E2 (P=0.0001).  There was no significant difference in the 

gene expression of MUC2 when comparing the control culture to 1x10-6 M hydrocortisone 

(P>0.05). 
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Figure 6. The effect of hormones on the relative gene expression of the enterocyte 

progenitor cell marker gene, Hes1, in cultured embryonic chick intestine 

Figure 6. Represents the relative gene expression of the enterocyte marker HES1in cultures 

containing in embryonic chick intestine tissue cultures containing media 199 (control) plus 1x10-

6 M hydrocortisone (HC), 1x10-6 M prostaglandin E2 (PG) or 0.73x10-9M thyroxine (T4). Each 

culture flask contained 1.3mM Ca2+, respectively. Three cultures per treatment were separated 

into 3 RNA pools (n=3) and analyzed by RT-PCR. Treatments not sharing the same letter are 

significantly different (P<0.05). HES1 was significantly increased when compared to the control 

in the culture contain 0.73x10-9 M T4 (P=0.0095). HES1 gene expression was significantly 

increased in the cultures containing 1x10-6 M prostaglandin E2 (P=0.04).  HES1 gene expression 

wasn’t significantly decreased when comparing the control culture to the culture containing 

1x10-6 M hydrocortisone (P>0.05). 
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Figure 7. The effect of hormones on the relative gene expression of the enterocyte sugar 

transporters SGLT1 and GLUT2 in cultured embryonic chick intestine 

Figure 7 represents the relative gene expression of the glucose transporter SGLT1 and GLUT2 in 

embryonic chick intestine tissue cultures containing media 199 (control) plus 1x10-6 M 

hydrocortisone (HC), 1x10-6 M prostaglandin E2 (PG) or 0.73x10-9M thyroxine (T4). Each 

culture flask contained 1.3mM Ca2+. Three cultures per treatment were separated into 3 RNA 

pools (n=3) and analyzed by RT-PCR. Treatments not sharing the same letter are significantly 

different (P<0.05). For both SGLT1 and GLUT2 1x10-6 M prostaglandin E2 significantly 

decreased the expression of both genes in comparison to the control (P=0.01). There was no 

significant difference between the control cultures and the treatments containing 1x10-6 M 

hydrocortisone and 0.73x10-9M thyroxine (T4) (P>0.05). 
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Figure 8. The effect of hormones on intestinal homeobox gene expression in cultured 

embryonic chick intestine 

Figure 8 represents the relative gene expression of the intestinal homeobox genes in embryonic 

chick intestine tissue cultures containing media 199 (control) plus 1x10-6 M hydrocortisone 

(HC), 1x10-6 M prostaglandin E2 (PG) or 0.73x10-9M thyroxine (T4). Each culture flask 

contained 1.3mM Ca2+, respectively. Three cultures per treatment were separated into 3 RNA 

pools (n=3) and analyzed by RT-PCR. Treatments not sharing the same letter are significantly 

different (P<0.05). For the intestinal homeobox gene cdxA (Figure 8A), the 0.73x10-9M 

thyroxine (T4) treatment significantly increased the relative expression of the gene when 

compared to the control (P=0.01). 1x10-6 M hydrocortisone (HC) and 1x10-6 M prostaglandin E2 

(PG) had no effect on the gene expression of cdxA in culture (P>0.05). For the intestinal 

homeobox gene cdxB (Figure 8B) none of the culture conditions containing the hormones had an 

effect on relative gene expression of cdxB (P>0.05).  
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Figure 9. Summary of the effect of thyroxine on gene expression in the cultured embryonic 

chick intestine 

Figure 9 shows all genes that were significantly upregulated in cultures containing 0.73x10-9 M 

thyroxine (T4) when compared to their respective controls. Figure 9 is a summary of figures 5-8. 

Treatments not sharing the same letter are significantly different (P<0.05).  The mucin gene 

MUC2 was significantly upregulated in the culture containing 0.73x10-9 M thyroxine (T4) in 

comparison to the control culture (P<0.001). The enterocyte cell marker gene HES1 was 

significantly upregulated by 0.73x10-9 M thyroxine (T4) in culture (P=0.0095). The relative gene 

expression of the intestinal homeobox gene cdxA was also significantly increased by 0.73x10-9 

M thyroxine (T4) in culture (P=0.01).   
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Figure 10. Summary of the effect of Prostaglandin E2 on gene expression in the cultured 

embryonic chick intestine 

Figure 10 shows the effect of culturing embryonic chick intestine in media containing 1X10-6 M 

prostaglandin E2 (PG). Figure 10 is a summary of figures 5-8. Treatments not sharing the same 

letter are significantly different (P<0.05). The culture of embryonic chick intestine in media 

containing 1X10-6 M prostaglandin E2 (PG) significantly increased the expression levels of the 

enterocyte marker HES1 (P<0.05) (Figure 10A). Culturing embryonic chick intestine in media 

containing 1X10-6 M prostaglandin E2 significantly decreased the gene expression levels of the 

glucose transporters GLUT2 and SGLT1 (Figure 10A) (P<0.05). 

The culture of embryonic chick intestine in media containing 1X10-6 M prostaglandin E2 (PG) 

significantly increased the gene expression of MUC2 (Figure 10B) in culture (P<0.0001). 
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Figure 11. Model for Prostaglandin E2 receptor signaling pathways in the gastrointestinal 

tract 

Figure 11. This figure i taken from (Dey et al. 2006) and shows several proposed mechanisms 

for Prostaglandin E2 signaling in the gastrointestinal tract. 
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Figure 12. Gene Go pathway for the best-fit network of the genes of interest 

Figure 12. Represents the best-fit signaling pathway model from entering all six genes of interest 

into the signaling pathway software called Gene Go by Metacore. The best-fit model shows 

interactions between the intestinal homeobox gene CDX2 (which is the mammalian homolog to 

cdxA). The Gene Go model links CDX2 to DLL1, which is the delta ligand that is expressed in 

secretory cells in the intestine (Goblet cells for example). CDX2 also directly interacts with the 

sugar transporter GLUT2 directly. CDX2 indirectly connects to the enterocyte marker HES1 and 

the active glucose transporter SGLT1 which is represented as SLC5A1. 
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Figure 13. Summary of the effect of calcium and hormones on epithelial stem cell markers 

and functional differentiation marker genes 

Figure 13 represents the summary of the effect of calcium and hormones on intestinal progenitor 

cell markers and function differentiation markers in cultured embryonic jejunum.   

 

 

 

 

 

 

 

 

 

 



   

97 

 

Discussion 

The effect of calcium on gene expression in cultured embryonic chick intestine 

            Previous work from the Black lab group demonstrated that goblet cell differentiation is 

accelerated in tissue culture when culturing 14-day-old embryonic chick duodenum in defined 

media for 48 hours (Black and Moog, 1977). Later, Black and Smith demonstrated the role of 

calcium in goblet cell differentiation in tissue culture (Black and Smith, 1988). Black and Smith 

observed that when 14-day old embryonic chick duodena is cultured in defined media for 48 

hours  with increasing calcium concentrations from 0.9-2.0 mM, the goblet cell number 

increased dramatically (Black and Smith, 1988). A major goal of the present study was to 

examine the genes involved in goblet cell and enterocyte differentiation and examine the effect 

of calcium on the target genes of interest, including genes of the Notch signaling pathway, 

intestinal homeobox genes and markers of goblet cell and enterocyte differentiation.  

            Cath1 was used in the present study as a marker for goblet cell differentiation in 

chickens; Cath1 is the chicken homolog to Atoh1 in humans and Math1 in mice. Cath1 is a basic 

helix-loop-helix transcription factor that is downstream of the Notch Signaling pathway and is 

required for the differentiation of the secretory cell fate in the intestine (Yang et al. 2001). 

Overexpression of Math1, the mammalian homolog to Cath1, results in ectopic intestinal 

secretory cells (VanDussen and Samuelson, 2010). The present study demonstrated that when 16 

day old embryonic chick jejuna is cultured in defined media with 2.8mM extracellular calcium, 

Cath1 relative gene expression was significantly increased by in culture compared to the 0.7mM 

and 1.3mM extracellular calcium cultures (P=0.0001 and P=0.001), respectively, (Figure 1A). 

Cath1 was gene expression was increased by 3.25 fold when comparing the 2.8mM calcium 

culture to the 1.3mM calcium culture and by 3.8 fold when comparing the 0.7mM calcium 
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culture to the 2.8mM calcium culture. The tumor suppressor gene Math1 (the mouse analog to 

Cath1) has been shown to be required for the conversion of stem cells to the secretory lineage in 

Math1 knockout mice (van Es et al. 2010). The present study may also indicate a role for 

calcium in the expression of Cath1. Perhaps high calcium damages cells, causing more Cath1 

and providing more secretory goblet cells for the protection of the intestinal epithelium. The 

physiological extracellular calcium concentration is 1.3mM. Previous work from the Black lab 

has indicated that increasing extracellular calcium above this level increases cytoplasmic calcium 

in the epithelium of 14-day-old embryonic chick duodenum, and that cytoplasmic calcium 

increases during the 14-18 day period of embryonic development in vivo (Black and Rogers, 

1992). 

The present study examined also examined the effect of extracellular calcium on one of 

the major gel forming mucin genes, MUC2. The present study demonstrated that the culture of 

16 day old embryonic chick intestine in media containing high calcium (2.8mM) decreased the 

relative gene expression of the MUC2 gene in culture compared to the cultures containing low 

calcium (0.7mM) and normal calcium (1.3mM) culture conditions (P<0.05) (Figure 1B). Black 

and Moog demonstrated that after 48 hours of culture, the increase in number of intestinal goblet 

cells was greater than that which occurred in vitro, as indicated by Periodic Acid Schiff (PAS) 

staining (Black and Moog, 1977). The present findings show a decrease in the gene expression of 

MUC2 as calcium concentration is increased in culture. Chickens express several intestinal 

mucin genes, and it is possible that different mucin genes are upregulated via calcium. Future 

experiments could examine the effect of calcium on other mucin genes (those that produce mucin 

that is not stained by PAS) to determine whether the mucin genes are differentially regulated by 

calcium.  
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The effect of calcium on two glucose transporter genes was also examined in the present 

study. For the active glucose transporter gene SGLT1 (Figure 3A), SGLT1 gene expression was 

significantly increased when comparing the 0.7mM Ca2 culture treatment to the 2.8mM calcium 

culture (P<0.0001). SGLT1 gene expression was also significantly increased when comparing 

the 1.3mM Ca2 culture to the 2.8mM calcium culture with a 0.56 fold increase in gene expression 

(P=0.008).  SGLT1 is the apical active transporter of glucose in the intestine located in the 

mircrovillus membranes. Previous work from the Black lab demonstrated that when duodena 

from 14-day old embryos are cultured in hormone-free defined media for 72 hours, the glucose 

active transport rate increases 2.2 fold (Black, 1987). The present work reveals that at least part 

of the increased in glucose active transport observed in culture is due increased expression of 

SGLT1. The increase that occurs in glucose active transport during the third week of 

development in vivo may be elicited by the rise in cytoplasmic calcium within the epithelium that 

occurs during this period (Black and Rogers, 1992). 

            In Notch Delta lateral inhibition, the activation of the Notch receptor by one its ligands 

(Delta, for example) results in the cleavage of the notch intracellular domain, resulting in the 

downstream activation of Hes1, which is observed in the differentiating intestinal crypts and is 

essential for cells of the enterocyte lineages (Jensen et al. 2000). The notch receptor may also act 

as a calcium sensor, NMR studies of the notch receptor demonstrate that is has calcium binding 

domains (Hambleton et al. 2004). In the present study, the culture of embryonic chick jejunum in 

2.8mM calcium resulted in an increase in HES1 relative gene expression in culture, when 

comparing the low and physiological calcium cultures to the 2.8 mM calcium cultures (Figure 2) 

(P<0.05). The Notch-ligand has been demonstrated as being a sensor for calcium in left-right 

determination and heart looping in chicken embryos (Raya, et al. 2004).  The present study 
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demonstrated that cell lineage markers for both enterocyte and secretory cells were stimulated in 

culture with the addition of 2.8mM Ca2+ (Figures 1 and 2). Notch signaling is thought to 

typically guide the fate of enterocytes by repressing Atoh1. However, the model for intestinal 

differentiation is more complex since Atoh1 can be independently regulated by both Hes1and the 

intestinal homeobox cdx2 (Zheng et al. 2011). It has also been demonstrated that independent of 

Notch, Atoh1 can regulate several cell cycle and proliferation genes (Kazanjian et al. 2010). In 

addition, differentiation of epithelial cells in embryos (before the intestinal crypts form) may be 

regulated differently than differentiation within intestinal crypts.   

            Several homeobox gene are maintained in the intestine where they act as transcription 

factors regulating differentiation, proliferation and cell migration. Cdx2 is the primary intestinal 

homeobox gene. The present study examined cdxA, which is the chicken homolog to the human 

cdx2 gene. Cdx2 has been shown to be an important regulator of several enterocyte and goblet 

cell genes, including the enzyme sucrase-isomaltase in enterocytes as well the goblet cell mucin 

gene MUC2 (see review by Hauck et al., 2005). In the present study, culturing embryonic chick 

intestine in increasing calcium concentrations lowered the levels of cdxA gene expression 1.56, 

1.0, and 0.06 for the low, normal and high calcium concentrations, although the changes in gene 

expression weren’t significant (P>0.05) (Figure 4A). The potential reduction in levels of cdxA 

may help to explain why the 2.8mM calcium culture decreased levels of MUC2 gene expression, 

since cdxA can directly bind to the MUC2 promoter regulating MUC2 gene expression 

(Yamamoto, 2003). A possible reduction of cdxA is also interesting because the intestinal 

homeobox gene cdx2 has been shown to bind to the vitamin D receptor in intestinal cell culture 

(Yamamoto et al. 1999). Since vitamin D increases calcium uptake by the intestine, it is 
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plausible that increasing extracellular calcium down regulates the cdxA by increasing 

intracellular calcium.  

The present study also examined the effect of extracellular calcium on the cdxB, the 

chicken homolog of the mammalian cdx4. Culturing embryonic chick intestine in increasing 

calcium concentrations had the opposing effect on cdxB mRNA levels when compared to cdxA. 

The 2.8mM calcium concentration significantly increased the gene expression of cdxB when 

compared to the 0.7mM calcium culture and the 1.3mM calcium culture (Figure 4). The role of 

cdx4 in mammals is not well understood, although it is a downstream target for cdx2 (Savory et 

al. 2010). Cdx4 has also been shown to be a direct target of members of the wnt signaling 

pathway (Pilon et al. 2006), which implies that Cdx4 is an important marker for controlling stem 

cell maintenance and behavior in the intestine. The present study suggests that the tumor 

suppressor and homeobox gene cdxB may be partially regulated by intracellular calcium and/or 

decreasing levels of cdxA. 

The effect of hormones on gene expression in cultured embryonic chick intestine 

            Previous work from the Black laboratory has indicated that the addition of 10-9M T4 in 

cultured embryonic intestine stimulates goblet cell differentiation, whereas the addition of 10-6 M 

hydrocortisone reduces goblet cell differentiation in culture (Black and Moog, 1977). A goal of 

the present study was to examine the role of these hormones on molecular markers associated 

with epithelia differentiation of embryonic intestine. For the goblet cell marker CATH1 (Figure 

5A), there was no significant difference between the control and hormone treatment groups 

containing cultures with hormone-free media and 1.3mM Ca2+ plus hormone solvent (control), 

1x10-6 M hydrocortisone, 1x10-6 M prostaglandin E2, or 0.73x10-9M thyroxine (P>0.05). 

However, when mice are injected with intraperitoneal injections of thyroid hormone several 
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notch ligands are significantly increased by thyroxine (Sirakov et al. 2015).  Sirakov et al. noted 

that the Notch ligand Dll1 expressed in secretory progenitors was significantly increased when 

the mice were injected with thyroxine (Sirakov et al. 2015). The Sirakov findings alongside the 

present study may indicate that thyroxine is interacting with different goblet cell specific marker 

genes to regulate goblet cell differentiation.  The present study also examined the effect of 

hydrocortisone on Cath1 in cultured jejuna (Figure 5). Surprisingly, the addition of 1x10-6M 

hydrocortisone resulted in no change in expression levels of any of the genes examined. 

Furthermore, in the present study the addition of 1x10-6 M prostaglandin E2 (PG) in culture did 

not significantly alter the expression level of the secretory progenitor cell Cath1 (Figure 5A). 

As an indicator of mucin accumulation, expression of the mucin gene MUC2 was 

examined. In culture, MUC2 was significantly upregulated when comparing the control culture 

to 0.73x10-9M T4 treatment culture (P<0.0001) (Figure 5B). Black and Moog observed an 

increase in goblet cell number when 14-day-old duodenal strips were cultured in 1x10-9 M 

thyroxine (Black and Moog, 1977). MUC2 gene expression was increased by nearly 27 fold 

when comparing the control culture to 1x10-6 M prostaglandin E2 cultures (P=0.0001). In sheep 

perfused with PGE2, the intestinal secretions of water and mucus are significantly increased 

(Hyun, 1997).  In the small intestine, the prostaglandin E2 receptor EP1
 is only observed in the 

goblet cells (Dey et al. 2006), and a recent report suggested a relatively uniform expression of 

EP2 receptors throughout the mouse GI tract except for the ileum and cecum, where it is weakly 

expressed (Dey et al. 2006). Mechanisms for PGE2-induced mucin gene transcription involve the 

ERK MAPK pathways, which are stimulated by increased intracellular calcium or cAMP when 

PGE2 couples binds to its receptors (see figure 12) (Dey et al. 2006). Since the present study 

demonstrates that PGE2 increases MUC2 gene expression, one possible mechanism could be by 
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PGE2 increasing intracellular calcium via PIP2 and IP3 releasing calcium from the endoplasmic 

reticulum as illustrated in Figure 12 (Dey et al. 2006). Furthermore, the increase in goblet cell 

numbers during culture that was previously observed by Black and Moog (1977) might be due to 

increased release of PGE2 into the culture medium. Such secretion of PGE2 from cultured 

intestine has been measured by Black (unpublished data) and probably occurs as a response to 

trauma to the intestinal tissues during preparation for culture. 

The enterocyte marker HES1 (Figure 6) was also examined in cultures containing 

medium199 plus hormone solvent (control), 1x10-6 M hydrocortisone, 1x10-6 M prostaglandin 

E2, or 0.73x10-9M thyroxine. The addition of thyroxine to the culture media significantly 

increased the gene expression of Hes1 relative to control cultures (P=0.0095). Thyroid hormone 

has been shown to help regulate the Notch signaling pathway in both the mouse and frog models 

(Sirakov et al. 2015; Hasabe et al. 2016). Sirakov et al. demonstrated that injecting mice with 

thyroid hormone significantly increased mRNA levels of several Notch signaling pathway 

components including Notch1, Hes1, Delta ligands 1 and 4 as well as the jagged ligand (jag1) in 

the mouse intestine (Sirakov, et al. 2016). Furthermore, Sirakov used immunolabeling and in-

vitro models to demonstrate that in cell treated with triiodothyronine the percentage of nuclei 

expressing Hes1 was significantly increased when compared to the control culture conditions 

(Sirakov, et al. 2016). The present finding that thyroxine upregulates HES1 is supported by both 

the Sirakov and Hasabe findings. The present results imply that thyroid hormones are acting 

through the activation of the Notch signaling pathway, helping to control the balance between 

proliferation and differentiation in intestinal epithelium.  

The present study further examined the role of hydrocortisone, thyroxine and 

prostaglandin E2 on the intestinal sugar transport genes SGLT1 and GLUT2 in cultured 
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embryonic chick intestine (Figure 7). For both SGLT1 and GLUT2, prostaglandin E2 

significantly decreased gene expression in comparison to the control (P=0.01) (Figure 7). 

Prostaglandin E2 has previously been shown to inhibit glucose absorption in rats (Coupar and 

McColl, 1975) and sheep (Hyun, 1997). Neither hydrocortisone nor thyroxine altered the 

expression of SGLT1 or GLUT2. Black (1988a) demonstrated an increase in glucose active 

transport after culture of embryonic intestine with thyroxine or hydrocortisone. Thus, it appears 

the action of these hormones on intestinal glucose transport is not at the transcriptional level. 

For the intestinal homeobox gene cdxA, thyroxine treatment significantly increased the 

relative expression of the gene (Figure 8) when compared to the control cultures (P=0.01). The 

role of cdx2 as an enterocyte vs. goblet cell maker is still unknown, since cdx2 can bind to 

specific promoters in enterocytes (such as surcease-isomaltase) as well as goblet cell specific 

genes, including MUC2 and the goblet cell marker KLF4 (Hauck et al. 2005). Thus it may not be 

surprising that in the present study, thyroxine enhanced the expression of both HES1 and MUC2 

while upregulating the cdxA gene. 

Summary 

            In the present study, thyroxine upregulated several genes (Figure 9). Thyroxine 

significantly increased the relative expression levels of cdxA, Hes1 and MUC2. The effect of 

thyroxine on the intestinal homobox gene cdxA is intriguing because cdx2 shows multiple 

relationships with several genes of interest in the best-fit signaling pathway model shown in 

figure 12. Furthermore, thyroxine appears to be a regulator of intestinal differentiation in mouse 

intestine as it has been shown to interact with several Notch signaling pathway components 

(Sirakov et al. 2015). The effect of thyroxine increasing expression of MUC2 in the present 

study is consistent with the thyroxine-stimulated increase in goblet cell number during culture 
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reported by Black and Moog (1977).  Black and Moog (1978) also reported an increase in the 

intestinal enzymes alkaline phosphatase and maltase in the presence of thyroxine during culture, 

and thyroxine was later found to increase cytoplasmic calcium in the epithelium of cultured 

intestine (Rogers and Black, 1996). Furthermore, thyroid hormones have been shown to 

stimulate calcium transport systems in rat intestine (Kumar and Prasad, 2003). Thus, at least 

some of thyroxine’s effects may occur through a thyroxine-stimulated increase in epithelial 

calcium.  

            In the present study prostaglandin E2 greatly increased the goblet cell marker gene 

MUC2 and slightly elevated the expression of the enterocyte marker gene Hes1 (Figure 10). 

Prostaglandin E2 significantly decreased the enterocyte sugar transporters SGLT1 and GLUT2 

(Figure 11). Mice that are null for HES1 express fewer enterocytes, have more goblet cells, 

enteroendocrine cells and greater apoptosis (Jenson et al. 2000). The present study is consistent 

this finding, since prostaglandin E2 inhibits the expression of some enterocyte genes while 

stimulating production of mucins within the goblet cell line (figures 10 and 11). The submucosa 

of embryonic intestine is known to secrete PGE2, suggesting a potential role in embryonic 

development (Rogers et al. 1995). Prostaglandin E2 has also been shown to stimulate mucin 

genes via the ERK signaling pathway in in human airway epithelia cells (Cho et al. 2005). In the 

present study, PGE2 may also be stimulating the ERK signaling pathway to increase the 

expression of MUC2 in the cultured embryonic jejuna, however, more study is needed to define 

the relationship of PGE2, ERK and MUC2 in the present culture system. 

            In the present study, hydrocortisone had no effect on any of the genes of interest. This 

suggests that the reported effects of hydrocortisone on intestinal goblet cell numbers (Black and 

Moog, 1977) and glucose active transport (Black, 1988a) are not at the transcriptional level. 
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            A summary of the effect of calcium and hormones is presented in Figure 13. The present 

study examined the role of calcium and hormones on goblet cell differentiation markers and 

enterocyte markers. Calcium upregulated Cath1, a gene associated goblet cell differentiation, 

supporting previous work on calcium and goblet cell differentiation (Black and Smith, 1989), 

and indicating that least part of the calcium effect is at the transcriptional level. High calcium 

also increased the expression of the enterocyte marker HES1. The transcription factor Hes1 has 

been shown to interact with the calcium/calmodulin dependent protein kinase 2 in osteocytes 

(Sugita et al. 2015); a similar effect of calcium may be occurring in the present study where 

Hes1 is being modulated by increased intracellular calcium to activate the calcium/calmodulin 

dependent kinase 2 protein in the embryonic intestine. High extracellular calcium also stimulated 

expression of the enterocyte active glucose transporter SGLT1, which might also occur via the 

calcium/calmodulin dependent kinase 2. Interestingly, calcium upregulated the intestinal 

homeobox gene cdxB, which has been known mainly as a downstream target for cdxA (Savory 

et al. 2000) and for components of the wnt signaling pathway (Pilon et al. 2006). Further study 

of cdxB may provide important insights into its role in intestinal development.  

             Prostaglandin E2 and thyroxine have similar effects on some enterocyte and goblet cell 

markers, since both hormones upregulate HES1 to a small extent and MUC2 by more than 25 

fold. This may help to define a role for both hormones in the regulation intestinal differentiation, 

possibly via mechanisms of mediating intracellular calcium. However, the effects of high 

calcium on gene expression seem more pronounced in enterocyte differentiation, since calcium 

upregulates HES1 and SGTL1 while depressing the expression of MUC2 (Figure 13). In 

conclusion, the present study demonstrated a role for calcium, thyroxine, and Prostaglandin E2 in 

regulating the expression of genes involved in epithelial differentiation, intestinal patterning, 
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mucin production, and glucose transport in the embryonic chick intestine during the last week of 

embryonic development. 
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