
ABSTRACT 

 

OZDEN, OZKAN. Expression of Claudin Tight Junction Proteins in Response to Varying 

Environmental and Physiological Conditions. (Under the directions of Dr. Brenda Grubb 

and Dr. Betty Black.) 

 

In this study, the localization and possible functions of claudin tight junction 

proteins in bird and fish gastrointestinal tract were investigated.  Claudin expression was 

detected in the chick intestine during the last week of embryonic development using 

microarrays and quantitative real time PCR analyses. Expression profiles differed among 

the claudins suggesting that they might play different roles in the establishment of intestinal 

tight junctions during embryonic development. Glucocorticoids are essential for the 

maturation of numerous tissues during embryonic development and are known to increase 

the integrity of tight junctions. This study reveals that treatment of 18-day old embryonic 

intestine with the synthetic glucocorticoid dexamethasone elevates mRNA levels of two 

claudins within 12 hours.  

Expression profiles of claudins were also analyzed in the gastrointestinal tract of 

Mozambique Tilapia. Immunohistochemistry and real-time PCR analyses revealed that 

various claudins were expressed in the tilapia gut in a tissue specific manner. Salinity 

transfer experiments indicated that salinity differentially regulates the expression of certain 

claudins suggesting a role for these proteins in osmoregulation.  
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GENERAL INTRODUCTION 

Tight Junctions and Claudins:  

There are two pathways for the transport of solutes across the epithelial layers in 

many organs; transport through the epithelial cell membranes, called transcellular transport, 

and transport through the spaces between the cells called paracellular transport (Anderson, 

2001; Tsukita et al., 2001). Tight junctions are located near the apical side of epithelial cells 

within the lateral plasma membranes and are responsible for the regulation of paracellular 

transport. In transmission electron micrographs, tight junctions appear as a series of close 

points between adjacent cell membranes, so-called kissing points (Farquar and Palade, 

1963). Tight junctions are formed by three different types transmembrane proteins: those of 

the claudin protein family, occludin, and junctional adhesion molecules. Additionally, Zona 

Occludens (ZO-1, ZO-2, and ZO-3) are cytoplasmic adapter proteins that connect tight 

junctional transmembrane proteins to the cytoskeleton. The claudin protein family is 

believed to be one of the main structural and functional components of tight junctions, and 

includes more than 20 members whose amino acid sequences are evolutionary well 

conserved among vertebrates. Claudin proteins have 4 transmembrane domains; their short 

amino (2-6 amino acid residues) and carboxyl termini are located in the cytoplasm. They 

have two extracellular loops. The first extracellular loop is longer and more hydrophobic 

than the second one, and this includes highly conserved residues (W-GLW-C-C) (Van 

Itallie and Anderson, 2006; Gonzalez-Mariscal et. al., 2003). The first extracellular loop of 

claudins forms bridges between the cells. Claudins are one of the components that 

determine the size and charge specificity of pores in the paracellular spaces, but how they 
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polymerize at the tight junctional areas is not yet known (Krause et al., 2008; Van Itallie et. 

al., 2008; Gonzalez-Mariscal et. al., 2003; Colegio et al., 2002).  

The main role of tight junctions. Called the barrier function, is to seal the 

paracellular spaces and prevent free diffusion of toxins and pathogens into the extracellular 

fluid (Powell, 1981). The tight junctional barrier is not absolute, and certain claudins form 

charge and size specific pore-like structures in the paracellular spaces and regulate the 

passage of molecules (Colegio et al., 2002). Secondly, tight junctions prevent lateral 

movement of membrane proteins and membrane lipids, and they separate the apical and the 

basolateral sides of epithelial layers. This polarization function of tight junctions is called 

the fence function (Tsukita et al., 2001). In addition, some claudins might contribute to 

adhesion between the cells, and some claudins could influence the activity of important 

signaling molecules (Tsukita and Furuse, 2000; Dhawan et al., 2005). Tight junctions are 

dynamic structures (Schneeberger and Lynch, 1992) and can change their expression and 

organization in response to different physiological conditions, such as proliferation, 

apoptosis, and metabolism (Takala et al., 2007; Bojarski et al., 2004; Kapus and Szaszi, 

2006). 

The majority of studies on claudins have been performed in mature mammalian 

tissues or cell cultures. In this study, subcellular localizations of claudin-like proteins in 

both fish and embryonic chicken were investigated because very few studies are currently 

present showing the localization of these evolutionary conserved proteins in the 

gastrointestinal epithelium of these organisms. The potential roles of certain claudins for 

osmoregulation in fish gastrointestinal tract epithelium were explored. Additionally, the 
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expression and regulation of various claudins in chick intestine during embryonic 

development was investigated. The contribution of claudins to the integrity of tight 

junctions, and ultimately to the overall permeability of the gastrointestinal epithelial layers, 

provides important information for understanding osmoregulation in fish as well as cell 

differentiation and functional development of the intestine in birds. This research should be 

of interest to a wide range of biologists in the fields of cell biology, developmental biology, 

and gastrointestinal physiology. 
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C h a p t e r   1  Expression Profile of Claudins in Mozambique Tilapia Gastrointestinal 

Tract 

 

ABSTRACT 

 Claudins are evolutionary conserved proteins, constituting the main structural and 

functional component of tight junctions. Claudin proteins play crucial roles in regulation of 

paracellular spaces in numerous tissues in mammals. In fish, claudins have also been 

reported to be present in various tissues. Here the subcellular localization of claudin-3 and -

4-like proteins in the gastrointestinal tract of both sea and fresh water-acclimated 

Mozambique tilapia was reported by immunohistochemistry studies. In addition, cldn3c, 

cldn28a, and cldn30 in the gut of SW and FW-acclimated and salinity challenged tilapia 

were analyzed using quantitative real-time PCR. Presence of high expression of these 

claudins at protein and mRNA levels along different segments of the gastrointestinal tract 

suggests that these claudins participate in regulating epithelial water and solute paracellular 

permeability in euryhaline tilapia, Oreochromis mossambicus.   

 

 

INTRODUCTION 

 In nature, a wide number of fish species have adapted to live only either in marine 

or fresh water; however, few fish species, such as the euryhaline tilapia, Oreochromis 

mossambicus, have developed plasticity to migrate between both aquatic environments 

during their lifecycle. In these three environments, fishes face different osmotic problems 

and have to develop different anatomical and physiological osmoregulatory strategies to 
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maintain a balanced internal environment (reviewed by Marshall and Grosell, 2005). The 

main osmoregulatory organs are the gills, skin, kidneys, and gastrointestinal tract (GI tract). 

Epithelial layers in these organs separate sea or fresh water from the blood supply; 

therefore, these cell layers play a crucial role for osmoregulation, and are organized in a 

tissue specific manner. Two main routes exist for transportation between the external 

aquatic environment and the blood supply: transcellular and paracellular pathways. In the 

transcellular pathway, water and solutes are transported through the epithelial cell layers by 

simple diffusion or a variety of channels and transporters. On the other hand, spaces 

between the epithelial cells also allow the transportation of water and ions in a size and 

charge specific manner and are called paracellular pathways (Gonzalez-Mariscal et al., 

2003). Transport via paracellular pathways is regulated by specialized structures called tight 

junctions (TJs) which are located at the apico-lateral epithelial plasma membranes. The 

main component of TJs is the transmembrane claudin (cldn) protein family (reviewed by: 

Van Itallie and Anderson, 2006; Gonzalez-Mariscal et al., 2003).     

 In this chapter, I focus on the expression of claudin-like proteins and specific 

claudin mRNA’s in the gastrointestinal tract of tilapia challenged to fresh water and sea 

water. 

 The Objectives and Significance of the Study: 

The properties of transcellular transport (Loretz, 1995; Marshall, 2002; Evans et. al., 

2005) and the ultrastructure/electrophysiology of TJs in different epithelia have been well 

examined in fish (Sardet et al., 1979; Kelly and Wood 2001; Wood et. al, 2002). However, 

only recently have cldns been identified and shown to be expressed in fish tissues, 
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including in the gastrointestinal tract of fish (Tipsmark et. al., 2008a; Tipsmark et. al., 

2008b; Bagherie-Lachidan et al., 2008; Loh et. al., 2004). Consequently, their roles in 

epithelial function with respect to osmoregulation are poorly understood. Since cldns are 

the main components of tight junctions, it is necessary to examine the expression patterns 

of cldns to understand their functions. Expression patterns can help to reveal the functions 

of certain cldns in osmoregulation, which are largely unknown. Cldn3 and 4 are prevalent 

and important TJ proteins along different organs in the GI tract as well as in many other 

organs in mammals (Rahner et al., 2001; Holmes et al., 2006). The presence of cldn3 was 

also detected in birds and amphibians (our unpublished data and Haworth et. al., 2005; 

Brizuela et. al., 2001). Four cldn3 genes (Tncldn3a, Tncldn3b, Tncldn3c, and Tncldn3d) 

were identified in the euryhaline spotted green puffer fish, Tetraodon nigroviridis, and their 

mRNA distributions in the kidney, skin, gill, and intestine were reported (Bagherie-

Lachidan et al., 2008). Changes in Tncldn3 expression in different tissues in response to 

different environmental salinity have been described (Bagherie-Lachidan et al., 2008). In 

Fugu rubripes, four cldn 3 genes have been identified and tissue specific expression 

patterns of fu-cldn genes were similar to Tetraodon (Loh et al., 2004; Bagherie-Lachidan et 

al., 2008).  In the present study, it was hypothesized that cldn 3 and 4-like proteins would 

be widely distributed along different segments of the GI tract of sea and fresh water adapted 

Mozambique tilapia. Secondly, these proteins would play roles in the osmoregulation of the 

GI tract epithelia in a tissue-specific manner; consequently, they would be regulated 

differently in hypoosmotic (fresh water) and hyperosmotic (sea water) conditions to 

maintain a stable plasma osmolality.        
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Paracellular pathways are quite complex with respect to permeability for charged 

and non-charged solutes (Oliveira and Morgado-Diaz, 2007). Some claudin proteins were 

shown to form charge specific pores for ions (Coleigo et al., 2002; Van Itallie et al., 2001 

and 2008). In addition, they may regulate paracellular flux of larger non-charged molecules 

although the mechanism(s) is not well understood.   

Fresh water fishes live in electrolyte-poor environments. Dietary ion uptake is 

important for a stable ionic homeostasis, and fresh water fish intestine must have a high 

absorption capacity for ions, mainly Na
+
 and Cl

-
. Indeed, previous in vitro studies have 

shown high ionic permeability of fresh water tilapia intestine in both anterior and posterior 

intestines (Mainoya, 1982; Rawdon and Cornish, 1973). The main route of Na
+
 and Cl

-
 

uptake is through transcellular, incorporating various apically located transporters with 

energy is provided by basolaterally located Na
+
 pumps. In this study, it is hypothesized that 

various claudins would form cation discriminating pores in the paracellular spaces to 

prevent backflow of ions from plasma to the lumen side of the intestine in fresh water 

environments. At the same time, since fresh water fish have hydration problems due to 

dilute surrounding environment, tight junctions would be relatively tighter to prevent water 

from diffuse paracellularly into the blood. Therefore, the expression of claudins having 

cation discriminating and sealing potentials would be expected to be higher in fresh water 

acclimated fish than that of sea water fish intestine. To test these hypotheses, Mozambique 

tilapia was used as a model organism as the mechanisms governing hydromineral balance 

has been well studied in this euryhaline fish. They were acclimated into distinct salinity 

conditions: sea water (SW) and fresh water (FW). Distribution of certain cldns was 
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screened along the GI tract, and the responsiveness of cldns at both the protein and mRNA 

levels was examined. The dynamics of TJ remodeling and the properties of epithelial tissue 

along the GI tract during osmotic challenge are discussed. 
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LITERATURE REVIEW 

  Osmoregulation in Sea Water-Acclimated Tilapia GI Tract: 

 In SW fish, plasma osmolality (300–350 mosmol/kg) is maintained below that of 

the marine environment (~1000 mosmol/kg). Therefore, fish continuously lose water and 

gain ions mainly through the large surface area of gill epithelia when held in seawater. The 

loss in water is restored by drinking to prevent dehydration (Marshall and Grosell, 2005). 

Therefore, the GI tract plays a direct role in osmoregulation in marine fish through 

absorption of water. Lost water regained by the gastrointestinal tract is accompanied by an 

obligatory salt load. This unavoidable, excessive salt is eliminated by its active secretion 

from the gill and skin epithelia. In SW fish, the esophagus, stomach, and the intestine of the 

GI tract play different osmoregulatory roles.   

 The esophagus is the first part of the GI tract for which ingested fluid is 

osmotically processed. The esophageal epithelium displays roughly 6 morphological 

adaptations between SW and FW-acclimated fish. A relatively higher number of mucosal 

folding to increase surface area is seen in SW eels (Yamamoto and Hirano, 1978). SW-

acclimated European and Japanese eels have columnar epithelia which line the mucosal 

layer of the esophagus and are different from stratified epithelium of FW adapted fish 

(Hirano and Mayer-Gostan, 1976; Yamamoto and Hirano, 1978). In SW eel, simple 

columnar epithelium contains a high number of mitochondria, and includes few mucous 

cells. Additionally, the presence of intercellular spaces was reported in the simple columnar 

epithelium (Laurent and Kirsch, 1975). Higher vascularization in the esophageal connective 
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tissue layer is another morphological difference from FW fish (Yamamoto and Hirano, 

1978).  

In SW, the esophagus absorbs salt with little passive transport of water (Hirano and 

Mayer-Gostan, 1976; Parmelee and Renfro, 1983). Absorption of NaCl is driven by 

basolaterally located Na
+
-K

+
 ATPases which transport Na

+
 towards the blood side in the 

presence of Cl
-
 (Parmelee and Renfro, 1983). As a result of salt removal from the ingested 

fluid, the osmolality of the luminal fluid becomes lower as it reaches into the stomach 

(~400mOsm), and is almost isotonic to the plasma within the intestine, where fluid 

absorption occurs (Parmelee and Renfro, 1983).  

The intestine of the GI tract is the main area for water absorption in marine fish. It 

has been proposed that both transcellular and paracellular pathways play roles in water 

absorption, and this function depends on the presence and absorption of Na
+
 and Cl

-
 ions. 

The main transporters involved in salt and water absorption in the intestine include 

basolaterally located Na
+
-K

+
- ATPase (Na

+
 pumps), Cl

- 
channels, and K

+
-Cl

-
 co-

transporters; and apically located two co-transport systems: Na
+
-Cl

- 
(NC) and Na

+
-K

+
-2Cl

-
 

(NKCC) as well as an anion exchanger Cl
-
/HCO3

-
 (Frizzell et al., 1979; Musch et al., 1982; 

Grosell et al., 2005; Marshall and Grosell, 2005). Activity of apical NC and NKCC 

transporters are driven by basolateral Na
+
-K

+
- ATPases. Na

+
-K

+
- ATPase pumps 

intracellular Na
+
 into the blood side, which generates an electrochemical gradient favoring 

apical Na
+
, K

+
, and Cl

- 
 uptake into the intestinal epithelial cells. Cl

- 
exits the cell across the 

basolateral membrane through Cl
-
 channels and K

+
-Cl

-
 co-transporters (Loretz and 

Fourtner, 1988, Halm et al., 1985). Water follows these ions by osmosis possibly using both 
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the paracellular and transcellular pathways (Marshall and Grosell, 2005). Presence of 

aquaporins was reported in the fish intestine but their functions in water absorption are not 

known (Marshall and Grosell, 2005; Lignot et al., 2002). Apical Cl
-
/HCO3

- 
exchangers 

contribute up to 70% of net Cl
-
 absorption (Grosell et. al., 2005; Grosell and Genz, 2006). 

These antiport systems secrete HCO3
-
 into the lumen and cause the intestinal fluid to be 

highly alkaline (Wilson et al., 2002). HCO3
-
 may originate from the hydration reaction of 

CO2 by carbonic anhydrase. High HCO3
-
 neutralizes the acidification of the lumen from the 

entry of the gastric chyme, and also facilitates Cl
-
 and water absorption and CaCO3 

formation (Taylor and Grosell, 2006; Taylor et. al., 2007). Mg
2+

 and SO4
2-

 are the main ions 

that are found in the intestinal fluid due to preferential absorption of Na
+ 

and Cl
-
 in the 

intestine of SW fish (Mcdonald and Grosell, 2006).    

In addition to the GI tract, the gills and kidney have crucial functions for 

hydromineral balance in SW fish. The SW fish the kidney plays an important role for 

osmoregulation and is adapted to produce an isotonic low volume of urine which is rich in 

secreted Ca
2+

, Mg
2+

, SO4
2- 

(Beyenbach, 2004). The absorption of water by the kidney 

mostly depends on the intake of Na
+
 and Cl

-
 ions in SW fish. The majority of this 

obligatory salt loading is eliminated by the gills. NaCl is actively excreted by the gill 

epithelium.  

Osmoregulation in FW-Acclimated Tilapia GI Tract: 

In contrast to SW fish, fish face excessive hydration problems due to hypoosmatic 

surrounding freshwater environment (~1 mOsm). In addition to water gain, they experience 

ion loss mainly through the large surface area of gill epithelium (Marshall and Grosell, 
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2005). In contrast to SW fish which actively secrete ions across the gill epithelium, the gill 

of FW fish actively take up ions from their environment (Marshall and Grosell, 2005). Both 

chloride and pavement cells are believed to be involved in Na
+ 

and Cl
- 

uptake by gills 

(McCormick, 2001). Cl
-
 is taken into the chloride cells from the apical side by an exchange 

with HCO3
-
. This creates an electrical gradient in favor of Na

+
 to enter into the chloride 

cells, and Na
+
 ions are transported towards plasma by Na

+
-K

+
 ATPase (McCormick, 2001). 

The presence of apical H
+
-Na

+
 exchanger or Na

+
 channels coupled with H

+
-ATPase were 

reported on the apical sides of pavement cells in Mozambique tilapia (Hiroi et al., 1998). 

Some salts may be taken up by dietary foods and absorbed by the gut. The kidney produces 

dilute, large volumes of dilute urine to cope with excessive hydration (Nishimura and Imai, 

1982; Marshall and Grosell, 2005).  

As with SW adapted fish, different parts of the GI tract of FW fish have 

differential osmoregulatory functions. The main osmoregulatory role of the GI tract of the 

fresh water fish is to form a barrier against surrounding water to minimize its diffusion into 

the blood stream while maximizing absorption of essential ions from the diet (Smith et. al., 

1989). This change in osmoregulation is regulated by modification of the morphology and 

structure of the GI tract epithelium. As opposed to SW fish, in FW eel, the esophagus has 

stratified epithelium including numerous mucous cells (Yamamoto and Hirano, 1978). 

These mucous releasing cells are located mainly in the middle zone of the esophageal 

epithelium. Ribosome rich cells and filament rich cells are the other members of the 

epithelial layer. Filament rich cells are located in both the outermost and basal parts of the 

epithelium layer and are tightly connected to each other, probably limiting diffusion of 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VNH-4J90WBR-1&_user=290868&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_version=1&_urlVersion=0&_userid=290868&md5=7aae073cb212513141ccba642aa52ea6#bbib24
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VNH-4J90WBR-1&_user=290868&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_version=1&_urlVersion=0&_userid=290868&md5=7aae073cb212513141ccba642aa52ea6#bbib24
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VNH-4J90WBR-1&_user=290868&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_version=1&_urlVersion=0&_userid=290868&md5=7aae073cb212513141ccba642aa52ea6#bbib24
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water through the epithelium (Yamamoto and Hirano, 1978). In contrast to these chronic 

adaptations, acute modifications such as changes in the activity and permeability of 

membrane channels and transporters have been reported (Tipsmark et al., 2008b).       

Differential regulation of cell proliferation and apoptosis play an important role in 

the alteration in epithelial morphology. In addition, changes in number and activity of 

membrane channels and transporters, such as Na
+
-K

+
 ATPase, alter the membrane 

permeability for ions and water during salinity adaptation (Takahashi et. al., 2007). 

Hormonal regulation of both epithelial morphology and physiology has been reported. 

While glucocorticoids (cortisol) are essentially associated with SW adaptation, prolactin 

was proposed to be especially important for FW adaptation (Mccormick, 2001; Sakamoto 

et. al., 2005). Prolactin is one of the key hormones for FW adaptation in fish (McMormick, 

2001; Sakamoto et. al., 2005). Prolactin receptor expression was detected in the GI tract 

epithelium of Nile tilapia (Sandra et. al., 2000). In FW acclimation, prolactin expression 

was increased and its localization was detected in the proliferating cells in the esophagus 

epithelium of Mozambique tilapia (Takahashi et. al., 2007). In Mozambique tilapia, 

glucocorticoid and prolactin signals were suggested to be involved in regulating esophageal 

epithelial cell turnover during salinity acclimation (Takahashi et al., 2006). Some cortisol-

stimulated adaptations in SW fish are: increased water and ion uptake in the gut, increased 

Na
+
-K

+
 ATPase activity and Na

+
 excretion at the gills, and increased water permeability of 

the urinary bladder (Marshall and Grosell, 2005). In addition to cortisol and prolactin, 

growth hormone and insulin like growth factor 1 (IGF-1) may promote salinity adaptation 

(Tipsmark et al., 2008b; Madsen et al., 2007; Fiess et al., 2007; Mccormick, 2001). To 
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conclude, differential organization of the GI tract, gill, kidney and urinary bladder epithelia 

is accompanied by increased ions and water uptake in SW fish relative to FW fish 

(Takahashi et. al., 2007; McCormick, 2001). 

Tight Junctions and Claudins in Fish:  

Tight junctions are located at the apico-lateral sides of numerous epithelia including 

GI tract in fish (Anderson and Van Itallie, 2008; Bagherie-Lachidan et al., 2008). Tight 

junctions regulate paracellular transport and they play a crucial role for osmoregulation by 

complementing the transcellular pathways whose properties have been identified in detail in 

various epithelia (Evans et al., 2005). The claudin transmembrane protein family is believed 

to be the main structural and functional component of TJs (Furuse et al., 1998; Furuse et al., 

1996; Krause et al., 2008). They have 4 transmembrane domains; their short amino (2-6 

aminoacid residues) and carboxyl termini are located in the cytoplasm. They have two 

extracellular loops. The first extracellular loop of claudins forms bridges between the cells. 

Claudins form size and charge specific pores in the paracellular spaces (Krause et al., 2008; 

Van Itallie et. al., 2008; Gonzalez-Mariscal et. al., 2003; Colegio et al., 2002). The net 

charge of the first extracellular loops is believed to determine charge specificity (Krause et 

al., 2008; Van Itallie et. al., 2003; Colegio et. al., 2003).    

Although the properties of the transcellular transport (Loretz 1995 and Marshall 

2002) and the ultrastructure/electrophysiology of TJs in different epithelia have been well 

examined in fish (Sardet et al., 1979; Kelly and Wood 2001; Wood et. al, 2002), cldns have 

only recently been identified and shown to be expressed in various tissues of fish (Tipsmark 

et. al., 2008a; Tipsmark et. al., 2008b; Loh et. al., 2004). Whereas about 24 claudin 
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members have been identified in mammals (Furuse and Tsukita, 2006; Van Itallie and 

Anderson, 2006), in fish this number is as high as 57 due to tandem gene duplication and/or 

possible whole genome duplication events probably in response to the diversity of aquatic 

environments (Loh et al, 2004; Christoffels et al., 2004). In Fugu rubripes, gene duplication 

events were suggested to produce 17 genes that are close to the mammalian cldn3 and 4 

(Loh et al., 2004).   

Transepithelial resistance (TER) of cultured gill epithelium was compared in SW 

and FW fish and reported  that FW gill epithelium has significantly higher 600–10,000 cm
2
 

TER than that of SW fish 200–300 cm
2
 (Wood et al., 2002). After SW transfer, 

ultrastructural changes in the TJs were detected between chloride cells and accessory cells 

in the gill epithelium (Marshall et al., 1997). Presence of leaky TJs between these two cell 

types play an important role in Na+ secretion (Sardet et al., 1979), providing higher ionic 

permeability in the gill of SW eel than in FW eel gill (Isaia and Hirano, 1976).    

 In our laboratory the presence of cldn 3 and cldn 4-like proteins was shown in the 

tilapia gill epithelium (Fig. 1.1) and their expression at the mRNA and protein levels were 

sensitive to environmental salinity (Tipsmark et. al., 2008a). In the gill of FW fish, cldn 3 

staining was localized mainly in the deeper cell layers in the filament but also in pillar cells 

on the lamellae (Fig. 1.1B). In the SW gill, cldn 3 antibody staining was closer to the apical 

side of the filament (Fig. 1.1E).  

On immunoblots of gill protein preparations, the antibody directed against 

mammalian claudin 3 revealed one single band with apparent molecular mass of 18 kDa 

(Fig. 1.1).  
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In the FW gill, the claudin 4 antibody stained epithelial cells in the filament but also 

some cells on the lamellae, including pillar cells (Fig. 1.2B). In the SW gill, claudin 4 

antibody staining was substantially weaker, found mostly in a thin layer on the apical side 

of epithelial cells of the filament (Fig. 1.2E); no staining was seen in pillar cells (Fig. 2E). 

Negative staining was prepared by replacing primary antibody with normal serum, and this 

abolished the reaction (Figs. 1.1 and 1.2, A and D). Binding of both antibodies to gill cells 

was blocked when preabsorbed with their respective blocking peptides, which shows that 

staining was specific for both claudin antibodies (Figs. 1.1 and 1.2, C and F). 
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  FW  SW  FW SW 

 

Figure 1.1: Claudin 3-like protein immunostaining (left) and western blotting (right) of SW 

and FW-acclimated fish gill epithelium.  
Left: gill sections (6 m) from FW (A–C) and SW tilapia (D–F) were immunostained with the cldn 
3 antibody. Staining was specific, as verified by the lack of staining with normal serum (A and D) 

and when the antibody was preabsorbed with blocking peptide (cldn3-bloc. pep.; C and F). Sections 

were counterstained with hematoxylin. The arrowheads and arrow indicate examples of localized 

staining in the filament and on the lamellae, respectively. Bars: 20 m. 

Right: freshwater (FW; lanes 1 and 3) and seawater preparations (SW; lanes 2 and 4) were probed 
with mouse claudin 3 antibody. Molecular mass standards are displayed in lane 5 in A and B (from 

top to bottom: 250, 150, 100, 75, 50, 37, 25, 20, 15, and 10 kDa). 
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Figure 1.2: Claudin 4-like protein immunostaining (left) and western blotting (right) analyses 

in the SW and FW-acclimated fish gill epithelium. 

Left: Gill sections (6 m) from FW (A–C) and SW tilapia (D–F), immunostained with the claudin 4 

antibody (cldn4). Staining was specific, as verified by the lack of staining with normal serum (A 
and D) and when the antibody was preabsorbed with blocking peptide (cldn4-bloc. pep.; C and F). 

Sections were counterstained with hematoxylin. The arrowheads and arrow indicate examples of 

localized staining in the filament and on the lamellae, respectively. Bar, 20 m. 
Right: FW (lanes 1 and 3) and SW preparations (lanes 2 and 4) were probed with claudin 4 

antibody. Molecular mass standards are displayed in lane 5 in A and B (from top to bottom: 250, 
150, 100, 75, 50, 37, 25, 20, 15, and 10 kDa). 

 

 

 Four cldn3 genes (Tncldn3a, Tncldn3b, Tncldn3c, and Tncldn3d) were 

characterized in the euryhaline spotted green puffer fish Tetraodon nigroviridis and their 

mRNA distributions in the kidney, skin, gill, and intestine were reported (Bagherie-

Lachidan et al., 2008). Changes in Tncldn3 expression in different tissues in response to 

 FW SW  FW SW 
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different environmental salinity conditions were also described (Bagherie-Lachidan et al., 

2008). While renal and intestinal tissues express all four Tncldn3 isoforms, the gills and 

skin express only Tncldn3a and Tncldn3c. In Tetraodon intestine, the expression levels of 

Tncldn3a, Tncldn3b and a lesser extent Tncldn3d were higher in FW-acclimated fish than 

SW-acclimated fish intestine. The expression levels of Tncldn3c were similar between SW 

and FW acclimated- Tetraodon intestines. Like Tetraodon, in Fugu rubripes, four cldn 3 

genes have been identified. The tissue specific expression patterns of fu-cldn genes were 

reported to be similar to Tetraodon and all four cldn genes were present in the intestine 

(Loh et al., 2004). In Dicentrarchus labrax, cldn3 gene expression was also detected in the 

intestine, and preliminary evidence suggests it may change depending on environmental 

conditions (Boutet et al., 2006).  

 

MATERIALS AND METHODS 

Animals:  

One group of adult male tilapia was maintained in FW at 1-2 ppt salinity, another 

group was incubated in SW (25 ppt salinity). They were acclimated to the respective 

salinities for a minimum 30 days before starting transfer experiments.   

Sampling:  

Fish were anaesthetized in buffered MS-222. The fish were killed by spinal section, 

and the GI tract was carefully removed. Tissue pieces approximately 1cm from the 

esophagus, stomach, and posterior intestine were taken. For immunohistochemistry 

analyses, pieces were fixed in fresh, buffered paraformaldehyde (4%) for 4 h. For real-time 
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PCR analyses, tissue pieces from posterior intestine were directly frozen in liquid nitrogen 

and stored at 80°C until further processing.    

Immunohistochemistry:  

Fixed tissues were embedded in OCT (Tissue-Tek OCT compound-Sakura) and 

frozen in liquid nitrogen. Frozen tissue blocks were sectioned at 7 m by a cryostat 

vibratome (Bright OTF5000 – Bright Instrument Co Ltd.) at -16
o
C.  

For antigen retrieval, slides were boiled in citrate buffer (10 mM sodium citrate and 

0.05% Tween 20, pH 6.0) for 40 min at 95°C. Endogenous peroxidase activity was 

suppressed by treatment with hydrogen peroxide. Subsequently, blocking serum was 

applied for 1 h at room temperature (Vectastain kit; Vector Laboratories, Burlingame, CA). 

Sections were incubated with polyclonal claudin 3 and monoclonal claudin 4 antibodies 

(Zymed, San Francisco, CA, USA) at 1:200 dilutions in PBS (in mM: 137 NaCl, 3 KCl, 10 

Na2HPO4, and 2 KH2PO4, pH 7.4) for 16 h at 4°C in a closed and moistened chamber. 

Claudin 3 and 4 antibodies are raised against a 22 amino acid peptide sequence derived 

from the C terminal region of mouse claudin 3 and human claudin 4, respectively. For 

negative controls, duplicate sections were treated with normal serum for the same time and 

temperature. After 16 h, diluted biotinylated universal IgG (Vectastain kit; Vector 

Laboratories) was applied and slides were incubated for 60 min at room temperature. 

Vectastain ABC reagent was then added for 60 min at room temperature. To visualize the 

claudin proteins, 3,3-diaminobenzidine (DAB; Sigma) was prepared according to the 
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manufacturer’s instructions, and it was applied to sections for 3 min. The DAB reaction was 

terminated by dipping the slides into water. Sections were counterstained with hematoxylin. 

Microscopy:  

Light microscopy was performed with an Olympus compound microscope, using 

10x, 20x, 40x and 100x (oil) objectives. Images were captured using a Sony digital video 

camera and processed using Adobe Photoshop 7.0.  

Total RNA Extraction:  

Pieces from posterior intestine were homogenized using a hand homogenizer. Total 

RNA of tilapia posterior intestine was extracted by TRI reagent (Molecular Research 

Center, Cincinnati, OH). Concentration and purity of the total RNA samples were measured 

using a Nanodrop ND-1000 spectrophotometer. The quality of the total RNA was further 

analyzed by 1.5% agarose gel electrophoresis. Only total RNA with sufficient purity 

(A260/280>1.8) was used for further analyses. TURBO DNase (Ambion, Austin, TX) was 

used to remove genomic DNA contamination according to the manufacturer instructions. 

Reverse transcription was performed to synthesize cDNA using High Capacity cDNA 

Reverse Transcription Kit according to the manufacturer instructions (Applied Biosystems, 

Foster City, CA, USA) in a thermal cycler.  

Quantitative Real-Time PCR Analysis: 

To investigate the expression of cldns during development, absolute SYBR green 

real-time PCR analysis was used as previously described by Tipsmark et al. (2008). 

Reactions consisted of 2X Brilliant SYBR green QPCR master mix (Stratagene), forward 
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and reverse primers at 1.5 M, and 2.5ng/ml cDNA sample. The list of the primers and the 

expected sizes of produced amplicons are shown in Table 1.1. A real-time PCR protocol at 

50ºC for 2 min, 95ºC for 10 min followed by 40 cycles of 95ºC for 15 sec and 60ºC for 1 

min was used in ABI 7900 HT Sequence Detection System (Applied Biosystems). Cycle 

threshold (Ct) values were determined in triplicate for all experimental samples. Ct values 

were transformed using a standard curve of diluted plasmid containing the claudin coding 

sequence with Ct values (R
2
 = 0.93– 0.99). All mRNA data were normalized to total RNA 

concentration (Bustin, 2000; Picha et al, 2006) and are presented as ―DNA copy number per 

nanogram total RNA‖. Primer specificity was assessed by melting curve analyses in 

addition to inspection of real-time PCR products using 4% agarose gel electrophoresis. To 

test if the real-time PCR was free of DNA contamination and if reagents are free of nucleic 

acid contamination ―none amplicon control‖ and ―none reverse transcriptase control‖ 

reactions performed. Two-way factorial ANOVA statistical analyses were performed using 

the SAS Software. 

Table 1.1: The list of the primers, annealing temperatures of primers, and the 

expected sizes of produced amplicons.  

Gene 

Primer 

Name Sequence (5' to 3') Tm 

Amplicon 

Size 

Cldn28a Cldn28aQF3 CTC CTG CCC ACC CAA AGA 58 53 bp 

  Cldn28aQR3 CTG GCA CCG CCG TAC TTC 59   

Cldn30 Cldn30QF3 GGG AGC TTC ACT GTT CAT TGG 58 90 bp 

  Cldn30QR3 GGA GCT GAG TAC TTG GCA GAG TAG T 58   

Cldn3c Cldn3cQF3 TGG GTG TCA TGA TCT CCG TAG TC 60 52 bp 

  Cldn3cQR3 TCA CTT TGG CTT TAC TTC CTT CCT 59   
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RESULTS 

 Expression of claudin-like proteins along the gastrointestinal tract of SW and 

FW-acclimated fish: 

The claudin protein family is evolutionary conserved, and shows high sequence 

similarity between different species. The availability of commercially available fish 

antibodies against claudin proteins is lacking. Nevertheless, the specificity of mammalian 

claudin 3 and 4 antibodies in the tilapia gill has been previously tested (Tipsmark et al., 

2008a). Among various claudins tested, only rabbit-anti claudin 3 and mouse-anti claudin 4 

antibodies showed a single band in the western blots (Tipsmark et al., 2008a). In addition, 

incubation of antibodies with corresponding blocking peptide washed the immunostaining 

away. Thirdly, the locations of claudin 3 and 4 immunostaining were specific and present 

previously expected locations in the gill epithelium. These two antibodies were also used to 

determine localization of claudin 3 and 4 in the GI tract of tilapia. Throughout the GI tract, 

the staining of these proteins was mainly detected in the epithelia.     

Expression of claudin 3-like protein in the GI tract epithelia of tilapia: 

Consistent with some previous reports in Japanese eel (Yamomato and Hirano, 

1978), sea and fresh water-acclimated tilapia esophagus epithelia display morphological 

differences from each other. In SW Mozambique tilapia, the mucosal layer of SW fish 

esophagus seems to have more folding than FW tilapia esophagus. Relative to SW fish, the 

epithelial cells of the esophagus of FW fish seems more firmly connected to each other on 

their apical sides. In both SW and FW tilapia esophagus, mucus secreting cells appear to be 

present. Claudin 3-like protein is present in the esophagus epithelia of both SW and FW 
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fish (Fig. 1.3A and A’). No drastic detectible intensity difference in cldn 3-like staining 

between SW and FW esophagus was observed (Fig. 1.3B and B’). In SW fish esophagus, 

cldn 3-like staining is mainly localized between columnar epithelial cells, mucous secreting 

cells, and filament rich cells, and with no difference between apical and basal sides of the 

epithelial cells (Fig. 1.3C). In FW fish esophagus, cldn 3-like staining is between the 

epithelial cells; however, apical sides of the cells are stained stronger than the basal sides of 

the cells (Fig. 1.3C’). Negative controls from SW and FW fish esophagus are completely 

free of cldn-3 immunostaining (Figs. 1.3D and D’).  

The surface of the stomach is covered by a simple columnar epithelium. In SW fish 

stomach, the mucosal surface is not flat and cells seem relatively loosely packed (Fig. 

1.4A). On the other hand, in FW fish stomach, the apical sides of the cells seem tightly 

connected and form an even surface (Fig. 1.4A’). On the surface of mucosal layer, mucous 

secreting cells form gland-like structures called gastric pits. The abundance of these pits is 

similar between the SW and FW fish stomach (Figs. 1.4A, A’ and C, C’). In both SW and 

FW fish stomach, staining is in the apico-lateral sides (tight junctional regions) of the 

simple columnar cells (arrowheads in Figs. 1.4B and B’). In SW fish stomach, cldn-3 

staining is mainly between the epithelial cells at the junctional areas (arrowhead in Fig. 

1.4B). Weak expression of cldn 3-like immunostaining in the simple tubular gastric glands 

beneath the gastric pits in SW fish was observed (Fig. 1.4B). In the FW fish, like in the SW 

fish, staining is mainly between the epithelial cells at the junctional areas (Fig. 1.4B’); in 

addition, the apical side of the epithelial layer has cldn 3-like staining (arrowhead in Fig. 

1.4B’). No detectible staining in the tubular gastric glands beneath the gastric pits was 
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observed (Fig. 1.4B’). Negative controls from SW and FW fish stomachs are free of cldn-3 

immunostaining (Figs. 1.4C and C’). For both SW and FW fish, cldn 3-like staining is 

strictly in the tight junctional areas in the epithelial layer in the posterior intestine (Figs. 

1.5A, A’ and B, B’). No detectible staining gradient along crypt-to-villus axis was observed 

(Figs. 1.5A and A’). Likewise, no detectible difference in cldn-3 like staining intensity was 

observed between SW and FW tilapia posterior intestine.  
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Figure 1.3: Cldn 3-like immunostaining in SW and FW-acclimated tilapia esophagus. Brown 
color staining shows the localization of the protein. A, B, C and D are from SW-acclimated tilapia; 

A’, B’, C’ and D’ from FW-acclimated tilapia. A, A’, B, B’ and C, C’ are cldn 3-like 

immunostained sections which were counterstained with hemotoxylin. D and D’ are negative 

controls which were stained only with hemotoxylin. 
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Figure 1.4: Cldn 3-like immunostaining in SW and FW-acclimated tilapia stomach. Brown 

color staining shows the localization of the protein. A, B, and C are from SW-acclimated tilapia; A’, 

B’, and C’ from FW-acclimated tilapia. A, A’ and B, B’ are cldn 3-like immunostained sections 
which were counterstained with hemotoxylin. Arrowheads indicate tight junctional staining. C, C’ 

are negative controls which were stained only with hemotoxylin.  
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Figure 1.5: Cldn 3-like immunostaining in SW and FW-acclimated tilapia posterior intestine. 
Brown color staining shows the localization of the protein. A, B, and C are from SW-acclimated 

tilapia; A’, B’, and C’ from FW-acclimated tilapia. A, A’ and B, B’ are cldn 3-like immunostained 

sections which were counterstained with hemotoxylin. Arrowheads indicate tight junctional 
staining. C, C’ are negative controls which were stained only with hemotoxylin.  
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Expression of claudin 4-like protein in the GI tract epithelia of tilapia: 

Claudin 4-like protein is present both in the SW and FW esophagus epithelia (Fig. 

1.6). Staining in the FW fish esophagus appeared stronger than that observed in the SW fish 

esophagus (Figs. 1.6A and A’, respectively). In SW and FW fish esophagus, cldn 4-like 

staining was present in both the apical and basal sides of the epithelial cells (Figs. 1.6B and 

B’, respectively). At the apical sides, staining is detected between epithelial cells. When it 

appears stronger in FW than in SW fish (Figs. 1.6B and B’). Negative controls from SW 

and FW fish esophagus are free of cldn-4 immunostaining (Figs. 1.6C, C’ and D, D’). 

Claudin-4-like protein is present in the SW and FW tilapia stomach (Fig. 1.7). Claudin-4-

like protein staining is present between pits (Figs. 1.7B and B’). The intensity of the 

staining appears higher in FW than SW fish stomach (Figs. 1.7C and C’). In the mucosa, 

staining is also present in the simple tubular gastric glands beneath the gastric pits (Figs. 

1.7B and B’). These gastric glands are formed by two main cell types: chief and parietal 

cells. These cells can be found in any level of the mucosa, while parietal cells are 

predominant in the middle zone, chief cells are prevalent in the deeper zone, just above the 

muscularis mucosae layer. In SW fish stomach, cldn4-like staining is intense in the deeper 

zone where chief cells are common. On the other hand, staining is more or less 

homogenous throughout the mucosa of the stomach of FW fish, and staining is detected 

mostly between the cells (Fig. 1.7B’). Negative controls from SW and FW fish stomachs 

are completely free of cldn-4 immunostaining (Figs. 1.7 D and D’).   
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Figure 1.6: Cldn 4-like immunostaining in SW and FW-acclimated tilapia esophagus. Brown 

color staining shows the localization of the protein. A, B, C, and D are from SW acclimated tilapia; 
A’, B’, C’, and D’ from FW acclimated tilapia. A, A’ and B, B’ are cldn 4-like immunostained 

sections. Arrowheads show apical and basal epithelial staining. Immunostained sections were 

counterstained with nucleus hemotoxylin. C, C’ and D, D’ are negative controls which were stained 

only with hemotoxylin.  
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Figure 1.7: Cldn 4-like immunostaining in SW and FW-acclimated tilapia stomach. Brown 
color staining shows the localization of the protein. A, B, C, and D are from SW acclimated tilapia; 

A’, B’, C’, and D’ from FW acclimated tilapia. A-C and A’-C’ are cldn 4-like immunostained 

sections. Immunostained sections were counterstained with nucleus hemotoxylin. D and D’ are 

negative controls which were stained only with hemotoxylin. 
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Claudin-4-like protein immunostaining is present in the SW and FW tilapia 

posterior intestine (Fig. 1.8). With respect to morphology of intestine, simple columnar 

epithelium covers the surface of the mucous layer and primarily consists of enterocytes and 

goblet cells for both the SW and FW tilapia intestine. The only obvious difference between 

the SW and FW tilapia intestine is the number of goblet cells. In FW fish, the number of 

goblet cells is markedly higher in FW fish than SW fish posterior intestine (Figs. 1.8A, A’ 

and C, C’). For both SW and FW fish, cldn 4-like staining is mainly in the apical side of the 

epithelial layer (Figs. 1.8A, A’ and B, B’). No detectible staining gradient along crypt-to-

villus axis was observed (Figs. 1.8A and A’). Staining is at the apical side and in the 

junctional areas between the epithelial cells (Figs. 1.8B and B’). In addition, cldn 4-like 

staining is detected in the basal sides of the cells in the lower half of the villi in both FW 

and SW fish intestine (Figs. 1.8A and A’).  
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Figure 1.8: Cldn 4-like immunostaining in SW and FW-acclimated tilapia intestine. Brown 
color staining shows the localization of the protein. A-C are from SW acclimated tilapia; A’-C’ 

from FW acclimated tilapia. A, A’ and B, B’ are cldn 4-like immunostained sections. 

Immunostained sections were counterstained with nucleus hemotoxylin. C and C’ are negative 
controls which were stained only with hemotoxylin. 
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Gene Expression of Claudins in the SW and FW Tilapia GI Tract 

Tissue Distribution of Claudin mRNAs in the SW and FW-Acclimated Tilapia 

GI Tract:  

The expression levels of claudin3c, claudin28a, and claudin30 mRNA in the 

esophagus, stomach, and anterior and posterior intestine of 30-day SW and FW-acclimated 

tilapia were investigated. The expression levels of these claudins were considerably higher 

in the esophagus than other three segments of the GI tract. All three claudins shared a 

common gross expression pattern in individual segments between SW and FW fish gut.   

Cldn3c expression was present in all segments of the GI tract examined. No 

statistically significant differences in cldn3c levels between any segments of SW and FW 

fish GI tract was observed, although expression levels appear higher in the esophagus and 

posterior intestine of SW than FW fish. In the stomach and anterior intestine, cldn3c 

expressions were higher in FW than SW fish, albeit the difference was not statistically 

significant (Fig. 1.9). 

Cldn28a expression was also present along the tilapia gut, but its mRNA levels were 

extremely low, particularly in the posterior intestine of both FW and SW fish. Only in the 

stomach was expression significantly higher (3.1 folds) in SW than in FW fish. In the 

esophagus, anterior and posterior intestines, cldn28a levels in FW and SW fish were similar 

(Fig. 1.10). 

 As with cldn28a and cldn3c, cldn30 mRNA levels were highest in the esophagus. 

No significant difference in cldn30 levels between any segments of SW and FW fish gut 

was observed (Fig. 1.11).    
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Figure 1.9: Cldn3c mRNA expression along the GI tract of SW and FW tilapia. The expression 

of cldn3c is highest in the esophagus among four segments examined. There is no statistical 

difference in cldn3c mRNA levels between SW and FW fish GI tract segments. Values are mean +/- 
SEM, n= 6 tilapia per each treatment group. 
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Figure 1.10: Cldn28a mRNA expression along the GI tract of SW and FW-acclimated tilapia. 

The expression of cldn28a is the highest in the esophagus among four segments examined. In 

stomach the expression of cldn28a was significantly higher in FW than SW fish. ―*‖ indicates 

statistical difference between SW and FW fish (*: p > 0.05). Values are mean +/- SEM, n = 6 tilapia 
per each treatment group. 
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Figure 1.11: Cldn30 mRNA expression along the GI tract of SW and FW tilapia. The 

expression of cldn30 is the highest in the esophagus among four segments examined. There is no 

statistical difference in cldn30 between SW and FW fish GI tract segments. Values are mean +/- 
SEM, n= 6 tilapia per each treatment group. 
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Expression of Claudins in Response to Salinity Challenge:  

The dynamics of claudin expression in the posterior intestine were investigated in 

response to FW and SW-challenge at 5 different time points (0, 1, 4, 7, 21 days). The first 

sample was taken at time 0, prior to the salinity challenge. Fish sham-transferred (FW to 

FW or SW to SW) were used as negative controls. 

The time-course of changes in the cldn3c, cldn28a, and cldn30 mRNA expression in 

response to salinity challenge was examined using SYBR green real-time PCR analysis.  

Transfer of SW tilapia to FW, induced an approximately 2-fold increase in cldn3c 

mRNA expression in the posterior intestine in 24 hours relative to the control group, 

(p<0.05; Fig. 1.12A). After 4 days, cldn3c expression dropped back to control levels where 

levels were maintained throughout the remainder of the 21-day challenge period. In the 

control group (SW to SW), the expression of cldn3c mRNA did not change significantly 

throughout the time course of salinity challenge (Fig. 1.12A). 

Transfer of FW tilapia to SW showed a reverse pattern to that of FW-challenged 

fish (Fig. 1.12B). In this case, cldn3c mRNA levels decreased 6.1 folds within 24 hour after 

SW transfer. Then, cldn3c recovered to original levels within 4 days. In the control group 

(FW to FW), the expression of cldn3c mRNA did not change significantly throughout the 

21 days of challenge (Fig. 1.12B). 
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Figure 1.12: The time-course of claudin3c mRNA expression of the posterior intestine in 

response to FW and SW transfer. The effects of FW-challenge (A) and SW-challenge (B) over 21 
days. Values are mean +/- SEM, n= 7 or 8 tilapia per each treatment group and time point. Solid 

lines represent negative controls (fish sham-transferred), dotted line represents the transfer of 

opposite salinity condition (SW to FW or FW to SW). ― ‖ indicates statistical significance between 

treatment groups ( :  p < 0.05), ( : p <0.0001).  
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 Transfers of neither SW tilapia to FW nor FW tilapia to SW induced significant 

changes in cldn28a expression relative to control fish (Fig. 1.13). In both cases, the initial 

expression of cldn28a was very low relative to cldn3c and cldn30 with basal levels 

approximating 2 copy numbers/ng RNA (Figs. 1.13A and B). 

 The general expression levels of cldn30 were higher (RNA copy number per ng 

RNA) than that of cldn28a, but lower than that of cldn3c in the tilapia posterior intestine 

during the 21-day salinity challenge period (Fig. 1.14). After 21 days transfer to FW, 

expression of cldn30 decreased relative to control (sham-transferred) (Fig. 1.14A).  

Transfer of FW fish to SW caused fluctuations in cldn30 expression during 21 days 

of salinity challenge period. While the expression of cldn30 was 3.3 folds lower in SW 

challenged fish relative to control after 7 days of transfer, levels were 4.5 fold higher in SW 

challenged fish relative to controls after 21 days of transfer (Fig. 1.14B).     
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Figure 1.13: The time-course of claudin28a mRNA expression of the posterior intestine in 

response to SW and FW transfer. The effects of FW-challenge (A) and SW-challenge (B) over 21 
days. Values are mean +/- SEM, n= 7 or 8 tilapia per each treatment group and time point. Solid 

lines represent negative controls (fish sham-transferred), dotted line represents the transfer of 

opposite salinity condition (SW to FW or FW to SW).   
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Cldn 30 Freshwater Challenge
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Figure 1.14: The time-course of claudin30 mRNA expression of the posterior intestine in 

response to SW and FW transfer. The effects of FW-challenge (A) and SW-challenge (B) over 21 

days. Values are mean +/- SEM, n= 7 or 8 tilapia per each treatment group and time point. Solid 
lines represent negative controls (fish sham-transferred), dotted line represents the transfer of 

opposite salinity condition (SW to FW or FW to SW).  indicates statistical significance between 

treatment groups ( :  p < 0.05), (  : p < 0.0001). 
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DISCUSSION 

The euryhaline teleost, Mozambique tilapia can adapt to both SW and FW. While 

fish face dehydration problems in SW, they must cope with severe hydration in FW. The 

ability to adapt two opposing salinities requires drastic changes in various osmoregulatory 

organs such as skin, gills, kidney and intestine (reviewed by Marshall and Grosell, 2005). 

Differential organization of the GI tract, gill, kidney and urinary bladder epithelia is 

coupled with increased ion and water uptake in SW fish than that of FW fish (Takahashi et. 

al., 2007; McCormick, 2001). In this project, the expression of claudin tight junction 

proteins in epithelia was investigated to determine their potential contributions to in 

regulating hydromineral balance in the GI tract of tilapia.         

Like mammalian, the fish GI tract is anatomically divided into specialized 

segments: esophagus, stomach, and small intestine. In the cross section of each segment, 

from the lumen to plasma, the GI tract includes similar morphological layers: mucosa, 

submucosa, smooth muscle layers and an outermost connective tissue. In fish, each segment 

plays different roles for adapting to diverse salinities. One of the drastic differences of these 

segments is probably the organization of epithelia, which is located in the mucosa layer, 

next to the lumen. The properties of epithelia are believed to be unique in different parts of 

the GI tract. Tight junctions are one of the important contributors to this diversity. The 

expression of claudins is not only diverse in different parts of the GI tract, but may also be 

different within an individual segment (Rahner et al., 2001; Holmes et al., 2006). In fugu, 

56 claudin isoforms have been identified, and the distribution of claudins seems to be tissue 

specific in different fish species (Loh et al., 2004; Tipsmark et. al., 2008c).  Moreover, in 
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combination the claudin members could add an enormous diversity to the properties of 

paracellular transport, and tissue specific responsiveness. In general, claudins can be 

classified into two groups with respect to their cation permeability: claudins having 

tightening potential (mammalian claudins 1, 3, 4, 5, 11, and 14, for example), and claudins 

having pore forming properties (claudin 2, 7, 15, and 16, for example) in MDCK and LLC-

PK1 cell lines (Amasheh et al., 2002; Wen et. al., 2004; Alexandre et al., 2005; Van Itallie 

et al., 2001; Van Itallie et al. 2003). However, the tightening ability of individual claudin 

depends on the composition and abundance of other claudins that might line the 

paracellular pores of different tissues (Krause et. al., 2008; Yu, 2003). 

Since identity of claudin genes in fish has only recently been established in fish, 

there are no available antibodies against claudin proteins in fish. However, claudins are 

evolutionary highly conserved and present in all animal species including those 

invertebrates to vertebrates examined to date (Furuse and Tsukita, 2006; Behr et al., 2003; 

Asono et al., 2003). Since mammalian claudins show high homology to fish claudins, the 

specificity of various mammalian antibodies raised against claudins had been tested, and it 

was detected that rabbit-anti claudin 3 and mouse-anti claudin 4 antibodies showed high 

specificity in tilapia gill (Tipsmark et al., 2008a). In the present study, the subcellular 

localizations of claudin 3 and 4-like proteins in the GI tract of tilapia were reported. 

Throughout the GI tract, staining of these proteins was detected in all three segments 

(esophagus, stomach, and intestine), and localization was mainly found in the epithelia as 

previously reported for the mammalian GI tract. 
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In SW eel, the esophagus is the main part of the GI tract for the removal of salt 

(Hirano and Mayer-Gostan, 1976; Parmelee and Renfro, 1983; Nagashima and Ando, 

1994), and act to decrease the osmolality of the ingested SW, likely essential for the 

intestine to absorb water. The SW eel esophagus is permeable to Na
+
 and Cl

- 
ions, but not 

water (Marshall and Grosell, 2005; Hirano and Mayer-Gostan, 1976). The movement of 

Na
+
 is driven by basolateral Na

+
-K

+
 ATPase. Na

+
 is believed to be taken into the epithelial 

cells by apically located Na
+
-Cl

-
, Na

+
-K

+
-2Cl

-
 co-transporters, Na

+
-H

+
 exchangers and/or 

Na
+
 channels (Parmelee and Renfro, 1983; Marshall and Grosell, 2005). Desalination is 

crucial because the intestine cannot absorb water if the content of luminal salt is too high 

(Skadhauge 1969; Ando et al., 2003). After the absorption of salt by the esophagus, the 

osmolality of the plasma increases. In eel, the heart is in very close proximity to the 

esophagus; and accordingly, the blood with high salt content is delivered to the heart 

through a short circulation circuit. Likewise, the heart pumps this blood to the gills which 

are again in close proximity of the heart; and consequently, NaCl is efficiently excreted 

back into the environment by the gills using a short blood vessel circuit (Ando et al., 2003). 

The uptake of water is minimal or absent in the esophagus of SW eel (Hirano and Mayer-

Gostan, 1976; Ando et al., 2003). In the intestine pores in paracellular pathways are large 

enough to allow the passage of water molecules (Angelow et al., 2006; Krause et al., 2008), 

and they are believed to be one of main routes for water uptake through the intestine 

(Marshall and Grosell, 2005). Epithelia display a range of resistance along the GI tract and 

tight junctions are the main determinant for the transepithelial resistance (Ma and 

Anderson, 2006). Esophagus is classified as having ―tight‖ tight junctions (Ma and 
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Anderson, 2006). In accordance with these reports, it was expected that tight junctions 

should be tight enough to prevent the diffusion of luminal sea water through paracellular 

routes in marine fish esophagus. In addition, uptake of Na
+
 which depends of the 

basolateral Na
+ 

pumps, and establishment of ―tight‖ tight junctions could prevent the back 

leakage of Na
+
 into the lumen by creating cation discriminating pores.  

FW fish that live in a highly hypoosmotic environment relative to their plasma must 

minimize water uptake through their epithelia including in the GI tract. Therefore, 

hydrophobic tight junctions should form tight barriers in the paracellular spaces in the 

epithelia along the GI tract. In addition, since FW is very poor in salt concentration, the 

paracellular pathways are likely to be built with high amounts of cation discriminating 

claudins in tight junction structures throughout the GI tract.   

  Cldn-3 is present along the gastrointestinal tract of mammals (Rahner et al., 2001; 

Holmes et al., 2006; Haworth et al., 2005). Cldn-3 overexpression has been reported to 

reduce paracellular permeability of human airway epithelia lines (Coyne et al., 2003). 

Conversely, reduction in cldn-3 expression caused increased paracellular permeability in 

Caco-2 intestinal cell line epithelia (McLaughlin et al., 2004). In the mouse kidney, cldn-3 

was detected in the ascending loop of Henle, distally convoluted tubule, and collecting duct 

of nephrons where tight junctions are tighter, but its expression was absent in the proximal 

segment where tight junctions are leakier (Kiuchi-Saishin et al., 2002). Phosphorylation of 

cldn 3 with PKA decreased TJ strength in ovarian cancer cell line OVCA 433, as shown by 

decreased TER and increased TJ permeability (D’Souza et al., 2005). In addition a mutation 

in cldn3 mimicked the phoshorylation state of cldn 3 and caused an increase in paracellular 
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flux and reduction in TER (D’Souza et al., 2005). Cldn-3 isoforms are also present in fish 

(Tetraodon sp.) kidney, skin and intestinal epithelium and proposed to contribute to form 

―tight‖ TJs (Bagherie-Lachidan et al, 2008). The majority of the reports suggest that cldn 3 

has a tightening potential for TJ (Krause et al., 2008). 

Similar to cldn-3, cldn-4 is suggested to be classified as a sealing (tightening) 

claudin (Krause et al., 2008). Cldn-4 was shown to form pores that discriminate against 

cations (Van Itallie et al., 2001). When this claudin was expressed under an inducible 

promoter in MDCK cells, it induced a dose dependent increase in TER. Inhibition of methyl 

transferases increased cldn-4 expression and caused an increase in TER in a bladder tumor 

cell line. Knockdown of the expression of cldn-4 in this cell line dropped the TER (Boireau 

et al., 2007). Like cldn-3, cldn 4 is highly present in the tighter parts of the nephron 

(Kiuchi-Saishin et al., 2002).  

The majority of reports suggest that both cldn-3 and -4 have a tightening potential 

for TJs. However, the tightening ability of individual claudin depends on the presence and 

abundance of other claudins and the expression and organizations of other types of tight 

junctional proteins (Krause et al., 2008; Van Itallie et al., 2008).   

Consistent with these reports, high expression of both cldn-3-, and cldn-4-like 

proteins in the SW tilapia GI tract were detected (Figs. 1.3-1.8). The esophagus is the main 

desalting organ in marine fishes. In both SW and FW tilapia esophagus, both proteins are 

localized primarily in the epithelial layer, between the epithelial cells (Fig. 1.3 and 1.6). 

Cldn-4-like staining was mainly at the apical sides of the epithelia. Additionally, some 

staining was observed on the basal side of the cells (Fig. 1.6). Cldn-3-like protein was not 
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solely in the apicolateral regions, and staining was observed throughout the apical and 

basolateral plasma membranes (Fig. 1.3). In the immunostaining images, staining of both 

cldn-3- and especially cldn-4-like proteins seemed stronger in FW tilapia than SW tilapia 

esophagus. This is not surprising because, unlike the SW eel esophagus, the esophagus of 

FW fish is largely impermeable to ions (Hirano and Mayer-Gostan, 1976). According to 

immunohistochemistry images, the stronger expressions of claudin proteins in the 

esophagus of FW tilapia than that of SW fish is similar to that was previously reported in 

tilapia gill (Tipsmark et al., 2008a). Both these proteins could form hydrophobic barriers, 

probably by decreasing the size or number of pores, and/or by creating cation 

discriminating pores in the paracellular spaces. This would result in the establishment of 

―tight‖ TJs in the esophageal epithelia.  

Unlike mammalian tissues which express only one cldn-3 protein, in fish, four cldn-

3 isoforms have been identified. Like cldn-3, multiple cldn-4-like isoforms are believed to 

be present in fish (Loh et al.). In Japanese puffer fish (Takifugu rubribes) 17 genes are 

believed to be related to mammalian cldn-3 and -4 (Loh et al., 2004). In this project, claudin 

antibodies raised in mammals. Therefore, it is possible, one or more cldn-3 or cldn-4-like 

isoforms were detected in the GI tract. The precise teleost isoforms remain to be identified.    

In addition to expression of cldn-3 and -4 like proteins, the morphological 

differences in the tilapia GI tract between SW and FW-acclimated was examined. In the 

SW eel esophagus, a relatively higher numbers of mucosal folding were reported, likely 

needed to increase surface area (Yamamoto and Hirano, 1978). Similarly, more folding of 

the esophageal mucosa in SW compared with FW-acclimate fish was observed (Fig. 1.3A 
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and A’). SW-acclimated European and Japanese eels have columnar epithelia which line 

the mucosal layer of the esophagus, which differs from stratified epithelium of FW adapted 

fish (Hirano and Mayer-Gostan, 1976; Yamamoto and Hirano, 1978). In this study, it was 

observed that SW-acclimated tilapia esophagus has columnar epithelia, but FW tilapia 

seems to have epithelia in the transition state from columnar to stratified type (Figs 1.3B 

and B’). In SW tilapia, higher vascularization in the submucosa was detected which is 

consistent with previous reports (Fig. 1.3A and A’) (Yamamoto and Hirano, 1978). Tight 

junctions are dynamic structures (Van Itallie et al., 2004). In response to abrupt 

environmental salinity changes, they can change their expression (gene level) and 

organizations (protein level) quickly (explained further below for salinity challenge 

experiment part) (Tipsmark et al 2008a). In addition to changes in the structure of tight 

junctions, the number and activity of various transporters such as various Na
+
 co-

transporters and Na
+
 pumps have been reported to change within 4 days of salinity transfer 

(Tipsmark et al., 2008b). And ultimately, after long term adaptation, the whole epithelial 

structure changes at tissue level. For example, in FW adapted eel, the number of esophageal 

goblet cells is higher than in SW-acclimated fish. Mucus cells secrete hydrophobic mucus. 

This mucus could cover the surface of the epithelial layer and prevent water diffusion 

through the epithelial cell along the GI tract of FW-acclimated fish. 

In SW eel stomach, some Na
+
, Cl

-
, and water permeability is detected (Hirano and 

Mayer-Gostan, 1976). After the desalination by the esophagus, the stomach further dilutes 

the ingested water via uptake of ions, and osmolality of the luminal fluid approaches that to 

the plasma (Marshall and Grosell, 2005; Ando and Nagashima, 1996; Hirano and Mayer-
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Gostan, 1976). No difference for permeability of ions and water between FW and SW-

acclimated eel stomach was found (Hirano and Mayer-Gostan, 1976). Because the presence 

of some ion and water permeability has been previously reported in fish stomach, it was not 

surprising to detect cldn-like proteins in the fish stomach. In addition, both cldn-3 and -4 

expression was previously reported in rat stomach (Rahner et al., 2001). In the present 

study, it was observed that both cldn 3-like and high amounts cldn 4-like proteins in both 

SW and FW tilapia stomach (Figs. 1.4 and 1.7). This raises the possibility that tight 

junctions in the stomach might also play important roles for hydromineral balance in tilapia. 

Cldn 3-like immunostaining was strictly localized in the tight junctional regions in both SW 

and FW fish stomach (Fig. 1.4). Additionally, cldn 3-like staining was seen in the apical 

sides of stomach epithelial cells in FW fish, this might be a reflection of strong tight 

junctional staining at the apico-lateral sides. Strong cldn 4-like staining was present in both 

apico-lateral and basal sides of gastic pits in SW and FW fish stomach (Fig. 1.7). Both the 

cldn 3 and cldn 4-like protein staining seemed stronger in FW than in SW stomach 

epithelia. These proteins might form barriers in the paracellular pathways to restrict 

diffusion of water, and Na
+
 discriminating pores to prevent the backflow of Na

+
, which 

could be more important for hydromineral balance in FW environments. In addition, cldn-

4-like proteins were observed between the tubular glands consisting of digestive enzyme 

secreting chief cells and hydrochloric acid secreting parietal cells beneath the gastric pits. It 

might be especially important for fish to maintain stable barriers between the tubular gland 

cells during the appropriate delivery of digestive enzymes and hydrochloric acid from the 

deeper zones of the mucosa to the luminal side. High cldn 4-like protein expression 
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between various types of cells in the mucosa layer of stomach might be important to 

maintain a stable bi-directional movement of various molecules. In rat stomach, cldn-3 and 

-4 were both expressed in the surface epithelium and in gastric glands. Cldn-4 expression 

was particularly strong in the gastric glands just as the observations in tilapia stomach 

(Rahner et al., 2001). 

The intestine part of the GI tract plays crucial roles for osmoregulation of marine 

fishes (Marshall and Grosell, 2005). After desalination of ingested SW mainly by the 

esophagus, and to a lesser degree in the stomach, the fluid reaches the intestine (Hirano and 

Mayer-Gostan, 1976, Parmelee and Renfro, 1983). Absorption of water requires obligatory 

Na+ and Cl
-
 absorption, but the exact mechanism of water intake from the intestine is not 

known (Grosell and Genz, 2006; Lorentz, 1995; Marshall and Grosell, 2005). Uptake of 

Na
+
 and Cl

-
 into the epithelia is mediated by apically located Na

+
-Cl

-
, Na

+
-K

+
-2Cl

- 
co-

transporters and HCO3
-
-Cl

-
 anion exchangers (Frizzell et al., 1979; Halm et al., 1985) and 

the energy for transport is provided by basolateral Na
+
-K

+
 ATPases (Lorentz, 1995). 

Lumenal water follows the salt using both transcellular and paracellular pathways (Marshall 

and Grosell, 2005; Ando et al., 2003; Masyuk et al., 2002). In addition, various co-

transporters such as Na
+
-K

+
-2Cl

-
, K

+
-Cl-, and Na

+
-glucose transporters have been proposed 

to pump water into the cells through transcellular pathways in marine teleost intestine (Loo 

et al., 1999; Zeuthen and MacAulay, 2002). Excessive salt in the plasma is actively 

extruded by the gills (Marshall and Grosell, 2005).  

Even though tight junctions are classified as ―leaky‖ in the mammalian intestine, 

FW fish must cope with hydration problems by mainly reducing water permeability and 
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increasing uptake of various ions from the dilute environment. Therefore, in the FW fish 

intestine, claudins must form ―tight‖ barriers between cells and/or they prevent leakage of 

Na
+
 via paracellular pathways by forming cation discriminating pores in TJs. Although 

previous in vitro studies have reported that FW anterior and posterior intestines have higher 

or similar water permeability as SW intestines (Mainoya, 1982; Rawdon and Cornish, 

1973), FW fish do not drink water and the luminal water content is much smaller and 

limited to the water content of the feed. Excessive water intake is eliminated by the kidney. 

On the other hand, the intestinal epithelia of SW-adapted fish display high water and ion 

permeability (McCormick, 2001) because water absorption depends on salt absorption. 

Therefore, in SW fish intestine, tight junctions should allow the movement of water through 

the paracellular pathways if these routes play roles in water absorption as widely believed. 

In our immunohistochemistry studies, cldn-3-like protein was highly expressed in the tight 

junctional areas, and the intensity of cldn 3-like staining was similar between SW and FW-

adapted tilapia. Cldn-4 staining was present at the apical and basal sides of the epithelia. 

Basal side cldn 4-like staining was obvious on the lower halves of SW intestinal villi. This 

might indicate additional roles of cldn 4-like proteins on the basal side of the epithelia such 

as in adhesion, or in contributing to additional permeability properties of SW fish intestinal 

epithelia. Additionally, they could form a protein pool on the basal side of the cells to 

modify TJ structure immediately. The intensity of apical cldn 4-like staining seemed higher 

in FW fish intestine, but this might artificially stem from the orientation of the cryosection 

during preparation.  
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Cldn3c, 28a, and 30 show approximately 85% similarity to mammalian cldn-3 and -

4 (Tipsmark et al., 2008c). Here the mRNA expression patterns of these three genes in SW 

and FW fish along the GI tract, and in response to salinity transfer in the posterior intestine 

were examined. The expression levels of these genes were highest in the esophagus among 

the four different segments of the tilapia gut in both FW and SW fish. This indicates tissue 

specific expression along the GI tract, and their potential importance in epithelial 

permeability during esophageal osmoregulation.   

The expression patterns of four Tncldn3 genes have been previously investigated in 

two-week acclimated SW and FW Tetraodon intestines.  The expression level of Tncldn3c 

was the lowest relative to other three isoforms in the intestine, and levels did not differ in 

fish from different salinities. On the other hand, Tncldn3a, Tncldn3b and Tncldn3d genes 

were significantly reduced upon SW acclimation (Bagherie-Lachidan et al., 2008). The 

findings on cldn3c expression in one-month SW and FW acclimated tilapia is consistent 

with the report on Tetraodon intestine. Cldn3c expression in the anterior intestine and 

posterior intestine did not differ between SW and FW-acclimated tilapia. However, in the 

salinity challenge experiments, cldn3c expression was significantly reduced and increased 

within 24 hours following SW and FW transfer, respectively (Fig 1.12). Four days after the 

transfer, the levels of cldn3c returned back to their original levels. This indicates that cldn3c 

is rapidly regulated in response to environmental salinity. In a specific tissue, certain 

claudin proteins, which are expressed widely, might form a ―housekeeping protein pool‖ in 

TJs to provide steady permeability properties for the epithelia in normal conditions. In 

response to an alteration in the environment, changes in the expression and/or organization 
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of a specific set of claudins might play ―fine-tuning‖ roles to give certain permeability 

qualities a specific tissue (Van Itallie et al., 2006). Cldn3c might play a quick ―fine-tuning‖ 

role to adjust paracellular permeability in altered environmental salinity conditions, 

whereby it favors adaptation to FW environments. The expression levels of cldn28a did not 

change significantly in the posterior intestine during salinity transfer. The expression of 

cldn30 was lowered in FW challenged fish, and induced in SW challenged fish after 21 

days from the transfer. The fluctuation in cldn30 expression in ―FW to FW‖ and ―FW to 

SW‖ transferred fish at 7 days following the transfer might stem from factors other than 

salinity such as stress. Cldn30 expression differed from cldn3c in two ways: firstly, 

contrary to cldn3c expression, which displays a quick response upon salinity transfer, 

cldn30 responded to salinity in a long-term fashion. Secondly, unlike cldn3c, which might 

have a sealing role in FW fish posterior intestine as proposed in various tissues in 

Tetraodon (Bagherie-Lachidan et al., 2008), cldn30 might have a different function from 

cldn3c such as a pore forming role in the paracellular spaces of SW fish posterior intestine.  

    

SUMMARY 

During salinity acclimation, changes in the properties of epithelia of GI tract are 

essential for osmotic homeostasis. Various claudins were detected in different segments of 

the fish GI tract. The subcellular localizations of cldn 3-like and 4-like proteins were 

reported in esophagus, stomach, and intestine of GI tract. 

Claudin proteins are highly dynamic structures (Van Itallie et al., 2004; Matsuda et 

al., 2004), and in response to exogenous stimuli, can change their expression and 
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reorganization quickly. In the current study, little difference in claudin expression between 

SW and FW fish was found. However, certain claudins may respond quickly to salinity 

transfer and provide a ―fine-tune‖ mechanism for epithelial permeability. This appears to be 

the case for cldn3c whose posterior intestine mRNA levels rapidly increased upon FW and 

declined upon SW exposure. Along with the alteration of tight junctional organization, the 

number and activity of the various channels, transporters, and pumps on transcellular 

pathways may also change (Evans et al., 2005; Marshall, 2002). In addition to short term 

responses, the epithelia may also reorganize at the tissue level to maintain osmotic 

homeostasis over the long-term. Two main morphological changes were observed in our 

studies: an alteration of epithelial cells such as goblet cells which form a hydrophobic 

mucus layer on the surface of epithelial cells, and second, the reorganization of apical sides 

of the epithelial cell membranes by decreasing or increasing the apical surface area. These 

morphological changes were previously reported between SW and FW-acclimated fish 

esophagus, and can be expected throughout the GI tract.   

  

CONCLUSIONS 

Claudin proteins are widely believed to be one of main structural and functional 

components of TJs. The importance of these proteins has been shown in various diseases 

including mutations in claudins, and with knockout / knockdown experiments in mammals. 

However, very little is known about the individual functions of these transmembrane 

proteins, their regulations and how they might participate in forming barriers or change the 

size or number of pores within paracellular spaces. In this study, the subcellular 



 

 57 

localizations of claudin-like proteins in the tilapia gastrointestinal tract are mainly localized 

in the epithelia as previously reported in mammals. Secondly, the expression levels of 

certain claudins change dynamically at the mRNA level in response to changes in 

environmental salinity. This might indicate differential expression and TJ contributions of 

claudins to the maintenance of hydromineral balance, likely via changing the permeability 

of the GI tract epithelia of tilapia.  

 

FUTURE DIRECTIONS 

 Determining the expression profiles of claudin proteins in the osmoregulatory 

organs including the esophagus and intestine is a crucial step to uncover the roles of these 

proteins for hydromineral balance in fish. Therefore, all fish claudins should be identified, 

and fish specific antibodies must be produced for immunohistochemistry analyses. In 

addition, protein expression analyses should be complemented by mRNA expression 

analyses. The localization of various claudin mRNA can be detected by in situ 

hybridization. In our lab, it has been already prepared and tested the specificity of cldn3c, 

cldn28a, and cldn30 probes, and completed the preparation of the various frozen tissue 

sections for in situ hybridization.   

 The mechanism of regulation of tight junction permeability in fish is largely 

unknown. The involvement of hormones, such as cortisol and prolactin in altering epithelial 

permeability for Na
+
 in response to salinity challenge has been previously reported (Hirano, 

1980). Likewise, the importance of these hormones along with some others has been shown 

during SW and FW adaptations. While cortisol is a crucial hormone for the SW adaptation, 
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prolactin plays a key role for FW adaptation. The effects of cortisol and prolactin on 

claudin expression are warranted considering their importance to osmoregulation in fish. 

Studies in mammals report that glucocorticoids and prolactin regulate of claudin 

expression.  Hormonal regulation of claudin expression can be tested by altering the 

concentration of these hormones in fish in certain conditions and measuring the levels of 

claudins using real-time PCR and microarrays analyses. Additionally, expression of other 

key signaling molecules that may induce or suppress claudin expression could be 

investigated in the future.   
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C h a p t e r   2  Claudin mRNA and Protein Expressions in the Chick Intestine during 

the last week of Embryonic Development 

 

ABSTRACT 

Claudin protein family is the main component of tight junctions and is present in 

both fully developed and embryonic tissues in mammalians and birds. In adult tissues, the 

main role of claudins is to regulate the paracellular transport and maintain the asymmetry of 

the epithelial cell membranes. The presence of some of these proteins in early and late 

stages of chick embryonic development suggests that expressions of claudin family 

members are also important during development of numerous epithelial layers. In this 

study, the expression levels of claudin-1, -2, -3, -5, and -16, an adapter protein: ZO-2, and 

TGF 3, an important signaling molecule, were investigated in the embryonic chick 

intestine during the last week of development using immunohistochemistry and real-time 

PCR analyses.    

 

INTRODUCTION 

The epithelial layer that covers the villus surface separates the lumen from the blood 

supply. Paracellular permeability between these two environments differs in a tissue 

specific manner in the epithelia of different organs and is regulated by tight junctions (TJs) 

(Van Itallie and Anderson, 2006; and 2004; Gonzalez-Mariscal et al., 2003; Schneeberger 

and Lynch, 1992).  Members of the claudin protein family form the main component of TJ 
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strands and each family member laterally interacts with another claudin protein located in 

the adjacent cell in a homotypic or heterotypic manner (Krause et al., 2008; Furuse and 

Tsukita, 2006; Furuse et al., 1999; Furuse et al., 1996). In addition to contributing to the 

barrier and polarization functions of TJs in mature tissues, claudins might also be required 

during development in the initial establishment of epithelial sheets and the regulation of 

cellular signaling (Simard et al, 2006; Haworth et al., 2005; Turksen and Troy, 2001; 

Brizuela et al., 2001; Sonoda et al., 1999). Claudins 1-5, 7-13, 15, 17, and 18 have been 

identified in the intestinal epithelium of adult rats and/or mice (Holmes et al., 2006; Fujita 

et al., 2006; Inai et al., 2005; Rahner et al., 2001; Morita et al., 1999). Claudin-3 and -5 

protein and transcript expression have been reported in the rat and mouse intestine (Rahner 

et al., 2001; Holmes et al., 2006).  

The roles and locations of specific claudin protein family members during embryogenesis 

are not well understood. The expression patterns of claudin-1 and -3 in young chick 

embryos have been determined (Simard et al., 2006 and 2005; Haworth et al., 2005). The 

importance of the claudin-1 protein for the correct left-right patterning of the heart looping 

in the chick embryo has been reported (Simard et al, 2006). Claudin-3 (xcla) has been 

reported to affect left-right patterning in the heart and gut in Xenopus (Brizuela et al., 

2001), and similar results have been found for claudin-4 and -5 (unpublished data). 

However, little information exists on claudin proteins in the epithelium of developing chick 

intestine. 

Rapid functional differentiation of the intestinal epithelium occurs between days 14 

and 21 (the week before hatching), including formation of villi, microvilli and the terminal 
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web, changes in cell shape, and a dramatic increase in the density of goblet cells within the 

epithelium (Black, 1978; Black and Smith, 1989; Uni et al., 2003). Here the localization of 

claudin-3, -5, and -16 proteins were reported during the third week of embryonic 

development in the intestinal epithelium. Claudins-3 and -5 were chosen in order to 

compare the expression of these proteins in the chick intestine with that reported for mouse 

and rat intestine. Claudin-16 was of interest due to its presence in kidney epithelium where 

it is reported to function in paracellular transport of bivalent cations (Simon et al., 1999). In 

addition, the chick intestinal mRNA levels of claudin-1, -3, -5, -16, ZO-2, and TGF 3 

among three stages: 18 and 20 days of incubation and after 2 days of hatch were 

investigated. Developing chick intestine provides a dynamic model to investigate claudin 

localization at different embryonic ages, as well as in younger vs. older villi at the same age 

and along the crypt-to-villus tip axis of a single villus in hatched-chicks.   
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LITERATURE REVIEW 

Embryonic development of the chick intestine:  

Primitive gut tube formation is initiated by the invaginations of the ventral gut 

endoderm from the rostral (anterior) and caudal (posterior) ends of the embryo. These 

invaginations are called anterior and posterior intestinal portal, respectively. While these 

invaginations migrate toward each other, they form a simple tube behind them (Gruenwald, 

1941). While the foregut and hindgut originate from the rostral and caudal invaginations, 

respectively, the midgut is derived from both. Foregut refers to the anterior part of the body 

from the mouth to the duodenum part of the intestine while midgut and hindgut covers the 

rest of the intestines in mature organisms (Carlson, 1999). 

The luminal epithelial layer of the gut develops from the embryonic endoderm, and 

the other cell layers of the gut are derived from the splanchnic mesoderm layer that 

surrounds the endodermal epithelium. Specification of the gut involves the interaction 

between the endoderm-derived epithelium and the overlying mesoderm; and consequently, 

the luminal epithelium undergoes specification along the A-P axis to form esophagus, 

stomach, small and large intestines (Roberts, 1999). Meanwhile, the splanchnic mesoderm 

differentiates into smooth muscle layers in an organ specific manner. Several sequential 

signaling molecules have been identified in the crosstalk between the endoderm and 

mesoderm for the regionalization of the gut: firstly, Sonic hedgehog (SHH) is expressed by 

the endoderm and secreted in different concentrations and causes the differentiation of the 

adjacent mesoderm. Shh is believed to induce the activation of Hox genes (Hoxd, for 

example) in the mesoderm for its specification. Differentiated mesoderm then sends 
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paracrin type signals such as BMPs (BMP4, for example) and FGFs to endoderm for its 

specification. Further cross-talk between these two layers in a paracrin manner leads to 

differentiation of organs along AP axis of the gut.  Liver, pancreas, and gallbladder are 

other gut organs, and they are also lined by the endoderm layer (Haffen et al., 1987; 

Kedinger, 1986, 1988).     

Tight Junctions (TJs) and Claudin (cldn) Proteins:  

Simple columnar epithelium of the intestine forms an active barrier between the 

lumen and the blood supply, and regulates absorption and secretion events of the intestine 

Therefore, the activity of intestinal epithelium is one of the key elements for intestinal 

homeostasis. Tight junctions are specialized, multi-component structures located at the 

most apical side of lateral cell membranes (Fig. 2.1) (Anderson and Van Itallie, 2008), and 

can be considered connections (kissing points) of adjacent cell membranes which are 

formed by the interactions of extracellular loops of opposing integral membrane proteins of 

two adjacent epithelial cells (Krause et al., 2008). Tight junctions are responsible for the 

sealing the spaces between the epithelial cells (the barrier function of tight junction); 

however, they are complex and dynamic structures, and play an important role in 

movement of molecules between the lumen and the capillary vessels by regulating the 

diffusion between the cells so called paracellular transport (Schneeberger and Lynch, 2004; 

Gonzales-Mariscal et al., 2003).       

Cldn protein family is the main component of tight junction (TJ) strands and 

directly involved in the barrier function of TJs (Furuse et al., 1998; Furuse et al., 1996; Van 

Itallie and Anderson, 2006; Sonoda et al., 1999). In addition, the cldn protein family with 
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more than 20 members creates charge and size selective pores in the paracellular pathways 

and has a critical influence in the composition of the transported solutes in a tissue specific 

manner (Van Itallie and Anderson, 2006; Colegio et al., 2002; Rahner et al., 2001; Simon et 

al, 1999).  

 

Figure 2.1: Localization of tight junctions in a typical epithelial cell. Tight junctions are located 

in most apical side of lateral cell membranes. Figure is based on: Lodish et al., 2000. 

 

 

Claudins During Embryonic Development: 

In addition to contributing to the barrier function of TJs in mature tissues, these 

junctions are also present and required for normal embryonic development of epithelial 

sheets (Simard et al, 2006; Turksen and Troy, 2001; Sonoda et al., 1999; Brizuela et al., 

2001). Brizuela et al., (2001) reported the importance of the Xcla TJ protein in the 

regulation of cell-cell interactions during establishment of LR axis asymmetry of the heart, 
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gut and/or gall bladder during Xenopus development. In addition, it has been reported that 

Claudin-1 and -3 are expressed as early as Hamburger and Hamilton (HH) stage 4 and 6 

chick embryos (Simard et al, 2006 and 2005; Haworth et al, 2005). Whole-mount in situ 

hybridization of cldn-1 mRNA in early embryos has revealed that cldn-1 was expressed 

throughout the ectoderm in stage 4-6 embryos (Simard et al, 2005). During these stages, 

cldn-1 expression was not detected in the notochord, developing heart, and the lateral plate 

mesoderm (Simard et al., 2006). Real-time PCR studies have revealed that cldn-1 mRNA 

was 1.4 fold higher on the left than the right sides of embryos at HH stage 4 (Simard et al., 

2006). At later stages, cldn-1 was observed in the epithelia of nasal placode, pharyngeal 

arches, and the otic vesicle. At stage 16-18, cldn-1 expression was seen in primordial germ 

cells, developing lung epithelium, gut and mesonephros (Simard et al, 2005).  At stage 20, 

cldn-3 expression was detected in the mesonephric system, liver, lung bud, and intestine at 

stage 20 chick embryos (Haworth et al, 2005). 

Simard et al, 2006 reported the importance of the cldn-1 protein for the correct LR 

patterning of the heart looping in the chick embryo. Retroviral over-expression of cldn-1 

caused an abnormal (leftward) heart looping without affecting the endogenous expression 

of main asymmetry related genes like Pitx2, Nodal, Shh, and Lefty-1 when these 

investigators injected retrovirus on the right side of the chick embryo at stage 4.  

Claudin-6 has been reported to be present mainly in the embryonic tissues. It is 

expressed in mouse embryonic stem cells and embryonic kidney tubules and may have a 

role in the maturation of epidermis or paracellular permeability (Turksen and Troy 2001; 

Abuazza et al., 2006).  
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During embryogenesis cldns might provide a sealing role between the cells, regulate 

the passage of ions, and mediate signaling molecules and/or transcription factors. Secondly, 

these proteins might provide significant adhesions between the cells and might play a role 

in time and space specific cell migration or affect three dimensional configurations of the 

cells; and thirdly, expression of cldns might up- or down-regulate the expression of other 

genes related to development such as LR asymmetry genes (Levin, 2006; Simard et al, 

2006; Brizuela et al., 2001; Tsukita and Furuse, 2000). 

 

MATERIALS and METHODS 

Animals: 

Broiler-type 1-day old chicks, 6-week old chickens, and fertile eggs were obtained 

from the Poultry Farm of North Carolina State University. Eggs were incubated at 99.5° F 

in a forced-draft incubator for the indicated number of days. Adult mice were obtained from 

Biological Resources Facility of North Carolina State University. 

Tissue Preparation for Staining: 

Chicks and mice were sacrificed, and the small intestine was immediately removed. 

Tissue pieces approximately 0.5cm long were taken from the proximal end of the duodenal 

loop, from the midpoint of the jejunum, and from the midpoint of the ileum (Fig. 2.2). 

Pieces were rinsed with cold phosphate buffered saline (PBS), pH 7.4 to remove blood and 

debris, split open to expose the intestinal lumen, fixed in fresh, buffered 2% 

paraformaldehyde for two hours, and then frozen with liquid nitrogen. Cryosections of 6μm 
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were prepared on a cryostat vibratome (Bright OTF5000 – Bright Instrument Co Ltd.) at -

16ºC.  

 

Figure 2.2: Schematic representation of duodenum, jejunum and ileum parts of the chicken 

intestine. For protein and gene expression analyses, duodenum part of the intestine was utilized. 

 

Immunostaining: 

Endogenous peroxidase activity was suppressed by treatment with 3% hydrogen 

peroxide for 30 min. Blocking solution was then applied for 1 h at room temperature 

(Vectastain kit, Vector labs, Burlingame, CA). Sections were next incubated with rabbit 

polyclonal claudin-3, claudin-5, or claudin-16 antibodies (Zymed, San Francisco, CA, 

USA) at 1:50 dilutions containing 0.3% TritonX-100 overnight at 4ºC in a closed and 

moistened chamber. For negative controls, duplicate sections were treated with normal 

serum for the same time and temperature. Diluted biotinylated universal IgG (Vectastain 

kit, Vector labs, Burlingame, CA) was applied and slides were incubated for 30 min at 

room temperature. Vectastain ABC reagent was then added for 30 min at room temperature. 

To visualize the claudin proteins, 3, 3’-diaminobenzidine Tetrahydrocloride (DAB, Sigma 

Labs, St. Louis, MO) was prepared according to the manufacturer’s instructions and applied 
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to sections for 10 min. The DAB reaction was terminated by dipping the slides into water 

and sections were counterstained with hematoxylin. Stained sections were imaged by video 

microscopy using an Olympus BH2-RFCA microscope equipped with a Sony V500 digital 

camera.  

Alcian Blue Staining: 

 Sections were stained in 1% alcian blue in 3% acetic acid (pH: 2.5) for 5 min and 

counterstained with eosin. 

Western Blotting: 

 Tissue segments from each part of the chick intestine were homogenized in PBS. 

The homogenate was centrifuged at 1,000g for 20 min at 4ºC and re-suspended in PBS. 

Protein content of the homogenate described above were measured by a micro-assay based 

on the BCA protein assay (Pierce, Rockford, IL). Final concentrations of sample buffer and 

reducing agent (NuPAGE, Invitrogen, San Diego, CA) in the loaded samples were 141mM 

Tris base, 106mM Tris HCl, 73mM LDS, 0.5mM EDTA and, 50mM 1,4-dithiothretiol, 

Glycerol (8% v/v), serva blue G250 (0.019% w/v), and phenol red (0.006% w/v) were 

added prior to heating at 80ºC for 10 min. Proteins in 15 μg samples were separated by gel 

electrophoresis using 4–12% bis-tris gels (NuPAGE system) and MES/SDS-buffer (in mM: 

50 2-(N-morpholino) ethanesulfonic acid, 50 Tris, 3.5 SDS, 1 Na2-EDTA; with addition of 

NuPAGE antioxidant) at 200 V (Xcell II SureLock; Invitrogen). Molecular size was 

estimated by including a prestained marker (Biorad, Hercules, CA). Following 

electrophoresis, the gel was blotted on to nitro-cellulose membranes (0.45 μm; Invitrogen) 

by submerged-blotting for 1 h at 30 V (XCell II; Invitrogen) in transfer buffer consisting of 
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25mM Tris, 192mM glycine, and 10% methanol. Membranes were blocked for 30 min in a 

1:1 combination of TBS-T and LI-COR blocking buffer (Lincoln, NE) and washed in TBS-

T. Membranes were incubated overnight at 4ºC with rabbit polyclonal claudin-3, claudin-5 

(Zymed, San Francisco, CA, USA) and claudin-16 (Aviva System Biology, San Diego, 

USA) primary antibodies. Following washing, membranes were incubated 1 hour with goat 

anti-mouse and/or anti-rabbit secondary antibodies conjugated to Alexa IRDye 680 or 

IRDye 800CW (LI-COR). Blotted proteins were detected and their relative abundance 

quantified using the Odyssey infrared imaging system (LI-COR).   

Isolation of Epithelial Cells from Intestinal Villi:  

Isolation of epithelial cells from intestinal villi was performed as described by Black 

(1988). Briefly, tissue pieces removed from the small intestine were incubated in citrate 

buffer for 20 minutes at room temperature. Then, they were transferred to an EDTA-

containing buffer and incubated at 37ºC with shaking for 30 minutes. The resulting cell 

suspension was filtered through silk screen to remove tissue debris and centrifuged for 5 

min to obtain a pellet of epithelial cells. The cells were re-suspended in PBS and utilized 

for real-time PCR analyses. 

Total RNA Extraction: 

Organ cultured tissues were homogenized in Trizol reagent (Gibco, Grand Island, 

NY) using a bead beater. In order to separate nucleic acid from other macromolecules, 

chloroform was added into homogenate, vortexed, and then centrifuged; the upper aqueous 

phase contained total RNA. Total RNA was precipitated in 100% ethyl alcohol and 

hydrated with diethylpyrocarbonate treated (DEPC) water. Concentration and purity of the 
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total RNA samples were measured using a Nanodrop spectrophotometer (ND-1000). The 

quality of the total RNA was further analyzed by 1.5% agarose gel electrophoresis. Only 

total RNA with sufficient purity (A260/280 > 1.8) was used for further analyses. TURBO 

DNase (Ambion, Austin, TX) was used to remove genomic DNA contamination according 

to the manufacturer instructions.  

Quantitative Real-Time PCR Analysis: 

Reverse transcription and amplification were performed in a thermal cycler 

(Eppendorf) using a High Capacity cDNA reverse transcription Kit according to the 

manufacturer’s instructions (Applied Biosystems, Foster City, CA, USA). Primers were 

designed using Beacon Designer Software purchased from IDT (Iowa, USA). The list of the 

primers and the expected sizes of produced amplicons are shown in Table 2.1.   

 
Table 2.1: List of the real-time PCR primer sets, their sequences, and expected amplicon sizes: 

 

Genes and accession #            Primer sequence (5’ to 3’)   Annealing temp., 
oC       Amplicon size (bp) 

    
1. Cldn1 (NM_001013611) Sense     GTCTGGTTGGTGTGTTTG  54       196 
   Antisense    TTAACGGGTGTGAAAGGG 
 

2. Cldn2 (XM_420271) Sense     CTCAGCCCTCCATCAAAC  56       162  
          Antisense    TGCGTCTTCTCCTCTTAC 
 
3. Cldn3 (NM_204202)     Sense           AGCCCTCCATCTCAGCAG  56       185 
             Antisense    TTCTCCGCCAGACTCTCC   
 
4. Cldn5 (NM_204201)      Sense           GTCCCGCTCTGCTGGTTC  56        84 
                 Antisense    CCCTATCTCCCGCTTCTGG 

 
5. Cldn16 (XM_426702)    Sense           TACGCCATTGATGTCTACG  53       125 
              Antisense    GATAAGAAGCAGCCCAGTG 
 
6. ZO-2 (NM_204918) Sense      GAAGCAGAGGTCGTAGTAGG  55       140 
             Antisense    CTGTCCATAGCCACCATCC 
 

7. TGF 3 (NM_205454)    Sense      AAGGCATTGACAGTGAAG  55       173 

           Antisense      GAAGCAGTAGTTGGTATCC 
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To investigate the expression of claudins during development, SYBR green real-

time PCR analysis was used. Reactions consisted of Power SYBR green PCR master mix 

(Applied Biosystems), forward and reverse primers at 10 m, and 2.5ng/ml cDNA sample. 

A real-time PCR protocol at 95ºC for 7 min followed by 50 cycles of 95ºC for 30 sec, 55ºC 

for 30 sec, and 72ºC for 30 sec was used (Fig. 2.3). Following amplification, a melting 

curve analysis was performed in 0.5ºC intervals. Cycle threshold (Ct) values were obtained 

using Icycler Software, duplicate values of each cDNA were averaged, and relative fold 

changes were determined using Pfaffl method which includes corrections for PCR 

efficiencies (Pfaffl, 2001). 18S rRNA was used as an internal control. Experimental errors 

were calculated by the standard error of the mean (SEM) of normalized Ct values from each 

development stage for individual genes, and were indicated as error bars in the graphs. 

Holm-Sidak test in conjunction with one way ANOVA statistical analysis was performed to 

determine the significance between treatment groups (Systat Software). P value < 0.05 was 

accepted as statistical significance.      

 

Figure 2.3: The real-time PCR protocol. Annealing temperature was adjusted according to each 

primer set.                              

                      Cycle  1: (  1X)  
Step  1:   95.0ºC for 07:00 

             Cycle  2: ( 50X)  
Step  1:   95.0ºC for 00:30 
Step  2:   55.0ºC for 00:30 
Step  3:   72.0ºC for 00:30 

       Cycle  3: ( 1X)  
Step  1:   72.0ºC for 05:00 

Cycle  4: (  1X)  
Step  1:   95.0ºC for 01:00 

Cycle  5: (  1X)  
Step  1:   55.0ºC for 01:00 

Cycle  6:(  80X)  
Step  1:   55.0ºC for 00:30 

        Increase setpoint temperature after cycle 2 by 0.5ºC 
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RESULTS 

Localization of claudin proteins in intestinal epithelium of post-hatch chicks: 

 Claudins-3, -5, and -16 were present in the intestine of 1-day old hatched chicks 

based on the results of western blotting (Fig. 2.4). While claudins -3 and -5 were present in 

higher amounts within duodenum as compared to the ileum, claudin-16 was higher in the 

ileum.  

 

Figure 2.4: Western blot analysis of claudin-3, 5, and 16 in duodenum, jejunum and ileum. 

Fifteen micrograms of protein was loaded in each lane. Relative band densities of cldn-3, 5, and 16 
were indicated in duodenum, jejunum, and ileum.   

 

 

Next, the distribution of these three claudin proteins within the epithelium was 

evaluated by an immunostaining technique (based on ETD by Ozden, 2004). As shown in 
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Fig. 2.5, these claudin proteins displayed different immunoreactivity patterns. Within the 

duodenum, claudin-3 staining was seen within both the apical and basal regions of the 

epithelial cells and occasionally between cells (Figs. 2.5B and B’), claudin-5 was located 

between epithelial cells, mainly in the tight junctional regions (Figs. 2.5C and C’), and 

claudin-16 was present in a subset of epithelial cells (Figs. 2.5D and D’). The shape of the 

stained regions and the distribution of the latter cells within the epithelium suggested that 

they were goblet cells. Alcian blue staining of goblet cells in sections of the same tissue 

provided confirming evidence that claudin-16 was within goblet cells of the epithelium 

(described below). Since the apparent presence of claudin-16 within intestinal goblet cells 

was unexpected, the immunostaining procedure was repeated on intestinal sections from 

older (6 week) chicks and from adult mice.  In both cases, claudin-16 staining appeared to 

be present within goblet cells although staining was much lighter in mouse intestine (Figs. 

2.8H and I).  
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Figure 2.5: Localization of claudin- 3, 5, and 16 immunoreactivity in the duodenum of 1-day 

old hatched chicks. Left column (low power magnification), right column (high power 
magnification). (A, A’), there is no immunostaining in the negative controls. (B and B’), claudin-3 

is located in basolateral membranes. (C and C’) claudin-5 is in the epithelial junctional areas. (D 

and D’) claudin-16 immunoreactivity in goblet cells. Based on Ozden, 2004. 
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Localization of claudin-3 proteins during embryonic development: 

On day 12 of incubation, the duodenal epithelium stained with claudin-3 antibody 

(Fig. 2.6A). Throughout the duodenum, staining in epithelium of the upper villus region 

was stronger than that of villus base. On day 14, claudin-3 staining was similar, but more 

intense as compared to day 12; villus tips were again stained more strongly than the villus 

bases (Fig. 2.6B). On day 16, staining was similar to day 14, except the villus tip to base 

gradient was less apparent (Fig. 2.6C). On day 18, claudin-3 staining was strongest at the 

villus tips (Fig. 2.6D), but the day before hatching (day 20), staining was uniform 

throughout the epithelia layer from villus base to tip (Fig. 2.6E). During days 12-18 of 

development, the claudin-3 expression pattern within the jejunum and ileum was similar to 

that of duodenum, except that expression of claudin-3 protein within the ileum lagged two 

days behind that of the duodenum (data not shown). By 20 days, there was no obvious 

difference in claudin-3 staining in the three intestinal regions was found (data not shown). 

In 1-day old hatched chicks, claudin-3 staining was present along the entire length of most 

villi without showing an obvious gradient (Fig. 2.6G), but was weak within the crypt region 

(Fig. 2.6H). 
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Figure 2.6: Claudin-3 staining in pre-hatch and post-hatch chick duodenum. A, 12- day 
embryo. A’, high magnification of square in A. B, 14-day embryo. B’, high magnification of square 

in B. C, 16-day embryo. C’, high magnification of square in C. D, 18-day embryo. E, 20-day 

embryo. F, G, and H, 1-day old hatched chicks. G, basolateral staining is present in the lower half of 

a mature villus (arrow). No detectible claudin-3 was found in the crypt region of a villus (arrow) in 
H. Based on Ozden, 2004.   
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 Localization of claudin-5 proteins during embryonic development: 

At days 12 and 14 of incubation, claudin-5 staining of duodenum was detected 

within the cytoplasm of the epithelium, and tended to be more concentrated in the apical 

region of cells (Fig. 2.7A). No obvious gradient along the villus was found. On days 16, 18, 

and 20, claudin-5 staining remained within the apical regions of epithelium, but by day 20 

could also be found in tight junctional regions (Figs. 2.7C, D, and E). Claudin-5 protein 

staining of the jejunum and ileum from 12-20 days was similar to that of the duodenum 

(data not shown). In 1-day old hatched chicks, claudin-5 staining was prominent in the tight 

junctional region of crypt and lower villus epithelium, but was less conspicuous in the 

upper regions of the longest (most mature) villi. In the shorter (less mature) villi, staining 

was uniform from villus base to tip (Fig. 2.7F and G). Staining was also seen within the 

endothelium of mucosal blood vessels (Fig. 2.7H). 
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Figure 2.7: Claudin-5 staining in pre-hatch and post-hatch duodenum. A, 12-day embryo. B, 
14-day embryo. C, 16-day embryo. D, 18-day embryo. E, 20-day embryo. F, G, and H are from 1-

day old hatched chick duodenum. Arrowheads indicate endothelial staining in H. Based on Ozden, 

2004. 
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Localization of claudin-16 proteins during embryonic development  

Claudin-16 immunostaining of the goblet cells was first seen in the duodenum at 20 

days of embryonic development; stained cells were located near villus tips (Fig. 2.8D). By 

1-day post-hatch, claudin-16 positive goblet cells were present throughout most of the 

duodenal epithelium, but were absent from the villus base and crypt regions. This pattern 

was more pronounced in jejunum and ileum of 1-day old chicks; immunostained cells were 

most numerous near villus tips and rarely seen in the lower half of long villi (Figs. 2.8A, B, 

and C).  Short villi of all three intestinal regions resembled the villi of 20-day embryos in 

that stained cells were few in number and located near villus tips.   

The distribution of goblet cells within the intestinal epithelium was also visualized 

by staining with alcian blue. Comparison of sections stained with alcian blue vs. claudin-16 

antibody revealed a similar distribution of stained cells in the upper villus from all three 

intestinal regions (Figs. 2.8A, B, and C).  Although the presence of goblet cells within the 

crypts and lower villus region was demonstrated by alcian blue, these cells apparently did 

not contain claudin-16 protein. 

In intestine from hatched chicks, mucus appeared to the emerging from some 

immunostained cells (Fig. 2.5D’), further confirming their identity as goblet cells. In some 

goblet cell images, claudin-16 protein staining appeared to be localized on the membranes 

of the mucin granules (Fig. 2.8E). Traces of immunostaining were also detected between 

epithelial cells, in the tight junctional region, and on the epithelial surface (Fig. 2.8G).  The 
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latter staining can be attributed to secreted mucus that clings to the villus surface.  

 

Figure 2.8: Claudin-16 staining in pre-hatch and post-hatch intestine. A, A’- C, C’ are 1-day 

old chick intestine. A’, Goblet cells were visualized with alcian blue in duodenum. (B’) in jejunum, 

and C’ in ileum. D, 20-day embryo duodenum. E, claudin-16 appeared to be localized on the mucin 

granule membranes. G, some claudin-16 staining was present between the epithelial cells in 1-day 
old hatched chick duodenum. Claudin-16 immunoreactivity is observed in goblet cells in 6-week 

adult chick intestine duodenum in F and H. I, claudin-16 immunoreactivity is seen in the goblet 

cells of adult mouse duodenum. Based on Ozden, 2004. 
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 In summary, in both hatched and embryonic chick intestines, these three proteins 

localize to different areas of the intestinal epithelium. Claudin-3 was observed mainly in the 

apical and basal sides of the epithelial cells and in the cytoplasm. Claudin-5 was seen 

mainly in the epithelial tight junctional areas. Claudin-16 is present in the goblet cells on 

the more regions of villi (Fig. 2.9). 

  

 

Figure 2.9: Summary for claudin-3 and -5 and -16 protein expressions in the intestine. 

Claudin-3, -5 and -16 proteins are present in both 1-day old hatched chick and embryonic chick 
intestines during one week before hatching. Based on Ozden, 2004. 

 

 

Gene expression of claudins during embryonic development 

To determine the expression profile of claudin mRNAs in the chick duodenal 

epithelium during embryonic development, SYBR-Green real time PCR analyses was used. 
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The expression levels of claudin-1, -2, -3, -5 and -16, TGF  and ZO-2 in three 

developmental stages: 18 and 20 days of development, and 2 days post-hatch were 

compared. Relative gross expression patterns of the three claudin transcripts were similar at 

these developmental stages. With the exception of claudin-2, claudin expressions were 

lowest at 18 days of incubation and reached their highest levels on the day before hatching 

(20 days of embryonic development). Some decrease in the expression of these claudins at 

2 days post-hatch was observed, but levels remained higher than in 18 day embryos (Figs. 

2.10, 12, 13, 14) 

Claudin-1 expression was the lowest among three stages examined. The day before 

hatching, its expression sharply increased 11.5 fold. At two days old hatched chick 

intestine, the mRNA levels were 3.4 folds higher than 18 days of embryonic intestine (Fig. 

2.10). 

Relative cldn 1 expression before and after hatching

0

2

4

6

8

10

12

14

18 days incubation 20 days incubation 2 days post-hatch

Embryonic age

R
e
la

ti
v
e
 m

R
N

A
 e

x
p

re
s
s
io

n
  

  
  

  
.

 

Figure 2.10: The expression levels of the claudin-1 mRNA of 20-day embryonic and hatched 

chick intestines relative to 18-day embryos. The data are reported as mean +/- SEM, n > or = 3, 

( - p < 0.001, - p < 0.05 statistical significance compared to 18 days old embryos. ― ‖ 
indicates statistical significance between 20-day embryo and 2-day hatched chick intestinal epithelia 

(p < 0.05).          
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 The expression of claudin-2 displayed a different pattern than other claudins that 

were examined. The expression levels of claudin-2 were similar between 18 and 20 days 

old embryonic intestines. The day after hatching, relative claudin-2 mRNA levels were two 

folds higher than during pre-hatch stages (Fig. 2.11).  
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Figure 2.11: The expression levels of the claudin-2 mRNA of 20-day embryonic and hatched 

chick intestinal epithelia relative to 18-day embryos. The data are reported as mean +/- SEM, n = 
or > 3. 

 

Claudin-3 expression at 18 days of incubation was relatively the lowest, and 

increased at 20-day pre-hatch and 2 days old post-hatch ages. Its expression reached its 

peak the day before hatching with an approximately 9.7-fold increase. After hatching, its 

expression lowered to approximately 3.5 folds of 18-day pre-hatch stage (Fig. 2.12).  

Claudin-5 expression was relatively low at 18-day embryonic incubation. The day 

before and after hatching its expressions were approximately 3.8 and 2.8 folds of 18 days 

old embryo, respectively (Fig. 2.13).   
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Relative cldn 3 expression before and after hatching
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Figure 2.12: The expression levels of the claudin-3 mRNA of 20-day embryonic and hatched 

chick intestinal epithelia relative to 18-day embryos. The data are reported as mean +/- SEM, n = 

or > 3. ( : p < 0.001, : p < 0.05 statistical significance compared to 18 days old embryos. 

― ‖ indicates statistical significance between 20-day embryo and 2-day hatched chick intestinal 

epithelia (p < 0.05). 
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Figure 2.13: The expression levels of the claudin-5 mRNA of 20-day embryonic and hatched 

chick intestinal epithelia relative to 18-day embryos. The data are reported as mean +/- SEM, n = 

or > 3,  : p < 0.05 compared to 18 days old embryos.  
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As for claudin-16, its expression reached its peak the day before hatching and was 

approximately 9.1 folds of 18 days old embryonic age. In two days post-hatching, there was 

some decrease relative to that of the day before hatching, approximately 3.7 fold more of 

claudin-16 mRNA expression was observed at that stage than that of the 18 day old (Fig. 

2.14). 
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Figure 2.14: The expression levels of the claudin-16 mRNA of 20-day embryonic and hatched 

chicks relative to 18-day embryos. The data are reported as mean +/- SEM, n > or = 3, ( - p < 
0.001 compared to 18 days old embryos.  indicates statistical significance between 20-day embryo 

and 2-day hatched chick intestinal epithelia (p < 0.05). 

 

 

The expression of another tight junction related protein was also examined and 

found to differ from that of the claudins. ZO-2 expression was relatively the highest in 18-

day embryos and declined at later developmental stages: the expression in 18-day embryos 

was 3.8 and 5.9 fold that of 20-day embryonic and 2-day hatched chick, respectively (Fig. 

2.15).   
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Relative ZO-2 expression before and after hatching
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Figure 2.15: The expression levels of the ZO-2 mRNA of embryonic chicks relative to 2-day 

hatched chicks. The data are reported as mean +/- SEM, n > or = 3, (  - p < 0.001 compared to 

2 days old chick.  - indicates statistical significance between 18 days old and 20 days old 

embryonic chick intestinal epithelia (p < 0.05).  

 
 

 The expression pattern of TGF 3 was similar to that of ZO-2. Its expression was 

highest at 18 days old embryonic age and lowered smoothly as chicks develop. In 18 days 

old embryonic intestine, the expression levels of TGF 3 were approximately 2.6 and 1.5 

folds higher than 18 days old embryonic and 2 days old post-hatch stages (Fig. 2.16).  
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Figure 2.16: The expression levels of the TGF 3 mRNA of embryonic chicks relative to 2-day 

hatched chicks. The data are reported as mean +/- SEM, n > or = 3;  - p < 0.05 compared to 2 

days old chick.           
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DISCUSSION 

Protein and mRNA expression of three claudins were examined in the late pre-hatch 

and early post-hatch periods. Consistent with previous reports, some claudin tight junction 

proteins were detected in the chick intestine during embryonic development (Simard et al, 

2006; Haworth et al., 2005).  

Claudin-3 and -5 proteins were observed within the epithelial cytoplasm between 12 

and 18 days of embryonic development. By 1-day post-hatch, these two proteins were 

concentrated in the epithelial basolateral membranes and apical junctions, respectively. 

Both claudin-3 and -5 protein expressions were high during pre-hatch and post-hatch 

periods. Their relative mRNA expressions increased between 18 and 20 days, then dropped. 

Relative transcript profiles of these two claudins were not inconsistent with protein profiles 

observed in immunostained sections from duodenum. 

Claudin-3 is present along the gastrointestinal tract of mouse, rat, embryonic chick, 

and fish (Rahner et al., 2001; Holmes et al., 2006; Haworth et al., 2005; Bagherie-Lachidan 

et al, 2008). Claudin-3 overexpression has been reported to reduce paracellular permeability 

of human airway epithelia lines (Coyne et al., 2003). Conversely, reduction in claudin-3 

expression caused increased paracellular permeability in Caco-2 intestinal cell line epithelia 

(McLaughlin et al., 2004). In the mouse kidney, claudin-3 was detected in the ascending 

loop of Henle, distally convoluted tubule, and collecting duct of nephrons where tight 

junctions are tighter, but its expression was absent in the proximal segment where tight 

junctions are leakier (Kiuchi-Saishin et al., 2002). Phosphorylation of cldn 3 with protein 

kinase A decreased TJ strength by decreasing TER and increasing TJ permeability in 
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ovarian cancer cell line OVCA 433 (D’Souza et. al., 2005). Additionally, a mutation in 

cldn3 mimicked the phoshorylation state of cldn 3 and caused an increase in paracellular 

flux and reduction in TER (D’Souza et. al., 2005). The majority of the reports suggest that 

cldn 3 has a tightening potential for TJ (Krause et. al., 2008).  

In 1-day old chicks, claudin-3 protein expression was weak or absent in the crypt 

regions where intestinal stem cells are located and tight junctions are relatively leaky 

(Marcial et al., 1984). Claudin-3 staining was stronger in the villus epithelia where tight 

junctions are relatively tighter. Thus, these observations are consistent with most previous 

reports, and further supports the idea that claudin-3 ―seals‖ the paracellular spaces in the 

intestine of young hatched chicks.    

Claudin-5 has previously been reported in both junctional area and basolateral 

membranes of mouse intestine (Holmes at al., 2006), but is strictly localized to the 

junctional areas between epithelial cells in the rat intestine (Rahner et al., 2001). Our 

observations for this protein indicate that it is present mainly in tight junctional regions in 

1-day old chick intestine. In contrast to claudin-3 protein expression, claudin-5 expression 

was strong in the crypt regions and lower parts of the villi in1-day old hatched chick. 

Intestinal crypt regions not only have leaky tight junctions, but also play a role in intestinal 

secretion (Marcial et al., 1984). Thus, this study suggests that claudin-5 in the crypt regions 

might function in regulating secretion though paracellular spaces. It has been reported that 

most proliferative cells in the chicken intestine are located in the crypt regions, and unlike 

the intestinal epithelial sheet of most mammals, some activity is also detected by 

proliferating cell nuclear antigen (PCNA) staining in the upper half of the villus from day 
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18 to day 36 post-hatch (Uni et al., 1998). In this study, strong expression of claudin-5 was 

seen in the lower parts of the villi, and it was very weak or absent in the upper half of the 

villi which seems similar to the proliferation pattern defined by Uni et al, 1998. Claudin-3 

and -5 were proposed to affect the behavior and growth of various tumors. In gastric and 

esophageal tumors having high levels of apoptosis, proliferation indexes expressed 

significantly stronger levels of claudin-5 (Takala et al, 2007; Soini et al, 2006), support the 

idea that claudin-5 may be associated with proliferation in the chick intestine.  Like 

claudin-5, claudin-3 was associated with high apoptosis index in the esophageal cancer 

(Takala et al., 2007). The association of these proteins with apoptosis and proliferation in 

the chick intestine is under investigation in our lab.  

Claudin-16 has been reported to be function in magnesium and calcium transport 

through paracellular pathways in the thick portion of the loop of Henle (Simon et al., 1999). 

In addition, expression of claudin-16 has been reported in human salivary excretory ducts 

(Kriegs et al., 2007). Interestingly, claudin-16-like protein expression was detected mainly 

in the goblet cells beginning at 20 days of embryonic development. Immunostaining was 

most intense in the most mature goblet cells which are located at the tip of the villi in 1-day 

old and adult chick intestine. Claudin-16 mRNA expression showed a sharp peak at 20 days 

of embryonic age, the stage at which it was first detected claudin-16-like protein 

expression. In 2-day old post-hatch chicks, mRNA expression dropped more than 2 folds 

relative to the 20 day value, whereas protein expression greatly increased during this 3-day 

period. Increased translation rate of claudin-16 transcripts may be one of the explanations 

for increased protein but decreased mRNA levels at 2 days post-hatch. The increase in a 
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claudin-16-like protein within the goblet cells just after hatching may reflect the onset of 

mucus secretion as intestinal function begins. Two kinds of goblet cell secretions have been 

identified: baseline secretion and accelerated secretion. Baseline secretion is a slow and 

continuous exocytosis of individual mucin granules that is required for maintenance of the 

mucus layer. In accelerated secretion, mucin granules fuse to each other and to the plasma 

membrane, and all granules discharge mucin content through a pore in the plasma 

membrane in a very short time. It has been reported that Ca
++

 plays a crucial role in 

packaging of mucin molecules in the mucin granules of goblet cells, and a high amount of 

Ca
++

 is present in mature goblet cells (Takano and Akai, 1988; Warner and Coleman, 1975; 

Verdugo, 1990). Ca
++

 neutralizes the polyanionic charges of mucin molecules, and keeps 

them in compacted form. When this Ca
++

 shielding is lost, mutual repulsion of polyanionic 

charges of mucin molecules provides the driving force for mucin polymerization, and 

accordingly, a large volume of mucus is secreted in a very short time period in stimulated 

mucus secretion (Verdugo, 1990). In addition to its mucin secretion role, Ca
++

 plays an 

important role in the differentiation of goblet cells in the embryonic chick duodenum 

(Black and Smith, 1989). It is likely that Claudin-16 might play a role in ―Ca
++

 related‖ 

mucus secretion of goblet cells just as previously proposed for cldn16 in stimulated salivary 

gland secretion by Kriegs et al., 2007. Further studies are needed to investigate the exact 

subcellular localization of claudin-16 and to determine its potential role in goblet cell 

function.  

The transepithelial resistance (TER) of TJs can be increased or decreased by 

changing the expression profiles of claudins which change the ionic charge selectivity in 
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cultured epithelial monolayers. This suggests that claudins are bordering charge specific 

paracellular pores (Colegio et. al., 2002; Hou et al., 2005; Alexandre et al., 2007). 

In general, claudins can be classified into two groups with respect to their cation 

permeability: claudins having tightening potential (claudin 1, 3, 4, 5, 11, and 14, for 

example), and claudins having pore forming claudins (claudin 2, 7, and 16, for example) in 

MDCK and LLC-PK1 cell lines (Amasheh et al., 2002; Wen et al., 2004; Alexandre et al., 

2005; Van Itallie et al., 2001; Van Itallie et al. 2003). However, the tightening ability of 

individual claudin depends on the composition and abundance of other claudins that lines 

the paracellular pores in different tissues (Krause et. al., 2008; Yu, 2003).  

Claudin-1 is a common tight junctional protein and expressed in numerous tissues 

(Van Itallie and Anderson, 2006). It has a crucial barrier function in mammalian epidermis. 

Claudin-1 knockout mice died due to severe dehydration soon after the birth (Furuse et al., 

2002). Overexpression of cldn 1 enhances barrier properties of TJs in airway and kidney 

MDCK cell line (Coyne et al., 2003; Inai et al., 1999). In Caco2 small intestine epithelial 

cell line, rotavirus infection induced high paracellular permeability and decreased TER as a 

consequence of significant redistribution of claudin-1 (Dickman et. al., 2000). High levels 

of claudin-1 mRNA expression were detected especially the day before hatching. As 

proposed in various tissues, claudin-1 might contribute to barrier function of intestinal 

epithelia by tightening TJs. 

 On the contrary to claudin 1, 3, 4 and 5, claudin 2 is believed to form leaky pores 

in TJs (Furuse et al., 2001; Amasheh et al., 2006). Introduction of claudin-2 expression into 

high-resistance MDCK cell line caused a decrease in TER (Furuse et al., 2001).  This result 
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suggests that claudin-2 forms cation-selective pores in the MDCK cells (Amasheh et al., 

2002; Furuse et al., 2001). Claudin 2 is expressed mainly in mouse intestinal crypts 

(Holmes et al., 2006), and claudin 2 expression displays a declining gradient from crypt to 

villus tip (Mariadason et al., 2005). In the crypt regions, the size of the pores in the 

paracellular spaces is around 50-60 A
0
 in radii while in the villi, it is less than 6 A

0
 (Fihn et 

al., 2000). Claudin 2 but not some other claudin expressions, such as claudin 4, 14, and 18, 

is suggested to increase the number of small pores with 4 Aº radii in the paracellular spaces 

in MDCK cell line without affecting the pore size (Van Itallie et al., 2008). The expression 

pattern of claudin-2 was different than other claudins examined. Since the proposed roles of 

claudin-2 are generally different from especially claudin-1, 3 and 5, the expression of 

claudin-2 is not surprising. In the hatched chick intestine, claudin-2 might have a role in 

increasing the number of small pores as previously proposed in MDCK cells (Van Itallie et 

al. 2008). 

Zona occludens-2 (ZO-2) is one of the adapter proteins described in connecting 

tight junctions to the cytoskeleton (Itoh et al., 1999; Gonzalez-Mariscal et al., 2003). It is 

evolutionary conserved, and its protein binding domains show 92-100% similarity between 

chick and mammalian aminoacid sequences (Collins and Rizzolo, 1998). ZO-1 and ZO-2 

are thought to initiate the correct localization of claudins and formation of tight junction 

structure (Umeda et al., 2006). Studies in ZO-2 knockout mice revealed that this protein is 

crucial for mouse embryonic development (Xu et. al., 2007). In this study, ZO-2 mRNA 

expression was detected in embryonic chick intestinal epithelium. Unlike claudin-3, -5 and 

-16, which showed a peak in 20-day embryos; expression of ZO-2 preceded the expression 
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of claudins and displayed a peak in 18 day old embryos. Its expression smoothly lowered as 

chicks develop. Further studies needed to elucidate the roles of ZO-2 on the correct 

orientation of claudins during development.  

Transforming growth factor-beta (TGF ) is a multifunctional cytokine that can 

be produced by the intestinal epithelia (Howe et al., 2005). Three major forms of TGF  

have been identified in both adult and embryonic intestine (TGF 1, 2, and 3) (Thompson et 

al., 1989; Massague, 1990). Aminoacid sequences of TGF isoforms are more than 97% 

identical between some mammalian and avian species (Podolski, 1994). In avian, two 

additional forms were defined (TGF 4 and TGF 5). In general, the activity profiles of 

TGF  and TGF  are parallel to each other (Cheifetz et al., 1990). In the small intestinal 

epithelium, TGF s play important roles in proliferation, differentiation, embryogenesis, and 

development. In addition, they play regulatory roles for epithelial-mesenchymal transition 

and TGF  down-regulates claudin 1 expression in mature hepatocytes (Kojima et al., 2007). 

TGF  protects epithelial barrier function in the intestine (Howe et al., 2005). It caused a 

significant increase in TER and decrease in paracellular mannitol flux by inducing claudin1 

protein expression in T84 colonic epithelial cell line (Howe et al., 2005). In addition, it 

prevents the loss of claudin-2, occludin, and ZO-1 during Escherichia coli O157:H7 

infection. In sertoli cells, TGF 3 regulates TJ permeability by negatively regulating the 

expressions of occluding, cldn 11 and ZO-1 (Loi et al., 2001). So, the effects of various 

TGF  isoforms on the expression of various claudins are different in different conditions 

and tissues. In this study, TGF mRNA levels decreased smoothly as the embryo develops 
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from 18 days pre-hatch to 2 days of post-hatch periods. Conversely, claudin 1, 3, 5, 16 

mRNA levels were low in 18 days of pre-hatch period and peaked before hatching. If 

TGF 3 is involved in the regulation of certain claudin expression in the chick intestine, it 

would be a negative regulator as reported in sertoli cells. Further studies needed to 

determine the effects of TGF 3 on the regulation of tight junctions in the young chick 

intestine.  

 

 

CONCLUSIONS 

Expression of various claudins was detected in the intestinal epithelium during the 

last week of embryonic development. In addition to the known barrier and fence functions 

of claudins within the tight junctions of mature tissues, claudins might have additional roles 

in differentiation and maturation of the chick intestinal epithelia during late embryonic 

stages.  
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C h a p t e r   3  Gene Expression by 18-day Embryonic Chick Intestine in the Absence 

and Presence of Dexamethasone 

 

ABSTRACT 

Glucocorticoids are essential for the maturation of numerous tissues including the 

intestine during embryonic development. They have also stimulatory effects on the integrity 

of tight junctions. In this study, if a synthetic glucocorticoid, dexamethasone has any effect 

on mRNA expression of tight junctional proteins was investigated in 18-day embryonic 

chick intestine in vitro using microarrays and quantitative real time PCR analyses. Real-

time PCR analyses revealed that both claudin-3 and claudin-5 tight junction gene 

expressions were induced in response to DEX in a dose dependent manner. 

 

The objectives and significance of research: 

Our aim was to investigate the effects of glucocorticoids (GCs) on the expression of 

tight junctional (TJ) and some additional regulatory genes related to TJs in organ-cultured 

embryonic chick intestine using microarray analyses. Pre-hatched chick intestine will 

provide us a convenient model because the organization of the barrier is not completely 

established, and it is relatively easy to maintain its morphological integrity for at least 24 

hours in an organ culture system.  

The stimulative effects of GCs on the barrier function of TJs in the mammary gland, 

intestine, lung, kidney and cerebral endothelia were demonstrated using transepithelial 

resistance (TER) and paracellular permeability studies in vitro and/or in vivo (Burek and 



 

 109 

Forster, 2008; Boivin et al., 2007; Peixoto and Collares-Buzato, 2006; Romero et al., 2003). 

Moreover, enhancing effects of GCs on the expression of endothelial occludin, ZO-1 and 

claudin-5 (cldn-5) were reported (Burek and Forster, 2008; Forster et al., 2008; Forster et 

al., 2005; Stelwagen et al., 1999). However, not much is known about the effects of GCs on 

the expression of other tight junctional proteins in various epithelia, even though GCs are 

currently used clinically for the treatment of various epithelial permeability dysfunctions. In 

this project, we utilized microarrays to investigate the changes in the expression of 385 

genes were investigated in 18-day pre-hatch chick intestine in response to 1 M 

dexamethasone (DEX, a synthetic GC) after 12 hours in vitro. In addition, the expression of 

cldn-3 and cldn-5 were further analyzed in response to different concentrations of DEX at 

different time points. This project will provide us valuable preliminary data for future 

studies on GC-mediated regulation of TJs.  
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LITERATURE REVIEW 

Small intestine is a good model organ to study the expression and functions of 

claudins because a variety of physiological events, such as absorption, final enzymatic 

digestion of macromolecules, secretion, proliferation, cell migration, apoptosis and acid-

base balance occur within the luminal epithelium. The mucosal surface of the intestine is 

covered by a single epithelial cell layer. The epithelium is arranged to maximize the surface 

area at several levels. After forming rough folding, it is organized into finger-like structures 

so-called villi. Each villus can be considered a functional unit of the small intestine. The 

bottom regions of villi are called ―crypt regions‖. These regions include multi-potent stem 

cells. Stem cells proliferate by mitosis, and newly formed cells migrate up to the villus tip. 

During the migration period they differentiate into one of three main different cell types: 

absorptive cells, enteroendocrine cells, and goblet cells (Crosnier et al., 2006; Madara and 

Trier, 1994).      

In chick embryos, rapid functional differentiation of the epithelium occurs between 

days 14 and 21 (the week before hatching), including changes in cell shape, formation of 

microvilli and the terminal web, and a dramatic increase in the density of goblet cells 

(Black, 1978; Black and Smith, 1989; Uni et al., 2003). The organization and maturation of 

epithelial and endothelial TJs occur during this period as well. Claudin protein family is the 

main component of TJ strands and these proteins are directly involved in the barrier 

function of TJs (Sonoda et al., 1999). Additionally, the claudin protein family with its more 

than 20 members creates charge and size selective pores in the paracellular pathways, thus 
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exerting a critical influence in the composition of the transported solutes in a tissue specific 

manner (Van Itallie and Anderson, 2006; Colegio et al., 2002; Rahner et al., 2001).  

The Effects of Glucocorticoids (GCs) on TJs and Claudins: 

GCs are one class of steroid hormones, produced by the adrenal cortex. Their 

secretion is regulated by adrenocorticotropic hormone (ACTH) from the anterior pituitary. 

GCs are bound to a carrier protein called corticosteroid-binding globulin during their 

circulation in the blood (Buckingham, 2006).  

GCs bind to a cytoplasmic glucocorticoid receptor (GR) in the target cell. This 

receptor-ligand complex translocates into the cell nucleus and binds specific DNA 

sequences called glucocorticoid response elements (GRE) in the promoter regions of a 

specific gene; and consequently, changes gene transcription (Beato, 1989).   

GCs are crucial for differentiation and maturation of various tissues during 

embryonic development in mammals and birds (De Groef et al., 2008; Wada, 2008; Bossis 

et al., 2004; Jenkins and Porter, 2004; Fisher 1992; Black, 1988a; Black 1988b; Black and 

Moog, 1977). The primary GC in birds is corticosterone at the last stages of embryonic 

development and after post-hatch; however, in the earlier stages, both corticosterone and 

cortisol were detected at approximately equal amounts (Kallecharan and Hall, 1974; 

Nakamura et al., 1978). GCs are detected in small amounts in the adrenal glands by day 8; 

and later in the plasma (~10
-2

M) by day 10 of embryonic development (Kalliecharan and 

Hall, 1974; Wise and Frye, 1973; Pedemera, 1972). During 14-16 days of development, 

there is an increase in serum corticosterone and cortisol concentration (~2.10
-2

M) 
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probably due to initiation of ACTH secretion during this period (Jenkins and Porter, 2004). 

The day before hatching, the second surge of GCs is seen, reaching a level of ~3.10
-2

M in 

the serum. Levels drop slightly after hatching (Wise and Frye, 1973; Scott et al., 1981; 

Marie, 1981). Gradual increase in GC concentrations between day 17 and 20 has been 

suggested to play an important role in physiological changes in intestinal (duodenal) 

epithelia such as differentiation, and increase in the activity of alkaline phosphatase and 

maltase in chick (Black and Moog, 1977 and 1978; Moog and Ford, 1957; Moog and 

Richardson, 1955). GCs induce the activity of active glucose transport in vitro (Black, 

1988a).  

In addition to developmental roles, GCs have metabolic, immunologic and various 

other physiological roles in almost every tissue in the body. In the fasted state, GCs 

increase blood glucose levels by stimulating gluconeogenesis, glycogenolysis, lipolysis and 

aminoacid mobilization in mammals. They also have well-known immuno-suppressive and 

anti-inflammatory activities. They regulate cell differentiation and growth, proliferation, 

apoptosis, cell survival, cell cycle, signal transduction, neurotransmission, and epithelia and 

endothelia permeability (Buckingham, 2006; Felinski and Antonetti, 2005).  

GCs induce the expression and/or reorganization of TJ proteins in the epithelial and 

endothelial cell layers; and accordingly, they promote the tightening of the TJ barrier 

(Felinski and Antonetti, 2005). Abnormalities in the barrier function of TJs (increase in 

paracellular permeability) are seen in various pathological conditions, such as in Crohn’s 

disease, alcoholic liver disease, celiac disease and various diarrheal syndromes (Ma and 
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Anderson, 2006). GCs are one of the therapeutic reagents that are used for the treatment of 

Crohn’s disease by re-tightening of TJs (Wild et al., 2003; Rutgeerts, 2001a and b). A 

number of studies have showed that GC treatment induce a tightening effect on cerebral 

endothelial TJs in vitro (Romero et al., 2003; Hoheisel et al., 1998; Forster et al., 2005; 

Weksler et al., 2005). In endothelial cells, GC treatment changes the position of occludin by 

its dephosphorylation, and further increases the expression of other TJ proteins to form 

tighter TJs (Antoletti et al., 2002). In cultured brain endothelial cells, 1 M DEX treatment 

decreased paracellular permeability for sucrose, flurescein and dextrans of up to 20KDa, 

probably modulating the expression and/or organization of TJ proteins (Romero et al., 

2003). GCs were suggested to support the integrity of blood-brain barrier (BBB), and they 

are currently used for the treatment of brain tumors. GCs are also considered a potential 

treatment for diabetic retinopathy, which is characterized by the loss of blood-retinal barrier 

(BRB) (Felinski and Antonetti, 2005; Rutgeerts, 2001a). In addition to their tightening 

effects on endothelial TJs, GCs also affect the strength of epithelial layers in various 

tissues.   

DEX treatment of 31EG4 mammary epithelial cells showed a 65-fold increase in 

transepithelial electrical resistance (TER is a measure of tightness of TJs) and a 10-fold 

decrease in paracellular radiolabeled mannitol flux. GCs were reported to increase the 

cellular expression of occludin and ZO-1 TJ proteins in mammary cell lines (Stelwagen et 

al, 1999; Buse et al., 1995; Singer et al., 1994; Zettl et al, 1992).  
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An actin bundling protein, fascin was proposed to be a mediator whose 

downregulation results in induction of TJ formation and TER in rat mammary epithelial 

tumor cells (Wong et al., 1999). GCs decreased the levels of fascin and eliminated the 

inhibitory effects of fascin on the formation of TJs. The effects of GCs on fascin activity 

were proposed to be blocked by TGF  (Guan et al., 2002).   

GCs are claimed to decrease TJ permeability significantly (shown by decreased 

paracellular radiolabeled inulin flux) by suppressing myosin light chain kinase (MLCK) 

gene activity in Caco-2 intestinal cell lines (Boivin et al., 2006).  

Exposure of subconfluent Madin-Darby Canine Kidney Cells (MDCK) renal 

epithelial cells, in which the formation of epithelial barrier is not complete, to 4 M DEX 

for 24h did not affect the expression of cldn-1, ZO-1, and occludin, but it significantly 

increased the TER, probably by modulating the organization and relocalization of TJ 

proteins to the TJ areas (Peixoto and Collares-Buzato, 2006). In these studies, DEX had a 

stronger effect on the formation of the epithelial barrier in subconfluent epithelial cells than 

in the confluent cells with relatively stable TJ structure (Peixoto and Collares-Buzato, 

2006). Chronic exposure to 4 M DEX exposure for 72 hours also increased TER 

significantly in confluent MDCK monolayers (Peixoto and Collares-Buzato, 2006). 

Hypotheses: 

Current literature supports the correlation of tighter TJs in various tissues with the 

effects of GCs. The effects of GCs on TJs could be explained by two ways: first, GCs 

would directly change the expression and/or activity of TJ proteins, specifically claudins. 
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Secondly, they might influence the expression and/or activity of other proteins that have 

regulatory functions on the organizations of tight junctional proteins. While some claudin 

proteins form the barrier function of TJs by sealing the paracellular spaces, some of them, 

like cldn-2, form pore-like structures in the paracellular pathways and make them leakier. 

Therefore, DEX would increase certain claudins which play roles in forming the barrier, but 

might down-regulate those claudins which form pore-like structures in the paracellular 

areas.  

 

MATERIALS and METHODS 

Animals:  

Fertile broiler-type chicken fertile eggs were obtained from the Poultry Farm of 

North Carolina State University and incubated for 18 days in a humidified incubator at 99-

100
o
F.  

Tissue Preparation for Staining:  

Embryonic chicks were sacrificed, and the duodenal loop was immediately removed 

and rinsed with cold phosphate buffered saline (PBS), pH 7.4 to remove blood and debris. 

Tissue approximately 2-3mm long pieces were taken from the duodenum loop, split opened 

and placed into PBS.  

Intestinal Organ Culture:  

Three 25-ml Erlenmeyer flasks including 3ml culture medium (Medium 199, 

GIBCO) and streptomycin were prepared and supplemented with a synthetic 
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glucocorticoid, (DEX) with final concentrations of 0 M, 10
-2

M, 10
-1

M, and 1 M (Figure 

3.2). Duodenal segments were placed into flasks and gassed with a mixture of 95% O2 and 

5% CO2. Flasks including tissue pieces were incubated in a 37ºC incubator. Cultured tissue 

pieces were preserved in RNAlater (Ambion) solution and stored at -20ºC. 

 

 

Figure 3.1: Organ culture. Intestinal organ culture was performed in 25-ml Erlenmeyer flasks 

containing ―Medium 199‖.  

 

 

Isolation of Epithelial Cells from Intestinal Villi: 

Isolation of epithelial cells from intestinal villi was performed as described by Black 

(1988a). Briefly, tissue pieces removed from the small intestine were incubated in citrate 

buffer for 20 minutes at room temperature. Then, they were transferred to an EDTA-

containing buffer and incubated at 37
0
C with shaking for 30 minutes. The resulting cell 

suspension was filtered through silk screen to remove tissue debris and centrifuged for 5 

minutes to obtain a pellet of epithelial cells. The cells were re-suspended in PBS buffer and 

utilized for real-time PCR analyses. 

 

               Control (0 M)            Treatment (10
-2

, 10
-1

, 1 M DEX) 

Culture medium 
Medium 199 (Gibco) 

25-ml 
Erlenmayer 
flasks  
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Total RNA Extraction:  

Organ cultured tissues were homogenized in RLT buffer (Qiagen) including -

mercaptoethanol using a bead beater. Homogenate was incubated at room temperature for  

10 minutes followed by the addition of phenol/chloroform/isoamyl alcohol mix (125:24:1). 

The mixture was vortexed and centrifuged. The upper aqueous phase contained total RNA. 

The concentration and purity of the total RNA samples were measured by a Nanodrop 

spectrophotometer. Total RNA with sufficient purity (A260/280>1.8) were used for further 

analyses.  The quality of the total RNA was further analyzed by 1.5% agarose gel. Total 

RNA was purified with DNase according to manufacturer instructions (Ambion).  

Microarray Analyses:  

Microarray analysis was performed to detect genes whose expressions were 

significantly changed in response to DEX exposure with different concentrations and 

exposure times. 70-mer oligonucleotides were ordered from Operon Biotechnologies, Inc. 

Oligos were placed in a 384 well plate with 100pmol/ l concentrations. Then, they were 

mechanically printed in specific locations on amino-silane coated glass slides (Corning 

UltraGAPS Slides) using a robotic BioRad printer (contact printing method). Each oligo 

was printed twelve times at different locations of the slides as technical replicates. Each 

array includes 384 unique oligos for 384 genes. 98 of these genes are involved in tight 

junctions, cell cycle, apoptosis, metabolism, immunologically related and cell signaling 

related genes (Table 3.1). The rest of the genes are mostly related to metabolism.  
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Table 3.1: List of tight junction related genes in the arrays.  

 

  

 

RNA samples from each treatment were reverse transcribed to cDNA by ChipShot 

indirect labeling kit (Promega), and then these cDNA groups were labeled with Cy3 and 

Cy5 fluorescence dyes (GE Healthcare). cDNAs labeled with two different dyes were 

hybridized with the same microarray slide (Pronto! Validation Kit, Corning). The arrays 

were scanned by a dual-laser DNA microarray scanner, and processed by the ScanAnalize 

Software (Stanford University). Statistical data analyses were done using JMP Genomics 

3.0 Software. Briefly, data were converted to log2 transformation and then normalized 
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based on a global adjustment to reduce technical variation with the following equation: 

[log2(Ij) – m]/s where Ij= intensity of the j
th

 spot, m=mean or median, s=standard deviation. 

Genes whose expressions were significantly altered were evaluated by ANOVA with false 

discovery rate. 

Further analyses for the optimal time and concentration effect of DEX on the 

expressions of these genes were performed by real-time PCR technique.  

 SYBR Green Real-Time PCR Analyses:  

Reverse transcription and SYBR green real-time PCR analyses were performed as 

described in Chapter 2. 18S, -actin and GAPDH housekeeping genes were tested if they 

were stable in different experimental conditions or during the experiment, and -actin was 

decided to use as an internal control. Cycle threshold (Ct) values were obtained using the 

Icycler Software, duplicate values of each cDNA were averaged, and relative fold changes 

were determined using 2
-ΔΔCt

 method. Experimental errors were calculated by the standard 

error of the mean (SEM) of normalized Ct values from each treatment group, and were 

indicated as error bars in the graphs. Least Square Means differences with Student’s t test 

were performed to determine the significance between treatment groups. P value < 0.05 was 

accepted as statistical significance.  The annealing temperatures and the expected sizes of 

produced amplicons for cldns, and the real-time PCR protocol are shown in Table 1 and 2 

in Chapter 2, respectively.   
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Experimental Designs: 

 Experimental design #1 - Microarray analysis: 18-day pre-hatch chick intestine in 

1 M DEX supplemented medium (Medium 199, Gibco) was cultured for 12 hours and 

screened the changes in gene expression by comparing the control group which did not 

include any DEX (Fig. 3.3).    

Treatments           Time (hr) 

Control culture (0 M)    0  12  

DEX exposure (1 M)    0  12  

 
Figure 3.2: DEX exposure for microarrays. Concentration and exposure times of DEX for 

microarrays analyses. 

 

 

 Total RNA was isolated from four treatment groups (explained below). After DNase 

treatment, RNA was converted to cDNA by using random primers and oligo dT primers. 

When the cDNA concentration was high enough (>20ng/ l) and it had sufficient purity 

(A280/260>1.8), cDNAs from each treatment group was labeled with two times Cy3 and 

two times Cy5 dyes. The assignment of the dyes and the comparison of the treatment 

groups were summarized below (Fig. 3.4). Each array had a replicate labeled with the 

reverse dye; and accordingly, 16 labeling reactions were performed and 8 arrays (8 

hybridizations) were formed.  
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4 comparisons x 2 (dye flipping) = 

      8 arrays x 2 (Cy3, Cy5) = 

                 Total: 16 labeling reactions. 

 

 

 

 

 

 
Figure 3.3: The assignment of the dyes and the comparison of the treatment groups. 

 

Experimental design #2: SYBR green real-time PCR analyses of cldn-3 and cldn-5 

in response to different concentrations of DEX at different exposure times: four different 

concentrations of DEX were used: control (0 M), close to physiological level (10
-2

M), 

moderate level (10
-1

M), and high dose (1 M) of DEX. Samples were taken from time 0, 

12, and 24 hours of cultures (summarized in Fig. 3.5). 

 

Figure 3.4: Concentration and exposure times of DEX for QPCR analyses. 

 

RESULTS 

A volcano plot is an efficient way to summarize and present both the fold change 

and the statistical significance of a gene at the same time (Fig. 3.6). Each dot in the volcano 

plot represents a gene. Since there are 385 features, there are 385 dots on the plot. The X 

Treatments:    Exposure times (hr) 

0 M DEX    0     12        24 

10
-2

M DEX    0     12        24 

10
-1

M DEX    0     12        24 

1 M DEX    0     12           24 

 

 

1 m DEX    0 12 24 
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axis gives us information about fold changes of a gene, while the right hand side of the 0.0 

value indicates up-regulation and the left side indicates down-regulation of a gene.  The Y 

axis gives us information about the statistical significance for the change of a given gene 

expression. The higher the point, the more statistically significant the fold changes of a 

given gene. 

Figure 3.5: Visualization of microarray data using a volcano plot.  

 

 

Changes in gene expression in the culture condition over 12 hours (time effect):  

The changes in the expression of 385 genes were determined in 18 days old pre-

hatch chick intestine incubated in the control culture for 12 hours in vitro. Numerous genes 

were significantly up-regulated, and relatively smaller numbers of genes were down-

regulated. Genes whose expressions are up-regulated include smooth muscle tissue related 

genes, extracellular matrix components, Krebs cycle, cell cycle, cell signaling, growth, and 
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cell differentiation related molecules. No claudin gene up-regulation was detected. The 

complete list of the genes whose expression levels were up-regulated is shown in Table 3.2.   

 
Table 3.2: List of genes whose expression levels were up-regulated during 12 hours of 

culture. The order of genes is organized according to their p values. 

 

 

 

In 18-day embryonic chick intestine, some cell signaling molecules, growth factors, 

and carbohydrate metabolism related genes were significantly down-regulated even though 

the fold changes were less than 15%. Cldn-10 and cldn-2 were very slightly but 



 

 124 

significantly down-regulated. The complete list of the genes whose expression levels were 

down-regulated is shown in Table 3.3. 

 
Table 3.3: List of genes whose expression levels were down-regulated during 12 hours 

of culture. The order of genes is organized according to their p values. 

 
 

 

Changes in gene expression in response to DEX in vitro over 12 hours (DEX 

effect): Fewer numbers of genes were up- and down regulated in response to DEX relative 

to the changes in ―time effect‖ (Table 3.4). Interleukin-2 (IL-2), glutamine synthetase, 

glycogen phosphorylase, and glycogen branching enzyme were significantly up-regulated 

even though the fold changes were not more than 22%. On the other hand, Fas ligand, 

hypoxia up-regulated 1, cldn-3, deiodinase iodothyronine type II, and hemoglobin beta 

were significantly but very slightly down-regulated (less than 11%). 
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Table 3.4: List of genes whose expression levels were down- (blue) and up-regulated (pink) in 

response to DEX during 12 hours of culture:  

 
 

 

Real-time PCR analyses of claudin-3 and -5 expression in response to DEX: 

The expression of cldn-3 and -5 was further investigated using comparative SYBR 

Green Real-Time PCR analyses.  

Cldn-3 expression was increased in a dose dependent manner in response to DEX 

(Fig. 3.7A). There was no significant time effect on cldn-3 in a given DEX dosage between 

12h and 24h of exposures. At physiological levels (10
-2

M) DEX did not induce any 
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significant increase in cldn-3 for 12h. Moderate (10
-1

M) and high levels (1 M) of DEX 

exposure for 12h caused approximately 2.5 and 3.2 folds increase in cldn-3 expression, 

respectively (Fig. 3.7B). DEX exposure for 24 hours caused a dose dependent increase in 

cldn-3 mRNA levels; however none of them were significant (Fig. 3.7C).   

Relative cldn-5 mRNA levels in response to different concentrations of DEX at 

different time points were also investigated (Fig. 3.8). Cldn-5 displayed a similar pattern to 

cldn-3 expression. At a concentration of 10
-2

M, DEX did not induce any significant 

increase in cldn-5 for 12h exposure (Fig. 3.8A). However, moderate (10
-1

M) and high 

(1 M) doses of DEX exposure for 12h induced cldn5 by approximately 3.4 and 5 fold, 

respectively (Fig. 3.8B). 24 hours of DEX exposure caused a dose dependent increase in 

cldn-5 mRNA levels; however none of them were significant (Fig. 3.8C). 
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Cldn 3 expression in response to DEX for 24h
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Figure 3.6: Relative expression of cldn-3 in response to DEX. The effects of different 

concentrations of DEX on cldn 3 expression for 12h (A), and for 24h (B). n= 3-4. ― ‖ indicates p < 
0.05. 
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Cldn 5 expression in response to DEX for 12h
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Cldn 5 expression in response to DEX for 24h
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Figure 3.7: Relative expression of cldn-5 in response to DEX. The effects of different 

concentrations of DEX on cldn-3 expression for 12h (A), and for 24h (B). n= 3-4. ― ‖ indicates p < 

0.05. 

 

 

DISCUSSION 

GCs have wide range of effects in the body and modulate approximately 10% of 

human genes. GCs control metabolism, immune system, growth, differentiation, and 

development (Buckingham, 2006). GCs also play essential roles for growth differentiation, 

A 
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metabolism and morphogenesis of numerous mammalian and avian embryonic tissues and 

organs such as the intestine, lung and central nervous system (Buckingham, 2006). GCs 

play important roles in functional differentiation of intestinal epithelium during the last 

week of chick embryonic development (Black, 1988a; Black 1978; Moog and Richardson, 

1955). In addition, usage of exogenous GCs is important for the treatment of various 

pathological conditions due to anti-inflammatory and epithelial and endothelial barrier 

enhancing qualities of GCs.  

Disruption of epithelial and endothelial paracellular barriers in various tissues is 

associated with pathological conditions such as edemas in various tissues, mucosal 

inflammation, and damage to the BBB (Jepson et al., 1995; Rubbin and Staddon, 1999; 

Sonoda et al., 1999). Abnormalities in the permeability of paracellular pathways in the 

intestine precede the onset of Crohn’s and celiac diseases (Hollander, 1988; Irvine and 

Marshall, 2000). Changes in the expression and organization of occludin, cldn-2, -3, -5, and 

-8 proteins were reported in Crohn’s disease (Zeissig et al., 2007). The negatively 

regulating activities of proinflammatory cytokines on TJs and endocytosis of TJ proteins 

are suggested to bring about weakened barriers (Laukoetter et al., 2006). GCs are currently 

used therapeutically to increase the integrity of epithelial barrier function (Irving et al., 

2007). Glucocorticoid exposure to epithelial and endothelial layers reduces paracellular 

permeability. GCs reduce edema by decreasing capillary permeability in vivo (Guyton and 

Hall, 1996). Consistently, enhancing effects of GCs on the formation and maintenance of 

TJs have been reported for endothelial and epithelial cells in vitro (Romero et al., 2003; 

Stelwagen et al., 1999; Zettl et al., 1992). 
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Assembly and disassembly of TJ proteins is dynamic and controlled by numerous 

signals, transcription factors and metabolic regulators such as second messengers, snail, 

slug, -catenin/Tcf, T/EBN/NKX2.1 at different developmental stages and physiological 

conditions (Ikenouchi et al., 2003; Miwa et al., 2001; Niimi et al., 2001; Walsh et al., 2000; 

Buse et al., 1995; Anderson et al., 1993; Madara, 1988). For example, TJ barrier is down-

regulated at gene and post-transcriptional levels by inflammatory cytokines such as tumor 

necrosis factor (TNF ), interferon-gamma, and interleukin 13 (Walsh et al., 2000; Prasad et 

al., 2005; Tedelind et al., 2003).  

GCs affect cldn-5 expression directly and indirectly in endothelial cell lines (Burek 

and Forster, 2008). Tumor necrosis factor-alpha (TNF ) down-regulates the expression of 

cldn-5 in brain cEND and myocardial MyEND endothelial cells (Burek and Forster, 2008). 

DEX indirectly up-regulates cldn-5 expression by down-regulating the expression of TNF  

in these endothelial cell lines (Burek and Forster, 2008). Additionally, DEX can induce 

both the promoter activity and mRNA levels of cldn-5 directly in cEND cells but not in 

MyEND cell lines, which indicate the tissue specific actions of GCs. In this study, as it was 

hypothesized, GCs induced the expression of cldn-3 and -5 in a dose dependent manner. 

However, it is not known if DEX directly regulated the expression of these genes by 

binding their GRE regions in their promoters or indirectly changed the activity of other 

genes such as TNF , cytokines, and glutamine synthetase.  

In our microarrays analyses, glutamine synthetase (GS) gene was up-regulated. GS 

is an important enzyme for maintaining physiological levels of glutamine. This enzyme has 
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been reported to be important for intestinal cell differentiation shown in Caco-2 cell line 

(Weiss et al., 1999). Glutamine is crucial for intestinal mucosal integrity, metabolism and 

function (Neu et al., 2002; Dugan and Mcburney, 1995). It serves as an energy source and 

provides precursors for nucleotide biosynthesis (Bulus et al., 1989; Smith, 1990). It has 

been suggested that it is important for cell proliferation in cultured rat intestinal crypt cells 

(DeMarco et al., 1999). Glutamine was reported to enhance the barrier functions of TJs in 

the intestinal cells (Dugan and Mcburney, 1995; Neu et al., 2002; Li et al., 2003). It 

maintains cldn-1 and occludin protein expression in Caco-2 cell line (Li et al., 2004). GS is 

regulated by GCs in a tissue specific manner at both transcriptional and post-transcriptional 

levels (Labow et al., 2001; Chandrasekhar et al., 1999; Sarantos et al., 1994). GCs regulate 

GS transcription in a rat lung epithelial cell line (Abcouwer et al., 1996), and induce GS in 

embryonic chicken retina at day 10 (Ben-Dror, 1993; Vardimon et al., 1993; Gorovits et al., 

1994). In order to understand the effects of GCs (and other hormones, transcription factors, 

etc.) on claudin expression, promoter regions of claudins should be cloned and transcription 

factor binding sites should be identified to determine whether they include any GRE for 

glucocorticoid activity. However, even though murine cldn 5 includes GRE in its promoter, 

the regulation of cldn 5 by GCs is cell specific, possibly due to differential activity and 

distribution of glucocorticoid receptors (Burek and Forster, 2008).  In addition to genomic 

regulation, GCs may modulate the organization of claudins at post-transcriptional level. 

Therefore, the changes in the distribution of claudins at tight junctional areas in response to 

GCs at protein level should also be examined at the protein level.  
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Immunohistochemisrty and quantitative real-time PCR studies on the expression 

pattern of claudins during embryonic development (presented in Chapter 2) indicate that the 

formation and stability of TJs in 18-day embryonic intestine is not complete and that TJ are 

still maturing. Therefore, the effects of DEX on claudin expression would be more 

pronounced in embryonic than mature tissues according to the previous reports (Peixoto 

and Collares-Buzato, 2006).  Microarray analysis is a very useful technique that can be used 

to screen the expression of hundreds of genes in a very short time for a given experimental 

condition. However, it can be easily affected by the technical variations such as dye effect, 

pin effect and plate effect, etc., and these can hinder the detection of real biological 

variations. Therefore, the accuracy and detection of fold change and the statistical 

significance gene expression using microarrays is not as powerful as some of other methods 

such as quantitative real-time PCR, although each gene was printed 12 times and dye 

flipping was used to reduce variations from Cy3 and Cy5 dyes in these microarray analyses. 

Therefore, after screening the gene expression using microarrays, comparative quantitative 

real-time PCR (QPCR) analyses were used to further analyze the gene expression for cldn-3 

and -5. Moreover, in order to increase the sensitivity of detection, the epithelial layer of the 

embryonic intestine was isolated after organ culture and investigated the effects of different 

concentrations of DEX at different exposure times. Initially, it had not been detected any 

changes in cldn-3 and -5 expressions in response to 1 m DEX exposure for 12 hours 

according to the microarrays data. However, when QPCR was used, dose-dependent 

increase in both cldn-3 and -5 expressions were detected in response to 12-hour DEX 
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exposure in the epithelia of embryonic chick intestine. DEX exposure for 24 hours also 

seems to induce both cldn3 and cldn5 expressions in a dose dependent manner although 

none of the doses used caused a significant change. This might stem from variation between 

culture conditions due to possible decline in the stability of cultured tissues or DEX over 

prolonged periods. Secondly, desensitization of glucocorticoid receptors or a decline in 

promoter activity of these genes are possible explanations. 

To summarize, the characterization of a general GC action on claudin expression 

and regulation is very complex.  GCs exert their effect in a cell specific manner because 

there are multiple GC receptors for their binding in different cell types. Secondly, the 

responsiveness of target genes might be different in different tissues and different 

developmental stages of an organism. Thirdly, the activity of GCs might be modulated by 

their interactions with other hormones in a tissue specific manner. The diverse effects of 

GCs have been reported between different species, and even between individuals in the 

same species. In addition, the expression and organization of claudins are tissue specific 

and a role of a specific claudin depends on the presence of other claudins or compatibility 

of claudins to each other.  

 

GENERAL FUTURE DIRECTIONS 

The sequences of cldn-1, -3, -5, and -11 are completely known, and another eight 

claudins have been partially cloned in chicken. The expression patterns of cldn-1 and -3 in 

young chick embryos have been reported (Simard et al., 2005; Haworth et al., 2005). The 

presence of some other claudins during embryogenesis is highly possible. Indeed, the 
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expression profiles of cldn-1, -2, -3, -5 and -16 proteins in late embryonic and hatched 

chick intestines were determined (see Chapter 2). It is not surprising that some of the 

claudin family members may have overlapping functions due to high similarities in their 

aminoacid sequences and topologies. Before understanding the roles and contributions of 

these important proteins to chick embryonic development, determining the expression 

patterns of all available claudins during embryogenesis should be done by in situ 

hybridization, immunohistochemistry, and/or real-time PCR. After that, using over-

expression (gain-of-function) and knockout/knockdown (loss of function) studies should be 

used to indicate the functions of claudins during development of the intestinal epithelium. 

 Gain-of-function studies can be achieved by overexpression of certain claudins. 

Recently, cldn-1 overexpression and in-ovo culturing techniques have been successfully 

applied in chick embryos, and the involvement of cldn-1 in LR patterning has been reported 

(Simard et al., 2006). Retroviral overexpression of cldn-1 caused an abnormal (leftward) 

heart looping without affecting the endogenous expression of main asymmetry related 

genes like Pitx2, Nodal, Shh, and Lefty-1 when this claudin was injected on the right side 

of the chick embryo at HH stage 4. Likewise, overexpression of Xcla induced the 

randomization of heart, gut and/or gall bladder during Xenopus embryogenesis (Brizuela et 

al., 2001). Even though these studies might provide us significant information about the 

involvement of claudins on the LR pattering of internal organs, they do not give us a 

conclusive result about the function of certain claudins. Overexpression studies should be 

complemented by loss-of-function studies. Exposed chicks should be further analyzed by 

whole mount in situ hybridization. 
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There are multiple ways to perform the loss-of-function of a claudin. Knockout can 

be performed by homologous recombination mechanism. Cldn-1 knockout mice have been 

generated, revealing that this protein is crucial for epidermal barrier function of TJs (Furuse 

et al., 2002). In addition the gene of interest can be knocked-down by morpholino injections 

(Summerton and Weller, 1997). In this technique, a modified sugar (5-6 membered 

morpholine ring) binds to 5’ leader sequence of mRNA to prevent ribosomes from binding 

to mRNA; accordingly, this prevents cells from producing the targeted protein. The use of 

transdominant negative proteins is another strategy to knockdown the action of a specific 

gene at the protein level by expressing specific inhibitors such as antibodies recognizing the 

protein of interest. RNAi is a recently discovered technique that can be used in different 

organisms from plants to mammals to knock-down the expression of a specific gene by 

delivering double stranded RNA (dsRNA) that corresponds to a segment of the gene of 

interest (Kjemtrup et al., 1998; Elbashir et al., 2001). RNAi is also considered a defense 

mechanism of organisms with especially underdeveloped immune systems. RNAi technique 

has been previously utilized to study the functions of claudins in MDCK cells (Hou et al., 

2006). Loss-of- function experiments by RNAi technique is a powerful tool to investigate 

the functions of claudins and would provide valuable information about the function of 

these proteins during morphogenesis of various organs such as ovary, digestive and central 

nervous system organs. Similarly, this application can be use to uncover the roles of other 

claudins during embryogenesis of the chick.  RNA interference (RNAi) can be used in 

various organisms to knock-down the expression of a specific gene. Unlike the gene 

knockout (KO) technique, RNAi can be performed easily in shorter time periods and gives 
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fewer problems with respect to embryonic lethality (Clayton, 2004; Furuse et al., 2002). To 

study a gene function during development can be challenging without doing in-ovo 

experiments. Chick embryos provide a convenient model because any desired 

developmental stage is easily accessible, and the chick embryo can be easily manipulated 

for RNAi knock-down experiments. There are several methods for siRNA delivery: 

lipofection, virus-mediated expression, transfection, electroporation, transfection of 

expression vector including siRNA, and synthetic siRNA injections. Previous studies 

reported the efficiency of the pSilencer siRNA expression vector having human H1 or U6 

RNA polymerase III promoter in the chick embryos (Dai et al., 2005). The placement of the 

expression vector in the embryos can be monitored by using a modified vector: pEGFP-

shRNA whose efficiency has been recently shown in chicken embryos by Dai et al, 2005. 

This plasmid can co-express enhanced green fluorescent protein (EGFP) and shRNA at the 

same time, and allowing visualization of the transfection sites. Verification of RNAi with 

the decrease of both claudin mRNA and protein levels should be done.  
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