
ABSTRACT 

OZDEN, OZKAN. DEVELOPMENTAL PROFILE OF CLAUDIN-3, CLAUDIN-5, AND 

CLAUDIN-16 TIGHT JUNCTION PROTEINS IN THE CHICK INTESTINE. (Under the 

direction of Betty L. Black and Brenda J. Brizuela.)  

Tight junction (TJ) proteins form major barriers between epithelial and endothelial 

cells and are responsible for regulating paracellular transport. Claudin protein family 

members are important structural and functional components of TJs.  

This study investigates, for the first time, the subcellular localization and distribution 

of Cla3, Cla5, and Cla16 proteins in the intestine of chick embryos during the week before 

hatching, and in one-day old chicks. The localizations of Cla3, Cla5, and Cla16 proteins were 

determined in sections of frozen and paraffin-embedded tissue from duodenum, jejunum and 

ileum using an immunostaining protocol.   

These proteins were determined during both pre-hatch and post-hatch periods in all 

three parts of the chick intestine, and concluded that they might not only play a role in 

regulating paracellular pathways, but might also play a role in normal chick intestinal 

development. Subcellular localization differed for each Cla protein. Cla3 expression was 

seen within the epithelial cell layer and in the connective tissues. It might have an adhesive 

role for epithelial cells to attach to each other and to basal lamina. Cla5 expression was 

observed strictly in the epithelial and endothelial tight junctional complexes, and its primary 

role might be the regulation of paracellular pathways.  

Mutations in Cla16 have been linked to impaired reabsorption of magnesium and 

calcium leading to kidney disease, and Cla16 is reported to play a role in forming aqueous 

pores in the paracellular pathway within Henle’s loop. Interestingly, the expression of Cla16 



was primarily detected in two regions of chick intestine: 1) goblet cells within the intestinal 

epithelium and 2) smooth muscle layers. It may play a role in the mucus secretion process in 

intestinal goblet cells and the Ca++ movement process in the smooth muscle fibers, possibly 

by creating a calcium channel subunit. Further studies are underway to elucidate the novel 

roles of TJ proteins in the chick intestine.   
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C h a p t e r   1 

 

GENERAL INTRODUCTION 

 The primary function of the intestine is to perform absorption and secretion events. 

There are two pathways for transport of solutes between lumen and blood supply in the 

intestine: transcellular transport through the cell membranes of epithelial cells, and 

paracellular transport through tight junctions which are located between these cells (See for 

reviews: Anderson, 2001; Fanning et al., 1999). In the small intestine, the paracellular and 

transcellular pathways complement each other to perform absorption and secretion roles of 

the small intestine. It is believed that proteins in the claudin (Cla) family are the main 

structural and functional component of tight junctions, and over 20 claudin proteins have 

been identified so far. Each claudin protein is thought to interact laterally with another 

claudin protein in the adjacent plasma membrane in an either homotypic or heterotypic way 

to form tight junction strands (Brizuela et al., 2001; Furuse et al., 1999; See for review 

Tsukita et al., 2001).    

The roles of Cla3, Cla5 and Cla16 proteins in the TJs of the intestinal epithelia are not 

known. In this study, we investigated the subcellular localization and distribution of 

individual Cla3, Cla5, and Cla16 proteins by using immunochemistry studies in different 

parts of the chick intestine. Here we report our immunostaining study observations and 

propose some conclusions for future studies to elucidate their possible functions in the small 

intestine by using chick as a model. 
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The objective of the study: 

We investigated the localization of Cla3, Cla5, and Cla16 proteins in different parts 

of the intestine by using an immunostaining protocol. It was basically a descriptive study, 

and we aimed to make some predictions about the possible functions of individual claudin 

proteins and to create the base for future studies to elucidate their functions.   

There were two objectives of the study: 

First, to determine the distribution and localization of Cla3, Cla5, and Cla16 proteins in 

different parts of the one-day old chick intestine; and consequently, to make some predictions 

about their possible contributions to the functions of TJ structure. 

Secondly, to determine if these proteins are present in the chick intestine during different 

embryological stages, and to make some predictions about their possible roles in the 

development of the chick intestine.  
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LITERATURE REVIEW 

Small intestine: 

Small intestine can be thought as one of the gates between external and internal 

environments. While the intestinal lumen is the extension of the direct external environment, 

blood and lenfoid supplies are the internal environments. The integrity of multicellular 

organisms is maintained by isolating these environments from each other and regulating their 

relationships. Intestinal epithelium is located just between these environments and separates 

them from each other. Therefore, each epithelial cell is highly differentiated to perform 

different physiological roles. Intestinal epithelium not only isolates and regulates the 

exchange of solutes between the external and internal environments, but has a function to 

process a lot of substances which contact this layer (See for review: Madara and Trier, 1994). 

 

Roles of the small intestine:  

Small intestine is responsible for the absorption of the substances: water, electrolytes 

(Na+, K+, Ca++, etc.), and organic molecules (amino acids, monosaccharides, lipids, etc.). In 

addition, final enzymatic digestion of organic molecules occurs in this organ. Small intestine 

is one of the critical organs for water balance of the body. It also has an immune function. 

 

Structure of the chick small intestine:  

Chick small intestine can be divided into three parts: Duodenum, jejunum and ileum. 

Duodenum is the first region between the stomach and entrance of the bile duct, jejunum is 

the second part between the gall bladder and the yolk sac, and the last region is called ileum 

between the yolk sac and the cecal sacs (Fig1.1).  
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In the cross section of the small intestine, from lumen to outside, small intestine is formed by 

four layers: mucosa, submucosa, smooth muscle layers and serosa (See for review: Kutchai, 

2004). 

1. Mucosa layer of the small intestine:  

The mucosa layer of the small intestine can be divided into three parts: muscularis 

mucosae, lamina propria and epithelial cell layer. 

Muscularis mucosa: It is a thin smooth muscle layer which is located between 

mucosa and submucosa layers. It is thought that muscularis mucosae layer provides the 

movement of mucosal surface; accordingly, it plays a role in mixing and absorption of 

luminal contents (Masumoto et al., 2000; See for review: Kutchai, 2004). Also, it might 

contribute to the tone of the epithelium (Joyce et al., 1987).  

Lamina propria: Inside of the villus, between epithelial cell sheet and muscularis 

mucosa, lamina propria is located. It is a connective tissue. In mammals, it includes blood 

and lymph vessels, small unmylinated nerve fibers, smooth muscle cells, immunologic cells 

such as lymphocytes, macrophages, and plasma cells and a few mast cells, fibroblast and 

myofibroblasts. In addition, it includes some collagen and elastic fibers (See for review: 

Madara and Trier, 1994). Absorbed fat is carried by lymph vessels, water and other nutrients 

(glucose, amino acids, electrolytes, etc.) are taken by the blood capillary bed. Endothelial 

cells in the blood vessels are attached to each other by TJs, and TJs make them impermeable 

to macromolecules. On the other hand, lymphatic endothelial cells are also connected by TJs, 

but they allow the movement of macromolecules such as chylomicra and lipoproteins 

between the endothelial cells as described in the jejunum of rats. (Casey-Smith, 1962) 
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Epithelial Cell layer: It is in direct contact with the luminal content, a single 

epithelial cell layer which sits on a thin basement membrane and lines the surface of the villi 

(Madara and Trier, 1994). The epithelial layer consists of several different kinds of cells. 

Enterocytes, which are most prevalent, play a role in absorption. Goblet cells secrete mucin 

molecules and form a protective mucus layer on the epithelial sheet. Endocrine cells are also 

present. Apart from these three major kinds of cells, M cells, caveolated cells, and cup cells 

are found in a relatively smaller number in the epithelia layer (Owen and Jones, 1974; See 

for review: Madara and Trier, 1994).   

Cell Proliferation: The very bottom part of the villus is called the crypt region. This 

region primarily contains undifferentiated stem cells which undergo proliferation (mitosis). 

Consequently, they give rise to other epithelial cells such as absorptive cells, goblet cells and 

endocrine cells (Cheng and Leblond, 1974; See for review: Potten and Loeffler, 1990). 

Newly produced cells migrate up to the villus and differentiate into a particular type of cell. 

It was reported that proliferative cells in the chicken intestine are mostly located in the crypt 

regions, although there is still some proliferative activity along the villus (Uni et al., 1998). 

Goblet cells and endocrine epithelial cells are also present in the crypt region. In addition, in 

most mammals, paneth cells having large secretory granules are located there (Owen and 

Jones, 1974).  

Enterocytes: Enterocytes are responsible for the absorption of water and solutes. 

They are highly polarized cells. At the apical region, a “brush border” layer is made up by 

microvilli. They are about 0.5-1.5um in length and 0.1um in width (See for review: Madara 

and Trier, 1996). It was reported that villi increase the absorptive surface area 7 to 14 fold; 
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and microvilli increase this an additional 14-40 fold (See for review: Madara and Trier, 

1994). 

The distribution of protein and lipid molecules in the enterocyte cell membrane is not 

homogenous. Electron microscopy freeze fracture studies, when the plasma membrane is 

cleaved between the lipid leaflets, reveal the protoplasmic (internal) and exoplasmic 

(external) face of the membrane, including intra-membrane particles (IMP) which represent 

integral membrane proteins. The Na+ pump is a basolateral membrane protein that was 

observed in the freeze fracture replicas of tissue-cultured chick skeletal muscle myotubes. 

The Na+ pump is located in the basolateral cell membrane of enterocytes, but not in the 

apical cell membranes (Pumplin and Fambrough, 1983; See for review: Handler, 1989). Na+ 

pumps create an electrochemical gradient by pumping Na+ from the basolateral side to the 

blood side, and solutes are taken into cells from the apical side of the cell membranes by Na+ 

cotransport (See for review: Handler, 1989). Likewise, the distribution of lipids in epithelial 

cell membrane is not symmetric. For example, glycosphingolipids are found in greater 

amount within the apical cell membranes (Douglas et al., 1972; see for review: Madara and 

Trier, 1994). 

Goblet cells: Mucin granules fill about two-thirds of a goblet cell (See for review: 

Madara and Trier, 1994). They are bound by a membrane, and they come very close to each 

other and there is very little cytoplasm between them, including almost no cellular 

organelles. Organelles such as rough endoplasmic reticulum (RER), free ribosomes, 

mitochondria, and lysosomes are primarily found lateral to the mucous granules. The goblet 

cell nucleus is located basally and surrounded by cytoplasm. Between nucleus and mucous 

granules, a well developed golgi complex is located (See for review: Madara and Trier, 
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1994). It is believed that goblet cells originate from undifferentiated crypt cells. Goblet cells, 

like absorptive cells, migrate up from the base of the crypt toward the villus tip. During this 

time they mature, that is, nucleus and organelles intensify at the basal side, and theca 

(microtubule and intermediate filament rich cytoplasm that includes mass of mucin granules 

(Specian and Neutra, 1984)) and mucous granules form and intensify at the apical side (See 

for review: Forstner, 1995). The apical side of the cell enlarges, but the contact with the basal 

lamina gets smaller. In addition to morphological changes of the goblet cells, the chemical 

nature of mucin changes. While immature, cells mostly have neutral mucin. Mature cells 

have sialated, that is, acidic mucin (See for review: Filipe, 1979). Mature goblet cells can be 

seen in the upper crypt. They reach the villus tip and fall off the lumen within a couple of 

days, similar to the renewal rate of absorptive cells as described in mouse small intestine 

(Merzel and Leblond, 1969). 

Mucous is released into the lumen by exocytosis (Specian and Neutra, 1980). Upon a 

stimulus such as acetylcholine, mucous granules fuse to the apical membrane, and some 

cytoplasm and mucous granule membrane is lost into the lumen, as observed in the organ-

cultured rabbit large intestine (Specian and Neutra, 1980). The mucous layer plays an 

important protective role for the epithelium against some enzymes, and bacterial and dietary 

substances (See for reviews: Forstner, 1978; 1994). It was reported that small intestinal 

mucous secretion can be stimulated by the effect of enterotoxins from bacteria such as E.coli 

(Moon et al., 1971). 

Two kinds of secretions can be identified by goblet cells: baseline secretion and 

accelerated secretion. 
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Baseline secretion is a slow and continuous exocytosis of individual mucin granules 

that is required for maintenance of the mucus layer. It seems that only particular granule 

species might be used for baseline secretion, those mostly located peripherally in the theca 

(See for review: Specian and Oliver, 1991). It has been claimed that microtubules play a role 

in granule movement in the basal region of the cell but not in the theca. The role of 

microtubules in granule translocation in the supranuclear region, and granule movement 

along the theca of the rabbit colonic mucosal explants was tested (Oliver and Specian, 1991). 

Granules were radiolabeled to follow their movement and a microtubule (MT) inhibitor-

nocodazole was applied. Nocodazole bound tubulin and prevented MT polymerization, 

resulted in a significant decrease in granule translocation in the supranuclear region. On the 

other hand, the loss of MT did not significantly reduce granule movement along the theca. It 

was shown that microfilament disruption increased the rate of baseline secretion, but 

microfilaments might not be related to granule translocation (Oliver and Specian, 1991). 

Actin microfilaments are a minor component of cytoskeleton but play a role in baseline 

secretion. Removal of actin increases the secretory rate (Specian and Neutra, 1984; See for 

review: Forstner, 1995).     

Accelerated secretion takes place with extracellular induction by secretagogues such 

as a chemical or physical irritant rather than by hormones. Unlike baseline, in accelerated 

secretion mainly centrally located mucin granules release their contents (See for review: 

Forstner, 1995).  In response to such an appropriate stimulus, 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. During evacuation of mucin molecules to the 

surface of epithelial cell layer, some cytoplasm and granule membranes are lost into the 
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lumen (Specian and Neutra, 1980; See for review: Forstner, 1995). Accelerated secretion is 

not controlled by the microtubules or actin activity. After the secretion process, the cup-like 

shape of goblet cells is maintained by keratin filaments (See for review: Specian and Oliver, 

1991). 

A large amount Ca++ is present in the mucin granules. Ca++ shields and condenses the 

polyanionic residues of mucin. In response to a stimulus this Ca++ shield is released by an 

opening hole, and at the same time, with the effect of entering water, mucin molecules form a 

polymer structure and a several hundred fold volume increase occurs within a millisecond 

time period. This event provides a very strong and fast driving force for mucin secretion 

through a membrane pore (See for review: Verdugo, 1990). 

Endocrine cells (Enteroendocrine cells): Enteroendocrine cells can be found 

throughout the intestinal epithelium layer and different types have been identified, such as 

EC cells and S cells (See for review: Madara and Trier, 1994). For example, EC cells contain 

substance P and serotonin; S cells contain secretin. They release their products by the 

exocytosis of their granules, and these products exhibit paracrine or endocrine effects (See 

for review: Madara and Trier, 1994). 

 

2. Submucosa: It is mainly a loose connective tissue including blood vessels and 

nerve cells. Therefore, it controls the movement of mucosa. 

 

3. Smooth muscle layers: Circular and longitudinal muscle layers provide dynamic 

movement of the small intestine. 
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Small intestine motility: It is referred to as “rhythmic segmentation”. There are 

multiple contractions at the same time in the different parts of small intestine. From outside 

to inside three smooth muscle layers are present: longitudinal smooth muscle layer, circular 

smooth muscle layer and muscularis mucosae smooth muscle layer. While circular smooth 

muscle layer is most important for the contraction of the smooth muscle, the others are 

mainly responsible for the tone of the small intestine. Small intestine contraction is mostly 

controlled by peripheral local reflexes and hormones, and to a lesser extent by the 

parasympathetic autonomic nervous system. 

In all these regulation systems, as a result of a neurotransmitter, hormone or a stretch 

effect, Ca++ plays the key role in smooth muscle contraction. In response to a 

neurotransmitter, hormone or a stretch, the size and duration of slow waves are altered, and 

this determines how much Ca++ will be taken into the cytoplasm. The level of Ca++ 

determines how much tension will be developed. Ca++ is taken from both the extracellular 

and intracellular stores (See for review: Kutchai, 2004). 

 

4. Serosa: It is the outermost layer of the small intestine. It consists of primarily 

connective tissue (See for review: Kutchai, 2004). 

 

Tight Junctions (TJs)  

Epithelial and endothelial cell layers separate compositionally distinct compartments. 

This is required for the development and continuing maintenance of multicellular organisms. 

The cohesion and structural integrity of these cellular sheets are maintained by TJs (zonula 

occludens) (See for review: Anderson and Itallie, 1995). TJs connect these cells to each other 
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near the apical sides of lateral membranes (Fig.1.2) (See for reviews: Tsukita et al., 2001; 

Schneeberger and Lynch, 1992). 

On ultrathin section electron micrographs, TJs appear as a series of fusion or very 

close points, so called kissing points, of adjacent cell membranes (Farquar and Palade, 1963; 

See for review: Tsukita et al., 2001). TJ strands of two neighboring cells are associated with 

each other to form paired strands, and paracellular space becomes almost zero (Furuse et al., 

1999). 

On freeze-fracture electron micrographs, TJs appear as branching lines of strands on 

the protoplasmic face, and complementary grooves on the exoplasmic face (Staehelin, 1973). 

It has been considered that these fibrils are linear polymers of transmembrane proteins that 

associate with the transmembrane proteins in the adjacent cell membrane (See for review: 

Anderson and Itallie, 1995). There is generally an inverse correlation between the number of 

fibrils and the paracellular (between the epithelial-endothelial cells) permeability (Claude, 

1978).  

 

Functions of TJs:  

Functions of TJs have classically been defined into two parts: Barrier function, and 

fence function. Recent research has allowed another function can be added: adhesion 

function (Brizuela et al., 2001; Brizuela et al., 2000; Brizuela et al., 1999). 

Barrier function: In the mucosa of the small intestine, a single epithelial layer lining 

the surface of the villi isolates the lumen and the blood supply compartments from each other 

and regulates the absorption of various materials. There are two pathways for transport of 

solutes across these epithelial sheets: either by transcellular transport through the epithelial 
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cell membranes or paracellular flux through TJs, which are located between these cells. 

Transcellular transport is the movement of solutes across cell membranes. This is usually an 

active process, and energy is generated primarily by basolaterally located Na+ pumps. In 

addition, specific transporters and channels for solutes and ions are located on the apical side 

of cell membranes. Transcellular transport is very specific, and there is a directional ion and 

solute selectivity between apical and basolateral side of the cell. This transport varies among 

different epithelia.  

On the other hand, paracellular transport results from movement of solutes and water 

between the cells. Unlike the transcellular, paracellular transport is a passive process. For 

movement of solutes and water, an electro-osmotic gradient (which is created mainly by 

transcellular transport) is used. In addition, there is no directional selectivity for solutes and 

ions, but there is some selectivity for charge and size. Most TJs show some cation selectivity 

at physiologic pH. Like transcellular transport, paracellular flux varies in a tissue specific 

manner (See for reviews: Anderson, 2001; Fanning et al., 1999).  

Therefore, barrier function not only seals the paracellular route and separates 

compartments, but also regulates the paracellular flux by containing ‘aqueous pores” that 

fluctuate between open and closed states (Claude, 1978). Paracellular transport has two 

qualities that affect the overall transport: tightness of the TJs which controls the permeability 

of paracellular route, and secondly, charge selectivity. Tightness of TJs can be quantified by 

two methods: the measure of transepithelial electric resistance (TER), and flux of a 

radiolabelled tracer that can move only through paracellular route, such as mannitol or inulin 

(See for review: Fanning et al., 1999). Although generally the value of TER correlates with 

the number of TJ strands and the complexity of the network, the quality of strands also plays 
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a role in the magnitude of TER. For example, although Madin-Darby canine kidney epithelial 

cells-MDCKI and MDCKII cell lines are very similar with respect to TJ strand number and 

TJ organization, MDCKI cells exhibit more than 30 times higher TER than the other cell line 

(Stevenson et al, 1988; See for review: Tsukita et al., 2001). The regulation of paracellular 

pathways, by forming pores within TJ structure (Coleigo et al., 2002; Simon et al, 1999), and 

by changing the tightness (permeability) of TJs varies in different tissues (See for reviews: 

Tsukita et al., 2001; Tsukita and Furuse, 2000a; Fanning et al., 1999; Schneeberger and 

Lynch, 1992; Anderson and Itallie, 1995; Powell, 1981). 

In addition to their physiological role in the regulation of paracellular flux, TJs form a 

protective barrier against pathogens and their toxins. TJ are dynamic structures. In response 

to a physiological or a pathological change they alter their organization quickly and 

effectively (Kinugasa et al., 2000; See for review: Schneeberger and Lynch, 1992). Barrier 

function of TJs is regulated by second messengers and signaling pathways such as tyrosine 

kinases, Ca++, protein kinase C (PKC), adenosine 3’,5’-cyclic monophosphate (cAMP), 

calmodulin, heterometric G proteins, and phospholipase C. Since different regulation 

mechanisms are present in different cells, probably the effect of the molecules on TJ 

organization differs (See for review: Anderson and Itallie, 1995). 

Fence Function: TJs are located in the apical surface of the cell membrane.  

In the intestine, the apical and basolateral membranes of mucosal epithelial cells are 

different from each other with respect to distribution of membrane channels, carriers and 

transporters. Moreover, different parts of the intestine have their own specific organizations. 

The basolateral side of the membrane, which is close to the blood supply, has mainly Na+ 

pumps. On the other hand, the apical side of the membrane has transporters and Na+ 
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channels. This segregation is very important for the epithelial layer to regulate physiological 

events. For example, in the small intestine, Na+ enters from the apical side of the epithelial 

layer, and reaches the Na+ pump in the basal region of the cell. The Na+ pump sends Na+ ions 

from the cell toward the blood supply by using ATPase activity. This creates an osmotic 

pressure in the blood side; and consequently, water and some negatively charged molecules 

follow Na+ through paracellular and transcellular pathways. 

         In the small intestine, primary physiological events such as absorption and secretion 

depend upon this apical-basolateral discrimination (asymmetry) of transcellular proteins, and 

lipids. There is a correlation between lipid content of a membrane and its fluidity. The 

fluidity of basolateral membrane is higher than that of apical membrane (Brasitus and 

Schachter, 1980). One of the examples of this heterogeneity is glycosphingolipids which 

have a protective role for the membranes against physical and pathological effects by 

increasing the membrane surface rigidity (Pascher, 1976). It has been reported that in the 

intestine, apical membranes of epithelial cells, which have an interaction with the lumen, 

contain higher amounts of glycosphingolipids relative to basolateral membranes (Brasitus 

and Schachter, 1980). Integral membrane proteins, which might be a channel or a transporter, 

and membrane lipids can diffuse laterally in the cell membrane. TJs play an important role 

preventing the movement of these proteins and lipids from basolateral to apical side or vice 

versa. This function is called the fence function of TJs (See for reviews: Tsukita et al., 2001; 

Fanning et al., 1999; Schneeberger and Lynch, 1992) 

Cell Adhesion Function: In addition to barrier and fence function of TJs, these 

junctions are required for normal embryonic development of epithelial sheets (Brizuela et al., 

2001; Brizuela et al., 2000; Brizuela et al., 1999). Brizuela et al. reported the importance of 



 16

the Xcla tight junction protein in the regulation of cell-cell interactions during establishment 

of left-right axis asymmetry of the heart, gut and/or gall bladder during Xenopus 

development. One key mechanism appears to be that certain tight junction proteins can 

function as cell adhesion molecules (Brizuela et al., 2001; Brizuela et al., 2000; Brizuela et 

al., 1999; Tsukita and Furuse, 2000b). 

 

Tight Junction Proteins 

TJ proteins can be classified into two groups: membrane associated cytoplasmic 

proteins such as ZO1, ZO2, and ZO3, and transmembrane proteins. Three types of 

transmembrane proteins have been identified that are located in the TJ structure: occludin, 

the claudin (Cla) protein family, and the junctional adhesion molecule (JAM) - Ig 

superfamily member.  

JAM: Exogenous expression of JAM in L-fibroblasts did not reconstitute TJ strands 

and it associated with claudin protein based TJ strands. JAM plays role in cell to cell 

adhesion for both epithelial and endothelial cells. JAM has been showed to have a direct role 

in migration of immune cells through the paracellular pathway between epithelial and 

endothelial cells (See for reviews Fanning et al., 1999; Tsukita et al., 2001). 

Occludin: Occludin is the first transmembrane TJ protein to be identified (Furuse et 

al., 1993). It was identified from TJ enriched chicken liver, and its cell-to-cell contact 

localization was showed in both epithelial and endothelial cells by immunofluorescence and 

immunogold labeling - electron microscopy studies. It has a 65-kD molecular weight 

tetraspan membrane protein. It has two extracellular loops which do not exhibit obvious 
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sequence similarity to each other, but both have high amount of hydrophobic and glycine 

amino acid residues. Its N and C-terminals are located in the cytoplasm (Furuse et al., 1993).  

Furuse et al. indicated that when occludin alone was overexpressed in insect cells, it 

could form TJ strand-like structures, but they were observed to be very short in freeze-

fracture images (Furuse et al., 1996). It was suggested that occludin has shown both barrier 

and fence functions of TJs in MDCK cells (Balda et al., 1996). However, occludin was not 

found in TJ structure of some specific cell types such as most endothelial cells of mammalian 

nonneural tissues and sertoli cells of the guinea pig/human testis (Saitou et al., 1997). In 

addition, it was reported that overexpression of mutant occludin did not affect the 

organization of TJ strands (Balda et al., 1996). More importantly, occludin gene deficient 

embryonic stem cells were produced by Saitou et al. who observed that they differentiated 

into epithelial cells with well-developed TJ strands (Saitou et al., 1998). This finding 

suggested that occludin was not the only, or the key component for TJ strands, and that there 

must be at least another one type of integral protein that forms TJ strands without occludin.  

Claudin Protein Family: In 1998, Furuse et al. reported two new transmembrane 

proteins located in the TJs: Cla1 and Cla2. Like the first integral protein occludin to have had 

been identified, Cla proteins were first identified from chicken liver (Furuse et al., 1998a). 

These investigators examined protein bands in SDS-PAGE of isolated junction fractions 

containing only integral proteins. They concluded that the 22-kD polypeptide band might 

include other transmembrane proteins after screening its similar behavior (co-partitioning) 

with the occludin band by using guanidine extraction and sonication, and sucrose density 

gradient centrifugation. During the same time Brizuela et al. isolated a transmembrane 

protein using a microsome fractionation over a sucrose gradient (Brizuela et al., 1998a; 
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1998b). After that, protein localizations were tested and found to be located at the most 

apical region of lateral membranes. These proteins were called Claudin1 and Claudin2 

(Furuse et al., 1998a). The word “claudin” comes from Latin “Claudere”, and means to 

“close”. Hydrophilicity analysis showed that like occludin, both Cla1 and Cla2 have four 

transmembrane domains and two extracellular loops, and their C and N ends are located in 

the cytoplasm. Although topologies were similar, there was no amino acid sequence 

similarity between occludin and claudin (Furuse et al., 1998a). For confirmation, the 

investigators transfected Cla1 and Cla2 into cultured mouse L fibroblasts that do not 

normally have TJ strands and well-developed TJ strands were observed (Furuse et al., 

1998b). 

Katahira et al. cloned a cDNA for the Clostridium perfringens enterotoxin (CPE) 

receptor from enterotoxin-sensitive monkey vero cells (Katahira et al., 1997).  It was found 

that the CPE gene has a dramatic sequence similarity to a previously identified gene: rat 

ventral prostate-1 (RVP1). Both these proteins serve as CPE receptors, and they were 

reported to be members of claudin protein family and renamed as Cla3 and Cla4 later by 

Morita et al. (Morita et al., 1999). 

The same year, Furuse et al. showed that unlike occludin, which has limited capacity 

to form TJ strands in fibroblasts, when either Cla1 or Cla2 was expressed into L-fibroblasts 

lacking the endogenous expression of Clas or TJ strands, they could form long and branching 

TJ fibrils. In addition, cotransfection of Cla and occludin together showed that occludin 

could join the fibril structure (Furuse et al., 1998b). 

One year later, database search analyses showed the existence of a new gene family, 

the so called claudin family, which has 15 members identified in mice and humans (Morita et 
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al., 1999a; See for review: Tsukita and Furuse, 1999). Morita et al. and others identified Cla3 

to Cla8, and called them a “Claudin multigene family”. They isolated full length cDNA’s 

encoding Cla3 to Cla8. H-A tagged Cla3-8 cDNAs were transfected into cultured MDCK 

cells, examined by confocal microscopy, and found at cell-to-cell contacts. Then, polyclonal 

antibodies were synthesized in rabbits against the COOH-end of Cla members. Expression of 

Cla3 to Cla8 was observed in various tissues by using immunobloting, and 

immunofluoresence and immunoelectron microscopy studies (Morita et al., 1999a; Brizuela 

et al., 2001). 

Hydrophilicity analyses for Cla 1-8 show that all have four transmembrane domains, 

both amino and carboxyl ends are located in the cytoplasm, and they have two extracellular 

loops with the first loop longer and more hydrophobic than the second one. Their amino acid 

sequence has been conserved in the first and the fourth transmembrane domains and the 

extracellular loops, and amino acid variations were observed in the second and the third 

transmembrane domains and the COOH ends. However, in carboxyl ends, the Y-V amino 

acid residues are conserved among these family members.     

Since only one occludin gene has been identified, Cla family members must be the 

key players in creating different types of TJs in different tissues by different expression 

levels and various combinations. Claudins create variation to promote specific physiological 

roles of paracellular pathways within specific organs or a particular part of an organ.  

Tissue distribution of mouse Cla3 to 8 was examined by Northern Blot (Morita et al., 

1999a). Cla3 mRNA was found in large amounts in the lung and liver, with lower amounts in 

the kidney and testis. Cla4, 7, and 8 occurred mainly in the kidney and lung. Cla5 expression 

was found in the heart, brain, lung, liver, kidney and testis. Cla6 was expressed in large 
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amounts in embryos, but not in fully mature tissues. Cla11 expression was specific to the 

brain and testis (Morita et al., 1999b). TJ strands have been observed between sertoli cells in 

the testis to form the blood-testis barrier and between lamellae of myelin sheets of 

oligodentrocytes in the brain responsible for the conduction along myelinated axons (Gow et 

al., 1999; See for review Tsukita and Furuse, 2000b).     

Furuse et al. tested if individual TJ strands were formed by the same kind of Cla 

species, and secondly, if Cla proteins could pair with different kinds of Cla proteins (Furuse 

et al., 1999). They expressed Cla1, Cla2, and Cla3 in the L-fibroblasts individually, in 

combinations of two, and all three together. Morphological shape and size of networks were 

evaluated by immunofluorescence microscopy images and immunolabeled freeze-fracture 

electron microscopy. They reported that a single type of Cla (homopolymers) and also 

different types of Cla proteins (heteropolymers) could constitute an individual TJ strands. 

Moreover, the same or different kinds of Cla could be paired to each other, in other words, 

homotypic and heterotypic organizations were possible, respectively (Furuse et al., 1999 ; 

See for review Tsukita et al., 2001). This result might explain part of the difference in 

transport level and rate in different tissues, and within a tissue or organ. Variation can be 

created by the formation of Cla in the TJ structure with a variety of combinations, which 

could alter the paracellular transport rate and overall transport events. 

TJs can be formed by one type of Cla protein. One of the basic and rare examples of 

this was shown by Gow et al. by removing the gene encoding Cla11 protein by homologous 

recombination in mice (Gow et al., 1999). As a consequence, some defects were observed in 

the inner ear, testis, and central nervous system. In freeze-fracture microscopy, TJs in these 

cells normally exhibit parallel, linear and very few branching TJ strands. TJ strands were not 
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seen in Cla11 deficient mice in myelin sheaths of oligodendrocytes in the brain or in their 

sertoli cells in freeze fracture images which indicates that TJ strands are constituted by only 

one type Cla protein (Gow et al., 1999).  

The tightness of the TJs varies in different tissues in parallel to permeability of 

paracellular pathways. Direct involvement of Cla proteins in the TJ barrier was shown by 

using CPE. When CPE was applied to MDCK I cells which primarily express Cla1 and Cla4, 

and exhibit very high TER, CPE specifically binds and removes the Cla4 from the TJ 

structure. As a result of this, TER, which measures the permeability of TJ, was decreased, 

and paracellular flux was increased. In other words, there was a decrease in the strength of 

the barrier function of TJs. These finding indicated direct involvement of Cla proteins in the 

barrier role of the TJs (Sonoda et al., 1999). 
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Figure 1.1: Chick intestine divided into three parts: Duodenum, jejunum 
and ileum. 
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Figure 1.2: Schematic diagram of tight junctions in the epithelium. 
(Figure was taken from Lodish et al., 2000)    
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C h a p t e r   2   D I S T R I B U T I O N   A N D   L OC A L I Z A T I O N    

 O F   C L A U D I N – 3 ,   C L A U D I N -  5   A N D   C L A U D I N - 1 6  

  P R O T E I N S   I N   O N E – D A Y   O L D   C H I C K   I N T E S T I N E 

 

ABSTRACT 

 Distribution and subcellular localization of Cla3, Cla5 and Cla16 proteins was 

investigated in one day old chick intestine. 

The expression of these proteins was observed in the different locations of the cross section 

of the small intestine. Cla3 expression was found mainly in the basal and lateral sides of the 

epithelial cells. It might have an adhesion role in the epithelial sheet. Also, Cla3 expression 

was present in the connective tissues. Cla5 staining was detected within the intestinal 

epithelium and blood vessels, probably in the epithelial and endothelial tight junctions. It 

might play a role in the regulation of paracellular pathways. Cla16 expression has been 

previously reported to be localized in the kidney, and its possible bivalent ion channel 

property has been indicated. Interestingly, Cla16 expression was found in the goblet cells and 

smooth muscle layers of the one-day old chick intestine. It might serve as a Ca++ channel 

subunit.   

 

INTRODUCTION 

In chapter I, a general literature review about the structure of chick small intestine 

and structure and functions of tight junctions was presented. In this section, previous studies 

specifically related to Cla3, Cla5, and Cla16 proteins will be presented.   
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Claudin Proteins as CPE receptors (Cla3): 

Cla3 is known as one of the two receptors for clostridium perfringens enterotoxin 

(CPE). 

CPE, a 35kDa single polypeptide chain, causes C. Perfringens type A food poisoning 

bringing about destruction of epithelial cells, diarrhea, fluid accumulation and cramping 

symptoms. The loss of osmotic balance of the intestine and morphological destruction are 

followed by the cell lysis ultimately (See for review: McClane, 2000). It has been reported 

that CPE might affect all three parts of the intestine, but different parts of the rabbit intestine 

showed different sensitivity. It causes rapid intestinal histopathological damages such as 

villus shortening and desquamation of epithelial cells at the villus tip as well as the inhibition 

of fluid and solute absorption. Ileum is more sensitive than jejunum, and duodenum shows 

relatively the least sensitivity (McDonel and Duncan, 1977). CPE might specifically bind its 

receptor with its C-terminal (Katahira et al., 1997a, b; Sonoda et al., 1999; Fujita et al., 2000; 

see for review: McClane, 2000). When the receptor binds to the toxin, it causes a 

conformational change of the protein creating a pore in the membrane. Then, the amino 

terminal of CPE plays a role, and large multiprotein pores in the plasma membrane form. 

Formation of these pore complexes results in alteration in the membrane permeability for 

small molecules and leads to the inhibition of water and solute absorption from the intestine 

and deterioration of osmotic balance of the cells within minutes, and ultimately, it causes cell 

lysis in a dose dependent manner (See for reviews: McClane, 2000; McClane 1994).     

While some cells show sensitivity for CPE such as rabbit small intestinal epithelial 

cells, some of them exhibit resistance such as mouse fibroblast cell line L-929. It was thought 

that a specific receptor on the cell membrane makes this these cells sensitive (Katahira et al., 
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1997a). Katahira et al. identified a 22kDa protein from Vero cells that could serve as a CPE 

receptor from an expression library of enterotoxin sensitive monkey vero cells (Katahira et 

al., 1997a). Its function was tested by the transfection of a cDNA encoding this protein in L 

cells which originally were resistant to this enterotoxin. Consequently, these cells became 

sensitive to it. Carboxyl end FLAG tagged CPE receptor protein was expressed in the L cell 

line, and their blotted membranes were exposed to radioactively labeled CPE, and specific 

binding was observed. That indicated direct specific interaction between CPE and its receptor 

(CPE-R). It was found that the CPE gene has a 95.6% amino acid sequence similarity to a 

previously identified gene: rat ventral prostate-1 (RVP1). They pointed out the possible 

presence of a gene family whose members show structural and functional similarity. 

In the same year, Katahira et al., 1997b identified two more different proteins that can 

serve as CPE receptors in human cells. These proteins were called hRVP-1 and hCPE-R. 

Firstly, these cells were exposed to biotinylated H10PER CPE as a probe and flow 

cytometric analysis indicated the binding ability of CPE to these cells. Again, L cell lines 

became sensitive to CPE upon transfection of either hRVP-1 or hCPE-R cDNAs into them 

while untransfected cells exhibited resistance just as the previous study of CPE-R 

transfection. They pointed out that some tissues which do not have these proteins showed 

resistance to CPE; on the contrary, some tissues which have these proteins showed sensitivity 

to this enterotoxin. This result has indicated that the expression of these proteins is tissue 

specific (Katahira et al., 1997b). 

In 1999, Morita et al. reported that these hRVP-1 and hCPE-R are members of the 

claudin family and they were renamed as Cla3 and Cla4 respectively (Morita et al., 1999a). It 

has been determined that apart from Cla3 and Cla4, this enterotoxin can also bind to Cla6, 7, 
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8, and 14 but not to Cla1 and 2 (Fujita et al., 2000). Fujita et al. suggested that this 

enterotoxin might interact with the second extracellular loop of Cla3 on L Fibroblasts (Fujita 

et al., 2000). 

Recent studies suggest that CPE might be a potential tool for the treatment of breast 

cancer (Kominsky et al., 2004). CPE specifically binds the Cla3 and Cla4 proteins and 

causes the formation of large pores in the membrane, and finally causes cell lysis. They 

reported that in some cancer types such as breast, ovarian and pancreatic carcinomas, Cla3 

and Cla4 are overexpressed. In this study, it was seen that breast cancer cell lines having 

detectible Cla3 and Cla4 expression showed sensitivity against CPE, and they underwent 

complete cytolysis. On the other hand, breast cancer cell lines not having a detectible Cla3 

and Cla4 expression showed resistance against this toxin. They reported that tumors 

receiving CPE significantly decreased in volume without disturbing the surrounding tissue or 

causing a systemic toxicity for the whole organism because of low or no expression of Cla3 

and Cla4. They claimed that normal rat breast epithelium showed relatively less sensitivity 

for CPE probably because of lower expression levels of Cla3 and Cla4 or/and because of 

stronger TJ structure that reduces interaction between toxin and its receptors relative to tumor 

cells. Since this interaction is rapid and very specific, it is considered that CPE might be used 

as a potential treatment for breast cancer (Kominsky et al., 2004).  

 

Claudins at the blood brain barrier (Cla5): 

Cla5 expression has been detected in the heart, brain, lung, kidney, testis, and 

intestine of mouse embryos (Morita et al., 1999a, b; See for review Tsukita et al., 2001), in 
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the liver, stomach, small and large intestines of rat (Rahner et al., 2001), in the retinal 

pigment epithelium of the chick eye, and in airway of human (Kojima et al., 2002). 

Immunofluorescence staining studies reported that Cla5 was found specifically at the 

cell-cell contacts of endothelial cells of blood vessels in the mouse brain (Morita et al., 

1999b). In the capillary blood vessels, endothelial cells are attached to each other by TJs, and 

TJs form blood brain barrier (BBB) having very low permeability in the paracellular 

pathways to protect the brain from toxic substances in the blood (See for review: Rubin and 

Staddon, 1999). To test the contribution of Cla5 for maintaining the BBB, Cla5-deficient 

mice were produced by homologous recombination (Nitta et al., 2003). Tracer experiment 

and magnetic imaging studies for these mice revealed that BBB was severely affected and 

size selectively loosened and became permeable against small molecules (less than 800D) 

(Nitta et al., 2003). Cla5 might contribute to size-selective channels between the cells. In 

another study, it was reported that expression of Cla5 increased the solute paracellular 

permeability in the human airway whereas Cla1 and Cla3 expression decreased the 

paracellular permeability (Coyne et al., 2003). Cla5 localization was also reported in the 

endothelium of the microvessels in the rat testis to form blood-testis barrier (Kamimura et al., 

2002).      

 

Claudin as a regulator of ion transport (Cla16): 

Cla16/Paracellin-1: The tight junction complex was initially thought of as an 

absolute physical barrier to prevent all paracellular flux. Later, it was demonstrated that TJs 

permit paracellular flux with charge and size selectivity, suggesting that TJs might contain 
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pores. One of the basic studies indicating the existence of pores in the paracellular pathway 

was performed by Simon et al. in 1999.  

Simon et al. thought that identification of this autosomal recessive disease, renal 

hypomagnesemia with hypercalciuria and nephrocalcinosis, might provide information about 

the paracellular transport for Ca++ and Mg++. The gene was determined from people who 

exhibit this disease and its amino acid sequence was identified. It was found that this protein 

had four transmembrane domains and its amino and carboxyl termini were in the cytoplasm 

such as in claudin family members. In addition to its structural similarity, sequence similarity 

between this protein (paracellin-1) and claudin family members was seen, and paracellin-1 

was named Cla16. Moreover, its junctional localization and colocalization with occludin (a 

TJ protein) was determined by immunostaining, and confocal microscopy indicated that 

Cla16 was a component of TJs (Simon et al, 1999). 

Cla16 displays common sequence and structural similarity with the other TJ proteins. 

It has four transmembrane domains, two extracellular loops, and amino and carboxy ends 

which are located intracellulary like other Cla family members (Morita et al., 1999a). 

Cla16 shows 14 to 21% amino acid identity with the other family members with the highest 

degree of homology in the transmembrane domains and the first extracellular loop, which is 

considered the bridge between the cells (Furuse et al., 1998). 

Cla16 has the most number of negatively charged residues (ten acidic side chain 

amino acid residues in its first extracellular loop) among Cla family members, and this may 

cause divalent cations (Ca++ and Mg++) to selectivity pass through paracellular pathways 

(Colegio et al, 2002). This has also interpreted as meaning that claudin proteins not only 

form barriers between cells but create channels for some ions (Rahner et al, 2001; see for 
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review: Tukita and Furuse, 2000). This idea of existence of charge selective channels was 

supported by studies of Cla4 and Cla15 (Colegio et al., 2002).  

Hirano et al. reported that deletion of the first four exons of the Cla16 gene in 

Japanese Black cattle lead to growth retardation and lethal renal failure before puberty 

(Hirono et al., 2000). Mutations in this gene cause Ca++ and Mg++ wasting and are 

responsible for this renal disease.  

Magnesium and calcium: Mg++ is the fourth most abundant intracellular cation and 

the second most abundant divalent cation, coming after Ca++ (See review for Quamme and 

Rouffignac, 2000). Mg++ plays a crucial role as cofactor for a lot of enzymes, such as high 

energy nucleotide triphosphates, and also it is important for bone, for the maintenance of 

membrane electrical potentials, in transcription of DNA, for neurotransmission and for 

muscular contraction (See for review: Konrad et al; 2004). 50-70% of the filtered load of 

Mg++ reabsorption occurs in the thick portion of the ascending limb of loop of Henle (LOH) 

(Brunette et al., 1974), mainly by paracellular pathway (See for review Quamme and 

Rouffignac, 2000). 5-10% of the filtered Mg++ is reabsorbed by the distal tubule of the 

nephrons through a transcellular pathway by using ATP (Satoh and Romero, 2002). It is 

considered that Mg++ levels in the body are regulated by its serum Mg++ concentrated at the 

level of the nephron in the kidney and by intestinal absorption. Paracellular transport of Mg++ 

is driven by electrochemical gradient created by Na+ pumps (See reviews for Quamme and 

Rouffignac, 2000; Quamme, 1997). While the three most important cations Na+, K+, and 

Ca++ are under direct control of hormones no specific Mg++ regulating hormone is known. 

Since paracellular transport of Ca++ and Mg++ are driven by an electrochemical gradient 

which is created by basolaterally located Na+ pumps, some hormones such as antidiuretic 



 36

hormone (ADH), which increases the activity and number of Na+ pumps, glucagon, 

parathyroid hormone (PTH), calcitonin, and insulin can increase the Ca++ and Mg++ 

paracellular resorption (de Rouffignac and Quamme, 1994; see for review: Quamme, 1997). 

To date, there has not been a report of Cla16 expression in tissues other than kidney. 

In the following section, the localization of these proteins has been investigated in the chick 

intestine, and their unusual expression patterns and possible novel roles have been reported.    

  

MATERIALS and METHODS 

Animals  

Broiler-type one-day old chicks around 40gr in weights were obtained from the 

Poultry Farm of North Carolina State University.   

 

Tissue Preparation 

Paraffin Tissue Preparation: One-day old chicks were sacrificed, and the small 

intestine was dissected, and approximately 0.5cm tissue pieces were taken from the proximal 

end of the duodenal loop, from the midpoint of the jejunum, and from the midpoint of the 

ileum under a stereomicroscope. Pieces were gently and quickly washed with cold PBS to 

remove the blood and debris, and split open using small scissors. After that, these pieces 

were fixed in fresh 2% paraformaldehyde (PFA) for two hours under 10mm Hg vacuum.  

Dehydration: To obtain a stable, clear slide, the water content inside of the tissues 

should be removed. Alcohol is used to absorb water from tissues. Since directly putting the 

tissues into 100% alcohol would damage the tissue, this process was done by placing samples 

into alcohol series with a gradually increasing order (50%, 60%, 70%, 80%, 95%, 100%, and 
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100%). Hemo-de plays a role for preparation and transition of tissues to paraffin medium. 

After two Hemo-de series, tissues were put through three changes of liquid paraffin at 60oC.  

Embedding: First of all, a metal mold containing a plastic embedding ring was filled 

with liquid paraffin. Secondly, by using warm forceps, tissue pieces were placed into the 

bottom of the mold, and oriented longitudinally. Thirdly, more paraffin was added, and the 

mold was gradually cooled. After the paraffin solidified, molds were stored in a 4oC 

refrigerator overnight. The next day, the metal parts of the molds were removed, the paraffin 

containing the tissue was then stored overnight at 4oC. 

Sectioning: For sectioning, a microtome knife was used. The thickness of the section 

was adjusted to 4um. Serial sections were cut, and put onto 45oC water for a few seconds, 

and mounted on a labeled slide. For histological inspection, serial sections from one 

intestinal region were mounted. For immunohistologic studies, sections from duodenum, 

jejunum, and ileum of the same intestine were placed side by side on the slide.    

H & E Staining: Paraffin was removed by using Hemo-de, then, sections were 

hydrated by exposing them to graded ethanol series (100%, 100%, 95%, 80%, 70%, 60%, 

and %50) for two minutes each, and rinsed in deionized water. After that, they were stained 

by hemotoxylin for four minutes and excess hemotoxylin staining was then removed by 

dipping two times in acid alcohol and rinsing in running water. After two alcohol series (50% 

and 60%), slides were counterstained with eosin. Then, sections were dehydrated by graded 

ethanol series, cleared in Hemo-de, and coverslipped using a small amount of permount. 

Slides were allowed to dry overnight at room temperature. 

Frozen Tissue Preparation: One-day old chicks were sacrificed, the small intestine 

was removed, and approximately 0.5cm tissue pieces were taken from the proximal end of 
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the duodenal loop, from the midpoint of the jejunum and from the midpoint of the ileum. 

Pieces were gently and quickly washed with cold PBS to remove the blood and debris and 

then split open using small scissors. After that, the pieces were fixed in fresh 2% 

parafomaldehyde for two hours under 10mm Hg vacuum. They were then placed in 30% 

sucrose at 4oC overnight. The next day, they were transferred into graded (60%, 80%, and 

90%) OCT solutions (Tissue-Tek OCT compound-Sakura prepared with PBS) for two hours 

each. After two hours in 90% OCT, pieces were placed into cylindrical shaped foils 

containing 100% OCT and oriented longitudinally. Finally, they were immediately frozen in 

liquid nitrogen. These frozen blocks were wrapped with labeled foils, placed in freezer 

storage bags, and stored at –80oC.  

Cryosections were prepared on a cryostat vibratome at -16oC set for thickness of 

6um. 

 

Immunostaining  

For paraffin slides: Paraffin was removed by using Hemo-de. Sections were hydrated 

by exposing them to graded ethanol series (100%, 100%, 95%, 80%, 70%, 60%, and 50%) 

for two minutes each, and put into water.  Frozen sections were postfixed with cold acetone 

for one minute. The following steps were the same for both paraffin and frozen slides. 

Endogenous peroxydase activity was suppressed by treatment with 3% hydrogen peroxide 

for 35 minutes. After removal of endogenous peroxydase activity, blocking solution prepared 

in PBS+0.5%BSA was applied for one hour at room temperature (Vectastain kit). Then, 

sections were incubated with rabbit polyclonal Cla3, Cla5, or Cla16 antibodies (Ab) at 1:50 

dilutions containing 0.3% Triton for 16 hours at 4oC in a closed and moistened chamber. For 
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negative controls, duplicate sections were treated with blocking solution for the same time 

and temperature. After 16 hours, diluted biotinylated anti-mouse IgG (vectastain kit) was 

applied, and slides were incubated for 30 minutes at room temperature. After that, vectastain 

ABC reagent was added for 30 minutes at room temperature. To visualize the Cla proteins, 3, 

3’-diaminobenzamidine (DAB) was prepared according to manufacturer’s instructions, and 

applied on sections for 10 minutes. At the end of this time period, brown staining could be 

seen. DAB reaction was terminated by dipping the slides into water. Sections were 

counterstained by 1:15 diluted hemotoxylin for two minutes, and then washed in running tap 

water for three minutes. Finally, sections were dehydrated by graded ethanol series (50%, 

60%, 70%, 80%, 95%, 100%, and 100%), cleared in Hemo-de, and coverslipped. After each 

solution application, slides were washed three times in PBS solution for 5 min each, and 

excess PBS solution was blotted from slides before applying the next solution. After 

biotinylated anti-mouse IgG application, slides were washed three times with 

PBS+0.5%BSA solution for 20 minutes each instead of PBS solution. 

Goblet cell staining 

Frozen and paraffin embedded tissue were used to stain goblet cells in the three 

regions of the chick intestine. Paraffin slides were deparaffinized and rehydrated. Then both 

types of slides were stained in alcian blue (1% in 3% acetic acid (pH: 2.5) for 5 minutes. 

Then, hemotoxylin-eosin staining was performed, slides were dehydrated and mounted. 

Image acquisition and processing 

Light microscopy was performed with an Olympus compound microscope, using 4x, 

10x, 40x and 100x (oil) objectives. Images were captured using a Sony digital video camera 
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and processed by using Adobe Photoshop 7.0. All figures were obtained from frozen sections 

unless otherwise stated. 

About the small intestine and immunostaining 

Without splitting the intestine open, it is difficult to inspect villi because they tend to 

fold and overlap each other. However, after splitting the intestine, vulnerable epithelial cells 

are exposed and can be injured by direct contact during dissection, slide preparation, and 

immunostaining steps. Therefore, very patient, meticulous and repeated studies were required 

to obtain an intact epithelial layer. 

The immunostaining procedure is variable and must be modified for specific tissues. 

Every tissue exhibits a different sensitivity for Ab solutions or chemicals used during 

immunostaining. Endogenous peroxydase activity was reduced by increasing the 3% H2O2 

application time from 5 minutes to 35 minutes. 

Preparation of frozen sections was a challenging technique. Initially, intestine pieces 

were frozen at -30oC in the cryostat. However, damaged and shrunk villus structure was 

observed. It was thought that ice crystals might disrupt the tissue, and high salt concentration 

of fixative might cause the shrinkage of the villi. Thus, tissues were fast frozen by liquid 

nitrogen, and fixative was prepared with lower salt including PBS buffer.   

 

RESULTS 

Cla3, Cla5, and Cla16 proteins in one-day old chick intestine: 

To determine the subcellular localization, and distribution of three TJ transmembrane 

proteins-Cla3, Cla5, and Cla16- in different parts of the one day old chick intestine, 

polyclonal antibodies were used for the immunostaining of paraffin embedded and frozen 
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sections. Results were reported with images obtained by light microscopy including the oil 

immersion type objective. All three proteins were detected in duodenum, jejunum and ileum 

segments of the intestine with different localization and distribution patterns. 

Cla5 staining was detected in both endothelial and epithelial TJs (Fig.2.1): 

Firstly, Cla5 appears to be localized mainly at the apical cell-to-cell contact regions 

and terminal web in the crypt regions, and on lower villus, then became restricted to the only 

terminal web near the villus tip (Fig.2.1: E). Cla5 exhibited a staining gradient along crypt -

to-villus axis in most mature and tall villi (Fig.2.1: A and E). On the other hand, in short and 

immature villi, Cla5 staining was seen all along the crypt-to-villus axis (Fig.2.1: A). 

Also a strong staining was observed in the inner surface of blood vessels, probably the 

endothelium (Fig.2.1: D). In the epithelial layer along crypt-to-villus axis, large, circular, 

clear cells are goblet cells. There was no staining inside of the goblet cells (Fig.2.1: E and 

Fig. 2.4) or smooth muscle layers (Fig.2.1: A, B, and C). Duodenum and ileum Cla5 staining 

seemed to be stronger than Cla5 staining of the jejunum of the one day old chick intestine 

(Fig.2.1: A, B, C). 

Cla3 staining was localized primarily in the epithelial cell layer and in the 

connective tissue- between smooth muscle layers and the outermost layer which is called 

serosa (Fig.2.2): 

Cla3 staining was primarily observed in the lamina propria side of the epithelial layer; 

in other words, it was detected in the basal side of the epithelial cells which is in contact with 

the basement membrane (Fig.2.2: D). In the epithelial sheet, in addition to basement 

membrane Cla3 staining, some lateral membrane staining was observed in three parts of the 

intestine (Fig.2.2: B and D). In addition, some Cla3 staining was present in the cytoplasm of 
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some epithelial cells (Fig.2.2: B), and apical cell-to-cell contacts areas in the epithelial layer 

(Fig.2.2: C). 

In one day old chick intestine, crypt regions could be easily seen. Whereas there was 

staining in the lower parts of the villi, no Cla3 expression was seen in the crypt regions in all 

three parts of the intestine (Fig.2.2: E). Generally, no obvious gradient was seen along the 

villus axis. 

Cla3 staining was also visualized in the connective tissues- in lamina propria, the area 

between muscularis mucosae and circular smooth muscle layers, and in the serosa. Cla3 

staining was strong in the connective tissues. Dot like staining appeared to intensify as 

frequent clusters next to each other throughout the connective tissues. No obvious staining 

difference was detected in the epithelial layer and connective tissues between duodenum, 

jejunum, and ileum regions of the intestine.  

Interestingly, Cla16 expression was found in goblet cells, smooth muscle layers 

and epithelial junctional areas (Fig.2.3): 

Goblet cells were visualized by staining their mucin content with a glycoprotein 

marker-alcian blue (Fig.2.3: A). Goblet cells could be seen along crypt-to villus axis. Their 

number appeared to be higher in the distal part than the proximal part of the intestine 

(Fig.2.3: A). In goblet cells, Cla16 exhibited an expression gradient along crypt-to-villus 

incline. Visible staining was barely detectible in the lower part of the villus (Fig.2.3: B), even 

though a high number of goblet cells were present in the crypt regions and the lower parts of 

the villus. Staining gradually increased from base toward tip. Goblet cells showed the 

strongest staining at the tip region of the villus and they seemed to be almost fully stained 

(Fig.2.3: B and H). Staining often appeared to outline the mucin granules in the goblet cells, 



 43

perhaps indicating a localization within the granule membranes. In duodenum, goblet cell 

staining was observed all along the villus but not in the very base of the villi and the crypt 

regions. In jejunum, this staining was observed in the upper two thirds of the villus, and in 

ileum in the upper villus region only (Fig.2.3: B).  

In the one day old chick intestine, Cla16 staining was observed in all three layers of 

the smooth muscle (Fig.2.3: E). The “dot-like” staining was probably located either on the 

muscle fiber membranes or in the organelle membranes inside the fibers (Fig.2.3: F, G). The 

staining in the cross section of circular muscle (Fig.2.3: F) was more obvious than in the 

muscularis mucosae (Fig.2.3: G) and longitudinal muscle layers. No staining was present 

between individual smooth muscle layers, that is, in the connective tissue (Fig.2.3: E).   

As in Cla5 staining, some staining was observed in the apical region of the epithelium 

(Fig.2.3: H). Upon close inspection, some epithelial junctional localization of Cla16 can also 

be seen (Fig.2.3: I).  

Summary: 

- Cla3, Cla5, and Cla16 tight junction proteins are present in the one day old chick 

intestine (Table 2.1). 

- Cla3, Cla5 and Cla16 showed different expression (staining) patterns. (Each seemed 

to have localized in different parts of the cross section of small intestine) (Fig.2.5). 

Cla5 staining is specific to the intestinal epithelium and blood vessels, probably the 

TJ regions. Apart from this localization, almost no Cla5 expression was observed in 

other regions of the intestine.  

Cla16 staining is seen consistently in the goblet cells (Fig 2.4) and smooth muscle 

layers and to a lesser extent within the epithelium.   
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Cla3 staining is found in the connective tissue in addition to the epithelial layer.  

- Even though it is sometimes difficult to judge and compare the staining intensity 

between duodenum, jejunum, and ileum, expression levels of claudin proteins appear 

to differ in different parts of the intestine. For example, it appears that Cla5 staining 

in duodenum and ileum is stronger than in jejunum.  

 

DISCUSSION 

The first TJ transmembrane protein to be identified, occludin, and the first two 

members of claudin family, Cla1 and Cla2, were identified in chicken liver (Furuse et al., 

1993; Furuse et al., 1998). Our research is the first report of Cla3, Cla5, and Cla16 proteins in 

chicken intestine. 

In leaky epithelia; such as in the small intestine, paracellular pathways allow 

movement of ions and water across the epithelial barrier. Therefore, it has a big influence on 

the transported solutes by complementing the transcellular transport (See review for Powell, 

1981; Schneeberger and Lynch, 1992). Paracellular permeability differs in a cell specific 

manner in the epithelia. Cla proteins laterally interact with the other claudin proteins located 

in the adjacent cell membranes in a homotypic or heterotypic manner (Furuse et al., 1999). 

They are main components of tight junction strands and directly involved in the barrier 

function of TJs (Sonoda et al., 1999). The first extracellular loop of claudins is considered 

the bridge between the cells (Furuse et al., 1998), and responsible for the charge selectivity 

and transepithelial resistance (Colegio et al., 2003). It was reported that Cla protein family 

with its at least 24 members, by creating charge and size selective pores in the paracellular 
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pathways, have a critical influence in the composition of the transported solutes in a tissue 

specific manner. (Colegio et al., 2002; Rahner et al., 2001; Powell, 1981).  

Previous studies indicated the localization of some claudin proteins in various tissues 

by using immunostaining studies and northern blot analyses (Rahner et al., 2001; Morita et 

al., 1999a). They indicated tissue specific expression of Cla proteins. A couple of studies are 

classical for this specificity. For example, Cla5 was suggested to be the main TJ protein for 

endothelial cells (Morita et al., 1999b) and Cla16 the main TJ protein for Mg++ paracellular 

transport in Henle’s loop in the kidney (Simon et al., 1999). The existence of Cla2, Cla3, 

Cla4, and Cla5 in the rat and mouse intestines has been reported (Rahner et al, 2001; Morita 

et al., 1999b).  

Cla3, Cla5 and Cla16 show differential patterns of protein expression: 

In our study, we concluded that subcellular localization and expression patterns of 

Cla3, Cla5, and Cla16 proteins differ. For example, while blood vessel endothelium exhibited 

only Cla5 staining (Fig.2.1: D), goblet cells and smooth muscle layers showed only Cla16 

staining (Fig.2.3 and Fig.2.4). Basement membranes and connective tissue, which did not 

exhibit either Cla5 or Cla16 staining, appeared to express Cla3 protein (Fig.2.2).   

Expression level of each claudin protein also varies in different parts of the one-day 

old chick intestine. For example, Cla5 expression appeared to have a little weaker staining in 

jejunum than the other two parts of the intestine (Fig.2.1). In addition, variation in expression 

of Cla5 and Cla16 along crypt-to villus axis of an individual villus was obvious in one day 

old chick intestine.     

Distribution and subcellular localization of Cla3 and Cla5 was studied in the rat 

intestine by Rahner et al., 2001. Immunofluoresent microscopy studies indicated that Cla3 
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expression was detected clearly in the liver, pancreas, stomach, and small and large intestines 

of rat. In the rat small intestine, Cla3 showed no obvious staining gradient along the crypt-to 

villus incline. Also, lateral membrane localization of Cla3 was reported. Cla5 staining was 

reported in the liver endothelial cells, in the pancreas, stomach, and in the small and large 

intestines of rat (Rahner et al., 2001). Strict localization of Cla5 in the TJs of epithelial and 

endothelial cells was indicated. There was no gradient of Cla5 along crypt-to villus surface 

axis reported in any part of the intestine. Our results were generally consistent with the 

immunostaining results in the rat intestine except that we observed a gradient of Cla5 

specifically in the duodenum part of the one day old chick intestine (Fig.2.1: A).    

Cla3 and Cla5 expressed proteins can be correlated with maturation of cells as 

they move up the villus: 

We found that Cla5 expression was absent from some villus tips in tall, mature villi 

whereas the lower half of the villi and crypt regions showed epithelial TJ staining. Short, 

immature villi exhibited staining all along the crypt to villus axis. This difference was 

pronounced in the duodenum where villi are longer (Fig.2.1: A). Unlike mammalian 

intestine, in the chicken, some proliferative activity is seen along the villus (Uni et al., 1998) 

which might be parallel to Cla5 expression in our results. We hypothesize that it could play a 

role in controlling the movement (orientation) of epithelial cells during cell proliferation, and 

also might contribute to migration of epithelial cells to maintain the characteristic villus 

shape. The lack of Cla5 at TJs of mature villus tips probably reflects a loosening of TJs as 

cells are extruded.  

In one day old chick intestine, Cla3 expression was detected in the villus but not in 

the crypt regions. Cla3 expression was primarily found in the basal side of the epithelial 
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membranes, which is in contact with the basement membrane, and on the lateral membranes 

(Fig.2.2: D). In addition, some Cla3 staining was detected in the cytoplasm (Fig.2.2: B), and 

apical cell-to-cell contact areas (Fig.2.2: C). 

Like our Cla3 expression results in one day old chick intestine, Cla1 expression has 

been reported to be localized primarily in the lateral plasma membranes of adjacent epithelial 

cells and in the underlying basement membrane in the rat epididymis (Gregory et al., 2001). 

It was suggested that Cla1 might play an adhesion role to attach the epithelial cells to each 

other laterally and attach the epithelial sheet to the underlying basement membrane.  

Four observations support the idea of a possible adhesion function of Cla3 in the chick 

intestinal epithelium: 

Like Cla1 expression in the rat epididymis, Cla3 proteins were observed on the lateral and 

basal epithelial plasma membranes in the one-day old chick intestine. Cla3 might be 

localized in the lateral junctional complex, perhaps in the desmosomes and E-cadherin 

structures, and it might play an adhesive role in attachment of epithelial cells to one another. 

In addition, Cla3 might play an adhesive role in connecting epithelial layer and underlying 

basement membrane.  

Secondly, the expression of Cla3 seemed less around the extrusion zone at the villi 

tips (Fig.2.2: C, D). Accordingly, cells can be easily shed from the villus at the end of their 

life cycle. More importantly, when a mechanical force is exerted at the villus tip, less Cla3 

expression at the tip region leading to a looser cell-cell attachment may help prevent the total 

loss of the epithelial layer. 

Thirdly, it has been reported that in the crypt regions, due to mitotic activity of 

undifferentiated epithelial cells, TJ strands are more shallow, loose, and disorganized relative 
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to TJs strands of epithelial cells in the villus (Madara et al., 1980; Tice et al., 1979). 

Consistent with the idea of an adhesion role of Cla3, we did not detect any Cla3 staining in 

the crypt regions. Lastly, as presented in Chapter 3, during embryological development Cla3 

expression was observed at the tip regions of immature villi and may play an adhesion role to 

initiate villus formation.  

Likewise, Cla3 expression in the connective tissues (Fig.2.2: A and F), possibly in the 

nerve cells, might serve an adhesion purpose.  

The dynamic internalization of Cla3 has been reported recently in mouse Eph4 

epithelial cells (Matsuda et al., 2004). During the epithelial cell movement in the villus, Cla3 

might play a key role to loosen the connections between the cells by timely internalization of 

Cla3 in the cytoplasm, thus providing free movement of epithelial cells parallel to the basal 

lamina. This might explain staining in the cytoplasm of chick intestinal epithelium.  

Cla5 and Cla3 may be important for absorption from the intestinal lumen to the 

blood supply: 

Each claudin protein can interact with another claudin protein laterally in a homotypic 

and heterotypic manner (Furuse et al., 1999). Therefore, it is conceivable that combinations 

of these family members might give different specific qualities to TJ strands. Consequently, 

huge diversity could be created in the paracellular pathway to perform an exact physiological 

role at a specific point within a tissue.     

The probable existence of aqueous pores between the epithelial cells was reported 

recently in the human kidney and low resistance Madin-Darby canine kidney (MDCK) II 

cells (Colegio et al., 2002; Simon et al., 1999). We propose that Cla5 might be involved in 

the regulation of paracellular pathways. It was reported that size-selective loosening occurred 
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in the blood-brain barrier (BBB) of Cla5-deficient mice, so that the BBB became permeable 

to molecules with less that 800D (Nitta et al., 2003). In another study, it was suggested that 

expression of Cla5 increased the solute paracellular permeability in the both human airway 

epithelial cell line IB3.1 and NIH/3T3 mouse fibroblast cells (Coyne et al., 2003).  

In the chick intestine, Cla5 expression was seen in the cell-to-cell contact regions in 

the crypt and lower parts of the villi and in the terminal web regions.  In the small intestine 

one of the primary functions of the villus is to perform the absorption process. On the other 

hand crypts are thought to play role in secretion of water and ions (See review for: Madara 

and Trier, 1994). In freeze fracture electron microscopy, TJs of crypt cells appear to have less 

complicated and shallower networks; that is, crypt cells have low-resistance TJs relative to 

those of the villus cells (Madara et al., 1980; See review for: Madara and Trier, 1994). 

Moreover, since the apex regions of undifferentiated crypt epithelial cells are narrow, they 

have more TJs per unit surface area. Therefore, they have more paracellular conductance to 

perform secretion of water and ions (See for review: Madara and Trier, 1994; Marcial et al, 

1984). The expression of a Cla protein should not be considered to always correlate inversely 

(decrease) the paracellular permeability. Claudins might generate a configuration 

(interaction) that allows the permeability of certain molecules in accordance with their size 

and charge. We speculate that Cla5 might play a role in the secretion of water and ions by 

forming pores in the paracellular pathways of the crypt regions, since strong Cla5 expression 

was seen there (Fig.2.1: E).  

It has been reported that Cla3 localizes in the brain, lung, liver, kidney, testis and the 

intestine of mouse and rat, and in the human airway. (See for review: Tsukita et al., 2001; 

Rahner et al., 2001). Immunofluoresent microscopy studies indicated that Cla3 expression 
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was detected clearly in the liver, pancreas, stomach, and small and large intestines in the rat 

gastrointestinal tract (Rahner et al., 2001). In rat intestine, unlike Cla5 protein, localization of 

Cla3 protein was indicated in the basolateral cell membranes. 

Rahner et al. provided three interpretations about basolateral localization of Cla3 

protein. 

First, it might affect the regulation of paracellular pathways by changing the organization of 

TJ transmembrane proteins without locating in the tight junction strands. Secondly, Cla3 

molecules might form a protein pool in the cytoplasm, and they might be recruited in the 

junctional area with changing (optimum) levels to alter the permeability of paracellular 

pathways in response to different physiological or pathological conditions. For example, it 

was reported that Cla3 could act as a receptor for Clostridium perfringens enterotoxin (CPE) 

(Katahira et al., 1997b). CPE binds to its receptors (Cla3 and/or Cla4) and causes alteration 

in the membrane permeability for small molecules and leads to the inhibition of water and 

solute absorption from the intestine and deterioration of osmotic balance of the cells within 

minutes, ultimately causing cell lysis in a dose dependent manner (see for reviews: McClane, 

2000; McClane 1994). It was pointed out that some tissues which do not have Cla3 and Cla4 

showed resistance to CPE, whereas some tissues which have these proteins showed 

sensitivity to this enterotoxin (Katahira et al., 1997b). We detected Cla3 protein in 

duodenum, jejunum and ileum parts of the small intestine (Fig. 2.2). Therefore, we conclude 

that all three parts of the chick small intestine may show sensitivity to CPE. The pathological 

effect of CPE on the intestinal tract of chicks has been indicated (See for review: Songer, 

1996). Thirdly, Rahner et al. speculated that Cla3 might have a function that contributes to an 

unknown role of TJs. 
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Previous studies indicated that Cla3 is one of the components of the BBB and it was 

reported that removal of Cla3 from TJs caused a serious permeability increase in the 

paracellular pathway (Wolburg et al, 2003). In addition, in the human airway epithelial cell 

IB3.1 and NIH/3T3 mouse fibroblast cells, coexpression of Cla3 and Cla1 highly decreased 

the paracellular permeability (Coyne et al., 2003). In the chick small intestine, Cla3 might 

contribute to increasing tightness of TJs in the villus, perhaps by interacting heterotypically 

with other claudin proteins. 

Cla16 is considered to be a key TJ transmembrane protein for the paracellular 

transport of Mg++ and Ca++ in the Henle’s loop in the kidney (Blanchard et al., 2001). It has 

been suggested that Cla16 forms a bivalent cation (Ca++ and Mg++) selective channel in the 

paracellular pathways in the thick portion of loop of Henle (Simon et al., 1999). Our study is 

the first report of Cla16 protein expression in the intestine. In our study, expression of Cla16 

was detected in one day old chick intestine. Surprisingly, its strong expression was seen in 

the all smooth muscle layers and within the goblet cells of the small intestine (Fig.2.3).  

Cla16 may function in mucin secretion in the goblet cells: 

We observed that Cla16 expression was highest in the goblet cells located at the tip 

regions (Fig.2.3: B and H). In some of the better goblet cell images, Cla16 appeared to be 

located in the membranes surrounding the mucin granules. (Fig. 2.3: D). 

Goblet cells are known to secrete mucin molecules which form a sticky mucus layer 

on the surface of the epithelial sheet. This mucus blanket protects epithelial cells against 

harmful particules or molecules (See for Review: Verdugo, 1990). 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; 
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Warner and Coleman, 1975; See for review: Verdugo, 1990). This 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 forming mucin polymerization, and accordingly, its secretion creates a large 

volume of mucus in a very short time period (See for review: Verdugo, 1990).  

Since Cla16 may serve as a Ca++ channel subunit in the paracellular pathway in the 

kidney, and since it was detected in high amount in mature goblet cells, it is likely that Cla16 

might also play role in “Ca++ related” mucus secretion of goblet cells. Three observations 

support this hypothesis. First, in the one day old chick jejunum, Cla16 expression was 

observed primarily in the upper two-thirds of the villus where more mature and active goblet 

cells reside with respect to stimulated mucus secretion. Perhaps Cla16 protein plays a role in 

fusion of mucin granules to each other during accelerated secretion. It also may be involved 

in the storage or removal of Ca++ ions by forming channel subunits in the granule 

membranes. Moreover, although a high number of goblet cells were observed in the crypt 

region of one day old chick intestine (Fig.2.3: A) , no Cla16 was observed in the goblet cells 

located in the crypt regions (Fig.2.3: B). There is no indication that goblet cells in the crypts 

secrete mucus. Thus, lack of Cla16 staining this area might indicate the involvement of Cla16 

in mucus secretion. Thirdly, in stimulated secretion, membranes of mucin granules fuse to 

each other and mass evacuation occurs by a single pore of the plasma membrane (Neutra and 

Schaeffer, 1977). During mucus secretion, some cytoplasm and granule membrane is lost 

into the intestinal lumen (Specian and Neutra, 1980; Madara and Trier, 1994). Interestingly, 

some images of chick intestine appear to show stimulated mucus secretion by goblet cells 

(Fig.2.3: C). In these images, some Cla16 staining was also seen in the content of secreted 
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mucus just above the cell. This may be another indication of mucus granule staining with 

Cla16.     

Cla16 may form a Ca++ channel subunit in the smooth muscle layers:  

In one-day old chick intestine, the expression of Cla16 was consistently observed in 

all three layers of smooth muscle (Fig.2.3: E). The particulate localization of Cla16 suggests 

that it is located either in the smooth muscle membranes, or in the organelle membranes 

within muscle fibers.   

Ca++ is a key ion that regulates many events at the same time in the same cell, such as 

contraction and secretion events. It has been suggested that in the smooth muscle, plasma 

membrane, sarcoplasmic reticulum membrane and mitochondria membranes might come 

close to each other to form so called “linked Ca++ transport”. These membranes contain 

different Ca++ transporters; accordingly, they work together to promote the precise regulation 

of Ca++ movement in a time and space specific manner in the cell (Poburko et al., 2004). 

Moreover, this organization prevents free diffusion of Ca++ into other parts of the cytoplasm. 

Cla16 protein might play a role in the “linked Ca++ transport” event and serve as a Ca++ 

channel subunit in the organelle membranes. 

   Secondly, it is known that Mg++ and especially Ca++ play a key role in smooth 

muscle contraction. In response to a neurotransmitter, hormone or a stretch, the size and 

duration of slow waves are altered, and this determines how much Ca++ will be taken into the 

cytoplasm. The level of Ca++ determines how much tension will be developed within the 

fiber. Ca++ is taken from both extracellular and intracellular stores (mainly from rough 

endoplasmic reticulum). We speculate that Cla16 protein might be localized in the smooth 

muscle plasma membranes and it might be involved in a Ca++ transport event. For example, it 
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may form pathways for Ca++ between the individual muscle fibers, and contribute to the 

effective Ca++ entry from extracellular fluid. At the same time, it might serve as a cell 

adhesion molecule between individual muscle cells. 

Cla16 expression was also observed in the apical sides of the epithelial cells (Fig.2.3: 

I). Mg++ transport is mainly performed by paracellular pathways throughout the intestine. We 

propose that, like the thick portion of LOH of the kidney, Cla16 might play a role in 

absorption of Ca++ and Mg++ by paracellular pathways. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 55

REFERENCES 
 
Blanchard A, Jeunemaitre X, Coudol P, Dechaux M, Froissart M, May A, Demontis R, 
Fournier A, Paillard M, Houillier P. (2001). Paracellin-1 is critical for magnesium and 
calcium reabsorption in the human thick ascending limb of Henle. Kidney Int., 59(6):2206-
15.  
 
Brunette MG, Vigneault N, Carriere S. (1974). Micropuncture study of magnesium transport 
along the nephron in the young rat. Am J Physiol., 227(4):891-6.   
 
Colegio OR, Van Itallie C, Rahner C, Anderson JM. (2003). Claudin extracellular domains 
determine paracellular charge selectivity and resistance but not tight junction fibril 
architecture. Am J Physiol Cell Physiol., 284(6):C1346-54. 
 
Colegio OR, Van Itallie CM, McCrea HJ, Rahner C, Anderson JM. (2002). Claudins create 
charge-selective channels in the paracellular pathway between epithelial cells. Am J Physiol 
Cell Physiol., 283(1):C142-7.  
 
Coyne CB, Gambling TM, Boucher RC, Carson JL, Johnson LG. (2003). Role of claudin 
interactions in airway tight junctional permeability. Am J Physiol Lung Cell Mol Physiol., 
285(5):L1166-78.   
 
de Rouffignac C, Quamme G. (1994). Renal magnesium handling and its hormonal control. 
Physiol Rev., 74(2):305-22. Review. 
 
Fujita K, Katahira J, Horiguchi Y, Sonoda N, Furuse M, Tsukita S. (2000). Clostridium 
perfringens enterotoxin binds to the second extracellular loop of claudin-3, a tight junction 
integral membrane protein. FEBS Lett., 476(3):258-61.  
 
Furuse M, Fujita K, Hiiragi T, Fujimoto K, Tsukita S. (1998a). Claudin-1 and -2: novel 
integral membrane proteins localizing at tight junctions with no sequence similarity to 
occludin. J Cell Biol., 141(7):1539-50.  
 
Furuse M, Hirase T, Itoh M, Nagafuchi A, Yonemura S, Tsukita S, Tsukita S. (1993). 
Occludin: a novel integral membrane protein localizing at tight junctions. J Cell Biol., 123(6 
Pt 2):1777-88.  
 
Furuse M, Sasaki H, Fujimoto K, Tsukita S. (1998b). A single gene product, claudin-1 or -2, 
reconstitutes tight junction strands and recruits occludin in fibroblasts. J Cell Biol., 
143(2):391-401. 
 
Furuse M, Sasaki H, Tsukita S (1999). Manner of interaction of heterogeneous claudin 
species within and between tight junction strands. J Cell Biol., 147(4):891-903.  
 



 56

Gregory M, Dufresne J, Hermo L, Cyr D. (2001). Claudin-1 is not restricted to tight junctions 
in the rat epididymis. Endocrinology, 142(2):854-63. 
 
Hirano T, Kobayashi N, Itoh T, Takasuga A, Nakamaru T, Hirotsune S, Sugimoto Y. (2000). 
Null mutation of PCLN-1/Claudin-16 results in bovine chronic interstitial nephritis. Genome 
Res., 10(5):659-63.  
 
Kamimura Y, Chiba H, Utsumi H, Gotoh T, Tobioka H, Sawada N. (2002). Barrier function 
of microvessels and roles of glial cell line-derived neurotrophic factor in the rat testis. Med 
Electron Microsc., 35(3):139-45. 
 
Katahira J, Inoue N, Horiguchi Y, Matsuda M, Sugimoto N. (1997a). Molecular cloning and 
functional characterization of the receptor for Clostridium perfringens enterotoxin. J Cell 
Biol., 136(6):1239-47.  
 
Katahira J, Sugiyama H, Inoue N, Horiguchi Y, Matsuda M, Sugimoto N. (1997b). 
Clostridium perfringens enterotoxin utilizes two structurally related membrane proteins as 
functional receptors in vivo. J Biol Chem., 272(42):26652-8.  
 
Kojima S, Rahner C, Peng S, Rizzolo LJ. (2002). Claudin 5 is transiently expressed during 
the development of the retinal pigment epithelium. J Membr Biol. 2002 Mar 15;186(2):81-8. 
 
Kominsky SL, Vali M, Korz D, Gabig TG, Weitzman SA, Argani P, Sukumar S. (2004). 
Clostridium perfringens enterotoxin elicits rapid and specific cytolysis of breast carcinoma 
cells mediated through tight junction proteins claudin 3 and 4. Am J Pathol., 164(5):1627-33. 
 
Konrad M, Schlingmann KP, Gudermann T. (2004). Insights into the molecular nature of 
magnesium homeostasis. Am J Physiol Renal Physiol., 286(4):F599-605. Review.  
 
Madara JL, Trier JS, Neutra MR. (1980). Structural changes in the plasma membrane 
accompanying differentiation of epithelial cells in human and monkey small intestine. 
Gastroenterology, 78(5 Pt 1):963-75.   
 
Madara JM, Trier JS. (1994). The functional morphology of the mucosa of the small 
intestine. In: Johnson LR, editor. Physiology of the gastrointestinal tract. New York: Raven 
Press. p. 1577-1622. 
 
Marcial MA, Carlson SL, Madara JL. (1984). Partitioning of paracellular conductance along 
the ileal crypt-villus axis: a hypothesis based on structural analysis with detailed 
consideration of tight junction structure-function relationships. J Membr Biol., 80(1):59-70. 
 
Matsuda M, Kubo A, Furuse M, Tsukita S. (2004). A peculiar internalization of claudins, 
tight junction-specific adhesion molecules, during the intercellular movement of epithelial 
cells. J Cell Sci., 117(Pt 7):1247-57.  
 



 57

McClane BA. (1994). Clostridium perfringens enterotoxin acts by producing small molecule 
permeability alterations in plasma membranes. Toxicology, 87(1-3):43-67. Review.  
 
McClane BA. (2000). Clostridium perfringens enterotoxin and intestinal tight junctions. 
Trends Microbiol., 8(4):145-6.   
 
McDonel JL, Duncan CL. (1977). Regional localization of activity of Clostridium 
perfringens type A enterotoxin in the rabbit ileum, jejunum, and duodenum. J Infect Dis., 
136(5):661-6.  
 
Morita K, Furuse M, Fujimoto K, Tsukita S. (1999a). Claudin multigene family encoding 
four-transmembrane domain protein components of tight junction strands. Proc Natl Acad 
Sci U S A. 96(2):511-6.  
 
Morita K, Sasaki H, Furuse M, Tsukita S. (1999b). Endothelial claudin: claudin-5/TMVCF 
constitutes tight junction strands in endothelial cells. J Cell Biol., 147(1):185-94.  
 
Neutra MR, Schaeffer SF. (1977). Membrane interactions between adjacent mucols secretion 
granules. J Cell Biol., 74(3):983-91.  
 
Nitta T, Hata M, Gotoh S, Seo Y, Sasaki H, Hashimoto N, Furuse M, Tsukita S. (2003). Size-
selective loosening of the blood-brain barrier in claudin-5-deficient mice. J Cell Biol., 
161(3):653-60.  
 
Poburko D, Kuo KH, Dai J, Lee CH, van Breemen C. (2004). Organellar junctions promote 
targeted Ca2+ signaling in smooth muscle: why two membranes are better than one. Trends 
Pharmacol Sci., 25(1):8-15. Review.  
 
Powell DW. (1981). Barrier function of epithelia. Am J Physiol., 241(4):G275-88. Review.  
 
Quamme GA, de Rouffignac C. (2000). Epithelial magnesium transport and regulation by the 
kidney. Front Biosci., 5:D694-711. Review.  
 
Quamme GA. (1997). Renal magnesium handling: new insights in understanding old 
problems. Kidney Int., 52(5):1180-95. Review.  
 
Rahner C, Mitic LL, Anderson JM. (2001). Heterogeneity in expression and subcellular 
localization of claudins 2, 3, 4, and 5 in the rat liver, pancreas, and gut. Gastroenterology, 
120(2):411-22.  
 
Rubin LL, Staddon JM. (1999). The cell biology of the blood-brain barrier. Annu Rev 
Neurosci., 1999;22:11-28. Review. 
 



 58

Satoh J, Romero MF. (2002). Mg2+ transport in the kidney. Biometals, 15(3):285-95. 
Review.  
 
Schneeberger EE, Lynch RD. (1992). Structure, function, and regulation of cellular tight 
junctions. Am J Physiol., 262(6 Pt 1):L647-61. Review.  
 
Simon DB, Lu Y, Choate KA, Velazquez H, Al-Sabban E, Praga M, Casari G, Bettinelli A, 
Colussi G, Rodriguez-Soriano J, McCredie D, Milford D, Sanjad S, Lifton RP. (1999). 
Paracellin-1, a renal tight junction protein required for paracellular Mg2+ resorption. 
Science, 285(5424):103-6.  
 
Songer JG. (1996). Clostridial enteric diseases of domestic animals. Clin Microbiol Rev., 
9(2):216-34. Review.  
 
Sonoda N, Furuse M, Sasaki H, Yonemura S, Katahira J, Horiguchi Y, Tsukita S. (1999). 
Clostridium perfringens enterotoxin fragment removes specific claudins from tight junction 
strands: Evidence for direct involvement of claudins in tight junction barrier. J Cell Biol., 
147(1):195-204.  
 
Specian RD, Neutra MR. (1980). Mechanism of rapid mucus secretion in goblet cells 
stimulated by acetylcholine. J Cell Biol., 85(3):626-40.  
 
Takano Y, Akai M. (1988). Histochemical, ultrastructural and X-ray microprobe analytical 
studies of localization of calcium in the mucous lining of the rat duodenum. Histochemistry, 
89(5):429-36.  
 
Tice LW, Carter RL, Cahill MB. (1979). Changes in tight junctions of rat intestinal crypt 
cells associated with changes in their mitotic activity. Tissue Cell., 11(2):293-316.  
 
Tsukita S, Furuse M, Itoh M. (2001). Multifunctional strands in tight junctions. Nat Rev Mol 
Cell Biol., 2(4):285-93. Review. 
 
Tsukita S, Furuse M. (2000). Pores in the wall: claudins constitute tight junction strands 
containing aqueous pores. J Cell Biol., 149(1):13-6. Review.   
 
Uni Z, Platin R, Sklan D. (1998). Cell proliferation in chicken intestinal epithelium occurs 
both in the crypt and along the villus. J Comp Physiol [B], 168(4):241-7.  
 
Verdugo P. (1990). Goblet cells secretion and mucogenesis. Annu Rev Physiol., 52:157-76. 
Review.   
 
Warner RR, Coleman JR. (1975). Electron probe analysis of calcium transport by small 
intestine. J Cell Biol., 64(1):54-74.  
 



 59

Wolburg H, Wolburg-Buchholz K, Kraus J, Rascher-Eggstein G, Liebner S, Hamm S, 
Duffner F, Grote EH, Risau W, Engelhardt B. (2003). Localization of claudin-3 in tight 
junctions of the blood-brain barrier is selectively lost during experimental autoimmune 
encephalomyelitis and human glioblastoma multiforme. Acta Neuropathol (Berl)., 
105(6):586-92.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 60

 

    Cla3 Cla5 Cla16 
    D  J  I D  J  I D  J  I 
     
Epithelial TJs 2  2  2 0(tip)*    1(tip)*   1(tip)* 1  1  1 
   3 (crypt) 2(cript) 3(cript)  
     
 
 
Epithelial surface  1  1  1 2  2  2 2  2  2 
 
 
Epith. Cytoplasm. 1  1  1 0  0  0 0  0  0 
     
Endothelial TJs    
  0  0  0 3  3  3 0  0  0 
     
Goblet cells    
  0  0  0 0  0  0       3(tip)**  3(tip)***  3(tip)****
    0(crypt) 0(crypt) 0(cript) 
Muscle layers    
  0  0  0 0  0  0 3  3  3 
     
Connective tissue    
  3  3  2 0  0  0 0  0  0 
     
     
          
     
Abbreviations for Table1    
D: Duodenum, J:Jejunum, I:Ileum   
     
     
0: no expression, 1: rare or weak expression, 2: always expressed, 3:always and strong expression 
     
*: Gradual expression is present in matured villi in crypt-to villus axis.  
**: In D, along the villus surface, gradual goblet cell staining is present.  
***:In J, upper half of the villus has gradual staining in goblet cells.  
****: In I, upper two-thirds of the villus have goblet cell staining gradually.  

Table 2.1: Expression level and localization of Cla proteins in different parts of the intestine 
of one-day old chick  
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Figure 2.1. Cla5 expression in epithelial and endothelial TJs in one day old chick 
intestine.  
Open prep. A: Duodenum, B: Jejunum, and C: Ileum (4x objective). D: Cla5 staining in the 
blood vessels (arrows) (100x objective). E: 100x magnification of a villus from duodenum. 
 



 62

 

 

 

Figure 2.2. Cla3 staining in one-day old chick intestine.  
Open prep. A: Epithelial (arrow) and connective tissue (arrowhead) staining are shown in 
duodenum (20x objective). B: Granule-like staining (arrow) is present in duodenum (100x 
objective). C: Epithelial junctional staining is present at the tip region of a villus in 
duodenum (100x objective). D: Basolateral staining is present (arrow) in the middle part of 
a villus in duodenum (100x objective). E: There is no detectible Cla3 expression in the crypt 
region of a villus (arrow) from duodenum (100x objective). F: Connective tissue staining is 
seen two sides of the muscularis mucosae (arrows) (100x objective).
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Figure 2.3. Cla16 staining in goblet cells, smooth muscle layers and epithelial junctional 
areas. E is paraffin, the others are frozen sections. A and B are 20x objective, C-I are 100x 
objective. A: Goblet cells are stained with alcian blue-a goblet cell marker in duodenum, 
jejunum and ileum parts of the intestine. B: Cla16 expression is seen in the goblet cells in 
duodenum, jejunum, and ileum. C: Goblet cells secrete their mucus content (arrows). D: 
Cla16 expression seems to be located in the mucus granule membranes (arrow). E: Cla16 
expression in smooth muscle layers in a paraffin section of duodenum (10x objective): 
muscularis mucosae (upper square indicates in G at 100x objective), circular muscle (below 
square indicates in F at 100x objective), and longitudinal muscle (arrow). F: 100x objective of 
upper square in E. Circular muscle. G: 100x objective of below sequare in E. Muscularis 
mucosae. H: Goblet cells at the tip region of a villus (arrow). Epithelial junctional Cla16 
staining is present in H and I (arrowheads). 
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Figure 2.4: Only Cla16 immunostaining exhibits goblet cell staining. Goblet 
cells were not stained with either Cla3 or Cla5. Left column (20x objective), 
right column (100x objective).   
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Figure 2.5: Cla3, Cla5, and Cla16 have localized in different parts 
of the cross section of small intestine. 
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C h a p t e r   3   C O R R E L A T I O N   B E T W E E N   T H E   E X P R E S S I O N   

O F   C L A U D I N   P R O T E I N S   A N D    I N T E S T I N A L                                

D E V E L O P M E N T   D U R I N G   T H E   W E E K   B E F O R E                         

H A T C H I N G 

 

ABSTRACT 

 The expressions of Cla3, Cla5, and Cla16 were strongly detected in all three parts of 

the intestine during the week before hatching. Therefore, these claudin family members 

might be required for normal development of chick intestine. During rapid villus growth, Cla 

proteins might play an important role in maintaining the barrier function of TJs. At the same 

time, Cla proteins might be expected to show dynamic remodeling to allow active epithelial 

cell movement.  

 Each individual Cla protein showed different localizations from each other within the 

embryonic intestine. Cla3 expression was detected especially in the epithelial cell layer as a 

whole, and in the connective tissue. Cla5 expression was seen primarily in the epithelial 

junctional complexes. Also, apparent endothelial Cla5 staining was detected during the 

embryological stages studied. Unlike one day old chick intestine, these claudins did not show 

gradual expression along the villus surface.  

 Cla16 expression was present in the smooth muscle layers and goblet cells. Whereas 

circular and longitudinal muscle layers exhibited Cla16 expression as early as day 14, 

muscularis mucosae staining was delayed until day 18. Thus, Cla16 expression appeared to 

parallel the development of muscle layers. Cla16 expression was not detectible in the goblet 

cells until day 19, even though goblet cells appear on day 14 and contain mucins throughout 
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the embryonic period studied. Variations in localizations of these Cla family members might 

indicate distinct functions and contribution to TJ structure during intestinal development. 

 

INTRODUCTION 

Chick embryonic intestine is a one of the good models for investigating the dynamic 

and characteristic organization of individual claudin proteins during development because the 

chick embryo has a relatively short embryologic period, the intestine undergoes distinct 

morphological changes, and is independent from maternal physiology.  

 

Development of muscle layers 

It is believed that first circular, then longitudinal, and last, the muscularis mucosae of 

smooth muscle develop (Romanska et al., 1996). Morphogenetic and functional development 

of chick ileum smooth muscle layers was investigated by immunostaining studies using alpha 

smooth muscle actin – one of the earliest actin isoforms- antibodies (Masumoto et al., 2000). 

On day 8.5 of embryonic age, circular muscle was detected. Three days later, on day 11.5, a 

longitudinal smooth muscle layer emerged from the outermost layer of the circular muscle. 

On day 14.5, the muscularis mucosae layer developed along the inner surface of the circular 

muscle, but became fully separated from circular muscle layer on day 19.5. Myoblast cells in 

the lamina propria began  to develop from muscularis mucosae on day 18.5, and on day 20.5, 

spread along the inside of villi. On day 16.5 there were still some intermuscular connections 

between circular muscle and muscularis mucosae. Muscularis mucosae is almost separated 

from circular muscle by the development of the submucosal nerve plexus (Masumoto et al., 

2000).     
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Development of the villus 

During the week before hatching chick embryonic intestine, especially the epithelial 

cell layer and villus structure, undergoes very rapid morphological changes (Black, 1978; 

Burgess, 1975). Villi (fingerlike structures) originate from previllous ridges located along the 

length of the embryonic intestine (Burgess, 1975). Burgess suggested that prior to the week 

before hatching the contractile activity of microflaments located in the epithelial cells causes 

folding of the epithelial cell sheet to form previllous ridges. Three stages have been identified 

before previllous ridges formation in chick embryo duodenum: the circle (4.5 – 6 days), the 

ellipse (6 – 8.5 days), and the triangle (8.5 – 9 days). During the period of 8 to 12 days, 

previllous ridges develop. Sixteen previllous ridges are observed by thirteen days (Burgess, 

1975). After day 16 normal villus structures form (Hinni and Watterson, 1963).  

Larger villi are often pear-shaped, and smaller villi are narrower and finger-like 

shaped (Uni et al., 2003b). On day 17, there is often one small villus next to the big one. On 

day 19, some buddings are observed at the base of villi and, on day 20, these buds develop a 

new set of villi comprising about 30% of the total villi number. Moreover crypt formation 

begins on the same day. On day 19 the terminal web is detectible. In addition, activity of 

some enzymes and transporters begin a rapid increase on this day. A further increase is 

observed on the day of hatch- at day 20-21 (Black and Moog, 1978; Black 1978; Uni et al., 

2003b).  

 

Development of the Goblet cells 

The surface of the villi is covered by mucus produced by goblet cells. Mucus is 

composed of mucin glycoproteins, and important in the protection of brush border against 
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harmful chemicals and microorganisms. At 14 days of development, 7 goblet cells, at 16 

days 41, and at 18 days 157 goblet cells were counted per 100 previllous ridges in embryonic 

broiler intestine (Black and Smith, 1989). Whereas only 27% of goblet cells are located close 

to the ridge tips at 14 days embryonic development, after 17 days of embryonic development 

goblet cells are almost evenly distributed along the ridge surface (Black and Smith, 1989; 

Black and Moog, 1977). In the 18 day-old embryo, 13% of the epithelial cells are goblet cells 

in the duodenum, and this is maintained through the first week posthatch. This ratio is 19% in 

jejunum and ileum at day 18, and becomes 23% and 26% respectively on the day of hatch 

(Uni et al., 2003a). During late embryonic stages cells contain almost only acidic mucin 

(sulfated mucin). It has been suggested that acidic mucin has a stronger structure against 

bacterial enzymes relative to neutral mucin. In addition to their protective role for enterocytes 

against chemicals and pathogenic microorganisms, mucins have an important role in 

absorption of cations. Cations bind polyanionic charges of mucin molecules and are then 

taken up by enterocytes (Powell et al., 1999).   

 

Cell proliferation 

In mammals, intestinal stem cells are located strictly in the crypt regions and they 

renew the epithelium by migration toward the villus tip. During this time, they differentiate 

morphologically and functionally; for example, they acquire different enzyme activities or 

transporters to perform their specific physiological roles in the intestine. Close to the villus 

tip, which is called the extrusion zone, they are shed into the lumen due mainly to the effects 

of lumenal mechanical forces. The replacement time of epithelial cells varies among species 

and within the different parts of the intestine.  
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The localization of cell proliferation and differentiation in chicken jejunum has been 

tested by using immunostaining, measurement of DNA synthesis, and brush border enzyme 

activities. It was reported that unlike the intestinal epithelial sheet of most mammals, whose 

proliferative cells are strictly located in the crypt regions, proliferative cells in the chicken 

intestine are mostly located in the crypt regions but there is still some proliferative activity in 

the upper half of the villus from day 18 to day 36 posthatch (Uni et al., 1998).   

 

Development of tight junctions 

Electron microscopy studies have shown that TJs are present in 5 day old chick 

embryo. On day 16, some development changes like “fusion of the electron-opaque layers of 

the cell membrane of the adjacent cells” have been described (Overton and Shoup, 1964).  

During either turnover of epithelial cells or a wounding situation it is crucial to 

maintain the integrity of paracellular pathway and the movement of the cells towards tip 

region simultaneously (Matsuda et al., 2004). Since the barrier function of TJs is performed 

mainly by claudin proteins, their timely and dynamic remodeling is the key for these barrier 

functions. The changing organization of claudin proteins during epithelial movement was 

studied by Matsuda et al, 2004. They labeled the N-terminus of Cla3 with green fluorescent 

protein and transfected it into mouse Eph4 epithelial cell culture lines. Electron microscopy 

images revealed that, during migration of individual epithelial cells, TJs maintained their 

structural integrity. It was indicated that the motility of cells are facilitated by the 

internalization of Cla proteins by endocytosis to allow their active movement in the epithelial 

sheet. Before their endocytosis claudins dissociated from other TJ and cytoskeletal 

components. In addition, Matsuda et al. reported that when a part of the epithelial sheet was 
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wounded, internalization of claudins was increased in parallel to the migration rate of cells 

toward the wound. 

This study was designed to explore the correlation between the embryological 

development of chick intestine one week before hatching and the subcellular localization and 

expression levels of Cla3, Cla5, and Cla16 tight junction proteins. The contribution of 

different Cla proteins to the embryological development of the intestine was investigated. By 

observing expression patterns and localizations of individual claudin proteins during 

intestinal development, some conclusions were proposed related to functions of these TJs 

proteins.  

 

MATERIALS and METHODS 

Animals  

Broiler-type chick fertile eggs were obtained from the Poultry Farm of North Carolina 

State University and incubated until they became the desired embryonic age in a humidified 

incubator at 37oC.  

 Tissue preparation, sectioning, staining, and image acquisition and processing was 

performed as previously described for one-day old chick intestine. 

 

RESULTS 

Cla3, Cla5, and Cla16 proteins in embryonic chick intestine: 

To determine the subcellular localization and distribution of three TJ transmembrane 

proteins-Cla3, Cla5, and Cla16- in different parts of the embryo chick intestine, polyclonal 

antibodies were used for the immunostaining of paraffin embedded and frozen sections. 
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Results were reported by studying images obtained by light microscopy, including high 

power with an oil immersion objective. All three proteins were detected in duodenum, 

jejunum and ileum segments of the intestine, with different localization and distribution 

patterns, as early as 12 day of development. 

Cla3 staining from day 12 through day 20 in embryonic intestine: 

On day 12, the epithelium of duodenum and jejunum stained with Cla3. Staining of 

the connective tissue also was observed (Fig.3.1: A1, B1). Throughout the duodenum, 

staining of the upper villus region was stronger than the villus base (Fig.3.1: A2). Some 

granule-like stained points were observed in the cytoplasm (Fig.3.1: A2). On day 12, the 

jejunal epithelial layer showed lighter Cla3 staining than duodenum but obvious connective 

tissue staining was present in the outermost layer, the serosa (Fig.3.1: B1). Sections for ileum 

were not available on day 12.   

On day 14, Cla3 staining was similar to that of day 12. The epithelial cell layer and 

connective tissues between muscle layers and the serosa stained with Cla3 (Fig.3.2: A). 

However, by day 14 Cla3 staining was stronger than on day 12. Like day 12, villus tips were 

stained more darkly than the base parts the villi. This gradient was more prominent in the 

duodenum and jejunum than in the ileum (Fig.3.2: B, C, D). Relative to day 12, stronger and 

more localized connective tissue staining was observed on day 14 (Fig.3.2: A).   

On day 16, epithelial and connective tissue staining was similar to day14, except the 

villus tip to base gradient was less apparent. (Fig.3.3: B, C, D). There was no obvious 

difference in Cla3 expression in different parts of the intestine (Fig.3.3: B, C, D). 

On day 18, the epithelial cell layer and connective tissue stained for Cla3 (Fig.3.4: 

A). Goblet cells, visible as large, clear cells, did not stain with Cla3. 
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In duodenum and jejunum, there was not an obvious gradient in expression of Cla3 along the 

villus (Fig 3.4: B, C), but in ileum, a stronger Cla3 staining was seen at the tip region of the 

villus relative to the villus base (Fig.3.4: D). Both duodenum and jejunum showed stronger 

Cla3 staining than ileum. Granule-like staining was again present (Fig.3.4: B). 

On day 20, Cla3 staining was again seen on the epithelium and connective tissues 

(Fig. 3.5: A). There was no consistent expression gradient along the villus, and no obvious 

difference in expression levels of Cla3 in different parts of the intestine (data not shown). 

Unlike previous stages which show uniform staining throughout the epithelia layer, on day 

20, staining appeared more concentrated near the cellular membranes of duodenal epithelial 

cells (Fig.3.5: B).  The large, clear goblet cells are not stained.   

Cla5 staining from day 12 through day 20 in embryonic intestine:         

On day 12, Cla5 staining in duodenum was detected only in the epithelial cell layer of 

the intestine. Both junctional staining and staining of the apical cytoplasm was observed 

(Fig.3.6: A1, A2). The base of the villi was generally stained more lightly than tips (Fig.3.6: 

A2, A3). In jejunum staining was negligible (Fig.3.6: B1, B2). 

On day 14, the Cla5 epithelial junction staining was stronger in the duodenum than at 

the age of 12 days (Fig.3.7 A). There was no obvious gradient along the villus (Fig.3.7: B). 

When a part of the villus was cut tangential to its apical surface, some chicken wire-like 

staining was observed in superficial surface of the villus, indicating that Cla5 staining was 

concentrated strictly between the cells. (Indicated by an “arrow with tail” in Figures between 

3.7 through 3.11). In addition, some staining of blood vessels was seen, probably the 

endothelium (Fig.3.7: A). 
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On day 16, Cla5 staining was primarily in TJ regions (Fig.3.8 A, B). There was no 

gradual expression along the villus axis. No obvious cytoplasm or basolateral membrane 

staining was observed. Some apparent endothelial staining was also seen (not shown). There 

was no obvious difference between different parts of the intestine (Fig.3.8: C, D).  

On day 18, strict apical junctional staining of the epithelium is found (Fig.3.9: A, B, 

C). Endothelial staining also is present (Fig.3.9: D). There is no obvious gradient along the 

villus. Ileum exhibits the strongest Cla5 staining relative to other parts of the intestine 

(Fig.3.9: A, B, C). 

At 20 days of development, epithelial staining was obvious between the cells 

(Fig.3.10) with no obvious gradual expression of Cla5 along the crypt-to villus axis 

(Fig.3.10: A, B1, B2, and C). Endothelial staining was also strong (Fig. 3.10: D). In lamina 

propria, vessel endothelial staining also appears to be present (Fig.3.10: B1). There was no 

obvious difference in staining of duodenum, jejunum, and ileum in the 20 day old chick 

intestine (Fig.3.10: A, B1, B2, and C).     

Cla16 staining from day 14 through day 20 in embryonic intestine:   

In embryonic stages, Cla16 staining is seen in muscle layers beginning at 14 days and 

in goblet cells starting with day 19 (not shown).  

In 14 day embryonic intestine, especially strong circular and longitudinal muscle 

Cla16 staining was present. Traces of epithelial staining were detected. No goblet cell 

staining was seen even though a few goblet cells are present at this stage (Fig.3:11). 

On day 16, similar to day 14, Cla16 expression was seen only in circular and 

longitudinal smooth muscle layers (Fig.3.12: A). No goblet cell staining was present even 

though they are abundant by day 16. 
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On day 18, Cla16 staining was seen within the muscularis mucosae, located beneath 

the mucosa layer of the intestine, in addition to the circular and longitudinal muscle layers. 

There was still no Cla16 staining of goblet cells (Fig.3.13). 

On day 20, in addition to Cla16 staining in circular, longitudinal and muscularis 

mucosae layers, goblet cells exhibited strong Cla16 staining (Fig.3.14: A and C). Cla16 

staining appears to be located the membrane of the mucus granules (Fig.3.14: B). In 

duodenum, goblet cell staining was the strongest at the tip regions. Staining gradually 

decreased below the tips and was absent from the middle and lower villus regions (Fig.3.14: 

C). In jejunum, goblet cell staining was detected only in the tip regions of the villi (Fig.3.14: 

D), and in the ileal region of the intestine, goblet cell staining was very weak or not present 

(Fig.3.14: E). Cla16 does not stain goblet cells in tissue prepared by paraffin histology.    

Summary 

Cla3, Cla5 and Cla16 staining was detected in all three parts of the chick small 

intestine during the week before hatching (Table 3.1). Cla3, Cla5 and Cla16 again showed 

characteristic and different expression (staining) patterns from each other. (Each seemed to 

have localized in different parts of the cross section of small intestine.) Cla5 at later 

embryonic stages was located in the epithelial TJs. In addition, Cla5 expression was observed 

in the endothelium of blood vessels. Cla5 expression was not seen in muscle layers, 

connective tissue or goblet cells. Cla3 was present mainly within the epithelial cells and the 

connective tissue. Cla16 was found in the muscle layers throughout the third week and goblet 

cell staining was strong at 20 days of development, and was first visible at day 19 (not 

shown). 
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DISCUSSION 

In this study, the distribution and localization of Cla3, Cla5, and Cla16 proteins 

within the developing chick intestine during the week before hatching was investigated by 

using immunostaining of paraffin embedded and frozen sections.     

 Cla16 expression was detected in the smooth muscle layers and goblet cells 

during embryonic development of the chick intestine: 

From outside to inside three smooth muscle layers are present: Longitudinal smooth 

muscle layer, circular smooth muscle layer and muscularis mucosae smooth muscle layer. 

Circular smooth muscle is of prime importance for the contraction of the smooth muscle. The 

others contribute to the tone of the small intestine as well as the motility of the small intestine 

(See for review: Kutchai, 2004).  

Masumoto et al., 2000 has described development of the muscle layers in the chick 

ileum to be as follows: circular before day 8.5, followed by longitudinal at day 11, and 

finally muscularis mucosae, which was reported to be totally separated from the circular 

muscle on day 19 (Masumoto et al., 2000). Cla16 expression was detected in the circular and 

longitudinal muscle layers on day 14, the earliest stage examined (Fig.3.11). Cla16 

expression in the muscularis mucosae smooth muscle layer was first detected on day 18 

(Fig.3.13). It appears that the expression order of Cla16 in the smooth muscle layers is 

parallel to the formation order of smooth muscle layers. Thus Cla16 expression might reflect 

the structural and/or functional development of muscle layers. As mentioned before, Cla16 

forms selective channels for Ca++ and Mg++ in the paracellular pathways in the kidney 

(Simon et al., 1999). Thus, as hypothesized for one day old chick intestine, Cla16 might play 

a role as a Ca++ or Mg++ channel subunit either within the muscle fiber membranes or the 
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organelle membranes inside the cell, contributing to muscle contraction (Poburko et al., 

2004). 

It has been reported that Ca++ plays a critical role in packaging of mucins in the 

mucin granules of goblet cells, and high amount of Ca++ is present in the mature mucin 

granules (Takano and Akai, 1988; Warner and Coleman, 1975; See for review: Verdugo, 

1990). Ca++ shields the polyanionic residues of mucin, and keeps them condensed. When this 

Ca++ shielding is lost, mutual repulsion of polyanionic charges of mucin molecules provides 

the driving force for forming mucin polymerization. Thus, its secretion creates a mucus 

blanket on the epithelial surface to form in large volume in a very short time period (See for 

review: Verdugo, 1990).   

Goblet cells are present in small numbers by day 14 in the embryonic chick intestine 

(Black and Moog, 1997). On day 19, Cla16 expression can first be detected in the goblet 

cells. Even though high numbers of goblet cells are present in the intestine prior to 19 days of 

incubation (Black and Smith, 1989), no Cla16 expression was observed (Fig.3.13). During 

these stages, goblet cells probably exhibit only baseline mucus secretion. Cla16 expression is 

strong in the mature goblet cells in one-day old chick intestine as described in Chapter 2. 

Since the embryonic chick intestine is not fully active, there might not be stimulated 

(accelerated) secretion during the embryologic period. Cla16 might be located in the 

membranes of mucus granules (Fig.3.14: B), and involved primarily in stimulated mucus 

secretion. Thus, Cla16 expression would not occur until the intestine approached functional 

maturity, 2 days before hatching. Furthermore, although dense mucus secretion figures were 

frequently observed in one-day chick intestine with both Cla16 and alcian blue staining, 
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mucus secretion was not observed in 19 day or 20 day embryonic intestine. This supports the 

idea that Cla16 might be required for stimulated goblet cell secretion. 

In addition, Ca++ plays an important role in the differentiation of goblet cells in the 

embryonic chick duodenum (Black and Smith, 1989; Black and Mack, 2001). Thus, Cla16 

might play a role in Ca++-related differentiation of goblet cells by acting as a Ca++ channel 

subunit.  

Cla3 staining was seen as early as day12 of incubation when true villi are not 

present: 

Previous studies indicated that Cla3 is one of the components of the blood-brain-

barrier (BBB) and it was reported that removal of Cla3 from TJs caused a serious 

permeability increase in the paracellular pathways (Wolburg et al., 2003). Consistent with 

this study, in the human airway epithelial cell line IB3.1 coexpression of Cla3 and Cla1 

decreased the permeability severely (Coyne et al., 2003).  

In our study, Cla3 expression was seen at the tip regions of pre-villus ridges more 

strongly than the base of ridges during day 12 and day 14 (Fig.3.1, 3.2). In this region of the 

developing intestine Cla3 might contribute the strong cell adhesion between the cells. The 

strong staining seen in the tip regions may contribute to forming the shape of the developing 

previllus ridges. At day 12-14, mitosis occurs from base to tip of ridges. During this period, 

the epithelial surface is not even (Fig.3.2); probably because of active epithelial cell 

movement during this period. As the mature tight junctions form, the epithelial surface 

flattens (Black, 1978). By day 16 of development, epithelial Cla3 expression is strong not 

only at the tip regions, but also in the base of the ridges (Fig.3.3). This might be a supporting 

observation for the idea that Cla3 plays a role in the formation of strong cell adhesion, and 



 79

perhaps in the initiation of villus formation. Villus formation begins at day 16, but true villi 

are not present until 17 days. Whereas the staining pattern in duodenum and jejunum at day 

18 is similar to that at day 16 (Fig. 3.4: B, C), in the ileum a villus tip to base gradient of 

expression is seen (Fig.3.4: D). Moreover, ileal staining is weaker relative to duodenum and 

jejunum which might be an indication of more freely migrating cells in the ileum.  

On day 20, Cla3 expression does not exhibit a gradient along the villus, and all three 

intestinal regions show similar staining intensity. Staining appeared more concentrated in the 

cellular membranes rather than within the epithelial cells (Fig.3.5: B). This might be an 

indication of developmental maturation of TJs one day before hatching. During earlier 

periods, some cytoplasmic staining of the epithelium was observed (Fig.3.4: B). This might 

indicate internationalized Cla3 protein granules during dynamic assembly and disassembly of 

this protein from the epithelial tight junction area.                

 Like Cla3 staining, Cla5 staining was observed on day 12 (Fig.3.6). Duodenum 

showed stronger staining than jejunum. This may be one of the indications that duodenal 

development is ahead of the development of jejunum. During embryologic periods, Cla5 

staining always occured from villus base to tip without an obvious gradient. Since Cla5 

seems to be localized in TJ regions after 14 days, it apparently allows cell division without 

becoming internalized with the epithelial cytoplasm. In mature chick intestine the presence of 

Cla5 in TJs might contribute to the correct orientation of epithelial cells. Secondly, it might 

have a greater influence maintaining the barrier function of tight junctions without preventing 

the movement of the epithelial sheet. Thus, Cla5 may contribute to the correct orientation of 

epithelial cells following mitosis.  
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In addition, Cla5 staining was strongly observed in the blood vessels, probably in the 

endothelium. Cla5 expression has been reported to be localized in endothelial cells of some 

segments of blood vessels in the mouse brain, lung, kidney and intestine (Morita et al., 1999).  

To conclude, these results support the hypothesis that Cla5 can create plasticity to TJ 

structure. In other words, it might regulate paracellular transport, while not completely 

restricting the division of cells on developing villi or the migration of epithelium toward the 

villus tip in mature intestine.    
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   Cla3   Cla5   Cla16  
  D J I D J I D J I 
Day 12           
Epithelial 
TJs  2(tip),1(base) 2(tip),1(base) ND 3 0 ND ND ND ND 
Cytoplasm 2 1 ND 1 0 ND ND ND ND 
Endothelia 0 0 ND 0 0 ND ND ND ND 
Goblet c.  0 0 ND 0 0 ND ND ND ND 
Muscle la. 1 1 ND 0 0 0 ND ND ND 
Conn. Tis.  2 2 ND 0 0 0 ND ND ND 
Day 14           
Epithelial 
TJs  3(tip),1(base) 3(tip),1(base) 2(tip),1(base) 3 3 3 0.5 0.5 0.5 
Cytoplasm 3 3 2 2 2 2 0 0 0 
Endothelia 0 0 0 3 3 3 0 0 0 
Goblet c.  0 0 0 0 0 0 0 0 0 
Muscle la. 0 0 0 0 0 0 3* 2* 1.5* 
Conn. Tis.  3 3 3 0 0 0 0 0 0 
Day 16           
Epithelial 
TJs  3 3 3 3 3 3 0 0 0 
Cytoplasm 3 3 3 0 0 0 0 0 0 
Endothelia 0 0 0 3 3 3 0 0 0 
Goblet c.  0 0 0 0 0 0 0 0 0 
Muscle la. 0 0 0 0 0 0 3 2.5 ND 
Conn. Tis.  3 3 3 0 0 0 0 0 0 
Day 18           
Epithelial 
TJs  3 3 3 3 3 3 0 0 0 
Cytoplasm 3 3 3 0 0 0 0 0 0 
Endothelia 0 0 0 3 3 3 0 0 0 
Goblet c.  0 0 0 0 0 0 0 0 0 
Muscle la. 1 1 1 0 0 0 3** 2.5** 3** 
Conn. Tis.  3 3 3 0 0 0 0 0 0 
Day 20           
Epithelial 
TJs  2 1.5 1 3 3 3 0 0 0 
Cytoplasm 1 1 1 0 0 0 0 0 0 
Endothelia 0 0 0 3 3 3 0 0 0 
Goblet c.  0 0 0 0 0 0 3(tip only) 3(tip only) 0 
Muscle la. 1 1 1 0 0 0 3 3 3 
Conn. Tis.  3 3 3 0 0 0 0 0 0 

Table 3.1: Expression level and localization of Cla proteins in different parts of the 
embryonic chick intestine   

Abbreviations for table 3.1: 
D: Duodenum, J: Jejunum, I: Ileum 
 
0: no expression, 1: rare or weak expression, 2: always expressed, 3: always and strong expression    
 
*: Cla16 staining is present only in circular and longitudinal muscle layers.   
**: Cla16 staining is present in all three smooth muscle layers. 
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Figure 3.1. Cla 3 staining at 12 days of embryonic development.  
A1: Duodenum and B1: Jejunum in the cross section of whole intestine (10x 
objective), serosa has some staining (arrow in B1). A2: (100x objective of square in 
A1), granule like staining is present in the cytoplasm (arrow). B2: (100x objective 
of square in B1).   
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Figure 3.2. Cla3 staining at 14 days of embryonic development. 
Open prep. A: Epithelial cell layer (arrow) and connective tissue staining 
(arrowheads) are present in duodenum (10x objective). B: Duodenum, C: 
Jejunum, and D: Ileum (100x objective). 
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Figure 3.3. Cla3 staining at 16 days incubated embryo. 
A: In duodenum, Cla3 staining is seen in the epithelial cell layer (arrow) and 
connective tissues (arrowheads) in the cross section of whole intestine (10x 
objective). B: Duodenum, C: Jejunum, and D: Ileum (100x objective). 
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Figure 3.4. Cla3 staining at 18 days of embryonic development. 
Open prep. A: Cla3 staining is seen in the epithelial cell layer (arrow) and connective 
tissues (arrowheads) in the cross section of duodenum (10x objective). In duodenum (B) 
and jejunum (C), there is no gradual Cla3 staining (arrows in B) (100x objective). D: 
Ileum (100x objective), staining is stronger at the tip than the base of the villus (arrows).



 88

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.5. Cla3 staining at 20 days of embryonic development. 
Open prep. A: Cla3 staining in the connective tissue (arrows) (20x objective), and B: In the 
epithelial cell membranes of duodenum (arrow) (100x objective). 
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Figure 3.6. Cla5 staining at 12 days of embryonic development. 
A1: Duodenum and B1: Jejunum in the cross section of whole intestine (10x 
objective). A2, A3: (100x objective of square in A1) junctional staining is present 
and base of the villus has a lighter staining (arrow in A2) than the tip region 
(Arrows in A2). B2: (100x objective of square in B1).   
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Figure 3.7. Cla5 staining at 14 days of embryonic development. 
Open prep. A1: Epithelial (arrow) and capillary endothelial staining (arrowhead) are present in 
duodenum (10x objective). B: Duodenum, C: Jejunum, and D: Ileum (100x objective). E: 
Superficial surface staining (100x objective) (indicated with arrow with tail in figures from 3.7. to 
3.11.) 



 91

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.8. Cla5 staining at 16 days of embryonic development. 
Open prep. A: Duodenum (10x objective). B: Superficial Cla5 staining in duodenum (100x 
objective). C: Jejunum, and D: Ileum (100x objective).
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Figure 3.9. Cla5 staining at 18 days of embryonic development. 
Open prep. A: Duodenum. B: Jejunum. C: Ileum. E: Endothelial Cla5 staining (arrows). 
All figures are 100x objective. 
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Figure 3.10. Cla5 staining at 20 days of embryonic development. 
Open prep. All figures are (100x objective). A-D are obtained from paraffin slides. A: 
Duodenum, B and C are from jejunum. In C, Cla5 staining is seen in the vessels within the 
lamina propria (arrow). D: Ileum. E: Cla5 staining in the blood vessels (arrow).   
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Figure 3.11. Cla16 staining at 14 days of embryonic development. 
Open prep. Cla16 staining is seen in both circular (arrow) and longitudinal smooth muscle 
(arrowhead) layers in the cross section of duodenum (A), jejunum (B) and ileum (C) 
(100x objective).  
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Figure 3.12. Cla16 staining at 16 days of embryonic development. 
Open prep. Cla16 expression is present in both circular (arrow) and longitudinal 
muscle (arrowhead) layers in duodenum (A) and jejunum (B) (100x objective). 
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Figure 3.13. Cla16 staining at 18 days of embryonic development. 
Cla16 staining is seen in muscularis mucosae (arrow 1), circular (arrow 2), and 
longitudinal (arrow 3) smooth muscle layers in duodenum (A), jejunum (B) and in 
ileum (C) (100x objective). Cla16 staining is not present yet in the goblet cells (shown 
by arrowhead in duodenum).  
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Figure 3.14. Cla16 staining at 20 days of embryonic development. 
A was obtained from a paraffin slide of duodenum, B-E were obtained from frozen slides. 
A: Cla16 expression is seen in muscularis mucosae (arrow at the top), circular (arrow in 
the middle), and longitudinal (arrow in the bottom) smooth muscle layers. B: Cla16 
appears to be in the mucin granule membranes (arrow), from duodenum (100x objective). 
C: Doudenum, D: Jejunum, and E: Ileum (40x objective).  



 98

GENERAL SUMMARY 

 Cla3, Cla5 and Cla16 proteins are present in both one-day old chick and embryonic 

chick intestines during one week before hatching. In both hatched and embryonic chick 

intestines, these three proteins localize to different areas of the intestinal tissue. Cla3 was 

observed mainly in the epithelial layer and connective tissues of the intestine. Cla5 was 

occurred mainly in the epithelial tight junctional areas and within blood vessels, probably in 

the endothelial TJs. Finally, Cla16, previously reported only in the kidney, is present in the 

goblet cells and smooth muscle layers of chick intestine. The differential localization and 

expression patterns of the claudins might indicate different functions and developmental 

roles in embryonic and mature old chick intestine. Cla3 might be an adhesive molecule, Cla5 

might function mainly in regulation of paracellular transport, and Cla16 might serve as a 

Ca++ channel subunit. Our findings indicate that some Cla protein family members are not 

specific for tight junction complexes, but can exhibit diverse subcellular localizations. 

 

Future Directions 

In our study, we presented the developmental profile of Cla3, Cla5, and Cla16 

proteins in the chick intestine by using immunostaining technique, and suggested some ideas 

to create a base for future studies, especially regarding claudin functions.    

We have two possible future studies:  

First, we detected a novel localization of Cla16 protein in the chick intestinal goblet 

cells. To test if Cla16 functions in mucus secretion by intestinal goblet cells, a secretagogue 

can be used to stimulate mucus secretion by goblet cells in organ cultured intestine. The 

secretion level of goblet cells can be determined along crypt-to villus axis, and then, this can 
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be compared to the expression level of Cla16 in different parts of a villus. Similar studies can 

be performed in 19 and 20day embryonic intestine, where only goblet cells near villus tips 

stain for Cla16.            

Secondly, chick intestine can be exposed different levels of a chemical toxin that may 

effect the conformation of TJs, and the effects of this toxin on the expression of the different 

claudin proteins can be investigated. Functional changes in TJ structure can be measured 

using an isotopic assay for paracellular transport. 

  
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 


