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The intlammatory bowel diseases (IBD) arc associated with an increase in the permeabilit\' of 
the intestinal mucosa, This contributes to the diarrhoea that forms the predominant sn11ptom 
of acri\'e disease, It also facilitates the mucosal penetration of bacterial and fuod antigem. which 
stimulate inappropriate or exaggerMed immune responses. resulting in intlammation. Tight 
junctions (1] s) regulate the mucosal barrier lw sealing the para cellular space between epithelial 
cells. E,'idence points to disruptions of Tj structure and function in IBD. Tjs consist of the 
transmembrane proteins occludin, junctional adhesion molecule, and the claudins. These arc 
linked to large intracellular proteins such as zonula occludens-l (Ze ),1). whIch themseh'l's arc 
bound to the cell's actin c\'toskcletol1. Of these constituenh. the claudins are of particular 
interest because each is purported to confer a pattern of resistance or permeabilit\' to smalll()ns 
on the para cellular space, For example. claudin '2 has been demomtrated to confer a hIgh 
permeabilit\' to small cations. This theSIS examines the h,'pothesls that c\'tokines important in 
the pathogenesis of IBD impalr the barrier function of the intestinal epithelium by inducing 
alterations in the regulation of I] protons. 

The expression of Tj proteins in IBD and nurmal colo11lc epIthelia \\'as examl11ed b, 
immunohistochemistry, western blotting and quantitatin> re\'l'rse tramcriptase-n1<:'diated 
poln11erase chain reaction. Claudin 2 \ns strongly expressed in 111tlamed epithelia. \\'hilst be111g 
bareh' detectable in normal colon, In con trast. claudins ."> and -+. occludin and Z( )-1 \\'CIT highh 
expressed in normal colon. but were reduced or redistributed in the surface epithelium of ma11\ 
IBD cases. To functionally test the effects of intlamma ton' c,tokint's Implicated 111 the 
pathogene:;is of IBD. the '1'8-+ cell line was cultured on collagen S-coated. semI-permeable 
support:; to model the epithelial barrier. .\leasurenll'nts of tramcpithelial electncal resl;;tance 
(TER) and the passage of uncharged dextran \\T1T utilised ro m()nitor permeabilm'. The 
expression of claudins 2. :'\ and -+ \\~as studied by 1l11mUnotluorescence and western bl()t ting, 
TER increased O\'er IS chI's. correlating positi\Th' with the II1corporation of claudim :'\ and -+ 
mtn the '1], but negati,'ely \\'ith the amount of claudin 2 deteeled. Uaudin 2 expressIon dId not 
correlate \\'ith either proliferation or Junctiunal reorgal1l:;atiun after calcium ion depletion and 
replenishment. In terleukin-(IL-) 1."> and combined in terfcwn-ga1llma and tumour necrosIs 
factor-alpha (IFNi'/TNF:x) increased permeabilm' to dextran and reduced TER. IFl\iy/TNI':x 
led to decreast's in claudins 2 and :. and the redistribution of claudin -+, ",hereas Il ~-1,) 
dramatically increased claudin ~ mRNA. and protem expression. \\"ith little effect on claudins :. 
and 4. The effects of IL- 1.1 on TER and claudin 2 111R~. \ and protel11 lcH~ls could be inhibit l'll 
by co-incubation with J x29-+0()2, an inhibitor of phosphatidylinositol-:'-kinasc, 

'1'hi:; IS the first demonstration that IBD is associated \\~ith alterations in claudin expression. 
particularh' an increase in claudin 2. Similar alterauons can be induced in l'llm b,' c\'tokines, 
Thus, c"tokine-induccd alterations in claudin expression ma,' contribute to the pathogenesis and 
symptoms of IBD. 
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CHAPTER 1 

INTRODUCTION 



1.1 BACKGROUND 

--------. __ ..... __ . 

1.1.1 THE DISEASES 

1.1.1.1 INTRODCCTION 

Intlammatory disorders of the intestine are responsible for an enormous burden of 

disease world\\·ide. Gastrointestinal infections are responsible for millions of deaths 

each year, particularly amongst children and the elderly. H o\\Tyer in the L' nited 

I'-ingdom and the \'V' est death or long-term sequelae are uncommon follc)\\'ing infection, 

and it is chronic, non-infectious, intlammatory disease that contributes predominantly 

to the oyerall morbidity due to intestinal disease. Coeliac disease, or gluten enteropathy, 

is the commonest, but the suffering it causes is slight as the causes are knO\\'n and 

effecti"e treatment is a,·ailable. Intlammatory bowel disease causes a degree of suffering 

matched by fe\v others disorders, particularly as current therapies arc only partially 

efficacious. In addition, some patients haye disease refractory to current treatment 

strategies. IBD forms the main focus of this thesis. 

1.1.1.2 INFL-\I\II\L\TORY BOWEL DISE-\SE 

Intlammatory bO\\·el disease (IBD) describes a group of disorders of the digestin' 

tract that includes Crohn's disease (CD) and ulceratiye colitis (CC). The similarities 

bet\n~en these diseases, both clinically and pathologically, make distinguishing bet\H'Cn 

them sometimes difficult; ten per cent of IBD cases aCl]1.lire the term 'indetert11lnalT 

colit.is' for at least part of their course (Farmer et al., 20()(); I\leucci ct al., 1999; Russel et 

al., 1998; Shinnanda et al., 1991; Shinnanda et al., 1996). Both disorders are thought to 

be due to an abnormal response to a component of the intestinal bacterial nora 111 a 

genetically predisposed host (Farrell and Peppercorn, 2()02; Shanahan, 2()()2). TIm 

abnormal response may be a dysregulated immune response or loss of tolerance to 

bacterial antigens, or an abnormal increase in gut permeability due to exogenous or 

endogenous factors (sec belO\\·). IBD is characterised b,' chronic relapslIlg inflammatlon 

of the intestine, resulting in the symptoms of diarrhoea, urgenc,' to pass blood and/ or 

mucus per rechl111, abdonunal pain, anorexia, weight loss and feyer. 1'-:llmcrolls extra­

intestinal or systenuc features may occur, for example arthritis, sacro-lhitis, erYthema 
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nodosum and other rashes, iritis and other ocular inflammations, sclerosing cholangitis 

and liver disease. IBD is also associated with many o ther (predorninantly autoll1U11une) 

diseases (Snook et al., 1989) . Long- term extensive colonic ll1flammation is associated 

with a substantially illcreased risk o f malignant change, particularly ill UC (Langholz et 

al. , 1992; Munkholm et al. , 1993). 

T he prevalence of UC is about 160 per 100,000 and that of CD about 50 per 

100,000. It is es timated that there are 100-200,000 sufferers ill the UK. The illcidence of 

CD has risen five-fold ill northern E urope over the last fifty years, whilst that of UC has 

only risen slightly (Barton et al. , 1989; Kyle, 1992; Rose et al. , 1988) . T he reasons for 

this are unclear. IBD presents mos t C011UTIOnly amongst young adults, particularly CD, 

and males and fem ales are equally affected. 

Figure 1. 1. S urgica/ specimeJ/ 0/ Jevere ukeralive w/iliJ; 1I0ie Ibe IJ/lh'O Ja/ lIeaoJir allr/ 
jJJeNdopo!yp /0 rmalio II 

FigNre 1.2. Crobll 'J diJease o/ Ibe IrallsverJe 1'0 /011; 1I0ie Ibe bOllJe/ Ibickenillg and Ibe 
disl'OlIlillNONJ nalure o/Ibe illjlammalioll. 
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1.1.1.3 P.-\THOLOGY OF l-LCEl~ \Tl\T COLITIS 

CC 1S characterised by continuous int1ammation extending proximally from the 

rectum but confined to the colon (_\ment, 1975; Shepherd, 1991; \\'right, 19'70), The 

int1ammation is superficial, affecting the mucosa and occasionally the submucosa. Fine 

or linear ulceration is a common feature, and the infiltrated lamina propria becomes 

oedematous and haemorrhagic. The int1ammatOlT infiltrate consists mainly of . . 

polymorphs, plasma cells, lymphocytes and eosinophils. Gland destruction and cn'pt 

abscesses are common. Damage to epithelial cells is associated with epithelial cell 

proliferation, leading to an m-erall increase in cell turnoyer. . \ poptosis also contributes 

to epithelial cell loss. Long-standing disease may lead to the formation of hyperplastic, 

int1amed mucosa (pseudopolyps; see figure 1.1), and sometimes epithelial dysplasia or 

cancer. 

1.1.1.4 E\THOLOGY OF CROHN'S DISE\SE 

Crohn's disease may occur anywhere in the gastrointestinal tract, although the most 

common pattern is an ileocolitis C\ment, 1975; Tanaka and Riddell, 1990). The disease 

is often discontinuous. The bowel is thickened and fibrosed (figure 1.2) due to a 

transmural int1ammation, and strictures can thus form .. \phthous, large, or deep 

fissuring ulcers are common, and tlstula formation to skin, other organs or other 

intesunal segments may result. The int1ammatory infiltrate consists mainly of 

lymphocytes, tissue macrophages and plasma cells, and in half of cases granulomas 

form. There is marked tissue destruction but the mucosal architecture is relatin'ly \\-ell 

preselTed. 

1.1.1.5 _\ETIO-PXl'HOGENESIS OF IBD 

_\s stated earlier, two important components in the aetiology of IBD are a genetic 

predisposition and an abnormal immune or int1ammatory response to bacterial antigens. 

Howeyer, these components arc likely to be closely linked, and it is more helpful to 

conceptualise the disease as the result of a series of linked processes, any of which may 

be dysfunctional in a giyen case and lead to an exaggerated response. This concept is 
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illustrated in figure 1.3. One or more environmental triggers on a prec:lisposing genetic 

background lead to a vicious cycle of exaggerated or uncontrolled immune responses to 

bacterial antigens. T his causes a perturbation o f the epithelial barrier, which results in 

fur ther exposure o f the immune sys tem to the luminal bacterial flora. 

Diarrhoea 
l\ lalabso qltion 

Exposure to 
luminal £lora 

GENES & 
ENVIRONMENTAL 

TlUGGERS 

Adaptive immune 
response 

Innate immune 
response 

S"srt:mic 
inflanlI11:1tl{)!l 

Figure 1.3. Diagram /0 i//uJ/ra/e /be lJi,'ioUJ qde o//be pa/boJ!pmiJ ~/lBD. 

1.1 . 1.5.1 Genetics of JBD 

Although there is an inherited prec:lisposition to IBD, this does not follow a 

Mendelian pattern (Bonen and Cho, 2003). UC carries a ten-fold increased risk among 

first-degree relatives of patients, for example, but no increased risk among spouses 

(Farrell and Peppercorn, 2002). The concordance rate for monozygo tic twins is 44% for 

CD, 6-14% for UC, but 4% for c:lizygotic twins (Orholm et aI.., 2000; T hompson et a!. , 

1996; Tysk et aI.., 1988). The genes that prec:lispose to IBD have not been full y 

described. Several loci within the genome have been shown to associate with IBD 

(Bonen and Cho, 2003). Although CD and C share some susceptibility genes, s me 

loci associate with CD rather than Uc. Others associate with c:lifferent c:listributions of 

CD within the gastrointes tinal tract, with c:lifferent pathological features of CD (fibrosis 



and stenosis yersus inflammation and fistulation), or \\'ith an aggressiye clilllcal course 

(Bonen and eho, 20(3). I\lany of the candidate genes at these loci ate related to aspects 

of the inflammatory or immune responses; the major loci are summarised in table 1.1. 

Efforts are currently undenyay to delineate which ate the important genes and 

mutations at each site, and how much they contribute to the pathogenesis. 

IBD locus 

designation 

113D! 

lBDl 

113J)3 

IBD-1 

113J)5 

lBD6 

Other loci 

Other loci 

Other loci 

Other loci 

Other loci 

Chromos( J111a1 Diagnooes Candidate genes \\'ithin or near locus 

Location 

16q12 CD I\OD2 

12q 13 l'C \'DR.1FN-'i 

(Jpl.) l'C > CD :\IlIC 1 and II. T~I:-o~ 

l-.J.q 11 CD TCR 0:/ Ii complex 

Sq31-33 CD OCTK 11.-3. 1L--.J.. IL-S, IL-13. CSI'-2 

19p13 CD.l'C IC\:\I-l. C3. TB::\.\2R. 1.TB-.J.I I 

Ip36 CD, l'C T~ 1--R ramih-. c:. \SP() 

!q LC >CD ~IlT3 

3p LC > CD IlC;l-R. EC;FR. C;i'-J.\J2 

l(lq23 CD D1.C;5 

9q32-33 CD,LC TLR-.J. 

Tablc 1.1 .. Ua/or .r1l.r,cjJ/l/}f/il) /OLI III ][31). 1 D K I'ilallllll I) rCd'jJlor: IF\'. ill/cr/croll: 

"fIle. .\fa/llr l-ii.r/lh,()llljJali/Jilil) COIJ/jJk\.: T\T. 11!11/III!r IIc,'!'oJi,'./;Ic'/or: TCR. T,c// 
IwejJlor: OCT,,\', 1iI:~alli( ({lIillll IrallJ/,lIrtcr dll.rler: II .. ill/crimKill; CSI:. (crc/Jm.rjJllh!/ 

.f1l1id: lC·nI, ill tc ra//li/" r ar/I! c.rio I! IJ/II/cot/e I: FJl.\:/l~K l/trll!Jl(;o.\.W!C .·1~ n'<l1'/lIr: 

LTJ3]-J.f.J-l. leuKolncllc Il-l /t)dro.y)la.rc: 'L,\'F·lZ. T,\T rc(cjJtor; C.A.')]" ({/ljJall': 

.1][.-C.'3, JIJN,ill 3; lIGFR, 1"1'alo'')'tc ,~roll't/;)'I(llIr: J~('FR, (l'itlcrlJl"/~mll'lh/;ldllr: 

GSA I }, ill/tiiJitolT ,~uallillc 11I1c1(,olide-/Jil/dll/~ jJroleill: n LC 5. diJ(J-/ar(e ): TJ _1\-1. 
to//-like rec'cptor -I, AdajJlcriji'f!lll BOllclI al/d CliO (!O() "3). 

E,·idence strongly implicates nriants in the gene for NOD2/C\RD15 on 

chromosome 16 111 a small proporuon (approximately 1 N°o) of the geneuc 

predisposition to Crohn's disease (Hampe et aI., 2001; Hugot et aI., 2001; Ogura et aI., 

20tH). This gene is expressed \yithin monocytes, epithelial cells and Paneth cells, where 

it encodes a cytosolic pattern-recoglllrion receptor (PRR) to muramyl dipeptide (\lDP, 

a bacterial cell wall component) (Inohara et aI., 20()3; Tanabe ct aI., 2()04) , The current 

model of NOD2 suggests that its role in recognising :\lDP is to limit the acti\'ation of 



nuclear factor kappa B (I\fkB) by Toll-like Receptor 2 (another PRR for ;\1DB) C"etea 

et al., 2004; O'Neill, 20()4; Yan Heel et al., 20(1). l'(FkB is a key tran~cnptional factor in 

the initiation of immune and inflammatory responses (;\1ahida and Johal, 20()1; 

Schreiber et al., 1998). Furthermore, epithelial cells carn'ing a mutated form of ~OD2 

are less able to resist im-asion by bacteria in experimental systems (Hisamatsu et a1., 

20()3). 

Yery recently further gene mutations ha,'e been associated \\'ith IBD. These include 

the cation transporter genes OCTN 1 and 2 (peltekoYa et al., 2 ()()-1-) , TLR-1-

(Franchimont et al., 20(4), which encodes another bacterial pattern-recognition receptor 

and, interestingly, DLCS (Stoll et a1., 2()()4). \\'hereas the mutations in TLR-1- and DLC;S 

appear to associate independently with both CD and L' C, mutations 111 the OCT~ 

genes only confer an increased risk of CD. This risk is increased further in those \\'ho 

also cany a mutation in :\ OD2, gi,-ing a relatin: risk of approximately 1 () if a muta tion 

is carried in both. Similarly, the association of mutations in DL(;S \\'ith IBD as a \\'ho!c 

or CD in particular is stronger in the presence of a mutatlon in ~()D2, although no 

rcIatiye risks are quoted. DLG5 encodes a protein containing seyeral protein-protel11 

binding domains (\X'akabayashi et al., 20(3). It has recently been cO-lmmunopl'Ccipitated 

\\'ith p-catenin (\X'akabayashi et al., 2()03), a component of the adhcrens Junction (sec 

1.2.2.3), but its cellular location and function in humans arc not yet known. Howe\,er 

DLG5 homologues in other species arc inyoh'ed in processes such as cell polarity and 

control of prolifera tion (Humbert et al., 2()()3). Its similaritl· to other proteins in\'oh'ed 

in the structure and function of the epithelial permeability barrier has led to speculation 

that dIgS defects may contribute to altered epithelial permeability (Stoll et al., 2()()-1-). 

I t is therefore unlikely that a single gene or gene cluster is responsible for the entire 

genetic contribution to lED, but more probable that se\'eraJ distinct alleles carried by an 

indi\'idual combine to predispose to a particular disease pattern. Some of these genes, 

such as DLG 5, may be associated with defects in the function of the epithelial barrier. 

Furthermore, these multiple predispositions may underlie the greater-than-expected 

concordance for site and clinical type of CD \\'ithin particular families, suggesting 

multiple, distinct forms of the disease (Bayless et al., 19%). 



1.1.1.5.2 EIllJirolllJJeJlta/ Preczpitallts alld Risk Fm/on ill JBD 

The enyironmental tnggers for IBD are not \\'ell-described. Neyertheless, there is 

strong e"idence to support the idea that the use of Non-Steroidal ,-\nti-Inflammatory 

Drugs ~S,\IDs) can proyoke exacerbations of IBD and, possibly, its initial onset. 

These drugs are known from human and animal studies to disturb gut barrier functlOn 

and lead to an increase in its permeability (Bjamason and :'IIacPherson, 1(94). 

Cigarette smoking is associated \ylth an increased risk of CD, but a reduced risk of 

CC (Danese et al., 2()04). Ho\\Tyer, the mechanisms underlying this are unknown. 

Psychological stress is cited as a potential trigger of exacerba tions by up to 40° () of 

l'C patients and stress has been shown to precipitate relapses of colitis in some animal 

models (Danese et al., 20()4; Hollander, 2(03). Studies han shown that stress can 

increase intestinal permeability in rodents (I-.Jliaan et al., 1998; l\Ieddings and Swain, 

2000; Soderholm and Perdue, 20(1). 

1./.1.5.3 The Illtestinal Bacterial Flora ill JBD 

Numerous lines of eyidence implicate the luminal bacterial flora in the onset of 

IBD. For example, all of the rodent models of IBD require luminal bacteria to den'lop 

the phenotype (Blumberg et al., 1999; \\'irtz and Ncurath, 20()()). Human IBD occurs 

mostly in the regions of the alimentary canal with the highest bacterial concentrations 

(Sartor, 1(97). Di\Trsion of the faecal stream proximal to an area of inflammation can 

lead to its resolution (Shanahan, 20()2), implicating the luminal contents, Sometimes 

antibiotics can be helpful in ameliorating flares of IBD (Turunen l't al., 19(8). 

I~\'idence points to a loss of tolerance to\\'ards otherwise harmless entenc bacteria 111 

acti\'e IBD (Duchmann et al., 1(95), ,\lthough less than half of the four hundred or 

more species of bacteria in the intestinal lumen ha\'e been characterised, studies 111 

rodents (Madsen et a1., 20(l(); Rath et a1., 1996; Rath et al., 1999; Rath et al., 2()()1) and 

on human tissue (Edlniston, Jr. et al., 1982; Hartle\' et al., 1992; Hudson et al.. 1984; 
, . 

Poxton et al., 1997; S\yidsinski et al., 2()()2) strongly suggest the predominant species in 

the colons of cases of IBD do not differ from those found in normals. Recel1th', 

ho\\'e\'er, adherent-im'asi\T types of 1 :.m/i haye been detected at a much higher 

frequenc\' in the mucosa of pa tien ts \\'ith actin' IB D than in normal con trois 



(Darfeuille-~1ichaud et a!., 1998; Darfeuille-~1ichaud er al., 2()()4; Glasser et a!., 20UI; 

~fartin et aI., 20(4). Others haye found much higher mucosal concentrations of bacteria 

in general in IBD (S\\'idsinski et a!., 20(2). The E.(o/I strains isolated from IBD mucosa 

may display an enhanced ability to actiYate NFkB in intestinal epithelial cells (La Ferla et 

al., 20(4). Howeyer, it is not yet clear if this is due to differences in the bacterial flora, 

differences in the resistance of the epithelium or mucosa generally, or an effect of 

inflammation on mucosal resistance. 

1.1.1.5.4 Immllllological Dejects III lED 

There are many proposed immunological defects 111 lBD (\Ionteleone and 

\IacDonald, 2000; Shanahan, 20(2). It is not kno\,'n if these are primary defects or if 

they occur in response to initiation of the disease process by, for example, a dcfectiye 

mucosal barrier. These abnormal responses, hC)\\'eyer, lead to the common clinical and 

pathological feannes of IBD, such as SYStelTllC inflammation, tissue destruction and 

fibrosis. 

From the numerous rodent models of intestinal inflammation and many studies of 

patient-derin:d material, a large body of sometimes conflicting eyidence has emerged on 

the immunological impairments found 111 IBD. The impairments fall into three main 

categories, which are not mutually exclusi,-e. Firstly, it is proposed that the inna te 

immune system (antigen-presenting cells, macrophages, natural killer cells and epithelial 

cells) is defectiH in some \,-ay (I(orzenik and Dieckgraefe, 20()()). Either it fails to resist 

luminal bacteria, leading to eXCl'SSfH' and prolonged actiyation of the adaptlH' immu11e 

system, or excessiye signalling within the cells of the innate immune system leads to 

excessi,-e recruitment and actiyation of the adaptin' immu11e system. Secondl:', it has 

been suggested that there is an exaggerated response by the adapti,'e immune s\'stel11 to 

the normal stimuli it receiyes continuously (james, 1988). The mucosal immune system 

de,-elops ill tandem \\,ith the absorptiye surface and the luminal bacteria (l\lacDonald, 

2(03), and it is said to be normally in a state of controlled acti,'ation (Pickard et aI., 

20(4). In IBD this \e,-el of actintion IS proposed to be heightened (james, 19~~). 

Thirdly, it has been proposed that the normal regulatory 111echalllSl11S for c011troll!ng or 

suppressing the responses of the adaptiye llnmUllC s\'stem arc defectin' in IBD, leadl11g 

to an exaggerated response to a nUllor or innocuous stimulus, or to loss of the usual 

tolerance to commensal bacterial antIgen (james et a!., 1987; Strober and James, 198(»). 



Endence to support defectiye innate immunity includes the genetic mutations in 

PRRs described earlier. Furthermore, some children with defects of phagocyte function, 

such as chronic granulomatous disease or glycogen storage disease type 1 b, deYelop a 

CD-like enteritis that is ameliorated by boosting phagocne function (\\'inkelstein et aI., 

2000). The therapeutic agent Granulocyte-i\lonocyte Colony Stimulating Factor (GI\I­

CSF), which boosts bone marrO\\' production of phagocnes, IS currently in phase 3 of 

deyelopment as a treatment in IBD (Dieckgraefe and Kor7.enik, 20(2). In addition, if 

one considers the intestinal epithelium to form part of the innate immune system, there 

is strong e\'idence to support impairment of epithelial barrier function in the 

pathogenesIs of IBD (discussed in 1.3). 

\luch of the eyidence strongly supports the second contention of an exaggerated 

adapti\'e imnmne response to enteric antigens. This e\'idence deri\'Cs from three main 

sources: snldies of tissue and cells deriyed from human patients, shldies on rodent 

models of disease, and, more recently, shldies of the effects in human patients of 

inhibiting specific cytoklnes using monoclonal antibodies .. \ large body of eyidence 

supports the idea that the proinflammaton cytokine Tumour Necrosis Factor-alpha 

(TNFo:) is a key factor in lBD. TNFo: is produced mainly by macrophages, which are 

found in excess in the lamina propria in disease. The number of Tl'-:Fo:-poslti\'e cells, 

the amount of TN Fo: produced after stimulation of lamina propria cells ex \'i\'o, the 

mucosal concentration of TI\iFo: and the abundancy of '1'1': FeY transcripts are all eleya ted 

in IBD (.\ndus et aI., 1993; \1acDonald et aI., 1990; I\lasuda et aI., 1995; f\lurch et aI., 

1993; Nielsen et aI., 1993; Reinecker et aI., 1993; \\'onHxlt et aI., 1994). hmhermore, 

an antibody specific for T~Fo:, recently introduced as a therapeutic agent in CD, has 

produced dramatic improyeme11ts in the majority of those \yho recei\'e it (C;ordon and 

i\facDonald, 2U(3). HO\yC\'er, at least 20°0 of patients arc refractory to this intcn"Cntion 

and many patients relapse, suggesting that other patl1\\"a\"s can dlTelOp to sustain the 

inthmmation. 

In the case of CD, T lymphOCYTes that display a T-helper-l phenotype appear to 

playa prominent role. T-helper 1 (rh l ) differentiation, \\'hich is drin-n by macrophage­

deri\"ed interleukin-(IL-) 12, is associated wlth the secretion of a repertoire of cytokines, 

such as interferon-gamma (IFNI') and interleukin-2 (IL-2), that are thought to be key to 

the deyclopment of cell-mediated immunity (Strober et aI., 2()02). Thc number of n.t\'/­

positiye cells and the abundancy of IFNI' transcripts ha\'c been shO\\'n to be elcTated in 
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the intestinal mucosa in both CD and l-e (Breese et al., 1993). The amount of IF~y 

produced after stimulation of lamina propria T-helper cells c.'\" 1'11'0 is also signitlcantly 

higher in CD than in controls (Fais et a1., 1991; Fuss et al., 19%), although this has not 

been demonstrated in Cc. The number of cells secreting IL-2 and the abundancy of 

transcripts are also increased in CD, but not in ce (~fullin et a1., 1992). Collectiyely, 

this eyidence supports the notion of eD being perpetuated by Thl-type mechanisms. 

"\lthough there is a massi\-e infiltration of T cells into the lamina propria in l-e, 

their role is not well understood. It has been suggested that l-e is a The-mediated 

disease (Strober et a1., 2OCfi). This is a T-cell differentiation path\\"ay commonly seen in 

responses to parasites. It is associated \yith the secretion of certain cytokines, such as 

IL-4, IL-5 and 1L-13, and with antibody-mediated respomes (Strober et a1., 20(2). In 

support of the latter, there is a large plasma cell intlltrate in L-e (Kett et al., 19B7). 

Furthermore, production of antibodies speCltlc for self or bacterial antigens is common 

in l-e (Das et al., 1993; Saxon et a1., 1990), but it is not clear whether these antibodIes 

are pathogenic. In relation to Th:-type cytokines, howe\-er, there is little e\-iclence that 

IL-4 lenls are increased in ec (Fuss et a1., 1996). ~f()dest elentions in secreted IL-5 

haye been demonstrated \\-hen lamina propria T cells from l'e patients arc stimulated 

c.'\" l'il'O (hJSS et aI., 1996). HO\\"e\-er, much more interest has been generated by the 

possible role of 1L-13 in the pathogenesis of L-e. Chazo\one-incluced colitis, a murine 

model of inHammation closely resembling ee, results from the induction of IL-13-

producing natural-killer T (1\'KT) cells, a subset of lamina propna lnnphocytes (Heller 

et aI., 20(2). Blockade of IL-13 or elimination of:\ I"':'T cells can preyent the colitis from 

deyeloping. The chronic inHammation of the colitis that dn-elops in IL-lO-ddicient 

mice is also associated with eleya ted production of I L-13 by lamina propria 

mononuclear cells (Spencer et a1., 20(2). In human lBD IL-13 mRN"\ is considl'1'abl}' 

more abundant in L-e mucosa than in normal mucosa (Inoue et a1., 1999). H()\\'CYer, 

attempts to measure IL-13 protein Ic\'(:ls by enz,'me-linked tmmunosorbant assays 

(EJ JS~\s) on supernatants of cultured biopsies han> not shO\\'n I11creases oyer normal 

(Kadinr et a1., 2004; Yainer et a1., 20()()) , although this may be a feature of the 

methodology. Indeed, a recent study has shown clearly that stimulation of a subset of 

NKT cells from l-e cases induces them to produce substantlalh' greater amounts of 11 ,-

13 compared to controls (Fuss et a1., 2()04). These cells \\'Cre C\"totoXIC to a cultured 

epithelial cell line and this cytotoxicity \\-as augmented by IL-13. 
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Significantly increased expression of the inflammatory cytokine Il_-li has recently 

been demonstrated in the mucosa and serum of patIents \\-ith L-C and CD (hJjino et a1., 

2003; l\'ielsen et a1., 2003). IL-17 is thought to be important in mucosal intlammation 

and IS secreted predominantly by '1' cells (particularly memory cells) and 

monocnes/macrophages (loYanm-ic et aL 1998; Yao et a1., 1995). Its receptor is found 

on many cell t:-pes, including epithelial cells (Yao et a1., 1(97). 11 _-17 strongly induces 

genes associated with inflammation (e.g. IL-G) and enhances the proinflammatory 

responses induced by T]'\;Fcx (lm-anm-ic et a1., 19(8). Like T~Fcx, it seems to \\'ork by 

actinting J\:FKB V\'wane et '11., 1(99). Howenr, in colonic subepithelial myofibroblasts 

IL-17 can downregulate responses to TNFcx (_\ndoh et aL 20(2). 

In recent years some im-estigators han.' challenged the traditional Th I-Th2 

paradigm and instead proposed new models inYoh-ing both clusters of C\"tokines. In 

these models the inflammatory process is separated into two phases - an initial 

inductiye phase and a subsequent effector phase characterised by chronic inflammation. 

It has been proposed that Th1 and Th2 pathways and cytokines may be im-oh-ed in 

each phase, either concomitantly or sequentially (Cominelli, 2004; Reuter and Pizarro, 

20(4). 

The third contention outlined abm-e was that there is a defect in the regulation of 

immune responses in IBD. \X'hereas in most people immune responses to self-antigens 

or their bacterial flora are suppressed, it has been proposed that these mechanisms arc 

defectiye in IBD. The two major mechanisms inyolH'd arc induction of oral tolerance, 

by which reactiYe effector T-cell clones are deleted or made anergic (unresponsiH'), or 

suppression of immune responses by a separate subset of regulatory T-cells. Oral 

tolerance is H'ry difficult to study in humans as it is induced mainly in young childhood. 

N e\Tnheless a single study has supported the idea of loss of tolerance by showing that 

CD patients' T-cells proliferate and produce cytokines in response to extracts of their 

own flora in yitl"O, whereas control T-cdls do not (Duchmann et aI., 1(95). 

The best-described regula ton' T-Cl'll is the CD4' CD2S' T-cell (Sakaguchi et <11., 

1(95). CD4-CD2S' cells arc specific for self-antigens (Jordan et a1., 2()()1) and produce 

cell-surface and secretory TGl~-~ after snmulatiol1 (I'-:akamura ct a1., 20()}). TC;F-~ IS a 

key inhibitor of immune responses and appears to 1I1terfere \\"ith successful ?\: n~B 

signalling, for example that stimulated b,' T~h"X (~lacDonald and .\lol1teleone, 
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unpublished). In CD lamina propria mononuclear cells appear to be unresponsiye to 

TGF-~, and leHls of Smad7, a known repressor of TGF-~ signalling, are elc,"ated 

0\Ionteleone et aI., 20(1). Interfering \\"ith Smad7 expression in ,"itro appears to restore 

successful TGF-~-stimulated suppression of cnokine secretion 0\Ionteleone et al., 

20(1). 

1.1.1.5.5 SlImmmJ' 

One of the consequences of an exaggerated llnmuno-inflammatory response, from 

\\"hate,-er cause, may be an impairment of gut barrier function (.-\lmer et aI., 1 (93). 

Furthermore, a ddecti,-e gut barrier may lead to greater access of the bacterial flora to 

the cells of the ll11111Une system and a still heightened unmune reponse, thus setting off a 

yicious cycle. .\s discussed earlier, ll11paired barrier function may be both the 

mechanism by \\"hich certain enyironmental agents C~S.-\lDs, stress) prm"oke episodes 

of lBD, and the phenotype generated by one or more of the genetic predispositions to 

IBD (e.g. DLG5). This barrier functIon is performed by the intestinal epithelium. Its 

structure, function, regulation and ll11pairment in lBD are discussed belO\\". 
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1.2 THE INTESTINAL EPITHELIAL BARRIER 

1.2.1 OVERVIEW 

The intestine is lined by a single layer of billions of tightly adherent cells. It forms a 

barrier that is selectiyely permeable to the toxins, pathogens and macromolecules of the 

'external' world of the gut lumen. ~-\ number of proteins arc inyol\-ed in connecting cells 

together to mal11tain and regulate this barrier (so-called 'gate' function). These proteins 

aggregate into discrete junctions at the lateral cell membrane, \-isible by electron and 

light microscopy (n:Tiewed in Knust and Bossinger, ~()()~). These include the tight 

junction (or zonula occludens), adherens junction (or zonula adherens), desmosome, 

and gap junction (see figure 1.4) (Collins, ~()()~). Furthermore, tight junctions preH'nt 

lateral 1110\Tll1ent of lipids and gl:'coproteins within the outer !caflet of the cell 

men1brane and thus cause a decrree 
b of compartmen talisa tion within the lateral 

Il1embrane (so-called 'fence' function) (i\1a ncr and Balda, 2()()3; Schneeberger and 

Lynch, ~O(4). Tight junction and adhcrcns junction-mediated adhesion is dynamic and 

can be relaxed when necessary, for example \\'hen cells proliferate and migrate to repair 

a wound, and these junctions are bound to the actin cytoskeleton (I amora and hlchs, 

2()02; Schneeberger and Lynch, 20(4). In the face of sigmficant frictional forces from 

luminal contents and the stresses induced by continual peristaltic moyements, 

significant cohesiye strength is Imparted to the lan'r 1)\ the binding of desmosomes to 

the keratin intermedlate filament system (Carrod et al., ~()()2). Cap junctions arc 

responsible for electrical coupling \\-ithin entire sheets of cells by allowing small ions to 

pass between them (Eyans and :"-1artin, 2()()2). Finally, growing c\-idcnce has recentl)' 

emerged of a role for junctional components in cellular signalling processes, particularh' 

outside-in signalling (Balda and i\Ia tter, 20()3; Green and Gamh-y, 20()(l; J amora and 

Fuchs, 2()O~), 



Figure 1.-1- . Eledroll micrograph 0/11110 adjacelll .,.171011 illleJ"lillal (d/r (labelled C. tJlld CJ 
L:lumell ;.\1 r T:miaolli/li;P.\ i :pla.rma membra Jle;Z 0 ::::"olla oLdlldellY,ZA : :::"0110 

adherellJ";D:de.rmoJome. (Reprodllced 1}J/1/J pl'rmiYJ"ioli 0/ Dr.f. E. CollillY) 

15 



1.2.2 STRUCTURE AND FUNCTION OF THE JUNCTIONS 

1.2.2.1 STRl"C1TRE OF THE TIGHTll"~CT10N 

~'\ feature common to epithelial cell-cell junctions is their di,"ision into integral 

membrane proteins, which adhere to the same or similar proteins displayed by adjacent 

cells, and cytoplasmic proteins, which form the links ben'Ten the transmembrane 

proteins and the c::toskeleton. The subapical zonular junctional complex comprises the 

tlght junctlon (Tl), \"hich seals the para cellular space C~Iatter and Balda, 2003; 

Schneeberger and Lynch, 20(4), and the adherens Junction (~\l), which is adhesiyc 

(Jamora and Fuchs, 2002; ::\:agafuchl, 2U(1). The major integral membrane proteins of 

the TJ include the claudin family, occludin and .1 unctional .\dhesion i'-lolecule. The 

cytoplasmic, junction-associated proteins include the membrane-associated guanylate 

kinase homologues (i'-L\Gl"}( proteins) ZO-1, 1',0-2 and 1':0-3, cingulin and a grm'"ing 

list of other molecules (Gonzalez-i'-Iariscal et aI., 2003; Schneeberger and Lynch, 20()4). 

Some important features of these proteins arc discussed below. 

1.2.2.1.1 ClalldiIJs 

The claudin multi-gene family comprises at least 23 members (Katoh and Katoh, 

2003; Turksen and Troy, 2004; Tsukita and Furuse, 2()()()a). They encode proteins of 

approximately 23kDa whose proposed common structure is illustrated in figure 1.5. 

Hydrophilicity analysis led to the proposed four transmembrane domain structure 

(Furuse et aI., 199~a) ..\ carboxy-terminal n'rosine-,"aline motif binds the i'-L \ C U( 

proteins ZO-1, 7.0-2 and ZO-3 (ltoh et aI., 1999a), thus anchoring the claudi.11s \\'ithin 

the OIl Claudins 1 and ~ haye also been shown to bind the I\L\Cl"K protein I\IL"PPl 

(Hamazaki et aI., 2002; Jeansonne et aI., 20()3), but little is known about the function of 

I\ll"PPl or the significance of this interaction. The carboxy-terminus of claudin 1 can 

l11teract with the eighth PDZ domain of P.'\LS1-associated tight junction protein 

(p~'\ TJ) (Roh et aI., 2002a). This protein interacts \\"ith protein associated with Lin-seycn 

(pals 1) and Crumbs 1 (eRB 1) to form a 1] complex im"olycd in epithelial cell polarin' 

(Roh et aI., 20()2b). 
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Figttre 1.5. Diagrammatic represelltatio ll of claudill mola ule (modifiedfrom T rukita alia 
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Claudins transfected into cultured cells are incorporated into pre-e:-;.i~ting TJ s 

(Furuse et a1., 1998a). In L-fibroblasts, which lacklJ s, they are incorporated into cell­

cell contact sites that strongly resemble, by freeze-fracture electron microscopy, the 

strand pattern of other TJs (Furuse et a1., 1998b). 'TIley are thus thought to form the key 

component of the proposed strand structure of the TJ. Their adhesi"e nature was 

confirmed in these studies (Kubota et a1., 1999), as was the suggestion that different 

claudin types on adjacent cells can also interact with each other (eg claudins 1 and 3) 

(Furuse et a1., 1999). 

The fact that both ions and inert molecules pass to yarnng degrees between 

adjacent cells (paracellular permeability pathwa\') led to the proposal that within these 

strands are small, regula ted pores (Tsukita and Furuse, 2()()Ob) (see figure 1.6). . \ 

suggestion that claudins form the plwsical basis of these pores also arose from the 

obsen'ation that the condition of hereditary renal magnesium \yasting (famiEal 

lwpomagnesemia with hypercalciuria and nephrocalcinosis) is caused by mutations in 

the gene encoding claudin 16 (Simon et a1., 1999; \>;'ebel' et a1., 20m), \\"hich IS onl\" 

found in the thick ascending loop of Henle. 

E,·idence has emerged that claudins are a major factor in establishing epithelial 

barrier function. For e:-;.ample, claudin 1 transfected l\Iadin-Darby Canine I,-idney 

(l\fDCK) cells generate a higher electrical resistance across the cell monolayer and are 

more resistant to the paracellular passage of uncharged probes of different size (Inal et 

a1., 1999). Furthermore, it is becoming clear that certain claudins can int1uence the ionic 

selecti\'ity of the paracellular pathway. Thus, O\·ere:-;.pression of human claudin -+ in 

i\IDCK cells increases the electrical resistance across the monolayer by specificalh' 

reducing sodium ion permeability, without affecting permeabilir)' to chloride ions or 

inert molecules (\'an ltallie et al., 20(1). That the proposed extraccllular domains of;1 

claudin molecule determine its elcctroph\'siological propcrties is neatly illustrated by a 

study in which the electrical charges uf selected extracellular ammo acids were re\"ersed 

in t\vo different claudins by site-directed mutagenesis. Substituting a negati\"e for a 

positi\"c charge at position 6S in the fust extracellular domain of claudin-4 increased 

paraccllular sodium ion permcabilin'; substituting positin' for negatiyc charges at three 

positions in the first extracellular domain of claudin-15 rl'\'Crsed para cellular charge 

selccti\'ity from a preference for sodIUm ions to one for chloride ions (Colcgio et aI., 

2()02) . 
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The function of claudin 2 has been of interest since it \\'as demonstrated that 

transfection of its gene into ,\IDCI(-C7 cells (\\'hich ec;:prcss claudins 1 and 4- but not 2) 

led to a dramatic drop in transepithelial electrical resistance (TER). This was associated 

with high cation (sodium, potassium) but unchanged anion (chloride) permeabilitics, In 

other \yords, claudin 2 conferred a cation-leaky phenon-pe to the cells \\'ithout affecting 

permeabilities to anions and uncharged molecules V\.masheh et at, 2()02). Further 

eyidence for the role of the ec;:tracellular domains in these functions came from a study 

of chimeric proteins, formed by the interchange of the ec;:tracellular domains of claudins 

2 and 4- (Colegio et al., 20(3), When transfccted into leah ,\IDCK II cells, each of the 

chimeras displayed the properties attributed to the clamhn from which its ntracellular 

domains originated, Thus the claudin 4- ec;:traccllular domains increased TER and 

reduced cation permeability despite being expressed in molecules containing claudin 2 

transmembrane and intracellular domains. In other words, cat10n resIstance is a feature 

of the ec;:tracellular domains of claudin 4. This group has also demonstrated that 

introducing claudin 4- into a cation-sclectiye cell line, such as ,\ID(]( II, decreases 

cation-penneability, \yhereas claudin 2 has no effect; cOl1\-erscly, introducing claudin 2 

into an anion-sclectiye cell line, such as LLC-PK 1, lllcreascs catioI1-permeabllin', 

\\'hereas claudin 4 has no effect (Yan hallie et at, 2(03). 

The roles of the other domains In claudin function are begl11ning to be clucida ted .. \ 

recent study, in which chimeras of claudins .2 and 4 contaimng cc;:changed tail domains 

\yere constructed and expressed in ;\IDC]( II cells, shO\\'ed that these domains arc 

responsible for the relatiye stabilin' of the l11di,-idual claudins (Yan ltallie et at, .2()U4-). 

The half-life of either intact claudin 2 or a claudin 4 chimera that contained the tail of 

claudin 2 was greater than 12 hours, \yhereas the half-life of intact claudin 4 was 

approximately 4 hours. The longer half-life conferred on claudin 4 by the tail of claudin 

2 led to an increase in both its protein lcyel and its physiological influence (cation 

resistance). 

Some e,-idence has emerged of \-ariatlons in the pattern of claudin expressIOn 

between tissues (Tsukita and Furuse, .2()().2). I ndeed, in the kidney tubule a differl'l1 t 

repertoire of claudins is found within each different segment, perhaps reflecting their 

different clectrophysiological features (Kiuchi-Saishin et al., 2()()2) , In the normal rat 

colon the predominant species arc claudins 3 and 4 at the surface and claudins 2, :1 and 

5 in the crypts; in the small intesine arc found claudins :1, 4 and 5 at the surface and 



claudins 2, _) and 5 in the crypts (Ral111er et aI., 200l). HO\\TH'r, no published studies 

haye comprehensi\-ely examined the expression of these claudin subtypes in the human 

intestinal epithelium. Claudins 1, 3, ..:J- and 5 ha\'e been obsep,ed in the human colon in a 

study that used II-estern blotting to detect expression in whule mucosal biopsies (Burge! 

et aI., 2002). In addition the expression of claudin ..:J- in these biopsy samples was shown 

to be reduced in an inflam.matory condition known as collagenous colitis; increases in 

claudin 2 expression were obsClTed in some cases, although this did not reach statistical 

significance (Burgel et a!., 20(2). Yen recentl\-, the human intestinal epithelial 

expression of claudins 1 (Zeissig et a!., 2()()..:J-) and :? (Escaffit et a!., 200..:J-) has been 

confirmed. 

Recentl,-, munne models of claudin mutation (claudin 1 knockout mice, Furuse et 

a!., 2U(2) and claudin oyerexpression (claudin G transgenic mice, Turksen and Troy, 

:?O(2) halT been generated Both defects were fatal soon after birth, ostensibly due to 

dehydration caused by the loss of skin barrier function. The intestines of these animals 

\\'ere not examined. Such models haye not yet been generated for claudins :? to 5. 

1.2.2.1.2 Orc/lldin 

Occludin is a G5kDa protein predicted to contain n\-o extracellular loops, four 

transmembrane domains and intracellular amino- and carbox\-- termini (Furuse et aI., 

1 <)<) 3). I t is depicted diagrammatically in figure 1. 7. 

The binding partners of occludin are numerous and suggest an important role for it 

\yithin the 'IT Direct binding to 1.0-1 and 7.0-2 (hmlse et a!., 1 <)<)4) and /.()-3 

(Haskins et al., 1<)<)8) occurs \-ia ltS carboxy-(C-)terminal cytoplasmic region, and it is 

this region that targets it to the TJ (I\latter and Balda, 1 <)<)8; i\litic et a!., 1 <)<)<)). HoweH'r, 

1110re recent n-idence has suggested that the second extracellular domain IS also required 

for localisation at the TJ (I\Iedina et aI., :?'O(l()). The specific site on murine occludin that 

binds to ZO-1 has recently been localised to a 1 <) amino acid site at the C-ternunu~, 

which binds to n\-o sites on J:O-l - the guanylate kinase domain and its adjacent hinge 

region (Schmidt et a!., 2()()4 and sec 1.2.2.1.4). III I'ilro occludin has been shown to bind 

directly to filamentous actin (\X'ittchen et a!., 1 <)<)<))_ It ma\" also I11teract \\-ith protel11s of 

the gap junction, as binding to transfected human cunnexin-_)2 has been clemon~trated 

experimentally for murine occludin (Kojima et aI., 1 <)<)<)). Y. \ P-:1:1, a protein implica ted 



Figur!' 1.7. Diagram of o,dudil1 Jtrudure; .\ " - al71ill(} termillt';; C - (ar/;o.,:")' terlllilla /. 
(Adapted j iwJlFllrtlJe et o/.. 1993). 
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in ' Tesicle docking and fusion, ha s also been SbO\\"11 to bind occludin, alth o ugh the 

implicatio ns of this are unclear (Lapierre et aI., 1999) . T he £ 3 ubiqui tin -p ro rein ligase 

Itch has been shO\vn to bind b o th il7 l!il)O and il7 Ili/ro to th e anlil1o-tenninus o f occludin 

and to be im-oh-ed in its ubiquitination (Traweger et aI. , 2002a) . Occludin has al so been 

co-u1.1.munoprecipitated with th e non-receptor tyrosine kinase cores (C hen and Lu, 

2003) and th e regulatory (P8S) subunit of phosphatid~· lin osito l-3- k.ina se Jusrat er aI., 

2000; Sheth et aI. , 2003; Sheth et al., 2003), which may therefore play ro les in Its 

regulatio n. Indeed, a sU1gle study ha s shown that disruptio n of T] s in Cac02 ce lls b\· 

oxidati'Te stress IS associated \,"ith th e co-localisatio n and ulcreased co-

umnunoprecipitation of OCclUdi.t1 and this p 8S SUbuIllt (N usrat et aI. , 2000; Shcth cr aI. , 

2003). 

OCclUdi.t1 \vas the fIrst transmembrane 1] pro tein to b e dcscribed (Furusc et a!. , 

1993). It was isolated from rats USU1g antibodies raised agai nst an unkn ow n membran c 

antigen of chicken Ii,-er (Furuse et aI., 1993) and \\"as proposed initially to contribute to 

both the adhesin and barrier properties of T]s (Balda et a!. , 1996a; McCarthy ct a!. , 

1996). Indeed, expressio n o f occludin in fIbro blasts that lack it ca n confer adhcsi\"cness 

(\Tan Itallie and Anderso n, 1997). This requires th e presence o f ZO- l and so does no t 

occur ill L-fIb roblasts, which lack Z O -1. .-\dhesion in thi s study could be disrupted by 

the addition o f synthetic pep tides correspondi.t1g to th e fIrst extracellular scqucn cc of 

OCclUdi.t1 . . -\ subsequent study showed that thc resealing of disrupted T] s in .-\6 ce ll s 

could also b e pre,"cnted by synth etic peptidcs ho m ologous to th e fIrst cxtracellul ar 



sequence (Lacaz-Yietra et a1., 1999). _ \ similar study in the Xenopus kidney epithelial cell 

line _\6 has shown the same for the second extracellular se<'luence (\\'ong and 

Gumbiner, 1997), and the transfection of occludin mutants into ~IDCK cells has also 

suggested a crucial role for this sequence in the successful co-localisation of occludin 

with ZO-l at the TJ (l\ledina et a1., 20(0). Recent work in endothelial cells has 

suggested that the amino acid sequence responsible for this disruption is a four residue 

motif (LYH\ ') found in the second extracellular domain of all mammalian speCles 

examined (Blaschuk et a1., 20(2). 

Early \york had also shO\\"11 that the transfection of occludin into 1\IDCK cells led to 

an increase in electrical resistance across the cells, suggesting a role in regulating the 

permeability to ions (Balda et a1., 1996a). HoweH'r, expression of occludin mutants that 

lacked the carboxy-terminus was associated with a marked increase in the paraccllular 

nux of small molecular \\-eight tracers, with no effect seen on electrical resistance (Balda 

et a1., 1996a). This suggested that the regulation of ionic and small molecular 

permeabilities was separable, \\·ith a crucial role for occludin in the latter. j'urthermore, 

in l\IDCK cells (Balda et a1., 20(0) and in the murine epithelial cell line esc 12() /7 

(Bamfortl1 et a1., 1999), expression of mutant and chimeric occludins has shown both 

extracellular domains and the amino-terminus to be inyol\-ed in the regulation of 

paracellular permeability. 

The abm-e e\-idence had suggested that occludin had crucial roles in regulatIng Tl 

adhesion and paracellular permeability. HoweH'r, the generation of murine embryonic 

stem cells lacking the ability to synthesise occludin led to the formation of occlud111-

deficient epithelium that \ns structurally identical to \\·ild-t\"j1e epithelium; functionall:·, 

the epithelium maintained its ability to preH'nt the passage of a low molecular mass 

tracer through the paracellular pathway (Saitou et aL, 199H). ThIS was strong eyidence 

that occludin was not necessary to form strand structures, recruit ~O-l and function as 

a barrier. Furthermore, a mouse line that carried a null mutation in the occludin gene 

\\·as yiable and displayed no gross external phenot\vic abnormality (Saitou et aL, 2()()()). 

The intestinal epithelial barrier function appeared normal electrophysiologicalk 

Ho,,"eYer there \yere se\-eral histological abnormalities in other tissues; for example, the 

gastric epithelium \\·as innamed and h\·pcrplastic, the males were sterile and the fcmales 

did not suckle their young \yell. Occludin was therefore not necessary for the gcnera tion 

of TJs but appeared to 11aye a significant ll1nuence on proliferation and possible 



differentiation. These mice were not subjected to an\" challenge, such as a 

gastrointestinal infection, so more subtle functions of occludin in relation to gut 

int1ammation could not be elucidated. Other findings ha,·e suggested that the role of 

occludin may be regulatory rather than, or as \yell as, structural. There is a body of 

cyidence to suggest this regulatory function relates to either or both of two properties 

of the molecule: its phosphorylation state and structural ,·ariation deriY<:,d from 

alternatiye splicing of mH..l''-J.\. This eyidence is discussed later. 

1.2.2.1.3 jllllctiollal AdheJioll Jlo/eCII/e 

The family of l'\.~l proteins (molecular weight 35·39kDa) are members of the 

immunoglobulin superfamily (l\lartin-Padura et aI., 1998; Liu et aI., 2()()()a; \\'illiams et 

aI., 1999), consisting of t\yO Y -type immunoglobulin domains. Four members haye thus 

far been described (Bazzoni, 200.3; Hirabayashi et al., 2U0.3). They haye no abilin to 

reconstitute TJ strands in culture and may be important in maintaining the TJ seal 

during trafficking of blood cells through endothelia and epithelia; in this context they 

ha'T been shown to bind to the beta integrin LF. \·1, \\'hich is inyoh--ed in the migratiol1 

of leukocnes through endothelia (Ostermann et aI., 2()02). Furthermore, an antibody to 

human j.\i\1-2 has been demonstrated to block the transmigrat10n of primary human 

peripheral blood leukocytes across cultured human umbilical \"l'in endothelial cells 

o Oh11S011-Leger et aI., 20(2). In the mouse preimplanta tion embryo, J\ .'\1-1 was recel1 th 

shown to be expressed at cell-cell contact sites early in the eight-cell stage and lx'fore 

any other TJ protein or E-cadherin. Its role appeared to be in regulating the timing of 

blastocoel cm·it)· formation after compaction and adhesion had occurred (Thomas l't al., 

20(4). 

\X/ithin TJs l'\.i\1 is bound yia its carboxy· terminus to the PDZ3 domain of ZO·! 

(sec below) (Ebnet et aI., 20()O), to P.\R3 (a homologue of a cell polarit)· protein in the 

nematode C cI\~aJl.l) (Ebnet et aI., 20(J1), and to the protein .·\F-() (Fbnet et aI., 20(}()). It 

also binds to the amino-terminus of cingulin and to occludin (Bazzoni et al., 2()()()), and 

J\J\I-4 can bind to membrane-associated guanylate kinase-inwrted-1 (i\L \ C; I -1) 

(Hirabayashi et aI., 20(3). 

Recently, the crystal structure of human J·\.\1-1 has been elucidated, confirming the 

Ig-like domain structure and its ability to form homot}'pic dimcrs (Prota et al., 2()()3). 



Interestingly, this climerisation is inhibited by the binding of a rem'irus, which uses 

JAM- l as its cellular receptor (Forrest et al., 2003). 

1. 2.2. 1. 4 Zonula Occ!tfdens-1 

Zonula Occludens-l (ZO- l ) is a large (225kDa) multi-domain non-transmembrane 

TJ protein (Anderson et al. , 1988; Stevenson et al. , 1986), outlined diagramrnatically in 

figure 1.8. 

PD!.l PDZ3 II a 

N 

PD!.~ SI I3 (,til 

Figure 1.8. Domaill .rIme/tire of ZO-l . PDZ - Po.r/SJ'llaplie dell.fifJ'/ Oi.!'eJ large/ zo- f dOlllaill ; 
SH3 - Sn homolog), 3 domC/ill; Fl - J-lillge regioll ; G"K - Gualo,lale killC/Je- like dOll/aill ,' a 
- Alpha domaill 

ZO- l is described as a Membrane-Associated G uanylate Kinase eM.A G UK) protein, 

although its guanylate kinase domain is predicted to be non-functional and to take part 

in protein-protein binding, along with its PDZ and SH3 domains. It is homologous to 

two o ther MAGUKs found at TJs (ZO-2 and ZO-3), but rnost is known about ZO-1 

(Gonzalez-Mariscal et al. , 2003). 

Its structural role in TJ s can be inferred from its multiple binding partners. It binds 

to the three best-described transmembrane TJ protein classes: to occludin via its 

guanylate kinase and hinge regions (Fanning et al. , 1998; Furuse et al. , 1994; Schm.idt et 

al., 2004); to JAM via its second and third PD Z domains (Bazzon.i et al., 2000; E bnet ct 

al. , 2000); and to the C-terminal tyrosine-valine motif of claudins via its first POl: 

domain (Itoh et al. , 1999a). Like occludin, the adherens junction pro tein alpha-cateni.n 

(see 1.2.2.3) can also bind to ZO -l via its guanylate kinase and hinge regions (t-v1ueUer et 

al., 2004). The proline-rich C-terminal half of ZO -l binds to J· -actin (Fanning ct al. , 

1998); th.is actin-binding region has been further localised to a 220 arnino acid region 

(Fanning et al. , 2002) . It is thus well-placed to link the transmembrane structures o f the 



TJ to the actin cyto~kdeton. Its interactions \\'ah 1.0-2 (Itoh et aI., 1999b) and !.O-.) 

(Haskins et aI., 199H) \·ia its second PDZ domain suggest that it forms a crucial part of a 

scaffold of proteins at the 1] plaque (\v'ittchen et aI., 1(99). 

i\louse epithelial cell clones lacking 7.0-1 expression were recently genera ted 

(l-meda et aI., 2004). In confluent cultures the '1] s appeared normal, \\-ith increased 1.0-

2 expression suggesting redundancy between it and ZO-l. H()\\'C\-er, the formation of 

new TJ s after calcium depletion and replemshment \"as markedl\, delayed (as assessed 

by the recruitment of claudins and occludin and barner establishment), suggesting a 

crucial role for 1.0-1 in -1] assembly (l-meda et aI., 20()4) 

The other binding partners of ZO-l suggest that its role may be more than simpll' 

structural. 1.0-1 binds to or interacts with many other proteins, some of ,,-hose 

functions arc only Just being elucidated. For example, LO-1 l11teracts \\'ith the small 

GTPase, rab 13, which is homologous to the yeast ~ec4 protein that 1S inn)h-ed in the 

regulatlon of membrane traffic and endocytosis (!.ahraoUl et aI., 19(4). ,\n intimate 

association benH'en 1.0-1 and rab 13 has also been demonstrated during the 

deyelopment of the mouse preimplantation embryo (~heth et aI., 2()()()a, and sec 

1.2.2.2.2). The role of small CTPases in the regulation of TJs is discussed further in 

1.2.2.2.3. In :'\IDCK cells 1.0-1 interacts closely \\'ith the protel11 .\F-(), a target of Ras . 

. \ctiyated Ras not only inhibits this interaction, but also disturbs cell-cell contacts and 

reduces the amount of both ZO-l and ,\F-o found at the membrane (Yamamoto et al., 

1997 ; Yamamoto et aI., 1(99) .. \lso in i\ fDCK cells, inhibition of the mitogen :lctin ted 

protein kinase (1\L-\PK) pathway leads to the accumulation of tyrosine-phosphordated 

ZO-l and occludin at the membrane and the assembly of functional '1Js (Chen L't aI., 

20(0). Recently, inhibition of the same pathway in '1'84 cells has been sh()\\-n to plTH'nr 

the dislocation of 1:0-1 and occludin induced by an acti\'a tor of protein kinase C 

(\Veiler ct aI., 2(04) .. \ G protein, Gcx 12, has also been demonstrated to bind to the 

SH3 domain of ZO-l and increase the paracellular permeability of J\lDCI" cells (Men'r 

et aI., 20(2). These findings suggest not only that ZO-l is a crucial structural 

component o['1]s, but also that its accumulation at the membrane is regulated, and that 

this correlates with epithelial barrier function. 



1.2.2.1.5 Other Tight jllnction ProteilJJ 

The number of 1] proteins now described is large and grO\\'ing, and re\-ie\\Td com-

PDZ-containing In teracting Partner" 

H '\GI-l 1·,\~1--t 

1\L ,\(~I-2 PTEN 

~L'\GI-3 RTPT~. PTEN 

MCPP-l Claudim 1 and I).j.'\l\l-l 

P.\R-3 r\~l-L 1)\R-() .. \pkc 

P.'dZ-() P.'\R-3. aPI--':'C P.'\LS-1, mLgI 

P.\LS-l P.\TJ. Crumbs 

P\Tl 1.0-3. Cbudin 1. P. \LS-l 

mDI(T 
" 

-t.m 
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Non-PDZ-containing Interacting Partners 

Cingulin .1.'\1\1-1. ZO- L 1:0-2. /.0-3 

Symplckin Colocalizcs with ZO-l at TJ; also present 111 nucleus 

HlL'\SH 1 

CEF-Hl 

aPI--':'C P.\R-3. P.\R-() 

PP2.\ 

I Ietcrotrimeric (; proteins 1',0-1, ZO-2 

Rab3b. Rab 13 

Sl'cC)/Secl) 

PTEN ~L\C]-2. i\L\C]-) 

7J-IC) 

Table 1.::. S/lmmar)' o/Tl-ilJJo,iil/ed !,roleillJ 110/ di.lc'll.ued ill dl'/i.l/I ill Ihe milill IC.Y/. 

dil'ided illio PD7.-colllaillll(g ill1d 1I01l-J)f)7.-({)II/aillill~: /::11011'11 ilileradi()l1 !'ilrillcr.l /Ii/' 
cad! arc aho liJ/cd. 

prehensin·ly 111 sen:ral re\·ie\ys (e.g. G()n7ak7-~1ariscal et aI., 2()()3) .. \ list of those not 

discussed in detail is prm'ided in table 1.2, together \\'ith their known interaction 



partners. I~nO\dedge of many of these, such as cingulin, sYmplekin, rHG and pilt, is 

limited (Citi et a1., 1988; Cordenonsi et a1., 1999; Ka\yabe et a1., 2()01; Keon et a1., 19%; 

Zhong et a1., 1(93). ~Iolecules inyoh-ed in intracellular yesicle trafficking, such as rab3b, 

rab 13 and homologues of yeast SEC6 and -8 gene products are also found at T) s 

(Grindstaff et a1., 1998; Weber et a1., 1994; Zahraoui et a1., 1994; \\'eber et a1., 1(94) ...... 

recently described protein, ZO-1-associated nucleic acid-binding protein (ZON.-\B), is 

discussed in more detail later. 

1.2.2.2 REGl'L\TION OF TIGHTJCNCTIONS 

1.2.2.2.1 PhosphoJJ'iatiolJ 

Phosphorylation of ZO-l has been proposed to be a means of regulating T) 

function, and thus paracellular permeability. Th1s was first suggested by the obse1TatlOn 

tha t 7:0-1 from a 100y-resistance strain of ~rDCK cells contal11ed about t\\·ice as much 

phosphate as that from a high-resistance stral11 (Steyenson et al., 1(89), despite the 

strains ha\'ing similar len~ls of ZO-1 (Ste\Tnson et a1., 1(88) .. \TP dcpletion of [\lDCK 

cells leads to the disruption of T]s, reduced localisation of Z( )-1 at the mcmbrane and 

decreased o"erall phosphorylation of J:()-1 (C ;opalakrishnan et aI., 1 (98). . \TP 

repletion leads both to '1] reassembly and to tyroslnc phosphorylation of /.0-2 ;111d 

LO-3, though not ZO-l (Tsukamoto and 1'-:iga111, 19(9). Intact Rho Gl'Pase actinG 

ameliorates the effects of xrp depletion (C;opalakrishnan ct aI., 1998). J:()-1 may be a 

target for protein kinase C (Stuart and ~igam, 19(5) and, 111 .\431 epidcrmal cclls, 

exposure to epidermal growth factor (LeF) lcads to both tranSient f\TOSl1Je 

phosphorylation and rcdistribution to the '1'] of J:O-1 (Yan ltallie ct aI., 1()95). j.:(;j. 

stimulates phospholipase C>gamma (PLC-ga111ma) and selectin' inhibition of this PI.(: 

isoform in I\IDCK cells leads to decreased TER and hyperphosphorylation of J:(),l, 

1':0-2 and occludin (\'\'ard et aI., 20(2). The SH3 domain of J:O-l binds to a serinc 

kinase that phospl1Orylates a region C-terminal to the SH3 domain, but the function of 

this is as yet unknO\yn (Balda et a1., 199()b). Together, these obseryations suggcst an 

association bct\\'Cen the phosphordatlOn status of J:()-1 and '1'] assembly. 

The phosphorylation state of occludin may relate to its function (Sakakibara ct al., 

1(97). Bands of protein of multiple weights are elicited when occludin IS 



immunoprecipitatcd or detected by western blotting, and these can be resoh-ed to lower 

weight bands by phosphatase treatment (Sakakibara et al., 1 <)<);; \,\'ong, 1997). 

Hyperphosphorylated occludin in these smdies was associated with ~P-4() and Triton 

~-100 insulubility and staining of 1] s by immunofluorescence. Rho C;TPase induces the 

phosphorylation of occludin, and this is associated with its localisation at TJ sand 

barrier formation in i\IDCK cells (Copalakrishnan et al., 1998). Calcium depletion of 

i\IDCK cells disrupts cell-cell contacts and opens TJ s, and reintroduction of calcium 

10ns reyerses this. In this model, prolonged calcIUm depletIon leads to both the 

disappearance of occludin from cell-cell contacts, \yith lts appearance in the cytoplasm, 

and its dephosphorylation (Farshori and Kachar,19()<)). Recently, calClum-repletion in 

this model has been shown to lead to tnosine phosphorylation of occludin, \\·hlCh \\'as 

temporally associated \\'ith an ll1crease in TER, and \\'hich could be complcteh' 

abolished by inhibiting the nomeceptor tHOSl11e kinase c-Y es (Chen et al., 20()2). 

Furthermore, treatment of an :'IIDCK. cell monolayer \\'ith the phorbol ester 12-0-

tetradecanoylphorbol-13-acctate (TP.\), ,,·hich actIYates protein kinase C, leads to 

discontinuities in the 1] strand network, as seen by freeze-fracture electron microscopy, 

and to reduced phosphorylation of occludin (Farshori and l(achar, 1999). This is also 

seen in LLC-PKl cells, \\·here it \yas suggested that TP.~ leads to dO\ynstream actiYat10n 

of a serine/threonine phosphatase (Clarke et aI., 2 ()()()) . Indeed, such a serine /threonine 

phosphatase has subsequently been described (Nunbhakdi-Craig et aI., 2()()2). Occludin 

has also been shO\yn to be a direct target for protein kinase Cat a serine residue ncar 

the carboxy terminus ("~ndreeya et aI., 2()Ol) .. \ TP depletion of f\IDCK cells also leads 

to permrbation of 1]s and loss of the permeability barrier, \nth reCOHT\' after .\TP 

repletion \\'ith111 three hours. TJ disassembly in thIS model IS also associated \\·ilh 

dephosphorYlation of occludin (and other TJ components), but reassembly, as in the 

calcium-depletion/ repletion model, rel]UlH'S intact tnosine kinase actiyity and IS 

associated \\'ith tyrosine phosphordation of occludin (Tsukamoto and ;\igam, 19<)<)). ,\ 

similar finding has been described 111 another model of \IDCI( cell TJ 

disassembly / reassembly, nal1wly, Ras transformation followed by mitogen-acti\~a ted 

protein kinase treatment (Chen et aI., 2()()(l). In T84 cells, recruitment of TJ 

components, including hyperphosphorylated occludin, into the TJ protein complex can 

be 1l1duced by cytokines such as IL-15 ("'-' ishiyama et aI., 20(ll). On the other hand, 

infection of intestinal epithelial cells by enteropathogenic L.coti is associated with 

dephosphorylation of occludin and its shift from TJs to an intracellular compartment, 



which can be preyented by a serine/threomt1e phosphatase inhibitor (SimonO\~ic et al., 

2()UO). In another model of 1] formation, the deyelopment of the mouse blastocyst, 

occludin phosphorylation is associated \\'ith its com~crsion from Triton ::\:-lOO solubility 

to insolubility; this has been suggested to regulate its associanon with the ex+ isoform of 

ZO-l (see 1.2.2.2.2) and membrane assembly (Sheth et aI., 20()()b). This coliectiye 

C\~idence implicates the phosphorylation of occludin, probably at tyrosine residues, as a 

key step in its localisation at the membrane and 1n the assembly of TJs; the disassembly 

of "l]s appears to be associated with the dephosphordation of occludin, possibly at kn 

serine and threonine residues, leading to its loss from '1~1 s. 

1.2.2.2.2 Alternatiz1e Splicillg of 1?1~ \~·4 

Seyeral isoforms of ZO-l ha,~e been described, resulting from alternati,~e mRl\.\ 

splicing at at least three sites (known as ex, ~ and y). In relation to the ex domain, about 

\\'hich most is knmn1, two isoforms of ZO-1 are formed: one form containing an I-I() 

amino acid domain (ex+) and the other lacking it (ex-) (\\'illott et aI., 1992). In mature 

tissues the ex- isoform is restricted to the highly specialised and dynamic junctions of 

endothelial celis, Sertoli cells and renal podocnes, \\·hereas the ex+ isoform is found in 

all other epithelial tissues (Balda and .-\nderson, 1993). In the mouse embryo it has been 

knO\\'n for some time that, at the time of compaction (I-I-cell stage), ZO-l localises in a 

punctate fashion to the lateral membrane contact sites, whereas by the 32-cell stage It 

localises to junctions that haye become zonular 0JCIt-like) (I :leming and I-I ay, 1991) .. \ 

subsel]uent study by the same group (Sheth et aI., 1997) has demonstrated that the 

punctate junctions contain the ex- isoform, but the subsequent formation of the zonular 

junctions is associated \\~ith the assembly of the ex+ isoform at the membrane from an 

initial perinuclear location; occludin remains closely associated \\'ith the ex+ isoform at 

both its perinuclear and subsequent junctional locations. Indeed, it appears that at the 1-1-

cell stage ZO-l ex- is expressed along the latera] membrane in a single junction complex 

containing elements of both '1]s (J:O-l) and .\Js (alpha- and beta-catenin) .. \t 

compaction, rab13 relocates to this complex and co-localises precisely \\'ith ZO-l, 

suggesting a role for rab 13 in regulating this e\~ent. The separation of the TJ and . \J 

proteins into separate junctions coincides with the membrane expression of Z( )-1 0:+ 



and occludin, the establishment of a functional TJ seal and the beginning of blastocoel 

formation at the 32-cell stage (Sheth et aI., 2000a). 

The gene for occludin, on chromosome 5, yields seyeral mRl\.L\ bands when 

northern blotted, suggesting the possibility of seyeral products by alternatiye splicing 

(Saitou et aI., 1997). This was fIrst confIrmed in i\IDCK cells, in which a form of 

occludin was described that contained an extra amino-terminal 5() amino acid insertion 

(?\Iuresan l't aI., 2()()O). ~\n exon coding for this \\'as found in the appropriate position 

\\"ithin the occludin gene. Both forms \\Tre coexpressed 111 T8..:J. cells and mouse 

intestine, but the functional signifIcance uf this isoform IS 1.111knO\\"n. Recenth', a ,"ariant 

of occludin that lacks the fourth transmembrane domain and immediate carbox\·· 

terminal flanking region was described in human tissues, embryos and cell lines 

(Ghassemifar et aI., 2()()2). Low lenl expression \\"as described at the edges of 

subconfluent or wounded confluent Caco2 cellmonolayers, suggesting a possible role in 

regulating occludin function. A.nother recent study has confIrmed that the fourth 

transmembrane domain is required for the targeting uf occludin to the T) and Its co­

localisation with ZO-l; the absence of this domain led to the rclocalisation of the 

carbox~"-terminus extracellularly (?\Iankertz et aI., 2()(J2). 

1.2.2.2.3 Small GTPaJeJ 

~\ \"ariety of small GTPases haH been located at the T] (C ;onzalez-l\lanscal et aI., 

2(03). Seyeral of these, such as rab3B (\Veber et aI., 1994) and rab13 (Zahraoui ct aI., 

199..:J.), are homologous to polarity-regulating GTPases in yeasts, but in epithelia thn 

also regulate TJ formation (?\Iarzesco et aI., 20(2). Oyerexpression of a consritutiyely 

acti,"e form of rab13 delays the formation of functIOnal 'l]s and the localisation of 

claudin 1 to the 'I] in ?\IDCK cells (l\1arzescu et aI., 2()02) and impairs the transport of 

claudin 1 in non-polarised fIbroblasts (Yamamoto et aI., 20()3). The mechanisms arc 

unclear but ma\' in\"oh-e the inhibition of Protein I'-inase _\ (Kohler et aI., 2()04) .. \ 

recent study also suggested that rab 13 may be mediating a cuntinuous endocytosis and 

recycling to the surface of occludin (;-,Iorimoto et aI., 2()( l..J.). The association of rab 13 

with 1',0-1 at the time of compaction of the H-cell mouse prClmplantation embryo has 

been discussed earlier (see 1.2.2.2.2). 

A.s mentioned earlier, the C;TPases Rho.\ and Rac1 arc associated with the 

accumulation of ZO-l and occludin at the T) (C;opalakrishnan et aI., 1 <J<JH; .lou ct aI., 
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1(98). "~criyation of Rho in ~IDCK cells that haH already denloped T1 sis, howeH'r, 

associated \\"ith an increase in paracellular permeability (Benms-Pont et al.. 2U(3). 

Confusingly, a series of experiments im"oh-ing the transfection into I\IDCK cells of 

cC)11stituti\-ely acri\-e or dominant negat1\-e forms of Rho" \, Racl and Cdc42 showed the 

system to be more complicated, with both acti\-e and inactiye forms of each GTPase 

being able to redistribute certain TJ proteins (inclucling the claudins) a\yay from the '1] 

(Bruewer et a1., 2C)(14). The rele\-ance of these findings to regulatory processes in yiyo 

1:C111ains unclear. 

1.2.2.2.4 Regulatioll of Other GeneJ 

There is emerging eyidence to suggest that 1'.0-1 may be inyoh-ed in regulating the 

transcription of other genes. In ~IDCK, LLC-PK 1 and C\' -1 cells, ZO-l has been 

demonstrated in the nuclei of both subcont1uent cells and cells at the edge of \younds 

(Gottardi et a1., 1(96). In the same study, ZO-l was demonstrated in the nuclei of 

paraffin-embedded canine intestinal epithelial cells, but onh at the tips of \·illi. 

I~urthermore, ZO-l contains nuclear sorting signals ((;onzalcz-I\1ariscalet aI., 1(99) and 

a nuclear export signal (I slas et aI., 20()2) 

In \IDCK cells, ZO-l has been immul10precipnated \\'ith a protein termed /( )-1-

associated nucleic acid-binding protein (l:ON.\B), \\'hich is homologous to Y-bo:\ 

transcription factors (Balda and I\1atter, 2()()()). ZON" \B co-localised \\'ith I_O-! at the 

membrane, but was also detected 111 the nucleus w!thout detectable /( )-1. ] t \yas sh( )wn 

to bind to the promoter of the gene coding for ErbB-2, a tnosine kinase co-receptor 

important for epithelial differentiation and morphogeneSIs ~lemann et aI., 1(98), and 

to promoter elements of sen'ral cell-cycle regulators. Cont1uent cells contained large 

amounts of membrane 1'.0-1, but small amounts of endogenous ZON. \B .. \rrifiCialh' 

oyerexpressing Z(}~.~B in these cells inhibited ErbB-2 promoter actiyity. ~ubcont1uent 

cells on the other hand already contained large amounts of /();\!.\B; transfecting them 

\vith more ZON.\B did nor further inhibit ]':rbB-2 promoter a cri\-ity , whereas 

oyerexpression of /'.0-1 stimulated ErbB-2 promoter acti\'ity and was propmed to 

achie\-e this by se(luestcnng /O~.\B at the membrane. This is the first demonsrra1J()n 

that membrane ZO-!, by regulating the amount of nuclear I.()~.\B ayaJlable for 

nuclear binding, directly regulates the expression of a t least one genc iny( )]ycd III 

epithelial differentiation and morphogenesis. ]n addition, /()l\.:\B has recenth- bec11 



shO\\'11 to bind directly to the cell di,-isJon kinase (CDI() -1- 111 i\IDCK cdb (Halda ct al., 

2()()3); by regulating the nuclear accumulation of CDK-1-, it appears to be able to regulate 

cell density and proliferation. 

J:O-2 has been demonstrated 111 the nuclei of renal tubular cells (Gonzalez-~'dariscal 

et a!., 200U). The same group has shown that both ZO-2 and ZO-3 contain a nuclear 

export signal (Islas et a!., 2()02). Furthermore, nuclear localisation of ZO-2 could be 

111duced in cell culture by creating a \yound and thus impairing cell-cell contacts; tlus 

ZO-2 deriyed from a pre-existing pool rather than from de noyo synthesis (Islas ct aI., 

20(2). Recently, nuclear ZO-2, but not ZO-1, has been shown to associate with a 

DN,\-binding protein, known as scaffold attachment factor-B (S, \F-E), ,-ia its PD/-1 

region, at !cast in .\IDCK and LLCPK1 cells (Traweger et aI., 2U()2b). It has also been 

shO\\-n to associate \\-ith Jun, Fos and ClEVE transcription factors at both the nucleus 

and Tl (Betanzos et aI., 200-1-). This has not been demonstrated for 7:0-1, hmH'H'r, 

suggesting that 1'.0-1 and ZO-2 do not sen-e m-erlapping functions in this respect. 

1.2.2.3 "·\DHERENS JCNCTION 

The adherens junction is closely apposed to the tlght junction, being sited 

immediately below it in the terminal bar complex of epithelial cells (Farlluhar and 

Palade, 1965). E-cadherin, its adhesin~, homophilic, transmembrane protein, is bound 

on the cytoplasmic side by alpha-, beta- and gamma-catenin (( )za\\,a et aI., 19W); Perry 

et aI., 1999a; \v'ijnhoyen et aI., 20()()). These proteins haye been much im'Cstigated 

because of their roles 111 compaction and blastocyst formation in the preimplantation 

embn'o (Larue et aI., 1994; Riethmachcr et aI., 1995), and because of their roles in 

proliferation and carcinogcnesis in thc adult colonic epithehu111 (\Vijnhoycn et aI., 2()()()). 

E-cadherin adhesion is essential for epithelial differentiation (Larue et aI., 199-1-; 

Riethmacher et aI., 1995), and It appears to be rel]uired for the assembh' of T) s (sec 

belc)\\} Its expression also enhances the assembly of desmosomcs (D)s) (C;umbiner et 

aI., 1900). "\t early cell-cell contact sites in cultured mouse epithelial cells E-cadherin has 

been shown to bind to J',O-l \\'ithin a single, hybrid and punctate cell-cell junction 

(,\ndo-,\katsuka et aI., 1999). Separate T)s and "\)s form \\·hen /0-1 and L-cadhl'rln 

arc sorted out from this hybrid by their subsequcnt binding to occludin and catel1lns 

respecti",Jy C \ndo-~\katsuka et aI., 1999). This resembles the deH'lopmcnt of separate 



TJ s and ~ \1 s from a single bybnd junction containing both 1.0-1:x- and catenins in the 

mouse preimplantation embryo (Fleming et al., 2()()()). Here, E-cadherin mediated 

adhesion is also p ermis sin: for "1] separation, maturation and sealing, \yhich occurs 

when occludin and ZO-b:+ are expressed at the membrane (Sheth et al., 20UOa). 

The structure of E-cadherin is described in detail in se,-eral reyiews (e.g. 1\lalhotra, 

199G). Basically, It contains fiye extracellular domains, \\-ith a putati\-e cell adhesion 

recognition (C-\R) tripeptide on the first and outermost domain that 1S specific to each 

cadherin, e,-en across species (l\lalhotra, 199(») .. -\dhesion between cadherin-bearing 

cells is calcium-dependent and with E-cadherin it is homophilic (Nagar et al., 199(»). 

The genes encoding human and murine E-cadherin haye been cloned and they 

contain sequences promoting epithelial specific transcription (Behrens et al., 1991; 

Henmg et al., 199G). Studies of the factors regulating transcription and translation of 

this gene han: implicated yarious transcnption factors 111 its acti,-ation (Hennig et al., 

1996; Batsche et al., 1998; Hosono et al., 2U()()) , and seyeral mechanisms 111 Its 

repression (Rodrigo et al., 1999; Batlle et al., 2()()O; Tamura et al., 2()()()). 

Enhancement of E-cadherin expression is associated \\-ith clustering of beta- and 

gamma-catenin at the membrane O'royanoysky, 19(9), \\·Iwreas reduced I':-cadhenn 

expression can release the catenins from the. \) (Nelson and Nusse, 20()4). In addition, 

the catenins can shuttle to the nucleus and regulate the transcription of other genes 

(Polakis, 20()()). The !cnl of cyrosolic ~-catenin (i.e. unbound to E-cadhcrin) is tig-hth 

regulated by its forming a complex \\-ith .\PC and axin, \\'hich allows it to be 

phosphorylated at four alnino-tcrminal residues b\- gh'cogen s\-nrhase kinase _)~beta 

(GSK3~) and casein kinase 1, tlms designating it for ubicluinnaton (C;i!cs et al., 2()(L)). If 

this c0111plex cannot form because of a mutation to one of these components, or a 

signal is delinred ,-ia the Wnt path\\"aY to inhibit (;Sk_)~ ("an ~oort et al., 2()()2), 

hypophosphorylated (or 'acti,-e') ~-catenin is stabilised and allowed to enter the nucleus, 

where it binds to the T-cell factor ('feq family of transcription factors (~elson and 

1'-:usse, 20()4). This ~-catenin-TCF complex can increase the transcription of many P1"O­

proliferati,-e genes and genes im-oln:d 111 tlssue remodelling (e.g. matnx 

metalloproteinase-7, fibroncctin) (C;ilcs et al., 20()3; Polakls, 2()()()). 



~-catenin i:; the mammalian orthologue of the A.rm protein in Drosophila and 

consists largely of 12 tandemly arranged -1-2 amino acid selluenccs known a:; arm repeats 

(Giles et a1., 2()03). These arm repeats mediate its protein-protein interactions and 

facilitate lts nuclear localisation (Giles et a1., 2003). 

Scyeral other proteins are associated \\"ith the. \.1 (l': agafuchi, 20Cl 1). "\lpha-ca tenin 

interacts with other F-actin-binding proteins, such as yinculin and cx-actinin. In 

addition, hepatocyte growth factor and epidermal growth factor receptors are 

concentrated at _\.Is (Nagafuchi, 2001). 



1.3 THE INTESTINAL EPITHELIAL BARRIER IN 

INFLAMMATORY BOWEL DISEASE 

~---------~-~---

1.3.1 IN VIVO STUDIES 

The assessment of intestinal permeability in patlents is commonly performed b\ 

measuring the urinary excretion of two orally administered water-soluble markers. One 

marker is typically small and is thought to permeate \\"ell through normal mucosa, 

\\~hereas the second is larger and minimally permeates the normal mucosa. The ratio of 

excretion of the second to the fIrst marker \\~ill thus increase if the mucosa becomes 

more leaky and permeable. Typical combinations include mannitol plus lactose, or i
1Cr_ 

ethylenecliaminetetraacetic acid C1Cr-EIYL \) plus PEe; 4()U. These measurements haye 

been performed in a yariety of clinical settings (L-nno and Fink, 1(98). 

In IBD there is conSIderable e\-idence for an increase in mucosal permeability, as 

measured by these methods, in both CD and l-C (.\lmer ct aI., 1993; .\ndre et aI., 1988; 

Hollander et aI., 1986; Secondulfo et aI., 2()() 1; Soderholm cr aI., 1999; Teahon ct a1., 

1992; Zuckerman and \'\'atts, 1(93). Some eyidence exists for the utility of repeated 

measurements in assessing disease acti\-ir:- and prognOSIS (Teahon et aI., 1(91). I t has 

been more diffIcult to demonstrate that increased permeability precedes disease Ollset, 

\,hich \\"<JUld suggest an aetiologlCal role, but a case report suggests this (In-inc and 

i'.Iarshall, 2()()U). This describes a child of a patient \\"ith CD, who was shO\\'n to han' 

eltTated permeability but no sign of IBD on thorough 111H'stigation, but who den'loped 

CD seyeral years later. Studies of fust-degree relat1\TS of patients with CD, \\·ho arc at 

particularly high risk of subscljuently den·lop111g the disease, ha\-e COllsistenth· 

demonstrated a minorir:' (1 0-20u 0) to 11m-e abnormally high permeabilIt~· (Hollander et 

aI., 1986; I\Ia\ et aI., 1993; Secondulfo ct aI., 2()()1; Soderholm ct aI., 1999; Tealwn ct aI., 

1(92). This suggests a genetic basis or contribution to this abnormality, whereas studies 

in spouses of cases suggest possible transmissible or dictary factors (Breslin et aI., 20{)1; 

Sodcrholm et aI., 1(99). Other studies haH' also demonstrated an abnormal increase in 

permeabilir:' in response to ;\'S.\ IDs among some first -degrec rclati'Ts of paticn ts 

(Hilsdcn et aI., 19%; Zamora et aI., 19<)9). NS_ \ IDs arc kl1()\\n to pw\"oke relapses of 

IBD in somc patients. O\"erall, this cyidcnce suggcsts that an dented baseline 

permeabi1ir:', or an c);aggcrated rcsponsc to prm-oking cl1\·ironmental agcnts, ma,' 

predisposc some pcople to dcn'lop IBD. \\'hcthcr this predisposition IS genetically 



determined or transmissible remains to be determined. Once innammarion lS 

established, howeyer, an increase in intestinal permeability is readily detected. 

1.3.2 EX VIVO STUDIES 

Diarrhoea is a predominant symptom in IBD, and it is caused by an imbalance 

between abs011)tion and secretion. "\n impaired epithelial barrier may lead to increased 

loss of electrolytes and water into the lumen, and thus contribute to the diarrhoea (so­

called 'leak-nux' diarrhoea). Three ways 111 \yhich this impairment in barrier function 

may arise are, firstly, ,-ia inherent or reactiyc changes in the structure of intercellular 

junctions; secondly, ,-ia apoptosis, leading to functional loss of barrier function; and, 

thixdly, ,-ia ulceration, both gross and microscopic. 

lm-cstigations into the first of these mecha11lsl11s, conducted on explanted tissue 

from cases of IBD, are limited. Studies undertaken to examine the number and 

complexity of ·1] strands seen by freeze-fracture electron tlliCrosCOPy demonstrated that 

both were reduced in t-e and coeliac disease (Sandle et aI., 199(); Schmitz et aI., 1999; 

Schulzke et aI., 199R). The functional barrier has abo been assessed lw measuring the 

tissue's oyeralJ permeability to small and large tracer molecules, such as mannitol and 

albunun, or by measuring its dectncal conductiyity (C ;itter et aI., 2()() I; Schnutz et aI., 

19(9). These studies showed that both permeability and conducti,-ity arc markcdh· 

increased in ~LC, including in tissue that is only mildly innamed and docs not display am· 

gross ulceration. This 'leakiness' concords \\"ith a repon of an increase in mucosal 

permeability to tracer molecules seen prior to any ,·isiblc I11nammation in a m()use 

model of colitis (I--::'itajima et aI., 19(9). It remmns unclear though whether these changes 

arc due to alterations in junctional proteins, or ap()ptosis, or both. 

Recent descripti\T studies ha'T bcgun to suggest that significant reductions in thc 

expreSSlOn of '1J and DJ proteins occur in both l-C and CD (Gassier ct aI., 2()()1; 

Kucharzik et aI., 2()()1). \\'hether these changes predominate in thc surfacc or Cl"}Vt 

eptthelium is not clear, nor is the ljllestlOn of \\·hether these phcnomena arc gcneral, or 

specific to the immediate ,-icinity of transmigrating nClltrophils (I--::'ucharzik ct aI., 2()()1). 

These studies did not examine the expression of the claudins, and it also remains 

unclear whether the proteins of the .\J arc IIp- or dO\\"l1-regulatcd. In addition, n() such 



studies haye yet been performed on those at high risk of the diseases, such as flrst­

degree rclatiyes. 

1.3.3 STUDIES IN CELL CULTURE 

To understand the abm'e obsclTations at a biochemical and molecular le\'cl, a 

number of studies ha\'c modelled the differentiated intestinal epithelium by the usc of 

intestinal epithelial cell culture lines. These h:1\'e included the well-recognized lines HT­

:29 and Caco-:2, and, oyer recent years, lllcreasing use has been made of the cell line T84, 

\yhich is deriyed from a malignant clone and forms a tlght monolayer when cultured on 

a collagen type I-coated support (~1adara et al., 191-\7). If thIS support contains pores, a 

model of separate apical and basolateral compartments can be created. 

Seyeral studies ha\'e n:amined the effects of particular c\wkines, when applied to 

one or both compartments, on electrical TER and on permeability to uncharged tracers, 

whilst others haye examined the effects on specific junctional proteins. Seyeral of these 

cytobnes are kno\\'n to be releyant to lBD (sec 1.1.1.5.4). lFNy, for example, was 

shO\\'n se\'eral years ago to increase sodium-mannitol flux across T1-\4 monolayers and 

to diminish TER (:\1adara and Stafford, 1(89). The effect of JFNy on permeabilin 

appears to inyoke a reduction in the transcription and protein synthesis of /,( )-1 and, 

to a lesser extent, 7,0-:2, \\ith disrupted apical actin organization (Youakim and\hdieh, 

1(99). IFI'-:y can also reduce occludin npression and TER \\'hen applied to 1-1'1-29 jBC) 

cells transfccted with the occludin gene promotor (.\1ankerrz et al., 2()()( 1). I F~y has 

subsequently been demonstrated to increase T?\:Hx receptor mRN, \ len'ls in '1'84 cells 

and act synergistically with TNFcx to reduce TFR, although 'lNI"cx alone had no effect 

(Fish et al., 1(99). This effect on TER was not due to cytotoxicity, although T~ J·cx has 

been shown to induce apoptosis in other cell lines (Soler et al., 1(99), and to affect TI]Z 

in Caco-:2 BBE intestinal cell monolayers \\'hen applied alone (i\larano et al., 1991-\). The 

detrimental effect of TN F CX on barrier fUllction in Caco:2 cells has rcccn tho becn 

contumed to be dependent on NFkB actiyation (i\1a et al., :20(4) .. \ recent stmh· 

examined the effect of combined Jr.-Ny and TNr.-cx on the expression of claudins 1 and 

4 in T84 cells and showed them to be internalised, with a concomitant increase in their 



detergent solubility (Bruewer et al., 20(3). Inhibition of apopro~ls did not block these 

effects. 

Cnokines do not always loosen epithelial 1] s. The regulatory c\'tokine IL-lU 

preyents the IFNy-induced increase in permeability across 1'84 cells (l\Iadsen et al., 

1997). IL-17 induces the formation of T.1 s, increases TER, reduces paracdlular mannitol 

flux and upregulares transcription of claudins 1 and 2 in 1'84 cells (Kinugasa et al., 

2(lOO). These processes, at least with respect to claudin 2, appear to be mediated by the 

extracellular signal-related (ERK) mitogen-actinted protein klllase (l\L\PK) pathway. 

IL-15, which is up-regulated in IBD (Liu et al., 2U()Ob; Sakai et al., 1998), but \\·hose role 

remal115 unclear, has been shown to mediate tightening of '1'84 111oJ1olayers (i.e. an 

l11crease in TER). This \\'as associated with up-regulation of 1.0-1 and 1.()-2 

expression, increased phosphorYlation of occludin, and enhanced membrane association 

of claudin-1 and claudin-2 (l'.:ishiyama l't aI., 20m). 

In relation to the .\1, a single study of Caco-2 cells showed a marked reduction of 

E-cadherin and beta-catenin expression in response to TNFcx, IFNyor 1L-1. In the case 

of E-cadherin this reduction appeared to be mediated at the transcriptional le\'c1, \\'as 

maximal after 48 hours of TNFcx stimulation, and was reyersible on remo\'al of the 

cytokine (perry et aI., 199%). 



1.4 HYPOTHESIS 

These obselTations ha\"e been brought together to test the hypothesis that: 

L)'/okimJ imp01ia17/ ill //Je pa/hogcllfJiJ oj il!jla1JlJJJa/or'), bowc/ di.l'cilJC impair /he 

barrierjil1ldioll ~lthe ill/cJ/illal epi/hC/iul77 i:J' i17dll(ill,~ ai/era/lollY ill /he 1'I~~If/a/ioll oj 

/(g/Jijlllldioll proteillJ. 



CHAPTER 2 

EXPERIMENTAL METHODS 
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2 EXPERIMENTAL METHODS 

2.1 IMMUNOHISTOCHEMISTRY 

2.1.1 l\L\.TERL\'LS .\~D l\IETHODS 

~\ll chemicals were obtained from Sigma (Poole, l'l,-) unle~s othel\\'ise stated . 

. \rchival human colonic biopsy specimens taken at colonoscopy and embedded in 

glycol methacrylate \vere cut into two micron (~m) sections using a Leica Reichert 

l"ltracut S cryostat (Leica i'-ficrosystems Ltd, l\1ilron keynes), mounted on glass slides 

and stored at -20°C. Two sections per slide were utilised. ,\t the time of the procedure, 

these were thawed to room temperature and supported in a hunuditled chamber. 

Endogenous peroxidases were inhibited using a solution of (l.I" () sodium azide and 

0,3 0 
() hydrogen peroxide in nanopure water. The sections were washed for 5 minutes 

three times using Tris-buffered saline solution (TBS; for constituents sec appendix I), 

drained, and blocked for thirty minutes in I ()" bm'ine serum aibunun (BS.\.) \\"lth 50
0 

fetal boyine serum (FBS, lm"itrogen Ltd, Paisley, LX) In TBS. The slides \H're then 

drained and primary antibodies at appropriate dilutions \\Tre applied. The~' \\TIT 

covered \\"ith coyerslips and incubated m-cmlght, at 4°e: in the case of poiyclonal 

antibodies, and at room temperature 111 the case of monoclonal antibodies. ~egati\"l' 

controls used were either TBS or isotype-matched non-immune mouse or rahblt 

immunoglobulin solution at the same concentration as the primary antibody (obtained 

from Dako Ltd, Ely, l'K). The positi\"e controiused \vas a mouse m01loclonal antJhmh' 

raised against human cytokeratin 1 H (Dako Ltd). In all cases, antibodies were diluted In 

TBS, and 150 microlitres (~i) of solution \\TIT applied to each slide. The pnman 

antibodies used, thell species, concentrations and sources arc gi\'en in table 2.1 . 

. \fter on:'might incubatJon in primary anobody the slides \\TIT \\"ashed 111 TBS for 5 

minutes three times, drained, and 15()~1 of biotindated second stage antibodies, diluted 

in TBS, were applied for <)0 nunutes at room temperature. Biotinylated rabbit anti" 

mouse and guinea pig anti-rabbit antibodies Wl'fe used (Dako Ltd), at dilutions of l:')O() 

and 1 :1200 respecti,"cly .. \ftcr three 5-minute washes in TBS, the slicks \\T1T dra111ed 

and a solution of strepta,"idin (().5°o \' jy) and biotin-peroxidase (()SI O \' h') complexes 
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(both from BioGenex/?\Ienarini Diagno~rics, \\'okingham, l-l() 111 Tns-HCl (-t~m\l rris, 

38m\1 hydrochloric acid; pH 7.6) was applied for one and a half hours. ,-\frer three 5-

minute ,,'ashes in TBS, the slides \Yere drained and a solution of the chromogen 3,3'-

diaminobenzidine (BioC-;enex) was applied for 1 () minutes at room temperature. The 

slides were then rinsed in TBS, dipped in tap water, counterstained \\-ith i'-layer's 

haematoxylin for 90 seconds and rinsed in running tap \yater for 5 minutes. They were 

dehydrated for -t minutes each in 7011 () ethanol, and twice in absolute ethanol, before 

three 4-minute incubations in xylene. The sections \yen: then mounted in xylene/ dibutyl 

phthalate (DPX) and yiewed by light microscopy. 

.' J Illi/)or/), 

Claudin 2 

Claudin 3 

Claudin 4-

Occludin 

1':0-1 

CHokeratin 18 

S/lJ'<,iI'J C!Jo!lj]('! CO/llollmlilm (Jld .. m/! . I'fi/Ili '(' 

or ]JlIlllioll 

Rabbit (),25 I. \'med 

Rabbit 5 I. \'111ed 

l\Iouse (IgG 1) 1.25 L\'med 

Mouse (IgG 1) ') ,/ymed -

\louse (IgG 1) 2 I,\,med 

\louse (IgG 1) 1:200 Dako 

Table ::,1, Prima,} allli/JodicJ NJcd ill JJ Ie illdNdill.~ .I/,e,icJ. ,ollinilraliol7J alld JOlln'C,1 

(i'OmjJall)' addrcJJ lIul .~il'Cll ill le,\.'I: Z)'lmd. CalJ//Jrid~c. r-J.:) 

The identities and diagnoses of the cases shldied remained anon\,mous for the 

subsecJuent analysis. "\11 the sections were examined by light microscopy on a Nikon 

Eclipse E6()O microscope at magnifications of x2()() and x-t()(), I'or each antib()(h 

studied, fiye randomly selected fields containing surface epithelium and fiye conta1l1ing 

C1~-pt epithelium \yere examined for each case. \\/ithin each field the twenty leftmost 



eplthelial cells were examined and the number staining posltiYe in the tight junctIon 

region was counted. Summation of the numbers from all fixe fields thus \'ieldnl a 

percentage of tight junctions staining positi'T. ~\s in most cases the epithelial staining 

for claudins 3 and 4 also im'oh'ed the lateral membranes, the percentage of cn'pt and 

surface epithelial cells staining positiye at this location was also computed in the same 

manner. On completion of the counting, the cases \\'ere categorised into their respectiye 

diagnostic categories and compared statistically (see 2.8). 

The cases used for illustration were photographed using a ;\'ikon Coolpix 95() digItal 

camera and processed with ,\dobe Photoshop G.O soft\yare (~\dobe SYstems 

Inc011Jorated, California, L'S~\). 

2.2 EPITHELIAL CELL ISOLATION 

The method used was based on that of Flint et <11. (1991). Surgical specimens of 

human colon were used to isolate epithelial cells. ,\pproximately lOcm: of tissue \\'as 

used. In cases of IBD, mildly inflamed areas \yere selected if possible to improye the 

yield of epithelial cells, which were Ic)\\'Cr in inflamed are<ls containing denuded mucosa. 

In non-IBD cases, areas distal from the abnormal lesion (usually a malignancy) were 

obtained and considered 'normal'. Samples were obtained fresh from smgen' (i.e. 

\\,ithout any fixatin~) and then placed in a medium for transport (l\lcCoy\ S. \, 

Im'itrogen). The mucosa was then dissect<:d from the submucosa and ClIt into ,)-5 

rnillimetre (mm) pieces. These \\'Cre washed for 5 minutes in 5()ml of icc-cold I-lank's 

Balanced Salt Solution (HBSS, pH7.3; lm'itrogen) containing O.5ml\! dithiorhre\tol 

(DTT) by stirring gently at 4°C. The tissue and solution \\'Cl'C then passed through a 

strainer and the tissue that collected on the strainer \yas then added to 150ml of Icc-cold 

chclating buffer (appendi.,>; 1) and stirred gently for 20 minutes at 4°C, The tissue and 

solution were strained again, and this time the tissue \\'as added to 25ml of chelating 

buffer. The solution obtained by straining was centrifugl'd at 15()O ]'(.'\'olutj(llls per 

minute (rpm) for 5 minutes at 4°e, producing a cell pellet and a supernatant, which \\'as 

discarded. The pellet was resuspended in the small amount of residual tluid that 

remained around it, and 50111 were taken and mixed \\,ith an eljual amount of tnvan 

blue (Im'itrogen), dropped onto a slide and \,ic\\,ed by light microscopy to dctermine, 

firstly, the type of tissue obtained (i.e surface eplthelial islands, cplthelial cnprs, \\'1th an 
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approximate assessment of the degree of contamination by red Cl'lls), and, secondly, the 

,~iability of the epithelial cells obtained by their ability to exclude trypan blue. ~ \ t this 

stage, surface epithelial islands were often obtained, but the amounts were often yery 

small. The remaining tissue in 25ml of cbelating buffer \\"as gently im"ertcd twenty times 

to free more cells into the chelating buffer and strained again. The tissue \yas again 

added to a fresh 25ml aliquot of chelating buffer. The strained solution, now turbid with 

freed cells, was treated as before (i.e. centrifuged at lS()()rpm for fiye minutes, 

supernatant discarded, pellet resuspended in the small amount of residual t1uid, and an 

aliquot stained with trypan blue). This process was repeated until either the number of 

surface epithelial cells being obtained \yas m1111111:11, or a fe\y crypts \\'ere beginning to 

emerge. ~'\t this point, the process \\"as fepeated as before except that, l11stead of gentle 

inyersions of the tissue with 25ml of chclating buffer, the t\W) \\'ere shaken yigorously 

together. TIllS freed intact or partially broken crypts from the underlying matnx, which, 

after straining and centrifugation at 1500rpm, were resuspended and an alicluot checked 

by tIypan blue exclusion as for the surface cells pre,~iousk The remaining crYpt cell 

suspension was made up to O.5ml \\"lth chclating buffer, cenrnfuged at 5()O()rpm for one 

minute and the cell pellet snap .. frozen in licluid nitrogen before being stored at -?m°c. 

The process was repeated until the number of crypts obtained and the size of the 

cellular pellet became minimal. Thus, this process generated a set uf pellets containing 

epithelial crypts, \\"hich could be stored and utilised in experimen tal studies. 

2.3 CELL CULTURE 

The colonic cancer cell line T84 was cultured in 75cm2 flasks (BD Biosciences, 

Oxford, l:K) in Dulbecco's I\Iodified Eagle I\ledium (DI\ILI\I) / Hams i'\:utrient /·12 

I\fix, supplemented with H)O,o FBS, 10()units/ml penicillin, lO()).1g/ml streptom~'cin and 

2mI\1 glutamine (all from Inyitrogcn). "\11 cells \\T1T incubated at 37°C 111 5(l (lC():. hll' 

the experiments the cells were subcultured at a split ratio of 1:1 into \"arious culture 

,"essels as follO\\"s: six-\ycll plates, each \\"ell either pre-coated \\"ith l/iJ.l of collagen S 

(Roche Products Ltd, \Vch\"yn Carden City, l"K) or conta1l1ing three glass 1.)mm 

diameter coyerslips (each pre~coated \\'ith 2).11 of collagen S); SlX~ or t\\"eh-e~\\Tll plates 

containing BIOCOXf Control Cell Culture Inserts (BD Biosciences), which had a filter 

containing O.4).1m pores. Six-\\Tll inserts \\"ere 4.2cm: in area and pre-cuated \\'ith 1 ()).11 
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of collagen S, whereas n\'eke-\\'ell in~erts were O.9cm2 and precoated with -tfll of 

collagen S. Cells were subcultured onto the fliters themselyes. In the case of the fliter 

experiments, at least one extra fliter containing no cells was used to control for the 

characteristics of the fliter and medium alone. The yolumes of medium used were: ,1m1 

per well and 1.5ml per insert in six-well plates or :2ml per \\Tll and O.9ml per insert in 

n\'eh-e-well plates. I\Iedium \"as changed eyen' second day. Contluenn was assessed in 

percentage terms by phase contrast light microscopy. 

:2.3.1 CELL ClTITRE IN SERCI\l-FREE I\IEDIC\I 

Prior to some experiments, T84 cells were cultured in serum-free medium. In some 

instances the DI\IEM / Ham's F12 Nutrient I\1ix and FBS portions of the medium were 

replaced with Cltraculture serum-free medium (Bio\\,hittaker, \\/okingham, l~K), which 

contains the DI\IE\I / Ham's F1:2 Nutrient Mix supplemented with BSA (1 0
0), insulin, 

transferrin (5ng/ml) and selenium (5ng/ml). In other cases, a serum-free medium was 

made from all these constituents except the insulin. 

C.\LClb\I -S\'(;'ITCH EXPERII\IENTS 

To expose '1'84 monolayers to a ]()\\' calcium em-ironment, they were rin~ed tWice 

with Dulbecco's phosphate-buffered saline (D-PBS; Im-itrogen) and incubated for n\'O 

hours in HESS, \\'hich contains no calcium or magnesium. Control monolayers were 

rinsed twice with calcium- and magnesium-containing D-PBS (knO\yn as PBS-Ca-:-'dg) 

and incubated in HESS containing added calcium chloride at a final concentration of 

1.:2mI\f. 

CYTOKINES, ENZYI\IE INHIBITORS "\ND LITHIL'I\I CHLORIDE 

The cytokines used \\-ere ] FNy, TN F (x, IL-17 and IL-13 (R&D Systems Europe Ltd, 

;\bingdon, l'K). They were dissolyed in PBS with (Ll 00 BS" \ to make ~t()ck solutions 

and stored at -:20 C. The enzyme inhibitors used were ] x:2940():2 and wortman11ln . . 

(Merck Eiosciences Ltd, Nottingham, l'K). These were dissoh'ed 111 dimcrhd 



sulphoxide (D~ISO) to make stocks of 50m~1 (Ly29..:j.002) and lllmi\I (wortmannin), 

which were stored at -20 C. 

Lithium chloride was dissoh'ed in water to make a stock solution of 2i\1, which was 

stored at 4 C. 

2.3.4 I\IK\SCRE\lENT OF TR.\NSEPlTHELL\L ELECTRIC\L RESIST\NCE 

In fliter experiments, the medium was changed at least 2 hours before measuring 

trans epithelial epithelial resistance (TER) using an EYO~l ,'oltohmeter and an STX2 

electrode (both from \Vorld Precision Imtruments, Stc,'enage, L'K). The electrode was 

soaked in 70° /
0 ethanol and rinsed with sterile D-PBS prior to usc. The eIcctrical 

resistance between the lower compartment (\\'ell) and the upper compartment (filter 

insert) \\'as measured. Three measurements were taken and the mean \\"as calculated. 

Three readings were also taken from a collagen-coated insert that contained medium 

but no cells and had been treated in exactly the same way as the experimental inserts. 

The mean of these was subtracted from those obtained for the inserts containing cells 

to giye a true TER for the cell monolayer alone. The measurements were expressed as 

ohm.cm2 by multiplying by the area of the filter inserts (O.9cm2
). 

2.3.5 l\IE~\Sl'REMENT OF PERi\n-':.\BIUTY TO L'NCI-L\RC;FD I\10LECTLLS 

The permeability of T8..:j. monolayers to the passage of uncharged molecules was 

assessed using fluorescein isothiocyanate (FITC)-conjugated 4kDa dextran \\'ith cells 

cultured on O.9cm2 fliter inserts. ~\ stock solution of 50mg per ml was made and stored 

at -20 C. The medium on the cells was changed (lml to the basal compartment and 

3501-11 to the apical compartment). "\fter 1 hour the medium was replaced again; 

howeyer, the apical compartment contained FITC-dextran at a final concentration of 

2mg per m1. . \fter incubation for 3 hours the basal medium \\'as rel11o\"ed for the aSS;1:. 

Three 10°1-11 samples \\Tre used for each monolayer examined. rluorescence was 

measured in opaclue 96-we11 Nunc ™ plates (hsher Scientific l'K Ltd, Loughborough, 

L'K) using an FLX-HOO Fluorimeter (Bio-Tek I nstrumen ts Inc., \\'inooski, \' ermon t, 

L'S.\) at excitation and ctnission ",ayelengths of 490nm and 520nm rcspectin'ly. The 

fluorimeter was programmed to take ten measurements per sample and compute the 
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mean. _\ standard CU1Te was constructed by measuring the t1uorescence obtained from 

FITC-dn:tran solutions of known concentrations in cell culture medium_ Thus, from a 

leyel of t1uorescence obtained across a T84 monolayer, a concentration could be 

computed. 

2.3_6 ;\IE\SCRE\IENT OF CELL TO:\.ICITY 

T84 cell toxicity was assessed by measuring lactate dehydrogenase (LDH) release 

into the medium using a commercially m-ailable kit (Roche). The LDH acti,-ity IS 

determined in a two-stage enzymatic test. In the fust step N _ \D - is reduced to 

N"-\DH/H" by the LDH-catalysed conyersion of lactate to pyruyate. 1n the second step 

a catalyst (diaphorase) transfers H/H- from N.\DH/H- to a supplied tetrazolium salt, 

which is reduced to formazan. This formazan is red and shows a broad absorbance 

maximum at a ,,-aYelength of about S()Onm, wlwreas the tetrazolium is pale yellO\y and 

sho,,-s no significant absorption at these ,,-m-elengths. The amount of red colour formed 

in the assay is proportional to the number of lysed cells, and thus total I J)H released, 

but only for a limited time (about half an hour). 

Two 1 ()()iJ.l samples were used for each monolayer examined. These \\Tre placed 

into a 96-we11 Nunc™ plate (Fisher) along with a series of standard samples of known, 

but differing, LDH concentrations, and the mixture of diaphorase and tetrazoliul11 \\-as 

added to each. .\fter incubation at room temperature for twenty minutes, the 

absorbance of light at a wayelength of 490nm was read by an i\lR7()()() 

spectrophotometric microplate reader (Dynatech, Denkendorf, Germany) .. \ standard 

CU1Te of absorbance yersus concentration was constructed so that a test sample's IJ)j-j 

concentration could be computed from its absorbance. 

2.4 IMMUNOFLUORESCENCE 

1'84 cell monolaycrs (on filter inserts or cm-erslips) had their media discarded and 

were then rinsed with PBS-Ca-i\lg. This was discarded and the filters or coyerslips \\T1T 

left to dry oyernight in air at room temperature. They were then fixed and permeabihsed 

in acetone for 10 minutes and then air-dried for 15 minutes, before being trans fen-cd to 

a glass slide and mounted in a humidified chamber. 2()()iJ.l of phosphate-buffered saline 



(PBS) containing 5 percent goat serum (Dako) and 1 percent BS_ \ \\"e1"(, applied for .)() 

minutes to preyent non-specific binding of the secondary antibody to the celk Each 

monolayer was then incubated with a solution of a primary antibody, for either 2 hours 

at room temperanue (coyerslips) or oyernight at -+ C (filters). _\ntibodies were diluted to 

appropriate concentrations, as determined by prior titration experiments (table 2.2), in a 

one per cent solution of BS.\ in PBS O.;,nown as PBS-1 0 nBS_ \). PBS-l () oBS_-\ contal11ing 

immunoglobulin of the same speCles as the primary antibody, at the same 

concentration, was used on separate l11onolayers to control for any non-specific binding 

by the primary antibody. Primary antibod:-' solutions were then discarded and the 

monolayers washed for 5 minutes three times \\"ith PBS, discarding the solution each 

time with a Pasteur pipette, The monola\TrS \\"ere then l11cubated \\'lth 2()O/l1 of 

secondary antibody solution (table 2.2), again diluted in PBS-1 0 oBS"\, for C)() minutes at 

room temperature, ,\fter remoying this solution, they were \\'ashed for 5 nunutes t\\'lce 

in PBS, discarding the solution each time. The ceU nuclei were then counterstain cd for 

10 minutes with PBS-l () oBS_ \ conta1l1ing ctther l'O-PRO-,)-iodide ((l.() 7flg/ m1; 

Molecular Probes Europe Ltd, Leiden, l":etherlands) or 7-amino-acunomyc1l1 D (7-

_\"-\D; 2fl.g/ ml) depending on the particular experiment. This was follO\\'Cd by t\\'() 

further washes \\"ith PBS. The wash solution was remm-ed and co\Trslips \\Tre mounted 

on the slide using 0.1 ° 0 mowiol mountant in _ \ntifade (Citifluor Ltd, London, l'k) and 

square 22mm cO\Trslips. The slides \\'ere stored away from light at 4°e until \"iewing IJ\ 

confocal laser scanning microscopy (Leica SP2 and software), 

For dual staining experiments the two prunary antibodies \\'Cre mixed together in a 

single solution and applied in the same \yay as described abm'e. The t\'VO secondan' 

antibodies \'Vere also mixed before being applied. 
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Claudin 2 Rabbit 1.7 ZY111ed 

Claudin 3 Rabbit 1.25 LY11led 
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,\lexaFluor-408 anti-rabbit Goat 2 i\lolecular Probes 
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2.5 PROTEIN EXTRACTION FROM CELLS 

2.5.1 I\L\TERL\LS ~\ND METHODS 

\v'hole cellular protein was extracted from tissue cell pellets by adding an ellual 

volume of 2x-concentrated SDS sample buffer with 100
0 \' Iv protease inhibitor cocktail 

(appendix 1) at 95°C, follO\\'ed by homogenisation with an 10F gauge needle and 

further incubation at 95°C for 5 minutes. 1'04 cell monolayers were lysed \\'ith h SDS . . 

sample buffer \,.-ith protease inhibitors, and phosphatase and kinase inhibitors (appendix 

1) using the hub of a 1ml syringe. 5[11 of the supernatant was retained to determine the 

protein concentration. The reminder of the supernatant was frozen at -oO°C in 50[11 

aliquots until rel]uired. Once thawed, protein extracts were kept a t 4°C, and thell' 

concentrations were adjusted to 2mg/111l by adding lx SDS sample buffer. The 

concentration of l)'rr was adjusted to 100m,\1 using a 1,\1 l)'lT stock solution and 



bromophenol blue (appendix 1) was added to a final concentration of 0.1 () 0, before 

being hea ted to 95°C for :2 minutes, allowed to cool for a few seconds in air, centrifuged 

briefly at :200g, and then used immediately in SDS-polyacrylamide gel electrophoresis 

(SDS-L\GE, see beIO\\"). 

PROTEIN CONCEKTI~'\.TION .'\.SS"\Y 

Protein concentrations were determined by the bicinchoninic acid (Be'\.; Perbio 

Science Ltd, Tattenhall, l-K) method using a Beckman DC 530 spectrophotometer 

(Beckman Coulter Ltd, High \\'ycombe, l-l'-) .. \ series of standard albumin solutions of 

increasing dilution \\"ere created, and these, together \\-ith 10° ° \-j\" dilutions of our test 

protein solutions and one sample of nanopure water, \HTe incubated at,)7°C for')() 

minutes with a twenty-fold larger yolume of the Be\ Protein .\ssay Reagent (a solution 

of sodium carbonate, sodium bicarbonate, Be.\, sodium tartrate in O.2l\1 sodIUm 

hydroxide, mixed in a ratio of 50: 1 \\"ith a solution of .:1.0 0 cupric sulpha te) .. \ standard 

CUlTe \\-as then constnlCted by measuring absorbance of light at 5()2nm wayelcngth of 

the yarious standard albumin concentrations, relatiye to a sample of nanopure water. 

The concentrations of test protein solutions were then read off against this cur\"(' and 

corrected for their ten-fold initial dilution. 

2.6 SDS-PAGE AND WESTERN BLOTTING 

2.6.1 SDS-P.\GE 

SDS-P.\GE and western blotting \\"ere carried out using a Hoefer l\1iniYE S\'stem 

(.\mersham Biosciences, Chalfont St C;iles, U'-). Resoh-ing gels for SDS··P.\C;E were 

made \vith either 12.5°'0 or lOOn acrylamide (National Diagnostics L-K Ltd, Hessle, lK) 

in nanopure water (Laemmli, 197()), depending on the size of the proteins to be 

detected. The other constituents are listed in appendix 1. The solution was polymerised 

under 1 n01l1 of \vater-sanuated n-butanol for one hour at room temperature; the 

butanol was then discarded, the gel surface washed with nanopure water. The resolnng 

gel was then O\Trlaid with the stacking gel (appendix 1) and a comb to form wells and 

allowed to polymerise for one hour at room temperature. The wells were washed with 
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electrophore~is buffer (appendix 1) and the gel was set up in a tank \nth electmphoresis 

buffer contacting top and bottom surfaces of the gel. Samples \yere then applied to the 

wells. Sixteen rg of tissue epithelial protein or lLIrg of TS..:J. cell protein was loaded into 

each well. One well contained 10r l of Benchi\1ark Prestained Protein Ladder 

(Il1\~itrogen), which includes pre-stained proteins at yanous molecular \\Tights (9.3,13.1, 

19.2, 2..:J..7, 36.4, 49.0, Cll.3, 79.6, 111.4 and 172.6 kDa). The gel \\'as run at a constant 

yoltage of 1SU\' until the bromophenol blue had reached the bottom of the gel. Before 

\,"estern blotting, the stacking gel was discarded, and the resolnng gel \yas soaked 111 

transfer buffer (appendix 1) for 10 minutes. ~\ corner of the resoh-ing gel was cut off to 

mark the orientation of the gel. 

2.6.2 \VESTERN BLOTTING 

.\ piece of polyyinylidene difluoride (pYDF) membrane (.\mersham BlOsciences), 

slightly larger than the resoking gel, was permeabilised by soaking fur a few seconds in 

methanol, rinsed for S minutes in nanopure water, and soaked in transfer buffer for 1 () 

minutes. \Vestern blotting was carried out by apposing the P\"DF membrane and the 

resoh"ing gel, and placing these t\\"o wahin a sanch"ich formed by t\\"O pieces of 

\,/hatman filter paper (\\7hatman International Ltd, i\Iaidstone, l"1'-) .. \ set of sponges, 

pre-soaked in transfer buffer, was placed on top of and belm\" the sanchnch, and the 

entire assemblage \\"as arranged in a module \\'ith the membrane facing the anode and 

the gel facing the cathode. The module was filled \,"ith transfer buffer and bubbles 

eliminated .. \ constant yoltage of 2S\' was applied for 2'/4 hours, and the module kept 

cool by immersing it in icc-cold \\"ater. The module was then opened and the success of 

transfer determined by inspecting the membrane for the pre-stained protein markers. 

The membrane was incubated \yith blocking solution (appendIX 1) for 1 hour at 

room temperature with gentle agitation, foll()\\Td by incubation o\"ernight with pnman 

antibody, diluted to the appropriate concentration (as determined by prior titrati()n 

experiments; table 2.3). Poh"clonal antibodies were diluted in blocking solution, and 

monoclonal antibodies in a solution of phosphate-buffered saline and 'l\Yeen2() (PBS-T; 

appendix 1) containing (l.l°oBS.\. 1n addition, separate strips of membrane were 

incubated \,<ithout priman" annbodies but \\"1th Immunoglobulins of the same speCles 

and isot}"pe as the primary antibodies (Dako), and at the same (or greater) 



concentration, in onler to control for non~~pecit1c binding of the primary annbodies to 

the ml'mbrane~bound proteins. Because total cellular cytokeratin expression is assumed 

to be inyariate in epithelial cells, an antibody to cytokeratin 19 (Dako) \\'as med on all 

blots to check for eC}1Ji\-alent loading of epithclial~deri"ed protein in each lane of the gel. 

~\fter oyernight incubation, the membrane \\'as rinsed t\\,ice in PBS~T, follc)\\Td by 

three 15~minute washes in PBS~T, using fresh solution and agitation each time. It was 

then 111cubated for :) hours \\,ith the appropriate HRP~coniugated secondary antibody 

(table 2.3), diluted in blocking solution .. \fter t\H) rinses and three 15~ml11ute washes in 

PBS~T, the membrane \\'as ready for detection. This inn)jyed the addition of a 

commercially a\-ailable chcmiluminescent substrate plm peroxide (Eel. Plus, ,\mersham 

Biosciences) to the HRP for fin: minutes, followed by scanning at 430nm USl11g a 

GeneCnome scanner and CeneSnap soft\\'are (Syngene Corporation, Cambridge, l'K). 

Scans \\'('re undertaken for seYlTal durations to ensure that the images were not 

m-erexposed. Images were imported into .\dobe Phoroshop () soft\YalT C\dobe) for 

reproduction. 

The blots were performed under identical condItions for each experiment. .\11 

samples "were blotted at least t\\,ice. En~nness of transfer b\" \\Tstern blotting was 

confirmed by incubating and de\-eloping a membrane on which the same sample had 

been run in all lanes, as shown in figure 2.1. The primary and secondary antibodies 

used, their species of origin, concentrations and sources arc listed in table 2.3. 

F(gure ::.1. Weytern blot o/T8..f (('// proteill probedfor 'JtoK.cratill 1'/ J:I'Cl1I1CJYof 
trall.rfer i.r cOJJ(irmcr/ hr tbe eqUlI'aieJJ(e o/the bandJ obtaillfrl aeroJJ thl' blot. 
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Claudin ~ 

Claudin 3 

Claudin 4 

Cnokeratin 19 

Phospho-"-\kt 

"-\kt 

Phospho-GSK3~ 

GSK3~ 

_-\ctinted ~-catenin 

~-catcnin 

HRP-anti-l11ouse 

HRP-anti-rabbit 

_~tl.r,'l(" (l.'()/ltf! COIl('Clllml/Oll {-,~;'LIl!!! SO/iii'!' 

or DII//llol/ 

Rabbit 6:25 ZYl11ed 

Rabbit 3.1 :25 ZYl11ed 

I\Iouse (IgG 1) 6.:25 ZYl11ed 

I\Iouse (IgG 1) 1: 1 (lOOO Dako 

Mouse (IgG2b) 1: 1 000 New England Biolabs 

Rabbit 1: 1 000 New England Biolabs 

Rabbit 1: 1000 NC\v England Biolabs 

Rabbit 1:1000 New England Biolabs 

I\Iouse (IgG 1) 4:29 Cpstate 

I\Iouse (IgG 1) 1 :2.5 ED Biosciences 

Rabbit 1300 Dako 

Goat 30() Dako 

Ta/Jle ::.3. Primal! alld .!1'c'(lIldarr ,,"(i/Jodic.! u.!cd ill lI'c.r(c,." /JI(illill,~ c: ... :pcrimcII/.! 

(compall) addrcJJc,I· II()I,~il'(,11 ill (('.'\'(: .'\L'll' LI(gl,,"d Biol,,/;,r 1 jr/, Ilih/;il1, 1 T), 

:2,6.3 STRIPPING AND REPROBING OF I\IEI\IBIL-\NES 

I\lel11branes wcre stripped of antibody by incubating in stripping buffer (appendix 1) 

for 30 minutcs at 65°C, followed by two rinses and two 1 ()-l11inute washes in fresh PBS­

T, followed by blocking as before. In the case of the claudins, they were detected in 

numerical order, follO\ved by cytokcratin 19. The success of this stripping procedure 

\\'as conftrmed by incubating a stripped membrane \\'ith secondan' antibody and 

den:loping \\'ith ECL Plus in the usual \\'ay, as shown in ftgure :2.:2. This was performcd 



on the same day that another complete blo t was de,~e loped to con[um th at tl1 ere \\"as no 

technical reason for th e faiJure to detect bands after stripping. 

2.6.4 

A B c 

. '. 

Figt/re 2.2. If." e.llcl'll blol,r 0/T8-1 cell pro/eill 10 illt/xlrale e(pcaq o/.rlrijJjJillg p rolrh'o/' III 

pallel A , the 111'0 left-halld lalle.f IIfere ill mba led l/lilh olllibor0' 10 dOl/dill 3 OIlr/~r.II'e 

pOJilille balldx al IIJiJ 5 Jew"d deledioll , Iilherem Ihe 111'0 rigiJ /~/Jalld lallc.'- lI'er(' 

illmbaled lliilh rabbil fg ollD' alld 110 balldJ IIfere deleded I II palle! /3. Ihe .'-Olile 

membroue.f Illere xlripped o/alllibor!)' a lld illcubaled JIIilb (111)' .,Holldal)' alllil}()r!)' p rior 

10 dcledioll . AI 120 Je,olld,. ollD' l)e!J'/ailll balld,' lI'ere deluled Thix bioI lila.!' dC/Ie/oped 

allbe xame lime a.f Iho.!'e ill ./igl/re 2.3. 111 C. Ihl' .'-allle membralle.f were J"lripped rl,gaill. 

IJilI IbiJ lime Ihe left-halld lalleJ IJlere illmbaled IIfilh ra bbil 19 alldlhe righ/~/JCllld IlIleJ 

Iilith dalf(/i ll 3 alllibor!)'. A/ier a 5 .rew lld deledioll, 110 bOIlr/x life IT deleder/ i ll Ihl' leji ­
halld lall eJ, IlIhereaJ .,-Irollg balldJ Jilere deleder/ i ll Ihe p relliol/xl)' JII:galil'c rig/J/~halld 

lalle.1'. 

D E SrTO lETRIC .-'i N .-\LYSIS OF WESTERN BLOTS 

The inrensin' o f tll e bands obtained on som e wes tern blo ts was analysed using 

Q uantiryOne so ftware (Bio-Rad Labora tories Ltd, H emel H empstead , l 'J....::). T his wa s 

performed on tlle blo ts o f bo th isolated epithelial cell pro tein and TR4 ce ll I)' sate s, and 

for two reasons. Firstly, it was carried out because probing \\'ith an tibody to cyto kerati n 

19 had sho\\"n uneyenness of epithelial pro tein loading, and so a method was reg uired 

to allow ,-alid comparison benveen lanes . Secondly, tlle number of sam ples exa mined 

extended across more tl1an one blo t, and so \'alid comparisons benveen them req uired 

guantitation rela tive to tll e loading control (cy tokeratin 19) . 
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0I110UIII o/)roleill loaded ill 1/;01 parlimlar ItJlle. The le/i-balld pallel,- ... /'10111 l/ie 
relalioll.fhip bel}}let'll balld ilileIlJil)" OJ delermilledl/.l'ill~~ ,Quallli()' 0111' .ro/!J/ltJre, tJlld Ihe 
CIIJJOUlit 0/ proleill loaded. 



The intensity of a band obtained with, for e~ample, the claudin 2 antibud\' was 

di,·idcd by that obtained with the cnokcratin 19 antibody (after stripping and rcprobing 

the same membrane) to yield a ratio, This normalisation to cnokcratin 19 allO\yed a 

companson of different samples, so long as there was a sinUlar, and preferably linear, 

relationship between the amount of protein loaded in a lane and the resulting band 

intensity, In the blots displayed in figure 2,3, the same colonic epithelial protein sample 

was loaded in each lane of a blot, but in increasing amounts from left to right, The 

bands obtained after incubating \\'ith each of the antibodies shown are of increasing 

intensity with increasing amounts of protein loaded. These rda tionships are shown 

graphically in the left-hand panels, and can be seen tu be both close to linear and of 

similar gradients to that obtained with cnokeratin 19, thus "alidating the usc of the 

lJuan tita tion protocol described a boye, 

2.7 QUANTIFICATION OF CLAUDIN 2 MESSENGER RNA 

2.7.1 RNA EXTR..·\CTION 

2.7.1.1 N'\/4 Extradioll UJillg Tri~ofTM 

Total cellular R]\L-\ was e~tracted from isolated epithelial cell pellets using Trizol 

reagent (1 m-itrogen) , \yhich contains guanidine isothiocyanate (CITe) and phenol, 

according to the manufacturer's instructions. I ~ach cell pellet \\'as h'sed and 

homogenised by adding O.Sml of Trizol and repeatedly pipetting the mi~hl1'l', follO\\'l·d 

by incubation at room temperature for S minutes. (:hloroform (0.1 ml) \\'as added and 

the sample shaken ,-igorousJy b\' hand for IS seconds, followed by incubation at room 

temperature for 2 minutes. .,\fter centrifugation at 120(l()g for 1() 1111l1utes at 4- C, the 

al\UeOUS supernatant produced \yas transferred to a fresh tube and O,2Smi of isopropd 

alcohol was added to it .. ,\fter incubation at room temperature for 1 () minutes and 

centrifugation at 12000g for 1 () minutes at 4- C, an RN" \ precipitate \yas produced. The 

supernatant was remoyed and the precipitated R~"\ \\'as \\'ashed by adding O.Sml of 

7S0 /0 ethanol, "orte~ing and then centrifuging at 7S0()g for 5 minutes at 4 C. .\fter 

remm'ing the 75 0
0 ethanol, the pellet was air-dried and then redisso\Yed in RNase-frce 

\\'a teL 
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2.7.1.2 

Total cellular RN~\ from '1'84 cells was extracted using an RNeasy kit (Qiagen Ltd, 

Crawley, CK), according to the manufacturer's instructions. Cells \\Tre lysed \\-ith the 

barrel of a 1ml syringe in Buffer RLT, which contains CITe and p-mercaptoethanol. 

Homogenisation of samples \\'as achic\-ed by passing the lysate bYe times through a 

21Fr needle .. \fter adding an eLjual yolume of 70° (I ethanol, the RN~\ was adsorbed to 

the silica-gel membrane of a spin column by centrifugation at SOOOg for 15 seconds. 

Contaminants were remm-ed by three applications of \\'ash buffers (Buffer R\\'1 once 

and Buffer RPE twice), each followed by centrifugation at SO()()g for, successi\"l'ly, 15 

seconds, 15 seconds and two minutes. ~\fter a further full speed centrifugation for 1 

minute, the l~;\ was eluted into a microfuge rube by adding 45:11 of RNase-free \\'ater 

and centrifuging for 1 minute at 8()()Og and then quantified. 

2.7.1,3 "QlIantificatioll of It \~1 

~\ 5[11 aliquot of each sample was diluted ten-fold and its absorbance of light at a 

wm-elength of 260nm \\-as measured using a Beckman DL' 530 spectrophotometer 

(Beckman Coulter). The concentration of RN~\ was calculated on the basis that 1 

absorbance unit at 2()Onm (1 ~\~,," unit) equates to 40[1g/ ml RN.\. 

2.7.2 DN~\SE TRL\Ti\IENT OF RN,\ S,\i\IPLES 

R~·t\ samples \\'ere treated with DNase I enzyme to minimise any contamination 1)1' 

genomic DN~\. ~\ proprietary kit (D:'\L\-Fn.'e™, ,\mbion Europe Ltd, Huntingdon, 

L-K) was used. Cp to 4[1g of RN,\ \\'as incubated for 3() minutes in a 37C water bath 

with 2 units of DNase I in a 20[11 reaction H)lume. DNase actinty was thcn blocked by 

the addition of 5fll of DNase Inacti,-ation Reagent at room temperature .. \fter brief 

centrifugation at 10000 re,-olutions per minute (rpm), the supernatant containing the 

RN~\ was decanted and stored at -SO C or used directly in a re\TrSe transcription step. 



REYERSE TR.\~SCRIPTIO~ 

2.7.3.1 

~\fter DNase treatment of an RN~\ sample, two 5fll ali(luots \,"ere each incubated 

with a 5fll solution containing O.5flg of oligo dT j ) primer (Promega l'I,- J ~td, 

Southampton, CK) at SO C for 7 minutes, in order to c1estrm' secondary structure in the 

RN~\ that could interfere \\"ith cDN.\ synthesis .. \fter the incubation period samples 

\\"t're placed in ice, centrifuged brietly and returned to ice to inhibit re-hybridisation of 

Each of the pair of samples was then heated to 37 C for an hour \yith a lOflllTycrse 

transcription Mastermi); (appendix 1) with or \\'ithout reH'rse tramcriptase (RT). Thus, 

for each RN~\ sample, aliquots were either re\"crse transcribed to a single strand of 

cDN"\ (denoted RT+), or subjected to the same process in the absencc of the enzyme 

to produce a control sample in \\"hich any cDN.\ must hayc been copied from 

contanunatmg DN"\ (denoted R'1'-). The samples \\Tre then heated to 78 C for 1 () 

minutcs to inacti\'ate the enzyme. Their concentrations were adjusted to 5ng/ fll I)\' 

adding nuclease-free "water and they \yere stored at -20 C 

2.7.4 QL-\NTJTXfIVE POLYl\IEl~\SE CH~\IN Rl~.\(:]'I()N 

2.7.4.1 QlIalltifieatioll of Clalldill 2 JJJ~ ,\A 

2.7.4.1.1 Principle 

The Polymerase Chain Reaction (PCR) was used to compare the amounts of claudin 

2 cDN~-\ (and thus mRNA) contained in different samples. PCR is a technique used to 

amplify a specific sequence of DN.\ that may otherwise be in too small an amount to 

quantify. Two presynthesised, short DN~\ se(]uences (primers), which arc 

complementary to t\vo separate se(luences on the t\\·o strands of the DN.\ molecule of 

interest, are used to prime an enzyme (DN.\ polymerase) that s~·nthesises a UN.\ strand 

adjacent to the primers and complementary to the preooexisting se(luences. Thus, for the 

1)"N"\ selluence bet\veen the primers, the initIal t\\·o complementary strands bec{)me 

t\yo pairs of complementary strands. The reaction thus lTlJuires the four precursor 

nucleotides that make up DN~\. Once this D1'-:.\ s\"nthesis has occurred, the products 
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are heated to separate the newly formed double-s tranded 0 1\ molecules, and then 

cooled to allow the primers to anneal to their complementary sequences on th e single 

stranded D NA template m olecules. T he reaction temperature is then altered to th at 

which permits the D NA polymerase to again synthesise the strands complementary to 

the templates, adjacent to the prin1ers, before repeating the cycle o f separa tion, 

annealing and syn thesis. If the primers, nucleotides and enzyme are initia lly in excess , 

every cycle will lead to a doubling o f the amount of D NA corresponding to the 

sequence between the primers on the original mRNA molecule. T his amount o f D NA 

can be compared across multiple samples after a certain number o f cycles , or, as here, 

the cycle number at which the amount o f D NA reaches a threshold ca n be compared. 

2.7.4.1.2 Primers 

2.4. 

T he basic organisation o f CLDN 2, the gene encoding claudin 2, is depicted in figure 

5' Ch romosome Xq22. 3-23 ] ' 

.. 

1111 9 - -=-------. 

-
• coding regio n o untransiarcd region 

FigNre 2.-1-. L ocalioll alld J/mclNre 0/ CLON2 (adapled / i-olJl NCB ! Gwe dalaba.re, 

GelldO 90 75) . T be Il umbers 327 alld 10 19 repre.renllbe begillllillg alld elld o/Ibe 

codillg regioll (Iaken from Ihe NCB] N lldeo lide Re/erena Seqllw(e (Re/Seq) dalaba.re 

eIlI IJ'1VNC02038-1-) . T be grew lilleJ depicl Ibe appro.yilllale lowlio ll ~/ Ibe p rill/erY/or 

dat/dill 2 . 

Sense and antisense primers to this gene (ob tained from O peron] td, Colognc, 

Germany) were designed with the assistance o f Dr R Powell (U niversity o f 

Southampton) using Beacon D esigner 3 so ftware (premier Bioso ft In te rnatio nal, Palo 

Alto, California, SA). T he locations o f the pruners in rela tion to CLD N2 are depicted 

U1 figure 2.4, and their sequences are shown below. T he numbers reprcsent the location 

o f the pruners on the NCBI N ucleotide Reference Sequence (RefSeq) database entry 



l:\:";\C020384, which represents the coding sequence for claudin J Their predicted 

melting temperatures (TnJ are 59.4 C (sense) and 59.6 C (antisense). 

Sense Primer: 1376- TCCC\CTG.\CTG.\CCCTCTGT -1396 

.\ntisense Primer: 1468- GCC\CTGCTfCTCCTTCCC\.T -1448 

The PCR product (amplicon) between these primers \\'as 93 base pairs (bp) in 

length, and had a predicted Tm of Sed) c. 

2.7.4.1.3 Reaction 

The peR reactions were performed cluantitati\'ely in an iCycler (Bio-Rad). SYBR 

Green \\"as used to measure the amount of accumulating amplicons. This agent binds 

strongly to double-stranded ON.\ and fluoresces much more strongly on doing so. 

Fluorescein was used as a reference for thIS fluorescence. The D N.\ polymerase used 

was Hot Goldstar (Eurogentec Ltd, Romsey, LK). 

F or each initial RN. \. sample the reaction \yas performed in triplicate, I.e. three Sill 

(25ng) aliquots of RT+ and one of R"1"- \\Tre each combl11ed \\'ith 7.()9fll of ;1 

Polymerase Chain Reaction (peR) Mastermix. This solution contained (L5i1l of qPCR 

T\lastermix (containing Hot Goldstar, all four dNTPs and 5m:\1 magnesium chloride; 

Eurogentec), O.Oo25fll of SYBR green (1 () (l in Di\IS0), (l.12511l of 1 mg/ml fluorescein 

and 1 fll of a solution containing sense and antisense oligonucleotide primers to claudin 

2 at 15flT\1 each. 

The samples \\"ere heated to 95 C for 9 minutes to actlYate the I-lot (;oldstar, 

followed by 45 or 50 cycles of separation of DN.\ strands (95 C for 15 seconds) and 

annealing and extension (00 C for 1 minute). The iCycler measured the fluorescence 

emitted from each sample in real··time at the peak absorbance and emission wayclengths 

of SYBR Green (497nm and 520nm respectinly) . 

. \t the end of the reaction the Calculated Threshold (el) for each sample was 

derin'd. During the PCR reaction the amount of accumulating amplicons, and thus 

fluorescence, follcm;s an S-shaped CUlTe. The CT is the cycle at \\'hich the degree of 

fluorescence reaches ten times the background lcycl. . \s eycry cycle doubles the 

template, each incremental increase in CT represents a rclatin' haking of the amount of 
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starting template and allows comparison of multiple samples simultaneou s l~ ·. Thus, a 

sample giving a CT of 25 contains 2-5 less mRNF\ than one giving a CT of 20. 

2.7.4.1.4 Testing of Primers 

The claudin 2 primers were tested for efficacy on a sample of T84 cell cD A and 

the result is depicted in figure 2.5. T he CT for claudin 2 expression in tlus sample was 

21 -22, suggesting that the primers were efficient. It can be seen that there is small 

variation in CT within the duplicate but wider variation in flu orescence after a higher 

number of cycles. One of the RT- duplicates crossed the threshold at a lugh cycle 

nwnber (44), showing tha t after DNase treatment there was a negligible amount of 

contaminating, genomic DNA within the samples, but suggesting that no other product 

was being generated in the reaction. The samples of water (denoted no template or T) 

generated no product, showing both that there was no general contamination o f 

reagents with any source of claudin 2 D NA and that the primers did not form dimers. 
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2.7.4.1.5 Melt Curve Analysis 

Although the claudin 2 primers appeared efficient above, further analys is using a 

melt curve analysis (figure 2.6) confumed that a single product was being generated with 

a peak melting temperature corresponding to predictions. A melt curve is a graph 
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depicting the rate of decrease in flu orescence against temperature during a slow and 

controlled increase in temperature from 50 ·C to 90·C after cOlnpletion o f the PCR. As 

the PCR products melt with increasing temperature, bound SYBR G reen is released. 

When the melting point of a PCR product is reached, the rate of decrease in 

fluorescence is high, resulting in a peak at this temperature . . A single, sharp peak at or 

around the predicted Tm of the target amplicon confIrms a single product o f th e correct 

length, attesting to the specifIcity of the primers. 

2.7.4.1.6 Standard Curve and Priming Efficiency 

As the accumulation of PCR products is exponential, serial four-fold dilutio ns o f a 

template should lead to serial increases in CT o f 2 cycles if the prinLing effIciency is 

100%. However, this effIciency may fall if one of the primers forms hair pin struc tures 

that interfere with annealing, or because the secondary structure o f the amplicon 

interferes with primer binding. It may exceed 100% if primer dimer formation has 

occurred. A plo t of CT against log I dilutio n number I is called a Standard Curve. Its 

gradient should approach -3.28, which equates to an effIciency o f 100%, and Lts 

correlation coeffIcient should exceed 0.95. Figure 2.7 depicts a Standard Curve for 

claudin 2 over serial four-fold dilutions. T he gradient is -3.275 and th e correlation 

coeffIcient is 0.99. This confIrmed a priming effIciency that validated the usc of the 

claudin 2 primers. 
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2.1.4.2 Quantific-ation of Housekeeping Genes 

2.7.4.2.1 Principle 
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Using the same cDNA samples as those used to compare claudin 2 e:-; pression 

levels, separate reactions were performed to compare the mRNA le\rels of genes whose 

expression levels are assumed to be invariant (so-called housekeeping genes or H I--:: s) . 

By normalising each measured expression level o f claudin 2 to those for the HKs, 

differences could be compensated for between the samples in the amount of cDNA 

present in the reaction. In other words, if one sample contained more cDNA than the 

o thers in an experiment, the measured amounts o f bo th claudin 2 and the HKs would 

be higher, and so normalising the claudin 2 exp ression levels to those for the H Ks 

would correct for this. 

Two HKs were utilised and these were the genes for glyceraldehyde 3-phosphatc 

dehydrogenase (GAPDH) and ubiquicin C (UBC). Two were used in order to check the 

assumption that their expression was invariant, in which case the ratio o f their 

expression levels would be constant. A solutio n containing primer pairs for bo th 

mRNAs was used (Eurogen tec). In additio n, tlus solutio n contained two 

oligonucleo tide sequences o f DNA complementary to part of the arnplicon for each 

gene O<:nown as probes). In the case o f GAPD H, this probe was labe lled at th e 5' end 

with the fluorophore 5-carboxyfluorescein (F AM, r\ pplied Bios),s tems, Warringto n, 

UK), whereas the probe for UBC was labelled with VIC (Applied Biosys tems) . Bo th 

probes were also bound at their 3' ends to a m olecule known as a quencher, wluch 

suppresses the fluorescence of the bound flu orophore in an in tact probe molecule. 

Each probe binds to its complemen tary sequence in the template cD r\ o f a PCR 

reaction, but as a success full y primed DNA polymerase sy nthesises a new 



complementary ~equence of D~_~ at the same point, its 5' ----+ Y exonuclease actl\'in' 

cleayes the bound probe. The quencher and the tluorophore are thm physically 

separated and the tluorescence is no longer suppressed but can now be detected, The 

amount of tluorescence detected after a certain number of PCR cycles is thm 

proportional to the number of clem'ed probe molecules and so also to the amount of 

DN_~ synthesised at the site where probe molecules \\'ere bound. It is thm a direct and 

highly specific measure of the amount of amplicons synthesised. L sing two different 

tluorophores for two different genes of interest allows both genes to be analysed 

simultaneously 111 the same sample. This method does not require an intercalating agent 

such as S\ '"BR Green. 

2.7.4.2.2 Reaction 

for each cDN_~ sample, three 5fll aliquots of RT+ and one of RT- WCl'e each 

combined \\,ith 12.5fll of the qPCR I\Iastermix, 6.5fll of nanopure water and 1 fll of a 

solution containing sense and antisense oligonucleotide primers (15fll\l each) and 

labelled probe (3.1p,l\l) to both G_\PDH and L'Be. 

The samples were heated to 95 C for 9 minutes to acti,'ate the Hot C;oldstar, 

follO\\'ed by 45 cycles of separation of O;-,L \ strands (95 C for 15 seconds) and 

annealing and extension (C)O C for 1 minute). The iCycler measured the tluoresccncc 

emitted from each sample in real-time at the peak absorbance and emission wa\elengths 

of E\1\1 (494 and 522nm) and YIC (53(-\ and 554nm). 

_~t the end of the reaction, a,'erage CTs for each sample werc deri\'ed for both 

G_,\PDH and LBe. "~s the CT is an exponential function, these two "alues wcrc 

combined to giw a single HK CT by calculating their geometric mean. 

2.7.5 AN_~LYSIS 

A t the end of a series of reactions, each sample \\'ill ha,'e yielded an a,'erage CT for 

claudin 2 (CTCL2) and an a,'erage cr for the HKs (CTHK). 

To normalise to the HKs, the rclati,'e amount of claudin 2 mRN. \ was diyided by 

the rclatiye amount of HK mRN_~: 



normalised claudin 2 m~~~\ = 2 (I(J: / 2(lllk = ,( 1111, ( I( J: 

log: normalised claudin 2 mRN~\ (denoted DCT) = CTHK - CTCL2 

To deri,-e the relari,-e amount of normalised claudin 2 111RN~\ in one sampk 

(,Tllk (''1('] 0 , , - , 

compared to another, one :2 ' ,- was dinded by that tor the other. ~\ Sl11gle sample 

was chosen as the denolTunator for all the other samples - usually a control sampk. 

Thus: 

I . f li J I J' , I)N \. I \ (_,(,I'llI'. (T(J2)\ / re atlye an10unt 0 norn1a seo c aUOl11 _ 111 '\.1'~ In satnp e .1 = 
(
, en Ik eTCL2), 
~ Contr()l 

log2 relatiye amount of normalised claudin 2 mRN~\ in sample ~-\ (denoted 

nnCT) = (CTHK- CTCL2)\ - (CTHK - CTCL2)("mrol 

relatiye amount of normalised claudin 2 mRN"\ in sample .\ = 2,D(1 

2.8 STATISTICAL ANALYSIS 

2.8.1 METHODS 

2.8.1.1 ParametricAllal),sis 

The difference in the mean TER between nyC) groups of filter-grO\\'I1 '1'84 cells \\'as 

analysed by a group mean comparison (t-) test, using Satterthwaite's correction for 

unequal ,'ariances. For multiple groups compan~d simultaneously a One-\Vay ,\na1\'sis 

of Yariance (.\NOY.') was performed. Statistical comparisons were performed onl\, at 

the beginning and conclusion of each such experiment, and not at multiple time points 

in ben\'een, according to the principles described in i\1arrhews ct a!. (1990). 

2.8.1.2 l\'OI1-parametric Ana!),JiJ 

.\11 other '-ariables \\'erc considered to be non-parametrically distributed. Two 

groups of yariables wete compared using the i\lann-\\'hitnn L' test. Comparisons of 

multiple groups were performcd by a Kruskal-\\'alhs analysis, followed by compansons 

of pairs of groups by the i\lann-\Vhitne\ L' test. 



~\ll statistical analyses were carried out using the Stata 8 sofn\'are package (StaraCoq) 

LP, College Station, Texas, L-S~\). ComparatiH scatterplots (dotplots) and histograms 

were generated using the same package. Batplots and regression plots \\T1T generated 

using i\licrosoft Excel 2002 sofnYare (i\1icrosoft CK, Reading, C-I(), and the error bars 

depicted represent one Standard Error of the i\lean (SEi\1) unless otherwise stated. 



CHAPTER 3 

THE TIGHT JUNCTION IN 

INFLAMMATORY BOWEL 

DISEASE 



3 THE EXPRESSION OF TIGHT JUNCTION PROTEINS 

3.1 INTRODUCTION AND AIMS 

Prc:Tious studies of tight junctions (1] s) in IBD han' shO\\'11 some alterations when 

compared to control tissues. For example, a reduced number and a less complex pattern 

of TJ strands haye been noted by freeze-fracture electron microscopy (Sandie et aI., 

1990; Schmitz et aI., 1999; Schulzke et aI., 1998). Increased n1l1cosal permeabilit\' to ions 

and tracer molecules such as mannitol and albumin has also been demonstrated in 

mildl\' inflamed l-C tissues in vitro (Gitter et aI., 2CHl1; Schnur? et aI., 1999). Recenth', 

two descripti,-e studies han: suggested that si~J11ificant reductions in the expression of 

certain TJ proteins (ZO-l and occludin) may be occurring 111 the surface epithelium of 

both l."C and CD (Cassler et aI., 2()Ol; Kucharzik et aI., 2()()1). Hc)\\'Cycr, neither stmh 

assessed the expression of the claudins, and both were conducted on paraffin­

embedded tissues. .\rchi,-al G:\L-\-embedded, colonosco]1lc mucosal biopsies \\TIT 

a,-ailable for the present study. These facilitate both the long term preser\'ation and 

storage of tissues, and the cutting of thin (2iJ.m) sections that preserye tissue 

architecture whilst allc)\\-ing the assessment of cellular detail. 

The aim of this chapter was to exanune the expression of claudins 2, :'> and 4, 

occludin and ZO-l 111 the epithelium of normal and ]BD colons by 

immunohistochemistry (IHC), ,,,,estern blotting and lIRT-PCR, with the objectiH' of 

addressing the follcm-ing questions: 

1. \X!hat is the staining pattern in normal colons? 

3. 

4. 

Does the pattern differ in degree or distribution in ]ED? 

Is the total amount of protein altered in IBD? 

If gross changes in protein expression are detected, does this im'olYe 

changes in mRN ,\ leyels? 



3.2 RESULTS 

3.2.1 .'\SSESS~IENT OF EXPRESSIO~ OF CL\l"DIl\:S 2, 3 .\ND 4, ZO-1 .\-:\"D 

OCCLL"DIN IN COLO~IC BIOPSIES BY I~L\n"NOHISTOCHE~fISTRY 

The protel11s selected for examination by immunohistochemistry (I H C) were 

claudin 2, 3 and 4, occludin and ZO-1, together \yith negati,-e and positiH> controls . 

. \rchiyal G~L'\-embedded endoscopic colonic biopsy specimens \\-ere sectioned and 

examined by IHe. Four different diagnostic groups were examined and each case was 

classified into one of these from the original histopathological assessment of adjacent 

biopsies taken at the same endoscopic procedure. The four groups were normal colon 

(NC), l11actiH ulceratiH colitls (l'er), acti,-e ulcerative colitis (l'q and Crohn's diseasc 

(CD) .. '\1I cases were encoded to ano11;:mise them and to conceal thor diagnoses for the 

subsequent analysis. 

The percentage of cells staining positi,-e in the '1] location (spot-like localisatiol1 at 

the subapical plasma membrane) \vas assessed for both crypt and surface epithelia for 

each antigen (as described in 2.1.2). In the cases of claudins 3 and 4, percentages of 

positiyely staining cells were also computed for the lateral membranes. These 

percentages were compared statistically. Following this a subjectiye assessment of 

staining patterns \\"as made, in order to detect at1\" trends that may hayc not reached 

statistical significance. 

The number of cases examined for each antigen is Sho\YI1 in table 3.1. 

.-\ntigcn 
CrrjJ! 

Clolldill :: -+ 

Clillldill 3 4 

ClilNdill .:{. ..j. 

(),d/{dill 5 

ZO-' S 

NC u:r t'e CD 

SmtiHI' C'TjJ! SlIIjil([, Cil/!! SlIIjilli' Cli/!! .1'111111, '{' 

-+ ..j. -l 12 12 :J :J 

-+ -+ -+ 12 12 S () 

-+ ..j. ..j. [') 12 ..j. S 

..j. ..j. 4 12 11 ..j. -l 

S ..j. -+ 12 11 S S 

Table 3. 1 . . \"umbcr ole'aJ!'J c.,-"all/illcri /;) immlillol,iJ/oc/'cmiJ/IT. J/ail1"'~Ji'" dalllliIlJ:'­

-!- IilaJ per/armed II) Or f: f:aukillclI; all oilier .r/"illin~ rillri rill rillal).liJ lI'a.l Pl'l1orJlll'li 
II) Dr S Pra.l(}(1. 
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3.2. 1.1 l'\Tegative Controls 

Sections were stained using rabbit immunoglobulins (Ig) and mouse Ig o f isotype 

G 1 (IgG 1) in place of the primary antibodies, in order to control for any non-specific 

binding of the prin1ary antibodies to the sections. No epithelial staining was observed 

with either control. Examples are shown in figure 3. 1. T his sugges ted that any positi,'e 

staining observed with the primary antibodies was the result of their binding to protein 

via their antigen-specific binding sites. 

3.2.1.2 

Figure 3. 1. E _yampleJ q/llegalille cOlllro/r /o r I/-IC Seelioll.' illulbaled l/lilh 6.25pg/ 1111 
rabbil imllIulloglobulili (A) alld 2f'g/ mlmollJc immlilloglobillill C l (13) illJ/eclri o( 
primal], alilibodieJ. TbeJe cOlicetilraliollJ lIIere equal 10 Ihe higheJI IIJed(or al!)' (irill/tll)' 
al1libodj,. POJilille slaillillg iJ brollJII. 

Claudin 2 

Claudin 2 staining could not be detected in any of the NC cases examined, at either 

crypt or surface locations (figure 3.2 A,B). Staining was readily detected, howcver, in 

much of the crypt epithelium o f most cases of UCI, UC and CD (figure 3.2 C,E,G) . 

This staining was both punctate and predominantly loca ted in the apical region of thc 

cells, which is the area of the TJ (arrows if figure 3.2). 



Claudin 2 could not be detected in the surface epithelium of most cases of lBD 

(examples in figure 3.2 D,F). ~\ few cases of CC did display a little posiciye stallllI1g at 

this locacion, and again in the region of the T] (arrowheads in figure 3.2 H). 

The results of the analysis of this staining across all cases are depicted graphically in 

figure 3.3. The top graph confirms that a large proportion of crypt cells in IBD colons 

\,-ere posici\-e for claudin 2 ,yhereas normal colons were negaci,-e. The bottom graph 

confirms that yery few surface epithelial cells stained posici\-cl:-' for claudin ::2 in am' 

group, but also that a few cases of l-C did shc)\\- some staining in this locacion. 

The results of statiscical comparisons between the groups are shown in table 3.::2. 

Comparison p ,-aluc 

Crypt Surface 

NC \-:; eCI 0.018 U.H77 

NC ys l1C 0.009 n.M3 

NCys CD 0.013 1 

l:C YS CD ().HW) O.H-1-

Tablc 3.:!. StatiJ·tical ,-ompariJolI.l o(t/le PClH'IlI«gc o/'IJPI or .IIII/ad' a!!1 rli.lp!a)"lll~ 
pOJilil'f Tl J/aillill,gjiJr dat/{/ill :!.El1lric.r ill bold typc arc IhoJC Ihal approa,/' or read, 
.llali.l·li(a! .II,glll/i,m1ce. 

There \vas thus significantly more claudin 2 detected in all three IBD groups in the 

epithelial crypts, but not in the surface epithelium. 
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Figure 3.2. Pholol1liaographs of Claudill 2 slainillg ill colollie ffJ'P1 epilhelium (A,C,c,C) alld J/./r!a(C epilhelilllll 
(13, D ,F, 1-1). Depicted are e.yamples of onnal Colon (A ,B), Crohll 's Disease (C, D), illadilJe U keralilJe Colilis 
(E,F) and Active Ukeralive Colilis (C ,r-I). Slaillillg is 1101 seell ill lIormal lisJue (A, B), IJIIl lhere iJ slrol(g 
Jlaillillg ofTjs ill UC alld CD OJ/PI epilheliul1I (arroll/s) alld UC sur/cue epilheliul1I (arrol/JbeadJ) . 
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Claudin 2 Express io n in Surface E pithelial Cell s 
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Ipatien t group I I. D ata Po int 

Figure 3.3. Graphs /0 IIllIs/ra/e /bc pm'en/age o/epi/helial aliI' ~/Ibc c~J'PI (lOP) alld 
suiface (bol/om) slaillillg posilive fo r daudill 2 a/the Tj regio ll ill lIorlllal fOlolis (:\'c, 
11 =-1), illadive ulceralille colilis (UCl , 11 =-1), adille ulceralillc fOliliJ (UC, 11 = 12) alld 
Crob l1 'J diJea.re (CD , 11=5). /11 Ihe c~J'P ls /be percell/age o/dalldill 2 posilillt a llr IilaJ 
bigber ill cr (p=0 .018), UC (p=0.009) alld CD (p=0.01 3) Iball ill j\ ' 

Dij/erel1ccJ mere 1101 slalislimlD' sigllljiwlIl ill Ibe .fbI/face cpilbelillJII. 



3.2.1.3 elmldill 3 

In all I\'C cases strong claudin 3 staining was seen in both crypt and surface epithelia 

(figure 3.4 "\,B). This staining was located both at the TJ, in a punctate distribution, and 

along the lateral membrane, \yhere it was continuous. 

In the crypts, claudin 3 staining remained strong in the TJs of all the cases of 1BD 

examined (figure 3.4 C,E,G). HO\\'en~r, in some cases of CD (figure 3.4 C) and 

particularly in LC (figure 3.4 G) there was reduced staining along the lateral membranes 

of the epithelial cells. 

In the surface epithelimll changes were more pronounced. There \\'as marked loss 

of T] staining in many cases of L'CI, l'C and CD (arrO\d1Cads in figure ?l.4 DX,H 

respectiycly). Furthermore, there \\'as also a marked reduction in the staining along the 

lateral membranes, \\'ith sometimes complete loss (figure 3.4 F). In many of these cases 

staining \yas apparent along the basal membrane and the basal portion of the Literal 

membrane (arrows in figure 3.4 D,F,H), suggesting internalisation or redistribution of 

the antigen. 

The results of the analysis of this staining across all cases arc depicted graphically in 

figures 3.5 (crypts) and 3.6 (surface). In the crypts, the proportion of cells displaYing 

positiYe staining was unchanged at the T] (figure 3.5, top) but \\'as smaller at the lateral 

membrane (figure 3.5, bottom) of some cases of l 'C and CD. TI1ls latter difference 

reached statistical significance in CD (table 3.3). 

Companson 

NC \'s l'CI 

NC \'S UC 

NC \'S CD 

l:C YS CD 

p \"alue 

C7Jj>! .\'1111"((' 

"1] l,at. membrane TI Lat. mcmbranc 

(l.G55 O.l-.:J.-.:J. 0.021 ().1 }(I 

().-.:J.57 (l.()G9 0.004 0.008 

0.992 0.046 0.010 (l.m;r; 

O.-.:J.2-.:J. n.792 (l.(l39 O.(l7') 

Table 3.3. S!a!iJ!i(al c,()J1ljJan.rOIlJ oj !lle jJm'('/,!a~c o/c"J/,1 OJ' .lU/1u({' ({'11r rli.ljJla)'l'(~ 

jJoJi!i/!l' J/aillill~Jor dauriill 3 a! boll! T! allrlla!('I'al1711'lJIbrallC IrILa!ioll.!. J :l1lncJ ill 

bold !Jfc arc !/IOJC !JILI! rca(1! J!a!iJ/i,,,JJl~11lIi''''h'C. 
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Figure 3.-1-. PbolomierograpbJ oj Claudill 3 .rlaillillg ill ,'olollle t'lJ'jJ1 epilhelium (A,C, E,G) alld Jlllface epilbelilllJl 
(B,D ,F, H). Depieled are examples of Normal Colo ll (A, B), Crobll '.I' Disea.re ( ,D), Illadille Ukeralille Colilis 
(E,F) alld A dille Ukeralille Colilis (C,H) . Slaillillg is preselll ill lIormal "0 10 IIi" epilbelilllJ) ill tjs alld laleral 
ceilmembralleJ, IIIh ereas ill IBD slaillillg i.r rec/uad, parliwlarDI ill sur/a"e epilbelia (arroIIJheadJ) , IIIhilsl beil~g 

relailled al Ibe basolaleralmembrane.r (arrolil.r). 
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Claudin 3 E xpression in T ight Junctions of Crypt Epithelial CeUs 

.. •••• . .. , .... • •• 
•• 

NC ucr UC CD 

I Patient group I 
• D ata Poin t • Meehan 

Claudin 3 Expression in Lateral Membranes o f Cryp t Epithelial Cell s 

.: . * • *. • • • 
• • • • •• .. 

• 
• 

• • • 
• 
• 

N C ucr UC CD 

I Patient group I 

1 

I. D ata Point • Median 

Figure 3.5. Graphs 10 illuslrale Ihe percenlage 0/ I'~J'P I epiliJelial rell.r .rlaillill.!!, POsilil)e/or 
datldill 3 al Ihe TJ regioll (lop) alld alollg Ibe laleral membralle (bo llom) ill lI orlllal 
w lolls (I'JC, Il = .. 1) , illadive uiceralilJe 1'0liliJ (U i , 11 = -1), adiIJe ulceralilJe (olilis (Ue. 
11= 12) alld Crohll 's diJeaJe (CD, 11 =5). I II Ihe laleral meJ1lbraneJ 11;e pen-eIIlage 0/ 
daudill 3 pOJilil)e fe lls was lower ill UC (0.069) alld CD (0.0-16) liJall ill NC /111 
olber di/lemnes J/Jere /101 slalislim lly Jiglli/il'aill. 



100 
v 
:> 

:8 
U) 

0 80 p... 
M 
c: 

'2 
'E 
(/) 

60 
U) 

::::1 v 
U 
....... 40 0 
v 
M 
B 
c: v 20 U 
'-< 
V 

p... 

0 

100 
v 
·5 . .., 

U) 

0 80 p... 
M 

:1 60 
(/) 

U) 

::::1 v 
U 
....... 40 0 
v 
M 
<'l ...... 
c: 
v 20 U 
'-< 
V 

p... 

0 

77 

Claudin 3 E xpression in Tigh t J unctions o f Sur face E pi thelial Celi s 

I· • • 

• • 
• • • 

• • 
• • 

• • 
• • • ... • • 

• • 
NC UCI UC CD 

~acient group I I. D ata Poin t 
1 

• Median 

Claudin 3 E xpresswn in Lateral Membranes o f Surface E pith elial Celis 

• • • • • • • 
• • 

• • 
• •• • • • • • 
• • • • • • 

NC UCI C CD 

~acient groupl I. Da ta Poin t 
1 

• Median 

Figure 3.6. Grapbs 10 illuslrale Ibe pm'elllage 0/ sill/ace epilhelial allf slaillillg posililJe 
fo r claudill 3 al Ibe 7] regio ll (lOp) alld alo llg Ibe laleral membralle (bo //olll) ill lIorlllal 
co 10 Ill' (NC, 11=·1), illaclille ulceralille wlilis (UC1, 11 =-1), adille " lceralille (Olilis (Uc, 
11 = 12) alld Crobll 's disec/Je (CD, 11 =6). / 11 Ibe Tj Ibe penelllage 0/ dCII/dill 3 pOJilille 
a ils IlJas 101ller ill UCI (p =0.02 1), UC (p= O.OO-I) alld CD (p= O.O 1 0) Iball ill NC; 
al Ibe laleral membralle Ihe pen'elllage II/as lower ill UC Ibell/ ill NC (p= 0.008) . A ll 
olber diJ/ercll fes In rc 1101 slaliJ/i,'al!y SigllljitCI II I. 



In the surface epnhelium, the proportion of cells \yith dctectable claudin .1 ~taining 

at the 1] was much smaller in most cases of L"CI, L"C and CD than in NC (figure .1.(1, 

top) and reached statistical significance (table 3.3). ~\t the lateral membrane, fewer cells 

were positi,"e in many cases of IBD (figure 3.6, bottom), and this difference was 

statistically significant for CC and approached significance for CD (table 3.3). 

3.2.1.4 ClalldiJl 4 

In all NC cases strong claudin -+ staining was seen at both the '1] and the lateral 

membrane in both crypt and surface epithelia (figure 3.7 .\,B). ~\s \\"as the case \yith 

claudin 3, the apical 0]) staining was punctate, \yhereas the lateral membrane staimng 

was contlnuous. 

In the crypts, the TJ staining of claudin 4 remained stl'Ong in most cases of IBD 

compared to NC cases (figure 3.7 C,E,G). In many cases of IBD, ho\\Tyer, the staining 

along the lateral membranes of the cells was much weaker. This \yas particularly the case 

in some L"C cases (figure 3.7 G). 

In the surface epithelium, claudin 4 sta111ing was commcmh' weaker at both T) and 

lateral membrane locations in the IBD cases. There was wide \"ariation in the strength 

of staining \\"ithin each diagnostic group. Thus, some CD cases displa\Td staining 

sl11lliar to that in NC cases (figure 3.7 D), while others, such as the L'CI and L"C cases 

depicted in figure 3.7 F and H, had almost total loss ofT) and lateral membrane 

staining (arrowheads in figure 3.7 F,H) .. \s with claudin :1, there was often basal 

membrane staining in these cases (arrows in figure 3.7 }',1-I), \\"hich was often tlulte 

marked, suggesting loss from the TJ and redistribution basolaterally. 

The results of the analysis of this staining across all cases arc depicted graphically II1 

figures 3.8 (crypts) and 3.9 (surface), and the statistical analysis is displayed in table .1.4. 

There was a trend towards reduced numbers of lateral membrane-positiye cells in L"C in 

both crypt and surface epithelia. In the surface epithelium the T) was affected too in 

this group. Qyerall though, the reductions in the proportions of positin: cells were less 

significant than was the case for claudin 3. 
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Figure 3.7. Photomitrograpbs oj Claudill ..f staillillg ill tolollit C/J'jJt epitbeliullI (A ,C, E ,C) alld sill/ate epitbelilllll 
(E ,D,F ,1-1). Depicted are e.\."amples ~/ N ormal Cololl (A ,B), Crobll's DiJeaJe (C,D), Illactille k erative Colitis 
(E ,F) and Active Ulceratille Colitis (C,J-:I). Staillillg iJ strollg ill 1I0rmai wlollit epitbelilllll, I/Jitb redll fe d staillillg 
ill J BD epitbelium, particularlY i ll the sllI/afe epitbelillm ill UC (arrowbeads) , ,Pbil.rt beillg retained at the 
baJolateral membralleJ (an'OJ/ls) . 
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Claudin -+ E xpress ion in Tight Junctions of Crypt Epith elial Cells 

.. ., . • .... . .... 
* •• • 

• •• 

NC UCI UC CD 

I Patient group I 

1 

I. Data Point • Median 

Claudin 4 Expression in Lateral Membranes of Crypt Epith elial Celis 

• • • ••• • • • • • •• 
• • • 

• • 
• • • • 

• 
• • • 

NC UCI UC CD 

I Patient group I 

1 

I. Data Point • Median 

Figure 3.8. G rapbs /0 ill us/rate /be pen'ell/age oJ'DP/ epi/lJelial cellJ s/aillillg pOJi/illc Jo r 
daudill -I a/ /be TJ regioll (top) alld alollg /be la/eral membrClne (bo//om) ill 1I0rillCiI 
co 10 11.1' (I\TC, 11 =-1), illadille u/cera/ilJe (o li/is (UCJ, 11 =-1-), adille u/cerCi/illc (O li/iJ C. 
11 = 13) alld Crobll 's diseaJe (CD , 11 =-1- ). No differell t'es //lere .I'/a/iJ/i(al!y Jigilij/(Cl ill. 



100 
v 

:E 
if) 

0 80 p... 
M 

.~ 

.~ 

60 ..., 
(/) 

if) 

::::1 v 
U 
...... 40 0 
v 
M 
c<! ..., 
c v 20 u 
l-< 
(lJ 

p... 

0 

100 
(lJ 

:E 
if) 

0 80 p... 
M 
C 

:El 
c<! 60 ..., 

(/) 

if) 

::::1 v 
U 
...... 40 0 
v 
M 
c<! ...., 
C 
(lJ 

20 u 
l-< 
(lJ 

p... 

0 

81 

Claudin 4 Express ion in Tight J unctions of Surface E pithelial Cells 

• • • • • • * • •• • 
• 
• • 
• • • • • 

• • * • 

NC UeI UC CD 

~atient group I I. Data Point • Median 

Claudin 4 Expression in Lateral Membranes o f Surface Epithelia l Cells 

• • • • :. •• • 
•• 

• 
• • • • • • •• 

• 

•• • • • • 

NC UCI UC CD 

~atient group I I. Data Point I • Media n 

Figllre 3.9. Graph.!' /0 iIIIiJ/ra/e /be perG'w/age ~! slir/are epi/belial a llx J/aillillg posi/ille 
./or daudill -I- at /be IJ regio ll (/op) alld alo llg /be la/eral membralle (bo //om) ill lIormal 
t'olollJ (NC, 11 =-1- ) , illac/ille ,,/cera /ille coli/i.r (UCl , 11 =-1-), ac/illt ,,/cera/ille t'oli/i.!' (Ue, 
11 = 12) alld Crobll '.r di.!'ea.re (CD, 11 =5). No dl!/erellce.r I/Jere J/a/iJ/i"al!), Jig llijicall/. 



Comparison 

1\:C vs l'CI 

NC YS l~C 

1\:C YS CD 

l'C YS CD 

3.2.1.5 

p \~alue 

CIljl/ Jt!l1L1c( 

1] Lat. membrane '1] Lat. membrane 

0.375 0.112 0.1-+9 0.059 

0.60..:J. U.Ut;t; (l.OCJ9 O.Wll 

0.2-+5 0.189 U.539 ( 1.-+62 

O.60t; (l.t;21 U.CJ73 1l.3-l-2 

Table 3.-+. S lali.e/i(al compari.eOIl.r oj 1/11' pcralilage o! cnpl or .eur!eHc (cI!,' rli.'pla)lll.~ 
po.eiliN .rlail1il~~.ror daudill 3 al /)ol/J T! alld laleral JJJCIIl/Jrallf localioll.'. Lillrie.r ill 
bold IJpe arc l/JoJe I/Jal approa,h or reidl .rlali.r/ic·al .!"l~lIili"'Wl(C. 

OU/lldifl 

u') ,,-

In NC cases punctate occludin staining was seen at the TJ cellular location both in 

the crypts (arrow in figure 3.1 0 ~-\) and in the surface epithelium 0Jlack arrowheads in 

figure 3.10 B). In addition, positiye staining for occludin \yas also seen in some cases in 

a continuous distribution along the lateral and basal membranes (white arrowhcads in 

figure 3.10 B). 

In the IBD cases examined, occludin sta111lng was also seen in the ]] area in the 

crypt epithelium (arrows in figure 3.10 C,E,C), and no discernible differences bet\\Tcn 

NC and any of the IBD diagnostic groups could be seen. 

In the surface epithelium, hO\\7c\Tr, there was marked loss of occludin staining from 

the TJ in much of the epithelium in many cases of L'CI, L~C and CD (tlgure 3.1 () 

D,F,H). In many cases there remained a little basal membranous staining (\\~hite 

arrowheads in tlgure 3.10 D,F) . 

. \nalysis of the crypt TJ stal1ung (tlgure 3.11 , top) contlrmed that there was no 

difference in the proportion of positiH cells bet\veen NC and IBD groups. In the 

surface epithelium, howeyer, these cell counts contlrmed that in most cases of L~CI, L~C 

and CD the number of TJ-positiye cells was much lower than in the NC cases (tlgure 

3.11, bottom). 

Statistical analysis of these data gan the results displayed in table 3.5. The loss of T) 

staining reached statistical signitlcance in all three IBD groups. 
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Figure 3.10. Pholomicrograpb.r % cdudill J/aillillg ill colollic crypl epilbelilllJl (A,C,C,G) alld .rtlllclI"e epilbelillm 
(B,D ,F,H). Depicted are e_yal?lples of N ormal Colo ll (A ,B), Crobll's DiJeaJe (C,D), Iliadille Ulceralille Colili.r 
(E ,F) alld Actille Ulceralille Colili.r (G, H). Slaillillg is Jlrollg ill Ibe TJs o/boll; 1I0rmai allrl l BD c~)'PI 

epilbelilll?l (arroll/j) . Slaillillg is alJo .reell ill Ihe TJs 0/ 1I0rmai JUrJi:m epilbeliu/// (black arrol/JbearlJ), II/berea.r 
Ibis i.r losl ill JBD sUI/ace epitbelia. BaJolaleral membra lie .rlaillillg is also Jeell ill lIormal slIIface epilbeli,,/// , 
some 0/ II/bid) iJ relailled ill raseJ qf I B 0 (I/Jbile a/Toil/beads) . 
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Occludin E xpression in Crypt Epithelial Cells 

:.:- .... .... •••• .:. 

NC ucr UC CD 

I Patient group I I. Data Point 
1 

• Median 

Occludin Expression in Surface E pithelial Cells 

• • •• • • • • 
• 

• • • •• • 
• 
• • • 

• • • • • • 
• 

NC UCI UC CD 

I Patient group I I. Data Poin t • Median 

Figure 3." . Grap/]J to iI/uslrale Ihe pemlltage oj epilhelia/ re//s o/Ibe c~J'PI (lOp) alld 
JN~1{m (boltom) slaillillg positiN fo r oce/udill 01 Ihe TJ regioll ill 1I0rl7la/ CO/O ilS (f\'C, 
O)'PI:II=5, sUlfare :II=-I) , illaclive ulceralive (o/ilis (UCl , c~yPI: II=-/. , slIIja(8:II =-/') , 
aclive ulceralive (o/ilis (UC, crypl:lI= 12, JUljace:lI= 11) alld Crobll 'J diseClJe (CD, 
'·ryPI:II =-/' , su~fate: I1=-/.). III I/;e sUlfaa epilbe/ium I/;e pertelllage of ol:d"dill pOJilive 
a /Is II/as higher III NC Iball 111 UCI (p=O .020), UC (p=O .009) alld CD (p=O .038). 
Di/j"ere",·eJ II/ere 1101 staliJ/i,·a/0' slgllijhalll III Ihe oJ'PI epilhe/iulII. 



3.2.1.6 

Comparison p \'alue 

Crypt Surface 

NC \-s DCI 0.366 0.020 

NC \"S DC 0.219 0.009 

NC ys CD 0.611 0.038 

LCn CD 0.-+56 0.9-+8 

Table 3.5. Stati.rti(al (oll1pari.roll.f o/the p{'rc'ellt{~~f a/oJpt or Jtllj"a,'e all,. di.lpla)'iIZ~ 
pOJitille TT J"taillill.glor oait/din. Elltrio ill bold tJpe are tlioJe that approach or rea,,/' 
JtatiJti,·al.riglllji,mlce. 

ZO-1 

\'Videspread punctate ZO-l sta111lng was seen 111 the region of the 1], both in the 

crypts (arrmv in figure 3.12 :\) and in the surface epithelium (black arrowheads in figure 

3.12 B) in NC cases. A small amount ofbasolateral membrane staining was also seen at 

the surface. 

In the crypt epithelium of the IBD cases this pattern and distribution of staining 

\'("as also seen, and no differences could be discerned between the diagnostic groups 

(arrows in figure 3.12 C,E,G). 

In the surface epithelium, howeyer, there was marked loss of ZO-l staining from 

much of the epithelium in many cases of IBD (figure 3.12 D,F,H). Tiny amounts of 

basal membrane staining was seen in small patches of the affected epithelium (white 

arrowheads in figure 3.12 F,H). 

~\nalysis of the crypt TJ sta111lng (figure 3.13, top) confirmed that there was no 

difference in the proportion of positi\T cells benveen NC and IBD groups. In the 

surface epithelium, howeyer, these cell counts shc)\\-ed that in most cases of L-CI, L-e: 

and CD the number of °l]-positi\-e cells was much lower than in the NC cases (figure 

3.13, bottom). 
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ZO- l Expression in Crypt E pithelial Cells 

•••• •• ...... ·t·· 
• 

NC ucr UC CD 

I Patient group I 

I 
I. D ata Poin t • Median 

ZO-l Expression in Sur face E pithelial Cells 

•••• • • • • •• • • 
• • • 
• • 

•• 
• 
• 
• • 

• 
• • 

NC UCI C CD 

Patient group I 
• Data Poin t • Median 

Figure 3.13. Crapbs 10 illmlrale Ibe percelllage ~f epilhelial cellr ~/ Ibe 0J'PI (loP) alld 
su~face (bollom) slaillillg pOJilivelor ZO -1 al Ibe TJ regio ll ill lIormal cololls (7\'c' 
clJ'PI:II=5, JUiface:II =5), illadipe lIlt-eralille (olili)' (UCI, 11 =·1), adille II kercJlille colilis 
(Uc, clJ'P I:II= 12, ),urface:lI= 11) alld Crobll 'J disea)'e (CD, 11=5). III Ibe Jlllfaa 
epilbelium Ihe permi/age of ZO-1 pOJilille a llr IIlas higher ill NC Iball ill CI 
(p=O.O 1-1-), UC (p=O.008) alld CD (p=O .021). D!DerellceJ IIlere 1101 .rlaliJliml!), 
.l'lgllifieanl in Ibe clJ/pt epilbeliul1l. 



Statistical analy~is of these data (table 3.6) showed that the loss of ZO-l from 

surface epithelial TJs in the IBD groups \\'as statistically significant. It also confirmed 

that the proportions of ZO-l-positiye cells in the crypts \yere not significantly different 

between NC cases and any of the IBD groups. 

Comparison p ,'alue 

Cn'pt Surface 

NC \"s eCl (J.313 0.014 

NC YS l'C O.12lJ 0.008 

NC YS CD n.M 1 0.021 

l'C \"s CD O.2SlJ 0.821 

Table 3.6. Stati.lti(al (oJJlpari.roIlJ 0/1111' perallt,(!,,i' O/Oipt or .IN//aa (ellr di.rpla)"iIZ~ 

po,ritil'f TT ,rtaillllzgfor ZO·1. Elltrie .. ill bold /Jpe are /!/O.re /;'u/ upprou(;' or 1'1'<1,;' 

,rtatiJtiml Ji,~lliji"(all(e. 

;\SSESSI\IENT OF TOT"\L EXPRESSION OF CL·\LDINS 2, 3 .\"[\;D 4 IN 

lSOL\TED EPITHELL\L CELLS BY SDS-P"\GE "\~D \\'ESTER.J.l\J BLOTJ'lNC 

Following the immunohistochemical examination, the exprcssion of claudins 2, 3 

and 4 \\'as compared by SDS-P"\GE and \\'cstern blotting of isolated colonic crypt 

epithelial celllysates. Four different diagnostic groups were examined and each case was 

classified into one of these from his or her diagnostic history and the result of the 

histopathological examination of the surgical explant. The four groups were normal 

colon (NC), ulceratiye colitis from proximal to the affected area (LCI), aCOYe ulceratin 

colitis (t'e) and Crohn's disease (CD). Se\'enteen cases \\'ere exatnined, comprising () 

NC cases, 2 l'CI cases, (i LC cases and 3 CD cases. The ra\\' data arc proyidcd in 

appendix 2. 
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Yalidation o f th e blo tting techniques \ns carried out as described in sections 2.6.2 

and 2.6.3 . D ensitometric anal:·sis o f all blo ts was performed using Q uantifY O ne 

software, as explained in section 2.6 .4. T he band intensities fo r each claudin \\·ere 

normalised to th ose for cytokeratin 19 by computing a ratio o f th e former di,-ided by 

th e latter, as described in section 2.6.4. 

3.2.2.1 J'\Tegative Controls 

\Ves tern blo tting was performed using pro tein from an NC case in all lanes. 

Identical two-lane strips \vere incubated with claudin 2 antibody, rabbi t Ig, claudin 4 

antibody and m ouse IgG1. T he results are depicted in figure 3. 14. l':o bands were 

detected when either primary antibody was substituted ,,·ith its matching non-immune 

Ig. This suggested that the bands obselyed with the primary antibodies \\·ere the resul t 

of th eir binding to protein ,-ia th eir antigen-specific binding sites . 

61-

49-

36-

25-

19-

13-

;": i \ 61- H 
49-

36-

25-

19 -

13-

m i.>! m ig CIA 0 .-1 

Figure 3. 1-/-. Segatille wlllrol IIleJ/em blol.r o/Ii..-me epillJelial proleill. III A, Ibe righl­
halld pair o/lalleJ waJ illmbalcd IIlill; 62511g/ ml 0/ rabbit allli-dalldill 2 alllibod), 
(CL2) alld II'e le/i-halld pair 'Pilh all equal fO lla lllralioll 0/ ra/J/;il immllllogiobulill 
(rIg). Balld.,- al appro.yimalel), 19kDa are delulerl 0111)' ",ilf, Ihe CL2 allliboq),. ill B. 
Ibe righl-halld pair ~/ lalle..- IIIaJ illcubaledlllilh 6. 2511g/ ml qlmollie allli-daurlill -/­
alltibor0' (CL-/-) alld tbe I~ji-halld /alleJ JIlilb all equal (O lltelllralioll 0/ mowe 
immulloglobulill (mIg) o/Ihe JCIJ?1C JubdaJ.r (IgGl). Balldx al appro.\,"imalel), 19,/::,Oa are 
rleleded Oil!)' IIliliJ II;e CL-/- alllibor!r- The fho.rell '·Oll fe lllralioIlJ ",ere Ihe bigbe..-I o/Ihe 
primm)' cllltibodieJ uJed 011 blolJ ~/ li .... ,-ue epilbelial proleill (.,-ee lable 2.3). 
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Clalldill 2 

.\ntibody detection of claudin :2 on lysates of isolated crypt epithelial cells \\'as 

carried out using a rabbit polyclonal antibody. Claudin :2 was barely detectable in most 

of the 1\:C cases studied and only weakly detected in the others. Strong bands \yere 

detected in all 6 cases of ec, 111 all :1 cases of CD, but not in the :2 cases of l"CI. 

l"sually a single band was apparent, \,"hich eCluated to a molecular \\'eight of 

approximately 19,000 (19kDa). OccaslOnally a second band was seen at approximately 

38kDa, but only in l'C or CD cases in \yhich a band was also seen at 19kDa . 

. \11 illustratiye blot is depicted in figure 3.15. Faint bands can be seen in two of the 

three NC cases, whereas stronger bands are seen in the three l"C cases and the three 

CD cases. Detection of c\'tokeratin 19 showed that protein loading \\'as generally eH'n 

(figure 3.15). 

Figure 3.16 shows graphically the result of the densitometric analysis of all the cases. 

The results are depicted on both arithmetic and logarithnuc scales as there was wide 

yariation in the calculated ratios. It can be seen that the ratios of claudin :2 to cytokeratin 

19 \,"ere much higher in the l"C and CD cases than in the NC and l"C] cases, shO\\'ing 

that there was an increase in total claudin :2 protein in diseased epithelial cells from IBD 

patlents. 

Statistical analysis of these data confirmed that the increase in claudin :2 expression 

seen in the l"C and CD cases was significant (p=O.O()4 for the comparison of NC with 

l'C; p=O.0:20 for the comparison ofNC with CD). 
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Figure 3.15. Repri'.I·wlalil!(, If'eJlem bioI.! ~/iJolaled wlollir oTPI epilhelial all proleill, 
p robed JUr£'eJJillelr/or daudilli 2--1- alld qlokeralill 19, There iJ all illcrea.,-e ill dam/ill 
2 ill fED wmparedlo lIormalepilhelilim. ClaudillJ 3 alld -1-, deteded ill lIormal 
epitheli"m, l!Jere .,-imilar 10 lE D epilhelium IIllJen lIormaliJed 10 qlokeralill 19. Tile 
lIumberJ repreHlI1 1J7olemlar maJJ ill kiioDallollJ, J\-C - lIormal wloll; L'C - "Iaralille 
{olili.l'; CD - Crollll '.r di.rea.re. For ead) alltigen deledI'd I/;e ralioJ 0/ balld dellJilieJ 10 
1110.1'1' oj q lokeralill 79 IIlere mleNlaled alld aI'e depided illji'gllreJ 3. 76 (dalldill 2). 
3. 17 (daudill 3) alld 3. 18 (daur/ill -1-). 
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Figure 3.16. Grapbs depidillg Ibe ralio 0/ daudill 2 10 IJ' I0keralili 19 balld dmrilieJ 011 
IlleJ/em blolJ an-ordillg 10 palienl group, 011 bOlb arilhmelic (lOp) alld 10garillJlJli" 
(bollom) Hales. N C - normal (01011 , 11 =6; UCI - illadille ukeralilJe wlillJ, 11 = 2; UC 
- ukeralive coillis, n=6; CD - CrolJ/l '.I' di.rease, 11 = 3. Claudill 2 e:\pre.rJlo ll i.r 
IlirreaJed 111 UC (p=O .OO-l-) alld CD (p=O.020) wll/pared 10 Ne. 
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3.2.2.3 Claudin 3 

Western blot studies with a rabbit polyclonal antibody to claudin 3 produced a 

single band in all cases, equating to a molecular weight o f approximately 19kDa. There 

was considerable variation in the intensities o f the bands produced. Some Ceases 

produced somewhat weaker bands than the NC cases, but there was considerable 

overlap between all the groups. An illustrative blo t is depicted in figure 3.15. Strong 

bands can be seen in the C cases , whilst there is considerable variation in the UC and 

CD cases , with both weak and strong bands seen. 

The result of the densitometric analysis carried out on all the cases is shown 

graphically in figure 3.17. T he variation and overlap in these normalised band densities 

IS apparent. 

There was no statistically significant difference 111 the expression o f claudin 3 

between the NC group and any of the IBD groups. 
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Figure J.t 7. Grapb depidillg Ibe ralio ~/ dalldill J 10 !),Iokeralill t9 bC/lid denJilies on 
l/JeJ/em blolJ aaordillg 10 palielll group. NC - 1I0rmai fOlo lI , 11=6; UCI - iliC/di"e 
ulceralive colilis, 11=2; UC - ulceralilJe co lili.r, 11=6; CO - CroiJ lI 'J diJeaJe, II =J. 
There II/ere 110 dlf/e rences ill e).:preJJioli belllJWI {1I~y / /30 grollp alld l\ 'C. 
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3.2.2.4 ClaNdin 4 

As was the case for claudins 2 and 3, a single band was produced o n western blo ts 

probed with a mouse n10noclonal antibody to claudin 4, again equating to a m olecular 

weight of approximately 19kDa. There was, however, much less variation in the 

intensities of the bands seen . In the illustrative blo t shown in figure 3.15, strong bands 

are apparent in all nine cases regardless of diagnosis. 

Densitometric analysis o f all the cases examined (figure 3.18) conflXmed that there 

was little difference in claudin 4 expression in any of the lED groups when compared to 

the NC group, suggesting that total protein levels were not altered. 

Statistical analysis of the data showed no significant difference 111 claudin 4 

expression between the NC group and any of the lED groups. 
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Ivel'lem bloll' a,(ordillg 10 palienl group. NC - lIorlllal roiO Il , 11 =6; UCI - illenlille 
ulceralive colilil' , 11=2; UC - " i<-eralille (oliliJ, 11 =6; CD - CrolJll 'J diJeaJe, 11 = 3. 
Tbere II/ere 110 dif/erenceJ ill e),preJJioll belllleen aI!J' IBD group alld 'c. 
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Because the expression of claudin 2 appeared to be significantly increased in cases 

of IBD, the relati,"e abundancy of claudin 2 mRN.\ was determined in isolated colonic 

crypt epithelial cells by quantitatiye rlTerse transcriptase-mediated polymerase chal11 

reaction (qRT-PCR). Three patient groups \yere compared ~ normal colon ~C), actiye 

ulcerati,"e colitis (l"C) and Crohn's disease (CD). ,\bundancies \yere normalised to thme 

determined for the housekeeping genes, C,\PDH and l'BC, as explained 111 sections 

2.7.4 al1d 2.7.5. 

FiYe i"C cases were compared with four l"C cases and four CD cases. For each case 

the rclati,'e abundann of claudin 2 mRN.\ \\"as calculated in relation to the median 

abundancy of the 1'.;C cases. The results for all 15 cases are displayed graphically and by 

patient group in figure 3.19, .\ logarithmic scale has been selected because of the 

,'ariation in abundancies among the IBD cases. The raw data arc prm'ided in appendi.'\ 

3. 

"\11 but one of the IBD cases contained more claudin 2 mEN.'\ than the NC cases. 

The increase among these seyen cases o\Tr the baseline ranged from 2()- to 32()()-fold. 

The remaining case (one of the CD cases) had half of the baseline len:l of mRN.\, 

Statistical analysis of these data showed the increase in claudin 2 mRl\:.\ lc,'els 

among the IBD cases as a whole to be significant (p=O.()28 for the comparison of l\:C 

with l"C and CD combined). The increase among the l'C cases was partJcularly 

significant (p=O.014 for the comparison of NC with l"C), but the increase among the 

CD cases did not reach statistical significance (p=O.221 for the comparison of NC \YIth 

CD). 
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Figure 3.19. Graph displaying the relatilJe abulidalltJ' of daudill 2 II' R.J.\IA ill (~J'P/ 
epitbelial cellJ by patiwt group. NC - lIormal COIOIl , 11=5; UC - ,tlt-emtille (0 litiJ , 
11=4,' CD - Cro/; n 's disease, II=-/.. AHa)'s liJere perfo rmed ill triplica/e/or emi) caJe alld 
meall abulldamieJ lI!ere 1l0rmaliJerl /0 tboJe determilled for the housekeepillg geneJ, 
GA PDH alld UBC ReiatilJe abulldallcieJ l}Jere calculated ill re/atioll to the mediall 
abulidalltJ' o/ t/;e ]\JC (ClUJ. Claudill 2 mR.J.\TA lelJe/.r }}Jere i'''TeaJed ill bot/; UC 
(p =O.01-/') alld JBD as a II}/;ole (p =O.028) (Ompared to N C, bllt 110/ ill C D 
(p=O.221 ). 

3.3 DISCUSSION 

3.3.1 CLAUDINS 

The study on the claudins has confIrmed by two different meth ods (IH C and 

western blotting) that the normal human colonic epithelium expresses claudins 3 and 4, 

whereas claudi.11 2 is only barely detected by these methods . The correlation between the 

fl11dings by IHC and western blotting support this conclusion. H owever, t1us 

experiment only exarni..11ed claudi.11s 2-4, and with twenty-three claudin sub types now 

described (Katoh and Katoh, 2003; Tsukita and Furuse, 2002), it is W<ely th at claudins 

o ther than those tested here are present in the nortnal and / or diseased intestin e. 

The specifIcity o f th e antibodies used to detect the claudins is demonstrated by the 

fact that all three yielded a single band at a molecular mass (19kDa) corresponding 



approximately to that reported for the claudins (22kDa) (hll-use et aI., 19CYN). The small 

discrepanC\- in apparent molecular mass when detected by western blotting may be due 

to difficulty in completely linearising the claudin molecules, (m-ing to their shape and 

their four hydrophobic transmembrane domains (figure 1.5). _\lternati\-ely, there may be 

differences between the gels and molecular \\Tight markers used in the present study 

and those used by Funlse et al (1998). HC)\\TH'r, the exact gel constiruents utilised by 

Furuse et al are not clear, and using different sets of molecular \\-eight markers also ga\T 

an apparent molecular mass for the claudins of 1 CYkDa. It is also possible that claudins 

are subjected to post-translational modification (for example by phosphorylation), and 

that lysing cells by the method used in the present srudy remoyed more of these groups 

than was the case in the srudy b\' Furuse er al (1 CYC(8). HO\\TH'r, phosphorylation alone 

cannot account entirely for the discrepancy. It is possible that in intact cells, and after 

the lysis method used by Furuse et al (\\'hich attempted to keep the T)s intact), other 

small molecules remain bound to the claudins that arc remoyed lw the lysis method 

used in the present study. Immunoprecipitation of one or more claudins and assessment 

of theil- binding partners may suggest candidate molecules to explain the discrepancy. 

The most striking finding among the IBD cases \\'as the marked increase in the 

expression of claudin :2 seen by IHe, western blotting and RT-PCR. This increase was 

seen in all the cases examined, with the exception of the RT-PCR analysis of a single 

case of CD, \\-hich, interestingly, \yas the only case of IBD in \\'hich the resection was 

performed for a stricruring complication rather than for uncontrolled inflammation. 

The RT-PCR results sho\\' that there is an increase 111 claudin 2 transcripts, which 

may result from an increase in the rate of transcription or an increase in mRN.\ stability 

(~\lberts, 20(2). .\n increase in transcript number could lead to an increase in the 

amount of protein synthesis (_\Iberts, 2()()2; DeH~r, 1 CY9CY). Indeed, small increases in the 

amount of claudin 2 synthesis could lead to large increases in the concentration of 

protein detected, because the half-life of this protein is longer than 12 hours, compared, 

for example, to only 4- hours for claudin 4- (\'an Itallie et aI., 2()O4-). In addit1on, these 

data do not exclude a contribution to the increase 111 protein len.Js from an increase in 

the rate of translation of claudin :2 transcripts, as regulation of protein translation IS 

another mechanism of increasing protein concentration ((;ray and \\'ickcns, 1 <)CYN) 

In the western blots the increased claudin 2 expression was seen in actiYe L-C but 

not in proximal, uninflamed portions of colon. Howe\"er, when inY<.'stigated by IHC, an 



increa~e in claudin :2 was seen both in actiYe l-C and in inacti,-e l-C cases. This is most 

likely to be because the proximal colon inyestigated 1w \\'estern blotting had neH'r been 

inHamed or affected by the disease, \yhereas the inactiye areas imTstigated by IHC had 

pre,-iously been yery inHamed and were subsequently in the process of resoh-ing. Some 

histopathological changes persist after acute inHammation ha~ resoh-ed in l-e, such as 

crypt elongation or irregularities in crypt m01vl1Ology. Thus, the l-CI groups in the H-IC 

experiments cannot be directly compared with the l- (] group in the western blotting 

experiments. The findings, therefore, strongly suggests that the increase in the amount 

of claudin :2 is a consequence of inHammatlon itself rather than a predisposing factor. 

Increased claudin :2 \\-as obselTed in both lC and CD. ,\n lllcrease in claudin :2 with a 

decrease in claudin 4 expression has also been reported in another form of colios, 

collagenous colitis (Burgel et al., :200:2). This suggests that the factor or factors leading 

to increased claudin :2 expression may be common to all these inHammatory conditions, 

rather than being specific to any single disease process. It is likely, therefore, to be a 

generic feature of inHarrunaton disease of the intestines. 

Ho\H:yer, the possibility cannot be excluded that a more subtle increase 111 leye! or 

alteration in function of claudin :2 may be present in predisposed indi\-iduals prior to 

their de,-e!opment of the disease. Confirming this would rel]uire the eyaluation and 

long-term follow-up of a population at risk of the disease. It is also possible that the 

changes obselTed here are due to some other factor common to the cases here. For 

example, claudin :2 expression may change in response to drug treatments commonh' 

taken in IBD, such as glucocorticoids, or other agents, such as non-sterOIdal anti­

inHammatory drugs (NS.\IDs), which precipitate Hares of disease acti\-ity (Bjarnason 

and l\facPherson, 1994). Treatment histories \\'Cre not recorded. HO\\'Cyer, the fact that 

claudin :2 expression was not obselTed in colonic epithelial cells from proximal to 

diseased areas suggests that the changes are due to actiH' disease rather than the 

trea tnlen ts. 

The predominantly crypt location of the claudin :2 detected in IBD, and its 

persistence in areas of resoh-ing inHammation, may giye a clue to the mechanisms 

inyoh'ed in its upregulation. Intestinal epithelial cells arise from stem cells located in the 

crypt bases at positions 1-3 in the colon or -+-G in the small intestine (figure 3.:2()) 

(Potten et al., :200:2). During their lifespan, they I11m-e progressiye!y up the crypts before 

emerging onto the mucosal surface, in the case of the colon, or continuing to mOH' up 
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,-ilh to\yards the ,-illus tips, in th e case o f th e small intes tin e, ending their ll\-es by bewg 

shed in to the intes tinal lumen . _-1. S th ey do so, the cells differentiate and de\-elop th e 

charac teristics o f ma ture a bsorptiye enterocytes (e.g. a brush border, micrm-illi, ac tiy e 

transp ort rnechanism s) and stop dividing. T his \\-hole process takes fiy e to si." days . 

Thus, a compartment o f slowly cycling stem cells in the crypt base is topped by a larger 

comparunent at positions 6-17 o f di,-iding transit cells ,,-ith little or no stem cell 

attributes, followed by non-di,-iding, differentiating enterocnes (potten et aI. , 2( 02). 

T his is illustrated in figure 3.20. 

t Cell migration to surfa ce 

15 

Functional tenninally 
differentiated cells 

10 Transit cells 

Stem cells 

Figure 3.20. Diagrammalif repreJelllalioll of Ibe biJlologiral appearClim o/ a 10 llgill/dillal 
.redioll Ibrotlgb a flJp l o( lhe large illleJlillC. (Adapled Jrom PoI/ell el al. . :lOO:!). 
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In l-C and CD, and indeed in other intestinal inflammatlom such as coeliac disease, 

the crypts are expanded i.e. the depth of the crypts increases considerably (,'-.IacDonald, 

1992). This feamre is often present eYen after inflammation (i.e. immune cell 

infiltration) has largely rcsoh-ed. Logically, this expansion must arise from increased cell 

proliferation, which suggests, therefore, that the stem cell compartment may be 

expanded. Substantial e\-idence supports the idea of an expanded compartment of 

proliferating cells in CD (Kullmann et aL, 1996; Noffsinger et al., 1998) and in both 

actiyc and inactiye CC (,\rato et aL, 199-+; Franklin et aL, 1985; Kullmann et aL, 1996; 

Noffsinger et aL, 1996). The appearance of claudin 2 in the cn'pt bases, \\-ith much 

lower expression towards the surface epithelium, suggests, therefore, one of two 

possibilities: fIrstly, that inflammation induces de noyo claudin 2 expressIOn in newly 

formed, less differentiated enterocytes, but as they mature and moye to\\'ards the 

surface epithelium, this expression is reduced; or, secondly, that inflammation induces 

an expansion of the proliferatiYe, stem cell compartment, \yhich may ordinarily express 

claudin 2. 

The other t\,-O claudins smdied, claudins 3 and 4, \\Ttl' seen by THe: to occupy t\\·o 

different membrane compartments in the normal colonic epithelium '- the T] area and 

the lateral membrane. This pattern has also been described in rat intestine (RaImer et aL, 

2001). In relation to the T], claudin -+ is described as conferring sodlUm-resistance on it 

(Van Itallie et aL, 20(1), but the functlon of claudin :1 in the TJ is unknO\\'n. The roles 

of these two claudins in the lateral membrane arc also unknown. It is possible that the 

lateral membrane claudins form a pool that exchanges with the claudins of the T] and, 

perhaps, other intracellular compartments .. \l1other explanatlon for this duallocalisatlOn 

may be that lateral membrane claudins are inco11'mrated into other cell-cell junctions 

such as desmosomes, although there IS no e\-idence at present for this. Lateral 

membrane claudins may participate 111 other physiological or pathophysiological 

processes, such as the transmigration of leukocytes. It is known, for example, that 

dendritic cells express claudins, which may allmy them to pass between epithelial cells 

by binding to epithelial claudins (Rescigno et aL, 20(1). 

In IBD, claudin 3 expression was reduced in the lateral membranes of the crypt 

cells, and reduced still further in the lateral membranes of the surface cells, where there 

was also loss from the 'IT Claudin 4 showed a similar pattern, although less commonly. 
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\\'estern blotting of crypt cell protein did not shO\\' significant reductions in rotal 

expression of claudins 3 and 4, suggesting that the changes seen by IHC may be camed 

by redistribution away from cell membranes, rather than reductions in the total amounts 

of these proteins, The obselTations suggest that inflammation induces loss of claudins 3 

and 4 from the lateral membrane compartment of crypt cells initially, but as these cells 

mature into surface cells, there is loss from the TI compartment as \Yell, .-\lthough 

cytoplasmic staining of claudins 3 and 4 \yas not seen, a diffuse distribution at 10\\' 

concentration may ha\'e been below the InTI of detection of the antibody 

concentrations used. 

ZO-l _-\~D OCCLCDIN 

,-\ further finding of these experiments was the markedly reduced surface epithelial 

expression of ZO-l and occludin, with much better presen-ation of expression in the 

crypts. 

ZO-l is a crucial structural component of TIs, forming a scaffold that supports all 

the other component proteins. HO\\'e,'er, e,-idence outlined earlier (sec sections 1,2,2.1.4-

and 1.2.2.2) supported the idea that its accumulation at the membrane is regulated and 

that this correlates with epithelial barrier function. The reduced expression of 1,0-1 

seen at the surface epithelium in IBD in this experiment thus implies either a reduced 

number or a reduced size oCI] s. The inference to be drawn from this is that the surface 

epithelium forms a weaker barrier of reduced complexity, and it would be interesting to 

examine whether the many small molecules associated \\'ith 1.0-1, such as small 

GTPases (see section 1.2.2,1.4) arc relocated \\'ithin the cell in this situation. 

Reduced surface epithelial expression of occludill was also seen in cases of IBD. In 

other systems, such as the early mouse embryo (Sheth et aL, 1(97) or cultured epithelial 

cells (Furuse et aL, 19(4), studies hm-e suggested that occludin and 1.0-1 arc intimately 

linked. Indeed, binding to the alpha + isoform of ZO-l (ZO-1cx +) appears to be both 

necessary and sufficient for the successful clustering of occludin molecules into TIs 

(l\Iedina et aL, 2000; I\Iitic et aL, 1999; Sheth et aL, 20(0). Therefore, the reduction in 

surface epithelial 1] occludin may be a consequence of the reduction in surface 

epithelial ZO-la+. 



If the aboye explanation \\'ere the case, howeyCf, it nught be expected that in IBD 

occludin would be more readih' detected in cellular locations outside the 1], as it \\'ould 

no longer be clustered at the TJ by ZO-l. Tlus \\'as not seen in the IHC presented here, 

although this does not exclude the possibility that occludin freed from 1.0-1 is 

degraded rapidly. There is as yet little e,-idence for this, although recently the protein 

Itch has been shown to bind both in ,-in) and in ,-itro to the anuno-ternunus of 

occludin and to be im-oh-ed in its ubiquitination (Traweger et a!., 20(2). 

The maintenance of strong ZO-l and occludin staining in the crypts in the face of 

inflammation suggests that '1] function IS largely unaltered there. Howe\'er, tlus 

experiment did not examine either the expression of dIfferent splice ,-ariants of occludin 

or its phosphorylation state. The possibility remains, therefore, that alterations in either 

or both of these parameters occur in response to inflammation, and that such 

alterations lead to sigIuficant changes in TJ function. 

Two other published studies ha,-e exanuned ZO-l and occludin expressIon 111 the 

intestinal epithelium in IBD. In one, 1:0-1 and occludin expression, as detected by 

western blotting of protein from \\'hole mucosa, was significantly reduced in cases of 

actiye l'C and CD, and this \\'as also seen Iw immunofluorescent staining of 

cryosections, with more se,-ere effects noted at the surface epIthelium (Casslcr et al., 

2(01). In the second, occludin, but not 1:0-1, expression \\'as reduced in 1BD tIssue, 

\\'hen examined by western blotting of whole mucosal protel11, and immunofluorescent 

staining of cryosections ren~alcd a global reduction 111 occludin expression, but a more 

patchy reduction in ZO-l expression, \\'hich the authors associate with the presence or 

absence of intra epithelial neutrophils (I"':ucharzik et al., 20(1l). The method of IHC used 

here utilised GT\L-\-embedded mucosal tissue, which preselTes tissue architecture Yen' 

accurately and pernuts 'Try thin sectioning to enable closer scrutiny of cellular detail. 

The findings corroborate those obtained using cn'osectIons and further support the 

utility of the method. 

3.3.3 CONSEQl'ENCES FOR THE E\THOPHYSIOLOCY OF IBD 

The findings described here may ha,-e significant consequences for the 

pathophysiology of the diseases. In epithelial cell culmre experiments (discussed in 

section 1.2.2.1. 1), claudin 2 has been shown to introduce a sodium ion-permeable pore 
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to the 'fj. The implication of the finding of an increase in claudin :2 in the epithelial Tj 

in lED is that it confers an increased permeability to sodium on this epithelium too. 

Increased sodium permeability and a reduced O\"era11 electrical resistance ha,"e indeed 

been demonstrated in ulcerati,-e colitis (SandIe et aI., 1990; Schmitz et aI., 1999), \\·here 

they are proposed to lead to diarrhoea b," causing a back-leak of electrolytes and water 

into the intestinal lumen (,leak-flu,,' diarrhoea). Thm, the increase in claudin ') 

demonstrated here may be one molecular basis of the leak-flu" diarrhoea of IBD. 

The reduced surface epithelial TJ e"pression of ZO-l, occludin, claudin 3 and, to 

some e"tent, claudin 4, implies a global reduct.ion in Tj size, number, adhesiyeness or all 

three. Of rele,-ance to this arc two obselTations: firstly, freeze-fracture electron 

microscopy has demonstrated a reduction in 'lJ strand number and depth, and an 

increase in strand breakages, in IBD specimens compared to normal colons (Schm.1tz et 

al., 1999; Schulzke et a!., 1998), and, secondh', IBD specimens are more permeable than 

control specimens to both small and large tracer molecules (SandIe et a!., 199()). Thus, 

reduced e"presslOn of TJ proteins could well represent the molecular correlate of this 

impairment of barrier function. The consequence of this Impatrment may be not onh 

the leak-flu" diarrhoea discussed aboH" but also the ability of bacteria or bacterial 

antigen to acccss immune cells, such as lymphocytes and dendritic cells, which arc 

obsern:d behycen surface epithelial cells. 

3.3.4 REL\TION Of<' THE FINDINGS TO THE P.\THOGENESIS OJ,' IBD 

I t appears that the inflammatory process may be responsible for thc changes 

described .. \s discussed in 1.1.1.5.4, IBD is associatcd \\'ith elcyations in the mucosal 

lc,-cls of scyeral cytokines, such as IFNI', T~Frx, IL-17 and IL- L,). E,"idencc from 

studies of cultured cells suggests that thc reduced :/.0-1 c"fHession obsen"cd here mal' 

be a consequence of eleyated cytokine In"els. IFNI' has been shO\\"I1 to reducc ZO-1 

leyels in T84 cells by shortening its half-life and reducing the rate of its synthesis and 

transcription (Youakim and .\hdieh, 1999), although a recent paper that e"posed '1'84 

cells to combined IFNI' and TNFcx has shown a less marked effect (Bruewer et aI., 

:2(03). 

Occludin e"pression in ,"in) may also be senslti,"e to the ele,"ated mucosal len'ls of 

c\"tokines found in IBD. There is eyidence in yitro to support this. In T84 cells, 11-;\;'/ 
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decreases both TER and occludin expression, and leads to a more diffuse distributIon 

of occludin within the membrane (Youakim and ~\hdieh, 1999). IF~y also causes 

reduced occludin expression in the human lung epithelial cell line Calu-3 V\hdieh et al., 

20(1), as docs combined IF1"y and Tt\hx application to primary human ainYaY 

epithelial cells (Coyne et al., 2()(l2). \,"hen transfected into the human intestinal cell line 

HT-29/BG, the occludin gene promotor displays reduced acti,-ity in the presence of 

either lF~y or TNFO', and both cnokines together act synergistically (::\lankertz et al., 

20(0). Recently, the same group discoY<:red that the occludin gene contams an 

additional promoter and transcription start site, giying rise to an alterna ti'-e fIrst exon, 

and that this promotor also responds to TNFO' ('\lankertz et a1., 20(2). 

The effects of these cytokines on the expresslOn of claudins are largely unknO\\"ll .. \ 

single study in T84 cells suggested paradoxically that lL-17 could induce both an 

increase in electrical resistance across a cultured epithelial monolayer and an increase in 

its expression of claudin 2 (I-.::.inugasa et aI., 20(0). A. recent study on the same cell line 

suggested that combined lFl\:y and TNFCI could induce the inrernalisation of claudin -+ 

(Bruewer et al., 2(03). 

3.3.5 Sl-J\I::\L\RY 

The assessment of the expresslOn of key T.1 protems in colons from normal and 

lBD patients suggested a marked increase in claudin 2 expression in the '1]s of crypt 

epithelial cells in lED. Claudins 3 and 4, occludin and ZO-1 ,\"Cre largely unaffected in 

the crypts, but reductions in their expression were obsen-ed in the surface epithelium Iw 

lHe. These changes suggest functional impairments in 1]s in lBD, which appear to be 

a consecjuence of inflanunation. 
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4 EXPRESSION OF CLAUDIN SUBTYPES DURING 

EPITHELIAL BARRIER FORMATION 

4.1 INTRODUCTION AND AIMS 

In the pre,-ious chapter it was obselTed that claudins 3 and 4- were present in the 

TIs and along the lateral membranes of normal colonic epithelial cells. In IBD claudin :2 

expression was strongly increased in the TI s of cn-pt epithelial cells, and some 

reductions in the expression of claudins 3 and 4 were seen in the surface epithelium_ It 

was suggested that aspects of the inflammatory response in the diseases may be 

responsible for inducing these alterations_ In order to investigate these possible 

mechanisms, a model of the intestinal epithelial barrier \yas re(luired. 

TR4- cells are used \\-idely to l11yestigate the properties of intestinal epithelial cells_ 

They \HTe deri,-ed initially from a lung metastasis of a human colonic carcinoma 

(l\Iurakami and i\Iasui, 19RO). They can be culhlted 111 both serum-containing amI 

serum-free media (l\Iurakami and i\Iasui, 19RO). Howeyer, when cultured for a few (3-5) 

days in serum-free medium, the cells pile up and form gland-like structures closely 

resembling the original hlmour morphologicalh-, \\'hereas in serum-containing medium 

they grmy as a monolayer \\-ith the morphological appearance of epithelial cells 

(l\Iurakami and i\Iasui, 19RO). \\'hen grown in serum-containing medium on plastic 

supports, T84 cells form a monolayer of low cuboidal cells that display fe\\' structural 

features of mahlt<:~ enteroc\'tes, such as nuclear polarity, lysosomes, '1'1 formation and 

microyilli (Dharmsathaphorn et a!., 19R5~ i\ladara et a!., 1(87). Howeyer, when plated 

for a fe\\' days on type I collagen-coated supports, these cells form a highly confluent 

monolayer of columnar cells, \yhich display many features of differentiated enteroc\tes, 

such as micrm-illi, nuclear polarity, lysosome formation, polarisation of cellular 

organelles and ,-cctorial transport (l\Iadara ct a!., 1(87). In addition, in this situation 

these cells will respond to a variety of secretagogues b,' secreting chloride ions 

(Dharmsathaphorn et a!., 1984-; Dhannsathaphorn et aI., 1(85), which is reminiscent of 

the beha\-iour of crypt cells (Mandel et aI., 19RG). The \-arious membrane carriers, 

pumps and channels responsible for this barner are described as being \'ery similar to 

that of crypt cells (l\Iandel et ai., 19Ro). 
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Furtlwnnore, as such a monolayer mannes it de,-elops thc structural and functional 

correlates of T) formation: T) s are obselTcd by electron nucroscoPy; a strand pattern is 

obselTed within these "l] s by freeze-fracture electron microscopy; a high electrical 

resistance is generated across the monolayer (indicatiye of resistance to paracellular ion 

moyements); and resistance to the passi\-e passage of uncharged macromolecules 

de,-elops (Dhannsathaphorn et aI., 1984; i\1adara et aI., 1987). Thus, this cdl line, 

culmred in serum-supplemented medium on collagen type I-coated supports, has 

se,-eral characteristics that make it ideal for the examination of intestinal epithelial 

barrier function at the functional and molecular le,-el, and it has been utilised for this 

purpose in numerous published smdies. Other colonic cancer-deriyed cclls, such as 

Caco-2 cells, ha'T also been utilised in studies of epithelial barrier function. Cultured 

Caco-2 cells also form resistant monolayers of polarised cells, but their electrical 

properties are described as resembling partly differentiated cn'pt cells (Crassl't l't aI., 

1984; Grasset et aI., 1985). Furtlwnnore, thl'Y also display features of small intestinal or 

foetal differcntiation, such as the expression of smalll11testlllal brush border hnlrolases 

(Zweibaum et aI., 1984), and so haye been utilised 111 the study of small intestinal 

epithelial properties. \\'hereas Caco-2 cells arc hypertetraplOld, \\-ith a modal number of 

chromosomes of 96, T84 cells ha'T the ach-anrage of being predominanth' diplOId; 

howeyer, the modal number of chromosomes in '1"84 cells is S() and it IS not known if 

this affects the genes for claudins 2-4. Both cell lines arc denH'd from malignant clones, 

and as abnormalities of the structure and function of. \) s arc common in colonic cancer 

(\Vijnhoyen et aI., 20(0), it is possible that these altered. \) s may affect the functi()n of 

TJ s. Furthermore, eyidence \yas descri\wd in 1.2.2.2.4 that suggested a possible tUl11()ur­

suppressor function for T) s, so it IS conceiyable that '1:1 s arc inhcren tly altered in these 

cancer-deriycd cells, In particular relation to the claudins, the expression of different 

claudins in T84 or Caco-2 cells had not been described. 

If the collagen-coated support on which the cells arc cultured IS made 

semipermeable (e,g, by its containing ().4!lm pores), t\yO compartments arc created, an 

apical one and a basal one, each with access to the plasma membrane. Thus, medium 

placed in the apical compartment accesses the apical compartl11ent alone, \\"hilst 

medium placed in the basal compartment accesses the basolatcral membrane 'ilone. This 

is a ,-ery useful feature, as many cell receptors arc located in one or other compartment 

of the plasma membrane, separated by the '1') (Dharmsathaphorn et aI., 19!-;5), amI H 
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allO\ys the cells to feed from the basolatcral compartment after confluence is acqUIred 

and the junctions ha\~e sealed. In addition, if a known electrical current is passed across 

the cells between the two compartments of medium and the potential difference is 

measured, the electrical resistance can be easily calculated from the eljuation Resistance 

= Potential Difference/Current. Repeating this measurement \\~ithout any cells, with 

only medium and supports in place, and subtracting this from the total resistance 

measured across the monolayer gi\TS the true resistance due to the monolayer. Clearly, a 

culture support of larger cross-sectional area will offer lower electrical resistance than a 

smaller one, and therefore the reSIstance \~alues are multiplied by the area of the support 

to gin a reproducible and comparable Transepithelial Electrical Resistance (fER). 

Therefore, the aims of this chapter were to: 

• characterise the de\~clopment of the barrier function of T84 cells by serial 

measurements of TER 

• examine the expression of claudins 2, 3 and 4 during this dlTclopment. 

4.2 RESULTS 

T84 cells were subcultured at a 1:1 split ratio onto BIOCOXf ().4).l111 porous 

inserts, pre-coated with collagen S, on day 0, as described 111 section 2.3. Culture 

medium was replaced every nvo days, at least nyo hours before reading the TER. Three 

time points \yere selected for the examination of claudin expression: days 2, Hand 15. 

"\ t each time point monola;:ers were processed for analysis of expression of claudins 2, 

3 and 4 by immunofluorescence. "\t the same time, cell l11onolayers \\TIT l}'scd for 

protein extraction and the Iysa tes stored. "\ t the end of the experiment SDS-P. \ (; E and 

western blotting were performed on these samples, foll()\\Td by iml11unodetection of 

claudin 2. Following this, the membranes were stripped and reprobed succcssiyeh' for 

claudin 3, claudin 4 and the loading control, cytokeratin 19. Quantity One sofnYare was' 

used to measure band densities. The density <u.l.'a-ch claudin band \yas divided by that 

obtained \vith cytokeratin 19 to produce a Normalised Band Density that could be 

compared across lanes, as described in 2.().4. "\11 experiments were performed nnce. 
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-t.2.1 TER 

Two days after plating the TER remained low, at approximately 100ohm.cmc
. This 

corresponded to the period taken for the cells to become confluent. :\fter this the "fER 

increased progressi\~ely, so that by 15 days it was approximately 7000hm.cm= (figure 

4.1). 

TER vs Time 

----a 
u 1000 
0- 800 f/j 

a 600 
..:: 400 0 -- 200 0:::: 
~ 
H 

0 
0 4 8 12 16 

Days Since Plating 

Figure -1.1. Grapb alTER 1'.1. time/or TS-I ai/I" ,'It/llIrcd 011 O.-Ij.1m porc-(olltaillill.~ 
(u//aJ!,eJl S ~(oatedji/ler ill.fertJ. Data poilltJ (IllTfJpolld 10 !lIe ml'all oj" () .I"eparale illJ'ertJ 
alld error bar.r repreJfllt one Stalldard Error olthe ,\JeLlII. DNpli(ate ('.,-perimelll.r INre 
pn1illmed alld a rcpre.rclllatilJc rCJN/t iJ depided. 

4.2.2 EXPRESSION OF CL\rDINS 

4.2.2.1 j\Tegative Controls 

TR4 cell monolayers were stained using rabbit immunoglobulins (Ig) and mouse Ig 

of isotype G 1 (IgG 1) in place of the primary antibodies, in order to control for am 

non-specific binding of the primary antibodies to the sections. "\ltnost no POSIt1\T 

stm11lng \\'a~ obser,-ed with either non-immune globulin, suggesting that any POSltlH' 

staining obse1'.-ed with the primary antibodies \\-as the result of their binding to protein 

\~ia their antigen-specific binding sites. I ~xamples are shown in figure 4.2. 

\vestern blotting was performed using a single TR4 \\-hole cell lysate in all lanes. 

Identical two-lane strips were incubated ,,"ith claudin 2 antibody, rabbit Ig, claudin -t 

antibody and mouse IgG 1. The results arc depicted in figure -t.3. No bands were 

detected \\"hen either primary anribod,- was substituted wlth its matching n()n~immune 
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Ig. This sugges ted that the bands observed with the primary antibodies were the result 

o f their binding to pro tein Vla their antigen-specific binding sites . 

Figure 4.2. ExampleJ ~( negative (olltrolJjor IJ"lllJlullojluoreJi"eJI l."e Jtaillillg. MOllolq)'er.r 
IJJere Inmbated wltb 1.7pg/ ml rabbit imllltillogiobulln (A) alld -/- .3pg/ 1111 mOUJe 
imJJJulioglobullll Gl (B) Instead of prima!], antibodieJ. TlleJe cona ntratiolls Jl/ere equal 
to the bighest uJedj or any prillla!]' alltibodj', aJ JbOIPII ill table 2.2. POJitilJe .rtaillillg ix 
grew (A) or blNe (B) . The Imets sboJlJ lIuriear coNliterstaillilig IIJitll TO-PRO -3-iodide 
(A) and 7-AA 0 (B) o( the Jal7le/ieidJ depided ill tbe main /lieIlJ.f. ill order to (ollfl rm 
the preJence o( (elk 

61 - .\ 61 - II 

49 - 49-

36- 36-

25 - 25 -

19 - 19 - -13- 13-

rI .~ r1 .~ ( .1.2 ( 1.2 In l ,t! Ill t.:..! ( I.-I ( I.-I 

Figure 4.3. Negative rO lltrol IIJestem blotJ 0(T8-/- cell protein. 111 A, tbe ri ht-balld pair 
of ICllleJ Jl/as inmbated IIJIth 62511g/ ml o( rabbit aliti-dClUdili 2 Cllltibor!)' (CL2) Cl lld tbe 
left-hClnd pair with Clil equClI coneelltratloll of rabbit ilJJJ71llll0globlllill (rig) . Band.r Cit 
ClpproxlmClte!y 19kDCI are detu ted 0110' IlJitb tbe CL2 alltibod),. III B, tbe rigbt-iJand 
pClir ~(Ianes IIJClS III cuba ted IlJith 6.25ng/ ml oj'mome Cl llti-daudill -/- alltibor!)' (CL-/-) 
Cllld tbe leji-hClnd lall eJ lI!itb Cln equal colh'elltratioll of mouse illlllllillOglobulili (ill Ig) 0/ 
tbe sCime subdClJS (IgG 1). BClllr/J at Clppro.v:i17lClte0' 19kDa are deteded on0' lilitb tbe 
CL-/- Clntlbody. Tbe t"boJen rOllcelltratloll.!" JlJere tbe blgbest 0/ tbe prilllCII)' alitibodieJ "Jed 
all blotJ 0(T84 rell protelll III the IIJeight rallge depided (Jee table 2.3) . 
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4.2.2.2 CIOlldill :2 

Two days after the cells \ven~ plated, immunofluorescence staining of claudin :2 

tlTcaled widespread expression across the monolayer. The staining was incomplete. 

howe,-er, with patches of very little staining interspersed with large patches of strong 

tluorescence figure 4.4). "\t the cellular leycl most of this staining \vas obselTed in a 

sharp, 'chlCken-\vire' pattern suggesti\-e of a 1] location .. \ small amount could be 

dctected intracellularly, but its precise cellular location could not be detenmned. 

Computer-generated cross-sectional yie\\'s (knO\nl as z-,-iews; insets in figure ..fA) 

re,-ealed an apical, punctate staining pattern, again consistent \\-ith a TJ location, with 

very little staining seen along the basolateralmcmbrane. 

"\fter 8 days had elapsed immunotluorescence staining ren~aled a striking reduction 

in the amount of claudin :2 detected. Claudin :2 could still be detected, but only in very 

small and sparse clusters of cells .. \gain, the chickcn-\\'ire pattern and the punctate 

appearances in the z-views suggested a -q localisation. , \ fter 15 days there \\TIT no 

further changes from the appearances obsep,ed at 8 days after plating. 

Inununodetection of claudin :2 on western blots of whole cellular protein at these 

three time points produced a pattern consistent with the immunofluorescence findings 

(figure 4.5). "\ nry strong band was seen after :2 days (Normalised Band Density 9.()), 

but the bands seen after 8 and 15 days were dramatically weaker (Normalised Band 

Densities 1.1 and 1.4 respecti,-ely), suggesting a marked reduction in total expression. 

Immunodetectiol! of cytokeratin 19 on the same blots confirmed equal loading of 

protein in each lane. 

4.2.2.3 CloJldin 3 

-l\vo days after plating immunotluorescence stal11l11g for claudin .') rC\'ealed 

widespread but somewhat patchy expression across the monolayer (figure 4.4). l\1ost of 

this staining was consistent \\-ith a membranous location, but it did not resemble the 

chicken-wire pattern suggesti,-e of TJ incorporation. Instead it was somewhat fuzzy and 

imprecise. It was also accompanied by some intracellular staining. The reconstructed z­

,-iews (insets of figure 4.4) thus shO\\, a diffuse distribution of staining within the cells 

and along their lateral membranes. 
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After 8 days, the fluorescence had become more widespread. It was now distributed 

in a sharp, chicken-wire pattern consistent with a TJ location, and there was much less 

intracellular staining. The z-views now revealed a less diffuse staining pattern, consistent 

with its possible incorporation into TJ s. T his pattern was again seen 15 days after 

plating. Immunodetection of claudin 3 on western blo ts o f whole cell lysates produced 

only a faint band on the day 2 lysates (Normalised Band D ensity 0.3) but strong bands 

after both 8 and 15 days (Normalised Band Densities 1.5 and 1.6 respectively; figure 

4.5), consistent with an increase in total expression over time. 

Day 2 

I~ 
Claudin 2 

, ' I~ 
Claudin 3 

·1 ." I I[ 
, 0 

N 

Claudin 4 

D ay 8 D ay 15 

Figure 4.4. llJl1?lUllojluore.rmll'e de/edioll o/dcllldillJ 2--1- ill T8-1- a ll.r a/ 2,8 alld1 5 
delyJ from /lJe lime oj pla/illg. [magel' were ob/ailled 0' LA S E R t'O lI j{h'alllliaoJt'O/J)'; 
iliJe/J .rIJOIi/ compu/er-gellera/ed ,,,-oJJ-l'ediolial IWO IiJ/mc/io IlJ (ride- or :;:'-IJiemJ'), cad) 
image depicts a represcil/a/;,Je/ield ji-omji've e_\.'amimd. E _,-perilJle"/J were pel/o rmed ill 
duplica/e. 
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(D 75) dq)'J {!/ier plalillg alld probed .fII(aJJil1e/),/or dalldill.r :!--t alld qlokeralill / V. 
RepreJenlalillc b/oIJ/rom dupliwle e.\,perimelJl.r are depided. Balld d!!IJJiliCJ lIoJ7mt/i.leri 
1( 1)'Iokeralill 79/or 02, D8 alJd 075 IllerI' a .... jollo!l ,.r: Clam/ill:! - !J.G. /./. / .-t; 
ClaudiIl 3- 0. 3 , 7. 5. 7.G;C/aurlill-t-l.3 . 2.7 . 7.8. 

ClatldiJ1 4 

I\ t day 2 claudin 4 immunofluorescence staining reyea led widespread eXl rcssio n 

across the monolayer (figure 4.4). The distribution was somewhat patch y, but far less so 
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than \yith claudins 2 and 3 .. \s was the case for claudin 3 there was much e~pressi()n in 

a membranous location, but there was also considerable intracellular e~pression seen. 

The membrane staining was n-ry imprecise and did not suggest a 1'J location. The z­

,-iews re,-ealed a diffuse distribution of staining, both within cells and along their lateral 

membranes (see the depth of the staining in the insets of figure 4.4) . 

. \fter 8 days most of the claudin 4 immunofluorescence was distributed in a sharp, 

chicken-wire pattern consistent with its incorporation into T]s, and this \\'as spread 

across almost the entire monolayer. There was still some claudin 4 detectable along the 

lateral membranes. Thus, the z-,-ie\Ys showed a much less diffuse distribution of 

staining than at day 2, but there was still considerable imprecise staining lower dO\yn the 

cells. By day 15 more of the claudin 4 was detected in a 1'] pattern, \\-Jth z-\-ie\\'s 

showing a still less diffuse staining pattern, and a smaller amount could be seen lower 

down the cells. 

Immunodetection of claudin 4 on western blots of whole cell lysates produced 

strong bands at all three time points e~atTlined, although the band after 2 days \\'as 

somewhat weaker (Normalised Band Density 1.3) than those after 8 and 15 days 

(Normalised Band Densities 2.1 and 1.8 respecti,-cly; figure 4.5), consistent with an 

increase in total e~pression oyer time. 

4.3 DISCUSSION 

These results confirm that the T84 cell line deyelops phenotypic changes oyer time 

that include the deyelopment of an effecti,-e barrier to ions and alterations in both the 

type of claudins e~pressed and their cellular location. Soon after plating, electrical 

resistance \yas low. High electrical resistance took seyeral days to deYelop and continued 

to increase for at least 15 days. This concords with those early studies that showed by 

electron microscopy that cellular polansation and junction den·lopment arc stimulated 

by seyeral days growth on collagen-coated supports (I\Iadara et a!., 1(87). Thus, in order 

to utilise this cell line as a model of the intestinal epithelial barrier, at least I), and 

preferably 15, days must elapse from initial ncar contluent plating. 

Confocal L\SER microscopy \\'as used to detect immunofluorescenth' labelled 

claudins in T84 cell monolayers, in order to determine both the distribution of claudin­

positi"e cells and the likely location of positi\'e staining withll1 the cells, .\lthough the 
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reconstructed Z-yiews suggested that claudin staining \\'as occurring in either punctate 

apical or more diffme patterns, making fInn deductions about cellular location is 

problematic for two reasons. Firstly, additional staimng was not carried our to 

determine precisely the apices and bases of the cells, and, secondly, the 7:-\,ie\ys appear 

somewhat pLxilated. This pLxilation could be reduced by detection of staining at higher 

magnifIcations than that used (x400) and by utilising thinner optical sections than the 

1 flm depth used here. Howe\'er, this \\'(lUld need to be balanced against the increased 

risk of fluorescence bleaching that longer exposures to J ".\SER light would entail. 

.\ summary of the changes obsl'1Ted oyer time is presented in table 4.1. The mature 

T84 monolayer was shown to express both claudin 3 and claudin 4 in most cells and in 

a cellular location consistent with the 1]. This correlates \\'ell with the expression 

pattern \\'ithin human enterocytes presented in chapter 3. ]-'urrhcrmore, claudin 4 was 

also present lower dO\\'n the lateral membrane in these mature cells, as was 

demonstrated to be the case in the human intestine, although less claudin 3 expression 

\\'as seen in this location. HmH:Ter, during the [u'st few days after plating less claudin .) 

and claudin 4 were expressed, and both claudin 3 and claudin 4 were predominanth' 

detected outside the TJ, either along the lateral membrane or intracellularh. This IS 

consistent with the idea proposed in chapter .1, \yherein the claudins were suggested to 

exist in pools in a yariety of cellular locations and to mOH' bet\H'en them if stimulated 

to do so. Thus, in T84 cells at least, it seems most likely that the de\'elopment of mature 

"1]s is associated with the mO\T111ent of claudins .) and 4 from the cytoplasm to the 

lateral membrane and thence to the '1'1. Studies using Creen j:luorescent Protein ((; j :P)­

labelled u-ansfected claudins and cell fractionation experiments may be able to confirm 

this. The data arc also consistent \\'ith a scenario in \\'hich the deH'lopment of high 

leyels of electrical resistance depends on the incorporation in to TJ s of those cla udins 

that confer ionic resistance. In this instance the claudin knO\\'n to confer this resistance 

is claudin 4 (Colegio et aI., :200:2; \' an hallie et aI., :20() 1). The properties and functions 

of claudin 3 are, howe\'er, as yet unknO\yn. 

The most su-iking fInding in these experiments was the high leycl of expression of 

claudin :2 found by both immunofluorescence detection and western blotting t\yu da,'s 

after plating the cells. J~urthermore, claudin :2 was not ubslTH'd predominantly outside 

the TJ (as was the case for the other claudins) but in an apical, punctate distribution in 

cross-section and in a chicken-\\'ire pattern when \'iewed en face, which sUKtJ;ests a TJ 



localisation. Howeyer, as qatl'd aboye, manJIT Th take some days to den'lop If electron 

microscopic appearances and barrier function are uSl'd as criteria. Therefore, the results 

obtained here suggest that claudin :2 is being exprl'ssed in immature points of apical 

contact between cells, which can be labelled 'immarure' or 'precursor' '1] s. Tlw function 

of claudin 2 in this siruation is unclear, but the inunaturity of the 'l]s and the cationic 

penneabilitT conferred by claudin :2 (~\masheh et al., :20():2), and the obserntion(Colegio 

et al., :2(}()3; Yan Itallie et al., :2()03) that claudins 3 and 4 were not detected in the same 

distribution, correlate well \\,ith the lmy electrical resistance of the mOl1olayers at this 

point. By day 8 there was a marked reduction in claudin :2 expression, as detected by 

both immunofluorescence and \H'stern blotting, whICh to some extent was reciprocated 

by the increase in expression of claudins 3 and 4. This \yas associated with a rise 111 

electrical resistance, and therefore the loss of claudin :2 may contribute to this .. \t da\'s 8 

and 15 the small amount of claudin :2 detected by unmunofluorescence \\'as located 111 

small clusters of cells and in a cellular distribution consistent \\,ith the 'fJ. 

Days from plating :2 8 IS 

Tight Junctions 1 111111 a tun: i\ Ia turing I\latLllT 

Electrical YeTY low Low HIgh 
resistance+ 

CL2 expression* I-llgh \'ery low Ycry low 

(locatiorr) (moJi il7 "!j., ') (mo.ri ill 7}.1) (lJ/o.ri ill '/7.1) 

CD expression* Low I Iigh I-ligh 

(location-') (moJi oui.,·idl' cl].r ') (l7lo.ri ;// 'l}) (mo.l"! il7 T/.,) 

CL4 expression* Low lIigh I Iigh 
(locationX) (lJ/oJi ou i.ridc '7).r ') (.rOll/1' il7 7]..1) (ll/I!.ri il7 17.1) 

Tabie -1-.1. Summar), oj" chall,~I'.! ill properlie.! 0/ '1'8-1- c,,11 mOllolarer.! ol'cr lime. + rcliT.! Iii 

Ihe TER dala dcpit"led i/l/i~lIrc -1-. 1. * re/i'l:I' 10 Ihe IJ'C.!ICril bioI dala dcpi(/ed Illli~lm' 
-1-,5, x reji'r.! 10 Ihe illllllll/lojllloreJ((,lIce dala depi(/"t/ ill;i(lIrc -1-.-1-. 

The function of the claudin :2 detected soon after plating is unclear, but determining 

more about the stimulus responsible for its upregulation ma\' gIn' clues to the reasons 

for its upregulation in IBD. ;\ first possibility is that claudin 2 is associated with a 

proliferatin: phenotype. In other \vords, those cells that arc proliferating also express 



claudin 2. Soon after plating TH4 cells do, of course, proliferate and a large amount of 

claudin 2 was detected at around this time. This suggests an aSSOCIation, but does not 

prm'e that proliferation is rdated to the increased claudin 2 expression. The small 

clusters of claudin 2-positiye cells in the mature TH4 cell monolaycrs are of intCfest, 

because if claudin 2 is upregulated in proliferating cells, these small clusters should 

therefore also be foci of proliferating cells. furthermore, In IBD claudin 2 \\'as detected 

in the epithelial crypts, and particularly the bases of the cn'pts, where it is known that 

cells are proliferating (sec chapter 3). Both feamres arc therefore associated 

anatomically. Howe\'er, in normal colonic crypts there is a smaller zone of proliferating 

cells at the bases but claudin 2 could not be detected there by II-Ie. Hm\'('\Tr, this docs 

not exclude the possibility of a ,'cry Imy ]Cyd of claurun 2 expression or that the \'en' 

basal Cl-:-T'ltS \\'ere not sectioned often enough to reliably detect staining. 

,\ second possibility is that claudin 2 is expressed in newly forming Tj s, such as 

those in nC\dy plated T84 cells. If this \\'Cre the case it might suggest that in IBD the 

crypt cells remain in a more immature, less differentiated state than in normal colon as 

they transit towards the surface. In 1'84 cells it might be expected that a controlled 

disassembly of mature '1] s, followed by reassembly, \\'ClUld be associated \\'ith an 

upregulation of claudin 2 expression reminiscent of that in recently plated cells . 

. \ third possibility is that claudin 2 is upregulated 111 response to an ll1Junous 

stimulus, such as the rrypsinisation and resuspension during subculturing. (hhcr 

possible stimuli might include si.l,'11als from other cells and tissues l11dicatll1g nearby 

injUl-:-' or int1ammation. Claudin 2 expression in this instance could form part of an 

attempted repair-and-repel strateg\', \\'ith the hnl1 aims perhaps of Lluickh' reforming 

cellular contacts to hdp maintain tissue integrity, whilst mal11taining permeabilit}· to Ions 

and associated water. The pUlvose of conferring leakiness onto the epithelium may be a 

mechanism to help remmT adherent parasites from the intestll1e. "\s claudin 2 has a 

rclatiycly slow tUfl10yer compared to claudin 4 (a half-life of more than 12 hours 

compared to 4 hours; CYan Itallie et aI., 2()04)), a rclatin'ly small increase 111 the 

production of claudin 2 could lead to a SIgnificant increase in the total protein present. 

In SUmmal}, the de,'elopment of TJ s in relation to the incorporation and expression 

of claudins has been described. The expression of claudins 2, 3 and 4 in mature 

monolayers mimicked the pattern seen in normal colon, and their incorporation lI1lo 

maturing lJs correlated with the aCLjI.lisition of increasing TLR. Therefore, this m()del 
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displayed characteristics which enabled its utilisation to study the effects of external 

stimuli upon the re-expression of claudin 2. 



CHAPTER 5 

EXPRESSION 

CHARACTERISTICS OF 

CLAUDIN 2 IN THE T84 

CELL MODEL 



12() 

5 EXPRESSION CHARACTERISTICS OF CLAUDIN 2 IN THE 

T84 CELL MODEL OF THE EPITHELIAL BARRIER 

5.1 INTRODUCTION AND AIMS 

In chapter 3 it \,'as obsu-yed that claudin 2 expression \\'as increased in 1BD. TIm 

expression correlated \\"ith the zone of proliferation, \\"hich is knO\\"n to be expanded in 

lBD (.\rato et aI., 1994; Franklin et aI., 19H5; I(ullmann et aI., 19%; ~offsinger et aI., 

199H; Noffsinger et aI., 1996). In the TH4 cell model claudin 2 expression \\"as increased 

after cell plating. Therefore, it is possible that claudin 2 expression correlates \\'ith cdl 

diyision and / or increased plasticity in cell·cell contacts. 

The aims of this chapter were to 

• examine the putati,'e association between the expn.'sslon of claudin 2 and 

cellular proliferation by dual antibody staining 

• examine whether claudin 2 expression is upregulated \"hen cells arc 

reassembling TJ s after calcium ion replenishment. 

5.2 RESULTS 

5,2,1 Dl".\L S·L\.ININC; OF CL\'l"DIN 2 .'lND K1·67 

Ki·67 was used as a marker of cells in cycle (Gerdes et aI., 19H3; (;erdes et aI., 19H4). 

The localisation of claudin 2 and 1"j·67 In a mature monolayer of TH4 cells was 

im'estigated by immunofluorescence staining and L\SER confocal microscopy. The 

principle was that strict co·localisation of the two antigens would pro"ide good 

e\,idence to support the hypothesis that claudin 2 is expressed by cells that arc in the ccll 

cycle. 

TH4 cells wcrc cultured on collagen.coated 13m111 cm"Crslips for 15 days. '1'h('\, were 

then processed for immunofluorescence stail11ng. Simultaneous dual staining for claudll1 
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:2 and I~-()/ was performed \yith appropriate negatiye controls according to the de~ign 

gin'n in table 5.1. The secondary antibodies med on all the con'rslips were anri-rabbit-

488 amI anti-mouse-546. The nuclei were counterstained with ToPro-3-iodide. 

Detection \\"aS performed by L\SER confocal microscopy. The expenment \\"aS 

performed twice. 

Group of coverslips Prim an' Antibodies 
( concentration) 

CL2 + Ki-67 Rabbit anti-human CL2 T\louse (IgC I) anti-human 1...:.i-6! 

Dual Staining (1.7 [J.g/ml) (3.2 [J.g/ ml) 

Single nega tiYe con trol (1) Rabbit anti-human CL2 T\1ouse IgC 1 

(1.7 [J.g/ml) (3.2 flg/1111) 

Single negatiYe control (2) Rabbit immunoglobulin T\Iouse anti-human 1'-1-(17 

(1.7 flg/1111) (3.2 [J.g/1111) 

Double negatiye control Rabbit immunoglobulin T'-.lousl' IgC 1 

(1.7 [.lg/1111) (3.2 flg/1111) 

Table 5.1. PrimUl; alltl/Jor/ieJ alld li'eir (OIl(elltratioIlJ IIJer! il! dual J/all!lIl.~ oj cicllldill _' 

(eLl) alld J':'i-G 7 alld ill al'proprialc ,"(!Illrll/.l. 

The results of the dual staining for claudin :2 and Ki-()/ and the negatl\'e controls :ne 

depicted in figure 5.1. Figure 5. L\ shO\ys that staining for claudin :2 produced clusters 

of positi\-e cells as \yas the case in preyious experiments. There \\'as \Try faint detection 

of the mouse immunoglobulin (1gC I), \\'hich \\'as used to detect the degree of non­

specific binding of the Ki-67 antibody to the section. hgure 5.1 B shows a minority of 

cell nuclei staining positin~ly for I~-() 7 (red), whilst the negatl\-e nuclei remain blue. 

There is \Tn little fluorescence produced by the rabbu immunoglobulin, which \\"as 

used to detect the degree of non-specific binding of the claudin :2 antibOlh' to the 

section. Figure 5.1 C shows that in the absence of the antibodies to both claudin 2 and 

I~-(j 7, the non-spccific fluoresccnce produced b,' both the rabbit and mouse 

immunoglobulins is faint, with a small amount of bound mouse Ig(;1 detected. 
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Clamlin :2 + mlgG 1 rlg + 1'-i -Ci7 rlg + mlgC I 

Cia udin 2 + l'-i-Ci 7 

Figure 5. 1. SilJlullaneou.r ilJllllllllof!uoreJCwcc deledio ll o/dalldill 2 alld l\.i-67 ill T8..f 
celk A . Claudil1 2 (grew) + ll/OIiJe IgC I (m IgC 1, red) . B. Rabbil Ig (rIg, greell) + 
Ki-67 (red) . C. rig (gree ll) + mlgCl (red). D. Claudill 2 (greell) + Ki-67 (red) . L;'. 

NIagll!/icaliol1 ~rret'lor 0/ D. Nudei are blue ill all w.reJ. FilJejield.r I/Jere examined ill 
each of IIIJO dupliwle e_'-'jJerimelll.r, alld CI repreJeIIlCllilJe jleld i.r depided. 



Figure 5.1 D shows a large field of '1'84 celh stallled simultaneously "ith antibodies 

to claudin 2 and ]--:i-67. Minorities of cells arc positin: for Ki-67 (red) and claudin 2 

(green). Howeyer, these groups of cells show a yery small degree of (werlap. There arc 

many claudin 2 positiye cells that are negatiye for ]--:i-67 and, conyersely, many ]--:i-6-:-­

posit1Ye cells are negati,-e for claudin 2. In the mat-,l11ified section of figure 5.1 D sh()\n1 

in 5.1 E, this point is more clearly demonstrated. The ]--:i-67 -posit1Ye cells (arrmys) are 

distinct from the claudin 2-positin:, cells (arrowheads). 

5.2.2 DETECTION OF CL\t-DIN 2 ,\fTER C\LCIL\f \XTfHDR,,\\\·',\L XND 

REPL-\ CEI\IENT 

To examine whether claudin 2 expression is increased when cells are forming new 

1]s, use \\-as made of a 'calcium-s\yitch' experiment. The integrity of TJs is dependent 

on extracellular calcium ions. \X'ithdra\\-al of calcium from the medium therefore aIlO\\·s 

a controlled disassembly oens to occur. Once disassembly has occurred, replenishment 

of calcium permits '1] reassembly to occur. The expression of claudin 2 \\"as im'Cqigated 

during this disassembly-reassembly process. The expression of the kl'\' TJ sca ffold 

protein, 7:0-1, was used to confirm simultaneoush' the state of assembly of the TJ s. 

T:)4 cells \\-ere cultured on collagen-coated 13m111 cm'Crshps for 15 days. The\ \\cre 

then subjected to either withdra\\'al of calcium or continlled exposure to calCIum 

(1.2mmoljl) for 2 hours, before being returned to normal culture medium for up to 48 

hours. Cm-erslips \n~re processed for immunot1uorescence staining at four time POll1ts: 

immediately before calcium ,,-ithdra\\'al (0 hours), immediateh' after the 2 hour period 

of calcium withdrawal or calcium maintenance and either 24 or 4:) hours after being 

returned to normal culture n1Cdium. hnmunot1uorescence staimng was performed for 

both ZO-1 and claudin 2 at all time points. The experiment \\'as performed t\\·ice. 

The results of the immunot1uorescence dl'tection of Z( )-1 and claudin 2 arc 

depicted in figures 5.2 and 5,3 respectiyely. Immediately prior to the withdrawal of 

calcium there was widespread posit1Ye staining for Z( )-1 across the TR4 monola\'er, 111 a 

pattern consIstent with its knO\\-n TJ cellular loca tion (figure 5,2.\). ,\ t\\·o hour 

incubation in calcium-containing HBSS did not alter this distribution (figure 5.2B), 

whereas calcium ,,-ithdrawal for 2 hours caused a marked and widespread redistributl()J1 



12-1-

of ZO-l l11to a punctate membranous and diffuse cytoplasmic pattern (figure 5.2C), 

consistent with '1] disassembly. 

'1\n'nty-four hours after calcium replacement most of the ZO-l appeared to han' 

returned to a TJ location, but some ZO-l \yas still obseryed in the punctate distribution 

seen immediately after calcium withdrawal (figure 5.2E). The control monolaycrs, \\'hich 

had not experienced calcium \\'ithdrawal, continued to display the TJ -associa ted 

chicken-wire pattern of immunofluorescence at this stage (figure 5.2D) and indeed after 

a further 2-1- hours incubation in culture medium (figure 5.2I} FortT-elght hours after 

calcium replacement ZO-l has almost completely returned to its original distribution 

(figure 5.2G). 

Immediately pnor to the withdrawal of calcium small clusters of cells stained 

positiycly for claudin 2, and most of this staining was distributed in the chicken-\\'ire 

pattern characteristic of 1] localisation (figure 5.3_-\). This appearance \\'as unchanged 

after 2 hours of incubation in calcium-containing HBSS (figure 5.3E). HO\\'lTer, 2 hours 

of incubation in calcium-free HESS led to the disappearance of claudin 2 from this 

membrane location and its appearance instead in small puncta \yith some more diffuse 

staining in the cytoplasm (figure 5.3C) . 

. \fter replenishing the extracellular calcIUm for 24 hours, claudin 2 was detected 

again in a 1] pattern, but there was no increase in the total amount detected compared 

to the control monolayers (figure 5.3D and E) .. \fter -1-8 hours culture in normal 

medium there was also no difference bet\\'Cen control and low calcium-treated cell:,; 

(figure 5.3F and G), indicating that dIsassembly and reassembly using extracellular 

calcium withdrawal did not stimulate an increase in claudin 2 expression in a '1] pattern 

at these time points. 
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2 hours Ca 2 hours No Ca 

2 hours Ca + 24 hours medium 2 hours No Ca + 24 hours medium 

2 hours Ca + 48 hours medium 2 ho urs No Ca + 48 hours medi um 
Figure 5.2. Iml1lulI~rluoreJrel!(f de/edioll oj ZO -1 ill T8-1 cellJ a/ ba.relim (0 bOlln) or a/ier e.\.poJilre /0 ci/iJcr 

110 rakium (No Cay or 1I0rmai callium (Ca) Jo r 2 1J0urJ, or aJier JudJ e.\.poJUre.r(olloll1cd oj' rep leJJiJiJlIICIi/ 0/ 
merlif,ltJl Jo r ei/iJer 2-1 iJourJ or -18 bourJ. A repreJeli/a/iIJe field Jrolll 5 examilled iJ depided ill earb (C/Je . 
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o hour~ 

2 hours Ca 2 hours No Ca 

2 hours Ca + 24 hours medium 2 hours No Ca + 24 hours medium 

2 hours Ca + 48 hours medium 2 hours No Ca + 48 hours medium 
Figure 5.3. I!7Imlillof/llore.rt"elIt"e deleelioll qf CL2 ill T8-1- (eil.r al va.reiille (0 /;ollrJ) or alier e.yjlo.fllre 10 eil/;er 

110 caicium (No Ca) or 1I0rmai t·aleillm (Ca) for 2 /;ollr.r, or ajier .fIIC/; e:\poJllreJ!ollo ll;er( ~)' repleni.riJlJlelll 0/ 

mediulJJ for eilber 2-1- bOllrJ or -1-8 houn. A repre.renlalillejleldji"OlJl 5 e.wllllilled i.r depided ill each (aJe. 



5.3 DISCUSSION 

Nuclear expression of Ki-67 is a frequently used and well-recognised marker of 

proliferating cells (Gerdes et aI., 1983). It labels cells in C 1-S-G2 and i\1 phases but not 

those in the yery early stages of re-entering C 1 from CO (Gerdes et aI., 1(84). Hence, it 

labels acti\Tly di,-iding cells and \\'ould be expected to label proliferating crypt cells. In 

the mature T84 cellmonolayers exalnined here on1\' a minority of cells were positiye for 

this marker, as might be expected in a Illghh' contluent layer of tightly adherent cells. 

Claudin :2 ,,'as only expressed by a small minority of cells but there was little consistent 

oyerlap bet\\'een the t\H) minorities of cells detected. If a recently plated layer of cells 

had been used for the experiment, it is possible that many more cells \Hmld han' 

expressed Ki-67 as more cells would han: been proliferating at this point. In the early 

days after plating the larger proportion of cells expressing claudin :2 ma\' therefore han' 

m'erlapped considerably with the 1-':'i-6 7 -poslti\'e celIs, gi\-ing an impression of a 

correlation bet\\'een cdl cycle and claudin :2 expresslOn. 

\X'ithdw\yal of calcium from the medium had profound effects on TJ assembly, as 

e\-idenced by the drama tic redistribution of the TJ scaffold protein 70-1. These effects 

could be compIctely rC\'ersed by replacing the calClum ions in the medium for 41-1 hours. 

Calcium withdra\yal also caused a marked redistribution of claudin :2 away from its TJ 

location, and again this was re\'ersible on restoring the extracellular calcium. Hm\'l'\Tr, 

unlike the situation in which the T1-I4 cells had been tn'psinised, resuspended and plated, 

there was no dramatic increase in the proportion of cells expressing claudin 2. ThiS 

suggests that the reassembly of cell-cell contacts and TJ s is not inyariabh' assOCiated 

\\'ith increased claudin 2 expression. It is possible, hm\'l'\'er, that other connectlons 

bct\veen cells are disrupted by trypsinisation but still present after calcIUm \\·ithdra\\,al. 

Furthermore, complete calcium withdra\\'al may not mimiC any phYSIOlogical or 

pathophysiological situation in \'iyo . 

. \ third possible explanation to connect the upregulatlOn of claudin :2 expression 

obsern~d in both IRD epithelium and recently plated TH4 cells is that It is a response to 

injury or inflammation, as discussed in chapter 4. In this regard it is kn()\\'11 that T1-I4 

cells respond to certain inflammatory c\'tokines by altering their permeabilities to both 

ions and uncharged molecules. The c\'tokines examined in prC\'ious publications include 

combined IFNy and T~hx (Brue\\'l'r et aI., 2()(),); hsh et aI., 1 <)99; i\1adara and Stafford, 

19H9; Sanders et aI., 1995; Youaklm and .\helieh, 19(9), 1L-13 (Ceponis ct aI., 20(H); 
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Sanders et al., 1 <)<)5; !.und et aI., 1 <)%) and IL-17 (I(inugasa et aI., 2()()()). HO\\l.,er, \\ith 

the exception of the last smdy, none of these examined the expression of claudin 2. 

Interestingly, in this smdy incubation with IL-17 appeared to be associated \,"ith an 

increased lcyel of claudin 2 (I(inugasa et aI., .2()()()) , suggesting that cnokines may be 

playing a role in the increased expression of claudin 2 in int1amed sites in ,"in). 

Paradoxically, howeyet, IL-17 \\"as also associated in this study \\"ith an accelerated 

deyclopmel1t of TER rather than the increased ionic permeability that might be 

expected with increascd claudin .2 expression, and \\"hich is obsen"cd in IBD (see 

sectiuns 1.3.1 and 1.3.2) 

In summary, these experiments did not proyide eyidence to support the hypotheses 

that claudin .2 expression is either a feature of proliferating intestinal epithelial cells or 

upregulated in the early stages of 1] reassembly after calcium ion ,,"ithdra,,"al and 

replenishment. 
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6 THE EFFECTS OF CYTOKINES ON T84 BARRIER 

FUNCTION AND CLAUDIN EXPRESSION 

6.1 INTRODUCTION AND AIMS 

no 

Pr<:yious chapters showed that inflammation correlates with altered expression of 

claudins 2, :1 and 4 and that '1'84 cells mimic the expression characteristics of normal 

bowel when allowed to dO'elop for 8-15 days on semi-permeable supports. 

The aim of this chapter was to examine the hypothesis that inflammat01l' cytokines 

thought to be important in the pathogenesis of IBD can reduce intestinal epithelial 

barrier function and alter the expresslOn of the claudim. The cytokines selected for 

analYSIS were IL-17, IL-13 and the combination of IFNI' and T~hx. These \\TIT chosen 

because of the cyidcncc supporting a role for them 111 IBD (sec 1.1.1.5.4). IL-17 \\'as 

chosen not only bccausc of emerging cyidcncc of a possible role in I B D (hl)ino et al.. 

2003; 1'-:ielsen ct aI., 20(3), but also becausc a single preyious study had suggested 

paradoxically that it could enhance barrier function \\'hilst stimulating an increase 111 

claudin 2 cxprcssion in the 'lJ (I--Jnugasa et aI., 2{)()()) , I1'~'/ and TNhx \\TIT llsed 111 

combination because '1'84 cells do not respond to low doses of 'IN Fet except in the 

presence of IFNI', which induccs the expression of membrane receptors for TN 1:Ct. 

(Fish ct aI., 1999), 

Therefore, the aims of this chapter \\'('re to examine the effects of IL-l 7, IL-l:1 and 

combincd IFNI' and TNFCI. on: 

• the expression of claudins 2, :1 and 4, by immunofluorescence staining and 

\\'cstern blotting; 

• transepithelial electrical resistance (,fER); 

• permeability to 4kDa FITC-dextran; 

• LDH release. 
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6.2 RESULTS 

T84 cells were cultured for 15 days on ().<)cmc collagen ')-coated BIOCO,n- Control 

Cell Culture Inserts. ,\ t this point either c\'tokincs or PBS-().1 () oBS,\ \Thicle were added 

to the culture medium of at least six inserts, in both the apical and basolateral 

compartments. Cnokines and medium \\'eTe replaced dail~·. The concentrations of 

cytokines used were deternuned fro111 prC\~ioush' publid1Cd lTidence of their effects 011 

'1'84 cells and arc shown in table 6.1. In relation to IL-17, Kmugasa et al (2U()O) showcd 

a conccntration of 1 (lOng/ ml to affect both TER and the cxpression of claudins 1 and 

2. Fish et al (1 <)<)<)) had shO\yn that, whilst T"\iFct at a conccntrat1Ol1 of 1 ng/ml had no 

effect on TER, this concentration synergised with 11":\': at j()()ng/ml to profoundly 

diminish TER. Lund et al (1 <)%) had plT\~i()ush S11O\\,11 that IL-13 at 2ng/1111 could also 

markedly reduce TER. \Vith the exception of the study b\· l'-inugasa cr aI, none of thcse 

studies had examined the effects of these c\'tokines on the claudins. 

The TER of each filter insert \\'as measured t\yice dail\ .. \fter threc da\'s monolayers . .. 

werc cither proccsscd for immunot1uorescencc dctcction of claudins 2-4, lYscd to 

extract protcin for SDS-P ~\ C; E and westcrn blotting for claudins 2-4, or analysed for 

their permeability to FITC-dextran. The rclatiyc toxicity of a c\'tokine was dctenlllncd 

by comparing the LDH actiyity \\'ithin aliquots of culturc medium takcn from both 

c\'tokinc- and yehicle-treated monolayers, as explained in 2 .. ).(1. The mean total LD J--I 

acti\~ity within T84 monolayers \yas detcnmned by lYsing threc monolayers by frccZlng 

and thawing, measuring the LDH acti\~it}, of the h'sates and calculating their an·rage .. \11 

cxperimel1 ts \yere performed t\\~ice. 

Cnokil1C C()l1CCl1 tra tion 

(ng/ml) 

IL-17 lO() 

1L-13 :2 

IFNI' lO() 

TNF:x 1 

Table 6.1. COl1all!ra!ioIlJ or q!o/Cillc.r !o II 'hid; I8-1 11101l01a)CrJ INrI' c.YjlOJCr/. 
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6.2.1 IL-17 

6.2.1.1 TE R 

T he change in TER observed during three days o f incubation with either IL-17 or 

PBS-O. l %BSA vehicle (control) is illustrated by figure 6.1. IL-17 had no effect on TER 

when compared to control monolayers. After 3 days TER had increased by a mean of 

9.0% in the control monolayers and 8.4% in the IL-1 7-exposed monolayers; this 

difference was not sta tistically significant (p=0.98). 

1.4 

1. 2 
~ 
D.l 
f--< 

3 a 0.8 
>--< ...... 
0 0.6 0 
.g 
u 0.4 
'" '-< 

lL. 
0.2 

0 

Change in TER across T84 Cells Exposed to IL-17 

~ l 

0 

- COI1 [[o l 

0.5 1.5 2.5 3 

Days 

Figure 6.1. Meal! c/;allge illlbe TER o/lIIallire (15 dr:)') T8-1- 1II01l01r:),crJ rlllrillg} da)'J 
of illmbalioll IIJilh eilher IL -17 or Ilebide (Colllrol) . N =6/or cad) grollp; error barJ 
repreJenl 1 J/alldard devialioll. A repreJelllalive e.\."all/ple./i·olll 11110 irlel/lia'; e.,-perilllelll ... 
iJ rlepided. p=O.98for Ihe ("OlI/pariJo lI ~r COlllrol allrl lL·17 grollp", al ) rlr:J'J. 
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6.2.1.2 Permeability to FITC-Dex tran 

The concentration of FITC-dextran in the basal culture medium was rneasured after 

3 hours o f incubation with 2mg/ml o f FITC-dextran applied apically. The res ults are 

shown in figure 6.2. IL-17 did not produce a significant change in permeability to FITC­

dextran (p=1 ). 

1 
E --0 
E .8 
c 
0 

'';::::; 
co .6 '--c 
Q.) 
0 
c 
0 
0 .4 
c 
co 
'--x 
Q.) . 2 
0 

I 

0 
l-
LL 0 

FITC-Oextran Passage in T84 Cells Exposed to I L -17 

* 
• *. • 

• 
• 
• 

Control IL-1 7 

IExposurel 

I. oata Point . Median I 

Figl/re 6.2. CO llcelltratioll o/FITC-de ....... trall mCaJured ill the baJal mediI/III aJier 3 /;ol/ rx 
illmbatioll 0/ T8-1- 1JI01l0lqycrx IIlitl; api(al6' applied FITC-dextl"Cl lI (2I11g/IIII) . JIlatl/re 
(15 d~)') lJIoliolaj'erJ /;ad prelliom o' beell c.,-poJed!or 3 da)'J to eitlJer PBS-O. / %BSA 
(Co lltrol) or lL-l 7. 1\1 =-1- fo r ead) group. A reprexelltat/lle exalliple ./;"0111 tl/iO idell timl 
e_,-perilJletltx ix depicted. p= 1 fo r tbe mll/par/JOIl 0/ CO lltrol alld I L- t 7 grol/p,,-. 



6.2.1.3 

_'\fter 3 days of exposure to either IL-17 or medium plus ,-ehicle the expression of 

claudins 2-4 was assessed by both immunofluorescence and western blotting. Figure (),,) 

illustrates the findings of the immunofluorescence detection. IL-17 exposure was 

associated with a modest increase in the number of cells expressing claudin 2. This 

expression was obselTed in the chicken-\\'ire pattern associated \\'ith TJ locahsanon. 

Cross-sectional \-iews (so-called 7-,-iews; insets in figure 6.3) re,-ealed apical, punctate 

claudin 2 expression, confirming that this expression was predominantly tioht n 

junctional. l\Jo change was discerned in the pattern of expression of claudins 3 and 4. In 

the case of claudin 3, detection was \\'idespread and predominantly tight junctional after 

incubation with either yehicle or IL-17. This \\'as also the case for claudin 4, except that 

there was also some detection lower dmyn the lateral membranes after incubation with 

either Hhicle or IL-17. 

Three days of incubation with IL-17 was not associated \\'ith any major change in 

the total expression of claudins 2-4, as determined by western blotting (figure (>.4) and 

analysis of band densities normalised to those obtained for cytokeratin 19 (table (>.2). 

6.2.1.4 

Band demiries normalised to 
cnokeratin 19 

Control IL-17 

Claudin 2 O. n ll.5() 

Claudin 3 0.32 (j.n 

Claudin 4- (J.17 O.IG 

Table 6.2. Balld d1'll..-i!ie..- llorlJlali.red !o q!oKera!ill 1 'J.liJr dalldill"- 2,";', ol)!ail/cd I)) 

allal)".'i..- Oft/If blo!..- derided ill/i~lIrc 6.";'. 

LDH ReleaJe 

The percentage of total LDH released per day is shO\\'11 in figure 6.5 .. \ \'(:ry small 

percentage of total LDH was released from both the control and the IL-17-rreatl'l1 

monolayers, suggesting minimal toxicity. l\J () significant difference in this measure \\'as 

obselTed between the IL-17 -treated and control mOllolayers (p=().(>3). 
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Claudin 2 

Claudjn 3 

C1audin 4 

Control IL-17 

FigNre 6.3 ImlJlNojlNoreJallt"e deledioll o/daNdillJ 2--f. ill T8-f. rell lJIollolr.~)'e rJ illmbaled 
for 3 days II/ilb eil/;er PBS-O.l %BSA IJebide (Co II 11'0 I) or lL -17. Maill IJielJls are en 
fate (yo)') IJieIJlJ; illsels are rroSJ-Jediollal (::j IJiell/J. Five./ie/dJ IIlere exalililled ill cud) 0/ 
11/10 idwliral experimCllI.\", alld a represelllalilJc.fieid iJ depided. 
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Daud in :2 

Ciauciin 3 

Daudin --I-

Figure 6.-+. IVeJ/em blolJ ~/ whole (ell !paleJ oblained/i'om vebicle (CO lli) or I L-I 7-
Irealed T8-+ cell 1IJ01l0lcl)'erJ alld probed J/,uuJJive!)'fo r daudillJ 2--+ alld 1],lokeralill 19. 
See lable 6.2 fo r Ibe balld deJ1JilieJ measttred/or ea(/7 daNdill (lIormaliJ'ed 10 Ibo.re 
obla/lled/or 1],lokeralill 19). N o major (/7a llge /11 Ibe lolal expmJioll ~/daudiIlJ 2--+ 
IIlaJ' obJerved. RepreJeIIlalive bloIJ/i'Oll1 olle of IIJlO idenliwl e.,-perimelll.,. are depided. 

LOH Release by T84 Cel ls Exposed to Cytokines 

• 
• 
• • • • • 

IL-17 

: . 

IL-13 

I C~toKln e l 

• • • 
• 
• • • 

IFN+TNF 

I· oata Point . Median I 

Figttre 6.5. Percelliage of lola I LD)~/ releaJed per dc!)' 0' T8-+ (ell lJIollolcl)'ers e.,-poJed/or 
} da)'J 10 110 1]'lokillC (Co 1111'01), IL -17, fL - I} or (ombilled IF 'y alld T1\' Fa 
(IFN+ TI\TF) . N=6for ea,hgroup. IL-13 alld f FJ\'+TNF il/r/llml Jlglllj/(alll!y II,ore 
LDJ-f releaJe Iball CO lllrol (p=0.016 alld 0.00-+ re.lpcdive6') , IIJbercclJ fL-1 7 did 1101 
(p=0.63) . f 1/ all WJeJ 0110' a IJel]' Jl?1all pm'eIIlage 0/ lolal LD 1'-/ II/aJ relea.red per da),. 



6.2.2 1L-13 

6.2.2.1 TER 

Figure 6.6 illustrates the change in TER obsern:d across T84 cell monolayers 

exposed to either IL-13 or ,-ehicle (control) for 3 days. 
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~ 0,-1-
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Change in TER across T84 Cells Exposed to IL-L) 

___ Control 

----.- ILl; 

Time (Days) 

Figure G.G .. Ufa" '';laJZ~{' ill 1/11' 'fER o(lJ/allirf (1) dar) T8-/- Illollola)1'n rlllnlZ~ 3 rid).! 

o/illm/Jdlioll Il'il/i eilllfr fL-l 3 or l!c/lidc (CO Illro I) .. '<=G jill" ea'';I.~rollp; error /Jan 

reprc.rcill 1 .rla"dard rlcl'ialioll. /1 rcpre.rcliialil'l' e.,-"alllplcji"lllil 111111 id"lIli,·,;/ e.'perilllell/.! 

/ ... depided. p=OJ)()2ji)( 1/11' (ompari"oll 0/ COlilrol "lid fL- 1 ? .~r{lIIp.l al 3 rill).!. 

IL-13 clearly prcrmked a rapid and continuing decline in TER. .\fter 3 da,·s the 

a,-erage change in TER across the control monolayers ,,-as an increase of 1 t-I() 0, whlTeas 

tha t across the IL-13-trea ted 111ClllOlayers was a fall of 67°0. This difference was highh· 

significant statistically (p=O.()()2). 

6.2.2.2 PermeabililJ! to FITC-De),:trall 

The permeability of Tt-I4 cell monolayers to HTC-dextran after 3 days of exposure 

to either ,-chicle or 1L-13 ,\-as compared and is illustrated in figure 6.7. 
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FITC-Oextran Passage in T84 Cells Exposed to IL-1 3 

• 
• 
e 

• 

• e 
• • 

Control IL-13 

[Exposure I 

I. oata Point eMedian I 

Figure 6. 7. COlleelltratioll 4 FITC-dexlrall measured ill I/;e baJal medium ajier 3 /;O llrJ 
il/mbalioll 0/ T8-f. mOllolCi)/er.r Juilb apimlo' applied FITC-de.Ylrall (2mg/ ml). Malllre 
(15 da)') 17l01l01a),en bad pmliomo' beell e., poJed f or 3 da)'.r 10 eil/;er PBS -0.1 %BSA 
(Colllrol) or IL -13. N =-f. for eacl; group. A repre.relllaliJle ex alllpleji"Olll 1)))0 irienli{al 
e" perimeIl/J iJ depicled. p<O. 0001 f or Ibe t"O lIIpari.rOIl 0/ Co II Irol alld 1 L -l 3 groNp.f. 

There was a marked increase in permeability after incubation with IL-13, giving a 

3.7 -fold increase in the m edian concentration o f FITe-dextran measured. T his change 

was statistically significant (p <O.OOOl). 

6.2.2. 3 Claudin Expression 

Figure 6.8 illustrates the res ults o f the immunofluo rescence detection of claudins 2-

4. Three days incubation with IL-13 produced a very large increase in the prevalence o f 

claudin 2-positive cells when compared to control monolayers. T he majority o f this 

staining was observed in the TJ s, as evidenced by the chicken-wire pattern U1 x-y views 

and the apical, punctate pattern in z-views . There were no changes in the 

immuno flu orescence patterns for claudins 3 and 4 after exposure to IL-17. Staining o f 

claudin 3 remained widespread and localised to the TJ. Claudin 4 was detected in bo th 
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Claudin 2 

, I ' .1'1 I ! ~ 

Claudin 3 

Claudin 4 

Control IL-13 

Figure 6.8 ImmuojluoreJcel/t'e deledio ll 0/ c/audillJ 2--1- ill T8-1- cell /Jlollolc~)'er.r iumbalcd 
for 3 dOjIJ lI1ilh eilher PBS -0. 1 %BSA vehide (Colllrol) or 1 L -13. !\Itaill IlienlX are ell 
face (.Y:)I) IlielllJ; illJelJ are crOJJ-J'Ct'liollal (;j vimlJ. Fillejle /dJ lI1ere e.'\'cllililled ill ead) 0/ 
11110 idenlical experimen/J, alld a repreJenlalivefie/d iJ depided. 
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LI _____ -'·I CIa ullin :2 

1 I 
Claudin 3 

1 I 

Claudin -+ 

1 ....... \ 
CITokcrarin 19 

Cont lL-13 

Figure 6.9. W·e.r/em blol.f ~/IIJ/lole (ell I),Jale..- oblailledji'o1J7 (olllrol (Co ll I) or lL-13-
Irealed T8-1 all J77ollola)'fr.,. alld /'robed .mc,·e.rJ·il'el)'/or dalldill ... :!--I alld i)'lokl'ralill /9. 
See lable 6.3./()/·I/le balld dell ... ilie..- mea.mred in- eatil dalldill (IIo rlllali.red 10 IhoJ!' 
oblailledji)/' qlokeralill 79). "\ -0 malor (/la llge ill 1/11' lolal e.,-prt, ..... ioll o( dalldillJ 3 alld 
-I Jlla.r o/J,,·en'l'{l. IJ/Il a large ill,na.re ill dalldill :! Illa..- .rem. 1\('/,re'''I'lIlalil le blol.rji"{)/J/ 0111' 

o/Iwo idwli,'al e.,-perimell/J are de/,ider/. 

Band densities no rmali sed to 
cnokeratin 19 

Control lL-13 

Claudin 2 .. +.1 19.5 

Claudin 3 0.6 U.7 

Claudin -+ 2.2 2.0 

Table 6.3. Balld de ll .,·ilieJ 1I0m/aliJerl 10 qlokeralill 19jilr d()lIdillJ :! .. -I . o/Jlailled Ill' 
allalpi..- ~/ Ihe /;101 .. · depicted ill fignre 6.9. 

T] and lateral membrane locations, as described pre\-iOllSh-, so that in 2-\·i('ws so me 

staining was seen lower down the cells than the puncta that represent '1] Joca]j sa tio n. 

After 3 days of incubatio n with ,-ehjcle or IL-13, western b lots o f \\'ho le ce ll lysa res 

undel\\-ent successi'-e inununodetection \yith antibowes to claudjns 2-4 and cnokeratUl 

19. The results are illustrated in figure (>.9 . .r\nalysis of band densities norma]jseu to 

those o btained for cytokeratin 19 are depicted in tab le 6.3. Whilst no changes in the 

expressio n levels of claudi.ns 3 and 4 were detected \\'ith IL-13 exposure, a much den ser 

band was o bserved for clauwn 2. 
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6.2.2.4- LDH Re/eaJe 

The percentage of total LDH rdeased per day is shown in figure 6.5. The amount of 

LDH released during incubation with IL-13 was significantly larger than that relea:;ed 

from control monolayers (p=(l.()16). HO\yt>yer, this amount was still only a \'ery :;mall 

percentage (median 0.,:17° 0) of the total LDH released from a lysed monolanT, 

consistellt with minimal toxicity. 

6.2.3 IFN-G_\:\fi\L'\ _\ND TNF-_\LPR\ 

6.2.3.1 TER 

The change in TER obser\'ed during three days of incubation \\'ith either combillcd 

IFNy and TNFex or PBS-(}.l °oBS_\ ,'ehicle (control) is illustratcd by figure 6.10. 
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The cytokines provoked a small initial rise in TER but by 1 day this had been 

rapidly superseded by a marked fall, with a continued decline seen over the subsequent 

2 days . After 3 days had elapsed, the TERs across the control monolayers in the 

experiment depicted had increased by an average of 32%, whereas the TE Rs across the 

cytokine-treated monolayers had fallen by an average o f 37%. This difference was high.!y 

statistically significant (p < O.OOOl ). 

6.2.3.2 Permeability to FITe-Dextran 

The permeability of T84 cell monolayers to FITC-dextran was compared after 3 

days of exposure to either vehicle or combined IFNy and TNFcx (figure 6.11). There 

was a marked increase in permeability across the monolayers that had been incubated 

with the cytokines, giving a 4.2-fold increase in the median concentration of FITC­

dextran measured. This change was statistically significant (p=O.021 ). 
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Figure 6." . CO liceI/ /ra/ioli ~f FTTC-dex/rall lJIeaJllred ill /be ba.ralilledillm a/ier 3 bOllrJ 
illolba/ioll 0(T8.f. tlIollola),er.r JlJi/b apical!), applied FTTC-dex/rall (2I11g/IIII) . Ma/llre 
(15 da.y) mOllola.yer.r bad prcviowD' beell e.'po.red(or 3 dCl)'J /0 ei/bcr PBS·-O. 1 %BS A 
(Coli/rol) or combilled IFNy alld TN Fa. l\'=.f. fo r cad) grollp. /I represeI//a/i/ie 
example from /11l0 idel//ical e.,perimell/J i.r depicted. p=O. 021 fo r /be cOlllpariJOIi 0/ 
CO Ii/rol Cl lld IFi',T)'/ TNFa groupJ. 



6.2.3.3 Clalldil1 ExpreJJiol7 

,\fter 3 days of exposure to either IFNI' and TNFcx or 'IThicle the expression of 

claudins 2-4 was assessed by both immunofluorescence and western blotting. Figure 

6.12 illustrates the findings of the immunofluorescence detection. A.s before a fn\" 

clusters of cells in the control monolayers expressed claudin 2. "\fter cytokine treatment, 

hO\\"e\"('r, cyen fe\yer such cells arc detectable, and staining is yery faint. I t did not form 

the complete rings that make up the chicken-wire pattern suggestiye of T] assembly but 

instead \\'as somewhat fragmented. The z-yie\\'s again rcyealed that most of this staining 

was punctate and apical, which is consistent with a T]location. 

Claudin 3 \\"as widely expressed in controlmonolayers, in predominantly a chicken-

\\"ire pattern on x-y ,-iews and in an apical, punctate distribution on 2-,-ie\\"s, suggesting, 

as preyiously, a 'n localisation (figure 6.12). Cytokine exposure k·d to a much more 

patchy distribution across the m01101ayers. l\lost of the remaining staining was tight 

Junctional. 

Claudin 4 was also widely expressed in control monolayers. . \s in plT\'i()l!S 

expenments most of the fluorescence was detected in region of the '1], \nth some 

staining seen 100\"er down the lateral membranes. Incubation with IFNy and TN hx led 

to a more patchy distribution of claudin 4 in the 'I] s of the monolayers and much 

stronger detection lower down the lateral membrane and intracellularly, leading to the 

imprecise and broad distribution of the staining seen in the z yiew (figure (1.12), and 

suggesting moyement of antigen a\\'ay from the '1]. 

The expression of claudins 2-4 was examined by western blotting and an illustrarin' 

result is depicted in figure 6.13. ,\nalysis of band densities normalised to those obtal11ed 

for cnokeratin 19 are depicted in table ()A. Incubation \\'ith II"Ny and T~hx \\'as 

associated with a much less dense band \\·hen the blots \\"c1T probed with antibody to 

claudin 2. The bands detected by antibodies to claudins 3 and 4 were of similar deDsity . . 

\\"hether the protein was obtained from cytokine-treated or control cells. 
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Claudin 2 

Claudin 3 

Claudin 4 

Control IFNy + TNFa 

Figure 6. 12 imI?lUojlNoreJ(e!ll"e delectioll 0/ elaudillJ 2--1 ill T8-1 a // /JIollo/ap t:r illmualed 
for 3 dap Illilh eilher PBS-O.l%BSA vebidc (Colllro/) or l"Ol?Iuili ed f FN )' alld TiVFa. 
}\1aill Iliell/J are en face (X:JI) Iliell/J; illJe/J are rrOJJ-Jediolla/ (:j Vieil/J. Fille/ieldr I/Iere 
e;\:aJJJimd ill earb 0/11/10 idellli.-a/ e.'\periJlleIl/J, alld a repreJclllalillejleld ix defiided 



6.2.3.4 

1--

I ~-"$· 
Com 1 1"'\y / 

T\!Fo. 

1-+ 5 

Claudin :2 

Claudin :, 

ClauJin -+ 

C\T()kcrarin 19 

Figure U. J 3. 1I·"e.rlem bioI ... 0/ I/lhole (ell l)'.Iale ... IIblailledjiml/ (O lllrol (CIIIII) IIr 1 F'<), 
and T,'\-Po-Ircated TS-I- all mOllolaFr.r alld probed ... II(a ...... il'l,!rjo r dalldill! ::--1- alld 
qlokcralill J 9. The laller (olljlm, ... appro.Yil7lalelr eqlli/lalclIl loadill.!!, 0/ lolal I'mleill ill 
cad, lallc. R cpre ... C/llalillf /;!ol ... ./i"Ol11 0 111' ol liPO idmli(al e:\perillll'lIl ... li re derider/. 

Band densities normali sed ro 
cnokera tin 19 

Contro l l FNy and T NF:x 

Claudin 2 U.S 0.3 

Claudin 3 2. 8 ') -_.J 

Claudin -+ 3.0 2. C) 

TaNe U.-I-. Balld de/l.l"llie ... 1I0rmaliJ'N/ 10 q lok.eralill /9/lir daNdill." ::--1-. o/llaiIlN/ b)' 
alla!)".riJ· o/Ihe blolJ' depided illjl.!!,,,,rl' U.! 3. 

LDH Release 

T he p ercentage o f total LDH released per day is shown in figure 0.5. The amo unt o f 

LDH released during incubation \\'ith IFNI' and TNFcx was signifi cantly larger than that 

released from control monolaycrs (p =0.004). H owe\"er, thi s am o unt \\'as still on l ~ ' a \Try 

small percentage (median 0.65%) o f th e total LDH , consistent with l1'linimal toxicity. 



6.3 DISCUSSION 

The results described here strongly support the proposal that intlammatory 

cytokines induce profound alterations in the barrier function of the intestinal 

epithelium. They abo proyide e,-idence that c\"tokines can alter the profile of claudin 

expression in a model epithelium. 

In these experiments lL-17 did not produce any effect on the TH-+ monola\TrS, in 

relation to either the electrical resistance ur the per111eabilm to the uncharged 4kDa 

dextran. It caused a modest increase in the preyalcnce of claudin ~-p()sitin' cells \\"ithout 

am" significant change in its total IC\"el of expression. This differed considerably from 

the only pre\"iously published cyidence of the effects of the same concentration of Il.-

17 on TH4 cells (I--.::inugasa et aI., ~()()()). In this paper IL-17 induced an increase in'II]\ 

and a fall in dextran permeability \\·hilst at the same time upregulating the expreSSIOn of 

claudin ~. The reasons for these discrepancies arc difficult to discern. 1-I()\\'l'\Tr, in the 

paper by I-':'inugasa 1'84 monolaHTs \\"ith onh modest TLRs (approximateh 

4()()ohm.cmC
) \,Tre utilised, whereas 111 the present study the l110l1OlaYLTS had an an'rage 

initial TLR of approximately 1 ()()(lohm.cm2
. It is pmsiblc, therefore, that IL-17 can 

111duce different changes in maturing and mature epithelial barriers. I:n'n so, the lack of 

detectable effect of IL-17 on barrier function (compared to the other c\"tokl11L's 

examined) suggests that it is less likely to be responsible for producing the effects seen 

in IBD. Ideally, experiments to determine a concentrat1on-response relationship would 

haye enabled the selection of an appropriate concentration of c\"tokine. T11lls, the 

possibility remains that higher concentrations of Il ,-17 than that used here might han' 

affected barrier function or claudin expression. 

The combination of I Fl'-Ji' and T1'-:hx, on the other hand, LlId induce profound 

changes in barrier function. The resistance of TH4 monolanTs to both ions and the 

uncharged dextran was markedly impaired. _ \Ithough these cytok111es caused some 

toxicity to the celis, the amount \\'as minimal 0ess than 1 () () per day of the an'rage total 

LDH released from a lysed monolayer) and is therefore unlikely to be the reason for the 

major effects on resistance. The findl11gs in relation to TI]Z and dextran pcrmeabIhty 

confirm those published preyioush' in TN4 cells (hsh et a!., 1999; i\ladara and Stafford, 

19H9; Sanders et aI., 1995; YouakllTI and .\hdich, 1999; Bnle\\"L'r ct a!., ~()().)). ()ne stmh' 

also re\Taled that the barrier impairment induced in TN4 cells b}' In,,), is aSSOCIated 

with a marked reduction in /( )-1 expreSSIon and the rclocalisation of /( )-~ and 



occludin away from the T], suggesting that the '1'1 \\"as 1wing disassembled (Youakim 

and ,\hdieh, 1(99). Remoying the scaffold proteins ZO-1 and ZO-2 from the '1'] mIght 

be expected to affect the assembly of other proteins at the TJ, or ,-icc \-crsa. Thus the 

reduction in the T] expression of all three claudins cxamined hcre appears to corrclate 

with the reduced expression of ZOo! rcported preyiously. The function of claudin .) is 

unknO\\"ll, but T1 cxpression of claudin -+ confers resistance to the paraccllular passage 

of sodium ions CYan Itallie et aI., 20(ll). In the prescnt stud,· total claudin -+ protein 

appeared unaffected. Importantly, ho\\"cycr, its localisation \\'as profoundh altered, \\'ith 

redistribution of claudin -+ a\yay from the '1] and concurrent impairment of electrical 

resIstance. Thus, the impaired barrier function induced lw n~y and T1'-:I'o: may be a 

correlate of global '1] disassembly, 1'-:0 other studies haH: examined the effects of Il:~y 

and TI\,Fcx on the expression of claudins 2 and."> in Tf)-J. cdls. ()ne stud, reported a 

more striking internalisation of claudin -+ than seen in tlK' present stulh', again \ylthout a 

significant change in protein detection by western blotting (Brue\\'Cr et aI., 2()()."», ThIS 

may bc due to the ten-fold higher concen tra tion of T~ I·cx used by Bnlc\\'l'l' et al. 

1L-13 also markedly impaired the barner function of Tf)-+ monolayers, indUCIng 

similar changes to both TER and dextran permeability as those caused b,' Il'Ny and 

TNFo: .. \gain, the toxicity of this cnokine to the cells \\as l1l111imal. The effects of IL-l,) 

on TER and dextran permeability in T~-+ cells arc similar to those published prc\-iollsly 

(Ceponis et aI., 20()(); Sanders et aI., 1995; Zund et a1., 19%). HO\\'l'\-cr, the effects of 

IL-13 on claudin expression \yere not dcscribed. l- nlike thc effects of I1:N y and '1'1\ rcx, 

1L-13 did not induce reductions in the am()un ts of all three claudins a t the Tj, The 

expression of claudins ."> and -+ at the '1'], as detccted b,' immunotluOl'escence, \\'as 

unchanged, 1-IoweYcr, IL-13 induced large increases both in the total exprcssion of 

claudin 2 (detected by \\'('stern blottlllg) and in thc pl'C\'alence of Tj claudin 2 

expressIOn across the 1110nolanT (detected b, inl1111l11otluorescence). The correlation 

bctween the increase in claudin 2 expression and the fall in Tl JZ suggests that thn may 

be causally related. This is particularly so because, firsrh', eyidence strongly supports the 

idea that introducing claudin :2 into pre-existing Tj s induces a marked fall III 'I'LR (as 

discussed in 1.2.2.1.1), and, sccondl:', the unchanged expression of claudins 3 and -+ \11 

response to IL-13 strongly suggests that many componcnts of the Tj continued to bc 

asscmbled therc. Ho\\,cyer, the only published exalllll1ation of the effect of claudin 2 on 

perll1cabilin' to uncharged molecules shcl\\cd that its transfcctlon into i\1l)CI~ cells had 

no effect on the pcrmcabilin' to 4kDa ITrC-dextran (.\masheh et a!., 2()()2). Thus, 
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although it can be postulatcd that IL-J.1 impairs TER b\' introducing claudin :2 to T1s, a 

separate mechanism may han' to bc inHlked to explain its effccts on lTrC:-dextran 

permeability, .-\ single study has suggested that occludin may be im'olyed In the 

resistance of the paracellular pathway to uncharged molecules, as mutations 1Il the 

molecule were shown to be capable of increasing the passage of uncharged molecules 

without influencing the TER (Balda ct aI., :2()()O). Ho\HTer, it is unclear \\'hat effects the 

mutated forms of occludin may ha"e been exertIng on other components of the '11. 

\\'hat are the main limitations of the approach adopted here? Firsth', an important 

issue is the use of serum-containing medium \\"hen eyaluating the effects of cytokine 

stimulation. Serum was not \\'ithdra\\'n from the mcdium for se'Tral reasons. ,\s 

discussed in chapter -+ (sec -+.1), T~-+ cells form a monolaH'r of lhffcrenria tcd 

enterocytes ,\'hen cultured in serum-containing mcdium on collagen-coatcd supports. 

Howeyer, when cultured in serum-free medium for a fe\\ (,1-5) days there is a rIsk of thc 

cells piling up and forming gland-like structurcs, morphologically rcsembling the 

(nigmal tumour from which the line \\"as deriycd. ()ne aim of thesc experiments \\"as to 

attempt to recreate to a certain extent the pathophysiological situation that may cxist in 

the intestinal mucosa in IBD. In IBD endence points to elc\"atcd len'ls of kcy c\,tokilles 

in the inflamed mucosa (sec 1.1.1.5.-+), but these ele,'ations ill I'/JI() occur 111 the prcsence 

of serum. Furthermore, all the publi:;\1Cd studies that cxamillc the effects of C\"tOk111CS 

on T84 barrier function han' included serum III thc culturc mcdium (scc 1,.1.1). 

HO\\'eyer, there arc scycral problems with the inclUSIon of serum. The cxact 

constituents of serum are not entirely clcar, but it certainly contains numerous, but 

poorly-ddincd, growth factors, cnokines and antibodies, I ts inclusion l11cam thcrefore 

that these expenments do not eXalnine the effects of cytokines per se, but rathn thc 

effects of cytokincs on the background of serum-stll11ulation. Certain factors in the 

serum may \yell sn1ergise with an experil11cntalh' added cytoklJ1e to produce an effect 

that may not be e"ident \\"hen thc c\"tokine is added alonc, This could occur lw ma11\ - - , 

mechanisms, such as upregulation of c\"tokine rcceptors, effects on signalling pat!nY;}\"s, 

modification of transcription or mR:-":.'\ stability, or effects on protein translation. 

Crowth factors in serum ma~' promote cell cycling, and c~·tokines may in fact be 

cffectiye only when cells arc in cycle, ,\ltcrnatiYcly, other serum factors 111a\' counteract 

the effects produced by cytokine stimulation in the absence of serum and so obscurc an 

important effect, Secondly, although certain c\"tokmcs \\'eIT selected for application to 

the cells, there arc many other c\"tokincs and molecular factors prescnt in the mucosal 
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inflammatory milieu that may affect the behm"iolU of eplthelial cells and their re~ponses 

to cnokines. The situation in the intestinal mucosa is likely to be much more 

complicated. It is possible, for example, that se\"eral cytokines act simultaneously and 

synergistically to exert effects, as ele\"atcd expression of se\Tral cytokines has been 

described in IBD (see 1.1.1.5.4). In addition, regulatory mechanisms may operate to 

control these effects. Thirdly, the concentrations of the cytokines used were chosen 

because they were known from studies else\yhere to affect the T] s of cultured cells. The 

actual concentrations to which epitl1elial cells are exposed 111 the diseased mucosa arc 

not known exactly, e\"ell if total mucosal leyels haye been sho\yn to be cleyated. 

Fourthly, other agents besides cytokines may affect the behayiolU of epithelial cells in 

yin). For example, it is not knm\"l1 ,,"hat effects intra·epithelial lymphocytes may exert 

on their neighbouring epithelial cells during disease, and it has also been proposed that 

neutrophils that transmigrate between crypt epithelial cells ma\' affectlJ structure and 

function in those specific cells (I,-ucharzik et a!., 2()1l1). Fifthly, although the cellular 

location and total expression of the claudins were examined here, more subtle 

alterations in the functions of these molecules \\T1T not examined. I-'<)r example, H is not 

known whether claudins arc phosphorYlated, but H is concei,"able that c\"tokines can 

affect claudin function \"ia changes 1n phosphordat1on, ,,·hilst lca'"ing ()yerall express10n 

unaltered. Sixthh', although the permeability to dextran molecules \\'ith a molecular 

weight of 4kDa ,\"as assessed, the permeability to 1arger molecules was not examl11ed, 

and it remains possible that there are differential effects of cHokines on the 

permeability to different·sized uncharged molecules such as peptides and proteins. 

Sen~nthly, although LDH assays suggested the c\"rokines \\"LTC only minimall,' cytotoxic, 

these assays only mcasure the release of cytoplasmic contents after cell death and hsis. 

LDI-I assays do not cxamine the functional health of cells and do not measure the 

extent of apoptosis .. \Iternatiye assays, such as tn-pan blue exclusion, can be emp]o\l·d 

to assess cell health, and there arc sc\-eral assays that can measure apoptosis, such as 

Tl"NEL staining 01" caspase expression. Incorporation of these would gin· a more 

complete assessmcnt of the health and yiab1lity of the cclls. hnally, although TLR was 

examined at se\'eral time points during cytokine stimulation, claudin expression and 

dextran permeability were examined only after three dm·s. Therefore, it is possible that 

changes in thcse paramcters occurring at earlier nnw points haye been O\-erlooked, and 

the time course of these alterations has not been dctermincd. 
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\\'hat is the rele\-ance of these experimental findings to the results found in IIi D 

tissues? The reduced expressIOn of the claudins induced by IF:-"':)' and Tt\Fy, together 

\\-ith pre\-iously described reductioll5 in 1'.0-1 and occludin expression in TR-I- cells 

exposed to these cytokines, resembles the global reduction in the expression of Tl 

prote1l1s obselTed in the surface epithelium in 1BD (SlT chapter .1), It is possible 

therefore that surface epithelial cells respond preferentially to n'l\.:l' and T1'-:hx, perhaps 

because they hm-e more teceptors for T;'\; FCf or because they are in contact \\"ith these 

cnokines or the cells that produce them for longer periods or at higher le\"els. The 

extent of the changes induced in cell culture s\'stems may exceed those obser\"ed in I BD 

because of some of the limitations of these models listed aboH', Hm\"l'\"er, the direction 

of the changes was similar in both situations, \\"hlch suggests that 1Fl'-:1' and T?\:J'Cf 111a\' 

be of importance to the changes obscrH'd in \-in), Reduced '1'1 assembh' 1I1 the surface 

epithelium was proposed in chapter :'1 to contribute to the increased intestinal 

permeability obselTed in IBD, Indeed, a recent study has sh()\\'11 that treatment of 

Crohn \ disease with a monoclonal antibody to T'-...: rCf restores the increased 

permeability of these patients to the len'ls found in healthy YolulHeers, suggestm)2, that 

TNFCf plays a role in the ltnpainnent of barrier function (~uenaert et aI., :2()():2), 

HmH'\-er, this study docs not prm-e that TN J'y is acting directly on epithelial cells, 

There is a striking resemblance between the IJ ,- n-inducnl introduction of claudm :2 

to the TIs of T84 cells and the increased expression of claudin :2 obsLTn'd in the cnpt 

epithelium of IBD, Furthermore, the Tl expression of cla udins .1 and 4 was large h 

unaltered in both 1L-13-exposed TR4 cells and 1BD cn'pt epithelium, Thus, it IS possible 

that increased IL-1:'1 expression may be the stimulant for increased claudin :2 expres,;i()n 

in the colonic crypt cells in IBD, It is possible that cn-pt cells prefefentIally expres,; 

receptors for IL-l3, but there is currently no e\'idence to support thiS, 1 t \\'as prop()sed 

in chapter 4 that increased claudin :2 expression may be a response to InJun', and 

therefore the logical extension of this is that II "-13 expressIon itself is upregulated in 

response to injury, The actual c\"idence for the roll' of IL-13 in ll1testinal lml11l1ne 

responses IS complex, \'\'hilst it is thought to be cfucial to thc clearance of helmll1th 

infections as part of a T helper type :2 (Th:2) immunc response (\Id,':'enzie et aI., 1 <)C)!-!,) , 

IL-13 has been shm\'11 in "itro to both control and s\'nlTglse \\'jth Tl'\:l'Cf-inducnl 

cpithelial responses (. \rtis et al., 1 <)<)<); l":'ucharzik et aI., 1 <)<)R), depending on the 

particular response examined, J.'urthermore, the early phase of dC\'eloping in f1amma nOll 

in Crohn's disease, soon after the resccti()n of an adjacent diseased segment, is 
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associa ted with eleya ted IL- L\ e~pression but the subseljuent chronic in t1a 1l11l1 a ti()l1 IS 

associated with increased T helper type 1 (Th 1) cytokine e~prcssi()n (Desreu1l1au~ er aI., 

1997). Conyersely, in the IL-1{}-deficient mouse model of colitis, there is a progressiye 

increase in IL-13 e~pression as the int1ammanon becomes chronic (~pencer et a!., 

:200:2) .. \s discussed in chapter 1, increased IL-13 expression has been demonstrated 

both in human l-C and in the murine ()~az()l()ne colItis model of L-C (Fuss et a!., :2()() .. k 

Heiler et aI., :200:2). Brought together, this eyidcnce suggests that eleyated IL- L) 

e~pressi()n is probably a feature of IBD (parncularly L-C), bur that its e~pression yaries 

with different phases of inflammation. \,'herher its e~pressi()n t1uctuates with periods of 

repair or 11l response to l11Jun' is not known, but such a situation would be consIstent 

\\-ith the finding (described in chapter 3) that claudin :2 e~pression is increased during 

periods of quiescent or resoking L C. 

In summary, these studies of the effects of inflammatory c\'tokines on '1'1-\4 cdls lead 

to a model of claudin responses to lL-L) and IFl\iy/'1'~Fcx that could e~plain the 

patterns of claudin e~pressi()n in IBD; namely, an increase in claudin :2 and unchanged 

claudin 3 and 4 e~pression in C1~-Pt cells, with reduced TJ claudin 3 and 4 and increased 

basolateral claudin 4 in surface cells. These changes would be e~pected to lead to a 

more permeable bowel epithelium, 
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THE REGULATION OF IL-13-INDUCED CLAUDIN 2 

EXPRESSION 

7.1 INTRODUCTION AND AIMS 

In the pre\'ious chapter it was demonstrated that 11 ~-13 can induce an increase in the 

expression of claudin 2 in mature T84 cell monolayers. The mechanisms that underlie 

this change are, howe\'cr, unknown. 

IL-13 binds to a receptor on cell membranes that also binds IL-4 and is kn()\\"11 as 

the type II IL-4 receptor (~\man et aI., 19%; Caput et aI., 1996; I-Iilton et aI., 1996; 

;,\liloux et aI., 1997). Functional receptors comprise IL-4lb and IL-13Rcx 1 subul11ts 

(;'\liloux et aI., 19(7), which dimerise upon receptor engagement, leading to the 

actintion of at least two major signalling pathways (Kell~·-\\lelch et aI., 20(3). These arc 

knO\\"I1 as the S'L\T6 and PBK pathways (Hershey, 2()()3), named after the Erst kinases 

to be actiyated in each case: signal transducer and actiyator of transcription () and 

phosphatidylinositol 3-kinase respectiyely (see Egure 7.1). 

In the ST\T6 pathway, receptor engagement and dimerisation leads to the 

enhanced actintion of the Janus kinases O"\Ks) (Kel'gan et aI., 1995; \\\%am l't aI., 

1995; ;'\lurata et aI., 1996; Roy and Cathcart, 1(98). These arc tyrosine kinases that 

constitutiyely associate \yith the receptor subunits and their acti"ation leads to the 

phosphorylation of tyrosine residues on the lL-4Rcx subunit (\\'clham et aI., 1995; 

l\Iurata et aI., 199C); Roy et aI., 20(2). This leads to the recruitment, tnosine 

phosphorylation and actintion of S'L\TC) (Mikita et aI., 19%; ~lurata et aI., 199(); Roy 

et aI., 20(2). "\ctiyated ST.\T6 detaches from the receptor, dimerises, migrates to the 

nucleus, and binds to consensus SeljUenCes found \\"Ithin the promoters of seH'ra! genes 

(l\1ikita et aI., 1998; Hershey, 2()(('». These include genes inyo!nd in cell sun'ln!, Th: 

differentiation, chemokine production and mucus production (Kelly-\X'clch l't aI., 2()()3). 

In the PBK pathway, receptor dimerisation and phosphorylation leads to the 

recruitment and tyrosine phosphorylation of members of the insulin receptor substrate 

(IRS) family (Keegan et aI., 1994; Sun et aI., 1(95), so-called because the~' can also b1l1d 

to similar sequences in receptors for insulin and the insulin-like grO\\·th factor type I 

(l-':'eegan et aI., 1994; \X'hitl' et aI., 1(88). TIm enables them to b1l1d to the regula tory p85 
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subunit of P13K, which res ults in the ac tiva tion of the ca talytic p110 subuni t o f P13K 

(Otsu et a!. , 199 1; Backer et a!. , 1992). 

Activation of P13K induces the phosphorylation and activa tion o f at least two o ther 

kinases, known as Akt (or protein kinase B; figure 7.1) and the p 70 ribosomal protein S6 

kinase (p70S
(,") (B urgering and Co ffer, 1995; Franke et a!. , 1995; J iang et aI. , 2000). In 

the case of Akt, this occurs by the P13K-mediated generation of the lipids 

phosphatidylinositol-3,4,5-triphosphate and phosphatidylinositol-3,4-biphosphate, 

which recruit Akt to the inner bilipid mernbrane, where it is phosphorylated by 

phos phatidylinositol-3,4,5-triphosphate-dependent kinases (PDKs) (Alessi et a!. , 1997) . 

The activa tion o f Akt depends specifically on the phosphorylation of a serine residue at 

position 473 and a threonine residue at position 308 (Alessi et aI. , 1996). O nce acti \"ated, 

Akt (now referred to as phospho- or pAkt) can initiate any of several downstream 

pathways (Downward, 1998) . For example, phospho-I\kt has been shown to promote 

cell survival through the phosphorylation and inac tivation o f the pro-apopto tic 

molecule Bad (Nunez and del Peso, 1998). 

I STr6 1 

l 
l 

lott l 

! 
! 

Figure 7.1. Diagrammati( represelltatio ll 0/ tbe elTed.- 0/ I L -13 billdillg to it.,- (e//II/ar 
receptor. Specific illbibitorJ .moil aJ wortillallllill alld ~)'29-1- 002 (C/Il /;/o(k tile adiollJ 0/ 
adilJated P13K. 

Previously published evidence has strongly implicated th e PI3K pathway in the TL-

13-induced impairment o f T ER (Ceponis et aI. , 2000). Speci fi c inhibitors o f S'1';\'1'6 did 
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not inhibit this response, \\"hereas inhibitors of the P131( pathway significantly inhibHcd 

it. A.s eyidence implicates the claudins in the maintenance of 'fER, it is therefore 

possible that the IL-13-induced up regulation of claudin 2 expression is mediated by the 

PI3K patll\yay. 

To increase the expression of claudin 2, one or more of the following alterations in 

its regulation must occur: an increase in either the rate of transcription of its gene or the 

stability of claudin 2 mRcl\;_-\, leading to ele\-ated claudin 2 mRN.-\ lcyeIs; an increase in 

the rate of translation of its mRN_-\; or stabilisation of any pre-existing protein, leading 

to an increased half-life. In IBD an increase in claudin 2 mRN.\ Ien:b \\'as 

demonstrated in chapter 3, and therefore an important question to be answered is 

whether IL-13 induces an increase in claudin 2 transcript le\-els and \\'herher inhibition 

of P13K affects claudin 2 mR.l\:_-\ kTelS. To help answer this (luestion, a better 

understanding is needed of the time course of the increase in claudin 2 expression .. \ 

marked drop in TER was apparent after just 1 day of 1L-13 exposure, and so this may 

be the duration necessary for the increase in claudin 2 to occur. 

In summary then, the next questions to be addtessed were as fo11O\\"s: hrstl~·, is 

PI3K inyoh-ed in the increased claudin 2 expression and impaired barrier function 

induced by IL13? Secondly, \\·hat is the time course of this increase in claudin 2:­

Thirdly, is the increase in the lc,-el of claudin 2 associated \\'ith an increase in the len-I 

of claudin 2 mRN"V 

Therefore, the aims of this chapter were to: 

• examine the effects of PI3K inhibitors on the increase in claudin 2 

expresslOn and impairment of barrier function of TR4 cells incubated \\'ith 

IL-13; 

• map the kinetics of the IL-13-indllced increase in clalldin 2 expression more 

closely; 

• quantify claudin :2 transcripts in T84 cells in response to IL-13 or 1L-13 plus 

a PI3K inhibitor. 



7.2 RESULTS 

7.2.1 THE EFFECTS OF PI3K Il\HlBlTORS 

lOse \\"as made of t\vo small molecules, Ly294002 (2-(4-;\'!oq)holinyl)-8-phenyl-.fH­

I-benzopyran-4-one) and \vortmannin, which are described as being highly specitlc 

inhibitors of PI3K acti,-itT (Da,-ies et al., 2(l()()). Because the concentratjons at ,,-hich 

they arc most effecrj,-e in T84 cells are not knmn1, each \\"as used at more than one 

concentratlon. 

T84 cells were cultured for 15 days on O.9cm2 collagen S-coated HI OCOA, T Control 

Cell Culture Inserts. ~\t this point three inserts "'ere allocated to each of sen'n 

experimental groups, as shown in table 7.1. Six groups of inserts \\'LTe incubated WIth 

medium containing 2ng/ ml of IL-13. The se,-enth (control) group \\'as incubated ,,·ith 

medium containing the equi\-alcnt amount of PHS-().1° oBS.\ ,-chicle. Inhibitors at 

yarious concentrations \\"ere added to £1,-e of the groups of inserts .. \s the inhibitors had 

been dissoh-ed in dimethyl sulfoxide (DI\ISO) to make srock solutjol1S, the amount of 

DI\fSO in the medium applied to all SlTen groups of inserts was adjusted to the same 

le,-el (a (U % dilution by ,-olume). The medium was applied to both apical and basal 

compartments and was replaced 12-hourly. 

Group Concentrations in cultun: medium 

II ,-13 (ng/ m!) L\'29-J.(lll2 (fll\f) \\'ortmannin (;..ll\l) 

(:on tro! - - -

1L-13 2 - -

IL-13 + Jx29..j.()02 SflM 2 S -

lL-13 + Ly29..j.()()2 2Ofll\1 2 2() -

lL-13 + L\29..j.()02 SOflM 2 S() -

1L-13 + \\'oru11annin 0.1 flM 2 - U.! 

lL-13 + \\'ortmannin 1 f..Ll\1 2 - 1 

Table 7.1. COIILClllraliollY 0/ II ~-1 3. Lrl9-JOOl alld lI'orlmallll!1l NYI'd III cad) 

c"perime III a I.group. 



The TER of each filter imert was measured twice dailY. _ \ fter three days monolanTs . " 

from each group \yere either processed for 1111munofluorescence detection of claudin 2, 

lysed to extract protein for detection of claudin 2 and cytokeratin 19 by SDS-P.\CE 

and western blotting, or analysed for their permeability to FITC-dextran. The rdatiye 

toxicity of each cytokine/inhibitor combination was determined by comparing the LDH 

actiyity within aliquots of culmre medium. The experiment was performed three times . 

. \s in preyious experiments, the TERs of mamre T8-J. cell monolmers fell 

substantially and significantly \\·hen incubated \\-ith IL-L) for .) days (p<().()OOl). Co­

incubation \yith IL-13 and Ly2940U2 impaired this respome 111 a dose-dependent 

fashion and partially, but significantly, restored the TER towards control In-cis (figure 

7.2; p=O.0008 for comparison of IL-13 and IL-B + Ly2940()2 50fl!,-I). \'\'ortmannin had 

no significant effect on the lL-B-induced impairment ofTER (tlgure 7.2). 

Exposure to IL-13 alone for 3 days again induced a significant increase in the 

permeability of the monolayers to 4kDa FITC-dcxtran. :\ieither inhibitor had an\" 

sit,rnificant effect on this response (figure 7.3). 

As before, 3 days of IL-13 exposure l11duced an increase in claudin 2 expression, as 

detected by both immunofluorescence (figure 7.4), \\Tstern blotting (figure 7.5) and 

analysis of band densities normalised to those obtained for cytokeratin 19 (table 7.2) .. 

Co-incubation with IL- B and I x294()()2 impaired this increase in a dose-dependent 

fashion, but wortmannin had no effect at either concentration used (figures 7.4 and 7.5; 

table 7.2). 

LDH release assays (figure 7.Ci) shmH'd that both inhibitors \\TIT more cytotoxic 

than IL- B alone. This increased in a dose-dependent fashion \\'ith both inhibitors and 

significantly exceeded that induced by IL- B alone at concentrations of 2()flI\I and SOflI\l 

of Ly294002 (p=().050 for both) and 1 flI\1 of wortmannin (p=().OS()). i-jO\\TYct, rhe 

proportion of cells affected remained 10\\'. Furthermore, 1 flI\l of \\'ortmannin and S()flI\l 

of Ly294002 were equally toxic, but claudin expression decreased and' n ~R increased in 

Ly294002-treated cells, showing that these latter effects were not due to a toxic effect. 
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Figure 7.2. EIfecl of 3 days oj IL-13, ill Ibe preJcllt'e or abwl(e 0/ PUK illhibilor.r. 011 
Ibc TER q/ malure T8.f. mOllolOJlen. /\1ollolqyers were illmbaled /IIilh lIIedium 
cOlllaillillg PBS -0. 1 %BSA /Jebicle (COllI), IL -13, fL-1 3 pltl.f L)'29.f.002 al 5f1M 
(l~y5), 20fl/v[ (Ly20) or 50flM (Ly50), or lL-1 3 pittS I/lorlmallllill al O. lfiM (WO.l ) 
or 111M (lVl). The combined re.rull.r 0/3 e.\jJerilJ/w/J are shollJII. N=9jor eOl:/) grollp; 
ban and error bars represelll meallS alld slalldard crrorJ o/ I/;e meall reJjJerlilJely. T/;e 
reductio II ill TER ajier fL-13-e.'\jJo.rNre lI)aJ parlialo' re IJersed 0' Ly29.f.002 
(p=0.0008for Ibe compariJolI oj fL-13 alld fL-13 plm L.y29.f.002 50fl'\ I) bill 1101 ~) ' 

/IIOrlmall llili (p>0.05). 

FITC-Dextran Passage 

Cant IL-l 3 Ly5 Ly20 Ly50 WO. l W l 

Figure 7.3. F fTC-dexlrall permeabili(y 0/T8.f. mOllolq),cr,r illmbalcd/or 3 da)'.\' IIlil/; 
medium £'OlIlail/illg PBS-O. l %BSA I)c/;icle (COllI), fL -13 , fL-1 3 pl/IJ L.y29.f.002 al 
5,lfM (L)'5), 20flM (L)'20) or 50pM (L)'50) , or fL -!3 plllJ 1II0rlmallllill al O. Ilff\ I 
(lWO.l) or 1 pM (1171 ). The wmbilled remllJ 0/3 e.'\jJerilllell/.f are J!;OIlJII . 1\ '=.f. /01' 
eat'/; group,' barJ alld error barJ reprcselll lIIediallJ alld rallge,r rC.JjJediIJe/),. Perll/cabilil)' 
lill-reascd lI)ilb fL-13 bUI J/;owed 110 Jigllf/halll c/;allge wil/; eil/;er illhibilor. 
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Control lL-13 

1L-13 + Ly294002 5/17\1r lL-13 + Ly294002 20/1M IL-13 + Ly294002 50 ~l f\ r 

lL-13 + Wortmannin 0.1 /1M lL-13 + Wortmannin 1 ~l f\ r 

Figurc 7.-1-. COllfo"al L ASER lIIicrographJ ofdalldill 2 illllllllllq/luorCJL'e1l1 slaillil(!!, ill 
T8-1- 1110 11 0 1tl)lerJ illG'ubaled/or 3 dtl)'J JIIilb mcdiulJI fO lllaillill.!', PBS-O.I %BSA Ileliide 
(Colllrol). IL-13, IL-1 3 alld L)'29-1-002 (5, 20 or 50p/ll), or fL -13 alld IIlorllllt"",ill 
(0.1 or 1 pI\1). Fivefie/dJ IIlere exam/lied ill ead) o/Ihree experilllclI/J, alld CI 

reprCJCIIlalillefield iJ depided. 
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U :ludin ~ 

Cn()kcra rin 19 

Figure 7.5. Jr"'eJlern blolj' q( IIJbole celI0,.rale.,- oj T8-/. 1lI01l01a),erJ illmbaled/or 3 d(l)'''' 
wIlb mediull/ cOlllalllillg PBS-O. 1 %BSA /lebide (CO ll I) . IL -13 . I L -l 3 plll.l ~)'29-f. 002 

al 5pM (IL-1 3+Lj'5) , 20,11111 (lL-13+ Lj'20) or 50pM (lL- 13+ ~)'50), or IL -13 
pltl.f IIIOrlll/alllll ll al 0.1 ,11M (lL-1 3 + WOo 1) or 1pM (I L -I 3 + 11" '1. 0). BioI ... were 
probedJor daudlll 2 alld :),Iokerallll 19, Ibe la//er 10 w lI/irlll eqllalloadill!!, q/proleill i ll 
eacb lalle. A repreJell/allue bioI/ rom Ibree .lepart/le e" perimeIl /J iJ depided 

Band density normalised to cytokeratin 19 

IL-13 IL-13 + IL-13 + IL-1 3 + IL-13 + [L- 13 + 
Ly5 Ly20 Ly50 \'( '0. 1 \'\ '1.0 

1.29 0. 54 0.35 0.08 1.36 1.32 

Table 7.2. Claudl" 2 balld deJIJilieJ 1I0rmaliJed 10 1]'lokert/lill 19, oblailled /~)' allal)'.,-iJ 0/ 
Ib e blolJ deplcled ill figure 7.5 . 

LDH Release 

Cant lI .. -13 LyS Ly20 LySO WO. l W l 

Figure 7.6. LD1-1 releasejimll T8-/. /JIo llolaprJ illmbaled/or 3 da)'J IIJilh llIedilllll 
cOlllailllll.!!, PBS-0. 1%BSA vehide (CO ll I), IL -13, IL -13 plllr ~)'29-/'002 al 51,,1/ 
(L)'5) , 20pM (Lj'20) or 50pM ~)'50) , or IL -13 plus IIJOrllllall llill al 0. 11',1/ (!r 'O . I) 
or 1pM (lV1 ). 1\'= 3 fo r eacb group; ban alld error ban repre.renl llIediallJ alld rall.~e.r 

respulive0'. Bolh IlIblbllon I/Jere Ji.!!, lIIjiCCl Il /0' 1II0re I)'lolo.\."i,· Ihall I L -13 alom 
(p=0 .050 fo r Ibe compariJolI q/1 L -13 IIJIlb each 0/1_:),20, L:r50 alld 11 "1), bill 
Lj'29-/'002 50l-IM alld IIJo rllJ/(lIlllill 1 jiM IIJere eq llal0' loxir. III all grollpr Ihe 
percelllage 0/ lolal ll/oll olCl)'er L D H released per del)' IIlaJ lOll) « 1.5%). 



Further experiments were performed to confu:m both tha t lL-13 was increasing the 

acti,-ity of PI3K in TR4 cells and that the 111hibirors were successfully inhibiting this 

acti,-ity. T84 cells were cultured for 14 days on collagen ~-coated BIOCO.\T Control 

Cell Culture Inserts. A. t this point the monolayers \\·elT rinsed \\·ith PB~-Ca-~Ig and the 

culture medium was replaced with l-ltraculrure serum-free medium .. \fter oyernight 

incubation the inserts were allocated to one of the seyen experimental groups defined in 

table 7.1. Howeyer, prior to incubation with IL-13 the monolayers were preincubated 

\yith their appropriate inhibitor at the appropriate concentration for l() minutes. The 

medium was then replaced ,,-ith fresh L-ltraculture containing IL-1.) and inhibitors 

(where appropriate), \\-ith the exception of the control monola\·er, \\·hich \\·as incubated 

with PBS-O.l (loBS.-\ only. ;\s before, the concentration of D~IS() was adjusted to the 

same leyel in all cases .. \fter 10 minutes prote1l1 \\-as extracted from l11onola\"l'rs using a 

lysis buffer that contained kinase and phosphatase inhibitors. SDS-P.\CE and western 

blotting were carried out, and the acti\-ity of P131( \\·as assessed by performing 

immunodetections using an antibody that binds specifically to . \kt that has been 

phosphorylated on Its senne residue at positIon 473 (p. \kt). HIots \\Tre stripped and 

reprobed using antibodies for both total .\kt (t. \kt) and cytokeratin 1 <), to confirm 

equi,-alent loading of protein in each lane .. \n Identical experiment \\-as also performed, 

except that, instead of using l-ltraculture serum-free medium, normal serum-containing 

medium was used throughout. .\nalysis of band densities normalised to those obtained 

for cytokeratin 19 arc depicted in table 7.3. 

Total. \kt expression ,,-as onh' slightly altered after 1 () minutes of IL-13 exposure, 

with or without inhibitors, in either the presence or absence of serum (figure 7.7, table 

7.3). Howe,-er, in both cases phospho-.-\kt was increased after 1 () minutes exposure to 

IL-13, and both Ly294002 and \vortmannin significantly reduced phosphorylation of 

.\kt to controllcyels or below (figure 7.7, table 7.3). 
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Figure 7.7. Wole,." blolJ ~(lIIbole rell !traleJ 0/ T8-1- mOllolare,...· e.\./Jo.l·ed/or 10 millllle.r 
10 /li'/Jide (Co llI) . IL-13, IL 13 p lNJ L)29-1-002 al 5,11. \1 (L)'5) . ::0p.\1 (I f?O) or 
50,11.11 (L)50). or fL-1 3 pll/.t IlIorlmallllill al O. lp.11 (1 1:D. l) or 1 p.ll (11" 1). 3 10lJ 
}/Jere probed .requetJllal!),/or pbo.rpho-Akl (P-Akl) . lolal Akl alld C)'1okeralill 19. See 
lable 7.3Ior tlJe balld dell .ritie.r meaJllred/or p-Akl alld lolal Akl (llom/{./Ii.red 10 Iho.re 
oblailled(ar q lokeralill / 9). Tbe e.,-,perimenl IlIa.r pez/orllled ill bOlh Jeml1l:/i'ee (....-l) alld 
.rerJIl71 -.rliJ1lulaled (B) (o lldilio ll.r. 

Band denSIties norma Li~ed to cnokera tin 19 

IL-13 IL- 13 + IL-13 + IL-13 + IL-13 + lL- 13 + 
L\'5 h20 L,'50 \\ '0 .1 \\ ' 1. 0 

1.27 0.23 0.10 0.04 0.08 (J. () 5 

1.32 0.48 0.89 0.80 0.94 0.69 

Band densities normalised to cy tokeratin 19 

IL-13 IL-13 + IL- 13 + IL-13 + lL- 13 + lL-13 + 
L\'5 h20 L,'50 \\ '0.1 \\ TO 

1.39 0. 26 0.05 0.02 0.05 0.01 

1.32 0.93 0.91 1.20 1.33 1.29 

Table 7.3 . Balld den.rilie.r 1I0rmaliJed 10 q lokeralill / 9Ior p-Akl alld lolal Akl, 
oblailled I!)' a llaO'JiJ o( 11;e blo/.r depided in(igll/'I' 7.7. 

7.2.2 T HE KINETICS OF T H E IL-13-I JDl:CED INCRE:\ SE IN CL\LD I 2 

EXPRESSJO 

T84 cells were culmred for 15 days on 0.9cm2 collagen S-coa ted BIOCOAT Conuo] 

Cell Culmre Inserts. Monolayers were then incuba ted with medium containing IL-13 

(2ng/ ml) for various durations: 0 hours, 10 minutes, 1 hour, 4 hours, 12 hours and 24 
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hours. The expression of claudin 2 was detennined by both lllU11uno flu oresccncc and 

western blo tting. Western blots were stripped and reprobed with antibod\" for 

cytokeratin 19 to confIrm equal loading o f pro tein across all lanes . Analys is of band 

densities nonnalised to those obtained for cytokeratin 19 are depic ted in fIgure 7.4. 

Very little clauc:lin 2 was detected by either lllU11uno fluorescence or western blotting 

at any duration up to 4 hours (fIgures 7.8 and 7.9). Twelve hours o f IL-13 exposure led 

to a very large increase in the amount o f claudin 2 detected by western blotting (fIgure 

7.9). A large increase in clauc:lin 2 expression was observed by itlU11uno flu orescence after 

24 hours of exposure to IL-13, with detection predominantly itl the 'chicken-wit·e' 

distribution consistent with localisation to the TJ (figure 7.8) . 

o hours 1 0 llW1U[C~ 1 hour 

4 hour~ 12 hours 24 hours 

Figure 7.8. CO llfoca l LASE R lIIicrograp/)J o/dalldill 2 iIJ/IJ/li/IOflllorc.rmJl .rlaillillg ill 
T84 17Iollola)'erJ illmbaled/or lJarious dllraliollJ milh mediJim ,·ollltlillillg fL- ! 3. }·"jfJe 
field.r mere e.yc/lJli lled'/or eac!J duralio II , alld repre.,.elllllli,Jejiclrl.,. are dcpided. 
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Figllre 7.9. Jl"eJ/e1'll blolJ ~lllJ/Jole ({'II I),JaleJ o/TS-/. mOllola),erJ ill(N/;lIledll'il/J J -13 
fo r 0 l)ollJ'.1· (0), 10 millUlfJ (" / t", ) , or 1, -/., 1 J or 2-/. /JollrJ (1, -/., 1 J , 2-/. rt',l'pcdi)le!r), 
Blol.r }/Jere probed )Jlill) lI l1libodie..- 10 dalldill J alld qlo/c.cJ't/lill 79. See labie 7,-/. fo r Ihe 
balld dell.rilie.r mea,l1lrfd/ or eOli, daudill (lIormaliJed 10 Il)o.I'(' oblailll'dfor qlokl' ,-alill 
19), 

Band densiocs normalised to cytokeratin 19 

10 minutes 1 hour 4 hours 1:? hours 24 hours 

0.50 0.99 0,84 ,),46 :? . ~2 

Table 7.-/., Clalldill 2 balld del/Jilie.r lIonnaliJerl 10 qlokeralill 79, oblailledl)), alllll),JiJ ol 
1/11' b/olJ depided inji'gure 7,9. 

7.'2 ,3 QUANTITATION OF CL-\l-DIN '2 Tlv\NSCRlPT NU\fBER 

The relati,-e abundancy of mRN./\ for claudin 2 \,-as determined i.n 1'84 cells by 

quantitative RT-PCR. T84 cells \vere culmred for 15 days on 4.'2cm2 collagen S-coared 

BIOCO.-\ T Control Cell Culmre Inserts . The~' \,'ere then i.n cubated O\Trnighr (1 G 

hours) with IL-13 (2ng/nl1), IL-13 ('2ng/n1.l) and Ly'29400'2 (50fl t-- 'f), or control reagents 

(PBS-O,l %BS[\ ), The leyel of DMSO was adjusted to 0.1 % by ,-olume in all the 

medium used, RN"-\ extraction and guantitati,-e RT-PCR were then performed. 

Abundancies were normalised to cll ose determined for cll e housekeeping genes, 

Insulin Receptor Substrates (IRS) stimulate P13K actintion (Backer et aI., 199'2), 

and there appeared to be a significant degree of backgrou nd P13K actintion in control 

T84 cells cultured in l'ltraculture, an insulil1-containing serum-free medium, as detected 

by western blotting for phospho-}.kt (see figure 7,7) , In order to minirruse thi s potential 



background stimulation, this e:--;perimcnt \\-as performed twice: in duplicate monolanTs 

in normal medium and in triplicate monolaycrs in insulin-free serum-free medium. 

Claudin 2 mHJ'~_\ was significantly increased by e:--;posure to IL-13 alone in all the 

monolayers c:--;amined (p=O.OSO). This was the casc in both serum-containing and 

insulin-free serum-free medium (figures 7.10 and 7.11 respectiych} In the latter 

medium the increase ranged from appro:--;imately 3- to 4-fold, whereas 111 serum-

containing medium it ranged from 6- to 16-fold. The addition of SOfll\l Ly294002 

abolished this increase in all but one of the monolayers c:--;amined (p=O.OSO), and indeed 

these leycls fell below those of control monolayers, although this \\-as not statisticalh' 

significant. 
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Claudin 2 Transcript Lenls In T84 Cells 

• 
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• • 
Control IL-J:\ IL- U + L,.:!9-1-00.:! 

F<gure 7.10. Claudill :: trall.lmpt (mI:C \-/1) IeN/.r ill T8.J mOllolaler.r (ultured ill 
II 0 rmal . .IHIf171-(Ontaillill,g. medillm alld c:\:/,o.l·1'(!lo !'('/Jidc (CO 11 lro I). I L-l 3 or I I.-I 3 
/,luJ i:y29.J()02/or 16 boun. T -aluc.r /JaN bccllnormaliJed /0 //JoYe ol/JolI.relcce/,ill~ 

gcne.!' alld //JC/l dillided by I/Je median 0/ /!JC (oll/rol !'ailio 10,gil!c a rela/in a/JUlidalli). 
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Claudin:2 Transcript ]xn.:b In '1'84 Celb 
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IL-13 
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Fz~ure 7.11. Claudill 2 Irall.!"cripI (1J/R.. \'A) I("I'("!.' ill TS..f. mOllolarel"J (ft/II/red ill 

ill.!"tdill:fi·ee . .!"erum/ree. medium a//{I e:\:p0.lwl 10 I'e/lide (Co IIlro I). fL-!3 or fL- J 3 ('///.1 

Lr:!9-f.OO:! jiJl" !6 /1 0 ur.!". 1 "alue.l· haJJI' bee/! 1I0rmali.!"ed 10 1/'0.1'1' 0/ hllu.!('k<,cpin~ .~I'III'.! 

alld I/icil dil'ided b)' 1/11' mediall 0/ 1/11' (olllrol 11,i/UI'.! 10 .~/Ile a rc/a(iN abl/Ildallc")". 

E:'po.l"lIre to fL- J 3 illrnaJed <"Iaudill :! Irall.!,ript leN!' (p=O.IJ 50 li!!' 1/11' compal"l.!ulI 01 
COlllrol alld fL-!3 .~rollp.l). Ill/'erea.! Lr:!!J..f.OO:! (,rel'ellled li,i.!" /Ih"l"ca..-r (p=O.O 5() lor 

the compari.!oll oOL-! 3 alld fL-!} + Lr:!!J..f.()O:! ,~r(l/Ip'!). 

7.3 DISCUSSION 

The results presented here show that after 1::! hours of expos1.11"(' to IL-1.1 a marked 

increase in claudin ::! protein expression is seen on western blots of ma ture T~4 cell 

lysates, and after ::!4 hours a marked increase is also obsern·d in the amount of claudin ::! 

detected by immunofluorescence. This detection occurs in the 'chicken-\\'ire' pattern 

consistent with its incorporation into the "I], The delay 111 the l11crease seen b\ 

llllmunofluorescence, compared to that seen by western blotting, suggests that the 

incorporation of claudin ::! into the Tl foUO\\·s the increase 111 its total expression. '1'll1s 

correlates with the parallel fall in TER that is first noted after ::!4 hours and continues 

m"er subsequent days (see figure (>.Cl for an example), suggesting that the two effects arc 

related .. \t 1::! hours it is possible that the increased claudin ::! 111a\' be distnbuted 

diffusely across the cell, and not detected by immunofluorescence ])l'cause its local 

concentration is below that re(]uired for detection. Incorporation into the membrane 

compartment may greatly increase its local concentration and a 110\\' its detecti()n b\· 

inlmunof1uorescence. 



;"Ieasurement of claudin 2 mRN,\ after 16 hours of II "-1.1 exposure shmH'd that ll"-

13 had induced an increase in transcript number. It seems probable, therefore, that thIS 

mechanism contributes to the obsern'd increase in claudin 2 protein, particularly as the 

relatiHly long half-life of claudin 2 protein (\'an Itallie et aI., 2()()..:J.) suggests that its leHI 

within the cell would be sensitiye to small changes in either its production or 

degradation. The mechanism leading to the l11crease in transcripts is not known but 

could be either an increase in the rate of transcription of the claudin 2 gene or 

stabilisation of claudin 2 transcripts .. \ nuclear 'run on' assay could be used to detect 

changes in de nm'o synthesis of claurnn 2 mRc~.\ transcripts and could therefore 

confIrm whether mRN"\ synthesis contributes to the l!1crease in mRN.' transcnpt 

number (Lodish, 20()()). The contribuuon of an increase in the rate of translation of 

claudin 2 transcripts to the increase in protein cannot be ruled out, partIcularly as the 

increase in mRN"'\ induced b," IL-13 \\"as relatinly small (3- to IS-fold). Indeed, 

e\,idence suggests that actiyation of PI3K can lead to an increase in protein translation 

by seyeral mechanisms. Firstl::, p,\kt can phosphorYlate and l11hIbit tuberin (T\1anning et 

aI., 2()02), pre\'enting it from conyert1l1g the C; protein Rheb from an actin', GTp· 

bound form to an inactiYe, CDP-bound form (Tee et aI., 2()(L1). Rheb.C;TP actiyates the 

proteIn mammalian target of rapan1\"cin (mTOR), \\"hich controls a number of proteins 

that either actiYate protein synthesis or increase the cellular capacIty for protein 

synthesis (Proud, 20(4). Secondly, C;SK:1~ inhibits the eukanotlc initiatIon factor ell'2B 

(\\'elsh et aI., 1998), which, \\"hen acti\T, stimulates translation by replenishing 

e U,'2.GTP from elF.GDP to allO\\" further cycles of translation to be illltiated (. \lberts, 

20(2). Phospho-"\kt, by inhibiting C;SK3p, can therefore stimulate translation by this 

mechanism. Further work \\"()Uld be relluired to inyestigate these possibilities. 

It \\"as also found that inhibItion of PI3I"':' by L,"29..:J.()()2 partially, but significan th', 

restored the IL-13 mediated drop in 'fER, confirml11g prcTious \\"ork (Ceponis et a!., 

2()OO). I-Iowenr, importantly, Ly29..:J.()()2 also preH'nted the increase in claudin 2 

expression induced by IL-13, suggesting that the two effects arc related. Both effects of 

lx294402 were dose-dependent. \X'ortmannin had no effect at either concentration 

used. 

Recommendations for the lise of protein kl11ase inhibitors in cell-based assays \\Tre 

published recently (Da\"ies et aI., 2()()()). The 'gold-standard' for YalidatioI1 of a result is 

suggested to be the demonstration that the effects of an inhibitor disappear whell an 



inhibitor-resist:lI1t mutant of the prote111 kinase of interest IS o\"(>rexpressed. If such ;1 

mutant is not ayailable, it is recommended that two dIfferent, \\"ell-described inhibitors 

are assayed and, further, that their cellular effects can be obsetTed at the same 

concentrations that preyent the phosphorylation of a physiological substrate of the 

protein kinase (Dm-ies et aI., :2()OO). In the experiments described aboH n\"o different 

inhibitors of P13K were used, and their efficacies in blocking P13K actiyity in ,-itro haH 

been documented preyiously (_ \rcaro and \'\'ymann, 1993; Dayies et aI., :2()OO; Kanal et 

aI., 1 (93). HO\nycr, only Ly:294()0:2 affected claudin :2 expression and TER. There arc 

seyeral possible explanations for the different effects of Ly:294()():2 and wortmannin. 

Firstly, the effects of Ly:294()0:2 may ha\-e been secondan" to its increasing cytotoxicity at 

higher concentrattons, rather than due to P13K inhibitlon. Howe,-er, this is unlikely to 

explain its effects on 'fER and claudin :2 expression, because higher concentrations 

actually strengthened barrier function, ,,-hereas cdl death might be expected to 1I11pa1r it. 

Furthermore, the second inhibitor used, wortmannin, was equally toxic but induced 

neither the increase in TER nor the reduction in claudin :2 expression. Secondly, it is 

possible that wortmannin was not effecti,-e in blocking PUK acti\"ity. i-\O\\T\"t'l", both 

inhibitors preH>nted the phosphorylation of .\kt in a dose-dependent fashion, and the 

same concentrations \yere used to attempt to tnfluence claudin :2 expression and TI ]Z. 

The concentration of \yortmannin stated by the manufacturer to 111lubit SO"" of the 

actiyity of P13K (its I Co,,) is 5ni\I. H O\yeyer, the I C,,, is dependen t on the concen tra rions 

of _-\TP and magneslUm lOns (Dm-ies et aI., :2 ()()()) , which arc not stated Iw the 

manufacturer. "\n independent assessment of \\-ortmanmn's acti,"in" carried out b," 

Da,-ies et al (:2()()()) showed that 1 iJ-i\1 caused IOO" (I inhIbition of PUi, in an 111 "itro 

assay, and this concentratlon was used here. HOWeH'l", the effectin> concentration of an 

inhibitor in an ill I'ilm assay may be 'Try different from the effectiye concentration ill 

1)/1'0. The intracellular concentration may be yen dIfferent from that in the cuJture 

medium, and it will depend on seyeraJ factors relating to the rates of both uptake and 

degradation. The rate of uptake will depend on factors such as the hnlrophobicm' and 

lipid solubilin" of the inhibitor, the ability of the cells to take up the inhibitor b\· actin 

mechanisms, and the ability of the cells to transport the inhibitor to the 1ntracellular 

location at which its acti\"ity is rec.Juired. The rate at which the inhibitor's actintr is 

degraded ,,-ill depend on the ab1!in" of the cells to denature, break down or sccrete the 

molecule, as well their ability to m-crcome its action by acti,-ating altcrnati,"C pathwa,'s; 

the inhibitor's actn-m" may aJso be ameliorated Jw substances contained within or 



secreted into the culmre medium. Therefore, although the concentrations of 

\yon1l1annin used <rreath, 
t-> • exceeded the iJl l'ilm is possible that thesc 

concentrations \\-ere below those required to block PUI";" acti\'ity iJl l'il'O. Furthermore, 

although in figure 7.7 the inhibnors were obsel,;ed to inhibit .\kt phosphorylation after 

10 minutes, it has not been determined \yhether this inhibitlon of PUK actiyity is still 

present after 3 days, which is the duration at \\,hich the effects on clauwn 2 expression 

\yere examined. In other \\"ends, what has been demonstratcd is that thcsc inhibitors can 

preyent the phosphorylation of .\kt by PUK, but not that this effect is sustaincd 

throughout the time course of the experiment. Thc third possibility is that I x294(102 

int1uenced TEE. and claudin 2 expresslOn na effects on kinast's other than Pl.) I";". 

L\'294002's inhIbition of PUK is, hO\\"('\"('r, highly specific, \\"ith onc exception .. \ t 

S()flT\1 Ly294402 inhibits 82 0
0 of the in yitro actint: of the serine threonine kinase 

casein kinase 2 (CK2) , and l11deed the leo" for this actlon (C1.9fli'I) is similar to that for 

PU K inhibition (1 OflT\l) (Dm'ies et aI., 2()()O). \\' ortmannin docs not affect the acti\'ity of 

CK2 at doses up to 1 flT\L Therc is, hO\\"c\'er, no cndcnce to support a role of CI--:..2 111 

either the dm\"11stream effccts of IL-13 or the regulation of tight junctions, so It IS 

unlikely that the obsen'ed cffccts of lx294()02 \HTe duc to any effect on CK2. The . . 

fourth possibilit:, is that \\'ortmannin effcctiyely inhibItcd cellular PUI--:.. acti\'ity for long 

enough to demonstrate inhibition of .\kt phosphordation, but that this effect was not 

sustained for long enough to affect claudin 2 e,,-pression and TLR .. \!though the acri\'ity 

of \\'ortmannin in aClueous solution is plTseiTed at () C, it is nrrually aboltslwd after just 

3 hours at 37 C (\\'oscholski et aI., 1994). This short half-life may therefore explain rhe 

failure of \\'ortmannin to affect TER and c1audin 2 e:-:pression, as although it reduced 

the expression of phospho-.\kr after 1{) minutes, the replacemcnt of mcdium :Ind 

inhibitors e,'en' 12 hours may haye allO\\'Cd the cells scyeral hours to recon.'r from or . . 

oyercome the effects of each dose. [\iore frclJuent changes of medium and inhibitor 

may ha\'e led to the detection of a biological effect that \\'as not obscrYC'd with 12-

hourly changes. Howeyer, the desire for more freLjuent changes in medium has to be 

balanced against their potentialh' deleterious effects. It has been obseryc'd that the 

changes in temperature associated with replacing medium can haye profound effects on 

TER, and each replacement risks damage to the monolayer (Matter and Balda., 2()()3). 

Fxen if the intracellular actiyity of \\'(Jrtmannin were sustained for long enough to 

inhibit P13K effecti,'ely, it IS also pOSSIble that the cells could ha\'e oyc-rcome this 

inhibition by, for example, actlyating alternat1\'C pathways to bypass or 0\'CrC01l1e the 



effect of \\"ortmannin, or by increa~ing the synthesls of PI3k to increase the pool of 

uninhibited enzyme, This potential problem may be more likely during the long term /1; 

l'il'O stimulation with inhibitors or cytokines performed here and in chapter 5, In chapter 

5, howeyer, the effects of:1 days of cytokine stimulation were examined in an attempt to 

replicate the long term excessiye cytokine stimulation obscrH'd in IRD, _\n increase in 

claudin 2 expression was obselTed after :1 days of IL-13 stimulation, Therefore, PI3I,­

inhibitors \\"ere added for the same duration in order to examine their effects on this 

outc01l1e, 

The IL-13-media ted increase in the passage of FITC-dextran \\'as not IT,-ersed by 

Ly294002, suggesting separable regulation of TER and the passage of uncharged 

molecules, Separable regulation of ionic and uncharged molecular permcabilitics has 

preyiously been suggested by a study in which the expression of occludin mutants that 

lacked its carbox\'-terminus was shown to be associated \nth a marked increase in the 

para cellular flux of small molecular \\'eight tracers, with no effect seen on electrical 

resistance (Balda et aI., 1996a), _\s PI3K has been sh()\\"n to bind to the carbox\­

terminus of occludin (Nusrat et al., 20()()), it might be expected that inhibioon of PL")K 

\H)uld affect permeability to FITC-dextran, but this \\'as not obsern.'d here, This implies 

that the mechanisms that regulate TER and ITfC-dextran pcrmeabilin' arc separate and 

may haye different sensiti,-ities to P1.)K inhibition in '1'1-\4 cl'lls, 

\,'hat altematiye methods may be employed to contlrm the putati\T in\"oln'ment of 

P1.)k in the IL-13-stimulated increase in claudin 2 expresslon-;' If the same effect on 

claudin :2 followed actiyation of P1.)K by a different stimulus, this \\'mdd support its 

inYoln.'ment, Expression of a dominant-l1l'gatiH' mutant of PBK \\'Oldd be a highh' 

specific means of inhibiting PBk acti\-in'; if this plT\Tnted the increase in claudin :2 

normally induced by IL-13, this would strongly suggest a role for PI3J-...: in this action, 

;\s described abm-e, the preyention of the effect of L~'2<)4()()2 by the expression of an 

acti\-e, but Ly294()():2-rcsistant, mutant of PI3K ,,'(mid also prm-idc confirmatory 

c,-idence for the inyolycment of PI3K in IL- Ustimulated claudin 2 expression, 

In summary, the cyidencc presentcd herc suggests the possibility that ]J ~-1:1 induccs 

an increase in T] claudin :2 expression in '1'1-\4 cclls by a PI3K-dcpendent mechanism, 

The increase in claudin 2 protein is signitlcant after 12 hours and is associated with an 

increase in claudin 2 mRN_\ and a subselluell1 increase in claudin 2 assembh' in a 

pa ttern consistent with '1] 111corpora tion, 
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THE REGULATION OF CLAUDIN 2 EXPRESSION BY THE PI3K 

PATHWAY 

8.1 INTRODUCTION AND AIMS 

In the pre\~ious chapter it \yas demonstrated that the PI3K inhibitor, Ly:29.:J-()0:2, can 

preyent the fall in TER and the increases in claudin :2 protein and mR;'\L\ which occur 

in T84 monolayers exposed to IL-n. It \\~as abo obsernxl that IL-13 can increase the 

lewl of the acti'l'e, phosphordated form of .\kt (p.\kt), whereas Ly:29.:J-()U:2 markedly 

reduced it. Howeyer, a second PI3K inhibitor, \\~ortmannin, failed to preyent either the 

fall in TER or the increases in claudin :2 and p. \kt induced b\~ IL-n. Therefore, further 

e"idence \yas needed to support the hypothesis that lL- 1.) induces an increase in 1] 

claudin 2 expression in T8.:J- cells by a PI3K-dependent mechanism. 

The small molecule, lithium chloride (Liel), has been sh()\\~n to stimulate PI3K 

actiyity in \~itro, where it has abo been demonstrated to mhibit glycogen snnhase kinase 

3-beta (GSK3p) (Chalecka-Franas7ek and Chuang, 1999). The stimulation of P13K has 

been dernonstrated in disparate cdl types, such as cerebellar granule cells (Chalecka­

Franaszek and Chuang, 1999; I\lora et a1., 2()0:2) and cardiom\~oblasts (Kashom ct al., 

:20(3). Therefore, if Liel werc able to stimulate Pl3K in T8.:J- cells, a subsl'ljllent increase 

in claudin :2 protein expression \yould prO\~ide further cTidence to support a role for 

PI3K in regulating claudin :2 expressIOn. 

In addition, p. \kt has been shO\\~n to inacti\~ate glycogcn synthase kinase .1-beta 

(CSK3p) by phosphorylating it on a scrine residue at position 9 (Cross et a1., 19<)5), and 

e\~idence suggests that this is the result of a direct interaction betwcen the ,\YO 

molecules (\~an \\'eeren et al., 1998). C;SK3p IS a key regulator of the \\'nt signalling 

patln\~ay. ,\ctiyation of this par!n\'a\' leads to the stabilisation of free p-catcnin i.e. that 

\\~hich is cytosolic and not bound in the adherens junction to L-cadhcrin. ~ ormalh the 

leyd of free beta-catenin is tightly regulated by its fonning a complex \\'irh two protems, 

,\PC and axin, which allow it to be phosphorylated and designated for lIbicjuitinaton 

(Huelsken and Behrens, :2()02; Nelson and Nllsse, :2()().:J-). This phosphorylation takl's 

place on four residues at the N-terminus of the molecule (Staal et a!., :2()():2), and thrl'e 

of these phosphorylations are performed by C;SK3~ (Doble and \\'oodgl'rt, :2()())). If 



this complex cannot form bccause, for example, of a mULlti()n t() one of thcse 

components or the dclin~ry of a signal ,~ia the \\'nt pathway that phosphorylates and 

inacti,~ates GSK3p, then beta~catenin remaim unphosphorylated (Giles et aL, 20()3: ,~an 

i'-:oort et aL, 2()()2) , This form of p-catenin (sometimes referred to as actin' p-catenin or 

A.BC) is not degraded and instead is able to enter the nucleus and bind to the 

transcription factor lymphoid~enhancing factor-l IT-cell factor-4 (Lcf-l ITCF-4), where 

this complex then increases transcription of many pro-proliferatiye genes and genes 

innllYed in tissue remodelling (e.g. matrix mcralloproteinase-7, Ebronectin) (C ;ilcs et aL, 

20()3; Polakis, 20()()). 

The promoter region of the human claudin 2 gent' (C] ,D~2) was clont'd recenth 

and was demonstrated to contain binding sites for the transcription factors hepatocyte 

nuclear factor (H~F)-l and the caudal-related hOl1wodomain (eeh) proteins (Sakaguchi 

et aL, 20(2). I\Iore recently still, measurements of the actiyity of tlw claudin 2 genc 

promoter in ,~itro, coupled \\~ith further anal:~sis of the SeljUCnCC and tl1C effects of 

targeted mutations therein, h;\\'e re,~ealcd that Lef-l Irc F-4 binds to the promoter and 

enhances its actiyity (Mankerrz et aL, 2{)()4). rurthcr analysIs of the promoter region has 

shown that it contains seyeral Lef-1 ITCF-4 binding sites in addition to those studied b\ 

I\lankertz ct aL (j.E.Collins, personal communication), hlfthcrmore, transcriptionally 

actin~ p-catenin has also been shO\yn to acti,~ate transcription of Cdxl (Dol11()n~Dell 

and Freund, 2()()2; Lickert et aL, 2()()()) , Thus, it is possible that p-catenin can enhance 

the transcription of claudin 2 b,' both direct and indirect 111ecklllisms, 

The model to be tested in this chapter, therefore, is that 11,-13, lw mducing the 

phosphorylation and actiyation of .~\kt, inactiyates C;Sk3p, leading to the stabilisation 

and nuclear accumulation of actin.' p-catenin and an increase in the transcription of the 

gene for claudin 2, This putatiye path\\'a\' is illustrated in figure S,I. 

Therefore, the aims of this chapter \\Tre to address the following lluestions: 

• Does lithium chloride, an acti"ator of P13K, stimulate claudin 2 expressIon 

in mature TP,4 cells with the same time course as IL-I3? 

• Do IL~ 13 and lithium chloride actiYate "\kt and alter the downstream 

signalling proteins GSK3p and p~catenin prior to increased claudin 2 

expression in TP,4 cells? 



17-l-

! 
l~~ 

I pAkt I I Wnt signal I I Lithium 

adherens '-,.----- -,-' 

junction 

E-cadherin 

~- catenin 

\ 
\ , , 

\ 
\ , 

\ 
\ 

\ 
\. 

I Axin 

I APe 

I TCF-4 

\ 
\ , 

\ 
\ .. 

~-catenin 

(free) 

shu 

GSK3~ 
(active) 

ttle to 
leus nuc 

~ , 
~-catenin 

(active) 
transcnp tlOn 

complex 

p 

p-~-catenin 

(inactive) 

\ 

pGSK3~ 

(inactive) 

ubiguitina tion 

Figure 8.1. PropoJed lJlulJCllliJJJJ/or Ibe fL-1 3-Jlimlllaled illl"J"eaJe ill dCl/ldili 2 
e.\.pre.rJio ll. [ II adberelll epilbelia lllOJI (J-.·a lwill i.r bOlilid 10 E-(adberill lIJilbili Ibe 
adbemIJjullclioll o/Ibe cell membrane. Tbe leIJeI o/Fee ,9-(alellill iJ ligblO' regllialed ~)' 
Ibe palbll1tl)' repreJellled ~)' Ibe grew arrOJlJ.f: 1/ bOIlIIf! 10 APC alld axill il iJ 
pboJpbo,:ylaled 11), GSK3,9, IIlbieb lJlarkJ ii/or lIbiqllilillalioli alld degradalioll. 7/Je red 
aITOIi/J repreJel/1 Ibe JuggeJ/ed pallJlllcl)'J 10 illLIet/Jed e_\.preJJio li ~/ datlrlill 2. IL- / 3 
billdillg or Ibe addilioll 0/ exogenouJ liliJillm (/;Ioride lead 10 Ibe pbo.lpiJo~J'lalioli alld 
adillalioll ofAkl, IIlbid) , like a IF'III sigllal, mel)' illadillale CS !\.3,9. ii-ealelli ll 1IJ01liri 
Ibus remaillllllpboJpbol].laledalldllJouldaeOlllllllalealldelllerlbelllldew.l/Ibere il 
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8.2 RESULTS 

8.2.1 THE EFFECTS OF LITHIl-\1 CHLORIDE O~ CL\L-DIN 2 

EXPRESSION, ~\KT PHOSPHORYL\'1'IO~, CSK3-BET-\ 

PHOSPHORYL\TION _\l'-:D BET-\-C-\TE~IN EXPRESSION 

'1'84 cells were cultured for 15 dm·s on either 4.2cm2 BIOCO_\T Control Cell 

Culture Inserts or 6-we11 plates, all of \\-hich had been pre-coated \\-ith collagen S. On 

the day before experiments \\TIT performed, monolanTs \\'LTe rinsed twice \\-ith PBS­

Ca-I\Ig, and the medium was repbced for 1 () hours \\-ith insulin-free serum-free medium 

to minimise the leyel of any background stimulation of the P13K or \\'11t patln\"ays. 

Fresh insulin-free serum-free medium containing LiCl (2(lmmol/l) \\'as then added for 

,-arious durations: n, 1,4,12 and 24 hours. The time course of any response to Liel \\as 

not known prior to this experiment, but some lTidence from other cell culture 1110deb 

had suggested that approximately 6 hours of expOSUl"l' to 20mmol/l of LICI \\"as 

necessary for maximal inhibItion of CSI"':"3~ to occur (yan l'-:oort et aI., 2()(l2). 

I\lonolaycrs in \\" ell s \\"ere then lysed in the presence of kinase and phosphatase 

inhibitors, and SDS-P.\ C E and \\Tstern blotting \\Tre performed on the Iysates. SpeCIfic 

antibodies to the following \vere used to detect thl'lr relatin' expression len·ls on these 

blots: claudin 2, p.-\kt, c\kt, CSK3~ phosphorylated on its serine residue at position () 

(pGSK), total CSK3~ (tGSK), ~-catenin that is unphosphorylated on !\\'o of the four 

N -terminal residues (acti,-e ~-ca tenin or .-\ Bq, total ~-ca tenin and cytokera tin 1 <). Band 

densities were measured using Quantity ()ne sofn\'are and \\-ere normalIsed t() those 

obtained for cytokeratin 19. I\fonolayers cultured on filter II1serts \\Tre processed for the 

detection of claudin .2 expression by immun()tluore~cence, .\11 experIments were 

performed nvice. 

~-\t the baseline (0 hours) and after 1 hour of LiCl exposure, claudin 2-positin' cells 

were obsclTed infrequently by immunofluorescence detecrion (figun: H.2). "\fter 4, 12 

and, especially, 24 hours larger clusters of claudin 2-positive cells were obselTed, 

interspersed with large areas of cells in \\"hich claudin 2 could not be detected. The 

claudin 2 was distributed in the characterIstic chicken-\\-ire pattern of junctional 

localisation. Detection of claudin 2 on western blots of \\'hole cell Iysates \'ielded much 

stronger bands after 12 and 24 hours than after shorter durations of LiCl exposure, the 

strongest band being detected at the 12 hour time point (figure H,3; table H.l). 
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LiCl induced a very marked increase in the expression of phospho-Akt, which 

peaked at 4 hours (figure 8.3; table 8. 1), accompanied by some increase in total Akt 

expression (peaking at 12 hours) . This suggested no t only that LiCl was stimulating 

PI3K activity, but also that this increase preceded the increase in claudin 2 expression. 

Western blotting for pGSK produced very weak bands at 0 and 1 hour time poin ts, 

but much stronger bands after 4, 12 and 24 hours, with the stronges t band observed 

after 12 hours o f LiCl (figure 8.3; table 8.1). Interestingly, the level o f total GSK3~ also 

increased with tin1e (figure 8.3; table 8. 1). These increases appeared to parallel that o f 

claudin 2. 

~-catelUn expression was assessed by western blotting using two different 

antibodies. O nly a small increase in expression was observed over time, and this did no t 

appear to parallel that of claudin 2, sugges ting that there had no t been a marked 

accumulation of either unphosphorylated or total ~-catelUn (figure 8.3) . 

4 hours 

o hour:; 1 hour 

12 hours 24 hou rs 

Figure B.2. CO il/owl LASE R miiIogmpb.r ollieludill 2 ilJlllllllloj1l1oreJmlt Jtelillillg ill 
TB-I- mOllolayerJ illmbatedlor variollJ' duratiollJ /IIitlJ litbilllil {Moride. FillejicidJ /IIere 
e.yamined fo r cad; dllratioll. alld rcprcJelltatilJe Jielrh are dcpidcd. 
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Band densities normalised to cnokeratin I ~ 

0 1 hour -1- hours 1:2 hours :2-1- hours 

0.S6 1.:2S 8.01 1. ~ 9 ( 1.6:2 

3.79 1.78 1U.66 11.31 1.2-1-

0. 12 0.19 O. S6 1.1 3 U.7S 

0'-+1 0,42 2.66 :2. 77 1.3-1-

0.69 0.5 1 1.-1-7 1.UI (J 82 

0.S6 O.SO 1.33 U) <) (l .7S 

0.37 0.3S 0. -1-6 S.SO I.n 

Table 8.1. Balld dCIIJi li!'J lIormaliyed 10 LJ'lokeralill 19(or phoJ/,ho-Akl (pA kl). lolal 
Akl (IAkl), plio.l/,/Jo!)'laled GSK3(J (pGSl":'). lolal GS J\.3J) (IGJ J\.). aeli,'e ,'1-(alelllll 
(A BC), lolal (J -falellill alld dalldill 2 (CL 2). oblailled I~)' allalpir o/Ihe biolY depided 
ill jlgNre 8.3. 



8.2.2 THE kI~ETICS OF IL-13-I.'\Dl"CED .\J(T PHOSPHORYL\TI0"\:, . \"\:D 

THE EFFECTS OF IL-13 Ol" (;SK3-BET.\ PHOSPHORYL\TION .\~D BET\­

CXI'ENIN EXPRESSION 

TR4 cells were cultured for 15 days on O.9cm2 collagen S-coated BJOCO.\T Control 

Cell Culture Inserts before 1 () hours serum and imulin stan"ation, followed by 

incubation \\"ith insulin-free serum-free medium containing 11.-13 (2ng/ml) for \"arious 

durations: 0 hours, 10 minutes, 1 hour, 4 hours, 12 hours and 24 hours. The rc!atiye 

expression le\"els of the follc)\\"ing were determined at each time point by SDS­

P.\GE/western blotting: claudin 2, p.\kt, L\kt, pGsk, tGsk, actin ~-catenin (.\BC), 

total p-catenin and cytokeratin 19 .. \s before, band densities were measured using 

Quantity One software and normalised to those obtained for cnokeratin 19. The 

expression and distribution of claudin 2 and .-\BC \\TiT also determined by 

inl111unofluorescence. 

\\'hen assessed lw both immunofluorescence staimng (figure 8.4) and \yestern 

blotting (figure 8.5; table R.2), a small increase i.n claudin 2 expression was obsern'd 

after 4 hours but a much more marked increase \\-as noted after 12 and, especialh-, 24 

hours, similar to that obsen"ed \vithout scrum-statTation, and to that obslTyed in LiCI­

treated cells. 

\\' estern blotting for p.\kt suggested a marked increase in expression after 1 hour of 

incubation with IL-l3, with expression falling off by 4 hours (figure 8.5; table 8.2). 

Therefore, as in I j(]-treated cells, peak p. \kt expression preceded the increase 111 

claudin 2; hO\ye\"er, peak p.·\kt expression occurred after 1 hour of IL-13 treatment but 

after 4 hours of LiCl treatment. There was no significant change in the explTsslon of 

t. \kt. l-nlike the case \\'ith Liel exposure, however, no increase was obsen-ed in the 

expression of either pGSk or total GSK expression (figure 8.5; table R.2). Detection of 

p-catenin \vith either antibody did not shc)\\- any marked change in expression \\-ith 

different durations of exposure to IL-13 (figure 8.5; table 8.2). 
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BanJ dClbltlCS nurmalised to cHokera tIn 1 () 

(l III minutes 1 hour -1- hours 12 hours 2-1- hours 

0.30 (1.39 l.O2 0.3 "7 (1.22 lI.29 

10.30 7.(J~ 9.35 (l.51 5.11 6.2-1-

0.26 ().33 U.-1-1 n.3 ! D.32 lIAO 

1.-1-1 1.07 Ul5 1.39 1.10 1.1"7 
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OA-1- 2.32 U.53 (dl 20.7(1 2l1.-1--1-

Table S.::. Balld dCII .• iticJ lIurmaliJed 10 eJ/oKl'ral/l/ / (i/i,,' /,/lo.'jl/l(h-lkl (/'/ I kl). lolal 

Akl (IAkl). /,/lo.ljl/IUI}/all'd C;SJ\. )/) (/,C.\'1\.). Io/al (,.\'J\. )1] (1(,.1'1\.). ad/I'i' /kill('I1/1l 

(ABC). 100al l )-i'alcll/1i alld dam/in :: (eI~::). u/lla/lIl'd /;) all,d],IIJ oi II,I' /J/ol., dC/,lc'li'd 

illji_~ur(' 8. ). 

Because the western blots prm-ided no lTidence for an accumulation of either 

pGSK or .~BC prior to or simultaneous \\'ith that of claudin 2, the antibody to . \ B(: 

\\-as used to examine the expression and cellular localisation of ~-cateI1ln b\ 

immunofluorescence staining of 15 day T~4 monoian'rs that had been lllsulin- and 

serum-statTed for 16 hours and then exposed to IL-13 for different durations .. \BC \\'as 

detected strongly in a junctional distribution at aU time points examined (figure 8,(l). ~() 

nuclear staining \\'as seen at any time point. Furthermore, eyen after 24 hours there was 

no apparent increase in cell density that might suggest a prolifcratiye rcsponsc. 
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Figure 8.6. Co,!/ocal LASER mitrograplJJ ~(/~)'popboJpbo!]'laled fl-w lellill 
im17lNllo(luoreJ(elll J/aillill!, ill T8-1- l1Iollola),en illmbaled/or !Ja riolu dllraliollJ II/ilb 
iIlJNlil1:/i-ee Jerumji-ee medium wlliaillillg fL-!3. FilJejle/rlJ II/ere e.Yalllined/or cad) 
duralioll, alld rcpreJe/llalive Jiclrh arc depidcd. 

8.3 DISCUSSION 

18 1 

These results provide further evidence to support the ro le o f PI3K activa tion in the 

induction of claudin 2 expression. LiCl stimulated both an increase in the level of pAkt 

and a subsequent increase in claudin 2 expression. IL-13 also stimulated an increase in 

the level of pAkt that preceded an increase in claudin 2. However, there were 

differences in the kinetics o f the LiCl- and IL-13-induced changes. 

LiCl-mediated increases in PI3K activity have been observed in cerebellar granu le 

cells and in cardiomyoblasts (Chalecka-Franaszek and Chuang, 1999; Kashour et a!. , 

2003; Mora et aI. , 2002), but no t in intes tinal epithelial cells. The dose-res ponse 

relationship for this effect is not known, but at phy iological intracellular concentrations 

o f magnesium and potassium ions (0 .5 and 150mM respectively) the ICs/) o f LiCI for 

GSK3~ inhibition in vitro is 2mM (Davies et aI. , 2000). Published studjes of cell-based 

assays have suggested that LiCI is effective at 20mM, with a peak effect recorded after 
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5-() hours exposure (\-an ~()on et aI., 2()02). ThIs concords \\-lth the present finding of 

an increase in the len' 1 of pCSK that began at 4 hours and peaked at 12 hours of 

exposure to 2()m?\f LiCI. 

The increase in claudin 2 expression induced by IL-13 was clear after 12 hours of 

exposure and possibly began by 4 hours. I t was preceded by an increase in the ItTel of 

p"\kt, indIcating increased PI3K acti,-in-. Interestingly, an increase in the leHl of p"\kt 

\\-as seen after 1 U minutes exposure to IL-13 in l-ltraculrure (an insulin-containing 

serum-free medium; figure 7.7), \yhl'teas in l11sulin-free serum-free medium only a small 

increase was noted after 10 minutes, with a much larger increase after 1 hour (figure 

8.5). These changes arc difficult to compare, howeyer, as the amount of p.\\l~t detected 

in control monolayers was significantly greater when insulin \\-as present, suggestl11g a 

degree of background stimulation of PI3I-':' by imulin. I t IS also possible that insulin 

synergised \\-ith IL-13 to produce an accelerated acm-arion of P13K . 

. \lthough IL-13 and Liel induced increases in both claudin 2 expression and P131-':' 

acti\-ity, more n-idence is relluired to confirm that P13K acti\-ation leads to increased 

claudin 2 expression .. \s discussed in chapter 7, expression of a dominant-negatiH' 

mutant of P13K \nmld be a highly specific means of inhiblting P13K acri\-in-; if this 

prn-ented tl1L' increase in claudin 2 induced by IJ .-13 and I j(], this would strongh' 

suggest a role for P13K in this action. Similar mcrhods could be utilised to im-estigate 

the role of "\kt downstream of PI3K .. \n ideal approach would be to transfect "1"84 n'lls 

with an .\kt mutant in \yhich the serine residue at position 473 had bcen replaced \\"ith 

an amino aCld that cannot be phosphorylated, thus making it resistant to acti\"ation. 

Failure of these cells to increase claudin 2 expression in response to IL-13 or I jCl 

would prm-ide strong e\-idence for the in\'oIH~ment of .\kt in this response. 

The LiCl-stimulated increase in p.\kt preceded the increase in pCS1-.:., which itself 

coincided \\-ith the increase in claudin 2 expITssIon. IIo\\T\,l't, no accumulation of 

p(;SK \\-as obselTed during IL-13 treatment. Thus, although both LiCl and lL- U led to 

increases in p"\kt and claudin 2, only LiCl induced an increase in p(;S1-.:.. It must be 

concluded, therefore, that pC;SK docs nut playa role in the stimulation of claudin :2 

expreSSIon. 

Furthermore, no accumulation of total or lwpophosphorylated p-catenin was 

obseryed by western blotting during either IL-13 or Lic:J treatment. These findings do 



not support the proposed model depicted 111 figure 8.1 and ~uggest that p-catenin i~ not 

transcriptionally aco,-ated in T8..:J. cells by treatment \\-ith either IL- L") or Liel. 

The methods utilised here han.' significant limitations for adec.luateh· inyestigating 

the role of p-catenin in this pathway. \\'estern blott1ng for an increase in total or 

hypophosphordated p-catenin may not be feasible aga111st the high background of total 

cellular protein. \\' estern blott1ng of nuclear e:-;:tracts or a more specific and sensitin.' 

method, such as an clectromobility shift assay (L\IS.\), may be more useful in 

demonstrating whether an increase in transcripnonalh·-actiye, nuclear p-catenin occurs 

in response to IL-13 or LiCI and could detect binding to specific sec.luences \\·ithin the 

claudin :2 promoter. ,\lrernatiYely, the cells could be transfected with a construct 

comprising a promoter \,·ith p-catenin/'HT-..:J. consensus sequences in front of the 

coding sequence of a reporter gene such as luciferase, such as the Toptlash Tel: 

reporter gene (Korinek et ai., 1(97). TeF-stimulated transcription could then be 

determined by measuring the luciferase acriyiry in the presence or absence of 11 ,-13 or 

Liel in the culture medium. _\n alternatin' approach would be to inH'stigate the 

pathway with the use of dominant negati,-e p-catenin constructs to actiyate p-catenl11 

signalling or altered TCFs to block p-catenin-mediated transcnption (DasC;upta l't ai., 

:20U:2). In this conte:-;:t it is of 1l1terest that I x:29..:J.()U:2 treatment of embr~·onic stem cells 

has recently been demonstrated to lead to decreases in hypophosphorylated p-catenin 

onh· after long term inhibition (..:J.-() days), suggesting that the p-ca tenin pathway docs 

not playa major role dmn1stream of PI3K and p. \kt (Pahng et aI., :2()()..:J.). 

In summary, LiCI stimulation of TI-\..:J. cells led to increase~ in both PBK actiyin and 

claudin 2 e:-;:pression. This further supports a role for PBI, in the regulation of claudin 

:2 e:-;:pression. The results presented here do not support roles for either C;SI,3p or 13-

catenin in the IL-13-induced increase in claudin :2 e:-;:pression. 



CHAPTER 9 

FINAL DISCUSSION 



lS:; 

9 CONCLUSIONS 

The work presented in this thesis adds to what IS currently knO\yn about "l] 

structure and function in the colonic epithelium: 

1. Initially, it \\-as shO\nl by two methods (IHe and \ycstern blotting) that the 

normal colonic epithelium contains claudins 3 and 4, and that these can be obselTed in 

both TJ and lateral membrane locations. HO\\T,-er, no claudin :2 could be detected b\" 

lHe and ,-crY little by \\-estern blotting of epithelial \\-hole cdl lysates. The TJ 

expression of occludin and ZO-l \yas contlrmed b\" l}-I C. I n I BD colons alterations in 

the expression pattern of these proteins \\-ere obselTed. Total claudin :2 expression \\'as 

markedly increased, and this was obsen-ed in the TJ s of the cn'pt epithelium, where the 

expressIOn of claudins 3 and 4, occludin and ZO-1 \\'as largely unaltered. This suggested 

that claudin :2 had been introduced l11to pre-existing TJ s. The increase in claudin :2 

mRN"\ in-els in IBD suggested that this could be contributing to the increase in protell1 

le\-els. In the surface epithelium, marked reductions in occludln and I.e )-1 and some 

reductions in claudins 3 and 4 \\"ere obsern'd, suggesting that the TJs at this location 

had to some extent been disassembled. These alterations \\'ere obselTed in areas of 

resoh-ing inflammation but not in areas of colon proximal to inflammation, suggesting 

that they are consequences of the inflammatory process. 

I\JonolaH.Ts of '1'84 cells, cultured for 8 to 15 days on collagen ~-c()ated 

supports, \\Tre utilised to model the colomc epithelial barrier. They were shown to 

deYelop significant and measurable electrical resistances and to express both claudins .) 

and 4, \\-hilst expressing claudl11 :2 in only a small proportion of cells. This model 

therefore resembled the situation in the normal colonic epithelium. I ':\"idence \\'as also 

presented that suggested that claudin :2 expression in '1'84 cells was not associated \\'ith 

either proliferation or plasticity. 

3. The inflammatory cytokine II ,-17 had preyiously been shown to induce claudin 

:2 expression and accelerate the deyelopment of TER in partially manned monolayers of 

T84 cells. Exposure of mature monolanTs to thiS cytokine, hmH'\"Cr, produced no 

change in barrier function and only a minor increase in claudl11 :2 expression, and so clId 

not appear to replicate the situation in IBD described aboye. Exposing "1'84 cell 



monolayers to either IL-J.1 or combined IFNI' and T~F:x for three days produced onh' 

minor toxicity but marked impairments in barrier function, as determined by both falls 

in TER and increases in permeability to a 4kDa uncharged dextran. A..lthough these 

impairments \\"ere similar, \Try different changes in claudin expression \\"Cre obselTed 

after exposure to these cytokines. IL-13 did not alter the expression of claudins 3 and 4 

but induced a marked increase in claudin 2 expression, \\"hich \\':1S obst'lTed 

predol1"linantly in the subapical lateral membrane, consistent with its incorporation into 

'II s. This resembled the increased claudin 2 obselTed in the crypt epithelium of IBD 

cases. IFNI' and TNFIX on the other hand induced reductions 111 the 'IJ expression of 

claudins 2, 3 and 4. Preyious studIes had also ShO\\"11 the expression of occludin and 

ZO-l to be reduced in IFI\:y /Tl\'Fex-exposed T84 cells (Bruewer et al., 2()03~ :'--1ankertz 

et al., 20()O; ~1ankertz et aI., 2()()2~ Youakim :1nd .\hdieh, 1999). Thus, these alter:1tiol1S 

appeared to resemble the SItuation obsern.'d in the surface epithelium of 1BD cases. 

4. The binding of IL-13 to its cellular receptor :1ctiYates seyeral signalling pathways 

(Hershey, 20(3). The IL-13-induced increases in claudin :2 protein expression and 

claudin 2 mRN"\ lenls could be pre\Tnted by the addition of I x:294()()2, an inhibitor of 

PI3-kinase. Stimulation of PI3-kinase by lithium chloride led to increased claudin :2 

expressIon. Hence, both IL-13 and lithium chloride stimulate increases in both PI3k 

actiyity and claudin 2 expression. 

These findings haH implications for the pathophYSIOlogy of mD. Both t"e and CD 

are associated with increases in mucosal permeability to ions and small molecules 111 

affected areas of intestine (Citter et aI., 20()1; Schmitz et al., 1999), and the reduced Tl 

strand number and complexity obselTed by freeze-fracture electron mlcroscojW has 

been proposed to be the structural correlate of this (Sandie et al., 1990; Schmitz ct ai., 

1999; Schulzke et al., 1998). Claudins ha\"c been proposed to form paracellular pores for 

small ions (Tsukita and Furuse, 20()()), with claudin 2 in particular Implicated as being 

leaky to sodium ions C\masheh et al., 2()02; Colegio et ai., 20().1~ \'an hallie et ai., 2()()3). 

The reduced expression of claudins 3 and 4, occludin and /.( )-1 in the surface 

epithelium may thus be the molecular basis for both the increased permeabilm' and the 

reduced "1] strand number and complexity. The increased expression of claudin 2 III the 

TJs of the crypt epithelium would also be expected to increase the permeability of the 

epithelium to sodium ions (and thus \\·ater). riuid loss due to lIlcrcased pcrmeabilirr 111 

IBD is one of the major contributors to the predominant srmptom of the diseases, 



namel\' diarrhol'a (SclllTlitz et aL. 1(99). Hence. the results suggest that alterations in 

claudin expression may contribute to this leak-flux diarrhoea. Indeed. altered T] 

structure and function contributes to the diarrhoea caused by many intestinal . . 

pathogens, either by altering the cellular cytoskeleton or by affecting specitlc TJ proteins 

(Berkes et a1., 2(03). For example, toxin5 produced by the bacterium C/O.rllidl/lJll rlll;;,"!!e 

induce the degradation of filamentous actin, leading to increases in paracellular 

permeability and diarrhoea (Hecht et a1., 1988; Hecht et a!., 1992; i\usrat et a!., 20() 1). 

"~lternatiyely, pathogl'nic, diarthoea-producing straIns of (!o.I'I!idIIllJI Pi'l1iiIZ~CII.I produce 

an enterotoxin that binds to intestinal epithelial cells lw using claudins 3 and -t as 

specitlc receptors (Katahira et aL. 1997a; Katahira et a!., 1997b). Binding induces 

reduced claudin 4- expression and disrupted TJ fibrils and function in culrured cells 

(Sonoda et a1., 1(99), and increased paracellular permeability in rat intestine (l"':'ondoh et 

al., 20(4). Different mechanisms are inyoln'd in the disruption of intestinal T] s 1)\ 

(ho/era. BaderoidcJ and en teropathogenic. enterohae1l1()rrhagic and 

enterotoxigenic forms of E.reh('J7·,/Jlu ((J/i, but all result in diarrhoeal illness (lkrkes et a!., 

20(3). 

The Endings in T84 cells also suggest that the alterations in T] s obsern.'d in IBD arc 

mediated by inflammatory cytokines acting directly on epithelial cells. Therefore, 

treating or preyenting the diarrhoea of IBD may be possible by any of the following 

approaches: 

1. Blocking the binding of cyrokines to then receptors on epithelial cells wang 

specific inhibitors, such as monoclonal antibodies .. \ monoclonal antibody to TNhy 

(infliximab) is already used to treat lBD and IS cffectin in ameliorating the 

inflammation and symptoms of the disease (Gordon and T\lacDonald, 2()()3). 1t is not 

known if it re,-erses the reductions in occludin, J:O-1, claudin 3 and claudin 4 

expression in the surface epithelium. 

Inhibiting or actiyating the signalling pathways that arc actiYated or inhibited by 

cytokines. For example, IL-13 actiYates PI3-kinase, and blocking this with Ly294()()2 

pre,-ented the increase in claudin 2 expression and the fall in TER induced by IL-13. 

3. Blocking the translation of the l11creased claudin 2 mRN.\ obscn"ed in IBD, for 

example by stimulating RN.\ interference using specific double-stranded R1". \ 

oligonucleotides (ShalV, 2()() 1). 



4. Blocking the function of 111diyidual cbudins by the use of specific molecules. 

For example, a C-terminal fragment of Clostridium perfringens enterotoxin has recenth' 

been shown to reduce the membrane expression of claudin 4 and increase the dextran 

permeability of rat jejunum in ,-iyo (Kondoh et a1., :2()U..:t.). Construction of a molecule 

that binds specifically to claudin :2 may hm-e beneficial effects in rebtion to 

inflammatory or infecti,-e diarrhoea. 

Seyeral questions arising from the results presented in this thesis prm-ide the basis 

for fumre experimental work: 

1. \,\'hich other claudins are expressed in the colon and are they affected by 

inflammation? There are now knO\\"11 to be at least 2..:t. claudins (Schneeberger and 

Lynch, :2(04). The tissue distributions and functions of many of these are not H't 

k110wn (Turks en and Troy, :200..:t.). It is possible that seyeral of these arc expressed in the 

colonic epithelium and that their expression or functions are altered by inflammation .. \ 

comprehensiye assessment of colonic claudin expression by I H C and \H'stern blotting 

may be possible, as specific antibodies to most are nmy a'-ailable (Zymed). 

\,ihat is the pattern of clamlin expression 111 the yarious segments of the small 

intestine, and is this pattern altered in small bowel CD or other small bowel 

inflammatory conditions, such as celIac disease::- In the rat claudins 3 and ..:t. are 

expressed in both small and large intestines, but claudin 2 may be expressed at a higher 

leyel in the crypts of the small intestine (RaImer ct a1., :2()()1). If a similar pattern exists in 

the human, it might be expected that mucosal permeabllity to i( Ins is higher in the small 

intestine, and it would be interesting to examine the effects of lnflammation on this 

pattern in normal and CD-affected ileum and in normal and cocliac disease-affccted 

jejunum by IHC, western blotting and RT-PCR. 

3. \\lhy is claudin :2 expression increased 111 the crYpt epithelium of colonic CD::­

Claudin :2 expression was increased in both t-C and CD .. \s discussed in section 

1.1.1.5.4, t-C is associated with increased actiyity of IL- L) and IL- 1:1 was shown in 

chapter (j to induce increased claudin :2 expression. Howe\-cr, there is no e,-idence as yet 

of increased Ie,-c!s of IL- 1:1 in the mucosa of CD-affected intestine, whereas there is 

strong eyidence of increased len'ls of Th1 c\"tokines such as IFNI' and IL-1:2 (see 

section 1.1.1.5.4). There are seyeral possible explanatiollS for this: IL- 1:1 expression m;J\' 

in fact be increased in CD mucosa but this may not \'et ha\-c been obsen-cd 

experimentally, for example increased IL-l.) release may occur during distlnct phases of 
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inflammation or in specific regions of the mucosa, such as the deep lamina propria or 

deeper muscularis layers. In thIs context it is of 111terest that IL-4 protein and T cells 

haye been shown to be increased in deeper muscle in CD, and smooth muscle cells 

contract in response to IL-4 and IL-13 (.\kiho et a!., 20(4). TIllS could be inHstigated 

by examining IL-13 expreSSIOn at seyeral time points during acute, resoh-ing and 

inactiye phases of disease. This could be achieyed by IHC for IL-L\ or by moullting 

and culturing endoscopic mucosal biopsies and assa:-ing IL- U acti,-in' in the culture 

supernatant .. \lternatiYely, there may 111 CD be an enhanced sensIti,-ity to Imy and 

unaltered leH~ls of IL-13. For example, the increase in mucosal IFNy ma\' stimulate an 

increase in the crypt epithelial expreSSIOn of receptors for IL- L\ similar to the \yay in 

which IFNy can induce increased expreSSIOn of '1':\ F:x receptors (Fish et a!.. 1999). 

C sing specific antibodies for IL-13 receptor in both TH c: on bJOpsies and \H'stern 

blotting on isolated epithelial cells may answer this (]uestion .. \bo, one could examine 

the effects of IFl':-1' on both IL- L) receptor expression and responses to TL-13 111 T~4 

cells .. \nother possibilin' is that the dmynstream effects of IL-13 on signalling pathwa\'s 

are enhanced lw other factors in the inflammatory response that actlYate the same 

pathways. It may of course be the case that other cytokines important to the immune 

and inflammatory responses in CD stimulate epithelial expression of claudin 2, such as 

IL-l 7, TL-2 and IL-12. IL-17 proyoked a minor increase in claudin 2 expression in 

mature T84 cell monolayers, but other cnokines haye not \Tt been studied in this 

regard. It is also possible that increased claudin 2 expression 111 CD is stimulated b\· 

other, non-cytokine-mediated mechanism. In chapter 2 "1'1-)4 cells \\TIT shO\\'n to 

respond to tr:-psinisation, resuspension and plating by increasing their expression of 

claudin 2, although the mechanisms \yhich mediate this arc unclear. I t is possible that 

epithelial cells in ,-iyo respond to injurious stImuli in a similar \yay. It may be the case 

that clea,-age of all cell-cell contacts stimulates thIS expression, and one W;1\' ()f 

im-estigating this would be to \HlUnd part of a monolayer of mature T1-)4 cells and 

exam.ine claudin 2 expression along the edge of the \\"()l111d and distally at yarious time 

points. Interestingly, a single study has suggested that senTal claudins can promote the 

processing of the protease matrix l11etalloproteinase-2 from a precursor to an actin' 

form Ci\Iiyamori et aI., 20(1), but whether claudins arc thell1sekes targets for this 

protease IS not kno\\·n. 

4. Docs acti,-atcd PI3-kinase stimulate an increase in claudin 2 mRN.\ and protein 

le\Tls and yia what mechanisms;:' Expression of a dominant-negatin' mutant of PL)k 



would be a highly specific means of inhibiting PI3I"':' actiYm: if this pre\-ented the 

increase in claudin :2 induced by IL-13 anc.l Liel, this would strongly suggest a role for 

PI3K in this action. The prnTntion of the effect of L\:29-l-llll:2 by the expression uf an 

acti\-e, but Ly:29400:2-resistant, mutant of PI3K \\"()Uld also prm-ide confirmatory 

eyic.lence for the inyoh-ement of PI3K in IL-13stimulated claudin :2 expression. Similar 

methoc.ls could be utilised to inyestigate the role of A.kt downstream of PUK .. \n ideal 

approach \yould be to transfect T84 cells with an . \kt mutant in which the serine residue 

at position 473 had been replaced \nth an amino acic.l that cannot be phmphor\lated, 

thus making it resistant to actiyation. Failure of these cells to l11crease claudl11 :2 

expression in response to IL-13 or Liel \\"Cmld prm-lde stnmg endence for the 

im-oiYement of .\kt in this response. 

The mechanism leading to the increase in claudin :2 transcripts is not known but 

could be either an increase in the rate of transcription of the claudin :2 gene or 

stabilisation of claudin :2 transcripts. The most freLJuent mechanism leading to an 

increase in transcript Icycls is an increase in transcription (. \ lberts, :2 0 ():2) .. \ nuclear 'run 

on' assay could be used to detect changes in de noyo synthesis of claudin :2 mRN.\ 

transcripts and could therefore confirm \\-hether mRN.\ synthesis contributes to the 

increase in mRN.\ transcript number (Lodish, 20()()). The contribution of an lt1crease in 

the rate of translatlon of claudin :2 u-anscripts to the increase in protein cannot be ruled 

out, particularly as the increase in mRN"-\ induced by IL-13 was rclatiyeh' small (3- to 

I5-fold). Increases in the rate of translation of an mRT'-:.\ tend to lead to reduced 

degradation and increased stability of that mRN.\ (.\lberts, :2()(l:2). Indeed, l"\·idence 

suggests that actiyation of P131"':' can lead to an increase 111 protein transIatlOn. J 'or 

example, p.\kt can phosphorylate and inhibit tuberin (I\lanning et aI., :2()():2), preH'nting 

it from com'erting the C; protein Rheb from an actiYe, GTP-bound form to an inactIH" 

GDP-bound form (Tee et aI., :2()()3). Rhcb.GTP actiYates the protein mammalian target 

of rapamycin (111TOR), which controls a number of proteins that either actiyate protein 

synthesis or increase the cellular capacity for protein synthesis (Proud, :2()()-+). l' sing an 

inhibitor of protein translation, such as cycloheximide, may assist in delineating the 

contribution of this process to the increased claudin :2 protein expression induced b\' 

IL-13. 

5. lh \yhat mechanism c.loes ]J "-13 inc.luce an increase in permeability to -l-kDa 

dextran? ~ \s discussed earlier, a specific role has been suggested for occludin In 
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regulating permeabihty to uncharged molecules. The effects of IL-13 on occludl11 

expression could be examined by immunofluorescence and western blotting. ,\ s the 

remm-al of occludili from the TJ has been sh()\\"l1 to be associated with reduced 

phosphorylation, the effects of phosphatase inhibitors on IL-l,1-induced changes could 

be examined. In a broader context, it would be of ,-alue to study hO\\" permeability to 

uncharged molecules, such as sugars, pep tides and proteins, and immune cells IS 

affected by cytokines. The moyemelH of ncutIophils and dendritic cells across epitheha 

has been shown to occur without an assooated increase in lOnic permeability (H uber et 

aI., 2000; I'IIichaiI et aI., 2()m; Rescigno et aI., 20()1), suggesting that they arc regula ted 

separateh'. Changes 1111] protell1 expression may permit such transmigration, and, 

therefore, one major goal of research could be to understand hm\" this is regulated and 

hO\v this could be rnc,-cnted by therapcutic intenTntion. Changes in TJ protcin 

expresslOn ,,'e1T obselTed in areas of colon where inflammation had largely resoln'd, 

suggestl11g that persistent alterations in permeability had occurred. . \s 1 B D is 

characterised by recurrent relapses, inhibiting these permeability changes may reduce 

the leyel of exposure of immune cells to foreign antigcns and commcnsals and help to 

reduce the lc,-el of persistent actiyation of the immune system. 

In summar:-, this thesis has shown that tight junctions arc cOllSistcnth' and 

reproducibly altered in inflammatory bowel disease. IBD-related c\"tokines inducc 

alterations in both the permeability and the 'I] protein expression of cultured colonic 

epithelial cells. The cytokine-mediated changes appear to be amenable to alteration b\' 

drugs, suggesting a future therapeutic strategy that might improye the prognosis for 

patients with these debilitating diseases. 
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APPENDIX 1 CONSTITUENTS OF REAGENTS 

------_. 

_\11 reagents obtained from Sigma (poole, l'K) unless othen\-ise stated. 

TRIS-Bl-FFERED S.-1.UNE SOLCTION (rBS) 

Tris 5ml\1 

Sodium chloride 137mM 

pH 7.60 

CHEL-\ TING Bl'FFER 

Tri-sodium citrate 27mM 

Di-sodium hydrogen orthophosphate 

Sodium chloride 9Gm1\f 

Potassium hydrogen orthophosphate 8m1\1 

Potassium chloride 1.5mM 

Sorbitol 55mM 

Sucrose 44mM 

Dithiothreitol (DTT) 0.5ml\1 

pH7.3 

Tris HCI 100m1\1 

Sodium dodecyl sulphate (SDS) 

Glycerol 

DTT 5ml\1 



19-1-

PROTE_,\SE I~HmITOR COCI(TA.IL 

(4-(2-aminoetbyl-)benzenesulfonyl fluoride, pcpstatin "-\., ttansepoxysuccl11yl-L-

leucylarnido(4-guanidino)butane, bestatin, leupeptin, aprotinin) 100
0 y/y 

EDTA 

EGTA 

Sodium pyrophosphate 

Sodium fluoride 

_-\.ctiyated sodium. onbm-anadate 

RESOLYING GELS 

Tris Hel (pH 8.8) 

SDS 

A.mmonium persulphate 

N ,N,N',N' -tettamethylcthylenediamine (TEl\IED) 

Ris:mono acrylamidc (29:1)(400 'o)(National Diagnostics) 

ST-\.CKING GEL 

1m1\1 

1m1\1 

20m1\1 

1m1\f 

1m1\1 

375m1\1 

O.l°'o\v/" 

Tris HCl (pH6.8) 125m1\1 

SDS 0.1% \v/y 

_-\.mmonium persulphate 0.05 0
/0 W Iy 

TEl\IED (J.1 % \' h' 

Ris:mono acrylamide (29:1)(40 % )(National Diagnostlcs) 1 (J°o yh' 



BRO:\10PHE~OL BlXE 

Bromophenol blue 

ELECTROPHORESIS Bl'FFER 

Tris 

Clycine 

SDS 

TRANSFER BCFFER 

Tris 

Clycine 

I\Iethanol 

BLOCKINC SOLl'TION 

I\Iilk powder 

Sodium chloride 

Di-sodium hydrogen orthophosphate 

Potassium hydrogen orthophosphate 

Tween-20 

50
0 w/y in absolute ethanol 

25mI\1 

192m1\1 

0.1 °'0 \V I,' 

25m1\1 

192m1\1 

120m:\1 

24.2mM 

5.8mI\1 

0.1°'0,),0 

PHOSPI-L\TE-BCFFERED S"\LI~E .\"!'\iD T\VEEN20 (PBS-T) 

Sodium chloride 

Di-sodium hydrogen orthophospha tc 

Potassium hydrogen orthophosphate 

'J\\"Cen-2U 

120mI\1 

24.2mI\1 

5.8mI\1 

19.5 



STRIPPI~G BCFFER 

SDS 

Tris HCl 

2-mercaptoethanol 

pH 6.7 

62.5mM 

100m},1 

REYERSE TRANSCRIPTION },L\STER},IIX (~\LL FROM PROMEG"-\) 

RT Buffer (final concentrations) 

Tris-HCl (pH 8.3) 

Potassium chloride 

Magnesium chloride 

DTT 

50m},1 

75m;,\1 

3m}'1 

10m}'1 

Deoxynucleotide triphosphates (dNTPs) mi'>;ture 

~-\denosine 

Thmudine 

Guanosine 

Cytidine 

RNasin RN"-\se inhibitor 

},loloney Monkey Reyerse Transcriptasc 

500I1}'1 

lOOO units/ml 

5000 units / ml 



APPENDIX 2 DENSITOMETRIC ANALYSIS OF WESTERN 

BLOTS OF TISSUE EPITHELIAL PROTEIN 

CLAUDIN 2 

Case Diagnosis Claudin 2 Band Cytokeratin 19 Ratio 

Density Band Density 

N-I-7 NC rOCi w,s13, (l.( H Ii 

NW NC CinS 1CiS9~t; ( I().">t; 

NCil NC ~.">~1 1-1-ISS6 (i.( 11 c) 

NCi~ NC t;912 .">-1-i7 ClC) ( 1.(12() 

N-I--I- NC 11-1-21 -I-Wt;21 (I( 12t; 

NS92 NC t;.">(I(I -1-171W (l.(12() 

CC17N n~r 102t; W72t;9 (l. () ](I 

eC13 n=r 1331 9237() (i.( 11-1-

L:Ct; l"C 1123-1--1-21 1C)7/Cll Cll.%7 

CC9 l"C Wt;3 Wt;S 2()92-1-9 S 1.7 t;() 

n::l0 LC .">-1-739."> 62r()S9 II.')')."> 

CC11 l'C -1-2S18US() -1-S12t;7 ()-1-.21 S 

l~C1S l:C ()7 S6t;9t;S 3-1-9()()t; 19.">.S7(1 

Ce17 t"C 2(J-1-1IW IS72-1--1- 12.91'1 

CD12 CD W733 S-1-1'~-I- I. ]( 18 

CD3 CD 7/0lt; 18()-1-8-1- (IAn 

eDt; CD -1-331()2 -1-()917 III. ') t;') 



CLAUDIN 3 

Case Diagnosis Claudin 3 Band Cytokeratin 19 Ratio 

Density Band Density 

N592 NC 3996-1-~ -1- 1 Ill() 1I.95~ 

N-1-7 NC 392255 1ll~13: 3.()27 

N60 NC 3!1l-1-911 16592~ ") "...,.., 
_._,),) 

N-1--1- ~C 136562 -1-W~21 ().332 

N61 i\C 2Cl;72-1- 1-1-155() 1.~91 

i\()2 ]\C 2G9%9 3-1-! ,()() (I.7/() 

L'C13 L'CI 2;5-1-19 923i(l 2.9~2 

l'Cl/N LeI 57%17 l() f 2~9 5.-1-(l2 

Lei L~C 3<)<)818 221738 1~(13 

Le9 t'C 3523li1 2092-1-9 l.()S-1-

LeI5 t'e 1-1-7515 3-1-9( IClS (1.-1-2,) 
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