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ABSTRACT 

'~Ji ! 'Jtwardlj' re"'ifyiog chloridc channel is found in most vertebratc œlls 

h{" :," ". nnysiolog1caJ [Ole is unccrtain. Patch damp. short-('Ïn;u,it CUITent, 

and el'~ctr("n\ "eU §izing tc..:hniqucs wcre used to investigatc thl! fOle of lhe 

o!llw.1nl reCiilficr ir; tran.scl"thelial chloride sccrctiokl and ecU volume rcgulation. 

the Iwo mair. ,'~ . "ms tha'l havie becn proposcd for this d1annel in cpithclia. 

P~;ch f;, ,,', ' \.. 'lkic human ccII Hoes PANC-I and TX4 showcd thatlhe 

chI01.":· :tJilo'V,fj î ~I!,~','~ "i;- ~ AA-94 and NPPB dccrease the open probahility of thc 

outWQr<" ~.' l, '. ~',!~~:' " maximal inhihition at 15 JlM and 23 !lM. rcspectivcly. 

At thcsé c, ;l"mtr\>'~' the blockers did Ilot affcct cAMP-induccd shorlt~cin:uit 

current. They did mhioit the rcgulatory volume dccrcasc (RVD) which occurs 

after hypotonie ccII swclling, but only al much highcr concentrations. MOl\"Cover, 

the commonly-used inhihitor OIDS, whkh blocks the outwanl rcctiflCr in the 10-

20 t..tM range, had no effcct on the RVO whcn tcstcd at 100 JlM. The resulL~ 

indicate that the outwardly rectilying Cl channel docs not rnediate a signHicant 

fraction of transepithelial Cl secrction across TM cells. Although the data do not 

exdude a role for the outward rectifier in cell volume regulation, thc sclcctivity 

and pharmacological propcrties of the swelling-induccd anion conductance in TI!4 

cells is more similar to the CIC-2 channel than to the outward rectifier. 
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RESUME 

Le canal chlore rectifiant sortant se trouve dans la plupart des cellules des 

vert~hrés pourtant ~on rôle est encore imprécis. '....es techniques de «patch clamp», 

de courant de court circuit, et des mesures électroniques du volume ,cellulaire ont 

ét~ utIlisés pour examiner le rôle de ce canal dans la sécretlOn de chlore et dans la 

régulation du volume cellulaire, deux fonctions principales qui sont proposées 

pour ce canal. Les études de «patch-clamp» des cellules épithéliales humaines 

PANC-l el TS4 indiquent que les inhibiteurs des canaux chlores, IAA-94 et NPPB 

diminuent la probabilité d'ouverture du canal, avec une inhibition demi-maximale 

de 15 JlM ct 23 JlM, respectivement. A ces concentrations. les inhibiteurs 

n'affectent pas le courant de court circuit. Ils bloquent la diminution du voiume 

apr~s lin gontlement hypotonique, mais les concentrations requisent sont plus 

élevées que celles qui affectent le canal. De plus, l'inhibiteur fréquemment utilisé 

DIDS, qui bloque le canal avec un concentration de 10-20 JlM, n'a aucun effet sur 

la diminution du volume à 100 J.1M. Ces résultat~ indiquent que ce canal n'a pas 

de rôle significatif dans les. mécanismes de sécrétions transépithéliales de chlore 

dans les cellules T84. Bien que les résultat., n'excluent pas un rôle du canal chlore 

rectifiant sortant dan~ la régulation du volume cellulaire, la sélectivité et les 

caractéristiques pharmacologiques de la conductance anionique induite par le 

gonflement des cellules TS4 ressemblent plus au canal ubiquitaire, CIC-2 qu'au 

canal rcctifant sortant. 
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1 INTRODUCTION 

] ChlQride channels 

Chlonde conductance~ arc thought to play cssential roles in regulating membrane 

excitahility, fluid secretion, œil volume regulation, and other cellular processes. For 

cxamplc, ln neurons, the inhihttory transmlttcri-. GA BA (g-amino-n-but: ne acid) and 

giycinc incrcasc CI conductance, which hyperpolarizes the membrane and inhibits post 

synaplic pOlenuals (Bormann et al., 19S7). In skcletal muscle, Cl conduclance hr1ps to 

restore the rcstmg p()tenLi~1 of the T-lubule membrane, thereby allowing the m,lsc]e to relax 

aner a train of action potentials. Autosomal reccssivc generali/'ed myotonia (Becker's 

diseasc) and myotoma congenita, a genetic diseac;e in goats and man that I"auses muscle 

tctany, stlffness, and hyperexcitability, both rcsult from a defcct in this CI conductance 

(Lipicky ct al., ) 971; Koch et al., 1992). In cardlac muscle, Cl conductances activatc~ by 

calcIUm and cAMP help dClcrminc thc shape and duration of the action potential and are 

important for normal electrkal function (Bretag, 1987). They have also been propo3ed to 

I~gulalc the frcquency of sponLaneous heating of Purkinjc ceIls and papillary muscles by 

carrying part of the depolaIiling current dunng the pacemaker potential. Recently, a 

çAMP-acttvated CI channel ha~ becn IdcnLifted in hamster ventricular cells that is regulatcd 

hy f3 adrenergic agonisL'\ and appcars to he idcntical to the cystic ftbrosis transmembrane 

conductance rcgulator (CFfR; Ehara and Ishihara, 1990; Tareen et al., 1991). A celI 

volumc-scnsitivc Cl r.hannel ln heart cells ha~ also been idcntifted (Tseng, 1992). In 

epithclia, Cl conductances rcgulatc cclI volume and mediatc chloride secretion, and thus are 

csscntial for the gencral regulaLion of Ion transport processes and preservatiOJ: 0! electrolyte 

halancc (rcviewcd hy Dawson, 1991). 

With the exception of GABA and glycine receptors, much less is known about the 

propcrties of CI channels compared to sodium, potassium, and calcium channels. 
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NeverthcJess, several Cl channei types have been studICd al the slllgk rhannl'l kwl ,mu l'an 

be categorizcd by thclr owphysical arJ phaml:.lCologlCal propcrtlcs GABt\ anu glydnl' 

receptor ehannels arc memhcr~ of a supcrfamily of hgand-galeu rhannds lhat an' present III 

a wide variety of cxeitaole ti~~uc~ (Bretag. 19R7). The cie farmly 01 (') channds indmks 

the voItage-gated ehloride channel which was fir'lt ohscrvcu 1!l ml'moranl's from the 

electroplax of the electrtc mannc ray Torpt'do caltjl'ITI/ca (Whlh' anu Mllkr. 19X 1). The 

prim~.ry structure of thlS channel was reecntly deduccd hy cxpre~s\On don in!! (JcntSl'h el 

al., 1990, Bauer et al., 1991), Itli cDNA has Occn uscd 10 tdentlfy hom()logou~ rhanncls III 

mammahan eclls. One of thcse homologues rnedtates Cl conùuctam:e 111 mammalian 

skeletal muscle and has necn namcd CIC- 1. The othcr (CIC-2) is 1I0tl)uttously exprl's~l'd 

(Thiemann ct al., 1992) and is bclieved to play a mIe in ccli volume reglilalwn (Grùnder et 

al., 1992). The product of the cystic ftorosis gcne, namcd C'FTR (cysttr fiorost. .. 

transmembranc conductance regulator) tS a low-conductancc chlonuc channel In l'pllhl'hal 

eeUs whieh is regulatcd by phosphorylation and ATP (rcviewed hy Hanrahan el al., 19l)1). 

Other plasma membrane Cl channels WhlCh have hecn stlldled phystologtcally in sOllle 

detail but have not yet necn cloned tnclude thosc actlvatcd hy calclUlll in Xellof'us IllfVI,\ 

oocytes (Bansh, 1983), rat lacnmal glands (Evans and Marty, IlJX6) and ncurom-. (Mayer 

t~t al., 1990). Finally, the voltagc-dependent anion channel (VDAC) from the 

mitochondrial outer membrane has bcen studicd clcctrophysiologically and lL~ genc 

sequence is known (Colombini, 19RO; Mthara and Sato, 191\5) howevcr Il is not dis(;u~~cd 

further here because il docs n01 function in the plasma mcmoranc. Other CI channcl~ arc 

present in intraccllular membranes and arc esscntial for (;ontrolltng the pH of Iy~()some~ 

and endosomes (Bae et al., 1990); however, ltttie is known conccrning thelr single channel 

properties, and their genes have not yel bccn idcntified. 
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2 Epithelial CI channels 

Many distinct CI channel types have been described in epithelia where they are 

implicatcd in the regulation of cell volume and electrolyte transport This section reviews 

the lilCraturc conccming the four major CI channels that have been identified in mammalian 

intestinal, airway, and kidney epilhelial cells, and in model erithelia from other species 

such a~ the fmg skin and shark rectal gland. However, the specific role each channel plays 

in rcgulating ion transport processcs in mosl tissues remains controversial. 

Mad·CI channels 

Maxi-CI channels are named for thcir high conductance (>200 pS) when bathed in 

symmetrical 150 mM NaCI solutions. They were the first Cl selective channels to be 

dcscribcd al the single channellevel in epithelial cells (Nelson et al., 1984) and have becn 

idcntified in several systems. These channcls are strongly voltage dependent; i.e., they are 

active at voltages ncar 0 mV but inactivale at voltages outside of ±20 mV (Blatz and 

Maglchy, 1983; Gray et aL, 1984). In most preparations mui-CI channels are only active 

after patches have becn excised from the ccll and following large positive or negative steps 

(Blatz and Magleby, 1983; Gray et al., 1984; Hanrahan et al., 1985). 

The physiological role of maxi-CI channels remains obscure although many possibilities 

have becn suggeslcd. It has been proposed that they may be connexins, forming part of the 

gap junclional complexes that normally mediate cell-to-cell communication (Blatz and 

Magleby, 1983; Gray et al., 1984; Woll and Neumcke, 1987), or that they may simply be 

"background channels" responsible for resting Cl conductance in intact cells (Blatz and 

Maglcby, 1983). Maxi-CI channels have been proposed to mediate cclI volume regulation 

(Falke and Misler, 1989), and to cause the membrane depolarization that accompanies 

fertilization in Xenopus oocytes (Young et aL, 1984). As mentioned above, a maxi-CI 

channel has been identified in the apical membrane of the A6 epithelial ccII line from 

3 
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Xenopus kidney where it has a unit conductance of 360 ± 45 pS in 105 mM NaCI solution, 

however its contribution to transepithelial NaCl transport is unknown (Nelson et al., 

1984). A similar voltage-sensitive, hi!!h-conductance (350-400 pS) anion channel has hccn 

identified in alveolar (type D) ceUs from adult rat lung, where it might play a role in salt 

absorption by the alveolar ephhelium (Schneider et aL, 1985). Because of its low 

selectivity and the fact that il is usually ohscrved in exciscd patches, it could also he a 

denatured fonn of sorne other, less conspicuous, CI channel (Hanrahan ct aL, 1985). 

CIC family of CI channels 

This family of recentty-cloned CI channcls has three members named CIC-O, CIC-I, and 

CIC-2. CIC-O is the voltage-gated CI channel from Torpedo electric organ (JenL'\ch ct al., 

1990). The primary structure of this channel was deduced by Jentsch ct al. (1990) by 

injecting mRNA from the Torpedo electroplax into Xenopu.'Î oocytes. The predicted 

protein has 805 amino acids containing 12 or 13 membrane spanning regions. Expression 

of this protein in Xenopul oocytes showed that this protein is sufficient for channel 

function (Jentsch et al., 1990), and the channels expressed on oocytes have voltage

dependent gating that is identical to that observed when crude membranes from elcctroplax 

cells are fused with planar lipid bilayers (White and Miller, 1981). The biophysical 

properties of thjs channel have been characteri7,cd extensively using this bilayer preparation 

(White and Miller, 1981; Miller, 1982; Miller and White, 1984) and using giant liposomes 

(Tank et al., 1982). It has two types of voltage-depcndent gating: one which is slow 

(time sc ale of seconds) and the other fast (time scale of milliseconds). The channel mighl 

actually be two co-channels because it appears to function as independent subuniL" once a 

common gale has opened. ft is present at very high density on one side of the electroplax 

ceU, which allows stacks of these cells to act as a "low internai resistance battery" that can 

he used by the Torpedo to stun iL~ prey (Miller and White, 1980; White and Miller, 1979). 

4 
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The second channel in this family, ClC-l, was c10ned by homology to CIC-O and is 

plt.~:il mainiy in rnammalian skeletal muscle (Steinmeyer et al., 1992). When expressed 

in oocyte!., CIC-I produces a CI lonductance indistinguishable from lhat described 

previously in vertchrate muscle (Bauer et al., 1991). Recessive rnyotonia in sorne inbred 

strains of mice is caused by a large tranSpoSOal insertion in the CIC-l channel gene, and in 

humans reccssive myotonia is caused by a point mu:atio:-; in the eighth predicted 

transmembrane region (Steinrneyer et al., 1992; Koch et al., 1992). More recently, another 

rncmhcr of this family, CIC-2, has bcen identified in many tissues (rat he art, brain, lung, 

pancreas, and Hver) and in ccli Hnes of fibroblastic, neuronal, and epithelial origin 

(Thiemann et al., 1992). When overexpresscd in Xenopus oocytes, CIC-2 was found to 

he activated whcn the oocytes were exposed to hypotonie medium. More recently, the 

volume-sensing rcgion of CIC-2 has been identified near the amino terminus (GrOnder et 

aL, 1992). Intcrcstingly, transplantation of the volume sensor to other locations in the 

protcin does not adversely affect the responsiveness of CIC-2 to hypotonie swelling (T . 

Jcnl~ch, pers. commun.). 

Outwardly rectifying CI channel 

This channel has a characteristic rectifying current-voltage (IN) relationship, with 

conductance ranging from -10 pS at -100 mV to 100 pS at +100 rnV. The outward 

rectifier has becn studicd in intestinal cells (HT29; Hayslettet al., 1987; T84; Tabcharani et 

al., 1989; Halm ct aL, 1988, Ntcturus small intestine; Giraldez et al., 1988), pancreatic 

cells (hum an fetal pancreas; Gray et al., 1989; P ANC-l; Tabcbarani et al., 1989; CF-PAC; 

Schoumacher et al., 1990), airway cells (Frizzell et al., 1986; Welsh and Leidtke, 1986), 

swcat gland and nasal polyps (Bijman et al., 1988), placental trophoblasts (Davis et aL, 

1988), and colonie membranes incorporated into planar lipid bilayers (Reinhardt et aL, 

1987). The outward rectificrs in TS4 ceUs are indistinguishable from those in PANC-l and 

swcat gland cells with respect to their IN relationship, selectivity sequence, and gating 

5 
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behaviour. The outward ~ctifier was t.he first channel implicatcd in cystic tïhrosis (CF, 

Schoumacher et al., 1987; Li el al., 1988), howcver its role in scnClion remains highly 

controversial (Tabcharani ct al., 1991; Egan el al., 1992). There is also evidence thal il 

functions in cell volume regulation (W orrcll el a1., 1989; Sole and Wine, 199 t). 

The most commonly observed ~u'ward rectifier has a conductance of 46 pS near the 

reversaI potentiai when recordcd at 200 C in symmetrical 154 mM CI (Hanrahan ami 

Tabcharani, 1990) although reportcd conductances range from 25 pS (Welsh, 19~6) to 50 

pS (Frizzell et al., 1986). There is general agreement rcgarding its single channel 

characteristics and it:i activation by non-physiological stimuli, such as depolarizing voltage, 

elevated temperature, protease, hypotonicity (Schoumachcrct al., 19R7; Halm ct aL, 19RR; 

Hwang et al., 1989; Li et al., 1989; Welsh ct al., 1989; Worrell ct al., 1989; Egan ct al., 

1992) and chaotropic solutions (Tabcharani and Hanrahan, 1991 a) hut dlsagrecmcnt 

concerning its regulalion by physiological stimuli. Whcn the groups of Wclsh and Frizzcll 

originally identified the outwardly rectifying CI channel on airway ccII primary cultures 

(Frizzell et al., 1986; Welsh, 1986) they reportcd that its activity was increased hy cAMP. 

Secrelagogues activated outward rectifiers in ccn attached patchcs on normal cells, hut 

tàiled to activate those on CF cells. Similar results wcre describcd by Hwang ct al.(l9K9) 

and Jetten et al. (1989), but a number of laboratories ~ave been unahle tn re;'lfoducc the 

results. Nevertheless, recent papers from two lahoratories still maintain that the outward 

rectifier is defectively regulated in CF (Egan et al., .992; Gabriel et al., 1993). 

Worrell et al. (989) have identified a volume-sensitive CI conductance in whole ccII 

patch clamp studies of the T 84 cell Hne. The swelling activatcd whole ccII currcnL~ wcrc 

outwardly rectified, CI selective, activated at hypcrpolarizing potcntials, and showed time

and voltage-dependent inactivation at large depolarizing potcntials. These propcrtics 

parallel those of the outward rectifier, however single channel events that werc resolvcd in 

6 
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sorne wholc ccII rccordings had a conductance of -75 pS, approxirnately twice that reported 

for the outward rectifier in exciscd patches. Outward rectifiers have also been identified in 

isolated frog skin epithelial cells (Garcia-Diaz, 1991) and hurnan nasal epithelial cells 

(Grygorcl.yk, 1991), where they were proposed to be involved in regulating cell volume. 

ln addition to the swelling-induccd conductance. Clifr and FrizzeH (1990) have also 

identified two distinct Cl conductances in T84 ceUs which are activated by second 

rnessengers. One of thesc is activatcd by Ca and has a linear instantaneous UV curve, 

however the steady-state IN curve rectifies in the outward direction due to activation by 

positive voltage. The olher conductance is activated by cAMP and has an ohmic current

voilage rclationship over the range ±100 mV. The cAMP-activated conductance is 

rncdiatcd hy the low conductance CI channel (see bclow). 

Low-conductance CI channel (CFTR) 

Channels wilh low unitary conductance have been identified in several epithelia and 

have becn implicatcd in cAMP-stimulated secretion in several tissues. Gray et al. (1989) 

first dcscribcd the low conductance channel (4-7 pS in ceU-attached patches) on pancreatic 

duct cells, and found that il was stimulatcd by secretin, dbcAMP, or forskolin. It was 

proposed tn function in paraUcl with Cl-rnC03- exchange, mediating Cl "recycling" at the 

apical membrane during elcctrogenic bicarbonate secretion, a mode1 proposed previously 

for the tortle urinary bladdcr (Stet"on et al., 1985). 

A similar low conductance Cl channel has also becn described in the porcine thyroid 

gland (Champigny et al., 1990). The channel in thyroid eeUs had a linear current-voltage 

rclationship, single channel conductance of 5.5 pS in cell-attached patches. and was 

stimulatcd by 8-chloro-cAMP. Its physiological role in thyroid cells is uncertain but might 

involvc thyrotrophin-stimulatcd fluid transport, which is presumably regulated by cAMP. 

7 
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Finally, a low-conductance Cl channel has been characleril,cd in the apic:tl mernhnme of 

chloride secreting T 84 cells (Tabcharani ct al., 1990). Il hat! an ohrnk currcnl-vollagl' 

relationship and a conductance of 8.7 pS at 37 OC. Although aclivaled hy cAMP in cclI

attached patches, the activity of the low-conductance channel disappcarcd when patches 

were excised. The conductance that is gcncrated hr expression of the cyslic fihrosis gcnl' 

product, CFTR (cystic fihrosis transmemhranc conductance regu lator) is rnedialcd hy an 

ohmic, low-conductance Cl channel idcnticalto the low eonduct.mcc channels dcscrihcd 

above in hurnan fetal pancrealic duel, thyroid, and T84 cells (Kartner et al., 19(1), 

therefore it was proposed that CFTR is iL'\clf the low-conductance Cl channel. Recent 

reconstitution stuoies have confinned that CFTR is indeed the low-eonductancc Cl channel 

(Bear et aL, 1992; Tilly et aL, 1992). As shown in this thesis, the pharmacnlngical 

propcrties of this low-condli~tance Cl channel match those of the cAMP slimu:alcd 

transepithelial cUITent, providing evidence for iL~ role in Cl secretion. 
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3 Epithelial CI channels in disease 

Abnormal Cl conductance in epithelial cells appears to be the basis of electrolyte 

tran~port dlsca<.;cs incJ'Jding cy~tic fibrosis, cholera, and secretory diarrhea. 

Cystlc Flbrosls 

Cy~tic flhrosis (CF), the most common fatal genetic disease in the US, affects one out 

of ahout cvery 1800 Caucasians. Il is an autosomal recessive disorder characterized by 

dcfective ion transport across epithelia, which usually leads to pancreatic and pulmonary 

insufficiency. CF affects mostly exocrine tissucs in the airways, pancreas, sweat glands, 

li ver , intestine, and genital tract (Quinton, 1990). Patients are more susceptible to recurrent 

pulmonary infections, which in turn cause chronic tissue inflammation and secondary 

complications. Deterioration of lung function causes mos.t morbidity in CF, however the 

pancreas also dcterioratcs markedly in about 85% of ail CF patients; the ducts, which are 

obstructed by mucous, eventually rupture and release their enzymes into the parenchyma, 

causing atrophy and fibrosis of the pancreas. The sweat gland also malfunctlons in CF, 

and an elevatcd Icvel of salt in the sweat is the standard diagnostic test of CF. However, 

malabsorption of sweat in CF is only pathogenic under severe conditions such as he al 

waves, when excessive salt losses le ad to heat prostration. 

The ion transport defect in CF airway epithelia involves an increase in baseline Na 

rcahsorption and a decrease in adrcnergic-stimulated Cl secretion, however the CI transport 

defect has reccived more attention. The gene that is mutated in CF was identified in 1989 

(Rom mens et al., 1989; Kerem et al., 1989; Riordan et al., 1989). As mentio"t!d above, 

its protein product was named CFTR for cystic fibrosis transmembrane conductance 

rcgulator. When CFfR was transiently expressed in Hela cells using a Vaccinianï system 

(Anderson et al., 1991), baculovirus-infected insect (SN) ceUs (Kartner et al., 1991), or 

stahly cxpressed in Chinese hamster ovary cells (Tabcharani et al., 1991a), it conferred on 
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these cells a new cAMP-stimulated anion permcability that was not present bcforc 

transfection. As rnentioned above the channel that underlies this conductance wa~ found to 

he an ohmic, low-conductance CI channel (Kartner ct aL, 1991) identical to the one 

characterizcd previou~ly in human fetal pancrcatic duct (Gray ct aL, 19~9) and TS4 eclls 

(Tabcharani et aL, 1990). The fact that an identical channel is generaled by CFTR 

expression in rnany different systems that normally do not have cAMP-stimulalcd Cl 

penneability suggested that the gene product itself IS the low-conduclance Cl channel. This 

hypothesis was ~trengthencd by rnutagcncsis studics (Anderson ct al., 1991) and proven 

by reconstituting pure protein into planar lipid bildyers (Bear et aL, 1992; Tilly ct aL, 

1992). 

Cholera and secretory diarrhea 

10 

Cholera hac; been prevalent since ancient times and remains a major cause of de"th in 

developing countries. It is caused by a highly infectious, toxin-producing strain of baclcria 

(Vibrio cholerae) which causes severc diarrhea, dehydration, and cin:ulatory coll"psc. 

The V. cholerae adhere to and multiply on the surfacc of the small intestine where they 

produce cholera entcrotoxin, a protein consisting of six subunit'\. One cnlcmtoxin subunil 

binds the toxin to the surface membrane of the intcstinal ce Ils whilc anothcr pcnctratcs the 

lipid bilayer. Cholera toxin elevates adenylyl cyclase activity through it.~ effcet on thc 

stimulatory G protein, Gs . This incrcases intracellular cAMP levcls, inhihiL'i Nael 

absorption, and stimulates Cl secretion by hyperstimulating apical CI channcls. Thc 

cornbined cffeet is 10 dramatically incrcasc net salt and f1uid efflux into the lumen (Morris, 

1986). Thus cholera and secretory diarrhea result from excess apical CI conductance in 

epithelia, in contrast to cystic fi brosis, which results from insufficient apical CI 

conductance. Interestingly, an increased resistance of CF heteTOzygl,tes to cholera in 

rnedieval Europe (500 to 1500 A.D.) has been proposed as an explanation for the high 
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incidcncc of CF in Caucasian populations (Romeo et al., 1989). IL has been proposed that 

carricrs of a dcfective CFTR gene have a selective advantage because they wou Id have less 

cAMP-stimulatcd conductance ar.o thcrcforc less diarrhea (Romeo et al., 1989; Rodman 

and Zamudio, ]991) . 

11 
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4 Pbarmacoloev of CI cbannels 

Channels can he characterized according lo thcir biophysical propcrtics (cg, voltage 

dependence, conductance, sclectivity, and kinetics), thcir rcgulation by agonisl" and scI,:ond 

messengers, or by their sensitivity to pharmacological agent", Undcrstanding the 

pharmacology of single chloride channels can be uscful when identifying their 

physiological rolc and may givc insighl'\ into ha .. ic rncchanisms of channel fum:lton. For 

ex ample, the combination of mutagcnesis and pharmacological sludws can he used 10 

identify regions of the protcin that line the porc (Anderson ct al., 1991; Tahcharani cl al., ln 

pre~s). Several inhibitors of epithelial chloride conductance have been rcported. 

Stilbene isothiocyanates are a family of compounds thal inhibit anion transportcrs. 

12 

DIDS (4,4'-diisothiocyanostilhene-2,2' disulfonic acid, Fig. 1 a) is an irrcvcrsiblc inhihitor 

of band 3-mediatcd anion exchange in rcd blood cells (Cabantchik cl al., 197X), tmt il has 

also becn shown to block Cl channels in the elcctric organ of Torpedo (,llltforn;m (White 

and Miller, 1979), A6 epithelial cells (Nelson et al., 19~4), rabhlt urinary hladdcr 

(Hanrahan et al., 1985), squid axon membrane (lnoue, 19~5), ncoplastic B lymphocytes 

(Bosma, 1986), and thick ascending limb of Henlc's loop (Wangcrnann ct al., 19X6). 

Inhibition of Cl channels requires higher concentrations of OIDS than ducs inhihilion of rcd 

cell anion exchangers (~1O IlM vs <0.2 JlM). Substitution of the isothiocyano group on 

DIDS with non-reactive substituents changes il into DNDS (4,4,-dinitrostilbcnc-2,2-

disulfonic acid), which reversibly blocks the outward rectifier after il" incorporation intn 

planar bilayers (Bridges et al.. 1989). 

A second major family of CI channel inhibilors is based on anlhranilic acid. Il includcs 

anthracene-9-carboxylate (9-AC) and ils derivatives diphenylaminc-2-carhoxylatc (DPC), 

and 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB, Fig. 1 h). 9-AC wa" fOl.::ld tn 

inhibit Cl cbannets in skeletal muscle (Bryant and Moralcs-Aguilcra, ) 97); Palade and 
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Barchi, 1977) and in the diluting segment of amphibian nephrons (Ober!eithner et al., 

1983). DPe inhibits Cl conductance in the red blood cell (Cousin and Motais, 1982) and 

the basolat.cral membrane of renaJ tubules (Distefano et al., 1985). Of the 200 related 

compounds lhat have becn assayed on isolatcd rabbil nephrons, NPPB was found to he the 

most potent anthranilic derivalive (lC50 = 80 nM; Wangemann, 1986). NPPB also blocks 

Cl channcls :n HT29 colon carcinoma cells (DreinhOfer et al., 1988), rectal gland of the 

dogfish (Greger Cl al., 1987), airway epitheJial ceJls (Kunzelmanl1 ct al., 1989), and 

bullfrog comea (Reinach and Schocn, 1990), although with rather low and variable affinity 

in differcnt preparations. 

The third group of CI channel inhibitors are the indanyloxy alkonoic acids, which were 

first devclopcd to block brain tissue swelJing after cranial injury (Cragoe et al., 1982). 

The most flûtent of thesc is IAA-94 (2-[cyclopcntyl-6,7-dichloro-2,3 dihydro-2-rnethyl-l

oxo-l H-inden-5-yl)oxy]acetic acid or indanyl oxyacetic acid-94, Fig. le), which inhibits 

CI conductance in bovine rcnaI cortex and tracheal membranes (Ki of 1-2 flM) and has been 

used as a high-affinity ligand to isolatc putative Cl channel proleins from tracheal and renaI 

cortical membranes (Landry et al., 1987). Sorne of the compounds since have been shown 

to block renal CI transport in perfuscd tubules (reviewed by Greger, 1990) . 

13 
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A: DIDS 

S=C=N 

B: NPPB 

C: IAA-94 

/ 
1 
Il 

Figure 1: Chemical structures of CI channel inhibitors used in UliS study 

A: DIDS (4,4'ditflothiocyanostilbene-2,2' disulfonic acid) 
B: NPPB (5-nitro-2-(3-phenylpropylamino) benzoic acid) 
C: IAA-94 (indanyl üxyacetic acid-94) 
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S General mechanisms proposed for transepithelial secretion and cell 

yolume reeulation 

Transepithelial secretion 

Apical membrane chloridc conductance plays an important role in secretion across most 

cplthchal ccII \ayers. Salt and water secretion by epithelia of the colon, airways, sweat 

gland, and pancreatic duel is dnven by secondary active CI transport. In transepithelial 

secretIOn, the NaKATPasc ln the hasolateral membrane maintains inlracellular Na 

conccnlratipn \ow, and CI cnters from the basolateral side via an electroneutral Na-/K+I2CI

c()-tran~r()rter. Apical CI conductance is the ratc limiting step during transcellular 

transport, and is controlled hy the second rlfessengers cAMP and calcium (Liedtke, 1989). 

Undcr re~ting conditions, apical and basolatcral membranes both have relatively low 

permcahllity to CI; however, apical CI conductance is selectively increased du ring 

secrelagogue stimulation and Cl moves down ils elec;trochemical gradient to the lumen . 

Sodium ions follow CI hy diffusing paracellularly through the light junctions and lateral 

interœllular spaccs (see Fig. 2 and review by Dawson, 1991). 

Cell volume regulation 

The maintenance of ccli volume is a physiological problem faced by virtually all cells 

bccause the y contain charged macromolccules in their cytoplasm and therefore need sorne 

mechanism to prevent colloid osmotlc swelling. The mechanisms used to reduce volume 

includc the classieal Na+/K+ purnp, and K, Cl, and mino acid efflux pathways. Three 

factors are important when considering ccII volume (Siebens and Kregenow, 1985; 

Hoffmann, 1987). Fust, water is usually near thermodynamic equilibrium across cell 

memhranes thcreforc solute content IS the main determinant of ccli volume. Second, 

clectrnneutrality must he maintained on both sides of the membrane and may influence the 

14 
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APICAL 

CI 

BASOLATERAL 

4-JoIoor--- K 
4-3~- 2CI 
4-.:1~- Na 

~- - - - - - - - - - - - -Na 

Figure 2: Model for active CI secretion. 

Transcellular transport requires apical Cl exit and outward basolateral K 
flow. The K that enters on NalKJ2Cl co-transporter and NaKATPase 
pump is recycled through K channels in the basolateral membrane. CI 
leaves through the apical membrane down its net electrochemical 
gradient. 
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concentration of diffusible ions. Third, ccli membranes cannot withstand large hydrostatic 

pressure gradients. 

The initial change in ccII volume (shrinkage or swelling) is usua11y due lo the passive 

flow of water through the lipid biJayer and, in sorne cells, through specialized proteins that 

form water channels lhrough the mem branc. Howcver the subsequent retum of cells to 

thcir original volume in anisotonic medium requires activation of solute transporters, which 

vary among differenl ccli types. The volume regulatory responses can he summarized as 

follows: 

1. Regulatory Volume Increase (RVI) 

Vpon exposure to hyperosmotic solutions, there is an immediate loss of cell watcr and 

volume regulatory mcchanisms are activatcd that mediate the nel uptake of osmolytcs and 

generatc an influx of water, allowing the cell to retum towards its initial volume (Fig. 3). 

One transport pathway involved in lhe regulatory volume increase (RVI) is electroneutral 

Na+lH+ exchange, which causes cells 10 gain one osmotically-active Na+ for each proton 

108t from intracellular buffers. Altcrnatively, Na+/H+ exchange may be funclionally 

coupled 10 CI-/HC03- exchange, leading lo NaCI uptake without a change in cell pH. 

Othcr transporters activatcd in particular cells during the RVI include Na+/K+/2CI- co

transport and Na+/Cl- co-transport. These RVI mechanisms involve secondary active 

transport driven by the inward sodium gradient (Hoffmann, 1987). Much slower cell 

volume regulation (time scale of hours 10 days) occurs in renal medullary and brain cells, 

which accumulatc organic solutes such as betaine or synthesize sorbitol in order to up

regulatc thcir volume (Lohr el al., 1988; Nakanishi et al., 1988) . 

15 
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Figure 3: The regulatory volume increase (RVI). 

2K 

Normal œil volume 

Shnmkcn ccII 

Activation of volume 
rcgulalory pathways 
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The ccli initially shrinks when extracellular osmolarity is iocreased. This figure shows 
three düferent volume regulatory mcchanisms for restoring cells to thcir normal volume 
in the continued presence of hypertonie medium. 1) Na/1U2CI co-transport. 2) NaCI 
co-transport. 3) Elcctroneutral NaIH and CIIHCO 3cxchangers. This latter pathway 
results in NaCI uptake with no change in pH. In all three RVI pathways there is nct 
uptake of NaCl. 
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2. Regulalory Volume Dccrease (RVD) 

When cells are swollen, they selectively increase membrane penneability 10 solutes. 

Common solute pathways for this response include K+ and Cl- conductances (presumably 

channels), electroneutral K+/CI- co-transport, and ion exchangers (coupled K+/H+ and CI

JHC03- exchangers allow KCI :oss without altering pH, Fig. 4). Separate K+ and CI-

conductances are activated during RVD in human lymphocyte!; (Grinstein et al., 1982), 

frog urinary bladder (Davis and Finn, 1985), Ehrlich ascites tumor cells (Hoffmann et al., 

1986), and MDCK cells (Roth stein and Mack, 1990). In ce Ils that use K+JCl- co-transport 

such as sheep LK cells (Dunham and Ellory, 1981), duck red blood cells (Kregenow, 

1981), dog red blood cells (parker, 1983), and Necturus gall bladder (Larson and Sprin~, 

1984), the RVD involves loss of K+ and CI- from the ceH, driven by the K+ concentration 

gradient across the cell membrane. Parallel K+/H+ and CI-mC03- exchanges occur when 

Amphiuma red ecUs undergo RVD (Cala et al., 1986). 

Volume regulation is a particularly important housekeeping function for epithelial cells 

becausc thev <lrc exposed to external fluids having variable osmolarity. The detailed 

biochemical mcchanisms that senx volume and signal the acti"ation of transport pathways 

during RVI and RVD are stilliargely unknown alth'Jugh thl~y must be very weU tuned in 

rapidly transporting epithelial cells. The volume-regulatory channels have not been 

identificd with certainty a1though, as discussed above, recent evidence suggests that the 

ou!Ward rectifying CI channel and/or the CIC-2 chloride channels may be involved. 

16 
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Figure 4: The refUlatory volume decrease (R VD). 
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Model of ion fluxes in the regulatory volume decrcase. 1) Electroneutral KJH exchangc 
coupled to CIIHC03. this model gives a loss ofKCl ~Hh no change in pH. 2) Conductivc K 
flux functionally coupled to conductive Cl flux. 3) Electroneutral KCl tran~port. 
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fi ln .,ilrlL.Jl[eparations (or studyine the epitheUaI CI cbanoels . 

Cell preçaration 

CI channels have been studied in freshly-isolated ceUs as weil as in various cultured cell 

lines. However, the membrane of interest is often not readily accessible; the membrane 

may face the lumen of a microscopic tubule or it may be in close contact with the basement 

mcm brane. When epithelial ceUs are polarized in culture, their apical membrane faces 

"upward" and thcir basolatcral membrane attaches to the porous support. Primary cultures 

arc dcrÏ'led dircctly from tissue samples obtained from the organism; however it is difficult 

to ohtain samplcs of sorne human tissues (e.g. pancreas, inœstine) therefore transformed 

cclt lines that grow indefinitely in culture are oflen used instead of "rimary cultures. 

Primary œil culture 

Primary cultures of human nasal polyp, dog trachea, human fetal pancreas, and shark 

rectal gland have been used to study apical CI channels (see above). The tissue is 

dissociatcd into individual cclls by mechanical and enzymatic disruption to obtain a 

rclati vely pure ccli population, which is then plated on an appropriate substrate. Primary 

celt cultures somctimes maintain differentiated properties but have Iimited potential for 

replication unless th~y are immortalized or transformed. Transformation may occur 

spontaneously or can be induced by exposure of the ceUs to carcinogens (chemicals, 

viroses, or radiation). 

Tumor ccII hnes 

The main advantage of celllines is that theyare relatively easy to culture and store, and 

they can be cloned to produce a homogeneous cell population. On the other hand, 

transformed cells often develop abnormalities in chromosome number or structure, and 

17 
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May spontaneously dedifferentiate after repcated passaging. Many epithclial ccli tincs have 

been characterized but only two were used in this study, T84 and PANC-l. 

T 84 cellline 

The T 84 cen line is the Most widely used culture model for secretory epithelia. It was 

derived from a lung metastasis of a human colon carcinoma that had hccn serially 

IR 

transplanted in BALB/c nude mice. Original histologieal characteristics of the colon 

carcinoma were maintained throughout transplantation and, after 23 passages in athymie 

mice, the line was established (Murakami and Masui, 1980). T 84 cells grow to confluence 

as monolayers and exhibit high light junctional resistancc. They have a columnar 

appearance and retain receptor-stimulated electtolyte transport mechanisms, thcrcfore they 

provide an excellent model for secretion by the colonie crypts and similar tissues 

(Dharmsathaphom et al., 1984). 

P ANC-I cellline 

PANC-l is a human pancreatic ductal cell Hne which has becn useful as a model for 

differentiation and mudn production. The line was initiated from a pancreatic carcinoma of 

ductal origin, has been maintained in culture for over two years, and has becn subculturcd 

up to 240 times without histological alterations. PANC-) cells fonn polaril.cd mnnolayers 

and have many differentiated features; including the apical microvilli, apically-localil..cd 

cytoplasmic vesicles, epithelial intermediate filament~, and complete tight junctional 

complexes (Madden and Sarras, 1988). When grown on an appropriatc substratc, PANe

l cells resemble the princip le cells of the pancreatic ductal epithelium. Biochcmical analysis 

indicated that the P ANC-l eeUs have the same enzymatic profile ali frcshl y-isolatcd rat and 

human pancreatic duets. 
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Physlological techniques to study epithelial CI channels 

Patch clamp 

Patch clamp techniques make it possible to study the properties of ion channels in detail, 

including ils conductance, selectivity, kinetics, voltage dependence, and the effect of 

inhibitors. Patch clamping can resolve single ionic channels above background noise 

because the glass pipette tip forms a high resistance (>Gn) seal with the cell membrane. 

Channels can be rccorded in several configurations: whole cell, cell-attached, and after 

excision (inside-out or outside-out, sec Fig. 5). The whole cell configuration makes it 

possible to observe and study the activity of ail the channels in the cell, the cell-attached 

configuration enables one to study regulation of a channel under relatively physiological 

conditions, and excised patches are convenient for tesling agonislS and inhibitors, and other 

expcrimenl" where it is necessary to manipulate the voIlage as weil as solutions bathing the 

extraccllular and intraccllular sides of the membrane. 

Short-circuit current 

Transcpithclial transport studies in Ussing-type chambers can provide a direct measure 

of net CI secretion in sorne tissues, although it was originally developed to study active 

sodium transport by isolatcd frog skin (Ussing and Zerahn, 1951). In this method, 

electrical and chemical gradients across a monolayer or epithelium are eliminated by 

clamping the transepithelial potential at 0 mV and hy placing identical solutions on both 

sides of the tissue (see Fig. 6). Under these conditions, any net flux must be due to active 

transport, and the short circuit current (ISe) required to keep the transepithelial potential at 

o m V is the sum of ail the electrogenic transport processes. It has been shown that Ise 

provides an accuratc measure of the rate of active Cl secretion in T84 cell monolayers 

(Dhannsathaphom et al., 1984). 
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Figure 5: Patch clamp configurations. 

This figure shows the sequence for obtaining different patch clamp 
configurations: cell attached, excised in si de-out and outside-out. 
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Da'io)ateral cbamber 
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Figure 6: Scbematic diagram of the Ussing c:bamber sel up. 

Top view (legend): 
A: KCI filled wells containing volrage-sensing (calomel) electrode 
B: KCI-agar bridges 
C: Plastic tubing bringing 95% °2/5% CO2 lO chamber 

Cells are grown on collagen coated inserts and the apical and basolateral membranes 
are perfused with media. 
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Electronic cell sizing 

Changes in cell volume can bc assessed using electronic ccII counting and sil.ing 

(Grinstein et al., 1982). In electronic ccli sizing, a Coultcr counter is uscd tn detcnnine the 

number of ceUs in a suspension and, assuming thcy are spherical. estimate thcir volume. 

The Coulter counter rapidly assays a large number of cells and generatcs a volume 

distribution curve. The median of the curvc rcpre~l>nt., the average volume of individual 

20 

cells. Actual cclI volumes can be determined by calibrating the instrument, although 

aggregated ceIls, dead c1;!Ils, and other debris may cause some error. Two cxpcriment4ll 

approaches have been used to study cell volume regulation. One approach is to study 

regulation un der isotonie conditions by altcring nonnal pump-Ieak relationships. The other 

approach. which was used in this thesis, is to alter cell volume hy changing medium 

osmolality, and then monitor the volume recovery. 
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7 Purpose 

The aim of this thesis was to identify the outwardly rectifying Cl channel in PANC-! 

and T 84 ecUs and to examine illi possible role in chloride secretion and volume regulation 

using channel inhibitors. The approach was lo identify the oulWard rectifier in patch clamp 

experiments and detcrrnine its sensitivity lo blockers. then to assess the sensitivity of 

transcpit.hclial transport and ccli volume regulation to the same blockers under comparable 

conditions. Parlli of this work have appeared (Low et al., 1990; Tabcharani et al., 1990) . 

----------- ~ -- -
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II PHARMACOLOGY OF THE OUTW ARDL y RECTIFYING CI 

CHANNEL 

Introduction 

22 

It is possible to classify channels according to thcir phannacological properties and ln 

use inhibitors to identify their functional mIes. For cxamplc, tnxins and Cll channel 

blockers such as the dihydropyridmes, which arc used clinically to trellt he art arrhythmias 

and lO relax vascular smooth muscle, have been useful in c1assifying diffcrent types uf Ca 

channels (McClesky et aL, 1986). Similarly, tctrodotoxin ('ITX), a parai y tic poison of 

sorne puffer fish, blocks action potential conduction in nerve and muscle and is a useful 

probe for the voltage-gated sodium channel. Finally, tetraethylammonmm lnn (TEA) has 

been shown to sclectively block IK in excitable cells and has becn uscd tn scparatc differcnt 

microscopie K currcnlll and to identify the pore rcgion of voltagc-gated K channcls. 

UnfortUilatciy, highly specifie blockers for particular types of cpithclial CI channels 

have not been identified, although the potcncies of commoniy uscd inhihitors may vary fnr 

different channel types. The outwardly rectifying CI channel is sensitive tn 4,4'-diisothio

cyanostilbene-2,2'-disulphonic acid (DIDS) and related disulfonic stilhene dcrivativcs 

(Bridges et al., 1989), diphenylamine-2-carhoxylatc (DPC, Distcfano ct aL, 19X5) and il ... 

more potent derivative 5-nitr'J-2-(3 phenylprophyamino)-hcnzoatc (NPPB, Wangcmann el 

al., 1986), as weIl as a variety of ather agl!nts not usually considercd as CI channel 

blockers including verapamil and iLIi dcrivdti\'es, fatty acids, cytosolic extraclli, and pH 

buffers (reviewed by Hanrahan et aL, 1993). 

This section looks at the effects of two inhibitors of chloride conductance, IAA-94 and 

NPPB, on single outwardly rectifying CI channelc;. The goal of this section ie; 10 dcterminc 



• 

• 

• 

the potcncy of each compound at Ûle single channellevel, as a prelude to further studies of 

the functional role of the outward rectifier in intact ecUs. 

Materials and Methods 

Cell culture 

The TX4 and PANC-I cell lines were obtaincd from Ûle American Type Culture 

Collection (ATCC) and uscd between passages 45 and 115. The TS4 celI growth media 

was al: 1 mi xturc of Dulbecco's modificd Eaglc's medium (DMEM) and Ham 's F-12 

media, supplemented with 5% fetal bovine serum (FBS), 100 V/mL penicillin, and 100 

J.1g1mL streptomycine PANC-l cell growth medium was DMEM supplemented with 10% 

FBS, 100 V/mL pcnicillin, and 100 J.1g1mL streptomycine 

Cells were grown on plastic for 4 days in a 37 OC, humidified, C02 ineubator. To 

dissociatc the eells, the culture medium was aspirated and cells were rinsed wiÛl 2 mL of a 

trypsin solution (O.5l~) to removc remaining culture media and then incubated in 0.5 mL 

fresh trypsin solution for 10-15 minutes, depending on the degree of confluence. CeUs 

were disperscd using a pipette and the ccli suspension was counted and viability checked 

using a hacmocytometcr and the trypan blue exclusion method. Ce Us were plated on glass 

covcrslips at a density of 1()6 ceUs/ml . 

Patch clanlp 

Pieees of the glass coverslip were transfcrrcd into the patch clamp cham ber, which was 

mountcd on an invcrtcd microscope (Olympus IMT-2), and viewed using phase-contrast 

opties. Solution changes were done by perfusing the chamber (0.5 mL volume) with at 

least 5 mL of the appropriate solution. Pipettes having resistances of 4-6 MO werc 

construeted from Kimax-type glass capillaries using a two stage Narashige pipette puller 

------~----
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(Narashige. Tokyo. Japan). The pipette eontaincd a chlorided silver wirc, and the haUl 

solution was grounded through an agar bridge having the same ionie compllsition "s the 

pipette solution. Patehes wcrc ohtaincù t'mm the apkal surface of cens. Ex.pcrimenLI\ wcn' 

perfonncd at room tempcrature (20 - 22 OC). 

Analysis 

Single channel currenL~ were amphfied (Axopateh. Axon InstrumcnLI\ Ine., Fostcr City, 

CA) and stored on video tape (VC785C, Sharp Corp., Japan) using a pulse cnocd 

modulation-type reeordirr, adapter (DR384, Neurodala Instrumellll\ Co .• New York). The 

data were low-pass filtercd du ring playback using an cight polc Bessel fiUer (l)02LPF, 

Frequency Deviees. Haverhill, MA) and ana)Y7cd using a laboratory microcomputcr system 

(lndee Systems, Sunnyvale. CA). 

The number of ehanncls in patehes was cstimated as thc max.imum numher of 

simu)taneous channcls opening during long rccordings under control conolllOns, whcn 

open probability wu..,> high. Single channel amplitude wa~ cstimalcd hy visually fillmg 

cursors to thc open and closcd lcvcls as dctcrmincd using amplitude histograms. Open 

probability (PO) was calculatcd as thc mean number of channcls open avcragcd over 2 

minutes, with a transition threshold set half way bclwccn the open and d()~d Icvcl~. 

Solutions 

The bath solution contained (in mM): ] 50 NaCI, ID TES (N-

tris[hydroxymcthyl]mcthyl-2-ammocthancsulfonic acid), and 2 MgCI2, pH 7.4. The 

pipette solution was idcnticaJ exccpt that Mg was rcp)accd wlth Ca. S()lutlOn~ wcrc kcpt at 

4 oC and filtered before usc. Inhibitors IAA-94 and NPPB wcrc di~~olvcd in 

dirncthylsulphoxide (DMSO) to make 100 mM Mock solutions, which wcrc then ahquotcd 

and stored at -20 oc. An appropriate volume of thc inhibitor wa~ uscd immcdiatcly hcforc 
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expcrimenlli ln prepare 10 mL of bath solution at the required concentration (maximal final 

DMSO concentration was 0.1 %). 

ResuUs 

Identifying the channel 

Outward rcctifiers were not secn in cell-attached patches, and were rarely recorded 

immediatcly after excision. Howevcr, they wcre often activated by holding patches at large 

dcpolari1.ing potcnlials (range +60 mV to +120 mV) for approximately 2 minutes. 

Channcls bccarnc activated in 71 % of the excised patches from P ANC-l cells after they had 

been voltage clamped at + 120 m V for 2 minutes and then pulsed between positive and 

negative voltages (Fig. 1). On average, thcre were 2.2 ±O.2 channels per patch in PANC-I 

cells in those scals that contained channels (n=26). The outward rectifier was ~omewhat 

less common in patchcs from T84 cells (present in 30% of patches after lhe same 

mancuvcrs), however il\! activation, conductance, and kinetics were indistinguishable from 

those from PANC-l cells. 

Currcnts recordcd at depolarizing potentials were larger than those al hyperpolarizing 

potentials (Fig. 2), yielding an outwardly rectifying UV relationship in symmetrical 154 

mM CI solutions (Fig. 3). The channel was mostly in the open state al all the potentials 

belwccn -100 m V to + 1 00 m V, and had a Po of 0.85 al +40 m V. The slope conductance al 

the reversai potential was 38 ± 3.1 pS when eSlimated belween ±20 mY, 80.5 ± 6.4 pS 

betwecn +40 m V and +80 m Y, and 20.6 ± 3. 7 pS between -40 m V and -80 m Y. 

Effeel of NPPB 

NPPB inhihited outward rectifiers from the cytoplasmic side of inside-oul patches (Fig . 

4). After recording channel activity in control solulion al +40 mY the chamber was 
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Figure 1: Fraction of inside-out patches from PANC-l cclls containing active, 
outwardly-rectifying Cl channels. After excision, spontaneous activation of the outward 
rectifier was observed immediately in 9.6% of thosc patches that werc eveDf ''Illy found 
to contain the channel. If activation was not observed within 2 min, the patch was held 
at +60 m V for 2 minutes and then pulsed three limes to ±60 m V. This causcd activation 
of channels in 19.6% of patches. Finally, if there was stiU no activity, patches were then 
clamped at +120 mV and held for 2 minutes. Outward rectifiers were present in 26/31 
seals . 
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Figure 2: Traces of the oulwardly rectifying Cl channel in patehes excised 
from P ANC-l cells. 1be IlTOWS mark the c10sed states. 1be channel is 
mostly in the open slale al both depolarizing and hyperpolarizing polentials. 
At +40 rnV, the channel has an open probability of 0.85 . 
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Figure 3: Current-voltage relation of the CI channel measured using inside-out patches 
from PANe-l cells. The channel rectifies at depolarizing potcntia)s and bas a 
conductance of 38 pS al the reversai potential in symmeUical NaCI. n= 12 palchcs. 
standard error bars are within the ~ymbo)s. 
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Figure 4: Diagram showing experimental conditions used lo study 
effecls of NPPB from the cytoplasmic side. The patch is excised in 
symmetricall50 mM NaCl, then the patch is perfused with NaCl 
containing the required concentration ofNPPB. Current traces obtained 
when the patch is held al +40 rnV in control solution and 100 p.M NPPB. 
Arrows indicate the c10sed level. 
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perfused with at least 10 mL of bath solution containing the desired final concentration of 

blocker. Increasing NPPB concentration on the cytoplasmic side of the membrane 

progressively decreased open probabiJity with half-maximal inhibition (leso) al 

approximately 15 ~ under thesc conditions (Fig. 5). 

NPPB also inhibited from the extracellular sidc of the mcmbrane, although this was 

difficult to quantitate using outside-out patches for technical rcasons. Fonning ouL"ide-out 

patches requires an additional step once a sca] is obtained~ first negative pressure must he 

applied to the pipette interior to rupture the membrane patch, then the pipette tip is retraclcd 

so that a small mcmbrane patch reforms at the tip. Breaking into PANC-I cells requircd 

very strong suction, which usually causcd seals to becomc unstable. Thercforc. the cffecL'\ 

of extracellular NPPB were studied by adding il to the pipette solution and recording in the 

inside-out configuration. NPPB seemed to be more effective in blocking the channel from 

the extracellular side (with 1 ~M externat NPPB the open probahility corrected for normal 

closures was 0.76 (Po was 0.59 ± 0.09, n=3), as compared to 0.88 (Po was 0.75 ±O.004, 

n=3) with internai NPPB). However, this difference may rencet voltage-de pende nec sincc 

the membrane potential (+40 m V) would favour inhibition by extraccllular NPPB, which is 

negatively charged. Low concentrations of NPPB made the channel flickcr whilc at higher 

concentrations (25, 50, 75, and 100 ~M), channel openings werc not ohscrvcd (n=4). 

Effect of 1AA-94 

IAA-94 had a pote nt inhibitory effect when applied to the cytoplasmic sidc of cxciscd. 

inside-out patches. Addition of 100).lM lAA-94 to the bath caused hricf c10sures (Fig. 6), 

but did not affect channel conductance significantly (Fig. 7). Inhibition of open probability 

by cytoplasmic IAA-94 was concentration-dependent and had an 1CSO of 22 ~M (Fig. 8). 

Extracellular lAA-94 was tested on inside-out patches by including IAA-94 in the pipette 
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Figure 5: Concentration-dependent inhibition of open probability (Po) by NPPB. 
Open probabilily al each concentration is expressed relative 10 Po measured in the 
absence of inhibitor, which was 0.83. The 1C50 is the concentration of NPPB 
required 10 dccrcasc Po by 50%. From the cytoplasmic side NPPB an apparent IC50 
of ... 15 J..lM with the membrane potential clarnped at +40 mV. n=3 at each 
concentration . 
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102.4 ms 

Figure 6: Diagram showing the recording configuration. 
Current traces obtained at a potential of +40 rnV under 
control conditions (0 mM IAA-94) and with dirferent 
concentrations of IAA-94 bathing the cytoplasmic side. 
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Figure 7: Comparison of IN relationship with (0) 0 M lAA-94 
(ie control conditions) and (e)100 J..LM IAA-94 on the cytoplasmic 
side. n=12 and 3, respectively, + se. IAA- 94 does not affect 
conductance significantly . 
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Figure 8: Concentration-dependence of IAA-94 inhibition of 
open probability from the cytoplasmic side after correction 
for normal (unblocked) closures. 0=3. ± s.e. where larger 
than the symbol. 



• " 

• 

• 

solution. As with NPPB, lAA-94 was also a more potent blocker from the outside (Fig . 

9). The 1Cso for extcmal IAA-94 was 9 ~M under these conditions al +40 mV (Fig. 10). 

Discussion 

An outwardly rectifying Cl channel has been identified in PANC-l ceUs and its 

sensitivity to two known Cl channel inhibitors has been assessed. The channel was 

inilially aclivalcd in excised patches by large positive potenlials as reported by others 

(Schoumacher ct al., 1987; Welsh ct al., 1989; Tabcharani and Hanrahan, 1991a). lAA-94 

and NPPB inhibited the outwardly rectifying channel from PANe-l ceUs by causing the 

channel to become more flickery with little change in single channel conductance. Both 

compounds appeared to be more effective from the extraceUular side. Although this 

difference could reflcct the voltage-dependent block (ail the present experiments were 

carricd out al +40 m V), voltage would not explain discrepancies with the literature since 

Wangemann ct al. (1986) reportcd that the 1Cso for inhibition of conductance in the renaI 

tubulc by NP PB is only 80 nM despite a ncgative membrane potential, and Greger (1990) 

has proposed that NPPB blocks prefcrentially from the external surface. 

The mcchanism~ of block by NPPB and IAA-94 are not fully understood, a1though low 

doses « 1 06 moUL) of both inhibitors reduced the number of long-lasting open transitions 

without affccting single channel conductance (Figs. 4 and 6), a.\ shown previously for 

NPPB by Dreinhofcr et al. (1988). Thcy reported that NPPB binds to a site in the channel 

which changes thc rate of transitions between normal conformations without inducing an 

additional blocked state. By contrast, Singh et al. (1991) conc1uded that NPPB acts as a 

fast blockcr with an on/off rate of 1000 sec-l, that it is equally potent from both sides of the 

colonie CI channel in bilayer studics, and that it has an 1CSO of 25 f.lM. As with NPPB, 

thcy found that a mixture containing IAA-94 and its stereoisomer IAA-95 were equipotent 
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Figure 9: Current traces obtained at a membrane potential of 
+40 mV with IAA-94 bathing the extrace)Ju)ar side. 
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Figure 10: Concentration-dependence of IAA-94 inhibition of 
open probability from the extracellular side. n=3 + s.e . 
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from either side of the bilayer and proposed a simple, linear clo~cd-opcn-hlockcd kinctir 

scheme. According to Singh et al. (1991), IAA-94 does not need to permeate the ccli 

membrane hecause it acts as an open channel hlockcr, apparcntly at a site thal is acces.'\ihlc 

from eithcr end of the channel. 

Table 1 shows the range of lCsos reported for jnhihition of the outward rectifier in 

isolated membranes. There is sorne variation, however the concentrations nceded arc in the 

2 to 30 J..lM range in most preparations. Elevating tcmpcrature to 37 tiC , which aClivates 

the outwardly rectifying CI channel (Hayslctl ct aL, 19x7; Welsh cl al., 19X9; Tahcharani 

and Hanrahan, 1991 a), might affect the potency of inhihilors. Pope et al. (1991 ) ~h(lwcd 

that higher concentrations of IAA-94 or NPPB were needed tn decreasl' 36CI uplake in 

membrane vesicles at higher tempcratures (25 OC vs 4 OC) and longer incuhatlOn times 

were required (4 min. vs 10 min.). Regardless, ail of the eVIJence suggcsts that the 

outward rectifier is sensitive lo NPPB and IAA-94 al micromolar concentratIOns. 

The pharmacologie results in this chapter and prcvious data showing that the oUlward 

rectifier is sensitive to externat DIDS (Tabcharani et al., 1990) are used in the following 

two chapters to assess the role of the outward rectifier in Cl secretion and ccli volume 

regulation by T 84 ecUs. 



• 
Table 1: ICSO required for severa) cell types 

a: NPPB 
Extracc])ular 

0.1 ~M HT29. resp. epith. cells Tilmann et al .• 1991 
20~M HT29 Champigny et al., 1992 

Intr dccll ulé.'r 

O.9~M HT29. resp. epith. cells Tilmann et al .• 1991 
1-IOJ.lM cultured airway cells Li et aI., 1990 
15 ~M PANC-l Low et al., 1990 

(this work) 
32~M cultured airway cells Kunzelmann et al., 1989 

Other preparations 

IO~M inhibit 36cl uptake into Pope et al., 1991 
membrane vesicles 

• 25~M colonie channel in planar Singh et al., 1991 
Jipid bilayers (both sides) 

b: IAA-94 
Extraccllular 

9~M PANC-I Low et al., 1990 
(this work) 

Intraccllular 

8~M HT29. resp. epith. cells Tilmann et al .• 1991 
20~M PANC-l Low et al., 1990 

(this work) 

Other preparations 

2J.1M inhibit Cl transport in Landry et al., 1989 
membrane vesicles 

IO~M inhibit 36CI uptake in Pope et al .• 1991 
membrane vesicles 

17.7 J1M colonie channel in planar Singh et al., 1991 
lipid bilayers (both sides) 

• 
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III PHARMACOLOGY OF CI SECRETION 

Introduction 

Apical chloride conductance is an essential feature of secretory cpilhclial cclls; howcver, 

the nature of the channels mediating apical CI conductance has hccn contrnversial (sec 

Chapter 1). This chapter assesses the role of one candidate channel, the outward rectifier, 

by comparing its pharrnacology with that of the shon circuit CUITent in TS4 cells which is 

carried entirely by net chloride transpon. Sorne of the se resull~ have been repnrted 

previously (Tabcharani et al., 1990). 

Materials and Methods 

Transpon studies 

T84 ceUs were grown on collagen-coated inserts in multiwell plales (0.45 ~ porc Sil.c, 

12 mm diameter, 1.13 cm2 area) and cultured for 10-15 days in T84 medium as descrihcd 

in Chapter 2. Millicell-HA inserts were prepared by coating lhem with Type 1 collagen 

(Vitrogen 100, Collagen Corporation) and then fixing the collagen wilh 4% glutaraldehyde 

solution. Ussing-type chambers (Vangard International, Neptune, NJ) were fiucd with 

custom-made teflon adaplors 10 hold the monolayers, which werc short circuitcd using an 

epithelial voltage clamp (DVC-I 000 VoltagelCurrent clamp, World Precision Instrumcnl~, 

Sarasota, PL), except when resistance was monitored by clamping the voltage lo 10 m V for 

2 seconds at 1 minute intervals. 

Analysis 

Monolayers having electrical resistances greater than 1000 ncm2 and a stable basclinc 

Ise less than S J.1A for 10 minutes were used. Compounds werc addcd as conccntraled 
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stock solutions to the apical or basolateral side where indicated and mixed by bubbling 

vigorously with 95% 02/5% C02 . 

Data was acquircd using a C-Lab system (lNDEC systems, SunnyvaJe, CA) interfaced 

to a 386 computer, and analyzed using custom software to obtain the Ise and voltage 

values immcdiatcly bcfore each voltage pulse. Data files werc transferred to a Macintosh 

I1si computer for analysis using a spreadsheet program. 

Solutions 

The saline uscd in short-circuit current experiments contained (in mM): 115 NaCI. 25 

NaHC03, 1.2 CaCI2·H20, 1.2 MgCI2, 0.4 KH2P04, 2.4 K2HP04 and 10 mM TES. The 

stock "cAMP mixture". which was used to stimulate Cl secretion, contained 50 mM 

dbcAMP (dibutyryl cyclic AMP), 1 mM ŒMX (3-isobutyl-I-methylxanthine). and 1 mM 

forskolin. This mixture, which was stored at -20 oC, was diluted 100-fold during 

expcrimcnl~ to yicld final concentrations of 0.5 mM dbcAMP, 10 IlM mMX. and 10 J..lM 

forskolin. 

Stock solutions of the inhibitors lAA-94 and NPPB in dimethylsulphoxide (DMSO) 

were diluted IOOO-fold wh en added to the Ussing chambers so that the finaJ concentration 

of DMSO in the chambers never exceeded 0.4% (0.1 % from the blocker stock solution, 

0.3% duc to the cAMP mixture). In control experiments, DMSO did not affect Ise up to a 

final conccntration of 1 % (Fig. 1). DIDS was prepared as a 100 mM aqueous stock 

solution. Stock solutions were stored in aliquots at -20 OC. The pH of solutions was 

adjustcd to 1.4 and Ussing chamber studies were performed at 37 OC . 

-------------------------------
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Figure 1: Lack of effect ofvehicle(l % DMSO) on short
circuit current. The highest concentration of DMSO present 
during inhibitor studies was 0.4% . 
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Results 

Activation of secretion by cAMP 

Exposurc of the apical sidc of the monolayer to the cAMP mixture increased the short

circuit current (ISe> from 1.02 ± 0.33 IJ,Alcm2 10 38.68 ± 2.40 J.lA/cm2 (0=16). 

Stimulation occurrcd within 2 minutes, then Ise remained relatively stable for at least 30 

minutes. 

Effeet of inhibitors on the short circuit current 

Inhibi lion of apical ehloride channels should lead 10 an abrupt fall in the short circuit 

cunent; howcver adding IAA-94, NPPB, and OIDS to the apical side of monolayers had 

littlc cffect after 20 minutes exposurc. IAA-94 (10 J.1M) had no effeet at 10 ~M and 100 

J.1M IAA-94 causcd only a slight inhibition of Ise. Moreover the decline observed with 

1 00 ~M IAA-94 was graduai, suggesting it might be due to inhibition of sorne other 

proccss rathcr than to blockage of apical CI channcls (Fig. 2). There was a decrease of 

only 6.69 J.lA/cm2 (16%) after cxposure to 100 ~M IAA-94 for 10 minutes. NPPB and 

OIDS had nn detectable cfrect on Cl secretion when added to the ar l,al side al the same 

high concentration (100 ~M; Figs. 3 and 4, respectively). 

Discussion 

Using parallel studics of transepithelial transport and patch clamp, il is possible 10 

compare the effects of Cl channel inhibitors on transepithelial secretion and on single 

channel aClivity. The single channel studies described in Chapter 2 indicated that 10 J1M 

IAA-94 or NP PB strongly inhibit single outwardly rectifying Cl channels in excised 

patchcs. Previnus studies have shown that DIDS is also a potenl inhibitor of the outward 

rectifier (Tabcharani et al., 1990). The purpose of this chapter was 10 examine whether the 
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Figure 2: Effect of adding 100 J.lM IAA-94 to the apical side of 
T 84 monolayers on short-circuit current. n=8 monoJayers ± s.e. 
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Figure 3: Effeet of apical exposure to NPPB on Ise. NPPB (100 J.1.M) 
did not change Ise after 10 minutes exposure (n=4 monolayers + s.e, 
p>O.2). 
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Figure 4: Effects of DIDS OD short-circuit current. Addition of DIDS 
(100 J.1M) to the apical side did Dot cause any change in Ise after 10 min 
exposure. n=4 monolayers ± s.e . 
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same inhibitors would also inhibit Ise in transepithelial studies, consistent with the 

hypothesis !hat the outward rectifier mediates Cl secretion in this tissue. 

As shown in Figs. 2-4, IAA-94, NPPB, and DIDS had Httle effect on Ise even at a 

concentration th:!t was lO-fold higher than needed for inhibition of the outwardly rectifying 

CI channel during the patch clamp studies described in Chapter 2. This suggests that sorne 

other Cl channel, such as the low-conductance CI channel (CFTR) described above, 

mediales transcpithcHai secretion in T84 cells. 

The effccL~ of these chloride channel blockers on CI secretion in previous studies have 

been variable. For example, high concentrations of NPPB were needed to inhibit Ise in 

HT2l)!B6 cells (300 ~M; Kreusel et al., 1991) and 36(:1 efflux in T84 cells (lCs0=414 ~M), 

whcrcas much )ower concentrations were sufficient to block Cl conductance in perfused 

rcnal tubules (80 nM; Wangemann et al., 1986). Larnon et al. (1989) reported an ICso of 

100 - 200 IlM for NPPB inhibition of VIP-stimulated Ise in T84 monolayers, and NPPB 

had no effecl on fluid secretion by the rat intestine at concentrations of 0.1 to 50 mM. 

Regardless, NPPB has been shown to have many actions, and if inhibition had been 

observed in intact cells il would have to be interprcted with caution. NPPB uncouplcs 

mitochondria and increases proton permeability of the plasma membrane in phagocytic cells 

(Lukacs et al., 1991), inhibil~ PGE2 synthesis in mesangial cells (ICso=25~M; Breuer and 

Skorecki, 1989), and reduces endogenous ATP levels in rabbit distal colon (100 IlM; 

Keeling el aL, (991). On the other hand, Greger et al. (1991) has argued that NPPB 

effccts are probably specific because one of ils enantiomers (+) is a much more effective 

inhihitor than the other and NPPB inhibition was completely reversible in one study 

(Diener and Rummel, 1989). The "small" Cl channcls in shark rectal gland (Gôgelein et 

al., 1987) and porcine thyroid gland cclls (Champigny et al., 1990) werc not inhibited by 

NPPB. 

32 
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The lack of effect of 100 J..lM DIDS on Ise is consistent with prcvious studies of :16Cl 

uptake into T84 monolayers (Mandel et al., 1986) whcrc a similar sLilhenc isothiocyanate 

(SITS) was ineffective. On the other hand, Bridges ct al. (1989) found that the dcrivativc 

DNDS blocked the outward rectifier channel incorporated into pl anar lipid bilaycrs. and ha.~ 

recently extendcd those studies to DIDS (Singh et aL, 1991). 

Taken togelher with Chapter 3 of this thesis and data in the litcrature (e.g. Tabcharani ct 

al., 1990), the resulls in this chaptcr strongly suggest that the outward rectifier ducs not 

mediale transepithelial CI secretion in T84 cells. 
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IV ANION SELECTIVITY AND PHARMACOLOGY OF THE VOLUME 

REGULA TORY CI PATHW A Y 

Introduction 

The ability to regulate cell volume is especially important for epithelia, which are 

exposed to cxtcrnal fluids having variable composition. Transient imbalances between the 

rates of solute entry and exit at opposite ends of the ccli also cause volume stress during 

transcpithclial transport. Many cells respond to swelling by activation of a regulatory 

volume decrcasc (RVD) in which osmotically active solutes are lost.and water follows (sec 

revicws, Siebcns. 1985; Hoffmann, 1987). Although many solutes have been implicated 

in the RVD, carly experiments on lymphocytes indicated that conductive K and Cl efflux 

pathways arc activated by swelling (Grinstein et al., 1982), and this has since been 

confirmed for many other celltypes (reviewed by Hoffmann, 1987). The purpose of this 

chapter is to invcstigatc the role of the outward rectifier in cell volume regulation by 

determining the anion selcctivity and inhibitor sensitivity of the volume regulatory anion 

conductance for comparison with the propcrties of the outward rectifier. 

Materlals and Methods 

Preparation of the cells 

TS4 cells wcrc cultured as described in Chapter 2 and dispersed into a suspension of 

single cc Ils using a 0.5% trypsin solution. Trypsin activity was neutralized by the addition 

of 10 mL TS4 media containing 5% FBS and the suspension was then centrifuged al 200 

rpm for 5 min. The supematant containing debris was discarded, and the cell pellet was 

resuspcnded in RPMI 1640 medium containing 10% bovine serum albumin (BSA) at pH 
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7.3. This suspension was equilibrated in a shaking water bath at 37 OC for 20-40 minutes 

before use in cell sizing studies. 

Measurement of cell volume 

35 

Cell volume was estimated by electtonie cell sizing using a Coulter counter (model Zm) 

and channelyzer (C-256). Fig. 1 shows the operation of the electmnic partkle counter. In 

this technique, cells are pulled through a small orifice (100 ~m diam.) by a pump. As eclls 

pass through, they interrupt a current which also flows through the opcning. The size of 

each interruption is proportion al to the volume of the particle. AliquOls of TS4 cells wcre 

diluted to a final density of 30,000 cells/mL in NaCI solution, and me an ccII volume (in 

picolitres; pL) was calculated as the median of a sizc distribution curve Iike the one shown 

in Fig. 2. The median was estimated as the midpoint bclween two eursnrs thal had becn sel 

so as to bracket the peak. To study the changes in ccli volume, relative ccli volume was 

determined as the ratio of mean ce"l volume attime t 10 the rncan ccII volume at t=() min. 

when the hypotonie shock bcgan. Cellular volume was detcrmincd after 0.5, 2, 5, 10, and 

20 minutes exposure to hypotonie solution. Volume deœrminations wcrc calihrated using 

polystyrene latex bcads of known sizes. 

Solutions 

The NaCI saline used during cell sizing experiments contained (in mM): 145 NaCI. 3 

KCI, 2 CaCI2, 2 MgCI2, lOTES and 10 glucose. In high-K saline, sodium was 

completely replaced with potassium (148 mM K). To sludy the effccts of anion 

replacement, a high-K saline was used and CI was replaced with iodide, bromidc, or 

nitrate. Stock solutions of IAA-94, NPPB, and gramlcidin were prepared in DMSO at 100 

mM, 100 mM, and 50 mM, respectively. DIDS was dissolved in waler tn make a stock 

solution of 100 mM. 5,8,1l,14-eicosatetraynoic acid (ETY A) was dissolved in DMSO to 

make a stock concentration of 50 mM. Ali stock solutions were stored in the dark at -20 OC 
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Figure 1: Schematic diagram illustrating the operation of the Coulter Counter. 

a. The manometer is connected to the pump. bringing mercury up to the starting 
position . 
b. Mercury retuming to equilibrium draws sample up through the orifice and 
activatcs the count cycle. 

Reproduced from Freshncy. 1983. 
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Calculation of mean volume of T 84 cells in aliquot 

VI = 1.019 pL V2 = 1.401 pL 

V= 1.21 pL 

Figure 2: Volume distribution curve generated by the Coulter counter 
showing placement of cursors to determine mean volume of celJs. The 
cursors (dashed lines) are positioned by the investigator on either side 
of the peak. A shift of the curve to the right indicates a volume 
increase. 
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cxccpt ETY A, which was stored at -70 OC. Inhibitors were thawed immediately hefore 

use. Expcrimcnts wcre carried out at 37 OC. 

Resulh 

T84 rcsponlle te> hypotonie shock 

The average volume of T84 cells was 1.219 ±O.015 pL (n=30 experiments). The 

optimal ccII dcnsily during ccII sizing experiments was found empirically 10 he -30,000 

cclls/mL. Lowcr cell densities gave a broad, diffuse histogram whereas densities >60,000 

cclls/mL caused the suspension to bccome cloud Y and cells began to aggregatc. Consistent 

rcadings were obtained if cells were allowed to equilibrate for 20 minutes in the shaking 

water ha th at 37°C prior to sizing experiments. A robust RVD response to hypotonie 

challenge could he obtaincd for 2 hours following trypsinization; however, after this time, 

the swelling causcd by a standard osmotic shock was reduced to less th an 15% even 

thnugh eells had normal resting volumes. T84 cells remained at a stable volume in the 

Couller countcr cham ber for 10-15 minutes un der isotonie conditions, and deereased by 

only 5~ aCter 20 minutes (Fig. 3). Whcn exposed to a 50% hypotonie shock the volume 

of TS4 eclls incrcascd quiekly by 26 ±O.03% and then shrank back 10 eontrollevels after 10 

min. of continued exposure to hypotonie saline (1.0 iO.03). There was also a slow 

undershont; that is, cells usually reeovered to a slightly sm aller volume (5-8% less than 

hcforc osmotie shock), indieating a loss of intracellular solute during the RVD (Fig. 4). 

K depcndence of the rcgulatory volume decreasc 

Pota.~sium cfflu {, !s proposed to he involved in the RVD of many eells. To study its 

involvemcnt in T84 cells, Na in the bathing medium was replaced by K and cells were 

subjccted 10 the same (50%) hypotonie shock as descrioed above. Since intracellular K 

concentration is probably 120-150 mM, this maneuver should eliminate the electrochemical 
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Figure 3 : Relative volume of T 84 cells as a function of 
lime under isotonie conditions (145 mM NaCI). After 20 
minutes cell volume changed by only 5% under control 
conditions . 
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Figure 4: Response of suspended T 84 cells to 50% hypotonie solution. 
CeUs were initially bathed in isotonie NaCI media (145 mM), which was 
then diluted 50% with water at t=O minutes. Relative volume increased 
to 1.26 ±O.03 of the control volume when mear,ured 2 minutes after 
initiation of swelling . 
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gradient for K, thereby preventing net movement of K during the RVD. As shown in Figs . 

5 and 6, cell volume regulation was indeed blocked under these conditions. In high K 

media, swelling began immediately during hypotonie challenge and continued to a volume 

of 1.37 ±O.03 pL after 2 min. and 1.49 iO.04 pL after 10 min. Thcsc results suggcst that 

the regulatory volume decrease requires K efflux and may involve activation of a K 

pathway in the plasma membrane. 

Anion selectivity of the RVD 

37 

The RVD requîres anion efflux, thereforc it would scem that cells should he prcloadcd 

with other anions in order to asscss their permeation through the pathway. Howcver, this 

is problematic because many replacement anions are not carried by the Na+/K+I2CI" co

transporter nor the CI"IHC03" exchanger and there is no convenient way to ensure that ail 

cellular chloride has been replaced by the test species. Thereforc, the selectivity of the 

anion pathway activated in swollen cells was determined indirectly hy studying the effects 

of extracellular anion substitutions on the ralC of secondary swelling induccd by hypotonie 

shock. These experiments were carried out in the presence of high-K saline and the cation

selective ionol'hore gramicidin. Under the se conditions, the inward anion gradlCnt 

provides a driving force for net salt influx and gives rise to sccondary swelling (Fig. 7), 

however, anion entry is rate-limiting due to the cationophore. Thus the rate of sccondary 

swelling in Mllutions containing different anions should indicatc the relative pcrmeahility of 

the membrane to each anion. 

Exposure to high K and gramicidin (2 J..lM) causcd cells to swell more rapidly and to a 

20% larger volume than exposure to high KCI saline aJonc (1.51 iO.05 in high K alone vs 

1.71 ±O.04 with gramicidin after 20 min., Fig. 8a). The hypotonie swelling response wlth 

gramicidin was not significantly different when cells were bath cd in KBr rather than KCI 

saline (Fig. 8b). However, after 20 minutes, cell volume increased 10 1.76 ±OJ14 in 
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Figure 5: Cartoon showmg the dependence of the regulatory volume decrea.4iC (RVD) on the 
transmcmhranc potalOSium gradient. The response is abolishcd when the net efflux of K is 
inhihitcd. K norrnally exits down its concentration gradient, however, in high-K solution there is 
no gradIent and the movcmenl of K is abohshcd . 
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Figure 6: The dependence of the reguJatory volume decrease on potassium. At 1=0 minutes, T 84 
cells suspendcd in (0) NaCI or (.) KCI saline were given a hypotonie shock. The reguJatory 
decrea.4iC to hypotonie shock was eliminated in bigh K media and cells were 49% larger tban in 
control (NaCI) medium after 10 min exposure to hypotonie shock. n=8 ±S.e. 
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Figure 7: Cartoon ilIustrating the method used to assess the anion selectivity of the Cl 
pathway in swollen cells. CeUs were bathed in high-K saline and hypolonically 
shocked by dduting the bath 50%. The ionophore granucidin was alM) presenllo 
increase cation permeability, so thal the anion conductance would bc the pathway that 
limits subsequent (secondary) swelling. The rate of influx of differcnt anions providcs 
a rneasure of the relative perrneabihly to each anion . 
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Figure 8: Anion selectivlty 
Cells were glven a hypotonie shoclc in hlgh K medium atl=O minutes. Open cire]es (0) 

show that the eeUs sweU and remain large iD KCI medium. they cannot regulate their volume onder 
these conditions. 

a) Addition of granucidln in the same KCI medium (at t=O minutes) increases the rate and the 
amount of swelling. CI swelling Is inereased in the presence of gramieidin (20%). 
b) The degree of swelling in the presence of extemaJ Br was similar to that with CI. 
c) The degree of swelling in the Dllrate solution was higher indlcating high permeability to Dltrate. 
d) lbe ceUs did not swell in gluconate sahoe. which indtcales the volume-activaled anion 
conductance is not slgnificanUy permeable to glueoDate. 
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KN0:3 saline and did not plateau, suggesting that NOr wa.'\ slightly morc pcmlcant than Cl

(Fig. 8c). On the other hand, gluconate was less pCmlcant; i.e. ceUs did not show any 

sustained increase in volume, only a transicnt swelling which prohahly renects rapid 

movement of watcr into the cen following hypotonie shock. Thus the anion sclectivity 

sequence for the swelling induced pathway under these conditions is 

N03>Br=Cl»gluconate. ft was not possible to determinc iodidc pcrmcahtlity hccausc il~ 

effeets were ineonsistent, seven out of 16 preparations had a small secnndary swclling 

response white the nther nine did not. 

Effeet of Cl channel inhibitors on the RVD 

38 

The sensitivity of the RVD to several Cl channel inhibitors wa.~ asscsscd using the 

conventional swelling protocol, that is, hy adding the inhihitor to the standard NaCI saline 

at the same moment the bath was dilutcd. Ali the inhihitors caused a dose depcndent 

reduction in the RVD and increased the average maximal"swollen" Si7,c from 26(~J tn 31 % 

above that of control, unswoUen cells. 

IAA-94 had no effect on the RVD when testcd at 10 JlM (1.02 ±()'()2, n=8, Fig. 9a), 

a1though this concentration was sufficient to block outward rectifïers during patch clamp 

studies (Chapter 2). Intemlediatc levels of inhihition were ohscrvcd with 50 Il M and 100 

J.1M lAA-94 (Figs. 9b,e); in each ca.~ the ecUs swelled to a larger maximum si7,c in the 

presence of IAA-94 and then partiaUy recovered. The maximum volume at 2 min. with 100 

J.1M IAA-94 was 1.29 ±O.02, as compared with 1.26 ±O.03 in the presence of 10 JlM IAA-

94. However at very high concentrations (1 mM) lAA-94 did inhibit the RVD, causing the 

cells 10 remain 30% (1.30) larger indcfinitely when exposcd to hypotonie medium. The 

cffeet of NPPB on cell volume rcsponses to hypotonie shock wa.~ also tcstcd at several 

concentrations and was also found to inhibit the RVD and incrcase the peak ccll volume al 
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Figure 9: Erreet of the CI channel inhibltor lAA-94 on the regulatory volume deerease (RVD) in 
T84 ceUs. 

Single ceU suspensions were hypotonically swollen al ,=0 minutes. The volume response in the 
absence of inhibitor (0) is compared with those in the pre.~nce of inhibito: (e). 

a) 10JtM IAA-94, 
b) 50 J1M IAA-94, 
c) 100 J1M IAA-94, 
d) 1 mM IAA-94. 

Mean ±S.e. and UIe Dumber of preparations is iDdicated iD each panel. lohibitor was added at I::() 
minutes . 

15 

15 



• , 

• 

• 

high NPPB concentrations. The average peak volume was 1.21 ±O.02 in the presence of 

50 ~M NPPB and 1.3 ±0.04 with 100 ~M NPPB (Fig. 10). 

Finally, DIDS inhibited the RVD, allhough il wa.~ a much less pOlcnl blockcr than cilhcr 

lAA-94 or NPPB. Peak volume was not larger in the presence of 50 ~M DIDS, and eeU 

volume recovered to within 10% of the resling Sil~ L'ven in the presence of 100 ~M DIDS 

(Fig. Il), a concentration that abolishes activity of the outward rectifier from thesc cclls 

(Tabcharani et al., 1990). 

39 

Arachidonic acid metabolites have been implicated in the RVD (cg. Lrunbcrt Cl al., 1987) 

therefore the effecl~ of ETY A, an inhibitor of arachidonic acid incorporation into eeH lipids 

(Taylor et al., 1985), was also tested for il~ ahility to hlock ccli volume rcgulatinn. ETY A 

was a potent inhibitor of the RVD. It inhihited the RVD complctely at 40 f..lM and eauscd 

cells to remain fully swollen (35% larger than control conditIons) after 10 min. exposurc ln 

hypotonie solution (Fig. 12). 

Discussion 

The results in this chapter provide the frrst direct evidence that T84 cells rcgulatc thcir 

volume following hypotonie shock, and that this regulatory volume decrcasc rcquircs 

passive K and Cl effluxes. The single channel ba.llis of the K pathway activatcd during the 

RVD was Dot investigated in this thesis although an inwardly-rectifying, calcium

insensitive K channel activated by hypotonie shock has been identificd in TS4 cells 

(Tabcharani and Hanrahan, 1991 b). The relative selectivity of the CI pathway among 

anions determined by following secondary swelling was found to have the sequence 

N03>Br=Cb>gluconate. Severa) anion transport blockers inhibitcd the RVD, but only at 

very high concentrations. An inhibitor of arachidonic acid metabolism was also found to 

reduce the RVD. 
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The solutes 10st during the RVD depend on eell type but most cornmonly thcy an' K, Cl, 

and various amino acids (reviewed hy Chambertin and Strange, 19H9). The signallhat 

triggers the RVD is uncertain, although arachidonic acid meulholites (Lambert el aL, 19X7), 

hormones (Haussinger and Lang, 1990), and intracellular calcium (Evcloff and Warnock, 

1987; Foskett and Spring, 1985; Wong and Chase, 1986; Rothstein and Mark, 1(90) have 

been shown to influence the RVD in diffcrent cells. Scparate K and Cl pathways have becn 

implicated in the RVD of lymphocytes (Grinstein ct al., 1982), Madin-Darhy canine kidnry 

(MDCK) cells (Ritter ct al., 1991, Rothstcin and Mack, 1990), Nt'ctllrus gallhladdcr 

epitheliurn (Furlong and Spring, 1990), and guinea pig villus cells (MacLeod and 

Hamilton, 1991), although the Cl conductances activated have nol heen characterll.cd 

electrophysiologically. Several groups have identified a Cl conductance in swollcn eclls 

that has sorne macroscopic properties consistent with the outward rectifier dcscrihcd in 

Chapter 2. Worrell ct al. (1989) idcntified an outwardly rectifying wholc ccii CI 

conductance in T84 ceUs that depcnds on bath osrnolality. Sole and Winc (1991) idcntiflcd 

a swelling-induced whole ccli current in TS4 cells that rescrnhled the outward rectifier with 

respect to its ion sclectivity and outward rectification, but the single channels had a highcr 

conductance compared to outward rectifiers usually observed in cxciscd patches. 

Comparisons betwcen macroscopic anion conductance and smgle channels in lhl~ 

chapter suggest that the outward rectifier docs not mediate the CI pathway whlch IS 

activated during the RVD in intact T84 cclls. The sclectivity of the swcllmg-activatcd anion 

pathway (N03)Br=CI>> gluconatc) diffcred slightly from that detcrmincd for the outward 

rectifier in many systems in that Br was not more pcrrncant than CI (Reinhardt ct al., 19X7; 

Hanrahan and Tabcharani, 1989; Li etaI., 1990; Halm and Friu,c)), 1992). Also, the RVD 

and outward rectifier had different sensitivitics to the inhibil()r~ IAA-94, NPPB, and 

especially DIDS. IAA-94 or NPPB (100 J.lM) causcd cells lo swcll more iniliaJly and 
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panially inhibitcd the subsequent RVD, however inhibition was modest al 50 ~M or 75 ~M 

considering that the outward rectifier would be aImost completely inhibited at these 

concentrations. Moreover, DIDS had liule effect on the RVD even al 100 J.1M, a 

concentration that abolishcs activity of the outward rectifier (Tabcharani et al., 1990). 

These results suggest the outward rectifier is not involved in the RVD, although it should 

he notcd that 100 ~M DIOS has becn reportcd lO block the RVD in MOCK cells (Roth stein 

and Mack, 1990), OK cells (Knoblauch et aL, 1989), and the swelling-activated 

transcpilhclial CI secretion in T84 cells (N. Simmons, pers. commun.). 

Thcrc arc alternative cxplanations for the lower potency of blockers against the volume 

regulatory anion conductance and slightly different selectivity as compared to single 

outward rectificrs. If the swelling-activated CI conductance is not rate-limiting during the 

RVD due to the presence of a parallel (DIDS-insensitive) Icak pathway, the leak pathway 

might allow some volume regulation even when the volume-activated CI channels are 

inhibitcd by OIOS. There is no way to he certain that the anion influx pathway responsible 

for the secondary swelhng is the same one that mediates the RVD. Variations in the 

magnitude of the leak component among tissues might explain different apparent 

scnsilivities of the RVD to DIDS and other inhibitors. A second possibility arises because 

the outward rectifier is normally studied in excised patches after activation by non

physiological stimuli (reviewed by Hanrahan et al., 1993). These maneuvers might 

artifactually cnhance the channel's sensitivity to OIDS in patch clamp experiments. For 

thcsc rcasons, the possibility that the outward rectifier rontributes to cell volume regulation 

cannot bc rigorously cxcluded dcspite discrepancies in b!'lCker potency. 

Intcrcstingly, the propcrties of the RVD match tho&- 'Jf tue CIC-2 chloride channel more 

closcly than thosc of the outward rectifier. Like the RVD in TS4 cells (this the sis) the CIC-

2 channel is only weakly sensitive 10 9-AC and DPe (-50% al l mM) and is almost 
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insensitive to 1 mM DIDS (Thiemann et al., 1992). CIC-2 also has similar pcmlcahility to 

Cl and Br, consistent with the swclling-activated anion conductance in TS4 cells observed 

here; although il should he noted thal a selectivity ratio assesscd by sccondary swelling is 

probably more equivalentlo a conductance ratio than to an equilihrium pcrmeahility ratio. 

which would depend 00 different properties of the channel. Expression of CIC·] in TS4 

cells has beeo reported (GrOnder ct al.. 1992). 

42 

Although TS4 cells swelled rapidly during exposurc to hypotonie (50%) medium, thcy 

did not double in sizc as expccted for an ideal osmometer. The most likcly explanatinn for 

this finding is that cells did not reach maximum volume until 2 min. aflcr hypotonie shnck, 

by which time the RVD was already in progress. This would aCClIunt for the suhmaximal 

swelling rcsponse and seems rcasonahle in vicw of reports that RVD in other eclls can he 

eHcitcd by only 5-15% swelling (Hoffmann, 19R7). The ohservation lhill high 

concentrations of NPPB and IAA-94, which inhihited the RVD, also im:rca~d thc peak of 

the initial swelhng responsc wouJd be consistent with lhis hypothesis, since inhihiting the 

RVD during the early phase would permit a Jargcr initial swelling responsc. Annthcr 

possible explanation for the apparent deviation from ideaJ hchavioUf is the fael lhat cells arc 

not perfectly spherical and sorne of the volume increase mighl he accommodaled hy 

microscopie unfolding al the ccII surface without changing the apparent macroscopic ccII 

diameter significantly. 

The intraœllular signals involved in controlling œil volume have not yet becn idcnlificd 

although leukotrienes, diacylglycerol, PKC, and cAMP have becn implicatcd in Ehrlich 

ascites tumor and other cc Ils in the opcning of volume regulatory ehanncls (Lambert et al., 

1987). The preliminary studics in this chapter using ETYA arc consistent with the 

involvement of arachidonic acid metabolites in the T84 ccII RVD; however, further studics 

are needed to confirm this and to identify the signaIing molecuJe. If CJC-2 mcdiatcs CI 
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conductance during the RVD, the signaling pathway must ultimately interact with the short, 

amino-tcnninal end of the protcin which has been identified as the "volume sensor" region 

of the channel. 

ln summary. these studies of the selectivity and pharmacology of the swelling-activated 

CI pathway do not exclude a role for the outward rectifier in regulating T84 cell volume; 

howevcr, they show that the properties of the swelling activated anion pathway are most 

consÎMent with those of the CIC-2 chloride channel. Further patch clamp studies of T84 

cells, and of ecUs transfectcd with CIC-2 or antisense oligonucleotides to CIC-2 are needed 

to confirm this hypothesis . 
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V CONCLUSION 

The intent of this study was to define the physiological role of the outwardly rectifying 

Cl channel in epithelia using a phannacological approach. Previous single channel sludics 

have shown that this channel is abundant in the apical membrane of PANC-I and T84 ceUs. 

The single channel characteristics are identical in bolh cell types and closcly rcscrnhlc 

outward rectifiers in epithclia from the airways. sweat gland. and fetal pancrca ... The patch 

clamp results in Chapter 2 of this thesis show that the channel is highly sensitive to the 

inhibitors lAA·94 and NPPB. The insensitivity of the transcpithelial short-circuit currcnt tn 

these blockers in Chapter 3 role out the involvement of this channel in Cl secretion by T!!4 

monolayers; inhibitors that decrease the open probability of single channels to l.cro had no 

effect on Ise at sim il ar concentrations. This conclusion. which wa .. publishcd previously 

(Tabcharani et al.. 1990). has been confinned by many laboratories and strenglhencd by 

the fmding that CfTR is itself a sccretory chloride channel having very different propcrties 

from those of the outward rectifier. An alternative physiological mIe for Ihe oUlward 

rectifier, cell volume regulation, was then tesled in Chapter 4. Electronic cell sizing 

expcriments showed that IAA-94 and NPPB both inhibit ccII volume regulation by TH4 

cells in a concentration-dependent manner, but al significantly higher concentrations than 

required for inhibition of the outward rectifier. This discrepancy was espccially ohvious 

for DmS, which was at least ten-fold more potent against single outwardly-rectifying anion 

channels than it was against the RVD. 

The present results provide strong evidence against a role for the outward rectifier in CI 

secretion across T84 cells. and also argue against a major role in œil volume regulation. On 

the other hand, the ccli sizing studies are consistent with a volume regulatory role for 

another type of CI channel (CIC-2) which has recently been cloned and is expresscd in Tj!4 

celIs. In the absence of a specific blocker, identification of the gene encoding the outward 
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rectifier will probably bc needcd bcfore a definite conclusion can he reached regarding its 

physÎological role . 
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