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Introduction 

Abstract 

In comparison to cation (K". Na", and Cal] channels. much less is currently 
known about functional role of an ion (CI) channels in cardiovascular physiol
ogy and pathophysiology. Over the past !5 years. various types ofCI currents 
have been recorded in cardiac cells from di Oerem species including humans. All 
cardiac Cl channels described to date may be encoded by five different Cl chan
nel genes: the PKA- and PKC-activated cystic fibrosis tansmembrnne conduc
tance regulator (CF711). the vohnne·rcgulated CIC-2 and CIC-3. and theCa,.
act ivated C/,CA or llestrophiu. Recent studies using multiple approaches to 
examine the fimctional role ofCr- channels in 1hc contcXI of health and disease 
have demonstrated that Cl- channels might contribute 10: I ) in 
myocardial injury: 2} cardiac ischemic preconditioning: and 3) the adapt ive re
modeling ofthc hcan during myocardial hypertrophy and heart fa ilure. Therefore. 
an ion channels represent very auractive novel targets for approaches 
to the treanncm of hean diseases. Reccm evidence suggests tlHII Cl' chan nels. 
like cation channels. might fimction as a multi protein complex or fimctional module. 
In the post-genome era. the emergence or functional prot comics has necessitated 
a new paradigm shin to the structural and lhnctional assessment ofimegrnted Cl" 
channel muhiprotein complexes in the hean, which could provide new insight into 
our understanding of the underlying mechanisms responsible for heart disease 
and protection. 

Abnormalit ies of cardiac iou cbanuels have beeu linked 
to a variety of inherited and acquired cardiac diseases in
cluding myocardial ischemia. hypertrophy, heart fi1ilure. and 
arrhythmias'' "· to addition. ion channels may also be me
diators of the cardioprotectivc effects of ischemic precondi
tioning (lPC)I..,._ While cation (K' . Na", and Ca'·) ctoannels 
have received U1c most ancmion i u the past four decades, 
tbe role of anion chruUJels in the system bas 
been largely ignored. Within last 15 years. a re-surgence 
of imcrest in Cl' channels in the cardiovasetolar system has 
led tO thediscoveryofat leaSI seven diffcrC!lllypcs ofC!" 
currents in cardiac cells from different regions of the heart 
and in different specicsl&J. Intensive efforts have been given 
to the properties of these anion channels at the 

cellular and molecular levels. More details about the 
biophysical. pharmacological. and molecular properties of 
CJ" channels in Lhc heart can be found in several recent e.x
cellem review artidcsl'-"t. II bas also been demonstrated in 
recent. studies that cr· charmcls may be involved in the regu
lation of a large repertoire ofccllular funct ions. including 
cell ular excitability. cell volume homeostasis, 
organelles acidificmion. cell migration. proliferation and 
diiTcrcmiation, and apoptosisl•.•.l2t. With Ute recent identifi
cation of molecular emities responsible for cardinc cr-chan
nels''' and the genes mapped to specific human chromosomal 
locations'UJ. gene targeting and tnmsgenic techniques have 
been usod to delineate tbe functional role of c1· channels in 
the context ofhcalth and disease. II has been reported IJ1at 
c 1· channels could contri bute to: I) arrh)'lhmogenesis inmyo-
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cardial injury: 2) the adaptive remodeling of the bean during 
myocardia l bypenrophy and bean failure; and 3) I.PC. 
Therefore. anion channels represent very at tractive novel 
targets for tltcrapemic approaches to the treatment of heart 
diseases. In this review. we will briefly summarize the major 
findings and recent advances in the study of functional role 
of anion channels in tltc bean. 

1 
a pp 

.> 
------
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Anion channels in the heart 

Since the iJJdependent discovery of a cAMP-activated 
Cl currem in the guinea pig heart by Bainski et a/, Harvey 
and Humc in 19891"·"1. intensive efforts have been made to 
characterize cr channels in tlte cardiovascular system at 
both the cellular and molecular levels. These have been 

or 
Oestropbin (?) 

Figure" I. Schc:mlllic uf union in c::udiuc Anion and 1hcir corR-.SJlonding mllh:c:ufur cnlilid or 

c::mdidates o.re ind.ic:ated [n ln ru.· C J t u n'ntt re"'ul:..tcd by udc:nylyl c:ydasccAMP-prolciu kinase A putbway: CFTR. cystic fibrosis 
trnnsmembmnc conductan.:e regulator: Ml- 6 . CIIR trnnsmcmbranc spanning segml.'nls 1- 6; M7- 12, CF1. R transmembrane spnnning ses
ments 7- 12: N60 1, 11uch.•otidc b iJ,ding domnin 1: NOD I. nue.leotide binding do1nain 2: R . regulouory subu nit: 1•. phosphoryhu ion sites for 
protein kinnsc A (PKA) and kina.sc C (PKC): PP. protc:ln pbosphatu.se!>: Gi. hctcrodimc:ric: inhibitOI)' G protein: A1R. 

adenosine type 1 rc:c-eptor; M;R. muscarinic type I I receptor: AC, adenyly l 1-f:R, hisusminc 1ypc tt n:ceptor ; Gs, hctcrodim'-•ric 
stimu lnmry G protein: P.·AR. P·adrcnergic r·':R. purmcrgtc type 2 /0 ,.1, ca- current 1'cgulcued by cell volume; CIC·3, member 
o f vollage·gntOO CIC c•-chrulOCI fl'unily: la c.• ct-C\ll'fCill regu lated by imrnecllu lllr co=· C(lllCCillration (ICa!' ),): CLCA t. member o f ;) ca=·. 
s.c:ru.i ti ,•c C l t>hannd lilmily (CLCA); B(•slrophm: the Bes,rophln gene jjlmily; ln .... inw11rd r«tifying CJ curn:nt: CIC·2, ml.'mlxr ofvohogc
gatcd CIC ch:tnnd ramily. Membrane topology models (a.-helices A-X) ror C IC·2 :md CIC-3 arc mudilied (rom l)ut!.lt."T 
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recently reviewed and thorough ly described elsewherei' ·"l 
and will not be repeated in th is review. Briefly, at the mo
lecular level. all cardiac Cl channels described so far may full 
into the following Cl c-hannel gene f.1milies (figure 1): I) the 
cystic fibrosis transmembrane conductance regu lator 
(CFTR), wh ich is a member ofdtc :tdcnosinc triphosphate
binding cassette (ABC) and may be responsible 
for d1e Cl currents acti vated by protein kinase A (PKA) 
(/= u)'" "'· protein kinase C (PKC) (Ic, .. c'f"·"'· and extra

ATP (!cLAn>) in the hC'Mit19-lll: 2) CIC vollage-gated 
Cr channel superfami ly: a) C/C-2. which is responsible for 
the hyperpolarization- and cell S\\'C1ling-activated inwardly 
rectifying Cl-currcnt b) CIC-3. \\1Jich is respon
sible for the volume regulated outw;lrdly rectifying Cr cur
rem Uct,..l-including the basally-activated Ucu.P'' and swcll
ing-activ-Jted componentsf"-"1: 3) CLCA-1. which 
was t110ught to be responsible for d1e Ca' ' -activated cr cur
rent (fcu:.)l"·"l: and 4) Bcstropltiu, a new candidate for 
leto.t''"'''· Furd1er studies on the molecular and functional 
properties of these Cl' channel genes arc necessary tO de· 
fine the structure of the channel proteins and to elucidate 
the physiological and clinical signilicancc ofthesc channels. 

Functional r ole of Cl- channels in cardiac 
diseases 

Thooretically, Cl' channels oould be involved in the regu· 
lation of cellular excitability. cell volume homeostasis. in
tracell ular organelles acidification, cell proliferation and 
dilieremiation. and apoptosisl"'· Thus. they may have im
ponam physiological and pathological significance in car
di ac fimction utJder normal and pat.hological (hypoxia, 
ischemia, myocardia l infarction. hypertrophy. and heart 
fallure) conditions. Mutations in several cr channels have 
been known to result in human inherited diseascs'IJI. But 
the exaC1 role ofCI channc.ls in human cardiovascular physi
ology and pathophysiol.ogy Is still unclear!''· The ability to 
examine the exact. role ofCI" channels in human cardiovas
cular physiology and pathology has been by the 
lack or specific pharmacological and molecular tools. With 
the recent identification of the molecular entities responsible 
for Cl- channels in tbe beant•t and the genes mapped to spe
cific human chromosomallocations1" '· it is now possible to 
ovcroomc these obstacles by use of gene targeting and trans
genlc animals. \Ve have been using a mu lli1Udc or ap· 
proaches from traditional tnetbodologies including bio
physics. biochemistry, electrophysiology. and pharmaool
ogy to state-of-the-an technologies includi ug telemetry 
system, cchocardiography, genomics. and proteomics to ef-
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fcctively and accurately define dtc role of each Cl channel 
in bean fimction in the context ofheahb and disease. 

Functional role in electrophysiology and 
arrhythmogenesis 

Estimates of intracellu lar Cl activity (a1a) in cardiac 
myocytes from ion-selective microclcctrode studies indicate 
d1c cquilibriwn potential for Cl (ISc;IJ be more positive than 
ll1e resting membrane potentia l under normal physiologic.1l 
conditions with nn extracellular CJ-oonccntration ((CJ-].) or 
145 mmoVL and an imraccllular Cl' con central ion ([CI''I;) of 
10 to 20 mmoVLI•J-461. Because dtc r;c, is widtin a membrane 
potcmia l range (usually-{)5 10 -40 mV) that can be either 
ncg.11iveor positive to the aclllalmcmbranc potential during 
the normal cardiac cycle. activ;uion orcardi:tc Cl' channels 
can generate both and om ward currents (figure 2). 
Thus. compared with C:ttionic cbannels. cr cb:tnnels have 
the unique ability to cause both depolarization •ts \\'CIJ as 
repolarization during the action potemial rutd produce sig
nificant effects on c:trdiac pacemaker acli vily and action 
paten tial characteristics. 

TI1e degree to which activation ofCJ currems dcpolar
izcs tl1c resting membrane or accelerates the repolari1.ation 
of action potcmial depends critically on the actual value of 
£<1 and the magnitudeortlJC Cl conductance relative to Lhe 
total membrane conductance. Under physiological oondi
tions the transmembrane Cl- gradient is asymme1rical. TintS. 
ll1e activat.ion ofCFTR and ClC-3 Cl channels in the heart 
will result in outwardly rectifying currcms. This have 
more sign i ficam effects at positive potentials to accelerate 
repolarizatioo and shortening of the action potential dura
Lion compared with smaller depolari7.ing effects at negative 
potentials ncar d1c resting membrane potemial (Figure 2). 
The ability of Cl- current activat ion 10 depolarize cardiac 
cells is also opposed by the presence or a large background 
K' oonductancc that normallyoont.rols the resting membrnne 
poten tial. Both abbl'cviation or APD and depolarizat ion or 
1':,., upon activat ion ofCI channels may play a role in rhythm 
disturbance and likely comributc to arrhythmogcnesis un
der pathological conditions. 

CFTR :tod arrytbmogcncsis CFTRchauncls are closed 
under basal conditions but can be open under conditions 
where intracellular PKA- and PKC-dependent phosphoryla-
1 ion activity is increased. A major physiological role of aeli· 
vaLion of CFTR channels may be 10 minimize (oppOse) tbe 
signi.ficam action potential prolongation associated \vith fl
adreuergic stimulation of leo. This is expected to contribute 
to action potential shortening during strong adrenergic stimu-
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F151,urc 2. Modula tian of t;llrdjac activity by s.urcolcmmul anion channels in c.ardi11c Changes in ;ac:lion (top) 

a nd mcmbr:mc currcnl.!' (bouom) caused by ncth·:ttion of cystic libro!'i.S conductun cc r-egula tor und \'Oiumc-rcgula tcd 

CIC·3 Cl- chO'IMcls (1-\). cn=· ·O'ICii\'at!!d cr- c hnnncls (B). CIC·l thannclo: (C) arc la.c;:a, can be acth•atcd by {fimul:.tion of protein 

k inase A ( JlKA). protein kinase C ( llKC). or purinerg_ic receptors: lca.fl is by cell swelling induc:ed by c:<polturc: to hypotonic 

cxtrncellular or pOssibly nu:mbrom: lac• is ueti,·atcd by eh.wation orlocnli:ted JCo:'J,. ln. is activated by hyperpolarization. 
cell swelling.. Range M c-stim31cs tOr ncmnu1 physiologic.u1 \'a lues fbr Cl equilibrium potential (f:'a) is indielltcd in green in top panels 

in A C : nnge o r zero·currcnt ' ' :tlucs c:orrespondin,g to £a is shown in green i n bottozn 1,ar1ols. Numbers in top panels o r i\ .. C 
convtntionn l ph:ues of a prototype ventricular action potential under control conditions: (bl;ack} and a tier llcti va.tion of /e1 (red). (n A. 
activation <>f 10 induces large-r membrane dcpolllTiY.ation and induction or early (I:AD) u nd,.,.- conditions where n."Sting K. 

cond1.1c:wnce is reduced (dashed red lines): m B. 3CU\' 3tion of la.c .. durmg ICa:..-1, <Wcrlo3d results in oscillntory lr3DSie'IU mw"rd current lin) IU'd 

induclion (II' dchlycd \lft«dcp()lnri7.:uion CD1\D): in C. nccivntlcm of la.u during hypcrpolarl7alion causes acceleralion of phnsc 4 dcpolarll\\tion 

a nd (d.;• shed red ... len panel} on d $hortening of ac1ion potential dur01tion. mc mbrnnc dcpol01r izution and/or phas.: 4 dcpol;•r· 

h:ation a nd induction C'1( abnonnnl electrical impub:e ( trigger activity) and nutom nticl l)' (right ,,and). 

lation and faster heart rates. Therefore, activation of CFTR 
channels may prevent excessive prolongation of APD and 
protect the heart against the dcvelopmclll of early after de
polarizations{EAD) :md triggered activity caused by activa-
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established that APD prolongation favors EAD by ullo\\1ng 
recovery of inward currents and, couversely, shortening of 
APD makes il more di fficuh 10 induce EAD. llterefore, acti
valion ofCFTR channels should protect against focal lfig
gered arrhylhmias. However, when background K+ conduc
lance is reduced in lite case of myocardial hypokalemia. ac
lh'lllion ofCFTR channels 1\111 cause signi ficam membrane 
depolarization and induce abnormal a111omatici1y leading 10 
1he development or; EAD ( doncd red lines in Figure 2A). 
1l1csc predicled ciTcCIS ofCFTR channel ac1ivmion on APD 
and amoma1ici1y have been verified cxperimcnwlly by ma
nipulations or the et· gradiem or the use ofCJ· channel 
blockcrs1"·"'"'· Histamine was found to activme CFTR chan
nels in ventricular myoc)'ICS and induce osci llalory ac1ivily 
and abnormal impulses in the heart, allhough 1he contribu
tion ofCFTR channels 10 these arrh)'lhmogenic activities 
has not been funhcr explored. It bas been shown ll1at acti
vation ofCFTR channels contribules 10 hypoxia-induced 
shonening in APDI"I. Activation ofCFTRcbannels may 
accelerale lite developmem ofrcemry because of the short
ening of APD and refractoriness and a decrease in conduc
lion velocity caused by a sliglu depolarization or dias1olic 
poiemial leading to Na· channel inactiva1ion. 

CIC-3 and arrbythmogcnesis The currcnltbrough CJC-3 
chamtcls mtder basal or isotouk condi1ions is small. btu can 
be further activated by Slfctching oft he cell membrane by 
in nation and/or cell swelling induced by exposure to 
bypoosmotic soiUiions. Acti\"Jtion ofCJC-3 channels is ex
peeled to induce a similar effect on cardiac action po1entials 
as tbal of activation ofCFTR channels (Figure 2A) because 
both Cl" currcms through bo1h channels are relmively time
and voltage-independent over 1l1e physiological range of 
membrane polenlia )st>>.>ol. Activation ofCIC-3 channels 
might produce more signi fican1 ac1ion potemial shorten ing 
1han CFTR channels because of its stronger OIU\vardly recli
fying property. Because myocardial cells swell during hy
poxia and ischemia. and 1hc 'vashoul ofhypcrosmo1ic exira
cellular Ouid after reperfusion induces further cell swelling. 
ac1iva1ion ofCIC-3 channels mayalsocomributc 10 hypoxia. 
ischemia and rcperfusion induced shortening in APD and 

Abbreviation of APD and. therefore. the 
c!fcctivc refractory period reduces I he le.nglh oflhc conduct· 
ing patbW'ay needed to sustain reentry (wavelength). In 
principle. this favors the dcvelopmenl of atrial or ventricu
lar fibrilla! ion. which depends on the presence of multiple 
reentran t circuits or rotating spiral waves. /r:1,"',11 also may 
slow or enbance I he couduc1ion of early exlfasystolcs. de
pending on the timing. IJJ the case of myocardial hypertro
phy and heart failure, ionic remodeling is one of the major 
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featuresofpalhophysiological changes'"'· 11 has been fotmd 
thai the curren1 densities and molecular expression of sev
eral major repolarizing K" channels (such as K v4x) are sig
nificamly reduced, which may be responsible for 1hc pro
longalion of APD and dcvclopmenl ofEAI)I" I. However. 
under 1hcse condilions, fc1,,. is conslilulivcly aclivcl" '· The 
persistent activmion of 1n ,01 may limil1heAPD prolonga1ion 
and make il morcdi nicuh 10 clicil EAD. Indeed, as shown in 
Figure 3, in ln)'OC)'ICS from hcans in failure. block of lc"•' by 
1amoxifen significamly prolonged APD and decreased 1he 
dcpoi:Jrizing currcr11 required 10 elicit EAD by aboul 50% 
(Figure 48) and hyperosmolic cell shrinkage, which also in
hibils lc1,..,.. was almosl cquiva lem to 1amox ifcn in causing 
EAD in1hcsc rnyoc)'lcs (Figure Therefore, the conse
quences of activation of In ,., arc very complex. It may be 
detrimental. beneficial. or bolh in different 
pans oftbe heart. 

IT IT+1i m•a,drw asr 
100 100 100 

;. 

!. 
.cJ 50 .cJ 
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.3<) • " 
-!CJ .3<) 

"' -1110 -1110 -too 
0 0.8 1.6 0 0.8 1.6 0 0.8 1.6 

Thm• h) 

J. Atti\'·111ion of let..,... shut1c:ned APD 11nd inc-rC\l:!>c.-d thresh<lld lOr 
inducing c;uly nftc."Cdc-polubatlon.\ (£AI)) in canine n'1ltricular myocylc.s 
iSC)httcd from j,,ran:tic.m unci J)Cfi·infal"dion 30 days :aftcr lett 
rior dcsorndiug llftiLT)' lig;.t.iou (MJ). EAD \\CI'C elicited with dcp<>lari:ring 
pulsc!i ( 20-200 pA) and currcnl-\ 'oltagc rcl11tionships were obttdncd 
from the sumc cc11s (not shown). ·rhrt:shold l'or inducins: was 
120 p1-\ in :a vcnlt1cu1o.r myocyte in IT. Tnmoxifcn {10 
pmoi/L) rcdu«.xlthc: thn:s.hold for induction MEAD in iso1onic ( I T) 
S.OIUliOIIS (rom 120 IO 60 pA. llypcrosmotic shrinkngc (10 l.S r 
sohuions), which Glso inhibits 10 ,\..a: reduced thtcshold rot eliciting 
EAD to 40 pA. All panels from same "dl under pcrfur11h:d 
condition.!>. {From Baumgarten and Ch:mol"l witlt ]Jermiu ion from 
!!bevier Scit:ncc). 

II has been shown !It at mechanical stretching or di lation 
or the atrial myocardimn is able 10 cause arrbyllrmias. Since 
' """'"' w·Js also round in sino-atrial (S·A) nodal cells, CIC-3 
channels may serve as a mediator ormechanotransduclioo 
and play a significant role in the pacemaker function 
act as I he stre1ch aclivatcd channels in these cells1•.1'1. 
Baumgancn "s Jabora1ory bas recently demonstrated that 
ln, .. dl in ventricular myoc)'les could be direc1ly actiV'Jied by 
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4. Contribution or / .. ,n to ddayt.-d :dtc-rd .. "JX>Iari.(lltion in vcntncu
lar ttnd PurkinJe myocytcs.. (A) VcntncutaructiM were n:corded 
dutiug (;01\11'01 ( • ), 38 (1). O'l lld 4$ (2. Si:tOildS Qfitr uppli<:1HiOtJ of 
norepinephrine. Norepinephrine de\'lttcd the plateau and prolonged the 
aclion po tcnlia l dunl ion (I) nnd cvcnlually cnuscd de:luycd 
gftcrdc:polarimtion (DAD) DCC:Ompanied by lnlru.ient n:polnrizutioru. dur
ing the plateau (arrows). (U) Purkinje :.ction potentials were rcconlcd 
during \!Cl11HOI (•), 49 (I). and Sl (2) after appJic;uion of 
norepinephrine. oetiou poll:ntiab recorded in the prC:o.4 .. •nce ot' nore
pinephrine were accompunicd by DAD. but only the action potcntiol re
corded at (2) 5hows a transient rcpolari:t.ation (arrqw) tL'i well. (C) Mi.Tn
bnlne cutrents- in \'Cntrieul.1t myocyte 3ctiv3tcd b)' from ·SJ 
mV lC) po!i."lldnls bctWt."t'U ·23 nnd t-37 mV m the pn."5Cncc or norcpineph
nnc ( 1 mmol/1 .. ). J>cpol:trt7)l.lion to -2 3 mV mduccd :a large C11!• 
currt:nt \\hkh is superimposed with n trMSIC'IU outward current. This 

more pronounct.'d with stronger depolari:aation (From Vtrkerk 
with pa:nnissinn from J !earl Associ11tion). 

mechanical stretch 1hrough selectively st retching 1-
intcgrins with mAb-coated magnetic bEAol•)L'9J_ Although 
it has bc<:n suggested that stretch and swelling activmc the 
same anion channel in some non-cardiac cells. runher study 
is needed to determine whether this is true in cardiac 
myocytes. 

Ca'··activ;oted Cr channel and nrrh)1hmogencsis As 
illustrated in Figure 2B. the activation or fete. will have con· 
sidcrably different effects on cardiac action potentia ls and 
resting membrane potemial from those ofCFTR and CJC-3 
charmels, even though lc1c. is also expected to be outw•Jrdly 
rectifying under physiological conditions. Titis is because 
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the kinetic or Ieee. is sign ificantly determined by 
the lime course of the [Ca2l; tmnsient'"'1• Nom1ally, /CJ.c. 
will ilavc insignificant effects on the diastolic membrane 
potential, as resting [Ca'-lt is low. When (Ca2.(1 is substan
tially increased above the physiological resting level. 
however, lCLco<arries a signi ficam amoulll orU'ansient out
ward current. letco be activated early during the action 
potential in response to an increase in jCa>-j, associated 
with Ca2- -induced ca>- release (C ICR). The time course of 
decline of the 1 Ca' ' J, transient will determine the 
which fete. comributes 10 early ion during phase I 
(Figure 26). In the rabbit lei\ vcmriele. leu:. contributes 10 
APD shortening in subendocardial myocytes but not in sub
epicardial myocytes. Titese differences in functional expres
sion of Inc. may reduce the electrica l heterogeneity in the 
left vcntriclcl6tl. In Ca'' -overloaded cardiac preparatioiiS, fete. 

can conlributc to t.he arrhydunogenic tnmsicnt inward cur· 
rem (/11, Figure 2B)I"l. /11 produces delayed after-depolar
ization (DAD)i63l and induces triggered activity (red dotted 
line in Figure 2B). "1ticb is an important mechanism for ab
nomJal impulse fom1ation. In sheep Purkinjc and \'li:Utricular 
myocytes, activation of lc•c• was found to induce DAD and 
plateau transient rcpolari7.at ion (figure 4)1"1. Therefore. 
blockade of lc•c• may be potentially antiarrhyllunogenic by 
reducing DAD amplirude and triggered activity based on 
DAD. However. the role of J,.,c. in phase I rcpoJaritation 
and the generation of EAD and DAD of either nom1al or 
f:tiliog human heart seem very limitedt•>-671. Therefore, tl1c 
clinical relevance of leu;, blockers remains to be determined. 

CIC-2 and arrhythmogencsis CIC-2 dtamtcls arc acli
vated by hyperpolarization, cell swelling. and acidosis and 
have an imv-Jrdly rectifying/-V relationship. During tl1e car
diac action potential. tl1erefore, tltc CIC-2 channel ";11 con
duct a mainly inward currem as n result oro-cffiux at nega
tive membrane potentials and cause a depolarization of the 
rest ing membrane potential of cardiac cells. At mem branc 
potent ials more positive than Ea. CIC-2 may conduct :1 small 
outward current as a result orc1· in nux and may accelerate 
rcpolarir.ation ofthcaclion potemial. It is also possible that, 
in a manner ana logous to the role and tissue distribution 
pallcrn of the cation ic pacemaker channels(/[), Cl.ir chan
nels normally play a much more prominent role in tl1e SA or 
AV nodal regions oflbe bean (Figure 2C). Tbe hyperpolar
ization-activated inward rectifying Cl- current (I <:b) through 
CIC-2 channels under basal or isotonic conditions is small. 
but can be further activated by hypotonic cell S\\<ellingl"l 
and acidosis'" 1'1. The volume-sensitivity of the ch<mnel 
also suggests its role in cell volume regulation. The sensi
ti,;ty ofCIC-2 to (11· ), and cell volume may be of patl10logi-
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ca l importance during hypoxia- or ischemiu-induced acido
sis or cell swelliog. 1l1erefore, it may be possible tlun the 
significance of fc1• in the bean becomes more prominent 
under some pathological conditions (ischemia or hypo
xia)'"'· As a maHer of Utct, ischemia and acidosis have con
sistemly been sho\\11 to depolarize the resting membrane po
temial of cardiac myocytcs. increase automaticity and cause 
lethal arrhythmias, although the mechanism has remained 
obscure'' ·"'· It is reasonable t.o suggest that an increase in 
CIC-2 conductance cou ld be responsible for these phenom
ena and be pro-arrhythmic. Drugs targeting CIC-2 channels 
could be anti-arrhythmic. Therefore, the CIC-2 channels could 
have important clinical significance for such cardiac diseases 
as arrhydtmias. ischcnlitt and rcpcrfusion. and congestive 
heart fitilurc. Activation ofCIC-2 currcm should mainly cause 
a depolarization of tbe RMP and it is suggested that tbe 
acidosis-induced increase in In. mightunderlay the depo
larization oftl1e restiug membraoe potential during acidosis 
or hypoxial!.l2AI. 

It should be pointed out that predictioo of the conse
quences of activation ofCI channels is complex. Most stud
ies t11m have cxamioed the contribution ofCI" currents to t11e 
cardiac action potemial and arrhytlunias have relied on an
ion antagonist and substitution cxpcrimcms. The phanna
cologicaJ specificity of many of these an ion channel antago
nists can be problematic. and anion substitution. in addition 
to altering au ionmo,<emcntthrough channels. can have other 
uopredictable side effects on other transport proteins and 
signaling pathwaysi69•101. With the recent idemification of 
the molecular entities responsible for Cl channels in the 
bean. it is now possible to combine electrophysiologieal, 
molecular biological. and especially gene-targeting tech
Diques in the study of cardiac Cl" channels to effectively and 
accurntelydcfinc the nalcofeach Cl channel in heart fiuJction. 
However, as tJ1c distribution of various CJ· channels in the 
heart varies among cell types and rcgionsl•l. activation of 
these channels may increase the dispersion of the elcctro
physiologic.al properties and provide substrates for heart 
diseases involving cardiac arrhythmias and myocardial 
remodeling. 

Functional role of Cl" channels in cardiac IPC 

Ischemia causes myocardial damage and leads to infurc
tion t11rougb apoptosis (progrannncd ccU dcatl1) and necrosis. 
lPC is a phenomcnoo in which briefiscbemic episodes elicit 
protection of the heart against sustained ischemia. It has 
been suggested that both sarcolemmal and mitochondrial 
ATP-sensitive pot:tssimn channels (sarc-KA1v and mito-K.,11, 

respectively) may serve as triggers or end-effectors. PKC 
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may link cellular signal events duriog ischemia to the activa
tion of end-effectors. \\iJich will somehow prevent or delay 
apoptosis aod protect the cardiac myocytes. The precise 
mechanism ofiPC, however, remains to be elucidated. Sev

eral recent studies have pointed to a potential role of Cl" 
channels in IPC. 

fa, .... and CIC-3 in IPC It has been reponed that the 
block of la.. • .o in rabbit cardiac m)'OC)1es inhibits precondi
tioning by brief ischemia. hypoosmotic strcss'"·nt and ad
enosine receptor agonistsl131• These studies arc solely b<tsed 
on the usc ofscvcml c t· channel blockers. such asanthnlCCJtc-
9-<:arboxylic acid (9-AC) and 4-acetam idc-4' -isothiocyanato
stilbene-2 .2'-disulfonic acid (SITS). As mentioned above. 
these pharmacological tools lack specificity to a pnnicular 
CJ· chnnnel in the heart and may also act on other ion chan
nels or transporters. Therefore it has been vcrydiillcult to 
con finn the causal role of in lPCt"l. The exact role of 
ln.won in lPC needs to be furtlter detennined adequately us
ing more specific approaches. To specifically test whether 
the volume-regulated Cl channels are indeed io\'Oived io 
IPC. we have recently established ill vitro aod ill l' it·o IPC 
models in C/C-J knockout mice (CICn3 ... ). Our preliminary 
results indicate thai Jargeied inactivation ofC/C-3 gene pre
vented protective effects of late IPC but not of early I PC. 
suggesting tiJat Ia_ .. ,. may contribute diiTeremly to early 
and late 11'0"1. 1l1c underlying mechanisms for these dill'cr
ential effects are curren tly unknown. Recent reports. 
however. suggest .. uand CIC-3 might play au impor
tant role in apoptosis. Cl channel blockers 4,4'-diisotiJio

cyano-stilbene-2.2'-disulphonate (DID$) and 5·nitro-2-(3-

phcnylpropyllamino)-benzoic acid (NPPB) were as potent as 
a broad-spectrum caspase inhibitor in preventing apoptosis 
tllld elevation of caspase-3 ttctivity and improved cardiac 
contraclile runclion after ischemia and iu vh'o repcrfu· 
siooF•I. Transgenic mice overcxprcssiog Bcl-2 io tbc heart 
had significantly smaller in fit ret size and reduced apoptosis 
ofmyocytes after ischemia and reperfusion11'1• It has been 
sb0\\11 t11at Bcl-2 induces up-regulation of by cnh;mc
iug CIC-3 expression iJ> btunao prostate cancer epithelial 
ceUsl18l. Cell sbriokage is an imegral pan of apoptosis, sug
gesting that /0 ,.1 and CIC-3 might be imimatcly linked to 
apoptotic events t11rongb rcgulat ion of cell \'Olwne homeo

CITR chnnnrls :utd fPC Scverallioesofevidcncesug
gest tbat CFTRch:mnelscould be im'Oived in IPC including: 
(I) sarc-K.rn> blockers. such as glibcnclamide. wh ich sup
press IPC protection, also block CFTR channels in noncar
diac!10·81' and cardiac (2) PKC and PKA. two es
scmhll second messengers in 1 PC1''-'' l cJn act ivatc CFTR 
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channelsl"•·•'l; and (3) !riggers of lPC (nitric oxide, opioids, 
and adenosine etc) can all regulate CFTR channel functiool'l. 
We have directly tested whether activation ofCFTR chan
nels is involved in IPC by studying hemodynamics and tis
sue injury of hearts isola led from WT and two strains of 
Cf "f/1 knockout (CFTR" ) mice subjected to ischemia and 
reperfusion . In isolated mouse bean perfused in the 
Langendorffor working hean mode, we have recent ly found 

targeted inactivation ofcr-·m gene prevented protec
lion on cardiac function :utd myocardium sus
tained ischemia by ischemic preconditioning (Figure 5)'"'· 
Our in v /1 •1> studies using both wild type a.nd CF/'1/ knock
out mice also demonStrated thm CFTR was an important me
di:nor in both early and late ischemic preconditioning in the 
heart'"'· Several mechanisms may be responsible for a fimc
tional roleofCFTR channels in mouse bean IPC: (I ) It has 
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been demonstrated cardiac CFTR plays a role in early 
action potential sboneniog during hypoxia and ischemia1"1• 

Activation ofCFTR will also decrease resting membrane 
potential and action po1en1ial duration, thereby limiting in
tracellular c a>- overload and cell damage'''; (2) The CFTR 
channel is an importan t transporter of sphingosine 1-phos
phale (S-1 -P)1" '· which has recent ly emerged as Ill! impor
talll lipid messenger in volved in IPC'"'1; (3) CFTR is penne
ablc not only to Cl . but also to larger organic ions. as "'CII as 
reduced and oxidized fom1s of glutmhione (GSH)1 .. 1• There
fore CFTR may comribute to 1hc comrol of oxygen stress
induced apoptosis and the rcgulalion of inflammation and 
the immune responses: (4) CFTR might decrease intracellu
lar pH and modulate apoptosis1911: (5) CFTR functions as 11 

regulator ofvoltune-dependent horncostat ic cell mechanisms 
in cell proliferatioo and apoptosis1•' 1• We are curremly in U1e 

WT (FVB/NJ) vs STOCKCHr '""oc -TgN !Jaw (FABPCFTR) 
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Figurt' 5. Etfcct .. of 1r.smmembrane regulator (CFTR) gene knockout (FAB.PCFTR) on ischemic pr«onditioning ( l:PC) in 
i.;o)utcd working mQusc hc<1rL (A) protocol. (Il- l)) Recovery of lcfi \'C:ntricul:tr eonJnsC'Iile (ll,C) nnd rdax.:.tion {0) l"unction 
o f WT (I'VJJfNJ), CFl R .- ttnd en R""· (FABPCFTR) mice ztftcr 45 min ori.sehc-mia and -10 min o(rcpc.'f(usion. (E. F) ll1C on size o( 

\'colricles. (E) w:tnriclc slices: iscbernin ( lseh) or IPC ( f) MCttn infarct size mc:::as\.lred ftt>JU agt--nuuchcd WT, 
CFTR_... . or CFTR ' mou.se heart uflcr (lkh) or lPC (11 6 for cnch group). •P<O.OS . .. P<O.OI. u•P<-0.00 1. (From Cht:n ctt uJl"l with 
pcnniss10n t'rom Amcric.ao Heart As..,.ociation) 
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process of investigating U1ese potential mechanisms and 
the relative role of CFTR in early and I me preconditioning. 

la .c. in ll'C It bas been well known that ischemia/ 
repcrfusion usually causes a cytosolic overload ofCa'· in 
cardiac myocytcsl•l.'>•l. Therefore. it is very possible that 
lc1c, may be ac1 iva1ed during ischemin and reperfu
sioni'*-"'$OOS.OOJ_ But. no informmion for d1e possible involve
ment of feu:. in IPC is currently available. 

Functional roleofCr chnnncls in myocaruinl hy(lCrtrj}
llhy and heart failure Myocardinl hypertrophy and its pro
gression 10 dilated cardiomyopathy or heart f.1ilurc arc char
acterized by not only strucwral remodeling. including hy
pertrophic growth of cnrdiac myocytcs (changes in cell 
volume) and ch;mgcs inthc cytoskeleton nnd cxtraccllulnr 
matrix ( ECM)IW.IOOI but also ionic remodeling. that is. d1anges 
in expression and activity ofm<my ion channels. It should 
be poimed om that ion ic remodeling during the progression 
of hypertrophy to heart failure provides not on ly substrates 
for arrhythmias but also cellular mechnnisms for structural 
remodeling. During the remodeling process. multiple neu
rohonnonal and intracellular signaling cascades. including 
tyrosine kinascs. PKA. PKC. protein phosplmascs. MAP 
kinases. and cndo1hclin. arc activ:nedt'"''· These second 
messengers arc well-known effective regulators of various 
ion channels. Indeed. il has been found several calion 
channels. such as K' cbannels, ca» cbanncls. and stretch
activated non-selective chaunels. undergo significan t 
changes. Recem also supports possible involve
ment of an ion chatmels in the remodeling process. 

lo...w•• and CIC-3 in myocardial hypertr011hy and heart 
failure fc1.-,..,n is persistently aclivatcd in ventricular 
myocytes from a canine pacing-induced dilated cardiomyopa
tby modclt1011. Using t11e performed patch-clamp teclmiquc, 
Clemo eta/ found that. even in isotonic solutions. a large 
9-AC-sensitivc. out,vardly rectifying Cl currctll was recorded 
in hcan f.1ilure myocytcs btu not in nonnal myocytes. Graded 
hypotonic cell swelling (90%-<iO% hypotonic) f.1iled 10 acti
vate add it ion a I current while graded hypertonic cell shrink
age caused an inh ibit ion of the ''b.1sal'' Cl- current in f:1ilure 
myocytes. Morcovcr, the maximum current density of tile 

in failure was about 40% greater d1an that in 
osmotically swollcnnormalmyocytcs. Const itutive activa
tion of ... is also observed in several other animal models 
ofheart f.1ilurc. such as a rdbbit aortic regurgitation model of 
dilated cardiomyopathy!'"'·'"'' and a dog model of heart fail
ure caused by myocardial inf.1rct ion''"''· Ln human atrial 
myocytes obtained from patients with right atrial enlarge
ment and/or elevated left vcmricular end-diastolic pressure, 
a tamoxifen sensitive In,.,, was also found to be persistemly 
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activ'dledil1161. It is not known at this time whether lc.,•·dJ is 
also persistently acti\•dted in hypertropbied non-failure (or 
non-dilated) m)'OCytes in the above described models or in 
t11e lnunan heart In a rat aortic constriction model, however. 
a 9-AC-scnsitivc Cl current is present in hypertrophied ven
tricular myocytcs but not in control myocytcs. and t11is hy
pertrophy-activated c1· current seems 10 contribute to the 
shortening of APD in the hypertrophied cells""''· II is not 
lmown. however, whether dliS hypertrophy-activated Cl' cur
rem is the same as lc"'"" because the vohnnc-scnsitivity of 
this Cl- currem was 1101 assessed. Nevertheless. it is pos-
sible dHlt persistent acth'lltion of lc,,_. is a common response 
of cardiac myocytes 10 hypertrophy or heart fa ilure-induced 
remodeling. TI1e mechanism for th is phenomenon is sti ll 
1101 clear. Perhaps the cell volume increase caused by hy
pertrophy and cell membrane stretch caused by dilati011. arc 
both in volved in the activaJion of la.w"· Alternatively. the 
persistent activation of lc,. .... ,may be caused by signaling 
cascades activated during hypenrophy and heart failure in
dependem of changes in cell length and volume, or both. 
ln.wdl could be activated by direct stretching 1-imegrin 
t11rough focal adhesion kinase (FAK) and/or Srcll&l_ Mechani
cal sircich ofmyoc-ytcs also releases angiotensin II (An gil), 
which binds to ATI receptors (ATI R) and stimulates FAK 
and Src in an autocrinc-paracrine loop. A rcce111 study by 
Browe and Baumgarten suggests that the Stretch 1-
imcgrin in cardiac myocytcs activ::Hcs lchwl'o by 
ATIR and NADPH oxidase and. thereby, producing reactive 
oxygen species. In addition , NADPH o,xidase may be inti
mately coupled 10 the channel responsible for In,.,.. provid
ing a second regulatory pathway for D1is channel through 
membrane stretch or oxidative stress'"''· This finding is very 
important for further understanding of the mechanism for 
hypertrophy activation of lc""''and CJC-3 channels and their 
relationship to hypertrophy and hcar1 failure as it is very well 
known that Ang II plays a crucial role in myoc:lfdial hyper
trophy and heart f:lilurc'""'· 

The functional and clinical signiucanccoflc., .. ,, in the 
hypertrophied and di lated heart is currently unkn0\\11. Us
ing a mouse aortic banding model of myocardial hypertrophy. 
we ha\'C recently fow1d thai targeted disntption ofCIC-3 gene 
(CICn3'") accelerlllcd the development of myocardirtl hy
pertrophy and the discompensatory process1'"'1. suggest
ing Ill at activation of lc1.,.mighl be important in d1c adaptive 
remodeling oft he hean during pressure overload. Further 
studies on the mechanism for D1e CIC-3 channels' elfects on 
hypertroph y and bean failure arc in progress in our 
laboratory. It is well accepted that in most cells activation 
of ln-.1 represents one important trigger to initiate regula-
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tory volume decrease (RVD) when cel ls swellt"l. Cell vol
ume homeostasis, therefore. could be an important function 
of ... n activation in the hc-JrL Activation ofCI conduc
tance causes signifocam changes in APD and iluracellular 
Ca'· concentralion. and should also affect excitation-con
traction ( E-C)coupling. comractility, and other hemodynamic 
functions of tbe Recent stud ies suggest that 
lc.,.,1and CIC-3 channels playimponant roles in cdl proli fera
lionl"•t. dilfcrentiationt"•l, migrationtii!J. and 
All of these have been demonstrated as important cellular 
processes in myocardial remodeling during hypemophy and 
heart fll ilurci"'I 

CFTR in myocardial hyJ)erto'OJihy and heart failure 
Remodeling ofCFTR channels has been observed in myo
cardial hypertrophy and heart f.1ilurc. Using in si1umRNA 
bybridizatiou in a combined pressure and voiUllle overload 
model of heart fililure in the rabbit. Wong eta/ found that the 
norma I epicardial to endocardial gradient of CFTR mRNA 
expression is reversed due to a signi6cant decrc-Jse in epi
cardial expression of CFTR tuRN A in the rabbit left veo
tricle''"t. A post-translational change in the CFTR expres
sion could be responsible for tltis pbcnomcnont'"'· The loss 
of the uonnal transmural gradient ofrcpolarising ion chan
nels is likely to contribute to instability ofre.polarisation in 
1l1e hypertrophied hean and hence increased risk of cardiac 
arrh)1hmias in paLicms heart G1ilure. The exact func
tional and clinical sign ificance of the changes in CFTR ex
pression during hypertrophy and bean failure is curremly 
not clear and merits further study. 

/ 0 .c. in myocardial hypertrophy and heart failure TI1e 
critical role ofCa' ' in cardiac developmeut, function, and 
disease is undispmable. Despite the heterogeneous etiology 
and oven manifestations of heart fa ilure. abnorma lit ies in 
Ca" handling arc promincm. and aherations in Ca" homeo
stasis arc a hallmark of myocardial hyperrrophy and heart 
fu ilurcl""· Ca!• transicms in failing cardiac myocytcs. for 
example, arc characterized by diminished amplitude. elcvatc'd 
diastol ic Ca '· levels. and prolonged decay of the Ca' ' 
transiems. In non-cardiac cells. Inc. could be an important 
mediatorof apoptosist"n. But. infonmuion on the possible 
involvement of lcoc. in heart fit ilure is currently very limited. 
It is reported thatlac.may play little. if any. role in tlte elec
trical remodeling ofbumao end-stage failing bcartt66.•'·"'l. 

Conclusions and future directions 

Although the field of anion channels in cardiac physiol
ogy and pathophysiology lags significantly beh ind that of 
cation cbannels, the gap can now be narrowed with the rc
ccnt identification of molecular entities responsible for car-
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diac Cl channelst•l, their genes mapped to specific human 
chromosomallocatioosiUJ and the usc of gene t:lrgeting and 
transgenic animals. Recent efforts not on ly at tl1e cellular 
and molecular levels but also the isolated organ and whole 
animal levels have provided strong evidence lllat Cl chan
nels may play an important role in cardiac diseases. includ
ingarrhydunias. myocardial ischemia, bypenrophy. andcon
gestivehcart f.1 il ure. An ion channels in IJJC hc.1rt. therefore. 
mayrcprcscm imponant novel targetS for thcrapemic agen ts 

hean diseases. 
Despite these exciting developments. further investiga

tions of the celhdar and molecular mechanisms by which the 
Cl· channel proteins function to impart a physiologic<t l or a 
pathophysiological phenotype may require a multiwde of 
approaches for the assessment of the CJ· channel functions 
in beaii!Jy and diseased hearts. Although global knockout 
mice are invaluable experimental models and f\mct ional 
genomics remains a powerful approach to IUiderstaoding tl1e 
fimction ofc-Jrdiac cr channels, scveralthcorctiea I m1d prac
tical problems should be considered. First .. homologous re
combination gene targeting is based on ll1e assumption that 
targeting will resull in spccilic loss of the gene's product 
and noi directly affect the expression of other genes. In 
reality, however. even though the loss of the gene's product 
can be verified. the upregulation of another gene in the vi
cinity of the targeting can occur"'1 and may readily escape 
detection. Such uprcgulation could have an importan t ef
fect on t.he observed phenotype. Second, a knockom may 
not always be a kuockoutti!Ot such as when the targeted 
gene is widely or ubiquitously expressed, when alternative 
splicing variams ofll1e gene existt"'t, and functional 
channels are actually hcteromultimeric and the struclltre 
might be associated modulatory subunitS, such as Barn in 
for CIC channelst•m Accessory proteins may be involved 
in I he determination of the stability of the channel complex 
in the membrane and in the modulation of biophysical. 
pharmaco-logical. :md regulatory properties of the channel. 
Recem evidence suggest.s tlwt Cl" ehanncls.like cation chan

may func.tion as a muhiprotcin complex or func
tional module. A functional anion channel module may be a 
complex composed of lite following: (a) pore fomting sub
un it for ion trausportation: (b) aux iliary subunits for modu
lating pore gating: and (c) proteins as second messengers 
tightly coupled to channel fimction. These proteins might 
be intimately linked to certain physiologica l functions and 
belong to the same subprotcome. Manipulation of one gene 
in the subproteome may cause changes in other proteins of 
tlte same subproteomc. Therefore. the functiona l conse
quences of disrupting tlte specific gene are very difficul t to 
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predict unless the changes in lhe entire subprotenme are 
examined. Similar phenotypes can be auained from alterna
tive protein path ways within cellular networks, which are 
innucnced by disease. environmental, imemal. and biochemi
cal stimuli. Therefore. camion should he taken \\1tcn con
ventional global gene knockout an imals arc used in func
tional studies. Alternat ively. tissue-specific conditional or 
inducible knockom or knockin animal models may he more 
valuable in Ute phenotypic studies of spcci fie genes by lim
iting the erfect ofupregulat ion or developmental comp.:ns:•
tion on the phenotype of manipulated genes. Many pheno
typic changes may actually be a result ofposuranslational 
changes caused by protein modiflcations such as phospho
rylation or dephosphorylation. Therefore. it is clear that 
conventional functional genou1ics may provide on ly limited 
information on the functional module of muhiprotein 
complexes. We are now &1cing d1e challenge of a major para
digm shill in tl1e studyofimegrated lmiou channel limctions. 
In lhe postgenomic era. tlte recent ad\"ances in the genome 
resources including genome-wide microarray profiling to
gether ""lh advancemem in the application of functional 
prot comics and bioin formmics will certainly facilit:nc our 
understanding of the functions of an ion channels in the car
diovascular system. II is feasible that anion channels may 
become novel targets for thcrapcutk approaches to the trcat
mem of cardiovascular diseases. 
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