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ABSTRACT

Two noyel agents. RSD1015 '”and ' RSD1'OOO compounds W|th potent'

| , antlarrhythmlc effects in vivo, have been studled in rat ventrlcutar myocytes using the -

‘whole ceII patch clamp techmque Both drugs exhlblt potent mixed bIockade effects on
potassmm (Ito) and ‘sodium- current (INa) wnth Ilttle or no effects on other currents
'includin_g I.’?" and IC,.,. The effects-_of thes‘e}drugs on d|fferent klnetlcstat‘es} of; potasslum ‘
and ,sodium_' channels were'investigated.. The is_'chemic-selectivity. of VRSD101~_5_ and
‘ RSD1000 was "ail'so studied using .solutions vof varying pH "fhe rationale-for this being
_that physmochemucal propertles of compounds espeC|aIIy their pKa, act as one of the
A lmportant determinants of |schem|a selectlve ant|arrhythm|c actlwty
At bath squt|on of pH 7.4, with extraceIIuIar concentratlons fromv 1 to 30 uM
/both RSD1015 and RSD1000 reduced the |nact|vat|on t|me constant (1) of’ the transnent _'
outward potassnum current (It,,) wrth an ECso values 1. 3 +04 uM and 5 8 + 0 7 uM
o respectrvely The voltage dependence of both actlvat|on and inactivation of lto and the‘
- tlme course of recovery from current inactivation were not sngnlflcantly changed by the
| ‘RSD compounds at concentratlons up‘ to 10 uM “The mhrbltlon of I,o lncreased wuth'
time durlng depolarlzmg pulses lndlcatlng that RSD1015 and RSD1000 lnteracted with
_vthe open state of the channel WhICh can be charactenzed by ki (onset) and k1 (offset)
.rate consta_nts From the study, the ki and ki for RSD1015 on I,° blockade are. :

716.3 +3.4 x 106 M s and 27.6 + 4.3 s’ respectlvely and the kd (kd— 1/k1) is 1.7 puM.

The values of the K and k1 of RSD1000 were 81 +1 9 x 106 M' st 523 + 3 3s"




- i -
respeCtively, the kd is 6.5 uM. The decreased peak amplitudes of I, by agents Aare also
con5|stent with: rapld open channel blockade

In addrtlon RSD1015 and RSD1000 decreased the peak amplltudes of the

'|nward sodlum current (INa) WIth an ECso of 4 14 0 9uMand 1.5+0.3 uM respectnvely

Th|s action was not accompanled by any change in the voltage dependence of

"actlvatl‘on but both agents cause hyperpolanzrng shlfts in the V,,z of Ina rnact:vatlon :
“curve Use-dependence of INa was evident in the presence of RSD1015 and RSD1000'
: 'wnth a stlmulatlng frequency of 5 Hz or. hrgher the onset of the use- dependent bIock is |
rapld The bIockade of INa by these agents indicated that they interacted malnly with
the inactivated and actlvated states of soduum channel |

“-.In an acld solutlon (pH 64) the potency of RSD1015 and RSD1000 on Ito':
blockade did not significantly change; however, the potency for’ RSD1_OOQ,_ on Ina
| -blockade vyas significantly enhanced“from the ECso ot 1.5 :t: 0.3 uM ( pH 7;4) to 05 + " ’-

0.1 uM (pH 6 4). Therefore RSD1000 has hlgher |schem|a selectlvrty compared to o

RSD1015 Use dependent blockade. of Iy, by RSD1000 also S|gn|f|cantly mcreased- o

.‘u’nder- ac|d|c cond|t|ons,(p_H 6.4) compared with the effects in normal solutlon,of,pH 74.. . '

'This :'i{schemia—selectivity..of RSD10t)O in.,‘acidic con,ditions_ isconsistent with in v)'vo

.' studies and ca’n proyide_ 'ctvinical usefulness, espec.iallyin the mechanisms of.rcardi:ac '

‘varrhythmogene5|s | | | - |

| The |schem|c-select|v1ty of RSDtOOO appears to be the functron of |ts pKa vaIue -

whlch causrng dlfferent percentage of molecule protonated in the solution of pH 7.4 or( i
}' 6. 4 The pH dependent mteractlon of the tertrary amine sodlum channel blockers has’

been suggested tobe a mechanlsm of pH modulated actlons of RSD1000



Overall, this study showed that RSD1015 and RSD1000 are potent mixed

blockers of h, and Iy, in rat ventricular' myocytes. These results demonstrated the

- important me_chanisms of antiarrhythmic effects of these two agents. '
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1. INTRODUCTION
1.1. The background of antlarrhythmlc drugs

1. 1 1. The etlo/ogy of arrhythm/a

An arrhythmla is an |rregulanty in rhythm of.the hear't's‘beating,‘ due to an
abnormahty of lmpulse mmatlon conductlon or both (Hoffman and Cranefleld 1964;
| Hoffman and Rosen 1981) Desplte the avallablllty of a number of antlarrhythmlc
drugs arrhythmtas espematly ventncular tachyarrhythmta or/and ventncular fibrillation
remaln the main reasonsgfor the mortallty (80-90%) due to’ suddenvcardlac death (Cobb,, v
et al., 1980; Panidis, et al, 1 983; Bayes, et al., 1989).-;' Recent ,statistics indtcate that
. suddencardiac ~d_eath‘accounts for m‘ore than 3‘00,000,tatalgities yearly in the United

States (Segal, et al., 1985; Myerburg and Castellanos, 1992; Myerburg, et al., 1992).

o 'Because of the strong' association between premature ventricular beats (PVBs) and

subsequent mortality; it was h)rpothesized that sudden coronary death resulyted fr.om a
‘electncal event wh|ch |n|t|ates dlsorganlzatton of cardtac electncal actwnty and causes
- fatal arrhythm|as However at present there is no study demonstratlng that agents
| which |nh|b|t myocandal PVBs decrease mortality in post- infarction (May, et a/ 1982;
"Furberg, 1983) Some class I antlarrhythmlc drugs may even increasé sudden death

(IMPACT research group,” 1984 the et al, 1989). - The Cardtac Arrhythmsa

Suppressmn Trlal (CAST): study showed that patlents W|th asymptomatlc ventncular | .

arrhythmlas after acute myocardtal lnfarctlon (M) recelvmg encanntde or flecalnlde had
" a 3 64 tlmes increase in arrhythmlc death/cardtac arrest compared to matched post- -

|nfarct|on patlents wnth placebo (CAST |nvest|gators 1989) Th|s result has prompted :




| reevaluatron of other tnals results and the hypotheS|s underlyrng the development of_ '

- antrarrhythmlc agents

There are almost 3 m|Il|on potentlal patlents who need to be treated for",.“,

) ,"-supraventrlcular and ventrlcular arrhythmras in the Unlted States (Ratner 1990) .

;‘Although electrlcal (cardloverter |mplantor antl-tachycardra pacemakers) and surgrcal 4

| "’-strategres are avarlable for some selected patlents antlarrhythmrc drugs would st||I be_‘r_:.
:_v,"the malnstay of the therapy in- the maJonty of patlents Since- the current class 1k o
ﬁantlarrhythmlc drugs (e g I|doca|ne) are rnef‘fectlve for cardlac arrhythmla therapy, |t is gv_
necessary to develop new agents wrth less srde effects and hlgh therapeutlc efflcacy |
| 1 1 2 Mechan/sms of Arrhythmogenesrs |
| vCommon causes of arrhythmras |n humans are myocardlal |schemla myocardralf
f‘lnfarctron or reperfusron of a prewously rschemlc myocardlum For some tlme it wasl '

hypothesrzed that one or several abnormal electncal acmdents were the mechanrsms of .

: cardrac rhythm dlsturbances Those electncal phenomena mclude abnormal rmpulse o

| ﬁgeneratron (abnormal automatlcrty, tnggered arrhythmras) delayed or blocked rmpulse T

o propagatlon and un|-d|rect|onal conductlon block modulated by re- entry
Many factors could suppress normal srnus node pacemaker functlon or enhance ‘
. .suppressed pacemaker automatlclty and produce an ectoplc beat For example

: |schem|a causes depolanzatron of ventncular tlssue lnactlvat|on of. sodlum channels

,iand reductlon of repolarlzrng potassrum currents lf there |s a decrease in background

potassnum conductance the restrng transmembrane potent|al |s reduced from -80 mVto

-60 mv or Iess |nlt|at|ng a spontaneous |mpulse (Hoffman and Cranefleld 1964) The

o 'overdnve suppressron that can occur in normal automatlc cells is reduced or even lost' .




- .
in abnormal' automatlc cells - (Rosen ,1 988,)f.' Some stud’ies-.v‘ show tithat.‘ .the .
sodium/potassuum ATP,ase, which suppresses ectopic | pace_maker sites. by
hyperpolarizing" the membrane in ‘normal conditions, was in’hiblte’d in Vische'mic tissue
""(Blnah and Rosen 1992) | | |
The repetltlve |mpulse formatted by a propagated or automatlcactlon potentlal is
| termed tnggered activity (Janse and Wit, 1989) and is dependent on oscnllatlons in |
' :'membrane potentlal that follow the actlon potentral The tnggered rhythms occur in two_
‘i‘forms early or deIay-afterdepolarlzatlons (labelled EAD and DAD). When an
oscnllatlon oceurs durlng repolarlzatlon it is called an early afterdepolarlzatlon lf early
r ; afterdepolarlzatlon reaches a threshold it can produce a tnggered response and.
mduce smgle or multlple extrasystoles or even ventrlcular tachycardla (VT ) (Cranefleld

1977). The lncrease of slow mward calcnum currents (Zeng and Rudy, 1995; Pl'lOfl and -

- '.'-Corr 1990) or the reduction of outward potassium flow (Coulombe et a/ 1984) were

"_":"’proposed as a baS|s for the early afterdepolarlzatlon development at present the
" ;Amechanlsms underlylng. the .EAD are not totally clear. When such an oscnllatl_on occurs
‘after the membrane. has vrepolarized to its maximum -diastolic potential it is called a
,'delayed afterdepolarlzahon The mechanlsm of DAD IS also not understood however
the calcmm oscrllatlons from the calcium- Ioaded cytoplasmlc retlculum were suggested’

to contrlbute to the process (Blnah and Rosen, 1992)

Abnormal |mpulse conductlon could be the result -of complete fallure of .

propagatlon or due to umdlrectlonal block and re- entry of an |mpulse (Rosen 1988) "

- 'Re- entry has been suggested to be one of the major causes of ventrlcular arrhythmlas

‘ .|nv|schem|c t|ssues. Several -factors ‘would contrlbu‘te to-re-entry under _|schem|c




- 4‘_

- .conditions: scars or flxed barners slow conductlon and abnormal refractonness

'Antlarrhythmlc drugs can abolish re- entry arrhythmlas by elther prolonglng

refractorlness (Class III compounds) or slowmg conductlon SO that unl-dlrectlonal block

i converts to b|-d|rect|onal block W|th|n the depressed reglon (Varro and Surawrcz 1991

El Sherlf 1991)

The lneffect and pro arrhythmlc actlwty |nduced by class I agents in the CAST' |

‘study |nd|cated that the pathologlcal consequences of myocardlal lschemla also play o

lmportant roles in- arrhythmla be3|des the abriormal electrlcal events since many class |

~agents can prevent premature ventrlcular beat (PVB) very well lschemla produces'
R changes in a varlety of extra- and |ntra cellular processes, for example lncreased
. extracellular potassmm is assocnated wnth' acute |schem|a (Harrls etlal 1954)

: Changes in pH Oz and COz levels and accumulatlon of lactate were also reported in

lschemlc tissue (Case et al., 1979). There are also changes occurnng |n5|de the cell

-as a result of lschemla lncludlng a decrease of pH from 7. 2 to 6 O (Garllck et al, 1979)
~and increases of caICIum (Steenbergen et a/ 1-987) and sodlum (Wilde and. Kleber '
“>1986) The mtracellular anaeroblc metabollsm causes accumulatlon of lactlc acnd and
_-reductlon of pH in the processlon of glycolysrs for maklng hlgh energy phosphates
.The metabollc substances cannot be washed away from the |schem|c area by the» small
'blo'od _tlow SO that the Iactate .concentration increases and pH decreases‘é .Intracellular
potassium can" pvassively move out-of the cell -with lactate to- maintain the electrical
'neutra_llty of the m.embrane. These_changes occur;to different‘de_grees:'in dit‘ferent |
~ischemic cells so thatt‘hls‘ ‘non-equilibrium rnay contribute t6 .the,delay"ed "‘conduction_ o

_and block of‘ conduction in acute ischernia (Botting et a/.,f'1'986).. The increased
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'extrac'ellular K* depolarized the resting membrane potential and'this Idepolariz'ation is
enhanced by the pH and CO; changes (Kodama et al 1984) In turn depolanzatlon
' vcauses a decrease in actlon potentlal amplltude a slowrng of the. maxrmum rate of
depolanzatlon and an mcrease in refractorlness The effectlve refractory perlod (ERP) .

is prolonged in acutely |schemlc cells and the electrophysrologlcal changes can result :
|n heterogeneous conductlon and refractorlness in the lschemlc t|ssue

1.2. AA Elec,trophysiolo_gy of t.he myocardium

n order to understand the‘ mechanlsms of antlarrhythmlc agents | it is lmportant‘
“ to determlne the electrophyswlogrcal propertres of the cardlum and the character of the
dlfferent ion channels in the myocytes The normal myocardlac action potentlal will be
revrewed flrst ln this sectlon and several rmportant channels Wthh contrlbute to the- ‘»
actlon potentlal and the antlarrhythmlc drug mechanlsms will be conS|dered

| '1 2. 1 The cardiac action potential : |

“The cardlac actlon potent|al consrsts of 4’ phases ln atrua ventncular and
'4P’u:rvk|n1e cells. Phase 0. of the actlon potentlal |s malnly'due to the rap|d lnward o
: movement of sodium ions Fa‘st‘activation of the Na* channel is responsible for the,.
upstroke of the actlon potentlal in most cardlac cells but not in the SA and AV nodes
‘Most of the Na" channels undergo fast |nact|vat|on in normal srtuatlons Recovery from
channel |nact|vat|on is relatlvely slow so that the sodlum current |s less pronounced at ‘
Vhlgh frequencnes the shortenlng of the act|on potentlal duratlon at fast heart rate is at
least - partly due to the smaller lnward sodium currents | Phase 1 repolarlzatlon is
thought to be due to |nact|vat|on of Ina, @nd the \actlvatlon'of the fast t_rans:ent outward

| potassium currents (h) (Coraboeuf and Carmeleit, 1982). The plateau (Phase 2) is the
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main d.et.erminant of the cardiac action pot‘en’tial duration; and a good o-alance exi'svtsﬁ
between ithe inward and outward‘cur_rents in this phase (The Sicilian Gambit, 1991).
' .The inward curre‘nts vin’cl_ude the Céé*: current influx th0ugh_ t}he L-t)}pe_ calcium 4ch‘annels}
.(Bean, 1985) and th.e: “Na*'-‘Caz* exchange 'current: In“particular, a small po_rtion of Na"',
‘channels does‘not'inactivate durinp‘_ early rep_olar_ization‘v(Phase 1), _and:can carry
inward sodium "Window current" for the entire duration of the plateau which contr_ibutes ‘
to the action potentla‘l plateau duration (Coraboeuf et al, 1'979;ACarmeliet,- 198.7)." The
| .outward currents are Carrled 'by se\reral K’ chann‘els acCrl channel. and the active Na*:
K* pump ATPase. Phase 3 includes the repolarlzatlon time of the actlon potentlal and
conS|sts of a number of llgand- or voltage- actlvated potassuum channels (Carmellet
. 1993), such as the |nward rectlfler current for the final repolarlzat|on and the resting “
' potentral in-most cardlac cells (Noble 1975) Some channels have specuflc functlons in
' dlfferent. parts of t_he. heart. “For. ‘example, ln_ atrl_al, and Purkinje " tlssue, th’e L
- acetylcholine-actil/ated channel lK(Ac,,), plays a veryv important role. In ventr'icul'e
| repolarlzatlon is marnly due to the openlng of delayed rectlfler (1K) potassmm channels ‘
r (McAlllster and Noble 1966) | | o |
| 122 The sod/um ohannel
Slnce sodlumA current comprises t.he main;.porti_on of the_upstroke of thevl action
: potential and also contributes to“ thei platea'u .phase oy "vl/indow sodiUm"’current
mechanlsms of antlarrhythmlc agents were rnltlally related to the nature and propertles
_'of the cardlac sodlum channel In the class:c studtes on squid axon (Hodgkm and
Huxley, 1952), the concept of channel gatlng was. proposed A mathematlcal model of

the voltage dependent openlng and closung of the sodium channel was derlved as’ the
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- baSlS for the generatlon of the actlon potentlal The activation gate was termed as"m"
‘and the lnactlvatlon gate as "h", where the klnetlc propertles of the gates were hlghly

dependent on the.cell membrane potentlal Hodgkln and Huxley suggested posutlve_

charges (voltage sensor) were lnvolved in the current actlvatron and the charge

”movement was called gating current (Armstrong and Bezanllla 1973 Defelnce 1993)'

'A The fast klnetlcs make the majonty of the gatlng current flow before the"’m" gate of .

sodlum opens (Hrlle 1976) - This gatlng current is necessary for the macromolecular ‘

.proteln conformatlon transmons so that the sodlum channel gates can be opened by _

| voItage (H|ll 1989)."

The molecular characterlstlcs of the sodlum channel has been studled (Catterall

1986; Stuhmer et al, 1 989 Patton et al., 1992) The sodium channel is comprlsed of

»'51820 amino acud re3|dues and contalns four homologous mternal domalns each of
_whlch has six putatlve transmembrane segments. The o subunlt contalns a:
transmembrane helix S4, consists of several arglnine or lysine residues and the

posmvely changed resrdues within the membrane are. suggested to be the voltage -

sensors The mtracellular Imkers in segment S4 are |nvolved in the voltage sensrng’,

"mechanlsm for_ actlvatlon of the channel,- and the regions between»repeats Il and IV are
responsible for the fast inactivation of channels (Goldin, 1993; Catterall, 1995). The.

 four to six charges"'Within the channel molecule, whiCh move from'.e“xtra'-}to intraceliular

membrane at the channel openlng, contributes to the gatlng current (Noda et al., 1984)

The Na* channel was proposed to have three states (sectlon 1. 4 1. 1) Actlvatlon "

of the sodlum channel occurs rapndly and is dependent on depolarlzatlon (Hllle 1984)

” Actlvatlon thresholds are normally at -60 to -70 mV and the rate of actlvatlon increases |




vwith membrane depolariaatlon (Ho_dgklnand"HuxIey}, "1952).:»then' thecell ‘membrane
| depdlarizes, the"(VOltage-dependent ."m“:ga‘te Opens and -the"'Na+ permeability markedly
increases (Catterall, 1'986; Mits‘uiye a,nd. Noma, 1992.). The activation kinetics are not
| -~ changed by local anaesthetic or antiarrhythmio agents _(.Narahashi, 1992), bot altered
. by ' some pla_nt alkaloids, - insectiCides ‘.and | sea 'anemone toxins, e.g. yeratrldin;e .
’ promotes actiyation meohanl'sms at less depolarized levels. | |

" The Na' cu_rrent permea‘bility through the "m" gate is?‘transient and it decreases
g 'tothe base-line Ievel after 1 msec' (Catterall 1986). The rate of inactlyation-incre_ases
"Wlth an increase in the rate of depolanzatron lnactivatlon'also occursw&h a time lag l
'WhICh suggested that channels must be: open before they could |nact|vate (Armstrong,.
1971). The ra_te of inactivation was described by a bl-exponentlal function suggestmg
that the channels may _have two inactivated comp‘onents:.'fast_ and slow (Chiu, 1977; |

- Fozzard et a/ 1985). The inactivation " h""gate could b'e"’s.electively dest‘royed by' the

', rntracellular appllcatlon of protease or plperazmyl -indole derlvatlve DPI 201-106

-(Armstrong et al 1973 Wang et a/ 1990) and the rate of |nact|vat|on was slowed by
.some toxins such as batrachotoxrn and .aconltlne' lnactlvatlon |s complete w1th the
'return of the membrane potentral to its resting level by the repolanzrng phase of the .
'actlon potential. | |
L 'The interaotion of ’Iocal anaesthetics and antiarrhythmi.c drugs with the sodidm
channel in a voltage t|me and state- dependent ‘manner was descnbed by the

Modulated Receptor Hypothesns (H|I|e 1977 Hondeghem and Katzung, 1977) and is

dlscussed.ln-detall belo_w_(secnon 1.4.'1.1).
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1.2.3. The potassium channels

; '1;2.3.1. T hc hetérogener't.}xv'ofpotassiurtt.channels. B
Potassmm channels part:mpate in establlshtng the restlng membrane potentlal
and contrubute to ceII repolarlzatlon At Ieast 7 different potassium channels contrlbute
to repolar|zat|on and the conﬂguratron of phase 3 of the actlon potentlal in cardlac.‘

tissue (Colatsky and Follmer 1989 Carmelelt 1993) Under normal condltlons four to

o f|ve potassrum currents partrmpate in. actton potentral repolanzatlon they mclude the

transrent outward current (l) 1dur|ng the |nltlal phase of -repolarlzatlon, the ‘delayed “
. potassnum current (Ik) in. the pIateau phase. and the lnward rectifier potassnum current
(IK1) during the flnal repolarlzatlon The acetylchollne actlvated channel IK(ACh>, plays |
“an |mportant phySIologrcaI roIe ln ‘the snnoatrlal and atrloventrlcular nodes and the
: atrlum and the Purklnje system but not in ventrlcular myocytes in mammals 2 In
lpathologlc condltlons three other K+ currents can be actlvated the ATP- dependent K
current, Ixare; the Na' -dependent K" current IK(NQ,, and the fatty acid- actwated K
lfchannel, IK(FA).» The potassmm chan}nels are heterogeneous W|_th regard to gating-
' 'kinetics, .pe‘rmeability properties and the modulation by neUrotransmltter’a and' ions
(Hume et al., 1990). | | |
The heterogenelty of potasstum channels also- exnsts among dlfferent spemes
and regrons_of the,he_art Important eIectrophysmIoglcal dlstlnctnons were found in the'_'
epica.:rdial and endocardlal tissue |n many species (Wei et al., 1993) The densnty of
some K*. 'channells also d‘iffersthroughout the heart. 'F‘o’r example, ks, whose density is

highest in the Purkinje system and in the ventricule and is practically absent in the -
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| Sinoatrial-and atrioventri'cular nodes:.' Even cells'f‘rom the‘ same area.of the heart"may

' ‘have dlfferent krnd of currents for example three dlfferent types of actron potentlal
duratron shape have been establlshed in the rat ventrlcle cells (Watanabe et a/ 1983)

The presence of muItlpIe over—lapprng currents in cardlac myocytes compllcates

the study of mdrvndual K+ channels Thus the tradltlonal methods usmg a combmatlon i

of holdlng potentlal modulatlon ion substltutron and pharmacologlcal agents to obtaln

the current of mterest have- Ilmltatrons The rapld advances of molecular clonlng and -

'cDNA technologles have aIIowed the study of a smgle cloned |soform in the express:on

system, although thts approach has problems |n correlatrng cloned channels . wrth

endogenous currents The |dent|f|cat|on of the Shaker Iocus has given lnS|ghts to the B

‘ molecular structure of potassrum channels for the flrst time (Temple etal., 1987 Pongs.

et al., 1988) There is strong srmllantles among the pnmary amino aCld sequences of

tvoltage dependent K’ Ca and Na channels The voltage gated K* from Shaker has . -

-a molecular welght of 70 200 th|s proteln is a basuc repeat of six or seven hydrophobrc
membrane spannmg domalns of about 20 resrdues The fourth domarn is an arglnlne- a
.and Iysme-rlch region (the S4 domaln) and is thought to be the putatlve voltage sensor
(Papazuan et al, 1991; lean et a/. 1991) This: smgle repeat was believed to
-assemble ina tetramerlc structure around a central pore (Macklnnon 1991) Recently,'f
the molecular structures of the famlly of lnward rectifying K+ channels were descnbed'
- (NIChO|S et al., 1996) whuch are S|m|Iar to that of the outward K" channels. -

These potassnum currents (IK,,I“, and Ik1) Wthh are very lmportant parts of -

heterogeneity of potass_lum channelvs will be dlscussed further. In some specn.es, llke -
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gumea pig and rabbit mainly Ik play major roles in action potential .ln rat, l, is the

main repolarizmg current

1. 2 3. 2 Delayed recttf er potasszum currents (Ig) . -

Cardiac delayed rectifier K" currents (IK) pIay a major role in repolarization
foIlowrng the depolarizmg action potential IK channels activate in response to a
posrtive shift in. membrane potential but after a distinct and brief delay These currents
do not inactivate apprecnable and exhibit a property referred to as rectification since
the slope conductance either mcreases or decreases as the membrane is depolarized
At l'east three distinct types of IK channels have been identified in |solated cardiac Cells
based on diﬁerences in rate of activation rectification properties and pharmacology
using whole cell voltage clamp techniques IKS, Ik, and IRAK

A slowly activating, outwardly rectifying IKs and a rapidly activating, inwardly
rectifying IK, have been- shown in guinea pig atrial and ventricular myocytes (Sanguinetti
and JurkieW|cz 1991) The properties of Iks and Ik, have been described (Sangurnetti
and JurkieW|cz 1990 Horie et aI 1990 Sangumetti et al 1991) and are summarized
in Table 1 The expressron of the two types of channels is speaes-dependent rabbit
nodal cells have onIy a minor I.<s component but the only measurable IK in ‘guinea pig
nodal cells had S|milar properties to those of IKs but not I, (Anumonwo et al 1992) Ik
channels W|th properties consnstent with IKS and I, have been cloned and expressed

(Sangumetti and Jurkiewicz 1990' Honore et al. 1991).
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TABLE 1 Comparison of Is and Ik,

Block by 10 uM La™

e e
v of actiQatioﬁ (atOhV) L 400 msec - 510 méec
| © of deactivation (at -40 mV) ; 400 msec - 170 msec
Midpbint'of’acﬁvat‘ipn , 20 mV 22 mV |
Slope f_af;t_;br éf acti-\)atidh (K) ﬁ. 127 mv _’ 75 mV
InWard re_ctificatioh‘ . slight ' markéd
.Sir}w'gle-c'r')ahnel'cor-mductanvcé} (150 mM K" < 1-3va 1.0 pS
Activation b_y B-égbnis‘té (1 uM isoproterenol) " Yes . "No
 Block by dofetilide | " No- Yes
. No Yes
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Rat atrial cellls'haveva'n outward rectitier I,{ current with very rapid kinetics of
activation and very.jslow: inactiv‘ation-(IgAK) (Boyie. and Nerbonne 1991). AIIRAK'activates
' wrth a time constant of 2 msec at +4O mV and has a half—ponnt for activation of -1.5mV

wnth a sIope factor (K) of 13 7 mV The midpomt for steady-state siow inactivation is |
}—41 mV (K=9.4 mV) ‘the properties:of |nactivation dISthUISh AIRAK from other'lks, srnce
they do not mactivate or only do so at much more posmve membrane potentials l,{AK is
| blocked by 4—aminopyrid|ne Ba and TEA. A SImilar current has been described in rat
| ventricular cells and has been expressed in Xenopus oocytes (Paulmichl et a/ 1991

‘ Aplon and Nerbonne 1991)

,"' 1.2.3:3. T, he rransient outrvard potdssiuni current (I)) -

The‘tran:sient'outward potassium current (It;,) rapidly activates in a voltage-.
dependently manner and then inactivates with little or no dependence on.potential
- (Coraboeuf and Carmeleit 1982) Im starts to activate at membrane potentials more
- positive than -30 mV reaches its-peak in 3 msec wrth potential posrtive to +10 mV then
‘. decays to a non-zero steady—state (Apkon and Nerbonne, 1991 Campbell et al., 1990) |
- The time course of Ito inactivation IS voltage msensutwe and much faster than that of the
,delayed rectifier current (I); has steady state |nact|vat|on at membrane potential
posmve to -50 mV WhICh is much higher than that of IK The reversal potential of I is
-75 mV with 4 mM and 135 mM KCi out- and in- srde the cell respectively This
rever_sal potentiai_is qUite ,closeto the calculated potassrum equilibriu‘m potential (E_K).

s,uggesting'its high potasSium selectivity; 7'
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| From thev .kinetics and pharmacological chara'ctertstics, the Itol'current has been
suggested as composed of a purely calcium-independent volnt'a’ge-acti\‘/ated and a small
. 'calcium-activated component (Coraboeuf and Carmeleit" 1 982, Escande et al, 1987); .
the latter component has been shown. to be a CI and not a K current om’y the
, ‘caIC|um rndependent portlon of currents WhICh is sensmve to 4- amlnopyrldnne (4-AP) .-
blockade was con‘sndered as o (Apkon and' N_erbonne, 1991) and studled in our

experiments.. R . . ' |
'Because ‘of the tast ;activation the‘ ho ‘play.s an im'portant role during the early
repolarization of splke potentlal (Katntsns and Camm 1993) It; is a 'q'uite' common .

current which could be found ina wrde varlety of spemes such as ferret, rat and human

B (Campbell et al.j,» 199:5); The drfferences of channel_ drstnbutlon results in a vanable; ] ; =

action potentiv'al Sha'pe'lin various species or regions_of t'h‘e heait.

o 1..'2.. 3. 4.Irtward recnﬁerpotqssiunt cttrrcrtt ‘(‘iKrj
The'.inward rectitier k1 channel is present in high density in.ca'rdiac atrial
A' ventrlcular and Purknnje cells in the heart (Herdbuchel et a/ 1990) but is absent in the
' pacemaker ceIIs in the smoatrlal and atrloventrlcular nodes (lrlsawa et al, 1987) Ik ls
',the current that sets . the restlng potentlal and modulates the final phase‘ -of

: repolarlzatlon of the actlon potentlal (Shlmonl et al., 1992 Ibarra et al 1991) The_ :

current is charactenzed by a pronounced mward rectlflcatron and a trme dependent

~ activation on hyperpolanzatnon (Kurach| 1985) In myocytes hyperpolanzatlon rapldly

A activates lm and then the current sIowa decllnes the 1nact|vat|on of the current was

found to be largely due to voltage'-dependent bIock of _the channel_ by external Na
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. (Bterrnans et 'a/\ '1.989' ‘Har\./'ey' 'énd Ten Eick 1989) The current-yoltage relationship
'. : showed a negatlve slope conductance for potentlals more posutrve than -65 mV and the'

'channels only pass current at membrane potentlals negatlve to -20 mV (Shlmonl et al
1992) The Im current is potassuum-selectlve and is bIocked by external Ba** and Cs

' (Shah et al., 1987' Mltra and Morad ‘1991). The external potassrum concentratlon
_influences the rectmcatlon of Im (Matsuda 1991 Pennefather et al., 1992) and . the

| f_conductance of lm depends approxnmately on the square root of the external potassnum A'

concentratlon (Sakmann and Trube 1984) The mechanlsms of channel rectlﬂcatlon
have been studied in detall it appears that the block of the open channel by

mtracellular magnesium causes a fast rectlflcatlon of the channel (Vandenberg, 1987 ’

'Matsuda 1991) and channel gatlng contrubutes to a slower process (Kurachl 1985)

Some .agents such as RP58866 and RP62719 possess antlarrhythmlc and
antlflbnllatory potentlal by blocklng the |nward rectlfylng potassium current IK1 and

) "causmg the prolongatlon of both the actlon potentlal duratlon and refractory perlods

" (Escande et a/ 1992; Rees and Curtis, 1993) |

R 1.2.3. 5.T Tte poiassiurrt chartnels in human myocytes
Only"a,f‘ew of potassiurn channels ha_ye been characterized in human atriu_rh:‘ the
R inward rectifier- I, the de’layed rectifier (Ix); -the acetylcholin'e-activated : inwardly _
*rectafylng K current (IK(AC,,)) the ATP- sensrtlve potassuum current (IK(ATP)) and two early_

transnent outward currents (I,o) the long- Iastrng 4—AP sensntlve outward current (l,o) and

E the, brief caffeine sensmve curr,ent (Ibo).
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The exrstence of two transrent outward currents in human atrial “cells was

| reported by several studles (Escande et al 1985 1987) When |solated myocytes C :’

were depolarlzed from a holdlng potentlal a transrent outward current (Ito) developed

"Pharmacologrcal dlSSGCtIOﬂ of thrs current |dent|f|ed two components a Iong lastmg _

outward current (I.,,) mhrbrted by 4-AP and a brief caffelne sensntlve transient outward
current. (Ibo) An other study demonstrated that the Iarge time- and voltage dependent :
ho exhlblts a tlme- and voltage dependent reactrvatron that can explaln the- changes in

actlon potentlal shapes durlng drfferent strmulatron frequency (Shlbata et a/ 1989)'

These results suggest a promrnent role for ko in determlnrng the actlon potentlal :
= conflguratlon/duratlon and the frequency-dependent effects on the repolarlzatlon in

. human atrlum l, was also recorded in: human ventncular myocytes and its propertles

were consistent with those in other species.

Although some studies suggested that the ‘delayed rectifier outward‘CUrrent (1K)

“does not have an important role in human atrial 'repolarization (Heidbdichel 'et al., 1987),

recent,exp‘eri‘ments ign physiological 'temp'erature (36°C), it has demonstrated the

presence of,’ Ik in about'two thirds of myocytes 'isola.ted from human right atrium (Wang
et‘ al., 1993li .‘This‘cu_rrent has all the ch_aracteristics preViously 'describ‘ed":- time' and
voltage dependence,'kinetlcs, K" selectivity’ and inward rectification_." It was also
suggested that the complex .kinetics of Ik might, be.related to'the} exi'stencel ofl‘tWO
components srmllar to IK, and IKs Slnce I is present in human atnum and rt is likely to

have role in- phase 3 and in the refractory perlod duratlon then Ik blockade could

~ increase atrial actlon potentral duratlon hinder the deleterlous effect of actron potentual

morphology and duratlon varlablllty, thus prevent re- entrant atrlal arrhythmlas
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. A macroscoplc mward rectlfylng K current has been descnbed in human atrlal'
;cells and- features srmllar propertres to the lk1 prevrously observed (Escande et a/
,11 987;- Heldbuchel et al., 1987 Shlbata et a/; .1989). IK1,recorded from human atrlal

cells has a. clear mward rectlflcat|on but no negatrve slope conductance 'Sin'gle- -

channel experlments studled the kinetic and the conductance propertles of Ik R

(Heldbuchel 1990) It suggested that the contrlbutlon of IK1 to the basal potassrum'
conductance was qurte hlgh and the restlng potassrum conductance in human atrium is
basmally due to l,g channels. |

'1.3. The classificat'ion of current antlarrhythmic drugs

- 1 .3.1. The .‘V'a'ug‘han Williams c/assiﬁcation _‘ |

The present class|f|cat|on of antlarrhythmlc drugs was flrst developed by Slngh
and Vaughan Wllllams in 1970’s (Slngh and Vaughan Wllllams 1970a) and has
'become W|dely accepted They categonsed the antlarrhythmlc drugs into four dlstlnct
'groups accordlng to thelr electrophy3|olog|cal actrons Class I agents were rocal‘
, anaesthetlcs Wthh reduced the maxrmum rate of rise of actlon potentlal depolarlsat|on
( max) by malnly reducnng sodlum currents in -heart ceIIs Class | agents reduced
sympathetlc nervous system effects on the heart tissue - the B blockers Prolongatlon :
of actlon potentlal duratlonj (APQ) and vln__creased . refractorlness_ in cardlum by
potassium-channel blockade are the me'chanisms"of the Class i 'agents The calcium .
. channel blockers such as verapamll comprlse the fourth class of antlarrhythmlc drugs
A(Slngh and Vaughan Wllllams 1972 Vaughan Wllllams 1970 1984a) |

The classrflcatlon of antlarrhythmlc drugs is nelther complete nor absolute A

fifth class of antlarrhythmlc agents which. are bradycardlc has been suggested
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inc'luding- alinidine .ﬂvv'hich écts' to depress‘ d.epOI"arization and increase? the threshold
'potential for spontaneous depolarization in pacemaker cells (Kobinger and Lille 1987). ._
- In addition a fourth subclass to the Class _l category, to describe the
electrophyS|olog|caI propertles of the antiarrhythmic agent transcainide has been' -
'suggested, .(Bennett et al 19_87).‘/ For some drugs, such as amiodarone,..th'e
antiarrhythmic properties are not 'Ii‘mited to only one group. Amiodarone depresses the
T fast sodium channel (Mason et al 1984) |nhib|ts sympathetic actiwty (Charlier et al.,
1968, 1969) bIocks the L-type calcnum channel (Nishimura et al., 1989) even though it
was initially conSidered to be a class Il| antiarrhythmic agent.
'Although the cardiac electrophysuological actions of antiarrhythmic agents have
.been-extensiveiy studied and are the basis for the Vaughan Willlams .ciassification
' system the mechanisms of actions of most compounds are far from clear. An |mportant

. point |s that antiarrhythmic classmcation was based on experiments on cardiac tissue

under normal conditions o] that it would be difficult to extrapolate results to those -

under ischemic conditions (Brugada 1990) The ch0|ce of an antiarrhythmic agent for - -

patients oftenremains empirical, and becomes difficult since the same antiarrhythmic )
agent could have different effects depending on other fact.ors. such- as the' electrolyte

.disturbances, the degree ‘of,,ischemia'and the rate ot heart beat, etc. (Brugada, 1990; )
David et al 1986; 'Szekeres,;_1'986).- The antiarrhyth'mic therapy'mayvresuit in not only

failure treatment but also aggravating the arrhythmia or generating a new arrhythmia

(Zipes, 1987).
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" 1.3.2. Subdlassification of class | antiarrhythmic druvg‘sv
Because "of the important differences among Class I'a'ntiarrh)tthm'ic drugs,'
- attempts haye b'_een..made- to subclas'(si‘fy‘ them ivvnto‘homo'geneous subgroUps.-" Such
s‘ubclassification wou_ld ;provided additional relevant information for experimental and
' ‘clinical purposes Two different subclassifications 'are discussed here, the Hvarrison’s
. classmcatlon was based on the d|fferent effects of drugs ‘on channels and ECG, the

-Campbell s subclassnflcatlon emphaS|zed the klnetlcs of the agents.

1321 Harrisdn s subblasSif crztion )
In the studies of Hoffman and Blgger (1971) it was proposed that Class I drugs

dncluded two groups of agents with distinct propertles The Vaughan Wllllams

o classnflcatlon was. modlfled by subdlwdlng Class | agents into Ia and Ib (Smgh and

"Hauswwth '1974) and addlng a thlrd sodlum channel blockade group Class Ilc
(Harrlson 1981) This . Harrnson subclassnflcatlon was primarily based on the dufferent
effects of drugs on conductlon in the spec1al|sed conductlng tissue, and on ventrlcular |
_‘ refractorlness and repolarlzatlon Class Ia agents are moderate to marked sodlum-
channel blockers in normal cardiac tl‘ssue and also bIock several types of potassrum
channels They widen the QRS duratlon reduced Vmax, slow conductlon at high drug
_concentratlons prolong the QT mterval and WIden the AP examples mcluded
"qumldlne procalnamlde and dlsopyramlde Class lb agents are most effectlve in -
lschemlc or partially depolarlzed cardlac tissue, they exhibit m|Id to moderate sodlum-
- channel blockade but have Ilttle effect on refractorlness; since there is essentlally‘not

B ~.‘blockade of potassium .channels, ‘but they shorten the QT interval and APD and
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elevated fibrillation thre’shold; 'IidOCaine,' phenytoin, m'exiletine and tocafnide are« the
| prototypes. Class Ic agents, such as, encainide, flecainide and propafenone, produce
'small changes in refractoriness by bIockfng outward-rectifying potassiUm channels and _'
they are marked sodlum-channel bIockers in both normal and |schem|c myocard:um

However this- subclassmcatlon is not absolute There are |mportant d|fferences

among the_ members of the same subgroup, and one drug may belong to different

, subgroups if the srtuatlon changes (Vaughan W|II|ams 1984' Nattel '1' 991)
'Controversy also exists in'some class:c class | drugs I|ke qumldme and procamam|de
which prolong refractormess by-mechanisms unrelated to sodrum channel blockade at

~high drug concentration.

" 1.3.2.2.Campbell’s subclas_siﬁéd»tionh |

According to the rates of ’onset and offset:of the‘use-dep‘endent b'I.o'ck' (UDB)-Of
»Class I antlarrhythmlc drugs they could also be subclassmed as fast, slow and
|ntermed|ate kinetics in Campbell’ s subclassmcanon wh|ch corresponded to Harrlson s
»subclassrflcatlon Ib, Ic and 1a, respectlvely Three agents encalmde flecalnlde and -
' Iorcalnlde were studned for the klnetlcs of onset and rate dependent depressmn of the
,maX|mum rate of depolarlzatlon (Vmax or MRD) in wtro (Campbell 1983a 1983b) The
rates of Vmax |nh|b|t|on by these three agents were much slower than those of other
'drugs (Campbell 1983b).. The speeds of Vmax decrease to new plateau IeveI were used
, to separate the class | agents into Ib Ia and Ic subgroups (Campbell 1983b)
In the,‘Campbe‘II_ subgroup, Class Ib agents .(e.g_. lidocaine, tocalni:de A‘and,

~mexiletine) have fast kinetics and bind very rapidly to Na"',channel; a steady-state level
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of use- dependent block can be achieved in less than five action potentials They also
unbind quickly during. repolarization (<0 5 s), thus at normal heart rates, the rapid‘ |

"offset kinetics permlt the complete recovery from block by the time of the next actlon‘,-

'potential (Hondeghem et al., 1984' Tamargo et al. 1989' Campbell 1983). The .
” increased refractoriness is determined by the drugs abllity to produce an addltional IA
| tvinhibitio”n,of sodium channels in response to a sudden mcrea_se in heart rate (Cam_pbell_,_
1983) so that the onset kinetics ofvuse-dependent blockadecontribute to" the ‘effects 'of =
antiarrhythmlc agents on the atrial and ventrlcular effectlve refractory perlods (ERP) )
. »(Vaughan 1984 Harrlson 1985) Because of the fast onset and offset subgroup lb
| drugs shorten the actlon potential duration (APD) but prolong the ERP relatlve to the |
APD they can selectlvely inhibit conduction and prolong the QRS duration ,at_ fast heart
rates (during tachycardla) or early premature beats but have minlmal effects at normal
. ‘heart rates (Valenzuela et al., 1989 Delpon etal ., 1991) This confers selectlwty of Ib
‘agents for high frequency arrhythmlas (Nattel and Zeng, 1984 Varro et aI 1985) but
'they are less effectlve than subgroup la and Ic agents against slower tachycardlas or
later PVBs. |

SubgrOUp la drugs =(quinidine, d_isopyram'ide, 'procainamide)' interact w\ith'the‘,

}sodium channel SIowly such tha’t it'takes about 5;20 action potentials-be‘fore_’-a-"vsteady- ‘
» state Ievel of use- dependent block could be achleved eThe' recovery from block

appears qmte stow (t=1 to 5 s) (Hondeghem et al 1984 Tamargo et a/ 1989;

Campbell 1983). - Because of their slow onset of block, subgroup la drugs produce»‘ o

small or moderate increases in the, ERP relative to APD. So these agents could have

marked effect on the conduction and QRS- at high heart rate and could selectivelyiv
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:depress PVBs (Palland| and Campbell 1988) even though they could decrease the '

. conductlon and prolong the QRS duratlon at normal sunus rhythm

Subgroup lc drugs (encalnlde flecalnlde and Iorcalnlde) bmd very. slowly to the

h -";.Na channel (more that 20 beats to reach the use- dependent steady-state level) and'

unblnd from the receptor very slowly (r > 8 s) These kmetlc propertres mdrcates drugs B
stlll b|nd to the channel when the next heart beat starts (Valenzuela et aI 1989
: ’ Delpon et a/ 1991) Thus ‘these agents may be more potent than other subgroups
X since 'their longer offset klnetlcs wrll produce a steadlly accumulatlng depressron of 'Vmax'iz‘
wuthout S|gn|f|cant recovery from dlastole (Varro et aI 1985) However th|s subgroup
. are also more toxrc since they will decrease the conductlon and prolong the QRS at
.. ) normal‘ heart rates and cause myocardlal depressmn (Schlepper 1989)' such actlons_ L
vcould cause proarrhythmla because slow conductlon may facmtate or aggravate re-
entrant arrhythmlas (Hondeghem 1987) | | | :
1. 3 3 Subc/aSSIf catlon of C/ass 1 antlarrhythm/c agents
‘Class i antlarrhythmlc agents are deﬂned as antlarrhythmlc drugs that act
prlmarlly by prolonglng the actlon potentlal duratlon The Iengthenlng of actlon ,

'potentlal duration .can be achleved by reduction in outward currents or mcrease in

mward currents Thus Class it agents are not necessarlly restrlcted to potassmm-,

' channel blockers Several sodium- and caIC|um channels actlvators can Iengthen the -

| action*pdtential duration for example DP1201-106 a sodium—channel activator has

- been shown to produce class i effects at slow heart rates (Mortensen et al., 1990)

However the typlcal class lll drugs act on potassuum channels




- The heterogeneity of potassium channels provides a variety of possibilities for

" the development of class Il anti_arrhythmvic-"agen_ts.» Besides the 'nOrmal;Class Hi

‘agents which demonstrate effects on the ph'vsi.ological' important K" -_currents, the " .
| agents effects on pathologlc K+ channels could be antlarrhythmlc For example
blockers of ATP- dependent K* currents could reduce the |nC|dence of early arrhythmlas '
in ischemic models ATP K channel openers (eg cromakallm) could also have""

potentlal antlarrhythmlc effects (Liu et aI 1988), but it |s d|ff|cult to determlne the

therapeutlc potentlal of K channels openers in the heart because of drug hlgh

, selectlwty for vascular smooth muscle over heart.

Some class Hli antiarrhythmic agents tend to be. quite' non-sp'et:i_fic‘whereas .

E others demonstrate good selectlvity' in their potassium. channel blocking- effects and it

would be possible to separate them by their. specnflcny |n blocklng cardlac potassnum
channels (Colatsky et a/ 1990) At present selectnv;ty of potassmm channel blockade}" £
prowdes no partlcular advantage in antlarrhythmlc efflcacy or proarrhythmlc potentlal of |
’ "v'a drug (Hondeghem and Snyders 1990) Class lll antlarrhythmlc agents could also be; . 3

;ﬁclassmed into two subclassnflcatlons accordlng to the effects of compounds on actlon'v. -
potentlal duratlon at dlfferent heart rates Class IIla which prlmarlly Iengthen actlon." g

‘ potentlal duratlon at excessive. heart rate acceleratlon and Class Hib, whose effects on ‘-

actlon potentlal duratlon Iength are most promlnent durlng bradycardla (Hondeghem

1992; 1994) However thls classmcatlon has not been W|dely accepted smce most of

'class [l agents would be defined as,class_ b and be proarrhythmlc (e.g., torsade de.

polntes).}
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1.47 ' 'Mechanism of antiarrhythmic drugs
' 1.4.1. Class | antiarrhythmic drugs
" 1.4.1.1.The sodium channel states‘hypothesis o

Sodium channels can be separated into three kinetic states:."l)'closed state (R),

'4 available to be opened by cell depolarization at potentials near the resting potential' 2)

actlvated open state (A or O state), permlts passage of Na ions though the channel 3).
closed and not available to be opened ie., mactnvated state h (Fozzard et aI 1985) |
Durlng dlastole Na channels are in the closed restlng state (R) at negative membrane :
potentlals but available to be actlvated -open dunng a depolanzatlon Dunng the

upstroke the channels are actlvated and open then Na permeablllty rapidly decreases '

- during the plateau. In the plateauphase, the inactivated state n predomlnates., Some

“factors.‘ which depolarize the cardlac’tissue will also "shift th.e sodium chan'nel-to the 1

states including ’isc'hemiavand hyperkalemia. Inactivated channels (1) are not available’ f

for opening without first returning to the resting state (R) with repolarization.- During the

‘ cardiac diastole a gradual recovery from inactivation occurs and the rate of recovery

from the mactlvated state is a tlme- and voltage dependent process (Chen, et a/

' 1975) Under normal condltlons the reactlvatron is complete in about 100 ms durlng'
' drastole so that Na channels are actlvated and lnactrvated during each cardlac actlon

~ potentlal

In the- presence of antlarrhythmlc agents two types of sodlum current |nh|b|t|on '

can- occur dunng a train of pulses (Hondeghem and Katzung, 1984; Tamargo et

“al 989); Tonic block indicates ;the reduction of amplitude of sodium current dunng the -
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:flrst depola.rization'after Jé‘.lon'gi” rest period at negative rest»pot.entials. : ‘Additio‘nal R
,'r.eduction i.n.N"a'-"' currents that is ca'us'ed‘vby class l a‘ntiarr.hythmlc 'kagents ddring
'repetltlve ’stlmulatlon until a new steady state ‘is obtained is referred to as use-l
‘ ”dependent block The block of class l antlarrhythmlc agents was also shown to be
‘ voltage-dependent. It was suggested the drug-bound channel complexes_favoured the
| “inactived state of_the chan.nell bv a hyperpolarizing shift of the.voltage—dependence of
- inactivation so that the potency of class:l agents,: suo_h as lidocaine, was h,igher at more
n’egatlve memb_ranepotentials ("Werdm,ann,195_5;"_Bean et al;, 1983)‘.._' , o
The voltage4_and use}—depende'nt blockade of Na+ channel by class | agents have |
‘been modelled .usin_g schemes such as St_richartz-Courtney and V‘lvlodulated ‘R‘e'oeptor "
o Hypothesis (‘M'RH)'.‘ :;I',he MRH’ has been:vvidely tested with ma'n;y-drugs after its }.
development (-Hille 1977" H;ondeghem and .l:('atzdng, 1‘977 1984' Hondeghem 1989). o
In this model (Flgure 1), a series of equatlons were developed which deflned blndlng'
: Fparameters for each state of the channel (R O I) Th|s model proposes the followmg .
1) sodium _channels change.' states (rested, actlvated-open and mactlvated) in"a
voltage-dependent manner,; 2) drug-bound ohannels oould notvconduct sodium ot_lrrent;
- ‘3)“-antiarrhythmio agents bind to a specific siten'.on ‘orln‘ear_ the Na .'c:_hannel and_oan
associate or dissociate from each state' 4) the rate of blnding‘ and unbinding of agent to
Athelr site of actlon are modulated by the conformatlonal state of the channel. Drug-
| “bound channels exhlblt tlme and voltage dependent transmons between the RD ‘0D
and ID states. The affinity of the drug and channel state mteractlons can be measured

from the ratio of association and dissociation rate constants.



«Flgure1 Modulated receptor model of the sodlum channel The sod|um channel o

/_ may eX|st in the restlng (R) open (O) and mactlvated (I) states Each state of the S

: channel can blnd drug W|th a charactensmc rate constant to form the drug-assocnated

"”states RD OD and ID Drug-assomated channels can make the usual transutlons-»_}}j:

| between the varﬂnous,conductance states._
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R = resting state
O = open state

.I.i_l = inaqcltivated _state

D = drug
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| 1.4.1.2. State-dependent blockade of CIqss I ant‘iarrhy’thniic drugs

- The chan_nel state selectivity of blockade was studied in guinea-pig cardi‘ac v
muscles (Kodama et‘al 1986 1987). In these studies class la agents block Iy, mainly .
durlng the upstroke of the actlon potentlal (actlvated channel block) whereas the lb:

agents have thelr main effects durlng ‘the plateau phase In general it has been -

suggested that class la and lc drugs blnd»to the actlvated state of sodium channel and .' .

Ib agents exhlblt a hrgher affinity for the mactlvated state of the channel (Hondeghem
1984, Kodama and Toyama 1988) However many of the agents are mlxed actlvated
and lnactlvated blockers (Kodama et al 1987). -

Actlvated channel blockers shown a marked increase of block with each action
potentlal upstroke but I|ttIe block is shown after the channel is closed (Snyders et a/ |
1992 Hondeghem 1990) Open channel blockers (e.g: flecalnlde qumldlne) decreasevv
srngle- channe.l rnean open time (Kohlhardt,_ et al.,'1989; Valenzuela, et al;, 1991)..
These agents are more effective at high stirnulating rates with short action potentials
(e.g. atria flutter) but less 'etfectlve in the depo_larize‘dtissues. ‘Since they are not bo.und . ‘.

to the inactiVated state these drugs are not influenced by the action potential duration

- for thelr |nh|blt|on effects

The prlmary effects of the |mportant class | antrarrhythmlc agents I|ke I|doca|ne
are to prolong recovery from lnactlvatlon probably by blndlng d|rectly to the |nact|vat|on |

gating mechanlsm causmg a negative potential shift in voltage dependence and a slow

recovery from lnactlvatlon (Hondeghem and Katzung, 1977 Courtney, 1980) ‘When:

the frequency of stlmulatlon mcreases the dlaS'(OIIC tlme for. reactivation from',

|nact|vat|on to rested state is shortened ‘and the inactivated, non- conductlng channels
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were progressly mcreased Thus mactrvated state Na channel blockers W|ll produce

| only minor effects at normal heart rates but |nh|b|t the sodrum current to a. great degree
| durlng fast heart beat (tachycardla) The effectiveness of these mactlvated channel

': ~ Blockers could also be greater in the some srtuatlons Wlth more |nact|vated channels '

ex13t|ng (Tamargo et al., 1992) such as |n |schem|a and hyperkalemla condutlons

' Wthh cause cardlac tissue to depolarlze and more rested channels to be in the
- inactivated state; in ventrlcular muscle and Purkane frbres with long actlon potentlals in
'WhICh sodlum channels are at the |naot|vated state durlng most of the actlon potentlal

o duratlon under some crrcumstances (eg together with Class III antlarrhythmlc

agents) ‘which the plateau phase of the action’ potentlal duratlon is prolonged and the -
inactivated channels increased. | |

Studies have‘also been done to‘-lnvestigate'the impOrtance'Of-physio-chemical .

propertles in the klnetlcs of the actions of class | agents (Campbell 1983c Courtney,

1980) The propertles lnclude molecular weight, lipophilicity and the spatlal dlmenSIons

of the drug molecule The proportlon of charged hydrophlllc and uncharged |lp0ph||lC :

" moieties varies with pH The charged drug moiety form W|ll prefere_ntlally access the

channel receptor through a hydrOphiIic pathway which_ is dependent on the activated-
open state of channel and cause pronounced use- dependent blockade (Strlchartz o

1973 Hille, 1977) Uncharged molecules readily pass through the l|p|d Iayer which is ’

-not‘ affected by the channel state. Membrane ~depolarlzatlon, acudosus and

hyperkalemia favour the interaction of the charged'molecular form with .its receptor,

" which may have greater sodium channel bloc'kivng:effects than that in non-ischemic

tissue.
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1.4.2. Class Il antiarrhythmic agents
1.4.2.1. Pharmacology of different potassium channels
At present,. class Il antiarrhythmic agents are irtcreasingly'favoUred to treat
patients with serious t'achycardia's Since an increase in action potential duretion ar\c’t a

prolongatron of the ef‘fecttve refractory perrod wrthout slowrng rmpulse conductron may.

: prowde an antrarrhythmrc and antlﬂbrrllatory actlon Many . antlarrhythmlc drugs showed_

. blockade of multrple potassmm channels such as qurnrdrne blocks It,, and IK (Clark et

| al., 1995), RP62719 blocks IK1 and lo (Escande et al., 1992 McLarnon and Xu 1995)

However, it has been suggested that proarrhythmlc activity of K channe| blockers may
" be more Irkely to occur with less selective agents. Thus, rtew and ‘more .seleotrve K
chanmel blocker .h_ave been .de\retoped, such‘_-asE'—4(.331 and dofetitioe Wh_ichv effect the

rapidly activating ’co_mponent of ‘oelayed recttfication tIK,) (Sangu_inetti -and Jurkiewicz',,‘
1'990;‘ Clatsky-.et al., 1990). Selective inhibition of I. was alsosoggested to possess

specifio usefulness for the sUppressiort of supraventricule'r arrhythmtés (Colétsky et e/

- 199'0' Hondeghem“ 1992) Table II lists some of the avanlable potassrum channell"

: blockers and the reported blocklng potencres

'1.;3.2.2. The brrtg interacﬁorts with potassium chart.nels -
The modulatedv receptor_ hYpothests ofl the interactiort of sodtum chaninel
- blockers'with their_ receptors wes time- ano voltage-dependent as describ’ed' in sectton'
1.41.1. The seme time- and voltage-dependent block of ion’ channels could also
‘applied to“potassium'cur'rents. The ‘studies on the 'meohanism by which VT‘EA*‘oIock_vs .

the delayed rectif_ier potassiu,m. current indioated that the T'EA:bIOCkin_g site was within
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the potassuum channel pore accessible only from |nS|de the ceII and when the channel
-is open (Amstrong, 1971) Slmllar result have been obtalned for block of myocardlal
'potassmm channels by class i agents E-4031 (Follmer and Colatsky, 1990)
It has been demonstrated that most calss Il antlarrhythmlc agents (e g sotvalol

NAPA and melperone) exhlblt reverse use—dependence whlch refers to the fact that the
drug block effects become Iess marked wuth mcreased use (Strauss et a/ 1970'
Dangman and Mlura 1989 Refsum et al 1981 Roden et al., 1988). . The modulated-
receptort model of potaSS|um _channel blockade was used to explaln reverse use-.
| dependence (Hondeghemland Snyders,‘ 1990). These dru.gs prlmarily,'reduce the
outward 'current “at negative membrane potentials | and the blo'ck~ becomes:.less,_
pronounced durlng depolarlzatlon thus current blockade mcreased durlng dlastole
(phase 4) and declined durlng the plateau resultmg in less block wnth increasing use.

This effect is contrasted wnth the use-dependent block of sodrum channels that
- developed prlmarlly durlng'depolarlzatlon (upstroke of- the . action potentral) and

dimlnished d'uring diastole Th|s phenomenon has been explalned by assumlng_
selectlve blndlng of the drug to the closed state of the K channel which was favoured
for I|poph|l|c drugs, whereas open state blockade‘ involves a hydrophlllo pathway.
" Other explanatlons for reverse use-dependence mclude the possibility that Ik plays a
}Ies_ser role in repolarl‘zationi at faster rates. »and }} COnco.mitant increa:se‘Of" ‘other .

repolarizing currents.
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In Order to'describe whether'co'mpounds are antiarrhythmic by tengthenin:g of -
actron potentlal duratlon durlng tachycardra or proarrhythmtc by lengthenlng action
potent|al duration at normal heart rates a ratlo of Iengthenlng of actlon potentlal
duratlon at a fast heart rate to that at a normal heart rate has. been deflned as the anti-
to pro—arrhythmic ratio The hlgher the ratlo the greater the antlarrhythmrc effects
which couId be expected (Hondeghem and Snyders 1990 Hondeghem 1994) Of thev |
current antlarrhythmrc agents qumldme has the Iowest antl— -to pro arrhythmlc ratio, |

amrodarone has the. best and sotalol would have an, |ntermed|ate value between these_

| two (Strauss et al., 1970 Roden and Hoffman et al 1985; Anderson et a/ 1989)

1.5. The new s_trategies for the dev‘elopment of antiarrhythmic agents

1.5.1. The d.i-sadvah»tag.e of current antiarrhythmic agehts -

The most potent antfarrhythmlc agents (Ic compounds) can effectlvely suppress
PVBs, however, they “do’ not have h|gh efflcacy in cllnrcal trrals (The CAST |
.Investigators 1989) Few‘ clinical'trials has ever shown any beneficial effects ‘of class |
antlarrhythmlc agents on. mortallty of post -Mi patfent The reasons of the meffncacy of
'fantlarrhythmlc dr_ugs- is not_ ,very vclear but it is p055|ble due to many factors such as
the poor‘di"sc'rimfination. between normal rhythm and tachycardla of, encalnlcde and
flecainide and vtheir' proarrhyt—hmogenous (CAST Investigators»‘ »‘198'9) | Iack of |
pathologlcally specmc effects (Hondeghem 1991) or excessive toxmrty (Bottmg et al
1984). Class | antlarrhythmtc agents have many common side effects and they are
poorly tolerated by patrents One of them |s the myocardrum depressmn which would
cause negatrve motroplc effects (Brgger and Hoffman 1990, Barrette et a/ 1995)

'Meanwhlle'decreased '|eft ventncu!ar pressure 'and vasodllatlon contnbute to
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hypotsnsive effects of the‘se‘ a'genté‘(Maisumoto o al, 1993, Barrett et al, 1995)
Although I|doca|ne could prowde protection against |schem|c-|nduced arrhythmias by
preventing the occurrence of ventricular fibrlllatlon at high concentrations such doses
are rarely used because of the CNS toxmty (Hondeghem 1991 Roden 1994) Many
class | compounds also had proarrhythmic effects (Furberg 1983) ‘
Although _some studies suggested that the class lIl_a‘gents demonstrate good
patient toler'a.ti.on and greater efficacy than conventi_onal class I} agents in preventing
ventricular ‘ arrhythmias , occurring during acu_te' | ischernia_ ‘or‘ vpro.gramm:ed | electrical

stimulation.(Kou et al, 1987; “Anderson ‘1989)‘,- the Survival With Oral rd-SotanI.

(SWORD) trial was prematurely terminated in 1994 because patients receiving sotalol - -

, had hlgh potentlal for arrhythmic death (Waldo et al., 1995) The reasonsfor the
inefficacy of sotalol in SWORD trial are not very clear but this IS not a surprise s:nce
‘the therapeutic potential of currently avallable class i antlarrhythmlcs was Ilmited by

,‘ several undeswable effects such as they excessrvely prolong repolarlzatlon at slow
‘heart rates resulting in pause- dependent new arrhythmia (torsade de pountes)‘by the’;'

idevelopment of early afterdepolarlzations (Roden 1993) they have reverse use-

- dependent block effects a diminished ability of prolong repolarizatlon at fast heart

rates, Wthh reduce the effectiveness in terminating tachycardias (Hondeghem and
Snyders 1990 Roden, 1993 Colatsky, 1995). In several clinica_l»trials,_ amiodarone
- had shown the ability to control life-threatening ventricular»tachy"arr_hythrnias—-(Her're et"
-al., 1989; Greene, 1_989) and prevent arvrhythmials in post-Ml patie’nts (Pfisterer-et-'al
, 1992' Ceremuzynski et al., ‘1992) which may partly reflect the high anti- to pro-‘

. arrhythmia ratio of amiodarone (Nademanee et al., 1993). But thls class n agent




- 35-
amiodarone was viewed as a“last ‘re‘sort"-‘of.antiarr_hythmic dru'g_because of its high
incidence of toxicity _:(Nygaa'rd- et al., 1986; ,Mascn;-l 1987) such as’ pUImcnary fibrosis
and thyroid dysfuhction.” . - - o

| F:orbthe development of the new_- anti'arrhythm_ic _agents, 'many ne‘w strategies |

have been developed. Only some.‘of those -st_rateg'ies related to '_ouvr' study are

‘mentloned here

1. 5 2 Select/wty of ant/arrh ythm/c drugs
The Iack of .selectivity for tachycardia and | ischemic m_y'qcardium of
antiarrhythmic agents was suggested to be pért of the explanations of the ineffect of

antiarrhythmics (Tamargo ef al., 1992; Barrett et al, 1995). The failure of class |

: antia'rrhythmic drugs in cliniCal trials indicated the pathological mechanisms play a very

| '|mportant role in the |schem|c tissue arrhythmogeny, not only the pure electrical

phenomena I|ke re- entry (Nattel et al., 1991). Barrett ef al. (1995) sugge_sted_that class

R drugs can provide useful protection agal_nst |schemia—induced arrhythmias only if they

have high selectivity for ischemic tissue and for high frequencies', such as lidocaine‘has.

' better antiarrhythmic effects than qumldine and flecainide

lt was mentloned prev:ously that several abnormallties of membrane function
may arise during myocardial ischemic S|tuat|on eg _increase of extracellular K’

intracellular acndosns and depolarization of the resting membrane potential that may

“ 'Iead to partial |nact|vat|on of the Iml Since a. higher proportion of sodlum channels is
inactlvated in: the ischemic myocardium agents such as Harrisons class Ib drugs‘_ .

-_(lidocaine) would inhibit the lNa more selectively in the |schem|c than in normal tissues
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‘The time con_stant for'recovery from' blocliinitt) was also'suggested to be .irnportant .
in the drug selectivity In the depolarized srtuatron less drug-assocrated channels
move from the mactrvated drug to rested drug assocrated state so that less activation. |
unblocking occurs.: lncreased inactivatlon blocking and decreased activation}
unblocklng would result in a selective depressron of INa in depolarized tlssue by
antlarrhythmlc agents (Hondeghem 1990).. The idea wrndow of fast unbind time
| constantt' from the block was _estrmated between 300_and 700 ms in‘n,orm_al tis‘sues‘
o '.and‘_ lessth'a_n 1s in"d_epolarized Jt_issues(Hondeghem 1987; :1 990) The': 7 of 'Ii"docain'e
is around‘ 230 ms in normal tissue, which is much faster than’other class l'agents and
| could be part of the reasons that l|doca|ne showed hlgher frequency and lschemlc‘ ,
dependency blockade than. other class I agents Although in depolarrzation tissue the
specrfic selectrvrty of Irdocaine was still about 10 tlmes Iess than the computed‘
, hypothetically ideal agent.;’ | | B |
One of thve newest studieslusing sorne structurally relatedvcornpounds(e.g'., RSD
' compound‘s‘:in this study) indicated -’that the pKa values of age'nts-can 'rnod'ulate the
relative p‘artitioning of .cation:' neutralf‘tspeciesj in ischem‘ic'versus norrnal n1yocardium,
and cause different ischemic-selective actions (Yong et.a/. 1997).. Althoug'h other.
.structural propertles of RSD compounds were also suggested as determinants ‘for
- ischemic selectivity, such as the type/posrtron of certain chemical groups (unpublrshed
' data)
| The selectivrty of class IIIV agents on spec;fic potassrum channels was not
. investigated in details at present Some assumptions had been made that a specrfic Ikr

blocker would have potentlal advantages (Colatsky, 1995). Many studies have focused
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on use-dependent potassuum channel blockade because of the . reverse’f Lise-‘

- dependent effects of current class lII agents it has been proposed that the ideal class

n drugs should produce a minimal effect on action potential duration at normal sinus

rhythms, but a relatively fast, homogeneous and progressnve prolongation of the APD
and' ERP during the tachycardia However the hypothetical window for the potas'sium
channel blockade kinetics had not been obtained from the study of automated,'

computer system (Hondeghem 1994) this may be partly because of the Iittle-

|nformat|on available about the different channels which contrlbute to the repolarization

in human ventricular cells the mechanism of different agent on the channels states o

and the chemical structure requurements for a use- dependent prolongation of action
potential in cardiac tissues
1 5 3 M/xed blockade of potassium and sodium chahne/s

A hypotheS|s suggested that a mixed blocker of potassrum and sodium channels_

wouId be a new strategy “for antiarrhythmic agent development (Hondeghem and

Snyders 1990; Hondeghem, 1990; Tamargo. et' al., 1'992; - Colatsky, 1995). As
described previously, “the'i‘deal Class l" agents would' have (a high selectivity against
depolarlzed ischemlc tlssues and use- dependent block against tachycardia Wthh
could be an inactivated Na channel blocker (class ib), with fast offset kinetics the |deal
, class IIl drugs would have a profile of Use- dependent prolongation of action potential
duration, which would cause conversion of a tachyarrhythmia in‘a few beats - An agent

'wnth such profile of ideal class l and lli agents could have several potentlal advantages

|t can hmit the degree of potassmm blockade on action’ potential prolongation by

sodium channel |nh1b|t|on at high drug levels suppress the possnble triggers for early
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‘after—depolarizations which'Was proposed as a cellular mech‘an’ism for t’orsade"“det :
: pomtes and enhance the prolongatlon of actlon potentlal duratlon at short cycle'

| ‘Iengths with posrtlve use- dependence (Colatsky,- 1995)
Such mlxed K+ and Na block agents are under |nvest|gat|on some cllntcal ’
studles wrth comblnatlons of the class lli and I drugs showed that the drug efflcacy '
_-L_enhanced but the pharmacoklnetlc drug lnteractlons were extenswe (Duff et a/ 1991
;Marcus 1992) The efflcacy of mixed agents in the treatment of arrhythmla needs '
. detall studles to understand the molecular mechanlsms of thls hypotheSIS better,
' 'because the drug effects .would \rary in dlfferent types of the tlssue studied due to the
'varrance of :onlcgcu_rrents among the dlfferent c_ardrac reglons and even wrthln the

trentricular mu‘s‘cle,' eg., en'd'ocar'vdlu:m or 'epicardium (Antzelevitch, t991 ).

’.‘1.6v. Experfment app'roachv
' f'.6}»1l _}Okbjecti\‘/es’ s
| Q-'Desirable ‘characteristics of antiarrhythmic drugs can be"measured by analysis'
the' properties of a given agent’s, such as the effects of agent on certain':cardlac
E -"' currents the kin‘etic parameters of .in'teraction\ with cardiac cha‘nnels; the "isch.e‘mic- o
‘, selectrvrty of antlarrhythmlc agents | | | . | »'
The experrments conducted in thls thesis Mth two related RSD compounds :
‘ RSD1015 and RSD1000 were de3|gned to answer the followrng questlons B |
| 1. The effects of RSD1015 and RSD1000 on several cardlac currents and the
mechanrc baS|s of. thelr antrarrhythmlc actnvrtles

2. If the mteractlons of RSD compounds with certain cardlac channel exist, the

kineticvmechanisms offthe interactions.
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| ‘3.j The |schem|a selectmty of RSD1015 and RSD1000 for |schem|c condmons -
| _and its relatlonshlp to the antrarrhythmlc effects |
o 4 If there is dlfference between the effects of RSD1015 and RSD1000 on‘_ S

s | cardrac current whether |t is related to the physrcochemlcal propemes of . |

. ‘RSD compounds'?
1 6.2. Exper/menta/ desrgn

The whole cell patch clamp recordlng was used to mvestrgate theeffects of
'RSD1015 and RSD1000 on several currents in rat ventrlcular myocytes mcludlng Ito,
-INa,- I.d and Ic;. D|fferent protocols were used to determtne the klnetlc mechanlsms of
| drug-channel mteractuons The rschemlc-selectlvrtres of RSD1015 and RSD1000 were
: measured usung an aC|d|c solutnon (pH 6.4). Some in vivo studres were performed to
demonstrate the efflcacy of RSD1015 and RSD1000 agarnst |schem|a- and electncally- o

N ;rnduced arrhythmrsa and the |schem|c-select|wty in |solated rat heart

P MATERIALS AND METHODS.
'2,1L Isolation of rat ‘ventr'icular myo‘c)‘/t‘es
| Flreshly |solated rat ventrlcu'lar"myocytes were used 'study the |on|c effects of -
RSD- antrarrhythmlc agents on cardrac channels in thls study Male Sprague Dawleym
arats (250 350 g) were used |n accordance vwnth the gmdellnes established by the
University of Br|t|sh Columbia Anrmal .Care Commlttee The rat ventrlcular myocytes - |
were d|SSOC|ated and |solated usrng procedures which have been descrlbed prevuously

‘ (Mrtra and Morad 1985; McLarnon and Xu 1995) Brrefly, a rat was anesthetrzed by - '

. pentobarbrtone (|p 45 mg/kg) The chest was opened the heart was removed and
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|mmersed in ice- cold oxygenated cal0|um-free Tyrodes solutlon contalnmg (mM)
NaCI (133. 5) KCI (4), MgCIz (1 2) NaH2P04 (1 2), TES (10) and glucose (11) pH at
v74 The heart was then attached to a constant-flow Langendorff system though a-
aortlc cannula perfusedwrth same Tyrodes sol_ut|on. The perfusate was oxygenated |
- for-30 minutes and maintained at 37°C. After 4-minutes perfusion which remove's.most
Cof the ,blood from vefn.trl‘cular chambers and coronary' vasculatur_e_, the. perfusat‘elfvl/as'.
exchanged for a'nother‘Tyrodel's solution;.contain'in.g 007% collagenase '(Type' I,
~ Worthington Biochemical), 25 uM CaClzand 200 mg of BSA (Boehringer Mannheim).
.After 15 to 20 mnnutes of perfuslon the rat ventrlcle was removed for three sectlons‘ |
" Each section was cut mto small pleces carefully in Tyrodes solutlon wuth 25 .uM
v. calcmm the Tyrodes ‘solution was fe- applled wrth gentle agltatron of the dlgested
tlssue The ceII suspen5|ons were stored at room temperature between intervals. (1 -2
hr) of wash with succes5|vely mcreased_concentratlons of calc1um (from 25 to 100 uM).
“:Cellsfvl/e're plated on' coVerinps precoated with Iaminin (4 ug :perco\'/erslip)'an‘d used'
for eIectrophysuoIoglcaI study.  All cells were prepared. and stored at room temperature
" (20-24C) and were used for the experiments within 10 hr after ceII |solat|on In terms of B

morphology the cells had a mean Iength of 72 + 6 um (n=22) and mean d|ameter of 7.8

+ 0 5 um (n 22) Only cells WhICh were rod shaped clearly stnated and qulescent ln

the 1 mM calclum bath s.olutlon were used for study.




‘ 2.2, Electrophysrology

2 21. Patch Clamp recordlng

The development and the advance of patch-clamp recordlng ln the early 1980’ o

" '_makes it possrble to. record small currents in cell membranes (Hamlll et al., 1981 -

Py ASakmann and Neher 1984 Cahalan and Neher 1992) The use of a hlgh resnstance -

feedback resustor in the recordlng headstage and the formatlon of a hlgh reS|stance . " _'

‘.grgohm seal between the membrane and a solutlon-fllled glass recordlng glass plpette
'}‘stabrllzed the recordlng and reduced background n0|se and Ieak currents
Several conflguratlons of patch clamp can be used to record membrane‘ ‘

'ou’rrents | These mclude the baS|c “cell attached”'and the msnde out patch” and

“outsrde out patch” for the srngle channels and whole cell recordlng for. -the‘

o ".;_k;macroscoplc currents When the recordlng electrode is. posntloned on an |ntact cell it

. 'forms a “cell-attached" conflguratlon when the patch of membrane is, broken by elther ‘

‘ a|r suctlon or an electrlcal pulse a whole cell conflguratlon results The mtenor of the« _

o 'fa‘[;cell is homogenous W|th the contents of the electrlcal plpette and macro—currents of the o

cell membrane can be measured ln thrs study, whole cell patch clamp recordlng was

o | used to study the currents in rat myocytes |

2 2 2 who/e-cel/ recordlng conf gurat/on

Patch clamp electrodes were fabrlcated usmg Cornlng #7052 glass (AM B

' Systems Everett Washlngton U SA) W|th an mternal drameter of 1 2 mm and an o

.external dlameter of 1 6 mm The plpette was prepared wrth a standard two pull:vff,_“ k

s 'technlque Wlth a Narlshlge PP 83 glass mlcroelectrode puller jf" =
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The recordlng chamoer was afﬂxed to the stage of a mverted Nrkon TMS
.mlcroscope and a coversllp contalnlng myocytes was placed ln the chamber The small'_ .
_ volume of the. chamber allowed for exchange of the expenmental solutlon applled from
a gravuty-ﬂow system in 30 sec. A' suction tube at another end of the recordung
' _chamber kept the recordlng solution at a constant Ievel An agar-filled bridge was
mserted into the bath and a wire connected to ground was mserted in the brldge to
'complete the recordlng circuit, | |

| Plpettes filled W|th,solut|on (see below) were “inserted into ajhﬂolder on"the head-
stage (Axon model CV 2‘01: A, gain = 1), whtch was mounted on a Newport 360-90 lab
- jack- fitted with‘a ‘NeWport";423' series actuator powered by a Newport lmodel 860
' controller for manipulation of‘the.pipe'tte"' 'themicroscope and Iab 'jack v‘verevplace on a
nitrogen- suspended floatmg table (Newport USA) to achieve a vibration-free
_ env:ronment |

An.Axopatchv’amplifier(2QOA, Axon Instruments, F}ost‘er City, CA)'was' used to
record" whole-cel‘l '.‘"currents' withthevv IoW—pas‘s" filter '.se.tv_ at 1 or 2 kHz. The.’sampl.ing"
: fre'quenc;/ of the A/D con\'/erte'r was 10't<Hz. 'Capacitive currents and series r'éststant:e
were. compensated by use of analogue cwcwtry and leak subtraction was also used in
some .expenments. The mean value of seal resrstance was 36 + 5 GQ (n 12) with
senes resnstance compensatlon set at 80 85% the mean senes resustance was 4.2 + 1'
| tMQ (n 10) and the mean celllcapacnance was 92 _- 6 pF (n= 6) P/N subtractron was -
not routmely done and there was no evident effect on macroscoplc currents when it
was .employed. The p'ro_t_ocols used were generated bycomputer Ioaded with 'pCIamp '

6.0‘.2.(Axon Instruments Inc.) and data werevrec0rded on disk for subsequent.analysis; '




‘unless otherwise noted the holding potentials were -70 mV. - A detailed de"scripfion‘of .

the specific protocols which were used in the work is included in the results section

- below.. Compléte sets of data (control, erig., récovery) were qbtained' from each cell

studied. All expériménts were performed at ro@m temperature (2_0424 °C). :
2.3, Data analysis .

The data analysis used pClamp 6.0.2 software (Axon Instruments Inc.). The

~ inactivation time courses of l, were best fitted with. single exponential functions with

time constants denoted by 1. To determine the potency of agents on |, dose-response
curves were pl_otted for th_é effects of the compounds t‘o alter ©. In these plots the

concentrations. of drug were represented Iinearly' and the dose-response data were

"~ fitted with a single exponential function to obtain a value for the ECso. Thev pdte’ncy‘of'

- inhibition of Ixa (ECSQ,) was determined froma single exponéhtial function fit of dose-

res_.pons'e’plot where the -‘réspohs,e was 'me'asvu’re_d as the effect of drug to reduce peak

- current. The results in this study are giyeh’"'és, mean- value + SEM 'and'vls'tat‘_isticél

significance was deterrhined using Student's t-test or' two-way, ANOVA. - Statistical

analysis was peﬁormed by the use of the NCSS' statistical package. A difference at -
P ‘<-0.'05 was considered significant.. N
2.4. Experimental drug and solutions

The agents used in this study,.RSD1015 ‘and RSD1}OOO,~» ‘were ‘obtained from

" Nortran Pharmaceutical Inc. (Vancouver, BC, Canada). The chemical structure of the

}compounds are shown in Figure 2. RSD1015 (FW=439.42) contains an _N-methyl

piperazine ring which gives it two chérged tertiary amine centres. The N—h'lorpholino.
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'contamlng RSD1000 (FW = 390) could have two possrble conformatlons of the charged
forms (Yong et al 1997) The drug pKa values were determlned by the equrvalence
| ponnt method by addmg HEPES (pKa 7 35) at a temperature of 25°C. The respectrve ‘
pKa for RSD1015 and RSD1000 were 8 1 and 6.1. A fresh stock solutron of drug was .’

prepared for each expenment (dlSSOlved in dnstnlled water)

In the experrments on k., and IK,, the bath solutlon was a modified Tyrodes K |

s'oblutlon and .contalned_(mM) NaCI (133 5) KCI (4), CaCIz (1) MgCIz (1.2), TES (10),
.NaHzP(S; "(1.12) and glncoee_ -(11'),'» pH was adjusted'to 735 wlth NaOH in normalf L
solution, an_d titrated to 6.4 with‘ HCI|n acid'buffer soldtion_aj-‘The patch pipette scluticn
contai'ned (mM): NaCl (10), K& (140), MgCl (1); EGTA (10), Mg-ATP (5) andHEPE‘S.,l .
 (10); pH adjusted to 7.35 with KOH. | o -
For studres of Ina, the bath solutron contamed 4 mM CsCI (to replace the KCI)
‘__and 50 mM NaCI wrth 87 mM TRIS (to replace 133.5 mM NaCl) pH was adjusted to"_}
7.35 wuth NaOH in normal solutlon and titrated to 6.4 wrth HCI in acid buffer solutlons

- The prpette solutlon contalned (in. mM): NaCl (10) CsCI (120) EGTA (12), TES (10)‘v _

MgCIz (1 ) Na-ATP (5); pH adjusted to 7 4 WIth CsOH

’flh's‘eye‘ral experiments' f.‘stUdies. on lca we're under'taken and 'in .the"se ‘cases‘vthe
bath soj,ution'cqntai,néd (in- mM):_fTRis (137), caCl, ('5.5) Mgcl2 (1), CsCl (20} and‘
glt_Jco‘s‘ea (55) pH adju'ste'd to 7.2 W|th CsOH. The pipette solutiOn used (in mM): Cs‘CI |

(125-),<Mg§ArP (5), EGTA (15)-, TEACI (20) and HEPES (10); pH adjusted to 7.2 with

: .CsOH.‘ .




- 45-

‘Figure2  Chemical structure of RSD1015 (A) and RSD1000 (B).
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o “Figure2
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3. RESULTS'
- Two ‘putative antiarrhythn1ic agents "RSD'101'5 and RSDlOOO (NOrtran
: Pharmaceutrcal lnc Canada) have been studred in this work. These two agents have _..
| shown dose dependent antlarrhythmrc actrvrtles ‘against |schemrc- or electrrcal |nduced
arrhythmlas in vivo (Yong, et al, 1997, unpubhshed‘ data) Slnce similar experlmental,
strategres and protocols have been applred to characterrze the drug propertres the
results are organlzed on the basrs of the drug rnteractrons W|th specuflc cardlac
| "'currents The results with RSD1015 are |Ilustrated in frgures ‘some results where
h RSD1000 had aotlons drfferent from RSD101 5 are also shown |
A The interaCtions of Rso1015 a'nd RSD1000 withr‘ transient outv'va.rd

| potassmm currents (Ito) | | |
3.1.1. The effects of RSD1015 and RSD1000 on tranS/ent outward
| potassrum currents (Im)

. A.single depolarization pulse to +60jm.V from a holding potential of -70 vmV for
: | | 400 ms was used to aotivate the Iy in ratuventricular rnyocytes. Typloal I,(-,_ar_e shownvin ‘
Figure’3A and-Figure 4A. 'Im exhibited raoid ac‘ti\./ativon followed by inactivation to a non-
. zero steady -state level as previous: descnbed (Josephson et al, 1984" “Apkon and
Nerbonne 1991) Based on pharmacologlcal actrons and klnetlc behaviour, the
o |nac_:tlvat|ng and steady sta_te macroscoorc currents are consrdered as separate entltres
_ (Apkon and Nero‘onne, 1'991‘;\".Castle and.élavrsky, v1‘99_2; McLarnon ‘and Xu, 1995) and

onlyvth'e' transiént inactivating com'ponent_,' Sens,itive to 4-AP, is t,ermedf I }The effects
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of RSD1015' and‘( RSD1000 on the resildu_al,.s_t-ea'dy state current which mayrepresent a
delayed rectifier type of K* current were not in\restigated in this work (s.ee' dlscussion)v. :
Figure 3.is a. recording from one cell.f In th'e_ presence of 2 uM RSD1015 in the E
| extracelIUIar'solutlon (Figure.3B) the tlme‘icourse of the inactivation ('f) vl/as decreased" -
in addltlon the peak amplrtude was also diminished. The effects of RSD1015 on the
time course of ho was dose- dependent as shown in Flgure 3C with the concentratlon of 7‘ |
the agent mcreased to 30 uM Partlal recovery of peak amplltudes and the |nact1vat|on'. |
time course was found after wash-off of RSD1015 (Flgure 3D) |
RSD1000 had similar effects on the trme course of |nact|vat|on and peak
"amplltudes of lto, which were also dose dependent as lllustrated in a smgle cell in T
N Figure 4B and 4C with 5 uM and 30 uM RSD1000 Partial recovery was evrdent afterg
:_-'wash -off of the compound (Flgure 4D) ,
i The time course (t ) of ke lnactlvatlon is mdependent of voltage (Apkon and‘”-_

‘Nerbonne, 1991' McLarnon and Xu, 1995)" The inactivation time course (z) at +60 mv

- ‘was used to |Ilustrate the dose response effects of the two compounds on Ito The T

- was determined by computer f|ts using srngle exponentlal functlon

The dose response effects of RSD1015 on the decay time course (‘C) of lto ls .
,‘ “shown rn Flgure 3E. Each pomt on the graph represents a value (normallzed to'
control) with application of 5 concentratlons of RSD1015 to each of the 7 cells. In
.fcont.rol, the value of T was‘”.51.7 + 4.1 ms (n=7). The resultant _'dosefresponse curve~'

 was fit by:a logistic functio,n and the concentratlon o R'splols which reduced <to 50% )

of control value (i.e., ECso) was‘1.3'i 0.4 pM (n=7).
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Fiéuré 3 Effects of ._RSD1Q15_on,It;.' (A) A single kg in‘_ ,contr‘oll solution wvilth 'al
dep'o|érizing étep ffom -70 mV to + 60 mV, (B) Effééts__ of 2 uM éﬁd‘(C) 30 uM RSD1015 .
on i,,,; (D) Recovevry‘ of |, after prolonged‘wash-off of RSb1015#—'(Ej Dééefrespéhse data-‘
for effects 6f RSD'_1V’015 oh.time constant  of k. _ina‘ctivatibn. The daté pdints afe-means
+ sem frém 7 cells and the sozlid Iihe is a fit to the nor'malizéd -dafé us-ing' é logistic

' function. In control, the value of t was 51.7 + 4.1 ms (n=7).
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Figure '4' ~ Effects of Rso'1000 on k. (A) A single control k, recorded with a

A ‘,depolari'zing step from holding voltage of -70 mV to.+ 60_'niV".-(B) Effects of. 5 uM and

(C) 30 uM RSD1000 on l; (D) Recovery of Ito after prolonged wash off of RSD1000 ()

Dose response curve for effects of RSD1000 on tlme constant T of I,o |nact|vat|on The \

nor_mallzed.values are means ;. sem from 5 cells and the solid lme is a fit to the

normalized. data using a Ivogistlc,functlon. An control, the value of T was 48.2.;# 3.9 ms

(n=5).
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- Figure 4E shows a dose response plot for RSD1000 usmg the same procedures
noted above. The value of Twas 48.2 + 3 9msin control solution (n=95). The ECso for
RSD1000 to diminish the time constant of lto inact_ivation was 5.8 + 0.7 uM (n=5). The
difference in potency between RSD1015 and RSD1000 blockade of I, was statistically

significant (P < 0.05)

3.1.2. The /nteractions of RSD1015 -and RSD1000 on vo/tage-

dependence for /,o activation

l A family-oi‘ currents evoked by ‘depolarizmg steps to potentials up to +60 mV

B from holding potential of -70 mV was. used to study the effects of RSD compounds on N

o the voltage-dependence of activation. The procedure was to measure the peakl

_ currents at different test depolarizingjpotentials and compare the activation.thres_holds .
_in control and. in the presence of RSDiO_15 ‘and. RST)1000. | |
A plot Aof the bpeakcurrent VvS. mem-b:rane potential is presented from one cell in
Figure 5A with control ('open‘ ci'rcles)v and2 uM R”'SD'lO15 (closed circles). }.lt is clear
l"from Figure 5A that the amplitudes- ot ho vvere decreased by 2 uM R~SD1015'compared :
to control values after the current was activated However the thresholds for activation
of ho were -34.5 mV in the absence and -36 mV in the presence of the compound Thus
'-'the voltage threshold for Lo activation was not changed with: RSD1015; the same result .
was .also obtai_ned' in‘another ‘4_;_ce|ls at.the same concentrat_ion' of 'RSD.1015. The -
partial re"coveryof peal< o, 'after was.h'-.otf; of the agent; can also be noted in Figure 5b ‘_

. (upward open triangles).
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' Figure 5 ' Effects on voltage-dependence of activation of k, with 2 uM RSD1015ina
cell. Activation of I, was illustrated by peék currents s'h_owh as a function of
- depolarizing potentials from a holding level of -70.mV. Control currents were presented
_as open circles, é'mplitudes in the :presence of 2 uM .RSD'1015 as closed 'ciftgles and

after wash-off of drugs as open triangles.
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The effects of RSDtOOO on the actlvatlon of Ito was also studled (data not .
‘ shown) In f|ve cells the thresholds for actlvatlon of Ito were 36 T 1. 5 mV |n control'
‘ (n 5) and -35 + 2 mVin the presence of & uM RSD1000 (n= 5) the dlfference»of the
threshold of lm actlvatlon was not S|gn|flcant (P > 0. 05) The same result was also
| . obtalned usmg a hlgher concentratlon of RSD1000 (30 uM) (n 3) |
3 1.3. The effects of RSD1015 and RSD1 OOO on vo/tage dependence of
steady—state mactlvat/on of l,o
As n_oted above, the generalised modulated receptortmodel_‘ can be ap'plie‘d .in
‘the ‘analysis ’of I,,, A n‘umber .of' protOCoIs were ap'plied in'order to determ’lne
mechanlsms of RSD compounds lnteractlon W|th dlfferent states of the I, system The'

"|nteract|ons of compounds wnth the |nact|vated state of the ho. channels were studled

' uslng a two-pulse protocol (Castle 1990 1991 McLarnon and Xu, 1995 McLarnon

' and Xu 1997). In. order to determlne the drug effects on the steady state mactlvatlon of . -

l,o, condltlonlng pulses from -90 mV to -30 mV. (duratlon 300 ms) were followed wlth a
single test pulse to +60 mV for 200 ms with the holdnng voltage of —70 mV (Flgure GA)

,-The peak amplltudes of the lto assomated with the test pulse were normallzed to the l,o :

.> amplltude ata condltlomng pulse of -90 mV then the- normallzed data were plotted VS.
.the condltlonlng voltages The resultlng curves-were fit- by the Boltzmann equa’uon

' Normalrzed Ito = 1/{ 1 +exp[( V- V1/2}/k]}

where Vis the condltlon pulse potentlal V1/2 is the potentlal at Wthh the

' normaltzed lo equals 0 5 and k is the slope factor The results of RSD1015 is shown |n |
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Figure 6 Actions of agents on steady-state lnactlvatlon of lm The protocols used in V

thls study is shown in (A) where 300 ms condltlonlng pulses from -90 mV to_ ,

~-30 mV was followed Wlth a smgle test pulse to +60 mV for 200 ms, the holding voltage
is -70 mV.  The results in control (open. cnrcles) and the effects of 2 uM RSD1015
(closed cnrcles) from one cell are shown in (B) Normallzed peak lto have been plotted, '
| vs. condltuonlng potentlals The solid llne is a flt usmg the Boltzmann equatlon (see. -_

 section 3.1. 3) Only the flt to control curves is shown.
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Figure 6B, control_ data are represented by open circles and the effects of the
compound by closed circles
The V,,z and k in the absence and presence of compounds were determined

from the Boltzmann equation and tabulated in. Table 3.

Overall RSD1015 changed V1/2 by 35+16 mV (hyperpolarizmg shift, n~4) and =

k by 16+ 0.6 mV (n= 4) for RSD1000 the changes of V1/2 and k are 28+ 1 4 mV and o

0 7 :t: 0.7mV.: There are no Significant difference between V1/2 orki in control and in the : o
" presence of RSD1015 or RSD1000 (P>0. 05).
3.1.4.-. The effects of RSD1015 and RSD1000 on recovery from steady-

state inactivation of It

B Another p'rocedure‘ Was “"used to deterrhine possible ‘ef;fects of agents with the _
inact_ivated State' of . The protocols'to study the;kinetics of recovery from steady-state
inactivatibnfof lo initially used a depolariiing conditioning pulse to- +60 mV for 200 rns
to ensure full inactivation _of. lo. This conditioning pulse was followed by a variable
recovery time at -70 rnV holding'potential and a single test pulseof '+60. mv to-assess
v the extent of recovery (Figure 7A). | The interval tim’e betWeen thve conditioning and test

‘pulse was from 5 ms to 1000 ms. The recovery from inactivation was determined by.

the fractional change of ke (test pulse peak amplitude diVided by conditioning pulse" o

peak amplitude at each episode) The normalized amplitudes were then plottedv-'
| ~against the. interpulse recovery time and the time courses of recovery from inactivation :
were obtained by an exponential fitting of the data | _

The effects of . RSD1015 and RSDtOOO on recovery from steady state |

inactivation of ko are summarized in Table 4,
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7 TABLE 3 The effects of RSD co_m‘pdunds on“ vdltage-delpendenc’e of st'eady-'

- state inactivatio_n of ke

Ve V) k)

- Control(n=4) | 57.8+31 . . 85+2.3

2 uM RSD1015 (n=4) 543:48 . 101%18

~ Control (n=5) | 57459  83z:27

5 uM RSD1000 (n=5) 543+46 . 94+33

- The results are expressed as means + SEM.

" TABLE 4 The effects of RSD compounds on the time course of inactivation

. recovery

- Time course of .ihactivation rec':ove.ry»(ms)
: Control (n¥4) - 56.7 + 4.3' |
2 WMRSD1015 (n=4) o - 611i37 S
""Co'nt'r_‘."l (n=5) ! f., ~' S 558.1'51'3([3
5uM RSD’1060 (h=5) - o 60845

The results are expressed as means + SEM. o
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‘Figure 7. Effects on drugs on recovery from steadyvstate.mactrvatlon ’of ho. A two-,
pulse protocol was used in th|s study (A) a 100 ms |nlt|al depolarlzmg condltlon pulse ,
- was followed by a dlfferent recovery time at -70 mV holdlng potentlal and a smgle test
pulse of +60 mV for 100 ms. ThlS pulse protocol measured the extent of recovery' of
peak I, after varlable recovery times at -70 mV subsequent to complete mactlvatlon. '
'|nduced by the condltlonlng pulse. The recovery from mactrvatlon was determlned as
the fractional change of |, (test pulse peak current divided by condltlonlng pulse peak
current) The results in control (open CIrcles) and the effects of 2 uM RSD1015 (closed
C|rcles) from one cell are shown in (B). The solid Ilne is an exponentlal fit to the data'
points with normallzed lm value plotted vs. the lnterpulse recovery time, only the fit to

control curve is shown.




62

05

600

1000

800

400

200

Interpulse interval (ms) |

 Figure 7




._' .‘,_‘6.3_.‘, L
Thus the results descrlbed above show both agents |n a dose dependent

: 'manner reduce the amplltudes of I.o and the t|me constant (t)-of lto rnactrvatlon -

"However there was no ewdent mteractrons of the agents wnth elther the mactrvated '.

fstate or the actlvatron of the current The possrbllrty that RSD1 015 and RSD1000 acted -

A'on the open state of the |.° system was then rnvestrgated
3 1 5 The open state b/ockade of the l,., system of RSD1015 and‘ '
RSD1000 R | |

As mentroned rn sectlon 1 4 1 1, the modulated receptor model can be applled to

' _-.potassrum channels ln the srmplest form klnetrc states of the channel can be wntten

: as:l : | |
| c o "a— B
o k A
¢ B
Where C O l and B lndlcated closed open mactrvated and drug blocked state
j‘_of the channel respectlvely The k1 lS the rate constant of open state transmon to an_- -
open blocked state and the k, 18 the unblocklng rate constant The effectlve onward

rate constant is k1[D] where D |s the drug concentratlon The on and off-rates of the :

: drug channel mteractrons are very |mportant in determlnlng the cllnrcal applrcatlon of : )

., drugs and the use dependent block of agents Several protocols were used to'_

" determme these rate constants of RSD1015 and RSD1000 in th|s study ' ‘,
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3.1.5.1. Voltage dependencég‘:of decay time course aﬁd_-the'relqtion to

‘channel block |

- The voltage-dependence of the |nact|vat|on tlme constant (r) has been plotted in | _A

Flgure 8 The magnltudes of the tlme constants in control solutlon (open cnrcles of

Flgure 8) were not sngnlflcantly altered (P> 0. 05) by the dlfferent Ievels of voltage in

the range of +10 to +60 mV. Also shown are the .effects of RSD1015_,' at concentratlons& "
' of 2 Vand 10 uM (upward and downward triangles of Figure 8 re'spectively). | The
compound caused dose-dependent decreases in 1T, however for a glven concentratlon
there was no sugnlflcant dependence of T0on potentlal (P> 0. 05) Thus -drug actlons on

’ ‘the tlme course of decay were mdependent of voltage These results.A would be'
consnstent with a srmple channel block model where the open state undergoes a
transition to an open-blocked state with a voltage-lndependent rate constant ks In thls
' case the lnverse of the decay tlme constant ln the presence of drug can be expressed

as k,[D] + k1 where Dis concentratlon of RSD1015 and k1 is the off or unblocklng rate |

constant (McLarnon and Xu, 1995 McLarnon and Xu 1997) An estlmate' for the

blocklng rate constant can be found by assumlng that the rate constant k1 << k1[D] and'

usmg the data from Flgure 8 to determlne 1. For example with RSD1015 at a
concentratlon of 10 pM the ki was estlmated to be 19.4 t 3.6 x 10 M s “at +50 mvV
. (n=4) Slnce the values of T were relatlvely constant over the voltage range from +10 to
- +60 mV the derlved values of k1 would not dlffer markedly from the value obtamed at
: +5O mVv. . U‘smg[the same analysns procedure, the k1 of RSD1000 was estlmated _to be
| 9.111:‘ 21 x 1‘06 M s at voltage ot +60 mV‘(n=7‘).,,lA more quantitative analysis forv‘the

channel block rate constants is considered below.
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' ,L’Figure~8 ' The actrons on voltage dependence of trme constant (~c) of lm Tne‘ tim"e B

" constant (~c) values are means+sem values and plotted agalnst the membrane _f o

‘ potentrals (A) Effects of RSD1015 wrth control (open crrcles) 2 uM RSD1015 (upward

| : ;closed trrangles) and 10 uM (downward closed trrangles) (n-4) are shown e
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The estlmated values of the onset rate (k1) of RSD1015 and RSD1000 are "

' summarlzed in Table 5.

3. 1 5.2.Rate cortstants for channel blockadvew usmg tlrr.te-deper:dent'
mhtbmon of I,,, |

ln order to determine values for'the magnitude of the unhlocking rate constant k.

and obtain ‘more accurate values" of Ky, measurements of the effects of two'
concentratlons of agents on the decay of lto were carrled out (Castle 1990 McLarnon |
and Xu 1995 McLarnon and Xu, 1997) In essence, the tlme course of agents actrons
‘could then be determlned b‘y subtractlon of the decay time course in the presence of
the compound from that of control. Thus the development of enhanced inhibition of I,
wnth tlme was assumed to reflect a time- dependent block of open channels wuth rate ‘
.constants k1 (onward) and K. (off) ThlS procedure was carrled out at two dlfferent.
concentratlons of drug and the magnltudes of k1 and K- were determlned usrng a
solutlon of two S|multaneous equatlons | |
Typlcal lo in control and wrth two concentrations of RSDlO15 (at 2 uM and 30

uM) are shown |n Flgure 9A. The results of subtractlng the two time-courses measured

wrth drug from control data are presented in Flgure 9B where the results have been B |

'normallzed usmg the expressmn (1 ld,ug/lcom,°|) It can be noted that the mcrease of
~ inhibition was both time _and' concentratlon-dependent.:~ Seco‘ndly, the inh_ibltlon,
approached a maximum value which depended on the drug concentration. The
foIIowmg equatlon has been used to-fit- the curves shown |n Flgure 9B (McLarnon and

Xu 1995 McLarnon and Xu 1997)



ces-
l(t) lmax (1 e(k1[D)+k1)t) ' |
h where I,,,,x equals maxrmum ‘block at drug concentratlon [D]i (f) refers to the
’:amount of lnhlbltlon at any tlme t and ke and k1 are deflned above.- The. si’nole'
exponent|al f|ts extrapolated to zero at the - beglnnlno of the depolarization steps
indicate that: there was little block of lto before actlvatlon This result |mpl|es Ilttle or no '_
tonic block by the RSD compounds-. The analysis of t}he data shown in.Figure 9B gav_e,v '
ki =185 8 X. 106 M s and k, = 24 5 s'. A similar analysis was also carried‘ out»on 3 '
| 'other cells and the mean values of rate constants were: k1 = 16 3 + 3. 4 x 10'3 Mt s? ‘
Ky = 27.6 +43s" (n=4_). The dlssociatlon constant assocl_ated with channel block kd:
(kd=k.1/k1l was then found to be 1.7 uM, a value close to the Equ for RSD1015 effects ._
S ont. | | o
The same analytic procedure \llras used to determine open channel blockade éf, |
RSD1000. The values of ki and k1 were 8. 1 +1.9x 10° M s’ 523 +335s" (n,=4.')' '.
' respectlvely, the ky is 6.5 uM :
| - The results of RSD1015 and RSD1000 open channel blockade are summarlzed '
in Table 6. | |
The use dependent effects of RSD1015 and RSD1000 on I | were also
investlgated ln these experlments a series of depolarlzmg test pulses to +60 mV (for
100 ms from a holding potentlal of -70 mV) were used At a frequency of 1 Hz the -
: peak l,o current produced by each .pulse remalned constant durlng the “series of .

stlmulatlng. In the presence of 2 uM RSD1015 there was no declune of the current :
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TABLE 5 The estimated onset rates of RSD1015 and RSD1000 on k,

RSD1015 (n=4) - RSD1000 (n=7)
Tk M'sY 173+36x10° 91£21x10°

The results are expressed as means + SEM.

TABLE 6 The values of I, open channel blockade of RSD1015 and RSD1000

| -RSD1.01v5‘(n=4) o RSD1¢00 (n=4)
){1 (M'sT) B ‘16..3‘#3.4 - 8.15,1.9_;_105'
ke (sV) I 276443 . 52333
-“kd(LlM). 1.7 o : - 65 |

The results are expressed as means + SEM.
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Figure9  Enhancement of drug channel blockade with time. (A) The fraces shown

are h, in control (con) and after addition. of RSD1015 at either 2 or 30 uM for a step

- dep‘o'llarization to +60‘ mV. (B) Time course of ‘th_e block of‘lto'with the ordinate a

measure of the ffaction of c'ur'r'ent;blockade, “(leontrol = larug)/lcontra.  The fits shown were

according to the equation in the text.
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- amplitudes with successive pulses At dlfferent concentratlons of RSD1015 (5 and

10 p.M) and dlfferent stlmulatlng frequency of 2 Hz no ewdent use dependent effect o

was observed Slmllar results were obtalned wnth RSD1000 at concentratlons ofS5and =

10 uM with stimulating frequency of1or2 Hz
3.2 The inte'ractkio'ns. of RSD1915, anjd nsptooo with .lnward sodium
| current (lNa) | R
The apphcatlons of RSD1015 or RSD‘IOOO /n'wvo showed ewdence for lnh|b|t|on

of sod|um currents (Yong et al, 1997) Such actlons were suggested from the

mcreased magnltudes of the P R mterval after doses of RSD1000 or RSD1 01 5 were

3.2.1. The effects of RSD1015 and RSD?OOO on'ls.

lnward sodrum current is the main component of the splke phase of the cardrac

- actlon potentlal It can be actlvated by a protocol WhICh conS|sts of a prepulse to

~-130 mV to remove restlng mactlvatlon of sodlum current followed by a depolanzmg

test pulse to 10 mV Typlcal INa in control solutlon are |Ilustrated in Flgure 10A and
11A. Tonic _block, deflned as the decrease in Iva at a low pulse _frequency (0.3 HZ)
sufficient to ensure fuII recovery-from the use-dependent block of Ina, Was studied

|n|t|aIIy The effects of RSD1015 on Iya are shown |n Figure 10. Th|s compound ina

o dose-dependent manner at 1 uM (Flgure 1OB) and 10 uM (Flgure 1OC) dlmlmshed the .
N amplltude, of the so.drum current with no ev.ldent-effects to alter the trme course of

inactivation. The" blockade wa;s'r'eversible as shown after wash-off of the drug (Figure

10D).




| Fi:gu.lv'eﬁ'ﬁ_) Aotions _of4 RSD1015 on l".":v:: (A) ‘A typical' _traoe of INa in control; ‘(B)'. Effects
| of 1 uM and (C) 1:0 }V,I:M‘RSD{O“S On' lna;_ (D) Reoovery of IN; after wash-off of RSD1015.
The protocol for recoroing' lNa consisted’ of'a prepulse to ."-130 mV for 30 'ms-then
P depolarlzmg to 10 mV for 20 ms. (E) Dose response curve for normallzed INa wnth the .
lflt shown usmg a |OgIS'(IC functlon the data shown are means + sem (n 6)‘ The peak

| value of sodium current is 6.7 +0.8 nAin control (n=6).-
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" Figure 11 Ac‘t'i'ons of RSD1OCL)O‘ on . "(A)'A typical trace of Ina in control; (8) Effects
of 0.5 uM and (C) 10 uM RSD1000 on INa, (D) Recovery of Ina after wash-off of

RSD1015 The protocol for Ia recordlng was the same as s for Flgure 10. (E) Dose-

L response curve for normallzed INa, wlth the f|t shown usmg a |OgIStIC functlon the data '

' shown are means + sem (n= 9) The peak value ‘of sodnum current is 6.3 £0. 6 nA in -

. control (n—9)
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RSD1000 also caused amplltude decrements of sodlum current ln a dose-
dependent manner These actlons are illustrated .at 0.5.uM (Flgure 11B) and 10 uM -
(F|gure 11C) recovery of the sodlum current after re- appllcatlon of control solutlon |s.
shown in Flgure 11D |

The peak amplltudes of sodlum currents were used as a measurement of drug_,
_ effects Two modes .of sodium current inhibition can be observed followrng a traln of

pulses The reductron of INa durlng the frrst depolanzatlon after a long rest period at

,‘sufflcrently negatrve potentlals |s referred to as- tomc block In contrast durlng o

repetmve stlmulatlon the INal faIIs beat to beat unt|I a new steady state is obtanned Thrs

additional reductlon in ‘sodlum amplltudes produced durlng repetltlve depolarlzatlons in

the presence of antlarrhythmlc agents is termed use -dependent block Because -

" RSD1015 and RSD1000 showed use- dependent effects on sodlum (see section 3 2. 4) -
- the steady state level of block, obtarned from the 20th pulse at the stimulation

frequency of 10 Hz was used for the analysrs of drug dose -response curve, Wthh

B evaluated both the- tonlc and the use-dependent block effects The amount of block -

was calculated as the percentage decrease in lNa after perfusron with the compound in
__companson with the value of the 20th pulse in control |
Flgure 10E presents. the dose response plot of RSD1015 effects on Iva: The B
data were f|t wlth a'l_oglstlc function and the ECso value derlved from the dose-r,esponse': }
'plot_was'4.1_ﬁi 09 uM :(n=6). The dose-response curve of‘_ RSD1QOO is shown in Figure'

" 11E and the ECso was 1.5 £ 0.3 uM (n=9).




i, 78;»
3.2.2. The effects of RSD1015 and RSD1000 on vo/tage dependence of
act/vatlon of IN,

The protocol utilized a serles of depolarlzlng steps (frorn -70 mV to +20 rnV) to
actrvate the sodlum current with each step- followmg an initial hyperpolanzmg step to;
'-130 mV to remove. |nact|vat|on at the rest potentual of -60 mV ‘The amphtudes of
current were plotted agarnst the correspondmg voltage to. analyze for the voltage
dependence of actrvatlon |

| A typlcal I plot of the voltage dependent of Ina activation is shown in Frgure
| :12l‘3 -The voltage correspondlng to peak sodlum current was -30 mV/ for control -32 -
mV for 10 uM RSD1015 and -30 5 mV- foIIownng wash off of the agent There was no
' srgnlflcant shlft by 10 uM RSD1015 in the voltage dependent actlvatlon of INa in7 ceIIs '
(P > 0.05). |

A sirnilar W relatlonship' of Ina activation‘ in control, 1_,vuM‘RS.D10.00, and
recovery w'és 'o'btained There was no shift of the volt'age-dependent activatiOn by 1 uM B
RSD1000 The same result on voltage—dependent activation of INa were obtauned in
other 4 celIs thh 1 uM RSD1000 | o

3 2.3. The effects of. RSD1 015 and RSD1000 on voltage-dependent
mact/vat/on Of Ing |

The Ina |nact|vat|on was assessed at selected membrane (prepulse) potentials
'usrng the standard two- pulse protocol. A series of 600 ms pre-pulses (range -150 mV
:to -50 mV) from the rest potentral of -60 mV was followed by a test potentlal to -20 mV

This protocol was applued once every 3 S. The amplrtude of Ina Was normalrzed to that'
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olea at‘-150 mV. The curve yvas fit by\the same Boltzhann relation' desfcri‘bed above in
the analysis of I, inactivation (éection_3.1._3). o

The results frorn o‘ne cell, in the‘ presence of 5uM RSD1'015,' are presented in
Flgure,138. }The‘ value for Vi Was -86.3 mV-in»controI :and was -94.3 mV with 5 uM .
RSDl015. lnactivation relationswere pIotted f_or'5 cells and 5 uM RSD1}015 'shifted the
‘lnactlvatlon curve -83 21 mV in a hyperpolarlzmg dlrectlon Wthh is sngnlflcant "
(P<O. 05) There is no S|gn|flcant change in the slope factor k (P > 0 05) which was '
‘48+16mV|ncontroland51+18mVW|th5uMRSD1O15(n =5). | -
The same analytlc procedure was used to determme the effect of RSD1000 on‘.' :

voltage-dependent inactivation of INal There |s S|gmf|cantly hyperpolarlzatlon shift in

' the 'Vm of Ina inactlvation curve in the presence of 5 uM RSD1000 (P <0.05). The

~ -~ change of the slope factor k is not significant (P > 0.05). The results of RSD1015 and

RSD1000 on vo.ltage-dependence of inactivation of Iy, are described in Table 7.

' 324 Use-dependent actions of RSD1015 and RSD1000

3.2.4. 1. Use—dependent block of RSDl 01 5 and RSD1 000 -

In addition to tonlc blockade the use- dependent biock of INa was lnyestlgated in
the experlments A series of 20 depolarlzatlon pulses (to -20 mV wnth 30 ms duratlon). .'
was applied from the holdrng voltage of 100 mV. The frequency of stlmulatlon was 10‘7*
- Hz INa decreased durlng the pulse traln and reached a steady state at the 20 pulse in
the presence of drugs The amount of use-dependent block was calculated as the
_ -percentage decrease in Ina in the steady state (at 20th pulse) W|th respect to the value _

for the first pulse (Hisatome et al, 1990) SR
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. Figure 12 : Effects of agents on voltage dependence of Ina actlvatron (A) The
' protocol consrsted of an |n|t|a| hyperpolarlzmg step from the rest potentral of -60 mV to
-130 mV for 50 ms fo!lowed by a senes of deplanzmg steps from -70 mV to +20 mV for

20 ms. (B) IV relationship showmg actrvatron of sodrum currents in control (open

crrcles) 10 uM RSD1015 (closed crrcles) and recovery of |Na (open trlangles)
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Figure 13-' The-effecte cn’})vo'ltta‘ge;decendence,of the inacttvation o_t Ina. (A) The
‘protocol utilized a series- of\prep'ulses from -150 mV to -50 mV (duration of 600 ms) |
follcwed by a test potential to ,-20 mV for 20 ms, the.rest pct‘ehtial is -60 mVv. . (B) The
normalized IN, results from che cell ﬁott’edv& prepulse potentials. in ccntrol (open |
cnrcles) 5 uM RSD1015 (closed cwcles) The peak values of sodlum current at the
prepulse of. 150 mV are 8 3 nA in control and 4.5nA i in the presence of 5 uM RSD1015

‘.|n thls cell. The SO||d Inne |s a flt by the Boltzmann equat|on to the curves ;
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| TABLE 7 The effects of RSD corhbounds" on voltage-dependence of inactivatibn \
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of IN; :

Vv k)

Control ,(n=5)
5 .M RSD1015 (n=5)

~ Control (n=5)

5 uM RSD1000 (n=5)

94143 5118 |
84134 - 43312

 966+26* . 45413

858141 48416

The results are expressed as means + SEM. - The symbol * indicates statisticél :

significance at P< 0.05 for difference from cbr_\tr'cél.‘ |
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The use-dependent blockade of Iy, by RSD1015 is illustrated in Figure 14. The
data shown are control (F_igure 14A) and after application of § ,uM 'RSD10_15 (Figure .

14B). As ewdent from Flgure 14A, no attenuation of currents was found in control. Theig -

first trace of Flgure 14B ‘was attenuated from that recorded in control Wthh lndlcates .

“ some tonic- block as was dlscussed above (|n sectlon of 32 1) However the_

' subsequent Ina showed a progresswe decrease to a steady Ievel (traces shown_ 7

' correspond to stlmulatlng pulses 1, 2, 3 6 and 20) where the amplltude of the 20thr .

‘ pulse was 78% that of the 1st pulse Followrng a level of steady bIock a penod of
another two minutes was allowed.whereby no stimulation was a_pplled. - Despite the

cont'inued presence‘ of the compound the initial IN;,V evoked by another series of

a depolarlzmg pulses showed substantlal recovery from the steady state use dependent ,

,block Thus RSD1015 exhlblts both tonlc and use dependent blockade of IN, Slmllar} -

results were obtalned from 5 other cells at a snngle concentratlon of 5 pM RSD1015 |
~ the amount of use- dependent block of Ina Was 72 + 3 2 % of the first pulse (n =6) at
, f_requency of stimulation‘at 10 Hz :

Use dependent block: of 5 uM RSD1000 on INa is shown'in Flgure 15B and

normallzed in Flgure 1SC The amount of use- dependent block of lNa was 62 + 4 6 % of

the flrst .pulse (n=7) wlth a stlmulatlon frequency of 1:0 Hz. Thus the use-dependent '}
block of Ina was "rnore pronounced with RSD1000 'co'rnpare,d with that observed w:th

' RSD1015. .
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. ‘Flgure 14 INa use-dependent lnhlbltlon of RSD1015 (A) The traces shown are the - _ B

L lea for the pulses 1 2 3 6 and 20 of a 20 pulse sequence of depolanzrng steps to 10 o

| mV for 30 ms frequency of 10 Hz and holdlng voltage cf 100 mV in’ control (A) and 5

uM RSD1015 (B) (C) The INa peak amplltudes were normallzed to the flrst pulse '”‘f '

. control (open C|rcles) and 5 p.M RSD1015 (closed carcles) in_one ceII The peak~

- amplrtudes of sodlum current of frrst pulse are 7 9 nA in controI and 51 nA in thef o

1 presence of5 uM RSD1015 in thlS ceII S
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Figure. 15 Iy, use-dependent blockade of RSD1000. (A) The traces shown are the =

~|Na for the 'pulse.sf1',_2; 3, .’6-arid_‘2‘0 of a 20 pulse sequence 'éf de}p;olarizing. steps to -10

S mV fdr 30 mé; ~fréq‘uenéy .o'f 10 Hz ,ancvi. hol.ding* volt'age"’of -100 mV in cbhtrél (A):]aﬁ_dls

M RSD1000 (B). (C) The h peak amplitudes were normalized to the first puilse in

o control (obeﬁ“ci.rcles) and 5 'uM} RSD1OQO. (c!b’sed- circles) :in_'qné‘_cell. ‘The.peak‘, _
' 'akr_iplitude_s of first pulse of SO;iiQm ;ﬁgrr‘ent"ar‘é. 82 'riA;ivn_'- c_o'.ntrlo_l ahdv.4..9,nA'vi‘ﬁ the

presence of 5 uM RSD1000 in this cell.
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3 2 4.2. Use—dependent blockade of RSDI 01 5 and RSDI 000 at di [ferant .

N stzmulatzon frequenc:es | ‘ |

' The I,la use-dependent’ ‘blockade of RSD compounds at dlfferent stlmulatlonf
: “ _frequenmes of 1 5 10 and 20 Hz were studled The same test protocols and ‘
: concentratlon as descrlbed ln sectlon <) 2:4. 1 were used ' ’ , ‘ |
As |llustrated in Flgure 16A 5 uM RSD1015 caused onIy a small reductlon in. INa_ |

'at the Iowest frequency of 1 Hz Wlth hlgher frequency stlmulatlon of 5 and 10 Hz thevv

- currents exhlblted more use—dependent blockade lt was evndent that the levels of

) "|nh|b|t|on of INa reached steady Ievel at each frequency The fastest rate to obtaln the'

o Vl,steady state use dependent blockade and the largest degree of mhlbltlon was obtalned‘ - |

- at 20 Hz The same procedures were applled to 4 other cells w:th snmllar results toy
those presented in: Flgure 15A -The use dependent block effects of 5 uM RSD1000 at '.

"dlfferent stlmulatron frequencnes are presented in Flgure 168 The amount of use- |

: dependent blockade of 5 uM RSD1015 and 5 uM RSDtOOO at frequencnes of 1 Hz andv: S

20 Hz are summanzed in Table 8

o .,3.2.4.3. T he use-dependent blockade of RSD1015 and RSD1000 w1th |
dtjferent pulse duratzons

To determrne the onset of use dependent block a protocol wnth vanable‘

depolanzatlon duratlons (10 or 30 ms) was used at a stlmulatlon frequency of 10 Hz.

b 3 ,The holdlng potentlal was 100 mV and the depolarlzatlon voltage was -20 mV

The lNa use dependent blockade of RSD1015 and RSD1000 wnth dlfferent L

‘, duratlons of 10° and 100 ms is shown |n Flgure 17 The amount of use-dependent-




~blockade of these two R_SD compOUnds_ with different depolérization duratiqhs are listed
in Table 9. There are no siéhificant difference.in the'use—depehden:ce of Iya with two

| . duration pulses (Pi>j_0.'05).

- TABLES8 U§e4dependent blockade of RSD1015 and RSD1000 at different |

stimulation frequencies

5uMRSD1015(n=4) 5y M RSD1000 (n=4)
1Hz 90 £2.4 % - 89 + 3.8 %
20 Hz - 66+t36%* . B4+47%*

‘The résults_ are expressed as means + SEM. The symbol * indicates statistical
significance at P < 0.05 for difference _frorh the amount of use-dependent blockade at

: _'freque,n_cy of 1 Hz.

- TABLE 9 The use'-depend‘éhtb'lockade of RSD1015 and RSD1‘00.0 with different

pulse durations

5 uMRSD1015(n=5) 5 uM RSD1000 (n=4)

10 ms 78+52% . . 65+31%

100 ms . | 71+46%  B1+55%

“The results are expressed as means + SEM.




e
" Figure. 16 the)ef_fec.:ts of stimulation frequency on the use-dependent block. . (A) and.
(B) shown the‘effect‘s of 5 uM 'RSD1015'and 5 uM_ RSD1000 in one cell, respectively. -

The peak an‘lblitudes of Ig; were norrnalized to the first V'pulse The effects of different

o stlmulatlon frequenmes are shown as control (open curcles) 1 Hz (closed cwcles) 5 Hz

(tnangles) and 20 Hz (crosses) The. peak amplltudes of flrst pulse of sodlum current
are 8.1 nA |n control 7.2 nA (5 uM RSD1015 +1 Hz) 64 nA (5 uM RSD1015 +5 Hz)
and 43 nA (5 uM RSD1015 + 20 Hz) |n thls cell. The peak amphtudes of fIl‘S'[ pulse of
sodium current are 8. 3 nA in control 7. 1 nA (5 uM RSD1000 + 1 Hz) 6.1 nA . (5 uM‘

RSD1000 + 5 Hz) and 4, 1 nA (5 uM RSD1000 + 20 Hz) in thls cell.
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| 'F'i'gure 17 .The effects of. depolarlzmg pulse duratlon on use-dependent block In the
presence of- 5 uM RSD1015 (A) or SuM RSD1000 (B) normallzed IN, presented the'-
| results wrth drfferent depolarlzatlon duration of 10 ms -(closed cnrcles) or 30 ms
(tnangles) at the same frequency of 10 Hz control is shown by open cnrcles The peak
| amplltudes of- flrst pulse of sodlum current are 8.0 nA in control 7.3 nA (5 uM RSD1015
+ 10 ms), 6.9 nA (5 uM RSD1015 '+ 30 ms) in thls cell. The peak amplltudes of first

pulse of sodlum current are 8. 4 nA in control 7. 2 nA (5 uM RSD1000 +10 ms) 6.7 nA

o (5 uM RSD1000 + 30 ms) in this cell
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33 The effects of RSD1O15 a‘nd'Rsmooo in acid solution
In thls study, the effects of these two compounds in acid solutlon were studled to o
_ obtain drug selectlvrty |n the |schemlc tlssue The solution used |n this study was'
' adjusted to pH 6.4; the protocols and analytic procedures were the same as those used
in the correspondlng result sectlon above wnth normal bath solutron of pH 7.3.
3. 3 1. The effects of RSD101 5 and RSD1 000 on I in.acid solution |

As found |n; the normalv«solutlon}-‘of pH 7.3, RSD1015 also ~-decreased the time
course of the inactivation of lto c'urrents in the acid solution of pH'6>‘4 Theiinactivation‘
time course ('c) at +60 mV was used to lllustrate the dose response effects of drug The
blockade effect was recoverable after wash—off of the drug with bath solutlon of pH 6.4.

A dose- response flgure for the RSD1 015 on the decay tlme course (‘t) of lo is
showed in Flgure 18A. - As for the experlments ln solutlon of pH 7.3, 1 was determined -
by using a snngle decreasnng exponentlal functlon to fit the current. Each pornt on the
dose response graph represents a normallzed value to the control value of T at pH 6.4 |
in the absence of drug. The dose response curve was fit by a logistic function and the
concentratlon of RSD1015 which reduced 1 to 50% of control value (ECsp) was 1. 8 +
0.7 uM (n. 5) There was no statlstlcally.srgnlflcantly dlfference between the ECso of lm‘

blockade with solutlon at pH 7.3 and pH 6.4_ (P >-0.05)y.'

Slmllarly, RSD1000 dose dependently dlmlnlshed the tlme course’ of the
_ mactlvatlon of lm currents The dose response curve of RSD1000 on lw ln the aC|d

_‘ solution is shown in Flgure 188 the ECso was 6.2 +0. 8 uM (n=5) (Table 10) The ECso
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Figure 18  Effects on Im ln aC|d solutxon‘of pH 6. 4 The dose response curve ofi
RSD1015 or RSD1'OOO on the tlme constant of Ito mactlvatlon T was shown in (A) and
(B), respectively. Open cnrcles presented the data in normal bath solution of pH 7.3,
closed circles was the results in acrd solution of pH 6.4. The data were fltted by a
'Ioglstlc function. In} Flgure 18A, the valu_e of © was 51.7, + 41 ms (n=7) in control -

solution (pH 7.3) and 56.8 £ 3.7 ms_ (n.=5) in acidic solution (pH 6.4). In FigureA18B,

the value of twas 48.2 £ 3.9 .ms (n-5) in control solution (pH.-7. 3) and 54.7 5.1 ms S

(n=5) in acidic so!utron (pH 6. 4)
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of RSD1000 at pH 6. 4 was not Slgnlflcantly dlfferent from that of normal solutlon at pH - |
'73(p>005)
332 The effects of RSD1 015 and RSD1 000 on Iy in ac:d solut/on

RSD1015 in a dose-dependent manner, dlmlnlshed the amplltude of the sodlum A
corrent Wlth‘ no evident effect to alter the time course of ,|nact|vat|on.. From one cell, the
peak amplitude was decfeased vto, 76% of 'tnat of -control by A1 uM RSD1015. The
blockade effect was rever'sible after wasn-off of the drug kA dos‘e-‘r'es'ponse figure for
the RSD1015 on steady-state blockade of sodium current amplitude is. shown in Flgure
19A. The resultant dose- response curve was fit by a loglstlc functlon and the ECso Of
.RSD_1015 was 3.3 i 0.8 uM (n=5) (Table 10), Wthh is not statlstlcally'sngnlflcant fromn

| the ECso value found in normal solutlon of pH 7.3 (P>0. 05) RSD1000 also decreased -
| the amplltude of the sodlum current W|th an ECso of 0.5 + 0. 1 uM. (n 4) (Figure 19B,
| Table 10), which is .S|gnlf|cantly 'dlfferent_ -from 'the ECso value of RSD1000 obtalned
: - from-bath solutlon of pH 7.4 (P <0.05). | | . | |

~ Table 10 listed the ECso of RSD1015 and RSD1000 on l,o and INa ln normal _.

solution of pH 7 3 and acud solutlon of pH 6 4, | | o |
3. 3 3. The effects of RSD1015 and RSD1000 on sod/um use-dependent*.
b/ockade /n acid solution.

The lNa ose-dependence blockade of these two agents was :‘jst'udied ln acid
solution (pH of 6.'4). The protocols used were the san;le as in t’he normai bath ,solution
of pH7.4 (section 3.2.5.1). The amount of use-depend.ent':block was -descnbed as the
percentage decrease in Iy, in the steady state at the2'0th'pulse with r‘espe'_ct to the

value for the first pulse.
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‘Fig-ure 19 Effects on Ina in. ac:d solutron of pH 6.4. The dose response curve of |
RSD1015 or RSD1000 on the amphtudes of Ina WasS shown m (A) and (B) respecttvely o
'Open crrcles presented the data |n normal bath solutron of pH 7. 3 closed circles was

the results |n ac1d solutlon of pH 6 4, The data were. frtted by a Iogtstro functlon In

Ftrgure 19A,_ the peak value of sodium current is 6.7 i‘O.S:‘nA in -control solution (pH -
7.3)(n=6), and 6.6+ 0.7 ms (n=5)} in acidic solution (oH 6.4). 'In Figor,é 19b, the peak
~value of sodlum current |s 6 3106 nA in. control solutron (pH 7.3) (n 9), and 6.1 :t 0 5‘

ms (n—4) in acidic solutlon (pH 6. 4)
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"'Flgure 20 : Effects on Ina. use-dependent in acnd solutlon ln the presence of 5 uyM-
RSD1015 (A) or 5 uM RSD1000 (B), normallzed Ina presented the results of use-
s dependence Wlth depolarlzatlon duratlon of 30 ms at the frequency of 10 HZ. Data in

control are shown by open crrcles the results of drugs are by closed curcles The IN,=I '

peak amplrtudes were, normallzed to the first pulse in one cell ln Figure 20A, the peak

: amplltudes of flrst pulse of sodlum current are 7.9 nA in control and 5 7 nA in the

_ presence.of 5 uM RSD1015 in thrs cell In Flgure 20B, the peak amplrtudes of first

pulse of. sodium: current are. 8.2 nA in control and 5 3 nA in the presence of 5 uM

RSD1000 in thrs ceII
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TABLE 10 The ECsq of RSD1015 and RSD1000 on Ito and INa in normal solutlon

of pH 7.3 and aC|d solutlon of pH 6.4.

Normal solution (pH 7.3) o ~ Acid solution (pH 6.4) -

| ECso0f ho (M)  ECso Of Iya (UM)  ECso 0f ko (uM)  ECso OF Ina (M)

RSD1015

'RSD1000

1.3+ 0.4 (n=7) 141309 (n=6) 1.8x0.7(n=5) 3.3+0.8%(n=5)

58+07(n=5) 15+0.3 (n=9) 6.2+0.8(n=5) 0.5+0.1%(n=4)

The results are expressed as means + SEM. The symbol * |nd|cates statnstlcal

sngnlflcance at P < 0.05 for dlfference from the ECso value in normal solutlon of pH 7.3.

'TABLE 11 Use-dependent blockade of RSD1015 and RSD1000 in normal

solution of pH 7.3 and acid solution of pH 6.4

Normal solutioh_(pH 7.3) Acid,soIUti‘on (pH 6.4)
RSD1015 - 72 + 3.2 % (n=6) .78+t 5_.6'% (n=5)
RSD1000° 62+46% (n=7) 38 £6.4 % * (n=5)

: -The resdlts are expressed as means + SEM The symbol - indicates Statistical

: sngnmcance at P < 0. 05 for dn‘ference from the amount of use- dependent blockade in .

normal solution of pH 7.3.
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H'The USe-dependentblockade. of IN; by5 uM’R'SD10.1'5- in acid solution frOm o.n.e
~ cell was- normallzed and |Ilustrated |n Flgure 20A The INa current showed a"'
progressrve decrease to a steady Ievel where the amphtude of the 20th pulse was 74%
A of the 1st pulse Overall at a stnmulatnon frequency of 10 Hz the amount of use-
dependent block of |Na by 5 uM RSD1015 was 78 56 % (n 5) ‘which is not
j‘:'~5|gn|f|cantly dlfferent from tHe use- dependent effect in the normal solutlon /of pH 7 4. |

The use- dependent effects by 5 uM RSD1000 were enhanced |n acud solutlon
as. presented in Flgure 2OB Overall the amount of use- dependent btockade of 6 uM
RSD1000 was 38 + 6 4 % (n 5) B | |

| The use- dependent bIockade of 5 uM RSD1015 and 5 uM RSD1000 in normal

h solutlon of pH 7 3 and acid solutlon of pH 6 4 are summarlzed in Table 11.

| 3;4. The effects of RSD1015 and RSD1000 on other cardlac currents

In rat ventrlcle both mward recttfler K+ currents and |nward Ca ' current
‘contrrbute to the genesns of the actlon potentlal To test for seIectrvnty of the RSD
compounds both RSDtO15 and RSD1000 were applied to mvestlgate the effects on‘

- these two currents In these experlments a sungle concentratron of 20 uM was used to

| v‘ s1mply determme whether there was any effect to alter IK1 or |Ca ThIS concentratlon,%'-." -

was consnderably hlgher than the ECso for blockade of Im and INa
3. 4. 1. The effects of RSD101 5 and RSD1 000 on IK,
‘ The Im was actlvated wrth hyperpolartzatlon steps from a restlng potentlal of -70

| mV to Ievels from -50 mV to 140 mV No S|gn|f|cant change in amplltudes or. t|me
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courses of k. at 140 mV were found wrth elther 20 uM RSD1015 or. RSD1000 (n—6) . ,

o (data not shown)

To mvestngate the effects of RSD1015 |n IK1 |n the physmloglcal range of_
potentlal and the voltage dependence of drug actlons another protocol was used |n the B

study (McLarnon and Xu 1995) A ramp potentlal was applled over the range from .

140 mV to -40 mV at the speed of O 25 mV/sec with holdlng level of -70 mV. The

‘-‘current/voltage (IN) relatlons could be obtalned from computer analyS|s The lN plot in
_' control (trace a) and in the presence of 20 uM RSD1015 (trace b) are shown |n Flgure e

21, there was no S|gn|f|cant blockade over the range of potentlals studled Slmllar o

- results were obtalned from 20uM RSD1000 (data not shown) g

3 4. 2 The effects of RSD1 01 5 and RSD1000 on /c,

Thle recordlng of lca requrred use of a specnflc solutlon (see methodsv sectlon) tojf' ‘
'f"block contrlbutlons from other currents Inward Ic,., were evoked with depolarlzlng steps o
| : to 10 O and +1O mV from a holdmg potentlal of -60 mV The calcrum currents under
~our experlmental condltlons could be recorded for up to 6 m|n before a slow run-down :
, of amplltude occurred in the normal bath solutlon ThlS slow rundown of current (dueto

flow through L-type channel) has been documented in other work (Bean 1985 Nlllus et o

‘ 'al'1985) Measurements were thus obtalned wrthln two mlnutes after attalnmg the

: whole-cell clamp As presented in Flgure 22A there |s no change in the. amplltudes or
', t|me courses of currents |n the presence of 20 uM RSD1015 The amplitudes of Ica B
, current were plotted agalnst the depolarlzed potentlal (Flgure 22B) Wthh shows no.

: change ln control and in presence of 20 uM RSD1015 Slmllarly, 20 uM RSD1000;

: causes no effects on ICa
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Flgure 21 Effects of RSD1015 on IK1 k1 recorded from a smgle myocyte wrth :

appllcatlon of a voltage ramp from -140 mV to -40 mV The current/voltage re|atrons

_ are'wlth _control solution (a) and after addltlon of 20 uM RSD1015 to the solution (b).)
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Flgure 22  Effects of RSD1015 on Ica ICa was recorded from a smgle cell with
depolarizing steps to -10, O and +10 mV. The results in control (A) and |n the presence
- of 20 uM RSD1015 (B) are shown The IN relatlonshlp of ICa is shown in (C) W|th ‘

| control (open C|rcles) and 20 uM RSD1015 (closed C|rcles)
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3, 5 The in vivo study of RSD1 015 and RSD1000
The effects of. RSD1015 and RSD1000 in |solated ratheart, and in electrlcally-
f and |schem|cal mduced arrhythmla rat were stud|ed RSD1015 and RSD1000 dose-, -
dependently decreased mean blood pressure (BP) heart rate and prolonged both PR -

. and QT mtervals RSDlO15 and RSD1000 also mcreased the threshold currents for

v capture (IT) effectlve refractory perlod (ERP) and ventricular flbrlllatlon threshold (VFt).'

“in a dose-related manner. - The antlarrhythm|c actlons of RSD1015 and RSD1000

b’ag‘_ainst ischemia-induced arrhythmlas in the |‘ntact rat are presented as Ahso in Table
lt |s also noted that the antlarrhythmlc dose response curve -of RSD1000 |s a
- "S|gmod|al" ' shape whlch mdncated dose related antlarrhythmlc effects the hlghest '
. ‘dose of 8 0 pmol/kg/mm RSD1000 provnded complete antlarrhythmlc protectlon agalnst
ventncular tachycardla and flbnllatron whlle that of RSD1015 is an “N” shaped such ’
. N shaped” dose response curve is an antlarrhythmlc dose response curve wnth doses

E ,followmg a contlguous dose- related response at low doses of O 4- 1 umol/kg/mrn but at

hlgh doses of 2 and 4 umol/kg/mln falllng to prowde antlarrhythmlc protectlon :
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© " TABLE 12 The in vivo effects of RSD1015 and RSD1000

RSD1015 - RSD1000

 Disof BP (umolkg/min) | - 2807 _ - - 30408
 Dysof PR (umolkg/imin) |~ 6%17. - S 432t

Dis of ERP (umolikgimin) | 2909 . - 42#13

AAgp (umolkgimin) |~ 35%15 125106

The values were obtained from dose-response cuirves. : Results are expressed -
as fneans + SEM. Dy is the dose 'pAr'od'ucing a 25% change from \_control in.a variable."

. AAgis the "doses producing,é 50% change from pteQdeg' arrhythmia score (AS) vallues.‘ |
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4. DISCUSSION
4.1. Effects of RSD1 015 and RSD1000 on macroscoplc cardiac currents

The present study has shown that two new antlarrhythmlc agents RSD1015 and
RSD1000 exhibit potent mixed blockade of ho and INa Wlth httle or no effects on other ”

currents lncludlng IK1 and ICa The mlxed |nh|b|t|on of RSD1015 and RSD1000 on

and IN, in isolated rat ventricular myocytes is con3|stent W|th flndlngs from in vivo

_ studles In rats RSD1015 and RSD1000 dose-dependently mcreased the potasslum- _

dependent vanables such as QT mterval in ECG measurements and ERP in electncal-

stlmulated experlments and the sod:um—dependent measurements PR, QRS and iT

,W|th the perfusuon of agents (Yong et al 1997"unpubhshed observed data). it ISr
'}noteworthy that the ECso values of RSD1015 and RSD1000 for mlxed block of - l,o and Ina - .
, are Iower than those of any other compounds WhICh are ‘known |nh|b|tors of both ..
'currents such as K08851 (Xu et aI 1996 McLarnon and Xu, 1997) and qum|d|ne
. (Clark et a., 1995) The mechanlsms of drugs actlons on dlfferent states of channels

' were mvestlgated and the effects of RSD compounds on both ho and INal |n solutlons of

different pH were also studled The relatlonshlp of phyS|cochem|caI propertnes of

RSD1000 and RSD1015 to' the potency and selectwnty of_»'a,gents is discussed.
" 4.2. The interactions of RSD1015. and RSD1000 with transient outward
potassium current"(lto) .

4 2 1 ‘Mechanisms of- drug actions on d/fferent states of l,o =

RSD1015 and RSD1000 share some charactenstlcs for blockade of Ito, such as * -

the agents mcreasethe rate of decay of the cuﬁrrent in a concentratlon—dependent» o
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manner (Figure 3 and 4), without significant change in the activation of current (Figure

5), steady-state inactivation (Figure 6) or recovery from inactivation (Figure 7). The

“inhibition of RSD1015 and 1000 was'time-dependent (see Figure 9). T'_he effects are

very different from closed channel blockers such as 4-AP (Giles and Imaizumi, 1988;
Jahnel et al 1994), and lndrcated that RSD1015 and RSD1000 marnly lnteract with the
open state of the Ito channel At the onset of a depolanzrng pulse there was httle_

inhibition of o wnth low concentratron of drugs Thrs result would suggest that these

two agents do not mteract with the restmg state of the channel In add|t|on the Iack of

effect of RSD compounds on the voltage- dependence of steady state mactrvatron and

the recovery from |nact|vat_|on suggests that the agents do not blnd to the. inactivated

'state of the channel. With.continued depO|arization (during channel opening) inhibition

deyelops }in an exponential_ manner, with the rate and ‘magnitud"e‘. of inhibition
dependent on drug concentration (Figure 93). This effect ca_n be explained that these_ . |
two agents interact preterentially with the open-state of the channel'leading to what is
called “open channel block” (Armstrong, 1969) Based on this mode of action, it would. |

be pred|cted that these agents do not alter the smgle channel conductance but reduce |

~ the duratlon of a smgle opemng or a burst of openings.

In order to model Im, it is assumed that with membrane de_polariz’ation, potassium
channels change from a closed state into an open state and then to either an
inactivated state or a drug-occluded state in the presence of drug. The kinetic mod‘elof '

transient outward current can be written as:
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‘The C, O and’l are closed open and inactivated states of the ko -.channels,

. respectively Bis a non—conducting, drug blocked channel This model is simplified ;

from the complex channel states in that it onIy has one ciosed state and one mactnvated

. state (Aidrich 1981 Clark et a/ 1988 1995). ltis understandabie that the normal

.. decay of the trans:ent outward potassrum current wnll be accelerated by RSD1015 or

RSD1000 usrng this kinetic modei Because the drug—occiuded state competes with the |

endogenous |nactivation process then the open channel can be followed by two

'pathways; ‘namely, inactivation of the potassnum_channel (O - 1) or by drug block '

(o —> B).

" The interactions of RSD1015 and RSD14000‘ with the potassium channel can be

summarized by k1,k.1 and kg , which are the onset, offset rate and dissociation constant

V(k}/k‘{-)‘ respectively (Table 6). The decrease in‘peak arnpiitude of I.o as shown in Figure
3 and 4 is still consrstent W|th rapid open channel block. The net onward rate constant
. product of k1 and [D] is about 80 s wnth 5 uM RSD1015 or 10 uM RSD1000 Inverting

‘this product gives a time of 12 5 ms. This time can be consndered as an estimate for

| equilibration of the drug during channel biockade lf the time taken for l,o to peak is

near 5ms (Jahnel et al 1994), then a srgnificant portion of channels WI|| be blocked
during the activation_ phase. »Drug block wnlithen be recorded as an effect to diminish’

peak“amplitud‘e during the activation vphase, eSpecialiy in the presence of high
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‘concentr‘ations'of- RSD’Compoun‘ds ':‘HOWever at Iower' concentrations’of ‘agents, the'

‘product of k1[D] is qunte small so that few channels would be blocked durlng channel S

- :actlvatron In. thls case some contnbutlons from tonlc block by the agents may also
occur o .‘ | o
| "The relatlvely slow onset of drug actlons and the observatlons of only partlal-
recovery of lw after wash off suggest an lntramembrane or mtracellular site for actions
- of RSD1015 and RSD1000 Thls pomt was studled by |nclud|ng the compounds (at 30. ”
‘ uM) in the patch plpette solutlon The results from analysrs of several cells with
: .v-g-RSD1015 (n= 5) and RSD1000 (n=4), showed that the drug had llttle or no effects on'_ .
v'the amplltudes or the kinetic behavror of I(o for Iong duratlons (up to 20 m|n) after the .
‘ »establlshment of the whole cell mode. The lack of effect wuth lnternal appllcatlon of
'_"compounds would |nd|cate that elther very lrttle agent was released from the patch .‘
- plpette or |f any agent was released was buffered by mternal cytoplasmlc factors such |

as anlonlc proteln Thus type of behavior has been prevrously descrlbed |n study using’

o ‘_ catlomc potentrometnc dyes (Waggoner 1979) ThIS result may apply to the posrtrvely'_

charged RSD1015.and RSDlOOO molecules Wthh may accumula}te ina locallzed area L
" of the intracellular compartment and not‘ access the channel Other studies have'
.~ shown the effects of mtracellular drug appllcatlon For example so'me agents that-

blocked ho wrth external perfusron such as tedlsamll (Dukes et al 1990) and cloflllum

. (Castle 1991) were also effectlve blockers when applled mtracellularly An internal

-‘actlon S|te is- consrstent W|th the |dea that agents may move lnto the |nner openlng of
the channel and mimic |nact|vat|on But the absence of elther voltage- (Figure 8) or .

».use-dependence of lm, unlike the effects of qulnldlne (Clark et a/ 1995), suggested that
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the agents do not sense changes in the membrane voltage}' fieId" lny_;a‘_ny event, the-

o specmc pathway for block of lto can not be ascertalned from out data

4 2 2. The relat/onshlp of RSD compounds structure and I,,, b/ock a.ct/ons |
There are no S|gn|f|cant differences of the ECso values of RSD1015 and-'
_RSD1000 in normal solutnon compared to acid bath solutnon (Table 10) Th|s effect,l
|nd|cated that the actnons of RSD compounds on l, are lnsensmve to changes on.
external pH The pH- mdependent lto blocklng actlons of RSDtO15 and RSD1000
suggested that |y, blockade may provide a background antlarrhythmlc actlon Wthh may
not reIated to. the pKa or other structural propertles of compounds. | |

The magnltudes of the kg of RSD1015 and RSD1000 (Table 6) are qunte low‘
compared wnth the follownng values for other compound K08851 (2.1 uM) (McLarnon.
| _and Xu 1997) tedlsamll (2 -5 uM) (Dukes et a/ 1990) tenkalant (17 uM) (McLarnon

. ‘ and Xu, 1995) buplvacalne (23 uM) and octylacalne (3 5 uM) (Castle 1990)
‘ However the kd of RSD1015 on lto is lower than that of RSD1000 (Table 6) WhICh may

| | relate to the hlgh hydrophobncnty of RSD1015 |t has been suggested that mcreasnng ’

" : the hydrophobncnty enhances the potency (Castle 1990)

' 43 The mteractlons of RSD1015 and RSD1000 wnth mward sodlum. .
. current (INa)

The results show that RSD1015 and- RSD1000 have SImllar mechanlsms of Ina
" _blockade They. produce a concentratlon dependent reversuble block of the lNa in rat .
'ventrlcular myocytes and shlft the mactlvatlon curve of IN, to more hyperpolarlzed'
potentlals (Flgure 13) with no shlft in the actlvatlon curve (Flgure 12) The INa |nh|b|t|on, N

also showed ‘tonic and use- dependent block Wthh is very- s1m|lar to most class |
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._antlarrhythmlc agents descrnbed prevuously (Campbell 1992 Nattel 1993 Wu et a/"ﬂ :
"1995 Pugsley and Saint, 1995; Nawada etal., 1995) - |
Accordlng to the modulated receptor theory mentloned prevllously (sectron
1 41 1) ton|c block is composed of a restlng and an lnactlvated state block of the
' sodlum channel From the results in thls study, it is dlfﬂcult to make a clear dlstrnctnon k‘
| '_between the rest- and the inactivated- state block of RSD1015 and RSD1000‘
| _'-However it has been suggested that these two agents have hrgh afﬂmtres for the.l ‘
mactrvated state because there are 5|gn|f|cant negatlve shlfts of the voltage dependent |
. |nact|vat|on ‘curves (Flgure 13) especnally RSD1000 Wthh has a more negatlve
hyperpolarlzmg shlft than that of RSD1015 If the compound unblndlng rate |s qUIte
| slow the |nh|blt|on |n lnactlvated state would decrease in the number of sodlum
" channels avallable in the steady state condltlon snnce consnderable agents vare still _‘ ’
o assocnated with the channel when the next action potentlal occurs B | -
In the presence of RSD1015 or RSD1000 a traln of depolanzatnon pulses -
' prod’uced use- dependent lNa block Wthh was enhanced at hlgh stlmulatlon frequencres
(Flgure 16) Th|s use- dependent blockade occurs because elther the compounds,, |
I molecule accesses |ts blndnng srte only when the Na channel |s in an open state or: the L
recovery from block |s lncomplete durung channel mactlvatlon There was no sngmfrcant o
‘ dlfference of use- dependent block wnth Iong or short depolarlzatron pulses (F |gure117)
,‘ ‘_ ‘which suggested that the onset of the' use-dependent block is rapld and the use-:‘.
" dependent blockade of lNa was malnly due to blndlng in the open state Th|s open state |

- blockade can play an |mportant role in |nh|b|t|on of - INa ln practnce use dependence-

blockade is a useful. property for an antrarrhythmlc drug since rapld f|r|ng of actlon
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;potentlals WI|| be suppressed in tachycardla but the normal flnng of actlon potentlals .

a WI|| not be greatly affected by the agent

' 4.4. The physicochemical properties of RSD 'compounds -and" their
actions on Iy, |

" There are some significant differences between the actions of RSD1015 -'avnd

‘RSD1000 on potassmm and sodlum currents lncludlng the ECso values for lto and lNa,

block (Figure 3 and 4, Figure 10 and 11), the magnltudes of use-dependent blockade .

'of lNa, and. the. hugh |schemlc-selectlwty of RSD1000 on- sodium current in 'aCld

C condrtlons These two agents also showed dlfferent effects agalnst |schem|a mduced o

arrhythm|as in y/vo (section 3.5). The physncochemlcal charactenstlcs of. RSD1015 and
RSlj,1'OOO are,discussed to possibly explaln their roles in determlnlng the efflcacy- of the...
adents.vl"i : o | o | l»

| 4.4.1. The phys;cochem/cal propert/es of RSD101 5 and RSD1 000

RSDlO15 and RSD1 OOO are developed from a basnc structure (+)-trans [2 (4 -’4

Morpholrnyl)cyclohexyl] acetate (see Flgure 2 for detalled structure of RSD1015 and

RSD1000) The compounds are in the famlly of esters W|th a naphthalene R group

O/ Y\R-group

N-group

The |mportant physncochemlcal propertles of RSD1015 and RSD1000 are

presented in Table 13
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- TABLE 13 The physicochemical properties of RSD1015 and RSD1000

 RSD1015 | A'R’smodo
~ N-group e N-nﬁe.thylpipéri'zineﬂ S N-morphblino
| .‘I"Q—glroup , o é—naphthalene. | o 1-napﬁthalene
 Molecular weight '> T 43042 380
pKa B 89 Y

, Alfhough it has been suggested that some physicochemical characteristics, such

as molecular weight, lipid 's'olub'ility and especially the type/position of the aryl R-group . |

~ can act as determinants for efficacy of RSD agents, this study focused on pKa as one
. of the important factors for the difference of antiarrhythmic actions of RSD1015 and

RSD1000.

4.4.2. The pKa of RSD1015 and RSD1000 and their Ina blockéde
The interactions of local anaesthetics and antiarrhythmic agents with nerve and

cardiac sodium channels have been well studied (Hille, 1977). From these studies, the

’ _modulate‘d receptor'hyp'othesis was formulated (section 1.4.1.1).. The -following

hypothesis are propbseq for interactions of anﬁarrhythmic agents with pardiac sodium
channels.
10 Antiarrhythmic agehts bind to é‘ speéifié intracellular. site on or néar the
sodiufn_ channel. |
2. The neutrél ageht “can géin'. access t§ the  binding site through the

_hydrophobic pathway extracellular (i.e., via the Iipid layer), whereas the
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charged form must use the hydrophlllc pathway lntracellular (i.e. through the :
open pore) (Hille, 1977) | J |

:'3_..The catlonlc molecule mteracts preferentlally with the sodium channel

| although both protonated and unprotonated forms have some actlvrtres on
channels (Butterworth and Strlchartz 1990) |

Some propertles of RSD1015 and RSD1000 and their actlons on sodlum'

channel are consndered o ) )

1 The pKa values of RSD1015 and RSD1000 are malnly determlned by the'

N mtrogen (N) group In solutlon the followmg equrllbrlum between the neutral

and charged form can be establlshed for these agents wuthvdlfferent N-

| ‘groups.

Rl “ | R | ., Rl'.ali._,_'lr
: RZ/N—M + Fp—itﬁ—b F{N—MB + CH | R2/N—-Me

2 The possrble pathways of .RSD compounds to lnteract on ‘an mtracellular
| ' channel blndlng site from extracellular to mtracellular m|l|eu are |llustrated} |
o below (Figure 23): |
3. In acid cond_itions wlth externa'l solution pH of 64 the 'internal pHof cells.'.

" also decreased.
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| -;4.4_ At a solutlon pH of 7. 4 and 6. 4 97% and 99% of the RSD1015 molecule are
: protonated because of its pKa of 8 9 '- o |
5. At a solutlon pH of. 7 4 and 64 5% and 25% of RSD1000 (pKa 6 1) are |
N posmvely charged ) 3 o
R The concentratlon of neutral species is -in e.q}’un_ibrium‘ b‘etyveen the
extracellular and lntracellular com'partments L o
;Usmg these values in acnd solutlon of pH 6.4, more RSDtOl5 wlll be |n the'

catlonlc form’ than it in a solutlon of pH 7 4 wh|ch could not access |nto lntercellular '

‘}pool vra the open channel pore (trapped) or the hydrophoblc pathway (the llpld-

i membrane layer) Thls decreases the concentratlon of neutral spemes (N) in the

lntracellular compartment and then the mtracellular catlon (C) concentratlon Wthh
- blnteracts preferentlally wrth sodium channel blndlng snte ln other words-- less charged ‘
,forms of RSD1015 are avallable for lntracellular blndlng to sodlum channels. This

model can explaln the sngnlflcantly lower use- dependent lnhlbltlon of lNa by RSD1015 in -

- a0|d solutlon

‘ ‘Although there are 25% of RSD1000 protonated in the solutlon of pH 6. 4 there are still

o _75% of agent in the hydl'OphObIC form Wthh can cross the |lpld cell membrane layer for

| channel blndlng sute W|thout a partltlonlng llmltlng effects In the aC|d mtracellular'
H condltlon caused by external acrd solutlon more. RSD1000 molecules will be lonlzed
(Ni—Cj), WhICh Iowersthe lntracellular concentratlon- of'ne_utral forms(Ni), drlves more,r
'ne'utral spe"c"i'e's from» e.xtracellu-lar -comprarttment~.4into intracellular\‘poolg(Nb—>N;) and
become charged (N-»C) specnes for preferentlally channel blndlng AThe high

concentratlon of more actlve |on|zed compound in the lntracellular compartment could
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, cause‘the "INg use-dependence"‘blockade and--‘high ischemia-s‘electivity' of RSD1000

| ThlS hypothe3|s of pH dependent lnteractlons of ter’uary amine sodlum channel .
_'blockers has been suggested to” be the mechanlsm .of pH modulated effects of
o 'RSD1000 (Yong et al 1997) Other studles have mdrcated that only the quaternary

| v’analogues and tertlary amine analogues eX|st|ng predomlnantly as the charged .

| molecular form produce use-dependent block in nerve (Narahashr et al 1970 Frazrer
et al., 1970) and cardlac tlssue(Glntant etal., 1983)
'4;5_. The rn v1vo actlons of RSD1 015 and RSD1 000 '

4 5 1 The act/ons of RSD1 01 5 and RSD1 000 on card/ac currents .

. Both RSD1015 and RSD1000 exhibit potent mhlbmon effects on lto in vitro and.in

vivo (Flgure 3 and Flgure 4, Table 12).. The plateau. (pha‘se‘2) of actlon potentlal is

determined by a equilibrium which exists between the inward and outward ‘currents in

this phase ‘-ln rat" and human atrial an'd yentrlcular myocytes ho channel is the main -

: h, repolarlzmg current and plays an |mportant role during the early repolarlzatlon (Apkon

and Nerbonne 1991, Nabauer et a/ 1993) Therefore ho blockers such as RSD1015 .

" and RSD1000 would cause a prolongatlon of the’ actlon potentlal duratlon espec1ally

- the early repolarlzatlon perlod (APDso) and mcrease the refractormess in vivo. Such

modmcatlon of both atrlal and ventrlcular electrophysuologlcal propertles will have a.

wnde varlety of antlarrhythmlc effects in human It is. well known that» lC outward .

currents suppressers prolong the action- potentlal duratlon lncrease the refractorlness

of the conductlon system and thereby exert thelr antlarrhythmlc effects (Hondeghem .

’ _and_ Katzung, 1987;} Gwnlt .et al.,1991; Hondeghem, 1992; 'Noble, 1992; Wu, -et al.

-~ 1995).. :
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intracellular . -

c

- extracelular

Figure 23 The model illustrates the partitioning of n‘eqtral (N) and cation (C) agents
‘ betweeﬁ‘;e'xtraﬂcellul:ar and intracellular milieu and acting at an 'in"tf.ace‘ll_u!a‘r binding site
(X),6n" the sodium channel, the .‘su'bscript_of “0” and “I"- indicate,‘ext'racellular_ and:

intracellular cofnpartments,‘respect_iv‘ely. »
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'RSD1015 and RSD1000 also blocked variables dependent on sodium currents
(Figure 10 and 11, Table. 12).” When Na* channels are blocked, threshold for
- 'excitability is increased, i.e.;'greater'membrane depo‘lari_'zation is _required to bring Na*

~ channels from}the rest to open states. - By'increasing threshold, Na* channel block

decreases automaticity and can ‘inhibit triggered aCtivity‘arising from delayed -

'"afterdepolarizations or early afterdepolarizatlons ln 'anatomically defined re-entry, Na"

'channel blockers may decrease conduction sufﬂcnently to extingwsh the propagating
. re- entrant However conduction slowmg due to Na channel block may exacerbate re-
entry and promote arrhythmias (proarrhythmla) .

| 4.5. 2 The /schem/c selectlwty of RSD1 015 and RSD1000
The selectlwty effects of RSD1015 and RSD1000 over |schemic tissue were

measured using | bath solution of pH 6 4, which is similar to the condltrons in |schem|c

- cardiac tissue The potency of INa block (ECso) and the use- dependent of RSD1000 -

was sngnificantly enhanced |n aC|d solution (Figure 19 Table 10) This increased'

potency of RSD1000 in acid condition is termed ischemia-selectlwty

One of the mteresting results from in vnvo study |s that although both agents can '.

* abolish ~occ|_us|on-lnduced arrhythmias RSD1000 produced a sigmodial”,

antiarrhythmic'dose;response curve, while RSD1015 produces a _“N-shaped”icurve.. '

Such “N-shaped” dose-response cu\rvﬁe"ofRSDtOtS may indicate proarrhythmic e_ff_ects |

at higher concentrations of 2 and 4 umol/kg/min. From ’these results the, inhibition of

RSD compounds on It,, is one of the important portlon of their antiarrhythmic actavnties .

\but their selective sodlum channel blockade in aCld solution affect the selectiwty for

lschemic myoc_ardlum with no or little contrlbution from l, blockade.




-126-

There is no change in the botency and the use-dependent blockade of RSD1015

“on lNa, which. indicated a low ischemic-selectivity for this agent. In the case of re-entry -

_induced a'rrhythmias,lantiarrhythmic agents with low ischemic Selectivity may cause.
| -’ proarrhythmia’s"by decreasing‘conduCtion in' both Vischemic and '_normal tissue,A and
thereby facilita,te‘or produce re-entrant circuits for;-arrhythmogenesis “(Hondeghe’m,l
. 1987; Janse, 1992; Roden, 1994). o

- ~ The selectivity of is‘chemic conditions for RSD1000 appears tolbe the tunction of
ischemic selectlve effect's of-'sodium‘vchannel block according to its pKa value (section
-4 4 }-2). The} high ischemia;selectiVity 'of Ildocaine was contributed to its .protection
against -ischemia-induced varrhythmias '(Davis". et al 1985' ’Camp'bell and Hemsworth

1990' Barretti et al 1995). lt had been hypothesnsed that the lack of |schem|a-select|v1ty
of class 1 antlarrhythmlc agents may be one of the |mportant factors contrrbutmg to thelr v ;
| limited efﬁcacy» against lschemla—rnducedarrhythmras (Barrett et a/ 1995). The lack of
selectivity against ivschemicv tissu'e. could be o'ne..of the important ,factor_s tor the
increased mortality in the:CAST study (Tamargo et al.; 1992). In"this vvay, the high
selectivity }of RSD'1 OOO in acid COndition may provide great clinical usefulness.-' |

) The modulatlon by pH of IN, block with RSD1000 can also be caused by a rate-“
Iimi.ting step of drug dllssomatlon from blocked channels (sectlon 1.5.1_). The slowed _'
re‘covery from'blockade at low pH is’ believed to come from an increase in the fraction
of charged drug at the receptor site (Hille, 1977 Schwarz et al, 1977) This is- because
the charged agent ‘must flrst undergo deprotonatuon before the neutral specnes can":
: escape via the “hydrophobic membrane route. However w;thout evrdence on the

recovery klnetlcs of RSD compounds on INa block there is l|ttle to be said about the pH-




" dependence ‘of. drug recovery from lNa blockade. Other 'struotural properties ‘such as" o
the type/posmon of the aryl R-group, have been suggested as an |mportant determlnant ‘
for |schem|c selectlwty (unpubllshed data)

It also necessary to mentlon that the conclusion ot' pKa as ,.an irnportant '
_.determlnant of |schem|a-select|ve antnarrhythmlc actl\hty, comes from' the study with
Aonly two agents | Future studles with other struoturally related RSD compounds but

~ different pKa’s and compounds_wnth similar pKa and d:fferent st_ruct.ures will be requnred

1o evaluate and 'opti'mize factors important in determining antiarrhythmic efficacy.




5. REFERENCES

Aldrich, RW lnacliv'ation of voltage -gated”delayed potasslum .current'inzfmollu.scan |

‘neurons. A kinetic mode. Biophys. J. 36:519-532,1981,

Anderson KP., Walker R., Dustman T Rate related electrophysmloglc effects of'_
‘ Iong-term admlnlstratlon of amlodarone on canlne ventrlcular myocardlum ln vwo- '

Circulation 79: 948-.958, 1989. -

Anumonwo J. M B., Freeman LC Kwok WM and Kass RS Delayed rectlflcatlon
' g |n smgle cells |solated from gulnea plg smoatrlal node Am J Physml 262 H921-

: H935 1992

:’Anzelewtch C Sicouri, S thovsky, SH Lukas A Knshnan S.C., DlDlego JM
~ Gintant, GA and LIU D. Heterogenelty W|th|n the ventrlcular wall Electrophy3|ology_' '
and Pharmacology of eplcardlal endocardlal and M cells Circ. Res. 69 1427 1429

1991

Apkon, M, and Nerbonne, J.M: .Chafa’oteri_zation of two distinct dep’olarizat_ion'-
,a"ctivated_.K* currents in: isolated“adult’rat_'v'_entri,c’ula'r myocytes. J. Gen. Physio_l; 97:

9731114, 1991,




S129
Armstrong; CM. Inactiyation‘ of the ‘rpotass‘idm:sonduc':tance 'vand related "p‘henbmena
§ caused by quaternary ammonlum ion lnjectron lnto sqund axons . Gen Physnol 54:

: :553 575, 1969

‘,Armstrong, C’M Interactlon of tetraethylammonlum ion derlvatlves wrth the potassnumf

channels of grant axons. -J. Gen. Physlol 58 413-437 1971,

' _Armstrong, C. M and Bezanllla F. Currents related to. movement of the gatlng parttcles

of the sodrum channels Nature 242: 459-461 1973

Armstrong, CM Bezanrlla F- and Ro;as E DeStruction of t'he-‘se‘diumj current:
'|nact|vat|on in squld giant axons perfused wrth pronase J: Gen Physrol 62: 375-_39'1,‘

”1973.<

. Arnsdorf M.F. Cardlac exortabllrty and antlarrhythmrc drugs a drfferent perspective. J. -~

Chn Pharmacol 29. 395-404, 19_89. ‘

g Barrett T. D Hayes E S, and Walker M.J. A Lack of selectlvrty for ventrlcular and -
|schem|c tlssue lrmlts the antlarrhythmrc actlons of Iodocalne qurnldnne and flecalnlde :

' against iscih,emiafmdu‘ced ar_rhythmlas. ‘Evur._J; Pharma. 215_: 229-238,-199{5-. :

| 'Bayes de «Luna A, 'Cfbumel P. 'Lecler:'c“'q JF Ambul'atory's'udden cardiac death:f"‘
| mechanrsms of productron of fatal arrhythmla on the basrs of data fro 157 cases.. Am |

fHeartJ 117 151 159 1989




- .-130-°
‘ Be’an,f B.P‘.,‘Cohen,“C.M.', and Tsien, RW.- ':.Li_do’_c';aine block “of .’cardiac s:'odiumb

channels. J. Gen. Physiol. 81: 613642, 1983.

L Bean B. P Two klnds of calmum channels in canlne atrial cells D|fference in klnetlcs

seIectnwty and pharmacology J. Gen Physml 86 1 30 1985.

" Beatch, GN., Abraham S. Macleod BA, Yoshida N.R. .and Walker MJA,
: Antiarrhythmic properties of tedisamil (KC8857), a putative transient outward K* Cdrfent'

blocker. Br. J. Pharmacol., 102, 13, 1991,

: Bennett PB Stroobandt R Kesteloot H and Hondeghem LM Sod|um channelA
, ‘block by a. potent new antlarrhythmlc agent transcamlde in gumea pig ventricular -

' myocytes J Cardlovasc Pharmacol 9 661-667 1987

- '_ Biermans G., Vereecke, J., and Carmeliet, E. -Effect 'of external K‘On the block of the.

" mward rectifier durlng hyperpolanzatlon in gumea pig ventncular myocytes by external

.Na Blomed BIOChIm Acta 48 8358 S363 1989

Bigger; J.T., and Hoffman, B.F. Antiarrhythmi_c drugs. In: The Pharmacological Basis of
Therapeutics. ~ Goodman Gilman, A., Rall, T.W., Nies, A.S, and Taylor P. Eds.

Pergamon Press, New York, 671-694, 1990,

Binah, O. and Rosen M. R Mechanlsms of ventncular arrhythmlas Circulfation. 85

gsugg ) l25 |31 1992




;131-

Botting, J H., Curtis M.J. and Walker M JA. Arrhythmias ‘associated With myocardial

lschemla and infarction Mol. Aspects of Med 8: 311-422 1984

Boyle, W.A,, and Nerbonne, JM. A novel type of depolarization-acti\)ated K* current in

isoiated adult'rat atrial myocytes. Am. J. Physiol. @ H1246-H1267;' 1991.

g Brugada P. The Vaughan Williams classmcation of antiarrhythmic drugs Why. dont

we find ItS clinicai counterpart’? PACE 13 339-343, 1990. -

Butterworth, J.F. and Strichartz, G. R The molecular mechanisms by which Iocak

anesthetics produce |mpulse blockade a review. Anesthesmlogy, 72:71 1-734 1990.

Cahalan, M., and Neher, E. Patch Icarnp techniques: An overview. Meth. Enzymol.

207:3-14, 1992.°

Campbell, T J. Importance of'physico-chemical properties in determining the kinetics i
~ of the effects of class | antiarrhythmic drugs on maximum rate of depolarization in

gumea pig ventricie Br. J. Pharmacol 80: 33-40 1983a

Campbell T.J. Kinetics of onset and rate—dependet effects of class | antiarrhythmic
~ drugs are |mprotant in determining their effects on. refractonness in gumea pig

ventricle and provrde a theoretical basis for their subclassnfication Cardiovasc Res

17:344-352, 19_83b.

|
L



-132
~ Campbell, T.J. Subclass_ification of class | antiarrhythmic drugs. In: Vaughan W.iilia.ms,
E';Mi, Carhpbél, . TJ (eds) handbook of Experimental pharm.acolbg'y,. vol. 89:

 antiarthythmic drugs. Springer-Verlag. Berlin, 547-579, 1989.

o Campbell TJ and Hemsworth PD Selectlve depressnon of maX|mum rate of‘ L

- depolarlzat:on of gumea pig ventncular actlon potennal by amaodarone and llgnocalne
in S|mulated |schaem|a comparlson wnth encamnde Clin. Exp Pharmacol. Physiol. 17.

135-148, 1690. .

Campbell, T.J. _Subgl’va"ssi_fi'catioh of class | éntiarrhyih_mic dru_gs: enhanced relevance

after CAST. Cardiovasc. Drug. Ther., 6: 51-9—528; 1992,

" Cérr_neliét E. Slow inactivat_fioh of the éodium-current_ in ra'bbit cardiac Purkinje fibres.

Pflug Arch., 408: 18-26, 1987.
Carmeliet E. Mechanisms '.and control repolarization. Eur. Heart'J. 14: 3-13, 1993.

,Carméliet E. K “t‘:hannels ‘and 6ontrol of ventficular“-repolarization in the heart.

'Fundam Clin. Pharmacol 7 19-28 1993

Case, R.B., Felix, ‘A.i'and Castellana, F.S. Rate of Ar'iv'se‘ ofv‘myocardia'l pCO2 during early |

myocardial ischiemia in the dog, Circ. Res. 45: 324-330, 1979.




-133
Castle, N.A. Bupivacaine inh_lbits’ the trarisient outward K" current but not the inward
rectifier in rat ventricular myocytes. J. Pharmacol. Exp. Ther., 255: 1038, 1990. -

| _-"»Castle N A. Select|ve rnhlbltlon of potassrum currents in rat ventrrcle by cloflllum and

'lts tertlary homolog J Pharmacol Exp Ther 257 343 350 1991

Castle N A leferentlal inhibition of potassrum currents in rat ventrlcular myocytes by -

capsalcrn Cardrovasc Res 26 1137 1992

.Castle NA and Slawsky M.T. Characterlzatlon of 4—am|nopyr|d|ne block of the .

transient outward K current in adult rat ventrlcular myocytes J Pharmacol Exp

:Ther 264 1450, 1992

Catterall WA Molecualr propertles of voltage sensmve Na channels ~ Annu. Rev.

, .’Blochem 55 953 985 1986

‘ Catterall W A Molecular bases of |on channel actrvrty Molecular analysrs of voltage— N

’ gated sodlum channels ln the heart and other trssues In: Card/ac E/ectrophyS/o/ogy,

From Cell to Bedsrde lees D.P. and Jallfe J. Eds WB Saunders Ltd U SA 136-

179, 1995

' Ceremuzynskl Y Kleczar E Krzemmska Pakula M Kuch J Nartowmz E Smrelak-‘

.KorombeJ Dyduszynsku A MaClejerCZJ Zaleska T, Lazarczyk-KedznaE Motyka_ :




134
J., Paczkowska, “B.,‘Sczaniec":ka, 0., Yusuf, S. Effect of amiodarone on mortality after

' myocardial infarction. J. Am. Coll. Cardiol.” 20: 1056-1062, 1992.

‘ Charlrer R Deltour G Baudlne J. Pharmacology of amlodarone an antranglal drug,‘f

with new blologrcal proflle Arzneim Forsch, 18 1408 1430 1968

' Charller R Delaunors G Bauthler J Recherche dans Ia serle des benzofurannes XL ‘

‘ Propelete anti- arrhuthmlques de lamlodarone Cardlologla 54: 83- 89 1969

‘ Chen C Gettes L. S and Katzung, B. G Effect of I|doca|ne and qunnldrne on steady-

, state characterlstlcs and recovery krnetlcs of dV/dtmax in gumea prg ventrrcular' '

myocardlum. 'Clrc. Res. 37: 20-29, 1_975.

Chlu S Y. Inactivation of sodium channels: Sébdnd order Kkinetics i‘n myelinated ner,v,e,.

J PhySIOI 273 573 596 1977 o

: Clark R B., Glles WR,, and lmalzuml Y Propertles of the transrent outward current in - |

,rabblt atrral cells J. Physuol 405:. 1_47.-168, 1988.

Clark RB., Sanchez-Chapula, J., Salinas-Stefanon, E., Duff H.J. and Giles, W.R

~Quinidme induced open channel block :-o"f K cur‘ren‘t_‘ inyrat _vent_ricle._f ,Br: J. Pharmacol.

115 335-343, 1995.




138

Cobb I".‘A‘ Werner'fiJ'A ‘T’robauoh GB : Sudden ‘ijcardiac'dea\th 1. A .decade's |

o expenence with’ out-of~hosp|tal resuscrtatron Mod Concepts Cardlocasc Dis. 49 31-:

' 736 1980

S Colatsky, T.J. and Follmer, CH. K channel blockers - and _'_a‘ctivatorsin‘ cardiac

arrhythmias. Cardiovasc. Drug. Rev. 7:199-209, 1989, -

| .Col‘a‘ts‘ky,. TJ, Foiirnerl C.H. ana Starm'ern | C'F.'."Channel“specific'ity in antiar'rh'ythmic
, drug actlon Mechanlsm of potassxum channel block and its role in suppressmg and

- aggravatrng cardlac arrhythmlas Clrculatlon 82 2235 2342 1990
’ Cvovlatsky», T.J. Antia'rrhythmi}cdrngs: Wher.e. are‘\rve going? Phar:rn. News, g i7";.,;1".995_
Coraboeuf E., Deroubalx E. and Coulombe A Effect of TTX on actlon potentlals in

the. conductlon system in the dog heart Am HeartJ 236 H561 H567 1979

Coraboeuf E. and Carmele|t E Exrstence of two transrent outward currents |n sheep

e cardlac Purkmje frbers Pflugers Arch 392 352 365 1982

'Coulombe A, Corab‘oeuf E, Ma"'l'ecot C. and Deroubaix E Role of the sodi‘um window.
v current and other .ionic currents |n tnggenng early afterdopolarlzatlons and resultlng

‘reexcrtatlons in Pruklnje frbers In; Card/ac Electrophysro/ogy and Arrhythm/as lees

D. P and Jallfe J Ed Crune and Stratton New York 1984




o of mexnletme and flecalnlde m gumea plg ventrlcular flbres Br J Pharmacol jg%_

1411 1416 1991

‘Courtney, KR lnterval dependent effects of smatl antnarrhythmlc drugs upon

: xc:tablllty of gurnea p|g myocrdrum "J: Mol Cell Cardlol 12 1273 1286 1980 e ‘.

= 'Craneﬂeld P. F Actron potentrals afterpotentlals and arrhythmlas Clrc Res 41 415-. -

: '423 1 977

Dangman K H Mlura D S Effects of therapeutlc concentratlons of procamamlde on»
"transmembrane actlon potentlals of normal and mfarct zone Purk|nje flbers and e

o 'ventncutar muslce ceIIs J Cardlovasc Pharmacol 13 846 852 1989

Dawd D Mlchelson E"':L and Drelfus LS The roIe of anrmal models |n

" - electrophysmlogrc stud|es of Ilfe—threatenmg arrhythmlas PACE 9 896 907 1986

Davrs RF DeBoer LWV Yasuda T Rude RE Rlelro LGT and Maroko P R'

'-;_Reglonal myocardral Irdocalne concentratron determmes the antldysrhythm|c effect in |

"dogs after coronary artery occlutlon AnestheSIology 62 155 164 1985

: DeFellce LJ Gatmg currents Machmery behlnd the mo!ecules Brophys J. 64 5—6 .'

- 1993

o Delpon E., Valenzuela C Tamargo J Electrophysrologlcal effects of the comblnatron“




-i37=
Duff H.J., Mltchell LB Wyse DG Grllns AM, Sheldon RS Mexnletnne/quunldlne

comblnatron therapy eIectrophysroIoglc correlates of antrarrhythmlc effrcacy Clln.,

- "ln}vestv Med. 14: 476—483, 1991.

Dukes, I. and ‘Morad M. Tedisamil inactivated- transient outward K* current in rat.

v.,v'entricular myocytes. -Am'.:J;._Phys:iol:, 2_5_7_ H1 746, '1‘98”9.- |

Dukes |D Cleeman L and Morad M Tedrsamrl blocks the transrent and delayed
B} rectmer K+ currents in mammalran cardrac and glral cells J Pharmacol Exp Ther :

254: 560 1990

. El Sherlf N Experlmental models of reentry, antrarrhythmlc and proarrhythmlc actrons

of drugs Complexmes galoreI Crrculatlon 84 1871- 1875 1991

R _Escande D Lorsance D and Planche C. Age related changes of actron potentlal

- plateau shape |n srolated human atrlal flbers Am -J. PhyS|oI 249 H843 .H850, 1985

. -Escande D, ' Coulo'm‘be A, Faivre, JE, Deroubai‘}’( E. and Coraboeuf» E. Two types
“.oof tranS|ent outward currents |n adult human atrial cells Am J Physuol 252i' H142-

1‘148 1987.

~‘Y'E'scande -D. '?Mestre: M , Cavero, L Brugada J and Klrchhof C RP58866 and |ts

: 'actlve enantlomer RP62719 (terlkalant) Blockers of the |nwrd rectlfler K’ current actlng ,




138

as pure Class III anharrhythmrc agents J. Cardrovasc Pharmacol 20 (Suppl. 2);

'S106 S113 1992

» Follmer C H. and Colatsky, T J Block of the delayed rectrfrer potassrum current IK by' ’

| flecalnlde and E-4031 in car ventncular myocytes Clrculatlon 82 289-293 1990:

‘Fozzard, H.A., January, C.T., and Makielski, J.C. New studies on the excitatory sodium - -

‘currents in heart muscle. ‘Circ. Res. 56: 475-485,1985.. .

Fra‘zi_er,'" D.T., Narahashr T. and Yamada M. The srte of acrtron and actlve form of
: ,‘-»Iocak' an‘esthetics Il.. Experrments with quaternary compounds J Pharmacol Exp. .

Ther 171: 45-51, 1970

: ‘Furberg CD - The effects of antlarrhythmlc drugs on mortallth after myocardral

' infarction. Am. J Cardrol u52u 32(: 36C 1983

. Garlick,, P.B., Radda, G.K. and Seely, P.J. .Studies of acidosis in the is'chemic heart by‘ ,

" pho_sphorous' nuclear magnetic resonance. Biophys. J. @:547-554,1979. S

Giles, WR and Imaizumi, Y. Comparison of potassium currents in rabbit atrial and

ventricular cells.  J. Physiol.'(vl‘.}ond._ )@5;:1 23-145, 1988. |




138
"“Glntant G. A Hoffman B. F and Naylor R. E The mfluence of molecular form of local,'

o v'anesthetlc-type antlarrhythmlc agents on reductlon of the maxnmum upstroke velocrty of

g .canlne cardlac Purklnje fibers. C|rc Res 52 735-746 1983

 Goldin, AL. _Accessory sub'units‘andw"sodium channel inactivtion.  Curr. Opinion

© Neurobiol. 3; 272-277,1993. . . .

" . Greene,H.L. The efficacy of amiodarone in the treatment of ventricular tachycardia or.

" _ventricular-,fibrillatlon. Prog. Cardiovasc. Dis. 31: 319-354, 1989. o

-."Greene H L Roden D.M,, Katz R.J. Woosley R. L Salerno D.M. and Henthorn R W '
-k‘The Cardlac Arrhythmlas Suppressuon Tnals fIl'St CAST .then CAST Il J. Am. Coll. |

" Cardiol., 19: 894-902, 1992,

"Gwrlt M, Arrowsmlth JE Blackburn KJ Burges RA Cross PE Dalrymple
_ HW and ngglns AlJ. UK-68789 a novel potent .and highly selectlve class Il °
| .fantrarrhythmlc drug which blocks potassim cha’nnels in cardiac ce_lls. J. Pharm'acol.

" Exp. Ther. 256: 318-324, 1991.

‘Haglqara N lrlsawa H Kasanuki, H and Hosoda S Background current in sino- -

atrlal node cells fo the rabblt heart J. Physrol 448: 53- 72 1992




;o

| Hamtll OP Marty, A Neher E Sakmann B and Slgworth FJ Improved patch-- :"

clamp technlques for h|gh resolutton current recordlng from cells and cell-free

Lo membrane patches Pflugers Arch 391 85 100 1981

Harns AS antenl A and Ressel RA Excntatory factors |n ventncular tachycardla _‘

resultlng from myocardlal lschemla potassmm a major exc;tant S\cnence.‘ 4 .2QO,<,_

1 954

T

sl Harnson DC Wlnkle RA Sam| M and MasonJW Encalnlde a new and potent

anttarrhythm|c agents In Harnson DC (ed) Cardlac arrhythm/as A decade of

progress Boston G K HaII 315—330 1981

Harrison s D C Antlarrhythmlc drug classmcatlon New" _S,:Qie‘eré'évn‘dt"p'ra—‘cttca'l R

_‘ apphcatlons Amer J Carlol 56 185 187 1985

Harvey, R D and Ten E|ck R E. Voltage dependent bIock of Cardtac |nward rect|fy|ng

potass:um current by monovalent catlons J Gen Physml 94 349 361 1989 o

Heldbuchel H Vereeche J and Carmellet E The electrophysmloglcal effects of

) acetytchollne in smgte human atnat cells J Mol Cell Cardlol 19 1207 1219 1987

41

ey L
Ay

Heldbuchel H Vereeche J and Carmellet E Three dlfferent potassuum channels |n ff “

human atnum Contnbutuon to the basal potassnum conductance Clrc Res 66 1277-

i o 1286;:1999.,__ BN




’:’ Herre J M., Sauve M J., Malone P anfln J C Helmy, I} Langber J. J Goldberg, H.,
Schernman M. M Long-term results of amlodarone therapy in patrents wuth recurrent

sustalned ventrlcular tachycardla or ventrlcular flbrlllatlon J Am CoIl Card|o| 13 442-.‘

229, 1989.
Hille, B. Gating in sodium channels of nerve. Ann. Rev. Physiol. 38; 139-152, 1976. -

4Hi||e: B. lLocaI'anaeStne_tics':" 'Flydr:onniljévf‘and-h)'l'dropnbblc.: pathways,fer.'the.'vdrUge' :

- receptor reactlon.'fJ..Gen. thysidl. 69: 449775'1‘5, 1977.'-{ L

Hille B. Mechanisms ef'bloc':k. -In: Jonic Channels of‘excitable .membranes. Sinauer,

' ‘Sunderland, 1984.

o _ Hille B Voltage-gated sodlum channels smce 1952 ln:‘lon‘ transport. .' Academic

""Press New York 1989

Hlne L Larld N Hewnt P Chalmers T Meta-analy8|s of emplrlcal Iong—term- ’

ntlarrhythmlc therapy after myocardlal arrest JAMA 262 3037 3040 1989

- 'leche HJ Fnedrlch R., Kebbel U McDonaId F and Zylka V. Early arrhythmlas
myocardlal extracellular potassmm and pH In Early Arrhythm/as resu/t/ng from Mi.

Parratt J. R Ed Macmlllan London 1982




-142—
.;Hlsatome I Matsuoka S., Mnyamoto J., Sawaguchl M Omodam 'H., Osakl S

- Kotake, H., Mashlba, H. and Sato, R. Blocking effect of 1389—8 on the sodlum current

in siolated‘QUin:ea-'pig ventricular myocytes. Eur. J. Pharmacol., 179: 447-451, 1990.

- Ho, W, Brown, H.F., Noble, D. High selectivity of the if channel to Na* and K in rabbit

isolated sinbatrial node cells. Pfiugers Arch. 426:68-74, 1994.

Hodgkin, A.L.-and Huxley, A;F.‘ A quantitative deScripﬁbn of membranc current and its
application to conchtion and excitation in nerve. J. Physiol.. 117: 500-544, 1952,
Hoffman, B.F. and Cranefield, P.F. The physiological basis of .cardiacgalrrhythr'niaé.'_

Am.‘Med. J. 37: 670-684, 1964.

. Hoffman, BF and Blgger Jr JT Antlarrhythmlc drugs. In Dirills Pharmaco/ogy /n |

Medlcme DlPaIma J R Ed McGraw—H|II Book Co., New York 479- 511 1971.

Hoffman, BF and Rosen, M. Cellular mechanis'rhs for cardiéc arrhythrriias. Circ;_ Res. -

49:1-15,1981.

" Horideghérn LM, Katzung B.G. Time- ‘and voltage-  dependent interactions of |
antiarrhythmic drugs with ,c':ard'iac“sodium‘ éhannéls. Biochim. Biophys. Acta 472:373-

- 398,1977.




-143-
: Hohdeghem L.M., Katzung - B.G. Antiafrhythmic' agents:  the -Vmoc.ualted 'recéptor .

>mechanism of action of sodium and calcium chanhel-blocking- drugs. - Annu. Rev.

Pharmacol. Toxicol. | 24:387-423, 1984,

"Honde‘ghem, L.M. Antiarrhythmic agents: modulated rec;epfor 'applicat'ions. Circulation, -

75:514-520, 1987. .

' Hondeghem L. M. Interaction of class | drugs with the cardiac sodium chanrel. ‘In:
A"Handbook of . Experimental Pha(rmac‘o/c)gy,_ vol. 89: antiarrhythmic drugs. Vaugh_én

- 'Williams, E.'M.,.Campbel'l, T.J. Eds. 'Sprilf\ger-VerIag, Berlin, 1989. ..

~Hondeghem L. M. Ideal antiér_rhythmic agenté:'éhemicél defibrillators, J. Cardiovasc

Eelctrophysiol. 2: $1669-77, 1990.

,Hondeghem L. M.', and Snyders, D.J. .Cladd I‘II éntiarrhythmic agents have a lot of

“potential but a long way to go.” Circulation. 81: 686-690, 1990.

andeghem L. M. Deyelbpment of class Il antiarrhythmic agents. J. Cardiovasc.

- Pharmacol. 20(Suppl. 2):“81‘7-‘822, 1992.

Hondeghem L. M. Comvputer aided development of antiarrhythmic agents with cla'ss Illa

properties. J. Cardiovasc. Eelctrophysiol. 5: 711-721, 1994.




”A_;1445f’7

- ‘}Honore E Attal| B Romey, G Heurteaux C Rlcard P Lesage F Lazdunsku M

i ';and Barhanrn J Clonlng, expers5|on pharmacology and regulatlon of a delayed

. rectlfrerK*channeIs in mouse heart EMBO J 10 2805-2823 1991

?v»Horle M Hayash| S and Kawar C Two types of delayed rectlfylng K' channels ln"w :

atnal cells of gumea p|g heart Jap J Phylsol 40 479-496 1990

| '"Hume J R Uehara A Hadley, R.W. and Harvery, R D Companson of K channels |n \'

) mammalran atnal and ventrrcular myocytes In Potass:um Channels Bas:c Funct/onff

',“"and Therapeuth Aspects Colatsky, T J Ed A R LlSS New York 1990

‘Ibarra J MorIey, G. E and Delmar M Dynamlcs of the |nward rectlfler K’ current

durlng the actlon potentlal of gulnea p|g ventncular myocytes Blophys J 60: 1534— B

*5.3¢1539 1991

,,,IMPACT Research Group lnternatlonal mexrletlone and placebo antlarrhythmlcv'

'J;_,

. -~'g_f_coronary tnal 1 Report on arrhythmra and other flndrngs J Am Col Cardrol 4 1148--‘.» ’

1163 1984

t" Insawa H Nakayama T and Noma A Membrane currents of snngle pacemakerf’

-' - ‘cells from rabblt S-A and A—V nodes |n ElectrophySIo/ogy of S/ngle Cardlac Cells D

f '_Noble and T Powel/ Eds Academlc Press London 167 186 1987




'--1,45- -

. Janse M J. To prolong refractonness or to delay conductlon (or both)? Eur Heart J.

3(Suggl E): 14 26 1992

' ‘Jabnel U Klemm P Nawrath H Drfferent mechanlsms of the rnhrbltlon of the
transient outward current- in rat ventrlcular.myocytes. Naunyn Schmledeberg s. Arch

Pharmacol. 349; 87-94; 1994.

Katntsrs D and Camm AJ New class III antlarrhythmlc drugs Eur.v Heart.. J. 14

' (Suggl H) 93- 99 1993.

Kob_inger,' W., and Lille, c. Sbecific bradycrdic agent‘s‘_- a novel pharmacqlogical |

class? Eur. Heart J. 8 (Suppl): 7-15, 1967.

Kodama ., erde AAM and Janse M J Combrned effects of hypoxra hyperkalemla
and acrdosrs on, membrane actron potentlal and excrtablllty of gurnea p|g ventrrcular

:‘muscle J. MoI Cell. Cardrol 16 247 259 1984.

‘Koida‘ma. l., Toyama J and Yamada K. Open and mactrvated sodrum channel block

by classlantrarrhythmrc frugs Jap HeartJ 27 (Suppl) 83 89, 1986

Kodama, I Toyama J., Takanaka C and Yamada K Block of actrvated and
_ |nact|vated sodrum channels by class I antrarrhythmnc drugs ‘studied by usrng the
‘, maxnmum upstrocke velocrty (Vmax) of actlon potentral in guinea- p|g cardrac muscles |

‘ J.ﬁ Mo_l. .Cell Carloll. i9 367"377! 1987.‘




:-'1'46 o

_ Kodama 1, Toyama J. Block of Cardrac sodrum channels by antrarrhythmlc drugs

Japanese Circ. J. 52 231 -237, 1988

‘Kohlhardt M Frchtner H Froebe U Her2|g J W On the mechannsm of drug -induced |

blockade of Na* current lnteractron of antrarrhythmlc compounds wrth DPI modmed

~srng|e cardiac Na channels. C|rc Res 64 867 881 1989.

‘Kou 'WH ,Nelson S.D, Lynch JJ Montgomery D.G., DiCatIo*L-LUchesi BR .
Effect of flecarnlde acetate on preventlon of - eIectrlcaI induction of ventncular‘
- tachycardra and occurrence of |schem|c ventrlcular frbrrllatlon dunng the early

postmyocardlal |nfarct|on period: evaluatlon in‘a conscrous canrne model of sudden

' death. J. Am. Coll. Cardiol. 9: 359-365, 1987.

Kurachr Y Voltage dependent actlvatlon of the |nward rectlfler potassmm ohannel in

“the ventncular cell membrane of gurnea p|g heart J PhyS|oI 366 365 385 1985

" _lean E R Hess P Weaver F. and Koren G Voltage—sensmg resrdues in the S4-

region ofamammahan K channel Nature (Lond) 353 752- 756, 1991

,Mack'innon R Deternnmatron of the subunlt storchlometry of a voltage actlvted

:potassrum channel Nature 350: 232-235 1991

"Ma‘rcus,:_:F.I. " Drug combinations and i‘nteraCtions with class 1lI _agents.’-".J. Cardio. | |

Pharmacol. 20 (suppl. 2): S70-S74, 1992.




147 o

Matsuda H Effects of external and mternal K+ |ons on magnesnum bIock of unwardly B

ectlfymg K' channels in gumea p|g heart cells J Physml 435 83- 99 1991

.‘Matsu'r'r:\oto T ”Hasegawa'J and M'ashiba H. 'R'elationsip betw'een negative inotrobic o

" and chronotrop|c effects of toca|n|de and five class I antlarrhythm|c drugs in the ‘

coronary perfused gumea plg heart Gen Pharmacol 24 599 1993

. | 'Mason J. W Hondeghem L M Katzung B. G Btock of rnactlvated sodlum channels. '
T and of depolanzatlon mduced automat|C|ty in gumea p|g paplllary muscle by_

amlodarone Circ. Res 55 278 285 1984
" Mason J.W. Amiodarone." N. Engl. J. Med. ‘316: 455-466,1987.

e May GS Eberleln KA Furberg C D Passamanl E R DeMets D. L Secondary

"'preventlon after myocardnal mfarctnon a rewew of long-term tnals Prog Cardlovasc .

"Dis. %_: 331,—352, 1982,

. Mayhe J. and Morad M A tranS|ent outward current related to caICIum release and

__development of thesmn in elephant seal atrial flbers J Phy5|ol 364U 217 239 1984

McAllister, R.E. and Nob'le,_ D. The time and Avoltage’- dependence of the slow outward

o current in cardiac Purkinje fiber. "J. Physiol. -ﬁ:‘632%662, 1966.




'f"McLarncn . J G 'and”Xu R., Actrons of the Benzopyran compound terrkalant on_ "

macroscoplc currents |n rat ventncular myocytes J. Pharmacol Exp Ther 275 389

- ?71995

VchLarnon J XuR, Abraham s, and Walker M. JA ered block of K and Na'

o currents by K08851 a structural analogue of tedlsamll |n vrtro and in vivo studles Br . ."«:‘. Y

,J Pharmacol 119 114P 1996

; McLarnon J G and Xu R Mlxed blockade of potassrum and sodlum currents in rat

‘ ventncular myocutes by the tedrsamll analogue K08851 Eur J Pharmacol ‘fm'

Apress 1997

M|tra R and Morad M A unlform enzymatrc method for the d|SSOC|at|on of- myocytes”, o

'f:"from heart and stomach of vertebrates Am. J Physrol 249 H1056 1985

"Mltra R and Morad M Permeance of Cs and Rb through the mwardly rectlfylng K. |

channel in gumea prg ventncular myocytes J Membr BlOl 122 33-42 1991

Mltsulye T and Noma A Exponentlal actlvatlon of the cardlac Na current in. srngle

gumea p|g ventrlcular ce|l J PhyS|oI 453 261-277 1992

-Myerburg, R J and Castellanos A Cardlac arrest and sudden cardlac death |n Heart;

| _.f,Dlsease A Textbook of Card/ovascu/ar Med/cme E Braunwald Ed WBSaunders‘ o

,‘Publlshlng CO New York ath ed., 756-789 1992




-149-

Myerburg, RJ Kessler KM and Castellanos A. Sudden cardiac death: Structure

funtlon and tlme-dependence of risk. Clrcualtlon 85 2-10, 1992.

Nabauer, M., Beuckelmanh, D.J. and :E_rdmann;‘E. Characteristics of transienf v_outward _
~current in humé'n‘ Ve‘ntricular myovcyte's from patients with terminal heart failure. Circ.

" Res., 73: 386-394, 1993.

-H'.Nade'i'nan,ée, K., Singh, B.N., Stevenson, W.G., Weiss, JN. - Ar‘,niodarOnel and post-

 patients. Circulation 88; 764-774, 1993.

- Narahashi, _T.,--Ffézier, T. and Yamada, M. fh‘é;site of action and active form of locak:
anesthetics. I. Theory ahd pH eXpériments With.tertiary compounds. J. Pharmacol. Exp.

Ther. 171: 32-44, 1970.

Narahéshi, T. Nérve'membran'e Na’ channels aé targets of insectidies. TIPS 13: 236-
240, 1992.

~ Nattel, S., and:'Ze'r'\g", F-D. Fréquén;:y-dépendeht effects - of énfiarrhythmic drugs'on
‘action potential duration and refractoriness of canine cardiac Purki‘njAe f.ibers. J.

Pharmacol. Exp, Ther. 229; 283-291, 1984.

Nattel, S. AntAiérrhythmic-d'rug. classifications. Drugs, 41: 67,2-701,'1_991: ,




| --1‘50 -

Nattel, S. Comparatlve mechamsms of actron of antlarrhythmrc drugs Am J. Cardlol

72: 13F- 17F 1993

Nawade'T‘ Tanaka, Y., Hisatome I, Sasakr N Ohtahara A, Kotake H Mashiba, H |
and Sato R Mechanlsm of mhlbrtlon of the sodrum current by beprldrl in gurnea plg

, |solated ventrrcular cells. Bri. J Pharmacol 116. 1775-1780, 1995.

Nilius, B., Hess, .P., Lansman, J.B., Tsien, RW. A novel type cf_ ca‘r’diac calcium

| - channelin ventricular cells. Nature 316: 443-446,1985. -

~Nishimura M Follmer C.H., Singer'D..H'. Amiodér'crte blocks"calcium current |n single

suinea pig yentricullar rrlyocytes. J. Pharrhacol. Exp.' Ther., 251: ‘650—659, 1989:
| | Noble D. The initiation of the heart beat. Oxford: Ciarendon Press, 1975.

: Noble D Iomc mechanrsms determnnmg the tlmlng of . ventrrcular repolarrzatron

srgnrfrcance for cardrac arrhythmras Ann NY Acad Sci., 644: 1-22 1992

Noda, M., shrmru S., Tanabe T Takau T Kayano T., lkeda, T vTekah.ashi H.,
| Nakayama H Kanaoka Y., Mrnamlno N Kangawa K., Matsuo H Raftery, MA
leose T, Inayama S., Hayashlda H,; Mryata T. and Numa S. Prrmary structure of
Electrophorus e/ectncus sodlum channel deduced from cDNA sequence Nature 312: -

121-127, 1984.




~151-
Nygaard, TW., Sellers, ‘T.D:, Cook, T.S., Dimarco, J.P.:Adverse reactions t'oV’A
antiarrhythmic drugs during therapy for ventricular arthythmias. JAMA. 256: 55-57,

1986.

_Pallandi, R.T., fa'nd Campb‘e'lllf T.J. ‘Select‘iv'e:;-depres‘sio,n'_n_df fcondt.rcti'o,n' of premature
action potentials in canine Purkinje fibres by class Ib-antiarrhythmic drugs: comparison

with la and Ic drugs. Cardiovasc, Res. 22:171-178, 1988.

- Panidi's I, Morganroth .J Sudden cardrac death in hosprtallzed patrents cardrac _
rhythm drsturbances detected by ambulatory electrocardlograpmc monrtormg J. Am.

"CoII Cardlol 2 798 805 1983

. Papazian, DM, Timpe, L.C., Jan, YN, and Jan, LY. 'Alteration of voltage:
dependence of Shaker potassium ch_a_n'nele by’mgdtat'ions in the S4 sequence. Nature |

~(Lond.) 349: 305-310, 1991.

Patton DE 'West JW Catterall WA and Goldln AL Ammo acrd resrdues‘
: requrred for fast Na —channel mactlvatron Charge neutralrzatlon and deletrons inthe

- IV Irnker Proc Nat Acad Scr 89: 10905 10909 1992

»Paulmichl- M, Nasrnith P, HelIrhiss R; 'Reed K . dele WA ’Nerbo'nneﬁJ.M
Peralta E G, and Clapham D E. Clonlng and expressmn of a rat cardrac delayed o

rectifier potassrurn channel Proc. Natl. Acad. SCI u. SA 88: 7892 1991




152

Pennefather P Ollva C “and Mulrine,’ N Orlgln of the potassmm and voltage

dependence of the cardlac 1nward|y rectlfymg K-current (IK1) Blophys J. 61: 448-462

- 1992

Pflsterer M., Kiowski, W Burckhardt D FoIIath F Burkart F Beneflaal effect of

amlodarone on cardiac mortallty in patlents w;th asymptomatlc complex ventrlcular“ .

' -arrhythmlas after acute myocardral lnfarctton and preserved byt not lmpalred left :

_ventncular functlon Am. J. Cardlol 69: 1399 1402 1992

- Pongs 0., Kecskemethy, N MuIIer R., Krah Jentgens I Baumann A, KiltZ H-H
'Canal I._, Llamazares S., and Ferrus A Shaker encodes a famlly of putatlve'
‘potassmm channel protelns in the nervous system of Drosophlla EMBO J 7 1087- '

1096, 1988.

g Prio'ir SG' ‘and Corr P'B ' Mechanlsms underlylng early and delayed '
; afterdepolarlzatlons lnduced by catecholamlnes Am J Physnol 258 H1796 H1805' '

"1990

_,Pugsley, M K., and Salnt D. A Tonlc and use- dependent block of sodlum currents in

‘ |so|ated cardlac myocytes by blsaramll Br. J..Pharmacol 114 377 382 1995

Ratner S.J. Changing patterns of antiarrhythmicv-,use in-.the“,lggos..-t '_Drug's‘-'N.'ews'

Perspectives, 3: 295;8, 1990.




153 2

_Rees S A and Curtls M J Specnflc IK1 blockade a new antlarrhythmrc mechanlsm'? ,-

Effect of RP58866 on ventrlcular arrhythmras in-rat, rabblt and prlmate Clrculatlon

87 19791989 1993

Refsum H, Amlle J. P Platou E. S Owren T., Landmark K. Electrophysmloglcal -
~effects of melperone in the dog heart |n S|ty A new antrarrhythmlc drug Cardlocasc

~ Res. 15: 131 136 1981.

ROden D'M"' and'-H’offrn‘an ‘B.F.. Actlon potentlal prolongatlon and |nduct|on of
-abnormal automahcrty by low qurnldlne concentratlons in canlne Purklnje flbres

.Relatronshrp to potasswm and cycle Iength Circ. Res 56: 857 867 1985 Lo

) Roden DM Bennett P.B., Synders DJ Balser JR, and HOndeghem LM,
Qumldlne delays IK actlvatlon |n gumea p|g ventrlcular myocytes C|rc Res 62 1055- .

" 1058, 1988.

‘“Roden D M Current status of class IlI antlarrhythmlc drug therapy Am J Cardlol

‘72 44B-498 1993

: Roden D. M Rrsks and beneflts of antlarrhythmlc therapy New Engl J Med 31(12)

i785 1994

; ,- "»'Rosen M. R “and’ Spmellr W. Some recent concepts concernmg the mechanlsms of

-actlon fo antlarrhythmlc drugs PACE 11 1485 1498 1988




-154

Sakmann, B, and Trube G. Conductance propertles of snngle mwardly rectlfylng

_potassium channels in ventrlcular cells from gumea p|g heart J. Physiol. . 347: 641-

657, 1984.

~ Sangumettl M.C., and JurkleW|cz N.K. Two components of cardlac delayed rectifier K*

current _ Differential sensntlwty to block by class i antlarrhythmlc agents J. Gen._

'Physlol 96: 195-224, 1990.

- ‘Sanguinetti, M.C., and Jurkiewicz, ‘_N.Kl.." Delayed rectifier outward.K*'current is

composed of -two currents in guinea pig atrial cells. Am. J. Physiol. _2_@ H393-H399,

fSangumettr M.C,, JurkleW|cz NK - Scott, A and-SiegI PKS‘- lsoproterenol

antagonlzes prolongatlon of refractory perlod by the class III antlarrhythmlc agent E-

4031 in gumea pig myocytes. Mechanlsm ofactlon. Cer. Res. 68: 77-96, 1991.

Schwarz, W., Palade, P.T. and Hille, B. . Local anesthetics. Effect of pH on use-

" dependerit block of sodium channels in frog muscle. Biophys. J. 20:343-368, 1977.

Se’gal BL Iskandrlan AS., Kotler M.N. Sudden cardlac death. In: Morganroth J.,

fHorowKz L N. (ed) Sudden card/ac death. Orlando: Grune&Stratton 1 21 1985

| Schlepper M. Cardloprotectlve effects of antlarrhythm|c drugs Eur.. Heart';l._ 10

(Suppl. E) 73-80, 1989




, -155

| 'Shah A K Cohen, 1S, and Datyner N.B.- Background K current |n lsolate canlne

' cardlac Purklnje myocytes Blophys J. 52: 519 525, 1987

Shlbata E. F Drury, T Refsum H Contrlbutlons of a tran3|ent outward current to

' :repolanzatlon in human atn_um. Am.v J PhyS|oI 257 H1773 H1781 1989.

. Shlmom Y Clark R B and Giles, W.R. Role of an |nwardly rectifying potassmm

vcurrent |n rabblt ventrlcular action potentlal J. Phys:ol 448 709-727 1992

Singh, BN and Vaughan Wiiliams, E.M. The effect of amiodarone, a new anti-anginal

drug on cardiac muscle. Br. J. Pharmacol. 39: 657-667, 1970a.

Slngh B. N ‘and Vaughan Wllhams E M A thlrd class of antlarrhythmlc actlon Effects

- on atrial and ventncular lntracellular poten:tals and other pharmacologlcal actions on

cardiac muscle, of MJ 1999 and AH 3474 Br. J. Pharmacol. 39: 675-687, 1970b. _.

Singh, B.N., and Vaughan Williams, E.M. A fourth class of antidysrgyfhmic action?
Effect of \}erapamil“on ouabain toxitityton atrial and ventricular Ap'o_t'en'tials, and on other

features of cardiac function. Cardiovasc. Res. 6: 109-119, 1972.

Slngh B.N,, and Hauswurth 0. Comparatwe mechanlsms of antlarrhythmlc drugs. Am.

: HeartJ 87 367- 382 1974



-156-
-Sn)"lders’ D.J., Bennett P.B., ‘-H_Qnd'eghem:,' LM." Mechanisms of ‘drug-channel
'7 interaction. '»ln"Fezz'ard 'H.A., Haber E., Jen_nings R., Katz A_:M., Morgan, H.E., (eds)
The heart and cardiovascular system. N.ev{(-"YAork:' Raven Press. 2165-.9‘3,, 1992.
}Steenbergen C., Murphy, EA Levy, L. and London R. E Elevatlon in- cytosllc free -
- calcium concentratlon early in myocarcral |schem|a in perfused rat heart C|rc Res

QQ. 700-706,. 1987.

-Strauss HC Blgger J.T.,. Hoffman BF Electrophy5|olog|cal and beta receptro

- _‘Iblockrng effects of MJ 1999 on dog and rabblt cardlac tlssue Circ.. Res 26 661-678 |

‘“91970

) fStnchartz G R The rnhlbltlon of sodlum currents in myehnated nerve by quaternary -

derlvatrves oflldocame J. Gen Physnol 62: 37- 57 1973

.'-:;Stuhmer W., Cont| F SUZUkI H., and Wanh X Structural parts involved in actlvatlon

- and lnactlvatlon of the sod|um channel Nature 339: 597-603 1989.

Szekeres, . L. "Myoc‘ardial cell ‘membrance stabi‘lizat’ion_';'and antiarrhythmic action. .

- Drugs Exptl Clln Res. 12 (9/10): 809- 816 1986

o Tamar'g'o,‘J.,' Valenzuela C., Delpon E. M'odulate‘d receptor hypothesis: Selectivity and

interactions_"of antiarrhythmic drugs. News Physiol Sci. _4_:'88490, 1989.




".’-157.- |

' Tamargo J, Valenzuela C and Delpon E. New msrghts rnto the pharmacology of

‘_;sodrum channel blockers Eur HeartJ 3(supgl F) 2 13 1992

'Task Force of the Worklng Group on Arrhythmlas of the European Socrety of}
- Cardlology The S|C|I|an Gamblt A new approach to the classrflcatlon of
'antlarrhythmlc drugs based on therr actlons on arrhythmogenlc mechanlsms S

Clrculatlon 84: 1832 1851 1991

?.Tempel BL Papa2|an DM Schwarz TL Jan YN and Jan, LY. quuence ofa-;-
' }probable potassnum channel component encoded at Shaker locus of Drosoph//a -

‘ Scrence 237 770 775 1987

The Cardlac Arrhythmlas Suppressron Trral (CAST) Investlgators Increased mortahty ‘

. due to encarnnde and flecalnnde in a randomrzed trial of arrhythmla suppressron after‘

'myocardlal |nfarct|on N Engl J-Med. 321 406—412 1989

The Slcman Gamblt Task force of the worklng group on arrhythmlas of the European
R .Socnety of Cardlology A new approach to the calssmcatron of antlarrhythmrc drugs
based on therr actlons on arrhythmogenlc mechanlsms C|rculat|on 84: 1831 1851 |

1991

Valenzuela C Delpon E Tamargo J Electrophysrologlcal mteractlons between .
mexHetlne quinidine. and mexiletine- ropltom in gulnea p|g paplllary muscles. " J.

' -;Cardlovasc Pharmacol 14 783- 789 1989




-1,5'8« |
| Valenzuela C.. Delpon E Tamargo J Bennett P.B. Block of srngle sodlum channels

by quanldlne ‘Br: J Pharmacol 104 178p, 1991

‘»Vandenberg C'A Inward rectrﬂctlon of potassmm channel |n cardlac ventrlcular cells
| depends on mternal mygnesuum rons Proc Natl Acad Scr USA 84 2560-2564

1987.

: Varro A EIharrar V., and Surawrcz B. Frequency dependent effects of several class
l antlarrhythmlc drugs on Vmax of actnon potentlal upstroke in canme cardiac Purklnje' '

o flbers.'>J. Cardlovasc. Pharmacol._ 1:482-492, 1985. .

Varro A and Surawucz B Effect of antlarrhythmrc drugs on membrane channels in .

.-cardlac muscle In Card/ac EIectrophys:o/ogy and Arrhythm/as FISCh C and L

SurawrczB Eds EIsevner New York 1991

'Vaughan Wlllrams E M The classmcatron of ant|arrhythm|c drugs ln Sandoe E
,Flensted Jensen F, Oleson KH (eds) sympos:um on cardlac arrhytnm/as AB. .

Astra Sodertalje Seden 449 1970."

.;,Vaughan Wllhams E M A classmcatlon of antlarrhythmlc actlons reassessed after a.

decade of new drugs J CI|n Pharmacol 24 129 147 1984a

Vaughan erhams E. M Subgroups of class I antlarrhythmlc drugs Eur. Heart J. 5

96- 98 1984b




;159‘_ P

-,.-Waggoner AS Dye |nd|cat|ors of membrane potenttal Annu Rev Blophys Bloeng

8 47—68 1979.

~Waldo, A. L, Camm AlJ. and Deruyter H et aI for the SWORD Investlgators

-Prellmlnary mortallty results from the Survuval W|th Oral d- Soltalol (SWORD) tnal

Am CoII Cardlol 25: 15A, 1999

106 enantiomers at the cardiac sodium channels. Mol. Pharmacol. ﬂ . 17-24, 1990.

. Wang, Z Ferm|n| B., Nattel S Delayed outward current and repolarlzatlon in human

) atnal myocytes CII'C Res 73: 276-285 1993

o 280-290 1983

-W D Glntant GA and Antzelevntch C Ionlc bases for electrophysnologlcal.

Wang, G., Dugas, M., Ben Armah, 1., and,_Honerjager, P. tnteraCtion het_\Areen"“DPI 2"0:1-'. :

Watanabe T Delbrldge LM Bustamante JO and McDonald TF Heterogenelty

, '_'of the action potentral in lsolated rat ventncular myocytes and tlssue Cer Res 52 -

dlstmcttons among epucardlat mldmyocardlal and endocardlal myocytes from the free '

‘wall fo the camne Ieft ventrlcle le'C Res 72 671-687 1993

- Purkinje flbers J. Physnol 129 568 582, 1955

o ‘Weldmann S Effects of caIC|m ions and Iocal anesthetlcs on electrlcal propertles of -



- =160
Wilde, A.M. and Kleber, A.G. The cdmbined effebts of hybdxia h‘ighv K" and acidosis -
on the mtracellular sodlum actwlty and resting potentlal in gumea png paplllary muscle

Clrc Res. 58: 249-256, 1986

Wu, Me| Hwan, Su Mmg-Jal Lee Shoen Sheng, L|n L|-T|ng and Yong, Mnng Lon:
Electrophy5|olog|cal basis for antlarrhythmlc efflcacy, posmve iontropy ‘and Iow v

’proarrhythmnc potent:al of( )- caryachlne Br. J Pharmaco 116: 3211 3218 1995

Xu R AbrahamS McLarnonJG and WaIkerMJA KCS851 atedlsamll analogue
wnth mnxed blockade eXthltS antlarrhythmlc propertles agamst |schem|a- and'

-e_lectrl,cally-lnduced ar_rhythm|as. Life Sciences, In Press. 19_97.,

Yong, S:L.,'Xu, R., McLarnon, J.G,, Zo_]otoy, A.B., Beatch; G.N., Walker, M.J.A.
, V,RS,D'100»0:'A novel ant_iarrhythmic'agent sel_eCtNe for ischemic 'mybbardia.l tissue.

Submitted. 1997.

Zeng, J. and Rudy Y. Early afterdepdl‘afizations in cardiac mYocytes: ‘Me_c':hanism and

rate dependence, Biophys. J. 68:949-964, 1995.

lees D.P. Proarrhythmlc effects. of antlarrhythmlc drugs Am J. Cardiol. 59: 26E-

31E, 1987




