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: ’ * ABSTRACT

The role of the slow inward calclum current in cellular mechanisms
of arrhythmia was examined in isolated canine Purkinje fiber-papillary
muscle preparations during ischemic conditions and repergusion. Micro~
electrode recordings were made simultaneously from-Purkinje and_muscle
tissues. Ischemic conditions caused a decrease in membrane potential,
depressed excitability and induced conduction block between Purkinje and
muscle tissues. In the presence of calcium channel blocking agents, '
ischemic conditio&s resulted in greater depolarization of Purkinje
tissue and increased incldence of inexc}iqbility or conduction block.
Return to, nonischemic conditions (reperfusion) in the absence of drugs
resulted in a complex sequence of responses in Purkinje tissue: oscil-
latory afterpotentials (0AP's), temporary, depolarization, ipexcita-
bility, depolarization—induced automaticity (DIA), and parasystole. In i
the presence of calcium channel blocking agents OAP's, DIA, and
parasystole were abolished. To determine changes in the'gvallability ol
thé‘élow 1nwarp current duang ischemic conditions and reperfusion, DIA
were elicited in isclated Purkinje flbers by external applicatidn of ‘
current. Ischemic conditions increased the cycle length of DIA,

prevented sustained DIA, and Increased the déﬁniarization required to

,elicit DIA. Reperfusion was associated with a second perlod during

which DIA were inhibited. However DIA returned later when membrane
potential began to recover. Reperfusion also chhnged cycle length of
DIA and initially decreased the threshold voltage of DIA, o determine
whether cyclic changes in the availability of the slow inward current
were responsible for the cyclic inhibition of DIA, isolated Purkinje
fibers were exposed to idchemic conditions and ‘reperfusion in the
presence of BAY-K8644, BAY-K8644 enhances- galcium influx through the
slow channel. BAY-K8644 further Inhibited DIA during ischenic
conditions. Reperfusion in the presence of BAY-KH644 resulted in
initial appearence of OAP's and return of DIA. BAY-KB0644 prevented
inhipition of IMIA assoclated with early reperfusion. Therefore
BAY-K8644 failed to promote UIA during ischemic conditions but not
during reperfusion.
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INTRODUCTION , e

0

~ [t

"In the great majority of cases where sungn death is caused by
cardiac'fAilure, there is<qg\&:fbt, an altered and impéired state of
nutrition im the cardiac éissues, sometimes, rendered palpable, by degen—
erative changes recognisable with the microscope or pointed to by the
presence of disease in the coronary arterles or coAditlons indicating a
changed coronary supply."” These words were written by John MacWilliam

x
.(1889) who was the first to recognize the relatlonship between myocard-

Al

ial ischemia and sudden cardiac death. MacWilliam also was the first to
" by

<

suggest that suddqﬂ‘cardiaé death wasnoften caééeq by ventricular
fibrillation. In his pape} published iqul889, MacWilliam gave,a colorful
description of ventricu%ar fibrillation: "The cardiac pump is thrown out
of ge;q, and the last of its vital energy is dissipated in a viglent and
prolonged tur@oil*of fruitless activity in the ventricular walls."”

v Sudden cardiac death may be defingd as death occurring within 1
hour of the onset of symptoms, Sudden cardiac death is the leading
Z;use of fataligy‘in the industrially develope; world. In patientq
monitored electrocardiographically at the time of sudden death, ventri-
cular fibrillatlon has almost invariably been the mechanism of sudden
death. Therefore in patients threatened with sudden death, there is an
underlying electrlcai instability of the hgart. The clinical expression
of the underlying electrical instability 1s the occurrence of ventricu-

lar premature heats. Ventriculék premature beatéimay lead to tachy-

“cardfa and fibrillation. The mechanism underlying these abnormalities of

= Al
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., heart rhythm, or arrhythmias, remain unclear. In most victims of sudden

dedth, autopsy studies have revealed severe occlusive atherosclerotic

B

’ disease of the major epicardial coronary arteries. Hpqsxgrbsquen‘Qeath ///
may also occur in the absence of new morphologic lesions. This 1att;r/f

- 1

e
finding suggests a role of transient coronary spasm in ‘sudden death.
¥

(=3
» L =

o . o
Recent advances in coronary bypasss surgery, percutaneous transluminal
3 e

{ B

angioplasty, and thrombolyiic procedures have provided alternatives for
the effective reversal of coronary occlusion and for treatment of evolv-

ing infarction. The basis for such direct reperfusion treatment !!’

myocardial ischemia remains controversial, particularly in relation to

51

the acute ghase of reflow. Some studies have shown significant improve-

n ¢ o

. ¢ , s
ment of myocardial function in patients following early revasculariza-

1 -
tion, whereas others report no changes or even further deterioration of

cardiac function. Arrhythmias also occur upon restoration of blood

flow. The mechanism of reperfusion arrhythmias, although poorly under- ,
stood, appear to be different from those occurring during coronary

i ! ¥

occlusion.

IS

The results in this thesis deal primarily with the role of the slow
inward calcium cur;ent in the genesis of arrhythéias due to ischemia and
reperfusion. The foilowing introduction section will review the litéra-
ture discusssing the electrophysiological changes that take place during

coronary artery occlusion and reperfusion,

*A)  ELECTROPHYSIOLOGICAL CHANGES DURING THE ACUTE PHASE OF CORONARY

* ARTERY OCCLUSION

Harris and Rojas (1943) were among the first to investigate the
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electronphysiological changes that take place during the initial !ﬁrt of
ischemia. In this classic study, occlusion of the left anterior descend-

ing (LAD) coronary artery in dogs, resulted in frequent occurrence of

ventricular arrhythmias. When ventricular flbrillation occurred, it

occurred during the first 10 ﬁ&nutes of occlusion, DBetween the time ot

3 £

qcclusion and fibrillation there was an accelerating series of ventricu-
lar ectopic beats which was maximum in frequency between 6~10 minutes.

Electrocardiographic recordings from normal, ischemic and partially

ischemic border zone suggested that the origin of the ectoplc bedts was

et

the tschemig border zone. Ectopic activity ceased or nearly ceased
Qithin 10-20 minutes of occlusion im hearts that did not fibrillate °
during the first few minutes of occlusion. uAttempts to determine
specific cellular electrophysiologic changes during acute corouary f
artery occlusion were not made until the 1970's. Knowledge of the
cellular electrophysidlogicél changes that take place during coronary

rtery occlusion is a prerequisite for underséanding the mechanisms
underlying arrhythmias, i

/

l. . Changes in resting membrane potential

A number of reviews have discussed changes inlrcsting menbrane
potential during ischemia (Elharrar and Zipes, 1977; Janse -and Kleber,
198}; Jinse, 1982). 7The earliest electrophysiological change during
ischenia is a decrea;e in resting ngbrane potential of cells. Kardesch
et al, .(1958) demonstrated depolar*ién in cells of rabbit and glug
hearts subjected to global 1echem1§a?‘SQmaon and Scher (1960) showed a

similar depolarization in dog hearts sibjected to occlusion of the LAD



¥

coronary artery. In both of these early studies, intracellular record-

P
* e

ings were m;de from the ischemic area ,in the in situ heart. Kardesch

<

et al.’(1258) also found that the resting .membrane potential decreased

by 15 mV within the first 6 min of ischemia, and that electrical activ-

@ a

’1Ey ceasedpéhen the resting potential decreased to -54 mV.- However, it

‘was:not until the 1at.e319@«70's that extéx;zsive studies of cHanges in
transmembrane potentials following occlusion were made. Kleier‘ég_gi;
(1978) recorded transmembrane potentials from Lhe subapicégdium of

1sola§ed‘perfused porcine hearts éﬁbjectéd to occlusion of the LAD, coro~

nary artery. Resting membrane potentisls between -60 and -65 mV were

¢ 13
[

recorded within 7~10 minutes after coronary occlusion. The decrease in .
4

resting membrane pb%ential was reflected also by a T-(Q depression in thec

local DC electrograms.,éellé”hsually became unresponsive at resting po~-

M

tentials of about -65 mV. ﬁowever, betWeen|20;40 min of occlusion, ap
increase in resting potential along with a resuléing decrease in T-( de~
presaion was observed (Cinca &t al., 1980). Thi improvement was only )
temporary, ;Ad ischemic cells lost their excitabiliiy and éo longer c
exhibited action potentials afégr 40~60 min of occlusion.

Changes in resting membrane potential in response to ischemia are .
probably due to accumulgiion ofipotassium in the extracellular space.
The following reviews discuss changes in K‘during ischemia (Gettes et
al., 1982; Kleber, 1984).- Hill and Getteg (1980) studied changes in

extracellular potassium (K) activity after LAD coronary artery occlusion

7 in pigs. The changes in potassium occurred in 3 phases: a rapidly

rising phase detectable as early as 15 seconds and lasting 5-15 minutes,

’
v
" ]
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24 b M
a”"plateau phase that lasted approximately 15 minutes, and iﬁalowly
. ' ' @

rising §Qase that extended to 60 minutes:of océgusion.“ Kleber (1983)

b

correlated changes in reséing membrane potential with extracellular K -
activity in guinea, plg hearts subjected to global tschemia: The changes
Q £ L] \

o 1

in resting membrane,potentlal were found to approximate the'K equili-

@
" « .

brium potential. . .

R4

2, Changes in transmembrane action potential , o

3

Kardesch et al. (1958) reported decreased amplitude and’ marked
-

shortening of action potential duration within minutes of globai

2l

+  ischemia in rabbit and canine hearts. Similar results have been report-

ed In other studies‘hondpcted in canine (Sdmson and Scher, 1960) and

porcine hearts (Downar et al., 1977a; Kleber.et al., 1978). Intracellu=

14

lar recordings from the subepicardium of the ischemic zone revealed that
]

« 1ischemia leads to a gradual, heterogenous and progressive decreage in

T

action potentlal duration, resting membrane potential, overall action
potential amplitude and maximal upstroke veloecity (Downar et al., 197f5;
Russel and Oliver, 1977). These deterioriations occured over a period

of several minutes and were most pronounced in the center of the

ischemic/zone. The decrease in action potential amplitude may be

-redponsifle for the S~T segment elevation in the lucal electrogram

1

"(Cinca et al., 1980). Slow conduction in ischemic tissue leads to

delayed activation of ischemic c¥lls and therefore a late intrinsic
v o g
deflection of the extracellular signal,

n

4
Depression of the maximal upstroke velocity of phas& 0 of the

action potential by ischemia might be due to inactivation of the sodium

i

T

o



K

o

current in response to depolarization. Thus during ischemia, the action

potential might be dependent ow the slow inward current. However,

Cardinal et al,, (1981) have shown that lidocaine, which blocks the

sodium channel, further depressed action potential amplitude and *

-

increased activation delay of ischemic cells. This finding suggests that

depolarizafion of ischemic tissue may not completely inactivate the fast

7
.

inwvard sodium current.

s

Electrical alterans may also occur during,ischemia. During alterans

-

the action potential morphologies alternate between large and small
ampliéhde responses. This phenomenon has'be;n observed to éreceed the
onset of ventricular fibrillation (Downar et al., 197?a). Janse and
Kleber (1981) have also suggested that the elecErical alterans seen
during\fschémia may reflect an activation of the slow inward current

only during ‘every second beat.

3. Changes,  in conduction through ischemic myocardium

Varlous reviews discussing changes in c¢onduction during ischemia
have been published (Elharrar and Zipes; 19773 Lazzara et al., 1978;
Janse and Kleber, 1981). - Depresssion of conduction is-a prominent
effect of fschemia. However, within 2-3 min of coronary occlugion in the
porci;e heart, thef; is an initial speeding of conduction in ischemic
tissue (Holland and Brooks, 1976), The transient increase in conduction
velocity 138 manifested by an earlier onset of the epicardial electrogram
in the ischemic zone. Following the decrease in conduction time, there

is a period of delayed activation in the 1si€emic zone (Holland and

prolongation of conduction

v

Brooks, 1976; Elharrar and Zipes, 1977), Th

' A i



time between an electrode placed In the ischemic epicardial zone to that
placed in the normal epicardial zone may be greater in one d&rection
than another (Elharrar et al., 1977a). Conduction delays occur not only
between iséhemic and non—ischemi}‘tissue, but also githin the ischenice

zone, ie. endocardial to epicardial delays (Penkoske et al., 1978;

Murdock et al., 1980). Penkoske et al. 51978) recorded simultaneous

bipolar electrograms at various depths from epl— to endocardium in

ischemic and normal zones of cats undergoing LAD coronary artery

occlusion. They reéorted an increase in conduction- time tlrough the !
ventricular wall of the ischemic zone before the onset of arrhythmias,
After the arrhythmias had subsided, conduction time from eﬁdoéardinm ’

N -

through mid-myocardial layers of the ischemic zone returned to normal,

bt =t

However, conduction time to the epicardial area of the ischemic zone ¥

4

remained prolonged.

Attempts have bee; ma@é‘to correlate conduction delay during
occlusion with incidence of arrhythmias. Williams et al. (1974) found -
. that'the magni tude o£ the conduction delay within the 1schemic zone
(meagured eplcardjally) increased exponentially with time following
ligation to the time of occurrence o% arrhytﬁmias. Kaplinsky et al. )
(1979a) have suggested that the first half hour of occlusion can be
subdivided into periods of immediate (2-10 minutes) and delayed (12-30
minutes) arrhythmias, which are correlated with conduction delays in
specific areas, Conduction delay in subeplcardial layers was strungly
assoclated with immediate but not delayed arrchythmias. After 30 minutes
of occlusion, an increase in the amplitude of eplcardial potentials was

.
. o
, :
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6bserved, conduction normalized, and ventricular ectopic activity

L

disappeared (Scherlag et al., 1974). Thus conduction delay or delay in
. v
activation of the ischemic zone may play an important role in

&

arrhythmias. Factors which influence conduction in ischemic tissue may

therefore influence the incidence of occlusion arrhythmias. for
example, Sché¥lag EE.E;; (1974) showed that d%creased heaét rate (by
vagal stiyylation) improved epicardial activat%on during occlusion aﬁd
also abolighed ventricular arrhythmias. Similarly, E}harxar et al,
(1977b) reported that drugs that débr;ssed conduction in the ischemic

myocardium were found to promote development of ventricular arrhythmias,

whereas those that improved condyction were found to be protective.
)

'

- Although the subepicardial layer of the ischemic zone appears to be

the main source of delayed activation, it is not clear how this abnqrmal

electrical activity sére&ds to the normalbmyocardium. Following delayed
activation of the epicardigl ischemic zone, the first site of reactiva-

tion to the rest of the heart was via the Purkinil system (Kaplinsky et
al., 1979b)., ‘This suggests that the ‘exit point rg~excitatiﬂﬁﬁoflihe

heart following delayed activation,'may be by the way of‘the subendo~-

° .

cardial Purkinje system. o

¢

4. Changes in excitability and refractoriness

Changes in membrane potential duflng ischemia éhn have profound
effects on excitability of ischemic tissue. The changes in transmgy*
) s
‘brane action potentials durlng ischemia indicate that changes in excit=
ablility aud refractoriness oceur in 1schienic ?.“ A number of

reviews have been published which discuss chages in excitabilty and

@
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refractoginess during ischemia. These include: Elharrar and Zipes, 1977;

Lazzara et al., 1978; Janse, 1982; Lazzara and Scherlag, {98&; Janse et

~

al., 1985a, .

¥

’
Various methods of stimulation used to ;neasux:e changes in diastolic

-

excitability have shown ischemic tissue gradually becomes inexcitable.

n,

. In those areas that retained some degree of excitabilitv) an increase in

diastolic thresghold ggcurredv(Brooks et él.,plﬁﬁo; Tsuchida, 1965),
& e - ’
However, an initial increase in excitability occurs during the first few

\
minutes of occlusion, The time required for these changes in exclt-

a

¢

ability to occur was much lohger thaﬁ.the time to onset of farly
ischemia—induced arrhythmias. Elharrar et al. (1977a) miaaured changes -
in‘excitability following acute coronary geclusion in dogs, Changes in
diastolic excitability were measured by systematically decreasing the
duration of repular pacing‘stimuli until the ventricles failed to
respond. In both ischemic eplcardium and endocardiuT, thers wag an ~#
initial 1ncréase in excitability betweean 1-3 min of occlusion. The
1ncrg§se was followed by a rapid decrease in excitability. ‘There was
Q§¥awso a gradient of decreasing excitabllity from normal to Lschemic
jtiss;z\“‘ﬂ;e gradient ol ex¢litability also passed through a heterugeﬁuuu

ischﬁhic border zone with areas oi‘deereaaedland ilncreased excit-

ability. These changes in excitability may also 1n11d!%€? the determin-

ation ot refractory ppriod durations (Klharrar et al., 1977a),

Most studies on changeé in regraatoriness of ischemic tissude have

been performed with extracellular stimulating electrodes, klectrugramg

recorded at varylng distances from the stimulating elecirodes were used
»

o
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to detect propagated responses. Downar et al., (1977a) observed the

duration of the refractory period to lengthen inm the ischemic zone in

®* the first 2 minutes after coromary artery occlusion in porcine hearts.
A similar finding has beed.reported in the canine heart (Rﬁ;;;l and
Oliver, 1978). Jansé and Kleber (1981) suggested that prolomgation of
refractory periods might be caused by a slight increase in action
potential duration. TFollowlng the initial lengtheniﬁé, the refractory
period shortens (Dgwnar et al., 1977a; Russel and Oliver, 1978). After
5-10 minutes of occlusion, post-repola;ization refractoriness develops
(Downar et al., ©1977a). Post-repolarization refractoriness is sald to
occur, when expirq}fon of the refractory perlod occurs well after repol-

o t

arization is complete (Lazzara et al., 1975). This phenomena was

4

originally described in isolated His-Purkinje fibérs egcﬂied several
- hours after coronary occlusion. Post-repolarization refractoriness éﬁyﬁ
. be caused by depolarization secondary to accuimulation of potassium ions
in the extracelllar space (Kodama et al., 1984). Post-repplarization
refractoriness can be prolonged by increased heart rate (Lazzara et al.,
1975, 1978). However, the influence of heart rate on post-repolariza-
tion refractoriness has only been measured in 4infarcted hearts or
 infarcted preparations removed from infarcted hearts. Some investi-
gators have also questioned .the interpretation of studies on changes in
" refractoriness: during ischemia, Most studies which have reported
changes in refractoriness and excitability have utilized a method in

1 which }he interval of a premature stimulus is progressively decreased

until no response 1s observed. The minimum interval which results in a

~
1
.
~
T



propagated response is the effective refractory period. Lazzara et

- ¢
.al.‘§1978) and Janse et al. (1985a) have pointed out that recovery of
excitabilicy in "ischemic myocardiugishould not be expressed in terms of

intervals betgeen stimuli alone. They suggested that the quality of pre~ .

¢

mature responses‘shoulh also be taken into acgount. They found that

responses elicited in the ischemic zone well after completion of repol-

< -

arization have markedly- reduced ampligudes and upstroke velocities,

5. Arrhythmias LN

The various changes in action potential characteristics observed
during ischemia may underly mechanisms of ventricular arrhythmias.

Heterogenelty of the electrophysiological characteristics of cells

&

5,
> during ischemia may be the factor linking various transmembrane alter--
rf:f } s
ations to the occurrence of ventriﬁq;ar tachycardia and fibrillation.
¢

Fragmented electrograms recorded from the fschemic zone often biidge the
i -

~—

diastolic interval between normally conducted and ectopic beats (Boineau
and Cox, 1973; Waldo and Kaiser, 1973; Scherlag et al., 1974;(El—Sher1f
et al,, 1975). This suggested that c¢circulating excitation might play a
role .in generation of arrhythmias during acute ischemia. Fractionation

of activity suggests that ischemic tissue activates with delay and that

excitation {8 irregular. In circus-movement reentry, the impulse en-

()

-

counters an arga of unidirectional block, and propagates arovund tae ared
via an alternate pathway. The impulse can then retrogradely activate
the zque of unidirectional block and emerge as a rétn;rant wavefront at
ghe site of origin. The exact pathway of excitation during ischemfa

¢

could not be detected in early studies. 5Simultaneous recordings at



multiple sites on the ischemic and non-ischemlc reglons were needed to
show that wavefgon}s leading to a local circus movemeng were responsible
for premature activation of the whole heart. The work of Janse et al.
(1980) incorporated ventricular mapping in porcine and canine hearts to

i

dgmonstrate that reentry does indeed occur fn epicardial regiomns during
established ventricular tachycardia induced by coronar; occlusion.
These investigators used 60 DC-extracellular eljctrograms recorded
simultaneously from epicardial and intramural sites on the left

i
ventricle. Recordings were made during the first 15 minutes of coronary

k)

occlusion. The results of this important study may be summarized as

2

follows: (1) The earliest activity during single premature beats (or
initial beats of a series of ectopic activation) was found in the normal
myocardium adjacent to the ischemic border zome. The samé activation
pattern was found for the initial beats 1e;d1ng to tachycardia and
fibrillation. (2) There was no evidence for feentrant activity bridging
the gap between the laﬁést activity during the last basic beat and’the
earliest activity in the first ectopic beat. (3) Purkinje activity
preceeded myocardial activity in ectopic activations and in thebinitial
beats of tachycardla and fibrillation. (4) Epilcardial smctivation
patterns were similar during spontaneous ectopic beats and during stimu-
latfion of subendocardial sites where Purkinje activity waé recorded,
Therefore no\evidence was found for reentry being responsible for single
prema%urehpeats or for the initial ectopic beats of tachycardia. How~

ever, .there- was evidence of circus movement of wavefronts around an area

of conduction block in the ischemic zone during maintained, tachycardia.

/ G

-
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Localization, revolution time and size of circus movements changed from
beat to beat. Tachycardias were characterized by the presence of a

single fairly large clrcus movement, When the ventricles fibrillated,

conduction patterns in the ischemic zone were different, le. reentrant

patterns were multiplea seldom completed, and had small diameters (0.5

° ~

cm).

@ !

Janse et al, (1980) suggest that ectoplc impulses which initiate

ventricular tachycardia and fibrillation in‘early ischemia are not due

1 ad l
to reentry. Janse et al. (1980) also show that Putkinje -tissue may be

+ N 4 M -~ ’ f
the source of earliest ectopic impulse that initiates.ventricular .

n

téchycardia. What mechanism could initiate ectopic activity. in normal
Purkinje tissue within 3 minutes of coronary occlusion? Katzung et al,

T 1 - . j_, , il

(1975) and Kleber et al,, K {1978) haveiﬁgqposed that current flqw be tween
s % .

ischemic and.normal tissue may be arrhythmogenic. Local current 7

circuits are thought to be set up across the ischemic bo}der\becaueevot

potential differences between intracellular compartments of ischemic and

~ 3

non~ischemic tissue (Janse and Kleber, 1981). This current of injury i

£lowing'at the boundary betbegn ischemic and normal tissue may

contribute to thé genesis of gctopicazgiiéity (Hoffman, 196b). The
magnitude aud direction of these currenté are thought to change
throughout thewéiffereﬁt ;haﬁes of t@e cardiac cxcle. In diastulc;

becauge of membrane pgtential diiferences between ischemic and

v

non~ischemic cells, current flows from the intracellular compartments of

u

ischemic cells, across the, ischemic border, to the inside of normaly

™ cells. When both normal andwischﬂisaua are activated, the K

o
b4

.
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" normal cells is positive with rgspect to the intracellular coﬁpartment

P
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A =
i
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flow of current is in the opposife direcfion. That is, since activation

of ischemic cells is delayed then the intracellular compartment of

i

- » -

of ischemic‘cells. Therefore current will flow 1ng<ace11ularly from

r

y
normal cells to ischemic. cells (Janse et al., 1980)., Kleber et al.

(1986)vand_Janse et al, (1980) have measured the mag;&tude~of the injury

3

current during different phases of the cardiac cycle.' The ecurrents

EAY
flowiflg acyoss the ischemic border were maximal when normal cells had
ki ‘ @ a 1
repolarized and ischemic cells were still in their plateau phase. At

L

that moment normal cells had recovered their eicitability and the injury

current therefore has a depolarizing; effect on normal cells. , This

b I8l

‘current might be strong enough to re-excite normal cells. However for

B
Al 4

injury current flow to occur, the apposition of fully repolarized and
not }et repolarized cells requirea a reé&on of'inexcitabilityx(Janse and
Kleﬁer, 1981 -@review).? That is, when a reéion of inexcitability exists
between normal and the ischemic tissue displaying delayed activation,

s

electrotonic currents could be generated by the ischemic tissue, The °

region of inexcitability may be tﬁéﬁischemi& border zone (Janse and

Kleber, 1981). The electrotonic current could flow across the ischemic

% border and depolarize normal cells and thus be excitatory. Information

:

L4

on the presence of inexcitable zones in the ischemic border close to the:
. ‘ ‘ N .
‘sites of ‘current sources is abfent. Janse et al. (1980) have suggested

" S Sp———
thut the injury current flowing between ischemic tissue and adjagent
Purkinje fibers would be sufficient to prevent complete repolarization

in Purkinje tissue. Purkinje tissue may‘therefore display automaticity,

\
‘1

B %
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L ]
depending on the membrane potgntial at which repolarization was prevent-
ed. Therefore Janse EE_éZL (1980) have proposed that 2 different
arrchythmogenic mfchanig;s occur during fhe first 10 minutes of
ischemia. One mechanism is respoﬁsible for single or repetitive
premature depolarizations. They proposed an automatic mechanism located

T
at the normal side of the ischemic border. Automaticity is possibly

induced by injury currents in normai Purkinje fibers. A second ®
mechanism,tproposed to underly maintained ventricular tachycardia was
circus: movement reentry. Véntricular tachycardia degeneratad into
fibrillation when activation wavefronts became fragmented into multiple
independent wa;elets of varying size and number (le. micro-reentry).
The role of injury currents in ischemia-induced arrhythmias has been
discussedeexténsgvely by Janse and Kleber (1989).

Controversy still exists as to whether and to what extent activity

s
of Purkinje tissue is affected by ischemia. The work of Schérlag (1974)
and Janse gg;gl; (1980) support the c%gcept that Purkinje fibers are -
affected by ischemia. Janse et al. (1980) reported Purkinje activity
hlways’preceeded myocardial activity in the initial ectoplc beag; of
tachyecardia during ischemia. Recently Janse 55.5&; (1985b) studied the
involvement of the subendocardium in arrhythmogenesis during acute
ischemia in 1solte&_ﬁog and rabbit hearts., The subendocarélum was
destroyed by filling the ventricular cavitlies with ph:no%.: Ischgmid
stif& produced arrhythmias even when the sub;ndocardlal border zone,
- . .

including the Purkinje system was?destroyed. Reentry d}thin the -

ischemic myocardium was also demonstrated, However tachycardla never

(3
" ¢
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degenerated into fibrillation in hearts without a subtndocardial border °

<

zone. Ectopic activity was seen in hearts without a subendocardial

o y 0

border zone and subjected to ischemia, even though ectopic activity

could not be demoqﬁtrated in these hearts prior to ischemia. The

A

ectopic activity also differe& from that seen during ischemia in intact
hearts (eg. fusion beats occurred). They postudated that triggered

activity, abnormal automaticity or injury currents’ might be responsible.

Kaplinsky et al. (1979a) suggested that acute ischemia-induced
arrhythmias occur in 2 phases: immediate (2-10 minutes after ligation)
and delayed (12-30 minutes after ligation)., The evidence from Janse et

al. (1980) discussed .above, suggesté that the immediate phase of
’ \

i
» arrhythmias are reentrant in orfgin. Little is known about the second

phase (delayed) of arrhythmias. Russel_et al. (1984) recently studied

w & M

differences in the electrophysiology of carQ}ac tissues dhring these 2
phases of arrﬁyghmias in the dog. Greater mean epicardial delaés and
spatial heterogeneity of epicard;al délaxs occurred during the first
phage of arrhythmias than In th? second phase. They lLave suggested that
amelioration of epicardial delays ?nd heterogeneity argues against
reentry in the ;picdidium being the primary mechanism of arrhythmias
during the second phase. However they did not rule out the(possibility
otﬁreentfy occurring at other sites. Thus it is poss%ble that the 2
ﬁhasea of arrhythmias occurring during ischemia may a;ise from different

o

mechgpisms. r
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B)  ELECTROPHYSIOLGGICAL CHANGES DURING REFERFUSION AFTER ACUTE

]

CORONARY ARTERY OCCLUSION . J ’

Tennant and Wiggers (1935) described the effects of coronary occlu-
sion on the changes in regional myocardial contrac;1on in dogs. They ‘
observed a progressive decrease in regional contractility of the
ischemic area with the duration of ligation. They also re-established
blood flow (reperfusion) b; releasing the ocelusion, and found thaé
ventricilar fibrillation often occured. Despite this early éemonstra—
tion that arrhythmias may occur upon reperfusion, there was little imme~

v diate experimental attention directed towards studying the electrophys~

iologic changes that occur during reperfusion. Reperfusion can occur

clinlcally as a consequence of relief of coronary spasm or during anglo-

” .

plastic or tﬁrombolytic procedures., Reperfusion in response to thera-

peutic thrombolysis results in an increase in idioventricular rate and

e a

premature ventricular beats (Goldberg et al., 1983)., The realization
that reperfusion arrhythmias occur clinically as well as experimentally,

and that reperfusion arrhythmias differ irom ischemia—induced arrhyth-
L3
. mias, has recently generated a marked increase in experimental investi-

&

gation of reperfusion arrhythmias.

1. Changes in resting membrane potential

There have not been many sguﬁies on changes in resting membrane
potential during reperfusioﬁ in intact hearts., TDownar et al. (1Y77a)
showed that heterogenous recovery of electrical activity in the ischemic
zone upon reperfusion was assoclated with the appearence of arrhyth~

mias. Their intracellular recordings from subepicardium show that
i
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there may be-an initial increase in membrane potential upon reperfusion
after 6 min of LAD coronary occlusion. Penny and Sheridan (1983)
investigated cellular eiectrophysiologic changes 1in eplcardium during
“low" flow or zero flow ischemia in isolated guinea pig hearts. !They
ghowed that after 20-30 minutes of ischemia, reperfuéion resulteqnin
recovery of action potential characteflstics and that fibrillation‘some-
times occurred. From their microelectrode recordilngs it appears that
there 18 an initial increase in membrane potential within one minute of °*
reperfusion. However, when ventricular fibrillation occurred: between 1
and 2 minutes of reperfusion, the memgrane potential decreased.a .
Membrane potential increased after 9 minutes of reperfLsion and the
hearts no longer displayed arrhythmias. Although these two studies
indicated that reperfusion may be assoclated with initial -recovery of
membrane potential in epicardial tissue, more detailed studies are
needed to fully dogument changes in membrane potential and their

relation to arrhythmias,

2. Effects on transmembrane action potentials

Penkoske et al. (1978) recorded simultaneous bipolar electrogram;
(epi-, endocardial, and intramural) from the ischemic and normal zones

*

of cat hearts sublected to LAD coronary oéclusion and reperfusion. In
contrast to marked alteratiofis in electr;gram parameters induced by
occlusion, reperfusion did not significantly alter the width, rise time, "
dV/dt or amplitude oé electrograms recorded from all three areas of the

1sciiﬁfé zZzone, compared to values just before reperfusion. Both elec~'

trogram width and dV/dt returned to control levels in epicardial regionms

4
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within 30 seconds after reperfusion and before the onset of arrhythmia.
However, intramural and endocardial regions ;xhibited continued
depression of dv/dt. The significance of improvement of dV/dt was
attributed to an improvement in locallzed conductionj At the time of

tefmination of arrhythmia upon reperfusion, all electrogram para&etets
in all 3 reglouns returped to pre—~occlusion values. Therefore heteéb*
genous rggovery of tissue from previous ischemia may be one mechanism of
reperfusion arrhythmias. Kaplinsky et al. (1981) have shown a similar
'ﬁeterogenons improvement of electrograms re%orded from the previously'

ischemlic zone early In reperfusion in dog hearts. These investigators
also have shown)that two periods of‘ventricular arrhythmias exist during
reperfusf&h: instantaneous (occurring within 1~2 minutes of reperfusion)
and delayed (occurring 2~7‘m1nutes of reperfusion). During the initial
part of reperfusioca, the increase in amplitude of local electrograms
from the ischemi~ area was followed by premature vgntricular beggs.
This arrhythmis degenerated into fibrillation seconds later. By 3
minutes of.reperfnsion, electrical activity was again synchronous in the
previously ischemic zone. - .
Downar et al. (1977a) showed that reperfusion followingyb minutes
of LAD coronary occluson in porcine hearts resulted in a heterogenous >
recovery of action potentials within the ischemic zone. Cells that were
previously i;excitable during occlusion, exhibited near normal action
potentials with{u-seconds. However, the recovery of electrical activity

following reperfusion didn't occur at the same rate in all cells within

the previously ischemic zone, For example 2:1 responses occurred upon



reperfusion in a cell that was previously inexcitahle.o Another cell
from the ischemic zone displayed larg; action potential alternating with
small ones (Janse, 1982; Downar et al., 1977a). Penny and’Sheridan
(1983) also looked at changes in action potential ch;racteristics in

isolated guinea pig hearts-and found that Vmax of action potentials im~
proved just before the onset of fibrillation. Vmax usually increases as
membrane potential increases. Vmax is also used as an index of conduc~

[

tion velocity. Penny and Sheidan (1983) suggesfed that improvement of
Vm;x may indicgtesthat some activation of fast Na channels may be neces-
sary for spread of arrhythmias upon reperfusion.

These results taken together indicate that reperfusion initially
regsults in a heterogeneity of electrical activity in the previously
igchemic zone. The heterogenous recovery of action potentials may be
responsible for arrhythmlas occurring during early reperfusion,

However, "delayed” arrhythmias upon reperfusion ogcur at a time when
membrane potential and Vmax have recovered within the previously
ischemic zone. t

4 A

3. Effects of reperfusion on conduction

g’

Penkoske et al. (1978) measured conduction in cat hearts subjected
to 35 min of coromary occlusion and then reperfusion. Reperfusion ap-
peared to cause an improvement og’co?duction through epicardial regions
of the previously ischemic zone (as assessed by increased dV/dt of local
electrograms). However, myocardial and endocardial regions exhibited

continued localized depression of conduction (decreased dV/dt)s. Also,

these investigators found other discrégancies when they measured conduc~

w
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tion time through the different regions. Within 1 minute of reperfusion
conduction time showed no delay between endocardial and intramural
regions, However there was conduction delay ‘from 1nt?amurai to epicar-
dial layers. Conduction delay was Seen just before the onset ;f
arrhythmias due to reperfusion. They noted that although conduction
time normalizes througﬁ mid-myocardial areas early after reperfusion,
localized areas of depressed conduction velocity still existed. This
heterogenelty of recovery after reperfusion may lead to arrhythmias,
Murdock et al. (1980) also reported that after 10 minutes of ocelusion,
reperfusion resulted in improvement of conduction in the previously
ischemic subepicardium and subeq@ocardium of dogs. Improvement of con~-
duction occurred with&g 5-10 seconds of reperfusion, and progressed
towards contraol pre-og!iusion values. They also used large bipolar
composite’electrodes to detect appearance of delayed or fractionated
electrograms‘in the reperfused zonme. They found that reperfusion
resulted in ﬁrogressive fractionation of electrograms and simultaneous
arrhythmias. Delayed electrical activation also occurred in areas that

did not s%bw this during the late 1schemic perlod., They considered this

to represen

re-emergence of activity from regilons of slowly conircting

tissue, Rgperfusion also resulted in improvement of ischemla~induced,

4

conduction . Murdock et al, (1980) suggested that reperfusion re~

established slow conduction through severely depressed areas and thereby

.

caused reentrant pathways to form,
Localized areas of depressed conduction upon repexfusion may
account for the heterogeneity of recovery upon reperfusion, The Im-

t
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provement in conduction through previously ilschemlc tissue may reflect

re~establishment of slow cond;ctian thrbugh severely depressed greas.
Improvement of conduction during initial reperfusion always precee@ed

the onset of arrhythmiag. Penny and Sheridan (1983) also showed an im~ ~
provement of conduction time which preceeded the onset of arrhythmias
diring reperfusion. Other investigators (Levine ¥t'al., 1978) have

« shown that reperfusion accelgrated conduction to supernormal values

b

-t

within 1-2 minutes of reperfusion. , -

4, Changes in excitability and refractoriness

Although reperfusion resilts in rapid restoration of amplitude of

]

electrograms from an ischemic area, desynchronization of electrical de~
‘ '

polarizati;n takes geveral minutes to completely resolve (Penkoske et
al., 19783 Kaplinsky et al., 1981). Reports on changes in refrac;ori-
ness during reperfusion are conflicting. Naimi et al. (1977) reported =«
that within seconds of reperfusion of ischemic myocardiumrin dogs, there
was a shortening of the effective refractéQy period (ERP) within the
ischemic zone (ie. further shortening from ischemia) compared to the
non-ischemic zone. There was also an increased dispersion of ERP within
the ischemic zone, which was greater in the transmural versus transepi-
‘pardiul direction. The ghortening of ERP during early reperfusion =
resulted in maximal dispersion of refractoriness between lschemic and
non-ischemic cissge, at a time when reperfusion arrhythmias we}e most
often cbserved: -These changes in ERP upon reperfusion, occurred a%ter

veclusion of 5 or 15 minutes duration. However the increased dispersion

of EF.P was greater after the 5 minute ligation.. Shortening of EKF was
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short lived, and ERP returned to pre—ligation values after 2 minute§ of

o Tw

reperfusion. Penny and Sheridan (1983) also studied changes in ERP

"using microelectrode recordings from 1isolated §p1nea pig hearts under~ .

\
going low flow or zero flow ischemia. Action potential duration and ERP .

L

further shortened during reperfusion after 30 min ischemia. The

-

shortening of duration and ERP occurred prior to the onset of reper-y

L3

fusion induced fibrillation. Abbreviation of ERP occurred during reper-

Y

» fusion following 30 minutes of “ischemia, but not after shorter (5 min)
or longer (60 min) periods of ischemia. 1Im contrast some fep&rtsa;ave
irdicated lengthening of ERP during reperfusion (Levites gg_égL, 197%;
Stewart Eé_éiz’ 1980), However in one of these studies (Levites'gg;gé;,

Ll

1975)," the ERP was measured 3-5 min after ligature release, which 1s °
4 o

well after the time at which shortening of ERP was regorted in other
studies.

Thus, 1t appears that there is an initial decrvase of EKP ypon
reperfusion which preceeds the oéset of ventricular arrhythmi&g. The
diséérsion of refractoriness between ischemic and qon~1schem1c zones
add; to the general #nhomogenelly of récovery brtween these two zones,

Jpnd may be resppnsible for early arrhythmias’dban repertusion,
L
5.  Arrhythmias
- ‘ F

« 'the mechanisms responsfble for ventricular arrhythmias upou reper=-
fusion remain unclear, Recenl reviews have been published which discuss
mechanisms responsiblé for. reperiusion arrhythmias (Lorr and Witowski,
1963; Manning and Hearse, 1984; Witowski and Corr, 1484). Otudies by

Raplinsky et al, (1%81) and Kabell et al. (&?85) have indicated that

»
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both reentry and aut;:omaticity may be respopisible for reperfusion
arrhythmias. : - .
The heteroge;eity of electrophysiological parameters early in re— -
berfnsion was assoclated with frequent periods of ectopie agtivit§ ‘
(Levites et al,, 1975), At l minute of reperfusion, epicardial delay
was present Just beforé the onset of arrhythmias. Fractionation of
;1ecﬁr1cal activity within the ischemic zon; early in reperfusion was .
associated with return of arrhythmias (Murdock 8t al., 1980). In this
latter i&rdy, increasing the pacing rate jusfibeﬁpre reperf&sion en-
hanced the frequency and severity of reperfusion arrhythmias. These in-
vestiéat&ra as;qued this to be an exacerbation ofia reentrant mechan-
isw, ilowever, increaéqd arrhythmic activity might also be qpuéed by
triggered activity, Kaplinsky et al. (1981) and Kabell et al. (1985)
also reported Increased fractionation of activity and delay of electro-
graws from reperfused zomes. Jf;ms;a"_cgE__z_a_l_.~ (1980) reported that circus
movement reentry occured upon reperfusion, ‘In their study, the initial
beats leading to reentry were initiated outside the ischemic border and

” !

were not due to reentry./ All of these authots have proposed that re-

¢

‘entry is responsible forjearly reperfusion arrhythmias. Reentry was

proposed because reperfusion resulted in non-homogenous electrophysio-

. -
Pogical characteristics which might provlde the necessary conditions for

o [

reentry (le. slow congwttion; one~way conduction block, circultuous

pathways). This hypothesls was further tested by Bolli et al. (1983).

In their study, reperfusion arrpgfhmias were studied after 20 min
ligations in dogs. Two sites on the LAD coronary artery were occluded.

! »
s . . .
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However to increase tissue heterogeneity, ome group of dogs was subject-
ed to incomplete reperfusion. At the time 6f reperfusion a distal

occlusion was maintained and only the proximal occlusion was released.

o

Thus, three zones resulted: a normal zone; an lschemic zone; and a

reperfused zone., This increased the tissue heterogeneity during reper-
fusion, compared to dogs which underwent complete reperfusion. The size
ofy, the ischemic ana reperfused zones were determined by post-mortem dye

perfusion. During incomplete reperfusion, there was an increased

- .

incidence of ventricular tachycardia and fibrillation, compared to dogs
that underwent complete reperfusion. These investigators attributed the -
increase in arrhythmlas to an enhanced generation of reentrant circuits.,

* Fujimoto et al., (1983) have suggested that different mechanisms
*
may be responsible for arrhythmia induction and arrhythmia maintenance

during reperfusion. They suggested that arrhythmia induction wag

\\\‘Niuitiag?d‘py rapid non~uniform recovery’processes i1n the reperiused

'

area. However maintenance of these arrhythmias and their degeneration
into fibrillation may involve reentry utilizing the maximally depressed

ischemic cells.

N

In contrast to the above studies, other investigators believe that
changes in automaticity'may play an important role in the genesls of re-
perfusion arrhythmias. Penkoske et al. (1978) studied reperfusion

arrhythmias in cdts subjected to 35 minutes of LAD coronary occlusion.

A 3

They determined the intrinsic idioventricular rate by inducing complete

A-V block with intense stimulation of the right cervical vagus nerve.

Idioventicular escape rate was unchanged during occlusion arrhythmias,
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but increased during reperfusion arrhythmias. The hrrhythmias iuduced o
! (z . a ! T ’
by reperfusion were prevented by rapid atrial pacing (le. overdrive) ‘in

»

]

dogs without A-V block. Penkoske et'al. (1978) therefore_suggesteﬁ‘that

@

enhanced ventricular pacemaker activity may play a role in initiation of

A

ventricular tadhycardia upon reperfusion. Since epicardial conduction .

13

delay was present during the tachycardia, these workers propos;d that
[ * - o
slowed confuction was reponsible for maintgnance of the tachycardia.

N
I 1]
ol

Similar increases in ventricular automaticity have been reported in dogs

b

upon reperfusion (Kaplinsky et al., 1981i). However, in this latter -

1 & ' ¥
study the onset of enhanced Ventricular automaticity was seen late in
» . ' ! ~
reperfusion (2~7 minutes). ’ I
Sheridan et al. (1980) have attributed the increase in 1£@yﬁzgfric—,

[} v

ular rate after repérfusion in cat hearts to an increasdd rate of stimu-
- 1
lation of alpha-~receptors by catecholamines released during repér— .

fusion. .Ideker et al. (1981) showed that ectopic activity during reper-

-

fusion appeared in the epicardium at the border zone, and suggested the

.

subendocardium as the source of ectoplc activity. Kabell et al. (1985)

have suggested that the earliest sites of activation during reperfusion -

Q
‘.

arrhythmias were indicative of automatic foci in the subendocardium of
the reperfused zone. Clinical demonstration of reperfusion arrhythmias
have also ‘shown a role for enmhanced automaticity. Goldbery et al,
(1983) have shown, in pagiente undergolng coronary recanilization by
intracoronary thrombolysiﬂﬁltha} transien% archythmia developed upon

restoration of antegrade coronary blooq)flow. Accelerated idioventricu-
lar rhythm was most often noted upon repertusion. Nb{evidence for
L NN

o
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o .
; increased ventricular automaticity has been found in 2 studie§ﬂ(Levites

et 19753 ﬁqrdocg‘et al., 1980). However, as pointed out by Corr—
g T .
and Witows 1983 ),] these studies used formaldehyde injection into the

% . ¥

A-V node/His region/to study ventricular automaticity. Corr ang

oo ‘ , 27

o

o

Witowski (1983) pointed out that»jformaldehyde may have eltdggy destroyed

¥

eﬁferéngtsy@pathetic nerve fibres to the ventricles (i.e. adjacent to
» ’ @ i

the A-V node) or that:iﬁ)destroyed potentlial pacemakers .in the 1o§ h-V
node or His~bundle. They reasoned that either action might abolish

8
« .automatielty upon reperfusion.
, Beper%u%ion arrhythmias may therefore involve different mechanisms
N £y . / °
of arrhythpias at. different times during reperfusion. Kaplinsky et‘al.

=8

+ rd
-

* (1981) and Kabell et al, (1985) have provided &vidence that ieent;y and

.

. ©  automatic ty are responsible for reperfusion arrhythmias. Reentry is
thought to contribute to the malignant arrhythmias occurring immediately

(within the first minqte) following reperfusion, .Automatic mechanlsms

- o o

predominate minutes later when non—-sustained ventricular tachycardia

occurs, but when fibrillation is less common.

&

C) CALCIUM AND ISCHEMIA AND REPERFUSION ARRHYTHMIAS

9

« 1. Calcium homegstasis during fschemia and reperfusion
< ! N <
Sgen and Jennings (1972a,b) were the'first to show that free intra-

cellular caleium (Ca?t) accumulates in the ischemic and reperiused myo-

w o cardium of the'dog. An .increased uptake of Ca?* was shdun in dog hearts

‘subjected ‘to 40 minutes of LAD coronary occlusion followed by 20 minutes

Y

rﬁperfusibn. This protocol mimicked a transient ischemic episode since

&

pecmanent damage to cells didg‘t occur., Cells that were irreversibly

@
»
! o

<4




L
Fo

8 A 28

injured after 60 minutes of occlusion and 20 minutes of reperfusion, did

©
<

not show any Increase "in.calcium uptake. o

.
!

a) Calcium accumulation during ischemia )

3

Nayler (1981) showed that dntracellular accumulation of CaZ+ océurs
during 60790 minutes of“global ischemia in isolated perfused rabbit
hearts.i¢81m;iar results have been shown by Bourdillon and Poole-W1lson
(1981), who showed an accompany;;g 1ncréase in resting tension and de-

b

crease in developed temsion. Bourdillon and Poole-Wilson (1981) attri-

7

'y

puted the effect of increased: intracellular free Ca2+ ‘to a redistribu-

-

tion of intracellular Ga stores. The increase in intracellular cal? may-

in part be caused by 1e%§age of extracellular myocardial Ca2¥ (Hearse,

»

1977). However, there is strong évidence that it results from a

decrease 1in Gaz+ sequestration at varlous subcellular siteg _.and

deplefkon of Ca- chelating agents such a citrate and ATP (as a direct

-

result of mitochondrial failure during ischemia) (Hearse, 1977). Nayler

(1983} a8 hypothesized that a sequerice of events can cause C?ZT over:
.1oad1ng\ uri&g 1schemia”an&'reperfusion. As ATP stores .decrease during
ischemta, cytosolic sodium (Nat) rises (because of inhibition of Na-K
ATPase) dand cytosolic Ca?™increases (as a rgsult of decreased activity
oéAsarcolemmgl and agrcoplasmic Ca?¥-ATPase). Added to this is the

* possibiity of enhanced entry of ca?* in exchang; for accumﬁlating intra-
cellular Na¥, Catecholamines released during ischemia may activate slow
ca?t channeld éﬁlch furhther contributes to raised cytosolic ca?t, .

Jenningsézpd Reimer (1983) have suggested that ischemia may be divided

.into revgersible and irreversible phases of damage. They have shown ep(*

<&

- 4 *
st
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. sodes of ischemia iasting 15 minuts were reversible in dog hearts. How-

ever irreversible injury started after 20 minutes of occ¢lusion, and the

< ¥

first cells to be affected were cel}s within the subendocardial.zone of

ischemia including the left posterior papillary‘puscle. This result

-

ﬁ. suggests that the subendgecardium is affected after 20 minutes of -
occluston in dog hearts, - . N
@ The calciu@'channel blocking agent nifedipine prevents induction

%
of myocardial contracture by ischemia (Henry et al., 1977;°Nay1er,

1980a,b. Similar results have been obtained with verapamil (Nayler

1980a,b). This suggests a direct role of the slow inward current in

[

contributing to raised cytosolic Ca and subsequent increase in energy

] + .
demands diring ischemia, Perfusion with low extracellular concentration

Y

of Ca also prevents the heart from developing contracture during

~ .

ischemia GKoomenjét al., 1983). These results suggest that entry of .

Ca?¥ fnto the cell via the slow inward current during ischemia may play
A}

' a role in Ca?t accwmlation. o .
- L4 [y

b) *Calcium dccumulation during reperfusion

-~

Shen and Jenhings (1972a,b) reported that 40 min of ischemia
&

followed by 10 minutes ;f reperﬁusion led to a 10 fold increase in

s -

calcium uptake,, The Ca ubtaﬁe was linear during ‘the first 10 minutes of

’

’ reperfusion and was thought to be energy dependent. Also seen upon’re-

/ + t
perfuﬂion were explosive cell swelling, mitochondrial and myofibrillar

- '

damgge and the appearapce of contraction bands and 1ntra—myocardiai Ca~
phogphate deposits. Nayler 61981) hypothesized that cellular Cat over-

load contributes to the onset of irreversible cell injury during

"

o !

k)

L3



"Grinwald (1982) has shown that rgyerfusion enhanced uptake of Ca?t is

2
1 & a9
v
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¢
°

ischemia. -Increased .Ca-uptake upon reperfuqéon’has been shown by other

4

1nvestigéfor§ (Bourdilldhlénd Poole-Wilson, 1981; Nayler, 1981). The

£l

possible Eauses of massive Ca’t overloading has beenahypothesizéd by f .

l" r
Nayler (1983) and was outlined in the previous section.’ Shen and -

+ ~

Jennings (1972a,b) showed that the source of Ca contributing to over-—

- o s

loading is the plasma reperfusing the tissue, .
Nif;dipine has been shown to permit complete mechanical recovery of

hearts subjected to ischemia and reperfgyion (H?grynet al., 1977).

LY i/ kg

o I3 ! -
Nayler (1980a,b) showed that nifedipine, verapamil and B-blocking drugs
LS v

M

1mprbved recovery of active tension during.reperfusion. Thgse drugs

s

plso attenuated the rise in resting tens}on and decreased the massive

uptake of calt by mitochondria. However, these drugs had to be given ~ |
Y

L% 9

during iichemia to elicit a protective effect. Tﬁégefofé it appears .
that‘Ca;influx’through slow Ca channels contributes to massive overload- -
ing of cat upon'reperfusioni However Nayler (1980b) has- pointed out

that Ca?* accumulation does occur npon reperfusion in the presence of .

calcium channel blocking agents. Therefore their effectiveness canﬂbt

-

be attributed to an effect of simbly counteracting Ca2* influx through
* N
slow channels. Nayler (1980b) :suggests that, because calcium channel

-

blocking agents slow cal* influx ggs}y in ischemia, they may slow ATP

- Q

utilization., Sufficlent ATP may be spared to maintain intracellular .

2+ overload.

Ca2t homeostasis, and thereby prevent mitochondrial Ca
strongly dependent on the concentration of extracellular Na. This

guggests that Na-Ca exchange is active during reperfusion. Grinwald

%
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(1982) suggested that %uhanced Na-Ca -exchange durfhg reperfusion may be'
} -

.due to increased cytosolic Na. . ’ -
Y

o e ‘

In summary, during ischemia and reperfusion, cells become overload-

2+

ed with Ca2t, The possible specific routes of Ca“™ entry include the

o

slow calcium channel andzﬁa—Ca exchange. Frotection against cellular
Ca-overload can be‘ach%éved with calcium channel blocking agents, A~ -

blocking agents and péffugion with low extracellular concentrations of

Ca. Céllular Ca—-overload may lead to cell death by activating energy
» o o o Lot
consuming enzymes, and by disruption of the mitochondria. It is there-

-3

fore possible that enhanced entrance of Ca or Ca-overload may be respon-

sible for arrhytiimias during ischemia and reperfusion.:

2. The slow inward Ca current

3

A numbgﬁ of reéiewé have been published which discuss the proper-

ties of the slow Ca channel, the slow inward current, and t@eir modula~
¢ ! S
tion by various agents. Some of the more recent reviews are: Kohlhardt,

1981; McDonald, 1982; Kedhg and Aronson, 1983; Reuter, 1983; Tsien,

;,1983; Sperelakis; 1984; Gilmour and Zipes, 1985; Trautwein and Cavalié,

1985. The importance:of the slow inward current in excitatiou-contrac-

[

tfon coupling has been reviewed by Fablato (1983).

The configugaqion of the potentials recorded from Purkinje tibers
. i
1s’ characterized by."4 phases”. The action potential 13 characterlzed

by a negative maximum diastolic potential (MDP) (~80 to =90 mV) and a

rapidly rising upstroke (phase 0). The upstroke has an overshoot (+ 30

2]

nV), followed by an early phase of repolarization (phase 1), and a pro~
* -

longedaplateau phége of slow repolarization (phase 2). Phase 3 corre-

»
5
o
) ¥
¢ n

Au



sponds to the final repolarization phase of the action potentlal.
Following phase 3, Purkinje fibers often show a spontaneous dilastolic
depolarization (phase 4). The action potentiaf of ventricular muscle is

similar to that of Purkinje fibers, but phase 1 and 2 are less prominent

and phase 4 does not show spontaneous diastolic depolarization. When

the membrane of a Purkinje fiber or ventricular muscle is depolarized to
threshold (=60 to =70 mV) the membrane becomes highly permeable to
sodium (gNa) (Beeler and Reg}er, 1970; Du&el and Rudel, 1979; New and
Trautwein, 1972). During the upstroke and phase 1 of the nqrmal action

potential, the membrane is in a range of potentials (~40 mV and more

!

positive) at which another inward current, called the slow inward
5
current (Isi) becomes activated. Initial evidence for a Ca-dependent

I8l came from voltagé clamp experimeqts performed in Purkinje fibers
(Reuter, 1967). 1Isi is activated during the plateau phase of cardiac
action potentials and also is the primary inward current during sponta-
neoug activity of the sinus node. iIsi in sinus nodal cells is alsg
reduced when there 1s a decrease in [Na],. Therefore Isi in sinus nodal
cells may not be a pure calcium éhrrent. When INé’is inactivated by de-
polarization to potentials positive to -30 mV, cardiac fibers are able
,to generate action botentinls. The action potentials that occur when
the E;st inward sodium current 'is inactivated have been called "slow
responses” (Rougier gi_g;;; 1969). A number of agents have been shown
to affect Isi. The calcium channel blocking agents, verapamil and
nifedipine haYe been shown to selectively Inhibit the slow inward

; .
current (Kohlhardt et al., 1972; Kohlhardt and Fleckenstein, 1977). -

X

@
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adrehergic -agonists have been shown to increase Isi (Reuter, 1974;
Reuter and Scholtz, 1977). Becegﬁly, a new agent, BAY-K8644 which is a

N !
dihydropyridine like nifedipine, has been shown to increase conductance

of Ca through the slow calcium channel (Thomas et al., 1985). This agent

- . T e

has therefore been termed a "calcium agonist” by Schramm et al..,
(1983), However this term does not fully explain the specific action. of

BAY-K8644 to increase Ca-conductance through the slow Ca2t channel.

3. Effects of calcium channel blocking agents on arrhythmias induced

-

by ischemia and reperfusion .

Ca accumulates during 1%Fhem1a andereperfusion, and.calcium channel
blocking agents may reduce this accumulation. The route of entry of Ca
for this accumulation may therefore be the slow inward current. The
slow lnward current may be involvgd in various mechanisms of arrhyth-
mia. The effects of decreasing Ca influx on arrhythmias due to 1schemia
and reperftusion have been studied. The electrophyslological parameters
that have been measured during ischemia and reperfusion with calcilupm
channel blocking agents are usually changes in conduction and suppress=-

ion of arrhythmias,

N

a) Calcium channel blocking agents and ischemia—-induced ° //

Y

arrhy thmias

LK1

Kaumann and Aramedia (1968) were the first to demonstrate that
verapamil provides nearly complete protection against fibrillation in
dogs subjected to coronary artery 11g;t10n. This early report on the

antifihfillatory and antiarrhythmic actions of verapamil has been con-

firmed by others in dogs (Elharrar et al., 1477b; Fondacaro et al.,

e ?
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1978; Brooks et al., 1980) and in pigs (Bergey et al., 1984). Similar
protection has been demonstrated with diltiazem (Clusin et al., 1982).
Stdﬁies with nifedipine (and other dihydropyridine;) are more controver-
gsial. Antlarrhythmic action of nifedipine duf?ng occlusion has been
shown in the rat.(Fagbemi and Parrat, léél; Thandroyen, 1982), but not

in the pig (Bergey et al., 1984). Parrat (1982) has ;gvié:ed some of

. the péssible mechanisms that may be involved in the antiarrhythmic

action‘of caleium channel blocking agents during ischemia. Possible
* b
mechanism include: (1) blockade of slow calcium' channels in ischemic

myocardium, (2) fmprovement of conduction within the ischegic region,
(3) increase 19 blood flow within the ischenmic region and (4) -preserva~
tion of cell integrity within the ischemic region. Reeqtrant excitation
1is thought to be responsible for ischemia—induced arrhythmias. Slow
conduction may be present during ischemia. Potassium (Hill and Gettes,

1980) and catecholamines (Riemersma, 1982~ review) are reteased from

ischemic tizsue, Extracellular accumulation of both favouh development

~- -

of slow respénse action potentials. SloY response action potentials, if
present during ischemia, would be inhibited ﬁy calcium channel blocking
drugs. However, there is no direct evidence that slow response Ca~
mediated action poteﬁtials are responsible for arrhythmias during
ischemia, Electrograms record;dﬁfrom ischemic tissue are of low
voltﬁga, prolonged durat*gn and exhihit slow Eonduction. Ischemie
tissue may be the source of slow conduction. Slowed conduction is
thought to result in e}ectrical 1nhOMOgé;eity and is believed to play an
important role in generating reentry. One ;my expect lna; calciu

v ‘ .

a
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channel block}ng agerits would further increase conduction dglay within
the ischemic zone. However, verapamil (Elharrar et al., 197;; Fondacaro
et al., 1978; Nakaya et al., 1980; Peter et al., 1983) and diltiazem
(Nakaya EE.EE;’ 1980) have been shown to improve conduction during
ischemig. Nifedipine (Peter gg_gl;, 1983) does not improve conduction

during ischemia. Improvement in conduction is observed within the first

o

L
few minutes of ischemia, at a time when early ventricular arrhythmias

oceur. Similar changes are not seen with other clagses of anti-~

-

arrhythmic drugs. Drugs such as 1idocaf;e increase ischemia-induced

v

conduction delay (Nakdya et al., 1980). The reason for the improvement

of conduction in ‘the presence of calcium channgl blocking agents remain
unknown, Nakaya et al. ( ) ruled out thérpossiﬁility that the
coronary vasodilator ac of these ?gents may play a role in reducing
conduction delay. Parrat (1982) suggest;d that these agents may fmprove
conduction by reducing myocardial oxygen demands. Myocardial oxygen
demands would be reduced as a counsequence ét bradycardia, reduction of
afterload, or depression of myocardial cont;actile funcéiou. -
Clusin et al. (1983) have suggested another mechanism tor the anti-
arrhythmic action of caledum channel biocking drugs during Lachemié.
They have proposed tﬂét ischemla~induced fibrillation is caused by
cellular Ca overload which activates a depolarizing injury current. -

£

bDiltiazem and reduced extracellular ionized Ca (by infusion with sodium
citrate) were found to have a simdlar antiarrhythmic eftect (Clusin et
al., 1982), Clusin et al., (1984) have also shown that the antifibril-y

latory effect of diltiazem correlated with .inhibition of “injury
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currents” and increase in membrane potential. “In summary, the electro—
physiologic mechanisms whereby calcium channel blocking agents inhibit

ischemia~induced arrhythmias is incompletely understood.

b) Calcium channel blocking agents and reperfusion—induced

arrhzthmias -

There is considerable con;roversy as to the effectiveness of
calcium channel blocking aggnts in suppressing repérfusion arrhythmias
and fibrillation. Verapamil has been shown to protect against reper-
fusion induced arrhythmias in the dog heart (Ribiero et al., 1981;’
Brooks et al., 1980; Sugiyama et al., 1980). Other studies im canine-
hearts failed to show any péotective effects of verapamil (Naito gg_géi,
1981; Pelleg et al., 1985): D}ltinzem did not affect reper{usion

-

arrhythmias in dog hearts (Sheehan and Epstein, 1982), whereas protect—

lon was evident in rat hearts (Weishaar and Bing, 1980). Nifedipine hasE
beentshown to b; antiarrhythmic in rat hearts (Parrat and Coker, 1983),
o The mechanlsms underlying the effectiveness ‘of cg}cium channel blocking
b agehts in suppresaianﬂof reperfusion arrhythmias are not known. Repér~
tusion arrhythmias may be assoclated with enhanced ventricular auto-
Nmatici;y and rapi? idioventricular-rate (Penkbske et al,, 1978).
Proteﬁ%iou afforded by caleium channel blocking agents may be through

inhibition of this mechanism of arrhythmia. Corr and Witowski (1983)

-

- ~

have suygested that the increase in idioventricuiﬁr‘rate during reper—~
, .
fusion way be related to increaped Calt uptake with subsequent induction
- of oscillatory afterpotentials similar to those induced by diglt&lis

. (Ferrier, 1977~ review). Carbonin et al. (1981) showed that verapamil
: —_— Py

’ »
[ 7]
-

&
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inhibited both reperfusion and digitalis—induced arrhythmias in rat

. hearts. They suggested that the protective action.of verapamil in both

&
e

sitiations might be due to abolition of oscillatory afterpotentials.

Corr and Witowski (1983) have also suggested that alpha-receptor

¢ , *
mediated adrenergic influences may increase the slow inward curreant

I

during reperfusion, and that the*protection afﬁbrded by calcium channel

blocking agents is through-their alpha~receptor blocking properties. 0

D) » THE ROLE OF CALCIUM AND THE SLOW INWARD CURRENT IN MECHANISMS OF

s I

ARRHYTHMIA . T

w

Basic mechaniéhs of arrhythmia can be classified as‘follows: abnor-
malities of impulse initiation; abnormalities of impulse conduc¢ction; or
a combination of .both. This section will deal with the role "ot the slow »

‘ifnward current and increased intracellular calcium ih the gegeration of

g
= these mechanismskin ventricular tissues. ' ~

1. Arrhythmias caused by abnormal impulse iniflation

a) Normal automatic mechanism ° Y :
s . '

Automaticity 1s a normal property of cells of the His-Purkinje

system of the ventricles. The basis for?automaticity i a slow decrease

#

in membrane pqtenﬂqal.during diastole. This is réferred to as phase 4
L 4

. ] @

* 7

depolarization or slow diastolic dgpolariza?}on. In’ the normal heart,
the automaticity of cells of the sinus nodé is rapid enough tu overdrive®
potentially automatic cells elsewhere in the heart. However any igter-
vention which decreases intercellular coupling might be expected tu

increase automaticity of latent pacemakers. Uncoupling+can he caused Ly

an increase in intracellular calcium (bahl and lsenberg, 1950). For

’ 3
"
N n
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example, digitalis lnhibits the Na-K ATPase and causes an increase in

ah

Na; with resultant- increase 1n'dai via Na-Ca exchange, and ultimately

cellular uhcofipling (Weingart, 1977).

Normal automaticity of Purkinje tissue can be suppressed by pacing

{Dangman and Hoffman, 1983). This phenomena is called overdrive sup-
pression. A recent review of mechanisms of ;verdrive suppression has
been published (Vassalle, 1985): 1lMusso andizzgsalle (1982) have also
suggested that overdriv;-may also l;;d to an accumulation of calecium,

Accumulation of calcium initially causes an increase in the slope of
4
diastolic depolarization but also shifts the threshold to less negative

potentials, The latter effect contributes to temporary suppression of

I -

automaticfty in Purkinje tissue,

-

b) Abnormal automatic mechanisms .,

P

_Ventricular muscle cells don't normally show spontaneous diastolic

depolarigatign. k?wever, wth the’resting potential of these cells is
decreased to less than.-60 mV, spontaneous diastolic depolarization may-
occur and may initiate regengrative\depolarizaiions (Ka;zung, 1974;
Imanisﬁiwa;d Surawicz, 1976).‘ The abnprmal automaticity that results N
has been called depolarization:induced automaticity‘(DIA). keviedé on

" DIA have been published by Elharrar and Zipes (1980) and Surawiéz

(1980). DIA has also been observed in Purkinje tissue (Hauswirth et
al., 1969; Imanishi, 1971). Because of the low level éf membrane
qotential'ag which this automaticity occurs, the action potentials are

slow responses (ie. action potentiala‘yitb upstrokes dependent on the

slow inward current) (Cranefield, 1975). DIA has been shown to occur in
X



39

) L
1

Purkinje fibers surviving in canine Infarcts {(Friedman et al., 1973;

Lazzara et al., 1973), and in diseased human ventricular myocardium

~

(Gilmour et al,, 1983). Unlike normal automaticity, DIA can't be sup~-

pressd by rapid pacing (Fgrrier and Rosenthgl, 1980; Dangman and
I

Hoffman, 1983). DIA is accelerated by catecholamines (Katzung, 1974;

Imanishi and Surawicz, 1976). Catecholamines are believed to exert this
" effect by increasing the slow inward current responsible, for DIA..

Elevation of extracellnla} Ca cofffentration Increases thé slope of phase +
* 4, the overshoot; dV/dt, and increases the range of membrane potentials

at which.DIA occurs (Katsung, 1975). DIA can be inhibited by verapamil

(Elharraru;nd Zipes, i980). Therefore DIA is inhibited by maneuvers ¢

which inhibit Isi and 1§ promoted by agents which increase Isi,

Triggé}ed activity, another mechanism of abmormal impulse initia- .

&
tion, is caused by afterdepolarizations. Afterdepolarizations are

ft

subthreshold depolarizations that are coupled to preceeding action !

Y

potentials and which may occur before or after repolarization is com-

-

Qplete. Afterdepolarizations that occur before complete repolarization

are referred to as early afterdepolarizations (Cranefield, 1977). Farly

afterdepolérizations may reach the threshold potential of the slow

’
R

inward current, and thereby result in 1 or more repetitive action

potentials at a low membrane potentig}. These action potentlials are

3

presumably slow respegses (Cranefield, 1975; Craunefield, 1977). There

are problems assoclated with characterization of early afterdepolariza-
%
tions as triggered activity. The spontaneous action potential that

follows the normal action potentfial arising from a high membrane poten-

)
L)

re
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tial is triggered. However, if a series of spontaneous action potentials
arise before the cell repola;izes, then the phenomenon is presumably the
same as 5iA.~hE;}1y afterdepolaiizatioﬂs are dependent on the slow
inward current for generation of regenerative résponses. Early after-
dépolarizations have been shown ‘te be caused by a number of experimental
interventions (Cranefield, 1975). These* include reduction of ﬁé]o ) -
(Gadsby and Cranefield, 1977), catecholamines (Cra;efield, 1975), and
drugs such as the B-blocker sotalol (Straugs et al., 1970), N-acetyl-
procainamide (D;ngman and Hoffman, 1981), and quinidine (Roden and
Hof fman, 1985). -
Afterdepolarizations ma§ occur after repolarization of the action
potential is complete. These aftgrdepolarizationa are referred to as g
delayed afterdepolarization (DAD) (Cranefield, 1977) or oscillatory
afterpotential (Bozler, 1943; Ferrier, 1977). These afterdepolariza- i
tions may be subthreshold or may attain threshold and initiate premature
éesponses. Therefore, the resulting action potentlals are triggered.
These afterdepolarizations have been found to occur in Purkinle fibers
intoxicated with digitalis (Ferrier et al., 1973) and are called oscill-
atory afterpotentials (0AP's). They are also found in ventricular
muscle fibers intoxicated with digitalis (Ferrier, 1976), “The mechanism
responsible for afterdepalarization in the presence of digitalis is
thought to be through inhibition of the Na=K ATPase. This results in an
lnc;ease in 1nnracé11uhir Na, which in turn leads to increase in intra-

cellular Ca via sodium~calcium exchange. The increase in intracellular

Ca is thought to activate an oscillatory current underlying UAP's (ie.,
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the transient inward current-TI) via an oscillatory release of Ca from

o

the sarcoplasmic reticulum (Kass et al., 1978a,b). OAP'S can be sup;

pressed by agents which block the, slow inward curremt, such as manganese

(Fergier and Moe,'1973) and verapamil (Rosen and Danilo, 1980). There-
fore the.slow inward current modulates or enhances the amplitude of

OAP's by enhancing Ca influx. Kass et al. (1978a) have shown that the

amplitude of the TI varies directly with the extracellular calcium con-

centration, and can be blocked by manganese. Vassalle and Mugelli

&

(1981) have suggested that the TI current may be a mormal component of

¢

cardiac electrical activity, and may be enhanced as intracellular
calcium levels are increased. Omn the‘other hand, Wit and Rosen (1983)
have suggested that triggered activity may terminate spontaneously due
to Na or Ca accumula?ion in the cell in response to rapid heagz rafe.'
This may be the same mechanism as that of ovet&rive suppresgsion in
normal Purkinje pacemakers (Musso and Vassallez 1982). ©
Triggered activity ariging from afterdepolarizations may also be
induced by other agents or procedures which enhance calcium intlux via
increase in Isi such as catecholamines (Nathan and Beeler, 1975; ﬁit an&
Cranefield, 1976; 1977), Afterdepolarizations alio occur in hypertio—
pﬁied ventricular myocardium (Aronsomn, 1981) and diseased human véhtri~
cular myécardium (Gilmour et al., 1983). Triggered activity is acceler-
ated g;;her than depressed by overdrive pacing, The amplitude of éhe
afterdepolarizations increase with increasing driving rate. In con-
trast, normal automaticity in Purkinje tissue can be suppressed with

increasing driving rate.
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Thus OAP's (DAD's) are enhanced by interventions which increase in=-
tracellular caicium. These afterdepolarizations are enhanced by agents

. ~ . .
which increase the slow fnward’ current and can be blocked by agents

~ ’

which block this currenfi 4 ¢ .’

2. Arrhythmias caused by abnormalities of impulse propagation: reentry
4

The baslc requirement for reentry is Sondugtion block (transiént of
unidirectibnal). The impglse travels around an area of block and
approaches the point of block from the'opposite direction. If tﬁe
retufning impulse succeeds 1n'Eraversing }?e area of plock reiéogradely,

it mpy re-excite the rest of the heart, The magnitude of the Na inward

reurrent and the rapidity)with which this current reaches it's m;&imum

v ok’

intensity (the upstroke velg‘city of phase 0) Qs one dete;:minanF of the
speed of propaéation. ﬁoderatecdepolarizapion of myocardial cells will
result in &ecreased avallability of the Na:channéls §nd’therefore slows
ing of conducgién. The action potential in this situati&n 1s referred
to as a-depressed fast respon&e.l Depreaséd gast responsés may con-

tribute to the genesis of reepntrant arrhythmlas. However, if the |

L L]

membrane potential 1is decreased to a level at which Na-channels are com~

pletely 1nactivatéd, Ca~dependent slow responses may also contribute to

Y -

re~entrant arrhythmias because of thelr-slow conduction velocittes

(Cranefield, 1975). Wit et al. (1972a,b) demonstrated that re-entrant’

&

excitation can occur in ghort bundles of canine Purkinje fibers super-
: :
fused with high concentrations of K* and epinephrine.’ Slow conduction

in this model depended on abolition of the fast sodium upstroke and in=-.
¥ “ ~

itiation of slow Eﬁéponee action potentials. Therefore, Cranefield et

’

he o

A © \C

o

kY
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al. (1972) suggested that re—entrant excitation may depend on the ap- AR

pearance of areas in which the¢ normal action potential is replaced by

bl

the sf:w response (Cranefield, 1975).
o "

-3

Recently Antzelevitch et al. (1980) deseribed a kind of: reentry,

. called Féflection, which occurs in unbranched bundles of fﬁrkénje
3 e I b > a
- fibers.’ In their model of reflected reentry, slow conduction doesn't

4 1

o oecur alqng the bundlé. Instead there is delayed activation of part of °

a

the bundlé,‘éesulting from electrotonic activation of a region distal to
- { ? . ' N
ﬁhﬁ inexcitable segment. The ' inexcitable,segment of the hundle does not

&
L1

¥ L] . .
generate action potentials. Therefore impulses will be blocked at this

- ¢ ]
’

segment. However, action potentials proximal to the site of block will

»
e

generaté, axial current flow tﬁigugh the f;;xqitable cable. The electro- .
tonic manifestation of the iﬁpulse can degolarize ekcitable flbers
.distal to the éréa of inexcitability. The action potential initlated
distal to the inexecitable segment can cause retrogradq axial current
flow "through th inexcitable ;egment and thereby reexcite the proximal
gegment. Thus 1mpdlse transmission occurs over the same pathway in both
directions. Antzelevitch,anh Moe }1981) have shown that when slow
Eesponse action potentialsharé present in the inexci;able B;gment, re=

flection does not occur, Therefore, in contrast to Cranefleld's pro-

posal, slow action potentials may not be necessary for reflected '

®eentry. L i
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* 3. Arrhythmias generated by a combination of automaticity and’imﬁulée
. ' & i
s * conduction: parasystole

o -

“Paraaystole i1s classically thoughf to be caused by ectopic dis-

- charges from a pacemaker which is protected by entrance bl%gk\from dis~
V4 s
charges of the:sinus node. Therefore discharges from tlie sinus node

L]

cannot invade (i.e. entrance block) and excite the automatic focus. The

ectoplc discharges may occur from a low resting membrame potential (and

’

} . therefore 1s jresumably DIA) or from a high membrane potential,

: 3

: . ‘ Entrance block is a common characteristicoof depolarized areas of tissue

*
which are automatic and which are connected to normally polarized tissue

P W »
“ .+ (Ferrier and Rosenthal, 1980). Jalife and Moe (1976, 1979) have also
) shown that entrance block may occur in regions of normal automaticity if.

they are surrounded by depolarized or inexcitable tissue. Although
parasystolic focl exhibit entrance block, they may exhibit exit condue~

. * tion., Thus arrhythmias are generated by extrasystoles that propagate

out of the focus.

n

The discharge patteru of a parasystolic focus may be electronically

w

-modulated by activity outside the focus (Jalife and Moe, 1976, 1979

Ferrier and Rosenthal, 1980)., That is, subthreshold depolarizations

o

arriving early in diastole of the pacemaker will delay subsequent dis-

! ] charge of the pacemaker, whereas impulses arriving late in diastole ac~

A

vcelerate the discharge of the pacemaker,
Parasystolic activity may occur at low membrane petential (Ferrier

and Rosenthal, 1980) and is therefore dependent on Isi for pacemaker v

activity in this situation., Gilmour et al. (1983) have shown fhat auto~

3
L 4

3 -

»



maticity in diseased ventricular myocardium which shows varying degreea‘

LY

of modulation may be suppresged.by verapamil.
LY
Reviews which discuss mechanisms of cardiac arrhythmias in detail

!
have been published by Hoffman and Rosen, 1981; Wit and Rosen, ,1983;

Gilmour amnd Zipes, 1985. o )

Ay . %

4, A model of ischemid and reperfusion arrhythmias
Ki >

1

Technical difficulties prevent study of cellular electrophysiologi-
cal changes in hearts subjected to occlusion and reperfusion, There-
fore, various investigators have studied cellular electrophysiological

changes in 1solated tissues exposed to lschemic conditions. One model
was recently developed by Ferrier et al. (1985a). In this model, cellu-~
lar electrophysiq ogical changes occurring in Purkinjeband muscle
tissues yere s:udied*using standard microelectrod; techniques. Prepara-

tions were exposed to ischemic conditions, which included hypoxia,

acldosis, 20 mM lactate and zero substrate (Table 1, and Ferrier et al., .

lQQSa?. It is known that ventri;ular myoéardium deprived of 1its oxygen
supply quickly undergoes meiabolic and electrophysiologic changes. Re~
ductddbn in oxygen availaﬂility will result in cessqtion of ATP produc~
tion. The ischemic conditions employed in the model by Ferrier et al.

A

Ay .
(1985a) were sggcifically used to inhibit energy metabolism in Purkinje
k]
th: inhibit aerobic metabolism.

and muscle tissug. Hyp9§ia was chosen.
Substrate exclusion was chosen to mimic substrate extraction in poorly
perfuaéd tissue, mahnof these conditions -ald in inhibiting aerobic

metabolism, in muaclg tissues. However, Purkinje tissues contain large

Btofes of glycogep which can be metabolized anaerobically (Uple, 1969),

hl
[}
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Therefore low pH and lactate were included to inhibit anaerobic metabo-

1ism (Rovetto, et al., 1975), All of these conditions have been shown to

occur 1;Atﬂ; ischemic myocardium (Elharrar and Zipes, 1977 - review):
This model is incomplete since it doesn't contain elevated K+ (H111 and
Gettes, 1280), lysophospholipids‘(Sobel et al., 19;8), and catech;la-
mines (Riemersma, 1982 - review), all of which gccqmulate in thé
ischemic myocardium. Howevep,;Ferrier et al. (1985a,b) have shown that
superfusion of &én%ne’ Purkinje fibers attached to?apillary muscle with
‘the "ischemic" solution results'igjseveral distinct electrophysiological
" ¢hanges assoclatéd with ?frhythmogeniq,mecha&isms. Exposurg to ischemic
condigions for 40 min résulted -in decrease‘;n membrane potential, abbre-
Qiaﬁlon of action pogeqtiagp, aﬂd bi-directional block between muscle
and Purkinje tissue, Ischem;c conditions also decreased developeé’
tension in Purkinje tissue (Ferrier et al., 1985b). Return to non~

{achenmic conditions (reperfusion) resulted in a sequence of re;ponses in
Purkinje tissue: initial hyperpolarization, progressive depolarizaéion,
inexcitability, and fina11repoiar1zation. The depolarizing pgase was
associated with appearance og oscillatory afterpotentials (0AP). Final
repolarization was assoclated with depolarization induced automaticity
(bIx), during which Purkifje tigsue functioned as a parasystolic %ocus.

The méchanical response in Purkinje tissué‘upon reperfusion was as

ﬁfllows: inftial return of developed tension, followed by a decline of
developed tension, and then final recovery of develdped tension. The

electrophysiological responses during ischemic conditions suggest an

3

alteration in the slow inward current, le, shortened action potentials.

°
L
L)
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The mechanical response during ischemic conditions also suggest altera-
tions in the slow inward current - or calcium handliné. The appearance
of OAP*s on }nperfusion suggest that calcium overload occurs upon reper-
fusion. Reperfusion—induced 1hexcitability followed by automaticity at °*

low m}embrane potential suggests a sequence of "inmactivation" and -

"reactivation" of the slow inward current. Reperfusion also was asso-

[N
o

ciated with a cyelic return, disappearance, and return of comtractility

of Purkinje tissue,
I d

E) Objective

The objective of the investigations described in this thesis was to
determine the contribution of the slow inward current to the genests of
-mechanisms of arrhythmia in the model of ischemia-and reperfusion pro-
posed by Férrier et al. (1985a). The specific objectives werer
.a) To evaluate protection afforded by calcium channel blocking agents

during ischemic eonditions and reperfusion. This would determine

which mechanisms of arrhythmia were related to the slow Inward

current. ,

b) To determine the changes in the availability of slow response
action ;btentials during ischemic conditions and reperfusion. The
changes in availability of slow respo action potentials during
ischemic conditions and reperfusion can be related to mechanisms of
arrhythmia and cyclic changes in the availability of the slow

M ¢

inward current.

]

¢) To determine whether the inactivation of slow response action

potentials can be reversed by a “calcium agonist”, BAY-K8644, which

LAY
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increases Ca=-conductance through the slow channel. This would more

-clearly determine whether cyclic changes in the availability of the

slow inward current are responsible for the cyclic dissapearance

and reapperance of DIA. N



METHODS , '

A, TISSUE PREPARATION - -

» Adult male mongrel dogs (15-20 Kg) were anesthetized with sodium _
pentobarbital administered&intravenously (30 mg/kg). Previous un-
published studies ¥rom our lab have indicated that the response of‘
preparation§ from female dogs to ischemic c&hditiona and reperfusion are

inconsistent during the year. The changes in MDP and spontaneous

activity were attenuated In prepaJ‘tions removed from female dogs. The

-
-

hqart was rapldly removed through a parasternal incision in the chest.
The heart was fibrilllated to faciiitate réemoval of preparations.
Preparations consisting of falge tendons (specialized conducting
Purkinje tissue) attached to papillary muscle were dissected from both
ventricles. Prepara%ions were kept in a beakeg containing modified
Tyrode's solution at room temperature. The Tyrode's solution in Fhe
beaker was bubbled continuously with’a gas mixture of 95% oxysen andlﬁi
carbon dioxide (Union Carbide, Canada Limited).

For study, a preparation was mounted with the ‘endozardial surface
facing upwards in a wax tissue bath (Figure 1), The preparation was
fastened in tﬁe bath with stainless steel pins. The preparation was
slightly raised above the bottom of the wax bath to allow perfusion of
the underside of the tissue. 1In other studles, isolated §ree running
Phrkinje fiber preparations dissected from papillary muscles, were

mounted {n a wax tissue bath. One end of the Purkinje fiber was

fastened with a stainless steel pin (Figure 1).
o ]
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Figure 1
Diagrammatic representation of experimenéal preparations., A: Schematic
representation of a Purkinje fibef;papillary muscle preparation. Micro-
electrode recgrdings were made frohsPurkinje and muscle tissue, Stim;~
lation was applied to the endocardial surface of muscle or ﬁy the
Purkinje fiber, Developed tension was also monitored froy/éurkinje
tissue (not illustrated). B: Schematlic representation of an isolated tﬁ
Purkinje filber preparation. Current was applied to the surface of the /

preparation immediately adjacent to the test segment from which electri-

cal and mechanical records were made,

P
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B. STIMULATION PROTOCOL :

" 1. Purkinje fiber-papillar§ muscle preparations
- \

Pr;paratio were stimulated with bipolar silver electrodes placed
on the\Purkinfg fiber or apex of the papillary muscle (Figure 1).

%

Stimull were rectangular pulses, 3 msec in duration and approximatel§

+

1.5 times the threshold voltage. . The threshold voltage was the1m1n1ﬁﬁm

» 3

‘*'-VEItage which elicited contractions in the’ preparation. Contraction jof
@

the preparation was observed with a microscope placed above the tissue
[

2

,bath, TQg pattern of stimulation conslsted of trains of 15 pulses
separated by 3 sec pauses (Pulsar 4i and 61, Frederick Haer and Co.).

The basic cycle length (interval between stimull) during the train was

set using a Pulsatr 4i, After a train of 15 pulses trom the Pulsar 41, a

"done" pulse from the pulsar 41 triggered the external start of the

2, Isolated Purkinje fiber preparatio
*

\ .
The stimulation protocol used in these experiments was the same as

A
that used for the Purkinje fiber-papillary muscle preparations. How~

ever, during the pause in stimuﬂition, 3-gec long current pulses of
1 h

E] L]
x

[}
varying amplitude were delivered through a glass pipette that contained

12

a chlorided silver wire and was filled with Tfrode'a solution. Current

pulses were obtained from a digital stimulator (Pulsar 61) Sperating in

-



.

C ) : Figure 2a

¢ €

"Schematic representation of electrophysiologic apparatus used for stimu-

lation and recording from Purkinje fibei-papillary muscle preparations.

0
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the constant voltage mode (Figure 2b). The current. pulses were
initiated 20 msec after the last stimulus of the train. The current

pulses were turned on during the refractory period so that no extra

beats could be elicited by direct stimul;tioy. The current pulses
elicited during the pause in stimulation were used to depolarize Fhe
memprane to potentig;s less than -65 mY, at which Purkinje fiberd’
exhibit automaticity. In some experiments continuous’ current pulses "

were applied during the train of stimulation so as to hyperpolarize the

membrane. . -
C. ELECTRODES . :

1. Stimulating electrode

Preparations were stimulated using a bipolar silver electrode which .

was placed on .the surface of the preparation. The bipolar silver

«

electrode was comnected to "stimulator 1". "Stimulator 1" was used to
1

set the basic cycle length, and gheevoltage for stimulation.

2. Ground electrode .

b

-

The ground electrode was fabricated usiqg a sllver wire placed in
an electrglytic solution containing 0.1 N HCL. Chloride was plectéo; T
plated on the sllver wire using a 1.5 V dry cell. The electrode wus
then gently rinsed with delonized water to wash off any excess HCL,
This electrode was then placed in Phe wax tissue bath., The electrode
was secured in place with the use of plastocene outdide the tissue
bgth. Thid electrode was used as a reference for intracellular membrane
potential measurements i.e. the electrode served as a reference ground

a

for the tissue bath (Figure 2).
]




hid

-
<

. Figure 2b
Schematic representation of electrophysiologic apparatus used for extra-
cellular current application andvrecording from isolated Purkinje

' K]

fibers. . .

[
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3. Current passing electrqle pipette .
* S
»Current was delivered through & soft glass Pasteur pipette (Maple

Leaf Brand Pasteur Pipette) ‘that contained a chlorided’silver wire and

was filled with Tyrode's solution, ?he tip of the pipette was made

smooth by fire polishin&. Thg other end of the pipette was attached to

2

; a thin plastic tubing. The end of the plaéticétubing=was further at-

tached to a 10 ml plastic syringe.n Gentle suction could bik?pplied

through the pipette by pulling the plunger on the pfhsticusypinge. Sue~

e * &

tion was applied through the pipette so'that a firm Bseal could be

a
o

established between the pipette and the Purkinje fiberﬂ;i ’
- ' ”

4., Microelectrodes " . .

w ~ -

Microelectrodes were fabricated using glass éepillaries w%ich con-.

3 &N >

talned an inner Eilament (WwPL Kwik—fil Glass Capillaries, W—P Instru= .

3

-

ments INC., New Haven, Conmn. , U S A). The lengqp of the pipettes werh 4*

inches. The outside diameter of the pipette was.l. 0 mm + 0.1 mm whereas
4} the inside diameter was 0,58 mm. Micropipettes were pulled ‘to a small

tip diameter using a micropipette puller M1 Micnopipette Puller, Indus-

atgial Science Associates INC., Flushing, N Y., U.,S A) Micropipebtes o,

were filled with-2.7 M KCL, and had a retistance between 15-30 MQ. .

Microelectrode resistance was determined 2 ways. First, the resistance

was ‘determined using an ohmmeter (Dynamatic vacuum tubé vol;mete}, B and
. Y ?

K, Chicago, Iilinois, U.S,A,). Microelectrodes were' then placed in

1

e nicroelectrode folders (MEH~1S, W-P Instruments) which were filled with

2,7 M KCL, The holder with the microelectrode was attached to a minia-
( N !

ture probe (Serfes 700 Probes, W-P Instruments). ‘The miniature probe

3

“«%
@3

oy
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2

»

incorporates the/first stage of the preamplifier. Two microelectrodes
< \
were u?éd in’e;ch experiment.” The two miniature probes were conneeted

+ ]

to separate inputs of a dual ‘channel microelectrode amplifier (Model 750

Dual Microprobe, W-P \Instruments), The output from the microelectrode

amplifier was displayed on a Tektronix 5110 i1lloscope (Tektronlx

e

«  determination of microelectrode resistance was done by depressing the

, «
switch is closed, a calibrated current is injected through theé electrode

. ¢ .
attached to the probe input. Wherw this iIs done, ap offset voltage equal

to 1 millivolt/megOhm is éenerated at the X5 output, Thus the resist-

-

. ance of the microelectrode gan be determined frop~tq§ deflection of the

voltage tracing for that micnoelegtrade on the oscilloscope.

\ D.  RECORDING: T o : R,%

©

-

[N 13 " -~ T,

*aq 4
ie . A 100 mV calibrated rcurrgnt pulge was delivered between the ground®

* f4 -
electrode and the microelectrode from a calibration-box. The pulse was
&

used to calibrate 100 mV deflecgggi‘for both oseilloscopes, The trans=—

&

membrane potential of Purkinje cglls\andéﬁﬁscle cells were recorded

a ¢ .

simultaneously with microelectrodes. In experiments involving applica~-

tion of electric current, transmembrane potentials of Purkinje cells in
. : .

. 4
isolated Purkinje fibers were recorded differentiallf’usiﬁg 2 glass

microelectrodes and the following technique. The impaling electrode was

»
5

-
.
{3
2

W

1., Microelectrode Recordings ..



-

positioned immediately outside the cell to be impaled., Then, while
passing short current pulses, the indifferent electrode (second micro=
electrode) was positioned to eliminate the effect qf‘eurrent passage.

The recording electrode was then impaled within a cell. This method

" eliminated spuriou%/voltage changes caused by electrode position or the

3

.

0
bl

t

u

~

resistanc; of the/groundaelectrodéy This procedure was repeated for
each impalement in those experiments where 'the impalement was lost or
the recording site chanéed. Microelectrode recordings were recorded
différentially from the A-B output on 'the Dual Channel Microelectrode
Amplifier (th Insﬁrume;ts) and further amplified on a Tektronix 5A14N
four‘channe% adelfier (Tektronicnlnc.l. These 5?cordings were display-
ed on a Tektronix 10 oscillosc?pa. Microelectrode recordings were
aléb displaxeq ‘on é%otﬁer'Téktronix.SIIO oscllloscope which was attached
to a recordi%g camera (Model C4, Grass'Instruments, Quincy, Mass.,
U.g*é.)g THe lens of the camera and oscilloscope screen were enclosed
in a cﬁ%dboard 1ight screen. The ¢amera used 35 mm £ilm (Kodak RAR Film
2495, astman Kodak Company, Rochester, N.Y., U.S.A.) which was develop-

ed in a Versamat Film Processor (Kodak, U.S.A.). The versamat film

processor developed, fixed and dried the. 35 mm film, Transmembrane

-

Totentials were also recorded on an instrumentation Magnetic Tape,

o

Recorder (Vetter Model b, A.R. Vetter Co., Rebersburg, Pennsylvania,

Us8.5.) using magnetic tape (Maxell UD 35~90 Magnetic tape, Hitachi

Maxell, Tokyo, Japan: or TDK LX 3530, TDK, Japan).
“ v R " L] M \

%
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2. Developed Tension Recordings -

A 100 mg weigﬁt was placed at the end of 'the force transducer to

calibrate the system for measuring changes in developed tension. In

o

some experimenfs force was measured isometrically from the free end of
the Purkinje fiber with a Grass FT.03 force transducer (Quincy, Mass.,
U.S.A.) attached to a Grass low level DC Amplifier. Resting tension was

applied slowly to the Purkinfe fiber. One hundred to 300 mg of resting

i

tension was usually used??}The magnitude of the contractions produced in
the Purkinje fiber depended on the size of the fiber and the amount of
resting tension used. If furt@er increases in resting tension produced
a decrease in the magnitude of the contractions, then the resting
tenslon used was that which pé%duqed the gr%atest magnitude of contract—

ions. Force was also measured in isolated Purkinje fibers. One end of

»

the Purkinje fiber was attached to a pin which was attached to the force

transducer, whereas thé other end was attached by a pin to the wax

©,

r $o
tissue bath. The force disbl’bemenﬁ transducer was maintained on an

[y 5

X,Y,Z micromanipulator (Prior, England). The output signal from the

v N a
transducer circuit, corresponding to the force developed, was amplified

wkth a Grass low level DC amplifier. The output signal from“this

A

s LN
amplifier was monitored using one of the chanmels of each oscllloscaope.

v . Lo -
.The force displacement recordings \Sferg‘als'o Jisplayed onthe oscillo-~

scope and ﬁhotographed;with‘a Grags camera.
2

3. Current -«

’

« In experiments in which extracellular current was applied to induce
. %

DIA in isolated Purkinje fibers, the current was also monitered. The

.
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current pulses were obtained from a digital stimulator operating in the
constant voltage mode and delivered through a current limiting resist-
or. Thg return electrode congisted of a ground chloride silver coil
immersed in the bath (i.e. ground electrode). ?he current was monitored

by measurement of v&ltage developed .across a smaller resistor (1KQ) in

»

series with the extracellular electrode. The voltage was measured with
a Tektronix 5A21N differential amplifier in the monitor oscilloscope. A
record of the output from the differential amplifier was also displayed

on the oscilloscope used for photographic recordiné.
E, SOLUTIONS

\\%%3 preparations were superfused continuously with modified
¥ \ 7
Tyrode's solution. Solutions wererlaced in glass perfusion bottles

a

above the Faraday cage. The solutions then passed through a very thin

plastic tubing placed in a water bath belog the .tissue bath. The
U
temperature of the water bath was maintained by a YSI Model 73A Instru-—

ment Temperature Controller (Yellow Springs Instrument Cd.). The
- * w,

temperature of the superfusate entering the tissue bath was monitored by

*

a YSI series 400 thermister temperature probe (Yellow Springs Instrument
Co., Yellow Springs, Ohio, U.S.A.). The thermister temperature probe
was attachéd to the instrument temperature controlle}ﬂ The temperature
of the superfusate 13 the tissue bath was maintained at 37°C. There=-
fore, the solutions were heated to 37°C as they passed through the coil
* in the water bath. The flow rate of the solut;on entering the tigsﬂé
bath was controlled by attaching a CAIR clamp to the tubing from the

perfusion bottles. By adjusting the thumbwheel on the CAIR clamp, the



Laid

flow of solution through the tubing and therefore the flow raee of ,

v )
solution entering the tissue bath could be regulatéd, Contrd%j%nd test

solutions were delivered to the tissue chamber via separate conduits at

£y

a flow rate 9f 10-15 ml per minute. The tissue bath held a volume of

10~15 ml, Thus complete transition from one solution{to another in the

tissue bath took a few minutes for full- exchange. Therefore transition
* from one solution tg another was rapid although not instantaneous.

L]

1. Normal Tyrode'é Solption
* T

1

Preparations were equilibrated for at léast one hour with a

¢

modified Tyrode's solution (Table 1). Stock solutions were made with,
aeionizeg water and all compounds except‘K01, MgSO4»7H90, and
CaCly#2H90. Separate solutions contaiﬂing KC1, MgS04+7H20, and

CaClp+2H20 were made up in deionized water. These separate solutions

.

were added to the stock solutidn on the day of use., Wormal Tyrode's

o

solution was bubbled with a’ gas mixture of 95%.oxygen and 5% carhon,
P@ -

dioxide, The pH of the solution at 37°C was 7,2-7.4,

9
-

2, "Ischemic"” Tyrode's solution

n
b
@ -

After equilibration with Tyrode's solution, preparations were then

superfused for 40 minutes with Tyrode's solution which had been further

[
L}

modified-to mimic several of the coqﬂitions occurring during ischenia

(Elharrar and Zipes, 1977-review) (Table 1). The "Ischemic® Tyrode's

solution was made in the same sequence as the Normal Tyrode's solution

i1.e. a separate set of solutlons were added to the stock solutioh on the

L4

day nf use. Lactate was also addéd'no the "ischemic™ Iyrode's solution

on the day.of use, The "Ischenic"” Tyrode's solution was bubbled with

% ]

-
!

L2
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! Table 1: Composition of Tyrode's Solutions

. Normal Tyrode's P "Ischemic” Tyrode's
Solution (mM) Solution (mM)
NaCl , 129.0 123,0
KC1 " 4.0 ) 4,0
Nal2P0O4« H20 ,S Yoa 0.9 0.9 :
[
j, N ‘(‘g‘ “ -
CaClge 2H90 » 2.5 2.5
MgS04e 7120 0.5 0.5 !
NalCO3 20.0 6.0
Daxtrose . 5.5 f ——
Sodium Lactate e 20.0
Gas. 954 02/5% €Oy 90% N2/10%Z COq
plt ! 7.2-7.4 6.8
’ &
PO2 ‘ — 48 mm Hg
s - S .

T

~

I e o W

- L
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90% Nitrogen/1l0% Carbon dioxide gas mixture and had a pll of 0.8 at -
37°C. This "Ischemic" solution mimicked severe hypoxia (PU,» ?ﬁmm Hg),
acidosfﬁ, lactate accumulation and substrare deprivation (Ferrier et
al., 1985a). . - L

e In all experiments, preparations were exposed to the "Ischemic"”
solution for 40 minutes and éhperfusion with control Tyrode's was then
retnstatéd for an additional hour to simulate reperfusion. This o

protocol was then repeated in the presence of drugs (see below), We

have observed that a second cycle of exposure to 1sché&ic conditions and

reperfusion results in identical changes in MDP and me¢haniézs of

>

4

arrhythmia as that ohserved during the first cycle. We have shouwn
rs 'S o *
previously that elevation of extracellular potmgsium concentration (10

nM) during ischemic conditions>does not substantially change tpe
response” of these tissues upon reEerfusion (Ferrier et al., 1985h).

a
R

F . DRUGS +

1, Veragamil .

<

B Verapamil was penexously supplied by G.D. Searle and Company of
Canada Limited (Rex&ale, Ontario, Canada)., Verapamil was initially
digsolved in deionized water to yield a stock solution with a eoncentra—
tion of 10~3 M, Oﬁe ml of this stock solution was added to 1 liter of
Tyrodg's solution to yield a final concentration of 10-H M, Verapamil
was added to the "Ischemic" Tyrode's and Hormal Tyrode's solution for

reperfusion. ¢



©

2. Nifedipine \ ’ )

Nifedipine waSJgenerously supplied by Miles Laboratories, Rexdale,

Mg
3 e

Ontariq,»@aﬁaaa, ﬁﬂifedipine was initially dissa ved Li a‘small amount

{»

of ethanol. Deiéhized water was a%ﬁed to yleld a stock concentration of
3X10~4 M. Une ml of this stock solution was :dded to 1 I1ltre of e
Tyrode's solution to yield a final concentration of 3X10~7 M, The final
ethanol coqcentraﬁion supgrfusing tié tigsue never gxgeeded 0.0blz in

the superfusling medium. Nifedipine was added to ther"Ischemic" and “«

. . ¥
Normal Tyrode's solution” for reperfusion. Since nifedipine demonstrates

&

photolytic degradation, preparation'ﬁf”all solutions of nifedipine were.

A4 *
eerfarmed in 4 darkened enviorment. Also, all glassware and ‘tubing were
AN * ﬂ
covered with aluminum foill. ' ° .

.o
3. BAY-K8644 ‘ )

- , » “ .

oA

BAY-K8644 was supp ied by Hiles Pharmaceuticals , ‘Division of Milea

Laboratgeles, Inc., West ﬂaven, Connectiuut, U.S.A.,, and was kindly"
. -

] '3 ¢ ~ e
donated by Dr. P.E. Dresel, BAY~K§644 was dissolved In Polyethyfene

Gl§c01~(81gma Chemical Cumpany,vSt. Louis, Missouri, U.S:A.) énd defon~

ized water to yield a stock concentration of 351073 M, A glads viaA

cpntaihing thg stock solution was placed in a sonicator and in a Vortex

d

wixer for about 30 aeconds»to aid in dissolVing tﬁe coépound. Dilutien
,\ﬂ a3 L4 !
@ 3

into 1 liter of Tyrode's solution x&glded a final conczntra;}on of

L I%1075 M BAY~K3644. Since BAY-K8644 Apmona:rates photolvtic degradation,

:he pteparation of all soluticas was performed in a darkened emvironment

A -
and ALY ;lassuare and tublnf were govered «ith aluminum foil‘ - T
. ot ‘r - - ’u ' ? f
< R « 2y . » ("
L] - ‘\ .
* u‘ . F [ 9" -
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"G, ANALYSIS OF RECORDS -

-

. dnly those experments where continuous impalement was maintained or

when the impalement was lost and a cell with identical electrdph&aio-
logical chaz‘ctqristics was obtained, were analyzed. Also; only thosw
preparétions which- displayed normal action potential characterlitics
‘yere used for subsequent studles. A\prep;ration was consldered to

displdy normal action potential characteristics when the MDP of Purkinje

. tissuelwas between -90 and -93 mV, and when there was no automaticity.

s “}Actiog potential ere considered normal for muscle tissues when the MDP

[ e o
T e -
. - 1

was betweea -88 and -90 mV.

R % o

-
o P

Photographic records on 35mm clear base ﬁilm were magnified usinp a

L

<
”

¢
Waskcd, Mlnessota, J.S.A. 3 and projected onto a digitizer pad (DT-1l

Hipad Digitizer, Bausck anquomb, Texas, U.S. A ). Analysis of actiou//
' 1, N 'y -
potential aﬁd contractile characteristics (see below) was performed on

po N

an Apple lle daal dis& drive computer with an Apple lle CCS Board Iuter-—

Y

face (RS~232) fof°the Kipad.Digitizer. Th% programs fon the analysis of

)

' the data was written by‘?ﬁ’QA. Lukas and are listed at €he end of this
|-

@ty H »
’th@sis. roR \ T ) -
3 ¢ ke o ) PN o » % 2
"’V a s
A)' Parameters,Utilized .., . ° . a
Y “)) . ‘

1- Basic C?cle ﬂength (BCLx The Lntcrval between stimuli du¥ing a*

13

8 H 4 o

train of,sttmulatione rhe,BLL was ‘usually JUO msec, but waqqurted in

v
N A

ve LN £ N s ' o ! .
some axperiments. . . yoo o ‘
. £ ¢ 3 + 4

. 2~ Pausew The time between®rrains of stimulation. The pause was

\ w4 a
b *

usually 3 sec, but was varied“in some experimests,
£

B
& . ~ ¢
.

“ 35 mm frlm enlarger (Dagmar Super Model A, Audig—Visual Research,  °°



o

68

3~ Maxlmﬁm Diastolic Potential)(MDP)=uThe most negative potential

attained during diastole following the last driven action potential in a
train. The MDP was measured in millivolts (m¥). )

4= Current Magnitude= The amouSt of current delivered through the
extracellular pipette and which depolarized or hyperpolarized the mem-
brane potentiél. The current magnitude was measured in microamps (ud).

3~ Developed Tension= The amplitude of the last contraction

.
v -

elicitqp.in Purkinje tissue by the last stimull of a train. Developed
tension was measured in milligrams (mg).

6~ Cygle Length of Depolarization-Induced Automaticity= The inter~
val ?etween the peaks of the first two automatic action potentials
eiicited by a depolariiing current pulse. The eycle length of DIA was

measured in milliseconds (msec).

7- MDP of DIA= The membrane potentlal of the first automatic action

potential elicited by a depolarizing éu?rent pulse. The MDP of DIA was

-
meagsured in millivolts (mV). ]
H,' ‘STATISTICS | ' ™~ ’ :

¢
b2
Data were analyzed using a paired T~test or analysis of variance

-
Iy

followed by the Student-Neuman-Keuls ( SNK) mnltiplé range test., Diffar-
. o ‘

£ 3

ences between means were consldered significant for P<G.05.

» & A
-
* +

A

a

v



RESULTS .

A) EFFEC™ OF CALCIUM CHANNEL BLOCKING AGENTS ON THE ELECTROPHYSIO-

LOGICAL RESPONSE 'OF CANINE VENTRICULAR TISSUES TO‘ISCHEMIC CONDI-

TIONS AND REPERFUSION -

1. Ischemic conditions

a. Changes in MDP .

(
Figure 3 (left side of figure) shows changes in MDP of Purkinje

tissue exposed to ischemi&hconditions‘for 40 minutes in the absence gf
drug or presence of either 1 x 1076 M verapamil or 3 ; 10-7 u Eifedi- B
pine. Ischemic conditions resulted in an init%al rapld decrease of mem—
brane potential, followed by a period during which the membrane potent-~
ial remained relatively stable (approximately 25 minutes). However,
there was a greater variability in MDP changes between 35-40 minutes.

3

In the presence of verapamil or nifedipine lschemic conditions resulted

«

in a ﬁarkedly greater depolarization of Purkinje tissue within the first

15 minuges.‘ T §4;»} ference was gstatistically significant., However, in

the preseucquf

o

dipine, the membrane potential returned to control
levels by 20 mifutes and was not significantly different for the

remainder of ischemic conditions. In contrast, the membrane potential

*remained at a more depolarized level for the remainder of the 1schemic

period in the presence of verapamil. However, the membrane pqtentgal of

Purkinje tlssue at the end of exposure to ischemic conditions in the

presence of verapamil was not significantly different from'that of the

G 4 v N
[

control or nifedipine rreated preparatinns. These results suggest that
calcium charnnel blockiny drugs promote significantly greater depolariza~

' . s . $
tion of Purkinje tissue in response to ischemlc -conditions.

4
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Changes in maximum diastolic pocential in Purkinje tissue in the absence

’

» and presence of verapamil or nif‘edipmine in response to ischemic condi-
tions followed by mon-ischemic conditions. The ordinate indicates the
L]

maximum" diastolic potential in mV as a function of duration of exposure
| to tschemic conditions (to left of verticdl line) and duration of reper-

fusion afper return to control Tyrode's;soiutim (to right-of vertical
= * ﬁ 0

Data were analyzed for

' m

line)., Data points represem; means .
significance using AN()V: wtﬁh SNK., & - ~o Cont!rul (m- 9~16)y A+ A

h

mtedlpina (n- 5~9),o————-0verap'gmu {n= 5-9), * Signiflcanr.ly differ—

ent from control (Pc-OS)M. “+ wignificantly giffer?ent: from nifedipine -

W treated (x*gf.nsn o y Ch L
* 'x‘ ’ ‘ A ' . 4

Y
O
Y

L3

¢ -



i
- . oy,

Figureé 4 (left side of figure) shows changes in %DP of muscle

tissues during»exposure to ischemic conditions for 40 minutes.in qhe
« X 7 ! Y

absence, of drug and,presence of ‘either verapamil or nifedipine.

o

Ischémic ‘conditions résulted in a decrease of MDP of muscle tissues.

; .
which appearéd within 10 minutes and was maintained fo; the remainder of.

the ischemic pqriod. Ischemic conditions in the presende of nifediplne

also resulted in a_ decrease of MDP within 10 minutes which was not sig~

. %
nificantly different from control. However after 35 minutes the MDP of

1

@ﬁﬁusclg tissues began to decrease more than under control ischemic condi~

. [
N

tions or ischemic, conditioﬁs in the presence of verapamil, In %?ntrast,

. ‘*u\\ verapamil resulted in'a statiétically significant attenuation of S;ég\—
“ A .

" arization in muscle tissue.during the first 10 minutes of exposure to

1schemic conditions, By the end of the-ischemic period, the MDP of

N ) t

control ‘and verapamil tﬁeated tissues were not significantly different, |

Thus, ‘unlike Purkinje tigsue, initial depolarizatiun of muscle tissue in
reaponée to ischemic qp;ditions was not §tr0ngly promoted by calcium

. chainnel blockers. o } : '

. b. 'Conductiog_éefects ’

a0 . . .

L5

)
The electrophysiologic consequences of verapamil ?r nifedipine-en—~

‘ hanééd.debélatizarion in response to‘ischemic conditiéﬁh are 111uatr&!¥ﬁ

by Figure 5. Panels A-D were recorded during expogure to isuhemic;uop~‘
K4

L] 8

ditions in thé absence of drug. Ischemic conditions rea@%ted 1n .

n a N
¥ v ¥

moderate depglafizatlonlof‘Purklnje tissue f{top trace “in eachzbqpé&). ,

s d

During~a second cycle of‘"ischemia aﬁdUQéﬁetﬁdsion the aame preparation
) i, At Rl

. was exposed to nifediplne. /Panels h~H were recorded' during the setond

o
l v

&
- - v [ 3
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lastolic potential ‘in muscle tissue in,the absence

. ‘and presence of verapamil or nifedipine in response to ischemic condi-

*«  tlong followed by non-ischemic condftions. Figure legend is the same as

L4

Figure 3.
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exposure to iachemic conditions. Ischemic”conditions in tge presence_ ot

nifedipine resulted 4in a mueh greater depolarization of Purkinje

4

LY

tissue. ' In this experiment the stimulattnzj?lectrode was placed on the//

papillary muscle. Depolarization of Purkinje tissue eventually :eaulted
3 * - )

rd

in complete fallure of' propagation of active action potentials fo the

recording site in Puirkinje tissue (panel G). Only passi@emelectnotonic

'

. . ! . ™ .
,depolarizations were obser&&ﬁ.a However the membrane potential gradually -
o

recovered and some aé%ivefactinn potentials were observed during tHe

- .

train of stimulation (resppnées 1,3, and 5)(panel H). Similar effects

-

- 8
were observed during ischemic conditions in ‘the presence of verapamil,

However in the presence of verapamil the recovery of membrane potential

- -
%

was not as great ag in the presence of nifedipine, although active
' o

3

-action potentials returneds ¥

" g - * -
Table 2 summarizes the incidence of conduction defects ocecurring in

L] S

Purkinje tissue in preparations fromneither right or 1ett ventriule.

" - . - ‘v\m

Most ‘of the endocardial surface of these preparations have aqbendoqard- RS

ial Purkinje fibers overlying muscle. Because preparations were usually

‘ {zimulated on the endéqardiai sﬁrface of the paplllary muscle,gthé con-‘

r

duction defect thdt occurred in Purkinje tissue, may represent conduction

®

\/\4
block between muecle And Purkinje tissues, or Uepressed excitability in

one or both tisaues. Condnction defepts becurred in only 3 of 20 prepa~ * ¢

14
&

rations exposed to ischemic eonditiona alone. Nifedipine cauaqd a

greater {ncidence of .cunduction defects 1n“Puxkinje ttssue exposed to

'
3 1 '

‘ischemic conditions (4 of 7 pre;;rations). Verapamil resulted in a sim~ ‘/

' 4 4 -
ilar increase in.the 1nci§edbe 6f conduction defects (5 of 9 prepara-

N " . »

-
3 N & n
» a, L4
Al 4 * +
N S \

"
’ N .
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.’h
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Effects of ischemic conditions on the electrophysiological Chqgagffffsﬁ‘ .

»

1Y

PN

“ " Figure 5

Rl

P4

PR

»

tics of canine Purkinje and muscle tissues in the absence and presence

-

IS

of nifedig}ne. In each panel, the top trace 18 a mlcroelectrode record-

ing from Purkinje tissue and the second trace is a recording from muscle

stimulation pattern., - Panels A-D show changes in eleqtricaieactfx?ty

4

electrical activity iﬁ the same preparation during expo

()

1 ’

cinditions in the presence’ of nifedipine. -

A\

.
«
.
o
wy
¢
»

t
14

o1

I3

£

1
'

5

* 5

Ko

tissue.” The last tra?é at the bottom of each column is a recar% of
v 4 s, #

during exposure to ischemic coénditions. Panels E=~H sghow changes in

sure to ischemic

e
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Table 2: Incldence of Conduction Defects During Ischemic Conditions

1

¢
4 *
. » Purkinje Tissues Muscle Tissues
Control 3/20 ‘\\g\\ 9/20
) Nifedipine ) - 417 . 4/7 -’
. "' Nifedipine a7 44
(30 min preequil) ,
_ Verapamil 5/9 © o277
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tions). Thus both caleium channel blocking agents'aepressed conduct ion

~ . 7

and/or exciﬁability in Pufkiqje tissueg dﬁripg 1schem%gﬁcond1€ions. .

A prev%pus report has suggestéd greater protection of the ischemic\\
heart witﬁ verapamil when th? heart is pretreated with the agent
(Bersoh? and Shine, 1983f. Thes; inyestiggtors demonstrated greater ﬁl

preservation of phosphocreatine and ATP levels in vérapamil pretreated o’

. . *
1

hearts subjected to low flow ischemia and reperﬁpsion conpared to heakts

that werk treated with verapamil aft%r ischemia had begun. They alsé

@

showed enhanced racqver§ of mechanical function upon reperfusion.in
hearts pretreated with verapamil, compared taqc;ntrol hearts or hearts
treated with verapamil during ischemia., Therefore the possibility that
pretreatment with nifedipiqe mfght'afford pr;téction of tissues from

electrical disturbances when exposed to ischemic conditions followed by

Yo

peperfusioﬁ was also ifnvestigated in this study. Four preparations were

3

pre&equiliﬁ}ated for 30 minutes with nifedipine before exposing ‘them to

ischemic conditions plus nifedipine. Table 2 shows that pre-equilibra-

[N i

tion with nifedipine resulted im-gonduction block during ischemic -
conditions in all preparations tested. Alnhoug‘ pre—equilibratlon with
. -

nifedipine exacerbated conduction block during, ischemic conditions, .

pretreatment did not cause significantly greater depolarization of

[

Purkinje tissue (not iliustrated). N
"Ischem{; conditions result E;hgfﬁi;ectlonal deprésslop of conduc~
tion between Purkinje and muscle tissues (Feryier gg_glza‘lwﬁﬁa). In
;ﬁe present study exposure to i;cﬁentc conditions resnltsd in 1 of 20
preparations displaying conduction block in wuscle tissuey (T?hle 2}

3 W
b

-
> v
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when stimulation was delivered to Purkinje tissue (free running false

tendon). In the presence o% nifedipine, ischemic conditions caused con- '

a

duction block in 4 of 7 prepardations. However, these preparations were

stimulated at a site on the paplillary muscle, . Therefore these observa-

. Ll

tions may represent elthe€r conduction_block or failure of, excitation in
. - ¥
muscle or Purkinje tissue. All preparations in this group that display- °

ed conduction block/inexcitability in muscle during ischemic conditions
with nifedipine, also displayed conduction block in Purkinje tissue,
All preparations pre—equilibrated with nifedipine displayed gonduction

block in muscle when stimulation was applied to Purkinje tissue. In

-

contrast, exposure to ischemic conditions in the presence of verapamil
resulted in only 2 of 7 éreparations‘dtsplaying conduction block in \
muscle when stimulation was delivered to Purkinje tissué. This ratio is
less than that of control. These results 1né1cate that ischemic condi~
tions in the presence of nifedipine results in a greater 1nc1dénce of
cgnduction block/inexcitapility in muscle tissues compared to

verapamil. Also, pre—equilibration with nifedipine appears to enhance

conduction block in both Purkinje and muscle tissues during ischemic

conditions. ,

w hd *

c» Changes in developed tension

£,

Figure 6a shows the effects of varapamil on the changes in devel~
oped tension of, Purkinje fibars durinh ischemic conditions. In the

absence of druyg d%yaloped tension declined to :sero after 10 minutes of

[

axposurs to lschemic conditions. In the presence of varapanil angd

]

ischewic conditionk the developad tension was significantly reduced com~

-
1 ¢ N [

4



- ’ T o control (n=8)

A verapamil (n=8)

r

(mg)

DEVELOPED ~TENSION

\ TIME (min)

Figure ha

Effects of hchemic lScnnd!t:f.nrms on changes in Jdeveloped tensioa in
1
Purklnle tisgue in the absence and presence of weragamil, e ur-i!n-m-

indicates the developed tensfon in m2 as a function of the sural ton of
exposure to ischemic conditions. Ischesic conditions began at

minutes, 'JAata points represent neantstamdardoerrors.  ata dere

»

anatyzed for sipniftlcance using a paived [-tsst, ‘
#

* aimificantlv Jifferent from control, P40

o
N 7 & . .
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pared to the control at 4 minutés. Developed tension in Purkinje tissue

¥

declined to zero with 6 minutes of exposure to ischemic cpnditions in

K

. - - A
the presence of verapamil. The effects of nifedipine on developed. ten—

" sion during ischemic ‘conditioris are shown in Figure 6b.. In the presence
. y . ~

of nifedipine, develpged Fension was significantly less than control at

4 and 8'minutes. The.time required for developed tension to reach zero
v

o\

during control isghemlic conditions was greater 'than 10 minutes. 'The

-

time required fof devéloped tenslon to reach zero in the presence of,
Ll Y]
nifedipine .and ischemic conditions was 8 minutes. Figure 6¢c shows .

changes in develoyed tension during ischemic condltions plotted as a ’

1

percentage of the pre~ischemic value. The controls for nifedipine
treated and verapgmrl treated preparations were pooled. The rate of
decwease in developed temsion during isehemic conditions 1n'Fhe presence
of vérapaﬁil or nifpdip;ne was siﬁiiar 1.e,-the lines are parallel and
theﬂslopes are similar. However the rate of decrease iq de;eloped
tension was much g}eater than control Lschemic conditions (after 2
minutes). These¢ results suggest that ischemic ;onditions in the
ptesenée of calcium channel‘blocking agents.cause 'a significantly,
greater decrease in developed tension in Purkinje tiaaue“compared/to
ischemic conditions aone. Also, the time to reach zero developed ten-

* gilon in Purkinje tissue duriung %schemic conditions was much ghorter in °

the presence of calcium channel blocking drugs.

:%f Reperfusion
" a. Changes in MDP . - a

£ 1]

Reperfusion with control Tyrode's solution following 40 minutes of .

.

»
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S Figure bc

. ® 5

Change In developed tension as a perjentage of the pre-ischemic value.

The ordinate indicates the developed tension as a percentage of the

b

pre—ischemic value. The respective controls for nifedipine and .

v N 4

" verapamil treated preparations were pooled. Data poifits represent mean

> 0y

percentage of the pre—ischemic value of developed tension.
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exposure to ischemic conditions caused marked changes in MDP in Purkinje

tissue (Figure 3, right panel). Several distinct phases of arrhythmoge-

’ L4 A
nic activity were clogsely related to' these cyclic changes in MDP. “Re-

ol - - : ‘
perfﬁaion resulted in initial repolarization (which in some cases ex-

ceeded. the pre-ischermid MDP). 'The magnitude, of the control repolariza-

1

tion ig obscured in Figure 3 because¢ only mean responses are shown.‘éﬁhe
: £

s

magnitude of the mean response was attenuated because of the transient
¥

nature of theDrepolarization[hyperpoldrization and because of slight
. @ .

lvariations in the.precise time at ‘which peak membrane potentials were

[ s o ! >

achieved. The ineidence of initial repolarization or hyperpolarization

1s summarized in Table 3. Repolarization was followed by rapid depola-

,u ‘: /f ” ‘u .
rization to membrane potentials between -45 and -55 mV. Purﬁiﬁje tissue
1 . r ’
remained at this depolarized level between 10 and 25 minutes of reperfy-

e

sion (Figure 3). Gradual ‘reCovery of membrane potential began after ap-
P ) ‘

& 1)

proximately 30 minutes'o?:}eperfusion. Recovery was complete after 60
min of reperfusion. Reperfusion in the presence of ﬂifedipine”or

verapamil did not alter any of the changes in MDP that occurred In,

.

. o L
Purkinje tissue after the initfal 5 minu€é8<qi reperfusion. However the

’ ¢

{
time required for depolarization té low memgrane potential was signifi-

L

cantly greater in the presence-rof ‘nifedipine, wixh or without pre-equil-
/ ) > ,
ibration (Table 3), Thus the MDP of Purkinje tissue in verapamil , '

treated and nifedipine treatq) preparations were significantly greater

5

than the control preparations between 3~5 minutes (Figure"3 and Table

°

3). Depolarization, during reparfuaioﬂ cylminated in a period of ¢

[] @

”

’

»
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TABLE 3 .
. oo . -
" Imidadwmdﬁn@mdképeﬁugimﬁfe&&%h:khieﬂmwmmmm ’
- 7 Reperfusionin~ Modulated,. - §
Treatment o Hyperpolarization . OAP'S induced ﬁlgmit. s / DIA Parasgystole Recovery
] * 3;,;3 S didd i ‘
Control *  Incidence 7/19 8/19 17/21 ¥ 17/21 9/21 21/21
Time (min % S.E.) 1.4 k.2 &7 69t 23.0%2.6 44,0 £ 2,0
Nifedipine Incidence . * st o7 67 . . 07 0/7. o,
Time (nin % S.E.) 2.4 £ 5% s 10.8 % 1,5% 4.4 3,6
N ,Q [} -

" Nifedipine Incidence 3/4 0/4 3/4 . 0/4% . 0/4 3/4
(30 min. Time (min % S.E.) 3.4 % 9% : 41+2.1Fs - “y 44,3 £3,0
Preequil,) ~ ) ) ) . - . \ .

. Verapamil Incidence _ sl /9 9/10 0/10 0/10 9/10
Time (min * S.E.) 2.1 % 4%- ¢« 7.9%.,7 ¢ 42,5 % 4.9
. ¥ . - - ®
e : F 4+ ) N -
. < A2 e $1

- ° é . .
Time: time elapsed since start of reperfusion; *time at peak; OAP: oscillatory afterpotential; DIA: depolarization-
induced automaticity. , .. .
+ significantly greatef than -control (P<0.05) °
T significantly greater than verapamil tresated (P<0.05) ) ) -
: membrane potsntials = -8U mV and cessation of sutomaticity . Yy,

- T
ot

- -
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conduction block and imexcitability inm Purkinje tiSsue. The time
elapged from the start of reperfusion to the onset of ihexcitability.was

measured. The time to reach inexcitability was 6.9 & .7 minutes for the’

8 3

contréls, 10.8 + 1.5 min for nifedip{he, 14.1 + 2,1 min for preLequ111L

ay v

bration with nifedipine, and 7.9 + .7 min for‘verapamil treated preﬁéra-
o . . & ) r

tions, . There was no significant-difference in the time to 1nexc1tabi-;

lity in the presence of verapamil as compared to the control. However,

preparations took gignificahtlg longer to bécome inexcitable in the

presence of nifedipine, , . - .

-
» ’

The changes in MDP occurring in muscle tissues upon repérfusibn are

shown in Figure 4 (right panel). .Reperfusion resulted in an initial ° .

phase of repolarization lasting for 10 minutes in muscle tissues fol-

« ¢ )

lowed by a phase of:moderate depolarizatﬁaﬁ (between 15 and 45 minutes),
and finally recovery by thé end of 60 minutes. MIA the presence eof

nifedipine the MDP was significantly lower tham’ in control or verapamil

4

treated preparations during, the first 5 minutes. In the ‘presence of

verapami&ithe membrane potential after 5 minutesbwas significantly

L3

greater than n}fedipine‘treated but not control preparations. The MDP

L3
]

of verapamil treated preparations also was significantly greater than
nifedipine treated preparations”(buq not control preparations) within

the last 10 minutes of reperfusion. ' ta

b. Changes in developed temsion during reperfusion

<

Thg,effecté of nifedipine on,changes in developed tension dﬁring

reperfusion are shown in Figure 7a. - In the absenée of drug developed

tension in Purkinje tissue increased from 0 to 24.0 mg within 3 minutes

!
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of reperfusion. This was followed by a rapid deéline‘in developed
tensign to 0 mg by 10 minutes of reperfusibn. De;éloped tension retgrn-

' @ . Q", a
ed by 30 minutes and increased progressively thereafter during 60

minutes of reperfusion. Reperfusion in the presence of nifedipine sig=-

nificantly reduced the developeé tension at 1 and 2 minutes: bf reper-

o

fugion. Developed tension also decneased‘tgwo by 10 minutes of 'reper-

N

fuéiqn in’ the presence- of nifedipine. Contractility returned in the

o H

presence of nifedipine but was significantly less than control between

L] “
o

50160 minutes of repeéfusion.

a
-
W

"The changes in developed tension in the absence and presenc2°of

€

verap@mil are shown in Figure 7b., In the absence of verapamil, contrac-

3

tility returned in Purkinje tissue within 1 minute of reperfifsion. The

developed tensign declined to 0 after 5 minutes of reperfusion. Con~
{

tractility then returned betwéen 15 and 30 minutes of reperfusion. 3
After 30 minutes of reperfusion, contractility progressively increased
to the end of reperfusion. In the presence'uf verapamfi (Fipgure 7b),
contractility returned ampon initial reperfusion\aﬁd was not aignificant~
1y less than the control. bontractility in the presence of vergpamil
then decreased to 0 after 10 minutes of reperfusion. COQEnactility
began to return after 400m1ﬁutes of reperfusion but was significantly
less than the control by the end of 60 minutes of }eperfusion.

Figure 7¢ shows the combined qéta for developed tension of all
controls (pooled data) compared to verapamil and nifedipine treated

preparations. The values are represented as a percentage of the

[3




-
. . . -
-
" 8
- . -
-« - N
- M 8
-
. * . R . .
- <
4 -
. ~ v s v .
P “
. 91
- > -~ -
# % “
4
. s &
L -
3 14 - L4
» = "
LI * s . <
Al -
. 4
.
M 2 [y ~ ° 4 i Wt
° .
b
1 - ..
r
'
“
o B F v
. “
’ -
v o
»
. » -
»
N 4 ' = »
u ~
Y ¢ . .
2 ,
Il *
“ -
¥ v
' - » v
A e »
' +
b
R . *
j—
. '
.
Figure 7b N
.
] -

Effects’ 6f reperfusion on changes in developed tension in Purkinje“

[N

tissue in the absence and presence of verapamil, Figure legend is thé

same as Figure 7a; . < e
» ]
, . .
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‘ Figure 7c¢
‘Change in developed tension during reperfusion as a percentage of the

pre-ischemic value. The ordinate indicates the developed tension as a

»

percentage of the pre-ischemic value. The respective controls for

nifedipine and vergpl;il treated preparations were-'pdoled. Data points

r

represent mean percentage of pre—~ischemic value.
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pre—~ischemic value.  The pattern is similar to that.seen in the graphs

dtaplaying the raw data (Figure 7a and Figure 7b). There was-a return .

of contractility within the first 5 minutes followed by a decrease ‘to

-

zero developed tension within 10 minutes of reperfusion. Contractility

reappeaféd after, 20 minutes of reperfusion. Final return of contractil-

“

ity in the presencé of veraﬁamil or nifedlpine began between 30 andiﬂb

L}

minutes of reperfusion. However return of co%tractility was slower than

control and less cémplete in the presence. of calcium channel blocking

agents after 50 minutes of reperfusion.

=3

3 ™~ ’
These ‘restlts show that reperfusion results in an initial return of

contractility in Purkinje tissue (within 5 minutes). The return of con-
v o »
tractility in Purkinje was not significantly decreased by the cafcium

channel blocking agents after 1 minute of reperfusion. After 3 miﬁutes
of reperfusion, contractilty decreased to zero both in the absence or

4
presence of Jthese agents. Contractlility appeared again after 20 minutes

'of~repbrfusion. Final return of contractilty occurred mueh later in the

presence .0f the calcium channel blocking aégnts (40 min reperfusion) and
- « [}

contractility remained significantly lower than control’ at 60 minutes of

reperfusion. .

o

¢, Occurrence of oscillatory afterpotentials

OSciliaCOry afterpotentials (OAP's) appeared in Purkinje tissue but
not in muscle during the initial part ‘of reperfusion when the Purkinje
tissue bhegan to depolarize. Figure 8 shows 0AP's recorded in a repre—
santative control experiment. OAP can be seen following therlast driven

actlion potential recqrdad from Purkinje tissue in each panel (panels A

» ’

- t § -
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' Figure 8
9

Representative experiment demonstrafidy oscillatory afterpotentials
(OAP's) in Purkinje tissue durliug reperfusion. The toﬁ'irace in each .
panel shows a record of transmembrané electrical activity from Purkinje

tissue, the middle trace 1s a recording of contractlile activity of the
same tissue, and the bottom trace indicates the stimulus pattern,

Panels A and B show the occurrence of OAP's at 4 and 5 minites respect-

ively during reperfusion in the ;bsence of nifedipine. Also note -the’

(%

¥
. occurrence of aftercontractions following driven contractions in Panels

. A and B. TPanels C and D show electrophysiological and contractile

activity in the same preparation during reperfusion in the pnesenceﬂof

LN

nifedipine, Nifedipine abolished OAP's and aftercontractions, and :

< <

reduced developed tension during reperfusion.
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"and B, top trace). A record of contractile activity is also shown in

-

« each parfel. Small aftercontractions appeared in the contractile record
from Purkinje tissue when OAP were present. The same pn‘paration was

exposed to nifedipine during a second cycle of ischemic conditions and

.

reperfusion. Panels C-D were recorded during the second reperfusion.
Purkinje tissue did not exhlbit either OAP's or aftercontractions,

} 3
Panels A and D allow comparison of responses at similar membrane potent-

ials whereas panels A and C or B and D permit comparison at similar .
bl "

times. Table 3 snmmarizes4}he incidence of QAP's occurring in Purkinje

tis;ze upon reperfusion. In control experiments OAP's occurred in 8 of

19 preparatiops during reperfusion. In the presence of verapamil,

<@

nifedipine, or pre—equlilib}ation with nifedipine OAP's did not occur.

Thus, the calcium channel blocking agents abolished OAP's upon reper-

1N
4 ¢

fusion,

d. Reperfusion-induced Inexcitability

After the initial repolarization phase seen upon reperfusion,

Purkinje tissue depolarized to membrane potentials less than -70 ﬁV.
During this phase preparations could no longer be driven by stimgli

applied to Purkinje tissue. When stimulation was applied to the endo-
0 !
cardial surface of papillary muscles, active responses were still

elicited in muscle. However, these impulses failed to propaéate to the

recording sites in false tendon. Figure 9, panel A, shows{an example
¥ b »
recorded in a representative control experiment. The Purkinje tissue

depolarized to =52 mV and became inexcitable. Action potentials were

1

recorded from a site in muscle tissue. However, the recording from )

N a
Ll

=Y

Y
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Figure 2
Effects of‘nifedipine on the sequence of elec}kical activity oc%urtiné
-in Purkinje tissue in associgtion with reperfusion-induced depolariza~
tion. Panels A—C show reperfusion in the absence of nifedipine. Panels
D-F shgy reperfuson with nifedipine in the same preparation. TIn each
panellgﬁeﬂtop trace (with reference to MDP dufing the pause) 18 a micro-
electrode recording from Purkinje tissue, the middle trace is a record-

ing from muscle tissue, and the bottom trace shows the stimulus

pattern, Voltage and time calibrations are shown in panel D.

<
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" ‘Purkinje tissue showed no active/action potentials. Only small electro-

tonic (passive) deflections were recorded. When the same preparation
. .

washgubjectedmto reperfusion in the presence of nifedipine (Figure 9,
panel DY the ;;eparqtion again.depolarized and became inexcitable. In
tke absence of calcium channel blocking agents; reperfusion—-induced in-
éxcitability occurred in 17 of 21 preparations upon reperfusion (Table
3). ﬁeperfusion-indyced inexcitability occurr;d in 6 of 7 preparations
exposed to nifedlpine, 3 of 4 pre-equilibrated a;d exposed to
nlfedipine, and 9 ?f 10 .exposed to verapamil. ??ua, although thettime '
to reach 1ne¥éifab111ty was greater Iin the presence oé nifedipine,
neither dgu; altered the incldence of depolarization or inexcitability.

i

e. Depolarization-induced automaticity - .

*

The beginning -of recovery of Purkinje tissue is signalled by the

]
appearence of automaticity at low membrane potentials (MDP<-65 mV),

This type of pacemaker activity, which occurs at membrane potentials
characterized by "slow response" or calcium mediated action potentials,
has been ‘described in Purkinje tissue (Hauswirth et al., 1969; Imanishi
1971) and muscle (Katzuﬁg and Morgenstern, 1977)., In the latter study
it has been referred to as depolarization-induced automaticity (DIA).
Figure 9 shows an example of this type of automaticity oeccurring, upon
reperfusion. buri . e pause in stimulation (panel B, extreme left),
automatic beats oci:'red iu Purkinje tissue but did not propagate to

-

muscle. During the train of stimulation approximately one third of im-

[}

pulsea in muscle induced low amplitude potentials with slow upstrokes in

Purkinje tissue. When stimulation was turned off Z minuges later, the
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membrane potenFial had 1né}eased from.—~61 to -68 mV and Purkinje tissue

e

3

still displayed automaticity (panel C). The lower trace, recorded from
a”site fn muscle, demonsérates that the spontaneous activity originmating ’
in Purkinje tissue propagated to muscle at this time. ?ol%owing fu%lA
recovegy{gthe same prégaratidh was exposeh to ;Pchemic conditions and
reperfgsion in the presence of nifedipine. Panels D-F were recordgé
during tq;’second reperfusion. Automatiéity did not occur while

Purkinje tis;ue remained se;erely depolarized. As membrane‘;otenﬁiql

recovered, Purkinje tissue frequently exhibited two levels of/;esting

potential as described by Gadsby and Cranefield (1977). Panel E was

u
I

recorded while thg'preparation wﬁs exhibiting different maximum trans-
membrané‘potqptialé in alternate pauses. When membrane potential
remained , low, automaticity-was absent (far right) (tHis contrasts
sharply with panel B, left). Only when membrane potential increased

-,

sufficiently }o allow reactivation of sodium channels did automaticity
appear (Panel_E, far left). Also there were no driven responses in
Purkinje tissue during the train of stimulation when the membrane poten-
tial remained low -enough to lnactivate sodium“channels. Purkinje tissue
abruptly repolarized to L85 mV 30 seconds later and driven action poten-
tials were immediately elicited in Purkinje tissue. Table 3 summarizes
the incidence and time onhppearance of low membrane potential automati-
city (depolarization—induced automaticity— DIA) in Purkinje tissue upon
orepenfu;ian. DIA accurred in 17 of 21 preparations upon reperfusion.
However, none of the preparations displayed DIA upon reperfusion 1‘tthe

®

presence of verapamil, nifedipine, or with pre-~equilibration with

] -

1
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nifedipine. Thus, calcium chanfiel blocking agents abolished reperfusion-—

induced DIA, ¢

Y 3 ®

f.*Parasystole

E] ~
Tissues exhibiting automaticity at low membrane potentials and

”
°

which are connected- to more polarized areas may function as parasystolic

a

b

focl upon ‘reperfusion (Ferrier and Rosenthal, 1980; Ferrier gg_gLL; ~
1985a). These investigatoés have shown tha: arqéa og tissue exhibiting
auﬁomaticity upon reperfusion may display varying degrees of entrance
and_exit block (Rosenthal and Ferxier, 1983; Ferrier et al., 1983a).
When entrance block 1is present; the' spontaneous cycle length of DIA méy
be modulated by activity fnitiated odtside thq‘automatih'focus. Figure
10 shows modula;ed parasystollc acti;igy”occurring in Purkinje tissue
upon reperfusion. Panel A shows an example of parasy§t01e with entrance
block and exit conduction., Automaticity oécurring,i;LPdrkinje tigsue
resulted in spontaneous impulses that propagated to the recording site
in musecle. During the sequen;e,illustrated in ﬁanei A, two stimull were
delivered to muscle. Both stimuli elicfted action potentials that fall-
ed to propagate to the recording site in Purkinje tissue, However éhe
first driven muscle action potential imposed an electronic depolarizda™
tion late in the automatic cycle of Purkinje tissue and caused a marked
accelération ogwihe next spontaneous firing of the Purkinje tiber
(compared to last two spontaneous beats in panel A). The accelerated
beat faileq to propagate to the recording site in muscle. The negt
driven muscle action potential occurred early in the spontaneous é}cle

of Purkinje tissue. The action potential failed to propagate g3,che

Y

»

a
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Figure 10
Panel A?* Modulated paraays;plic activity with entrance block and exit
condu‘;tioh induced by reperfusion. Panel B: Modulated parasystolic
activity with entrance block. Panels C and D: Reperfusion with
verapamil in the same preparation as in panel B. Traces are arranged as

described for Figure 9. Voltage and time calibrations are shown in

panel B.
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+ recording site in Purkinje tissue. However, it imposed an electrotonic
depolarization early in the spontaneous pacemaker cycle of Purkinje
tissue and caused a marked delay in tpe generation of the next sponthne*
ous impulse in Purkinje tissue. nThe spontaneous actioﬁ/potential propa~

gated to the recording site in muscle. Thus, Purkinje tissue exhibited
!
entrance block to test beats plus modulation of cycle length of auto-~

maticity. Panel B shows a simllar example of entrance block with modu~-

«

lation recorded from another preparation. However this preparation

exhibited complete exit block. Following full recovery the preparations

1

were subjected to ischemic conditions and reperfusion in the presénce of

<

drug. Panels C and D were recorded from the same preparﬂation as in
;anel‘B with a second reperfusion in the presence of veragamil. Low
membrane-potential automaticity was inhibited in the bresence of
(verapamii. ‘Fifteeen seconds later (panel D), the Purkinije tissue
abruptly repolarized to a higher membrane potential, and active action
potentials were elicited in Purkinje tissue with eaqh stimulus of ;

)

train (i.e. no entrance  block). Only at thls higher membrane potential
was automatiecity observed in ?utkinie tissue. Thus enérance block dig=
appeared abruptiy with khe return of actlive action potentials. Tablé 3
summarizes the incidence and time of appearance of modulated parasys-
tolic activity occurring in Purkinje tissue upon reperiusion. Parasys~—
tole was said to occur whean Purkinfje tissue displayed 1ow membrane
potential automatiaity (MDP<~65mV), entran@e block, and modulation,
Parasystolic activity occurred ia 9 of 21 preparationa npon reper-

~ fusion. Neither eui!lpce block nor modulation of automaticity could be

* Al

4
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demonstrated in any of the preparations exposed to calecium channel,
e v
blocking drugs. Thus the calcium channel blocking agents prevented mod—

[ ’
.

v

1

ulated parasystolic activity,

o

- Recovefy of electrical activity upon reperfusion

o

We have found that not all preparations attain the same membrane
L] “
potential at the end of 60 minutes of reperfusion, compared to the pre-

ischemic value., lowever, preparations do not disﬁlay automaticity at

¢

me@ﬁ}ane potentils gfe&fer than ~80 mV during reperfusion. Therefore

o

recovery was defined as having occurred when the membrane potential of

Purkinje tissue exceeded —-80mV and when automaticity ceased,” All pre-

parations in the control group recovered within 60 minutes of reper-

‘fusion (Table 3). Similarly all preparations recovered\ip the presence

of nifehipine‘ In the presgnce of pre-equilibration with nifedipine 3
of 4 preparatlions recovered, and in the presencé of verapamil 9 of 10
recovered. The time required for overy is also summarized in Table
3. Recovery occurred at 44,0+2.0 tes during #%e camtrol reperfu-m
sion. In the presence of nifedipiné or pge-equilibtation with nifedi-
pine, recovery occurred at 41.4&?.5 minutes And 44.3+3.0 minutes.
Recovery in the praesence of verapamil took 42:3:9.9 minutes., These

. *
results show that calcium channel blocking agents do not alter the re-

covery of electrical activity of Purkinje tissue following reperfusion.

] L] L7

3. Summary

Ischemic conditions caused a ggcrease in membrane potential, de~
pressed excitability, and Indu conduction block between muscle and we-

Purkinje tissue. The presence of verapamil or nifedipine resulted in a

L
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significantly greater depolarization of Purkinje tissue and increased

\) -
incidence of iqexcitability br conduction block in Purkinje and muscle
# .
tissugi during Ischemic conditions. Ischemic conditions also resulted
. “ -

in a deerease In. developed tension in Purkinje tissue. In the presence
of verapamil or nifedipine, developed tension in Purkinje tissue decrea-

sed mucé fagter. ¢

B [y
Al

Return to non-ischemic conditions in the absence of drugs resulted
in a complex sequence of responses in Purkinje tissue: prompt hyperpola~
ri;ation, progressive depolarization to inexcitability, and final raepol-
“ariz;tion to control me;brane petentials. Fi;al repolarization included
a phase of automaticity at %gw mepbrane pog;ntlals, during which
Purkinje tissues functloned as ahparasy§tolic focl, In the presence of
verapamil or nifedipine reperfusion-induced depolarizacionegf Purkinje
tissue was unchanped. However océurrence of oscillatory afterpntent~-

pials, low membrane potential @utomaticity, and parasystole was abolish-

’ed. Return to non—ischemic conditions in the ahsence of drugs also

resulted in a partial return in developed tension within the first 5

\_\J minutes of reperfusion. After 5 mimutes of reperfusion, contractility

" decreased to zero., Return of contractile activity was observed after 20
minutes of reperfusion. In the presenceMSf alcium channel biocking
agents, a aimilaé”return and decline in contractility was ohsecved upon
initial reperfusion. Final return of contractile jactivity in the
presence of calcium channel blocking agentp occurred much later in re—
perfusion ang was sigpificantly attenuated in comparison.co control at

-

the end of 60 minutes of reperfusion. :

8]
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Y )
B) EFFECTS OF ISCHEMIC -CONDITIONS ON CALCIUM~-DEPENDENT ACTION POTENT-~

IALS : L .
- . /"

Sperelakis and Schneider (1976) proposed that caleium channels in

1scﬁéﬁ1c cells may not be available for activat}én because of decreased

/
ATP levels, decreased pH or accumulation of gome metabolite. Ischemic

conditions in the present model caused depression, of congractiogs in
Purkinje tissue. Reperfusion caused Purkinje tissue to depolarize to a
low membrane’potential and was associated with inexcitability and de-
ﬁression of coﬁgiaé;ions in this tissue., Final repolarization of .
Purklnje1n§ssue was assocliated with a phase of automaticity at low
memb::;e potentials, Contractions returneg in Purkinje tissue during
recovery of membrane potential. Tﬁese obgervations suggest that
ischemi; conditions and reperfusion may have effects on inact;vation and
racovery of the slow inward céicium current in Purkinje tissue. If this
i1s so, ischemic conditions and reperfusion may affect the induction of
calcium~dependent action potentiéls. The effects of ischemic conditions

13

and reperfusion on calcium-dependent aétion potentials in Purkinje ¢
tissue were lnvestigated usiﬁgya current clamp' method to depolarize

Purkinje tissue. Automatigity observed in depolarized canine Purkinje
fibers (MDP<-65mV) is déééndent on the slow Inward caleium current for

its activation (Imanishi, 1971) and will be referred to as depolariza-'

tion~induced automaticity (DIA), .
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1. 1Ischemic Gonditions

a. Induction of DIA,

.The effects of ischemic conditions on DIA are shown in Figure 11.
* During con£r01 conditions (panel é), depolarization of Purkinje tissue
ntoba MDP of =39 mV elicited DIA with a cycle length of 463 msec. Panels
B and C show electrical activity in Purkiﬁﬁe tissue during ischemic con-
d££lons;f&%faces in panels B and C were recorded from Purkinje tissue
depolarized to similar membrane potentials as in panel A. The cycle

length of DIA increased to 609 msec after exposure to ischemic condi-

,tlons for 15 minutes (panei B). Also DIA was not sustained for the du—

5 -
1

ration of the curre}t elamp. The current clamp elicited 2 automatic

beats followed by a gib-threshold oscillation. DIA was not elicited

I

when the membrané petential was depolarized to =41 WV in panel C, In
this preparation there was total inhibition of calcium-dependent action
potentials after 25 minutes of exszure to 1schemic'conditions. Inhibi~
tion was said to occufnwhen automaticity could notfbe elicited at
membrane potentials less than =65 mV. The effects of idchente condi-
tions on tPe electrophysiological changes in DIA were“investigatéd in 10
Purkinje fibers. All 10 preparations showad an increase in cycle length
of DIA. Nine of 10 preparations showed inhibition of suggained DIA,--
similar to that shown in Figure 11, panel 8. Four of 10 prébarations
showed a cessation of DIA (similar QZ Figure 11, panel C) at all

membrane potentials tested. Thus, ischemic conditions strongly inhibit-

ad DIA. ?
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Figure 11 -
I

A representative experimeni demonstrating the effects of ischemic condi~
tions on depolarization—induced automaticity (DIA) in a Purkinje fiber,

?races\from top to bottom in each panel are: Purkinje electrical’
(1 o
activity, record of current application, and stimulus pattern. Panel A

‘s

shows induction of DIA in response to a depolarizing current pulse.

Panels'B and C show the effects of ischemic conditions om DIA. At 15
minutes of exposure to ischemic conditions (Panel B), DIA was not:
sustained during the application-of depolarizing current, aThe cyc}e
1engtﬂ of the initial two automatic beats was also increased. DIA was

inhibited 10 minutes later (Panel C).

\»

4
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b. Cycle length of DIA . . .

The changes in cycle length of DIA in Purkinje tissue during .

1séﬁemic conditions was also determined. This was done 2 wayé. First, '

-

the changes in cycle length of DIA at one membrane potential were de&er-

mined. Figure 12 shows changes in cycle length of DIA at a MDP of -50-

® ¥

+2 mV in a preparation that displayed automaticity at this membrane po-

[

tential for the duration of ischemic conditieyg. Within the first 5
* /

minutes of ischemic conditions, there was an” abbreviation of the cycle

- . ’ L]

length of DIAy ‘After 5 minutes of exbosure to ischemic conditions, the

cycle length progpessively increased with conginuéd‘exposure to iSchemic *

.

conditions. At the end of the period of ischemic conditions the cycile

H <L

length of DIA was greater than the prerischemic value.
Changes in the cycle length of DIA over a range of membrane ﬁotent—

fals were also determined during ischemitc conditions. Figure 13 shows

*

. changes in cycle length of DIA as a fuudtion of membrane potential

between =60 mV and ~10 mV, Within 20 minutes of initiating ischemic
condit:i.oms,¢ the cycfg/length of DIA had increased with respect £O°gon'

téol at all MDP's between ~45 and —55 mV. Similar measurements after 30
minuteq”of exposure to Iischemic conditions demonstrated a further in- .
crease In.cycle length of DIA. All 10 preparations showed 'an increase '

¢

~
in cycle length of DIA., These results indicate that ischemic conditions

~

cause- a similar progressive increase in the cycle lsagth of DIA at all

membrane potentials,

b -

o
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s N .
Figure 12o : -
‘ngect of ischemic conditions on chaunges in cycle lengtﬁ of DIA at a

membrane potential of -50 mV in a Purkinje fiber,’
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The eftects of membrane potential on cycle length of DIA during

113

exposure to'ischemic conditions. Control indilcates the cycle length of

L3

DI1A obCainé& prior to exposure to ligchemic conditions. The cycle length

of DIA increased over the panpge of membgane potentinls tested at 20 and

" 30 minutes of exposure to lschemic condltions,

-«
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C. Threshold voltage for induction of DIA

Ischemic conditions may inactivate oﬁl;‘a certain fraction of
calcium channels and thereby shift the membrane potential at which
calcium—dependent action potentials can be elicited to a more depola-
rized level (i.e. less:negative). Thus, ischemié conditions may inhibic
calcium—~dependent action potentials at membfane potehtials very close to
the threshold for activation of thecalclum current, but ;ot at more .
negative membrane potentials. Figure 14 shows results from an experi-
ment in which changes in the threshold wvoltage for DIA were measured
during exposyre to ischemlc conditions. DIA coul& be elicited at MDP's e
rangiﬁé between —-63 and =15 mV during the pre-ischemic pgrlod: Between
0 and 10 minutes of exposure to ischemic conditions DIA was obtalned
between MDP's of ~46 and ~15mV. However DIA could not be elicited by
depolarizing the tissue to MDP's between ~57 and —46mV. At 20, 25, and
30 minutes of expoéure to ischemic conditions, DIA could not be elicttehu

. 2

at MDP's more negative than -36mV. After 35 to 40 minutes of exposure R

to i;chemic conditions DIA was only elicited by the eurrent clamp )
hetween MDP's of =36 and -33mV. DIA &ould not be elicited between -33
and -15mV., These results s;ggest that ischemic conditions may shift the
threshold voltageqfor DIA to 1es§ neéative membrane potentials and also

» .
decrease the range of membrane potent}als over which DIA can be

elicited. .

*

.

d.  Action potential configuration’

»

Q@

*

The action potential of Purkinje tissue is characterized by a dis-
; ;

tinet g!ateau. The qlow inward current 1is believed to contribute to




w

Figure l14. ,

- Al

The effects of ischemic conditions on threshold voltage of DIA in a

burkinje fiber.
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Fipgure 15

Change in action potential confipuration Iin Purkinje tissue with
exposure to ischemic conditions. Panel A shows ancontrol action
potential configuration.ssPanel B was recorded after 38 minutes’of

t

w
axposure to ischemic conditions.
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the ;1ateau phase of the action potential. Inhibition of the slowi§n~
ward current results in abbreviation of the action potential plateau
(Kass and Tsien, 1975). Therefore the effects of ischemic conditions on
the actlon potential piateau were also measured. Figure 15 shows the
action potential configuration of a Purkinje cei% gefore exposure to
ischemic conditions. 5 distinet plateau can be observed. After 38
minutes of exposure to ischemic conditions, the Purkinje cell had
depolarized, amd the plateau was esséntially abolished. A similar

abbreviatien of action potentiél plateau was seen in all 10 preparations

at the.end of exposure to 1schemic conditions. . .

N

2, EEEECTS OF REPERFUSION ON CALCIUM -DEPENDENT ACTION POTENTIALS

¥

a. I&!ﬁction of DIA

One might predict that, 1if ischemic conditions result in inhibition
of calcium mediated action potentials then retura to non-ischemic condi-
tions should result in restoration of calcium mediated action poten-—
tials, PFlgure 16 illustrates the effects of reperfusion on DIA (same
preparation as Figure 1l1). In panel A, at 1 minute of reperfuslion, DIA
returned but the activity was not sustained. Onefminute later, depola-
rization to 5 similar membrane potential did not elicit any auta&aticity
in Purkinje tissue. The tissue was depolarized in the absence of exter—
nally aﬁplied electric current  at this time, and a couple of minutes
later became inexcitable. DIA could fnot be elicited at any membrane
potential between 2 and 20 minutes of reperfusion. After 20 minutes of

reperfusion Purkinje tissue remained depolarized but QLA.cauld be

elicited again when the MDP was decreased to —~37 mV by applied current.
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42

»

g , Figure 16 -
" . A
Electrophysiological changes in DIA during reperfusion after ischemic
' '
conditions in the same preparation as in Figure 11. Traces from top to

[

bottom in each panel are: Purkinje electriecal actlvity, record of
current application, and stimulus patte;n. MDP= maximum diastolic
potential of the first action potential elicited by a current pulse.
CL= cycle length of the fir;t two automatic beats elicited by a curregi

“

pulse. i -y
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P

Therefore depolarization in response to reperfusion was not! the cause of

inactivation of DIA. Automaticity had a longer cycle length, than
] . NN -
observed at a similar membrane potential after 1 minute of reperfusion.

Al

With further recovery, Purkinje tissue regained excitabi%ity, and active

responses propagated to the recording site. As spoptaneous MDP gradual=~ '

<

ly inéreased, the cycle length of DIA elicited by depolarization to =37

to ~39 mV decreased (panels D~FJ.

r ! R i
Inhibition of DIA occurred fpequently‘early In reperfusion. Figure

17 shows the number of preparations in which DIA were inhibited at all \

membrane potentlals during reperfusion. Four preparations displayed in-

-~

hibition of DIA at the end of the "ischemic" perlod. After 2 minutes of

o
repeifusion, the number of preparations displaying inh}bition of DIA in-
creased to 7. Inhibition of DIA gradually decreased with time: Afggr‘
20 minutes of repe;fusion, DIA remained inhibited in only 2 of 10 prepa-—
rations. Subsequently, all preparations exhibited DIA w%th depolarizing
<current pulses. These results suggest that reperfusion may cause an

”

initial fnhibition of DIA above that seen during ischemic conditions.

2

D Cyclle length of DIA:
.a\ o

In addition to causing a second inhibition of DIA, reperfusion also
N ) ) -
alcered he cycle length of DIA. The changes in cycle length of DIA at

4 MDP ~50mV+2mV during reperfusion are shown in Figure 18. The pre=

-

1schem1c value for the cycle length of DIA at a MDP of =50 + 2mV is also

1nd1aased. DIA_a; this membrané potential was not abolished during re-

! »
perfusion in the example 1illustrated. The cycle length of DIA decreased
L] '3 4

»

durfng the initial 20 minutes of reperfusion to values similar to that

¢

o
N
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Figure 17

The number of preparations in which DIA were inhibited at all membrane

potentials during reperfusion.



|
i
3 N

, ) ) 123
.. 760 ' - “
680 — |
N ] i
.3
E
< 600-
(o]
. -
() 4
qI
=h
< 520~ * e
— ﬁ~ - ) . i ) "
o Pre-Ischemic T 'f v
et 440~ ! . s "
360_ ’v~ N ° ‘ ‘
. TA T T L) J . ¥
0 10 20 30 40 50 60
" - DURATION OF REPERFUSION (min) ;
® . T Frgure 18 ‘o

Effect of , reperfusion on changes in cycle leangth of DIA at a membrane

-

\
potentfal of =50 mV in ‘a Purkinfe fibgfm

0
) 3 1

o



2
w , 124

ARy

\\mﬁ\\\\\\¢;rta1neg during thé pre-ischemic control. The ecycle 1engtﬁ of DIA then
ncreaged éradually for the remainder of  reperfusion.

v

“

he changes in cycle lengths of DIA over a range of membrane poten-—

tials were also investigated. Figure 19 shoW#changes in cycle lengths

Y

5" . of DIA over a range of membrane potentials during reperfusion. At 20

minutes‘ofhreperfusion, the cycle lengths of DIA at all membrane

potentlals tested were similar to those obtained before exposure to

ischemic conditions. However as the duration of reperfusion iancreased,

E ¥ -

5

o ) there was-a progressiye increase in cycle lergth of DIA at all membrane
. ' P

potentials tested.

-

The effects of reperfusion on changes 1in cycle length of DIA are

[

summarized in Table 4 for all 10 preparations studied. The cycle length

of DIA during reperfusion was compared to the cycle length of DIA

14

obtained during the prewiscpemic period, If the cycle lenpgth of DIA
obtalned during reperfuslon was different from cthe pre-~ischemic value by
greater than 10%, then the appropriate, increase or decrease was desipy—
nated. Initi;lly, upon réperfusjon (at 2 minutes), the three prepara-

tiong displaying DIA, had cycle .lengths greater than the respective s
" ' 1 !‘ - -

coptroly, After 20 minutes ‘of Eeperfusion, 4 of 8 preparations display-
ing DIA also ‘showed an increase in cycle length of automaticity. How-

. ever 3 of the remaining 4 preparations had cycle .lengths of DIA similar

v
o

to theilr respective pre+ischemic values. At 30 an%‘GO minutes of reper-
e
fusion, 7 of 10 preparations showed an increase in cycle lenpgth of DIA,
> ~D L4 ~
0 These results suggest that initially upon reperfusion (within the first

]

&
S 20 mingﬂes), there may be abbreviation of the tcycle length of DIA to

*
-
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A WITH REPERFUSION (

CYCLE LENGTH OF DI
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Figure 19

The effects:of membrane potential on cycle length of DIA during exposure

o

to reperfusion, -
L<a
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Table 4: Effect o'zf Repérfusion on Changes in Cycle Length of DIA _
N ; - b

Time (min) CL Decreased éL'Same "CL Inecreased DIA Abolished
2 . ) 3 b7
5 o 1 3 © s
10 1 1 T2 . 6

‘ 20 1 3 . & 2 ;
30 2 . 1 7 0
60 1 0 2 7 0

N=10

CL=Cycle length of DIA

Comparison made with the pre—ischemic control cycle length of DIA.

~ I

Fl

L4

4
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L 4

values- similar to pr§~1schem1c controls,. However after 20 minutes .of
o r

repeffusion, the cycle length of DIA 1ncreased'ab5ve pre—=ischemic

»

values. e
G Jhald B

¢. ° Threshold véltage for fhduction of DIA .

* ‘fz’) '

Because, reperfusion caused inhibition of DIA, the effects of
.U L~ A o
reperfusion:on the range of membrane potentials at which DIA could be
elicited were also investigéted. Eigure 20 shows an example of the
B s Y . 4

range oé)membr?ne ﬁotentials at which DIA could be elicngd qpﬁn repé?* ®e
fusion (same experiment as Figure'14;: Within 5 midﬁtes éf reperfusion,
the range of MDP's at which DIA could be elicitéﬁ was increased compared
to the rang; obtaiped at thekend of 1schemic conditions (compare Figure
14 at 35-40 min to Figure 20 at 0—§'min)¢ This was seen in 7 of 10
preparations. However a} 10 minutes o?lreperﬁusion, DIA could only bhe
elicited at -26mV. This inhibition remained at_ 20 minutes of reper—~ ~
fusion at which time DI% could only be elicited between —37 and -éSmV.

However at 30, 40, and 60 minutes of reperfusion, DIA could fo elicited
' &

..over a wide range of membrane potentials. Similar results were seen in

akl 10 preparations. These results indicate that reperfusion initially
resylted in narrowing of the range of MDP at which DIA could be elicit=

: . . <R
ed. ~However final recovery of Purkinje tissue during reperfusion was °

a
L [ ?

assoclated with return of DIA over a wide range of membrane potentials,

d. Action potential c6nfiguration . Y

Figure 21 shows changes® in action potentiélf&ﬁnfigur&tian In a
" ’a .

pregpration during reperfusion. The effects of ischemic conditions in "

. 7 ': Y - b4
"thig preparation are shown in Figure 15 panel B ‘and were discussed in an

1 1
[ -
3 o »

¥

a
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Figure 21

1

The effect of reperfusion on changes in action potential configuration
. in a Purkinje fiﬁer. Panels A-D were recor&edaffbm the same preparation
‘ as in Flgure 16, In panel A, at 5 minutes of reperfusion, a hyberpolar~
»1zing current pulse was applled to increase the membrane potenﬁiél to
the same as that of the control ( Figure 16, panel A). In panel B a
similar hyperpolarizing current pulse was applied to increase the
! membrane(potential to that of the control. In panels C and D, the

@

membrane potential of Purkinje tissue had recovered to control values.
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earlier section. JIn panel A, at 5 minutes of reperfusion, the prepara-

«? .

»

tion became Inexcitable at a,%ow mémbrane potential. At this time DIA

¥ :
could not be elicited at any membrane potential. To compare the action

[N

potential configuration at this ‘time to the control, the tissue was hy-

P

S

perpolarized by extracellular applica?}eﬁ/g} current to a membrane

potential similar to the control., Within 5 minutes of reperfusion-there

-

was a marked abbreviation of the actlion potential plateau’ plus a shift

L7

F t a .
of the plateau to more negative *membrane potentials (compare Figure ar

panel A to Figure 15 panel A). However a ¥ree fast sodium upstroke

f

could still be elicited at this time whgd the eell was hyberpolarized.

’
At 25 minutes of reperfusion, the tissue wag still depolarized. At this

&

time DIA could be elicited, but only at very low membrane potentials.-

Hyperpolarization to a membrane potentigl,similar to control (Figure 15

a

panel A) allowed a stimulated action péteﬁtial to be elicited. However

the plateau remained abbreviated at thisytiﬁg. At 43 minutes of reper-.

. -

fusion, the membrane potential returned to control levels. Therefore a

hyperpolarizing pulse wa¥ not needed to return the membrane potential

back to control levels for comparisons. , At this time DIA could be

readily elicited at a wide range of membrane potentials. Panel D shows

the configuration of the action potential at this time. The configura=-
N L ) ‘

tion of age plateau had returned close to that of the control action .
potential. The plateau of the action poten£131 remained at 60 minutes
of rep?rfusion (panel D)?' These' observations demonstrate that early in
reperfusion there is an abb;eviation of pye action potential plateau, at

&~ &

a time when DIA cannot be elicited. These results provide additional
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evidence that the calclium channel is inactivated during reperfusion,
Furthermore, alth&hgh the calcium channel was inactivated, the f{ast
sodium response was stlll available during reperfusion, as long as the
membrane potential returned close to control values. It should be noted
that hypgrpolarizing current pulses were used throughout the stimﬁl&ﬁed
action p;tentials shown in Figure 21 (Panels A and B). Therefore, some
of the reduction in the plateau may be attributed to enhanced repolari-

zation due to the thyperpolarizing current pulse.

3) SUMMARY

-

2

Ischemicibonaitions'increase the cycle iengtn of DIA, prevent sus-

tained DIA may result in complete cessation of DIA. The increase 1in

L]

cycle len of DIA during ischemic conditions occurred over a wide
range of membrane potenti;lé. Ischemic conditions lowered the MDP'g at
which DIA could be elicited (l.e. shifted the threshold voltage to less
negative values). Inhibifi&h of DIA during iséhemie'conditions was Q
assoclated with abbreviation of the action potential plateaun.
Reperfusion initially resulted in return of DIA in 0% of ptépnra«
tionsg, but only at very hepclarized membrane potentials. Reperfusion
was also "assoclated with a secondary inhibition of DIA in 50% of prepa=-
ratlions. However NDIA returned later in reperfusion when membrane
p?t?ntial began to recover in Purkinje tissue. Reperfusion also caused
changes in cycle length of DIA. The cyecle length of DIA duriny initial
reperfusion (within the first 20 minutes) shortened to walues similar to

those achieved during the pre-ischemic period. After 20 minutes of
4

reperfusion, the cycle length of DIA progressively increased ahove the
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pre—ischemic values. Reperfusion init1ally decreased the membrane

-

potential range at which DIA could be elicited. However as the duration
of reperfusion increased, DIA could again be elicited over 8 wide range
of membrane potentials. Inhibitisn of DIA during reperfusion was asso-—

clated with an abbreviation of the action potential plateau, As DIA

returned later in reperfusion, there was an increase in the action

.

potential plateau.

C)  EFFECTS OF BAY-K8644 ON CALCIUM-DEPENDENT ACTION POTENTIALS DURING

ISCHEMIC CONDITIONS AND REPERFUSION .

" The availability of calcium-mediated action potentlals was
decreaged during ischemic conditions and reperfusion. BAY-K8644 is a
gihydropyridine'(a nifedipine analogue), whicﬁ has been found to have a
positive 1notrop1c effect and vasoconstricter action (Schramm EE:EA::
1983), This drug has been shown to prolong the mean open time of the
calcium channel (Kokubun and Reuter, 1984) and to increase the magniéude
of the ;alcium current, although some Ca-antagonists properties have
been reported (Hess et al., 1984). Therefore BAY~K8644 might be expect=
ed to prevent imactivation of the calcium channel in a dynamlic system
suéh as Lschemia—and reperfusion. The effects of BAY-K8644, "a calcium
agonist”, on changes in DIA during ischemic conditions and reperfusion
were investigated in 6 preparations efposed to ischemic conditions and
reperfusion. Following recovery from a control reperfusion a second
exposure to Lschemic conditions and reperfusion’in the presence of BAY-

K8644 was performed.

’ »
L . ~
a '
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1. Effects of Ischemic Conditions’ In the absence and presence of
A

BAY-K8644 on DIA

a. Cycle length of DIA -

&

Because ‘BAY-K8644 incréases'Ga~conduetance, it might be expected to
v

decrease the cycle length of DIA. The effects of ischemic conditions in
the absence and presence of BA?—K8644 on chanées in cycle'length E NIA

at one membrane potential were determined. Flgure 22 ghows cﬁanios in
I

-

eycle length of DIA (MDP = =50 + 2mV) during ischemic conditions,

Control ischemic conditions initially caused a decrease in cycle length

—

{within 5 minutes) followed by a progressive “lncrease in cycle length of
r '] - » -
DIA. 1In the presence of BAY~K8644 ischemic conditions:canded a preater

decrease"in,cycle length of D}A withi%“S minutes of expnsﬁre to isgchemic
conditions. However after 10 minutes of exposure to’iachemié énnditinus
with BAY-KB8644, the cycle length ;f DIA progreqaivel} increased to
levels greater than observed with ischemlc conditions ﬁloue. There wis

compleie inhibition of DIA by 25 minutes of exposure to ischemlt condi-

‘tions and BAY-K8644., Table 5 summarizes the data from all b prepara=-

/ e
.

tions. All comparisons of DIA were made to Fhe requptfbg”pre‘iachemic'
control values for DIA., DIA was abolished in 1 preparatinn early duriﬁu
exposure to ischemic conditions, whereas l preparation qhdwad a decrease
in cycle length of DIA, a;d 4 showed an increase {n‘*cycle length of
DIA. TLater during the control {schemic conditions (35=40) minu;es}, 2/ 3
of preparations showed an increase in cycéle length of DIA and 1/4 of

preparations showed an inhibition of DIA, Farly during fschemic condi-

tions in the presence of BAY~K3b44, half of the preparaiions showed 2

"

G

—

°
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. Figurel?l.

Change f{n cycle Iéngth of DIA at =50 nV ﬁuring ischenic conditi&hs in

-

the absehce and péesencg of BAY-K8644 in a Purkinje fiber. DIA was

©

"inhibited after 35 min&g!s of.exposure to ischemic’conditions. -In the

presence of BAY-K8644 and 1scﬁ3mie conditions, DIA ‘was inhibited after

25 minutes.

-
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Table 5: ELEffects of Ischemic Conditions on DI@ in the Absence and

Presence of BAY-k3644

Time (min) Intervention

CL Decreased

CL Increased DIA Inhibited

~

15. I 1 » 1
I + Bay-k8644 3 3 -
20 ) I - 4 2
i I + Bay-k8644 2 4 -
. b
30 I - 4 2
I + Bay-k8644 - 3 3
35-40 , I . - 4 - 2
I + Bay-k8644 - 2 4
N=6
I=Ischemic conditions
Comparison made with the respective pre-ischemic control value, -

re

14

\
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decrease in cycle length of DIA, and.half showed an 1ncrea§e in cycle \

length of DIA. Later in ischemlic conditions in the presence of BAY-

d

K8644 (30 minutes) half of the preparations showed an increase in cycle
™~ R
length of DIA and half displayed cessation of DIA. By the end of

b ¢
ischemic conditions in the presence of BAY-K8644, 1/3 of preparations

o

showed an increase-in cycle length of DIA, whereas 2/3 of preparations

\]

. displayed cessation ofVQIA.. These results suggest that initially during

ischemic conditiens, BAY~K8644 tends 'to prevent iphibition of DIA.

However ‘later during exposure to ischemic conditions, BAY-K8644 was

. QF\ P © N
unable to prevent the increase in cycle length or abolition of DIA. \

b. Threshold voltage of DIA

. If BAY-K8644 1s able to stimulate calcium—-dependent action potent-
ials, then it might be expected to decrease the degree of depolarization
needed to elicit DIA during ischemic conditions. Figure 23 shows the
effects of BAY-K8644 on the range of membrane potentials at which DIA
were elicited during ischemic conditions. In the absence of BAY~k8644,
ischemic. conditibns caused a progressive decrease in the threshold
voltage for initiation of DIA (see previous secgi;n also). After t@e

tissue had recovered from the first cycle of ischemic conditions and re-~

perfusion, a second cycle was conducted. The second pre-ischemic coﬁ-

trol was performed in the absence of BAY-K8644. As shown in Figure 23, *

DIA coufd be elicited only at more depolarized potentials durfng the
second pre~ischemic control. Between 0~10 minutes of exposure to
ischemic conditions in the presence of\@AY~K8645; PIA could be elicited

at higher membrane potentials than the cqrresponding time in the

)

a

13

*
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Figure 23

Change in threshold voltage for activation of DIA in the ahsence and
presence of BAY-K3644. The open bars indicate the range of membrane

potentials tested for DIA. The”shaded bars indicate the range of

membrane potentials in which DIA was obtained.

r
+
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presence of isghemic conditions alone. This effect of BAY-K8644 remaln=-
ed. at 20, 25, and 30 minutes "of exposure to ischenic cbndition& and .-,

BAY-K8644, Therefore in the presence of ischemic,conditions and

BAY-K8644 there was an,increase in the range of membrane,potentiais over

» £ 3
°

‘whiqh DIA could be eliéiged coﬁpared to 1ischemic conditions‘alone.

However 1in the preéence of BAY-K8644, ischemicsconditions 'also decreased

N " 1 )

ghreshold voltage for initiation of Dlg. At 35-40 m¥nutes of exposure *

o

to ischenic cohditions and BAY-k8644, DIAjwas abolished. However in the
i’ o

]

' presence of ischémic’ﬁonditiéns alonéwlDIA could still be eliciféd, al-

though only at potentials much less than in the pre—ischemic control.
. . & -
« Table 7 summarizes the effects.of BAY-k8644 during ischemic conditions
t - '
o the .change in threshold voltage for DIA at comparable times evaluated

‘huring exposure to ischemic conditions alone. Between 0~10 minutes of
exposure to ischemlc conditions and BAY-k8644, only 2 preparations were
_Qvailable for éomparison,wsinge the other 4 preparations were not tested

in tge same membrane potential rénge as the control 1s;hem1c condl-
tions. In thése 2 greparations, DIA occurred at a higher membrane
potential when ;ompared to ischemic c;nditions alone. At 20 minut;s of
exposure ,to ischemic cond%tions‘&nd BAY~-k3644, 4 preparations were
avallable for compafis;n. One of the 4 preparatlions showed inhibition
of DIA. The other 3 preparations displayed DIA at a higher membrane
potential in the presence of ischemic conditiors and BAY-k8644 compared
to withouthAY-k8649. At 25 and 30 minutes, 3 preparations displaxed\‘

DIA at a higher membrane potentials. Between 35 and 40 minQFea, 2 prep=-

arations, displayed DIA at a higher membrane potential, whereas inhibi-

)

¥

4

-
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Table 6: Effect of BAY-k8644 on Threshold Voltage for Activation of DIA
During Ischemic Conditions = v

Y

¢ *

” i N

Time (min) , *igher Membrane Potential * Inhibition of 'DIA N
St 0-10 , 2 .. . - )
20 3 1 i
2 ] ’ 3 7 2 ’
T ﬁ 3. 3.
35-40 | . 2 - 4. -
e
N=6 ° \ o

o -

“#Compared to comtrol ischemic conditions in the absence of BAY~k8644.

[y
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Figure 24

‘Occurrence of OAP's in a Purkinje fiber during reperfusion in the

A

presence of BAY-K8644. The top trace in each panel shows a record- of

“

&traLsmembrane electrical activity from Purkinje tissue, the middle trace
&

et N
is & recording of contractlile activity of the same tissue, and the
A o

bottomqtgace thdicates the stimulus pattern. Panels A and B show the

]

occurrence of OAP's at 2 and 3 minutes respectively during reperfusion
in the presence of BAY-K8644, Also note the occurrence’ of after-

contractions following driven contractions in Panels’A and B.. Panel C

[}

shows the electrophysiological and contractile activity at 4 minutes of
h hY

L]

reperfusion in the1presqnce of BAY-K8644, The tissue depolarized and

Qgcame antomatic at a low membrane potential. Reperfusion in the

VTN a
absence of BAY-K8644 1s :ffwn in Figure 16,
*
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tion occurred in 4 preparations. Therefore these results suggests that
even though BAY-K8644 does not prevent lnhibition of DIA during ischemic
conditions, 1t still exerts an effect on DIA by 1ncreasiné the threshold
voltaée for DIA. N , -

+

2, EFFECTS OF BAY-K8644 ON DIA DURING REPERFUSION . ] T

-

a. Electrophysiological changes in DIA in the absence and presence

of BAY-K8644

£

Figure 24 shows the effects of reperfusion in the presence of* BAY~ '
K8644 in a representative experiment. During the control reperfusion,
DIA was inhibited in this preparation (Figure 16). In the® presence of

Bay-k8644, DIA was not Inhibited by reperfusion (panel C). OAP also

-

Pl

appeared initially upon reperfusion at a time when DIA could be elicited*
(Figure 24, panels A and B). The occurrence of OAP suggests that BAY-
K3644 may contribute to a ealcium ;verloah upon reperfusion. In the
presence of 'BAY-K8644, 5 of 6 preparations displayed OAP upon reper—
fusion. ’ ’ -

Figure 25 shows the number of prepar?tions in which DIA was 1inhih-
ited by reperfusion in the absence and presence of BAY-KB8644. At the
end.of the control petiozgzr"iszg;mic conditions, 2 preparations out of '
6 showed inhibition of DIA, whereas DIA was inhibited in 4 of 6 prepara~ ~
tions exposed to BAY-K8644 DIA. In both groups, only 1 of 6 prepara-
tions'showed inhibition within the fiést 5 minuEe; of reperfusion. How-~
ever, after 10 minutes of reperfusion, DIA was inhibited 1n.4 control

preparations but only 1 preparation in the BAY-K8644 treated group. At

20 minutes of reperfusion 1 control preparation displayed inhibition of

i

[
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) [] contnél

[

)
o

BAY-KB8644

-

Preparations exhibiting
-“inhibition of DIA (n

P
1

-

n
7777777777 777

‘ 20 30.

77777
o P7777]

end ~ = 0-5 1
ischemia

Duration of Hepeﬁfusion (min)

.
S g N .

Figure 25
,inhibition of DIA during reperfusion in the absence and presence of
* BQY~K8644. The ordinateiindicates the number of preparations in which
DIA could aot be elicited as a function of duration of exposure to

reperfusion.
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Figure 26

a
I3

Effects of reperfusion in the absence and presence of BAY-K8644 on

changes in cyclé length of DIA at a MDP of ~50 mV,

3

s
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DIA, whereas none {splayed inhibition in the BAY-K8644 treated group. '

> - B
No prepérations in either group showed inhibition of DIA at’ 30 minutes
of reperfusion. These. results suggest that BAY-K8044 may prevent inhi~

bition of DIA upon reperfusioh. c .

b. Effects of BAY-K8644 on changes fﬁ*cycle length of DIA ¢

Reperfusion tends to cause an increase in cycle length of »NIA as  «

well as inhibition of DIA! Since BAY-KB644 prevents {nhibition of DIA

upon reperfusion,) then BAY-K8644 may decrease the cyele length of DIA’

during reperfusio Figure 26 shows changes in cycle length of DIA at a

teperfusion in the absence and presence of

.

MDP of =50 + 2mV duri

BAY-K8644. Also indicated im Figure 26. are the respective pre—ischemic 4

values for cycle length of DIA at this MDP. In the absence of BAY- '

K8644, there was an initlal increase in cycle length of DIA within the ‘
first 10 minutes of reperfusion. This was followed by a decrease {n

cycle length of DIA to values simllar to pre-~ischemic lévels (hy 20 el

minutes of reperfusion) and finally a progressive increase in cycle .

J N

length of DIA (from 40 minutes to 60 minutes of reperfgéiun). In the’
presence of BAY-K864.,, there was an initial shortening of cycle lenpth
of DIA compared to the pre-ischemic level (within nhe.flrsi 5 minutes).
This was followed by an Increase in cycle length of DIA (between 5 aned
25 minutes). luowever, the values remained below those of tgékprém
isch;mic period throughout and the control reperfusion perlod. HBetween
25 and 60 minutes of reperfu;k%g in the presence of BAY-K3hH44, the cycle

length of DIA progressively decreased. Table 7 summarizes the effects

of BAY-K644 on changes in cycle length of DIA In response to reperfu-



-

o

8

s £
Table 7: Effect of BAY-k3644 on the Cycle Length of DIA During

y

Duration of Intervention CL Decreased CL Same CL Increased

Reperfus}on

1

‘Reperfusion
(min -

0-5

10

20

30

»

4

R
R + BAY-k8%44

R
R + BAY-k8644

R
R + BAY-k8644
R
. R + BAY-k8644

R
R + BAY-k3644

< R»Reperfusion

g
»

EL=Cycle length of B%a
3

length.

&

a

1Y
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DIA

Abolished

. '
4 1
1 “ 1
fe 4
1 1

A ’
4 1
0 0
4 0
0 0
4 0
0 0

|
Comparisons were made with the respective pre-ischemic

-

/ v

¢

contrel cycle

-y
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sion., *Designations of increage ‘or decrease are with respect to changes
of 107 EESm the pre-—ischemlc control cycle length. Between 0 dnd 5
minutes of reperfusion, most control preparations showed an increase -in

cycle length of DIA, whereas those that were reperfused in the presence

of BAY-K8644 showed a decrease in cycle length of DIA. This trend con-

tinued for the duration of reperfusion. At 60 minutes of reperfusion, 4
of 6 preparations reperfused in the absence of BAY-K8644 ghowed an

increase in cycle length of DIA, whereas the other 2 preparations showed

a decrease in cycle length of DIA. However reperfusion in the preaeﬁce
of BAY-K8644 results in all 6 preparatlons showlng a decrease in cycle

length of DIA at 60 minutes of reperfusion. These results therefore

v N i

suggest that reperfusion in the presence of BAY-K8644 results in return

of DIA at cycle 1eng£hs lower than that of the pre—=ischemic contral,

=

Therefore it appears that BAY-K8644 promotes calcium mediated action

potentials upon reperfusion and therefore acts as a calcium aponist.

@

c.. Threshold voltage of DIA

BéY*KBbéA appears to promote calcium dependent actlion potentials
upon reperfusion. The effects of BAY-K8644 on calclum mediated action
potentials during reperfusion may be through an increase in range of
membrane potentials over which DIA can be elicited. [herefore the
effects of BAY-K8644 on chanpes in threshold woltape fu;u)IA were retar-
mined during reperfusion. Table 8 sum&arizes the effects of reperfusion
with BAY-K8644 on shif:s,invcﬂgzshold voltage for DIA (ecompared to the

range of membrane potentials from the corresponding control at the same

time). Within 5 minutes of reperfusion with BAY~K8644, DIA was elicited

'S

»
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Table 8: %ffects of BAY-K8644 on Threshold Voltage of DIA During
Reperfusion

-

®

Duration of *Same *Higher Membrane DIA Abolished

Reperfusion Potential
zmins .

0-5 3 2 1
10 1 3 1
T 20 "3 3 , 0
30 P 0 0
60 4 1 0

v ] -

s

*Comparisons were made to reperfusion in the absence of BAY-k8644,
Higher meibrane potential indicates an increase of greater than 107
of the control reperfusion.

-
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at the_game threshold”voltage as control in in 3 preparations. Two

preparasions displayed DIA at highér membrane potentials than, the

control thresholqi At 20 minutes of reperfusion with BAY~K8644, 3 prep-

~

arations displayedbeA‘at a higher membrane potential. The other 3 .
preparations displayed DIA at the same membrane potentials. At 30

minutes and 60 minutes of reperfusion 'with ﬁay~k8644, g'and\a prepara~
tions respectively displayed DIA at the same membrane potentials, These

results suggests that initially upon reperfusion with“BAY—KSGZA (within

G «

{ Iy ]
first 20 minutes), DIA could:be elicited at a higher membrane potential =

»

compared to control. However as reperfusion progressed (after 30

'minutes of reperfusion), there were no differences in the threshold
n 1]

voltage at which DIA could be elicited in control and the BAY-K3644

~ ¥ !

exposed preparations, / .
3. SUMMARY ‘ L7 L

£y

BAY-K8644 éehreased the cyele length of DIA initially during
ischemic conditions, However:BAY-K8644 did not prevent inhibigion of
DIA during ischemic conditions, and evantually enha;céd tﬁis inhibi-
tion. Even though BAY-K8644 gfomoted inhibivion Jf DIA during ischemic
conditions, it increased the threshold volfage of DIA, Reperfusion in

the presence of BAY-K8644 resulted in initial appearence of UAP's aﬁd
S " ¢

return of DIA. <BAY-K8644 also prevented iphibition of DIA associated

kS

. wfth early reperfusion. BAY-k8644 decreased the cycle length of DIA

8 r

during reperfusion compared to control, BAY-K8644 1ncreasedé.the thres~

hold voltage of DIA early in reperfusion. However, there was no differ~
¢ ] "

ence between the threshold voltage of DIA in ‘preparations reperfused in

-
a

a1

g
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v

the absence or presence of BAY-R8644 (after 30 minutes of reperfusjion).

These results together suggest that BAY-K8644 fails to act as a "calcium

-
.

agonist"during ischemliec conditions. However BAY-K8644 appears to act as

-

4
a "calcium agounlst” during reperfusion because it promotes induction of

’ <
.

DIA.

~

‘g



DISCUSSION

-
*

A)  THE EFFECTS OF CALCIUM CHANNEL BLOCKING AGENTS DURING ISdi'MIgﬁ y

2

¥+ .

CONDITIONS AND REPERFUSION ¢
L‘Q o *"/’\\ ©

1. Ischemic conditions ~

<

w

Calcium channel blocking drugs were found to depress contracdtility.
¥

early during ischemic conditiong. These agents also enhanced depolari-
*

zation of Purkinje tissue during ischemic conditlons. Also, these =

agegkﬁ failed to prevent and frequently increased co;duction defects

occurring during ischemic conditions.

Ischemic conditions abolished contractile activity in Purkinje
t}ssues. The cau8e of contrgetile dysfunction during ischemia is not
understood. The metabolic hypothesis proposes that depletion of high-
energy phosphates causes reduction of tension development. tHowever,

most studfi'es have failed to-show that high-energy phosphates fall rapid-

ly enough to explain the immediate decrease in developed tension during

T .
ischemia. An alternative hypothesis proposes that development of intra-~

cellular acldosis migﬁt explain the rapid decline in contractile
function (Tennant and Wiggers, 1935). Acidosiécmay account for
decreased contractility of Purkinje tissue, because the pll of ischemic
:conditions is 6.8. However Weiss et al. (1984) have shown that decline
in contractile function observed in the 1isolated arte;ially petfuged '
rabbit interventricular septum ;ubjected to 1sche;1a\or hypoxia without
glucose is not related to acidosis. Weiss et al. (1984) have suggested

that decline in contractility during ischemia and metabolic iInhibition

is due to metabolic factors. Since ischemic conditiens in the present

* 154
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model inhibits aerobic and anaerobic metabolism in Purkinje tissue, the

early decrease in developed tension in Purkiuje tissue may be due to

S

DmeEEbollc factors. S&ch metabolic factors may include the total cell-
IQ;&_.

'ula;‘content o% high-energy phosphates. Kubler and Katz (1977) proposed

* that the high-energy phospliate' pool necessary for contraction may become

a

more rapidly depleted than, is reflect®d by oie totdl cellular coptent of
3 .

s 3
i}

high-energy phosphates. Alteinativeiy, uhey have suggested that intra-".

?

cellar phosphate accumulation resulting from breakdown of high energy !

phosphates could lead to reduced availabiﬂity of Ca2+ to the myofila-

ments. The intracellular phosphate‘accumulatiop was prpposed to trap

[y

the,calcium and therefore decrease its availapil;;y&to the myofila-

u
A

ments. Another mechanism whereby, ischemia -may lead to deéreased con-
¢ v"}’ L_ £ \ ‘_‘ i
tractility is by inhibition of the slow inward current. The slow inward

Y

o “ - ) LR
current can be blocked by anoxia, acidosis or Hypoxia (Sperelakis and
Schneider, 1976 - review). Since the slow {nward current is responsible

for entrance of CaZ* yhich 13 necessary for excitation~contraction "y

coupling (Fablato, 1983 tirevieg), then decline in contractility may‘b'e°

s

" through inhibition of this current during ischemic conditions. The

»
A X

i1schemic conditions employed in the present model’&ereghypoxia”and .
acldosis. -Therefore .these conditions may have {nhibited the slow inward

current and caused a decrease In contraction of Purkinje tissue. .
A

The decline Iin contractility of Purkinje tissue during”iachemic°

+

conditions was much faster in the presence of the calcium channel block—

lhg drugs. A negative- inotropic effect of verapamil and nifedipine

¥

=

would be expected to occur, since these agents block the slow inward '

t n
*
1)

1

R
‘%1

N

Te



been reported (Coraboenf et al., 1976). Ischemic conditions may also

\ < %
current (Kohlhardt et al., 1972; Kohlhardt and Fleckenstein, 1977),

Howgver these agents appear to have a gregter effect on.contractility

°

compared to ischemic conditions alone.

@

during ischemic conditions,

Greater inhibition of caleium

3

els in the presence of verapamil or
nifedipine would lead to a greater rediuction of the slow inward cutreat

and a faster decline in contractility. th et 41. (1976) have also
1

shown that verapamil selectively depressed contyactlility in the ischemic
myocardium of dogs, Acidosis has also been shown\to sensitize cat pap-~
illary muscles to the negative inotropic effectS of both verapamil and

nifedipine (Brisco and Smith, 1982). Therefore the enhanced negative .

]

1, \ :
Lnotropic effect of verapamll and nifedipine on Purkinje tissue during

ischemic doPditions may be.due to an enhanced sensitivity of tissues to

a v

™ N -
these agents due to acidosis.i Partial inhibition of slow channels by -

i
&

. r © =) ’
acldesis or hypofia may be the reason for the ingrease sensltivity to
. U

»
-

2
@ &

»

~

calcium channel blockers during ischemic coﬁditioné.

4

-

¢ Ischemic conditions also caused a gradual loss of MDP 1n Purkinje

@ a -

* -
tigsues within 10 minutes. , Since K is known to accumulate extracellu=
‘ ¢ B k24

. ’: s
larly during ischemia® (Hill and Gettes, 1980), the initlal depolariza-

tion of Purkinje tissue p%{ be due to-K accumulation. However it is not

.

knodn if the ischemic conditions in the present model cause potassium

efflux, even though intracellular acidosis has heen suggested to cause K

[}

efflux (Skinner and Kupze, 1976). Lactatq may also cause depolarization

k]

of Purkinje tissue (Wissner, 1974); although hyperpolarization has also

)

decréase Na~K AlPase activity which would result in K accumulation and

-

3

S
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therefore depolarization. Brown et al. (1978) have shown that decreas-
b ing pH from 0.2-0.6 pH units is cdpable of producing depolariz;tion of
sheep Purkinje fibers. ‘Incréasing {Klg antagonized, the effects of
- aeldosis on Na-K ATPase inhibition. Therefore K accumulaton, lactate
and acidosis'may all contribute to a decrease in MDP of Purkinje tisgue.
The decrease in MDP of Purkinje tissue was enhanced by verapamil or
nifedipine. Under n?rmal conditions these agents have not been reported
to cause large decreases in IMDP. However free sarcoplasmic calcium
cont;ols étead& state potassium conductance (Isenberg, 1977). A
d:freasg in intracellular Ca?t &ould lead to a decrease.in potassium
. - s

cquuetance and' therefore depolarization' The calcium channel blocking

o

‘ agents D600 (Kass and Tsien, 1975) and verapamil (Posner et al., 1975)
have been shown to decrease potassium conductance, Therefore, some of
the depolérization seen during ischemic conditions with the calclum
channel blockers may be through a decrease in potassium conductance,
Since ischemic conditions may 1nhib1t calcium channels (Sperelakis and
échneider, 1976), potassium conductance would decrease and membrane
apotential would also décrease.l Greater inhibition of calcium channels

. )
in the presence of verapamil or nifedipine could lead to a greater
reduction of potassium conductance and greater depolarization oém
Purkinje‘tlssue. o

- LI - .

It 1s not cléht why. the membrane potential returned to control

ischemic levels after 15 minutes in the presence of nifedipine but not
? e
verapamil, This difference might be explained by the hypothesis of
g“h - "‘f;

Sparalakis and Schneider (197$) and Aits relation to the mechanism of

/
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calcium channel blockade by calciuq channel blocking drugs. If calclum
\ch#nnels inactivate or p;ftially inactivate with ischemic conditionms, o (

binding of one.calcium channel blocker may be Favoured over the other. 4

Verapamil demonstrates use dépendent and voltage dependent-block (Kanaya

et al.,, 1983) ie.‘block of calcium channel is enhanced by increasing

o

frequencgagf stimulation and by more positive holding potentlals, This

" led these investigators to postulate that verapamil preferentially bilnds

!

to the inactivated state of calcium channelg. This would mean\that

3

verapamil may preferentially bind to calcium channels during ischemie
conditions si%fe these channels would be more in the inactivated state,

This could account for the persistent depolarization in the presence of

hd T

verapamil during ischemlc conditions. On the other hand nifedipine

doesn't demonstrate voltage or fréquency dependence (Hirth et al., 1983)

¢

*and Rrﬁferentiéhly binds to the resting state of the calcium channel.

+ ©

Theréfore, if the calcium channel is beginning to inactivate after 20

L

minutes of exposure to 1sq&gmithond1tions, this would favour unbinding

© ©

of nifediblne. Therefore nifedipine's effect oﬁ'membrane potential

1 4 ‘03‘ v R .
would be attenuated. Howaver Sanguinetti and Kass (1984) have found

that, dihydropyridines bind to inactivated channels 1000 times stronger

o o

than to resting chantiels, and have shown that these agents demonstrate

use-dépendent block, i ' ’

/

Th? effects of acidosis.on‘hembrane potential can also be influ-
enced by caleium Ehannel blocking agents. Recently Lauer et al. (1984)

have reported the effects of low pH (6.0) on membrane depolarization in

3 o

isolated canine Purkinje fibers. They found that low piH resulted in de-~

[

1Y
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7

polarization ("sensitive cells") of Purkinje tissue by 45 TV within 20
mindtes, whereas some tissues only depolarized about 10 mV ("resistant

cells"). These investigators found that exposure of "resistant cells

'

to verapamil and low pH resulted in a large depolarization (about 45
mV). They attributed the large depolarization of "sensitive ceélls” to a
decrease in potassium permeablity by low pH. Therefore the ability of
;;rapamil to enha;ce depolarization in resistent cells during acidosis
was due to its ability to indirectiy reduce potass}um’permeability. A
similar mechanism may be operative in the present model, although the pH

here is Q.%.

The calcium channel blocking agents also failed to prevent and(;
frequently increased conduction defects occurring during ischemic condi-
tions., Ferrier et al. (1%?5&) have previously reported that conduction
block occurring thween Purkinje and muscle tissue during ischemic con~
ditions is bi-directional. The presenﬁlresults show that ischemic con~
ditions caused conduction block and/or inexcitability in Purkinje tissue
in a amall number (3/20) of prepar;tions; Conductionablock however was
greater in muscle tissues (9/20 preparations) during ischemic condi-~
tions, This is in agreement with the results of Gilmour et al. (1984),
Thes; investigators found that a combination of hyperkalemia, hypoxia
and acidosis prevented antegrade impulse progagation from Purkinje to
muscle tissues but did not 1nhﬁb1t retrograde propdﬁation from muscle to
Purkinje tissuea., They reasoned that this was due to the fact that

current is "funneled” more readily from the large muscle mass into the

narrow junction of Purkinje tissue than in the opposite direction, A

L4
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similar mechanism may explain the discrepadﬁ} of occurrence of conduct-
ion block within the two tissues in the present model. The reason why
‘conduction block and or imexcitability occurs in Purkinje tissue during

ischemic conditions is not known. Hypoxia and acidosig are known to

£

increase internal resistance of myocardial and Purkinje fibers (Brown et

2 P "

i
al., 1978; Wojtczak, 1978; DeMello, 1980; Ikeda and Hiraoka, 1982),
Thzs increase in resistance would decrease cell-to-cell coupling: and may

aqcount for the conduction block/inexcitability that occurred in
Purkinje tigssue. Conduction block/inexcitabilicty océhrring in Purkjnje
tT35ue during ischemic.conditions was exacerbated by the calecium channel

blocking agents. This finding 1s in contrast to previous in vivo

studies in tschemic myocardium, where calcium chanpnel blocking agents

have ‘been shown to improve conduction (Elharrar et al., 1977b; Nakaya et

1

al., 1980), However, tiere have been no 1ﬂvestig§%ions reported on~chg
Influence of calcium channel blockers on Purkinje tissue during ischemic
conditions, One possible reason Ghy.éalcium channel bldb&}ng agents may

increase conduction block/inexcitability in Purkinje tissue, is that

*they enhance depolarization during ‘ischemic conditions. Simce the

depolarization of Purkinje tissue is great enourh to inactivate the Na

*

current, only the slow inward current would ‘be avallable for actliva~

tion. However becausa these agents block the slow Lnward current,

7

conductionoblockllnexcitability would occur in Purkinje tissue.

@

Ischemic conditions also increased conduction block in muscle .

S

tissues. Conduction block to muscle tissue'occurred when Purkinje

. I’ .
tissue wag .stimulated. The reason for increased conduction bloek in

,
3

kg

LX)

8
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muscle tissues may be due to uncoupling of the Purkinje-myocardial‘junc-

tion by hypoxia and acidosis (Gilmour¥et al., 1984). _Conduction block/
- ‘
-inexcitability in muscle t}ssues was exacerbated in the presence of
n{fedipine. The reason for this enhancement of conduction block by
"(ﬁnifézahgne is unknown. In contrast, ischemic conditions in the presence
of verapamil resulted in a decreased incidence of conduction block in

muscle tissue. An improvement of conduction has been reported in the

presence of verapamil, during conditions of hypoxi

acidosis (Kimura et al., 1982), However in this study by Kimura et al.
“(1982), verapamil improved conduction in epicardial but not endocardial
cglls. The reasons for these dlscrepancies are not known.

Ischemic cond;tions in the present model did not contaln elevated
extracellular potassium. Ischemic conditions with 10 mM' potassium have
been used previously in the present model of ischemla (Ferrler et al.,
1985a,b). Elevation of extracellular potassium during ischemic condi-
tions was not nece;;ary to elicit a stroné reperfusion response (Ferrier
et al,, 1985a). 'The electrophysiologicgl ;esponse of Purkinje tissue

a

upon reperfusion in both cases was .almost identical. How ischemic
;
conditions with elevated potagsium caused a significantly gre®ter
depolarization of Purkinje and muscle tissues, compared ﬁéllschemic
condition without elevated potassium. Déwnar et al. g}9$7b) concluded
that elevated potassium was not essential to elicit the electrophysio-
logical changeaJ!kcurring during coronary occlusion in porcine hearts.

However, elevated gqpqgsium‘during ischemic conditions may modify the

action of calctum channel blocking'drugs. Kimura et _al. (1982) however



.

102‘

i

showed that verapamil does not alter the eléc;rophysiological changes
occurring in canine ventricular muscle during superfusion with a combi-,

nation of hypoxia, acidosis and hyperkalemis, °

v

2. Regerfusion ' .

»

. The calcium channel blocking drugs suppressed two mechanisms of

‘\ s "
arrhythmia upen reperfusion: oscillatory afterpotentials (VAP's) and de~
4 «
polarization induced automaticity (DIA). However, these agents did not
3 ' .
alter changes in MDP eliciried by repe;fu31%§. The calclum channel

blocking drugs also did not alter changes in contractility early in -

reperfusion. , N ,

R

Contractllity returned fﬁlﬁurkinje tissue within the first 5

=

minutes of reﬁerfusion. After 5 minutes of reperfusion, contractility
decreased to zerz. Return'?f'contractility in Purkinje f%bers wrzas'ﬂt
observed at 20 minutes’ of reperfusion. In the presence 6f calciam’
channel blocking agents, a similar return and decline in contractility
was obderved upon initial reperfusion., Final return in contractility in
the presence of these agents was observed much later in reperfusifon and
was significantly less than the control at the end of 00 minutes of
reperfusion. “Ihe fallure of calcium channel blocking drugs to reduce
the return of contractility observed early in reperfusion auggestz that
this effect is not mediated through the slow inward current. Another
possible sou;ce for the inotropic effect of early reperfusion may he an
JAncrease in intracellular CaZ* which would be available to the myofila-

ments. The source for increased intracellular Cal+ may bhe throuph catt

accumulated via a Na*-CaZ+ exchange mechanism, Enhanced Nat-Cal+
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> L e xchange may occur as a consequence of inhibitiqn of Na=K ATPase‘during ¢
"”ri ¥ Q‘E‘
ek e Aschemia, as postulated by Nayler (1981) Grinwald (1982) also uggesn-

- T
.
L]

’V‘
ed that Na+bCa24*exchaﬂge occurs upon reperfusion. Yee-et al, (1985 - ,

: a ty '
showed a gsignificant increase in resting tension after lokmﬂnutes
L] - - . >

fhe reasori for the decrease in contractility to zero after

reperfusion.

5 minutes of reperfusion is not known.

tissue becomes inexcitdMe at a low membrane®*potential, the slow {nward

El

Therefore,

A

current mays become 1nact1vated at a low membrapne potential.

~

> the slow inward current which serves as’the "triggeg" for excitacion— . '

€

¢

L

hb‘#’//poﬁf?kccion coupling "(Fabiato, 1983 - review}«is inactive at a logw mem- . ™
brane potential and contractions would be abo;ished. Another posgdbleh . ¥

4

‘ explanatlon for decrease in contracLilitgﬁmay be due to sev%pe conduct%

+ tiog: coupling,

fon block in.the specialized conducting system.
” ! L] " .
contractilicty along with depolarization to 1nexc;tabilityy was observed

in the presence of calcium channel blocking agents.

reperiusion, which coindides with chg tlme when Purkinje tissue regajned

Final return of coutractility was observed affer 20~30 minutes of

.

L

v

i

/

-

¢

A similar decline in

l.

a &

)

ic excitability.*’Therefore conduction block into Purkinje tissue may

fnot be present aquore."

be "

v

reacnt&a:e

e

LA

»

~rqpna¥us£oua

4

rhxn may be due

- \ .
Also at t@lsutime ‘the slow inward current would .

o

L

L

-

™

F

o

;- and ®uld serve as a “"trigger” for excitation-cortrac—

In the presence of the calciuu channel’bluéking agents,

B!
nl

[

“*

©
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“

hibited by these agents ‘when Purkinje tissue was depolarized at a low

megbrane potential. However, active actiocn potentials returne& in
Purkinje tissue at high membrane potentials in the presence of the
calcium chanqél blocking agents. This allowed more calcium.channels to
become avallable for activatgion upon depolarization,'alchougﬂ some'af

,these channels would be blocked by the calcium channel blocking agents.

o ??grefore the §1ow inward éurrent would be reduced, Lut mot abolished by
ot se agents. The reduction of the slow inward curcegt may have led to;
“ a,d;ciease in contractllity at’ the end of repgrf&sion n the preseﬁ%e of
. p[b " the ‘calcium channe% blocking*agents. L A
SV Reé?rfﬂsion initially regﬁlted in repolarization and {in some cases
N 3 .t . ' °

E:’ a hyperpolarization in Purkinje tissues. ' RepoIariﬁfB}on was followed by
" .

*

- 1 - éﬂphgse,of‘dgpolarization to a low level of membrane potentiql. Follow-

- tng this, there was a phaée of recovery of MDP of Purkimje tissue to

contf61 pré—ischemc valugg. [The initial repolarization (hyperpol xiiza=

o

. tion) may be caused’by stimulation ?f:}he sarcdlemmal Na-K ATPase upon

* reperf s}gs.v An increase in intracellular sodium stimulates sodium .

4 ) ”

T

extrvsiod via-Na-K ATPask, Because the extrus?on of sodium is electro~

- N - \‘I

3; genlce gyassalle, 1985 - review), it brings about a hyperpolarization of
L ' - a

- 1
£he membrane potential. rhiS“hypothesis requires an increase in ilntra-

+
L

. cellular sodium early in tepolﬁrization. Jﬁ;;itt et al, (1982) have
——r-—% ;]

"
*. . shown t;hav:. aow. pU2 tnhibits rapid-dxrive-xmmced hypecpolariza;ton of
Purkinjq&fibgrs: Reduced pi)y prpsumably lnh&pdu»d some a-K ArPaBp
) fcﬁivfcyi Xhacgf;;e thé I;H ;?%fprggenn duginz Lschenic Sandltians way
have fﬁgib;ted the Ya=K' AlPase. "This ;Bhihitinnmmtghg result in
» ex o e
. < . o> h “M///.

5
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+

increased Néi. Yee et al. (1985 - abstr.) reported an increase in

intracellular Na agtivlty in Purkinje fibers after 40 min of exposure to
ischemic conditions tdentical to ours. Thus stimulaton of the Na-K

ATPase via accumulatior of intracellular Na may be the mechanism for the

-

early repolarization/hyperpolarization upon reperfusion. Yee et al.
(1985 - abstr.) found that the Naj rapidly decreases to below pre-
ischemnic control levels within 10 minutes of reperfusion. This 1is
further evidence for stimulation of the Na-K ATPase upon reperfusion.

Following the phase of repolarization, Purkinje tissue depolarized

to a low membrane potential and became inexcitable. Thé'reasou for this

£ <
not known. We have previously reported that ischemic

conditions and reperfusion in the presence of low CaZ* prevented the g

Fe
" '’ a

severe depolarization upon reperfusion (Mohabir et al., 1983 = abstr.).
a

Therefore énhanced entry of calcium may -be resp&nsibie for the severe
depolarization of Purkinje tissue upon reperfusion. Further evidence

for increase~IE\&ntracellular Ca2* gccurring during the depolarization
¢
f
phase of reperfusion, is shown by theé increase in resting tension of

Purginje fibers after 10 minutes éf reperfusion (Yée et al., 1985 - _
absqr.). Failure of calcium channel EL?cking ageﬁts to prd'bnt depolar-—

ization upon repérﬁuéion, suggests that entry of Cg2+ through the siow
. : ‘ i
channel doesn't mediate this depolarization. After the phase of

bl

depolarization, membrane potentigl racovaered in Pug&:rja tissué. The

reason for recovery of the membrane potential also 18 unknown. Since 1& !

n

appears that increase in Ignz*li is yesp&ns&blﬁ for depolarization,
extrusion or recympartmantalizatYon of increaséd incracellular CaZ* may

be responsible for recovery of membrane potentiai. /

v
) } 4

.



fusion is the same as that underlying digitalis induced UAP's. Ferrier
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The changes in MDP in Purkinje upon reperfuson were associated with

different mechanisms of arrhythmia.' OAP's have been shown to otcur in

o

Purkinje fibers in this model of ‘ischemic conditions and reperfusion in
a previous study (Ferrier et al., 1985a): OAP's also can be induced by

. ¢
digitalis intoxication (Ferrier et al., 1973). The mechanism whereby

-

digttalis intoxicat;&ﬁ leads to the appearence of OAP’Q is thought to

o

involve an intracellular calcfum overload secogdary to inhibitlion of the

-

~
sarcalemm?l Na-K .ATPdse. Intracellular Ca?* overload 1s believed to

<

cause an oscillatory release of Ca?t from the sarcoplasmic reticulum

[
¢

@hich activates the current underlying OAP's (TL) (Kass et al.,

1978a,b). It is not known whether the current causing NAP's upon reper-

?

’*f‘ oe (1973) have shown that manganeée can eliminate acetyl-

“.phanthidin*induced QAP's Rosenﬁandwbanilo (1980) have shown that ¢x

"wverapamil can eliminate ouabain-induced OAP's. The present study shows

that verapamil and nifedipini;can also eliminate reperfusion-induced

OAP's. The TL current is lalgely carried by sodium and 1s not directly

5 &

dependent on the slow inward current. IHowever, it 1s enhanced by 4 wide

~

vartety of piocedures which increase intracellular Calt levels. Calcinm
channel blocking agents, by decreasing entrance ot Galt may prevent the

occurrence of JAP's, Whether the {ntracellular Cal* overlvad respon~

a 1

sible for JAP's upon reperfusion may be partly mediated by the 9low

-

inward current cannét“bg determined by the present results. ’ .

%3 ay

Afrer the phase of UAF's, Purkinje tissues depolarized to a low
- L} +

lsvel of membrane potential and Aid natr&isg!sy any action' potentials,

' @
v » ,
o a

¢

) "

1
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This phase of inexcitability leads to severe conduction blogk in the

specialized conducting system. Depolarization of Purkinje tissue to a
/ ‘ :

low membrane potential should pesult in the appearance of low membrane

i

potential automaticity (Hauswirth et al., 1969)., However, low membrane

potential automaticity only occurred after the phase of inexcitability.

Therefore it appears that the calcium channel maw become “inactivated”,
resulting in a phase’of‘inexcitability,‘and then\ become “reactivated”,

P ey ’
resulting in low membrane potential automaticity. Recently Lee et al. .

3

&

% * .
(1985)\2:6e shown that inactivation of ecalcium channels in Purkinje

fibers is both voltage dependent and [Ca]{ dependent. If intracellular

<
~
5

[Ca?t] is .initially high upon reperfusion, this might cause inactivation

of the calcium channel. Caleium channel blocking agents did not prevent

%
v

ﬁhe“phase of inexcitability at low membrane potential.
The cycle length of DIA can be modulated when entrance block is ‘
% ","c

present (Ferrier and Rosenthal, 1980; Ferrier et al., 1985a), Entrance

.block was sﬁéwn Eogbe an intrinsic property of DIA occurring at a site

connected to normally polarized tissue (Ferrier add Rosenthal, 1980)..

B

- Therefore, DIA may furction as a parﬁsystolic focus with' modulation.
The present results iﬁdicate that calclum cﬁannel blocking agents can’
9 * % n
selectiqug\abollahnmoduiate& parasystole. Residual automaticity

N v& - R 4 s 5 f
~pccug‘red only at higher membrane-potential and did not exhlbit entrance
. ® M EO 4 r‘ﬁ' ) b w
v L") H N 7, N b4 N t
blgek® or moduldtion. . s , ¥
> * ¢ ‘

q. Relevance to previous studies

.“- T%é‘ﬁresent reaul!g with caleium channel”bfocking agents during

*

ischemlctcondltigns and reperfusion may bé’related to' some extent to | -

] A\l
[ «

4 . - t

x i

v-)

kY
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« studies with these agents during coronary artery occlusion and reperfu-

sion.

I4

m &

However ‘caution should be used in extrapolating results obtained

during exposure to ischemic conditions with fesults obtained in the

1

whole heart,

-

£

.

_Whole heart dﬁrrng coronary octlusion and.reperfusion which are not

g 1

_ present in the in vitro model of ischemic conditions and reperfusion.

r3

Such factors 1nclude cateeholaminesl and a border zone which separates

Ischemic tissue from normal tissue,

s -

N

rartery ligatioh (Elharrar et al., 1977b; Fondacaro et al.., 1978;

o

£N

o~

et al., 1980,,Peter et al., 1983).

maasured conduction delay occurring within the eplcardium and not endo-

cardium.

1

£y

Fl

EY

uVerapamil has been shown to impraove conduct‘yn during' coronaty

.

b

¢ ~

However, most of these studies }

Also most of thése studies utilized short periods {5-10

minutes) of occlugion.

used longer periods of occlusion (15 and 30 minates) and meaeurei‘endo-

.

)

Only one of“the'studiea (Peter et al.,

[

Tt

1083)

v

cardial délay. In this latter study (Peter et al., 19'3), VGrapamil

®

iny 1mproved conduction within the ischemic endocardium in the ante-

AN

9

grade direction at 15 and 30 minutes of locclusion.

retrograde direction 6n1y improved at

El

S

v

v

Conductign in the

“"‘3

t

) minutes of og/{hsion in the

(

«

?here are many factors involved in arrhythmias seen in the

akaya

2

4

-

presence of verapamil.. In contrast, nifedtpine only mepoved couduction R

.

3

@

o

¥

» in ischemic endocardium in the antegrage ggrecnion'at 15 minutes: bf

’ » 4+ \\ *
occlusion, :The present”results showgd“that conduction bleck can roccuy
3 3

Y

ok

‘ n'\ © yn o A
in endocdrdial tissues' exposed fo° ischemic conditions.

depressioa of conduction was found.to’occur becwwen’Purkinje and muscle

]

+

L4

X

N

v

Bi~directianal

o

[

&

~ .

tissues., Depression of conducbion«was exacerbated by nifedipine but hot .

#*

A

x

MR Y

,“ﬁ
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verépamil. Extrapolation of these findings to those in the whole heart

E}

become difficult. The“differance in the present findings and those é%om s

-
&

the whole heart may be due to use of different durations of “i§chéhia?

or differences in the response of eplcardial versus endocardial tissues |

to the action ‘of calcium channel blocking agents., A difference in the

reéponse of canine epicardial tissue compared to endocardial.tissue to -

combined hypoxila, hyperkélémia‘and acidosis in the presence of verépamiln

has been reported (Kimura et al., 1982). Kimura et al, (1982) showed ,

® 2 N

that verapamil 1mproved action’ potential amplitude and Vmax and re&uced

conduction delay in epicardial cells but not endocardial cells. There-

5

fore differences in !fssug response may explaib differences 1in the !

o

preseit results and those from in vivo stydies with coronary artery
' )
ligation. ’ .7 ' ' .

i

s ‘

a

. Parratt (1982) suggested that c¢alcium channel blockers may protect

iachenic myocardium by partly increasing blood flow and/of‘from~reduéed
- a ¥
myocardial oxygen demands and that this might be another mechanism by

i3
© 3
<

which these agents may {mprove conduction -within the ischemic myzﬁardium .

of intact hearts. These effects may occur as a consequence of brady-:

LY

D
A

cardia or the effects of reduced after-lead or depressed contractile
1

funétion (Smith et al., 1976). Therafore Pai?att'(lﬁsz) SBuggested that

4

calcium channel blocking agents improve the balance between oxygen

supply and demand wiich may lead to an improvefient- of ischemia*induced .

3 “

@

i [ *

conduction delay. Faetors sugh as blood flow of'@fter*lgad reduction’ do, .

not contribute to eleérophysigloglcal changes in. am in vitro superfusipni
» ' ‘h “ '
model. Therefore the beneficial effect of calcium chann§1 ‘blocking
. h,‘

agents may not be seen.in an in_vitro model of 1schemic conditions. , -
o " f
® . Jvrﬁi
31

\

]

r
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w

The present model of ischemic ‘conditions and reperfusion shows 2

-l -
Penkoske et al. (1978) showed that*
. — D .

mechanisms of abnormal automaé}city (0AP, DIA) which were abolished by,

the calcium channel blocking-.agents,
p . [ 3

L
v

5 . .
reperfusion after 335 minutes of. LAD coronary occlusion, produces an
iacrease in idioventricular rate. The increase in’idioventricular rate
P ' I

may be mediated by OAP and/or PIA. Therefore calcium channel blocking
-3

t

agents may be “antiarrhythmic during reperfusion by 'décreasing idio-

ventricular rate caused by OAP or DIA, In fact, Corr and Witcyskl

El
g : «

(1983) have suggested that increase in idioventricular rate durldy

reberfus}on-may be:relategxgo lncreaseq Ca2+ uptake resultidg 1n OKP,
. JEte
Carbonin et al., (1981) have also shown that ve{gpamil inhibited both ..
lz? w '

reperfusion and digitalis*induced arrhythmias in rat heérts. They , have’

<"

also suggested that the protective action of verapamil in hoth situa-.

¢ o " %‘m

Whether the ggfiarrhythmlc and s

i

tions may be due to inﬁibition of OAP.

antifibrillatory actions of verapamil seen in the whole heart\upcn

i x

repe;fusion (Braoks et al., 1960, Sugiyama et al., 1980, Ribiero et al.,

v

1981) are due to inhibition df OAP and/or’ DIA cannot be determined by

N . . T .

.
.
" - * of s LI

the’ prqeenﬁ results. e . g T
: \/\’ - 4 3
: Exttapolanion of the preqent findinpq to thegslinicar'siclatton ’ ’

# -

- should also be done with caution. There have been few we11~controlbed t,
;‘ ' LY M ,'5,
. o Lid o
-elinical trialz on chg’antiarrhythmiq,effects.of»calq@um chd%nel'hlock*

. N N i we

T S ) € .
- ing gents during 1schem1a-an&‘regerfusion. Furthermore it 1is not knqgn
L4
id - 3

whether slow responses can be rélated to vencricuIaF tachycardi& in man
4

T4

’

uoweVer Sclaravsky et ax. (19%5) have shown»J

o

(Gtlmour and Zipes, 1985)

rhat verapamil aboliphed §eceleqated ;giogeq;rlcular'ryyzhm in 4 oggbe,,

. .
1 ‘ ' 4 ’
‘ M v PR
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/! . .
patients with acute myocard1§1 infarction. ‘Also~Sung et al. (1983) have ’

- L P

%hown,that verapamil suppressed veatricilar tachycardia in 3 patients.

In this datter study, the mechaniam underlying the venticular tachy-

4 & A

. « cardia was attributed to triggered activity arising from delayed after-
s depolarizations. - L ﬂ o . * “ d :

Another c¢linical- phenomenon thch‘might be relevant to the present

7, - s v - - - -

»8tudy relates to the occurrence of paras}sgole. Parasystole with modu~

lation recently has been shawn to occur in patients (Castéllénos et al.,

« ”

1984). The present study and those of Ferrier (Ferrier and Rosenthal,

° - o X
i

J 1980; Ferrier et al., 1985a) have showh that parasystole only occurs at

»
® . > N & v ]

low membrane potential in Purkinjé tissue. < The piesent'fesults shaw

© ‘that pagasystole can be abolished by gglcium chan

% 3 »

Therefore these agents may be useful ian the future as a pharmacologic

el blocking agents.

therapy for arrhythmias due to parasystole.

M -

B. ‘ The Effects of Ischemic Conditions and Reperfusion on Calcium—~ * )

. Dependent Action Potentials : ) .
‘ o ¢ 6 ¥
o~ 1. Iscggnic Cond1t10n$ - p
koo
T #heveffecfh of ischémic’ bonditiéns on Ca-dependent action
[ ™ . e

potentiak’ were: 1ncrease in ecycle lengt% of DIA, non-sustalined DIA,
- * ’ (R
2 . N 4
: Ktotal cessatfon of DIA.. ° L
J' ’ @ W . \ X
; _ Sperelakis (1984 - review) has shown that hypoxia -(Belardinelli et

- L

81, 1., 1579), 4 etabolic inhibitors (Schneider and Sperelakis; 1974) and I

-
L

' -‘ ' acidosdsa’ (ngel aud Sperelakis, 1977) inhibit Ca2+*dependent action L ;/. .
4

pbtenéiala. Pyerefore, it was prbposed than ca?* channels may 1nact1~°"

4
i % | » |P "ot o, o § a *‘ o e ,‘“\:’
. v ALt P o 5

] i¥ 4 u -
v
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)

vate during ischemia (Sperelakis and Schneider, 1976 - review). However ° .
these Investigators studled Ca2+—dependent action potentials by depolarl

izifg muscle-or Purkinje tissue to a low membrane poﬁen&ial with high

. extracellular K. 052+-dependent action potentials were then elicited by h

addition of 1soprete;enol. Therefore the effects of ‘various inter-

<

ventions such as hypoxia etc¢. were only studied at one membrane potent—

gy — - ———

" 1al (ie. there is no “control” of membrane‘potengial with addicion of
high K). The present results show that ischemic conditions can inhibit »

& © Ca?%*-dependent action potentials (DIA) in Purkinje tissue. However the

'

' present study utilized electrical currents to depolarize'Purkinje

tisshé, and therefore a range of membrane potentials could be studied.

Ca2*-dependent action potentials were not always-totally inhibited.
' L . > L
- Inhibition whs sometimes seén at some membrane potentials, but when the

F

¢

tissue was dépolarized further, Cat-dependent action pbteniiala vere

A ¥ L4

agaih‘plicited. This finding may:indicate a change in the\Ehfishold

A o

9, voltage for CaZ*-dependent action potentials, and/or a change tn the

ﬁacémaker current for DIA. The presedft results show thatﬂiqéhemic

3

cqqd1C1ons do indeed reduce the MDP at which DIA could be eligited,:

Therefore. 1§chenic conditions reduce the threshold voltage of Calt-

'

depehdént action potentials.

‘.
LY

Lol At low membraune potentials, the'bacemaker activity generated in
(’ ' Purkinje fibers is due to changes in the same outward current, [y}

4

>

' 1 .o
(Hauswirch et al,, 1969), which is rasponsible for phase 3 repolarisa-

W

" tion in normal fibers. The I,1 current deadtivates slowly at low

3 Y o

membrane ﬁﬁn&nnialxkand constitutes a decaying outward current éomponent

o

N “ LN 0 »
| 12 s ® 3 o o i » & - &
'
* . ) - . - 2
5 «

.
L] . i 1 «* ¥ L



during diastole.
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DIA is the result of the deactivation of this time-

depeﬁdent outward current and the concomitant activation of the slow

inward current (Katzung and Mo;;;;§ﬁgrn, 1977). Since ischemic condi-

e

- ’ h
tions aiways produced an increagse in cycle length.of DIA, then the pace-

maker current for DIA may be reduced during ischerniic conditions.

-

Elharrar and Zipes (1980) have shown that elevation of extracellular K

»

(8 and 12 mM) increases the cycle length of DIA in Purkinje fibers.

Furtﬁgrmore, these investigators have suggested that since extracellular

K increadses during ischemia (Hill and Gettes, 1980), that DIA would be

suppressed, during ischemia. It is not Kknown whether ischemic aonditions

in the present model lead to accumulation of extracellular K. However,

fnerease in extracellular K may be the mechanism whereby ischemic condi-

A

tions cause an iqctease in cycle -length of DIA. Recently Jaeger and

Gibbhoris (1985) have suggested that the slow inward current may produce

many of the effects attributed to the Iy} current. Therefore the

' ¢

the inhibition of a K pacemaker current, but due to inhibition of the

slow inward current.

™

L

The inhibirion of conductance to an ion may be’ reflected by an in-

»

crease in membrane resistance. _Hypoxia without glucose is known .to-
3

increase longitudinal resistance in ventricular muscle (Wofttzak,
»

«

“ 1978), Acidosis also Lnnreasés intragellular resistance of Purklpje

£y ’

“fibers kDeHello, 1980), H}ﬁbxia and acidosis are thought to incrﬂk&a

®

longitudinal resistance through a rise in 1ntr§ce11u1ar‘ca2+. Yee et

»

ﬁlay{i98§ - abstr.) reparted that ischeamic condt;lons.cqusad'an increase

Ta g

r
i [
¢ '

-

4

effects of ischemic conditions on cycle length of DIA may not be due to ~
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-
- 8 e
. .

in resting'tension in Purkinje tissue which was reversible at the end of

exposure to ischemic conditions. This latter finding may indicate an
I had

increase in [Ca2*];y durlng ischemic conditions. Theregqre ischemic

AY
-

conditions may increase relative membrane resistance through a rise in

-
>

[CaZ+]ic' ®

The implicationg‘éf Plockade of slow CaZ+ 9hanhels %gxﬁﬁg ischemia

r >

have been outlined by Sper%lakis and Schneider (1976).. They have propo-

4 X

sed that inhibition of’caléium channels may serve as a protective mecha~-
3 2
L 2

nisin for control of Ca2¥ influx.- It has been bosculated that a membrane

S

protein must be phosphorylated in order for the’slow channel to become
1 . , ,:} .
available, for. voltage activation (Sperelakis and Schneider, 1976). The

basis for this hypothesis has come from the work of Tsien et al. (1972)

on the effects of cAMP on plateau currents in Purkinje fibers. Inter=
; ‘ ¢
ventions which decrease ATP such as acldosis, hypoxia and metabolic

inhibition would make less channels become available for voltage activa—

8
>

tion. Theref the myocardial eell would become inactivated and

suppréss its owit Calt ipflux during adverse cqnditions. Sperelakis

- v ‘

(lgéh) referred to this as tﬁg "protection hypothesis", Spe}elakia

* S
(1984) proposed that, inhibition of ¢alcium channels during ischemia is

protective because the cells would contract weaﬁiy“and therefare con—

L3

serve ATP stores. Another implication of the present finding is that

slow conducton due to calclum—~dependeat action potentials may not play A

A f
4

role in fschemia-induced arrhythmias, since slow channels would not be

avallable for activation. -

n

4+
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2, Réger%usion

The changes ih avallability of Ca2+*dependent action potentials
during reperfusion have not been studied before. The present study
shows that reperfusiof initially causes further inactivation of DIA.

¥
Later in reperfusion, DIA returned, but the cycle length ‘was longer than

the pre-ischemic control cycle lengths. ,

The reason for further inhibition of DIA upon reperfusion 1s un-
known. Since reperfusion results in' return.to “Hormal” conditions, then
the reason for fnhibition of Ca-dependent acton potentials could not be
cﬁq game as that for 1sghem1c'conditions. Inicially upon reperfusion,
there is evidence for an 1ntracellularwga-overload, as shown by the ap-

pearance of OAP's and by the increase in resting tension-of Purkinje
fibers (Yee 25.25:3‘1935 - abstr.). Lee et al. (1985) have shown that
‘1nact}vanion of Calt-channels in Purkinje fibérs is both voltage depend~
ent and [Ca2t]y dependent. Therefore if increase in intracellular Ca2*
ia hfgh initially upon reperfusion, then -this may account for inactiva~
tion of Cat channels. However 1f this was the reason for inactivation
of DIA upon reperfusion, then why doeg DIA return later in reperfusion?
A3 Yee et al. (1985 ~ abstr.) reportad, thaée was no significant
decraasévin resting tension at the end of reperfusion compared to after ,
v 1U minutes of reperfuskon., Therefore the [Ca2+li &ay still bhe High at
the end of reperfuslpn. However recbvery of electrical and mechanical
activity in Purkinje tissue suggests. that freq“[Caz*li may recover to
adrmal hy the end of taparfdhian, Anothar machunism"mﬂy therefare be

responsiblie for tnhibition of Ca?*~dependent action potent {nia inftiaily

R
upon reperfusfon. &

-
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The eycle length of DIA returned to pre—-ischemic countrol cycle
lengths at 20 minutes of reperfusion in those preparations where there

was no cessaton of DiA upon reperfusion. This may mean that reperfusion

-

may initially restore activitly of the pacemaker curremt, Iy], respon-

¥

~ %
sible for DIA. However, after 20 minutes “of reperf§p£on, the cycle
length of DIA increased over the pre-~ischemic contfol values. [here-
fore, the pacemaker current, Iy}, may be reduced later in reperfusion.

These changes in cycle length of DIA could not be related to chanues in

threshold voltage for DIA. As reperfusion pfogcessé& (afrer 20 minutes),

DIA could be elicited over a wide range of membrane potentials. )
The implications of changeslin availability of Cadtelependent o‘a

action potentials durlﬁé reperfusion are that they may account lor Jif-

-

ferent mechanisms of arrhythmia. 9JAY's seen initially upon repecfugion

w
1 L

. o

occur at a time when Caz**dEpendenc action potentiils nccur. [Mils may
nean that, the slow inward current may h:r responsihle for some of the.

tntracellular Jal¥ overload upon reperfusion. ‘Zonduction hluck/lnexalt«

«

ability upon reperfusion occur at a time when there was further iﬁhlhtw
tion of calcium-dependent action potentinls. [his may be the reasoen WJhy
low membrane potential automaticity is not seen immediately npon reper~

fusion. Return of Gal*~dependenn action potentialys’ ocour at o time Jhen

DIA/parasystole are seen, Therefore a “reactivation”™ of the eatciun

channel may be responsihble far the accurrence n{ Low wmbramne potential

a o

automaticity.

Y

Ly
ine factor that may contrinuted in A during fechenia conditians

o A

and rdparfision =iy e c&teénotnaiwe relags=f Hy ttel} etiwulatiun oltm
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the current clamp. . Catechbihmine depletion may eontribute to the -
a - 4

secondary Inhibition of‘DIA during reperfusion. Howevef, 1f'this,were -

' \

the case, then DIA should not retura at the end of reperfusion.

) . ! g °
C. sEffects of BAY-K8644 on Ca-Dependent Action Potentials During .

Ischemic Conditionssaﬁd Reperfusion °
: )

BAY-K8644 is a‘ﬁihydropynidine which has a positive inotopic effect
b ' o

2

and vasoconstrictor action (Schramm 4t al., 1983).. Thus Schramm et’al,

N o
Kl983) have called BAY-K8644 a "Ca-agonist" begause it appears to .
activate Caz+—cbannelﬁ.and therefore promote Ca2tsinflux. Kokobum and

Reuter (1984) have shown that BAY~K8644 prolongs the mean open time of -

'

the caleium channel, and therefore increases t?e Ca?t-current. Wahler

¥ ® J

and Sperelakis (1984) have shown tkat BAY-K8644 induces slow action po-

tentials im guinea plg paplllary muscle depolarized with high potasa~ -

Y
lum., Sinece Sperelakié (1934) agsumes that agents which indqce slow

v

action potentials after depolarization with high:potassium will increase

the number of available slow channels for activatiod, BAY-KB8644 should

o

lncrease the numbar of available slow channels kor activation, Thera- 0
fore BAY*KéG&é may be expected to open the caleium channel under condi-
. . Z
tions where it may become inactivated (em. ischemic conditions). /// a t
’ 2

e

1. Ischemnic Conditions

v

Initially during fschemic conditions, BAY-K3064¢ caused a decrease
in cycle length of DIA, which was greater than the control ischemile con-

ditions. Therefore BAY-K8644 appears to act as a "Ga=agonist” fnitially

during ischemic conditions, However as the -duration of exposure to

¢ *

ischemic conditions progressed, half of the preparations showed an in-

*
‘ é
1
> ¥



) ’ 178
- % o °

” ®
.
- &
N 3

. - .
crease 1n cycle length of DIA, and the other half, displayed cessation of
DIA, Thgreforé the‘drug failed to act as a "Ca-agonist”.latér during

'3

ischemic conditions. gy'the end of exposure to ischemie conditions,
) .
mnore pfhparations dispilayed cessation of DIA compared to the control

{

< o

ischemic conditions, ThepeforesAY-K8644 failed to prevent the inacti-

vation of the calcium channel during ischemlc conditlons. Hoqgver BAY-

- L} o

o

K8644 did appear to haye some effect on t?e calgium chanhel during
1schemic\conéitions, since it increased the thgeghold ;oltage for DIA,
compared-to ischemic conditions alone. The reason why BAY-K8644 failed‘
to‘act'as a “"Ca=agonist" during ispheﬁ?c conditions 1si;ot knpwh. BAY~-
K8644 also enhanced inhibition of DIA duriné 1gcheﬁ1c ¢ondig%onsi
Ischemic conéitions may either alter the activity.of the:@rug through:*
ionization, or may alter .the bfndihg site of the drug. ‘Recéntly Nayler

et al. (1983) have geborted that 60 minutes of ischemia in rat hearts

reduces® the Bmax of dihydropyridine bindiﬁg sites, Slnce BAY-K8644 1s a

didydropyridine, the bfnding sites for this agent may be reduc?d by .

] 3

ischemic conditions. Alternatively thg‘effects of. 1schemic conditions
13 r 4

on the calcium qBanqel may not be reversed by BAY-K8644, TIf the effects

of ischemic conditions on inactivation of the calcium channel is depend-

ent on the lowering of the metabolic dependence“(i.ef lowering ATP - '

i

L4
levels) of the channel, then BAY-K8644 might fall to increase the avail-

&l)ility oé the dcalciunf channel glnce it doesn't work by a metabolic

1
~
¥ °

actlon. . Lo s

» . v

3
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" 2. Reperfusion p

o,

-
4 o

ud Reperfusion in the‘presence of BAY-K8644 resulted initially in the’
& % R
appearancée of OAP's. Alsco, reperfusion in the presence of BAY-K8644

£

» o
prevented further inhibitioh of DIA. During reperfusion in the presence
. ) , -

of BAY-K864%, the cycle dength of DIA was decreased below that of pre-

ischemice control.

BA¥—K8644 may euhance Ca—overload upon reperfysion, since the ap-
6 ”
pearence of OAP's upon reperfusion is promoted by this compound. Nilius
” g )

(1984a,b) reported that high concentrations (greater than 10~6 11) of

BAY-K8644 cause OAP's in guipnea-pig papillaty ﬁiscles exposed to high

o

K. However, this was the only report to show that this compound may -

>
produce OAP's, Even though the concentration of BAY-K8644 used in the ,

3

preynt study was 4 x 10™0 M, we have found no evidence for OAP's in

- [

canine ventricular tissues exposed to BAY-K8644 alone. However, the

concentration of BAY-K8644 used in the present study promoted OAP's upon

reperfusion. OAP's were elicited at a time-during rekgsi?sion when DIA
&

L]

could be elicited in PurkinJ%\tissue. Therefore reperfusion may induce
"

a Caz+*overload (as discussed previously) which is exacesffated by BAY-
| 4

KB644., BAY-K8644 méy enhance CaZ+*overload upon reperfusion by activa-~
- 4
ting ca2*-channels. Nayler et al. (1935) have also shown that BAY~K8644

_— g . n

enhances Ca3+“pptake upon reperfusion, after 60 minutes of 1schemis in
g b

rat hearts. —

st

BAY-K8644 dlso preveated further inhibition of DIA upon reperfu-
sion. Thérefore this compound appears to act as a "Ca-agonist" upon re-

perfusion., The prevention of inhibition of DIA“durinn reperfusion, bhut

3 ]
s 2

f
"
+ s e v L ) L3

an
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‘ not’ during ischemle conditions, suggests that restoration of "normal”

” -y a

' .
. conditions {ie, pH, 02, glucose) allows BAY-K8644 to act as a "Ca- '+
agonist"”. This 1s further evidence that ischemic counditions m;y either

* alter the stfucture of BAY-$8614 or'alter the bindidg site for this

. ’ ‘compouna. v ot o . ’\\

- Return of DIA during reperfusion.in the presence of BAY—K8644'qu
o ” A i W ? N -
asbociated with a decrease in cycle length of DIA below pre-ischemic

&

-

control values (obtained in the dbsence of'BAY-K86449. * The decrease in

-
[y

cycle 1eng€h of DIA during reperfusion in the presence of BAY-K8644 may’

L3

. be due to an Lncrease in pacemaker current, Ixi, and/or an increased .

avallability of slow Cal+ qhannela. If BAY-K8644 Increases the avai;a-

I
)

bility of slow Qaz+ channels then BAY-K8644 would be expected to in- ,
h A v -
crease the threshold voltage for DIA. An increase in threshold voltage ’

! o

for DIA was obtained up to 30 minutes of reperﬁusipn, as compared to re-

[y
o 3

. perfusion in the absence of»&AY-K86A4. However,‘after 30 minutes of re-
wt N “ -

perfusion, BAY-K8644 did not increase the threshold voltage for DIA, over
the control reperfusion. This may indicatg thatsafter 30 minutes of re-
perfusion fn'tﬁe presence of BAY-K38644 the maximum number 6f CaZ+-s
channels was activated by QAY-K8644. Any additional reduction of cycle

L2

length of DIA after 30 minutes of reperfusion.in the presence of BAY-

/ K8044, may be due to an increase in the pacemaker current, Ixj.
./ Preparationy reperfused in the absence of BAY-K8644 showed an
1n§}b1t§9n of DIA. Reperfusion in the presence of BAY-K8644 prevented

further inhibition of DIA, Therefore BAY-K8644 may prevent inhibition

* - of DIA during reperfusion. ’
? , Ve
: n - )
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D. = PROPOSED ﬁbDEL OF ELECTROPHYSIOLOGICAL CHANGES DURING ISCHEMIC

. CONDITIONS AND  REPERFUSION o , .

The resuls obtained from the present work may éontribute td an
i “““~mw“"ﬂ‘expiénation"of the electrOphysiofggical*phanges that take place in. °

L3
-~

r Y

, . Purkinje tissde’ during éxphsurq whilschemic conditions and reperfusion.

Figurés 27 and 28 show .a possible sequenéé of changes .that take place

Y

»

duriné ischemic cpnditions and reperfusion reépectively.

Ischemie conditions may cause some inhibitiou of .the electnogenic
bl 0 [

" Na=K ATPage’pump GFTgure 277. Inhibition of- the Na=K ATPase would lead

A 4

e ~
. ' - < to a decrease in the "pump” current {Ip) and therefore depolarization/}#
o - 2
y ' MDP). Inhibition of the Na—K ATPase would also lead to an increase in K
- . G / -
N concentration outgide the cell, and 1ncrease;fﬁ Na insgide phe’cafﬁ._ The

5 -

increage in [K]g would lead to an increage i K conductance (§gK) and to

\
a decrease in the equilibrium potential for potassiug ({Ek) These two

. s facbors would a}so contribute to a depolarization of Purkinje tissue.
Ischeniic conditions also decrease the éﬁdﬁ inward current ({Isi). The
d%crease In 151 willvlead to a decrease of potassium conductance, and
thergfore”depolari;ation.A Greater inhibipion of £si in the presence of
caleium’ channel blockers &ould Leaé to @ further reduction of potassium
. \cdnductnnce and theref?re a greate} depolarization of Purkinje tissue.
Decrease in Isi aiso contributes to inhibition of DIA. Decrgasebin fsi
may also 1e§d to decrease of contractiliiy in gurkidje tissue. Ischenic
. conditions may also cause an increase in membrgne fésistance of .

: Purkinje. The increase ip membrane resistance could also reflect a de-

. crease in conductance to Ca (and therefore decreased Isi) and/or :
- w (
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potassium conductance.. Therefore an increase in membrane nesistancé’may »
1\,&

O

also contribute to depolarizqtion as well as'inhibition of DIA. Also, ¢ -

increases in [K]y may alsoc contribute to inhibition of DIA.

4 - .

b4 a

s Tﬁe‘changés that occur in Purkinje tissue during reperfusion are .

2 4
much more complicated than those occurring durlng ischemic conditions.
Figure 28 shows a diapram outlining possible changes occurring in :

) % ’ 2 -
Purkinje tissue upon reperfusion. At the end of ‘exposure to ischemic
- - ' ‘—;" ' >

conditions there is a decrease in Isi. At the same time [K]g is increa-—

~

sed and [Naly 1s increased, due to imhibition of the Na-K.ATPase. Upon .

initidl: reperfusion, the Na-K ATPase becomes “reactivated”. ‘' The result-
B r

¥

™

ing lncrease in Na=K ATPasezactivity results in extrusion of {Na]f in

return Eorw[Ksh. This .results in the initial repolarization/hyperpola- .
R ' . ’
rization seen in Purkinje tissue. Also, the incfease in [Na]}4y at the

»

btarc of reperfusion stimulates the Na-Ca exchange meqﬁgnism, resy}ting’ . .

in increase [Ca2+]y. The electrical manifestation of increased [Cat]j ’”

.

. !
i3 the appearance of 0AP's. Agt is not known why the Na=Ca exchange may :

be stimulated only upon reperfusion. 'There 1s no evidence from the pre- !

gent work that the Nh‘éa exchange mechanism occurs to promote Ca influx i v

-
-

-
deging ischemic conditions. Also initially upon reperfusion, there may

a

bhe a reactivation of the Ca~channel and therefore the slow inward

-

current. The Ca2t entering through the slow inward current may’ contri—:

r

bute to a Ca~overload, and therefore the appearance of OAP's, The con~-
4 +
tribution of the slow inward current tb OAP's upon reperfusion was des

termined by the fact that calc;um channel blockers abolished QAP's,

o 13

Also, BAY-K8644 which increases the slow inward current, facilitatgd the . il

&

° '
/,
‘
. ’

# .

'
"
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appearance of OAP's., The "reactivation".of the Ca-channel also coin=

N N - s 0

cides\with a time when contraetility returned in Purkinje tissue.
After the injtial repolarization/hyperpolarization phase with the
* L] 4 g ]
® 4
appearance of OﬁP's, Purkinje tissue depolarized to a low membrane po-

o ¥ @

+ tential ?nd,became inexcitablé. The reason for this ?epolarization is

‘not known. Overstimulation of the Na~K ATPase could fﬁsuxc in.a large

decrease in [K]g in the narrow intercellular clefts. This wauld de~

o

crease potassium conductance and thereforg decrease MDP daspite ag

£

in¢crease in potassium equilibrium. At the same time, the Na-fia exchange
v . v

¢

mechanism would result in increase {Caly. If this exchange were efec-

-

trogén}c and exchanges 3 Na't foa 1 ca2t (Horackova, 1984~ review), then
a . [ o .

o

this wog}d favour depolarization upon reperfusion. Also at this'phase,

3

of depolarization and inexcitability, the Isi becomes inactivated:

S
b [0

Furtheir 1hactivation of %si may be”ddé to increased [Caz+]1 (Leg et all,

1985). Inhibition of Isi may-result in Lohibition of potassium conduct-

*

ance and therefore depoiarization. The further inhibition of fsy may ég

. ¢ 4

" / »
reason‘'why Purkinje tissue did not display any activity initially upon

IS » 4

° . - - N

*

depolarizapion.

N

Follodigg the phase of inmexcitabllity at low membrane potential,

- " v

Purkinje tissue displaygd automaticity at low membrane potential. The

reagson for the “reactiyation” of tile slow inward current 1s not known.

a ! ¢

a

o

"Reactivation” of the sléw inward current may be due to decrease in ln~ -,

E
¥

.tracellular Ca2¥, since this was presumably the reason for tnactivation

"

. of the slow inward currentw  Following the phase of DIA/parasystole,

o

+  Purkinje tlssue slowly recovered MDP to pre~ischemic levels by. the end

@

]

2]



40

\

o
-

o 186

* o
. - ' r .

- Of reperfusfon. Coinciding with this ﬁhase, is the reappearance of con~

’
[

tractgpnskin Purkinje tissue. The reaéon for recovery of MDP of

Al

Purkinje tissue may be due to a return of all ions influencing the MDP

y
2}

~ back to normal 1eve}s. Presumably at this time, thg‘Na-K ATPase 1is
funéﬁioning normally and- interstitial K ;;vels have returned to normal. °
+Also at the same time, "reactivation” bf‘&si will result in increase in
K conductance,a&d thergfo;e a repolarizing'influence on Purkinje

‘e @

tissue. Also, recovery should result in return of fCa]{ levels back to

» -

n;kmg&. Whether return of [Caquto norifal 1eve1§ 13 due to extrusion of

excess Cal+ or duecto Sequestraton of Cal+ intiacellularly 1s not Kknown.
@ . L] ‘ .

k-3

It should be noted that the role of the slow inward currént in

Q

stud;és outlined in ths thesis, were assessed using indirect indices of

’ [

_»calcium current activation angJ;&hibition. However changes in action °

oy

’ potential'configuration and DIA in the absence and presence of various
, i ‘ .
agents and conditions point to a direct ggVOIVemgnt of the slow inward:
- LY @

1
[y

-~

“}urrent. -

E.  Future Work ’

%
-

, Although the present work was ailmed at elucidating the role of the
slow inward current in ischemia and reperfusion arrpythmias, there are
_ many questions left unanswexed. Preliminéry w6§£&?¥om‘our laboratory

with @ and § blockers sugpgests that these agents don't afforé any pro—

tection against arrhythmias:due to ischemic conditlogs and reperfusion.

Therefore catecholamines are not released during ischemlc conditions in

1

the present model. Since catecholamines are released during ischemia

7 (Riemersma, 1982 - review), the effect of catecholamines on the availa-

’
@
-

- . »
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bility og Ca-dependent Qctiqp ﬁﬁringﬁischeﬁic condit16;3 shoé&d beain;
vestigated. nPrelimipPry wofk-from our 1aborator§ has ;hown thacx o
catechél;;ines failéd to prevent, the decline in contractility in
’ / ' a “ N
"Purkinje tissue during ischemic conditions (A. Lukas = personal communi-

4

catlon). However, the effects of catecholamines on electrically induced

DIA during ischemic conditions have, not been studied. The'effects'af

catecholamines on the availability of Ca-dependent action potentials

¥ 1

,during reperfusion should also be 1ﬁve3tigated. .Preliminary investiga- -

»
o H

tions have shown that reperfusion with noradrenaline prevented the

4

inexcitable phase at low membrane potential in Purkinje tissue (A. Lukas

- personal communication). This suggestsg that reperfusion with cate—
) *
cholamines may prevent further inhibitlon of Ca-dependent action potent-

ials. The 1deal way to investigate changes in the 8low inward current

v

during ischemic condiﬁioﬁs and reperfusaqh 1s with voltage clamp.a
. ‘
Through voltage clamp one would be able to study fhe alteration 1n.€ﬂe
kinetlcs of the slow inward current under conditlons of ischemla and,
reperfusion, and how catecholamines, ete. may influence the kinetics ok
the slow inward current. v a .
Another 1mportan£ Ca=~dependent mechanism that should be investipga—
/te; is the role of the N?~Ca exchange mechanism during ischemic condi=.
tions and reperfusion. The proposed scheme of eleccrdbhysioiogicalo
changes (Eigures 50 and. 31) suggested that Na-Ca exchange should ocecur
during ischemi¢ conditions, although there was no eyldence thét Na—?a

exchange occurs, Therefore ischemic conditions may inhibit Na-Ca ex-

ghange. The effects of ischemic conditions on Na-Ca exchange should

o
¢



i
4

* therefore be investigated. Since reperfusion appears to cause OAP's vig
@ ‘ »

a Na-Ca exchange medhanismf then the effects of inhibition of Né—Ca ex—

change should be 1éjéstigatedw Recently, a new Na—-Ca exchange inhibi-

[y

& toéﬁ called dichlorobénzamil,‘haé been ;ynthesized (Bush et ai., 1985~
‘ ahstract). Therefore the eff;cts of this agené on reperfusion induced
OAP's can be investigated. Another interesting pharmacological agent is
o BAY~K8644 which promoégs appearence of OAPYs upon reperfuéion. The
character;stics of OAP's caused by BéY-K8644 such as cycle length de-
pendency and' membrane éotentialléependancy should-be investigated. It

k] 4
would also be interesting to use voltage clamp techniques to see if this

-

agent also activates the TI QUrrent similarly to &igitalis. . .

N .
Finally, although the work in this thesis concentrated on the 8low

} M, - ’
" inward currenty, the involvement of the fast inward sodium current in

Y
»

ojarrhythmias duve to ischemic conditions anad reperfusioh!should also be
investigated. The work in this thesis was not meant to imply that Ca is

responsible for all mechanisms ofarrhythmia seen-during ischemic condi-
&
. tions-and reperfusion. In fact, the present model of ischemic condi-

- ¥

tions and reperfusion demonsngates !!! difficulty of determining ﬁany

° o fﬁgggfgﬁghieh might cause specific electrophysiological chénges during

€3

‘«ff/”j/// 1sqhem‘c conditionp and repenfusion. This is because the addition of

- @

3

_any phﬁrmacélogical‘agent or -the reduction or addition of any fon will

‘ prabably exertgseveral effects Instead of effects on a speécific phase

L]
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Computer progr%? for analysis of electrophysiological and meshhnggnfi ‘

[

records ! - ,
10 REM _--- DIGIT.BAS -- oec 1/83 ~-~TONY LUKAo -
20 REM —-—- THIS PROGRAM INPUTS DATA FROM THE DIGITIZER. ANALvsec
30 REM --- THE DATA AND-STORES IT ON A DISKETTE ’
40 REM --- o
S0 HOME :D% = CHR$ (4): PRINT D$;"PRH3": tPRmT 7
60 HOME : UTAB 4:As$ = "ANALYSIS PROGRAM,FOR“‘ GOSUR 7000 _ )
70 VUTAB 6:A$ = "HIPAD DIGITIZER": GOSUB 7000 - ,
80 DIM X(300,6) . ‘ i : S
85 PRINT, D“'BLDADATAB' .
90 XNOW = 0:YNOW = 0:0LD.= 1:T#S = 254:DIGITIZE = 775; YMSB = 769
100 XLSB = 770:YMSB = 772:YLSB = 773: TEXT : CALL - 53 '
110 REM --- PROCEDURE -SELECTION CODING i
120 HOME : UTAB 2:A$ = “MODE SELECTION SUBROUTINE": socue 7000 '
130 UTAB 5:A$ = “NEW DATA ANALYSIS OR DISPLAY": GOSUB 7000
140 UTAB 7:A$ = “EXISTING FILE. ¢TYPE N OR D»*: GOSUB 7000 -
150 INPUT Vi$: IF Vis = “D* THEN  GOSUB 3000: GOSUB 4000: GOTG 8000
140 VTAB 10:A$ = “TENSION, TRACINGS ? (TYPE Y OR N»": GOSUEB 7000 -
170 INPUT 2% . -
180 IF Z$ = *Y* THEN : UTAB 13:A$ = "NUMBER OF mgs PER DIVISION*: GUSUB

7000 8 " ‘
190 IF 2% = *Y* THEN INPUT SEN
200 IF Vi$ = *N* THEN :°IF Z$ = *“Y" THEN GOSUB 1000: GOSUB 2000
210 IF 2% = "Y* THEN GOTO 8000 . .
220 IF VUi = *N* THEN : IF 2% = Ay THEN GOSUB 1500: GOSUB 2000: GOTO A
000 V!

400 6OTO 8000 \ —
1000 REM -—- DIGITIZER®™DATA INPUT SUBROUTINE WITH TENSION
1010 HOME : VTAB 2:A% =P*DATA INPUT SUB WITH TENSION*: GOSUB 7000
1020 YTAB S:A% = “RESET DIGITIZER IN BOTTOM LEFT CORNER“: GOSUB 7000
1030 CALL PIGITIZE .
1040 VTAB 8:A$ = "ENTER POSITION OF STIMULUS TRACEY: GOSUB 2000
1050 UTAB 10:A$ = “THEN'{TOPS AND BOTTOMS OF CHAMNEL®: GOSUB 7000 .
1060 VYTAB 12:A% = "A AND B 100 mY CAL SIGNALS. NEAT,": GOSUB 7000
1065 VTAB 14:A% = "ENTER A 1000 msec TIME CAl,": GOSUB 7000
1070 FOR J =1 TO S: CALL DIGITIZE
1080 Cx = ( PEEK (XMSB) * TFS» + PEEK (XLSB»,
1090 CY = ¢ PEEK (YMSB)o% TFS) + PEEK {(YLSB)
1100 C¢Jo = CY -
1110 ° NEXT 4 s
1120 AC = 100 7 (C{2) =~ CC4Y :BC = 100 ./ <C(3» -~ Lr5rw
1130 PA = C¢dr - CC1):PB = €5 ~ C(I) i
1132 FOR L =1 TO 2: CALL DIGITIZE RN
1133 S(L) = ¢ PEEK (XMSB) » TFS) + PEEK (XLSB» ) .
1134 CF'= 1000 7 «S(2) - S(1N ) .. .
1135 NEXT L S : >
1140 HOME : WTAB 2:A$ = “ENTER STIMULUS LINE, THEN MDP OF*": BGOSUB 7000
1150 YTAB 4:A% = "CHANMEL A AND B, AND LASTL( THE": GOSUE 7000
1160 VUTAB 6:A% = “TOP AND BOTTOM DF THE CONTRACTION": G015 16 "
1165 1F Bx » 0 THEN  GOTQ 1320

Woun

s

it
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1170 FOR T = 1 TO 10000 ’
1180 FORK =1 T0O S

1190 CALL DIGITIZE - , ,

1260 XNOW = ¢ PEEK (XMSB) » TFS) + PEEK (XLSB»

1210 YNOW = PEEK (YMSB) * TFS) + PEEK (YLSB)

1220 IF YNOW ¢ 250 THEN. : IF XNOW ¢ 830-THEN RETURN

1225 [1F YNOW < 250 THEN : IF XNOW > 1725 THEN GOSUB 6000: GOTO {140
1227 IF YNOW ¢ 250 THEN : IF XNOW > 830 THEN GOSUB 5000: GOTO 1140
1230 BX = 0:T(K) = YNOW . .
1240 NEXT K: UTAB 10: HTAB 15: PRINT “DATA SET # *:I .

1250 X(I1.1) = €100 - ((TC2) - T4 - PA) % AC)) .

1260--VTAB 12: HTAB 5: PRINT “CHANNEL. A (mV).: Yi: PRINT X(I.,1)

1270 X(1,2) = (100 - ((T(3) =~ T(1) - PBY » BC)) |

1280 UTAB 14: HTAB 5: PRINT "GHANNEL B (mv) :.*§: PRINT X(I, 23

1290 TCF = SEN / (((C(2) ~ C(H) + (C(D) - C(HN 7 8

1300 X¢1¢3) = (T(4) .~ T(52) » TCF. |

1310 UTAB 14: HTAB S: PRINT "TENSION (mg) : *j: PRINT X(1.3» .

1320 NEXT 1 C /

©

1330 RETURN "
1500 REM --- DIGITIZER DATA INPUT SUBROUTINE WITHOUT TENSION .

1510 HOME : VUTAB 2:As$ = "DATA INPUT SUB WITHOUT TENSION": GOSUB 7000
1520 VTAB 5:As = *RESET DIGJTIZER IN BOTTON LEFT CORNER": GOSUB 7000

. 1530 CALL DIGITIZE

1540 VTAB 8:A$ = “ENTER POSITION OF STIMULUS TRACE": GOSUB 7000

1550 VTAB 10:As = *THEN TOPS AND BOTTOMS OF CHANNEL": GOSUE 7000 -
1560 UTAB 12:A$ = "A AND®B 100 mV CAL SIGNALS. NEXT,": GOSUB 7000
1565 UTAB 14:As = “BNTER A 1,000 msec TIME CAL": GOSUB 7000

1570 FOR J = 1 TO 5: L DIGITIZE

1580 CX = ¢ PEEK (XMSBY * TFS) + PEEK (XLSB)

1590 CY = ¢ PEEK (YMSB) * TFS) + PEEK (YLSB)» §

1400 Cfy = €Y :

1610 NEXT J. .

1620 AC = 100,/ (Cv®) - C(421:BC = 100 7/ (C+3) = £ 6

1630 PA =" C(4) =, CC1)2PB = C(5) - C(11

1632 FOR L = 1 TQ 2: CALL DIGITIZE

-1633 S(LY = « PEEK (XMSB) * TFS» + PEEK +XL5B!

164 cF = 1000 / (S¢2) - SV

1635 NEXT L, .
1640 HOME : UTAB 2:A$ = "ENTER STIMULUS LINE, THEN MDP OF*: GOSUB 7000
1650 UTAB 4:A%, = "CHANNEL A THEN CHANNEL B.*: GOSUB 7000

1655 1F Bx:» 0 THEN GOTO 1780

1660 FOR I =1 TO 10000

1670 _EOR K = { TO 3

148 LU DIGITIZE | )

16900 =  PEEK (XMSB1 * TF3) + PEEK (XLSB)

1700 9nOW =  PEEK (YMSB) # TFS)» + - PEEK (YLSB)

1710 IF YNOW < 250 THEN : IF ANOW < 830 THEN RETURN
1715° IF YNOW ¢ 240 THEN : IF *NOW ¥ 830 THEN GOSUB 5G00: GOTG 1640
1720 Bx = 0:T(Ky = YNOW

190

Huaun

1730 NEXT K: UTAB 10: HTAB 15: PRINT “DATA SET W *:iI "
1740 *X<1 (1) = €100 = +{T(2) ~ TC11 = PAY # AC))

1750° UTAB 12: HTAB S: PRINT "CHANNEL A (mU» : "3z PRINT x¢[,10 2
1740° % 1,25 = 4100 ~ ««T¢3) = T = PBy » BC»» L.

+
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UTAB 14: HTAB 5: PRINT “CHANNEL B (m\) : ";: PRINT X<1,2)
NEXT 1 K
RETURN )
REM --- STORE DATA FILE ON DISKETTE SUBROUTINE
HOME : UTAB 2:A%$ = "DATA STORAGE SUBROUTINE'. GOSUB 7000
UTAB 5: INPUT "FILENQME .us
UTAB 8: INPUT "DRIVE NO :DR$
“UTAB 11:A$ = "DATE OF EXPER!HENT %% GOSUB 7000: INPUT Mis
UTAB 14:A% = *aNIMAL TYPE, SEX AND WT 7": GOSUB 7000: INPUT M2s
UTAB 17:A% = *PREPARATION 7*: GOSUB 7000: INPUT M3$

PRINT D% ;"O0PEN";Ws" ,D" ;DRs

PRINT D$;"WRITE" ;Ws

PRINT M1$: PRINT M2$: PRINT M3$: PRINT, I - 1
FOR J = 1 TO 1 - 1: PRINT XCJ.1Y¢ PRINT x¢J,2)

PRINT X(J,3): PRINT X(J,4Y: PRINT X(J,5): PRINT X1J.6)
NEXT J - .

PRINT D$.;"CLOSE" ;W

RETURN ‘

REM ~--- READ DISKETTE FILE SUBROUTINE

HOME : UTAB 2:A$ = "READ FILE SUBROUTINE*: GOSUB 7000- ,
UTAB 5: MMPUT “FILENAME  ":W$: UTAB 8: INPUT “DRIVE NO  *;DR$
PRINT D$;"OPEN";Ws"* D" ;DR$: PRINT D$;"READ" ;W$

INPUT M1$: INPUT M2%: INPUT M3$: INPUT 1!

FOR J = 1 TO I: INPUT X¢Ji1y: INPUT X¢J.20 -
INPUT X(J,3): INPUT X(J, 41 INPUT X(J,5) ¢ INPUT XuJ 60
NEXT J

PRINT D$;“CLOSE" ;W3

RETURN -

REM --- DATA DISPLAY SUBROUTINE

HOME : UTAB 2:A% = "DATA DISPLAY SUBROUTINE": GOSUB 7000
UTAB 5: PRINT * “iMi$;: PRINT * " iM2%

PRINT * " iM33 .

FOR J =1 TO [: UTAB 8: HTAB 15: PRINT “DATA SET W ~:)J
UTAB 10: HTAB 5: PRINT “"CHANNEL A (myr : " .
PRINT X<J,1%;: PRINT * oo

UTAB 12: HTAB 5: PRINT “CHANNEL B (m\V) 3 *;

PRINT X¢J,2);: PRINT ~ | "

UTAB i4: HTAB S: PRINT "TENSION (mg) : *: .
PRINT X<¢J,37;¢ PRINT * " .

VUTAB é: HTAB 5: PRINT "0AP AMPLITUDE wmy) ¢ “: ,
PRINT X(J,4):: PRINT * "

UTAB 18: HTAB S: PRINT "COUPLING INTERVAL (msec: : ":

PRINT X(J,S51;: PRINT * o

UTAB 20: HTAB S: PRINT “PRECEEDING BCL rmsec! : ";

PRINT X(J,4);: PRINT * "

GET Us

NEXT J

RETURN

REM === 0AP ancuLnTlons SUBROUT INE

HOME : YTAB 2:A$ = "OuP CALCULATIONS “UBRAUTINE" : HLASUB 200
uTAB €:A$ = “ENTER THE BCL PRECEEDING THE EMD*. GOSUB 7000

-4 *
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0 3

5030 VUTAB 7:a$ = "OF THE TRAIN, THEN THE STIMULUS*: GOSUB 7000
5040 VTAB 9:A% = "ARTEFACT AND CENTER OF OAP, LASTLY": GOSUB 7000
“5050 VUTAB 11:A$ = “THE MDP AND PEAK OF THE DAP*: GOSUB 7000

5040 FOR @ = | TO 4: CALL DIGITIZE .

5070 BX := ( PEEK (XMSB) # TFSY + PEEK (XLSB)

5090 B(Q) = BX .

5100 NEXT @ .
5110 FOR R = 1 TO 2: CALL DIGITIZE

5120 0AB = ¢ PEEK (YMSB) » TFS) + PEEK (YLSB)
5130 OCRY = 0AB

5140 NEXT R .
9190 X{(I,4) = (0¢2) - 0¢1)¥ * AC: UTAB 15: HTAB 5

5160 PRINT “0AP AMPLITUDE (mV) = ":: PRINT x(1.4)
5180 X{145) =Ogs<4» - B¢3)r # CF; UTAB 17: HTAB S

5190 PRINT "COUPLING INTERVAL (msec) = ":: PRINT 4\1.5)
5200 X¢I,8) = (B¢2) - B(IY) # CF: UTAB 19: HTAB S

,5210 PRINT “PRECEEDING BCL (msec) = ":: PRINT X(I,&

9220 VTAB 22: HTAB 5: INVERSE
5230 PRINT “PRESS CURSOR BUTTON ‘TO CONTINUE®: NORMAL

5240 CALL° DIGITIZE ' R
5250 RETURN s

6000 REM --- CHONGE TENSION SENSITIVITY SUBROUTINE

6010 HOME : VTAB 2:A$ = "CHANGE TENSION SENS. SUBROUTINE®: GOSUB 7000

4020 VUTAB S5:A% = "ENTER NEW TENSION SENSITIVITY": GOSUB 7000
4030 VTAB 7:A% = "NUMBER OF mgs PER DIVISION 2 *: GOSUB 7000

6040 VTAB 9: INPUT SEN:BX = |

4050 RETURN
7000 REM --- CENTER STRING A$ SUBROUTINE

7010 B'= INT (20/- ¢ LEN (A$) / 205z IF B ¢ 0 THEN B = |
7020 HTAB-B: PRINT A%: RETURN

8000 PRINT CHRS (17 |

8010 END 7 A .

s
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. Computer program ‘for analysis of cycle length of DIA

10°. REM =-- AUTODIG.BAS --- MARCH 12/84' --- TONY LUKAS ---

20° REM --- THIS PROGRAM INMUTS DATA FROM THE DIGITIZER, ANALYSES

30 REM --- THE DATA AND "STORES IT ON A DISKETTE.

40 REM ~-- ' - .

50 HOME :0% = CHR$ (4): PRINT D$;"PRN3": PRINT )

40 HOME : VTAB 4:A$ = "ANALYSIS PROGRAM FOR" : GOSUB 7000

70 VTAB 4:A$ = -HrPAo»oxsxvxzéh'- GOSUB 7000 -

80 DIM X(300, 7 - . .

85 PRINT D$; 'BLOADRTAB‘ 6

90 XNOWI 0:YNOW = 0:0LD = 1:TFS = 254:DIGITIZE = 775:XMSB = 769,

.100 XLSB = 770:YMSB = 772:YLSB = 773: TEXT : CALL - 943

'110 REM -~- PROCEDURE SELE CODING

120 HOME : VTAB 2:A% = "MODE SELECTION SUBROUTINE": GOSUB 7000

130 VTAB S5:A$ = "NEW DATA ANALYSIS OR DISPLAY": GOSUB 7000

140 VUTAB 7:As$ = "EXISTING FILE. (TYPE N ORYD)*: GOSUB 7000

150 INPUT Vis$: IF Vis = *D* THEN GOSUB 3000: GOSUB 4000: GOTO eoooo

160 VTAB 10:A$ = "TENSION TRACINGS ? (TYPE Y OR N>*: GOSUB 7000

170 INPUT 2%

180 IF 2% = *Y" THEN : UTAB 13:A%'= "NUMBER OF mgs PER DIVISION*: GOSUB
7000 .

190 I1F 2¢ = "Y* THEN INPUT SEN :

200 IF Vi$ = "N* THEN : IF 2% = "Y" THEN GOSUB 1000: GOSUB 2000

210 IF 2% = "Y" THEN GOTO 8000

220 IF Vi$ = *N* THEN : IF 2% = *N" THEN GOSUB 1500: GOSUB 2000: GOTO 8
goo0 ) ,

400 To 8000

10000 REM --~ DIGITIZER DATA INPUT SUBROUTINE WITH TENSION

1010 HOME : VTAB 2:A% = "DATA INPUT SUB WITH TENSION®: GOSUB 7000

1020 _UTAB 5:A$ = "RESET ‘DIGITIZER IN BOTTOM LEFT CURNER'-‘%BQQS\TOOO

L]

@

1030 CALL DIGITIZE
1040 VUTAB 8:As$ = "ENTER POSITION OF STIHULUS TRACE"; GOSUB 7009

1050 YTAB 10:A$ = "THEN TOPS AND BOTTOMS OF C}-IN‘NEL”' GOsuUB 7000

1060 UTAB 12:A% = "A AND B 100 mV CAL SIGNALS, NEXT,*: GOSUB 7000
1065 VTAB 14:A$ = "ENTER A 1000 msec TIME CAL.": GOSUB 7000

1070 FOR J = 1 TO §: CALL DIGITIZE , ,
1080 'CX = ( PEEK (XMSB) # TFS) + PEEK (XLSB) 1

1090 CY = ( PEEK (YMSB) %.TFS) + PEEK (YLSB)

1100 CCJ) = CY

1110 NEXT J

1120 AC = 100 / (C(2) =~ CC4)):BC = 100 / <C(3) = C(5))

1130 PA = C(4) - C(1)1PB = C(5) - C(1)

1132 FOR L = 1 TO 2: CALL DIGITIZE

1133 S(L) = ¢ PEEK (XMSB) * TFS) + PEEK (XLSB) :

1134 CF = 1000 / (5¢2) - 5(1)) ;

1135 NEXT L o ’

1140 HOME : UTAB 2:A% = “ENTER STIMULUS LINE, THEN MDP OF*: GOSUB 7000
150 UTAB 4:A% = “CHANNEL A AND B, AND LASTLY THE®: GOSUB 7000

1160 VTAB é:1A% = “TOP AND BOTTOM OF THE CONTRACTION®": GOSUB 7000

1165 1IF BX > 0 THEN GOTO 1320 , g\

1170 FOR I = { TO 10000 )
1180 FOR K = i TO §

/

Sy
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4 [
w 1
ra

1190 calL DIGITIZE . . «

1200 XNOW = ¢ PEEK (XMSB) # TFS) + PEEK (XLSB)

1210 YNOW = ( PEEK (YMSB) %*.TFS) + PEEK (YLSB)

1220 -1F YNOW ¢ 250 THEN : IF XNOW < 830 THEN RETURN

1225 IF YNOW ¢ 250 THEN 1., IF XNOW > 1725 THEN GOSUB 6000:.GOTO 1140
1227 IF YNOW <250 THEN : IF XNOW > 830 THEN GOSUB S000: GOTO 1140
1230 BX = 0:T(K) = YNOW '
1240 "NEXT K: UTAB 10: HTAB 15: PRINT "DATA SET # ";I
1250 X(I,1> = €100 - <(T(2) - T¢1) - PA) * ACH)

1260 VTAB 12: HTAB 5: PRINT "CHANMEL A (mV) : ";: PRINT X(I,1)
1270 X¢1,2) = €100 ~ ((T(3) - T(1) - PB) * BC))

1280 UTAB 14: HTAB St PRINT "CHANNEL B (mV) & *j: PRINT X(I,2) -
1290 TCF = SEN / (((C(2) -~ C(4)) + (0(3) =~ C¢(5))) / gy

1300 X(1,3) = (T¢4) - T(5)) * TCF ,

1310 VTAB 14: HTAB St PRINT "PENSION (mg) : " PRINT XCI,3)
1320 NEXT ! .

1330 RETURN .
1500 REM =--- DIGITIZER DATA INPUT SUBROUTINE WITHOUT TENSION

1510 HOME : VTAB 2:4% = "DATA INPUT SUB WITHOUT TENSION®: GOSUB 7000
1520 VTAB 5:A$ = "RESET DIGITIZER IN BOTTOM LEFT CORNER":"GOSUB 7000

1530 CALL DIGITIZE ' Aﬂk
T

H

1540 UTAB 8:iA$ = "ENTER POSI OF STIMULUS TRACE®: GOSUB 7000
1550 VUTAB 10:A$ = "THEN TOPS #ND, BOTTOMS OF CHANNEL": GOSUB 7000

1560 UTAB 12:A$ = "A AND B 100 my CAL SIGNALS. NEXT,": GOSUB 7000
1565 UTAB 141A$ = "ENTER A 1000 msec TIME-CAL": GOSUB 7000

1570 FOR J = 1 TO 5: CALL DIBITIZE

1580 CX = ( PEEK (XMSB) * TFS) + PEEK (XLSB) :

1590 CY'= ¢ PEEK (YMSB) * TFS) + PEEK (YLSB)

1400 C(J) = CY

1610 NEXT J

1620 AC = 100 / (C(2) = CC4))1BC = 100 / (C(3) - C(S5))

1430 PA = C(4) - C(1):PB = C(5) - C(1)

1632 FOR L = | J#& 2: CALL DIGITIZE

1433 S(L) = ( PEEK (XMSB) * TFS).+ PEEK (XLSB)

1634 CF = 1000 A(S¢2) - S(1))

1635 NEXT L

1640 HOME : UTAB 2:A$ = "ENTER STIMULUS LINE, THEN MDP OF*: GOSUB 7000
1850 UTAB 4:A$ = “CHANNEL A THEN CHANNEL B.": GOSUB 7000

1655 IF BX > 0 THEN GOTO 1780

1460 FOR I = 1 TO 10000 '

1670 FOR K = { TO 3 ‘

1680 CALL DIiGITIZE

1690 XNOW = ¢ PEEK (XMSB) # TFS) + PEEK (XLSB)

1700 YNOW = ¢ PEEK (YMSB) * TFS) + PEEK (YLSB)

1710 IF YNOW < 250 THEN : IF XNOW < 830 THEN RETURN
1715 IF YNOW ¢ 240 THEN : IF XNOW > 830 THEN GOSUB 5000: GOTO 1440
1720 BX = 01TC(K) = YNOW

1730 NEXT K: UTAB 10: HTAB 15: PRINT “DATA SET # *;I N
1740 X(1,1) = €100 ~ ((TC¢2) - T(1) - PA) * AC))

1750 VUTAB 121 HTAB 5t PRINT "CHANNEL A (mV) t "t PRINT X(I,1)

1760 X<1,2)> = (100 - ((T(3) = T(1) - PA) * BC))

a
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A

VTAB 14: HTAB 5: PRINT "CHANNEL B (mV) : "j;: PRINT X(I1,2)°
NEXT 1 ~

RETURN

REM --- STORE DATA FILE ON DISKETTE SUBROUTINE

HOME : VTAB Z:A%$ = "DATA STORAGE SUBROUTINE": GOSUB 7000
VTAB 5: INPUT “FILENAME "W g ,

UTAB 8: INPUT "DRIVE NO “;DR$ )

UTAB 11:A% = "DATE OF EXPERIMENT ": GOSUB 7000: INPUT ‘Mis

UTAB 14:As$ = "ANIMAL TYPE, SEX AND WT °": GOSUB 7000: INPUT M2$

UTAB 17:A$ = *PREPARATION 2*; GOSUB 7000: INPUT M3%
PRINT D%;"OPEN" ;Ws",D" ;DR$

PRINT D$;*WRITE" ;Ws

PRINT M1$: PRINT M2$: PRINT M3$: PRINT I - 1

FOR J =1 TO 1 - 1: PRINT X¢J,1): PRINT X(J,2)

PRINT X(J,3): PRINT X(g54): PRyNT X(J,5) ¢ PRINT x&1, 6
PRINT X¢J,7) :
NEXT J ) .

PRINT D$3*CLOSE” ;W$ °

RETURN

REM ~-- READ DISKETTE FILE SUBROUTINE

HOME : VTAB 2:A$ = "READ FILE SUBROUTINE®: GOSUB 7000
UTAB 51 INPUT "FILENAME  *;W$: UTAB 8: INPUT "DRIVE NO  *;
PRINT D#%;*0OPEN" ;W$",B* ;DR$: PRINT D$;"READ” ;Ws$

INPUT M1$: INPUT M2$: INPUT M3$: INPUT I

FOR J'= 1 TO I: INPUT X(¢J,1)t INPUT X¢J,2)

INPUT X¢J,3): INPUT X(J,4): INPUT X(J,5): INPUT X(J,&)
INPUT X(¢J,7)

NEXT o |

PRINT D$;"CLOSE" ;Ws

RETURN

REM --- DATA DISPLAY SUBROUTSNE

HOME : UTAB 2:A$ = *DATA DISPLAY SUBROUTINE": GOSUB ,7000
UTAB 5: PRINT * ":MI%$;: PRINT " "iM28;

PRINT * “:M3s !

FOR J = {1 TO 1: UTAB 8: HTAB 15: PRINT *"DATA SET W *;J
UTAB 10: HTAB 5: PRINT “CHANNEL A& (mV) : *;

PRINT X¢J,1)3: PRINT * . .

UTAB 12: HTAB 5: PRINT "CHANNEL B (mv) : *;

PRINT X(J,2);% PRINT * .

UTAB 14: HTAB 5: PRINT “TENSION (mg) "

PRINT X¢J,3);: PRINT * .

UTAR 14: HTAB 5: PRINT "BCL (msec) : ";

PRINT X(J,4);: PRINT * "

UTAB 18: HTAB 5: PRINT *INTERPOLATED INTERVAL (msec) : *;
PRINT X¢J,5);: PRINT * Cor T

UTAB 20: HTAB S5: PRINT *MODULATED CL (msec) : "; o
PRINT X(¢J,6)>;: PRINT * "o :

UTAB 22: HTAB 5: PRINT "SPONTANEOUS CL (msec) : *; ,
PRINT X<J,7>3: PRINT * .

GET Us

NEXT J

N

DRs

4
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. 4170 RETURN
5000 REM --- PARASYSTOLE CALCULATIONS SUBROUTINE
5010 HOME : VTAB 2:A$ = "PARASYSTOLE CALCULATIONS SuUB": GOSUB 7000
5020 VTAB 5:A$ = "ENTER THE BCL, THEN THE ‘FIRST AND LAST": GOSUB 7000
5030 UTAB 71A$ = “BEAT OF A MODULATED CYCLE, AND LASTLY": GOSUB 7000
5040 UVTAB 9:A$ = "THE FIRST AND LAST BEAT OF A": GOSUB 2000 , —> ,
.“%05%50 VUTAB 11:A% = "SPONTANEOUS CYCLE": GOSUB 7000 :
%040 FOR @ = 1 TO 4: CALL DIGITIZE ‘
5070 BX = L PEEK (XMSB)> * TFS) + PEEK (XLSB) ‘
5080 B(Q@) = BX . ‘
5090 NEXT @ . s o
5100 X¢1,4) = (B¢2) - B(1)) * CF: VTAB 14: HTAB 5
5120 PRINT "BASIC CYCLE LENGTH (msec) = *s: PRINT X(I,4)
5130 X¢I1,5) = (B¢2) - B(3)) % CF: VIAB 14: HTAB 5
5140 PRINT " INTERPOLATED INTERVAL (msec) = *;: PRINT X(I,5) \
5150 X<1,4) = ¢(B<4) - B(3)) » CF: VTAB 18: HTAB 5
5160 PRINT °MODULATED CYCLE LENGTH (msec) = "j;: PRINT X(I,4)
5180 X¢1,7) = (B(8) ~ B(S)) * CF: VTAB 20: HTAB 5 ' -
5190 PRINT "SPONTANEQUS CYCLE LENGTH ¢msec) = "j: PRINT X(I,7)
5200 VUTAB 22: HTAB 5: INVERSE
5210 PRINT "PRESS duason BUTTON TO CONTINUE": NORMAL : CALL DIGITIZE
5220 RETURN .
4000 - REM ==~ CHANGE TENSION SENSITIVITY SUBROUTINE ‘
6010 HOME : VUTAB 2:A$ = "CHANGE TENSION SENS. SUBROUTINE": Gosus 7000-
6020 VUTAB 5:A3 = "ENTER NEW TENSION SENSITIVITY": GOSUB 7000
46030 VUTAB 7:A% = *NUMBER OF mgs PER DIVISION ? ": GOSUB 7000
4040 VTAB 9: INPUT SEN:BX = |
46050 RETURN .
7000 REM ---- CENTER STRING A$ SUBROUTINE
7010 B = INT (20 -~ ( LEN.€A$) / 2))>: IF B ¢ 0 THEN B = 1
7020 HTAB B: PRINT A$: RETURN .
8000 PRINT CHR$ (17)
8010 END

-
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