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Abstract- Hypoxia-caused modulation of cardiac electrophygjglwas modeled by computer simulation. Emphasis ava
the effect of activation of anionic channels on dfextrical state of the tissue. The model includgdicitly the effect of the
presence of reactive oxygen species (ROS) and eitrogide (NO) on myocyte membrane voltage by tbeirtribution to
the activation of chloride currents. Three anionigrents were added to the modified Luo-Rudy iomiadel of the
ventricular action potential used in these caléoie. The effect of the activation of the usuallyrrdant currents due to
hypoxia results in the modulation of the morpholagfythe action potential and the ECG. Transitionttedé ECG to
ventricular fibrillation is shown. An important fimg reported here is that control of the swellangd protein kinase C
(PKC)-activated chloride currents can limit the &ieal chaos of pharmacologically-caused hypoxidize toxicity.
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INTRODUCTION effect on the electrophysiology. CN also
activates endogenous protein kinase (PKC) that
Anionic currents (8,9,10,12,13) play anphosphorylates ion channels and in turn
important role in the electrophysiology of oxygenactivates the chloride currentgdq«c and katp.
deprived tissue. Ischemia as well asThe mechanism is subject to debate. Maduh et
pharmacologically-caused hypoxia is characterizedl. (18) offered “the possibility that rhodanese
by the presence of ROS and NO. ROS, short-livethay be regulated by protein phosphorylation
and extremely reactive, are regulators of celand treatments that alter the phosphorylation
function by altering the redox state of proteind anstate of rhodanese may affect cyanide
ionic channel function. Pharmacological intrusiondetoxification via SCN formation.” Later
such as by cyanide (CN), generates NO that biladuh et al. (19) observed that PKC inhibitors
binding to complex IV of the enzyme cytochromeaffected the level of CN toxicity without
oxide, changes the mitochondrial calcium flux andbffering a kinetic mechanism. CN’s strong
diminishes contractility and myocardial energeticsattraction for iron prevents the transfer of
In tandem, ATP content, as measured by nuclealectrons to molecular oxygen, in turn negatively
magnetic resonance spectroscopy, drops. NO &ffecting the production of adenosine
responsible for the activation of the CFTR (cystictriphosphate (ATP), the energy source of the
fibrosis transmembrane conductance regulatomell. The decline of the availability of
chloride channels on cardiac myocytes that arentracellular ATP activates hrp  While
innervated by nitoxergic neurons that expresextracellular ATP, such as released from
CFTR and mediate negative inotropy. NO has beedamaged cells in ischemia, activategat.
shown to inhibit cytochrome oxidase (COX). Inlgarp IS discussed by Stutts et al. (24) and

addition, NO also affects mitochondrial functionMatsuura et al. (20). ROS increases
and sarcolemmal k&p when intracellular oxygen permeability of the mitochondrion and thus
level is low, Lamas et al. (15). increase in  calcium contents  results.

Pharmacological intervention by hypoxia- Simultaneously calcium overload of the cells is
causing substances, such as CN, is manifested moted with activation ofcl ¢, (33).
swelling and hemorrhaging of the cells as noted by CN has a strong attraction for iron ions in the
Suzuki (25). In addition, several usually dormantell and its attachment prevents the transfer of
membrane currents are activated with profounelectrons to molecular oxygen as already noted.
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With CN also attached to hemoglobin, the oxygen Hypoxic tissue displays changes in
transporter, the oxygen distribution network i
paralyzed. Thus, despite the presence of oxygen f

the blood, its interaction with the cells is lindte
reducing its normoxic function

intracellular

Sosmolarity, in turn activates the swelling-activh@&nionic

current, ko, (2,3). CN also activates protein kinase C
BKC) that in turn activates a chloride channel ety
lcipke (4, 29). The current also depends on the internal and

in adenosineexternal chloride concentrations. Damage to cslish as

triphosphate (ATP) generation and modulation opurst cells, can result in release of ATP to théosyl

the energy homeostasis results. Initially glycislys

leading to another chloride currerd, Arp activation.
lcica activates in a voltage-dependent way by calcium

attempts to replenish the ATP, the energy SOUrC@inging to the ion channel and initiates repolaiarma

but the replenishment is short lived.

Substrat®@ermeability of the plasma membrane for chloride is

changes include formation of lactic acid andaffected by the calcium concentration.
secretion of catecholamines. The stage is set f%rThe cell membrane models used in the simulation are

changes and deviation from the norm in thes

electrical activity of the tissue.

ased on and extend the Luo-Rudy formulation as used
ardiowave as discussed earlier in Zoltani et &, &).
The hypothesis adopted for these simulations watsthe

One of the manifestations of the changedresence of CN created the conditions necessaryhtor
electrophysiology is bradycardia that may soorfctivation of several, normally inactive, curretiat play

change to Torsade de Pointes (TdP) and possibiﬁa

culmination in ventricular fibrillation (VF). Orhe

important role in the disturbance of the honsast
ctrical conditions.

ECG, the P-wave, indicator of atrial depolarization The swelling-activated anionic current was basedhen
is eliminated, ST-segment deviation, usually a risganine data of Baumgarten et al. (2).

in the slope, becomes noticeable followed by
modulation and possible inversion of the T-wave

loisw= 0.08(v + 76.0) exp((0.0055)%(v + 243.0)),

The changed morphology is also expressed i@nere v is the cell membrane voltage.
steepening and coalescing of the QRS and the The PKC-activated chloride current is based ongthieea-

waves. A J-wave becomes noticeable.

Previously, Zoltani et al. (32) reported on the

effect of cell swelling activated chloride curremt
a myocyte’s electrophysiology.
computational study expands that model

including kipkcand kare. The following details
the

predicted and experimentally validated

pig experimental findings of Walsh et al. (27) wer

loipke = 0.02029 + 5.606v + 91.9907,

The currentwhere v is the membrane voltage. The experimental
byindings of Turgeon et al. (26) give a value of PKC

concentration of 10 to 40 nmol/L. PKC, Kwan et ak), as
well as extracellular ATP, Qu (23), induce inhibiti of
calcium channel currents. In fact, Kwan et al.)(feport

morphological changes i_n t_he AP and the_ ECGihat 100 pM of extracellular ATP result in a 50%ibition
The current work offers insight in how activatedof Ic,q) The effect is species dependent. Liu et al. (17)

chloride currents affects the AP and the ECG ofeported positive inotropic effect of extracellulafP and

hypoxia-affected cardiac tissue.

MATERIALSAND METHODS

Movement of anionic ions affect the homeostasisthef
electrical state of cardiac tissue. Chloride cusgray a role
in cellular excitability, cell volume homeostasipH and
apoptosis.  Under hypoxic conditions, several dtéor
currents have important functions, Duan et al. f&kerman
et al. (1), Nilius et al. (21,22). To simulate oy condition
in cardiac tissue, CN presence in the tissue wasthgpized.
CN induces hypoxic conditions. The analysis incoaped
three usually dormant currents, the swelling, tKE€Rand the
ATP associated anionic currents.  The current-gelta
relationship of the cell membrane was obtained fiomnaitro
experiments and were taken as representative dfehds to
be expected.

The simulation was carried out on a two-dimensiqnate
of tissue encompassing 165 cells in either directioA
stimulus, in form of an electric impulse, enters tissue all
along one edge and proceeds toward the opposite #g it
traverses the tissue, it encounters a region tlaat leen
affected by the presence of CN. In this region uleally
dormant currents,clpic, lciate |, lcisw adjust (activate) for the
presence of CN.
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an increase in L-type &achannel activity. Our model
included a 50% reduction ofd).

Guinea-pig data of Matsuura et al. (20) was used to
model the ATP-activated chloride current,

loiate = 0.000055%+ 0.009546v + 0.229524,

where v is the membrane voltage.

The concentration of the extracellular ATP was ta&s
~40nM. Under ischemic conditions, that mirror the
presence of CN in the tissue, ATP increases ~16 fol
(Ingwall (11).

A quantitative tie-in of the amount of NO produced
hypoxia and the change in the membrane currentt is
present not possible. The local effect of the enkd NO
concentration are known. Since hypoxia enhances NO
production, that in turn inhibits mitochondrial pgmtion as
well as the biosynthesis of cardiolipin that isdiwed in
the production of ATP, the energy balance and pzEe
dependent on it, are affected. Also, NO activi@E€ in
the heart and inhibits cytochrome oxidase.

The calculations were carried out on Shelton, an IBM
p690 SP with 128 CPUs, and JVN, a Linux Networkx
cluster with 2048 CPUs, of the Major Shared Resource
Center of ARL at APG, MD, using CardioWave. In
parallel mode a 32-node calculation required 45uteis
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RESULTS Figure 1. (a). The baseline action potential contrasted with
the case when 10% of the cell swelling activatelbride
Cyanide activated anionic currents play athannels are active, shown by dot-dashes. Thedserin

crucial role in hypoxia-caused electrical chaos irf!®2"t rat (shortening R-R) and the decrease indhage

. . . amplitude are noticeablé). The simulated baseline ECG
cardiac tissue. The present calculations wergny shown by dot-dashes when 10% of the swelling
designed to shed more light on the effect of threectivated anion current is active. The T-wavenigeited,

anionic currents. the ST segment is considerably shortened. The QR&o0
Osmotic changes, that is swelling of the cellsECC is not changed significantly.
activates ¢ s With other anionic currents . .
blocked, ks« has a profound effect on the The PKQ-actlvated ch'Iorlde current may be
electrophysiology of the tissue. The morphologyEVeN More important. Fig. 2 shows that when
of the action potential of a ventricular myocyte is°MlY 10% of the receptors are activated, the
changed. Notably the heart rate increases (R-BCUON potential disappears shown by the dot-
length in the ECG decreases) and the amplitude f@shed line. Note that the voltage does not
lower. The modulation of the electrophysiologyretum to the_restlng level. At 0.5% activation,
caused by 10% activation of the swelling activatedn® AP amplitude is lower than at the baseline,
anionic current is shown in Fig. 1. The T-wave igh® Wwave length is shortened and the new
inverted, the ST segment is considerably shortendifSeline voltage is now 15 mV higher. Also, at
but the QRS of the ECG is not changed!0% activation of the clpcc the ECG is
significantly. eliminated. At the 0.5% .Ievel, the_QRS width is
narrowed, the T-wave inverted in contrast to
baseline and the amplitude of the QRS is less.
All the other anionic currents were blocked.
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Figure 2. (8.  The effect of the PKC activated anionic gl three of the discussed anionic currents are

current. At 10% activation, the action potentigdaghpears ;
o resent, total electrical chaos can ensue as
shown by the dot-dashed line. Note that the velt@dges not P

o 5 L
return to the starting level. At 0.5% the AP arygle is lower shown “.1 F'g' 4. Evgn at 10% activation of
than at the baseline, the cycle length is shortemetithe new lcLpxc, \_Nlth other anionic currents blocked, the
baseline voltage is now 15 mV highér). At 10% activation initial rise of the voltage is shifted left and the

of the kLpKC the ECG is eliminated. At the 0.5% level, the Voltage fails to return to the Starting Value’ the
QRS width is shortened, the T-wave inverted in @sitto

baseline and also the amplitude of the QRS is le8.the rep_olarlzatlon does not take place. At 50%

other anionic currents were blocked. activation, not shown here, a second

“repolarization” bump is generated, further

The ATP dependent chloride current plays disturbing the normal electrophysiological

definite, though much less important role in theevents possibly signaling the onset of
hypoxia-induced electrical transformation, see Figtachycardia.
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Figure 3. (a). The action potential when only theArp

anionic current is active. The amplitude is onbiftof the  Figure 4. (a). The three anionic currentsg dw » leyate,
baseline and the cycle length is shortened by bitd.t(b). |, cat 1% activation with theck, at 50% of the baseline
The ECG in this case shows inversion of the T-wavemagnitude. The action potential does not retutpesseline,
shortened ST and narrowed QRS. the amplitude is seriously diminished and an cestily

behavior ensues(b). The transition of the ECG to
When all the currents are active, the homeostaskgntricular fibrillation when all three of the anio currents
of the electrical state needed for proper functigni 2'€ activated to 1% is shown.

is totally destroyed. At even 1% activation, when
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ECG devolves into irregular oscillations,
reminiscent of aspects of ventricular fibrillation
when all three anionic, i.e. chloride currents arg
activated to 1%.

The computer simulation reproduces what ha
been experimentally surmised and adds ne
insights. The effect of CN on the ECG on mar
was reported by Wexler et al. (28), Leimdorfer
(16) on cats and monkeys and Cope (5) on dog
After a brief period of bradycardia, changes in the
ST and QRS and modulation with possible
disappearance of the T-wave were noted. De Bug
et al. (6), in the case of attempted suicide with C
noted progressive ST segment shortening an
origin of the T-wave high on the R-wave,
analogously to Wexler et al. (28).

BASKIN S. I.
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This paper

shows for the first time the adverse effect of the'9uré 6. The transition of the ECG to ventricular

CN-activated PKC current the
electrophysiology of the heart.

Fig. 5 shows for the first time the calculated

on

fibrillation with I sw lciate at 0.1% and dipkc at 0.01%
activation. When theg|pkc activation is raised to 0.05%,
the ECG disappears, shown by the horizontal trace.

transition to VF when the three ionic currents are

activated. It shows the transition of the ECG to

ventricular fibrillation with ks, lciatp at 0.1%
and kipkc at 0.01% activation. When the dxc

DISCUSSION

CN-caused hypoxia and tissue anisotropy has

activation is raised to 0.05%, the ECG disappear&n important influence on the electrophysiology

demonstrated by the horizontal trace.
Pharmacological intervention can improve, in

of the cardiac tissue. The calculations were
intended to shed more light on the importance of

fact under certain circumstances remedy, th@nionic currents in hypoxia of cardiac tissue.
electrical chaos. Fig. 6 shows the case when tHeKC activation of a small number of available

swelling-activated anionic current is blocked and€ceptors
only the PKC-activated current is present. Noteelectrical state of the tissue.

that the T-wave inversion is no longer present, bufnportance are swelling-activated
heart rate is increase and the resting voltagegruppcurrents.

horizontal trace, exceeds 0.25 mV.
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Figure 5. The transition of the ECG to ventricular fibrillatio
with lgisw lciate at 0.1% and dpic at 0.01% activation.
When the ¢,pxc  activation is raised to 0.05%, the ECG
disappears, shown by the horizontal trace.
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the homeostatic
Of equal

chloride
contributes, but is of lesser
importance in determining anion current
influenced outcomes. Our model predicts the
modulation in the AP due to the CN activation
of lcisws lcipkc@nd kjate. The results should be
taken as indicator of the expected trends only,
since experimental data from several animal
models were used in the model. The results
reemphasize the importance of the role of
chloride currents in the electrical derangement
caused by CN in the tissuén silico simulations
offer insights into the cellular disparagement
under these circumstances.

Control of anionic currents have to play a
major role in the pharmacological counter-
measures of hypoxia-caused electrical chaos in
cardiac tissue.

interferes  with

dI,ATP
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