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Table 1 Model parameters of CaMK I regulation

Targets [Feakn
lea 0.25
Ly 0.05
I 0.45
I 0.08
I 0.20
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M) RS Tews Lo Lo Ly VY TA)EE TR A HRL AL
(inward rectifier potassium current, Ii,), 85 % #
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Horr, £, 0K pH AT G0N S i fe K e 3l
n NAIREZE, PK M. EIEFELT
(PH=7.15), fu=l: (EBRHEFLT (pH=6.7), %

pH 15 IR KRR T fn IS EL s 0y PK IR
WA 28, A% pH REMIHT B, fu=l.

Table 2 Model parameters of pH regulation (pH=6.7)

Targets fo n PK Jon
Iea 1.110 1.530 6.520 0.720
L 1.110 1.870 6.640 0.627
Ly 3.710 1.140 7.530 0.377
Inex 2.650 0.990 7.370 0.472
Ik 1.430 -0.860 6.720 0.700
I 1.430 -1.410 6.890 0.500
Lo 1.430 -0.860 6.720 0.700
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RPN ([Ca*ls) T EIG (& 1c), I HAEMK
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T+, AFAF[Na'], FERR T B ARG 42 15.52 mmol/L (1E
WL R VI N 7.67 mmol/L) (B 1d). 4 pH &



2016; 43 (7)

XHels, & BhEE

EMHOERERERAR *719
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Fig. 1 Ionic concentration and action potentials
during the simulation
(a ~d) Dynamic changes sequences of [Ca’, fraction of activated
CaMK I CaMK I ., [Ca*]s and [Na']; from normal, acidosis to post
acidosis. (e) Action potentials under normal (solid), acidosis (dash) and

post acidosis (dash dot).

Table 3 Comparison of action potentials between

normal and acidosis

Targets Normal Acidosis Proportion/%
APDy/ms 292.0 290.0 0.7
RMP/mV -85.3 -84.8 0.6

Vi/mV 39.8 34.1 14.3

(dV/d)/(mV+ms™) 349.2 299.6 14.0

JL B4 A7 328 T I A I
22 BRPFISEPELHBERTRME

NT W RR R O s L0 R B K
P, FRATRGT T R P Bk R0 = 4 4R S 5 1)
M. 0= BEAL S ENDO. MCELL Al EPI =4
X3, BT CAFRATNT EL T3 = AN X 40 i 7E IEH (B
Ja— AR B R (s — AN ) LR R T
PRI (55— ) B AR BRI ) 22 e, o
BLFESNE FAL I FE R A AR 1.

H & 2a F126 4 750, o0 IR GE B B0 A FL AL 7E
fig HH BRI UL T M 292 ms 464 F1] 290 ms, B LA
M—-85.3 mV F+ = F]-84.8 mV, [A] I R 5t 51
A HEALE) TSR 1 AR (B 2b), AT 5 0 L
M ) AL R AR A, S EC LA M Bh A H AL
T2 APD 4%, H ST, R EIREYIW,
i R £ -83.3 mV (& 2a). O AN A ]
J2E- 4T M () B A FEA A3 BRI 45 (K 22, b). H
&, HIEWIEOAAHEL, B+ 33 ENDO Al EPI
) APD R 4% 1 0.7%, ifi MCELL ff] APD 4ii i
ik 9.3% (R 4). ERTFEWEYIM, HT ENDO
A1 EPI /) APD 5, B2 ERk B4 A B
REEBEMREEEW TR G, F=ET
DADs, i i MCELL ] APD 5, i8R+
Dk AT 3 A0 R P 1 R R R A E B SE
A, AT = A B3 )5 B #% (early afterdepolarizations,
EADs), [FIRTEENTERZ G~ T DADs(& 2a).

Table 4 Comparison of APDs, between

normal and acidosis

Targets Normal/ms Acidosis/ms Proportion/%
ENDO 292 290 0.7
MCELL 420 381 9.3

EPI 292 290 0.7

23 B EIERCHEENTL

FRH BRI, IR O H RIS QT [AIHHZE RS,
N IR R A R R A P A R S PR AR I
Z AN ERE R, FRATTIE T — 4P Be O = A 4E 45
A, M A OB, iR T BN
AR A FL B B pH ARAL T AR L IS (] 5. %o L
TIEW . B, LR EK SN =B Bt
HL P QT [AIHA T 38 (%) % P AR L ) A2 A

P 3 A5, fEIER TSN T QT [N 342 ms,
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Fig. 2 AP curves for ENDO, MCELL and EPI cells during acidosis process
(a) Action potentials for ENDO, MCELL and EPI during normal (solid), acidosis (dash) and post acidosis (dash dot) periods. (b) Enlarged records of
depolarization of action potentials for ENDO, MCELL and EPI. — : Normal; ----: Acidosis; ----- : Post acidosis.
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Fig. 3 Comparison of ECG among normal, acidosis and post acidosis
(a, b) Excitation waves for forming ECG and corresponding ECG. (c~¢) Comparison of QT interval (c), width of T wave (d) and amplitude of T wave

(e) among normal, acidosis and post acidosis.
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BENBR RIS QT M4 4 338 ms, FRH#
WAV QT A3~ 326.9 ms (K 3¢) (IR TR E
VI e GG =R B KRB, S80I 3L
B 3a, b, X B DL 6 B R IE O REUE ),
TR R F K 2 A K & 342 ms. S IEW IS ML,
Fi% o 5 R0 R R B MK S T U R il vk b 4%
A 19.4% (K&l 3d), T PR AE 5 A > T 16% il
34% (K 3e). BRTEEKE I, AL FIERN R
LM (=150 ms) A1 5747 H-# (1=400 ms)(& 3a),
T S FR o BRI ZE 1=150 ms 7248 — AN/ ISR B
HL7E 1=400 ms BRI Z AL 1) F A0 (] 3b).

3 ah5itie

30 BPSRMABFNTUEEZWLEBEEZE
A% R

BB E], Lo QT 4. T JiRE
FTEREUk/N . FERR PRSI, O HEIRIUNE
PERLE.

FEAE IR R T

QT 8l AR 2540 5 40 0 APD ()4 %6 25 VI M 5%,
RIS QT Ja] 1 s W fr A 0o =58 L AU A AP I, rLA%:
S (K 3a) 50 HEE (& 3b) XN R R AL,
V) DX 458 S A0 A R TTIT 0% B 4 L 52 A0 T ) X6 L A
LB 71X — (B 4d), T R AR i, R A Xk e
MCELL 41 g%, Ktk MCELL f¥) APD wJ LA [a]
Hh e QT IRI3A. A QT AL i M E R A, IE
WA O, AR 4 i B K B9 APD90 24 360.04 ms
(K da, ZEURERMBPLERAMERGR 4). X2
RN 2 SR (R AE DR G AR, DRI ik
AR APD BRI HI AT BTghy), O =R
i 18] 4 360.04 ms (& 4d), QT [A] 3 & 342 ms
(Bl 3c), =FHZMZERAK. X QT Al HIZE ki 1)
FEEE, BRPEEHEM T, QT M T 1.2%. L=
5 M I Ja] ek 2> 1% . MCELL ] APD90 8 7> 1%
(K 4a).

O HL BRSO I L B 3 A B FE (] 4b), T
PRI P52 2 E IS R A7 ) S JO PR e ), = 2 S Bk )
J2 HR ] X3RN A0 2 X ek B R A7 1 22 S M (B 4b). X
IR . R R E AR B T A & 3L, MCELL
5 EPI Z [A]f K 8V (T # 4k, MECLL 5 EPI i)
BNAE BT 22 (1 KAR) BBk /N (B 40), 5 T 311
A —EU(E] 3e). AL, Xl oM A e LA 5 A
TR (B de), XIS E X 8050 5

WM R, It HE =AM B R R K S
T WIRE B A —B(EH 144 mV/ms, R+
7 12.6 mV/ms, BHEKE 11.0 mV/ms) (& 4h).

TEC LB, T B T B R B ) 2 I T A
BURE. TR R B 3 B A i B0 4 FAS B R B [ 22
FERRAR, SRS IR S B B kS, IER T U
i FEYR /N . R R B EANER Hh BV S T A AN B
FE IR T 4%A1 19.4% (K 4g), X5 T J5%EE
BRI 3

BbAk,  HAE S A ) AL E A (1=150 ms) Al
S A (1=400 ms)(1& 3a), xR O R A AR
TN (=150 ms) F1ZE % F ] (;.=400 ms)
(Bl 3b), 53CHR[19TL & B 1) W) SEEe I 5 — 35
[FS, 3X—SEIR s Rt Silm R _E S 3 B9 N\ 4=
LT I (0 FL P PR T S A ARBLZ A0, i AR S A
HAERGIGRI G W 7] DL SR 3 & pE R
XA, EEFMREE NG, BT 4=
A ) i R TG B, A RO EL P B QRS i B AT
. AHSE, WEWATEAFRZA: 1K E 52 5
FEXT R R PRSI IEEE LA BT s, X E AR
LRI ERA . FBEFREFT 5 N: a. AR
1E— 4k R AR O = 25 4 B OB, il
PR b AR I A O I ) L B, IR T —
Y AL 3 AT 4R 0 i S S AR 3477
Zal. b, IR s EIMEHRE R, K
N, Bk, AP E RO R Sk R B g
BB EARAMIE. B E 4a o] 500 E G R AR
142 B 4T B A R A (R B i AR A 3R S ok A a2 Bl
(). 2 7 A 1 SR S Bk A 5 UL ) 1) 85 A 8 A
CaMK I BJ30EA <M. A 1 AT DA %230 pH {H
M 6.7 WIRI S F] 7.15 1B % (:.=7 min), 20 2
[Na'], MI[Ca®]; W TH &, [Ca®ls EE B, 20 ™A=
DADs, [MiXEEA310 N5 CaMK T (306 % DA 2%,
K CaMK IT o] DA B Ab M 1, 3800 L, (R
[Na']; Ft &1, CaMK I 7] DB ER 10 L 24 465 Jaf a6
SR | RyR2, #fn[Ca*], B EHEEKZ CaMKII [
R T DO I E R, S8 Ca¥ s 5,
T LR X PR 68 T 5 S B R AT, S 30 R I B
FERETACE N, 25K DADs 774, A fi
WA FECEAL SR AL EPEAE T AR, BEiT
LB BRI =R, Bk, 8
CaMK I 1) e 5 30 1R 7T BE 2 5 308 b 23 9T
Y= DADs B i 0 L 2R EL I 2 B R A
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Fig. 4 Action potentials, membrane potential heterogeneity and repolarization time

heterogeneity among in normal,

acidosis and post acidosis

(a) Action potentials of ENDO, MCELL and EPI along the 1D strand among normal (solid), acidosis (dash) and post acidosis (dash dot). (b) Differences
in action potentials of ENDO, MCELL and EPI for normal, acidosis and post acidosis. (c~¢) Comparison of MCELL-EPI for forming T wave (c),
distribution of APDy, along the strand (d) and spatial gradient of APDy, along the strand (). (f~h) Maximum of MCELL-EPI to represent amplitude of
T wave (f), dispersion of transmural repolarization to represent width of T wave (g) and maximum of gradient to clarify the extent for conduction block

-t Post acidosis.

(h). — : Normal, : Acidosis;

32 BPhFEREMLCERENS
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CaMK TT W FR AL 85 AN A R IO B 1, e st 4l L Y
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S ASBRCRAT, BB R BRI S RO N,
KT DADs B4, it B AR Ak R 1 L B
FEANM AT E R FEXT SR AL B AR A 3 1) 45 3
EREIER, SRR R AL R R
BRI E AL ERACIIR BAEE I, S



2016; 43 (7) Xiklg, &: BPER

EHORREHERR

*723

R E AR ZEBEAC ;TR 5 0 AR O¢ B 1 A A
A, E1SER S HEAiE . DL BB FEEHLUE S
HREAL (EH B E FFE T 8.4%), MG 1
& FEAGL F A . fEHH T R EA,
Mazh{F AL FR A 4 J, (A5 AR Al ks, 25
QT [BIHHZE % ; B AF f Ar i A2 AR ) 1) 22 S 1 B A
{15 S B sS, FECT B Bh1E
HAL AL N A P 2 ) S o1k BRI, 815 FE e 5 A O
55, FET PR RS B K S A 40
A b R ME BN, AT HOY AT IR AE A R AL
PR T A BN AT BR K

4 4% 1

79?“fﬁ@fi*%ﬁbﬁ%’iﬁﬁﬁzﬁﬁm%ﬂ Al

MRETZRE (Bri@E. . A2H)MBHEE
(IE% . BRPE. BRAP&EE) FONEH ifﬂ%’*‘l X

TR RIFRA TR L T R B AR TP O B AL S
FWOBEZ PR, Ao+, . 485 =4
JZU, R TR S O AR PR AL, 1
TRRPEMOIRIE R A KIE. B E DR
WHNERE . R T O O Bk AR R R
F, BpE et TR, Gl T 4nem
IR JE R, FEAHR A TR EE R, ART
aFué%%mﬁwﬁﬁ Gk S =Y G
AL EE, X2 BN R BT T TR )
jﬁﬁﬁﬁ%&\%%mﬁﬁ#uﬁﬁ)%¢%ﬁ
2 P IS F AT PR v R B K s AR A R T B AR
RN T HL B RIS S AL A, TR+
aFW%%m%%Eﬁmﬁi@\ﬁiﬂuﬁﬁ
@%HﬁﬁT%@mﬁi

ZE LRI, R R A (A A 0 A v B A U
%ﬁ%%%%mmkué%%#imzﬁﬁl,m
KGO B A il A S R R R, =
BOE R CaMK I 5 MUK WA BEF VI G, It
AN CaMK T A2 7 11 8 o 25 J 0ok 2k fi B B
HE A

2 % X W

[1] Ong S B, Samangouei P, Kalkhoran S B, et al. The mitochondrial
permeability transition pore and its role in myocardial ischemia
reperfusion injury. J Mol Cell Cardiol, 2015, 78: 23-34

[2] Kalogeris T, Baines C P, Krenz M, et al. Cell biology of
ischemia/reperfusion injury. Int Rev Cell Mol Biol, 2012, 298:
229-317

[3] Saegusa N, Moorhouse E, Vaughan-Jones R D, et al. Influence of

pH on Ca* current and its control of electrical and Ca* signaling in
ventricular myocytes. J Gen Physiol, 2011, 138(5): 537-559

[4] Said M, Becerra R, Valverde C A, et al. Calcium-calmodulin
dependent protein kinase Il (CaMK II ): a main signal responsible
for early reperfusion arrhythmias. J Mol Cell Cardiol, 2011, 51(6):
936-944

[5] Lascano E C, Said M, Vittone L, et al. Role of CaMK Il in post
acidosis arrhythmias: a simulation study using a human myocyte
model. J Mol Cell Cardiol, 2013, 60: 172-183

[6] Crampin E J, Smith N P. A dynamic model of excitation-
contraction coupling during acidosis in cardiac ventricular
myocytes. Biophys J, 2006, 90(9): 3074-3090

[7] Hund T J, Decker K F, Kanter E, et al. Role of activated CaMK [l
in abnormal calcium homeostasis and Iy, remodeling after
myocardial infarction: insights from mathematical modeling. J Mol
Cell Cardiol, 2008, 45(3): 420428

[8] Roberts B N, Christini D J. The relative influences of
phosphometabolites and pH on action potential morphology during
myocardial reperfusion: a simulation study. PloS One, 2012, 7(11):
e47117

[9] Decker K F, Heijman J, Silva J R, et al. Properties and ionic
mechanisms of action potential adaptation, restitution, and
accommodation in canine epicardium. Am J Physiol Heart Circ
Physiol, 2009, 296(4): H1017-1026

[10] Ten Tusscher K H, Panfilov A V. Alternans and spiral breakup in a
human ventricular tissue model. Am J Physiol Heart Circ Physiol,
2006, 291(3): H1088-H1100

[11] Saegusa N, Moorhouse E, Vaughan-Jones R D, et al. Influence of
pH on Ca* current and its control of electrical and Ca* signaling in
ventricular myocytes. J Gen Physiol, 2011, 138(5): 537-559

[12] Gautier M, Zhang H, Fearon I M. Peroxynitrite formation mediates
LPC-induced augmentation of cardiac late sodium currents. J Mol
Cell Cardiol, 2008, 44(2): 241-251

[13] Sag C M, Dybkova N, Neef S, et al. Effects on recovery during
acidosis in cardiac myocytes overexpressing CaMK I . J Mol Cell
Cardiol, 2007, 43(6): 696-709

[14] O'hara T, Virag L, Varro A, et al. Simulation of the undiseased
human cardiac ventricular action potential: model formulation and
experimental validation. PLoS Comput Biol, 2011, 7(5): €¢1002061

[15] Crampin E J, Smith N P. A dynamic model of
excitation-contraction coupling during acidosis in cardiac
ventricular myocytes. Biophys J, 2006, 90(9): 3074-3090

[16] Drouin E, Charpentier F, Gauthier C, et al. Electrophysiologic
characteristics of cells spanning the left ventricular wall of human
heart: evidence for presence of M cells. J Am Coll Cardiol, 1995,
26(1): 185-192

[17] Az, WIAE, %4, % T EILO LM 5015 ik 80
B P5 BT . R e 5 AR W W B aE i, 2015, 42(10):
955-961
Bai J Y, Xie S J, Wang K Q, et al. Prog Biochem Biophys, 2015,
42(10): 955-961

[18] Lu W, Wang K, Zhang H, et al. Simulation of ECG under ischemic



*724+ £ FESEYYNIEHE Prog. Biochem. Biophys. 2016; 43 (7)

condition in human ventricular tissue//CINC. Computing in arrhythmia. Circ Res, 2012, 110(11): 1454-1464

Cardiology. Belfast: CINC, 2010: 185-188 [20] Thomsen P E B, Hansen T F, Jons C, et al. Myocardial performance
[19] Myles R C, Wang L, Kang C, et al. Local beta-Adrenergic is reduced immediately prior to ventricular ectopy. Heart Rhythm,

stimulation overcomes source-sink mismatch to generate focal 2012, 9(1): 86-90

Simulation Study of Ventricular Arrhythmia in Post Acidosis’

LIU Huan-Ling™, BAI Jie-Yun™, WANG Kuan-Quan™, LI Qin-Ce, YUAN Yong-Feng
(School of Computer Science and Technology, Harbin Institute of Technology, Harbin 150001, China)

Abstract In this paper, a human ventricular acidotic model with pathophysiological consequences of acidosis,
such as reduced pH and highly activated calcium/calmodulin dependent protein kinase II (CaMK 1II ), was
developed to analyze the functional influence of acidosis on cardiac electrical activity and ventricular arrhythmia.
Dynamic changes of cellular and tissue electrical activity were simulated and the acidosis-induced changes of
electrocardiogram waveform were quantified. Results demonstrated that acidosis led to shortened action potential
duration and decreased transmural dispersion of repolarization, resulting in reduced QT interval and shortened
amplitude and width of T wave. In addition, acidosis also resulted in high resting membrane potential and reduced
maximum upstroke velocity, leading to the generation of slow conduction and conduction block. Most importantly,
at the early stage of the post acidosis, sarcoplasmic reticulum calcium load increased calcium leak, leading to
delayed afterdepolarizations in the cellular membrane potential and premature ventricular contractions in the
cardiac tissue model. Slow conduction, conduction block and delayed afterdepolarizations collectively promote
and facilitate the formation and maintenance of ventricular re-entry, which may convert into ventricular
tachycardia. Therefore, triggered activities induced during post acidosis period play an important role in the genesis

of post acidosis arrhythmias.
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