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Postacidotic arrhythmias have been associated to increased sarcoplasmic reticulum (SR) Ca®* load and Ca®*/
calmodulin-dependent protein kinase II (CaMKII) activation. However, the molecular mechanisms underlying
these arrhythmias are still unclear. To better understand this process, acidosis produced by CO, increase from
5% to 30%, resulting in intracellular pH (pH;) change from 7.15 to 6.7, was incorporated into a myocyte model
of excitation-contraction coupling and contractility, including acidotic inhibition of L-type Ca®* channel (I¢,.),
Na™-Ca?™" exchanger, Ca™ release through the SR ryanodine receptor (RyR2) (I e1), Ca? " reuptake by the SR
Ca®™* ATPase2a (Ip), Na*-K* pump, K™ efflux through the inward rectifier K channel and the transient out-
ward K™ flow (I;,) together with increased activity of the Na™-H™ exchanger (Inyg). Simulated CaMKII regu-
lation affecting Irel, lup, Icar, Inne and I, was introduced in the model to partially compensate the acidosis
outcome. Late Na™ current increase by CaMKII was also incorporated. Using this scheme and assuming that
diastolic Ca? " leak through the RyR2 was modulated by the resting state of this channel and the difference be-
tween SR and dyadic cleft [Ca® "], postacidotic delayed after depolarizations (DADs) were triggered upon
returning to normal pHj; after 6 min acidosis. The model showed that DADs depend on SR Ca?* load and on
increased Ca®™ leak through RyR2. This postacidotic arrhythmogenic pattern relies mainly on CaMKII effect
on ¢y and Iyp, since its individual elimination produced the highest DAD reduction. The model further re-
vealed that during the return to normal pH;, DADs are fully determined by SR Ca% " load at the end of acidosis.
Thereafter, DADs are maintained by SR Ca®* reloading by Ca®* influx through the reverse NCX mode during
the time period in which [Na™]; is elevated.
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1. Introduction

Cardiac muscle becomes acidic in a number of pathological condi-
tions. Acidosis affects myofilament Ca ™ responsiveness as well as differ-
ent processes of excitation-contraction coupling, including sarcolemmal
and sarcoplasmic reticulum (SR) ion flows [1-5]. These alterations de-
crease myocardial contractility and predispose to arrhythmias [6]. Inter-
estingly, in different animal models, the return to normal pH after a
period of acidosis is particularly prone to arrhythmias that may evolve
to ventricular tachycardia and fibrillation [7-9]. This is important in the
scenario of ischemia/reperfusion injury, as intracellular acidosis is a typ-
ical component of ischemia and a sudden recovery of pH takes place
upon reperfusion.
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In the progression of acidosis there are different steps. Early during
acidosis, Ca®?™ myofilament sensitivity decreases [1,2] whereas sys-
tolic Ca2™ may increase [10,11], decrease [12] or not change [3]. This
is followed by a gradual rise in intracellular Ca®>* concentration
which is responsible for partial recovery of contraction that occurs in
spite of the persistent acidosis [8,13,14]. Reduced pH also produces
an increased activity of the Nat-H™ exchanger (NHE) [15] and re-
duced Nat-K* pump (NaK) activity [16], increasing intracellular
Na™ concentration [17]. Moreover, acidosis depresses numerous ion
flows: Ca?™ input through the voltage-dependent L-type Ca®>* chan-
nel [18], Ca?™ release through the SR ryanodine receptor (RyR2)
[19], Ca?™" reuptake by the sarco(endo)plasmic reticulum Ca2™
ATPase2a (SERCA2a) [2], Ca™ extrusion through the Na*-Ca%™ ex-
changer (NCX) [20], and K™ efflux through the inward rectifier K
channel [21] and the transient outward current [22]. An increase in
Ca?™/calmodulin-dependent protein kinase II (CaMKII) activity has
also been described during acidosis [6]. Different types of experimen-
tal evidence indicate that the activity of this kinase may compensate
for the deleterious effect of reduced pH, almost totally in the case of
the L-type Ca?™ channel [4] and partially on SERCA2a by inducing
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an increase in the phosphorylation of its regulatory protein,
phospholamban (PLN) [8,14]. CaMKII has also been shown to phos-
phorylate the RyR2 [23,24] although this phosphorylation does not
attain significant relevance during acidosis [6]. In addition, CaMKII fur-
ther stimulates NHE activity at low pH [25] and increases the transient
outward current [26] and the late Na™ current [27].

Experimental evidence suggests that postacidotic arrhythmias are
mainly triggered by delayed after depolarizations (DADs). DADs
would be caused by increased NCX activity in response to Ca®™ leak
from an overloaded SR due to CaMKII-dependent increase in SR
Ca?™ uptake [6]. SR Ca?™ leak would be also favored by the relief of
the RyR2 previously inhibited by acidosis. However, this hypothesis
is still subject to discussion as the analysis of the simultaneous contri-
bution of different ion concentrations and flows to arrhythmia devel-
opment is difficult to assess experimentally.

A previous myocyte model attempted to explain the significance of
the mechanisms involved in acidosis [28]. In this model, the acidotic
impairing effect on ion flows and contractility together with a com-
pensatory role of CaMKII on L-type Ca?™ channel and SERCA2a were
able to predict the time course of changes in intracellular Na*, cyto-
solic and SR Ca%™ concentrations and force due to pH variation, but
it did not reproduce postacidotic arrhythmias. The purpose of this
study was thus to develop a myocyte model of acidosis to represent
the effects of intracellular acidosis both on contractility and spontane-
ous depolarizations, analyzing the contribution of ion flows and the
role of CaMKII in the generation of postacidotic arrhythmias. A modi-
fied human myocyte model [29] was then used with contractility
based on a previous mechanical model consisting of sarcomere dy-
namics coupled to Ca2™* kinetics [30], and acidosis and CaMKII effects
on ion flows and contractile constants.

The present mechanistic model supports previous experimental
data indicating that the arrhythmogenic pattern observed after acido-
sis is greatly dependent on the effects of CaMKII on sarcolemmal and
intracellular targets. The model further establishes that postacidotic
arrhythmias depend on SR Ca?™ leak which is mainly triggered by a
loaded SR during the return to normal pH. Once SR load has attained
preacidotic values, arrhythmic episodes are maintained by SR Ca?™
reloading due to the increased NCX activity during the period in
which intracellular Na™ is elevated.

2. Methods

The human epicardial ventricular myocyte ion flow model postulated
by ten Tusscher & Panfilov (TP) was used [29]. This model describes
three compartments: dyadic cleft (DC), SR and cytoplasm (CYTO),
(Fig. 1A). A contractile component was incorporated based on a previous
sarcomere model [30] in which total muscle force (Fy,) is equal to
cross-bridge (Fy,) plus parallel elastic forces (F,). Simplification of the
model reducing the number of Ca?* binding troponin systems (TS)
from six to five did not affect its reported performance (see Supplemen-
tary Material for model equations and parameter values). Each TS is
composed of 3 adjacent troponin-tropomyosin regulatory units acting
cooperatively: free TS; Ca>* bound to TS without attached crossbridges
(TSCas), Ca®™ bound to TS with attached crossbridges in the weak state
(TSCas~), Ca®™ bound to TS with attached crossbridges in the power
state (TSCas*), and TS without Ca®* with attached crossbridges in the
power state (TS¥).

Ca%*-induced- Ca®™ release flow (Ijelease) into the DC through
RyR2 was based on the 4-state Shannon model also employed by
ten Tusscher et al. (29), with open (0), closed (R) and intermediate
probability states [31]. According to this representation, Ca®* release
depends on the open state (O) of RyR2 [29,31] as follows:
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Fig. 1. Schematic diagram of the model and RyR2 kinetic behavior. A: Human myocyte
model consisting of ion pumps and exchangers responsible for action potential, Ca>*
management, force development and pH; regulation. B: Model-derived time course
of action potential and open (O) and resting (R) RyR2 states, respectively determining
Irelease and Ijea. See Non-standard abbreviations.

where Vi i I elease Iate constant, [Ca“]SR is SR Ca®™" concentration
and [Ca® "] is DC Ca®* concentration.

However, different from other models where SR Ca% " leak was built
as a separate entity from RyR2 with constant rate parameters toward
either CYTO [29] or DC [31], SR Ca?™ leak was represented as Ca®™
flow through RyR2 (Ijea) modulated by the R state of this channel:

lieak = Vsp-R. ( {Cazﬂ SR [Ca”] c)

where Vg, is ljeak rate constant. Thus, the combination of both I ejease and
liear participate in a single release flow (I¢) from RyR2 (Fig. 1B):

]rel = Irelease + lleak = <Vrel'o + Vsp'R) . ( [Caz+] SR_ {Cazq c)

with Ve = 0.102 1/ms and Vg, = 0.00036 1/ms, as well as the rest of
RyR2 parameters and buffers employed by ten Tusscher [29] because
they satisfied a suitable I performance. Effectively, end stabilization
lieak €Xtrapolated at model [Ca? T |sg from the experimental relationship
reported by Shannon et al. [32], was lower than expected (52 vs.
73 umol/L CYTO/s).

CaMKII was activated according to the model and using the same
parameters postulated by Chiba [33], except that the sequential
four-step Ca®™ binding to calmodulin was reduced to one step. Its ef-
fect on L-type Ca® ™ channel (Icat), RyR2 receptor (), SERCA2a (Iup),
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transient outward current (I ), NHE (Inye), and late Na™ current (late
Ina) flows was described as

[=(1=P).Iy + P.Icamn (1)

where [ is total flow, I}, is basal flow without CaMKII activation, & is
fraction of activated channels (or transporters) and Icavky is flow
with CaMKII activation. Accepting

leamin =1 + Al

where Aly, is the increase in flow due to CaMKII activation, substitu-
tion into Eq. (1) results as:

1= 1y(1 + D.Aly /1)

with CaMKII factor fe = (1 + ®.Aly/lp), where Aly/l, = IFcamin iS in-
creased flow fraction produced by CaMKII activation. Then,

I=fe. I, (2)

Since according to O'Hara [34] ® = 1/(1 + Kicamin/CaMKll,e),
where Kcamin is constant and CaMKIl,. is fraction of activated
CaMKII, then:

IFCaMKll

K CaMKIL
1+ R

fe=1+

For fe calculation, mean IFcavqr was 0.25 for I, [34], 0.05 for Iie,
(to fit experimental data, [6], 0.45 for I, (model fit), 0.2 for Inue [25],
0.08 for I, [34], and 0.2 for late Iy, [27].

Intracellular pH (pH;) was determined by extracellular CO, according
to ionic changes established by HT-HCO3™ formation, and regulated by
Na*-HCOj3 cotransporter (Ingc), C1™=OH ™ (Icyg), C17-HCO35 (Iag) and
Inye exchanger flows and intracellular pH; buffers [28]. Increase from
5% to 30% CO, reduced pH; from 7.15 to approximately 6.7. Acidosis-
induced reduction of Icar, Irel, lup, Ito, Iag, NCX (Incx), NaK (Inax) and the
inward rectifier K™ channel (Ig;) flows, and PP1 activity [35] together
with increase of Iyyg, Inge, and contractile constants, were fitted to a
sigmoidal relationship [28], described by the following general pH;
factor (fh):

fh: fO

1 + 10n(—PHi+PK)

where fo, n and pK are fh parameters. Table A1 in the Appendix A shows
fh parameters fitted according to the indicated reference for the different
PH; targets.
To maintain the TP model structure, fo was assigned different
values on each pH; target to obtain fh = 1 at pH; = 7.15.
Incorporating fh into Eq. (2), results in

I :feﬂ'l lb

that takes into account both CaMKIl,. and pH; effects on the corre-
sponding ion flows.

2.1. Simulations

Simulations were performed at a constant pacing frequency (PF) of
70 stimuli/min. All variables were stable during the whole simulation
period at constant 5% CO,, varying <0.01% among twitches (Figure
SM1 in Supplementary Material). Thus, at the end of the stabilization
at 5% CO,, all the variables showed the expected profiles (Figure SM2).
This was followed by acidosis, achieved with 30% CO, producing a grad-
ual decrease in pH; = 6.7, and sustained during a 6 min acidotic period.
Then, the return to 5% CO, led to a gradual return to preacidotic pH;
which was maintained for another 5 min (post acidosis).

This procedure was used in the following protocols:

S1: Simulation of acidosis affecting contractile constants, PP1 and
Liels Iupv Icar, Incxo InnEs 1aEs INBOINaKS T and lo with CaMKII activa-
tion on Irep, lup, Icar, Inne: Ito and late Iy, flows.

S1-SRb: Simulation as in S1 with the SR function blocked using a
constant open probability value of 0.7 and dividing maximal I,
by 10.

To analyze the impact of changes in frequency and acidosis dura-
tion on DAD generation, different PFs (£ 10 stimuli/min) and periods
of acidosis (+50%) were tested in the same conditions as S1:

S1-60: Simulation as in S1 at 60 stimuli/min.

S1-80: Simulation as in S1 at 80 stimuli/min.

S1-3 m: Simulation as in S1 with 3 min acidosis duration.

S1-9 m: Simulation as in ST with 9 min acidosis duration.

S2: Simulation of acidosis as in S1 without CaMKII effects on I.¢),
lupv lCaL- INHEv Ito and late lNa~

S3: Simulation of acidosis as in S1 without CaMKII effect on I.¢;.
S4: Simulation of acidosis as in S1 without CaMKII effect on I¢,;.
S5: Simulation of acidosis as in S1 without CaMKII effect on I,.
S6: Simulation of acidosis as in S1 without CaMKII effect on Iyyg.
S7: Simulation of acidosis as in S1 without CaMKII effect on late Iy,.
S8: Simulation of acidosis as in S1 without CaMKII effect on I,.

The model code was developed in MATLAB using ODE15s solver.
Units were: ms for time, um for length, uM for concentration, A/F
for sarcolemmal flows, uM/m:s for intracellular flows, mV for potential
and mN/mm? for force.

2.1.1. Heart perfusion experiments

Experiments were performed in transgenic mice (25-30 g) with
genetic ablation of PLN (PLN-KO) [36]. Isolated hearts were perfused
according to Langendorff technique and mechanical parameters and
monophasic action potentials were obtained as previously described
[6]. Hearts were perfused in the absence and presence of 100 nM
thapsigargin or 100 nM thapsigargin plus 5 uM monensin. Quantifica-
tion of spontaneous activity was accomplished by counting the num-
ber of beats occurring between triggered electrical activity during a
period of 3 min after drug addition.

Statistics. Data are expressed as mean + SEM. ANOVA followed by
the Newman-Keuls test was used to determine statistical significance.
A p value < 0.05 was considered statistically significant.

3. Results
3.1. Model behavior under acidotic and postacidotic conditions

Fig. 2A (upper panel) illustrates F;, behavior in the S1 protocol
during acidosis and the return to normal pH;. At the onset of acidosis
there was an abrupt decrease of F,, followed by a rapid and partial re-
covery throughout the duration of the acidotic period. Upon returning
to normal pH;, F,, showed an arrhythmic pattern. To assess the extent
to which our model could predict experimental behavior, we
compared model predictions with available experimental data. As
shown in the lower panel of Fig. 2A, the model accurately reproduced
developed pressure data of an isolated rat heart submitted to a similar
protocol [6]. In the model (Fig. 2B), an increase in CO, from 5% to 30%
decreased pH; to a minimum 6.7, which tended to recover during the
acidotic period and then returned toward its normal value upon 5%
CO, restitution. The decrease in pH; produced a fast increase in
maximum CYTO [Ca%™], ([Ca®T]i(max)) and maximum SR [Ca®™],
([Ca®T]sr(max)), which was maintained during the 6 min acidosis.
Concomitantly, [Ca?*]/twitch exchanged through NCX decreased at
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Fig. 2. Acidosis and return to normal pH; in the S1 protocol. A: Comparison of records of model developed force (Fy,) (PF = 70 stimuli/min) and left ventricular developed pressure
(LVDP, PF = 240 beats/min) of a Langendorff perfused rat heart obtained from previous experiments from Said et al. [6] during control, early and late acidosis and post acidosis.
B: pH; behavior, maximum twitch values of [Ca®*]; ([Ca® " ];(max)), [Ca® " ]sg ([Ca® " ]sg(max)), total Ca®* exchanged (umol/twitch/L CYTO/s) through the reverse and direct modes
of the NCX (Incxrev and Incxair), mean [Na™]; and mean activated CaMKII/twitch (CaMKIl,) due to CO, changes. For clarity, only one value per twitch is shown. C: Comparison of
model and experimental [Na*]; and [Ca™*?]; transient amplitude during control and at the end of acidosis (data from Perez et al. for [Na™]; [36] and Nomura et al. for [Ca™?]; [8]. The
Figure shows that the model reproduced experimentally obtained arrhythmias (A) and the increase in [Na™]; and [Ca®*]; (C).

the beginning of acidosis and then recovered, gradually in the case of
the reverse mode flow (Iycxrev) and immediately in that of the direct
mode flow (Incxair). [Na™] in CYTO ([Na™];) and CaMKIl,., both
showed a consistent rise throughout the duration of acidosis. In asso-
ciation with the F, postacidotic arrhythmic pattern, instability in
[Ca?*]i(max), [Ca®*]sg(max) and in the activity of both Iycxair and
Incxrev Was observed. This occurred with the concomitant abrupt
decrease of [Ca®*]y(max) and [Ca2*]sg(max), and the gradual fall of
Incxrev, [Na™t]; and CaMKIl,.; toward preacidotic values. Simulated
acidosis effects were confirmed by acceptable agreement between
experimental and model results of [Ca®?™]; [8] and [Na™]; [37] at
the end of the acidotic period (Fig. 2C). Table 1 also shows that
[Ca?F]i(max), [Ca®*]sg(max) and [Na™]; values at the end of 6 min
acidosis (A) increased with respect to basal preacidotic normal
twitches (B), maximum Fy, [F,(max)] decreased and action potential
(AP) duration at 90% repolarization (APDgy) increased 7% at the be-
ginning of acidosis and then returned to a 2% increase at the end of
the acidotic period, showing a similar behavior to that experimentally
reported in the mammalian heart [38].

Fig. 3 illustrates DAD generating events. Fig. 3A shows membrane
potential (V) and [Ca?"]s of the first seconds upon returning to 5%
CO,. DADs, which can be better appreciated in an expanded time
scale (Figs. 3F and H) could be observed throughout this period.
DADs were able to trigger spontaneous APs (DADap) mostly during
early post acidosis, which is the period between the return to 5%
CO2 and pH; recovery to near steady preacidotic values, a period
which is almost coincident with [Ca%*]sg restitution from high Ca%*
load. Once [Ca® T]sg reached preacidotic values, DADs were progres-
sively unable to attain the threshold to trigger DAD,p, generating sub-
threshold DADs (DADsr) during late post acidosis. Figs. 3B to E show in
an expanded time scale that DADap occurred associated with Ca2™ in-
flux through the L-type Ca?™ channels (Ic..), an increase in [Ca%™].
and Ca®"-induced-Ca%™ release, enhancing I.e;, as in the stimulated
AP. However, in contrast to what occurs in the stimulated AP, in the
DADap, the activity of Iycx was markedly increased. Moreover, DADp
developed F, aftercontractions, which occurred before the preceding
twitch had attained complete relaxation, altering the normal me-
chanical activity of the cell. Notice that DADst developed without
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Table 1
Ca®* and Na™ concentrations, peak force and AP duration in basal (B) and at the end of 6 min acidosis (A), with CAMKII effect on specific flows.
Protocol CaMKII action [Ca?*]i(max) [Ca®*]i(min) [Ca®* sk (max) [Na™]; F (max) APDg,
(uM) (M) (uM) (mM) (mN/mm?) (ms)
S1 Tret, Tups Icas It Tto, 1ate€ Ing B 1.021 0.118 4598 10.77 13.64 343
A 2.155 0.168 6451 15.21 7.67 350
S1-SRb Irels Lups Icar INtE, Ttor late Iy, B 0.456 0.190 446 13.59 4.50 311
(SR blocked) A 0.947 0.444 787 19.02 3.25 298
S1-60 Lrets Tups Icats Inties lior 1ate Ing B 0.889 0.103 4154 10.01 10.89 349
(PF = 60) A 1.999 0.149 6277 14.23 6.95 357
S1-80 Tret, Tup, Tcat, It Tto, 1ate Ina B 1.098 0.145 4821 11.31 15.13 335
(PF = 80) A 2.277 0.190 6509 15.97 8.39 341
S1-3m Trets Lups Icat, Inis lror ate I, B
(AD = 3 min) A 2.155 0.158 6470 14.04 5.78 357
S1-9m Trets Tups Icat, Inmes Tro, late Ina B
(AD = 9 min) A 2.079 0.172 6340 15.38 9.06 347
S2 B 0.881 0.106 4023 10.47 11.22 341
A 1.710 0.151 5485 14.57 545 341
S3 Lup, Tcat, Intes Tio, late Ing B 1.026 0.118 4654 10.76 13.75 343
A 2.165 0.166 6562 15.22 7.72 351
S4 Irels Tups INHE» Tto, 1ate Ing B 0.947 0.109 4352 10.33 11.95 340
A 1.962 0.151 6184 1441 6.45 343
S5 Let, Icat, Inties Iro, late Ina B 0.948 0.114 4202 10.97 13.04 345
A 1.896 0.167 5705 15.59 6.96 348
S6 rets Tups Icat ltor late Iy B 1.020 0.118 4595 10.76 13.63 343
A 2.157 0.167 6456 15.11 7.46 351
S7 Irel, Tup, Icar, InHE, Ttos B 1.019 0.118 4591 10.75 13.60 343
A 2.150 0.167 6444 15.19 7.63 349
S8 Trets Tups Icas Invies late Iy B 1.019 0.116 4592 10.75 13.61 343
A 2.151 0.168 6445 15.19 7.64 349

[Ca?*];(max):maximum and [Ca®*];(min): minimum intracellular Ca®* concentrations, [Ca® *]sz (max): maximum SR Ca>* concentration, [Na*];: intracellular Na* concentration,
F (max): maximum force and APDgy: action potential duration at 90% repolarization. AD: acidosis duration. S1-S8: acidosis on Irel, lup, Icar, Incx» IntE 1ate Ina, Ik1, Inak and Iy, with
CaMKII effect as indicated in the different protocols. Acidosis effect on contractile constants is the same in all protocols. See Glossary for abbreviations. See Methods for protocol

specifications.

contribution of extracellular Ca?™ as indicated by the absence of Ic,;.
All these changes and their temporal sequence are better appreciated
in Figs. 3F to L. Figs. 3F and G show that while in the stimulated twitch
the simultaneous upstroke of AP, activation of Iya, Incxrev, and Ica pre-
ceded the increase in [Ca® *]. and I, in DADap this sequence changed.
In this case, the increase in [Ca® "] and I, leading to increased [Ca® " ];
and therefore Incxair, preceded membrane depolarization up to the
level of fast Na™ channel opening (Ina), Icar and DADap. Figs. 3H and
I show that when [Ca?™]sg returned to near basal values (Fig. 3A),
the same sequence of events elicited a DADsy instead of DADap. This
was due to the lower rise in [Ca? "], which by inducing less I, pre-
cluded Iy, and I¢,, that provoked a DADp. In this case, lack of Na™ in-
flux did not produce a fast change to Incxrev, allowing for a slower
decay of Incxair activity.

3.2. SR participation in DADs

Fig. 4A shows that the progressive increase in SR Ca®* load was
associated with the consistent enhancement in [Ca®™]. required to
activate a DAD. To further test whether the SR function was a requi-
site to trigger DADSs, I, and I, were blocked considering the O
state of the RyR2 equal to 0.7 and dividing maximal I, by 10 in the
S1 protocol (S1-SRb). This constant opening of the RyR2 and depres-
sion of SERCA2a activity abolished SR function as evidenced by the
drastic decrease in [Ca?*]sg(max) before acidosis when compared
to S1 (Table 1 and Fig. 4B). The model also indicates that [Ca%™]sx
and Incxair Slightly recovered during acidosis, though there was a
prominent increase in [Na™]; associated to Incxrey €nhancement.
Under these conditions, the developed F,, showed only a slight im-
provement during acidosis and upon returning to normal pH; no
spontaneous events were observed in accordance with experimental
data (Fig. 4C) [6]. After acidosis, all variables tended to recover to
preacidotic levels.

3.3. DAD dependence on PF and the acidotic period

To analyze whether DAD occurrence depended on PF or acidosis
duration, the same S1 protocol was performed at 60 (S1-60) and 80
(51-80) stimuli/min and during 3 (S1-3 m) and 9 min (S1-9 m).
While the number of DADAp was not affected by PF or acidosis dura-
tion, the decrease or increase in PF or acidosis duration decreased or
increased respectively, the number of DADsy (Fig. 5A). Moreover, for
a similar [Na™]; level at end acidosis, achieved either with PF or with
the duration of acidosis (Table 1), there was a much greater increase
in the number of DADs at the shorter acidotic period. Interestingly,
this greater number of DADs was associated with a lower rate
of [Na™]; decline during the postacidotic period (Fig. 5B). The
arrhythmogenic response to PF in acidotic conditions was supported
by the acceptable frequency-dependent behavior of the model at nor-
mal pH; (Figure SM3).

3.4. Role of CaMKII in postacidotic DADs

To examine the putative role of CaMKII on DAD occurrence, simula-
tions were planned eliminating CaMKII effect on Iye;, Icar, lup, InnE, 1ate
Ina and Iy, during acidosis. When the stimulatory effects of CaMKII
were simultaneously abolished in all flows (S2 protocol), a situation
that mimics the treatment with KN93 [6], a prominent decrease in F,
was obtained during acidosis, similar to the fall in developed pressure
(Fig. 6A). Table 1 and Fig. 6B show that in this condition, [Ca®*];(max),
[Ca?*]sr(max) and CaMKIl, were lower than S1 at end acidosis. As a
consequence Incxqir did not recover, producing a smaller increase in
[Na™]; and Incxrev When compared to the S1 protocol. These combined
effects resulted in complete abrogation of DADs upon returning from
acidosis, as experimentally observed. Moreover, it was possible to dif-
ferentiate CaMKII dependence of arrhythmic events by separately elim-
inating CaMKII effects on the different flows (Fig. 6C and Table 1). In
fact, DADap were observed in all the simulations in which an enhanced
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Fig. 4. Role of SR in DAD generation. A: Post acidosis twitches in S1, showing action potentials (V) and progressive diastolic rise in [Ca®* ]sg accompanied by increasing [Ca®* ] which
finally reaches the level (indicated by the arrow) of generating a DADsr. Scale range and units are indicated in brackets. B: Effect of blocking SR on [Ca?*];(max), [Ca® ]sg(max), Incxrevs
Incxair, [Na™ ] and CaMKII,, in the S1-SRb protocol. Despite high [Na™];, no DADs are observed probably due to the very low [Ca? " ]sg (notice scale difference). C: Comparison of records of
model developed F,,, with blocked SR function (S1-SRb) and LVDP (PF = 120 beats/min) of a Langendorff perfused rat heart in the presence of 30 nM ryanodine obtained from previous
experiments from Said et al. [6] during control, early and late acidosis and post acidosis. Abbreviations as in Fig. 2.

[Ca?*]sg was obtained by CaMKII compensation of I, during acidosis to simulate SERCA2a regulation by PLN (only 40% of the SR Ca%™

(S1, S3, S4, S6, S7 and S8), and not in S2 and S5 in which I, was not
protected by CaMKII. In addition, DADst were generated when both
[Na™]; was increased at the end of acidosis and I, was protected by
CaMKIL. Effectively, in S5 where [Na™]; was high but I,, was not
protected by CaMKII only few DADst were elicited.

According to model predictions both an increased SR Ca® ™ content
and [Na™]; are necessary for DAD occurrence. In order to test this, we
performed experiments in PLN KO mice, in which SR Ca?™ load is en-
hanced due to lack of PLN restriction to SERCA2a (Fig. 6D). Spontane-
ous beats were scarce in perfused isolated hearts from these mice. In
this case, the high SERCA2a activity would be able to deal with excess
SR Ca2™* leak produced by SR Ca?™ overload, precluding arrhythmia
generation. When thapsigargin was added in a lower concentration

pump is inhibited by PLN [39]), spontaneous beats increased. A fur-
ther increase in spontaneous activity occurred when the Na* iono-
phore, monensin, was added. The number of spontaneous beats
observed in this latter condition was similar to that observed in WT
hearts after the acidosis period [6].

4. Discussion

Cardiac arrhythmias are a leading cause of morbidity and mortality.
However, the mechanisms underlying this life-threatening disease are
far from being clear [40,41]. Moreover, the multifunctional CaMKII has
emerged as an important signaling molecule in the setting of cardiac
arrhythmias [42]. This action can be accomplished in different ways.

Fig. 3. Expanded time scale of the S1 protocol upon returning to preacidotic conditions. A. Time course of pH;, membrane potential (V) and [Ca®*]sg. During the return to normal
pH;, the overloaded SR triggered DADap. Once [Ca® " |sg reached preacidotic values, DADst were generated. B - E: Expanded time scale of pHj, V, Fi, [Ca? ], Icar, Irer and Incx upon
returning to preacidotic conditions. B and D show DADap accompanied by summation of developed F,,, with concomitant occurrence of Ic,y, Ire; and increase in [Ca® ] and Incxair-
C and E show that DADap come to an end in association with lower [Ca®*].. Thereafter, DADs and aftercontractions are generated in the absence of I¢,.. F - I: Expanded stimulated
twitches and DADs upon returning to normal pH; from records B - E. F and G show that while in the first normal stimulated twitch, the sequence of events is: upstroke of AP,
activation of Ic,;, activation of e, increase in [Ca®*]. and activation of Iycxir in the DADap, the activation of I, the increase in [Ca?*]. and the activation of Iycxqir precede the
depolarization. When the depolarization reaches the level of generating Iy, @ DADap occurs with simultaneous Ic,.. A DADsy is generated in H and I without Iy, and ¢, because
depolarization did not reach the threshold to elicit a DADap. Arrows indicate the rise in diastolic [Ca®*],, which is steeper (y = 1.97. time—12.0, r = 0.99) in a DADap than in a
DADsr (y = 1.77. time—17.5, r = 0.99). Vertical marks indicate stimuli. Scale range and units are indicated in brackets. See Non-standard abbreviations.
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Fig. 5. Effect of PF and acidosis duration on DAD occurence in the S1 protocol. A: The
number of DADap occurring during the return to normal pH; was only slightly affected
by PF and acidosis duration. In contrast, PF markedly affected the number of DADsr
while acidosis duration had less impact. B: [Na™]; decrease from the end of acidosis
to the completion of the simulation period. For a similar [Na*]; level achieved at the
end of the acidotic period either with PF or with the duration of acidosis (S1-60 and
S1-3 m), there was a greater number of DADs associated with a lower rate of [Na™];
decline during the postacidotic period. Abbreviations as in Fig. 2.

CaMKII drives L-type Ca%™ channels into an active gating mode with
frequent, prolonged openings and is responsible for dynamically in-
creasing Ica;, @ phenomenon termed facilitation [43,44]. Enhanced Icap
may favor the prolongation of APD, predisposing to early after depolar-
izations, and the increased SR Ca® ™ loading [45]. At the SR level, CaMKII
also phosphorylates Thr17 site of PLN and Ser2814 site of RyR2
[24,26,46]. By these phosphorylations, CaMKII increases SR Ca® ™ load-
ing and SR Ca%™ leak [47]. These events working together may give
rise to activation of the direct mode of the NCX inducing membrane
spontaneous depolarization (DADs) [45,48].

Previous experiments from our and other laboratories [6,8] have
shown that after acidotic arrhythmias are dependent on the activa-
tion of CaMKII. Moreover, experimental and modeling evidence sug-
gest that CaMKII phosphorylation of L-type Ca?™ channels and PLN
partially compensate for the inhibitory effect of acidosis [4,6,28].
Therefore, these and the reported CaMKII effects on RyR2, NHE, I,
and late Iy, were incorporated into our myocyte model [24-27].
This model allowed reproduction of experimental arrhythmias after
a 6 min period of hypercapnic acidosis.

The mechanisms involved in after acidotic arrhythmogenesis
might be explained by changes in [Na™]; and [Ca?*]; and ion flow be-
havior as depicted in Fig. 7. Preacidotic conditions are shown in
Fig. 7A. During acidosis (Fig. 7B), there is a rise in [Ca®™]; which
may be partially attributed to the decrease in Ca>™ myofilament re-
sponsiveness together with Iycx inhibition. Since CaMKII partially off-
sets the effect of acidosis on I, but only slightly compensates the

acidosis-induced reduction on Iie; (Irei = lretease + liea), Ca2™ accu-
mulates in the SR [6,14]. At a certain point, [Ca®]sg is high enough
to overcome in part the acidosis-induced RyR2 decreased activity.
These events, together with the increased [Ca2™];, which reduces
Iyrer, would produce a slight increase in [Ca2*].. Increased [Ca®*]; re-
stores force to some extent as well as promotes a certain Ca® ™ extru-
sion and Na™ entry through the acidosis-inhibited Incxqir. Moreover,
reduced Inak, increased late Iy, and enhanced Iyyg activity, also con-
tribute to the increase in [Na™]; as acidosis progresses.

During the return toward normal pH; (Fig. 7C), there is a relief of the
previous acidosis-induced inhibition on all ion flows. Recovery of I in-
creases ljea from the overloaded SR producing a rise in [Ca2 "] Similar
to the mechanism postulated by Fink et al. [49], accumulation of Ca®* in
the DC can reach a level high enough to produce Ca?* induced Ca? ™ re-
lease, further increasing [Ca®*], Iyter and hence [Ca?*];. The ensuing
[Ca2™]; would promote its interchange by Na™ through Incxair, despite
elevated [Na™], producing DADs as postulated by others [48,50].
When DADs reach the threshold of fast Na™ channel opening, DADap
are elicited. As pH; reaches its normal value (Fig. 7D), [Na™]; is still
high while [Ca®*]sg and [Ca?"]; have returned to near preacidotic
values. This increased [Na™]; promotes higher Iycxrew, €nhancing
[Ca®"];, Lup, [Ca? " |sg and hence Lieax that, by increasing [Ca? ™| induces
Ca?" induced Ca®™ release. In this case, however, the resulting [Ca®*];
is not high enough to produce the rise in [Na™]; that promotes fast Na™*
channel opening, and consequently DADs; are generated. As [Na™];
starts to decrease, there is less interchange through Incxrev, and thus
less Ca%™ is reuptaken by the SR. Therefore, several twitches are needed
to progressively increase [Ca®"]sg and Ca?™ leak triggering DADsr
(Fig. 4A). These DADsy continue until [Na™]; approaches its preacidotic
value. A similar DAD Na™ dependence was also observed with increased
PF (Fig. 5B), in line with studies indicating elevated Na*-induced
arrhythmia occurrence [51-53].

The model thus suggests that DAD generation requires a functional
SR. The present findings confirm the conclusion of our previous exper-
imental work, where complete abrogation of arrhythmic events due
to SR inhibition indicated the necessary contribution of this organelle
in the arrhythmogenic pattern observed after acidosis [6]. Furthermore,
the model ratifies that the SR is necessary even in the presence of an ac-
tivated CaMKII. Interestingly, the model further reveals that SR Ca%™
load and post acidosis arrhythmias appear to be sustained by increased
[Na™];. This prediction was confirmed by experimental results in which
the situation of SR [Ca?*]; load and increased [Na™]; was mimicked
(Fig. 6D).

4.1. Effects of CaMKII on DADs upon returning to normal pH;

The role of CaMKII in DAD generation can be explained by the S2
protocol where its compensatory effect on all flows was eliminated.
As in this case Icy is reduced by acidosis, there is less extracellular
Ca’?™" input. In addition, because I, is also decreased, there is less
Ca%™ reuptaken by the SR, leading to reduced Ca®* leak and low
[Ca®T].. The combination of these factors together with a greater
RyR2 inhibition produces decreased [Ca®™]; at the end of acidosis.
The absence of CaMKII compensation on Iyyg, late Iy, as well as the
decreased activity of Incxair as a result of reduced [Ca2™];, leads to
lower [Na™]; than in S1. Therefore, due to low [Ca®*]sg and the mod-
est rise in [Na™]; there are no DADs after acidosis. The comparative
analysis of CaMKII effects indicates that I, (S4 protocol), and Iyp
(S5 protocol) are the main contributors to CaMKII arrhythmia promo-
tion, indicating that both these mechanisms are necessary to reload
the SR.

4.2. Model assumptions and limitations

In the present approach, we followed as closely as possible the TP
myocyte model, introducing acidosis effects on Icay, Inak Ik1, Ito, PP1
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Fig. 6. (A-C). Effect of CaMKII on DAD generation. A: Comparison of model developed F, in the absence of CaMKII effect on flows (S2 protocol) and experimental LVDP in
Langendorff perfused rat heart (PF = 240 beats/min) in the presence of CaMKII inhibition with 1 uM KN-93 [6] during control, early and late acidosis and post acidosis. B: Effect
of CaMKII inhibition on [Ca? *];(max), [Ca® " Jsg(max), Incxrevs INcxdir [Na T ]; and CaMKIl,.. C: Number of DADp and DADs; in the different simulated protocols without CaMKII effect
on specific targets as described in Methods. CaMKII inhibition abrogated arrhythmia occurrence (S2 protocol). Furthermore, CaMKII effects on Ica. (S4 protocol), and Iy, (S5 pro-
tocol) are the main contributors to CaMKII arrhythmia promotion. D: Experimental confirmation of model predictions. Spontaneous beats in isolated perfused PLN-KO mice in
the absence and presence of thapsigargin (100 nM) and monensin (5 pM) compared to spontaneous beats in WT mice after acidosis. Mean + SE *p < 0.05 vs. PLN-KO, #p < 0.05

vs. PLN-KO + Thaps. Abbreviations as in Fig. 2.

and contractile constants in addition to those postulated by Crampin
[28] on Irer, Iup, Incx: Iak, Ingc and Inye. Because it has been shown that
CaMKII activity is enhanced during acidosis [6,8], CaMKII effect on I,
Iups Icar, Inne lio and late Ina was incorporated, adopting Chiba’s
scheme of CaMKII activation and O’Hara’s approach of CaMKII effect
on specific targets [33,34]. A main assumption introduced in the
model, considered essential for spontaneous depolarizing activity,
was the incorporation of SR Ca2™ leak to the DC as part of RyR2 kinet-
ics, through the resting R state of this channel. Although experimental
studies have suggested spontaneous diastolic Ca®* leak through the
RyR2 [32,54], most previous models have postulated Ca®>* leak as a
separate entity from the RyR2 either to the cytoplasm or DC
[29,31,34,55], or as part of increased RyR2 activity, without a defined
diastolic Ca®* leak mechanism [56]. Only the present model, and not
other human myocyte models [34,55] were able to reproduce
postacidotic DADs. Although the reason for this is unclear, we believe
that differences in Ca?* leak management, as lack of diastolic Ca®™

release [34] or the inclusion of a passive SR Ca?™ leak to the cleft
space as a separate entity from the RyR2 [55] could account for
their lack of postacidotic arrhythmic response.

The representation of leak adopted in the present model was based
on our previous modeling attempts showing that Ca™ leak to the cyto-
plasm did not produce postacidotic DADs, whereas incorporation in the
TP model of a RyR2-independent constant Ca?™ leak to the DC resulted
in reduced postacidotic DADs. Moreover, Ca>* leak modulated by one
of the RyR2 states emerges as a more physiological description of SR
Ca®™ regulation, resulting in extrapolated values at model [Ca?"]sg
similar to those reported experimentally [32].

The explanation of DAD generation associated to SR Ca®™ overload
and Ca™ leak differs from a recent model in normoacidotic condi-
tions in which DADs were related to CaMKII-mediated RyR2
hyperphosphorylation [50], since our previous experiments failed to
detect any significant increase in RyR2 phosphorylation either during
or upon returning from acidosis [6]. However, because RyR2 is a


image of Fig.�6

E.C. Lascano et al. / Journal of Molecular and Cellular Cardiology 60 (2013) 172-183 181

B

INCXdir s
,l : ca’
Na
K+
o \]
INCXrev
iC

I CaL

—
, [Ca®],
NCXdir 2+
;: °a+ Na], ™1
r_ Na
DAD,, ca?* K Na'
INCXreV

}‘klm /"\INHE
Na' H

[

—

INCXd' [ca2+]l
v Jiwime ca™ .
....... o Na,  [H]
*Na'
ca® LS Na*
a b

INCX!EV

e f [Ca™],
—— S [Na’]
(‘— Na*
DADST
INCXrev

il
RIM
Na*

Fig. 7. Schematic representation of the different mechanisms contributing to the generation of DADs after acidosis. In A to D, different concentrations of [Ca®*], [Na*] and [H*] in
the various compartments (SR, DC and CYTO) are denoted by the different size of the symbols and in the case of [Ca® ] also by the degree of shading of the compartments. Different
activities of ion transporters are represented by the thickness of the arrows. The activation of NHE is indicated only in the periods in which it is relevant. Acidosis-induced inhibition
in the absence of compensation is indicated by dashed lines. A. Preacidosis. B. Acidosis: At the end of the acidotic period Ca? " increases in the different compartments. There is also
increased [Na™]; due to enhanced NHE activity and NaK pump inhibition. The increase in [Na™]; produced increased Incxrev. C. Early post acidosis: The return to normal pH; relieves
Ire; and Incx from acidosis-induced inhibition. The relief of I from an overloaded SR leads, through the activation of Iycxair, to the generation of DADap. D. Late post acidosis: SR Ca®*+
load attains near normal values. The increased [Na™]; promotes the activation of Iycxrev Which, by reloading in successive twitches the SR promotes an I that, although of lower
magnitude than in C, produces DADst. See Non-standard abbreviations and Fig. 2 abbreviations.

well-known substrate of CaMKII, we assumed a small effect of this
kinase producing a slight compensation on I inhibition, which
nevertheless had scarce effect on overall DAD generation.

NCX has been found to be located in the vicinity of RyR2 [57,58], and
in myocyte models this has been interpreted as 11% NCXs operating in
the DC [31,55]. In our model, Iycx Was located outside the DC with 2.5
sensitivity amplification as in the TP model, to account for higher con-
centration of Ca®™ in the vicinity of the DC [59]. With this assumption
the model revealed that NCX plays a crucial role in eliciting postacidotic
DADs.

One of the model's limitations is the inadequate response of
peak Ca®™ at low PF [60], compared to experimental data [61,62].
However, normalized model data using PFs within the range of
human heart rate, evidenced an acceptable response with respect to
the experimental results (Fig. SM3).

The present model provides a consistent framework to explain
postacidotic arrhythmias reproducing the reported arrhythmic behav-
ior on the return from acidosis under different experimental condi-
tions. According to the model, two mechanisms were found to
trigger spontaneous activity: an overloaded SR and a high level of
[Na™];. Both mechanisms rely on CaMKII effect on flows and SR load-
ing and release. The model suggests for the first time that although
SR Ca? ™ overload is a well known mechanism to elicit arrhythmias, in-
creased [Na™];is a critical determinant of SR reloading and hence DAD
maintenance.
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Appendix A

Table A1

fh parameters fo, n and pK for pH; targets.
pH; target fo n pK fh (at pH; = 6.7) Reference
Iear 1.11 1.53 6.52 0.720 [4]
Irel 1.11 1.87 6.64 0.627 [28]
Tup 3.71 1.14 7.53 0.377 [28]
Incx 2.65 0.99 7.37 0.472 [28]
INak 143 —0.86 6.72 0.7 [16]
Ik 143 —1.41 6.89 0.5 [21]
lio 1.43 —0.86 6.72 0.7 [22]
INHE 40 —3.54 6.70 20 [28]
Iae 146 5.11 7.57 0.547 [28]
Ingc 16.8 —291 6.74 9.469 [28]
PP1 1.45 0.63 6.60 0.777 [35]
Yp 1.02 4.8 6.8 0.254 [2]
Yo 1.02 4.8 6.8 0.254 [2]
Zy 1.02 —438 6.8 0.767 [2]

Calculated fh at pH = 6.7 illustrates acidosis effect on each pH; target. Notice that
acidosis only increased Inyg and Inpc.

Non-standard abbreviations

Ikr Rapid delayed rectifier flow

Iks Slow delayed rectifier flow

Ikt Inward rectifier K* flow

Ikp Plateau K™ flow

lio Transient outward K™ flow

INak Nat-K* pump flow

Ina Fast Na*t flow

Inab Background Na* flow

Icar L-type Ca®™ channel flow

Icap Sarcolemmal Ca?™ pump flow

Icap Background Ca2™* flow

Incx Na*-Ca%* exchanger flow

Incxdir  Direct mode of Na™-Ca?™ exchanger Ca?™ transport
Incxrev  Reverse mode of Na*-Ca?™ exchanger Ca%™ transport
| Ca?™ release flow from the ryanodine receptor (RyR2)
Ixfer Ca2™* translocation flow from DC to CYTO

Lup SR Ca®™ reuptake pump (SERCA2a)

INHE Nat-H™ exchanger flow

InC Na*-HCO;3 cotransporter flow

IcHe CI™-OH™ exchanger flow

Iag ClI~-HCO3 exchanger flow

TS Troponin system (= 3 regulatory units)

TSCas  Troponin system with three bound Ca? ™

TSCaz~ TSCas with three bridges bound in the weak state
TSCas*  TSCas with three bridges bound in the power state

Yo, Zb, Yp, Zp, Yr, Z: Reaction constants for the contractile part
f, g, g4 Functions in the contractile part

Appendix B. Supplementary data

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.yjmcc.2013.04.018.
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