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robust and flexible pacemaker function in a novel pacemaker cell model
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Parameters and formulations of Basal state action potential firing model

PARAMETERS
Fixed ion concentrations, mM
Ca,=2: Extracellular Ca®" concentration.
K, = 5.4: Extracellular K concentration.
Ki=140: Intracellular K concentration.
Na, = 140: Extracellular Na" concentration.
Na=10: Intracellular Na" concentration.
Mg; = 2.5: Intracellular Mg2+ concentration.

Cell compartments

Cim= 32 pF: Cell electric capacitance.

Leen = 70 um: Cell length.

Reen =4 um: Cell radius.

Lsub = 0.02 um: Distance between jSR and surface membrane (submembrane space).
Veell = n-Rcenz-Lceu =3.5185838 pL: Cell volume.

Vaub = 270 Lub'(Reent - Lsun/2) Leen = 0.035097874 pL: Submembrane space volume.
Visr part = 0.0012: Part of cell volume occupied by junctional SR.

Visr = Vjsr_part'Veeni: Volume of junctional SR (Ca2+ release store).

Vi part = 0.46: Part of cell volume occupied with myoplasm.

Vi =V part Vee-Visur: Myoplasmic volume.

Visr part = 0.0116: Part of cell volume occupied by network SR.

Visk = Vasr part*Veen: Volume of network SR (Ca2+ uptake store).

The Nernst equation

Ex = (RT/F) - In([X]/[X];) = Er - In([X]o/[X]i), Wwhere

F =96485 C/M is Faraday constant,

T =310.15 K° is absolute temperature for 37°C,

R =8.3144 J/(M-K") is the universal gas constant,

Er is “RT/F” factor = 26.72655 mV,

and [X], and [X]; are concentrations of an ion “X” out and inside cell, respectively.

Electric potentials, mV

Ena= Er - In(Na,/Na;): Equilibrium potential for Na'.

Ex= Er - In(K/Kj): Equilibrium potential for K"

Exs=Er - In{(K, + 0.12- Na,)/(K; + 0.12 - Naj)}: Reversal potential of Iks.
Eca. = 45: Apparent reversal potential of | c,r.

Ecar = 45: Apparent reversal potential of | c,r.
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Eq = 37.4: Apparent reversal potential of |.

Sar colemmal lon currentsand their normalized conductances (gy)
lca:  L-type Ca®" current (gear = 0.464 nS/pF).

lcar:  T-type Ca’" current (9car = 0.1832 nS/pF).

l¢: Hyperpolarization-activated current (gir= 0.15 nS/pF).

Vi1, =-64 mV: Half activation voltage for |¢ current.

lsi: Sustained non-selective current (gsc= 0.003 nS/pF).

lk:  Delayed rectifier K' current rapid component (gx:= 0.08113973 nS/pF).
lks:  Delayed rectifier K' current slow component (g, = 0.0259 nS/pF).
lo: 4-aminopyridine sensitive transient K" current (g, = 0.252 nS/pF).
lsws:  4-aminopyridine sensitive sustained K" current (Gsus= 0.02 nS/pF).
Inak:  Na'/K' pump current (Inakmax = 2.88 pA/pF).

Inex:  Na'/Ca®" exchanger (NCX) current (kncx = 187.5 pA/pF).

lca:  Background Ca®" current (Qyca = 0.0006 nS/pF).

lona:  Background Na' current (Oona = 0.00486 nS/pF).

Modulation of sarcolemmal ion currentsby ions

Kmnfca= 0.00035 mM: Dissociation constant of Ca*’ -dependent |, inactivation.
Kikp = 1.4 mM: Half-maximal K, for Inak.

KmNap = 14 mM: Half-maximal Na; for Inak.

Pica= 60 mM™ - ms': Ca®" association rate constant for Icar.

Oica = 0.021 ms™ : Ca?" dissociation rate constant for lcaL, ms™.

NCX function, mM

Kini= 395.3: intracellular Na* binding to first site on NCX.
Koni= 2.289: intracellular Na* binding to second site on NCX.
Kini = 26.44: intracellular Na* binding to third site on NCX.
Kino= 1628: extracellular Na" binding to first site on NCX.
Kono = 561.4: extracellular Na* binding to second site on NCX.
K3no = 4.663: extracellular Na' binding to third site on NCX.
K¢ = 0.0207: intracellular Ca*’ binding to NCX transporter.
Keo=3.663: extracellular Ca*" binding to NCX transporter.
Keni = 26.44: intracellular Na™ and Ca’" simultaneous binding to NCX.
Q.i== 0.1369: intracellular Ca*" occlusion reaction of NCX.
Qco=0: extracellular Ca®" occlusion reaction of NCX.

Q.= 0.4315: Na" occlusion reactions of NCX.

Ca** diffusion
Taitca = 0.04 ms: Time constant of Ca®* diffusion from the submembrane to myoplasm.
T = 40 ms: Time constant for Ca*" transfer from the network to junctional SR.

SR Ca?" ATPase function

Kup = 0.6 107 mM: Half-maximal Ca; for Ca*" uptake in the network SR.
Py = 0.012 mM/ms: Rate constant for Ca’" uptake by the Ca*" pump in the network SR.

S2



Maltsev & Lakatta

RyR function
Koca = 10 mM™> ms™; Kom=0.06 ms™; kic,=0.5 mM™- ms™ ; kin=0.005 ms™; ECsy sg = 0.45
mM; k, = 250-10° ms™'; MaxSR=15; MinSR=1; HSR = 2.5;

Ca®* and Mg buffering

kocv=0.542 ms™': Ca®" dissociation constant for calmodulin.

kocq=0.445 ms™: Ca”" dissociation constant for calsequestrin.

kytc=0.446 ms™': Ca®" dissociation constant for the troponin-Ca2+ site.
kyrmc=0.00751 ms™': Ca®" dissociation constant for the troponin—Mg2+ site.
kotmm=0.751 ms™: Mg2+ dissociation constant for the troponin-Mg2+ site.
Keem=227.7 mM - ms™: Ca®" association constant for calmodulin.
Kecg=0.534 mM™ ms™: Ca®" association constant for calsequestrin.
Krrc=88.8 mM/ms: Ca’" association constant for troponin.

Kerme=227.7 mM/ms: Ca®" association constant for the troponin-Mg2+ site.
Kervv=2.277 mM/ms: Mg2+ association constant for the troponin-Mg2+ site.
TCi,i=0.031 mM: Total concentration of the troponin-Ca2+ site.
TMC,,=0.062 mM: Total concentration of the troponin-Mg"" site.
CQui=10 mM: Total calsequestrin concentration.

CM,,=0.045 mM: Total calmodulin concentration.

FORMULATIONSFOR MEMBRANE CLOCK

M embrane potential
dVidt = - (lcaL + leart 1e + 1 ke ks + lio + lsus + Inak + Inex + Ibca + lona) /Cin

Gating variables and their 14 differential equations
All 14 membrane ion current variables (Yis-Y29) are listed in main text Table 1.

dyi/dt = (Vi - Y)/ 5
(Yi = di, fr, fca, Or, fr, Par, Pas, Pis N, O T, Y, Cas Gi)

%i: Time constant for a gating variable ;.
a4 and fi: Opening and closing rates for channel gating.
Yi: Steady-state curve for a gating variable ;.

lon currents

L-type Ca* current (Ica)
| cat=Cin"Ocar (Vi Ecar)-difi-fea
Ou.. =1/ {1+ exp[-(V+13.5)/6]}
fL=1/{1+exp[(V +35)/7.3]}
ot = -0.02839-(Virt 35)/ {exp[-(Vart35)/2.5] - 1} -0.0849 - Vin / [exp(-V/4.8)- 1]
Bu=0.01143 - (V - 5)/ {exp[(Var 5)/2.5] -1}
wL=1/(caL+ fa)
i =257.1 - exp{-[(Vait 32.5)/13.9]* }+ 44.3
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fCa,oo =Kmea / (Kmea + Casub)
Tfca = fCa,oo / Ofca
T-type Ca®* current (I car)
[car = Cn'Gcat *(Vir Ecar)-dr-fr
Or.=1/ {1 + exp[-(Vm+ 26.3)/6.0]}
fro = 1/{1+ exp[(Vmt+ 61.7)/5.6]}
tar = 1/{1.068-exp[(Vmt 26.3)/30] + 1.068-exp[-(Vm + 26.3)/30]}
7rr=1/{0.0153-exp[- (Vm+ 61.7)/83.3] + 0.015-exp[(Viit 61.7)/15.38]}

Rapidly activating delayed rectifier K* current (Ix;)
lk:= CiOkr "(Vim - Ex)*(0.6° par + 0.4+ Pas) - s
Pac =1/ {1 + exp[-(Vm123.2)/10.6]}
Pioo= 1/ {1 + exp[(Vm+ 28.6)/17.1]}
Toar = 0.84655354/[0.0372 - exp(Vi/15.9) + 0.00096 - exp(-Vim /22.5)]
Toas = 0.84655354/[0.0042 - exp(Vin/17.0) + 0.00015 - exp(-Vin /21.6)]
Toi = 1/[0.1 - exp(-Vi/54.645) + 0.656 - exp(Vi/'106.157)]

Slowly activating delayed rectifier K™ current (Is)
IKs= Cm'ng'(Vm - EKS)' n2
0 =0.014/ {1 + exp[-(Vi- 40)/9]}
S.=0.001 - exp(-V/45)
N = /(0 + fo)
n=1/(on + )

4-aminopyridine-sensitive currents (1 sap =l + I sus)
lo=Cm- Qo (V- Ex) - Q' 1
lsus = Cn- Osus - (Vm‘ EK) r
O =1/{1 + exp[(Vmi+ 49)/13]}
o =1/{1 + exp[-(Vm - 19.3)/15]}
7= 39.102/{0.57-exp[-0.08"(Viyi+44)]+0.065-exp[0.1-(Vir+45.93)]} + 6.06
7.=14.40516/{1.037-exp[0.09+(Vii+30.61)]+0.369-exp[-0.12-(Vni+23.84)] } + 2.75352

Hyper polarization-activated, “funny” current (I)
le= lnat ik
Yoo = 1/{1 + exp[(Vm-Vit,12)/13.5]}
Ty = 0.7166529/{exp[-(Vmt+ 386.9)/45.302] + exp[(Vm - 73.08)/19.231]}
Itva = Cin0.3833 -Gir *(Vin - Ena)Y
lik = Cn'0.6167 - s “(Vin - Ex)'Y?

Sustained inward current (I )
Ist = Cm Ot (Vm - Est)' Ja’ Gi
Qoo =1/{1 + exp[-(Vin + 57)/5]}
04a=1/{0.15 - exp(-V/11) + 0.2 - exp(-Vi/700)}
Sra=1/{16 - exp(Ve/8) + 15 - exp(Vin/50)}
Tqazl/(Oan + ﬁQa)
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i =1/{3100 - exp(Va'13) + 700 -exp(Vir/70)}

Bii=1/{95 exp(-Va/10) + 50 -exp(-Vi/700)} + 0.000229/[1 + exp(-Va/5)]
7i=6.65/(0i + i)
oo =i /(O + )

Na'-dependent background current (Ipna)
Ib,Na =Cm'nga'(Vm - ENa)

Na'™-K* pump current (Ina)
INak = Con INakma £ 1H(Kanicp/Ko) 2} + {1+ (Kimnap/Nai) '} - {1+exp[-(Vor Enat120)/30]}

Ca”*- background current (Ipca)
IbCa = Cm' Obca (Vm - ECaL)

Na*-Ca?* exchanger current (Incx)
Incx = Cin -Knex (Kot - X2 - Kio = X1) / (X1 + % + X3+ X4)
d, =1+(Cay/Keo)- { 1+exp(Qco Vi Er) } +(Nao/Kino)- { 1+(Nay/Kano)-(1+Nay/Ksno) }
ki3 = Nay/(Ksni +Nay)
Ks1 = exp[-QnVi/(2E7)]
ks4 = Nay/(K3notNay)
Koy = (Cao/Kco)'eXp(Qco'Vm/ET) /do
Koz = (Nay/Kino) (Nay/Kano ) (1+Nay/Ksne ) exp[-Qu Vi (2ET)]/d,
k32 = exp[Qan/(2 ET)]
X1 = Kss - Ky (Koz + Kop) + Ko - K3z +(Kaz + Kap)
di = 1+(Casun/Kei) { 1+exp(-Qei" Vi Er)TNay/Keni } H(Nai/K i) { 1H(Nai/Kani)(1+Nai/Ksyi) }
Ki2 =(Cagun/Kei)-exp(-Qei' Vi Er)/d;
k14: (Nai/Klni)-(Nai/Kzni)-(l +Nai/K3ni)' eXp[Qan/(ZET)]/dI
X2 = Kazs Ksz ~(Kig + Ki2) + Kai- Kiz -kasg + Ksz)
X3 = Kaz Kig "(Ko3 + Ka1) + Kiz *Koz-(Kaz + Ka1)
X4 = Kas Koz *(Kia + Ki2) + ka1 -Kia(Ksat Ksz)

FORMULATIONSFOR SR Ca’?* CLOCK

Ca”* release flux (jsrcare) from SR via RyRs
Jsrcarel = Ks'O-(Cajsr - Casup)
Keasr = MaxSR- (MaxSR - MinSR)/ (1 + (ECso sr/Caysr)™)
koSRCa = koCa/ kCaSR
kiSRCa = kiCa'kCaSR
dR/dt = (ki Rl - Kisrca “Casup'R) - (Kosrca Casus R - Kom'O)
dO/dt =(Kosrca'Casun” “R- Kom'O) - (Kisrca'Casub O - Kiml)
dl/dt = (Kisrca Casub O - Kim1) = (Kom'l - Kosrca"Casun” *RI)
dRI/dt = (Kom'| - Kosrca'Casun*RI) - (Kim'RI - kisrca"Caguy'R)

S5



Maltsev & Lakatta

Intracellular Ca*" fluxes

Ca’" diffusion flux from submembrane space to myoplasm: jc, dgit = (Casu - Cay)/Taifca
Ca®" uptake (pumping) by the SR: Jup= Pup/(1 + Kyp/Cari) )

Ca”" flux between (network and junctional) SR compartments: j;= (Caysr — Cajsr)/ T

Ca” buffering
dfrc/dt = Kere-Cay (1 -fre) - kore - fre
dfrmc/dt = Kerme “Cay +(1- frme - frvm) - Kormie -+ frme
dfravm/dt = Kervmt “M8i -(1-frvic - Frvim)- Korvm - frvme
dfemi/dt = Keem -Cay ~(1- fomi) - Koom - fomi
dfems/dt = Keem -Caun (1 - foms) - Koem * foms
dfCQ/dt = kaQ -CajSR-(l- fCQ) - kbCQ : fCQ

Dynamics of Ca®* concentrationsin cell compartments
dCay/dt =(j Ca_dif Vb - jup‘Vup) Vi - (CMyop dfepi/dt + TCop dfpc/dt + TMCop Afryic/dt)
dCaup/dt = jsrcarel Visr/Vsub =(Icartl cartlvca-2:Inex)/(2-F-Viub)-(ca_dit + CMior -Afcoms/dlt)
dCasr/dt = jir - Jsrcarel - CQuot * Afco/dt
dcanSR/dt = jup - jtr 'VjSR/VnSR
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