Supporting Information: Neuronal and astrocytic sodium-calcium
exchanger differentially regulates calcium and sodium overload
during ischemic stroke

Ion dynamics in ECS and neurons/astrocyte

K* concentration in the ECS (K*) due to astrocytes depends upon the fluxes of Na*/K*-ATPase pump, K*
channels, co-transporter as well as K* exchange with the bath solution. The rate equation for extracellular
K* concentration is

d[K]

& — /Ba (JQK - QJQNGK - JQNKCC - JaKCC+

dt )

<_<]aEAAT27"ev) X %) + Jkdiffs

where [, is the volume ratio between astrocytic to ECS region. The flux through the K* channel
(uMs™1)is
JaK :GaK (U_EK) (2)
Gy is whole-cell conductance of K*, v is the membrane potential, and Ey is the reversal potential of K*
channel. Nernst potential for the K* channel (mV) is

EI:U—Tln([x]O), 3)

where, x is Na*,K* or CI" and z is neuron or astrocytes and vt = TT
Na*/K*-ATPase exchanges 3 Na* to exit the astrocyte for the influx of 2 K*. The flux through the
Na*/K* pump (uMs~1)is

JINaKa = ¢(t)JNaKamazHl.5([NaJr]ai? K[Na+]ai)H([K+]07 [K+][K+]o)- 4)

¢(t)is 0.5 for 0 < ¢t < 20s and 1 otherwise. Jy,x,,,, is @ maximum flux through Na*/K* pumps.
One Na*, one K*, and 2 CI" ions move in inward direction through NKCCI1. The flux through NKCC
(uMs™1)is

[Na*]o[KH]o[CT
Ja =G, 1 ° . 5
NKCC1 NKcc1vr In ([NaJr]ai[KJr]ai[Cl]Zi (5
G.,nkecer 18 the whole-cell conductance of NKCC.
CI' and K* flux through the KCC channel (uMs™1) :
[K].[Cl ],
Ja =G, In{ —++——=-—1]. 6
KCC Kccvr In ([K+]ai[0l_]ai (6)
G.kcc 1s the whole-cell conductance of KCC
K* flux due to glutamate transporters is
JaEAATQrev = aEAATQrevma:cH([K+]O7 [K+]aEAAT2mK) HJ ([Na+]ai7 KaEAATZmN) (7)

H(gluaia KaEAAT2mg) H([H+]ai7 KaEAATZmH) .

JaEAAT2revmax 18 the maximum current through the astrocyte reverse glutamate transporters. Kgaaromk,
Kaeaaramn, and K gaaromg represent the half-saturation constant for K*, Na*, and glutamate, respectively.
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a converts pA/um? to uM /sec and is given as

Ya = 10307:1#%)- (8)
A, is the area of the astrocyte, F is Faraday’s constant, and vol, is the astrocyte volume.
K* diffusion between ECs and bath solution (,uM 3_1) is
Jrcaiss = dif f([K parn — [K o), 9
where di f f is the diffusion constant.
The rate equations for the Na* concentration in the ECS is modeled as
[Na*], = 149 + B,(12 — [Na ")) (10)
CI" concentration in the ECS is (M) is given by conservation of charge, that is
[Cl7), = [Na™], + [K"],. (11)
K* concentration in the astrocyte (K,) is defined as.
[K"ai = 146 + (12 — [Na']) (12)

[Na*],; depends on the flux through Na* channels, Na*/K* ATPase, NKCC, NCX, and glutamate
transporters. Some of them are already explained in the above sections.

CZ]VCLJr ai
% = —JuNa — 3JaNaK + JaNKCC_ (13)

(SJaNCX + 3JaEAAT2re’U) X Ya-

Na* flux through Na* channels (uMs™!) :

']aNa = GNa (U - EaNa) . (14)
Gana 1s the whole-cell conductance of astrocytic Na* channels and E,n, is the reversal potential for
the Na*. (Na*]
T a’ o
Eyn, = | ) 15
M N n([Na+]ai) ()

The intracellular Na* also depends upon flux due to astrocytes NCX, which is given by

Janex = JancxmasHs([Nat]o, Knoxmn ) H([Ca® o, Knoxme) X

at13. v Ca?t v
[[Z]V\[a-r]}%l exp(nNCX X ﬁ) - [[Caz(-lﬁ]oexp((nNCX —1) x _a) (16)

v
1+ ksatemp((nNCX —1) x ”—“)

)
T

where J,nexmax 1S the maximum current through astrocytes NCX. Kyexmn, and Kyexme are the binding
affinities of Na* and Ca**, respectively, to NCX.

Na* flux through glutamate transporters is obtained by multiplying the K* flux due to transporters by
a factor of 3 because the stoichiometry of EAAT is 3 Na*: K*:glu:H*



CI" concentration in the astrocyte is given by electroneutrality (p /).
dolim‘ dNJrai dKJrai dC2+ai
(1 Jui _ dINa s | K] | d[Ca?]

dt dt dt dt '’ an

Cytosolic Ca** ([Ca*],) is regulated by IP; receptors-mediated release from the endoplasmic retic-
ulum (ER), release from the ER through leak channels, uptake by the ER through SERCA, influx from
ECS through NMDA receptors, and flux through NCX.

d OCL2+ ai
% = cht (JIPS - qump + JERZeak:) + (JNCX) X Ya- (18)

The Ca?* buffering is described by steady-state approximation, i.e.

K. B -1
Boy = (14 BKeng + crer : 19
v ( ! <Kex+[0a2+]m>2) (19

where BK.,4 is the ratio of endogenous buffer concentration to dissociation constant, K, is dissociation
constant of exogenous buffer, and B¢, the concentration of an exogenous buffer.
The flux of Ca®* through the IP;R channels (uMs™!) is

Tips = T (H(IPy, (K1) H((Ca* s, [Kﬂad)h)g (1 _ M) , 20)

S

Jmae 18 the maximum rate of Ca®* through IP;Rs, K; dissociation constant for IP; binding to IP3R, K
dissociation constant for Ca®* binding to an activation site on the IP3R.
Ca?* flux through SERCA pumps (uMs~1) is

qump = Vmaa:HQ ([Caf2+]aia Kpump) . (21)

Vinax 18 the maximum rate of Ca®* uptake by SERCA pumps and Kum, represents the Ca** dissociation
constant of SERCA.
Ca?* flux through the leak channels (uMs™t) is

247
JERIeak = PL (1 - M) - (22)

S

Py is the maximum flux through leak channels.

Ca®* flux through NCX is 3 times smaller than the Na* given by (eq.16) due to 3:1 stoichiometry.
That is, NCX exchanges 3 Na* for 1 Ca?".

The astrocytic inositol 1,4,5-trisphosphate IP; concentration (M) is given by the following rate
equation.

dl Py
dt

1, is the maximum rate of IP; production in astrocytes due to metabotropic glutamate receptors and K,
is the rate constant for IP; degradation. The ratio of active to total G-proteins (G) is

= ThG - ]{?deglpg. (23)

p+da

=__r = 24
KG+p+5G @4



The ratio p of bound to unbound metabotropic receptors on the astrocytic process is

Pmaz — Pmin

glum(w

P = Pmin + glu,. (25)
glu, is the extracellular glutamate concentration described in method sections. We apply 1 mM for
100 ms, which decays exponentially as discussed in the main text.
The astrocytic epoxyeicosatrienoic acid (EET) concentration (zM ) is modeled by the following equa-

tion.
deet

dt
Vet and ke, are the EET production and degradation rates, respectively.
Ca?* concentration in the ER (uM) is

= V.max ([C’a“]ai — Chyins 0) — keoreet (26)

ds . _cht

i m (Jrps — Jpump + JERICk) - (27)

VRggr,,, is the volume ratio between ER and cytosol.
The inactivation variable h of IP;R channels is

% = kon [Kznh - ([Ca2+]ai + Kmh) h} 5 (28)

where ko, is the rate of Ca** binding to the inhibitory site of IP3R and Kj,, is dissociation constant
of inhibitory site.
Membrane potential of the astrocyte (mV') is

dv,
dt

=Y (—Jx — Jor — Ina — Inax) — (29)

(_2JEAAT2rev + JNCX) X Yas

where 7y, converts flux from concentration unit to current unit. The fluxes involve in the astrocytic
membrane potential except J¢; are already explained in the above section.
CI' flux through leak channels (M s™1) is

Joir=Ge (v —Eg) . (30)

G is the maximum conductance of CI” channels. E¢ is the reversal potential of Cl” and is given by

cll,
Foy = ;}—; In ([[Ol]] ) , (31)

Z. 1s the valence of CI'.

Number of K* concentration in the ECS depends upon the fluxes of voltage gated K* channels,
Na*/K*ATPasepump, glia, glialpump,co-transporter, NMDA and AMPA receptors. The rate equations
for the extracelluar potassium is

dK*], 1 _
[ dt } - ; (rynﬁn(JnK + JnNMDAK + JnAMPAK) - 2Banump - Jdiff + 5ankC02 + ﬁannkccl + FluraK10 3)
(32)




where 7 convert to ms, 7y, = S/(Fv;) is a conversion factor from current units (uA/cm?) to mM/s.
B, = == is the intra to extracellular volume ratio.
The potassium current passing through the voltage gated potassium channel is

JnK = GnKn4(V — EK) + GKL(V — EK) (33)

where, Gk and Gy represent K* voltage-gate maximal and leak conductance respectively The equaitons
for the neuronal Na*K*-ATPase pump is

1 1

Jopump = P X X 34
pump =70 + exp ( ST ) 1 +exp (3.5 - [K'],) G
where p represent pump strength and its equation is
)Omax
= 35
g 1+ exp <—20 [02]0> o
Pmax T€present maximum pump strength
The flux due to K*Cl" cotransporter 2 is
K™,
Jn cc2 — Un cc 1 e 36
kec2 kee2 H1 ( [K+]’L (36)
where Uy, is the cotransporter strength
The flux due to Na*K*CI" transporter 1 is
Na™];[C17;
Jnn ccl — Unn cc K+ o 1 g 37
o = U (110 (S5, o
where U 1s the cotransporter strength
I (K*],) = 1 (38)
1+ exp (16 — [K*],)
The equations for activation and inactivation variable is
dq
dt = aq(l - q) ﬂq(L q=m, ha n/a (39)

The equations for the closing and opening rate of the activatons and inactivations variables are repre-
sented by o and [ of respective varibles. Their equations are

0.32(V + 54)
= 40
“ 1 —exp (——VZM) “0)
0.28(V + 27)
= 41
B exp (V+27) 1 (41)
ap = 0.128 exp (— v ;_850) 42)
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= 43
Bh 1+ exp (_V—&5-27) ( )
0.032(V + 52)
o= sy (44)
V 457
B, = 0.5exp (— 1—0 ) (45)

The equation of the flux due to potassium diffusion current is
Jairr = €& ([KFo — [KF Joan) (46)
€, 1s the diffusion of K* to the blood whose equations is

1 max
x %, (47)

Clhe (FHE) 4o <—*[°2]ggh*2~5>

€k

ek, max is the maximum diffusion of K*to blood. [K* ]y, and [O;]pam are the bath concentrations of K*
and O,
The fluxes due to neuronal AMPA and NMDA receptors are modeled as

Joampaj = GravpaTnampa(vn — Ej) (48)

JnAMPAj = GnNMDATnNMDAMg(V)(Un - Ej), (49)

Where j represents Na*,K*, or Ca** ion (only for NMDA). Gyampa/Goxmpas Tnampa, and Iynvpa repre-
sent the maximal conducatnace of AMPA/NMDA receptor channels, the open probabiity of AMPA, and
NMDA receptors, respectively. The equations for ryampa, and rynvpa are given as

dr
ditj =y [GZU]O(:[ - T]) - BJT] (50)

where j represents AMPA or NMDA receptor, «; and [3; are the activation and inactivation rates. Mg(vy)
denotes a voltge-dependent magnesium ([mg]) block modeled with the follwoing equaitons

1
Mg(v,) = 51
9(vn) 1 + [mglexp(—(0.07v, + 0.7)) e
FluxaK is the flux due to astrocytes potassium concentrations given by
Fluvak = B,(Jax — 2Janar — Jankrc1 — Jxcor — JapaaT2renYa) (52)

The K* concentrations in the neurons depends on voltage gated K* channels, NMDA and AMPA
receptors, Na*K*-ATPase pump, KCC2, KCC1. The equations for rate of change of intracellular K* ions
is

d[Kt]: 1
dt - ; (_V(JK + JnNMDAK + JnAMPAK) + 2-[npump - Jnkcc2 - Jnnkccl) (53)
The detail explanations of the calculations of NMDA and AMPA receptors current due to potassium is
already described in the method sections of the manuscript




The Na* concentrations in the ECS is due to the fluxes through voltage gated Na* channels, Na*K™*-
ATPase pump, NMDA and AMPA receptors, NCX and NKCCI1, The equations for the rate of change of
extracellular Na* ions is

d[Na*], 1 _3
T = ; (’Ynﬁn(JnNa - JnNMDANa — JnAMPANa — nNCX) + 3ﬂt]npump + ﬁjnnkccl + FluraNal0 )
(54)
Sodium current passing through the voltaged gated sodium channel is
JnNa - GNamSh(V - ENa) + GNal<v - ENa) (55)

where, Gy, represent Na* voltage-gate maximal conductance. The fluxes of NMDA and AMPA
receptors are calculated as explained in method sections. We used similar expression of NCX flux as in
astrocytes to explain the neruonal NCX flux with variations of maxium NCX current.

FluxaNa is the flux due to astrocytes Na* concentrations given by

FluraNa = Bo(Jang + 3Janark — Jankrxcr + (3Janex + 3Japaarores)Va) (56)

[Na*],; depends upon the fluxes of Jina, Junmpanas Jnampanas Janexs Jnpump @nd Jogkeer The equations for
the rate of change of intracellular Na* ions is

d Na* ni 1
[ dt - 7 (=Yn(Jona — JunmDANa — Jnavpana — Junex) = 3Jupump — Jonkeet) 57)

Neuronal calcium ([Ca**],)is regulated by fluxes through NCX1, NMDA receptors (Jxmpaca) and
VGCC(Jveee)

d[Ca*T]]

7 = Jvaee + Yn(Jnex + Janmpaca) + 0.0001 (0.1420 — [Ca®*],,) (58)
Where, ,
—0.002Gcq [Ca?*] ))
J = n — 13.21 —2 59
VGCC 1+ exp (_%2_?5) (U 0og ([Ca“]m. (59)

Here, G¢, is the maximum conducatiance of neuronal VGCCs.
Extracellular CI" depends on the fluxes due to leaked chlorine channels Cll, NKCC2, and KCCI1. The
equations for the rate of change of extracellular CI™ ions is

a|Cl, 1
[dt ] B ; (_'V%anncu + /BannkCCZ + 25Jnkcc1) (60)

The chloride leak current is

Jact = Guen(V — Eci) (61)
G represent leak conductance
The equations for the rate of change of number of intracellular CI ions is
dicl) 1
dt T

<7JC11 - chc2 - 2Jnkccl) (62)

d[Os),
dt

= —« (anump + JaNaKloig) + € ([02]bath - [02]0) (63)
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where « converts charge utilization in the pump current (mM/s) to the rate of oxygen concentration
change (mgL!'s™!), [O;]pan is the bath oxygen concentration in the perfusion solution, and ¢, is a diffusion
constant obtained from Ficks’s law.

D
o = V5 64
T A ©4)
Where D is diffussion coeffiecent and Az is the average distance from the electrode tip
The equation for the initial neuronal or astroytes volume is
N To — T
Upi = Ugio X (1.1029 — 0.1029 x exp < 50 )) (65)
where X is n or a.
The equaiton for the extracellular osmotic pressure is
T, = [Na'l], + [K'], + [CI7], + [A7], (66)
The equation for the intracellular osmotic pressure is

where [A]; and [A], are the intra- and extra-cellular concentration of the impermeable anions. The
equations for the intracellular volume is

de Vi — Vi

= 68
dt 250 (68)
The equations for the extracellular volume is
1
Vo = (1 + _> Vgio — Vi (69)
Bo
Membrane potential of the neurons (mV) is
dVv JSpum
C— = —Jna — Jx — Jo — =2 (70)
dt Yn



Table S1: Parameters for ion dynamics in the astrocyte and ECS and membrane potential of the astrocyte.

Parameter ~ Description value

VR,, Volume ratio between the ECS and astrocyte 3

9lmas Maximum glutamate concentration 1000 pM

Ga.x Peak conductance of K+ channels 6907.77 uMmV ~ts™1
GaNa Peak conductance of Na™ channels 226.94 uMmV ~ts7t
Gukco Peak conductance of the KCC 1.728 pMmV st
GaNKCC Peak conductance of the NKCC 9.568 uMmV ~ts™1
Gact Peak conductance of C1~! leak 151.93 pmV ~tst
JaNaK oo Maximum flux through Na™ /K™ ATPase in the cortex 2.84 x 10* pMs~1
JaNaK mas Maximum flux through Na™ /K™ ATPase in the hippocampus 2.934 x 10* pMs=1
Kuna Association constant for Na™ to Na™ / K+ ATPase 10 x 10% uM

Kk, Association constant for K to Na™ /K™ ATPase 1.5 x 103 uM

Prmin Minimum ratio of bound to unbound / P; receptors 0.1

Pmaz Maximum ratio of bound to unbound 7 P; receptors 0.7

e Ratio of the activities of the unbound and bound receptors 1.235 x 1072

Kg G-protein disassociation constant 8.82

T Maximum rate of / P; production due to mGluRs 4.8 uMs=t

Keq Rate constant in for I P; production 1.25 571

Thuff Rate of C'a* buffering at the endfeet compared to the astrocyte body 0.05

V RER,,, Volume ratio between the ER and astrocytic cytosol 0.185

BK 4 Ratio of endogenous buffer concentration to disassociation constant 40

K, Disassociation constant of exogenous buffer 0.26 uM

B.. Concentration of exogenous buffer 11.35 uM

o Maximum rate of Ca®" through the I P3R5 2880 puM st

K; Disassociation constant of / P; binding to [ Ps R 0.03 uM

Koo Disassociation constant of C'a** binding to the activation site of [ P3RR 0.17 uM

Eon Rate of C'a®* binding to the inhibitory site of I P3R 2 uM—1ts!

Kinen Disassociation constant of 1 P; R 0.1 uM

Vinas Maximum rate of SERCA 20 uMs=t

Epump Disassociation constant of SERCA 0.24 uM

Py ER leak channel steady-state balance constant 0.0804 puMst

Veer EET production rate 72 571

Conin Minimum Ca?* concentration required for £ ET production 0.1 uM

Koot EET degradation rate 72871

Uy Measure of the spread of W, EmV

eetnift Describe the £/ET" dependent voltage shift 2mV M=t

Napan Bath concentrations of Na™ 152 mM

Kyan Bath concentration of K™ 2.6 mM

dif f Diffusion constant of Na* and K+ 0.5 571



Table S2: Parameters for glutamate transporters and NCX.

Parameter ~ Description value
gluo, eq extracellular glutamate concentrations at equilibrium 0.25uM
gl neuronal release of glutamate 1mM
[Cat]ainr threshold value of the Ca?* for the vesicular release of the glutamate 0.4uM
Taglu Probability of vesicular release rate 0.2
glu, Releaseable glutamte from vesicle TagluglUni
JuEAAT2revmazMaximum glutamate transporters flux 1.03 pApm =2
K,gaaramn Rate of sodium binding to glutamate transporter 15000 pM
K.gaaromi Rate of potassium binding to glutamate transporter 5000 puM
K.paaramg Rate of glutamate binding to glutamate transporter 34 uM
K.gaaomn Rate of Proton binding to glutamte transporter 300nM
JaNCXee ~ Maximum NCX current 0.001 pApm =2
K,nvoxmy  Half-saturation constant for sodium 875000 puM
K.,nvcxme ~ Half-saturation constant for calcium 1380 uM
NaNCX The position of energy barrier 0.35
ksat Saturation factor 0.1

Table S3: The initial values of various variables.
Parameter Description value
[Ca?T], Extracellular calcium concentration 2000 pM
[Ca*"] 4 Intracellular calcium concentration 0.12 uM
[Nat], Extracellular Na* concentration 149 mM
[Nat], Intracellular Na™ concentration 14 mM
(K], Extracellular Kt concentration 2.5 mM
(K] a Intracellular K concentration 146 mM
[Clt] i Intracellular C~ concentration 7.6 mM
Vg Intracellular membrane potential -89 mV
1P; Initial / P; concentration 0.048 puM
EET, Initial EET concentration 0.70 uM
hg Initial value of the inactivation variable 0.55
Sa Initial calcium concentration in astrocytic ER 466 pM
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Table S4: Parameters for ion dynamics in the neurons.

Parameter ~ Description value
Uno Resting membrane potential of the neuron —70mV
[K "m0 Initial neuronal K* concentrations 140mM
[Na™] 0 Initial neuronal Na* concentrations 18.0mM
[C1™ | nio Initial neuronal chloride concentration 6mM
Ky, Bath concentrations of the potassium 7.5mM
Obatn Bath concentrations of the oxygen 32mgL~!
Kyuinsp Bath concentrations of the potassium at SD 20mM
OpathsD Bath concentrations of the oxygen at SD 20mgL 1
Gnk Voltage-gated potassium conductance 25.0 mSem =2
GuNa Voltage-gated sodium conductance 30.0 mSem ™2
Grcu Leak chloride conductance 0.1 mSem ™2
Ghxi Leak potassium conductance 0.05 mSem ™2
GrNal Leak sodium conductance 0.0247 mSem ™2
C Membrane capacitance 1.0 pFem™2
Gglia,maz Maximal glial upadte strength of potassium 5mMs!
€k,maz Maximal potassium diffusion rate 25571
€o Oxygen diffusion coefficient 0.17s7!
U,.xcco Maximal KCC2 cotransporter strength 0.3mMs?
U.NKcc Maximal NKCCI cotransporter strength 0.1 mMs*
Pmaz Maximal pump rate 0.8 mMs~*
Vio Initial intracellular volume 1.4368 x 10712 m3
Bo Ratio of initial intra-/extracellular volume 7.0
[A], Extracellular concentrations of the impermeable ions 18 mM
[A]; Intracellular concentrations of the impermeable ions 132 mM
T Time constant 0.001 s
Glu, Glutamate concentration used for NMDA and AMPA receptors activation 1 mM

in neurons
[Ca**],0 Initial calcium concentratoins in neurons 0.14uM
Ganmpra Maximal conductance of AMPARS 0.0145mSem ™2
GNyMDA Maximal conductance of NMDARs 0.026m.Sem =2
[M g] Magnesium concentration 1 mM
QAMPA Binding rate of AMPARs 1.1mMms™!
QNMDA Binding rate of NMDARs 0.072mMms~*
Barpa Unbinding rate of AMPARSs 0.19ms~!
BNMDA Unbinding rate of NMDARSs 0.0066m.s*
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