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S1: Different Population Sizes

Table S1: Different population sizes in the proposed LIT model (Oorschot, 1996).

Network type Size (# of nodes)

SNc (soma)

8 x 8 (64)

SNc (terminal)

32 x 32 (1024)

D1-MSN (G) 32 x 32 (1024)
D1-MSN (GS) 32 x 32 (1024)
STN 32 x 32 (1024)
GPe 32 x 32 (1024)
CTX 32 x 32 (1024)

S2: Parameter Values of Neuronal Types

Table S2: Parameter values of the neuronal types used in the proposed model of LIT

(Izhikevich, 2003; Humphries et al., 2009; Muddapu et al., 2019).

Parameter(s) STN GPe CTX MSN
Izhikevich parameters
a (ms™1), a = 0.005, a=0.1, a = 0.03, a = 0.01,
b (pA.mV—1), b = 0.265, b=0.2, b=-2, b = -20,




¢ (mV), ¢ = —65, ¢ = —65, ¢ = —-50, ¢ = =55,
d (pA) d=15 d=2 d =100 d =91
External current (I*) 3pA 4.25 pA 100 pA 0 pA
Maximum peak of voltage (v¥,qx ) 30 mV 30 mV 40 mv 35mV
Membrane capacitance (C*) 1 uF 1 uF 100 uF 15.2 pF
Resting potential (v{) - - - —80mV
Threshold potential (v¥) - - - —-29.7mV
Membrane constant (k*) - - - 1pA.my~1
Number of laterals (nlat*) 11 15 - -
Radius of Gaussian laterals (R*) 1.4 1.6 - -
Synaptic strength within laterals (A*) 1.3 0.1 - -
Time decay constant for AMPA (Tup4) 6 ms 6 ms 6 ms 6 ms
Time decay constant for NMDA (Typypa) 160 ms 160 ms 160 ms 160 ms
Time decay constant for GABA (Tg4p4) 4ms 4ms 4ms 4ms
Synaptic potential of AMPA receptor
0mV 0mV 0mV 0mV
(Eampa)
Synaptic potential of NMDA receptor
0mV 0mV 0mV 0mV
(ENMDA)
Synaptic potential of GABA receptor
—60 mV —60 mV —60 mV —60 mV
(Ecapa)
Concentration of Magnesium (Mg?*) 1mM 1mM 1mM 1mM

S3: SNc soma model (Muddapu and Chakravarthy, 2021)
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Figure S3: Schematic of the single-compartment DA neuron model demonstrating the various ion
currents in the model.

The membrane potential equation for the SN¢ soma (V) is given by,

d(V)  Fxvoly,
dt - CSTLC * ARpmu

* []m,Na +2 *]m,Ca +]m,K +]inp] (1)

where, F is the Faraday’s constant, Cg,. is the SNc membrane capacitance, vol,; is the
cytosolic volume, ARy, is the cytosolic area, [, yq is the sodium membrane ion flux, Jp, cq
is the calcium membrane ion flux, J,,, x is the potassium membrane ion flux, and /i, is the

overall input current flux.
Plasma Membrane Ion Channels

The intracellular calcium concentration dynamics ([Ca;]) is given by,

d([Ca;])
TL = ]m,Ca ()
1
]m,Ca = - * (ICaL + 2 Ipmca — 2% INaCaX) 3)

Zeg * F * volgy,



where, 3¢, is the valence of calcium ion, I¢,, is the L-type calcium channel current, I, q is

the ATP-dependent calcium pump current, Iy,c.x 1S the sodium-potassium exchanger current,

F is the Faraday’s constant, and vol,, is the cytosolic volume.

The voltage-dependent L-type calcium channel current (I,;) is given by,

inh(V, — Veq

7,)

Oca = Mca * Neal (5)

where, ¢, is the maximal conductance for calcium channel, O, is the gating variable of
calcium channel, m¢,, is the activation gate of the L-type calcium channel, h¢,; is the
inactivation gate of L-type calcium channel, [Ca;] is the intracellular calcium concentration,
[Ca,] is the extracellular calcium concentration, V,, is the reversal potential for calcium ion,

and V}, is the voltage defined thermodynamic entity.

1
(_(V+15)) — Mca,L
(1 +e 7 )
d(mCa,L) _
dt (_[V+65 2) (6)
7.68 x e\ 17331 ) 4 0.723
A 0.00045 ;
cal ™0.00045 + [Ca;] )

The intracellular sodium concentration ([Na;]) dynamics is given by,

d([Na;])
—a Jm,Na (8)



1

JmNa = _ZN < Fxvol_, * (Iyar + 3 * Iyag + 3 * Iyacax) 9)
a cy

where, Zy, 1s the valence of sodium ion, Iy, is the total sodium channel current, Iy, is the
ATP-dependent sodium-potassium pump current, Iy,cqx 1S the sodium-potassium exchanger

current, F is the Faraday’s constant, and vol,.,, is the cytosolic volume.

The total sodium channel current is given by,

Inar = Ing + Inanen + Inaik (10)

where, Iy, is the voltage-dependent sodium channel current, Iy,ycn 18 the hyperpolarization-
activated cyclic nucleotide-gated sodium channel current, and Iy, is the leaky sodium

channel current.

The voltage-dependent sodium channel current (I, ) is given by,

sinh (% * (Vp — VNa))

IvaW) = (dna * Ona) * (VIN&T* [Na,]) » : (11)
sinh (7 * VD)
(3+%)
Ona = m]%la * hyg (12)

where, gy, i1s the maximal conductance for sodium channel, Oy, is the gating variable of
sodium channel, my,, is the activation gate of the sodium channel, hy,, is the inactivation gate
of the sodium channel, [Na;] is the intracellular sodium concentration, [Na,| is the
extracellular sodium concentration, Vy, is the reversal potential for sodium ion, and V}, is the
voltage-defined thermodynamic entity.

d(mNa)
dt

= 1.965 * e(17127VD) & (1 — my,) (13)

— 0.0424 * e"15581VD) & (my,)



d(hNa)

T 0.00009566 * e(24317*VD) « (1 — h,,)

— 0.5296 * e(11868VD) & (py )

(14)

The hyperpolarization-activated cyclic nucleotide (HCN) gated sodium channel current

(Inancn) 1s given by,

Inaen (V) = (Gnanen * Onanen) * ( [Na;] * [Nae])

sinh (% * (Vp — VNa)) (15)

sinh (% * VD)

G-)

where, gyancn 18 the maximal conductance for sodium HCN channel, Oy ucn 1S the gating
variable of sodium HCN channel, [Na;] is the intracellular sodium concentration, [Na,] is the
extracellular sodium concentration, Vy, is the reversal potential for sodium ion, Vj, is the

voltage defined thermodynamic entity, and [cAMP] is the cyclic adenosine monophosphate

concentration.
d(Ongnucn)
d—at = kf,HCN * (1 — Ongren) — kr,HCN * Onanen (16)
kf,HCN = kf,free * P + kf,bnd *(1-F) (17)
kr,HCN = kr,free * Py + kr,bnd * (1 - Po) (18)
1 1
P. = Fo =

[cAMP] ) ;

[CAMP] (19)
(1 +0.001163 ; )

(1 +0.0000145



0.006 0.0268
Kf free = (V+87.7); Kfpna = W (20)
1+ e\ 645 1+ e\ 133
0.08 0.08
kr free = (-7F517) ’ Krpna = W 21)
1+e 7 1+e 7

The leaky sodium channel current (Iy4;) is given by,

sinh (% * (Vp — VNa))
1

sinh (7 * VD)

3w

Ivaie V) = (Gan) * (VINaT % [Na]) * 22)

where, gyak is the maximal conductance for leaky sodium channel, [Na;] is the intracellular
sodium concentration, [Na,] is the extracellular sodium concentration, Vy, is the reversal

potential for sodium ion, and V}, is the voltage defined thermodynamic entity.

The intracellular potassium concentration dynamics ([K;]) is given by,

d([K:])
dt

= Jmx (23)

Jmkx = — * (Ixr — 2% Iyak) (24)

Zg * F xvol .y,

where, 3y is the valence of potassium ion, Ix; is the total potassium channel current, I,k is
the ATP-dependent sodium-potassium pump current, F is the Faraday’s constant, and vol,,,

is the cytosolic volume.
The total potassium channel current is given by,

Igr = Ixar + Ixir + Igsk (25)



where, I, 1s the voltage-dependent (delayed rectifying, DR) potassium channel current, Ix;;
is the voltage-dependent (inward rectifying, IR) potassium channel current, and Iy, is the

calcium-dependent (small conductance, SK) potassium channel current.

The voltage-dependent (delayed rectifying) potassium channel current (Ix4,) is given

by,

IKdr(V) = (g_Kdr * OKdr) * (V — Vi * V‘c) (26)
OKdr = m13(dr (27)

where, g4, 1S the maximal conductance for delayed rectifying potassium channel, Ok ;- is the
gating variable of voltage-dependent (delayed rectifying) potassium channel, Vi is the reversal

potential for potassium ion, and V; is the temperature defined thermodynamic entity.

1

(_(V+25)) — Mg,ar
1+ 12
d(mK,dr) _ ( ¢ )

dt 18 (28)

~—+1
(1 L 5% ))

The voltage-dependent (inward rectifying) potassium channel current (Ig;-) is given

by,

IKir(V) = (g_Kir * OKir) * (V- Vi * V‘r) (29)

Okir = m (30)

where, gk is the maximal conductance for inward rectifying potassium channel, O;, is the
gating variable of voltage-dependent (inward rectifying) potassium channel, Vi is the reversal

potential for potassium ion, and V; is the temperature defined thermodynamic entity.



The calcium-dependent (small conductance) potassium channel current (I ) is given

by,

. 1
sinh (7 * (Vp — VK))

ke V) = (Fxsic * Osi) * (VI * TKeT) » o (o72) G31)
(z+v)
[Ca;]*? (32)

Oksk = [Ca;]#2 + 0.0003542

where, gk 1s the maximal conductance for small conductance potassium channel, Ok, is the
gating variable of calcium-dependent (small conductance) potassium channel, [K;] is the
intracellular potassium concentration, [K,] is the extracellular potassium concentration, [Ca;]
is the intracellular calcium concentration, Vi is the reversal potential for potassium ion, and V),

is the voltage defined thermodynamic entity.

The overall synaptic input current flux (] Syn) to SNc neuron is given by,

1

Joyn = = ot * Usyn & Iy = Lexe) (33)
cy

where, 1§, is the excitatory synaptic current, I5,, is the inhibitory synaptic current, I, is the
external current applied, F is the Faraday’s constant, and vol.,, is the cytosolic volume. The

different synaptic receptors were modeled similar to Destexhe et al.(Destexhe et al., 1998), and

details are specified in Supplementary Material-S7.
Plasma Membrane ATPases

The plasma membrane sodium-potassium ATPase (Iy,x) is given by,

INaK = Knak * [kl,nak * :P(Eik,nak) * Ynak

34
- kZ,nak * :P(E;,nak) * (1 - ynak)] Y



d(ynak)

dt = Brak * (1- Ynak) — Anak * Ynak (35)
,Bnak = kz,nak * :P(E;,nak) + k4,nak * :P(E;,nak) (36)
Xnak = kl,nak * :P(Ef,nak) + k3,nak * ?(Ef,nak) (37)

1
P(E} nar) =
(Einar) [1 + Foainai | (1 L K] )] (38)
[Na;] Knak ki
P(Ef nar) =
(Ef nar) [1  Fonakia | ( . INa] )] (39)
[Ki] Knak,nai
1
P(E, =
(3 nax) [1+Knak_nae ) ( . 1K )] (40)
Naeff Knak,ke
P(E} =
(Ef nak) [1 Rk | (1 L Nag; )] (a1)
[Ke] Knak,nae
Naess = [Na,] « 082D (42)
o 037
Lnak =77 " 0.094 (43)
[ATP;]

where, Ky, is the maximal conductance for sodium-potassium ATPase, [Na;] is the
intracellular concentration of sodium ion, [Na,] is the extracellular concentration of sodium

ion, [K;] is the intracellular concentration of potassium ion, [K,] is the extracellular



concentration of potassium ion, (kl,nak; k2 nair k3 naks k4,nak) are the reaction rates,
(Knak,nae, Knaknair Knak kes Knak,ki) are the dissociation constants, [ATP;] is the intracellular

concentration of adenosine triphosphate (ATP), and V}, is the voltage defined thermodynamic

entity.

The plasma membrane calcium ATPase (Ipmca) is given by,

Ipmca = Kpc * [kl,pc * :P(E;,pc) *Ype — kZ,pc * :P(E;,pc) * (1 - ypc)] (44)

a(y,
(d;:?C) — ﬁpc * (1 —_ ch) —_ apc % pr (45)
Bpc = kapc * :P(E;,pc) + Kape * :P(EZ'PC) (46)
Apc = kl,pc * :P(Ef,pc) + k3,pC * :P(ELPC) (47)

. 1 . 1
?(Ech) = (1 4 Kpc,i); :P(Ez’pc) - (1 + Kpc,e) (48)
[Cai] [Cae]

P(Erpc) =1 —P(Efpe); P(Ezpe) =1—P(E;p) (49)
K _ 1
tpe = 0 (50)
[ATP;]
173.6 s
Kpc,i = m + 6.4 * 10 (51)

1+ 70



" " 10.56 * [CaCam] +12 5
= E3 .
pe pmea “|\[CaCam] + 5 * 105 (52)

where, (k1 perK2per K3 per Ka pc) are the reaction rates, Ky, is the maximal conductance for
calcium ATPase, ( pees p”) are the dissociation constants, [ATP;] is the intracellular

concentration of ATP, [Ca;] is the intracellular calcium concentration, and [CaCam] is the

intracellular calcium-bound calmodulin concentration.
Plasma Membrane Exchangers

The plasma membrane sodium-calcium exchanger (Iy4cqx) i given by,

[Nal.]?’ * [Cae] * exp(Sxm*VD) — [Na ]3 [Ca] * e((‘sxm—l)*VD)

(33)
(1+ Dy * [[Na]? * [Cac] + [Na,]® * [Caj]]) + (1 +0. 386]9)

where, k,,, is the maximal conductance for sodium-calcium exchanger, [Na,] is the
extracellular sodium concentration, [Na;] is the intracellular sodium concentration, [Ca,] is
the extracellular calcium concentration, [Ca;] is the intracellular calcium concentration, &,,, is
the energy barrier parameter, D,,, is the denominator factor, and V}, is the voltage defined

thermodynamic entity.

Table S3.1: Parameter values for SN¢ soma model (Francis et al., 2013).

Constant Symbol Value Units
Faraday’s constant F 96485 coulomb * mole™?
SNc¢ membrane capacitance Cone 9x 107 pF * cm™2
Cytosolic volume Veyt Doyt * Vpmu pl
Fraction of cytosolic volume eyt 0.5 dimensionless
Pacemaking unit (PMU) volume Vpmu 5 pl
PMU area Apmu Spmu * Vpmu cm?




PMU surface area-to-volume ratio Spmu 1.6667 x 10* cm
Voltage defined thermodynamic |4
_ Vb = dimensionless
entity Vi
Temperature defined RxT
. Ve mV
thermodynamic entity F
Universal gas constant R 8314.472 mJ xmol™1 x K71
Physiological temperature T 310.15 K
Maximal conductance of calcium ~
JdcaL 2101.2 pA*mM~1
channel
Extracellular calcium
. [Ca,] 1.8 mM
concentration
. o 1 [Ca,] . .
Reversal potential for calcium ion Vea > log [Cal dimensionless
i
Valence of calcium ion Zca 2 dimensionless
Maximal conductance of sodium
Ina 907.68 pA *mM~1
channel
Extracellular sodium
. [Na,] 137 mM
concentration
: o [Na,] . .
Reversal potential for sodium ion Vna log Nal dimensionless
i
Valence of sodium ion ZNa 1 dimensionless
Maximal conductance of sodium _ 511 PR
: *m
HCN channel InaHcn P
Maximal conductance of leaky
. Inalk 0.0053 pA *mM~1
sodium channel
Cyclic adenosine monophosphate
[cAMP] 1x 1075 mM

concentration




Maximal conductance of delayed

o ‘ Ixdr 31.237 nS
rectifying potassium channel
Extracellular potassium
. [K,] 5.4 mM
concentration
Reversal potential for potassium [K,
Vi log dimensionless
ion [K;]
Valence of potassium ion Tk 1 dimensionless
Maximal conductance of inward
o ‘ Jxir 13.816 nS
rectifying potassium channel
Maximal conductance of small
' Jxsk 2.2515 pA *mM~1
conductance potassium channel
Maximal conductance for sodium-
. Knak 1085.7 pA
potassium ATPase
Reaction rates of Iy x k2 nak 0.04 ms~!
k3 nak 0.01 ms™1
k4 nak 0.165 ms™1
Dissociation constants of Iy,x Knak nae 69.8 mM
Knak,nai 4.05 mM
Knak ke 0.258 mM
Knak ki 32.88 mM
Maximal conductance for calcium
kymea 2.233 pA * ms~1
ATPase
Reaction rates of ymcq ko pe 0.001 ms™1
ks pe 0.001 ms~!
K pe 1 ms~!




Dissociation constants of I cq Kpce 2 mM
Maximal conductance for sodium-
_ kym 0.0166 pA * ms~1
calcium exchanger
Energy barrier parameter of
Oxm 0.35 dimensionless
INaCaX

Denominator factor of Iy,cax Dsm 0.001 dimensionless

Table S3.2: Steady state values of ion-channel dynamics of SNc cell model (Francis et al.,

2013).

Symbol Value Symbol Value
|4 —49.42 mV hna 0.1848
[Ca;] 1.88 x 10~* mM OnaHCN 0.003
[Na;] 4.69 mM My ar 0.003
[K;] 126.06 mM VYnak 0.6213
Mpg 0.0952 Ype 0.483

S4: SNc Terminal Model (Muddapu and Chakravarthy, 2021)

The three compartments are intracellular compartment representing cytosol, extracellular
compartment representing extracellular space (ECS), and vesicular compartment representing
a vesicle. In dopamine turnover processes, L-tyrosine (TYR) is converted into L-3,4-
dihydroxyphenylalanine or L-DOPA by tyrosine hydroxylase (TH), which in turn is converted
into dopamine (DA) by aromatic L-amino acid decarboxylase (AADC) (Figure-S4.1). The
cytoplasmic DA (DA,) is stored into vesicles by vesicular monoamine transporter 2 (VMAT-
2) (Figure-§4.2). Upon arrival of action potential, vesicular DA (DA,) is released into
extracellular space (Figure-S4.3). Most of the extracellular DA (DA,) is taken up into the
terminal through DA plasma membrane transporter (DAT) (Figure-S4.4) and remaining
extracellular DA is metabolized by catechol-O-methyltransferase (COMT) and monoamine

oxidase (MAOQ) into homovanillic acid (HVA) (Figure-§4.5). The DA that enters the terminal



is again packed into vesicles, and the remaining cytoplasmic DA is metabolized by COMT and
MAO enzymes (Figure-§4.5). It is known that a DA neuron self-regulates its firing,
neurotransmission and synthesis by autoreceptors (Anzalone et al., 2012; Ford, 2014). In the
present model, we included autoreceptors that regulate the synthesis and release of dopamine
(Figure-54.6, S4.7). Along with TYR, external L-DOPA compete for transporting into the
terminal through aromatic L-amino acid transporter (AAT) (Figure-§4.8).
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Figure 54: Schematic of Dopamine turnover processes in the SNc cell model.

Modelling Extracellular DA in the ECS

The major three mechanisms that determine the dynamics of extracellular DA ([DA,]) in the
ECS given by,

d([DA,
% = Jret = Jpar _]gda (34)

where, J,.; represents the flux of calcium-dependent DA release from the DA terminal, Jp 4
represents the unidirectional flux of DA translocated from the extracellular compartment (ECS)
into the intracellular compartment (cytosol) via DA plasma membrane transporter (DAT), and

J&44 represents the outward flux of DA degradation, which clears DA from ECS.



Calcium-Dependent DA Release Flux

Assuming that calcium-dependent DA release occurs within less than a millisecond after the

calcium channels open, the flux of DA release (J,;) from the DA terminal is given by,

Jret = ¥ * ngpp * Prey([Cay]) (55)

where, [Ca;] is the intracellular calcium concentration in the DA terminal, P,,; is the release
probability as a function of intracellular calcium concentration, nzgp is the average number of

readily releasable vesicles, and 1 is the average release flux per vesicle within a single synapse.

The flux of calcium-dependent DA release depends on extracellular DA concentration,
and intracellular ATP acts as a feedback mechanism, assuming this regulation as extracellular
DA and intracellular ATP controls the number of vesicles in the readily releasable vesicle pool

(nggrp) Which is given by,

( [ATP;] )
% ¢ \Ka,RRP

n — 77nrrp
RRP ([pAy)-[DA,, )] [ el DARa] (56)
1+e DAyg (1 + el DArs )
_ 1
Mnrrp = Nnrrp — .Bnrrp,asynmis * K 4 (57)

1 +( asynomis )
[ASYNmis]

where, [DA,,O] is the initial vesicular DA concentration, DA,,_ is the sensitivity to vesicular
concentration, DAg_ is the high-affinity state for DA binding to receptors and DAg_ is the
binding sensitivity, [ATP;] is the intracellular ATP concentration, K, zrp is the activation
constant for ATP, 7., is the effect of misfolded alpha-synuclein on vesicle recycling (Venda
et al., 2010), 7,y is the maximal vesicle recycling efficiency, Bprrp asyn,,;, 18 the maximum
fractional decrease in the vesicle recycling efficiency through ASYNp,s, Kysyn,,,. 1s the

threshold concentration for damage by ASYN,,;s, and [ASYN,,;] is the misfolded alpha-

synuclein concentration.



The release probability of DA as a function of intracellular calcium concentration is

given by,

[Ca;]*
[Cai]4 + K4

rel

Prel([Cai]) = prel * (58)

where, P,,; is the maximum release probability and K, is the sensitivity of calcium

concentration, and [Cq;] is the intracellular calcium concentration.
Unidirectional Reuptake Flux of DA
The unidirectional reuptake flux of extracellular DA into the presynaptic terminal is given by,

= [DA]

IJpar = Vedaq * K

eda + [DAe] (59)

where, V.4, is the maximal velocity of dopamine transporter (DAT), K.q4, is the DA

concentration at half-maximal velocity, and [DA,] is the extracellular DA concentration.
Outward Extracellular Flux

The flux of extracellular DA enzymatic degradation in the synaptic cleft (ECS) is given by,

]gda = kcomt * [DAe] (60)

where, Kk.om: is the rate at which extracellular DA cleared from ECS, and [DA,] is the

extracellular DA concentration.

Modelling Intracellular DA in the Terminal

The intracellular DA dynamics ([DA;]) is determined as the sum of dopamine concentration in

cytosolic and vesicular compartments and is given by,

d([DA;]) _ d([DA.]) + d([pA,]) 61)
dt dt dt

The cytosolic DA dynamics ([DA_]) is given by,



d([DA.])

dt = Jpar — Jvmar — ]gda + ]ldopa (62)

where, Jp4r represents the unidirectional flux of DA translocated from ECS into the cytosol
through DAT, Jypar represents the flux of cytosolic DA into vesicle through VMAT-2, J7,,
represents the outward flux of DA degradation, which clears DA from the cytosol, and Jigopq

represents the flux of synthesized cytosol DA from L-DOPA.

The vesicular DA dynamics ([DA,]) is given by,

d([D4,])

T = Jymar — Jret (63)

where, J,..; represents the flux of calcium-dependent DA release from the DA terminal, Jypar

represents the flux of cytosolic DA into a vesicle.
L-DOPA Synthesis Flux

The flux of synthesized L-DOPA whose velocity is the function of intracellular calcium
concentration and L-DOPA synthesis is regulated by the substrate (TYR) itself, extracellular

DA (via autoreceptor) and intracellular DA concentrations are given by,

] _ Vsynt
synt = K [DA.] [DA,] (64)
1+ o (1 + 5+ =2 )
[TYR] * Ki,cda Ki,eda

where, Vg, is the velocity of synthesizing L-DOPA, [TYR] is the tyrosine concentration in
terminal bouton, K;yg is the tyrosine concentration at which half-maximal velocity was
attained, K; .44 1s the inhibition constant on K7y due to cytosolic DA concentration, K; ¢44 is
the inhibition constant on K7y due to extracellular DA concentration, [DA.] is the cytoplasmic

DA concentration, and [DA,] is the extracellular DA concentration.

In Chen et al.(Chen et al., 2003), neuronal stimulation was linked to DA synthesis
through an indirect event, which starts with calcium influx into the terminal bouton. In this
model, the velocity of L-DOPA synthesis as a function of calcium levels in the terminal bouton

is expressed as,



_ [Cal-]4
Veyne (Ca;) = Veyny *
synt i synt K;Lynt n [Cai]“

(65)

where, K, is the calcium sensitivity, Vsynt is the maximal velocity for L-DOPA synthesis,

and [Ca;] is the intracellular calcium concentration.
Storage Flux of DA into the Vesicle

The flux of transporting DA in the cytosol into the vesicles, which depends on the intracellular

ATP is given by,
Ji =V % % (66)
VMAT cda,ATP cha + [DAC]
Vcda,ATP = I7cda * Aymat * e(ﬁvmat*[ATPiD (67)

where, K 4, 1s the cytosolic DA concentration at which half-maximal velocity was attained,
V.aq is the maximal velocity with which DA was packed into vesicles, [DA_] is the cytosolic
DA concentration, @y, 1S the scaling factor for VMAT-2, B,ma: 18 the scaling factor for

ATP;, and [ATP;] is the intracellular ATP concentration.
Outward Intracellular Flux

The flux of intracellular DA enzymatic degradation in synaptic bouton (cytosol) is given by,

Jéaa = kmao * [DA.] (68)

where, k4, is the rate at which intracellular DA cleared from the cytosol, and [DA,] is the

cytosolic DA concentration.
L-DOPA to DA Conversion Flux
The flux of L-DOPA conversion to DA by AADC(Reed et al., 2012) is given by,

7 [LDOPA]
= *
]ldopa aadc Kaadc + [LD OPA]

(69)



where, K, 4. is the L-DOPA concentration at which half-maximal velocity was attained, V4.
is the maximal velocity with which L-DOPA was converted to DA, [LDOPAY] is the L-DOPA

concentration.
Transport Flux of Exogenous L-DOPA into the Terminal

The flux of exogenous L-DOPA transported into the terminal through AAT while competing

with other aromatic amino acids(Reed et al., 2012) is given by,

[LDOPA,]
Kiaopa, * (1 + ([TYRe]) + ([TRP e])) + [LDOPAe]) (70)

Ktyre K trpe

Jaar = Vaat * (

where, Kj40pq, 18 the extracellular L-DOPA concentration at which half-maximal velocity was

attained, V4, is the maximal velocity with which extracellular L-DOPA was transported into
the cytosol, [LDOPA,] is the extracellular L-DOPA concentration, [TYR,] is the extracellular
TYR concentration, [TRP,] is the extracellular tryptophan (TRP) concentration, Ky, is the

affinity constant for [TYR,], K¢y, is the affinity constant for [TRF,].
When L-DOPA drug therapy is initiated,

[LDOPA,] = [sLD] (71)

When no L-DOPA drug therapy is initiated,

LDOPA, =0 (72)

The L-DOPA concentration ([LDOPA]) dynamics inside the terminal is given by,

d([LDOPA
% = Jaat _]ldopa +]synt (73)

where, J,q¢ represents the flux of exogenous L-DOPA transported into the cytosol, Jigopa
represents the conversion flux of exogenous L-DOPA into DA, [y, represents the flux of

synthesized LDOPA from tyrosine, and [sLD] is the serum L-DOPA concentration.



Table S4.1: Parameter values for DA turnover processes of SNc cell model (Reed et al., 2012;

Tello-Bravo, 2012).

Constant Symbol Value Units
Average release flux per vesicle Y 17.4391793 mM * ms~1
Initial vesicular DA concentration DA,, 500 mM
Sensitivity to vesicular DA
) DA, 0.01 mM
concentration
Affinity constant of DA binding to
DAg, 5x 1073 mM
receptors
Binding sensitivity DAg, 0.01 mM
Activation constant for ATP Ka rrp 1.4286 mM
Vesicle recycling maximal flux Vnrrp 1x1073 mM * ms~1
Maximal vesicle recycling efficiency Nnrrp 0.995 dimensionless
Maximal fraction of asyn* effect on
) ﬁnrrp,asynmis 0.08 dimensionless
the vesicle
Affinity constant for asyn* Kasynms 8.5x1073 mM
Reaction constant of DA, clearance kcome 0.0083511 ms™1
Tyrosine concentration [TYR] 126 x 1073 mM
Affinity constant for TYR Kryr 46 x 1073 mM
Inhibition constant for DA, K caa 11 x 1072 mM
Inhibition constant for DA, K; cda 46 x 1073 mM
Maximal velocity of DA synthesis Vsyne 25x107° mM * ms™!
Affinity constant for Ca; Ksyne 35x107* mM
Maximal velocity of VMAT Veda 4.67 x 107° ms~1




Affinity constant for DA, K.qa 238x 107 mM
Scaling factor for VMAT Aymat 1x1073 dimensionless
Scaling factor for ATP; Bomat 3 dimensionless
Reaction constant of DA, clearance kmao 0.00016 ms™1
Maximal velocity of AADC Vaade 9.73x 107° mM * ms~1
Affinity constant for LDOPA Kadce 0.13 mM
Maximal velocity of AAT Vaat 5.11x 1077 mM * ms~1
Affinity constant for LDOPA, Kidopa, 3.2x107* mM
Affinity constant for TYR, Kiyr, 6.4x107* mM
Affinity constant for TRP, Kirp, 1.5x107* mM
Serum concentration of TYR [TYR,] 6.3x107* mM
Serum concentration of TRP [TRP,] 8.2x107* mM
Serum concentration of LDOPA [SLD] 3.6 x1073 mM

Table S4.2: Steady state values of DA turnover processes of SNc cell model (Reed et al., 2012;

Tello-Bravo, 2012).

Symbol Value Symbol Value
[DA,] 4x10"°mM [DA,] 500 mM
[DA.] 1x107* mM [LDOPA] 3.6 x 107 mM

S5: Connectivity in the Model

Table S5: Connectivity patterns in the proposed LIT model (Oorschot, 1996).




From — to

Pattern (signal)

SNc (soma) — SNc (terminal)

1 to 16 (Calcium)

SNc (terminal) — DI-MSN (GS)

20 to 1 (Dopamine)

SNc (terminal) — D1-MSN (G)

20 to 1 (Dopamine)

D1-MSN (GS) - DI-MSN (G)

1to 1 (GABA & SP)

D1-MSN (G) - DI-MSN (GS)

1 to 1 (GABA)

D1-MSN (GS) — SNc (soma)

200 to 1 (GABA & SP)

D1-MSN (G) — SNc (soma)

200 to 1 (GABA)

STN — GPe

1 to 1 (Glutamate)

GPe - STN

1 to 1 (GABA)

STN — SNc (soma)

16 to 1 (Glutamate)

CTX — DI-MSN (GS)

1 to 1 (Glutamate)

CTX - DI-MSN (G)

1 to 1 (Glutamate)

STN — STN Gaussian neighborhoods (Glutamate)
GPe — GPe Gaussian neighborhoods (GABA)
SNc — SNe¢ Gaussian neighborhoods (GABA)

S6: Parameter Values of Connectivity

Table S6: Parameter values of the connectivity used in the proposed model of LIT (Terman et

al., 2002; Reed et al., 2012; Buxton et al., 2017).

Parameter Value Parameter Value
Number of laterals (nlat*) 5 0y 20 mV
Radius of Gaussian laterals u

1.6 04 —57mV
(R*)




Synaptic strength within

0.1 o, 2my
laterals (A%)
Synaptic conductance (W,_,,) 0.01 a 2ms™t
Synaptic potential of GABA
receptor (Eqpns) 63.45 mV B 0.08 ms!
STV 13 cdom 487
siFe 0.1 cdgpe 7
soNe 1x107° cdone 4.6055
cd2 0.1 Wsp 5000
KMSN 0.0289 LMSN 0.331
al[));—MSN(G) 1 all))i—MSN(GS) 2
Wepe—GPe 1 WsNc-SNc 0.01
WsTN-GPe 1 Wepe—sTN 20
WSTN-STN 1.3 WsTN-SNc 0.3
WD1-MSN (G)-SNc 0.5 WD1-MSN (GS)-SNc 0.5
Wp1-MSN (G)»D1-MSN (GS) 500 WeTx—D1-MSN (GS) 100
WceTx-D1-MSN (G) 100 T;p 40 ms
P 200 ms g 10 ms
Bsp 0.47 Asp 5.5
bsp 2.5 Fsrnosne 1x107°
Fp1-msn 6)»sne 4.15x107° Fp1-msn (6s)—sne | 4.15x107°
y/nax 5.11 x10~7 mM.ms™! KPOP4s 0.032 mM
[TYR] 0.063 mM KR 0.064 mM

a




[TRP,] 0.082 mM K RPs 0.015 mM

a

PSSO%(I 64 fgg‘cminal 1024
ER¢pres 2.15x1073 mM ROS¢pres 0.0147 mM
MTipres 0.0215 mM

S7: Receptor model (Destexhe et al., 1998)
AMPA/Kainate Receptors

The simplest model that approximates the kinetics of the fast AMPA/kainate type of glutamate

receptors can be represented by the two-state diagram:

c+17 €8 o (74)

where, a and f are voltage-independent forward and backward rate constants, C is the closed
state of the receptor, O is the open state of the receptor, and T is the neurotransmitter. If r is
defined as the fraction of the receptors in the open state, it is then described by the following

first-order kinetic equation:

d(r)
—p = ax M@= = pxr (75)

and the postsynaptic current (I4yp,4) is given by,

Livpa = Gampa * 7 * (V — Eqppa) (76)

where, gaypa 18 the maximal conductance, E4yp4 is the reversal potential, V is the postsynaptic
membrane potential, [T] is the neurotransmitter, and r is the fraction of the receptors in the

open state.

NMDA Receptors



The slower NMDA type of glutamate receptors can be represented with a two-state model
similar to AMPA/kainate receptors, with a voltage-dependent term representing magnesium

block. Using the scheme in Eqs. 1 and 2, the postsynaptic current is given by

Inmpa = Gnmpa *7 * B(V) x (V — Exypa) (77)

where, gyupa 18 the maximal conductance, Eyyps 1 the reversal potential, B(V) is the
magnesium block, V is the postsynaptic membrane potential, and r is the fraction of the

receptors in the open state.

1+ ([Mg“] * @—0.062 *V) (78)

where, [Mg?*] is the external magnesium concentration, and V is the postsynaptic membrane

potential.
GABAA Receptors

GABA receptors can also be represented by the scheme in Egs. 1 and 2, with the postsynaptic

current given by

lgaBa, = GcaBa, * T * (V - EGABAA) (79)

where, Jgapa, 18 the maximal conductance, Eg4pq, is the reversal potential, V is the

postsynaptic membrane potential, and r is the fraction of the receptors in the open state.
GABAGB Receptors

The stimulus dependency of GABAR responses, unfortunately, cannot be handled correctly by

a two-state model. The simplest model of GABAg-mediated currents has two variables:

d(r)

7=1(1>|<[T]>x<(1—r)—K2>l<r (80)

)

= =Ky xr—Ky*s (81)



and the postsynaptic current (IG AB AB) is given by,

Sn

m * (V - EGABAB) (82)

Igapagy = 9caBag *

where, Jcapa, is the maximal conductance, Egapa, (= Vi) is the reversal potential, V' is the
postsynaptic membrane potential, r is the fraction of the receptors in the open state, s is the
fraction of activated G-proteins, K is the dissociation constant of the binding of s on the K*
channels, K; and K, are voltage-independent forward and backward rate constants for r, K;
and K, are voltage-independent forward and backward rate constants for s, and [T] is the

neurotransmitter.
Overall Synaptic Current

The overall synaptic input current flux (] Syn) to SNc neuron is given by,

Jsyn = * (IAMPA + Inmpa + lgapa, + IGABAB) (83)

Fxvey,

where, I4p4 1 the excitatory AMPA synaptic current, Iy p4 1S the excitatory NMDA synaptic
current, Ig4pa, is the inhibitory GABAA synaptic current, Ig4p,, is the inhibitory GABAg

synaptic current, F is the Faraday’s constant, and v, is the cytosolic volume.

Table S7: Parameter values of receptor models (Destexhe et al., 1998; Francis et al., 2013)

Constant Symbol Value Units
Faraday’s constant F 96485 coulomb * mole™?
Cytosolic volume Veyt eyt * Vpmu pl
Fraction of cytosolic volume eyt 0.5 dimensionless
Pacemaking unit (PMU) volume Vpmu 5 pl




Maximal conductance of AMPA

gAMPA 03 5 - 1 nS
receptor
Maximal conductance of NMDA
gNMDA 001 - 06 nS
receptor
Concentration of Magnesium [Mg?t] 1-2 mM
Maximal conductance of GABAA _
9caBa, 0.25—-1.2 nS
receptor
Maximal conductance of GABAgB _
9:cABAg 0.06 nS
receptor
Dissociation constant of the
K, 100 uM*
binding of s on the K" channels
Voltage-independent forward rate
K, 9x 10* M™1 xsec™?!
constant for r of GABAg
Voltage-independent backward
K, 1.2 sec™!
rate constant for 7 of GABAg
Voltage-independent forward rate
K 180 sec™!
constant for s of GABAgB
Voltage-independent backward
K, 34 sec™!
rate constant for s of GABAg
Cooperativity constant (binding
' n 4 dimensionless
sites)
Reversal potential of AMPA Eimpa 0 mV
Reversal potential of NMDA Enmpa 0 mV
Reversal potential of GABAA EcaBa, —80 mV
Reversal potential of GABAp EcaBag -95 mV
AMPA 1.1 x 10° M~1xsec™?




4 -1 -1
Voltage-independent forward rate | MDA 7.2x10 M~ x sec

constant for r (a) GABAA 5 x 10 M~ xsec?
AMPA 190 sec™!
Voltage-independent backward
NMDA 6.6 sec™?
rate constant for r ()
GABAx 180 sec™?

S8: Calcium Dynamics (Muddapu and Chakravarthy, 2021)

Intracellular calcium plays an essential role in the normal functioning of the cell. In order to
maintain calcium homeostasis, the intracellular calcium levels are tightly regulated by calcium
buffering mechanisms such as calcium-binding proteins, endoplasmic reticulum (ER), and

mitochondria (MT) (Alzheimer, 2003).

Jserca,er ADP;

MC l:/\ mSERCA
Jleak.er
Cc

Aer

Ca,

A

Channels

Figure S8: Schematic of calcium dynamics in the SNc cell model.

The intracellular calcium concentration dynamics ([Ca;]) after including calcium

buffering mechanisms (Marhl et al., 2000; Francis et al., 2013) (Figure S8) is given by,



e e = Jeats = 4 * Jeam = Jsercar + Jener +]
dt m,Ca calb cam serca,er ch,er leak,er (84)

- ]mcu,mt + jout,mt

where, /;,, ¢4 1s the flux of calcium ion channels, /4, is the calcium buffering flux by calbindin,
Jcam 1s the calcium buffering flux by calmodulin, /ey cq er 1 the calcium buffering flux by ER
uptake of calcium through sarco/endoplasmic reticulum calcium-ATPase (SERCA), J.p or 1S
the calcium efflux from ER by calcium-induced calcium release (CICR) mechanism, Jioq or 1S
the calcium leak flux from ER, J;;;cy, m¢ 1s the calcium buffering flux by MT uptake of calcium
through mitochondrial calcium uniporters (MCUs), and /¢ m¢ is the calcium efflux from MT
through sodium-calcium exchangers, mitochondrial permeability transition pores (mPTPs),

and non-specific leak flux.

The calcium buffering flux by calbindin (J,4;3) is given by,

Jean = kl,calb * [Cai] * [Calb] — kz,calb * [CaCalb] (85)
[CaCalb] = [Calb;,:] — [Calb] (86)

d([Calb
LD s 87)

where, (kl,calbsz,calb) are the calbindin reaction rates, [Ca;] is the intracellular calcium
concentration, [Calb] is the calbindin concentration, [CaCalb] is the calcium-bound calbindin

concentration, and [Calb,,;] is the total cytosolic calbindin concentration.
The calcium buffering flux by calmodulin (J,4,,) is given by,

Jeam = Qcam * [Cam] — Beam * [CaCam] (88)

[CaCam] = [Cam,;] — [Cam] (89)



d([Cam])
T - _]cam (90)

1 1
... =KL « KD « + 91
o =Ko K e T o

1 1
= el pnd + 92
Pean = I * eiin lK&i’m Kl Ko+ K 2

K&am = kéam * [Ca;]?; Kigm = kigm * [Ca;]? (93)

where, (k24 ke, ke, kEP,.) are the calmodulin reaction rates, [Ca;] is the intracellular
calcium concentration, [Cam] is the calmodulin concentration, [CaCam] is the calcium-bound

calmodulin concentration, and [Cam,,,] is the total cytosolic calmodulin concentration.

The calcium buffering flux by ER uptake of calcium through SERCA (jserca,er) is

given by,

= kserca,er * [Cai] * [ATPi] (94)

]S€TC(1,€T

where, Kgercqer is the maximal rate constant of SERCA, [Ca;] is the intracellular calcium

concentration, and [ATP;] is the intracellular ATP concentration.
The calcium efflux from ER by CICR (]Cl-cr,er) is given by,

[Ca;]?
+ [Cal-

KZ

cicr,er

Jener = Keicrer * ( ]2) * ([Caer] — [Ca;]) 95)

where, k.p o 1s the maximal permeability of calcium channels in the ER membrane, K, o, is
the half-saturation for calcium, [Ca;] is the intracellular calcium concentration, and [Ca,, ] is

the ER calcium concentration.

The calcium leak flux from ER (] leak,er) is given by,



]leak,er = kleak,er * ([Caer] - [Cai]) (96)

where, kjoqr or 18 the maximal rate constant for calcium leak flux through the ER membrane,

[Ca;] is the intracellular calcium concentration, and [Ca,,] is the ER calcium concentration.

The ER calcium concentration ([Ca,,]) dynamics is given by,

d([Cacr]) _ fer

* - - 97
dt Dor (serca,er ]ch,er ]leak,er) ( )

where, B, is the ratio of free calcium to total calcium concentration in the ER, p,, is the
volume ratio between the ER and cytosol, [seycq er 18 the calcium buffering flux by ER uptake
of calcium through SERCA, J.p o, is the calcium efflux from ER by CICR mechanism, and

Jieak er 15 the calcium leak flux from ER.

The calcium buffering flux by MT uptake of calcium through MCUs (]mcu’mt) is given
by,

18
[Ca;] ) ©8)

= k *
]mcu,mt mcu,mt (Kglcu'mt + [Cai]s

where, K0y me 15 the maximal permeability of mitochondrial membrane calcium uniporters,

Kincume 18 the half-saturation for calcium, and [Ca;] is the intracellular calcium concentration.

The calcium efflux from MT through sodium-calcium exchangers, mPTPs, and non-

specific leak flux (]out,mt) is given by,

[Ca;]?
Kgut,mt + [Cai] z

lout,mt = (kout,mt * ( ) + kleak,mt) * [Camt] (99)

where, K,y me 18 the maximal rate of calcium flux through sodium-calcium exchangers and
mitochondrial permeability transition pores, K¢ ¢ 1 the half-saturation for calcium, kyeqx me
is the maximal rate constant for calcium leak flux through the MT membrane, [Ca;] is the

intracellular calcium concentration, and [Ca,y;] is the MT calcium concentration.



The MT calcium concentration ([Ca,y,;]) dynamics is given by,

d([Cam:]) _ Bmt
dt " Pme

* (]mcu,mt - ]out,mt) ( 1 00)

where, B,; is the ratio of free calcium to total calcium concentration in the ER, p,,; is the
volume ratio between the MT and cytosol, J;;;cy, m¢ 1s the calcium buffering flux by MT uptake
of calcium through MCUs, and J,,¢ ¢ 1s the calcium efflux from MT through sodium-calcium

exchangers, mPTPs, and non-specific leak flux.

The total instantaneous concentration of calcium ([Ca,:]) in the SNc cell at a given

time t is given by,

_ . Per . Pmt .
[Caroe](t) = [Ca;](t) + 5. [Cae,1(t) + g [Came](t) (101)

+ [CaCalb](t) + [CaCam](t)

where, B, is the ratio of free calcium to total calcium concentration in the ER, p,, is the
volume ratio between the ER and cytosol, f5,,; is the ratio of free calcium to total calcium
concentration in the ER, p,,; is the volume ratio between the MT and cytosol, [Ca;](t),
[Ca,,](t), [Cay:](t), [CaCalb](t), and [CaCam](t) are the instantaneous concentration of
intracellular (cytoplasmic) calcium, ER calcium, MT calcium, calcium-bound calbindin, and

calcium-bound calmodulin, respectively.

Table S8.1: Parameter values of calcium buffering mechanisms of SNc cell model (Marhl et

al., 2000; Francis et al., 2013).

Constant Symbol Value Units
Calbindin reaction rates ki cap 10 mM~1 «ms~1
kZ,Calb 2x 10_3 m5_1

Total cytosolic calbindin
, [Calb,y:] 0.005 mM
concentration

Calmodulin reaction rates kb, 12000 mM~2 x ms™1




knb 3.7 x 10° mM~2 x ms™1
ks, 3x1073 ms~1
knd 3 ms~1
Total cytosolic calmodulin
_ [Camio;] 0.0235 mM
concentration
The maximal rate constant of
ksercaer 0.02 mM~1 xms™1
SERCA
Maximal permeability of calcium
kch,er 3 ms~!
channels in the ER membrane
Half saturation for calcium Kener 0.005 mM
Maximal rate constant for calcium
leak flux through the ER Kieak er 5x107° ms™1
membrane
Ratio of free calcium to total
Ber 0.0025 dimensionless
calcium concentration in ER
Volume ratio between the ER and
Per 0.01 dimensionless
cytosol
Maximal permeability of MCUs kmeumt 3x10°* mM * ms~!
Half saturation for calcium Kincume 8x107* mM
Maximal rate of calcium flux
through [Na*]/[Ca?*] Koutmt 0.125 ms~!
exchangers and mPTPs
Half saturation for calcium Kout me 0.005 mM
Maximal rate constant for calcium
leak flux through the MT Kieak mt 6.25x 107 ms™1

membrane




Ratio of free calcium to total
o Bt 0.0025 dimensionless
calcium concentration in MT
Volume ratio between the MT and
Pmt 0.01 dimensionless
cytosol

Table S8.2: Steady state values of calcium buffering mechanisms of SNc cell model (Marhl et

al., 2000; Francis et al., 2013).

Symbol Value Symbol Value
[Ca,,] 1x1073mM [Calb] 26 x 107* mM
[Can,] 4x10~*mM [Cam] 222 x10~* mM

S8: Molecular Pathways Involved in PD Pathology (Muddapu and Chakravarthy, 2021)

ROS formation occurs due to leakage from mitochondria during oxidative phosphorylation for
ATP production, auto-oxidation of excess freely available DA in the cytoplasm, and misfolded
alpha-synuclein (ASYN,,;s). In the present model, excess ROS is scavenged by glutathione.
Under pathological conditions such as elevated ROS levels, normal alpha-synuclein (ASYN)
undergoes conformation changes into misfolded alpha-synuclein. The misfolded alpha-
synuclein is tagged (ASYN.q4) and degraded by the ubiquitous-proteasome pathway using
ATP. Excess misfolded alpha-synuclein forms aggregates, which in turn gets degraded by the
lysosomal degradation pathway using ATP. In some scenarios, these alpha-synuclein

aggregates (ASYN,44) form Lewy bodies (LBs).
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Figure S9: Schematic of molecular pathways in PD pathology in the SNc cell model.

The model consists of ROS formation from different processes, including ROS
scavenging mechanism, alpha-synuclein aggregation, proteasomal and lysosomal degradation
of damaged protein, etc. The following equations give a concise view of all metabolite

dynamics in the PD pathology pathways,

. . d([ROS
Reactive oxygen species: % = Jieak + Jenv + Jaopa — Jeat — Jaox (102)
Alpha-synuclein: @ = Jsyn — Jox = Jto (103)
. : d([ASY Ny,is])
Misfolded alpha-synuclein: T"”s = Jox = Jagg — Jtag (104)
Tagged alpha-synuclein: w = Jiag = Jprt (105)
t



d([ASYN,4,]) _

Aggregated alpha-synuclein: o = Jagg — Jiyso — Ju

(106)

Lewy bodies: d(ILBD)

= (107)

where, [i.qx 18 the flux of oxidative stress due to mitochondrial leakage, J.,, is the flux of
external oxidative stress (includes environmental toxins, inflammatory responses, €tc.), Jgopa
is the flux of oxidative stress due to excess cytoplasmic dopamine, /., is the catabolizing flux
of ROS by catalase enzyme, J;,, is the flux of GSH-dependent ROS scavenging pathway (Eq.
104), Jsyn is the synthesizing flux of alpha-synuclein protein, J,, is the flux of alpha-synuclein
misfolding due to ROS, ], is the usage flux of alpha-synuclein in other processes, J444 is the
flux of alpha-synuclein aggregation, /., is the flux of ATP-dependent ubiquitination of
damaged protein for proteasomal degradation, J,,, is the flux of ATP-dependent breakdown of
damaged protein through proteasomal degradation, J;,s, is the flux of ATP-dependent

breakdown of aggregated protein through lysosomal degradation, and J;, is the flux of LBs

formation.
The flux of oxidative stress due to mitochondrial leakage (J;cqi) is given by,

Kaiea
Jieak = ([A.]lij) * (1 - 7’op) *]op (108)

where, J,, is the flux of the oxidative phosphorylation pathway, 7, is the electron transport
chain efficiency, [ATP;] is the intracellular ATP concentration, and K, 47p is the activation

constant for ATP.

The flux of oxidative stress due to excess dopamine in the cytoplasm (]dopa) is given
by,

[DA]
DAC] + [Kdopa]

Jaopa = Kaopa * [ (109)



where, kg,p4 is the reaction constant for ROS production by excess dopamine, [DA.] is the

cytoplasmic dopamine concentration, and Kg,,, is the affinity constant for [DA_].

The catabolizing flux of ROS by catalase enzyme (/) is given by,

Jeat = kcar * [ROS] (110)

where, k.4 is the reaction constant for catalase, and [ROS] is the ROS concentration.

The synthesizing flux of alpha-synuclein protein (]Syn) is given by,

]syn = ksyn (111)

where, kg, is the reaction constant for alpha-synuclein synthesis.

The flux of alpha-synuclein misfolding due to ROS (J,,) is given by,

Jox = kox * [ASYN] x [ROS] (112)

where, k,, is the reaction constant for alpha-synuclein oxidation, [ASYN] is the alpha-

synuclein concentration, and [ROS] is the ROS concentration.
The usage flux of alpha-synuclein in other processes (J;,) is given by,

Jto = ko * [ASYN] (113)

where, k., is the reaction constant for alpha-synuclein consumption, and [ASYN] is the alpha-

synuclein concentration.
The flux of alpha-synuclein aggregation (]ag g) is given by,

[ASYNmiS] 6

[ASYNp,;51° + Kggg

]agg = kagg * [ASYNmis] *

(114)

where, kqq, is the reaction constant for alpha-synuclein aggregation, [ASYNp,;] is the

misfolded alpha-synuclein concentration, and K, is the affinity constant for [ASY Np,;].



The flux of ATP-dependent ubiquitination of damaged protein for proteasomal

degradation (]tag) is given by,

Jtag = ktag * ASY N5 * [Ub] * [ATP] (115)

[Ub] = [Ubeoc] — [ASY Nygg) (116)

where, k.q4 is the reaction constant for ubiquitination of damaged protein, [ASY N,;s] is the
misfolded alpha-synuclein concentration, [Ub] is the ubiquitin concentration, [ATP;] is the
intracellular ATP concentration, [Ub,,;] is the total ubiquitin concentration, and [AS YNtag] is

the tagged alpha-synuclein concentration.

The flux of ATP-dependent breakdown of damaged protein through proteasomal
degradation (]prt) is given by,

4
[ASYN,,,] ) 117

[ASYN,4]" + K

]prt = kprt * [ASYNtag] * [ATPL'] x| 1— .Bprt * (

where, k,,; is the reaction constant for damaged protein disposal by the proteasome,
[ASYNtag] is the tagged alpha-synuclein concentration, [ATP;] is the intracellular ATP
concentration, [AS YN, g] is the aggregated alpha-synuclein concentration, K, is the affinity
constant for [ASYNagg], and P, is the fraction reduction of proteasome activity by

[ASY N,

The flux of ATP-dependent breakdown of aggregated protein through lysosomal
degradation (]lyso) is given by,

]lyso = klyso * [ASYNagg] * [ATPi] (118)

where, k;y5, is the reaction constant for [ASYNag g] disposal by the lysosome, and [ATP;] is

the intracellular ATP concentration.

The flux of LB formation (J;,) is given by,



[ASYN,4,]°
ASYN,y,° + K§

Vip = kip * [ASYNggg] ; (119)

where, k;;, is the reaction constant for Lewy bodies from [ASYNagg], [ASYNagg] is the

aggregated alpha-synuclein concentration, and Ky, is the affinity constant for [AS YNyg4 g].

Table S9.1: Parameter values of PD pathology pathways of SNc cell model (Cloutier and
Wellstead, 2012).

Constant Symbol Value Units

Activation constant for ATP K eak 0.5282 mM

Reaction constant for ROS production
. kdopa 4‘167 X 10_4 mM_l * mS_l
due to excess dopamine

Affinity constant for [DA_] Kaopa 8.5 mM

Reaction constant for catalase ket 2.35x107° ms

Reaction constant for alpha-synuclein

o ksyn 1.39x 1078 mM xms~!
oxidation
Reaction constant for alpha-synuclein
_ ko 1.39 x 1077 ms~1
consumption
Reaction constant for alpha-synuclein
' kagg 2.08 x 10710 ms~?
aggregation
Affinity constant for ASY N, Kagg 7.5x1073 mM
Reaction constant for tagging of
. kiag 7.64 x 10711 mM~1 «ms~!
damaged protein
Total ubiquitin concentration [Ubte] | 10.5x 1073 mM
Reaction constant for damaged protein
Kpre 2.08 x 10710 ms~?

disposal by the proteasome

Affinity constant for ASY Ny, Kpre 5x1073 mM




Fraction reduction of proteasome
o Bprt 0.25 dimensionless
activity by ASY Ny 44
Reaction constant for ASY N4
kiyso 2.08 x 10711 ms~?!
disposal by lysosome
Reaction constant for Lewy bodies
ky, 2.08 x 10711 ms~1
from ASY N4
Affinity constant for ASY Ny, Ky 5x1073 mM

Table S9.2: Steady state values of PD pathology pathways of SNc cell model (Cloutier and
Wellstead, 2012).

Symbol Value Symbol Value
[ROS] 1x107*mM [ASYN,q,] 1x 107> mM
[ASYN] 0.1 mM [ASYN, 4] 0 mM
[ASY Nypyis] 1x1073mM [LB] 0 mM
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