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More than 200 years a er it was rst described by Dr. James Parkass ‘shaking palsy’ we are still searching
for a cure for Parkinson's disease (PD), a neurodegenerativéatisbaracterized by the loss of dopaminergic
cells in Substantia Nigra pars compacta (SNl quite remarkable that the loss of cells in a small nucleus like
SNc can have wide-ranging devastating e ects in all the four major domains of brain function—sernsory-mo
cognitive, a ective, and autonomdu$Vhile existing treatments manage the symptoms of PD—sometimes with
miraculous e ect—a genuine cure demands an understanding of the root cause of SNc cell loss. Recently, a ne
approach towards PD etiology—that metabolic de ciencies at subcellular/cellular/network levelkcarajor
cause of SNc cell loss in PD—was gaining atterftidn

In an earlier computational study, we have shown that metabolic de ciency at the systems/netivoak leve
lead to neurodegeneration of SNc neurons due to excitotoxicitgadmysan overexcited Subthalamic Nucleus
(STN)Y*7”8. As a further step in understanding the PD pathophysiology, in the present study, we proposed to model
the e ects of metabolic de ciencies in SNc at the subcellular level. To this eregdve comprehensive, holistic
model of the SNc neuron with all the essential subcellular or matgmalcesses involved in PD pathogenesis.
e model should include the standard molecular infrastructuredilon channels, active pumps, ion exchang
ers, dopamine (DA) turnover processes, energy metabolism pathwaysleium bu ering mechanisms and
be able to simulate a rich vein of PD-related molecular processes such as alpha-synuclein aggregation, Le
body formation, reactive oxygen species (ROS) production, levodopa (L-DOPA) uptake, antiapafit
ways. Several researchers had tried to model parts of the extensive chemical network involvelliar Sebcel
pathogenesist. From their modelling e orts, it was evident that developing such a comprehensive model of
SNc neuron would be a signi cant leap in understanding the subcelluldramiems underlying neurodegen
eration in PD. A comprehensive literature survey on modeélings related to PD pathogenesis was recently
published*S.
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Figure 1. e proposed comprehensive model of the SNc neuron.

e proposed computational study aims to see how de cits in the sypflenergy substrates (glucose and
oxygen) lead to a de cit in adenosine triphosphate (ATP), and furthermore, de cits in ATP are the common
factor underlying the pathological changes in alpha-synuclein, ROS, calcium, and DA. Here, we propose a
comprehensive computational model of SNc cell, which helps us in understandirghihighysiology of neu
rodegeneration in PD. e model is expected to help resolve several outstanding questions dofiéibgyae.g.,
the recurrent confusion of cause and e ect—is alpha-synualgimegation a cause or an e ect of PD? If the
hypothesis that the model set out to investigate ultimately proves to be true, it will be detedtisat energy
de ciency underlies all the molecular level manifestations of PD. Such a demonstration, naturallgsrequir
extensive and directed experimentation, and the present model could perhaps serve as a blueprirg for rollin
out such an experimental program.

e model is developed as per the following stages. Firstly, each of the cellular processes in theanode
calibrated by experimental data. Secondly, model responses to electrical and chemiesibsts were car
ried out to observe their e ects on di erent vital molecular players in the SNc neuron. Finally, logmoigly
and hypoxic conditions were simulated in the model to understand their adaptabilite energy crisis and to
identify the di erent regimes, normal and pathological, in which theleh@perates.

-5t
e proposed comprehensive single-cell model of SNc dopaminergic neurons consists of ion-charameiodyn
calcium bu ering mechanism&!6, energy metabolism pathw&3/s, DA turnover processtd -DOPA-uptake
mechanisms, apoptotic pathwayand molecular pathways involved in PD pathol8@yig.1).
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e ... S [« Mddedling the behavior of a single neuron o en requires detailed dynamics for a particular
neuron type, since distinct electrophysiological and morphological features characterize eatinaypeno
Dopaminergic neurons in substantia nigra exhibit two distinct ring patterns: low-frequency irreguiar t
or background ring ( ) and high-frequency regular phasic or burst fihg ). Dopaminergic
neurons are autonomously active and produce a constant background ring pattern on widthrbay be
superimposed.

We have adapted the single-compartmental biophysical model éf, Siere ion-channel dynamics is
dependent on ATP levels. Other previously published dopaminergic neuronal models are speci ptmesup
tary Table 1. e ionic currents which were considered in the soma (Supplementary Fig. 1) are voltage-dependent
sodium currents ( ), voltage-dependent potassium currents, voltage-dependent L-type calcium current

, calcium-dependent potassium current , leak current | sodium—potassium ATPase , cal

cium ATPase and sodium-calcium exchanger
e membrane potential equation for the SNc soma is given by,

@

where, is the Faraday’s constant, is the SNc membrane capacitance, is the cytosolic volume,
is the cytosolic area, is the sodium membrane ion ux, is the calcium membrane ion ux, isthe
potassium membrane ion ux, and is the overall input current ux.

Zfesf ofe,"fet <o ... S §Emrdcdiudar calcium concentration dynamics is given by,

@

©)

where, s the valence of calcium ion, is the L-type calcium channel current, is the ATP-dependent
calcium pump current, is the sodium—potassium exchanger currers, the Faraday's constant, and
is the cytosolic volume.

e voltage-dependent L-type calcium channel current is given by,

4

©)
where,” is the maximal conductance for calcium channel, is the gating variable of calcium channel,

is the activation gate of the L-type calcium channel, is the inactivation gate of L-type calcium chan

nel, is the intracellular calcium concentration, is the extracellular calcium concentration, is the
reversal potential for calcium ion, and is the voltage de ned thermodynamic entity.

(6)

)

e intracellular sodium concentration dynamics is given by,

(©))

9)
where, is the valence of sodium ion, is the total sodium channel current, is the ATP-dependent
sodium—potassium pump current, is the sodium—potassium exchanger curreii,the Faraday’s constant,
and is the cytosolic volume.

e total sodium channel current is given by,

(10)
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where, s the voltage-dependent sodium channel current, is the hyperpolarization-activated cyclic
nucleotide-gated sodium channel current, and is the leaky sodium channel current.
e voltage-dependent sodium channel current  is given by,

11

(12)

where,” is the maximal conductance for sodium channel,is the gating variable of sodium channel,

is the activation gate of the sodium channel,is the inactivation gate of the sodium channel, is the intra
cellular sodium concentration, is the extracellular sodium concentration, is the reversal potential for
sodium ion, and is the voltage-de ned thermodynamic entity.

(13)

(14)

e hyperpolarization-activated cyclic nucleotide (HCN) gated sodium channel current is given by,

(15)
where,” is the maximal conductance for sodium HCN channel, s the gating variable of sodium
HCN channel, is the intracellular sodium concentration, is the extracellular sodium concentration,

is the reversal potential for sodium ion,is the voltage de ned thermodynamic entity, and is the
cyclic adenosine monophosphate concentration.

(16)

7

(18)

(19)

(20)

(21)

e leaky sodium channel current is given by,

(22)
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where,” is the maximal conductance for leaky sodium channel, is the intracellular sodium concentra
tion, is the extracellular sodium concentration, is the reversal potential for sodium ion, andis the
voltage de ned thermodynamic entity.

e intracellular potassium concentration dynamics  is given by,

E— (23)

(24)

where, is the valence of potassium ion, is the total potassium channel current, is the ATP-dependent
sodium—potassium pump current,is the Faraday’s constant, and is the cytosolic volume.
e total potassium channel current is given by,

(25)

where, is the voltage-dependent (delayed rectifying, DR) potassium channel curreistthe voltage-
dependent (inward rectifying, IR) potassium channel current, ands the calcium-dependent (small conduct
ance, SK) potassium channel current.

e voltage-dependent (delayed rectifying) potassium channel eatr is given by,
B (26)
(27)
where,” is the maximal conductance for delayed rectifying potassium channeis the gating variable of

voltage-dependent (delayed rectifying) potassium channek the reversal potential for potassium ion, and
is the temperature de ned thermodynamic entity.

(28)
e voltage-dependent (inward rectifying) potassium channel cutren is given by,
B (29)
(30)
where,” is the maximal conductance for inward rectifying potassium channelis the gating variable of

voltage-dependent (inward rectifying) potassium channels the reversal potential for potassium ion, and
is the temperature de ned thermodynamic entity.
e calcium-dependent (small conductance) potassium channel current is given by,

(1)

(32)

where,” is the maximal conductance for small conductance potassium channés the gating variable of
calcium-dependent (small conductance) potassium channeis the intracellular potassium concentration,
is the extracellular potassium concentration, is the intracellular calcium concentration, is the reversal
potential for potassium ion, and is the voltage de ned thermodynamic entity.

e overall synaptic input current ux to SNc neuron is given by,

(33)
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where, s the excitatory synaptic current, is the inhibitory synaptic current, is the external current
applied, isthe Faraday’s constant, and is the cytosolic volume. e di erent synaptic receptors were mod
eled similar to Destexhe et?dland details are speci ed in Supplementary Material 1.

Zfoeef ofe,"fot f *efpldsma membrane sodium—potassium ATPase s given by,

(34)
— (39)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

where, is the maximal conductance for sodium—potassium ATPase|s the intracellular concentration
of sodium ion, is the extracellular concentration of sodium ion, is the intracellular concentration of
potassium ion, s the extracellular concentration of potassium ion, are the reaction
rates, are the dissociation constants, is the intracellular concentration
of adenosine triphosphate (ATP), and s the voltage de ned thermodynamic entity.

e plasma membrane calcium ATPase is given by,

(44)

— (45)

(46)

(47)

(48)

(49)
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_ (50)
(51)
(52)
where, are the reaction rates, is the maximal conductance for calcium ATPase,
are the dissociation constants, is the intracellular concentration of ATP, is the intracel
lular calcium concentration, and is the intracellular calcium-bound calmodulin concentration.

Zfeef ofe,"fet t5...S foplasthd meémbrane sodium-calcium exchanger is given by,

(53)

where, is the maximal conductance for sodium-calcium exchanger,is the extracellular sodium coneen

tration, is the intracellular sodium concentration, is the extracellular calcium concentration, is

the intracellular calcium concentration, is the energy barrier parameter, is the denominator factor, and
is the voltage de ned thermodynamic entity.

fZ..<c—e ,—it"<*% e ZintrdSeflularealdum plays an essential role in the normal functioning
of the cell. In order to maintain calcium homeostasis, the intracellular calcium levels aree@htied by cal
cium bu ering mechanisms such as calcium-binding proteins, endoplasmic reticulum (ER), and mitochondria
(MT)?* (Supplementary Fig. 2).
e intracellular calcium concentration dynamics a er including calcium bu ering mechanisris®
(Fig.3) is given by,

(54)

where, is the ux of calcium ion channels, is the calcium bu ering ux by calbindin, is the calcium
bu ering ux by calmodulin, is the calcium bu ering ux by ER uptake of calcium through sarco/endo
plasmic reticulum calcium-ATPase (SERCA), is the calcium e ux from ER by calcium-induced calcium
release (CICR) mechanism, is the calcium leak ux from ER, is the calcium bu ering ux by MT
uptake of calcium through mitochondrial calcium uniporters (MCUs), and is the calcium e ux from MT
through sodium-calcium exchangers, mitochondrial permeabilitysiteon pores (mPTPs), and non-speci ¢

leak ux.
e calcium bu ering ux by calbindin is given by,
(55)
(56)
(57)
where, are the calbindin reaction rates, is the intracellular calcium concentration, is
the calbindin concentration, is the calcium-bound calbindin concentration, and is the total
cytosolic calbindin concentration.
e calcium bu ering ux by calmodulin is given by,
(58)
(59)
(60)
(61)
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(62)

(63)
where, are the calmodulin reaction rates, is the intracellular calcium concentration,

is the calmodulin concentration, is the calcium-bound calmodulin concentration, and
is the total cytosolic calmodulin concentration.
e calcium bu ering ux by ER uptake of calcium through SERCA is given by,

(64)
where, is the maximal rate constant of SERCA, is the intracellular calcium concentration, and
is the intracellular ATP concentration.

e calcium e ux from ER by CICR is given by,

(65)
where, is the maximal permeability of calcium channels in the ER membranejs the half-saturation
for calcium, is the intracellular calcium concentration, and is the ER calcium concentration.

e calcium leak ux from ER is given by,

(66)
where, is the maximal rate constant for calcium leak ux through the ER membraneis the intracel
lular calcium concentration, and is the ER calcium concentration.

e ER calcium concentration dynamics is given by,

— (67)
where, is the ratio of free calcium to total calcium concentration @ER, is the volume ratio between
the ER and cytosol, is the calcium bu ering ux by ER uptake of calcium through SERCA, is the
calcium e ux from ER by CICR mechanism, and s the calcium leak ux from ER.

e calcium bu ering ux by MT uptake of calcium through MCUs is given by,

(68)

where, is the maximal permeability of mitochondrial membrane calcium uniporters, is the half-

saturation for calcium, and s the intracellular calcium concentration.
e calcium e ux from MT through sodium-calcium exchangers, mPTPs, and non-speci ¢ leak ux

is given by,

(69)
where, is the maximal rate of calcium ux through sodium-calcium exchemged mitochondrial per
meability transition pores, is the half-saturation for calcium, is the maximal rate constant for

calcium leak ux through the MT membrane, is the intracellular calcium concentration, and is the
MT calcium concentration.
e MT calcium concentration dynamics is given by,

- (70)

where, s the ratio of free calcium to total calcium conceidrain the ER, is the volume ratio between
the MT and cytosol, is the calcium bu ering ux by MT uptake of calcium through MCUs, and is
the calcium e ux from MT through sodium-calcium exchangers, mPTPd,ran-speci c leak ux.

e total instantaneous concentration of calcium in the SNc cell at a given timés given by,

— — (71)

where, is the ratio of free calcium to total calcium concentration in the ER,the volume ratio between the
ER and cytosol, is the ratio of free calcium to total calcium concentration in the ERs the volume ratio
between the MT and cytosol, , , and are the instantaneous
concentration of intracellular (cytoplasmic) caIC|um ER calcivim caIC|um calcium-bound calbindin, and
calcium-bound calmodulin, respectively.
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et" %> oF—f, ' Zcoo ' f—&eéNefgyrdetabolism pathways which were included in the compre
hensive model of SNc were adapted from Cloutier & Wellstead energy metabolisi (Sagglementary
Fig. 3). Extracellular glucose ( ) is taken up into the neuron through glucose transporters and phosphoryl
ated into fructose-6-phosphate (F6P) by hexokinase (HK) enzyme using adenosine triphosphate (ATP). F6P
is broken down into glyceraldehyde-3-phosphate (GAP) by phosphofructokinase (PFK) enzyme using ATP.
At steady state, F6P (fructose-2,6-bisphosphate (F26P)) is phosphorylated (dephosphanyi268) (F6P)
by dephosphorylating (phosphorylating) ATP (ADP) using phosphofructokinase-2 (PFK2) enzyme. GAP
is dephosphorylated into pyruvate (PYR) by producing ATP using pyruvate kinase (PK). MT produces ATP
through oxidative phosphorylation (OP) by utilizing PYR and oxygen. (Parallel to glycolysis, F6P is- uti
lized to produce Nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) through pentose phosphate
pathway. Synthesized NADPH is used to produce glutathione (GSH) by glutathione reductase (BRawhic
enges reactive oxygen species (ROS). ATP is replenished by oxidative phosphorylation independent pathwa
where phosphocreatine is broken to produce ATP and creatine by creatine kinase (CK).

e following equations give a concise view of all metabolite dyienin the energy metabolism pathway:

- (72)

(73)

(74)

(75)

(76)

(77)

E— (78)

(79)

(80)

where, s the irreversible ux of hexokinase enzyme where glucose was phosphorylated to F6P by using ATP,
is the irreversible ux of phosphofructokinase enzyme where F6P was broken down to GAP using ATP,
the reversible ux of phosphofructokinase-2 enzyme where F6P (F26P) was phosphorylated (depgateghory
to F26P (F6P) by dephosphorylating (phosphorylating) ATP (ADP is the irreversible ux of the pentose
phosphate pathway where NADP+ was reduced to NADPU§ the irreversible ux of pyruvate kinase enzyme
where GAP was dephosphorylated to PYR by phosphorylating adenosine diphosphate (ADRE irrevers
ible ux of the oxidative phosphorylation pathway where PYR wagedito produce ATP, is the electron
transport chain e ciency, is the reversible ux of lactate dehydrogenase where LAC (PYR) was dehydrogenase
(hydrogenase) to PYR (LAC), is the reversible ux of monocarboxylate transporters where LAC from extracel
lular (intracellular) was transported into (out of) the celljs the reversible ux of creatine kinase where PCr
(creatine (Cr)) was dephosphorylated (phosphorylated) to Cr (PCr) by phosphorylating (deplytesitngy
ADP (ATP), isthe irreversible ux of glutathione reductase where glutathione disgG&SG) was reduced
to GSH, isthe irreversible ux of anti-oxidative pathway where reaatixygen species (ROS) was reduced
to water, and is the irreversible ux of ATPases where ion equilibrium was magdeby utilizing ATP.
e ux of hexokinase is given by,

(81)
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where,” is the maximal hexokinase ux, is the intracellular ATP concentration, is the F6P con
centration, is the a nity constant for ATP, is the inhibition constant for F6P, and is the
extracellular glucose concentration.
e ux of phosphofructokinase is given by,
(82)
(83)
(84)
(85)
- (86)
E— (87)
— - (88)
where,” is the maximal phosphofructokinase ux, is the intracellular ATP concentration, is the
F6P concentration, is the F26P concentration, is the a nity constant for F6P, is the
a nity constant for ATP, is the a nity constant for F26P, is the adenosine monophosphate
(AMP) concentration, is the adenosine diphosphate (ADP) concentration, is the total energy shut
tle’s (ANP) concentration, is the activation constant for AMP, s the inhibition constant for ATP,
is the coe cient constant for AMP, is the coe cient constant for ATP, and is the coe cient
constant for ADP.
e ux of phosphofructokinase-2 is given by,
(89)
(90)
where,” is the maximal phosphofructokinase-2 forward Ux, is the phosphofructokinase-2 maximal
reverse ux, is the intracellular ATP concentration, is the F6P concentration, is the F26P cen
centration, is the AMP concentration, is the a nity constant for F6P, is the a nity
constant for ATP, is the a nity constant for F26P, and is the activation constant for AMP.
e ux of pyruvate kinase is given by,
N (91)
where,” is the pyruvate kinase maximal ux, is the GAP concentration, is the ADP concentra
tion, is the a nity constant for GAP, is the a nity constant for ADP, and is the ATP

inhibition term.
e ux of the oxidative phosphorylation pathway s given by,

- — 92)
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where,” is the oxidative phosphorylation pathway maximal ux, isthe PYR concentration, is the
ADP concentration, is the ATP concentration, is the a nity constant for PYR, and
is the a nity constant for ADP.

In the absence of protein aggregation, the electron transpairt eftiency is given by,

(93)

Moreover, in the presence of protein aggregation, the electron trams@in e ciency is given by,

(94)

where,” is the maximal electron transport chain e ciency, is the maximum fractional decrease in the
oxidative phosphorylation e ciency through misfolded alpha-synuclein , is the misfolded
alpha-synuclein concentration, and is the threshold concentration for mitochondrial damage by

e ux of lactate dehydrogenase is given by,

(95)

where, is the lactate fermentation e ciency, is the PYR concentration, is the LAC concentration,
is the forward reaction constant of lactate dehydrogenase (LDH), ani the reverse reaction constant
of lactate dehydrogenase.
In the absence of oxidative stress, the lactate fermentation e cismyiyen by,

(96)
Moreover, in the presence of oxidative stress, the lactatenfiattina e ciency is given by,

a (97)
where,” is the maximal lactate fermentation e ciency, is the maximum fractional decrease in the
lactate fermentation e ciency through reactive oxygen species , is the threshold concentration
for lactate fermentation damage by , and is the ROS concentration.

e ux of monocarboxylate transporters is given by,
- (98)
where,” is the monocarboxylate transporters (MCTs) maximal inward ux, is the LAC concentration,
is the stimulation pulse, is the coe cient constant for the inward ux of MCT, is the reaction
constant for lactate e ux.
e ux of ATPases is given by,
- (99)
where,” is the ATPase maximal ux, is the intracellular ATP concentration, is the a nity

constant for ATP, and s the stimulation pulse.
e ux of the pentose phosphate pathway is given by,

(100)
(101)

where,” is the pentose phosphate pathway (PPP) maximal ux, is the F6P concentration, is

the NADPH concentration, is the nicotinamide adenine dinucleotide phosphate (NADP) concentra

tion, is the total NADPH and NADP concentration, is the a nity constant for F6P, and

is the inhibition constant of PPP by NADPH to NADP ratio.
e ux of glutathione reductase is given by,

(102)
(103)

cFe—co.. | 717(@20821) 11:1754 | S——'e8 T'cA4'""% wvAwvVy~ ezw{s~aVvxwa~ww ~ fagweresearch



www.nature.com/scientificreports/

where, is the forward reaction constant of glutathione reductasejs the reverse reaction constant of
glutathione reductase, is the NADPH concentration, is the NADP concentration, is
the GSH concentration, is the GSSG concentration, and is the total GSH and GSSG concentra
tion together.
e ux of anti-oxidative pathway is given by,
(104)
where, is the reaction constant for ROS reduction by glutathione, is the GSH concentration, and
is the ROS concentration.
e ux of creatine kinase is given by,
(105)
(106)
where, is the forward reaction constant of creatine kinase,is the reverse reaction constant of creatine
kinase, is the PCr concentration, is the Cr concentration, is the total PCr and Cr concentration,

is the ADP concentration, and is the intracellular ATP concentration.

fecetr ——"e' "L "t & BA furidbver process has been modelled as a three-compartment
biochemical model based on Michaelis—Menten kingtiesthree compartments are intracellular compart
ment representing cytosol, extracellular compartment representing extracellular space (ECS), aad vesicul
compartment representing a vesicle. Previously published dopaminergic terminal modeécioed &p Sup
plementary Table 2. In DA turnover processesjrosine (TYR) is converted inte3,4-dihydroxyphenylala-
nine or L-DOPA by tyrosine hydroxylase (TH), which in turn is converted into DA by aromatigno acid
decarboxylase (AADC) (Supplementary Fig. 4.1). e cytoplasmic DA () is stored into vesicles by vesicular
monoamine transporter 2 (VMAT-2) (Supplementary Fig. 4.2). Upon arrival of action potential, aeSéul
() isreleased into extracellular space (Supplementary Fig. 4.3). Most of the extracellular)Dataken
up into the terminal through DA plasma membrane transporter (DAT) (Supplementary Fig. 4.4) and remaining
extracellular DA is metabolized by catecBainethyltransferase (COMT) and monoamine oxidase (MAQ) into
homovanillic acid (HVA) (Supplementary Fig. 4.5). e DA that enters the terminal is again packed into vesicles,
and the remaining cytoplasmic DA is metabolized by COMT and MAO enzymes (Supplementary Fig. 4.5). It is
known that a DA neuron self-regulates its ring, neurotransmission and synthesis by autoré&&ptorthe
present model, we included autoreceptors that regulate the synthesis and release of [Bri¢8tgy Figs. 4.6,
4.7). Along with TYR, external L-DOPA compete for transporting into the terminal through aromatimb-a
acid transporter (AAT) (Supplementary Fig. 4.8).

Modelling extracellular DA in the ECSe major three mechanisms that determine the dynamics of extracel
lular DA in the ECS given by,

(107)

where, represents the ux of calcium-dependent DA release from the DA terminalrepresents the unidi
rectional ux of DA translocated from the extracellular compartment (ECS) into the intracelargartment
(cytosol) via DA plasma membrane transporter (DAT), andrepresents the outward ux of DA degradation,
which clears DA from ECS.

Calcium-dependent DA release wAssuming that calcium-dependent DA release occurs within less than a
millisecond a er the calcium channels open, the ux of DA releasefrom the DA terminal is given by,

(108)

where, is the intracellular calcium concentration in the DA terminal, is the release probability as a
function of intracellular calcium concentration, is the average number of readily releasable vesicles, and
is the average release ux per vesicle within a single synapse.

e ux of calcium-dependent DA release depends on extracellular DA concentration, and intracellular ATP
acts as a feedback mechanism, assuming this regulation aslledaradé and intracellular ATP controls the
number of vesicles in the readily releasable vesicle pool which is given by,

(109)
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(110)
where, is the initial vesicular DA concentration, is the sensitivity to vesicular concentration, is
the high-a nity state for DA binding to receptors and is the binding sensitivity, is the intracellular
ATP concentration, is the activation constant for ATP, is the e ect of misfolded alpha-synuclein
on vesicle recyclidy~  is the maximal vesicle recycling e ciency, is the maximum fractional
decrease in the vesicle recycling e ciency through , is the threshold concentration for damage
by ,and is the misfolded alpha-synuclein concentration.

e release probability of DA as a function of intracellular calti concentration is given by,
B (1112)

where, is the maximum release probability and is the sensitivity of calcium concentration, and is
the intracellular calcium concentration.

Unidirectional reuptake ux of DA. e unidirectional reuptake ux of extracellular DA into the presynaptic
terminal is given by,

(112)

where, is the maximal velocity of DA transporter (DAT), is the DA concentration at half-maximal
velocity, and is the extracellular DA concentration.

Outward extracellular ux. e ux of extracellular DA enzymatic degradation in the synaptic cle (ECS) is

given by,

(113)
where, is the rate at which extracellular DA cleared from ECS, and is the extracellular DA
concentration.

Modelling intracellular DA in the terminal. e intracellular DA dynamics is determined as the sum
of DA concentration in cytosolic and vesicular compartments and is given by,

(114)

e cytosolic DA dynamics is given by,

(115)

where, represents the unidirectional ux of DA translocated from ECS into the cytosol through DAT,

represents the ux of cytosolic DA into vesicle through VMAT-2 represents the outward ux of DA degrada
tion, which clears DA from the cytosol, and represents the ux of synthesized cytosol DA from L-DOPA.
e vesicular DA dynamics is given by,

(116)

where, represents the ux of calcium-dependent DA release from the DA terminal, represents the ux
of cytosolic DA into a vesicle.

L-DOPA synthesis ux. e ux 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 Diareéamu
tor) and intracellular DA concentrations are given by,

(117)

where, is the velocity of synthesizing L-DOPA, s the tyrosine concentration in terminal bouton,
is the tyrosine concentration at which half-maximal velosig attained, is the inhibition constant

on due to cytosolic DA concentration, is the inhibition constant on due to extracellular DA

concentration, is the cytoplasmic DA concentration, and is the extracellular DA concentration.
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In Chen et af®, neuronal stimulation was linked to DA synthesis through an indirect event, which starts
with calcium in ux into the terminal bouton. In this model, the vatyg of L-DOPA synthesis as a function of
calcium levels in the terminal bouton is expressed as,

(118)

where, is the calcium sensitivity,  is the maximal velocity for L-DOPA synthesis, and is the intra
cellular calcium concentration.

Storage ux of DA into the vesiclee ux of transporting DA in the cytosol into the vesicles, which depends
on the intracellular ATP is given by,

(119)
B (120)
where, is the cytosolic DA concentration at which half-maximal velocity waimet,  is the maximal
velocity with which DA was packed into vesicles, is the cytosolic DA concentration, is the scaling
factor for VMAT-2, is the scaling factor for , and is the intracellular ATP concentration.

Outward intracellular ux. e ux of intracellular DA enzymatic degradation in synaptic bouton (cytosol) is
given by,

(121)

where, is the rate at which intracellular DA cleared from the cytosol, and is the cytosolic DA
concentration.

L-DOPA to DA conversion ux. e ux of L-DOPA conversion to DA by AADC?is given by,

(122)

where, is the L-DOPA concentration at which half-maximal velocity was attained, is the maximal
velocity with which L-DOPA was converted to DA, is the L-DOPA concentration.

Transport ux of exogenous L-DOPA into the termina. ux of exogenous L-DOPA transported into the
terminal through AAT while competing with other aromatic amino aéitsgiven by,

(123)

where, is the extracellular L-DOPA concentration at which half-maximal velocity waseattain
is the maximal velocity with which extracellular L-DOPA was transported into the cytosol, s the
extracellular L-DOPA concentration, is the extracellular TYR concentration, is the extracellular
tryptophan (TRP) concentration, is the a nity constant for , is the a nity constant for

When L-DOPA drug therapy is initiated,

(124)
When no L-DOPA drug therapy is initiated,

(125)
e L-DOPA concentration dynamics inside the terminal is given by,

(126)

where, represents the ux of exogenous L-DOPA transported inteytesol, represents the conversion
ux of exogenous L-DOPA into DA, represents the ux of synthesized LDOPA from tyrosine, and is
the serum L-DOPA concentration.

‘2t —Zf" "f-S™fse o7 771t <o molecfilarSpathivéys &n PD pathology were
adapted from Cloutier & Wellstead motednd incorporated in the comprehensive model of SNc cell. ROS
formation occurs due to leakage from mitochondria during oxidative pleygfation for ATP production,
auto-oxidation of excess freely available DA in the cytoplasm, and misfolded alpha-synuclein (). In the
present model, excess ROS is scavenged by glutathione. Under pathological conditions sutddaR@&va
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levels, normal alpha-synuclein () undergoes conformation changes into misfolded alpha-synuclein. e
misfolded alpha-synuclein is tagged ( ) and degraded by the ubiquitous-proteasome pathway using ATP.
Excess misfolded alpha-synuclein forms aggregates, which in turn gets degraded by the lysosomal degradatio
pathway using ATP. In some scenarios, these alpha-synuclein aggregates () form Lewy bodies ( )
(Supplementary Fig. 5).

e model consists of ROS formation from di erent processes, including ROS scavenging mechanism, alpha-
synuclein aggregation, proteasomal and lysosomal degrmaddtiiamaged protein, etc. e following equations
give a concise view of all metabolite dynamics in the PD pathcddlopyays,

(127)

(128)

(129)

(130)

(131)

(132)

where, isthe ux of oxidative stress due to mitochondrial leakageis the ux of external oxidative stress
(includes environmental toxins, in ammatory responses, etc.), is the ux of oxidative stress due to excess
cytoplasmic DA, s the catabolizing ux of ROS by catalase enzymds the ux of GSH-dependent ROS
scavenging pathway (Ef04), is the synthesizing ux of alpha-synuclein protein,is the ux of alpha-
synuclein misfolding due to ROS, is the usage ux of alpha-synuclein in other processeds the ux of
alpha-synuclein aggregation, is the ux of ATP-dependent ubiquitination of damaged protein for proteasomal
degradation, s the ux of ATP-dependent breakdown of damaged protein through proteasomal degradation,

is the ux of ATP-dependent breakdown of aggregated protein through lysosomal degradationjsand
the ux of LBs formation.

e ux of oxidative stress due to mitochondrial leakage is given by,

— (133)

where, is the ux of the oxidative phosphorylation pathway, is the electron transport chain e ciency,
is the intracellular ATP concentration, and is the activation constant for ATP.
e ux of oxidative stress due to excess DA in the cytoplasm s given by,

(134)
where, is the reaction constant for ROS production by excess DA, is the cytoplasmic DA concentra
tion, and is the a nity constant for

e catabolizing ux of ROS by catalase enzyme is given by,

(135)

where, s the reaction constant for catalase, and is the ROS concentration.
e synthesizing ux of alpha-synuclein protein is given by,

(136)

where, s the reaction constant for alpha-synuclein synthesis.
e ux of alpha-synuclein misfolding due to ROS s given by,

(137)
where, is the reaction constant for alpha-synuclein oxidation, is the alpha-synuclein concentration,
and is the ROS concentration.

e usage ux of alpha-synuclein in other processes is given by,
(138)
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where, is the reaction constant for alpha-synuclein consumption, and is the alpha-synuclein
concentration.

e ux of alpha-synuclein aggregation is given by,

(139)
where, s the reaction constant for alpha-synuclein aggregation, is the misfolded alpha-synuclein
concentration, and s the a nity constant for

e ux of ATP-dependent ubiquitination of damaged proteln for proteasomal dadgtion is given by,

(140)

(141)
where, is the reaction constant for ubiquitination of damaged protein, is the misfolded alpha-
synuclein concentration, is the ubiquitin concentration, is the intracellular ATP concentration,
is the total ubiquitin concentration, and is the tagged alpha-synuclein concentration.

e ux of ATP-dependent breakdown of damaged protein through proteasomal degradationis given by,
(142)

where, is the reaction constant for damaged protein disposal by the proteasome, is the tagged
alpha-synuclein concentration, is the intracellular ATP concentration, is the aggregated alpha-
synuclein concentration, is the a nity constant for ,and is the fraction reduction of protea
some activity by

e ux of ATP- dependent breakdown of aggregated protein thugh lysosomal degradation is given by,

(143)

where, is the reaction constant for disposal by the lysosome, and s the intracellular ATP
concentration.
e ux of LB formation is given by,

(144)

where, is the reaction constant for Lewy bodies from , is the aggregated alpha-synuclein
concentration, and is the a nity constant for

—‘—<... 'f—S ™ fpepiotic pathways were adapted from Hong et'&knd incorporated in the
comprehensive model of SNc cell. e model consists of ER stress-induced apoptotic activationaoitbmit
drial ROS-induced apoptotic activatfSiiSupplementary Fig. 6).

Under stress conditions, calcium from ER e ux and intracelludalcium builds up in the cytoplasm
of SNc¢ neurons, which activates calcium-dependent calpain protease through ER stress-induced
pathway’. Activated calpain proteases procaspase-12 to caspase-12 through
calpain-dependent activation of caspas&: I&tivated caspase-12 cleaves procaspase-9 into caspase-9

through cytochrome c-independent pathwagaspase-9, in turn, activates procaspase-3 into
caspase-3 30 Activated caspase-3 eventually induces apoptotic mediators 3%

Under stress conditions, the mitochondrial permeabilitgreases through mitochondrial permeability
transition pore complex which leads to release of pro-apoptotic factors into the cytweslits in
cytochrome c-dependent activation of apoptotic mediator caspasé-Activated caspase-9, in turn, acti
vates procaspase-3 into caspase-3 30 Activated caspase-3 eventually induces apoptotic mediators

31

ER stress-induced apoptosis.

(145)
(146)

(147)
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(148)

(149)

(150)

MT-induced apoptosis.

(151)

(152)

(153)

(154)

Common pathways for both apoptotic signaling pathways.

(155)

(156)

(157)

(158)

(159)

(160)

(161)

(162)

Inhibitor of apoptosis (IAP) proteins.

(163)

(164)
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Figure 2. Oscillations in intracellular molecular concentrations in relation to the oscillatiohe ofi¢mbrane
potential. @) Oscillations in the membrane potential (V) and the corresponding variations of intracellul
sodium (N4), potassium (K) and calcium (C&) concentrations,g) Oscillations in cytoplasmic (CP),
endoplasmic reticulum (ER) and mitochondrial (MT) calcium concentrations and calcium-binding proteins
(CBP—Cam & Calb) concentration in relation to the variation of the membrane potedYi@s¢illations

in cytoplasmic (CC), vesicular (VC) and extracellular (EC) dopamine (DA) concentrations in relation to the
membrane potential[Y) Oscillations in fructose-6-phosphate (F6P), glyceraldehyde-3-phosphate (GAP),
pyruvate (PYR), lactate (LAC) and adenosine triphosphate (ATP) concentrations in relation to the membrane
potential, E) Energy consumption by di erent cellular processes in the SNcF)eRafhge bar plot of
extracellular DA concentration with respect to nR&&n Calmodulin,Calbcalbindin,concconcentrationmM
millimolar, mV millivolt, ATP adenosine triphosphat8P action potential propagatioV,R vesicle recycling,

DP DA packing DA dopamine ESendoplasmic reticulum calcium sequesteriPiQ protein degradatiomRRP
number of readily releasable vesicle pool.

(165)
e1" %> ... 'ee—¢’'eappioximate ATP consumption in the propagation of action potential and
recovery of membrane potential is given by,
(166)
(167)

where, s the scaling factor for electrical processes,is the sodium—potassium pump current, is the
calcium pump current, is the Faraday’s constant, and is the cytosolic volume.

e approximate ATP consumption in synaptic recycling and neurotransmitter packing into vesicles
is given by,

(168)

where, is the scaling factor for synaptic recycling,is the scaling factor for neurotransmitter packingjs
the DA release ux from the terminal, and is the DA packing ux into the vesicles.
e approximate ATP consumption in calcium in ux into the endoplasmieticulum is given by,

(169)

— (170)

where, is the scaling factor for endoplasmic reticulum processes, is the calcium in ux into ER through
SERCA, s the ratio of free calcium to total calcium concentration in the ER, amglthe volume ratio
between the ER and cytosol.

e approximate ATP consumption in damaged protein disposal im@gisms is given by,

(171)

where, is the scaling factor for proteasomal degradation of damaged proteiis, the scaling factor for
ubiquitination of damaged protein, is the scaling factor for lysosomal degradation of damaged protein,
is the ux of ATP-dependent breakdown of damaged protein throughepssimal degradation, is the ux

of ATP-dependent ubiquitination of damaged protein for proteadalegradation, and is the ux of ATP-
dependent breakdown of aggregated protein through lysosomaldadgigra All the initial values of the di er
ential equations were taken as zero. All parametric and stestdyvatues are given in Supplementary Table 3.

:t o/ —o
We developed a comprehensive model of SNc neuron, which exhibits characteristic ionic dynan2is}, (Fig.
calcium dynamics (FigB), DA dynamics (Fi2C), and energy metabolite dynamics (RIg). e model also
exhibits energy consumption by di erent cellular processes 2Eigand varying DA released extracellularly
based on nRRP (FigF).
en, we studied the e ect of electrical (Fig®) and chemical (Figl) stimulation on the proposed model.
Finally, we showed model responses to energy de ciency conditigss(j 7).
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Figure 3. Model response to electrical stimulation. Frequency of riapand Energy consumptiorCj by

ionic pumps (blue trace) and all other (whole) cellular processes (orange trace) of the model concerning the
amplitude of stimulating depolarized current (1 s), Extracellular dopamine concentfliand Energy
consumption D) by ionic pumps (blue trace) and all other (whole) cellular processes (orange trace) of the
model concerning the frequency of stimulating depolarized current (2 A&Es3denosine triphosphatelz
Hertz, pA picoamperemM millimolar.

Sf"f...—F"ce—<... <'ec... Trefec.. o Eprogdskd compreHensiVe smaddel of SNc exhib
its the basal ring rate of , which is in the range of observed experimentalfy(Fig.2). e bursting
type of ring also observed in the proposed model with a di erent range of synaptic'frimatsshown here).
e ionic ux concentrations, which drive membrane potential, were in the range of values used in previous
modeld334. e intracellular calcium concentration during resting state was , Which can rise to
values greater than upon arrival of the action potentiaf” (Fig.2B(ii)). e calcium concentra-
tion in the ER was ~ 1000 times higher than in the cytopta&ig. 2B(iii)). In general, the calcium concen
tration in the MT will be lesser than the cytoplasm, but due to the higher mitochondrial Hansitiiigher
calcium loading in the SNc cé#¥, the SNc mitochondrial calcium concentration was much higher than other
cells (Fig2B(iv)). Accompanying slow calcium bu ering mechanisms, calcium-binding proteins such-as cal
bindin and calmodulin act as rapid calcium bu ering mechanf€ifmsobile calcium bu ers), which are present
near calcium hotspots and bind rapidly to excess cytoplasmic calciurBRigvi)).

Sf"f...—f"ce—<... T foeced Trefec...o ‘" edibkibetween mémbrahe dpotential,
which was driven by the exchange of ionic concentrations, and extracellular release of DA, which was driven by
that membrane potential was described in Tello-Bravo model of DA ri(fign2C). e extracellular DA was
which was in the range of 41 (Fig.2C(iv)) for a number of vesicles in the
readily releasable pool . e amount of extracellular DA concentration a er the quantal release was
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Figure 4. Model response to chemical stimulation (glutamate). Frequency of AhgApoptosis signall)
due to excess stimulation, Energy consumption by ionic puBjpand all other (whole) cellular procesde} (
of the model concerning the concentration of glutamate application ATB)Adenosine triphosphat&MPA
alpha-amino-3-hydroxy-5-Methyl-4-isoxazole propionic atiliDA N-methyl- -aspartic acidHz Hertz,mM
millimolar.

dependent on the nRRP parameter (BK). e cytoplasmic DA concentration was which
was in the range of 42 (Fig.2C(ii)). e vesicular DA concentration was which was
greater than cytoplasmic DA concentraffon

Sf"f...—%"¢o—<... Tet"%> of—f,'Z<—F T>efecActve pumpSand exchangbrs-" "+ &
maintained the ionic equilibrium across the cell membrane, where ATP drives the sodium—potassiuim and ca
cium pumps. Utilizing glucose and oxygen, ATP was produced in the cell through stages of processes such a
glycolysis and oxidative phosphorylation (F2D). e average basal ATP concentration in the SNc cell was

which was in the range of 43 (Fig. 2D(vi)). Other intermediate metabolites in the energy
metabolism were in the range similar to Cloutier et al. m§dé(&ig.2D).

eF" %> ...tee—e'—c'e 5 tTjt"te— . FZZ—7f" ' . ecleneryyconsuniption ... %
in the SNc neuron by di erent cellular processes, namely action potential propagation, vegaiegieDA
packing, ER calcium sequestration, and protein degradation was estimated usiogdsegmodel (FiQE).
e peak instantaneous ATP consumption for action potential propagation and synapiistission (vesicle
recycling and DA packing) were and . e ratio of ATP consumption
for action potential propagation to the synaptic transmission wasvhich was similar to Sengupta et‘al.

<Fe—<co .,
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Figure 5. Model response to hypoglycemia and hypoxia conditions. Average frequency of\)imu¢sting
(B), average intracellular calcium gQaconcentration C), average endoplasmic reticulum (ER) calcium
concentration D), and average mitochondrial (MT) calcium concentratiéndf the model for varying glucose
and oxygen concentrationrSNcSubstantia Nigra pars compaatancconcentrationmM millimolar, Hz Hertz.

‘tEZ "fetteete —f £Z1 . —"<¢.. [hdrdertostudy the-a éetédf increased electrical stimula
tion on ring frequency and DA release, electrical stimulation was carried on the propésediBonal model.
Upon electrical stimulation (pulse width , frequency and duration ) with varying ampti
tude of stimulation from to with similar step size to Dufour et‘dl.there was not much change
in the ring frequency till but increased linearly with increasing stimulation amplitude from
onwards (Fig3A). Upon electrical stimulation, there was a sharp increase in consumed ATP by ionic pumps at
(Fig.3C, blue trace) clearly correlating with increased ring frequency 8Alg. ere was not much
change in the consumed ATP by all other cellular processes till but starts to increase with the increase in

stimulation amplitude from onwards (Fig3C, orange trace) correlating with increased ring frequency
(Fig.3A).

Upon electrical stimulation (pulse width , amplitude and duration ) with varying
frequency of stimulation from to with similar step size to Wightman and Zimmerrffathere was

an increase in peak DA concentration with increased fregyuehstimulation (Fig3B, orange trace) similar to
Wightman and Zimmermaftt (Fig.3B, blue trace). e consumed ATP by ionic pumps, and all other cellular
processes increased with increased frequency of stimu(&im3D).

‘tEZ "ferteete —¢ [ Stec.. fZlneorder-io Eifdy tHe & ect of glutamate application on
the di erent properties such as ring frequency, energy consumption, and apoptotic signal, alhgtiniala
tion was carried on the proposed SNc neuronal model. Upon chemical application (duration tdtistimu
) with varying glutamate concentration from to , there was a greater increase in the r
ing frequency in the presence of both alpha-amino-3-hydroxy-5-Methyl-4-isoxazole propionic acid (AMPA)
and N-Methyl- -aspartic acid (NMDA) receptors than AMPA receptor alone (#4g. A similar trend was
observed in the ATP consumption by ionic pumps and all other cellular processes, it was higher for both AMPA
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Figure 6. Model response to hypoglycemia and hypoxia conditions. Average intracellular dopamine (DA)
concentration QA), average extracellular DA concentrati&), @verage vesicular DA concentrati@),(@verage
fructose-6-phosphate (F6P) concentrati@),(average fructose-2,6-biphosphate (F26P) concentration (E),
average glyceraldehyde-3-phosphate (GAP) concentr&)paverage pyruvate (PYR) concentrati@), (
average lactate (LAC) concentratidf) ( average adenosine triphosphate (ATP) concentrak)aof (he model
for varying glucose and oxygen concentrations. conc, concentration; mM, millimolar.

Figure 7. Responses of whola«D) and reducedE—H) models to hypoglycemia and hypoxia conditions.
Average normal alpha-synuclein (asyn) concentratfoi), average misfolded alpha-synuclein (ggyn
concentration B,F), average aggregated alpha-synuclein {ggoncentration C,G), and average reactive
oxygen species (ROS) concentratibrH) of the fast and slow dynamic models for varying glucose and oxygen

concentrationsconcconcentrationmM millimolar.
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Calcium Energy Dopamine Levodopa
Model lon channels | bu ering metabolism turnover uptake ROS/ -syn | Apoptosis
Tello-Bravd ! a a ! a a a
Reed et & a a a i i B i
Cloutier and a a \ a a \ a
Wellstead® ! '
Francis et af® ! ! a a a a a
Cullen and « a a \ a a a
Wong-Lin'! !
Proposed model| | 1 ! | H '

Table 1. Comparison of the proposed model with previously published models. *No ion chgnaetids
but has spiking behavior (Izhikevich neuronal mégiel

and NMDA receptors than AMPA receptor alone (FiB,D). e apoptosis occurs at lower concentration of
glutamate in the SNc neurons with both AMPA and NMDA receptors as opposed to neurons with AMPA recep
tors aloné®7 (Fig.4C).

> %o Z>...Fe<f fet S»>''S<f .By ireducihgehiergy de ciency in the form of hypoxia and
hypoglycemia, we now studied the e ect of hypoglycemia and hypoxia on the vaiticasroolecular players
in the SNc neuron. e energy de ciency conditions were implemented by varying glucose and oxygen levels
in the proposed comprehensive model of SNc. e ring frequency of the model decreaseSAJignd the
ring pattern changes from spiking to bursting (FiB) under severe hypoglycemia (low glucose) and hypoxia
(low oxygen) conditions. e average cytoplasmic calcium concentration was higher, which might be due to
the reduced outward ux of calcium by active calcium pump and sodium-calcium exchangers as a result of
lesser ATP availability at higher extent of hypoglycemia and hypoxia conditionsQige average ER and
mitochondrial calcium concentrations were low, which might be due to reduced satioeof calcium into
ER and MT, which in turn happens due to lesser ATP availability under more sevaglytgmia and hypoxia
conditions (Fig5D,E).

e average cytoplasmic DA concentration was higher, which mightibe to reduced DA packing into the
vesicles as a result of lesser ATP availability under mameede/poglycemia and hypoxia conditions (BA).

e average extracellular and vesicular DA concentrations were low, which might be due to reduced readily
releasable vesicle pool as a result of lesser ATP ditgilabich might a ect the DA packing into the veskle
under more severe hypoglycemia and hypoxia conditions@Bij@.).

e average F6P concentration was more a ected by reduced glucose than reduced oxygen, and F6P concen
tration becomes very low for glucose concentration reducezhdey (Fig.6D). e average F26P
accumulation was higher during high glucose and low oxygen, which was an integrator of metabélic stress
(Fig.6E). e average GAP, average PYR, and average LAC concengatiare higher during high glucose and
low oxygen due to GAP and PYR being the intermediataboétes in the glycolytic pathway and LAC being
the by-product of anaerobic respiration (in the absence of oxygendkfegH). e average ATP concentration

under normal condition was which was in the range of 43 and ATP concentration becomes
signi cantly low for glucose concentration reduced beyond (Fig.6l). At low glucose and low
oxygen, ATP level reaches a point where SNc neuron adapts and starts bursthidg {Eigansmit maximum
information with minimal usage of ener§$? (Fig.6l). At low glucose and very low oxygen

(relative units) levels, the SNc neuron undergoes degeneraigof)(F

In the whole (fast dynamics) model simulation, the healthy alpha-synuclein protein (asyn) was misfolded,
and the available healthy alpha-synuclein protein was low at low glucose and low oxyg&nEFidinder
low glucose and low oxygen conditions, the accumulation of misfolded alpha-synuclejp)asyhalpha-
synuclein aggregates (agynwas higher due to lesser ATP availability, which leads to reduced proteolysis or
protein degradation (Fig/lB,C). e average ROS concentration was increased at loeoge and low oxygen
levels due to misfolded alpha-synuclein, thereby inducing further release of ROS by hindering mitdchondria
functioning (Fig.7D). For a better representation of molecular markers under pathological conditions, the
reduced (slow dynamics) model was simulated, which was obtainedyiag fast substrates reaching their
steady states rapidly, and associated di erential equations were transformed intonfuhat is, at steady-
state values). e average normal alpha-synuclein concentration decreases with a decrease in glucose and oxyge
levels due to increased ROS-induced misfolding of alpha-sym(Elg.7E). e deleterious e ect of ROS/
asyn, leads to a vicious cycle where the formation of ROS angldsynutually reinforceld, which was evi
dent from simulation results also. e average ROS conceitratiuring normal condition was in the range of

and during hypoglycemia and hypoxia conditions it reached betfendoncentra

tions 50 which was observed in the disease state@)gDue to higher ROS concentration,
alpha-synuclein misfolding and aggregation were prominent, and the concentratiogaduiag values similar
to high-stress condition$(Fig.7F,G).
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Figure 8. Model responses to hypoglycemia and hypoxia conditié)<Di{ erent regimes of the model
response to hypoglycemia and hypoxia conditidBsayerage ATP concentration for di erent initial glucose
concentration concerning oxygen concentratiooncconcentrationmM millimolar, GLCglucoseATP
adenosine triphosphate.

e ] e o ( ¢ L]
e central objective of this computational study is to show that metabolic de ciency is the rasedaat
connects various molecular level pathological manifestatioR® dn SNc cells. More importantly, we want to
investigate the hypothesis that metabolic de cit is pestthe root cause of SNc cell loss in PD. e proposed
model is one of its kind, which explains how de cits in supply of energy substrates (glucose and oxygen) can
lead to the pathological molecular changes, including alpha-synuclein aggregation, ROS prodlcitiom, ¢
elevation, and DA de ciency. e proposed model is compared to other models, that at least had moraghan o
cellular process modeled together (Table

<if"fe— "F%ocofe ™Mc—S Tf">ce% T & prfposed-mqdetWifh-itd idphysical frame
work shows four regimes of ATP dynamics as a function of glucose and oxygen levels: (A) Unperturbed (no
change in Basal ATP Concentration (BAC)), (B) adaptation (initial drop and a subsequent return to initial
BACY*? (C) no adaptation (initial drop and stabilized at a lower BAC, however, generally astrocytes and other
energy sources (glycogen, glutamine) will restore ATP $®yelad (D) oscillating (BAC uctuates, where
anaerobic respiration might océfrand other regimes in which neuron undergoes degenerationggg.
e basal ATP concentration patterns for di erent dynamic regimes were shown in Supplementary Fig. 10.
e model also suggests that hypoglycemia plays a more crucial role in leading to ATP de cits than hypoxia
(Fig.8B). From the modelling results, the relative levels of ATP consumption in di erent cellular proegsses ¢
be described as: synaptic transmission > action potential propagation > endoplasmic retdcilum seques
tration > protein degradatich®®.

In PD, energy de ciency occurs in a targeted fashion overgaderiod of time, which rst a ects the most
vulnerable neurons and spreads to less vulnerable neurons in the brain. So, when compared to thegitutamater
neurons, SNc neurons are one of the most vulnerable andyeo@mguming neuronal clusters, due to their
structural and functional propertigsuch as complex axonal arborizatfgmpacemaking ion chann&gauto-
rhythmicity), presence of reactive neuromodulgt¢dopamine), excitotoxicify, calcium loading and higher
basal metabolic rates associated with chronically elevated ROS prddiiatiorg out all these plausible factors,

SNc cells prone to be the most susceptible to energy de ciency.

S...«—"='Sc...«—> "t . <—f—-%T ,> Durthd Yeemitat stimuiation .or synaptic evoked
action potential, glutamate concentration varies from to which was in the range observed
in the synaptic cle and the binding a nities of NMDA and
AMPA receptor®. From the proposed model, the SNc neurons with both AMPA and NMDA

receptors are more prone to apoptosis than SNc neurons with AMPA receptoi®“dl(¢iFig. 4C). us, the

long-term in uence of NMDA activation (longer time constant than that of AMPA) in the SNc neuron plays

an important role in PD pathogene$f8. Under energy de cit conditions, SNc¢ neurons undergo apoptosis due

to overexcitation with even physiological concentrations of glutamate when compared & nonditions?

(not shown here). We suggest that the excitotoxic loss of SNc neurons in PD might be precipitated by energy
de ciency’. Any therapeutic interventions that can reduce ionic ux through these glutamatergic receptors or
enhance energy production can be neuroprotective in ridttfre

.. T—Zet"f , <Z<PD can be daused due to damage to glutaminergic neurons as a result of energy
de ciency (which is caused by ischemic stroke). However, PD is a slowly evolviag didi& sudden ischemic
stroke which leads to a sudden drop in energy substrates. In PD, energy de ciency occurs in a targeted fashiol
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over a long period of time which rst a ects the most vulnerable neurons and spreads to less vulnerable neurons
in the brain. So, when compared to the glutamatergic neurons, SNc neurons are one of the most valtherable a
energy consuming neuronal clusters, due to their structural and functional properties. We list @utf $ben
plausible factors which make SNc cells to be most susceptible.

* Complex axonal arbotsarge axonal arborisation that requires large amounts of energy to drive currents
along these axorf®,

* Reactive neurotransmitt&vhen a reactive neurotransmitter like DA is present in excess, it would readily
oxidize with proteins, nucleic acids and ligftsventually leading to neurodegeneration. One of the mecha
nisms for sequestration of excess cytosolic DA is packing of DA into synaptic vesicles through VMAT-2 using
H* concentration gradient which is maintained byATTPase. In addition, in case of substantia nigra, the
expression of VMAT-2 is lower than in the ventral tegmemeal &/ TAP*6 which likely causes DA-mediated
oxidative stress in SNc cells,

* Auto-rhythmicityUse of L-type calcium channels for maintaining paceingatype of ring which in turn
requires higher amounts of energy to maintain calcium homed¥tasis lower expression of calcium-
binding proteins (lower capacity of calcium bu ering mechanisihds additional burden on the SNc cell's
metabolic activits?,

* NMDA synaptic activatioBue to pacemaker type of ring, magnesium blockage of NMDA receptors-is inef
fective, resulting in substantial NMDA receptor curresngn with weak glutamatergic inputs resulting in
additional burden to maintain calcium homeostasis; the resulting energy de ciency leads to excit8txicity

* Prone to neuroin ammatiodstrocytes play a modulatory role in microglial activafitdhand any miscom
munication between them results in neuroin ammation which eventually leads to degeneratiofi’*.

e risk of in ammation in SNc neurons is high due to the small proportion of astrocytes regulating the
huge population of microglia in this regioff. It has been reported that neuromelanin can induce microglial
activatiorf”’8, SNc neurons are more susceptible to neuro-melanin induced in ammation compared to VTA
neurons due to their high neuro-melanin biosynthesis as a resultiefexpression of VMAT2.

* Weak microvasculatu®Nc neurons are more prone to environmental toxins due to weak sdimgucer
ebral microvasculatufg

Since the metabolic demands of SNc neurons are particularly high when compared to any othat neuron
types®including neurons of other dopaminergic syst&t#fs any sustained insu ciency in the supply of energy
can result in cellular degeneration, characteristic 6f.PD

e e ect of glutamate released from glutaminergic neurons onto SNc neurons can be considéogitain
addition to its regular action of neurotransmission during energy de cit condfi&h®uring the pacemaking
activity of SNc, the magnesium block of NMDA receptors on SNc neurons becomes ine ective. Asa resul
slightly increased glutamate stimulation can create a calcium storm in SNc AeuiodBect mechanism of
toxicity is possible in case of acute neurological disorders such as ischemic/hypoxic damage to the brain (whict
was termed as ‘strong excitotoxicity’) but not in slowly evglehronic diseases such asPHowever, under
energy de cit conditions, even physiological levels of glutamate are toxic as a result of increaskualéntrace
calcium concentration, which leads to oxidative stress through a mechanism known asemditeixicity or
weak excitotoxicilf. It was reported that the glutamatergic excitation of SNc neurons by STN rféurater
the conditions of bioenergetic de ciency might lead to aggravatioegémeration proces$e¥®.

0% S—e <o—" —SE Tf"c'—e "Sfet_'Fe 7 ti—1"ecelfigemetifsrth<it”
phenotype of an organism depends on the underlying gerfétgmilarly, the occurrence of di erent pheno
types of a disease can be driven by underlying dysfunctions occurring at di erent levels in the hierarchy, such as
molecular, cellular, and systems |€7&lsIn PD, the loss of dopaminergic neurons in SNc results in the mani
festation of PD symptoms, and the cause of the SNc cell loss is still not clearly elucidat@dherdtypes
are distinct, and this speci city might be arising out of a combination of interecbetween key determinants
at the same or di erent levels.

At the molecular level, the interactions among divergent key determinants such as ATP, cytoplasmic DA
(DA,), alpha-synuclein (ASYN), ROS, and cytoplasmic calciurft)(€anverges to common pathologies or
pathways such as oxidative stress, mitochondrial impairment, and protein diisig&h®’. e dysfunction
causing interactions among di erent molecular determin¥ritswas elaborated in Fig.

At the cellular level, the determinants that might contribute to di erential PD phenotypes apesom
morphology*>%® (due to large axonal arborization and numerous synaptic connectivity), lesser mitochondrial
mas$&*%S (due to higher level of mitochondrial DNA deletions), high levelsauftiee cytosolic D%°°7 (due
to underexpression of vesicular monoamine transporter 2 and overexpression of DA transporterjivdistinc
electrophysiolodgi°° (due to broad spikes and pacemaking activity), calciumrig&éi*'°? (due to presence
of Cag1.3 calcium channels and low calcium bu ering) and aberrant excitatory synaptic Zétitdue to inef
fective magnesium blockage of NMDA receptors and increasddANMdceptor subunit NR1). ese cellular
determinants individually or collectively would result in higher basal metabolic rdtemenreased oxidative
stres$ which in turn converges to common pathologieg=ig.9).

At the systems level, the determinants that might contribute to di erential PD phenotypes atexgitjit®®
(due to overexcitation by STN or pedunculopontine nucleus), 8§tfdue to proteostatic dysfunction, mito
chondrial dysfunction, genetic mutations or telomere shortening), genetibilitgtd®'1° (due to changes in
nucleic acid sequences, chromosomal rearrangements or aneuploidy), environmentdlt&Xitse to expe
sure to insecticides, commercial solvents, metal exposure or traumatic head injury), neuroin artifiition
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(due to traumatic head injury, exotoxins or immune dysfunctions), prion-like infé¢tiét(bacteria or viruses),
telomere shortening®*’ (due to aging or oxidative stress), glial dysfunétfdi® (due to phagocytic or in am
matory impairments, enteric glial dysfunction) and vascularugsion'?+*22 (due to endothelial dysfunction
or cardiovascular autonomic dysfunction). ese systems-level determinants interactgthemselves and
also across di erent levels in the hierarchy resulting in di erent REnptypes (Fig).

Box-1: Description of the Figure 9.
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Dysfunctions at any level of hierarchy would make SNc cells move from normal state to pathstiatp

directly or indirectly via an intermediate (vulnerablgtst(Fig9, inset). Any therapeutics that can bring back
SNc neurons from a pathological or vulnerable state to normalcstatbe bene ciary for the survival of SNc
neurons.
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Figure 9. Interactions among the determinants at di erent levels of hierarchy. See Box-1 for description of the
Figure.

‘ZF1 7 'St f—<TE e—TFes <o o T —"IhtPadiin B al? fine duttiors talk about neuro
degeneration occurring in two possible pathways at the moleculd®eviestly, the insoluble amyloid plaques
prevent the vesicular transport functioning which leads to progressive neurodegeneration. esedamylo
plagues are formed as a result of enhanced interaction between alpha-synuclein and oxidized heavy atom ion
(increased ROS oxidizes heavy atom ions). Secondly, the dyshomeostasis occurring due to loss y#rlipid bila
membrane permeability of the mitochondrial wall or cellular membrane leads loss ohétegriadients in turn
resulting in loss of resting potential and neurodegeneration. e membrane permeability is distunleeid d
increased interaction between ROS and methylene groups of lipid bilayer. In #m@ predy, the ROS forma
tion is contributed by respiratory chain complexes (B38, external oxidative stress factors (which includes
environmental toxins, extracellular in ammatory responses etc.) and DA autooxidatioh3&g.e ROS is
scavenged by catalase (E2p and glutathione (EdL04.

Apart from these factors, the ROS formation is contributed by DA metabolized by MAO B enzyme, heav
metal ions and in ammatory responses (late stages of the di¥€as®) need to be considered. However, it
should be mentioned that there are several factors that aggravaitegate the e ect of ROS, incorporating all
these factors will increase the complexity of the model whereas our main focus was to study thereeegy o
de ciency on the major molecular players such as calcium, DA, ATP and the membrane voltage (Supglement
Fig. 9). e interaction among the various important players (sushcalcium, DA, spike frequency and ATP)
was illustrated and along with both positive and negative feedback loops in the Supplefign®a In normal
conditions, ATP maintains low levels of calcium in the cytoplasm by e ux of excess calcium into the extracellular
space and sequestrating the excess calcium into the endoplasmic reticulum. ATP also regulates the vesicular D
levels by maintaining Hconcentration gradient which in turn stabilizes the amaofmDA released extraeel
lularly. As cytoplasmic calcium increases, the extracellular DA release also increases, blowentnued
release of extracellular DA, the cytoplasmic calcium substydecreases by the feedback, regulatory action
of DA via DA autoreceptof$

e de ciency in the supply of energy substrates results in reduced levels of ATP which in turn a ects the
homeostasis of cytoplasmic calcium and the amount of extracellular DA released. As ATP decogdassiicyt
calcium increases as a result of reduced e ux of calcium from thelagta which in turn maintains the cell
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in depolarization state (highly excitable) which eventually leads to excitotoxicity (excitotoxicityehardy

de ciency is termed as ‘weak excitotoxidit). As ATP decreases, extracellular DA released also decreases as
a result of reduced packing of DA into the vesicles in turn leading to excess DA build up in cytoplasm which
eventually results in oxidative stress.

As we started to develop the proposed model, we looked into seetved that contribute to neurodegen
eration and we tried to incorporate the primary factors that a eetrtburonal survivability. We agree that the
missing factors which contribute towards ROS formation should be incordaratiee future studies which we
believe will enhance the scope of the model.

‘Zt T ZETTOf < o I — "1 I %efodbps -DORA), a precursor of DA, is used as a
symptom-relieving treatment for PB. e usage of L-DOPA for PD is still debated due to its side-e ects
with long-term treatmeni£®128 Several researchers suggested that L-DOPA might be harmful to SNc cells by a
mechanism that probably involves oxidative stfé3%. However, several others proposed that L-DOPA might
not accentuate neurodegeneration of SNc nedféii&* and sometimes acts a neuroprotective agést'3®
or promote recovery of dopaminergic markers in the stridtfif. A er several studies, it is still not clear
whether L-DOPA is toxiga!38142

However, if PD is considered as a metabolic disorder then the mechanism behirffAtiiziOced toxicity
in SNc neurons can be postulated. As the disease progresses, the e ect of L-DOPA starts.temear o
fore, in order to have the same symptom-relieving e ectgdtigage of L-DOPA needs to be increased. When
L-DOPA concentration is optimal, L-DOPA might not lead to loss of SNicams, and its therapeutic bene ts
can be maximized. However, when the available concentration of L-DOPA is high, the loss of dopaminergic
neurons occurs due to L-DOPA-induced toxicity. is might occur due to higher cytoplasmic DA levels as a
result of higher in ux of L-DOPA into SNc neurons along with lower vesicular packing of DA (due to energy
de ciency) and L-DOPA-induced stimulation of DA metalsaif® result in DA-mediated oxidative stress in the
SNc neuron$344 Due to higher DA levels and energy de ciency, DA in SNc neuronsscaxisiative stress,
which leads to SNc neuronal loss. It has been suggest that adjunct therapies such as akHttitidmtsd
other potential therapies such as D2 agotifstlycogen synthase kinase 3 inhibitSrgalcium-binding protein
drugs®! etc. co-administrated along with L-DOPA might evade LDOPA toxitigllistages of PD. us, the
bene cial or toxic e ects of L-DOPA needs to be investigated with more thorough experiments pdrédrme
preclinical and clinical levels.

‘Zt —"fee’ " —_f"e ‘e f ~ pynAfic ¢rAnsmisaion requires the presynaptic release of
neurotransmitter from synaptic vesicles (SVs) onto the postsynaptic neuron. Vesicular neurotransmstter tran
porter proteins, which use a V-ATPase-generated proton gradient, play a crucial role in packaging neurotrans
mitter into SVs. e vacuolar H +8denosine triphosphatases (VATPases) acidify multiple intracellular orga
nelles, including SVs and secretory granules. Acidi cation of SVs represents a critical point during the SV cycle:
without acidi cation, neurotransmitters cannot be loaded into ‘8¥% So, the acidic interior of SVs is main
tained by ATP in normal conditions. However, during energy de ciency conditions, H + concentration gradient
is not maintained which leads to improper packing of DA into SVs result in increased cytoplasmic DA. Excess
cytoplasmic DA undergoes non-enzymatic autoxidative reaction (as pH value in the cytoplasm is abogt 7) givin
rise to a superoxide anion that further decomposes to reactive oxygen species result in oxidati/&siness
the proposed model, vesicular packing of DA is regulated by ATP availability is described in EqLQ9,
where decreased ATP levels leads to decreased vesicular DA levels due to ireckiegtgf DA into vesicles.

So, the e ect of pH on DA availability can be studied indirectly in the proposed model where desfidase
leads to increase pH in SVs (imbalanced H + concentration gradient) which in turn increases cytoplasmic DA (as
a result ine cient packing of DA into SVs) resulting in DA-autooxidation mediated oxidative stress.
Dopaminergic neurons of substantia nigra exhibit broad action potentials (>2 ms) and two distigct r
patterns: low-frequency irregular tonic or backgrounihg (1-5 Hz}*¢ and high-frequency regular phasic or
burst ring (~ 20 Hz)*". Dopaminergic neurons are autonomously active and produce anbbstckground
ring pattern on which bursts may be superimposed. e pacemaking type of iehs/mecessary to maintain
a constant DA level to their innervating regions, such as striatunsénateSNc. Tonic DA levels preferentially
activate high a nity D2-type DA receptors, while phasic DA rekeaaturates D2-type receptors and activates
low a nity D1-type DA receptor$® Tonic and phasic signaling are both required for the execution of mdtivate
behaviors and work together to reinforce advantageous outcomes while reducing disaduariiagawiors.
e amount of autoxidized DA and therewith associated ROS production is proportionaledetel of cyto
plasmic DA. DA levels in the synaptic gap, cytoplasm and extracellular spaceemaga result of VMAT-2
inhibition by amphetamine or reserpine and DAT inhibition by dr@mmine or cocairte®. Both cocaine and
amphetamine acutely elevate tonic DA levels, but result in reduced basal lesdraddl levels as measured
by microdialysis 18 h following extended access self-administration, possibly as a compensatory response t
chronic drug-induced DA elevatiotd
One possible mechanism for reductions in basal DA levédsifofy cocaine or amphetamine self-adminis
tration is that increased synaptic DA levels, due to drug-indurdebition of uptake, are subject to enzymatic
degradation rather than repacking into vesicles, thus, release may be reduced, and be made more dependent ¢
DA synthesis. In support of this hypothesis, it has been observed that reductions in glextokatl DA release
following extended access cocaine self-administratigesting that intracellular DA levels are reddteth
contrast, following extended access amphetamine self-admiiustriatracellular and extracellular DA levels
appear to be di erently a ected, whereby extracellulaeleare decreased and electrically evoked DA release is
increased. Both cocaine and amphetamine acutely augment gieudeand frequency of phasic DA signals
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which likely results in enhanced phasic DA responses to envirdgahstimuli when cocaine or amphetamine
are on boar#®. us, the di erential e ect of cocaine and amphetamine can be agoted through their e ect
on DAT only and VMAT-2 and DAT, respectivEly

it..— ‘o f~ f <Z fMAQZS an nzyme found everywhere in the body inside the cells.
ere are two types of MAOs: MAOs in the intestines are predominantly type A, while most of the MAOs
in the brain are type B. In the brain, MAO-B plays an important role in the dweekof neurotransmitters
(chemical messengers) like DA. MAO inhibitors (MAOI) such as selegiline, rasagiline etc. block the action of
the enzyme MAO B Rasagiline is about 10 times more potent in the inhibition of MAO-B than seeas
demonstratetf?1%3. is higher potency of rasagiline is corrected in the clinic with dose adjustments (approved
daily dose 1 and 5-10 mg for rasagiline and selegiline, respetivigh0O inhibition increases the amount of
DA available for release while COMT inhibition does not cause a change in the dynamics of DA, thusy¥IAO pla
an important role in DA availabilit§®. In the proposed model, DA metabolism by MAO-B in synaptic bouton
and extracellular space was simpli ed where the excess cytoplasmic DA a er packing into vesicles is metabolizec
(see Eql2]) and excess extracellular DA a er reuptake is metabolized (sd4 Fqln the proposed model,
the inhibitory e ect of selegiline and rasagiline can be implemented by regulating the kinetic stamtsoof
Egs. (13 and (2] where decreasing these rate constants will increase DA levels. However, to understand the
potency of rasagiline over selegiline, we should be formulating theolatabf DA in greater detail which can
be incorporated in the future studies so the di erential e ect of MAO inhibitors can be elucidated.

o7V T Fefe—e TVfe VET et fecet"%oc... e ddpatinetdictsYriapse which
was proposed by Best et%lis nearly similar to the dopaminergic synapse in the proposed model in terms
of richness of molecular details. However, there are some factors wieislihgivdopaminergic synapse in the
proposed model an edge over the dopaminergic synapse proposed by Bé5t effallowing aspects of the
dopaminergic synapse in the proposed model are listed below:

¢ Calcium-dependent DA release
When an action potential arrives at the nerve terminal, it induces memdbeaoéarization, causing the
opening of voltage-gated ion channels. e probability of release of DA storage vesicle in estgpibiesnerve
impulse depends on the conductance of calcium through N-type dsanteethe active zo#&. Assuming
that intracellular calcium concentration transients are identicall ®A release sites, we model intracellular
calcium in the proposed as described in B4). Following the ideas in Lee et@land assuming that calcium
dependent DA release occurs within less than a millisecond a er the calcium channéf&'@pthe ux
of DA release (E4.08 from the synapse is equal to the average release ux per vestaiee§)the average
number of vesicles in the readily releasable vesicle pool (nRREIHEqultiplied by the release probability
function which is a function of intracellular calcium as described inl&d). Hence, the dopaminergic syn
apse in the proposed model was e ortlessly integrated to dopaminergic soma model. In this intezptated m
calcium oscillations in the soma are driven by ion channel activity, that modulates the d&3& feden the
synapse which is not possible with dopaminergic synapse model pidpoBest et &,
* Calcium-dependent DA synthesis
DA synthesis originates from the concentration of TYR located in the terminal bouton and is divided
into two steps. Each of the steps depends on a speci ¢ enzymdsled acatalyst for that step. e rst, a
rate limiting step, is the catalysation of the hydroxylationYtdR by the enzyme TH to L-DOPA involving
biopterin as its cofactor (Efj17). e activity of TH is regulated by a balance among cytosolic DA that acts
as an end product inhibitor by competing with its cofactor, byaegtlular DA that acts as an inhibitor via
the binding with synthesis modulating autoreceptors located on the nerve terminals, anotdnahactiv
ity as a stimulatdf9’% e second step in the synthesis process is the catalysation of L-DOPA by AADC to
DA (Eq.122. As stated earlier, the activity of TH is regulated loyorel activity. In the proposed model
of dopaminergic synapse, neuronal stimulation is linked to thinegis of DA as described in EG1§.
*  DA-modulated autoreceptors
ere are four types of DA autoreceptors on the SNc neurons, whesg tegulate neuronal activity and
control DA synthesis, release, and uptak&hen these autoreceptors get activated, they result in reduced
neuronal activity, DA synthesis, release, and uptake. In the presemb8blc we have considered autorecep
tors that regulate DA synthesis and release and excluded otegiregDA uptake (unable to nd specic
data regarding DA-mediated activation of autoreceptors which regulates DAkeypnd neuronal activity.
However, DA regulating neuronal activity can be incorporated in netwodehof SNc neurons where DA
regulates the lateral connections (collaterals).

‘—i~—<f2 ié'i"ui-—fz of——7 - ~fZ<Tf—¢ "itc...—< e Slidgest St
some experimental approaches to evaluate the behavior of dopaminergicsretsimyle-cell or network level
by capturing the dynamics of critical molecular players in various conditions. During energy-de cient condi
tions, monitoring important intracellular players such as ATP, glucose, AMP-activated piotse KAMPK),
and lactate using single-cell imaging studies gives an insight into the progressive adaptation of dapaminerg
neurons to the energy crisis by activating various compensatory mechahidméso, we can determine all
the cellular processes that are compromised during energy crisis. Mitochondria play @l@ay) maintaining
cellular energy levél§ and monitoring its functioning capacity provides insights into cellular energy produc
tion. Using cellular modéf¥, monitoring the mitochondrial calcium, ATP, NADPH, pH, membrane potential,
oxygen consumption rate, ROS production, and morphology gives a better undersiandiiigchondrial
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bioenergetic function in the neuron under energy de cits, oxidative stress, and excitdtbiitity During
progressive energy de ciency, DA and its metabolites can be measured to check for production of RPS leadin
to oxidative stress in the neuron using toxin-induced animal pathological MétHéls

———"1% T <" tIn.thecpropdsed model, ketone metabofishean be incorporated to make the model
more robust to utilize di erent substrates as an energy source and understand the role of ketone bodies in PD
pathogenest&8L Apart from ketone bodies, astrocytes also play an important role in maintaining neuronal
energy demand®. erefore, combining the SNc neuronal model with astrocyte model will provide a bet
ter understanding of compensation due to astrocyte involvement in energy de cit cortditiangschemic
condition was implemented by modulating glucose and oxygen levels, which can be extended by introducing
the vascular modul®, where ischemia condition can be simulated more realistically by varying cerebral blood
ow. Cancer cells survive in low oxygen and acidic conditi@nshere pH plays a vital role in the functioning
of cellular process¥§ thus, considering potentiometric properties in formulating cellular processes could be
more biologically realistic (pH plays an essential role in mitochondrial functioning).

‘._..Z_.(‘..
In conclusion, we believe that the proposed model provides arateel modelling framework to understand
the neurodegenerative processes underlyintf. Fliom the simulation results, it was observed that under con
ditions of energy starvation, intracellular calcium, DA (cytoplasmic), alpha-synuclein, and ROS concentration
signi cantly deviated from normal values (equilibrium). ere is a positive feedback loop fornidnecreased
intracellular calcium, or DA levels lead to oligomerization diagynuclein, while alpha-synuclein oligomers
increased intracellular calcium and DA le¥elany therapeutics that can reduce these key toxicity mediators
can be bene cial for the survival of SNc neuf®ts®”. To this end, it is desirable to develop a therapeutic
computational testbench for PD, wherein the proposed model of SNeewthe center of a larger framework,
which will also be integrated to behavioral m&teis type of framework will help in providing personalized
medicine for PD patient® rather than the currently employed trial and error approaches.

f=f [Tf<Zf,<Zc—>

e comprehensive SNc model codénttp://modeldb.yale.edu/2655pis available in ModelDB datab&8e
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