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SUPPLEMENTARY FIGURES 

Supplementary Figure-1 

 

SF-1: Schematic of the single-compartment DA neuron model demonstrating the various ion currents in the 

proposed model of SNc cell1. See main article for description of the figure. 
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Supplementary Figure-2 

 

SF-2: Schematic of calcium buffering mechanisms in the proposed model of SNc cell1,2. See main article for 

description of the figure. 

Supplementary Figure-3 

 

SF-3: Schematic of energy mechanism pathways in the proposed model of SNc cell3,4. See main article for 

description of the figure. 



Supplementary Figure-4 

 

SF-4: Schematic of Dopamine turnover processes in the proposed model of SNc cell5,6. See main article for 

description of the figure. 



Supplementary Figure-5 

 

SF-5: Schematic of molecular pathways in PD pathology in the proposed model of SNc cell3,4. See main 

article for description of the figure. 



Supplementary Figure-6 

 

SF-6: Schematic of Apoptotic pathways in the proposed model of SNc cell2,7. See main article for description 

of the figure. 

 

Supplementary Figure-7 

In the proposed model, ATP production by mitochondria was formulated in a single differential 

equation (Eq. 77) where electron transport system components were simplified to single 

parameter 𝜂̅𝑜𝑝 which represents maximal electron transport chain efficiency. To study the 

effect of electron transport system components, this paramter was varied and average basal 

ATP level in the cytoplasm was monitored in the model (Suppl. Fig. 7). As the electron 

transport system efficiency decreases, the average basal ATP level also decreases. The basal 

ATP level stabilizes at 1.22 𝑚𝑀 for 𝜂̅𝑜𝑝 values lower than 0.001 and the non-mitochondrial 

ATP production pathways (such glycolysis, ATP–creatine phosphate system etc.) contribute to 

the resultant ATP level. 



 

SF-7: Average basal ATP levels as a function 𝜼̅𝒐𝒑 in the proposed model of SNc. 

 

Supplementary Figure-8 

In the present model, the TH activity is only regulated by extracellular and cytoplasmic 

dopamine (Eq. 117) and the other regulatory effects were simulated by modulating a parameter 

𝑉̅𝑠𝑦𝑛𝑡 which represents maximal flux for levodopa (LDOPA) synthesis (where LDOPA is 

converted to dopamine instantaneously by aromatic l-amino acid decarboxylase). To study the 

effect of TH activity on dopamine turnover processes, this parameter was varied and different 

molecular players (cytoplasmic dopamine, vesicular dopamine, extracellular dopamine, 

cytoplasmic LDOPA and cytoplasmic reactive oxygen species (ROS)) in dopamine turnover 

processes were monitored in the model (Figure 2). As 𝑉̅𝑠𝑦𝑛𝑡 increases, LDOPA increases which 

leads to increased cytoplasmic dopamine. Increased cytoplasmic dopamine levels result in 

increased influx of dopamine from cytoplasm into vesicles which leads to increased vesicular 

dopamine levels resulting in increased release of dopamine into the extracellular space. Due to 

increased cytoplasmic dopamine, ROS levels increase as a result of excess dopamine. 

Furthermore, dopamine that did not sequester into vesicles undergoes autooxidation leading to 

elevated ROS production which results in oxidative stress-induced neuronal death. 



 

SF-8: Effect of 𝑽̅𝒔𝒚𝒏𝒕 on different molecular players in dopamine turnover processes in the proposed model 

of SNc cell. 

 

Supplementary Figure-9 

 

 

SF-9: Schematic diagram of the interaction between different important players in the proposed model of 

SNc cell. V, membrane potential voltage; Ca2+, cytoplasmic calcium concentration; ATP, cytoplasmic 

adenosine triphosphate; DA, extracellular dopamine. 

 

 

Supplementary Figure-10 

At the level of single-cell studies, the neuron model exhibits multiple states, as it is shown in 

figure 8A; that model exhibits four dynamic regimes (in the model, high basal ATP and low 



basal ATP states were observed) in which SNc neuron operates under different energy 

conditions. The four dynamic regimes are determined by how the basal ATP level behaves 

under different glucose and oxygen values. The region A was attributed to glucose and 

oxygen values for which no change in basal ATP level was observed. The region B was 

attributed to glucose and oxygen values for which there was an initial drop and subsequent 

return to basal ATP level. The region C was attributed to glucose and oxygen values for 

which there was an initial drop and a subsequent stabilization at a lower basal ATP level. The 

region D was attributed to glucose and oxygen values for which basal ATP level fluctuates 

(between high and low basal ATP levels). The region E was attributed to glucose and oxygen 

values for which cell undergoes degeneration (Suppl. Fig. 10). 

 

SF-10: Different dynamic regimes in the proposed model of SNc cell under energy deficiency conditions - 

Basal ATP patterns. 

 

 

 

 

 

 

 

 



SUPPLEMENTARY TABLES 

Supplementary Table-1: Published dopaminergic neuronal models. 

S.No. Model 
Ion 

channels 

Pumps and 

exchangers 

(Ionic 

balance) 

Synaptic 

currents 
Reference(s) 

1. 

Two-

compartment – 

soma and 

dendrite 

Soma: 𝐼𝐾,𝐷𝑅, 

𝐼𝑁𝑎 

Dendrite: 𝐼𝐿 

Dendrite: 

𝐼𝑁𝑎𝐾𝑃 

(sodium) 

Dendrite: 

𝐼𝑁𝑀𝐷𝐴 
8 

2. 

Single-

compartment 

soma with 

calcium 

buffering (CBP) 

Soma: 𝐼𝐶𝑎,𝑇, 

𝐼𝐶𝑎,𝐿, 𝐼𝐶𝑎,𝑁, 

𝐼𝐶𝑎,𝐻𝑉𝐴, 

𝐼𝐾,𝐶𝑎, 𝐼𝐾,𝐷𝑅, 

𝐼𝐾,𝐴, 𝐼𝐻, 𝐼𝐵 

Soma: 𝐼𝑁𝑎𝐾𝑃, 

𝐼𝐶𝑎𝑃, 𝐼𝑁𝑎𝐶𝑎𝑋 

(calcium) 

- 9 

3. 

Three 

compartments – 

Soma, proximal 

and distal 

dendrites 

𝐼𝐾,𝐷𝑅, 𝐼𝐿 
𝐼𝑁𝑎𝐾𝑃 

(sodium in all) 

Distal 

dendrite: 

𝐼𝑁𝑀𝐷𝐴, 

𝐼𝐴𝑀𝑃𝐴, 

𝐼𝐺𝐴𝐵𝐴𝐴 

10 

4. 

9 model with 

calcium 

diffusion (also 

abstract version) 

Soma: 𝐼𝐶𝑎, 

𝐼𝐾,𝐶𝑎, 𝐼𝐾, 𝐼𝐿 
Soma: 

(calcium) 
- 11–13 

5. 

Two 10 models 

coupled at distal 

dendrites 

𝐼𝑁𝑎, 𝐼𝐾,𝐷𝑅, 

𝐼𝐿, 𝐼𝐾,𝐴 
𝐼𝑁𝑎𝐾𝑃 

Distal 

dendrite: 

𝐼𝑁𝑀𝐷𝐴 

14 

6. 

Soma with four 

identical 

branched 

dendrites with a 

single proximal 

and two distal 

branches 

Soma: 𝐼𝑁𝑎, 

𝐼𝐾,𝐴, 𝐼𝐾,𝐷𝑅, 

𝐼𝐿, 𝐼𝐾,𝐶𝑎, 

𝐼𝐶𝑎,𝑇, 𝐼𝐶𝑎,𝐿, 

𝐼𝐶𝑎,𝑁 

Soma: 𝐼𝑁𝑎𝐾𝑃, 

𝐼𝐶𝑎𝑃 

(calcium) 

Dendrite: 

𝐼𝑁𝑎𝐾𝑃 

Soma: 

𝐼𝐺𝐴𝐵𝐴𝐴 

Dendrite: 

𝐼𝑁𝑀𝐷𝐴, 

𝐼𝐺𝐴𝐵𝐴𝐴 

15 



Dendrite: 

𝐼𝑁𝑎, 𝐼𝐾,𝐴, 

𝐼𝐾,𝐷𝑅, 𝐼𝐿 

7. 

Modified 15 

model with 

𝐼𝐴𝑀𝑃𝐴 synaptic 

current in 

dendrite 

Soma: 𝐼𝑁𝑎, 

𝐼𝐾,𝐴, 𝐼𝐾,𝐷𝑅, 

𝐼𝐾,𝐶𝑎, 𝐼𝐿, 

𝐼𝐶𝑎,𝑇, 𝐼𝐶𝑎,𝐿, 

𝐼𝐶𝑎,𝑁 

Dendrite: 

𝐼𝑁𝑎, 𝐼𝐾,𝐴, 

𝐼𝐾,𝐷𝑅, 𝐼𝐿 

Soma: 𝐼𝑁𝑎𝐾𝑃, 

𝐼𝐶𝑎𝑃 

(calcium) 

Dendrite: 

𝐼𝑁𝑎𝐾𝑃 

(sodium) 

Soma: 

𝐼𝐺𝐴𝐵𝐴𝐴 

Dendrite: 

𝐼𝑁𝑀𝐷𝐴, 

𝐼𝐴𝑀𝑃𝐴, 

𝐼𝐺𝐴𝐵𝐴𝐴 

16 

8. 

Modified 11 

model with 

𝐼𝐴𝑀𝑃𝐴 and 𝐼𝑁𝑀𝐷𝐴 

synaptic currents 

along with 

spiking  

generating ion 

channels 

Soma:𝐼𝐶𝑎, 

𝐼𝐾,𝐶𝑎, 𝐼𝐾, 𝐼𝐿, 

𝐼𝑁𝑎, 𝐼𝐾,𝐷𝑅 

Soma: 

(calcium) 

Soma: 

𝐼𝑁𝑀𝐷𝐴, 

𝐼𝐴𝑀𝑃𝐴 

17 

9. 

Single-

compartment 

soma 

Soma: 𝐼𝐶𝑎,𝐿, 

𝐼𝐶𝑎,𝐵, 𝐼𝐾,𝐸𝑅𝐺, 

𝐼𝐾,𝐶𝑎, 𝐼𝐻, 𝐼𝐿 

Soma: 𝐼𝐶𝑎𝑃 

(calcium) 
- 18 

10. 

Modified 15 

model with 

pacemaking 

mechanism 

throughout soma 

and dendrites 

Soma: 𝐼𝑁𝑎, 

𝐼𝐴, 𝐼𝐾,𝐷𝑅, 𝐼𝐿, 

𝐼𝐾,𝐶𝑎, 𝐼𝐶𝑎,𝐿 

Dendrite: 

𝐼𝑁𝑎, 𝐼𝐴, 

𝐼𝐾,𝐷𝑅, 𝐼𝐿, 

𝐼𝐾,𝐶𝑎, 𝐼𝐶𝑎,𝐿 

Soma: 

(calcium) 
- 19,20 

11. 

Single-

compartment 

soma 

Soma: 𝐼𝐶𝑎,𝐿, 

𝐼𝑁𝑎, 𝐼𝐾,𝐷𝑅, 

𝐼𝐾,𝐶𝑎, 𝐼𝐿 

Soma: 𝐼𝐶𝑎𝑃 

(calcium) 
- 21 



12. 

Single-

compartment 

soma which is 

combines 

conductance 

mechanisms 

from 9 and 17 

Soma: 𝐼𝐶𝑎,𝐿, 

𝐼𝑁𝑎, 𝐼𝐾,𝐷𝑅, 

𝐼𝐾,𝐶𝑎, 𝐼𝐿, 𝐼𝐾 

Soma: 𝐼𝐶𝑎𝑃 

(calcium) 

Soma: 

𝐼𝑁𝑀𝐷𝐴, 

𝐼𝐺𝐴𝐵𝐴𝐴 

22 

13. 

Single-

compartment 

soma with 

calcium 

buffering (CBP) 

Soma: 𝐼𝐶𝑎,𝐿, 

𝐼𝑁𝑎, 𝐼𝑁𝑎,𝐻𝐶𝑁, 

𝐼𝐿,𝑁𝑎, 𝐼𝐾,𝐷𝑅, 

𝐼𝐿,𝐼𝑅, 𝐼𝐾,𝐶𝑎 

Soma: 𝐼𝑁𝑎𝐾𝑃, 

𝐼𝐶𝑎𝑃, 𝐼𝑁𝑎𝐶𝑎𝑋 

(calcium, 

sodium, 

potassium, 

calbindin, 

calmodulin) 

- 1 

14. 

Modified 17 

model with 

altered NMDA 

and 𝐼𝐾,𝐸𝑅𝐺 along 

with full 

morphology of 

dendrite 

(reduced model) 

Soma: 𝐼𝐶𝑎,𝐿, 

𝐼𝑁𝑎, 𝐼𝐾,𝐷𝑅, 

𝐼𝐾,𝐶𝑎, 𝐼𝐿, 

𝐼𝐾,𝐸𝑅𝐺 

Soma: 𝐼𝐶𝑎𝑃 

(calcium) 

Soma: 

𝐼𝑁𝑀𝐷𝐴, 

𝐼𝐴𝑀𝑃𝐴 

23,24 

15. 

Single-

compartment 

soma 

Soma: 𝐼𝑁𝑎, 

𝐼𝐾,𝐷𝑅, 𝐼𝐿, 
- 

Soma: 

𝐼𝑁𝑀𝐷𝐴, 

𝐼𝐴𝑀𝑃𝐴 

25 

16. 

Single-

compartment 

soma with full 

morphology of 

dendrite 

Soma: 𝐼𝐶𝑎, 

𝐼𝑁𝑎, 𝐼𝐾,𝐷𝑅, 

𝐼𝐾,𝐶𝑎, 𝐼𝐿,𝐶𝑎, 

𝐼𝐾,𝐸𝑅𝐺, 𝐼𝐻, 𝐼𝐿 

Soma: 𝐼𝐶𝑎𝑃 

(calcium) 
- 26 

17. 

Simple (spiking) 

dopaminergic 

neuronal model 

Izhikevich 

(point 

neuron) – 

two variable 

neuronal 

model 

- - 27,28 



18. Modified 23 

Soma: 𝐼𝐶𝑎, 

𝐼𝑁𝑎, 𝐼𝑁𝑎,𝑆, 

𝐼𝐾,𝐷𝑅, 𝐼𝐾,𝐶𝑎, 

𝐼𝐿, 𝐼𝐾, 𝐼𝐻 

Soma: 𝐼𝐶𝑎𝑃 

(calcium) 

Soma: 

𝐼𝑁𝑀𝐷𝐴, 

𝐼𝐴𝑀𝑃𝐴, 

𝐼𝐺𝐴𝐵𝐴𝐴 

29,30 

19. 

Single-

compartment 

soma with 

calcium 

buffering (CBP) 

along 𝐼𝐾,𝐴𝑇𝑃 

mediated 

bursting 

Soma: 𝐼𝐶𝑎,𝐿, 

𝐼𝑁𝑎, 𝐼𝐾,𝐷𝑅, 

𝐼𝐾,𝐴𝑇𝑃, 𝐼𝐿,𝐶𝑎, 

𝐼𝐿 

Soma: 𝐼𝐶𝑎𝑃 

(calcium) 

Soma: 

𝐼𝑁𝑀𝐷𝐴 
31 

20. 
Modified 19 

model 

𝐼𝐶𝑎,𝐿, 𝐼𝐶𝑎,𝑇, 

𝐼𝑁𝑎, 𝐼𝑁𝑎,𝐻𝐶𝑁, 

𝐼𝐾,𝐷𝑅, 𝐼𝐾,𝐵, 

𝐼𝐾,𝐶𝑎, 𝐼𝐾,𝐴, 

𝐼𝐾,𝐸𝑅𝐺, 𝐼𝐿 

Soma: 𝐼𝐶𝑎𝑃 

(calcium) 
- 32 

𝐼𝐶𝑎,𝑇 – T-type calcium current; 𝐼𝐶𝑎,𝐿 – L-type calcium current; 𝐼𝐶𝑎,𝑁 – N-type calcium current; 

𝐼𝐶𝑎,𝐻𝑉𝐴 – residual high-voltage activated calcium current; 𝐼𝐶𝑎 – calcium current;  𝐼𝐾,𝐶𝑎 – 

calcium-activated (small conductance) potassium current; 𝐼𝐾,𝐷𝑅 – delayed rectifier potassium 

current; 𝐼𝐾,𝐴 –transient outward (4-aminopyridine-sensitive) potassium current; 𝐼𝐻 – 

hyperpolarization-activated cation current; 𝐼𝐵 – background current (sodium, potassium, 

calcium); 𝐼𝑁𝑎𝐾𝑃 – sodium-potassium pump; 𝐼𝐶𝑎𝑃 – calcium pump; 𝐼𝑁𝑎𝐶𝑎𝑋 – sodium-calcium 

exchanger; 𝐼𝐿 – leaky current; 𝐼𝑁𝑎 – fast spiking (tetrodotoxin-sensitive) sodium current; 𝐼𝑁𝑀𝐷𝐴 

– N-methyl-D-aspartic acid (NMDA) current; 𝐼𝐴𝑀𝑃𝐴 – alpha-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) current; 𝐼𝐺𝐴𝐵𝐴𝐴 – gamma-aminobutyric acid A-class 

(GABAA) current; 𝐼𝐾,𝐸𝑅𝐺 – ERG (ether-a-go-go-related gene) potassium current; 𝐼𝐶𝑎,𝐵 – 

background calcium leak current; 𝐼𝐿,𝐶𝑎 – leaky calcium current; CBP – calcium-binding 

proteins; 𝐼𝐿,𝑁𝑎 – leaky sodium current; 𝐼𝐾,𝐼𝑅 – inward rectifying potassium current; 𝐼𝑁𝑎,𝐻𝐶𝑁 – 

hyperpolarization-activated cyclic nucleotide (HCN) sodium current; 𝐼𝑁𝑎,𝑆 – subthreshold 

sodium current; 𝐼𝐾 – intrinsic potassium current; 𝐼𝐾,𝐴𝑇𝑃 – ATP-sensitive potassium current; 𝐼𝐾,𝐵 

– large conductance potassium current; 

 

 

 

 



Supplementary Table-2: Published dopaminergic terminal models. 

S.No. Model 
Metabolite 

balance (units) 
Autoreceptors Reference(s) 

1. 

Two-compartment – 

cytoplasmic and 

extracellular 

𝐷𝐴𝑐, 𝐷𝐴𝑣, 𝐷𝐴𝑒, 

𝐿𝐷𝑂𝑃𝐴, 𝐼1, 𝐼2 

(nmol/g, min) 

DA synthesis 33 

2. 

Two-compartment – 

cytoplasmic and 

extracellular 

𝐷𝐴𝑖, 𝐷𝐴𝑒 

(𝜇g/g, min) 
DA firing 34 

3. 

Three-compartment 

– cytoplasmic, 

vesicular and 

extracellular 

𝐷𝐴𝑐, 𝐷𝐴𝑣, 𝐷𝐴𝑒, 

𝐷𝐴𝑎, 𝐷𝐴𝑔, 3𝑀𝑇, 

𝐿𝐷𝑂𝑃𝐴, 𝐷𝑂𝑃𝐴𝐶, 

𝐻𝑉𝐴 

(mM, ms) 

- 35 

4. 

Biochemical 

systems theory 

model 

DA homeostasis 

(relative units) 
- 36,37 

5. 

Three-compartment 

– cytoplasmic, 

vesicular and 

extracellular 

𝐷𝐴𝑐, 𝐷𝐴𝑣, 𝐷𝐴𝑒, 

𝑇𝑌𝑅, 𝐿𝐷𝑂𝑃𝐴, 

𝐵𝐻2, 𝐵𝐻4, 𝐻𝑉𝐴, 

𝑇𝑌𝑅𝑃𝑂𝑂𝐿 

(𝜇M, hr) 

DA synthesis 38,39 

6. 

Three-compartment 

– cytoplasmic, 

vesicular and 

extracellular 

𝐷𝐴𝑐, 𝐷𝐴𝑣, 𝐷𝐴𝑒 

(mM, ms) 

DA synthesis, 

DA release 
6 



7. 

Modified 38 model 

with DA and 5HT 

cell bodies and 5HT 

terminal 

DA terminal: 𝐷𝐴𝑐, 

𝐷𝐴𝑣, 𝐷𝐴𝑒, 𝑇𝑌𝑅, 

𝐿𝐷𝑂𝑃𝐴, 𝐵𝐻2, 

𝐵𝐻4, 𝐻𝑉𝐴, 

𝑇𝑌𝑅𝑃𝑂𝑂𝐿 

5HT terminal: 

5𝐻𝑇𝑐, 5𝐻𝑇𝑣, 5𝐻𝑇𝑒, 

𝑇𝑅𝑌𝑃, 5𝐻𝑇𝑃, 

𝐵𝐻2, 𝐵𝐻4, 𝐻𝐼𝐴, 

𝑇𝑅𝑃𝑃𝑂𝑂𝐿 

(𝜇M, hr) 

DA synthesis, 

DA firing, 5HT 

synthesis, 5HT 

firing 

5 

8. 

DA 

neurotransmission 

model 

Volume 

transmission 

(𝜇M, sec) 

DA firing, DA 

release 
40,41 

9. 

Systems Biology 

Markup Language 

model 

Flux balance 

analysis 

(𝜇M, hr) 

- 42 

10. 

Modified 38 model 

with spiking 

neuronal model 

DA terminal: 𝐷𝐴𝑐, 

𝐷𝐴𝑣, 𝐷𝐴𝑒, 𝑇𝑌𝑅, 

𝐿𝐷𝑂𝑃𝐴, 𝐵𝐻2, 

𝐵𝐻4, 𝐻𝑉𝐴, 

𝑇𝑌𝑅𝑃𝑂𝑂𝐿 

(𝜇M, hr) 

 

DA synthesis, 

DA firing 
27 

 

𝐷𝐴 – dopamine; 5𝐻𝑇 – serotonin; 𝐷𝐴𝑐 – cytoplasmic DA; 𝐷𝐴𝑣 – vesicular DA; 𝐷𝐴𝑒 – 

extracellular DA; 𝐷𝐴𝑎 – inactive DA; 𝐷𝐴𝑔 – glial DA; 𝑇𝐻 – tyrosine hydroxylase; 𝐼1 – 

competitive TH inhibitor 1; 𝐼2 – competitive TH inhibitor 2; 𝐿𝐷𝑂𝑃𝐴 – 3,4-

dihydroxyphenylalanine; 3𝑀𝑇 – 3-methoxytyramine; 𝐷𝑂𝑃𝐴𝐶 – 3,4-dihydroxyphenylacetic 

acid; 𝐻𝑉𝐴 – homovanillic acid; 𝑇𝑌𝑅 – tyrosine; 𝐵𝐻2 – dihydrobiopterin; 𝐵𝐻4 – 

tetrahydrobiopterin; 𝑇𝑌𝑅𝑃𝑂𝑂𝐿 – tyrosine pool; 5𝐻𝑇𝑐 – cytoplasmic 5HT; 5𝐻𝑇𝑣 – vesicular 

5HT; 5𝐻𝑇𝑒 – extracellular 5HT; 5𝐻𝑇𝑃 – 5-hydroxytryptophan; 𝐻𝐼𝐴 – 5-hydroxyindoleacetic 

acid; 𝑇𝑅𝑌𝑃 – tryptophan; 𝑇𝑅𝑌𝑃𝑃𝑂𝑂𝐿 – tryptophan pool; 𝜇𝑀 – micromolar; 𝑚𝑀 – millimolar; 



𝑚𝑠 – millisecond; ℎ𝑟 – hour; 𝐷𝐴𝑖 – intracellular DA; nmol – nanomole; g – gram; min – 

minute. 

 

Supplementary Table-3: 

Supplementary Table-3.1: Parameter values for ion-channel dynamics of SNc cell model1. 

Constant Symbol Value Units 

Faraday’s constant 𝐹 96485 𝑐𝑜𝑢𝑙𝑜𝑚𝑏 ∗ 𝑚𝑜𝑙𝑒−1 

SNc membrane capacitance 𝐶𝑠𝑛𝑐 9 𝑥 107 𝑝𝐹 ∗ 𝑐𝑚−2 

Cytosolic volume 𝑣𝑜𝑙𝑐𝑦𝑡 𝜙𝑐𝑦𝑡 ∗ 𝑣𝑜𝑙𝑝𝑚𝑢 𝑝𝑙 

Fraction of cytosolic volume 𝜙𝑐𝑦𝑡 0.5 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Pacemaking unit (PMU) volume 𝑣𝑜𝑙𝑝𝑚𝑢 5 𝑝𝑙 

PMU area 𝐴𝑅𝑝𝑚𝑢 𝛿𝑝𝑚𝑢 ∗ 𝑣𝑜𝑙𝑝𝑚𝑢 𝑝𝑙 ∗ 𝑐𝑚−1 

PMU surface area-to-volume ratio 𝛿𝑝𝑚𝑢 1.6667 𝑥 104 𝑐𝑚−1 

Voltage defined thermodynamic 

entity 
𝑉𝐷 

𝑉

𝑉𝜏
 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Temperature defined 

thermodynamic entity 
𝑉𝜏 

𝑅 ∗ 𝑇

𝐹
 𝑚𝑉 

Universal gas constant 𝑅 8314.472 𝑚𝐽 ∗ 𝑚𝑜𝑙−1 ∗  𝐾−1 

Physiological temperature 𝑇 310.15 𝐾 

Maximal conductance of calcium 

channel 
𝑔̅𝐶𝑎,𝐿 2101.2 𝑝𝐴 ∗ 𝑚𝑀−1 

Extracellular calcium 

concentration 
[𝐶𝑎𝑒] 1.8 𝑚𝑀 

Reversal potential for calcium ion 𝑉𝐶𝑎 
1

2
∗ log (

[𝐶𝑎𝑒]

[𝐶𝑎𝑖]
) 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Valence of calcium ion 𝓏𝐶𝑎 2 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 



Maximal conductance of sodium 

channel 
𝑔̅𝑁𝑎 907.68 𝑝𝐴 ∗ 𝑚𝑀−1 

Extracellular sodium 

concentration 
[𝑁𝑎𝑒] 137 𝑚𝑀 

Reversal potential for sodium ion 𝑉𝑁𝑎 log (
[𝑁𝑎𝑒]

[𝑁𝑎𝑖]
) 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Valence of sodium ion 𝓏𝑁𝑎 1 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Maximal conductance of sodium 

HCN channel 
𝑔̅𝑁𝑎𝐻𝐶𝑁 51.1 𝑝𝐴 ∗ 𝑚𝑀−1 

Maximal conductance of leaky 

sodium channel 
𝑔̅𝑁𝑎𝑙𝑘 0.0053 𝑝𝐴 ∗ 𝑚𝑀−1 

Cyclic adenosine monophosphate 

concentration 
[𝑐𝐴𝑀𝑃] 1 𝑥 10−5 𝑚𝑀 

Maximal conductance of delayed 

rectifying potassium channel 
𝑔̅𝐾𝑑𝑟 31.237 𝑛𝑆 

Extracellular potassium 

concentration 
[𝐾𝑒] 5.4 𝑚𝑀 

Reversal potential for potassium 

ion 
𝑉𝐾 log (

[𝐾𝑒]

[𝐾𝑖]
) 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Valence of potassium ion 𝓏𝐾 1 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Maximal conductance of inward 

rectifying potassium channel 
𝑔̅𝐾𝑖𝑟 13.816 𝑛𝑆 

Maximal conductance of small 

conductance potassium channel 
𝑔̅𝐾𝑠𝑘 2.2515 𝑝𝐴 ∗ 𝑚𝑀−1 

Maximal conductance for sodium-

potassium ATPase 
𝐾𝑛𝑎𝑘 1085.7 𝑝𝐴 

Reaction rates of 𝐼𝑁𝑎𝐾 𝑘2,𝑛𝑎𝑘 0.04 𝑚𝑠−1 



 𝑘3,𝑛𝑎𝑘 0.01 𝑚𝑠−1 

 𝑘4,𝑛𝑎𝑘 0.165 𝑚𝑠−1 

Dissociation constants of 𝐼𝑁𝑎𝐾 𝐾𝑛𝑎𝑘,𝑛𝑎𝑒 69.8 𝑚𝑀 

 𝐾𝑛𝑎𝑘,𝑛𝑎𝑖 4.05 𝑚𝑀 

 𝐾𝑛𝑎𝑘,𝑘𝑒 0.258 𝑚𝑀 

 𝐾𝑛𝑎𝑘,𝑘𝑖 32.88 𝑚𝑀 

Maximal conductance for calcium 

ATPase 
𝑘𝑝𝑚𝑐𝑎 2.233 𝑝𝐴 ∗ 𝑚𝑠−1 

Reaction rates of 𝐼𝑝𝑚𝑐𝑎 𝑘2,𝑝𝑐 0.001 𝑚𝑠−1 

 𝑘3,𝑝𝑐 0.001 𝑚𝑠−1 

 𝑘4,𝑝𝑐 1 𝑚𝑠−1 

Dissociation constants of 𝐼𝑝𝑚𝑐𝑎 𝐾𝑝𝑐,𝑒 2 𝑚𝑀 

Maximal conductance for sodium-

calcium exchanger 
𝑘𝑥𝑚 0.0166 𝑝𝐴 ∗ 𝑚𝑠−1 

Energy barrier parameter of 

𝐼𝑁𝑎𝐶𝑎𝑋 
𝛿𝑥𝑚 0.35 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Denominator factor of 𝐼𝑁𝑎𝐶𝑎𝑋 𝒟𝑥𝑚 0.001 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

 

Supplementary Table-3.2: Steady state values of ion-channel dynamics of SNc cell model1. 

Symbol Value Symbol Value 

𝑉 −49.42 𝑚𝑉 ℎ𝑁𝑎 0.1848 

[𝐶𝑎𝑖] 1.88 𝑥 10−4 𝑚𝑀 𝑂𝑁𝑎𝐻𝐶𝑁 0.003 

[𝑁𝑎𝑖] 4.69 𝑚𝑀 𝑚𝐾,𝑑𝑟 0.003 

[𝐾𝑖] 126.06 𝑚𝑀 𝑦𝑛𝑎𝑘 0.6213 



𝑚𝑁𝑎 0.0952 𝑦𝑝𝑐 0.483 

 

Supplementary Table-3.3: Parameter values of calcium buffering mechanisms of SNc cell 

model1,2. 

Constant Symbol Value Units 

Calbindin reaction rates 𝑘1,𝑐𝑎𝑙𝑏 10 𝑚𝑀−1 ∗ 𝑚𝑠−1 

 𝑘2,𝑐𝑎𝑙𝑏 2 𝑥 10−3 𝑚𝑠−1 

Total cytosolic calbindin 

concentration 
[𝐶𝑎𝑙𝑏𝑡𝑜𝑡] 0.005 𝑚𝑀 

Calmodulin reaction rates 𝑘𝑐𝑎𝑚
𝑐𝑏  12000 𝑚𝑀−2 ∗ 𝑚𝑠−1 

 𝑘𝑐𝑎𝑚
𝑛𝑏  3.7 𝑥 106 𝑚𝑀−2 ∗ 𝑚𝑠−1 

 𝑘𝑐𝑎𝑚
𝑐𝑑  3 𝑥 10−3 𝑚𝑠−1 

 𝑘𝑐𝑎𝑚
𝑛𝑑  3 𝑚𝑠−1 

Total cytosolic calmodulin 

concentration 
[𝐶𝑎𝑚𝑡𝑜𝑡] 0.0235 𝑚𝑀 

The maximal rate constant of 

SERCA 
𝑘𝑠𝑒𝑟𝑐𝑎,𝑒𝑟 0.02 𝑚𝑀−1 ∗ 𝑚𝑠−1 

Maximal permeability of calcium 

channels in the ER membrane 
𝑘𝑐ℎ,𝑒𝑟 3 𝑚𝑠−1 

Half saturation for calcium 𝐾𝑐ℎ,𝑒𝑟 0.005 𝑚𝑀 

Maximal rate constant for calcium 

leak flux through the ER 

membrane 

𝑘𝑙𝑒𝑎𝑘,𝑒𝑟 5 𝑥 10−5 𝑚𝑠−1 

Ratio of free calcium to total 

calcium concentration in ER 
𝛽𝑒𝑟 0.0025 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 



Volume ratio between the ER and 

cytosol 
𝜌𝑒𝑟 0.01 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Maximal permeability of MCUs 𝑘𝑚𝑐𝑢,𝑚𝑡 3 𝑥 10−4 𝑚𝑀 ∗𝑚𝑠−1 

Half saturation for calcium 𝐾𝑚𝑐𝑢,𝑚𝑡 8 𝑥 10−4 𝑚𝑀 

Maximal rate of calcium flux 

through [𝑁𝑎+]/[𝐶𝑎2+] 

exchangers and mPTPs 

𝑘𝑜𝑢𝑡,𝑚𝑡 0.125 𝑚𝑠−1 

Half saturation for calcium 𝐾𝑜𝑢𝑡,𝑚𝑡 0.005 𝑚𝑀 

Maximal rate constant for calcium 

leak flux through the MT 

membrane 

𝑘𝑙𝑒𝑎𝑘,𝑚𝑡 6.25 𝑥 10−6 𝑚𝑠−1 

Ratio of free calcium to total 

calcium concentration in MT 
𝛽𝑚𝑡 0.0025 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Volume ratio between the MT and 

cytosol 
𝜌𝑚𝑡 0.01 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

 

Supplementary Table-3.4: Steady state values of calcium buffering mechanisms of SNc cell 

model 1,2. 

Symbol Value Symbol Value 

[𝐶𝑎𝑒𝑟] 1 𝑥 10−3 𝑚𝑀 [𝐶𝑎𝑙𝑏] 26 𝑥 10−4 𝑚𝑀 

[𝐶𝑎𝑚𝑡] 4 𝑥 10−4 𝑚𝑀 [𝐶𝑎𝑚] 222 𝑥 10−4 𝑚𝑀 

 

Supplementary Table-3.5: Parameter values of energy metabolism of SNc cell model3,4. 

Constant Symbol Value Units 

Extracellular glucose concentration [𝐺𝐿𝐶𝑒] 1 𝑚𝑀 

Hexokinase maximal flux 𝑣̅ℎ𝑘 2.5 𝑥 10−3 𝑚𝑀 ∗𝑚𝑠−1 



Affinity constant for ATP 𝐾𝑚,𝐴𝑇𝑃,ℎ𝑘 0.5 𝑚𝑀 

Inhibition constant for F6P 𝐾𝑖,𝐹6𝑃 0.068 𝑚𝑀 

Phosphofructokinase maximal flux 𝑣̅𝑝𝑓𝑘 3.8 𝑥 10−3 𝑚𝑀 ∗𝑚𝑠−1 

Affinity constant for F6P 𝐾𝑚,𝐹6𝑃,𝑝𝑓𝑘 0.18 𝑚𝑀 

Affinity constant for ATP 𝐾𝑚,𝐴𝑇𝑃,𝑝𝑓𝑘 0.05 𝑚𝑀 

Affinity constant for F26P 𝐾𝑚,𝐹26𝑃,𝑝𝑓𝑘 0.01 𝑚𝑀 

Activation constant for AMP 𝐾𝑎,𝐴𝑀𝑃,𝑝𝑓𝑘 0.05 𝑚𝑀 

Inhibition constant for ATP 𝐾𝑖,𝐴𝑇𝑃 1 𝑚𝑀 

Coefficient constant for AMP 𝑛𝐴𝑀𝑃 0.5 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Coefficient constant for ATP 𝑛𝐴𝑇𝑃 0.4 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Total energy shuttles concentration [𝐴𝑁𝑃] 2.51 𝑚𝑀 

Coefficient constant for ADP 𝑄𝑎𝑑𝑘 0.92 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Phosphofructokinase-2 maximal 

forward flux 
𝑣̅𝑝𝑓𝑘2,𝑓 2 𝑥 10−7 𝑚𝑀 ∗𝑚𝑠−1 

Phosphofructokinase-2 maximal 

reverse flux 
𝑣̅𝑝𝑓𝑘2,𝑟 1.036 𝑥 10−7 𝑚𝑀 ∗𝑚𝑠−1 

Affinity constant for F6P 𝐾𝑚,𝐹6𝑃,𝑝𝑓𝑘2 0.01 𝑚𝑀 

Affinity constant for ATP 𝐾𝑚,𝐴𝑇𝑃,𝑝𝑓𝑘2 0.05 𝑚𝑀 

Affinity constant for F26P 𝐾𝑚,𝐹26𝑃,𝑝𝑓𝑘2 0.0001 𝑚𝑀 

Activation constant for AMP 𝐾𝑎,𝐴𝑀𝑃,𝑝𝑓𝑘2 0.005 𝑚𝑀 

Pyruvate kinase maximal flux 𝑣̅𝑝𝑘 5 𝑥 10−3 𝑚𝑀 ∗𝑚𝑠−1 

Affinity constant for GAP 𝐾𝑚,𝐺𝐴𝑃,𝑝𝑘 0.4 𝑚𝑀 

Affinity constant for ADP 𝐾𝑚,𝐴𝐷𝑃,𝑝𝑘 0.005 𝑚𝑀 



Oxidative phosphorylation maximal 

flux 
𝑣̅𝑜𝑝 1 𝑥 10−3 𝑚𝑀 ∗𝑚𝑠−1 

Maximal electron transport chain 

efficiency 
𝜂̅𝑜𝑝 0.995 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Maximal fraction of 𝑎𝑠𝑦𝑛∗ effect 

on the oxidative phosphorylation 
𝛽𝑜𝑝,𝑎𝑠𝑦𝑛𝑚𝑖𝑠 0.08 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Affinity constant for 𝑎𝑠𝑦𝑛∗ 𝐾𝑎𝑠𝑦𝑛𝑚𝑖𝑠 8.5 𝑥 10−3 𝑚𝑀 

Affinity constant for PYR 𝐾𝑚,𝑃𝑌𝑅,𝑜𝑝 0.5 𝑚𝑀 

Affinity constant for ADP 𝐾𝑚,𝐴𝐷𝑃,𝑜𝑝 0.005 𝑚𝑀 

Forward reaction constant of LDH 𝑘𝑙𝑑ℎ,𝑓 12.5 𝑥 10−3 𝑚𝑠−1 

Reverse reaction constant of LDH 𝑘𝑙𝑑ℎ,𝑟 2.5355 𝑥 10−3 𝑚𝑠−1 

Maximal lactate fermentation 

efficiency 
𝜂̅𝑙𝑑ℎ 1 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Maximal fraction of 𝑅𝑂𝑆 effect on 

the lactate fermentation 
𝛽𝑙𝑑ℎ,𝑅𝑂𝑆 0.25 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Affinity constant for 𝑅𝑂𝑆 𝐾𝑙𝑑ℎ,𝑅𝑂𝑆 10 𝑥 10−3 𝑚𝑀 

MCT maximal influx 𝑣̅𝑙𝑎𝑐 3.55 𝑥 10−4 𝑚𝑀 ∗𝑚𝑠−1 

Coefficient constant for MCT 

influx 
𝐾𝑙𝑎𝑐,𝑖𝑛𝑓 0.641 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Reaction constant for lactate efflux 𝐾𝑙𝑎𝑐,𝑒𝑓𝑓 7.1 𝑥 10−4 𝑚𝑠−1 

ATPase maximal flux 𝑣̅𝐴𝑇𝑃𝑎𝑠𝑒 9.355 𝑥 10−4 𝑚𝑀 ∗𝑚𝑠−1 

Affinity constant for ATP 𝐾𝑚,𝐴𝑇𝑃 0.5 𝑚𝑀 

PPP maximal flux 𝑣̅𝑝𝑝𝑝 3.972 𝑥 10−4 𝑚𝑀 ∗𝑚𝑠−1 

Inhibition constant for (
𝑁𝐴𝐷𝑃𝐻

𝑁𝐴𝐷𝑃
) 𝐾𝑖,𝑁𝐴𝐷𝑃𝐻 20 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 



Total NADPH and NADP 

concentration 
[𝑁𝐴𝐷𝑃𝐻𝑡𝑜𝑡] 0.25 𝑚𝑀 

GR forward reaction constant 𝑘𝑔𝑟,𝑓 1.8 𝑥 10−4 𝑚𝑀−1 ∗ 𝑚𝑠−1 

GR reverse reaction constant 𝑘𝑔𝑟,𝑟 3.472 𝑥 10−7 𝑚𝑀−1 ∗ 𝑚𝑠−1 

Total GSH and GSSG 

concentration 
[𝐺𝑆𝐻𝑡𝑜𝑡] 2.5 𝑚𝑀 

Reaction constant of DOX 𝐾𝑑𝑜𝑥,𝑅𝑂𝑆 7.5 𝑥 10−8 𝑚𝑠−1 

CK forward reaction constant 𝑘𝑐𝑘,𝑓 3 𝑥 10−3 𝑚𝑀−1 ∗ 𝑚𝑠−1 

CK reverse reaction constant 𝑘𝑐𝑘,𝑟 1.26 𝑥 10−3 𝑚𝑀−1 ∗ 𝑚𝑠−1 

Total PCr and Cr concentration [𝑃𝐶𝑟𝑡𝑜𝑡] 20 𝑚𝑀 

  

Supplementary Table-3.6: Steady state values of energy metabolism of SNc cell model3,4. 

Symbol Value Symbol Value 

[𝐹6𝑃] 0.176 𝑚𝑀 [𝐿𝐴𝐶] 0.598 𝑚𝑀 

[𝐹26𝑃] 2.2 𝑥 10−3 𝑚𝑀 [𝑃𝐶𝑟] 18.04 𝑚𝑀 

[𝐺𝐴𝑃] 8.25 𝑥 10−2 𝑚𝑀 [𝑁𝐴𝐷𝑃𝐻] 0.25 𝑚𝑀 

[𝑃𝑌𝑅] 0.124 𝑚𝑀 [𝐺𝑆𝐻] 2.5 𝑚𝑀 

[𝐴𝑇𝑃𝑖] 2.4 𝑚𝑀   

 

Supplementary Table-3.7: Parameter values for DA turnover processes of SNc cell 

model5,6. 

Constant Symbol Value Units 

Average release flux per vesicle 𝜓 17.4391793 𝑚𝑀 ∗𝑚𝑠−1 

Initial vesicular DA concentration 𝐷𝐴𝑣𝑜 500  𝑚𝑀 



Sensitivity to vesicular DA 

concentration 
𝐷𝐴𝑣𝑠 0.01 𝑚𝑀 

Affinity constant of DA binding to 

receptors 
𝐷𝐴𝑅𝑎 5 𝑥 10−5 𝑚𝑀 

Binding sensitivity 𝐷𝐴𝑅𝑠 0.01 𝑚𝑀 

Activation constant for ATP 𝐾𝑎,𝑅𝑅𝑃 1.4286 𝑚𝑀 

Vesicle recycling maximal flux 𝑣̅𝑛𝑟𝑟𝑝 1 𝑥 10−3 𝑚𝑀 ∗𝑚𝑠−1 

Maximal vesicle recycling efficiency 𝜂̅𝑛𝑟𝑟𝑝 0.995 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Maximal fraction of 𝑎𝑠𝑦𝑛∗ effect on 

the vesicle 
𝛽𝑛𝑟𝑟𝑝,𝑎𝑠𝑦𝑛𝑚𝑖𝑠 0.08 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Affinity constant for 𝑎𝑠𝑦𝑛∗ 𝐾𝑎𝑠𝑦𝑛𝑚𝑖𝑠 8.5 𝑥 10−3 𝑚𝑀 

Reaction constant of 𝐷𝐴𝑒 clearance 𝑘𝑐𝑜𝑚𝑡 0.0083511 𝑚𝑠−1 

Tyrosine concentration [𝑇𝑌𝑅] 126 𝑥 10−3 𝑚𝑀 

Affinity constant for 𝑇𝑌𝑅 𝐾𝑇𝑌𝑅 46 𝑥 10−3 𝑚𝑀 

Inhibition constant for 𝐷𝐴𝑐 𝐾𝑖,𝑐𝑑𝑎 11 𝑥 10−2 𝑚𝑀 

Inhibition constant for 𝐷𝐴𝑒 𝐾𝑖,𝑒𝑑𝑎 46 𝑥 10−3 𝑚𝑀 

Maximal velocity of DA synthesis 𝑉̅𝑠𝑦𝑛𝑡 25 𝑥 10−6 𝑚𝑀 ∗𝑚𝑠−1 

Affinity constant for 𝐶𝑎𝑖 𝐾𝑠𝑦𝑛𝑡 35 𝑥 10−4 𝑚𝑀 

Maximal velocity of VMAT 𝑉̅𝑐𝑑𝑎 4.67 𝑥 10−6 𝑚𝑠−1 

Affinity constant for 𝐷𝐴𝑐 𝐾𝑐𝑑𝑎 238 𝑥 10−4 𝑚𝑀 

Scaling factor for VMAT 𝛼𝑣𝑚𝑎𝑡 1 𝑥 10−3 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Scaling factor for 𝐴𝑇𝑃𝑖 𝛽𝑣𝑚𝑎𝑡 3 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Reaction constant of 𝐷𝐴𝑐 clearance 𝑘𝑚𝑎𝑜 0.00016 𝑚𝑠−1 

Maximal velocity of AADC 𝑉̅𝑎𝑎𝑑𝑐 9.73 𝑥 10−5 𝑚𝑀 ∗𝑚𝑠−1 



Affinity constant for 𝐿𝐷𝑂𝑃𝐴 𝐾𝑎𝑎𝑑𝑐 0.13 𝑚𝑀 

Maximal velocity of AAT 𝑉̅𝑎𝑎𝑡 5.11 𝑥 10−7 𝑚𝑀 ∗𝑚𝑠−1 

Affinity constant for 𝐿𝐷𝑂𝑃𝐴𝑒 𝐾𝑙𝑑𝑜𝑝𝑎𝑒 3.2 𝑥 10−4 𝑚𝑀 

Affinity constant for 𝑇𝑌𝑅𝑒 𝐾𝑡𝑦𝑟𝑒 6.4 𝑥 10−4 𝑚𝑀 

Affinity constant for 𝑇𝑅𝑃𝑒 𝐾𝑡𝑟𝑝𝑒 1.5 𝑥 10−4 𝑚𝑀 

Serum concentration of TYR [𝑇𝑌𝑅𝑒] 6.3 𝑥 10−4 𝑚𝑀 

Serum concentration of TRP [𝑇𝑅𝑃𝑒] 8.2 𝑥 10−4 𝑚𝑀 

Serum concentration of LDOPA [𝑠𝐿𝐷] 3.6 𝑥 10−3 𝑚𝑀 

 

Supplementary Table-3.8: Steady state values of DA turnover processes of SNc cell 

model5,6. 

Symbol Value Symbol Value 

[𝐷𝐴𝑒] 4 𝑥 10−6 𝑚𝑀 [𝐷𝐴𝑣] 500 𝑚𝑀 

[𝐷𝐴𝑐] 1 𝑥 10−4 𝑚𝑀 [𝐿𝐷𝑂𝑃𝐴] 3.6 𝑥 10−4 𝑚𝑀 

 

Supplementary Table-3.9: Parameter values of PD pathology pathways of SNc cell model4. 

Constant Symbol Value Units 

Activation constant for ATP 𝐾𝑎,𝑙𝑒𝑎𝑘 0.5282 𝑚𝑀 

Reaction constant for ROS production 

due to excess dopamine 
𝑘𝑑𝑜𝑝𝑎  4.167 𝑥 10−4 𝑚𝑀−1 ∗ 𝑚𝑠−1 

Affinity constant for [𝐷𝐴𝑐] 𝐾𝑑𝑜𝑝𝑎 8.5 𝑚𝑀 

Reaction constant for catalase 𝑘𝑐𝑎𝑡 2.35 𝑥 10−5 𝑚𝑠−1 

Reaction constant for alpha-synuclein 

oxidation 
𝑘𝑠𝑦𝑛 1.39 𝑥 10−8 𝑚𝑀 ∗𝑚𝑠−1 



Reaction constant for alpha-synuclein 

consumption 
𝑘𝑡𝑜 1.39 𝑥 10−7 𝑚𝑠−1 

Reaction constant for alpha-synuclein 

aggregation 
𝑘𝑎𝑔𝑔 2.08 𝑥 10−10 𝑚𝑠−1 

Affinity constant for 𝐴𝑆𝑌𝑁𝑚𝑖𝑠 𝐾𝑎𝑔𝑔 7.5 𝑥 10−3 𝑚𝑀 

Reaction constant for tagging of 

damaged protein 
𝑘𝑡𝑎𝑔 7.64 𝑥 10−11 𝑚𝑀−1 ∗ 𝑚𝑠−1 

Total ubiquitin concentration [𝑈𝑏𝑡𝑜𝑡] 10.5 𝑥 10−3 𝑚𝑀 

Reaction constant for damaged protein 

disposal by the proteasome 
𝑘𝑝𝑟𝑡 2.08 𝑥 10−10 𝑚𝑠−1 

Affinity constant for 𝐴𝑆𝑌𝑁𝑎𝑔𝑔 𝐾𝑝𝑟𝑡 5 𝑥 10−3 𝑚𝑀 

Fraction reduction of proteasome 

activity by 𝐴𝑆𝑌𝑁𝑎𝑔𝑔 
𝛽𝑝𝑟𝑡 0.25 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Reaction constant for 𝐴𝑆𝑌𝑁𝑎𝑔𝑔 

disposal by lysosome 
𝑘𝑙𝑦𝑠𝑜 2.08 𝑥 10−11 𝑚𝑠−1 

Reaction constant for Lewy bodies 

from 𝐴𝑆𝑌𝑁𝑎𝑔𝑔 
𝑘𝑙𝑏 2.08 𝑥 10−11 𝑚𝑠−1 

Affinity constant for 𝐴𝑆𝑌𝑁𝑎𝑔𝑔 𝐾𝑙𝑏 5 𝑥 10−3 𝑚𝑀 

 

Supplementary Table-3.10: Steady state values of PD pathology pathways of SNc cell 

model4. 

Symbol Value Symbol Value 

[𝑅𝑂𝑆] 1 𝑥 10−3 𝑚𝑀 [𝐴𝑆𝑌𝑁𝑡𝑎𝑔] 1 𝑥 10−5 𝑚𝑀 

[𝐴𝑆𝑌𝑁] 0.1 𝑚𝑀 [𝐴𝑆𝑌𝑁𝑎𝑔𝑔] 0 𝑚𝑀 

[𝐴𝑆𝑌𝑁𝑚𝑖𝑠] 1 𝑥 10−3 𝑚𝑀 [𝐿𝐵] 0 𝑚𝑀 

 



Supplementary Table-3.11: Parameter values of apoptotic pathways of SNc cell model7. 

Constant Symbol Value Units 

Forward reaction constant for [𝐶𝑎𝑖 . 𝐶𝑎𝑙𝑝𝑎𝑖𝑛] 𝑘1
+ 1 𝑚𝑀−1 ∗ 𝑚𝑠−1 

Reverse reaction constant for [𝐶𝑎𝑖 . 𝐶𝑎𝑙𝑝𝑎𝑖𝑛] 𝑘1
−  1 𝑥 10−3  𝑚𝑠−1 

Forward reaction constant for [𝐶𝑎𝑙𝑝𝑎𝑖𝑛∗] 𝑘2
+  1 𝑥 10−3  𝑚𝑠−1 

Forward reaction constant for [𝐶𝑎𝑙𝑝𝑎𝑖𝑛∗. 𝐶𝑎𝑠𝑝12] 𝑘3
+ 1 𝑚𝑀−1 ∗ 𝑚𝑠−1 

Reverse reaction constant for [𝐶𝑎𝑙𝑝𝑎𝑖𝑛∗. 𝐶𝑎𝑠𝑝12] 𝑘3
−  1 𝑥 10−3  𝑚𝑠−1 

Forward reaction constant for [𝐶𝑎𝑠𝑝12∗] 𝑘4
+  1 𝑥 10−3  𝑚𝑠−1 

Forward reaction constant for [𝐶𝑎𝑠𝑝12∗. 𝐶𝑎𝑠𝑝9] 𝑘5
+ 10 𝑚𝑀−1 ∗ 𝑚𝑠−1 

Reverse reaction constant for [𝐶𝑎𝑠𝑝12∗. 𝐶𝑎𝑠𝑝9] 𝑘5
−  5 𝑥 10−4  𝑚𝑠−1 

Forward reaction constant for [𝐶𝑎𝑠𝑝9∗] 𝑘6
+  1 𝑥 10−3  𝑚𝑠−1 

Forward reaction constant for [𝐶𝑎𝑠𝑝9∗. 𝐶𝑎𝑠𝑝3] 𝑘7
+ 10 𝑚𝑀−1 ∗ 𝑚𝑠−1 

Reverse reaction constant for [𝐶𝑎𝑠𝑝9∗. 𝐶𝑎𝑠𝑝3] 𝑘7
−  5 𝑥 10−4  𝑚𝑠−1 

Forward reaction constant for [𝐶𝑎𝑠𝑝3∗] 𝑘8
+  1 𝑥 10−4  𝑚𝑠−1 

Forward reaction constant for [𝐴𝑝𝑜𝑝] 𝑘9
+ 1 𝑚𝑀−1 ∗ 𝑚𝑠−1 

Forward reaction constant for [𝐶𝑎𝑠𝑝9∗] 𝑘10
+   1 𝑥 10−3  𝑚𝑠−1 

Forward reaction constant for [𝐶𝑎𝑠𝑝9∗. 𝐼𝐴𝑃] 𝑘11
+  5 𝑚𝑀−1 ∗ 𝑚𝑠−1 

Reverse reaction constant for [𝐶𝑎𝑠𝑝9∗. 𝐼𝐴𝑃] 𝑘11
−   35 𝑥 10−7  𝑚𝑠−1 

Forward reaction constant for [𝐶𝑎𝑠𝑝3∗. 𝐼𝐴𝑃] 𝑘12
+  5 𝑚𝑀−1 ∗ 𝑚𝑠−1 

Reverse reaction constant for [𝐶𝑎𝑠𝑝3∗. 𝐼𝐴𝑃] 𝑘12
−   35 𝑥 10−7  𝑚𝑠−1 

Forward reaction constant for [𝑅𝑂𝑆𝑚𝑖𝑡] 𝑘13
+   0.5  𝑚𝑀−1 ∗ 𝑚𝑠−1 

Forward reaction constant for [𝑃𝑇𝑃𝑚𝑖𝑡
∗ ] 𝑘14

+   0.5  𝑚𝑀−1 ∗ 𝑚𝑠−1 

Forward reaction constant for [𝐶𝑦𝑡𝑐] 𝑘15
+  1 𝑚𝑀−1 ∗ 𝑚𝑠−1 



Forward reaction constant for [𝐶𝑦𝑡𝑐. 𝐶𝑎𝑠𝑝9] 𝑘16
+  1 𝑚𝑀−1 ∗ 𝑚𝑠−1 

Reverse reaction constant for [𝐶𝑦𝑡𝑐. 𝐶𝑎𝑠𝑝9] 𝑘16
−   1 𝑥 10−3  𝑚𝑠−1 

 

Supplementary Table-3.12: Steady state values of energy metabolism of SNc cell model7. 

Symbol Value Symbol Value 

[𝐶𝑎𝑙𝑝𝑎𝑖𝑛] 1 [𝑅𝑂𝑆𝑚𝑖𝑡] 0 

[𝐶𝑎𝑖 . 𝐶𝑎𝑙𝑝𝑎𝑖𝑛] 0 [𝑃𝑇𝑃𝑚𝑖𝑡
∗ ] 1 

[𝐶𝑎𝑙𝑝𝑎𝑖𝑛∗] 0 [𝐶𝑦𝑡𝑐𝑚𝑖𝑡] 1 

[𝐶𝑎𝑠𝑝12] 1 [𝐶𝑦𝑡𝑐] 0 

[𝐶𝑎𝑙𝑝𝑎𝑖𝑛∗. 𝐶𝑎𝑠𝑝12] 0 [𝐶𝑦𝑡𝑐. 𝐶𝑎𝑠𝑝9] 0 

[𝐶𝑎𝑠𝑝12∗] 0 [𝐶𝑎𝑠𝑝9] 1 

[𝐶𝑎𝑠𝑝12∗. 𝐶𝑎𝑠𝑝9] 0 [𝐶𝑎𝑠𝑝9∗] 0 

[𝐶𝑎𝑠𝑝3] 1 [𝐶𝑎𝑠𝑝9∗. 𝐶𝑎𝑠𝑝3] 0 

[𝐶𝑎𝑠𝑝3∗] 0 [𝐼𝐴𝑃] 1 

[𝐶𝑎𝑠𝑝9∗. 𝐼𝐴𝑃] 0 [𝐶𝑎𝑠𝑝3∗. 𝐼𝐴𝑃] 0 

[𝐴𝑝𝑜𝑝] 0   

 

Supplementary Table-3.13: Parameters for energy consumption processes of SNc cell 

model. 

Constant Symbol Value Units 

Faraday’s constant 𝐹 96485 𝑐𝑜𝑢𝑙𝑜𝑚𝑏 ∗ 𝑚𝑜𝑙𝑒−1 

Cytosolic volume 𝑣𝑐𝑦𝑡 𝜙𝑐𝑦𝑡 ∗ 𝑣𝑝𝑚𝑢 𝑝𝑙 

Pacemaking unit (PMU) volume 𝑣𝑝𝑚𝑢 5 𝑝𝑙 

Fraction of cytosolic volume 𝜙𝑐𝑦𝑡 0.5 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 



Scaling factor for synaptic recycling 𝜆𝑠𝑟 100 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Scaling factor for neurotransmitter 

packing 
𝜆𝑛𝑝 1 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Ratio of free calcium to total calcium 

concentration in ER 
𝛽𝑒𝑟 0.0025 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Volume ratio between the ER and 

cytosol 
𝜌𝑒𝑟 0.01 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Scaling factor for proteasome 𝜆𝑝𝑟𝑡 25 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Scaling factor for ubiquitination 𝜆𝑡𝑎𝑔 3 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Scaling factor for lysosome 𝜆𝑙𝑦𝑠𝑜 10 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



SUPPLEMENTARY MATERIALS 

Supplementary Material-1 

Receptor Modeling43 

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 + 𝑇 
(𝛼 𝛽⁄ )
⇔    𝑂  (1) 

 

where, 𝛼 and 𝛽 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)

𝑑𝑡
= 𝛼 ∗ [𝑇] ∗ (1 − 𝑟) − 𝛽 ∗ 𝑟 (2) 

 

and the postsynaptic current (𝐼𝐴𝑀𝑃𝐴) is given by, 

 𝐼𝐴𝑀𝑃𝐴 = 𝑔̅𝐴𝑀𝑃𝐴 ∗ 𝑟 ∗ (𝑉 − 𝐸𝐴𝑀𝑃𝐴) (3) 

 

where, 𝑔̅𝐴𝑀𝑃𝐴 is the maximal conductance, 𝐸𝐴𝑀𝑃𝐴 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 

 𝐼𝑁𝑀𝐷𝐴 = 𝑔̅𝑁𝑀𝐷𝐴 ∗ 𝑟 ∗ 𝐵(𝑉) ∗ (𝑉 − 𝐸𝑁𝑀𝐷𝐴) (4) 

 



where, 𝑔̅𝑁𝑀𝐷𝐴 is the maximal conductance, 𝐸𝑁𝑀𝐷𝐴 is 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. 

 
𝐵(𝑉) =

1

1 + (
[𝑀𝑔2+]
3.57

∗ 𝑒−0.062 ∗ 𝑉)
 

(5) 

 

where, [𝑀𝑔2+] is the external magnesium concentration, and 𝑉 is the postsynaptic membrane 

potential. 

GABAA Receptors 

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

current given by 

 𝐼𝐺𝐴𝐵𝐴𝐴 = 𝑔̅𝐺𝐴𝐵𝐴𝐴 ∗ 𝑟 ∗ (𝑉 − 𝐸𝐺𝐴𝐵𝐴𝐴) (6) 

 

where, 𝑔̅𝐺𝐴𝐵𝐴𝐴 is the maximal conductance, 𝐸𝐺𝐴𝐵𝐴𝐴 is the reversal potential, 𝑉 is the 

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

GABAB Receptors 

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

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

 
𝑑(𝑟)

𝑑𝑡
= 𝐾1 ∗ [𝑇] ∗ (1 − 𝑟) − 𝐾2 ∗ 𝑟 (7) 

 

 
𝑑(𝑠)

𝑑𝑡
= 𝐾3 ∗ 𝑟 − 𝐾4 ∗ 𝑠 (8) 

 

and the postsynaptic current (𝐼𝐺𝐴𝐵𝐴𝐵) is given by, 

 𝐼𝐺𝐴𝐵𝐴𝐵 = 𝑔̅𝐺𝐴𝐵𝐴𝐵 ∗
𝑠𝑛

𝑠𝑛 + 𝐾𝑑
∗ (𝑉 − 𝐸𝐺𝐴𝐵𝐴𝐵) (9) 

 



where, 𝑔̅𝐺𝐴𝐵𝐴𝐵 is the maximal conductance, 𝐸𝐺𝐴𝐵𝐴𝐵  (= 𝑉𝐾) 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, 𝐾𝑑 is the dissociation constant of the binding of 𝑠 on the K+ 

channels, 𝐾1 and 𝐾2 are voltage-independent forward and backward rate constants for 𝑟, 𝐾3 

and 𝐾4 are voltage-independent forward and backward rate constants for 𝑠, and [𝑇] is the 

neurotransmitter. 

Overall Synaptic Current 

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

 𝐽𝑠𝑦𝑛 = −
1

𝐹 ∗ 𝑣𝑜𝑙𝑐𝑦𝑡
∗ (𝐼𝐴𝑀𝑃𝐴 + 𝐼𝑁𝑀𝐷𝐴 + 𝐼𝐺𝐴𝐵𝐴𝐴 + 𝐼𝐺𝐴𝐵𝐴𝐵) (10) 

 

where, 𝐼𝐴𝑀𝑃𝐴 is the excitatory AMPA synaptic current, 𝐼𝑁𝑀𝐷𝐴 is the excitatory NMDA synaptic 

current,  𝐼𝐺𝐴𝐵𝐴𝐴 is the inhibitory GABAA synaptic current, 𝐼𝐺𝐴𝐵𝐴𝐵 is the inhibitory GABAB 

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

Table-1: Parameter values of receptor models 

Constant Symbol Value Units 

Faraday’s constant 𝐹 96485 𝑐𝑜𝑢𝑙𝑜𝑚𝑏 ∗ 𝑚𝑜𝑙𝑒−1 

Cytosolic volume 𝑣𝑜𝑙𝑐𝑦𝑡 𝜙𝑐𝑦𝑡 ∗ 𝑣𝑜𝑙𝑝𝑚𝑢 𝑝𝑙 

Fraction of cytosolic volume 𝜙𝑐𝑦𝑡 0.5 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Pacemaking unit (PMU) volume 𝑣𝑜𝑙𝑝𝑚𝑢 5 𝑝𝑙 

Maximal conductance of AMPA 

receptor 
𝑔̅𝐴𝑀𝑃𝐴 0.35 − 1 𝑛𝑆 

Maximal conductance of NMDA 

receptor 
𝑔̅𝑁𝑀𝐷𝐴 0.01 − 0.6 𝑛𝑆 

Concentration of Magnesium  [𝑀𝑔2+] 1 − 2  𝑚𝑀 



Maximal conductance of GABAA 

receptor 
𝑔̅𝐺𝐴𝐵𝐴𝐴 0.25 − 1.2 𝑛𝑆 

Maximal conductance of GABAB 

receptor 
𝑔̅𝐺𝐴𝐵𝐴𝐵 0.06 𝑛𝑆 

Dissociation constant of the 

binding of 𝑠 on the K+ channels 
𝐾𝑑 100 𝜇𝑀4 

Voltage-independent forward rate 

constant for 𝑟 of GABAB  
𝐾1 9 𝑥 104 𝑀−1 ∗ 𝑠𝑒𝑐−1 

Voltage-independent backward 

rate constant for 𝑟 of GABAB 
𝐾2 1.2 𝑠𝑒𝑐−1 

Voltage-independent forward rate 

constant for 𝑠 of GABAB 
𝐾3 180 𝑠𝑒𝑐−1 

Voltage-independent backward 

rate constant for 𝑠 of GABAB 
𝐾4 34 𝑠𝑒𝑐−1 

Cooperativity constant (binding 

sites) 
𝑛 4 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

Reversal potential of AMPA 𝐸𝐴𝑀𝑃𝐴 0 𝑚𝑉 

Reversal potential of NMDA 𝐸𝑁𝑀𝐷𝐴 0 𝑚𝑉 

Reversal potential of GABAA 𝐸GABA𝐴 −80 𝑚𝑉 

Reversal potential of GABAB 𝐸GABA𝐵 −95 𝑚𝑉 

Voltage-independent forward rate 

constant for 𝑟 (𝛼) 

AMPA 1.1 𝑥 106 𝑀−1 ∗ 𝑠𝑒𝑐−1 

NMDA 7.2 𝑥 104 𝑀−1 ∗ 𝑠𝑒𝑐−1 

GABAA 5 𝑥 106 𝑀−1 ∗ 𝑠𝑒𝑐−1 

Voltage-independent backward 

rate constant for 𝑟 (𝛽) 

AMPA 190 𝑠𝑒𝑐−1 

NMDA 6.6 𝑠𝑒𝑐−1 



GABAA 180 𝑠𝑒𝑐−1 
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