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SUPPLEMENTARY METHODS 

 
 
1. General model design and time units for lifespan analyses 
 
Upon model setup, the C. elegans lifespan amount was assumed to be 20 days (higher end of C. 
elegans age probability at 20 °C as per Stroustrup et al., 2016), and for temporal extrapolation 
calculations, human lifespan amount was assumed at 100 years or 29,200 days for simulation 
compatibility (approaching the maximum human lifespan, per Dong et al., 2016). Mitochondrial 
counts within each cell were taken from the Poisson distributions determined in our previous study 
(Hoffman et al., 2017). In each of the simulation experiments, 200 neurons were simulated to 
achieve robustness and user-friendliness in the distributions of node output and resulting 
phenotype analyses. This agent population was determined by iterative Monte-Carlo sampling to 
achieve reproducible results from each run of the intrinsically stochastic system. 
 
2. Mitochondrial system-dynamics and discrete computational methods for normal aging 
 
The framework for mitochondrial ROS generation, a pivotal player in the degenerative aging 
process, was condensed from our previous study (Hoffman et al., 2017) to focus more on the 
cellular genetic network of interest and more nuanced states of neuronal vulnerability for cellular 
phenotyping. Nodes that were condensed involved computational details of OXPHOS activity, 
mtDNA damage and intramitochondrial proteostasis mechanisms. These components have instead 
been inferred in other areas of the model: OXPHOS activity and mtDNA damage contributes to 
mtROS generation, and such constants account for this inference; mitochondrial proteostasis 
dictates global cellular protein health, and such constants determining mitochondrial stress 
responses and autophagic protein maintenance account for this dynamic intramitochondrial 
process. Simplification made to reach the current system did not significantly alter the behavior of 
the cellular environment, as the hierarchical modeling structure from the previous simulation 
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remains intact here, but instead this reduced the ability to simulate the same nuances in 
mitochondrial stress states as before. Since intermitochondrial characterizations were outside the 
scope of this study, this simplification was appropriate for producing a more applicable and easily 
understood tool that was less computationally intense for the community. The stochastic equations, 
agent transitions, and event statements pertaining to mitochondrion-level biochemical kinetics are 
displayed in Box S1, with corresponding descriptions and references of the logical derivations. 
The AnyLogic simulation schematics of the mitochondrial framework are also displayed for both 
the agent-based methods (Figure S1A) and deterministic ODE methods (Figure S1B). 
 

 

Box S1: Equations, agent transitions, and event statements pertaining to mitochondrion-level biochemical 
kinetics. 
 

Differential equations governing time-dependent mitochondrial ROS accumulation and 
elimination, comprised of general production and elimination constant distributions that 
resulted from our previous work (Hoffman et al., 2017) as well as logically-derived expressions 
for tau-mediated ROS accumulation and UPRmt-mediated elimination (Cenini and Voos, 2016; 
Fiorese and Haynes, 2017; Kaufman et al., 2017; Pharaoh et al., 2016; Shpilka and Haynes, 
2018). Expressions shown in purple are dictated from the cell-level environment: 

 

 
𝑑[𝑅𝑂𝑆!"]

𝑑𝑡 =
𝑛𝑀	𝑅𝑂𝑆!"

𝑑𝑎𝑦 = 𝐾2 ∗
𝑇𝑎𝑢#$$

𝑇𝑎𝑢#$$ + 𝑇𝑀
− 𝑘𝑀𝑅𝐸[𝑅𝑂𝑆!"] ∗ 𝑈𝑃𝑅𝑚𝑡_𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦	 

 
 

Discrete events governing (i) movement through mitochondrial health and stress states and (ii) 
mitochondrial biogenesis and mitophagy events dictated by cellular activities of mitochondria-
altering proteins: 

 
Stochastic condition defining gain of mitochondrial ROS triggering a defective organelle phenotype: 

 
[𝑅𝑂𝑆!"] > (𝑡𝑟𝑖𝑎𝑛𝑔𝑢𝑙𝑎𝑟(30	𝑛𝑀, 40	𝑛𝑀, 50	𝑛𝑀))	 

 
Static condition defining remediation of mitochondrial ROS restoring a healthy organelle phenotype: 

 
[𝑅𝑂𝑆!"] < 𝑐𝑒𝑙𝑙%𝑠𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐	𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑	𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛	𝑣𝑎𝑙𝑢𝑒	𝑓𝑟𝑜𝑚	𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠	𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛	 

 
PINK-1-dependent rate of mitochondrial loss via mitophagy (agent removal): 

 
𝐶𝑜𝑚𝑝𝑟𝑜𝑚𝑖𝑠𝑒𝑑_𝑚𝑖𝑡𝑜	𝑑𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑

𝑑𝑎𝑦 =
1

𝑝𝑖𝑛𝑘1_𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦			 

 
Basal and SKN-1-dependent rate of mitochondrial biogenesis (new agent addition): 

 

𝑑𝑎𝑦𝑠	𝑢𝑛𝑡𝑖𝑙	𝑎𝑔𝑒𝑛𝑡	𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛 = 𝑢𝑛𝑖𝑓𝑜𝑟𝑚(1,2) −
1
4 𝑠𝑘𝑛1_𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦	 
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Figure S1. Simulation schematic displaying mitochondrial framework in the simulation software. 
(A) Agent state chart delineating stress-response-based conditional mitochondrial integrity. 
Normal and compromised agent states are dictated conditionally by mitochondrial stress variables. 
Final state (“removed”) denotes mitochondrial removal via mitophagy, dictated by cellular pink-1 
expression and activity, shown as a dynamic variable in the model. (B) Simplified mitochondrial 
equation-based dynamics based primarily off of mitochondrial ROS production and content. 
Traditional stock-and-flow components are used to construct this system, where the box displays 
the intramitochondrial ROS concentration subject to dynamic changes, and the box arrows display 
flow rates to and from the ROS compartment, which are driven both by proteotoxic aggregation 
and stress response activities from the whole-cell level. Filled circles represent dynamic variables, 
whereas circles containing a black triangle represent static operational coefficients. 
 
3. Cell-level system-dynamics and discrete-event computational methods for normal aging 
 
Since the primary focus of this simulation study was to garner more nuanced information about 
neuronal vulnerability that arises in the aging process, the cellular dynamics were more intricate 
than those that make up the mitochondrial framework. The gene network of interest that is driven 
in part by age-dependent oxidative signaling is connected by deterministic nodes of activity as 
well as some biochemical reaction schemes describing protein accumulation and phosphorylation 
events. The nodes of activity for the genes and responses of the network were given deterministic 
ODE-based expressions of primarily Hill functions, in order to draw some similarities to the binary 
nature of Boolean gene networks that have been successful in previous studies (Schwab et al., 
2017; Verlingue et al., 2016). This conversion allowed for (i) more graded activity to be seen 
within individual nodes for more detailed analyses, (ii) better implication of stochasticity within 
the cell agent population, and (iii) easier integration with other ODE-based frameworks and agent-
based frameworks within the complete hierarchical model. The parameters and corresponding 
equations delineating this curated network are displayed in Table S1 and Box S2, respectively; the 
corresponding schematic of this equation network is shown in Figure S2A. The agent-based 
transitional events that allow cell agents in the simulation to possess different conditionally-bound 
phenotypes are expressed in Box S3; the corresponding schematic of this agent state chart is shown 
in Figure S2B. 
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Table S1. Parameters of interest for the proposed intramitochondrial-intracellular functional genomic system. 

Parameter function Symbol Value Range Source 

Cellular ROS generation constant K1 25–50 (nM day-1) 100%SS 

Mitochondrial ROS generation K2 120–240 (nM day-1) (Gruber et al., 2011)C 

ROS remediation constant K3 0.1–0.5 (day-1) (Giorgio et al., 2007)SS 

skn-1 ROS-dependent activity coefficient K4 60 (nM) (Hoffman et al., 2017)C 

daf-16 ROS-dependent activity coefficient K5 75 (nM) (Hoffman et al., 2017)C 

sod-2 production constant K6 1 (Gruber et al., 2011)O 

UPRmt activity coefficient (ROSmt-based) K7 40–60 nM (Nelson et al., 2013)C 

UPRER activity coefficient (BiP-based total) K8 triangular(0.5,0.75,1) 100%SS 

PERK phosphorylation coefficient K9 0.015 (day-1) (Halliday et al., 2017)A 

skn-1-controlled mTOR activity coefficient K10 2.0 (Robida-Stubbs et al., 2012)A 

bec-1 production constant K11 0.25 (% day-1) 100%SS 

pink-1 activity constant K12 1.0 (Zhang et al., 2017)A 

PERK protein production constant PP 1 (% day-1) 100%SS 

Total PERK degradation constant PE 0.1 (day-1) 100%SS 

Mitochondrial ROS elimination constant kMRE 0.2–2.0 (day-1) (Gruber et al., 2011)C 

Mitochondrial tau activity coefficient TM 200 (%) (Cenini and Voos, 2016)O 

Cellular tau activity coefficient TC 300–400 (%) (Alavi Naini and Soussi-
Yanicostas, 2015)A 

Mutation fraction related to tau production  mF 0.5–1.5 (Fatouros et al., 2015)A 

ROS-dependent tau conversion constant RT 50 (nM) (Dukan et al., 2000; Hoffman 
et al., 2017)A,C 

mTOR-driven bec-1 inhibition constant MB 1.5 (Antikainen et el., 2017)A 

UPRER-mediated bec-1 increase constant UB 1.5 (Koh et al., 2018)A 

Max. ROS-based increase in UPRmt activity KMT 1.0 (Shpilka and Haynes, 2018)A 

SS 

O 

A 

C 

Optimized in the simulation to achieve the reported unstressed physiological steady-state percentage or range. 
Individually optimized value, generated using AnyLogic calibration to best emulate reported kinetic curves. 
Quantitated assumption based on qualitative evidence. 
Units converted to adhere to model standards. 
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Box S2: Equations pertaining to cell-level biochemical kinetics and activity nodes. 
 

Differential equations governing (i) time-dependent cellular ROS accumulation and 
elimination (Gruber et al., 2011; Hoffman et al., 2017), (ii) PERK phosphorylation events 
(Halliday et al., 2017), (iii) tau protein production, aggregation and elimination, (iv) bec-1 
protein content, and (v) UPRmt-controlled hsp-60 content (Nargund et al., 2012): 

 
𝑑[𝑅𝑂𝑆!"##]

𝑑𝑡 = 𝑅𝑂𝑆$% + 	𝐾1 -1 − /
𝑠𝑘𝑛1&

𝑠𝑘𝑛1& + 1.5&5
6 /

𝑇𝑎𝑢'(()

𝑇𝑎𝑢'(() + 𝑇𝐶)
5 − 𝐾3 ∗ 𝑅𝑂𝑆!"## =

𝑠𝑜𝑑2
𝑠𝑜𝑑2 + 1.5@	 

 
𝑃𝐸𝑅𝐾
𝑑𝑡 = 𝑃𝑃 − 𝑃𝐸𝑅𝐾 ∗ 𝐾9/

𝑇𝑎𝑢'((&

𝑇𝑎𝑢'((& + 1/2	 ∗ 𝑇𝐶&
5 

 
𝑝𝑃𝐸𝑅𝐾
𝑑𝑡 = 𝑃𝐸𝑅𝐾 ∗ 𝐾9/

𝑇𝑎𝑢'((&

𝑇𝑎𝑢'((& + 1/2 ∗ 𝑇𝐶&
5 − 𝑃𝐸 ∗ 𝑝𝑃𝐸𝑅𝐾 

 
𝑇𝑎𝑢
𝑑𝑡 = 100% ∗ 𝑚𝐹 ∗ =2 −

𝑝𝑃𝐸𝑅𝐾
𝑝𝑃𝐸𝑅𝐾 + 1.5@ − /	𝑇𝑎𝑢	

J
𝑈𝑃𝑅

𝑈𝑃𝑅 + 1.5
L ∗ 	ℎ𝑠𝑝60 ∗

1
%*+,-.	𝑑𝑎𝑦

5 − 𝑢𝑛𝑖𝑓𝑜𝑟𝑚(15,30) ∗ 𝑇𝑎𝑢 /
𝑅𝑂𝑆!"##&

𝑅𝑂𝑆!"##& + 𝑅𝑇&
5 

 
𝑇𝑎𝑢'((
𝑑𝑡 = 𝑢𝑛𝑖𝑓𝑜𝑟𝑚(15,30) ∗ 𝑇𝑎𝑢 /

𝑅𝑂𝑆!"##&

𝑅𝑂𝑆!"##& + 𝑅𝑇&
5 − =

𝑏𝑒𝑐1
𝑏𝑒𝑐1 + 50@ 	∗ 	𝑇𝑎𝑢_𝐴𝑔𝑔 

 
𝑏𝑒𝑐1
𝑑𝑡 = 0.5	 + 	𝑘11 ∗ /

𝑈𝑃𝑅)

𝑈𝑃𝑅) + 𝑈𝐵)5 − 𝑏𝑒𝑐1 /
𝑚𝑇𝑂𝑅/.)

𝑚𝑇𝑂𝑅/.) +𝑀𝐵5 

 
ℎ𝑠𝑝60
𝑑𝑡 = 1 +

𝑈𝑃𝑅𝑚𝑡
𝑈𝑃𝑅𝑚𝑡 + 1 ∗ 𝑡𝑟𝑖𝑎𝑛𝑔𝑢𝑙𝑎𝑟(1, 1.5, 2) −

1
	𝑑𝑎𝑦 ∗ ℎ𝑠𝑝60 

 
Dynamics and normalized activity of reporter genes and responses involved in the 
molecular signature, dictated by Hill dynamics as opposed to Boolean functions. Hill 
dynamics theorized here and elsewhere have been mathematically optimized (as previously 
described in Hoffman et al., 2018) based on each node’s corresponding literature 
information seen in Table S1. All corresponding assumptions are stated as well. KD and KS 
are fractional parameters that can be altered for genetic ablation experiments (basal = 1): 
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Box S3: Agent-based methods applied for cellular vulnerability phenotyping. 
 

As the ultimate outputs of the model, age-dependent cellular phenotype percentages are captured 
based on each cell’s conditions of the dynamic response network. These conditionally-bound 
phenotypes are created using agent-based “state chart” functions, and are based on characteristically 
bifurcated conditions that arose from the bistability analyses performed.   Transitions indicate the 
movement through several phenotypes, as depicted in Figure S2B. Cells first move through either 
possessing UPRER or UPRmt deficiencies, and then both; once both deficiencies have been achieved 
from the aging process, neurons can then be rendered vulnerable to the effects of high ROS levels 
and tau protein aggregates. Once this final conditionally-bound vulnerability state is achieved, they 
then have a stochastic time requirement to activate stress responses and rescue from these 
deleterious conditions or they will be removed from the simulation to emulate cell death. These 
model developments are substantiated by the findings that UPRmt activation promotes longevity 
and phenotypic resilience to ROS- and aggregation-mediated neurodegenerative outcomes (Cooper 
et al., 2017; Wu et al., 2018). These model developments are also substantiated by the fact that total 
UPRER activation is beneficial in preserving resilient cell phenotypes due to autophagic control and 
proteostatic measures, while the PERK translational branch upon aggregate-dependent 
overactivation leads to vulnerability (Halliday et al., 2017). 

 
Transitions of increasing stress states within the agent-based framework (T1-T5), including the final 

optimized rate-dependent irreversible transition of full vulnerability to cell death (T6): 
 

𝑻𝟏 ∶ 𝑈𝑃𝑇!"_𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 < 50%	 
 

𝑻𝟐 ∶ 𝑈𝑃𝑅_𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 < 50%		 
 

𝑻𝟑 ∶ 	𝑈𝑃𝑅_𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 < 50%,𝑈𝑃𝑇!"_𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 < 50% 
 

𝑻𝟒 ∶ 𝑈𝑃𝑇!"_𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 < 50%,𝑈𝑃𝑅_𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 < 50%,	 
 

𝑻𝟓 ∶ 	𝑈𝑃𝑇&'"()("*!" < 50%,𝑈𝑃𝑅&'"()("* < 50%, 𝑝𝑃𝐸𝑅𝐾 > 150%,𝑅𝑂𝑆'+,, > 100	 
 

𝑻𝟔 ∶ 	𝑒𝑥𝑝𝑜𝑛𝑒𝑛𝑡𝑖𝑎𝑙	𝑟𝑎𝑡𝑒 = 𝑐𝑒𝑙𝑙	𝑑𝑒𝑎𝑡ℎ	𝑒𝑣𝑒𝑛𝑡𝑠	𝑝𝑒𝑟	𝑑𝑎𝑦 = 𝑢𝑛𝑖𝑓𝑜𝑟𝑚(1, 2) 
 

Transitions of reversible recovery from stress states within the agent-based framework (R1-R5): 
 

𝑹𝟏 ∶ 	𝑈𝑃𝑇&'"()("*!" < 50%,𝑈𝑃𝑅&'"()("* < 50%, 𝑝𝑃𝐸𝑅𝐾 ≤ 150%,𝑅𝑂𝑆'+,, ≤ 100	 
 

𝑹𝟐 ∶ 	𝑈𝑃𝑇!"_𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 < 50%,𝑈𝑃𝑅_𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ≥ 50% 
 

𝑹𝟑 ∶ 	𝑈𝑃𝑇!"_𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ≥ 50%,𝑈𝑃𝑅_𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 < 50% 
 

𝑹𝟒 ∶ 𝑈𝑃𝑇!"_𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ≥ 50%,𝑈𝑃𝑅_𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ≥ 50%	 
 

𝑹𝟓 ∶ 	𝑈𝑃𝑇!"_𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ≥ 50%,𝑈𝑃𝑅_𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ≥ 50% 
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Figure S2. Simulation schematic displaying cell-level framework in the simulation software. (A) 
Deterministic equation-based network of defining cluster reporters and activators. Modeling 
components use the same symbolic structures as Figure S1, an all coefficients are described in the 
supplementary tables. Of importance to this figure, coefficients and variables with computational 
relationships to given stock compartments are denoted by long curved arrows. For example, sod-
2 expression, a dynamic variable in the schematic, is a positive regulator of ROS elimination. (B) 
Agent state chart with condition-based transitions leading to phenotypic agent states of 
vulnerability. Conditions for movement through states involve stress response activity loss, as 
defined in Box S3. Final state (“death”) denotes simulated cell death, resulting in agent removal 
from the population. 
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4. Global sensitivity analysis 
 
Parameters were tested for sensitivity within the network using a 5% value perturbation, as we 
have previously performed (Hoffman et al., 2017) and as it is described in the method section of 
the main article. The results of this analysis are shown in Table S2. 
 

Table S2. Sensitivity analysis of cellular process parameters and stress response parameters within the 
molecular simulation network. Sensitivity coefficients (SC) with an absolute value greater than or equal to 
1.0000 were deemed to have sensitive control over the system. SC values with an absolute value between 0.1000 
and 0.9999 were considered for further analyses of system control. The response variable assessed for change 
in this analysis was cellular ROS content, as this drives many of the aging processes. 

Parameter function Symbol Early-life SC Mid-life SC Late-life SC 

Cellular ROS generation constant K1 0.0422 0.2236 -0.1032 
Mitochondrial ROS generation K2 1.2348 0.4279 0.3418 
ROS remediation constant K3 -1.8216 -1.7145 -1.4484 
skn-1 ROS-dependent activity coefficient K4 0.0310 -0.1275 -0.2192 
daf-16 ROS-dependent activity coefficient K5 0.0000 0.0000 0.0000 
sod-2 production constant K6 0.0000 0.0000 0.0000 
UPRmt activity coefficient (ROSmt-based) K7 0.1112 -0.0740 -0.3841 
UPRER activity coefficient (BiP-based total) K8 0.0077 -0.0435 -0.4232 
PERK phosphorylation coefficient K9 0.0141 -0.0638 -0.6431 
skn-1-controlled mTOR activity coefficient K10 0.0021 -0.0638 -0.1759 
bec-1 production constant K11 0.0113 -0.3318 -0.2969 
pink-1 activity constant K12 0.0443 -0.0314 0.4873 
PERK protein production constant PP 0.0310 -0.1106 -0.6459 
Total PERK degradation constant PE 0.0471 -0.1151 -0.0226 
Mitochondrial ROS elimination constant kMRE -0.6424 -0.4813 -0.5626 
Mitochondrial tau activity coefficient TM -0.9069 -0.5100 -0.5084 
Cellular tau activity coefficient TC -0.1949 -0.3889 -0.1930 
ROS-dependent tau conversion constant RT -1.9560 -1.3090 -0.4021 
mTOR-driven bec-1 inhibition constant MB -0.0134 -0.0595 -0.4529 
UPRER-mediated bec-1 increase constant UB 0.0303 -0.0595 -0.1095 
Max. ROS-based increase in UPRmt activity KMT 0.0091 -0.3336 -0.0322 
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5. Inclusions of aberrant tau accumulation 
 
To emulate tau-expressing anti-aggregating and pro-aggregating models within C. elegans 
(Fatouros et al., 2015) so that this simulation can be easily translatable in future nematode-based 
tau experiments, expressions governing tau production, accumulation and degradation have been 
made computationally malleable. For the simulation experiments of this study, the mutation 
fraction within the anti-aggregating cell populations (tau control) was set at 0.4, whereas the value 
for the pro-aggregating group was given a 100% increase at 1.4. The processes within the 
simulation controlled by tau content are primarily rooted in cellular and mitochondrial oxidative 
stress signaling and also notably involve the UPRER activities of the BiP and p-PERK branches 
(expressions included in Box S1 and Box S2). 
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