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SUMMARY

Mitochondrial networks undergo remodeling to regulate form and function. The dynamic nature of mitochon-
dria is maintained by the dueling processes of mitochondrial fission and fusion. Dysfunctional mitochondrial
dynamics have been linked to debilitating diseases and injuries, suggesting mitochondrial dynamics as a
promising therapeutic target. Increasing our understanding of the factors influencing mitochondrial dy-
namics will help inform therapeutic development. Utilizing live imaging of primary neurons, we analyzed
how intrinsic properties of individual mitochondria influence their behavior. We found that size, shape, mito-
chondrial membrane potential, and protein oxidation predict mitochondrial fission and fusion. We con-
structed an agent-based model of mitochondrial dynamics, the mitochondrial dynamics simulation (MiDyS).
In silico experiments of neuronal ischemia/reperfusion injury and antioxidant treatment illustrate the utility of
MiDysS for testing hypothesized mechanisms of injury progression and evaluating therapeutic strategies. We
present MiDyS as a framework for leveraging in silico experimentation to inform and improve the design of

therapeutic trials.

INTRODUCTION

Mitochondrial fission and fusion, collectively termed mitochon-
drial dynamics, remodel the structure of the cellular mitochon-
drial network.'~® Mitochondrial structure is tightly connected to
its vital functions.*® Dysfunctional mitochondrial dynamics
have been observed in many disease and injury contexts of the
brain, including Alzheimer disease, Parkinson disease, stroke,
and traumatic brain injury.®® Additionally, perturbed mitochon-
drial dynamics can aggravate neuronal damage following a pri-
mary injury.”"® These findings have led to increased interest in
therapeutic interventions targeting mitochondria and the molec-
ular machinery that regulate their dynamic behavior.'
Computational modeling of biological mechanisms is a
growing field, as access to software and resources, along
with computer literacy, has significantly increased in recent
years. In silico experimentation with models of biological sys-
tems allows for hypothesis testing and predictive modeling
for optimization of experimental design. The predictive power
of computational models is particularly valuable for designing
preclinical and clinical trials.”>"” Subject, budgetary, and
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logistical limitations often complicate the ideal design of thera-
peutic trials. For example, it is not feasible to test greater than
5-10 possible dosing strategies in a single study while main-
taining statistical power and feasibility. Predictive models can
be leveraged to identify the therapeutic strategies with the
best possible chances of success prior to (pre)clinical trials,
therefore minimizing cost, streamlining trial execution, and
limiting potential harm.

The complexities of mitochondrial biology have been modeled
using mathematical and systems-level techniques.'®2? Various
modeling approaches (e.g., ordinary differential equations, Bool-
ean networks) have been utilized to model mitochondrial dy-
namics on the order of cells and organisms.”*” Because cells
and organelles, like mitochondria, are discrete objects with
innate abilities to perform certain functions, agent-based
modeling is an optimal methodology to create a working model
of mitochondrial behavior.”® Agent-based models are
composed of individual agents that have given rule sets to
perform actions and interactions. These micro-rule sets can
give rise to macro-level patterns of the entire system. Several
groups have composed agent-based models of mitochondrial
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dynamics yielding insights into the crosstalk of dynamics with
motility, mitophagy, and aging.>°*°

The aim of the present study was to identify the relationships
between intrinsic variables of individual mitochondria and
fission/fusion behavior. To this end, we analyzed the size, shape,
mitochondrial membrane potential, and protein oxidation level of
mitochondria undergoing fission and fusion in mouse primary
neurons. We synthesized our findings into an agent-based
model of mitochondrial dynamics, called the mitochondrial dy-
namics simulation (MiDyS). Further, we illustrate the potential
utility of MiDyS for in silico experimentation with simulated
ischemia/reperfusion (I/R) injury and therapeutic intervention.

RESULTS

Dynamic mitochondria have distinct intrinsic properties
To investigate the relationships between intrinsic properties of
individual mitochondria and their behavior, we utilized live cell
microscopy with fluorescent mitochondrial labeling. The size
and shape of individual mitochondria is the result of mitochon-
drial fission and fusion. The size, shape, and proximity of mito-
chondria also directly influence the processes of mitochondrial
dynamics. Mitochondrial membrane potential (AY) is the elec-
trochemical gradient formed across the mitochondrial inner
membrane that is critical for oxidative phosphorylation and
has been shown to influence the balance of mitochondrial dy-
namics.®"*? Therefore, we labeled mitochondria in mouse pri-
mary cortical neurons with 30 nM MitoTracker Deep Red
(MTDR). MTDR is a fluorescent dye whose uptake to the mito-
chondrial matrix is dependent on the mitochondrial membrane
potential, allowing analysis of mitochondrial morphology and
mitochondrial membrane potential.**** Mitochondrial net-
works were imaged every 60 s over a period of 30 min to cap-
ture dynamic changes and the corresponding relative mito-
chondrial membrane potential (Figure 1A). Image sequences
were then analyzed for identification of mitochondrial fission
and fusion events using ROI-based automated detection script
in FIJ1.°° If a mitochondrial object was detected to perform
fission or fusion between frame"~" and frame", the mitochon-
drial object would be tagged, and measurements would be
taken from frame"™' (Figure 1B). Area distribution was
analyzed to reflect mitochondrial size, aspect ratio for mito-
chondrial shape, and MTDR signal for relative mitochondrial
membrane potential of each mitochondrial object undergoing
fission, fusion, and objects that remained unchanged. A total
of 105,958 mitochondrial objects were analyzed, with 29,627
and 15,386 objects undergoing fusion and fission, respec-
tively. MTDR mean intensity within mitochondrial objects re-
mained stable throughout the recording periods (Figure 1C).
We observed a balance between fusion (18.18%) and fission
(16.62%) events (quantified as percentage of total mitochon-
dria), with slight favor to fusion during MTDR recordings
(Figure 1D).

Mitochondrial fission and fusion have been proposed to orga-
nize mitochondrial proteostasis, mitochondrial DNA nucleoids,
and ultrastructure.®*°® We sought to determine if mitochondrial
protein status altered dynamics. To this end, we crossed Thy1-
Cre® mice with conditional MitoTimer mice for neuron-specific

2 iScience 28, 112390, May 16, 2025

iScience

expression of MitoTimer protein.*®*" MitoTimer is a designer
protein that fluoresces green when newly synthesized and traf-
ficked to the mitochondrial matrix. Oxidation of MitoTimer,
whether over time or due to oxidative stress, causes an irrevers-
ible shift in fluorescence to red. The MitoTimer red/green ratio
therefore is an indicator of the balance between new and old/
oxidized protein within the mitochondria.*®*! Live cell record-
ings were taken of MitoTimer-expressing primary neurons over
30 min. MitoTimer neurons were imaged every 120 s over this
period to limit photobleaching. MitoTimer recordings were then
analyzed for fission and fusion events (Figures 1E and 1F).
Similar to MTDR recordings, mitochondrial fluorescence re-
mained stable over time with a balance of fusion (14.26%) and
fission (11.49%) events (Figures 1G and 1H). A total of 20,437
MitoTimer-expressing mitochondria were analyzed with 1,963
fission- and 3,208 fusion-tagged objects.

The distribution of intrinsic variables was assessed across
three groups of labeled mitochondria: stable, fission, and
fusion. Mitochondrial area was found to be differentially distrib-
uted among the three groups. Fission objects had a shift toward
larger mitochondrial area (6.924 + 12.82 pm?), whereas the
fusion group (1.772 + 3.099 um?) demonstrated a wider vari-
ability of area compared to stable mitochondria (2.575 =
6.304 pm) (Figure 2A). This finding appears logical as parent
mitochondria must be large enough to produce two viable
daughter mitochondria when undergoing fission, whereas
fusion can be performed by even the smallest viable mitochon-
drial object. Aspect ratio (AR), the ratio between the longest
(major) and shortest (minor) axis of an object’s fitted ellipse,
was similar between stable (2.881 + 1.916) and fusion objects
(2.836 + 1.862). However, fission objects had a shifted AR dis-
tribution (4.219 + 2.614), indicating a higher likelihood of long
linear objects in that group (Figure 2B). MTDR signal was quan-
tified as the mean intensity of MTDR within each mitochondrial
object relative to the mean intensity of the entire image. Mito-
chondria from all three groups had similar central values of
MTDR intensity; however, fission or fusion objects were more
likely to have MTDR values near the outer limits of the distribu-
tion (Figure 2C). These data suggest mitochondrial membrane
polarization outside of the baseline range is associated with dy-
namic behavior. In MTDR recordings, MTDR relative intensity
did not have strong correlations with any size or shape descrip-
tors (Figure 2D). The distribution of MitoTimer ratio in analyzed
mitochondria was a nonnormal distribution in all three groups.
Distributions for stable (0.2620 + 0.1050) and fission objects
(0.2829 + 0.1047) appeared to follow a sum of two Gaussian
distributions. Fusion mitochondria were more distributed on
the higher end of MitoTimer ratio (0.3341 + 0.1165), suggesting
that fusion is associated with older or more oxidized proteins
(Figure 2E). Similar to MTDR, MitoTimer ratio did not correlate
strongly with other variables (Figure 2F). Our results from pri-
mary neuron recordings identify distinct features of mitochon-
dria prior to fission and fusion, wherein fission mitochondria
are more likely to be larger linear objects and fusion mitochon-
dria are more likely to have altered protein oxidation levels.
Additionally, fusion or fission mitochondria are more likely
than stable mitochondria to have membrane potentials that
deviate from a normal range.
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Figure 1. Neuronal recordings of mitochondrial dynamics
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(A) Representative image of MitoTracker Deep Red-labeled neurons from live cell recordings. Scale bar: 10 pm.

(B) Representative frames 60 s apart of MitoTracker Deep Red-labeled mitochondria performing fusion. Scale bar: 1 pm.

(C) Quantification of MitoTracker Deep Red signal over time in neuron recordings.

(D) Quantification of mitochondria undergoing fusion and fission events, as percentage of total mitochondrial objects, over time in MitoTracker Deep Red re-

cordings.

(E) Representative image of MitoTimer neuron from live cell recordings. Scale bar: 10 um.

(F) Representative frames 120 s apart of MitoTimer expression mitochondria performing fission. Scale bar: 1 pm.

(G) Quantification of MitoTimer green signal, red signal (left y axis), and red/green ratio (right y axis) over time in MitoTimer neuron recordings.

(H) Quantification of mitochondria undergoing fusion and fission events, as percentage of total mitochondrial objects, over time in MitoTimer recordings. n = 4-5

biological replicates.

Prediction of mitochondrial fission/fusion events

Due to the distinct properties of fusion and fission mitochon-
dria, we evaluated our ability to predict mitochondrial behavior
using measured intrinsic values. During our recordings, we
identified many mitochondrial objects that could perform fusion
and fission within the 60-120 s intervals; therefore, we decided
to split our predictions into stable vs. fusion and stable vs.
fission, rather than a three-way decision. The overlapping fluo-
rescent spectra between the red MitoTimer and MTDR did not
allow us to record data of both reporters from the same mito-
chondria. This led us to generate two separate prediction
models for each reporter. Multiple logistic regression was per-
formed on stable, fission, and fusion mitochondria, with mito-
chondrial area, major, minor, AR, and MTDR or MitoTimer as
the inputs with stable being the negative outcome and fission
or fusion being the positive outcome. Prediction fission from

MTDR and MitoTimer data produced ROC curves with area un-
der the curve (AUC) of 0.7926 and 0.8485, respectively
(Figures 3A and 3E). Both regressions produced similar pre-
dicted probability distributions with high negative predictive
power (Figures 3B and 3F). Fusion regressions had lower
AUC values (0.6497 and 0.7370) and less negative predictive
power (Figures 3C, 3D, 3G, and 3H). Fusion prediction was pre-
dicted to be more difficult as the behavior of two or more mito-
chondria must be predicted, compared to fission that requires
only one parent mitochondria.

Agent-based model of mitochondrial dynamics

Agent-based models utilize rule sets given to individual auton-
omous agents, wherein the actions and interactions of the
agents produce the dynamics of the overall simulated
network/environment. We applied our data from individual
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Figure 2. Dynamic mitochondria have
unique intrinsic properties

(A) Histogram of log-transformed mitochondrial
area (um?) from individual mitochondrial objects
during MTDR recordings. Curves are fitted
Gaussian distributions.

(B) Histogram of log-transformed aspect ratio (AR)
from individual mitochondrial objects during
MTDR recordings. Curves are fitted Gaussian
1.5 distributions.

(C) Histogram of log-transformed relative
MitoTracker Deep Red (MTDR) mean intensity
from individual mitochondrial objects during
1.0 MTDR recordings. Curves are fitted Gaussian

——Stable
—+—Fission

——Fusion

distributions.

05 (D) Correlation matrix of intrinsic variables
collected from individual mitochondrial objects
0.0 during MTDR recordings.
(E) Histogram of log-transformed MitoTimer red/
05 green ratio from individual mitochondrial objects
during MitoTimer recordings. Curves are sum of
1.0 two Gaussian distributions.

(F) Correlation matrix of intrinsic variables
collected from individual mitochondrial objects
during MitoTimer recordings.
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mitochondria and logistic regressions to construct an agent-
based model of mitochondrial dynamics in NetLogo, an
open-source agent-based modeling program.*? Our model,
called MiDyS, is composed of a single-cell simulation environ-
ment with agents representing the smallest measured mito-
chondrial objects. Agents (circles) in the simulation can
move and perform interactions with other agents to model dy-
namic behavior. Agents create and destroy fusion links with
other agents to simulate mitochondrial fusion. Alternatively,
fission is modeled by the loss of a link between two agents
to form two smaller objects. The number of agents in the
simulation is controlled by simulated biogenesis (growth of
new linked agent from parent agent) and mitophagy (loss of
unlinked agent). Each agent can perform any of these four
functions, each interval simulating 1 min of time progression
(Figure 4A). The MiDyS simulation environment represents a
single cell (2500 um? made up of 50 x 50 patches of
1 x 1 pm? (Figure 4B). Mitochondrial agents are each
0.5 pm? in size and have encoded intrinsic properties,
including membrane potential and MitoTimer ratio. When an
agent creates a fusion link with another agent, those agents
represent a continuous mitochondrial agent; therefore, size
and shape parameters are measured by mitochondrial object.
Conversely, membrane potential and MitoTimer ratio are not
equilibrated across mitochondrial objects and are rather local-
ized to the individual agents within an object. This mirrors
the spatial restriction of membrane potential and protein ho-
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00 meostasis observed in cells.”*™*° The
NetLogo interface of MiDyS allows for
precise control of starting parameters
including number of agents and initial
networking density on the left side of
the interface. The simulation window is
located in the center of the interface for visualization of mito-
chondrial dynamics. Custom output plots and monitors on the
interface allow real-time and exportable data analysis of
global and agent-specific parameters (Figure 4B).

The fission and fusion actions of agents are determined by the
multiple logistic regression equations derived from in vitro
neuron data. Intrinsic values of mitochondrial agents are input
to the regression model and the result represents the probability
of fission/fusion. After calculation, each agent runs probability
checks for fission and fusion, giving rise to the stochastic
agent-based dynamics of MiDyS. Because two regression
models were generated for both fusion and fission, agents
perform both calculations and keep the larger value. The pro-
cesses of mitochondrial biogenesis and mitophagy were not
directly evaluated in our in vitro recordings, and therefore, we
used assumed rates based on literature review and other
models.”>*%*® Bjogenesis occurs at a rate of 5% for agents
that fall within the baseline range of membrane potential, due
to import of new protein in mitochondria being dependent on
mitochondrial membrane potential.*”*® Mitophagy occurs at a
rate of 10% for agents that have no links; this assumption is
based on previous data from our group showing that mitophagy
in primary neurons heavily favors mitochondrial objects < 1 pm?
in area.*®*° Simulations over time in MiDyS present stable bal-
ances of fusion and fission events over time with visualization
of individual dynamics events and micro-interactions between
agents (Figure 5).

-1.0



. . )
iScience ¢? CelPress
OPEN ACCESS
A Fission ROC Curve B Fission c Fusion ROC Curve D Fusion
1.0 1.0 = 1.0
>
0.8 E 084 2 s
o = 0.
z 8 z g
2 0.6 o 0.6 2 < 064
MTDR g % B £
@ . @ - @ °
»n 0.4 § 0.4 » % 0.4
5 L
0.2 g 02 2 o021
. g 0 a
0.0— I I I ! 0.0- 0.0— T T T | 0.0-
00 02 04 06 08 1.0 Stable Fission 00 02 04 06 08 1.0 Stable Fusion
1-Specificity 1-Specificity
E Fission ROC Curve F Fission G Fusion ROC Curve H Fusion
1.0 1.0 1.0
>
0.8+ £ o0s- £ 08
z s 2 2
2 06+ 0 0.6 2 L 0.6
MitoTimer G & 2 o
3 0.4 £ 04 3 T 04+
o o
s k<
0.2 & 027 &’ 0.2
0.0 T T T T 1 0.0- 0.0 T T T T 1 0.0-
00 02 04 06 08 1.0 Stable Fission 00 02 04 06 08 1.0 Stable Fusion
1-Specificity 1-Specificity

Figure 3. Intrinsic mitochondrial properties predict fission and fusion events

A) ROC curve of multiple logistic regression classifying stable and fission mitochondria from MTDR recordings.

B) Violin plot of predicted probability for fission of MTDR-labeled mitochondria by multiple logistic regression.

C) ROC curve of multiple logistic regression classifying stable and fusion mitochondria from MTDR recordings.

D) Violin plot of predicted probability for fusion of MTDR-labeled mitochondria by multiple logistic regression.

E) ROC curve of multiple logistic regression classifying stable and fission mitochondria from MitoTimer recordings.
F) Violin plot of predicted probability for fission of MitoTimer mitochondria by multiple logistic regression.

G) ROC curve of multiple logistic regression classifying stable and fusion mitochondria from MitoTimer recordings.
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Simulated ischemia/reperfusion injury alters
mitochondrial dynamics

One of the goals for MiDyS was to demonstrate the utility of
agent-based modeling for in silico experimentation. MiDyS was
therefore encoded with the ability to manipulate key intrinsic vari-
ables of the agents. Sliders on the interface allow users to manip-
ulate the membrane potential and MitoTimer ratio by defined in-
crements over time. This allows users to simulate disease/injury
models of interest associated with oxidative stress and/or depo-
larization/hyperpolarization. Cerebral I/R injury is a leading cause
of death and disability, as well as a known effector of oxidative
stress, mitochondrial membrane potential, and mitochondrial dy-
namics.”"*°~°? We therefore set out to simulate neuronal I/R injury
in MiDyS. There are several leading models of mitochondrial
membrane potential and oxidative stress temporal dynamics
considered in I/R. We tested the outcomes of three models
differing in the timing of mitochondrial membrane potential and
reactive oxygen species (ROS) production: ischemia-induced
ROS,°*°° hyperpolarization-induced ROS,*>°®*" and reperfu-
sion-induced ROS°®°° (Figure 6). We found that simulated
ischemia in all three models produced extensive mitochondrial
fragmentation and reduced fusion probability. Mitochondrial
fission was inhibited in all models upon reperfusion, but fusion

H) Violin plot of predicted probability for fusion of MitoTimer mitochondria by multiple logistic regression.

increased only in the hyperpolarization-induced ROS model.
Late-stage reperfusion then induced a secondary phase of mito-
chondrial fission in the hyperpolarization-induced ROS model.
This temporal pattern of ischemia-induced fission, early fusion
during reperfusion, and secondary fragmentation matches previ-
ous observations of neuronal mitochondrial dynamics following
I/R*®5981 (Figure 6). The changes in mitochondrial membrane
potential of the hyperpolarization-induced ROS model were
reduced to keep values within physiological range, and the
pattern of fusion and fission remained consistent (Figures 7A-
7F). The balance of mitochondrial fission and fusion in MiDyS is
quantified by the fission/fusion index (FFI), ranging from —1 (com-
plete fission) to 1 (high fusion) (Figure 7F). The pattern of mito-
chondrial fission and fusion observed in the MiDyS-simulated
ischemia model mirrored patterns of dynamics observed in pri-
mary neuron oxygen-glucose deprivation and reoxygenation
(OGD/R), an in vitro model of I/R injury (Figures 7G and 7H).

In silico experimentation defines therapeutic window of
antioxidants

With the establishment of a simulated I/R paradigm, we proceed to
test a simulated preclinical trial. Historically, antioxidants have
been leading candidates for therapeutic intervention during

iScience 28, 112390, May 16, 2025 5
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Figure 4. MiDyS: an agent-based model of mitochondrial dynamics

plots.csv

iScience

pra [} Potential s

Average MitoTimer

0 At 24.914563047392686

Fission|Fusion

(A) Agents in MiDyS are circles that represent the smallest functional mitochondrial object. Fusion links can be made between agents to create larger mito-
chondrial objects. Agents can perform four actions with each tick (1 min): fission (loss of link to other agent), fusion (creation of new link to other agent), biogenesis

(growth of new connected agent), and mitophagy (loss of unlinked agent).

(B) MiDyS model interface in NetLogo. Start/stop buttons, starting parameters, and export parameters are listed to the left of the central visualization panel.
Mitochondrial dynamics can be visualized in the center window. To the right are live output plots of key network diagnostics and individual mitochondrial var-

iables, including area, membrane potential, and fusion/fission probabilities.

cerebral I/R injury.*° Because the extent of oxidative stress
applied to agents can be simply adjusted in our model, we chose
to simulate antioxidant therapy during I/R injury. A critical issue in
designing preclinical and clinical trials is the determination of
discrete treatment groups. Dose, delivery strategy, and timing
are all key variables that must be considered. Selection of inoppor-
tune variables can contribute to negative and/or misleading re-
sults. Predictive modeling and in silico experimentation with MiDyS
and similar programs can aid these critical decisions by quantita-
tively comparing outcomes with different combinations of vari-
ables. To demonstrate this, we set out to determine the therapeutic
window for antioxidant therapy in our simulated I/R model. Treat-
ment of acute brain injuries require defined therapeutic windows,
as minutes can separate distinct pathological mechanisms and
render a therapy beneficial, inert, or even detrimental.®®%° We
simulated application of antioxidant therapy (reduction of oxidative
stress by 40%) at the onset of reperfusion to first demonstrate ther-
apeutic efficacy. Antioxidant therapy preserved mitochondrial
content and mitochondrial morphology through the inhibition of
mitochondrial fission probability (Figure 8A). Next, we delayed anti-
oxidant treatment by 5, 10, 20, and 25 min to determine the thera-
peutic window. Delayed treatments had incremental changes in
total oxidation and provided diminishing returns of therapeutic ef-
fect on mitochondrial content and morphology (Figures 8B and
8C). Simulated data suggest that antioxidant therapy loses rescue
of mitochondrial content at 20 min of delay and rescue of mito-
chondrial morphology at 25 min of delay. Utilizing these observa-
tions, one could make an informed decision about the cutoff
time for enrollment of patients in a clinical trial of antioxidant ther-
apy for cerebral I/R injury. These in silico experiments demonstrate
the potential utility of MiDyS and similar predictive models for
experimental and trial design.

6 iScience 28, 112390, May 16, 2025

DISCUSSION

Mitochondrial dynamics are implicated in numerous disease and
injury models of the brain. The field requires an intimate knowl-
edge of the key factors contributing to mitochondrial fission and
fusion in order to target and treat these pathologies. As individual
mitochondria are discrete organelles with their own genomes and
proteomes, we set out to define the relationships between the
intrinsic properties of individual mitochondria and their respective
dynamic behavior. We found that larger linear mitochondria are
more likely to undergo fission, and mitochondria with older/
more oxidized proteins are more likely to perform fusion. Addition-
ally, deviation from the basal range of mitochondrial membrane
potential is associated with dynamic events, including both fusion
and fission. Leveraging our collected datasets, we generated an
agent-based model of neuronal mitochondrial dynamics, termed
MiDyS. Simulations in MiDyS present balanced mitochondrial net-
works capable of replicating temporal patterns of mitochondrial
dynamics in neuronal I/R injury. Further, we illustrated the poten-
tial application of MiDyS for simulated (pre)clinical trials by testing
the effects of delayed antioxidant therapy after I/R. We believe
that MiDyS can be a framework for the study of mitochondrial dy-
namics in silico and development of future therapeutic strategies
targeting mitochondria.

Our live cell imaging results suggest that objects undergoing
mitochondrial fission tend to be larger and more linear than sta-
ble and fusing mitochondria. Logic tells us that fission into two
daughter mitochondria would require a parent mitochondrial ob-
ject at least double the minimum size of a mitochondrial object,
which aligns with our data. Kleele et al.”® describe a model for
distinct mechanisms of mitochondrial fission based on scission
location. Although not the primary target of the study, their
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Figure 5. MiDyS allows for modeling and visualization of fission/fusion dynamics
(A) Representative images of MiDyS membrane potential visualization over simulated time. Insert: zoomed frames demonstrating fusion and fission.

(B) Representative images of MiDyS MitoTimer visualization over simulated time.

(C) Representative images of color-coded mitochondrial objects in MiDyS over time.

data also demonstrate that larger daughter mitochondrial ob-
jects after fission are more likely to undergo fission than fusion.
MitoTimer ratio was not found to be different in fission mitochon-
dria compared to stable mitochondria, although both popula-
tions demonstrated two peak populations of MitoTimer ratio,
rather than a normal distribution. These two populations
may be separated by location of the scission point, as Kleele
et al.”® additionally demonstrated that high mitochondrial ROS
levels are associated with peripheral fission (fission near the
end of the mitochondrial object) and not midzone fission. The
lack of association between MitoTimer ratio and fission was sur-
prising, as oxidative stress is a well-demonstrated inducer of
mitochondrial fission in many contexts.”'~"® However, it is
important to note that MitoTimer is not a specific or exclusive re-
porter of mitochondrial ROS levels.*®*" Krzystek et al.”* addi-
tionally found that a highly red (oxidized) MitoTimer ratio is not
an exclusive determinant of fission or mitophagy. Considering
MitoTimer as an indicator of protein age also suggests that mito-
chondrial fission is not influenced by protein dynamics. Mito-
chondria in dividing cells use fission to sort mitochondria by pro-
tein age’®; however, we did not analyze MitoTimer ratio in
daughter mitochondria and therefore cannot conclude if this is
also true in post-mitotic neurons.

Mitochondria on the outer bounds of the mitochondrial mem-
brane potential spectrum displayed more incidence of dynamic

behavior. Interestingly, the distribution of mitochondrial mem-
brane potential was similar between fission and fusion objects.
Treatment of cells with toxins causing mitochondrial depolariza-
tion (e.g., FCCP) and hyperpolarization (e.g., oligomycin) gener-
ally produce mitochondrial fragmentation.”®~"® Because our re-
cordings only included neurons at control conditions, it is likely
that we only captured physiological levels of mitochondrial
membrane potential. Our data suggest that in this range, fusion
and fission are just as likely to occur, whereas treatment with
mitochondrial toxins may push mitochondrial membrane poten-
tial to super physiological levels. Our data are contrasted by a
previous study that demonstrated depolarized daughter mito-
chondria after fission are less likely to fuse than the more polar-
ized daughter.”® It is unclear if this effect is only true in the acute
phase after fission or universal. Fusion mitochondria were more
likely to have higher MitoTimer ratios, indicating a greater abun-
dance of oxidized protein compared to new protein. These data
compliment the findings from Ferree et al.,>° wherein mitochon-
drial fusion is required to equilibrate MitoTimer signal across the
mitochondrial network. Collectively, these findings suggest that
mitochondria may have an ability to sense protein homeostasis
and use it to trigger fusion for proteostatic equilibration across
the entire mitochondrial network.

We culminated our live cell imaging data into a computational
model of mitochondrial dynamics (MiDyS). Due to the individual
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(A) Timeline and table presenting the manipulations to mitochondrial membrane potential (A¥) and oxidative stress (Ox) during the given phases of simulated I/R.

(B) Quantification of mitochondrial count during I/R simulations.

(C) Quantification of mean mitochondrial membrane potential during I/R simulations.

(D) Quantification of mean MitoTimer during I/R simulations.
(E) Quantification of mean fission probability during I/R simulations.
(F) Quantification of mean fusion probability during I/R simulations.

(G) Quantification of fission/fusion index (FFI) during I/R simulations. Dashed lines separate phases of I/R injury.

nature of mitochondria, we chose to use an agent-based
modeling approach, in which individual mitochondrial agents
can perform fusion and fission by defined rule sets. Multiple lo-
gistic regressions leveraging intrinsic variables of individual
mitochondria from our neuronal recordings composed the basis
of our stochastic model. In MiDyS, individually encoded param-
eters of size, shape, membrane potential, and MitoTimer ratio
determine the actions and interactions of agents, which give
rise to patterns of mitochondrial dynamics comparable to
in vitro observations. Other groups have similarly leveraged
agent-based modeling for the study of mitochondrial dy-
namics.?®*° While other models have focused on hypothesis
testing of fundamental mitochondrial questions, the aim of
MiDyS was to produce a framework for informing future investi-
gations. We based the stochastic equations of our model on
in vitro observations of variables of interest. The parameters of
those in vitro experiments define the usefulness but also limita-
tion of our model. MiDyS currently represents a model of how
mitochondrial size, shape, membrane potential, and protein ho-
meostasis affects fusion and fission dynamics in cultured neu-
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rons. Results and conclusions made beyond this context should
therefore be taken with caution. We believe that MiDyS is a
framework that can be further developed and improved for
many more applications and contexts. A multitude of known
and unknown biological factors likely influence mitochondrial dy-
namics beyond the variables in this study, including Ca2*, ATP,
kinase activity, temperature, and pH. Integration of MiDyS with
data describing these factors, as well as other models of mito-
chondrial biology has the potential to greatly enhance its utility
and improve future investigations.

We applied MiDyS to simulate proposed models of mitochon-
drial membrane potential and oxidative stress during I/R injury.
The three models consider differing peaks of ROS production
and amplitudes of membrane polarization. We then evaluate
each mechanism by comparing MiDyS results to known patterns
of neuronal I/R mitochondrial dynamics. The first model
(Ischemia-ROS) considers the ischemic phase of the injury to
be the major producer of ROS, with limited ROS production
and effects on mitochondrial membrane potential during reper-
fusion.”**>%2 The second model (hyperpolarization-ROS)
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Figure 7. Simulated ischemia/reperfusion injury alters mitochondrial dynamics
A) Timeline of simulated ischemia/reperfusion (I/R) injury paradigm in MiDyS with manipulation parameters.
B) Representative images of MiDyS at the conclusion of each phase of I/R simulation.

C) Quantification of mitochondrial count during I/R simulation.
D) Quantification of mean fission probability during I/R simulation.

F) Quantification of fission/fusion index (FFI) during I/R simulation. Dashed lines separate phases of I/R injury.
G) Representative images of mouse primary neuronal mitochondria (green, ATPB) in control (Ctrl) condition, after 30 min of OGD, OGD + 25 min of reoxygenation

¢
(
(
(
(E) Quantification of mean fusion probability during I/R simulation.
(
(
(55 min), and OGD + 60 min reoxygenation (90 min).

(

H) Quantification of fission/fusion index (FFI) in mouse primary cortical neurons throughout the OGD/R paradigm. n = 4-10 biological replicates, 2-3 separate

experiments.

postulates that hyperpolarization of the mitochondrial mem-
brane potential drives ROS production during the early stages
of reperfusion, with the limited presence of ROS during
ischemia.®>°%°” The third model (reperfusion-ROS) follows a
similar ROS pattern to hyperpolarization-ROS with ROS peaking
during reperfusion, but in this model ROS production is not
dependent on hyperpolarization.®®°%:8%84 |nterestingly, only the
hyperpolarization-ROS model generated a fission/fusion pattern
similar to in vitro and in vivo models of neuronal/brain I/R
injury.*©69-61:85 These results highlight hyperpolarization and
ROS during early reperfusion may be required for the slowing
of mitochondrial fission and mild rebuilding of the mitochondrial
network.

Collectively, our results identify unique characteristics of mito-
chondria prior to fission and fusion. We can leverage these
distinct intrinsic properties to predict fission and fusion events.
Using an agent-based modeling approach, we constructed a

predictive computational model of mitochondrial dynamics.
We believe this model can serve as a foundational tool for the
study of mitochondrial dynamics and be utilized to inform and
improve therapeutic trials targeting mitochondria.

Limitations of the study

Conclusions from the data collected in this study and produced
by MiDyS should not be extended outside of its original context.
Live cell imaging was performed in mouse primary cortical neu-
rons, a post-mitotic cell type with distinct cellular compartments
(e.g., axon, dendrites). It is therefore unlikely that all observations
of mitochondrial behavior directly translate to other cell types of
interest. Analysis of mitochondria within neurons was equalized
across all cellular compartments. A limitation of the fusion and
fission event identification algorithm utilized in this study is that
mitochondrial motility is not taken into account. It is therefore
possible that highly mobile mitochondria could arise as false
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Figure 8. In silico experimentation predicts therapeutic window for antioxidant therapy
(A) Quantification of mitochondrial count during I/R simulation with antioxidant (AO) treatment at onset of reperfusion.

(B) Quantification of mean fission probability during I/R + AO simulation.
(C) Quantification of mean fusion probability during I/R + AO simulation.
(D) Quantification of fission/fusion index (FFI) during I/R + AO simulation.

(E) Quantification of mean MitoTimer during I/R with delayed AO treatment simulations. Minutes of delay is shown in parentheses for AO treatment.
(F) Quantification of mitochondrial count at conclusion of I/R simulation with delayed AO treatment. * indicates p < 0.05 compared to I/R condition.
(G) Quantification of fission/fusion index (FFI) at conclusion of I/R simulation with delayed AO treatment. * indicates p < 0.05 compared to I/R condition.

positives or negatives. We believe this issue is minimal due to the
speed of mitochondrial transport observed in our recordings but
should still be considered as a limitation. MiDyS is a computa-
tional model meant to inform future experiments and is limited
by the variables encoded and assumptions made during devel-
opment. Dynamics of mitochondrial biogenesis and mitophagy
were not based on in vitro data collected in this study. Future
work will be required to optimize stochastic equations for these
behaviors. A critical limitation of agent-based modeling is the un-
derestimation of global or environment-driven parameters on
agent behavior. For example, mitochondrial fission is known to
be influenced by mitochondria-ER contact sites.®’ Unless en-
coded by another species of agents, the influence of ER tubules
on mitochondrial dynamics is not represented.

The data described in this study should also be interpreted
based upon the measures used for mitochondrial parameters.
The MitoTimer reporter provides a readout of protein oxidation,
a variable seemingly interconnected with ROS accumulation.
However, MitoTimer is an imperfect reporter for ROS, as tran-
sient waves of ROS production will not be captured. Additionally,
mitochondrial behavior was recorded only under basal condi-
tions and was not assessed under pathological or pharmacolog-
ical stress to push protein oxidation mitochondrial membrane
potential to extreme levels. Our agent-based model was there-
fore constructed with these limited data, and therefore caution
should be used on interpreting model outputs at outer bounds.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Mouse anti-ATPB Abcam ab14730
Goat anti-Mouse Alexa Fluor 488 Invitrogen A11029
Chemicals, peptides, and recombinant proteins

APV (2-Amino-5-phosphonopentanoic acid) Sigma A-5282
Hibernate-A Medium Gibco A1247501
B-27 Supplement Gibco 17504044
L-cysteine Sigma 778672
Papain Worthington LS 03126
DNase | from bovine pancreas Roche 11284932001
Neurobasal Plus Medium Gibco A3582901
GlutaMax Supplement Gibco 35050061
Penicillin/Streptomycin Solution Gibco SV30010
B-27 Supplement (minus antioxidants) Gibco 10889038
Goat Serum Sigma G9023
MitoTracker Deep Red FM Fisher Scientific M22426
Earle’s Balanced Salts Solution (no phenol red) Fisher Scientific AAJB7559AP
Experimental models: Organisms/strains

Wild-type (C57BL/6J) mice The Jackson Laboratory C57BL/6J
Thy1-Cre (FVB/N-Tg(Thy1-cre)1VIn/J) mice The Jackson Laboratory Strain #006143
Conditional MitoTimer mice Zhen Yan (UVA)*° N/A

Software and algorithms

FIJI
Zeiss Zen Pro
Morphological Filters Plug-In

Automated Detection of Fission/Fusion
Events .ijm script

MiDyS Agent-Based Model

RStudio
NetLogo
GraphPad Prism 9

Schindelin et al.*®
Zeiss
Legland et al.?”

This paper

This paper

PBC
NetLogo
GraphPad

https://imagej.net/software/fiji/

N/A
https://imagej.net/plugins/morpholibj
https://github.com/sanderson-lab/
MiDyS-agent-model
https://github.com/sanderson-lab/
MiDyS-agent-model

N/A
https://ccl.northwestern.edu/netlogo/
N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse strains

All procedures were performed in accordance with institutional guidelines and approved by the University of Michigan Institutional
Animal Care and Use Committee (IACUC #PRO00011677). Mice were maintained on a 12 h light/dark cycle with standard rodent
chow and water available ad libitum. Wild-type (WT) mice (C57BL/6J) were purchased from The Jackson Laboratory (Bar Harbor,
ME). Thy1-Cre mice®® were purchased from The Jackson Laboratory (Bar Harbor, ME). Conditional MitoTimer mice were generously
provided by Zhen Yan, Virginia Polytechnic Institute and State University, VA.*°

Primary neuron culture

Cerebral cortices from postnatal day 0-1 (P0O-P1) mouse pups (male and female included in mixed cultures) were isolated and minced
following sacrifice by decapitation. Tissue was incubated in enzyme digestion solution (Hibernate-A Medium (Gibco, A1247501), 1X
B-27 supplement (Gibco, 17504044), 0.06 mg/mL L-cysteine (Sigma, 778672), 1.4 x 10—2 N NaOH (Sigma, 43617), 10 ng/mL APV
(2-Amino-5-phosphonopentanoic acid, Sigma, A-5282), 1:100 Papain (Worthington, LS 03126), 40pg/mL DNase | from bovine
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pancreas (Roche, 11284932001) for 30 min at 37°C. Following digestion, tissue was washed with DPBS and dissociated in
Hibernate-A medium with 1X B-27. Cell density was measured by hemocytometer and trypan blue staining. For live-cell imaging,
cells were seeded onto 0.1% PEl-coated glass coverslips in 6-well dishes (1.5 x 10° cells/well). For fixed OGD experiments, cells
were plated onto 0.1% PEl-coated glass coverslips in 24-well dishes (0.3 x 10° cells/well). After 30 min, complete media change
was performed with neurobasal complete medium (1x Neurobasal Plus medium (Gibco, A3582901), 1X B-27 Plus supplement
(Gibco, A3653401), 0.5 mM Glutamax Supplement (Gibco, 35050061), and 1% Penicillin/Streptomycin Solution (Gibco,
SV30010)). Cells were incubated at 37°C with 5% CO2 for 14 days. Half-media changes were performed every 3-4 days with neuro-
basal complete medium.

METHOD DETAILS

Oxygen-glucose deprivation (OGD)

Oxygen-glucose deprivation and reoxygenation was performed as previously described.® Briefly, EBSS without glucose was
bubbled in a hypoxic chamber (Coy Lab Products, maintained at <0.1% O,, 5% CO,, and 37°C) with 95% N, and 5% CO, gas
for 60 min for deoxygenation. Neurons were placed inside the chamber and washed 3 times with de-oxygenated EBSS and allowed
to incubate for 30 min. Neurons were then removed from the chamber and reoxygenated with Neurobasal Plus medium with 1X
B-27 minus antioxidants (Gibco, 10889038) and incubated at 37°C in 5% CO,. Control condition cells remained at normoxic condi-
tions, were washed 3 times with EBSS with glucose, and changed to Neurobasal Plus medium with 1X B-27 minus antioxidants after
30 min. Neurons were allowed to reoxygenated for either 25 or 60 min. Neurons were either fixed immediately after the 30 min OGD
period or after the indicated reoxygenation time with 4% paraformaldehyde (Fisher Scientific, 50980487) for 15 min at 37°C. Samples
were then washed 3 times with DPBS and stored at 4°C until immunofluorescent staining.

Immunofluorescence and fluorescent microscopy

Immunofluorescent staining of coverslips was performed as previously described.®® Briefly, coverslips were incubated in blocking
solution (5% goat serum [Sigma, G9023] and 0.3% Triton X-100 [Acros Organics, 215682500] in DPBS) for 60 min at room temper-
ature. Coverslips were then incubated in primary antibody solution (1:1000 mouse anti-ATPB [Abcam, ab14730], 1% BSA [Sigma,
A9647], and 0.3% Triton X-100 in DPBS) at 4°C overnight. Coverslips were then washed 3 times in DPBS and incubated in secondary
antibody solution (1:200 goat anti-mouse AlexaFluor 488 [Invitrogen, A11029], 1% BSA [Sigma, A9647], and 0.3% Triton X-100 in
DPBS for 60 min. Coverslips were mounted on glass slides using Fluoroshield with DAPI (Sigma, F6057) after 3 washes with DPBS.

Live-cell microscopy

On day-in-vitro 14, primary neurons are transferred to a live cell microscopy incubation chamber (37°C with 20.9% O, 5% CO,) and
allowed to acclimate for 30 minutes. For MitoTracker Deep Red recordings, cells were washed once with sterile PBS and incubated
with 30nM MitoTracker Deep Red FM (Fisher Scientific, M22426) in Earle’s Balanced Salts Solution (EBSS) without phenol red (Fisher
Scientific, AAJ67559AP) during 30 minute acclimation. Neurons were imaged on Zeiss Axio Observer Z1 inverted microscope with
LED illumination with 63x objective (0.103um/pixel). Fields of view were focused on neuronal somas and proximal neurites. Z-stacks
(0.24pum steps) of MitoTracker Deep Red or MitoTimer signal were acquired every 60 and 120 seconds, respectively. Z-stacks were
processed using Zeiss Zen Pro extended depth of focus wavelets method to generate 2D projections. Images were exported in TIFF
format for post-processing. LED power, exposure time, and histograms were fixed for all MitoTimer experiments.

Live-cell image processing/segmentation

Image processing and analysis was performed in FIJI.>> Actions were performed in batches using a custom .ijm script (github).
Briefly, mitochondrial signal was processed using the enhance local contrast (CLAHE) algorithm and background signal was sub-
tracted with a rolling ball radius of 10 pixels. For MitoTimer analysis, green and red images were both processed and merged at
this step. Mitochondrial objects were segmented using the Trainable Weka segmentation plug-in.®® Segmented images were then
converted to 8-bit binary and segmentation over-estimation was removed using the morphological filters plug-in.%” Original images
(non-processed) and segmented images were then used for downstream analysis.

Automated detection of fission/fusion events

A custom .ijm script was used for the automated detection of mitochondrial fission and fusion events (https://github.com/sanderson-
lab/MiDyS-agent-model). Fission events were identified by transposing mitochondrial ROls from frame™ " onto frame™ and counting
the number of mitochondrial objects within the original ROI. If more than one object was found in the ROI of the original mitochondrial
object, that mitochondria was labeled as a fission object. Fusion events were identified by overlaying mitochondrial ROls from frame”
onto frame™" and counting the number of mitochondrial objects in that ROL. If more than one object was found in the ROI of the resul-
tant mitochondrial object, those objects were labeled as fusion objects. Fusion and fission labeled object ROIls were stored and
fusion and fission events were quantified as the number of fission/fusion events divided by the total number of mitochondrial objects
in a frame. For the quantification of intrinsic variables of mitochondrial objects, size/shape parameters were measured from
segmented images and fluorescence intensity (MitoTracker Deep Red or MitoTimer green and red) were measured from ROls
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overlays onto original (un-processed) channel images. Measurements were taken from all mitochondrial objects, fission-labeled ob-
jects, and fusion-labeled objects. Stable objects were then identified by removing fission and fusion-labeled objects from the list of all
mitochondrial objects. Mitochondrial measurements were saved as .csv files for further analysis in GraphPad Prism.

Equation fitting/regression
All data analysis, equation fitting, and quantification was performed in GraphPad Prism 9. Frequency distributions of stable, fusion,
and fission mitochondrial objects were generated of intrinsic variables from MTDR and MitoTimer recordings. Many biological vari-
ables have floor effects that limit measures from falling below zero. These parameters were log+o transformed to allow for easier visu-
alization and modeling of distribution. Gaussian curves were fit to frequency distributions for visual reference and analysis of
normality. MitoTimer ratio data presented as non-normal and sums of two gaussian curves were generated for reference.
Classification and predictive modeling of mitochondrial objects was performed using variables that could easily be translated to
and quantified in the agent-based modeling software NetLogo. For both MitoTimer and MitoTracker Deep Red data, multiple logistic
regression was performed between fission and stable objects, and fusion and stable objects for the generation of four total regression
models. Regression models were generated with intercept value, major axis, minor axis, log(area), log(aspect ratio), and log(MTDR or
MitoTimer ratio). ROC curves and predicted probability violin plots were created to assess model performance.

MiDyS modeling in NetLogo

Modeling of mitochondrial dynamics was performed using NetLogo, an open source software for the creation and utilization of agent-
based models.** A 50x50 patch simulation environment was set up in NetLogo with each patch representing a 1x1um area. Our
NetLogo model, called MiDyS, was coded for two procedure sequences: setup and main (go). Our NetLogo model can be accessed
via GitHub (https://github.com/sanderson-lab/MiDyS-agent-model).

During setup, individual agents (default termed turtles in NetLogo) represent discrete mitochondrial units with an individual size of
0.5pum. Agents are randomly distributed at setup with a sum determined by the user on the interface panel. At creation, agents are
assigned intrinsic variables (“turtles-own”) including age, membrane potential, and mitotimer ratio. Membrane potential and mito-
timer ratios were assigned during setup using a normal random distribution, matching the gaussian distribution equations fit to
log(MTDR) and log(MitoTimer ratio) distributions from live cell recordings. Initial Networking Density, a user-defined variable, then
determines the extent of mitochondrial fusion during setup. Agents run a probability test based on the initial networking density to
determine if they will fuse with neighboring agents. If an agent fuses with another agent, a link is created between those two agents.
After initial networking, objects are then numbered to encode connected mitochondrial objects. A mitochondrial object is the sum of
all agents connected in a network of links. These objects model the fused network morphology of mitochondria in a basal state.

At the conclusion of setup and during the go procedure, each individual agent performs calculations to determine derived intrinsic
variables and fission/fusion probabilities. Each agent in the simulation calculates area, major axis, minor axis, aspect ratio (AR), and
two fusion and fission probabilities. Equations for area in MiDyS is below in units of pm:

area = (0.5 * (sum of agents in object)) + (0.3 x (sum of link lengths in object)

Major and minor are defined as the farthest and shortest distances in pm between agents within a mitochondrial object. AR is the
major/minor ratio. Because individual agents are connected into mitochondrial objects, all agents within an object share size and
shape measurements. However, individual agents hold distinct membrane potential and MitoTimer values even when connected
in an object. This behavior intends to model the local differences and compartmentalization often observed across large mitochon-
drial objects in vitro.®® The variables area, major, minor, aspect ratio, membrane potential (A¥) and MitoTimer ratio are utilized to
calculate the probability that a mitochondrial agent will perform fission and/or fusion. Probabilistic equations were determined by
multiple logistic regression of these variables from in vitro mitochondrial recordings. The framework for probabilistic equations for
fission/fusion (py) are listed below:

e(bo+(b1)(log(area))+(b2)(major)+(b3)(minor)+(ba)(AR)+(bs ) (A¥))

pr = 1 +e(bo+(b1)(log(area))+(bz)(major)+(bs) (minor)+(ba) (AR)+(bs) (A¥))

e(b0+(b1 )(log(area))+ (b2 )(major)+(bg)(minor)+(bs)(AR)+(bs ) (mitotimer))

p: = 1+e(b0+(b1)(/og(area))+(b2)(major)+(b3)(m/nor)+(b4)(AR)+(b5)(mitotimer))

No in vitro data was obtained that included simultaneous recordings of mitochondrial membrane potential and MitoTimer ratio,
therefore two separate equations were generated and encoded in the agent-based model. Agents choose the higher resulting prob-
ability between the two equations to define their true fusion or fission probability.

During the go procedure, each agent may move or migrate within the simulation environment. Headings are randomized and each
agent has a 50% probability of moving 0.5pm. Movement is restricted if link length reaches the maximum allowed value. If an agent
has one or more links to other agents, a fission probability check is performed. If a random value 0-100 falls below the calculated
fission probability for a given agent, that agent breaks the link with its link neighbor that has the highest fission probability. If an agent
has an unlinked neighbor within 2.5um of itself, a fusion check is performed. If a random value 0-100 falls below the fusion probability
for a given agent, that agent will create a new link to the local agent with the highest fusion probability. Mitochondrial objects are
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re-numbered and measured after both fission and fusion procedures. Agents may be removed from the simulation via the mitophagy
function. Unlinked agents have an equal 10% chance of being removed by mitophagy after fission and fusion procedures. Surviving
agents then have intrinsic age, membrane potential, and MitoTimer adjusted. Age is increased by one after each tick of time. Mito-
chondrial membrane potential is encoded as the log transformation of relative MTDR intensity and fluctuates by random iterations
between + 0.07 arbitrary units. MitoTimer drifts negative as a function of the absolute value of membrane potential:

Mitotimer = (r_oos_o) * abs(A¥)

In which, r_g 5.0 is @a random value between (-0.05) and 0. This equation intends to model the oxidation of MitoTimer over time and the
dependence of that oxidation on physiological membrane potential. Membrane potential is encoded in MiDyS as a log transformation
of the relative intensity of MTDR signal. Therefore, the further membrane potential deviates from zero, the further it leaves the basal
range of membrane potential. The emergence of new agents is dependent on the biogenesis function. Biogenesis occurs at a rate of
5% for all agents in the simulation. Agents undergoing biogenesis (parents) create and link with a newborn agent. The newborn agent
is assigned an age of zero, membrane potential according to normal distribution described above, and the MitoTimer value of the
parent + 0.14. In order to perform biogenesis, a parent agent must have a membrane potential between (-0.2) and 0.2, and have
open space on neighboring patches.

At the conclusion of migration, fission, fusion, mitophagy, aging, and biogenesis, the main procedure is complete. The user inter-
face panel window and variable plots are updated, along with a global descriptor of network dynamics. This global variable, termed
the fission/fusion index (FFI), ranges from -1 (fully fragmented) to 1 (highly fused) and is calculated as follows:

# of agents with >1 link

FFl = 2
* # of total agents

Manipulations to membrane potential and MitoTimer oxidation can be tuned on the MiDyS user interface. These variables alter
membrane potential and MitoTimer by a percentage of a set increment. Changes in these intrinsic parameters can be visualized
via the window (with view-options) and on plots to the right.

Fixed mitochondrial morphology analysis

Immuno-stained neurons were imaged on confocal Zeiss LSM 980 with 63x oil immersion objective (0.132 pm/pixel) at 7 frames per
Z-stack (0.24 pm steps). Z-stacks were processed using Zeiss Zen Pro extended depth of focus (wavelets method) and exported as
TIFFs for further processing.

Immunofluorescent images of fixed neuronal mitochondria were analyzed using a semi-automated morphological classification
pipeline.*® Compressed z-stack TIFFs of mitochondrial signal (ATPB) were imported into FIJI.°® Images were converted to 8-bit,
contrast was enhanced using Contrast Limited Adaptive Histogram Equalization (CLAHE), and background was subtracted with a
rolling ball radius of 10 pixels. Discrete mitochondrial objects were segmented using a Trainable Weka Segmentation plug-in.®®
Segmented images were converted to binary, and 32 size/shape measurements were taken from each mitochondrial object. Mea-
surements were input into a trained randomforest algorithm in RStudio (RStudio, PBC, Boston, MA) for classification to one of four
morphologies: network, unbranched, punctate, or swollen. Each individual object was classified, and the percent mitochondrial area
for each morphology was calculated per biological replicate. Fusion/fission index was quantified as described above, with mitochon-
drial area in the network and unbranched morphology in the numerator and total mitochondrial area in the denominator.

QUANTIFICATION AND STATISTICAL ANALYSIS
Quantitative and statistical analyses were performed in Prism 9 (GraphPad Software, Boston, MA). Non-linear curves were fitted
using the indicated equations. Final output data from antioxidant simulations was compared using One-Way ANOVA with multiple

comparisons against the I/R condition, corrected using Dunnett’s method. p < .05 was considered statistically significant and is indi-
cated by *.
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