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Abstract

Neurons rely on localized mitochondria to fulfill spatially heterogeneous metabolic demands.
Mitochondrial aging occurs on timescales shorter than the neuronal lifespan, necessitating
transport of fresh material from the soma. Maintaining an optimal distribution of healthy mito-
chondria requires an interplay between a stationary pool localized to sites of high metabolic
demand and a motile pool capable of delivering new material. Interchange between these
pools can occur via transient fusion / fission events or by halting and restarting entire mito-
chondria. Our quantitative model of neuronal mitostasis identifies key parameters that gov-
ern steady-state mitochondrial health at discrete locations. Very infrequent exchange
between stationary and motile pools optimizes this system. Exchange via transient fusion
allows for robust maintenance, which can be further improved by selective recycling through
mitophagy. These results provide a framework for quantifying how perturbations in organelle
transport and interactions affect mitochondrial homeostasis in neurons, a key aspect under-
lying many neurodegenerative disorders.

Author summary

Neurons contain long projections termed axons and dendrites and a small central body
that is responsible for much of cellular biosynthesis. Mitochondria, the energy hubs of a
cell, are synthesized in the soma and actively transported to distant sites of high energy
demand. Given the extreme distances between these sites and the soma, maintaining distal
mitochondrial health poses a substantial challenge. Defects in mitochondrial transport
and maintenance are associated with several neurological disorders.

Fortunately, mitochondria stationed at distant sites can be ‘serviced’ by passing mito-
chondria that emerge from the soma and move around the neuron, as well as through low
levels of local protein synthesis. We develop mathematical models for two strategies of
mitochondrial maintenance: one with direct protein exchange between moving and sta-
tionary mitochondria (‘Space Station’) and the other with moving mitchondria occasion-
ally replacing stationary ones at the demand sites (‘Changing of the Guard’). We find that
only a few servicing events and a small motile pool form optimal conditions for maintain-
ing mitochondrial health. The system can be improved further by selectively removing
and recycling some unhealthy mitochondria. Our results are consistent with observations
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of mitochondrial behavior in neurons and form a basis for future quantitative study of
mitochondrial maintenance.

Introduction

Mammalian neurons, with their complex and elongated architecture, pose a unique challenge
for the delivery and maintenance of cellular components. Their relatively small cell body
(soma) contains the nucleus and is responsible for synthesizing all the mRNA transcripts and a
large portion of the proteins delivered to distal regions [1, 2]. For some proteins, local transla-
tion at distal outposts has been shown to play an important role in maintaining homeostasis
[3-5]. However, this approach still requires the long-range delivery of mRNA from the nucleus
[6-8]. Neurons thus rely on packaging components into vesicular organelles or RNA-protein
granules, which are actively transported by molecular motors moving along microtubule
tracks to the most distant regions of the cell. Such long-distance transport is critical for neuro-
nal growth and repair [9-11], synapse formation and function [12-14], and synaptic plasticity
[15, 16]. Furthermore, transport is required to maintain steady-state homeostasis of protein
and mRNA levels. While neurons can have a lifespan of decades, the turnover of active mRNA
is thought to happen on timescales of hours [17], and proteins are degraded over the course of
a few days [18]. Efficient, perpetual delivery through transport from the cell body is thus
required to replenish degraded components and maintain neuronal function.

A particular challenge for cellular homeostasis is supplying the spatially heterogeneous met-
abolic needs of neuronal projections. These projections, which stretch up to several hundred
microns for dendrites and over a meter for axons, contain localized structures with elevated
metabolic demand. For example, distal axonal structures such as presynaptic terminals and
growth cones are known to have especially high ATP needs [19, 20]. In myelinated axons, the
nodes of Ranvier can be separated by hundreds of microns [21] and contain high concentra-
tions of ion pumps that are thought to correspond to locally elevated metabolic demand [22].
Postsynaptic dendritic spines also have high metabolic needs to support both ion pumping
and local translation needed for proteostasis and plasticity [23, 24].

Reliable ATP production at sites of high metabolic demand is believed to rely on the locali-
zation of nearby mitochondria. These organelles serve as ATP-generating powerhouses and
also help maintain Ca** homeostasis in the cytoplasm. Locally stationed mitochondria are a
key source of fuel to power activity-dependent protein synthesis in dendritic compartments
[23]. Mitochondria are also known to accumulate in presynaptic terminals [25] and in juxta-
paranodal regions next to nodes of Ranvier in myelinated axons [26, 27]. Mitochondria are
manufactured primarily in the soma [28] and delivered throughout neuronal projections via
motor-driven transport [29, 30]. Delivery of mitochondria to specific regions relies on local-
ized signals that trigger halting and switching into a stationary state. Several mechanisms for
stopping motile mitochondria have been identified [30], including Ca**-dependent immobili-
zation [31], glucose-dependent arrest [32], and syntaphillin-based anchoring [33]. Interest-
ingly, 60-90% of axonal mitochondria are observed to be stationary, while the remainder are
roughly equally split between an anterograde and retrograde motile population [30].

Mitochondria are one of many neuronal components whose delivery relies on local stop
signals rather than a global addressing system. Dense core vesicles carrying neuropeptides [34]
and RNA-protein particles [15] are distributed by sporadic capture at sequential synaptic sites
as they circulate through the dendrites. Such delivery systems have been described by a “sushi
belt model”, where local sites trigger removal of components from an effective constantly
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moving conveyor belt [15, 35]. Quantitative analysis of the sushi belt model indicates that
these systems face severe trade-offs between speed and accuracy, so that frequent halting inter-
feres with the ability of transported components to reach the most distal regions [35]. The effi-
ciency of a sushi-belt delivery system for steady-state replenishment of degrading components
has not previously been addressed, and forms a key aspect of the current work.

The placement of stationary mitochondria at distal regions raises a challenging problem of
“mitostasis” (mitochondrial homeostasis) [29]. Mitochondria are known to age over time,
decreasing their membrane potential and ATP production efficiency [36], possibly as a result of
damage caused by reactive oxygen species [37]. Defects in mitochondrial transport and quality
control are associated with a variety of neurological diseases, including Alzheimer’s, Hunting-
ton’s, and Parkinson’s disease [38, 39]. Individual mitochondrial proteins have typical half-lives
in the range of 2-14 days [18, 40]. Because most mitochondrial proteins are encoded in the
nucleus, this implies that a distally stationed mitochondrion will experience significant degrada-
tion of its protein complement over the days to weeks time-scale. While local translation may
replenish some of this protein content, not all mRNAs are found outside the soma [41], and the
protein synthesis capacity of the axon is only a small fraction of that in the cell body [2]. Mainte-
nance of a healthy population of mitochondria thus requires the continual delivery of new mito-
chondrial material to distal outposts. While some of this delivery could be accomplished by
vesicular transport followed by local import, most nuclear-derived mitochondrial content is
believed to be transported by a motile population of mitochondria themselves [29, 30].

Two main qualitative models have been proposed for the replenishment of aging neuronal
mitochondria through long-range transport [29]. One, termed the ‘Changing of the Guard’
(CoG) model, relies on individual mitochondria switching between the stationary and the
motile pools. This enables newly synthesized mitochondria moving anterograde from the cell
soma to halt at regions of high metabolic demand, while stationary mitochondria begin mov-
ing again to reach other regions or return to the soma for recycling. An alternative approach is
the ‘Space Station’ (SS) model, in which a pool of mitochondria remains permanently sta-
tioned at distal sites. In this model, new protein components are delivered by passing motile
mitochondria that undergo transient fusion and fission events with the stationary organelles.

Fusion and fission dynamics enable the exchange of membrane and matrix contents
between distinct mitochondria [42-44]. In certain cell types, fusion allows the formation of
extended mitochondrial networks that have been hypothesized to contribute to the efficient
mixing of components that determine mitochondrial health [45, 46]. In neuronal axons, exten-
sive fusion into a mitochondrial network is not observed but transient kiss-and-run events,
consisting of a rapid fusion and fission cycle between two passing mitochondria, can neverthe-
less allow for component exchange [47, 48].

Neuronal mitostasis is also facilitated by a recycling pathway termed “mitophagy” [49]. In
this pathway, unhealthy mitochondria with low membrane potential are marked by an accu-
mulation of protein kinase PINK1 which recruits ubiquitin ligase Parkin, leading to ubiquiti-
nation of the mitochondrial surface [30, 49]. Autophagosomes (originating primarily at distal
cell tips) move in the retrograde direction, engulf tagged damaged mitochondria, and carry
them back to the cell body for recycling [29, 50].

Past theoretical studies of mitochondrial maintenance have focused on systems with exten-
sive mitochondrial fusion and asymmetric fission [51, 52]. When mitochondrial health is
determined by discrete factors in low copy numbers, fission events can stochastically result in
particularly unhealthy daughter mitochondria that can then be targeted for degradation
through mitophagy. The combination of discrete health units and selective autophagy has
been shown to be sufficient for maintaining a healthy mitochondrial population [51, 52].
Recent studies have also begun to explore the role of spatial distribution, with randomly
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directed active transport and proximity-dependent fusion [52]. However, no quantitative
model has yet attempted to address mitochondrial maintenance in the uniquely extended
geometry of neuronal projections. This cellular system relies on long-range mitochondrial
transport and faces the challenge of positioning mitochondria at specific distal regions of high
metabolic demand.

In this work, we develop quantitative models for the coupling between mitochondrial trans-
port and mitochondrial homeostasis in neuronal projections. We treat mitochondrial health as
a continuously decaying parameter along the axon and assume that the generation of some of
the critical mitochondrial material essential for health is limited to the cell body. Our models
encompass both the ‘Space Station” and the ‘Changing of the Guard’ qualitative mechanisms for
mitochondrial exchange. In contrast to past work [52], we focus not only on total mitochondrial
health, but also on the distribution of healthy mitochondria among localized distal regions of
high metabolic demand. The balance between mitochondrial transport and localization, in the
face of decaying mitochondrial health, serves as a bridge between spatially-resolved models of
neuronal distribution [34, 35] and global models of mitochondrial maintenance [51, 52].

We leverage both analytically tractable mean-field methods and discrete stochastic simula-
tions to explore the equivalence between the SS and CoG mechanisms, delineate the parameter
values that maximize mitochondrial health, and establish the existence of an optimum health
threshold for mitophagy. This modeling effort fills a gap in our existing understanding of how
neurons accommodate the trade-offs inherent in maintaining mitochondrial homeostasis
while positioning mitochondria in regions far distant from the primary site of protein and
organelle biogenesis.

Model development

Two inherent constraints pose a challenge for maintaining distal mitochondrial outposts in a
linearly extended region such as mammalian axons. First, mitochondrial health is assumed to
be dependent on components (eg: proteins) that degrade rapidly compared to the cell lifespan
and must be manufactured primarily in the cell soma at one end of the domain. The limitation
of long-range transport from the soma can, in part, be bypassed by local protein translation, a
phenomenon whose role has been increasingly appreciated in recent years [3-5]. Local protein
synthesis can both maintain distal levels of fast-degrading proteins and allow for rapid
response to changing local conditions [5, 54]. It should be noted, however, that local transla-
tion shifts the burden of transport and maintenance to mRNA, which tends to have even
shorter life-times than many proteins [55-57]. We briefly explore the contribution of local
translation to our model in a subsequent section, but focus primarily on mitochondrial health
components that must be transported from the cell body.

A second key assumption is the existence of discrete “demand sites” interspersed through-
out the domain, which have a particularly high need for a healthy population of localized mito-
chondria. For simplicity, we treat the demand sites as very narrow slices of the domain and
focus on mitochondrial health specifically within those slices—an extreme form of spatial het-
erogeneity in metabolic demand. In the opposite extreme of wholly homogeneous metabolic
demand, the optimum maintenance strategy becomes simple: all mitochondria should move
back and forth through the cell as rapidly as possible (within the limits of other constraints
such as energetic requirements of transport) in order to ensure frequent replenishment of pro-
teins at the cell soma.

In a system with discrete demand sites, optimizing metabolism requires the establishment
of a population of stationary mitochondria specifically at those sites. However, this stationary
population must be continuously replenished by a flux of either new proteins or entirely new
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Fig 1. Schematic of quantitative models for mitochondrial maintenance in long neuronal projections. (a)
Mitochondria are produced at the soma at rate kj,, move processively with velocity v, and can stop at one of n discrete
sites with high metabolic demand. Mitochondrial health degrades continuously with rate k;. Gray box represents the
modeled linear domain of length L. (b) Two models for mitochondrial exchange at demand sites. In the CoG model,
stationary mitochondria re-enter the motile population with rate k,, while passing motile mitochondria stop with
probability p,. Stopping and restarting rates are independent of mitochondrial health; on average, however, restarting
mitochondria will be less healthy than when they first stopped at the site, due to degradation in the stationary state. In

the SS model, transient fusion events occur with probability preach time a motile mitochondrion passes a permanently
stationary one [53].

https://doi.org/10.1371/journal.pcbi.1009073.g001

mitochondria. We develop two quantitative models for mitochondrial replenishment (the SS
and CoG model, illustrated in Fig 1), in keeping with recent qualitative proposals for mito-
chondrial maintenance mechanisms [29].

In both cases, we assume that there are n discrete point-like demand sites at positions x;,
placed at equal separations over a linear domain of length L (Fig 1a). This long linear domain
mimics the extended axonal regions imaged in cell cultures [32] and serves as a simplification
that enables us to focus on the interplay of dynamic processes for determining mitochondrial
homeostasis. The effect of more complicated branched geometries observed in vivo is explored
briefly in S1 File.

We treat individual mitochondrial health as a continuous quantity that is set to 1 when the
mitochondrion leaves the cell body and decays exponentially with constant rate k, as it travels
down the axon. This health can be thought of as proportional to the copy number of an
unspecified critical mitochondrial protein that is manufactured in the soma and is turned over
during the lifetime of the mitochondrion. Other studies have also focused on the membrane
potential and the accumulation of mutations in mitochondrial DNA as markers for mitochon-
drial health [51, 52]. With an appropriate change of units, the mitochondrial health in our
model can equivalently represent any of these quantities, requiring only that they change in a
continuous manner, with a single well-defined decay rate. Although a variety of factors may
contribute to mitochondrial aging [58], we include only one decay rate for a single limiting
health factor in our simplified model. More complicated systems that incorporate multiple
decaying components or different decay rates for the more metabolically active stationary
mitochondria versus motile mitochondria are left for future expansions of the basic model.
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For clarity of exposition, we will assume that health corresponds to protein content in the
remainder of the discussion.

The metabolic health at each demand site (H,) is given by the total protein content for all
mitochondria stationed at the site. Since each site is assumed to be very narrow (on the order
of a few microns in an axonal length of mm to cm), the motile mitochondria spend negligible
time at these sites and can be neglected from our calculations of demand site health. We con-
sider two utility functions for overall metabolic health. The firstis (H) =23"" | H,, the average
health over all demand sites. The second is the health level at the most distal demand region
(H,,), which serves as the lowest value across all the sites. Optimizing (H) requires maximizing
the sum total metabolic rate in many regions of interest. Such an optimum could correspond
to an uneven distribution of mitochondrial health between individual regions, with the distal
demand sites being poorly supplied, while the proximal sites maintain a high health level. By
contrast, optimizing H,, ensures that each individual region exhibits, to the greatest extent pos-
sible, a high level of mitochondrial health. Increasing the total number of mitochondria in the
domain (M) will predictably raise both metrics. At the same time, requiring a fixed total num-
ber of mitochondria to service a greater number of demand sites should decrease the average
health at each site. Consequently, we normalize the demand-site health levels by the total num-
ber of mitochondria per site:

H,=H,/(M/n), (@Z*ZH{ (1)

An individual mitochondrion can either be motile (moving with velocity +v) or stationary
(at one of the demand sites). For simplicity, we neglect transient pausing of motile mitochon-
dria and treat them as having a constant effective velocity outside of the demand regions. In
keeping with experimental observations of axonal mitochondria [59], a motile mitochondrion
is assumed to move processively in the anterograde or retrograde direction, with no switching
of directionality in the bulk of the domain. This assumption is relaxed in the ‘Changing of the
Guard’ model, where stationary mitochondria can restart in either the anterograde or retro-
grade direction. The fate of mitochondria when they reach the terminus of an axon may
involve some combination of local degradation [60] and recirculation towards the soma [61-
63]. Given that the retrograde and anterograde flux of mitochondria are similar in axons [32,
62, 64], we assume that most of the organelles return to the cell body for recycling. Modeled
mitochondria that reach the end of the domain (length L) are thus assumed to instantaneously
switch to retrograde motion. A retrograde mitochondrion that returns to the soma at x = 0 is
removed from the domain. To maintain a steady-state total mitochondrial number, antero-
grade mitochondria with full health are produced at the somal end with rate k,,.

The difference between the two models lies in the ability of individual mitochondria to
switch between stationary and motile pools or to exchange protein content with other mito-
chondria, as described below.

Changing of the guard (CoG) model

One mechanism for maintaining a healthy population of localized mitochondria is by allowing
occasional interchange between the pool of motile mitochondria and those stationed at
demand regions. In the absence of fusion and protein exchange, motile mitochondria are gen-
erally younger and healthier than stationary ones, and the latter must be removed and recycled
sufficiently quickly to maintain overall mitochondrial health at the regions of interest.

The simplest version of this model assumes that the rate of restarting stationary mitochon-
dria is independent of their health or demand site position along the axon. An expanded
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Fig 2. Comparison of mean-field and discrete stochastic models. (a) Snapshot of stochastic simulation of the CoG model, with M = 100. (b)
Steady-state solution for mitochondrial health in the CoG model (Eq 2). Solid curves show linear density of mitochondrial health in
anterograde (blue) and retrograde (magenta) mitochondria, normalized by total number of mitochondria in the domain. Yellow circles show
total health at each of the discrete demand sites (dashed black lines), normalized by the total number of mitochondria per region. Shaded
regions show corresponding quantities from discrete stochastic simulations (mean * standard deviation) with M = 1500 mitochondria in the
domain. Parameters used in (a) and (b): n =5, p; = 0.4, f; = 0.5, k; L/v = 0.6. Corresponding results for the SS model are provided in S1 Fig.

https://doi.org/10.1371/journal.pchi.1009073.g002

version that incorporates mitophagy to selectively remove unhealthy mitochondria is consid-
ered in a subsequent section. Here, we assume each moving mitochondrion has a constant
probability p, for switching to the stationary state each time it passes a demand region. A sta-
tionary mitochondrion restarts motility with fixed rate constant k,,. Upon re-entering the
motile state, it is equally likely to move in either the anterograde or retrograde direction. Sto-
chastic agent-based simulations of this model are illustrated in Fig 2a and S1 Video.

A mean-field description of this model tracks the behavior of H*(x, t) (the linear density of
mitochondrial health moving in the anterograde (H") and retrograde (H") directions) and H,;
(the total health of stationary mitochondria at demand site i). These quantities evolve accord-
ing to the following set of equations:

dH* OH* )
7 = $VW — de (23)
T () 4 H ()~ (K k), (2b)
V() = vHE ()1 - p) + Sk (20)
HY(L) =H (L) (2d)
vH"(0) =k, (2e)
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Eq 2a describes transport and decay of health (or protein content) in motile mitochondria.
The distributions H*(x, t) are continuous on each interval (x;, x;,,), with discontinuities at the
demand sites. Eq 2b encompasses switching between the stationary and motile populations,
with H* (x;), H* (x;") referring to the limit of the distribution approaching the i site from the
negative and from the positive side, respectively. Eq 2c gives the boundary condition at each
demand site, where the flux of outgoing proteins from one side of the site must equal the flux
of incoming proteins that pass without stopping from the other side, as well as the flux of
stopped proteins that re-enter the motile state in that direction. Eq 2d describes switching of
anterograde to retrograde motile mitochondria at the distal end of the domain. Finally, Eq 2e
gives the production rate of healthy mitochondria at the proximal end of the domain, assum-
ing a health level of 1 for each newly-made mitochondrion.

The distribution of mitochondria themselves obeys the same set of equations (Eq 2) with
the k, terms removed. We define p as the steady-state density of all motile mitochondria and S
as the steady-state number of stationary mitochondria at each demand site. At steady state, p is
constant throughout the domain and S is the same in all demand sites, with

p = Qkp/vv S = vpps/kw' (3)

The total number of mitochondria in the domain is given by M = pL + nS. We use the total
mitochondria M as a control parameter in our models, allowing k,, to vary as needed in order
to maintain a given value of M. This approach represents a system where the total mitochon-
drial content in the domain is limited, so that increasing the number of stationary mitochon-
dria comes at the expense of having a smaller motile population. The steady-state fraction of
mitochondria in the stationary pool is defined as f; and can be expressed as

s (@)

M Lk, + nvp,
The quantity f, encompasses the trade-off between health replenishment by motile mitochon-
dria and metabolic servicing of localized sites by stationary mitochondria, making it a conve-
nient control parameter to explore this balance throughout the rest of our study.

At steady state, Eq 2 can be solved analytically to give the distribution of mitochondrial
health throughout the domain and at each demand site (Fig 2b; see Methods for details). The
mean-field model accurately describes the steady-state distributions when averaged over many
realizations of stochastic trajectories for discrete mitochondria (Fig 2b).

In each of the regions between demand sites, the steady-state anterograde protein density
drops exponentially as e~*¢/*
retrograde-moving protein density, which decreases exponentially towards the soma. It should
be noted that the overall mitochondrial health decreases with increasing distance from the
soma—a fundamental consequence of long-range transport and continual protein turnover.
Interestingly, a modest correlation between mitochondrial aging and distance from the
nucleus has been experimentally observed in hippocampal neurites [65]. Furthermore, some
measurements indicate that retrograde moving mitochondria have lower health than antero-
grade ones [66] as also seen in Fig 2.

with distance from the soma. The reverse relationship holds for

Space station (SS) model

An alternate approach to mitochondrial homeostasis relies on maintaining a pool of perma-
nently stationed mitochondria in each demand region, whose contents can be replenished by
transient fusion and fission with the motile population. Such transient ‘kiss-and-run’ events
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have been observed to allow for exchange of mitochondrial membrane and matrix proteins in
H9c¢2 and INS-1 cells [47].

In our quantitative Space Station model, permanently stationary mitochondria are placed
at the high demand sites, with S = f; M/n mitochondria per site. We assume the mitochondria
maintain their discrete identities following a transient fusion/fission event, and that the pro-
tein content of the two mitochondria is fully equilibrated in each such event. Every time a
motile mitochondrion passes a demand site, it has the opportunity to fuse with each of the sta-
tionary mitochondria present at that site, in sequence. Each transient fusion/fission event is
successful with probability ps and the choice to fuse with each stationary mitochondrion is
independent of health levels or prior fusion events. Following an instantaneous fusion/fission
cycle, the health levels of the mitochondria are equilibrated, so that a protein in a motile mito-
chondrion has probability p,/2 of switching to a stationary one each time there is a passage
event. The rate at which a stationary protein re-enters a motile state in this model is given by
pr/2 times the flux of motile mitochondria passing the stationary organelle containing that
protein. At steady state, this gives an effective restarting rate of

b, =2y, MR (5)
Y2 2L ’
where p is the linear density of motile mitochondria and f; is the fraction of mitochondria in
the permanent stationary state.

The mean-field equations for the SS model are derived in the Methods section. For the case

with only one mitochondrion per site (S = 1), they are mathematically equivalent to the CoG

model, with the variable replacements p; — ps/2 and k,, — l%w.

Stochastic simulations of the SS model with discrete mitochondria are illustrated in S2
Video, and the resulting steady-state mitochondrial health matches well to the mean-field
model (S1 Fig).

Model comparison

In order to compare the efficiency of mitochondrial maintenance via the CoG and SS models,
we must first consider the different control parameters involved. Parameter definitions for
both models are summarized in the Methods section. The parameters k,; (protein decay rate),
M (total mitochondria), N (number of demand sites), v (motile mitochondria speed), and L
(domain length) play the same role in both models. The CoG model is further parameterized
by k,, (restarting rate for a stationary mitochondrion) and p; (stopping probability for motile
mitochondrion at each demand site). The SS model, on the other hand, has the parameters S
(fixed number of stationary mitochondria per site) and py(probability of fusion with each sta-
tionary mitochondrion). These last two parameters define two key features of the maintenance
mechanism: the steady-state fraction of mitochondria in the stationary pool (f;), and the prob-
ability that a protein within a motile mitochondria will transition into a stationary state while
passing each demand site (p,). If these two control parameters are fixed, then for the CoG
model we have p, = p, and f; given by Eq 4. For the SS model, we set f; = nS/M directly.
Because a motile mitochondrion has the opportunity to fuse sequentially with multiple station-
ary organelles at each demand site, the overall probability that a protein will transition to a sta-
tionary state at that site is given by

po=1-(1~py/2), (6)

allowing a corresponding psvalue to be set for each effective stopping probability p..
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Fig 3. Comparison of mitochondrial maintenance models for matched parameter values. (a) Steady-state normalized mitochondrial health averaged
over all demand regions is computed with the CoG model (solid lines) and the SS model (dashed lines) as a function of the fraction of stopped
mitochondria (f;) for three different values of the effective protein stopping probability p . (b) Corresponding plots of the normalized health in the most

distal demand site, for both models. All values are computed with M = 1500, k 4 = 0.06,and n = 30.
https://doi.org/10.1371/journal.pcbi.1009073.9003

When there is just one mitochondrion stationed in each demand site (S = 1), the two mean-
field models become mathematically identical for fixed values of f; and p_. In general, the two
models give very similar results so long as the stopping probability at each demand site is small
(p,50.5), as shown in Fig 3. In this limit, p; ~ 2p, /S and I%W ~ k,, (from Eqs 4 and 5). For large
values of p_, the SS model is seen to yield slightly lower mitochondrial health than the CoG
model (Fig 3). It should be noted that for a fixed value of f;, the SS model can only reach a lim-
ited maximum value of the effective stopping probability p_. In fact, even if fusion events occur
with each stationary mitochondrion (ps= 1), a motile mitochondrial component always has a
non-zero chance of continuing in its motile carrier rather than being left behind at the demand
site. In the remainder of this work, we focus primarily on low values of p_, a regime where the
two models give essentially equivalent mean-field results.

To reduce the number of relevant model parameters, we can apply dimensional analysis,
non-dimensionalizing all length units by the domain length L, and time units by L/v (the time
for a motile mitochondrion to traverse the domain). The remaining dimensionless parameters

are the non-dimensionalized decay rate k, = k,L/v, the number of mitochondria in the
domain M, the number of demand sites #, the fraction of mitochondria in the stationary popu-
lation f;, and the effective protein stopping probability at each demand site p..

In the CoG model, the total number of mitochondria is directly proportional to the produc-
tion rate k,, which sets the boundary condition at the proximal edge of the domain (Eq 2e).
Consequently, the normalized health values (H) and H,, (which are scaled by the number of
mitochondria per site) are independent of the total number of mitochondria in the system.
The same relationship is seen for the SS model (S2 Fig). The chosen normalization embodies
the assumption that the total amount of mitochondrial material in the cell is limited by other
constraints, and that we are interested in modeling the overall mitochondrial health for a par-
ticular fixed number of total mitochondria.

In both maintenance models, mitochondrial proteins are removed from the system via two

mechanisms: they undergo decay (with rate k ) or they are recycled in the soma when a motile
mitochondrion returns to its starting point. The total protein content in the system therefore
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depends on the time-scale for a given protein to return to the soma, and hence on the number
of stops made by a given protein in the domain. The average total number of stops during a
protein’s back and forth journey through the cell is given by N, = 2p n. As shown in Fig 4, it is
this parameter rather than the specific number of regions n and stopping probability p, that
primarily determines the mitochondrial health at each demand site.

For the maintenance models proposed here, there are thus three primary parameters of rel-
evance: the steady-state fraction of stationary mitochondria f;, the number of stops expected
for an individual protein while moving along the domain N, and the dimensionless protein

decay rate k 4 The fraction f, embodies the trade-off between mitochondrial transport and
localization at distal sites. The number of stops N, quantifies how often proteins exchange

between the mobile and stationary populations. The dimensionless decay rate k , indicates how
much health decay is expected for a mitochondrion that moves without stopping down an
entire axon. Its value depends on the protein lifetime (a few days for mitochondrial proteins
[18, 40]), the average speed of motile mitochondria (~ 0.5um/s [59]), and the length of the
axon itself. Axon lengths can vary widely, from hundreds of microns up to the meter-long
axons in the human sciatic nerve [29]. Because mitochondrial maintenance is particularly
challenging when mitochondria must be stationed far away from the cell nucleus, we focus
here on long axons in the range of 1-10 cm. This range corresponds approximately to the aver-
age axon lengths measured in callossal neurons in monkey and human brains [67]. Estimating
kg~ (4 days) " and v = 0.5 ym/s, this gives dimensionless decay rates of k .~ 0.06 - 0.6.

In S1 File, we include an expansion of the SS model to a branched tree geometry, rather
than linear. Comparing steady-state mitochondrial health for matched values of k »foand N,
gives relatively similar results for the branched and linear geometries (Fig B in S1 File), despite
the exponentially greater volume, and hence much lower overall mitochondrial density, in the
branched structure. This result further highlights the importance of the three main parameters
identified here in determining mitochondrial health.
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g
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Fig 4. Mitochondrial health as a function of key dimensionless parameters. Solid curves show normalized average health over all demand sites; dashed
curves show normalized health at the most distal site. The number of demand sites is set to # = 30 (blue) or n = 100 (magenta). For each fraction of
stationary mitochondria the fusion probability is adjusted to give a fixed number of stopping events for an individual protein traversing the domain: (a) N,

= 2and (b) N, = 20. All values shown are for the $S model, with M = 1600 and k + = 0.06. Results for different values of M are provided in S2 Fig.
https://doi.org/10.1371/journal.pcbi.1009073.9004
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Fig 5. Optimizing mitochondrial health through variation of transport parameters. (a-b) Average health across all demand regions as a function of

fraction of stopped mitochondria (f;) and number of stopping events (N;), for two dimensionless decay rates (I; 2)- (c-d) Mitochondrial health at the most
distal demand site, for two different decay rates. (e-f) Values of the f; and N; parameters that correspond to maximum average health (blue curves) or last
region health (yellow curves). Optimal parameters are plotted as a function of the decay rate. Results shown were computed for the CoG model.

https://doi.org/10.1371/journal.pcbi.1009073.9005

Results

Optimizing mitochondrial maintenance

We consider the average health of the system as a function of the mitochondrial transport
parameters f; and N (Fig 5). An optimal value of the average health is observed at intermediate
values of both the stopped fraction and the number of stopping events. When too few mito-
chondria are in the stationary state (low f;), then the total health at the demand regions is low
simply because there are very few mitochondria present in those narrow regions. On the other
hand, if too many mitochondria are stationary (high f;), the pool of motile mitochondria avail-
able for replenishing decayed proteins at the demand sites becomes very sparse and the health
of the system diminishes. The optimum with respect to f; relies on the assumption that the
total mitochondrial content in the domain is limited, embodying a trade-off between the sta-
tionary and motile populations.

Higher decay rates k . require a higher fraction of mitochondria to be motile in order to
maintain optimal health. It should be noted that experimental quantification of neuronal mito-
chondria indicates that roughly 60-90% of mitochondria are in a stationary state [30], in keep-
ing with the optimal values observed for cm-long axons (Fig 5b and 5d).

For a fixed fraction of stopped mitochondria, low values of N, (the number of stops made
by a protein during its journey along the axon) correspond to a system with very rare
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interchange between the stationary and motile populations. Values that are too low result in
little opportunity for healthy proteins newly synthesized in the soma to be delivered to the
demand sites. By contrast, high values of N; represent a system with very frequent interchange
between the two populations. Overly frequent stopping events increase the probability that a
protein in a healthy proximal demand site will be picked up by a retrograde motile mitochon-
drion and carried back into the soma for recycling. In Fig C in S1 File, we show that forbidding
retrograde fusion events in the Space Station model removes this optimum and allows higher
health levels at high values of Ni.

Similar behavior with respect to f; and Nj is seen for the normalized health of the last region
(Fig 5¢ and 5d). The optimum stopped mitochondria fraction and number of stopping events
are both shifted to slightly lower values in this case, making it more likely that a protein can
successfully reach the most distal region without protracted stops along the way.

Fig 5e shows the optimal value for the stationary fraction f; over a range of dimensionless

decay rates k 4~ The optimum fraction of mitochondria in the stationary pool is high for very

long-lived proteins. In the limit of no decay (k 4 — 0), all mitochondria can be kept perma-
nently at the demand sites to maximize the health of the system. In the opposite limit of rapidly
decaying proteins, the optimum stationary fraction for the average health approaches f, ~

50%, indicating that mitochondria should be split evenly between motile and stationary pools.
For the health of the most distal region, the optimal stationary fraction is slightly lower to
allow for more motile mitochondria capable of reaching the end of the domain without exten-
sive decay of their protein content.

In Fig 5f, we see that when the decay rate is relatively low (k ; < 1), with many proteins sur-
viving a back and forth journey down the axon, optimum mitochondrial maintenance is
achieved in the range N, = 2—4 stopping events. This optimal N; value is not sensitive to spe-
cific values of the decay rate, number of demand sites, or total mitochondrial content. It relies
only on the assumption of relatively slow protein decay, and the premise that protein exchange
is blind to the current health or position of the mitochondria. We note that physiologically rel-

evant values of the dimensionless protein decay rate are expected to fall in the regime k, < 1.
A similar range for the optimal number of stopping events N; is obtained when considering
the health of the most distal demand region only.

Interestingly, the optimum values of f, and N; remain largely unchanged in a model with
branched tree-like geometries (see S1 File). Our model thus robustly predicts that the transi-
tion of mitochondrial components from motile to stationary organelles at demand sites is
expected to be rare (with only 2-4 stopping events during the entire journey along the axon),
regardless of the specific model, the parameters chosen, or the relative contribution of different
sites to the health of the system.

Effect of local translation

While distal protein synthesis plays a role in maintaining and modulating local protein levels
in neuronal projections [68], it is unclear to what extent the proteins determining mitochon-
drial health rely on this mechanism. Approximately 30% of neuronal mRNA transcripts have
been identified outside the cell body [41]. For some transcripts that do exhibit local translation,
severed axons have been observed to have only 5% total protein synthesis capacity relative to
the soma [2]. Although we focus on the long-range delivery of protein components to main-
tain mitochondrial health, in this section we explore the effect of low levels (5-30%) of local
protein synthesis that may contribute to mitostasis in neurons.

In our simple model for mitochondrial maintenance, we incorporate a term corresponding
to local translation and insertion of proteins specifically into the stationary mitochondria. The
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https://doi.org/10.1371/journal.pcbi.1009073.9006

total rate of protein incorporation at a demand site is assumed to be proportional to the num-
ber of stationary mitochondria at that site, replacing Eq 2b with

% =vp,[H'(x;) + H (x})] — (k; + k,)H, +rfsTM, (7)
where the stationary mitochondria at steady state are expressed in terms of f; via Eq 4.

The total flux of proteins delivered into the axon from the soma varies with the fraction of
mitochondria in the motile population. For a given total number of mitochondria M, the max-
imum soma-derived flux is given by kj max = Mv/(2L). We assume the rate, per mitochondrion,
of distal protein manufacture throughout the axon to be equation to a fraction « of this somal
production, setting r = atkp imax/M. The rate at which new proteins are incorporated into mito-
chondria stationed at each demand site is then given by rS.

Fig 6a and 6b shows the effect of a modest level of local translation with & = 10%, for high

degradation rate k, = 0.6. The primary difference compared to the model without local trans-
lation (Fig 5) is the increased health at high values of f; (large fraction of stopped mitochon-
dria) and at low values of N (less frequent exchange between the motile and stationary
populations). The optimum value for the fraction of stopped mitochondria is only slightly
increased, to f; ~ 0.6. Notably, the optimum number of stopping events (N, ~ 2-4) remains
robust to the introduction of low levels of local translation, indicating that infrequent
exchanges between stationary and motile populations remain optimal for mitochondrial
maintenance.

In Fig 6¢, we plot the enhancement due to local translation at each of the demand sites (H;/
H,), for a fixed set of transport parameters close to the optimum value. Unsurprisingly, the
effect of local translation is greatest when the dimensionless decay rate is highest, allowing
fewer proteins to survive transport to the distal tip of the domain. The biggest effect of local
translation is observed on mitochondrial health at the most distal sites. Local translation rates
that reach 30% of maximum somal production (per mitochondrion) are sufficient to double

the mitochondrial health in the last demand site for high k 4 (corresponding to a protein decay
time of 4 days and a centimeter-long axon). At these high local translation levels, the optimum
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in the f, parameter disappears (S6 Fig), as it becomes advantageous to keep all mitochondria
stationed at the demand sites and forgo transport from the soma entirely. However, modest
levels of distal translation, similar to those measured for some transcripts in axon severing
experiments [2], have a more limited effect on overall health and do little to shift the optimal
transport parameters. In order to focus primarily on the interplay between transport and
mitostasis, we therefore exclude local translation from our model in all subsequent results.

Variability of mitochondrial health

Our calculations thus far quantify the mean-field steady-state levels of mitochondrial health in
high-demand axonal regions. However, the instantaneous health at each site is inherently vari-
able due to the stochasticity of mitochondrial dynamics. This variability arises from fluctua-
tions in both the number of mitochondria and the health per mitochondrion in each region. A
robust cellular distribution system may require high levels of mitochondrial health to be main-
tained over long time periods, rather than tolerating highly fluctuating health levels. At the
same time, variability in the distribution of mitochondria may allow for a more rapid response
to changing energy demand at the expense of decreased precision in mitochondrial position-
ing [35]. In neuronal dendrites, mitochondrial content in localized regions has been shown to
fluctuate around a well-defined steady-state level [23], indicating that robust maintenance of
healthy mitochondria in those regions (low fluctuations compared to average quantities) may
be advantageous to the cell.

To understand the effect of stochasticity in our model, we turn to agent-based simulations.
These simulations give the same average steady-state mitochondrial health as the mean-field
calculations discussed previously (Fig 2). We define the total health variability of our system
(0y) as the standard deviation in mitochondrial health per region (H), calculated over many
iterations of the system after it has reached steady state. Although they exhibit the same aver-

age health levels for comparable parameter values, the normalized variability [o,,/(H)] is very
different for the two maintenance models (Fig 7). Specifically, the CoG model has an addi-
tional source of variance due to fluctuating numbers of mitochondria per region, whereas the
space-station model has a fixed number of mitochondria at each demand site. In the CoG
model, replenishment of protein content occurs in whole-mitochondrion chunks, with tran-
sient periods of missing mitochondria in the region until a new one arrives to take its place.
This discreteness in protein turnover becomes more pronounced when there are fewer mito-
chondria per region, as seen in Fig 7. For the SS model, variability arises from how often motile
mitochondria exchange their protein contents with stationary ones, and becomes particularly
high when the number of motile mitochondria is small (high f;). Because the protein levels are
a continuous quantity, the SS model allows for more extensive equilibration across the many
mitochondria in the system, and thus exhibits lower fluctuations than the CoG model. This
difference between the models becomes even more pronounced at lower decay rates (S3 Fig),
when most mitochondria in the SS system have similarly high protein levels but the fluctua-
tions in mitochondria number for the CoG model are still present. It should be noted that
while the SS model in our simulations fills up demand sites with stationary mitochondria uni-
formly (same S for all sites), we have also considered an alternate approach where the perma-
nently stationed mitochondria are initially distributed onto demand sites at random. This
random initial distribution does not significantly affect the variability in mitochondrial health
at the demand sites (S3 Fig).

Opverall, the SS model maintains more stable health levels in individual demand sites by
allowing for equilibration in protein content rather than removal of discrete mitochondria.
This maintenance system is thus expected to be more robust during periods of consistent
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Fig 7. Variability of mitochondrial health in different maintenance models. Plotted is the standard deviation in

health per region (oy) divided by its average value ((H)), across 1000 iterations of stochastic simulations. Results are
shown for 300 (blue), 500 (magenta), and 1500 (yellow) average mitochondria in the domain. Solid lines correspond to

simulations of the CoG model and dashed lines to the SS model. All simulations used parameters k 4+ =0.6,n=10,
N; = 2. Corresponding plots are provided in S3 Fig to show the effect of lower decay rates (S3 Fig) and of random
stationary mitochondria distribution in the SS model (S3 Fig).

https://doi.org/10.1371/journal.pcbi.1009073.g007

metabolic demand in specific regions. By contrast, the CoG maintenance mechanism gives
rise to higher variability that could allow for more rapid redistribution of healthy mitochon-
dria in systems with time-varying demand site positions.

The difference in variability between the two models is a metric which could serve to distin-
guish the contribution of each to mitostasis in neurons. Experimental data in embryonic fibro-
blasts indicates that knock-down of the genes responsible for mitochondrial fusion increases
heterogeneity in the mitochondria protein age [65]. Similar experiments in neurons would
help establish the role of occasional fusion events in maintaining mitochondrial health.

Effect of mitophagy

In addition to utilizing motor-driven transport and transient fusion events to maintain a
healthy mitochondrial population, neuronal cells make use of mitophagy—a quality control
pathway for selectively recycling damaged or depleted mitochondria. Mitochondria with low
membrane potential are recognized by the PINK1/Parkin signaling pathway, which triggers
ubiquitination and arrest of mitochondrial transport [30, 40, 69]. The marked mitochondria
are then targeted for encapsulation by autophagosomes, which transport them back to the
soma for recycling while fusing with proximally located fully acidified lysosomes en route [50,
60]. In essence, this pathway allows for the selective removal of damaged mitochondria from
the population and directed transport back to the cell body for rapid recycling of the mito-
chondrial building blocks.

We introduce mitophagy into our model by allowing mitochondria to enter an “engulfed”
state whenever their health drops below a threshold level (¢). This simplified approach neglects
any delays in autophagosome arrival or recognition of the damaged mitochondria, assuming
that all engulfment events occur immediately when the threshold is reached. Although a
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variety of other quality control mechanisms, such as asymmetric fission [70] and health-
dependent halting of mitochondrial transport [71], may contribute to mitochondrial homeo-
stasis, we focus here on a single simplified sensing process representing mitophagy.

While in the engulfed state, the mitochondria move exclusively in the retrograde direction
[62, 63], without pauses or reversals, and are unable to stop or engage in fusion at the demand
sites. For the Space Station model, if a permanently stationary mitochondrion becomes
engulfed and departs for the soma, it leaves behind a gap at the demand site that is filled by stop-
ping the next motile mitochondrion passing that site. A more complex response involving a
stopping probability upon passing each open site would correspond to an interpolation between
the SS and the CoG models. Because mitophagy is triggered by low health in an individual dis-
crete mitochondrion, our mitophagy model cannot be easily described by mean-field analytical
calculations. Instead, we employ stochastic simulations to explore the effect of mitophagy on
steady-state mitochondrial maintenance. Simulations are carried out for a domain with
M =300 mitochondria, n = 10 regions, and f, ~ 0.53, giving an average of 15 mitochondria per
site. This number is within the range that has been observed in paranodal regions [29].

Limiting mitochondrial production rates. In its simplest form, the mitophagy model
increases mitochondrial turnover without changing any other parameters. By providing an
additional pathway for mitochondria to return to the soma, without altering the production
rate k,, mitophagy will decrease the total number of mitochondria in the domain (Fig 8a). This
model represents the limiting case where the number of mitochondria in an axon is limited by
the rate at which they can be produced from the somal population and injected into the proxi-
mal axon, regardless of how much total mitochondrial material is available. We consider the
effect of mitophagy on the overall health of axonal mitochondria in this regime, comparing
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Fig 8. Effect of mitophagy, at fixed production rate k,,. (a) The total number of mitochondria in the domain (yellow) and the number of stationary
mitochondria (blue) are plotted as a function of the mitophagy threshold, for both the CoG model (solid lines) and the SS model (dashed lines).
Mitochondria quantities are normalized by the steady-state number of mitochondria in the absence of mitophagy. (b) Mitochondrial health for the CoG
model, averaged over all demand sites, plotted as a function of mitophagy threshold and number of stopping events N;. (c) Health at most distal demand
site, for the CoG model. (d-e) Analogous plots of average health and distal site health for the SS model. All plots assume mitochondrial production rate
does not change with increased mitophagy, and correspond to fraction of mitochondria stopped f;(¢ = 0) = 0.53 in the absence of mitophagy.

https://doi.org/10.1371/journal.pcbi.1009073.9008
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both the SS and CoG model. We start with the case of no mitophagy (¢ = 0), considering a ver-
tical slice of the plots in Fig 5 corresponding to a fraction of mitochondria in the stationary
state: (¢ = 0) = 0.53. We proceed to increase the protein threshold ¢, corresponding to more
frequent mitophagy events, while holding constant all other parameters (including production
rate k,, number of stops N, restarting rate k,, in the CoG model, and maximum number of
mitochondria that can be stationed at each site, S, for the SS model). The effect of increasing
mitophagy on mitochondrial health can be considered by defining the health in each demand
site, normalized by the total mitochondrial content per site in the absence of mitophagy (M?).
Specifically, we define the health of the i™ demand site as

A = /MO /], ®)

and the average health across all sites as (H”). Unlike our previous normalization (Eq 1), this
quantity no longer corresponds to the health per mitochondrion, because the advent of mito-
phagy would decrease the total number of mitochondria in the domain. Instead, we use this
health metric to understand how the total amount of mitochondrial protein changes at each
demand site when new mitochondrial production is not upregulated to keep up with the
enhanced turnover due to mitophagy. The alternate case, where total mitochondrial content is
kept constant, is considered in the subsequent section.

As seen in Fig 8b and 8c, the introduction of mitophagy in the CoG model decreases the
mitochondrial health at the demand sites. This is a result of a decrease in the average number
of mitochondria stationed at each site (Fig 8a), as mitophagy causes more mitochondria to
leave the domain without increasing the production rate k,. By contrast, in the SS model mod-
est levels of mitophagy will actually increase the average mitochondrial health at the demand
sites (Fig 8d). For this maintenance system, the number of stationary mitochondria does not
change significantly for ¢ < 0.2 (see Fig 8a). However, these low levels of mitophagy remove
some of the most unhealthy motile mitochondria from the population capable of fusing,
thereby increasing the average health of all the remaining mitochondria in the domain. Nota-
bly, a mitophagy threshold of ¢ ~ 0.2 optimizes both the average health of stationary mito-
chondria and the health of the most distal site in the SS model (Fig 8d-8e).

The difference between the CoG and SS model in the presence of mitophagy reflects, in
part, the different variability of stationary mitochondria. In the SS model, the mitochondria
are more homogeneous in terms of their protein content (Fig 7). Because mitophagy removes
individual organelles whose health drops below a particular threshold, the homogenization
arising from fusion events makes it less likely that a stationary mitochondrion will drop below
threshold and become engulfed. As a result, low levels of mitophagy have a much smaller effect
on both the number of stationary mitochondria and the total number of mitochondria
(engulfed, stationary, and motile) in the SS model. For this model, only those mitochondria
moving retrograde and already near the somal region become engulfed at low ¢ values. These
depleted mitochondria are prevented from fusing with stationary mitochondria in the proxi-
mal demand regions, thereby increasing the overall health of the system without substantial
change to total mitochondrial number.

Limiting mitochondrial content. One of the presumed benefits of the mitophagy path-
way is its ability to more rapidly return damaged mitochondria to the soma, permitting their
components to be recycled for future use [29]. We therefore consider again the regime where
the system is limited not directly by the production rate, but by the total amount of available
mitochondrial components. In this case, mitophagy causes an increase in the production rate
ky, as the mitochondria on average return to the soma more quickly for recycling. We imple-
ment this model by rescaling all protein levels by the total number of mitochondria (including
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Fig 9. Effect of mitophagy when total mitochondrial number is limited. (a) Fraction of mitochondria in the stationary state as a function of increasing
mitophagy threshold, for the CoG model (solid line) and the SS model (dashed line), with parameters set such that f; = 0.53 at ¢ = 0. (b) Mitochondrial
health, normalized by the total number of mitochondria per site, averaged over all demand sites, for the CoG model. (c) Normalized mitochondrial health
at most distal demand site, for the CoG model. (d-e) Analogous plots of normalized average health and distal site health for the SS model. Normalizing by
total mitochondrial number is equivalent to a system where the total mitochondrial content is held fixed with the onset of mitophagy (54 Fig).

https://doi.org/10.1371/journal.pcbi.1009073.9009

engulfed, stationary, and motile) in the domain. Health levels are normalized by the actual
number of total mitochondria at steady state [H, = H,/(M/n)], thereby removing the effect of
decreased mitochondrial population in the presence of autophagy. This approach is equivalent
to explicitly fixing the total amount of mitochondrial content available, as demonstrated in S4
Fig.

In this regime, both the SS and CoG maintenance models allow an increase in mitochon-
drial health with intermediate levels of mitophagy (Fig 9b-9¢). The normalized health of the
most distal region (H,) is increased by about 90% for the SS model and 40% for the CoG
model, when compared to the case of zero mitophagy (evaluated at the optimum value of N
for each ¢ value). As before, the optimal mitophagy threshold is in the range ¢ ~ 0.1-0.2 for
both models. The average health of stationary mitochondria improves by 80% for the SS
model and 20% for the CoG model at these optimal mitophagy thresholds. While higher mito-
phagy levels can improve average regional health still further, they do so at the expense of a
severe drop in the health of the most distal region, as very few mitochondria are able to reach
that region when mitophagy occurs too early in the domain.

Even when normalizing by total mitochondrial content, the SS model has a significant
advantage over the CoG model. Namely, because the restarting rate k,, is fixed for each row in
the plots of Fig 9, the fraction of mitochondria in the stationary state drops substantially in the
CoG model as mitophagy is introduced (Fig 9a). This reflects the fact that stationary mito-
chondria are preferentially engulfed in this model, so that even if we normalize by the total
mitochondrial content, a smaller fraction of mitochondria remain at the demand sites. In the
SS model, by contrast, equalization of mitochondrial health by transient fusion events implies
that stationary mitochondria are no more likely than motile ones to become engulfed, and the
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fraction of mitochondria in the stationary state remains constant or even increases slightly for
a broad range of ¢ values.

It is reasonable to suppose that a cell employing the CoG strategy might have compensatory
mechanisms to adjust the fraction of the mitochondrial pool that is stationed at demand sites
in the presence of mitophagy (perhaps by increasing stopping probability p; or decreasing the
restarting rate k,,). In order to assess the relative advantage of the two models, we therefore
consider the maximal mitochondrial health each of them can achieve at a given mitophagy
level, if allowed to freely adjust the other model parameters. We assume the total mitochon-
drial pool remains fixed and therefore again normalize the results by M/n as in Fig 9.

As the mitophagy threshold is raised (with freely adjustable transport parameters), the
increase in average health over all the demand regions can be substantial—up to 4-fold for the
CoG model and 5-fold for the SS model (Fig 10a). However, the parameters that give such
high average health result in most of the protein content being concentrated in the first few
demand sites, with the health of the most distal site dropping to zero. This regime corresponds
to rapid turnover of motile mitochondria that undergo mitophagy before they ever reach the
distal regions. Notably, experimental observations have indicated that mitochondrial densities
are indeed somewhat lower at distal sites [72, 73]. Given the necessity of supplying the meta-
bolic needs of all individual demand sites, we next consider the parameters necessary to maxi-
mize mitochondrial health in the most distal site, rather than averaging over the entire
domain.

If we optimize over the health of the most distal site (Fig 10b), we see as before that this dis-
tal health increases by about 90% in the SS model and about 40% in the CoG model, compared
to the case of no mitophagy. These values represent the maximal distal site health that can be
achieved by each model if the parameters f, and Nj are allowed to vary freely, within the con-

straint of constant ¢, k » M, n. At the optimal mitophagy threshold (¢ ~ 0.2), the average
regional health is also increased, in both models, by up to a factor of two. However, the CoG
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Fig 10. Optimal performance of mitochondrial maintenance models in presence of mitophagy. (a) For each mitophagy threshold ¢, the parameters f,,
N; are optimized to give the maximum normalized average health: (H). The resulting normalized average health (blue) and normalized last region health
(yellow) are plotted for the CoG model (solid) and SS model (dashed). (b) Analogous plots, with parameters adjusted to maximize the normalized last
region health H, for each mitophagy threshold. All health levels are normalized by total mitochondrial content per region (M/n), corresponding to a
system where the total amount of mitochondrial material is limited. Error bars show standard error of the mean from 10 replicates. Fixed parameters are

k 4= 0.6, M =300, n = 10. A corresponding plot of optimized health for low decay rate k 4 is provided in S5 Fig.
https://doi.org/10.1371/journal.pcbi.1009073.9010
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model allows for greater average health at still-higher mitophagy levels, indicative of its ten-
dency to distribute mitochondria unevenly throughout the domain when mitophagy is pres-
ent, so that proximal sites gain many healthy mitochondria while distal sites are left under-
supplied.

We conclude that introducing mitophagy to selectively recycle unhealthy mitochondria can
substantially improve mitochondrial health throughout high-demand regions of the domain.
This improvement is maximized by allowing mitochondria to become engulfed when their
health level drops below approximately 20% of its initial value. It should be noted that this

optimal value of ¢ is specific to the decay rate (k 1 ~ 0.6) used in these simulations. This
dimensionless decay rate corresponds to a domain length of about 10 cm and protein lifetime
of about 4 days, so that there is a substantial amount of protein decay by the time a mitochon-

drion traverses the entire domain. Lower values of k, move the optimal ¢ to higher values, ris-

ing to an optimum value of ¢ = 0.6 for k 4 = 0.06, corresponding to a shorter 1 cm axon (S5
Fig). This shift reflects the fact that less degradation occurs during the journey of a mitochon-
drion along the axon, making it feasible to trigger mitophagy at higher health thresholds while
still allowing mitochondria to reach the last demand site. An interesting consequence of this
model is that longer neuronal projections require mitophagy to be delayed to more extensive
decay levels in order to permit at least partially functional mitochondria to reach the most dis-
tant demand sites.

Discussion

The models described above constitute a quantitative framework for mitochondrial mainte-
nance in extended cellular regions such as neuronal axons. Neurons face unique challenges in
mitochondrial homeostasis, both because of the need to transport material from the cell body
through long cellular projections and because of their spatially heterogeneous metabolic
needs. Balancing these constraints requires positioning stationary mitochondria in specific
regions of high metabolic demand, while also retaining a population of motile mitochondria
to transport the components needed for mitochondrial health. Our work differs from prior
studies of mitochondrial maintenance [51, 52] by taking into account these spatial constraints
unique to neurons. At the same time, we diverge from prior models of transport and spatial
distribution for neuronal components [35] by incorporating continuous degradation and
focusing on the steady-state health at specific localized sites.

Our results highlight similarities and differences between two main models of mitostasis:
the ‘Changing of the Guard’ and the ‘Space Station” model. In the absence of selective recycling
processes, the two models are shown to be equivalent in their average steady-state behavior.
Analysis of the mean-field model for both mechanisms shows that in extended projections,
with many demand sites and large numbers of mitochondria, the efficiency of the maintenance
mechanism depends primarily on three dimensionless parameters. These parameters are (1)

k 4 = k,L/v, which sets the extent of health decay while a mitochondrion crosses the domain,
(2) f; = nS/M, the fraction of mitochondria in the stationary pool, and (3) N, = 2p n, the typi-
cal number of stopping events for a mitochondrial component during its round-trip journey
through the projection. Optimal mitochondrial health in high-demand sites is achieved at
intermediate values of both f, and N,. The optimal fraction of stationary mitochondria lies in
the 50-80% range, depending on the precise value of the dimensionless decay rate. This range
is compatible with experimental observations which imply that 60-90% of axonal mitochon-
dria are stationary [30]. For mature cortical axons, the observed stationary fraction has been
observed to be relatively high at 95% [74], possibly hinting at an even slower effective degrada-
tion rate of mitochondrial cargo.
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Furthermore, our model makes the prediction that, for a broad physiologically relevant
range of decay rates, very few stopping events (N = 2-4) are required for optimal mainte-
nance. This result is robust to the introduction of low levels of local translation (Fig 6) or
expansion of the model to a branched tree-like morphology (Fig A in S1 File). The low optimal
value of N; implies that both switching of mitochondria between motile and stationary states
and transient fusion events of axonal mitochondria should be very rare—happening only a few
times during the entire journey of a mitochondrion down the axon. Due to the inherent diffi-
culty of experimentally tracking motile mitochondria over long time periods, this result is con-
sistent with the fact that stationary mitochondria appear to be nearly permanent and
interchange between stationary and motile pools is rarely observed [59, 75, 76].

Differences between the CoG and the SS models become evident when considering the vari-
ability of mitochondrial health at demand sites over time and between different cells. Transient
fusion and fission events in the SS model allow extensive equilibration of health levels between
individual mitochondria, resulting in much lower variance in the health of entire regions. On
the one hand, such decreased variance implies a more robust maintenance system, which
avoids large fluctuations in metabolic health at a high-demand site as individual mitochondria
enter or leave the stationary pool at that site. On the other hand, greater fluctuations in the
CoG model may imply an enhanced responsiveness to changing conditions (eg: changing spa-
tial distribution of metabolic demand). A close relationship between fluctuation magnitudes
and response to external driving is a key feature of physical systems dominated by thermal
fluctuations [77]. Analogous fluctuation-response relationships have also been proposed to
underly biological systems [78, 79], such as gene networks, where a greater degree of respon-
siveness to external signals goes hand in hand with higher fluctuations at steady-state [80, 81].
Although detailed exploration of temporal response by mitochondrial maintenance systems
lies outside the scope of this paper, the behavior of these models in the presence of time-vary-
ing metabolic demand serves as a potentially fruitful area for future work.

A biologically relevant consequence of the different fluctuation magnitudes for the two
maintenance models is their differing response to the incorporation of selective mitophagy of
damaged mitochondria. In a system where mitochondrial production remains constant, intro-
ducing low levels of autophagy causes a substantial drop in the number of stationary mito-
chondria at each demand site in the CoG model. For the SS model, by contrast, equilibration
of mitochondrial health implies that the number of both stationary and total mitochondria
remains relatively unchanged at low mitophagy thresholds. As a result, moderate autophagy
levels improve the overall mitochondrial health at demand sites in the SS model while mono-
tonically decreasing health in the CoG case.

Because mitophagy allows mitochondria to be recycled more rapidly, we also consider the
steady-state health normalized by total number of mitochondria in the domain. This approach
is equivalent to adjusting the mitochondrial production rate in such a way that the total num-
ber of mitochondria remains fixed even in the presence of autophagy. In this case, an optimal
autophagy threshold is observed for both models, although the SS model still allows for the
greatest (nearly 2-fold) increase in the mitochondrial health at the most distal demand site.
Opverall, the extensive mixing of mitochondrial contents permitted by transient fusion and fis-
sion events allows for improved health of localized mitochondria in the presence of recycling
via selective mitophagy. The optimal mitophagy threshold depends on the domain length and
protein decay rate, with an optimal value of ¢ ~ 0.2 for both models in the case of 10 cm axons
and 4-day mitochondrial protein decay times.

The models described in this work are, of necessity, highly simplified. The model design
aimed to highlight key challenges of mitochondrial maintenance in long neuronal projections
and some of the fundamental strategies that can be utilized by the cell to meet those challenges.
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In reality, neuronal mitostasis may include a variety of complicating factors, many of which
remain poorly understood. For example, our model incorporates the simplest possible sensing
and response mechanism for mitochondrial health—dropping below a critical health level pre-
vents further exchange events and forces a return to the soma for recycling. Other contributing
mechanisms may include asymmetric fission that concentrates health factors in one of the
resulting organelles [52, 70], local recycling [60] and formation of new mitochondria, or a
sensing mechanism that regulates the ability of mitochondria to stop as a function of total ATP
production by other mitochondria in the region [31, 82]. Furthermore, a sensing mechanism
that would prohibit fusion of retrograde mitochondria while allowing frequent fusion of anter-
ograde ones would also increase overall health levels in the domain, though having little effect
on the health of the most distal site (Fig C in S1 File). Although such mechanisms would allow
for more efficient mitochondrial maintenance, we focus here on the simplified case of purely
somal mitochondria production and no additional sensing that would differentiate the behav-
ior of stationary or motile organelles. Additionally, we employ the simplifying assumption of a
constant decay rate k, for both stationary and motile mitochondria. More complicated models
where the decay in mitochondrial health depends on local metabolic activity could be incorpo-
rated within the framework of this model in future work.

In addition to the two transport and exchange mechanisms described here, local protein
translation may also contribute to mitochondrial maintenance in distal regions [3-5]. How-
ever, the extent to which mitochondria are able to produce their full complement of proteins
by local synthesis is largely unknown. General measurements of local translation indicate that
only about a third of transcripts are found outside the cell soma, and that for individual tran-
scripts the protein synthesis capacity of the axon may be only a small fraction of somal produc-
tion [2, 41]. We incorporate a small contribution from local translation in our model, and find
that the primary outcomes—the optimal fraction of stopped mitochondria and the small opti-
mal number of stopping events—remain unchanged (Fig 6). More extensive local synthesis
could drive the system to place all mitochondria in the stationary population (S6 Fig). How-
ever, it should be noted that even a small set of mitochondrial proteins that rely on somal
translation would necessitate the transport and exchange mechanisms described here. To
focus on the interplay between transport and maintenance, we primarily explore system
dynamics in the absence of local translation. Our assumption that key components of mito-
chondrial health require long-range transport from the soma is partly substantiated by evi-
dence that mitochondrial aging increases with distance from the soma [65], implying an
important role for long-range transport.

For the most part, we consider the simplest possible system geometry, with a single linear
projection rather than more complicated branched axonal structures. We find that our results
with this simplification can also be applied to symmetric branched geometries, further under-
scoring the importance of the effective transport and exchange parameters defined here. Our
models also assume the metabolic demand in a neuron is concentrated at discrete high-
demand regions. While this is an over-simplification of the complex distribution of neuronal
metabolism, it serves as a limiting case for spatial heterogeneity that requires the formation of
both stationary and motile pools of mitochondria.

Studies in non-neural globular animal cells show that mitochondrial maintenance relies
largely on fusion and fission to maintain the health of the overall population of mitochondria
[42]. In neuronal axons, fusion events are thought to be relatively rare, and it seems likely that
mitostasis actually involves a hybrid of the ‘Changing of the Guard” and the ‘Space Station’
mechanisms. Our separate exploration of the two models highlights the similarity of both in
maintaining the average mitochondrial health. However, we have also shown that the differing
fluctuations dictated by the two models can alter their response to rising levels of mitophagy,
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implying that the introduction of occasional localized fission and fusion events can prove ben-
eficial. Experimental studies that explore the effect of knocking down fusion proteins on the
overall age of mitochondrial proteins, such as have already been carried out for non-neuronal
cell types [65], would help disentangle the contribution of the SS and CoG mechanisms to
mitostasis in neurons.

The interplay of transport and localization is a general principle for maintaining homeosta-
sis under the constraints of highly extended geometries and spatially heterogeneous demands
that characterize neuronal cells. Our analysis outlines the key parameters that can be tuned to
optimize steady-state distributions, with a specific focus on maintaining mitochondrial health
in neurons. A key consequence of the models is that optimal mitochondrial health can be
maintained with a large fraction of stationary mitochondria and with very rare interchange
between the stationary and motile population. This prediction may account for the difficulty
of catching such exchanges in live cell imaging experiments, and the general tendency of sta-
tionary mitochondria to remain stationary over long periods of observation [74-76]. With the
advent of new experimental techniques that allow for long-term tracking of individual mito-
chondria [59], it would be valuable to quantify the frequency of these rare transitions. Our
results also predict a benefit to mitochondrial exchange via transient fusion events, motivating
future experimental determination of whether such fusions contribute to maintenance of
localized axonal mitochondria. Given the importance of mitochondrial maintenance for neu-
ronal health, developing a quantitative framework that delineates the factors governing mitos-
tasis serves as a critical step towards better understanding of the role of metabolism in
neurodegenerative diseases.

Methods
Table of parameters

The models described in this work represent a minimal description for maintenance of mito-
chondria stationed in distal axonal regions. For convenience, we provide a summary of the
input parameters for both the ‘Space Station’ and the ‘Changing of the Guard’ models in
Table 1. The derived parameters that govern model behavior are also summarized.

Steady-state mean-field solution for CoG model

We find the steady-state solution for the mean-field version of the Changing of the Guard
model, which treats mitochondrial density and mitochondrial health as continuous fields on a
linear segment from x = 0 to x = L. We define the density of anterograde and retrograde motile
mitochondria as p*(x), while the number of stationary mitochondria in each point-like high-
demand region i is given by S;. These distributions obey the following set of dynamic equa-

tions
B o () o () — kS, (9D)
W) = w1 -p) kS (90)
(L) =p (L) (9d)
W (0) =k (5e)

Eq 9a describes the evolution of the mitochondrial density in each interval between
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Table 1. Table of model parameters.

Input Parameters

Symbol | Description Value used

L Length of axonal domain 1—10cm

ka Decay rate of mitochondrial protein (4days)'1

M total number of mitochondria in the axonal domain Variable (depending on length of

domain)

n Demand sites in axonal domain Variable

k, Production rate of mitochondria at the soma Variable

v Speed of mitochondria in an axon 0.5 um/s

k,, Rate of re-entry of stationary mitochondria to motile pool Variable

ps Stopping probability of motile mitochondria at demand sites Variable

Pr Probability of transient fusion between a motile and stationary Variable
mitochondria

¢ Health threshold for mitophagy Variable

a local translation fraction 5-30%

Effective Derived Parameters

Symbol | Description Formula

P Steady-state density of motile mitochondria 2k,/v

S Steady-state number of stationary mitochondria at each demand site vppilk,,

fs Fraction of mitochondria in the stationary pool “

k, Effective restarting rate in Space Station model Zy

p. Effective probability of protein stopping at a demand site in Space 1-(1-ps/2)°
Station model

k, Non-dimensionalized decay rate kaLlv

N; Number of stopping events during a protein’s back and forth journey | 2p n
in the domain

r rate of local translation per mitochondrion; only stationary av/(2L)

mitochondria import local proteins

https://doi.org/10.1371/journal.pcbi.1009073.t001

consecutive demand sites. Eq 9b governs the number of stopped mitochondria at each discrete
demand site, with the first term corresponding to the incoming flux of mitochondria stopping
at that site, and the second term corresponding to the restarting of stationary mitochondria.
The remaining equations provide the boundary conditions for each interval of the domain
between demand sites. Eq 9¢ enforces conservation of organelles, so that the flux of antero-

grade mitochondria leaving the site is equal to the combination of those organelles which pass
by without stopping and those which restart from a stopped state. Eq 9d and 9e set the bound-
ary conditions at the distal end (anterograde mitochondria turn around to move in the retro-
grade direction) and the proximal end of the domain (mitochondrial production).

At steady state, Eq 9a implies that the linear density of mitochondria is constant within
each region between demand sites. Setting Eq 9b to zero yields the steady-state relation,

§ )+ (). 0

w

Plugging in to the boundary conditions Eq 9c-9e then implies that the motile mitochondrial
densities are equal and constant everywhere in the domain: p* = p~. We definep=p* +p~ as
the constant steady-state density of all motile mitochondria. From the boundary condition at
the proximal end, we can relate this density (as well as the stopped mitochondria at each site)
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to the rate of mitochondrial production.
p:2kp/v7 S:Vpsp/kw

The linear density of mitochondrial health (ie: the sum of health levels for all mitochondria
that happen to be present at a given position in the domain) can be described by very similar
equations, with additional terms for decay at rate k. Eq 2 describes the evolution of this field
over time.

Setting Eq 2b and 2c to zero at steady-state yields the relations

i

2(kd + kw)

Kop H () + H (5)]

vH' (x/) = vH" (x;)(1 = p,) + (11)

Furthermore, Eq 2a implies that the steady-state distribution of motile mitochondrial health
exhibits an exponential decay across each interval between consecutive demand sites i — 1 and
i. This gives the set of conditions:
H+(x;) = eixkd/VH+(xi+—1)a H™(x)) = eXkd/VHi(x:)v (12)
Together, Eqs 11, 12, and 2c-2e constitute a set of linear equations for the health levels in
stationary mitochondria at the demand sites [H;] and the motile health densities on either

edge of the demand sites [H* (x;")]. This system of equations is then solved using standard
matrix methods.

Steady-state mean field solution for SS model

A key feature of the Space Station model is that a fixed number of permanently immobile
mitochondria (S) are stationed at each discrete demand site. These mitochondria are assumed
to have a well defined order, but to be positioned arbitrarily close together within the point-
like site. We define H;; (with 1 <i <nand 1 <j < S) as the health of the jth stationary mito-
chondrion at the i demand site. An anterograde moving mitochondrion encounters each of
the stationary ones in order as it passes the demand site. The quantity H}; | describes the linear
health density of all anterograde mitochondria just after they pass the (j — 1)"" stationary
organelle at the i site, and are approaching the j stationary organelle. Similarly, retrograde
mitochondria encounter the stationary organelles in reverse order and their health density is
given by H,, as they approach the ™ stationary organelle from the distal side. Each time a
moving mitochondrion passes a stationary one, there is a probability psthat they will fuse.
When such a fusion event occurs, the health levels of the two mitochondria are averaged
together and both are left with a health equal to that average. It should be noted that H* and
Hli] are densities and have units of health level per unit length, while the quantities H;; have
units of health level.

Motile anterograde mitochondria are produced at the proximal end with rate k,,. They then
move forward and back throughout the domain, never stopping and instantaneously reversing
their direction from anterograde to retrograde once they reach the distal end. The density of
motile mitochondria is not affected by the fusion behavior, and evolves according to Eq 9a, 9d
and 9e. At steady state, this density must be a constant value p = (M — nS)/L, equally split
between anterograde and retrograde organelles.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009073  June 9, 2021 26/35


https://doi.org/10.1371/journal.pcbi.1009073

PLOS COMPUTATIONAL BIOLOGY Optimizing mitochondrial maintenance in extended neuronal projections

The set of mean-field equations describing the mitochondrial health in the SS model is, for

1<j<S,
dH* OH* n

7 = :FVW—de (133)

dH,. vp; - vpps
o~ [t - {T * "d] H, (13b)

Py )474

H: = Hf,-;1< — 5) +TH‘“" (13c)
HT(L) =H (L) (13d)
vH*(0) =k, (13e)

Eq 13D describes the time evolution of the health of each stationary mitochondrion. The first
term corresponds to the flux of incoming mitochondrial health multiplied by the probability
of fusion (py) and the probability (1/2) that a given protein will stay with the stationary mito-
chondria after the fusion-and-fission cycle is complete. The second term gives the rate at
which health markers leave the stationary mitochondrion through being transferred to the
motile partner during a fission and fusion cycle, and through decay. The edge values at each
site are defined by H;) = H*(x; ), Hy, = H" (x}"), H;, = H (x; ),and H;y,, = H (x]), where
x; refers to the limit approaching site i from the proximal side and x;" is the limit approaching
from the distal side. Eq 13c sets the flux of motile health leaving a stationary mitochondrion
equal to the flux of health approaching that mitochondrion from the opposite side and going
straight through without transfer, plus the flux of health carried out of the stationary mito-
chondria as a result of fusion events. Overall, Eq 13 provides a closed set of equations that can
be solved at steady state.

In the case where there is one stationary mitochondrion at each demand site (S = 1), the
equations above become equivalent to the dynamic equations for the CoG model (Eq 2), with
the restarting rate k,, replaced by an effective rate at which proteins in a stationary mitochon-

drion leave the organelle via fusion and fission (IAcw = vpp;/2). The stopping rate p; is replaced
by an effective rate of a protein ending up in a stationary mitochondrion each time there is a
passage event (p, = p,/2). In the case where there are multiple mitochondria per site, the total
stationary health at each site is given by H, = st:l H; ;. Solving together Eq 13b and 13c then
yields

Wl (1) | e - [

P P
+Ef;l1 - < _Ef) ‘| (Hi.k +Hi,S—k+l)'

For small values of pj; the last term can be neglected, and the SS model becomes equivalent to
the CoG model (Eq 2b), with the effective stopping rate given by p, = 1 — (1 — p;/ 2)°, and the
effective restarting rate given by Eq 5. Intuitively, the effective stopping rate is simply obtained
by finding one minus the probability that a protein is not left behind in any of the S indepen-
dent fusion events, each of which occurs with probability pwhile passing the multiple mito-
chondria stationed at a site.
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Discrete stochastic simulations

Discrete stochastic simulations for both the CoG and the SS model were carried out by track-
ing the positions and health levels of individual point-like mitochondria on a finite linear
interval representing a neuronal axon. All length units were normalized by the domain length
and all time units by the mitochondrial velocity, such that L = 1 and v = 1 in the simulations.
High-demand sites where mitochondria could stop (in the CoG model) or fuse (in the SS
model) were represented as point sites equispaced in the domain. Simulations were propagated
forward for 10> time-steps of duration At = 10~ Each simulation was carried out as 100 inde-
pendent iterations and the average results are reported.

At each time-step, a new mitochondrion was generated at position 0 with probability 1
— exp(—k,At). For the CoG model, each mitochondrion was labeled as being in the antero-
grade, retrograde, or stationary state. At each time-step, a motile mitochondrion took a step of
+vAt, depending on whether it was in the anterograde or retrograde step. An anterograde
mitochondrion that reached the domain end (at L) was flipped to a retrograde state. A retro-
grade mitochondrion that reached 0 was removed from the simulation. A stationary mito-
chondrion restarted with probability 1 — exp(-k,,At), with its new directionality equally likely
to be set to anterograde or retrograde. Whenever a motile mitochondrion crossed the demand
site, it had probability p; of switching to a stationary state. Each mitochondrion had a continu-
ous health variable associated with it, set to 1 when the mitochondrion was formed and multi-
plied by exp(—k,At) during each simulation time-step.

The SS model was simulated in a similar manner. A fixed number of permanently station-
ary mitochondria were evenly distributed among the demand sites at the beginning of the sim-
ulation. Each time a motile mitochondrion crossed over the demand site, it attempted to fuse
with each stationary mitochondrion at that site, in sequence, with probability px. Whenever a
fusion successfully occurred, the health levels of both fusing mitochondria were set to the aver-
age of their two health levels. The motile mitochondrion would then proceed to attempt the
next fusion or move further down the domain. Fission and fusion events were assumed to be
instantaneous.

Mitophagy in the stochastic simulations was implemented by setting a cutoff level ¢ for the
health of an individual mitochondrion. Whenever a mitochondrion’s health dropped below
that cutoft, it was labeled as “engulfed”. An engulfed mitochondrion moved in the retrograde
direction (—vAt) on each time-step and was not subject to fusion, fission, or stopping events.
Once it reached the proximal end of the domain (position 0) it was removed from the simula-
tion. The total number of mitochondria in the domain (M) included these engulfed particles.
However, their health levels were not included in any calculations of health at the demand
sites. Simulations with mitophagy (Figs 8, 9 and 10) were carried out with M = 300.

For S4 Fig, additional stochastic simulations were carried out for a variant of the CoG
model with explicitly fixed total number of mitochondria in the domain. Specifically, M mito-
chondria were initially placed uniformly at random in the domain in a motile state. Each time
a retrograde mitochondrion reached x = 0, it switched immediately into an anterograde mito-
chondrion with health level reset to 1. No new mitochondria were produced, and the system
was allowed to run for 10° time-steps to reach steady-state. The number of mitochondria
therefore stayed fixed throughout, regardless of the presence of mitophagy.

Optimizing performance in the presence of mitophagy

For each of the plots showing the effect of mitophagy in Figs 8 and 9, the effective stopping
rate was set to give a particular value of N,. Simulations were carried out with n = 10 demand
sites, and M = 300 average total mitochondria in the domain.
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For the data shown in Figs 8 and 9, the fraction of stopped mitochondria was set to f,(¢ = 0)
=0.53 in the absence of mitophagy. In the SS model, a number f; M, of permanently stationary
mitochondria were placed evenly distributed among all the demand sites. In the CoG model,
the restarting rate k,, was set according to Eq 4, for each value of N;. The production rate was
then set according to Eq 3, to give the desired number of motile mitochondria in the domain
at steady-state. The value of k, was not changed as the mitophagy cutoff increased, so that
higher mitophagy in Fig 8 corresponds to fewer total mitochondria in the domain.

In Fig 9, the value of k, was also kept constant, but the resulting health levels were normal-
ized by the total actual number of mitochondria in the domain. Because properly normalized
health levels are not sensitive to the absolute number of mitochondria, this procedure was
equivalent to explicitly fixing the total number of mitochondria. A direct comparison for the
CoG model with explicitly fixed M is provided in S4 Fig.

Optimization of normalized health over all parameters (Fig 10) was carried out by running
simulations with 100 independent iterations each for a 10 x 10 grid of N; and f; values, for each
mitophagy cutoff ¢. The normalized average health and normalized last region health was
computed for each set of parameter values, and the maximum of each for a given ¢ was found.
The parameters that led to this maximum were then used to run another set of 10 identical
simulations of 100 iterations each, to compute the standard deviation in the resulting normal-
ized health. Error bars in Fig 10 correspond to the standard error of the mean from these inde-
pendent replicates.

Supporting information

S1 File. Supporting information. Supporting information containing sections ‘Generalization
to Branched Axons’ and ‘Contribution of Retrograde Fusion Events’ and accompanying fig-
ures Figs A, B and C.

(PDF)

S1 Fig. Figure supplement for Fig 2. (a) Snapshot of a stochastic simulation for the SS model,
with M = 100. (b) Steady-state solution for mitochondrial health in the SS model. Solid curves
show linear density of mitochondrial health in anterograde (blue) and retrograde (magenta)
mitochondria, normalized by total number of mitochondria in the domain. Yellow circles
show total health at each of the discrete demand sites (dashed black lines), normalized by the
total number of mitochondria per region. Shaded regions show corresponding quantities from
discrete stochastic simulations (mean * standard deviation) with M = 1500 mitochondria in
the domain. Parameters used in (a) and (b): n =5, p; = 0.4, f, = 0.5, k; L/v = 0.6.

(TIF)

S2 Fig. Figure supplement for Fig 4. Mitochondrial health as a function of key dimensionless
parameters. Solid curves show normalized average health over all demand sites; dashed curves
show normalized health at the most distal site. The total number of mitochondria is set to

M =300 (blue) or M = 1500 (magenta). For each fraction of stationary mitochondria the fusion
probability is adjusted to give a fixed number of stopping events for an individual protein tra-
versing the domain: (a) N; = 2 and (b) N, = 20. All values shown are for the SS model, with

n=30and IAcd = 0.06.
(TIF)
S3 Fig. Figure supplement for Fig 7. (a) Variability of mitochondrial health in different main-

tenance models, with low dimensionless decay rate k 4 = 0.06. Results are shown for 300
(blue), 500 (magenta), and 1500 (yellow) average mitochondria in the domain. Solid lines
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correspond to simulations of the CoG model and dashed lines to the SS model. (b) Health vari-
ability in the SS model does not depend on how stationary mitochondria are distributed

among sites. Results plotted are for decay rate k, = 0.6, and number of mitochondria

M = 300. Blue: equal number of mitochondria are placed at each demand site. Magenta: posi-
tion of each stationary mitochondrion is selected uniformly at random among the demand site
locations. Each iteration starts from an independently selected mitochondrial distribution. In
all plots, variability is computed over 1000 independent iterations of stochastic simulations,
using # = 10 demand sites and average stopping number N, = 2.

(TIF)

S4 Fig. Figure supplement for Fig 9. Rescaling health levels by total mitochondrial content
is equivalent to a model with explicitly fixed number of mitochondria. (a-b) Average health
across all regions (a), and health of last region (b), for simulations of a modified CoG model
with fixed M = 150, to be compared to Fig 9b-9c. Health levels are normalized by M/n for
both models. (c) Average health (blue) and last region health (yellow) for parameters that
optimize the last region health at each fixed value of ¢. Solid lines show the CoG model
with k,, values fixed as the mitophagy threshold is varied (identical to curves in Fig 10b).
Dashed lines show corresponding plots for the model with explicitly fixed number of mito-
chondria M. Health levels normalized by M/n are shown to be largely the same in both
cases.

(TIF)

S5 Fig. Figure supplement for Fig 10. Optimal performance SS model in the presence of
mitophagy, for different health decay rates. For each value of ¢, the parameters f; and N, were
optimized to yield the maximal health in the most distal region. Plotted are the resulting nor-
malized health levels in the distal region (yellow) and averaged over all regions (blue). The

health decay rate was set to k, = 0.6 (solid) and k, = 0.06 (dashed). Lower decay rates corre-
spond to a higher mitophagy cutoff value ¢ that yields the maximal overall health. All health
levels are normalized by total mitochondrial content per region (M/n), corresponding to a sys-
tem where the total amount of mitochondrial material is limited. Error bars show standard
error of the mean from 10 independent replicates.

(TTF)

S6 Fig. Figure supplement for Fig 6. Mitochondrial health in the presence of substantial levels
of local translation, with o = 30%. (a) Average health across all demand regions as a function
of fraction of stopped mitochondria (f;) and number of stopping events (NN;). Markers show
parameters for optimal average health with local translation (red asterisk) and without it (blue
open circle). (b) Corresponding plot for normalized mitochondrial health at the most distal
demand site. Optimal distal health is obtained by placing all mitochondria in the stationary
population (f; = 1), so that health maintenance relies entirely on local translation rather than
delivery from the soma.

(TIF)

S1 Video. Example trajectory for Changing of the Guard (CoG) system. Video of example
discrete simulation run for the CoG model, with n = 5 regions (gray) and M = 100 mitochon-
dria (circles). Color corresponds to mitochondrial health. Stationary mitochondria are shown
as solid circles and motile mitochondria as open circles. Mitochondria are produces at the
soma (left), reflect off the distal end (right) and switch to retrograde or anterograde motion
with equal probability each time they restart from a stationary state.

(AVI)
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$2 Video. Example trajectory for Space Station (SS) system. Video of example discrete simu-
lation run for the model, with n = 5 regions (gray) and M = 100 mitochondria (circles). Color
corresponds to mitochondrial health. Stationary mitochondria are shown as solid circles and
motile mitochondria as open circles. Mitochondria are produced at the soma (left) and pro-
ceed in the anterograde direction until they reflect off the distal end (right), becoming retro-
grade thereafter.

(AVI)

S1 Data. Supporting data. Simulation data and Matlab [83] scripts for generating Figs 2-10.
(Z1P)
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