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Abstract Eukaryotic cells modulate their metabolism by organizing metabolic10

components in response to varying nutrient availability and energy demands. In rat11

axons, mitochondria respond to glucose levels by halting active transport in high glucose12

regions. We employ quantitative modeling to explore physical limits on spatial13

organization of mitochondria and localized metabolic enhancement through regulated14

stopping of processive motion. We delineate the role of key parameters, including15

cellular glucose uptake and consumption rates, that are expected to modulate16

mitochondrial distribution and metabolic response in spatially varying glucose conditions.17

Our estimates indicate that physiological brain glucose levels fall within the limited range18

necessary for metabolic enhancement. Hence mitochondrial localization is shown to be a19

plausible regulatory mechanism for neuronal metabolic flexibility in the presence of20

spatially heterogeneous glucose, as may occur in long processes of projection neurons.21
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These findings provide a framework for the control of cellular bioenergetics through22

organelle trafficking.23

24

Introduction25

Cellular metabolism comprises an intricate system of reactions whose fine-tuned control26

is critical to cell health and function. A number of quantitative studies have focused on27

metabolic control through modulating reactant and enzyme concentrations and turnover28

rates [Grima and Schnell (2006); Amar et al. (2008)]. However, these studies generally29

neglect the spatial organization of metabolic components within the cell. By localizing30

specific enzymes in regions of high metabolic demand [Laughton et al. (2007); Zecchin31

et al. (2015)], as well as clustering together consecutively acting enzymes [O’Connell et al.32

(2012)], cells have the potential to substantially enhance their metabolism.33

Spatial organization is particularly critical in highly extended cells, such as mammalian34

neurons, whose axons can grow to lengths on the meter scale. Metabolic demand in35

neurons is spatially and temporally heterogeneous, with especially rapid ATP turnover36

found in the presynaptic boutons [Rangaraju et al. (2014)], and ATP requirements peaking37

during synaptic activity and neuronal firing [Shulman et al. (2004); Ferreira et al. (2011);38

Weisová et al. (2009)]. Neurons rely primarily on glucose as the energy source for meeting39

these metabolic demands [Peppiatt and Attwell (2004)]. Due to the long lengths of neural40

processes, the glucose supply can vary substantially over different regions of the cell41

[Ferreira et al. (2011); Weisová et al. (2009); Hall et al. (2012)]. In myelinated neurons,42

for instance, it has been speculated that glucose transport into the cell is localized43

primarily to narrow regions around the nodes of Ranvier [Magnani et al. (1996); Harris44

and Attwell (2012); Rosenbluth (2009)], which can be spaced hundreds of microns apart45

[Ibrahim et al. (1995); Butt et al. (1998)]. Glucose transporters in neurons have also been46

shown to dynamically mobilize to active synapses, providing a source of intracellular47
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glucose heterogeneity [Ashrafi et al. (2017)]. Furthermore, varying levels of activity in the48

mammalian brain may lead to varying extracellular glucose levels, resulting in spatially49

heterogeneous nutrient access [Hawkins et al. (1979)]. Individual axons have been shown50

to span across multiple regions of the brain [Matsuda et al. (2009)], enabling them to51

encounter regions with different glucose concentrations.52

Most ATP production in neurons occurs within mitochondria: motile organelles that53

range from interconnected networks to individual globular structures that extend through-54

out the cell. As energy powerhouses and metabolic signaling centers of the cell, mito-55

chondria are critical for neuronal health [Nunnari and Suomalainen (2012)]. Their spatial56

organization within the neuron plays a pivotal role in growth and cell physiology [Li et al.57

(2004)]. Defects in mitochondrial transport are involved in the pathologies of several58

neurological disorders such as peripheral neuropathy and Charcot-Marie-Tooth disease59

[Baloh (2008); Baloh et al. (2007)].60

A number of studies have shown that mitochondria are localized preferentially to61

regions of high metabolic demand, such as the synaptic terminals [Li et al. (2004); Chang62

and Reynolds (2006)]. Such localization can occur via several molecular mechanisms, me-63

diated by the Miro-Milton mitochondrial motor adaptor complex that links mitochondria64

to the molecular motors responsible for transport [Mishra and Chan (2016)]. Increased65

Ca2+ levels at active synapses lead to loading of calcium binding sites on Miro, releasing66

mitochondria from the microtubule and thereby halting transport [Wang and Schwarz67

(2009);MacAskill et al. (2009)]. High glucose levels can also lead to stalling, through the68

glycosylation of motor adaptor protein Milton by the glucose-activated enzyme O-GlcNAc69

transferase (OGT) [Pekkurnaz et al. (2014)]. This mechanism has been shown to lead to70

mitochondrial accumulation at glucose-rich regions in cultured neurons [Pekkurnaz et al.71

(2014)]. It is postulated to regulate mitochondrial spatial distribution, allowing efficient72

metabolic response to heterogeneous glucose availability.73

Mitochondrial positioning relies on an interplay between heterogeneously distributed74

diffusive signaling molecules (such as Ca2+ and glucose), their consumption through75
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metabolic and other pathways, and their effect on motor transport kinetics. While the bio-76

chemical mechanisms and physiological consequences of mitochondrial localization have77

been a topic of much interest in recent years [MacAskill and Kittler (2010); Mishra and78

Chan (2016)], no quantitative framework for this phenomenon has yet been developed.79

In this work we focus on glucose-mediated regulation of mitochondrial transport,80

developing quantitative models to examine the consequences of this phenomenon for81

metabolism under spatially varying glucose conditions. Our approach relies on a reaction-82

diffusion formalism, which describes the behavior of species subject to both consumption83

and diffusion. Reaction-diffusion systems have been applied to describe the spatial or-84

ganization of a broad array of cellular processes [Kondo and Miura (2010)], ranging from85

protein oscillations in E. coli [Howard et al. (2001)], to coordination of mitotic signalling86

[Chang and Ferrell Jr (2013)], to pattern formation in developing embryos [Bunow et al.87

(1980); Gregor et al. (2005)]. The response of actively moving particles to spatially het-88

erogeneous, diffusive regulators has also been extensively investigated in the context89

of chemotaxis [Van Haastert and Devreotes (2004)]. In contrast to most chemotactic90

cells, however, mitochondria have no currently known mechanism for directly sensing91

glucose gradients. Instead, they are expected to accumulate in response to local glucose92

concentration only. Our goal is to delineate the regimes in which such a crude form of93

chemotaxis can lead to substantial spatial organization and enhancement of metabolism.94

95

Specifically, we model the modulation of mitochondrial density with glucose concen-96

tration in a tubular axonal region, focusing on two forms of spatial heterogeneity. In97

one case, we consider an axonal domain between two localized regions of glucose entry,98

representing the internodal region between nodes of Ranvier in myelinated neurons99

(Fig. 1a). The second case focuses on an unmyelinated cellular region with continuous100

glucose permeability, embedded in an external glucose gradient (Fig. 1b). In both cases,101

we show that mitochondrial accumulation and enhanced metabolic flux is expected to102

occur over a limited range of glucose concentrations, which overlaps with physiological103
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Figure 1. Schematic diagram of our simplified model for glucose-mediated mitochondrial transport regulation. (a) Myelinated

axonal region, with glucose entry localized at the nodes of Ranvier. Mitochondria accumulate at nodes due to the higher glucose

concentration (b) Unmyelinated axonal region, subject to a linear glucose gradient. Glucose permeability is uniform throughout,

with mitochondrial accumulation occuring at the region of high external glucose (c) Key steps of the metabolic pathway linking

glucose availability and mitochondrial halting. (d) Mitochondrial transport states and rates of transition between them (W±

represents retrograde and anterograde motion, S represents the stationary state).

brain glucose levels. Our simplified quantitative model allows identification of a handful104

of key parameters that govern the extent to which glucose-mediated mitochondrial halt-105

ing can modulate metabolism. We establish the region of parameter space where this106

mechanism has a substantial effect, and highlight its potential importance in neuronal107

metabolic flexibility and ability to respond to spatially varying glucose.108

Results109

Minimal model for mitochondrial and glucose dynamics110

We begin by formulating a quantitative model to describe the spatial localization of111

mitochondria that halt in a glucose-dependent manner, in the presence of localized112

sources of glucose. This situation arises in myelinated neurons, which have glucose113

transporters enriched at the nodes of Ranvier, leading to highly localized sources of114

glucose spaced hundreds of micrometers apart within the cell [Saab et al. (2013)].115
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Neuronal glucose transporters are known to be bidirectional [Simpson et al. (2007)],116

allowing glucose concentration within the cell to equilibrate with external glucose. For117

simplicity, we assume rapid transport of glucose through these transporters, so that118

the internal concentration of glucose at the nodes where transporters are present is119

assumed to be fixed. The cellular region between two glucose sources is modeled as a120

one-dimensional interval of length L with glucose concentration fixed to a value c0 at the121

interval boundaries (Fig.1a). Glucose diffuses throughout this interval with diffusivity D,122

while being metabolized by hexokinase enzyme in the first step of mammalian glucose123

utilization (Fig. 1c) [Wilson (2003)].124

The concentration of glucose is thus governed by the reaction-diffusion equation,125

dG
dt

= D)
2G
)x2

− k(x)G(x) (1)

where k(x) describes the spatial distribution of the hexokinase enzyme as well as the126

rate of consumption. In the case of spatially uniform, linear consumption [k(x) = k, a127

constant] this equation can be solved directly, yielding a distribution of glucose that falls128

exponentially from each source boundary, with a decay length � =
√

D∕k [Kholodenko129

(2006)].130

Hexokinase 1 (HK1), the predominant form of hexokinase expressed in neurons, is131

known to localize preferentially to mitochondria [John et al. (2011)], which in mammalian132

axons can form individual organelles approximately 1�m in length [Fawcett (1981)]. We133

carry out numerical simulations of Eq. 1 where consumption is limited to locations of134

individual discrete mitochondria, represented by short intervals of length Δ. Specifically,135

we define the mitochondria density asM(x) = n(x)∕(�r2Δ), where n(x) is the number of136

mitochondria overlapping position x, and r is the axon radius. The phosphorylation of137

glucose by mitochondrial hexokinase is assumed to follow Michaelis-Menten kinetics,138

described by139

k(x) =
kgM(x)

G(x) +KM
, (2)

where KM is the saturation constant and kg is the turnover rate of glucose (per unit140
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time per mitochondrion). The turnover rate kg incorporates both the catalytic rate of141

hexokinase and the number of hexokinase enzymes per mitochondrion. This expression142

reduces to the case of constant linear consumption when glucose concentration is low143

(G ≪ KM ) and mitochondria are uniformly distributed throughout the region.144

In general, glucose consumption depends on the location of mitochondria within145

the domain. Mitochondrial distribution in neurons is known to be mediated through146

regulation of their motor-driven motility [Chang and Reynolds (2006); Pekkurnaz et al.147

(2014)]. Individual mitochondria switch between processively moving and paused states,148

modulated by the interplay between kinesin and dynein motors and the adaptor proteins149

that link these motors to the mitochondria [Schwarz (2013)]. In our model, we simulate150

mitochondria as stochastically switching between a processive walking state that moves151

in either direction with velocity v and a stationary state. The rate of initiating a walk (kw) is152

assumed to be constant, while the halting rate (ks(x)) can be spatially heterogeneous. For153

simplicity, we assume the mitochondria are equally likely to move in the positive (+) or154

negative (-) direction each time they initiate a processive walk (Fig. 1b).155

It has recently been demonstrated that the key motor adaptor protein (Milton) is156

sensitive to glucose levels, halting mitochondrial motility when it is modified through157

O-GlcNAcylation by the OGT enzyme [Pekkurnaz et al. (2014)]. Our model employs a158

highly simplified description of mitochondrial dynamics, which assumes that all pauses159

are associated with such an O-GlcNAcylation event. Recovery from the pause at the160

constant rate kw corresponds to removal of the modification through the activity of the161

complementary enzyme O-GlcNAcase (OGA). Although there is evidence indicating long-162

term glucose deprivation can reduce OGA expression [Zou et al. (2012)], for simplicity163

we assume in our model that OGA activity is independent of glucose levels. In vivo164

axonal mitochondria have been observed to undergo short-lived sporadic pausing while165

continuing to move processively in their previous anterograde or retrograde direction166

[Russo et al. (2009); Wang and Schwarz (2009)]. Such pauses are subsumed into an167

effective processive velocity v in our model. Other sources of pausing, such as Ca2+-168
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Figure 2. (a) Glucose distribution and position of individual mitochondria (b) Normalized

itochondrial distribution,M(x)∕M , obtained from simulating discrete mitochondrial motion

(histogram compiled from 100 independent simulations), compared to numerical calculation of

steady state continuous mitochondrial disribution (black curve). Results shown are for parameter

values: �̂ = 0.08, ĉ0 = 1, k̂s = 100.

regulated motor disengagement, PINK1/Parkin-mediated detachment of motors, and169

anchoring to the microtubules by syntaphilin [Schwarz (2013)], are not considered here170

in order to focus specifically on the effect of glucose-dependent mitochondrial spatial171

organization.172

Upon entry into the cell, the first rate-limiting step of glucose metabolism is its conver-173

sion into glucose-6-phosphate by hexokinase. Further downstream metabolic pathways174

split, with much of the flux going to glycolysis while a small fraction is funneled into175

the pentose phosphate pathway and the hexosamine biosynthetic pathway (HBP). The176

HBP produces UDP-GlcNAc, the sugar substrate for O-GlcNAcylation (Fig. 1c) [Hart et al.177

(2011)]. In our model, we assume that the rate of UDP-GlcNAc production equals the178

rate of glucose conversion by hexokinase, scaled by the fraction of G6P that is channeled179

into the hexosamine biosynthetic pathway. This assumption is valid if, at each point of180

pathway branching, the Michaelis-Menten saturation constants for the two branches181

are similar. This in fact appears to be the case for both the branching of the pentose182
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phosphate pathway and glycolysis from the hexosamine biosynthetic pathway which is183

the focus of this work (see Appendix 2). Consequently, saturation of the initial glucose184

conversion step will imply saturation of the entire hexosamine biosynthetic pathway. We185

therefore model the kinetics of Milton modification using the same Michaelis-Menten186

form as for hexokinase activity, with the pathway flux leading to Milton modification187

subsumed within a rate constant for mitochondrial stopping (ks).188

We note that the subcellular organization of the intermediates in the conversion189

from glucose into O-GlcNAcylated Milton is largely unknown. In our model, we make the190

extreme case assumption that all intermediates are localized to mitochondria, with only191

the initial glucose substrate capable of diffusing through the cytoplasm. We note that192

cytoplasmic diffusion of any of the pathway intermediates would attenuate the effect193

on mitochondrial localization. Our simplified model thus gives an upper limit on the194

extent to which mitochondria can localize at high glucose regions through the Milton195

modification mechanism. Following these simplified assumptions, we treat the kinetics of196

mitochondrial halting as dependent only on the local glucose concentration, according to197

the functional form198

ks(x) =
ksG(x)

G(x) +KM
, (3)

where KM is the Michaelis-Menten constant of hexokinase.199

We proceed to evolve the simulation forward in time, with glucose consumption local-200

ized to regions within ±Δ∕2 of each discrete mitochondrial position (details in Materials201

and Methods). A snapshot of one simulation run is shown in Fig. 2a, highlighting the202

accumulation of stationary mitochondria in the high glucose regions near the ends of the203

domain.204

We are interested primarily in investigating the steady-state distribution of mitochon-205

dria and glucose in this system, averaged over all possible mitochondrial trajectories.206

We thus proceed to coarse-grain our model by treating the distribution of mitochondria207

as a continuous field M(x) = W+(x) + W−(x) + S(x), where W+(x) is the distribution of208
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Table 1. Physiological parameter values estimated from published data.

cytoplasmic glucose diffusivity D 140�m2/s

glucose turnover per mitochondrion kg 1.3 × 105s−1

axon radius r 0.4�m

internodal distance L 250�m

mitochondrial density M 0.3�m−3

hexokinase Michaelis-Menten constant KM 0.03mM

brain glucose levels c0 0.7 − 1.3mM

ratio of stopped to moving mitochondria at high glucose ks∕kw 19

glucose permeability P 20nm/s

glucose transporter (GLUT3) Michaelis-Menten constant KMP 3mM

Source: see Appendix 1 for details of parameter estimates.

mitochondria walking in the positive direction,W−(x) is the distribution of those walking209

in the negative direction, and S(x) is the distribution of stationary mitochondria. We210

can then write down the coupled differential equations governing the behavior of the211

mitochondrial distributions as:212

dW+
dt

= −v
)W+
)x

− ks(x)W+ +
kwS
2

dW−
dt

= v
)W−
)x

− ks(x)W− +
kwS
2

dS
dt

= ks(x)[W+ +W−] − kwS.

(4)

The glucose distribution evolves according to Eq. 1 with consumption rate k(x) given by213

Eq. 2. The boundary conditions at the ends of the domain are assumed to be reflective214

for the mitochondrial distributions, and to have a fixed glucose concentration c0. The215

stationary state for this system can be calculated numerically (see Materials and Meth-216

ods). The formulation with a continuous mitochondrial density faithfully represents the217

behavior of simulations with discrete mitochondria, as illustrated in Fig. 2b.218

The steady-state spatial distribution of mitochondria and glucose in the continuous219

system depend on six parameters: ks∕kw, KM , c0, D, L, kgM whereM is the average mi-220
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Figure 3. Effect of external glucose concentration on intracellular glucose and mitochondrial

distributions. (a) Normalized mitochondrial distribution (M(x)∕M ), for different values of edge

concentration ĉ0. The curve with ĉ0 = 56 illustrates the accumulation cutoff A = 0.2. (b) Glucose

distribution normalized by edge concentration (G(x)∕c0). The black dashed line in both panels

indicates the analytical solution for the low glucose limit (Materials and Methods, Eq. 13). Source

data provided in “Figure 3 - source data".

tochondrial density in the axon (number of mitochondria per unit volume) . Estimates221

of physiologically relevant values are provided in Table 1. Dimensional analysis indicates222

that three of these parameters can be used to define units of time, length, and glucose223

concentration, leaving three dimensionless groups. We choose to use the following three224

dimensionless parameters, each of which has an intuitive physical meaning:225

�̂ =
√

DKM
kgML2

, ĉ0 =
c0
KM

, k̂s =
ks
kw

(5)

Here �̂ is the length-scale of glucose decay relative to the domain length, ĉ0 is the226

boundary glucose concentration relative to the saturation constant KM , and k̂s is the227

ratio of stopped to walking mitochondria at high glucose levels. We proceed to explore228

the steady-state distribution of mitochondria and glucose as a function of these three229

parameters.230
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Figure 4. Effect of model parameters on mitochondrial accumulation at regions of localized

glucose entry. (a) Accumulation metric as a function of boundary glucose levels and mitochondrial

stopping rate. (b) Fraction of mitochondria in the stopped state. Black dashed line indicates

parameters corresponding to 95% stopped mitochondria. (c) Accumulation metric as a function of

glucose levels ĉ0 and decay length �̂. (d) Phase diagram for mitochondrial accumulation, showing

upper and lower concentration cutoffs for accumulation above the cutoff of A
cut
= 0.2. Dashed

black line shows limit of high stopping rate k̂s. Dotted black line indicates estimate of �̂ for

physiological parameters, and corresponding upper concentration cutoff. Source data provided in

“Figure 4 - source data 1-3".
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Mitochondrial localization requires limited range of external glucose231

In order for mitochondria to preferentially accumulate at the source of glucose via a232

glucose-dependent stopping mechanism, three criteria must be met. First, the glucose233

concentration needs to be higher at the source than in the bulk of the cell, as occurs234

when the decay length due to consumption is much smaller than the size of the domain235

(�̂ ≪ 1). Second, if glucose levels become too high (ĉ0 ≫ 1) then both glucose consumption236

rates and stopping rates of the mitochondria become saturated, leading to a flattening237

of glucose and mitochondrial distributions (Fig. 3). There is thus an upper limit on the238

possible external glucose concentrations that will yield mitochondrial localization at239

the edges of the domain. Finally, the mitochondria must spend a substantial amount240

of time in the stationary state, since walking mitochondria will be broadly distributed241

throughout the domain. Because the stopping rate is itself dependent on the glucose242

concentration, this criterion implies that very low concentrations will also not allow243

mitochondrial localization. Fig. 3 shows the distribution of glucose and mitochondria at244

different values of the external glucose ĉ0, illustrating that accumulation of mitochondria245

at the edges requires intermediate glucose levels.246

To characterize the distribution of mitochondria along the interval, we introduce an

accumulation metric A, defined by

A = 6�2∕L2 − 0.5

where �2 is the variance in themitochondrial distribution. This metric scales fromA = 0 for247

a uniform distribution to A = 1 for two narrow peaks at the domain edges. Mitochondrial248

distributions with several different values of the accumulation metric are shown in Fig. 3a.249

We use a cutoff of A = 0.2 to define distributions where the mitochondria are localized at250

the glucose source.251

We explore the dependence of the mitochondrial accumulation on the three dimen-252

sionless parameters defining the behavior of the system: the stopping rate constant k̂s,253

the glucose decay length �̂, and the external concentration ĉ0. Because only the stopped254
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mitochondria localize near the glucose sources, increasing the fraction of mitochondria255

in the stopped state (increased k̂s) inevitably raises the overall accumulation (Fig. 4a).256

The fraction of mitochondria in the stopped state will depend on both k̂s and the overall257

levels of glucose, as dictated by ĉ0 (Fig. 4b). Experimental measurements indicate that258

at high glucose concentrations, approximately 95% of mitochondria are in the station-259

ary state [Pekkurnaz et al. (2014)]. We are thus interested primarily in the parameter260

regime of high stopping rates: k̂s ≳ 10. The limited range of concentrations that lead to261

mitochondrial accumulation at the edges of the domain can be seen in Fig. 4a.262

For a high stopping rate (k̂s = 10), we then calculate the mitochondrial accumulation263

as a function of the remaining two parameters: �̂, ĉ0. Here, again, we note that only264

intermediate glucose concentrations result in accumulation, with the range of concentra-265

tions becoming narrower as the decay length �̂ becomes comparable to the domain size266

(Fig. 4c). We can establish the concentration range within which substantial accumula-267

tion is expected, by setting a cutoff A = 0.2 on the accumulation metric and calculating268

the resulting phase diagram (Fig. 4d). Below the lower concentration cutoff, insufficient269

mitochondria are in the stationary state and so no localization is seen. This lower cutoff270

disappears in the limit of infinite k̂s. At intermediate concentrations, mitochondria are271

localized near the domain edges. Above the upper concentration cutoff, no localization is272

observed due to saturation of the Michaelis-Menten kinetics.273

Using empirically derived approximations for the rate of glucose consumption by274

mitochondria and the diffusivity of glucose in cytoplasm (see Table 1), we estimate the275

decay length parameter as �̂ ≈ 0.03. The mitochondria are then expected to localize near276

the glucose source only if ĉ0 < 66. Because the saturation concentration for hexokinase is277

quite low (KM ≈ 0.03mM) [Wilson (2003)], we would expect mitochondrial accumulation278

for glucose concentrations below about 2mM. We note that physiological brain glucose279

levels have been measured at 0.7 − 1.3mM, depending on the brain region [McNay et al.280

(2001)], implying that glucose-dependent halting of mitochondrial transport would be281

expected to result in localization of mitochondria at nodes of Ranvier.282
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Figure 5. Mitochondrial stopping increases overall metabolic flux. Total glucose consumption per

mitochondrion, averaged over the full interval, is shown for different edge glucose concentrations

(c0) as a function of the mitochondrial stopping rate k̂s. The limit of small k̂s corresponds to uniform

mitochondria distribution. Parameters for the model are taken from Table I. Source data is

provided in “Fig. 5 - source data".

.

Glucose-dependent halting can increase metabolic flux under physi-283

ological conditions284

Localizing mitochondria to the glucose entry points is expected to increase the flux of285

glucose entering the cell, thereby potentially enhancing the overall metabolic rate. We286

calculate the overall effect of transport-based regulation on the net metabolic flux within287

the simplified model with localized glucose entry. Fig. 5 shows the effect of increasing288

mitochondrial stopping rates (k̂s) on the total rate of glucose consumption in the interval289

between nodes of glucose influx. At low k̂s values, mitochondria are distributed uniformly290

throughout the interval. At high k̂s values and at sufficiently low glucose concentrations,291

the mitochondria cluster in the regions of glucose entry, increasing the overall consump-292

tion rate by up to 40% at physiologically relevant glucose levels (c0 = 1mM). We note that in293

hypoglycemic conditions, glucose levels can drop to 0.1mM [Silver and Erecinska (1994)],294

further increasing the magnitude of this effect.295

15 of 45



Manuscript submitted to eLife

In the case of limited glucose transport into the cell, intracellular glucose levels could296

be significantly below the concentrations outside the cell. Measurements of intracellular297

glucose in a variety of cultured mammalian cell types indicate internal concentrations298

within the range of 0.07 − 1mM, up to an order of magnitude lower than glucose con-299

centrations in the medium [John et al. (2008)]. However, neuronal cells are known to300

express a particularly efficient glucose transporter (GLUT3) [Simpson et al. (2008)], and301

these transporters have been shown to be highly concentrated near the nodes of Ranvier302

[Magnani et al. (1996); Rosenbluth (2009)]. We therefore assume that glucose import303

into the nodes is not rate limiting for myelinated neurons in physiological conditions.304

Introducing a finite rate of glucose transport would effectively decrease the intracellular305

glucose concentration at the nodes c0, increasing the enhancement in metabolic flux306

due to mitochondrial localization. In subsequent sections, we explore the role of limited307

glucose import in unmyelinated axons with spatially uniform glucose permeability.308

Model for spatial organization in a glucose gradient309

Extracellular brain glucose levels exhibit substantial regional variation, particularly under310

hypoglycemic conditions where more than ten-fold differences in local glucose concen-311

trations have been reported [Paschen et al. (1986)]. Because individual neurons can312

traverse multiple different brain regions [Matsuda et al. (2009)], a single axon can be313

subjected to heterogeneous glucose levels along its length. This raises the possibility314

that glucose-dependent mitochondrial localization can play a role in neuronal metabolic315

flexibility even in the case where glucose entry into the cell is not localized to distinct316

nodes. We thus extend our model to quantify the distribution of mitochondria in an axon317

with limited but spatially uniform glucose permeability that is subjected to a gradient318

of external glucose. This situation is relevant, for instance, to unmyelinated neurons in319

infant brains, as well as to in vitro experiments with neurons cultured in a glucose gradient320

[Pekkurnaz et al. (2014)].321

In this model, the extracellular environment provides a continuous source of glucose322
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Figure 6. Mitochondrial and glucose organization in a region with uniform glucose permeability, subjected to a gradient of

external glucose. (a) Internal glucose levels for the steady state solution with G
ext
∕KM = 17 (G

ext
= 0.5mM) and varying ratios of

entry to consumption rate 
 . Black dashed line shows external glucose levels. (b) Corresponding normalized distribution of

internal glucose. (c) Corresponding normalized mitochondrial distribution. Shaded box indicates distal region used for calculating

mitochondrial enrichment and metabolic enhancement in panels d-e. (d) Mitochondrial enrichment in the distal 10% of the interval

at highest external glucose, compared to a uniform distribution. White dot marks estimated parameter values for neuronal cell

culture experiments (G
ext
= 2.5mM). (e) Enhancement in metabolic flux in the distal region at high glucose, compared to a uniform

mitochondrial distribution. (f) Enhancement in metabolic flux over full interval. White line in (d-f) shows estimated parameter

range for physiological glycemic levels 0.5mM < G
ext
< 1.5mM. Parameter values k̂s = 19, ΔĜext = 2 used throughout. Source data is

provided in “Fig. 6 - source data 1-3".

Figure 6–Figure supplement 1. High stopping rate limit for model with uniform glucose permeability. For the high ks limit,

we show (a) mitochondrial enrichment in the distal region and (b) metabolic enhancement in the distal region. In this limit,

mitochondrial accumulation occurs for arbitrarily low values of 
 as nearly all mitochondria are in the stopped state even at very

low internal glucose concentrations. However, metabolic enhancement still occurs only within a narrow range of 
 values.
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whose influx is limited by the permeability of the cell membrane. Intracellular glucose323

dynamics are then defined by the reaction-diffusion equation324

dG
dt

= D)
2G
)x2

− k(x)G + P (x)
(

Gext(x) − G
)

, (6)

where the first term corresponds to diffusive glucose spread, the second to a spatially325

varying metabolism of glucose, and the third to the entry of glucose into the cell. Here,326

Gext is the external glucose concentration, and P (x) is the membrane permeability to327

glucose, which we assume to depend in a Michaelis-Menten fashion on the difference328

between external and internal glucose concentration:329

P (x) =
(2∕r)PKMP

KMP + |Gext(x) − G(x)|
, (7)

where P is the spatially uniform permeability constant in units of length per time. This330

functional form incorporates two known features of glucose transporters: (1) they are331

bidirectional, so that the overall flux through the transporter at low glucose levels should332

scale linearly with the difference between external and internal glucose [Carruthers333

(1990)]; (2) neuronal glucose transporters saturate at high glucose levels (GLUT3 KMP ≈334

3mM [Maher et al. (1996)], with an even higher saturation constant for GLUT4 [Nishimura335

et al. (1993)]). When the difference in glucose levels is low, the overall flux of glucose336

entering the cell reduces to P (Gext(x) − G(x)). Mitochondria dynamics are defined as337

before (Eq. 4), and we again assume Michaelis-Menten kinetics for glucose metabolism by338

hexokinase localized to mitochondria (Eq. 2).339

We note that the dynamics in Eq. 6 are governed by three time-scales: the rate340

of glucose transport down the length of the axon, rate of glucose consumption, and341

rate of glucose entry. The first of these rates becomes negligibly small in the limit342

L ≫
√

D(G +KM )∕(kgM). Because internal glucose levels can never exceed the external343

concentrations, in the range where Gext < 10mM, the rate of diffusive transport should344

become negligible for L ≫ 150�m. In the limit where intracellular glucose is much less345

than Km, this criterion reduces to �̂ ≪ 1, indicating that glucose diffuses over a very346

18 of 45



Manuscript submitted to eLife

small fraction of the interval before being consumed. The interval length L in this model347

represents an axonal length which can range over many orders of magnitude. We focus348

on axon lengths above several hundred microns, allowing us to neglect the diffusive349

transport of intracellular glucose (see Appendix 3).350

The steady-state glucose profile can then be determined entirely by the local concen-351

tration of mitochondria and external glucose. For a given mitochondrial densityM(x) and352

external glucose profile Gext(x), the corresponding intracellular glucose concentration can353

be found directly by solving the quadratic steady-state version of Eq.6 without the diffu-354

sive term. However, the steady-state mitochondrial distribution cannot be solved locally,355

because the limited number of mitochondria within the axon couples the mitochondrial356

density at different positions. We thus employ an iterative approach to numerically com-357

pute the steady-state solution for both glucose and mitochondrial density under a linear358

external glucose gradient Gext = Gmin + (Gmax − Gmin)
x
L (see Materials and Methods).359

For parameter combinations where intracellular glucose concentrations are above360

KM but well below Gext, the entry and consumption processes for glucose are both361

saturated. There is then a steep transition between two different regimes. In one regime,362

glucose entry exceeds consumption and internal glucose levels approach the external363

concentrations. In the other, consumption dominates and glucose levels drop below364

saturating concentrations. The key dimensionless parameter governing this transition365

can be defined as the ratio of entry to consumption rates:366


 =
2PKMPGext

kgMr(KMP + Gext)
. (8)

This ratio can be modulated in the cell either by recruiting varying amounts of glucose367

transporters (adjusting P ) or changing the total amount of active hexokinase (adjusting368

kgM ).369

The remaining dimensionless parameters determining the behavior of this simpli-370

fied model are the external glucose concentration relative to the hexokinase saturation371

constant (Ĝext = Gext∕KM ), the relative magnitude of the glucose gradient, ΔĜext =372
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(Gmax − Gmin)∕Gext, the ratio of stopped to walking mitochondria k̂s = ks∕kw, and the373

saturation constant for glucose transporters KMP ∕KM ≈ 96. The last parameter is ex-374

pected to remain approximately constant in neuronal cells. The average external glucose375

concentration and glucose gradient are expected to vary substantially depending on376

the glycemic environment to which the neuron is exposed. We note that ΔĜext has a377

maximum possible value since the minimal glucose concentration cannot drop below 0.378

We proceed to analyze the limiting case where the glucose gradient is as steep as possible379

for any given value of average external glucose (ΔĜext = 2).380

Mitochondrial arrest enablesmetabolic enhancement under glucose381

gradient382

We quantify the amount of mitochondrial accumulation at the high glucose side of383

the domain by calculating the total mitochondrial density within the distal 10% of the384

interval compared to a uniform distribution, in analogy to experimental measurements385

[Pekkurnaz et al. (2014)]. Substantial enrichment in the high glucose region occurs when386

glucose entry into the cell cannot keep up with consumption (
 ≪ 1) and the intracellular387

glucose levels drop below the hexokinase saturation concentration KM , as can be seen in388

the glucose and mitochondrial distributions plotted in Fig. 6a-c. The interplay between389

external glucose levels and the entry / consumption rates is illustrated in Fig. 6d. For390

external glucose concentrations well aboveKM there is a sharp transition tomitochondrial391

enrichment at 
 < 1. At the lowest levels of intracellular glucose, accumulation is again392

reduced because a very small fraction of mitochondria are found in the stopped state.393

In the limit of high ks, mitochondrial accumulation would occur for arbitrarily low values394

of 
 (Fig. 6S1). We note that because glucose entry and turnover are much faster than395

diffusive spread for biologically relevant parameter regimes, the model results do not396

depend on the cell length L (Appendix 3).397

Experimental measurements of mitochondrial enrichment in cultured neurons sub-398

jected to a gradient of 0 to 5mM glucose have indicated an approximately 20% enrichment399

20 of 45



Manuscript submitted to eLife

in mitchondrial counts at the axonal region exposed to high glucose. We note that using400

published estimates of typical glucose permeability and mitochondrial glucose turnover401

for mammalian cells (Table 1) yields a ratio of entrance and consumption rates of 
 ≈ 1.9402

for this experimental system. Because this ratio is above 1, we would not expect to see403

substantial mitochondrial enrichment. To result in the experimentally observed enrich-404

ment at high glucose, the ratio 
 would need to be reduced by approximately a factor of405

2, implying the existence of additional regulatory mechanisms. Modulation of 
 could be406

achieved by either decreasing the number of glucose transporters in the cell (reducing P )407

or upregulating total hexokinase levels (increasing kg). Neurons are believed to regulate408

both the density of glucose transporters and hexokinase activity in response to external409

glucose concentrations and varying metabolic demand [Fujii and Beutler (1985); Robey410

et al. (1999); Duelli and Kuschinsky (2001)]. In particular, adaptation to glycemic levels411

well above physiological values, as well as possibly reduced synaptic activity in a cultured412

environment, may result in downregulation of glucose transporters, lowering the value of413


 . The discrepancy between model prediction and observed mitochondrial accumulation414

highlights the existence of additional regulatory pathways not included in the current415

model whose role could be explored in further studies that directly quantify glucose entry416

and consumption rates in cultured neurons.417

Physiological brain glucose levels have been measured at 0.7mM - 1.3mM [McNay et al.418

(2001)], with hypoglycemic levels dipping as low as 0.1mM and hyperglycemic levels rising419

up to 4mM [Silver and Erecinska (1994)]. Axons that stretch across different brain regions420

with varying glucose levels can thus be subject to a glucose gradient with Gext on the order421

of 1mM (white line on Fig. 6d). We note that the physiological range overlaps substantially422

with the region of high mitochondrial accumulation, indicating that glucose-dependent423

halting can modulate mitochondrial distribution under physiologically relevant glycemic424

levels.425

By accumulating mitochondria at the cellular region subjected to higher external426

glucose, the metabolic flux in that region can be substantially enhanced. In Fig. 6e we plot427
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the enhancement in glucose consumption rates (compared to the case with uniformly428

distributedmitochondria) within the 10% of cellular length subjected to the highest glucose429

concentrations. Metabolic enhancement occurs within a narrow band of the 
 parameter.430

The drop-off in enhancement at low values of the internal glucose concentration (low 
) is431

due to the coupling between glucose levels and mitochondrial localization. Specifically,432

mitochondrial accumulation at the region subject to high glucose concentration increases433

the local rate of consumption in that region, driving down local internal glucose levels.434

Consequently, the difference in internal glucose concentrations between the two ends of435

the cell is decreased when internal levels fall substantially below KM (Fig. 6b), reducing436

the enhancement of metabolic flux. Although mitochondrial accumulation decreases437

metabolic flux in the low glucose region, the total rate of glucose consumption integrated438

throughout the cell is enhanced by up to approximately 14% when 
 ≈ 1 (Fig. 6f).439

It is interesting to note that the typical physiological range of external glucose lev-440

els spans the narrow band of parameter space where metabolic enhancement is ex-441

pected (white lines on Fig. 6e,f). These results implicate glucose-dependent mitochondrial442

stopping as a quantitatively plausible mechanism of metabolic flexibility, increasing443

metabolism in regions with high nutrient availability for axonal projections that span444

between hypoglycemic and euglycemic regions. The magnitude of this effect can be tightly445

controlled by the cell through modulating overall rates of glucose entry and consumption.446

Thus, by coupling mitochondrial transport to local glucose levels, whole-cell changes447

in hexokinase or glucose transporter recruitment can be harnessed to tune the cell’s448

response to spatially heterogeneous glucose concentrations.449

Discussion450

The minimal model described here provides a quantitative framework to explore the451

interdependence of glucose levels and mitochondrial motility and their combined effect452

on neuronal metabolic flux. Glucose-mediated halting of mitochondrial transport is453

shown to be a plausible regulatory mechanism for enhancing metabolism in cases with454
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spatially heterogeneous glucose availability in the neuron.455

We have quantitatively delineated the regions in parameter space where such a456

mechanism can have a substantial effect on mitochondrial localization and metabolic457

flux. Specifically, mitochondrial positioning requires both sufficient spatial variation458

in intracellular glucose and sufficiently low absolute glucose levels compared to the459

saturation constant of the hexokinase enzyme. In the case of tightly localized glucose460

entry (as at the nodes of Ranvier), intracellular spatial heterogeneity requires a small461

value of the dimensionless length scale for glucose decay (�̂ =
√

DKM∕kgM̄L2 ≪ 1). For462

physiologically estimated values, mitochondrial localization to the nodes is expected to463

occur for glucose levels below approximately 2mM, comparable to physiological brain464

glucose concentrations [McNay et al. (2001); John et al. (2008)]. In the case where glucose465

can enter homogeneously throughout the cell surface (as with unmyelinated axons),466

heterogeneity can arise from an external glucose gradient. We show that metabolic467

enhancement through mitochondrial positioning occurs in a narrow range of the key468

parameter 
 = (2PKMPGext)∕(kgM(KMP + Gext)), which describes the ratio of glucose469

entry to glucose metabolism, and that this narrow range intersects with physiological470

estimates.471

The model developed here is intentionally highly simplified, encompassing a minimal472

set of parameters necessary to describe glucose-dependent mitochondrial localization.473

Other regulatory pathways that determine mitochondrial positioning are not included474

in this basal model. In particular, we do not consider here calcium-based transport475

regulation, which is known to localize mitochondria to regions of synaptic activity [Zhang476

et al. (2010); Wang and Schwarz (2009); MacAskill and Kittler (2010); MacAskill et al.477

(2009)]. Upregulating OGT signaling in cultured cells has been shown to decrease the478

fraction of motile mitochondria by a factor of three, while reducing endogenous OGT479

nearly doubles the motile fraction, indicating that a substantial number of stationary480

mitochondria are stopped as a result of OGT activity [Pekkurnaz et al. (2014)]. Our model481

assumes the extreme case where all stopping events are triggered in a glucose-dependent482
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manner, thereby isolating the effect of glucose heterogeneity. Stopping mechanisms483

dependent on neuronal firing activity could alter mitochondrial distribution in concert484

with glucose-dependent halting, increasing the density of mitochondria at presynaptic485

boutons or near areas of localized calcium influx as at the nodes of Ranvier [Zhang et al.486

(2010)]. We note that mitochondria have previously been shown to accumulate at spinal487

nodes of Ranvier in response to neuronal firing activity [Fabricius et al. (1993); Zhang488

et al. (2010)]. The mechanism described here provides an additional driving force for489

mitochondrial localization near the nodes even in quiescent neurons.490

Additional metabolic feedback loops, not included in our model, may result in a more491

complex dependence of mitochondrial stopping on glucose concentration. In particu-492

lar, both the pentose phosphate pathway and glycolysis generate intermediates that493

feed back into UDP-GlcNAc production by the hexosamine biosynthetic pathway [Kruger494

and von Schaewen (2003); Shirato et al. (2010)]. Furthermore, several of the enzymes495

involved in the metabolic pathways linking glucose levels to Milton O-GlcNacylation may496

be regulated in a glucose-dependent manner. For example, the activity of the fructose-6-497

phosphate metabolizing enzyme GFAT is believed to be regulated by intermediates in the498

hexosamine pathway [Traxinger and Marshall (1991)] and O-GlcNAc transferase (OGT)499

itself is directly regulated by UDP-GlcNAc levels [Hart et al. (2007)]. Other enzymes, such500

as the de-GlcNAcylating enzyme OGA exhibit long term regulation of expression in re-501

sponse to altered glucose levels [Zou et al. (2012)]. These regulatory mechanisms provide502

additional potential routes of metabolic control through mitochondrial positioning.503

Several key parameters that regulate mitochondrial localization in response to glu-504

cose heterogeneity can be dynamically regulated in neurons. Specifically, the rate of505

glucose consumption (kgM ) can be tuned by modulating the concentration or activity of506

hexokinase within mitochondria or by altering total mitochondrial size and number. This507

parameter controls both the glucose decay length �̂ in the case of localized glucose influx508

and the ratio of glucose entry to consumption 
 in the case of spatially distributed entry.509

We note that our model assumes hexokinase to be localized exclusively to mitochondria.510
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The predominant form of hexokinase in the brain (HK1) is known to bind reversibly to the511

mitochondrial membrane, with exchange between a mitochondria-bound and a cytoplas-512

mic state believed to contribute to the regulation of its activity [Golestani et al. (2007)].513

Release of hexokinase into the cytoplasm would result in more spatially uniform glucose514

consumption, negating the metabolic enhancement achieved through mitochondrial515

localization.516

An additional parameter known to be under regulatory control is the rate of glucose517

entry into the neuron (P ). The glucose transporters GLUT3 [Simpson et al. (2008); Duelli518

and Kuschinsky (2001);Weisová et al. (2009)] and GLUT4 [Ashrafi et al. (2017)] have been519

shown to be recruited to the plasma membrane in response to neuronal firing activity.520

Interestingly, transporter densities are themselves spatially heterogeneous, concentrating521

near regions of synaptic activity [Ashrafi et al. (2017); Ashrafi and Ryan (2017)]. The522

model described in this work quantifies the extent to which a locally increased glucose523

influx can enhance total metabolic flux, given the ability of mitochondria to accumulate at524

regions of high intracellular glucose.525

A number of possible feedback pathways linking glucose distribution and mitochon-526

drial positioning are not included in our basic model. For instance, hexokinase release527

from mitochondria into the cytoplasm (potentially altering kg) is known to be triggered at528

least in part by glucose-6-phosphate, the first byproduct in glucose metabolism [Crane529

and Sols (1954)]. Chronic hypoglycemia has been linked to an upregulation in GLUT3530

in rat neurons [Uehara et al. (1997)], which would in turn lead to an increased glucose531

uptake (P ). The fraction of glucose funneled into the hexosamine biosynthetic pathway532

(incorporated within ks) can also be modified through feedback inhibition of GFAT by the533

downstream metabolic product UDP-GlcNAc [Li et al. (2007)]. Such feedback loops imply534

that several of our model parameters (P , kg , ks) are themselves glucose-dependent and535

may become spatially non-uniform in response to heterogeneous glucose. Incorporating536

these effects into a spatially resolved model of metabolism would require quantifying537

the dynamics of both the feedback pathways and mitochondrial positioning, and forms a538

25 of 45



Manuscript submitted to eLife

promising avenue for future study.539

Control of glucose entry and consumption underlies cellular metabolic flexiblity, and540

defects in the associated regulatory pathways can have grave consequences for neuronal541

health. Misregulation of hexokinase has been highlighted as a contributor to several542

neurological disorders, ranging from depression [Regenold et al. (2012)] to schizophrenia543

[Shan et al. (2014)]. Neuronal glucose transporter deficiency has been linked to autism544

spectrum disorders [Zhao et al. (2010)] and Alzheimer’s disease [Liu et al. (2008)]. Further-545

more, defects in mitochondrial transport, with the consequent depletion of mitochondria546

in distal axonal regions, contribute to peripheral neuropathy disorders [Baloh (2008)].547

Glucose-dependent mitochondrial localization provides an additional layer of control,548

beyond conventionally studied regulatory mechanisms, which allows the cell to respond to549

spatial heterogeneity in glucose concentration. Our analysis paves the way for quantitative550

understanding of how flexible regulation of metabolism can be achieved by controlling551

the spatial distribution of glucose entry and consumption.552

Materials and Methods553

Source code (in MATLAB [MATLAB (2015)]) for all simulations and numerical calculations554

is available at: https://github.com/lenafabr/mitoManuscriptCodes.555

Discrete mitochondria simulations556

We simulate the internodal space of the axon, between localized nodes of glucose entry, as557

a one-dimensional domain for a reaction diffusion system with motile reaction sinks. The558

glucose concentration field is discretized over 100 equidistant points along the domain.559

Its dynamics are governed by the reaction diffusion equation (Eq. 1), evolved forward over560

time-steps of �t using the forward Euler method. Because forward Euler methods have561

stringent conditions for stability and convergence, we use a time-step that is much smaller562

than both the glucose decay time-scale and the time-scale associated with diffusion over563

our spatially discretized grid (see below).564
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The number of mitochondria in the domain is calculated according toN =ML�r2 ≈ 38,565

where the mitochondrial density M , internodal distance L, and axonal radius r are566

estimated from published data (Table 1; Appendix 1). The mitochondria are treated as567

discrete intervals of length Δ = 1�m, with the position of each mitochondrial center568

updated at each timestep. Over each time step, every motile mitochondrion moves569

a distance of ±v�t, (with transport velocity v = 1�m∕s) and switches to a stationary570

state with probability 1 − exp(−ks�t), where ks(x) is a function of the center position571

of that mitochondrion (Eq. 3). Mitochondria that reach within a distance of Δ∕2 from572

the ends of the domain are reflected, reversing their velocity while remaining motile.573

Analogously, every stationary mitochondrion switches to a motile state on each time-step574

with probability 1 − exp(−kw�t). Processive walks are initiated with equal probability in575

either direction.576

At any given time, the spatial density of mitochondria is calculated from the location577

of mitochondrial centers at positions x1,… xN , according toM(x) = n(x)∕(�r2Δ), where578

n(x) =
N
∑

i=1

[

�(x − xi + Δ∕2) − �(x − xi − Δ∕2)
]

,

is the number of mitochondria overlapping spatial position x and � is the Heaviside step579

function.580

We integrate the simulation forward in time-steps of �t = 0.2Δx
2

D , whereΔx is the spatial581

discretization. This time-scale is much smaller than the relevant decay time for glucose582

consumption

[

�g =
(

kgM
KM

)−1
]

. Using these small time-steps allows for stability and583

robust convergence with the forward Euler method. The simulation proceeds for 107 steps.584

Simulations are repeated 100 times to obtain the histogram shown in Fig. 2. Convergence585

to steady-state is established by comparing to calculations with the continuum model586

described in the subsequent sections.587

Mitochondrial distribution for spatially varying stopping rate588

For an arbitrary spatial distribution of stopping rates ks(x) the corresponding steady-589

state mitochondrial distribution can be calculated directly by solving the equations for590
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mitochondrial transport (Eq. 4):591

S =
ks(x)(W− +W+)

kw

v
dW+
dx

= 1
2
ks(x)(W− −W+)

v
dW−
dx

= 1
2
ks(x)(W− −W+).

(9)

Because our model assumes symmetry between anterograde and retrograde mito-592

chondrial transport, as well as equal glucose concentrations at either boundary of the593

domain, we takeW− = W+, implying that the population of walking mitochondria must594

be spatially constant. Consequently, the population of stopped mitochondria is propor-595

tional to the stopping rate (S = Cks(x)∕kw). The constant C can be calculated from the596

normalization condition,597

∫

L

0
M(x)dx = ∫

L

0

[

W−(x) +W+(x) + S(x)
]

dx =ML. (10)

The overall steady-state distribution of mitochondria is then given by,598

M(x) = W−(x) +W+(x) + S(x) =
M

1 + 1
L ∫ L0

ks(x)
kw

dx

[

ks(x)
kw

+ 1
]

(11)

.599

Because the stopping rate is an explicit function of glucose concentrations

[

ks(x) =
ksG(x)

KM+G(x)

]

,600

this approach allows us to find the steady-state mitochondrial distribution for any fixed601

distribution of glucose.602

Numerical solution for steady-state distributions with localized glu-603

cose entry604

We solve for steady-state glucose and mitochondrial distributions using a numerical605

method that evolves the glucose concentration forward in time while explicitly setting the606

mitochondrial concentration to its steady-state value at each step.607

The glucose distribution is initialized according to the steady-state solution for uni-608

form consumption (Eq. 13). Mitochondrial densityM(x) is calculated from the glucose609

distribution according to Eq. 11 and Eq. 3. The glucose distribution G(x), in turn, evolves610
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according to the mitochondrial distribution as given by Eq. 1 and Eq. 2 . The glucose profile611

is integrated forward with a timestep �t = 10−5L2∕D. The distributions are assumed to be612

converged once the root mean squared rate of glucose change drops below the minimal613

cutoff: 10−6kgM . Results of the continuous mitochondrial distribution model are shown614

to match the discrete mitochondria simulations (Fig. 2b). All subsequent analysis is done615

in the continuum limit.616

Analytical solution for low glucose limit617

We validate our numerical calculations by comparing to the analytically tractable solution618

in the limit of low glucose and nearly uniform mitochondrial distribution. In the limit of619

spatially uniform, linear consumption, the steady-state reaction-diffusion equation for620

glucose can be expressed as621

0 = D)
2G
)x2

− kG(x), (12)

where k = kgM∕KM is the constant consumption rate.622

Assuming fixed glucose concentrations (c0) at the boundaries of the domain, the623

steady-state glucose distribution is then given by624

G(x) =
c0 cosh(

x
� )

cosh( L2� )
, (13)

with � =
√

D
k defining the glucose decay length-scale. This quantity is ameasure of how far625

glucose diffusively penetrates into the domain before being consumed by hexokinase. It is626

scaled by the size of the domain to give the dimensionless decay length scale �̂ =
√

DKM
kgML2

627

used as a key parameter in our model with localized glucose entry:628

Steady-state distribution with uniform permeability in the slow dif-629

fusion limit630

For the model with spatially uniform glucose permeability, we solve directly for the steady631

state distributions of glucose and mitochondria in the limit of slow diffusivity. When632

diffusion along the domain is slow compared to the timescales of glucose consumption633
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and glucose import, the steady-state equation for glucose concentration is given by a634

simplified form of Eq. 6:635

−k(x)G(x) + P (x)
(

Gext(x) − G(x)
)

= 0. (14)

Substituting k(x) = kgM(x)G(x)
G(x)+KM

and P (x) = (2∕r)PKMP
KMP+|Gext(x)−G(x)|

, we get a quadratic equation in636

G(x);637

[

1 −
2PKMP
rkgM

]

G(x)2 +
[

2PKMPGext
rkgM

−
2PKMPKM
rkgM

− Gext −KMP

]

G(x) +
[

2PKMPKMGext
rkgM

]

= 0

(15)

For a given mitochondrial profile, this quadratic equation is solved to find G(x) = G(M(x)).638

The mitochondrial distribution,M(x) is then updated according to Eq. 11 and Eq. 3. We639

thus arrive at an iterative solution for G(x) andM(x).640
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Appendix 1845

Estimating physiological parameter values846

In this appendix we describe our approach to estimating the parameter values

summarized in Table 1 from published experimental data.

847

848

Glucose diffusivity (D)849

glucose is a small molecule of comparable molecular weight to ATP, which has a

diffusion coefficient of 140�m2∕s [Mironov (2007); Vendelin et al. (2000)]
850

851

Glucose consumption rate per mitochondrion (kg)852

The oxidative capacity of muscle mitochondria has been measured at 5.8 mL of

O2 per min per mL mitochondria [Harris and Attwell (2012); Schwerzmann et al.
(1989)]. We assume 6 glucose molecules are consumed per molecule of oxygen,
and a volume of 0.3�m3 for globular mitochondria [Posakony et al. (1977)]. The
corresponding glucose turnover rate of a mitochondrion is then calculated as

1.3 × 105 glucose per second per mitochondrion.

853

854

855

856

857

858

Axon radius (r)859

The thickness of mammalian brain axons varies widely from 0.1�m to 10�m [Perge
et al. (2012)]. Statistical measurements in the human brain show that most axon
diameters fall below 1�m, with a long-tailed distribution of substantially thicker

axons [Liewald et al. (2014)]. We take as our estimate a median diameter of
0.8�m, which is consistent with measurements in human brain regions [Liewald
et al. (2014)], in the rat corpus collosum [Barazany et al. (2009)], guinea pig retinal
neurons [Perge et al. (2009)], and in a number of other mammalian tracts [Perge
et al. (2012)].

860

861

862

863

864

865

866

867
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Internodal distance (L)868

Typical internodal lengths vary widely from 200�m to 1500�m [Jacobs (1988);
Sherman et al. (2004)]. We use a value of L = 250�m as measured in the axons of
rat anterior medullary velum [Ibrahim et al. (1995)].

869

870

871

Mitochondrial density (M)872

Measurements of mitochondrial concentration in human spinal muscular nerves

give a linear density of about 15mitochondria per 100�m of axon [Xu et al. (2016)].
Similar densities are observed in Fig. 1, 2 of Ref. [Pekkurnaz et al. (2014)]. Assum-
ing an axonal radius of r ≈ 0.4�m gives a corresponding density of 0.3�m−3. EM

measurements in rat brain neurons indicate that mitochondria occupy approxi-

mately 8% of the neuronal cytoplasmic volume [Pysh and Khan (1972)]. Assuming
a mitochondrial volume of 0.3�m3 [Posakony et al. (1977)] would give the same
density estimate of 0.3mitochondria per �m3.

873

874

875

876

877

878

879

880

Hexokinase Michaelis-Menten constant (KM )881

The Michaelis-Menten constant for glucose phosphorylation by the neuronal iso-

form of hexokinase (HKI) has been measured as Km = 0.03mM [Wilson (2003)].
882

883

Ratio of stopped to moving mitochondria (ks∕kw)884

In Ref. [Pekkurnaz et al. (2014)], mammalian neurons grown under high (30mM)
glucose conditions were found to have mitochondria that spent approximately

5% of their time in motion. This fraction should correspond to kw∕(ks + kw) ≈ 0.05

under our simplified model for mitochondrial motility.

885

886

887

888

Membrane permeability to glucose (P ,KMP )889

The neuronal glucose transporter GLUT3 in rat cerebellar granule neurons has

been measured to have a turnover rate of kglut3 = 853s−1 and a Michaelis-Menten
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constant of KM,glut3 = 3mM [Maher et al. (1996)]. In the same study, the density of
GLUT3 channels was measured as 18pmol / mg cell membrane. We assume the cell

membrane has a density of order 1g/cm3
and forms a sheet of thickness 4nm. This

allows us to calculate the area density of GLUT3 channels in cerebellar neurons as

approximately a = 43 transporters/�m2.

890

891

892

893

894

895

896

In the case where the difference in external and internal glucose concentration

(ΔG) is below KM,glut3, we can approximate the net flux into the cell as,

flux = kglut3a
ΔG

KM,glut3
= PΔG, (16)

allowing an estimate of the permeability P =
kglut3a
KM,glut3

≈ 0.02�m/s

897

898

899

900

901

902
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Appendix 2903

Effective Michaelis-Menten kinetics for glycosylation

of Milton

904

905

We assume individual steps in glucose metabolism follow classic Michaelis-Menten

kinetics, with the rate of product formation given by dP∕dt = viS∕(KMi + S). We

further assume that all pathways considered here are operating in steady-state,

with a stationary concentration of all intermediates. When several Michaelis-

Menten reactions are connected in series (eg: A → B → C), steady state requires

that the dependence of final product formation C on the initial reactant A is given

by,

dC
dt

=
vABA

KAB + A
(17)

where vAB , KAB are the maximum rate and saturation constant for the initial A→ B

reaction.

906

907

908

909

910

911

912

913

914

915

916

917

If two pathways branch from a single intermediate, as occurs when the hex-

osamine biosynthetic pathway splits off first from the pentose phosphate pathway

and then from glycolysis, then we have an additional reaction B→ D that alters the

rate of C formation. We make the key assumption that the saturation constants

in the first step of both branching pathways are comparable (KBC ≈ KBD). Steady

state then requires

vABA
KAB + A

=
(vBC + vBD)B
KBC + B

dC
dt

=
(

vBC
vBC + vBD

)

vABA
KAB + A

(18)

918

919

920

921

922

923

924

925

926

Thus, if the saturation concentrations of the splitting reactions are similar,

then the formation of the final product occurs at a rate proportional to the initial

substrate consumption, with the same saturation constant. As illustrated in the
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pathway schematic (Appendix 2 Fig.1), the branching of both the pentose phos-

phate pathway and glycolysis from the pathway leading to UDP-GlcNAc formation

involves similar values of the Michaelis-Menten constant. We therefore assume

that the rate of Milton glycosylation by OGT (dC∕dt) is proportional to the rate of

initial glucose consumption by hexokinase (|dA∕dt|). This assumption justifies our

use of the same KM for both glucose consumption and mitochondrial stopping.

The fraction of metabolic flux funneled into Milton glycosylation is subsumed into

the effective rate constant ks.

927

928

929

930

931

932

933

934

935

936

937

Appendix 2 Figure 1. Schematic of early pathway branches in glucose metabolism,

showing the branching of the pentose phosphate pathway and glycolysis from the

hexosamine biosynthetic pathway that leads to UDP-GlcNAc formation. Saturation

concentrations are labeled for each of the initial branching reactions. Note that in both

cases, the splitting branches have comparable values of KM .

938

939

940

941

942

(a) Duffieux et al. (2000); (b) Kahana et al. (1960); (c) Li et al. (2007); (d) Urbina and Crespo
(1984)
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Appendix 3946

Effect of domain length L in uniform permeability

model

947

948

Dimensional analysis of Eq. 6 indicates that the diffusive term for glucose dynamics

will be negligible compared to the consumption and entry terms in the limit L ≫
√

D(G +KM )∕(kgM). We assume that external glucose concentrations are well

below 10mM, indicating that the diffusive term is irrelevant for L ≫ 150�m. If

diffusion is neglected, the only length units in the model are found within external

glucose and mitochondrial concentrations, both of which are fixed parameters

independent of axonal length. We therefore expect in this limit that the model

results will not depend on the interval length L.

949

950

951

952

953

954

955

956

To verify the accuracy of this limit, we plot glucose and mitochondrial distri-

butions for the full model (including diffusion) for interval lengths of L = 100�m,

1mm 1 cm (Appendix 3, Fig. 1a,b). All other parameters are from our physiological

estimates in Table(1). We note that for lengths well above 100�m, the distributions

are independent of L and are nearly identical to those expected for the model

with diffusion excluded. We also plot mitochondrial accumulation and metabolic

enhancement in the distal 10% of the interval obtained from solutions of the full

model with diffusive transport, which match well to the plots in the main text

(Fig.6) that neglect diffusive transport. We can thus assume that glucose entry and

turnover are much faster than diffusive spread for biologically relevant parameter

regimes.
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968

Appendix 3 Figure 1. Long cell length limit can be approximated by a simplified model

without diffusive transport. (a-b) Steady-state intracellular glucose and mitochondrial

distributions from numerical solutions of Eq. 6 using different values of interval length L.

Black dashed line shows solution of the simplified model with the diffusive term removed.(c)

Mitochondrial enrichment in the distal 10% of the interval subject to highest external

glucose, as compared to a uniform distribution. White line indicates physiological brain

glucose levels, while white dot indicates glucose levels in cultured neurons [Pekkurnaz
et al. (2014)]. (d) Enhancement in metabolic flux in the distal 10% of the interval, compared
to uniform mitochondrial distribution. Plots (c) and (d) are obtained from solutions of the

full model with diffusive transport and are indistinguishable from Fig. 6d-e for an interval

length of 1000�m.
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Figure 6–Figure supplement 1. High stopping rate limit for model with uniform glucose

permeability. For the high ks limit, we show (a) mitochondrial enrichment in the distal

region and (b) metabolic enhancement in the distal region. In this limit, mitochondrial

accumulation occurs for arbitrarily low values of 
 as nearly all mitochondria are in the

stopped state even at very low internal glucose concentrations. However, metabolic

enhancement still occurs only within a narrow range of 
 values.

981
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