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Abstract

The formation of axons and dendrites during development, and their regeneration following injury, 

are energy intensive processes. The underlying assembly and dynamics of the cytoskeleton, axonal 

transport mechanisms and extensive signaling networks all rely on ATP and GTP consumption. 

Cellular ATP is generated through oxidative phosphorylation (OxP) in mitochondria, glycolysis 

and “regenerative” kinase systems. Recent investigations have focused on the role of the 

mitochondrion in axonal development and regeneration emphasizing the importance of this 

organelle and OxP in axon development and regeneration. In contrast, the understanding of 

alternative sources of ATP in neuronal morphogenesis and regeneration remains largely 

unexplored. This review focuses on the current state of the field of neuronal bioenergetics 

underlying morphogenesis and regeneration and considers the literature on the bioenergetics of 

non-neuronal cell motility to emphasize the potential contributions of non-mitochondrial energy 

sources.
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INTRODUCTION

Neurons are characterized by complex morphologies. Following their terminal mitosis 

neuronal cell bodies migrate to their destination by generating leading edge processes that 

guide their migration (Jossin, 2020). As with other forms of cell migration, the nucleus 

follows in the direction of leading edge advance while the rear of the cell undergoes 

contraction allowing displacement of the cell as a whole. Upon arriving at their proper 

position neuronal cell bodies then generate multiple processes that develop into the axon and 

dendrites. The morphogenesis of neuronal processes is fundamental to the establishment of 

neuronal circuits and thus nervous system function. Depending on the neuron type, the axon 

can then extend up to meters in length in large animals. Dendrites tend to attain lengths from 

a few tens of microns to a few hundred depending on neuron type. Individual axons and 
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dendrites form intricate patterns of branching. The branching of neuronal processes is 

crucial to the establishment of complex patterns of connectivity and in the case of axons 

allows the single axon to establish contacts with disparate targets within the nervous system. 

The final stage of morphogenesis involves the establishment of synaptic contacts and the 

refinement of neuronal projections (Riccomagno and Kolodkin, 2015). As a general rule, 

neurons develop more axon and dendrite branches than are present in the final configuration 

of the active circuit. The refinement process involves activity-dependent dynamic branch 

additions and retractions, even if in the absence of any further axon or dendrite elongation.

The formation of axons and dendrites involves the assembly and dynamics of the 

cytoskeleton (Dent and Gertler, 2003). The structure of axons and dendrites is supported by 

the underlying microtubule cytoskeleton. Depolymerization of microtubules results in the 

thinning and eventual fragmentation of axons and dendrites. The actin filament cytoskeleton 

is responsible for the surface features of axons and dendrites. All protrusive structures 

generated by axons and dendrites (e.g., filopodia, lamellipodia, synaptic structures) are 

dependent on actin filaments for their formation and maintenance. The tips of developing 

axons and dendrites are the sites of active elongation. In both cases, the tips develop 

structures termed growth cones.

Growth cones are highly dynamic subcellular domains that undergo complex changes in 

morphology and consist of a central (C) and peripheral (P) domain (Figure 1). Lamellipodia 

and filopodia are structures fully dependent of actin filaments for their formation and 

restructuring that characterize the P-domain of growth cones (Figure 1A,B) during the 

process of elongation and guidance to their targets. While actin filaments and thus 

lamellipodia and filopodia are not strictly required for axon elongation, in a context 

dependent manner (e.g., Abosch and Lagenaur, 1993; Selzer et al., 2006), they are required 

for the guidance of growth cones and are integral components of both the signaling and 

mechanical aspects of guidance (McCormick LE, Gupton, 2020). Myosin II is an ATPase 

molecular motor protein that generates contractile forces on actin filaments in an ATP 

hydrolysis dependent manner. Myosin II based contractility of filaments antagonizes the 

forward advance of axonal and dendritic growth cones and the regulation of actomyosin 

contractility is required for proper axon growth cone guidance (Turney and Bridgman, 2005; 

Loudon et al., 2006; Ketschek et al., 2007; Kollins et al., 2009; Turney et al., 2016). In 

growth cones the activity of myosin II at the interface of the P and C domains serves to pull 

the actin filaments in the P-domain toward to C-domain in a process termed actin retrograde 

flow (Figure1C; Lin and Forscher, 1995; Brown and Bridgman, 2003; Kerstein et al., 2015). 

Microtubule plus tips are highly dynamic within the C-domain of growth cones (Figure 1D) 

and through cycles of polymerization and depolymerization, termed dynamic instability, 

probe the intracellular environment and allow the subcellular targeting and delivery of 

cargoes rides along them. Microtubule plus tip polymerization is required for the elongation 

of axons, although in some cases the transport of short microtubules within the axon to its 

tip may suffice. Microtubule dynamic instability is required for growth cone guidance. It is 

generally considered that interactions between actin filaments and the plus tips of 

microtubules are responsible for the directed turning of growth cones in response to 

extracellular signals. Myosin II-driven actin retrograde flow counters the ability of 

microtubules plus tips to advance into the P-domain (Ketschek et al., 2007; Schaefer et al., 
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2008; Turney et al., 2016). Myosin II contractility at the region where the growth cone 

splays out from the main axon, often termed the “neck” of the growth cone, serves to 

maintain the growth cone polarized at the end of the axon and bundle microtubules into the 

axon as the growth cone advances (Burnette et al., 2008).

The formation of axon branches along the axon shaft, independent of the activity of the 

growth cone, also requires the dynamic reorganization of the axonal cytoskeleton (Armijo-

Weingart L, Gallo, 2017; Menon and Gupton, 2018). Branches are initiated as filopodia that 

in turn emerge from transient localized “patches” of actin filaments. Axonal filopodia are 

transient and only a few mature into branches. The maturation requires the targeting and 

retention of a microtubule plus tip into the filopodium that subsequently loses its filopodial 

actin organization and develops a polarized accumulation of actin filaments at the tip of the 

nascent branch. As the branch matures further microtubules become stabilized to support 

continued elongation and the tip develops a growth cone, albeit usually smaller than that 

present at the tip of the main axon.

BIOENERGETIC DEMANDS OF AXON AND DENDRITE DEVELOPMENT

Actin is an ATPase. The loading of an actin monomer with ATP greatly increases the 

polymerization competency of the monomer into a filament relative to its ADP bound state 

(Pollard, 2016). The importance of this aspect of actin biology is emphasized by the 

existence of actin regulatory proteins that regulate the loading of ATP onto actin 

(Goldschmidt-Clermont et al., 1992). Following polymerization into a filament the ATPase 

activity of actin hydrolyzes the ATP to ADP and following depolymerization from the 

filament that actin submit must be reloaded with ATP prior to reutilization (Figure 1A,B). 

Similarly, tubulin is a GTPase and has similar requirements for its polymerization into a 

microtubule as actin into a filament (Bowne-Anderson et al., 2015). Following 

polymerization into a microtubule the GTPase activity of tubulin hydrolyzes the bound GTP. 

The dynamic plus ends of microtubules thus contain a high content of GTP-bound tubulin 

relative to the rest of the microtubule lattice.

A difference between microtubules and actin filaments is that the latter are overall much 

more dynamic and undergo much faster turnover. While there are differences in the relative 

durations of filaments in different actin filament based structures (e.g., lamellipodia relative 

to stress fibers), overall actin filaments have life spans ranging from a few seconds to 

minutes. These high rates of filament turnover are particularly representative of filaments 

underlying protrusive structures, such as the P-domain of the growth cone. In contrast, in 

axons and dendrites microtubules have stable lattices that undergo relatively little tubulin 

exchange while their plus tips are the dynamic ends of the microtubules that exhibit dynamic 

instability and thus depend on GTP-loaded tubulin for their dynamics. The growth cone C-

domain contains mostly the dynamic plus tips of axonal microtubules. Thus, the growth 

cone is a subcellular domain that is a sink for both ATP and GTP utilization by cytoskeletal 

turnover and assembly. Having said that, the axon shaft also contains dynamic microtubule 

plus tips and populations of dynamic actin filaments.
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The bioenergetic drain (e.g., the relative utilization of ATP/GTP levels) of cellular processes 

in axons and dendrites is not well understood. In developing neurons undergoing process 

extension, the maintenance of membrane potential through the activity of ATP utilizing Na
+/K+ pump systems is estimated to account for approximately 50% of the bioenergetic drain 

for ATP (Bernstein and Bamburg, 2003; Engl and Attwell, 2015). Importantly, in the same 

developing neurons the drain of actin filament turnover is estimated to account for the 

remaining 50% of ATP utilization (Bernstein and Bamburg, 2003). A similar estimate for the 

bioenergetic drain of actin filament turnover was obtained for platelets (Daniel et al. 1986). 

Analysis of the relative contributions of actin turnover, through preventing filament 

polymerization, in slices of postnatal rat hippocampus arrived at estimates of oxygen 

utilization of approximately 25% (Engl et al., 2017), but this reflects the averaged 

bioenergetic drain of the various cell types present in slices and it should be noted that this 

experimental system is at post-developmental stages reflecting established circuitry and not 

developing axons and dendrites. The same study estimated a 22% utilization of oxygen by 

microtubule dependent processes as determined by treatment of the slices with high doses of 

the microtubule depolymerizing agent nocodazole, but this result cannot be attributed 

directly to the drain of microtubule dynamics as depolymerization of microtubules is 

expected to have occurred that would result in a variety of changes in cellular physiology 

including indirect alterations in the actin cytoskeleton. A specific analysis of the 

bioenergetic drain of microtubule dynamics under more controlled conditions is lacking, as 

is an analysis of the drain of axonal transport systems. Analysis of the bioenergetic drain of 

cytoskeletal dynamics in developing, and later stage, neurons under well controlled 

conditions is thus warranted. However, the current experimental evidence indicates that actin 

filament dynamics constitute a major bioenergetic drain in cells that exhibit high filament 

turnover rates such as developing neurons, and by inference specifically at the growth cone.

MITOCHONDRIA AND OXIDATIVE PHOSPHORYLATION

Although a role for mitochondria in regulating cell migration in non-neuronal cells has been 

thoroughly investigated (Denisenko et al., 2019; Majumdar et al., 2019), the role of the 

mitochondrion in neuronal migration remains minimally considered. Intriguingly, the role of 

mitochondria in the migration of cortical neurons to their target positions is neuron type 

dependent (Lin-Hendel et al., 2016). Glutamatergic projection neurons (PN) are guided to 

their position by radial glial fibers that the neurons attach to and follow along a relatively 

linear trajectory. In contrast, interneuron GABAergic neurons (IN) take a more circuitous 

tangential route to reach their target positions. Mitochondria in IN neurons are dynamic and 

undergo changes in subcellular position and target to the leading edge, while in PN neurons 

they tend to reside perinuclearly. Pharmacological and genetic inhibition of OxP impaired 

the migration of IN neurons but not PN neurons. These observations pave the way for 

continued analysis of the role of mitochondria and OxP in the migration of the many other 

neuron types during both central and peripheral nervous system development.

In fully differentiated neurons, mitochondria undergo bidirectional transport along axons 

and dendrites. The molecular motor systems and aspects of the regulation of mitochondrial 

transport are well understood (Melkov and Abdu, 2018). Mitochondria undergo long 

distance transport on microtubules using kinesin and dynein motors and more local 
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movements through association with actin filament interacting myosin motors (Smith and 

Gallo, 2018). Mitochondria have multiple physiological roles; the regulation of cytoplasmic 

calcium levels, the generation of ATP and the reactive oxygen species. These roles are in 

turn interlinked as mitochondrial calcium levels and ROS positively and negatively regulate 

OxP, respectively (Griffiths and Rutter , 2009; Wang et al., 2017). Mitochondria are found 

interspersed throughout axons and at any given time only a subpopulation are undergoing 

active transport. Many mitochondria along both extending and stabilized axons integrated 

into circuits remain stalled in place for extended time periods in vitro and in vivo (Lewis et 

al., 2016; Cheng and Sheng, 2020) likely reflecting their requirement at specific subcellular 

locations. Similarly, mitochondria remain stalled at specific locations along dendrites as 

dendrites develop and incorporate into circuitry (Faits et al., 2016 ). Mitochondria undergo 

transport into nascent axons from the cell body soon after axon specification (Ruthel and 

Hollenbeck, 2003) and similarly into nascent dendrites (Fukumitsu et al., 2015). The 

biogenesis of mitochondria, presumably at the cell body, is required for normal axon 

development in cortical neurons (Vaarmann et al., 2916). The subsequent transport of 

mitochondria into axons and dendrites, which is under the control of TRAK1 and TRAK2 

respectively, is required for normal axon and dendrite development (van Spronsen et al., 

2013). In actively extending axons mitochondria exhibit higher densities at growth cones 

than more proximal segments of the axon shaft (Figure 1E; Morris and Hollenbeck, 1993; 

Ketschek and Gallo, 2010), and the membrane potential of mitochondria at the growth cone 

is more hyperpolarized than that along the main axon (Verburg and Hollenbeck, 2008), 

indicating that the intracellular environment of the growth cone positively regulates their 

bioenergetic output.

Inhibition of OxP in embryonic sensory neurons results in growth cone collapse (Sainath et 

al., 2017a), characterized by the loss of filopodia and lamellipodia and a decrease in actin 

filament levels in the distal axon. Using microfluidic chambers, treatment of distal axon with 

inhibitors of OxP independent of the cell body blocks the extension of embryonic sensory 

and cortical neuron axons (Zhou et al., 2016; Sainath et al., 2017a). Time lapse analysis of 

the distribution of mitochondria at growth cones and the extension of axons showed that 

mitochondria positioning to the growth cone correlates positively with bouts of axon 

extension (Ruthel and Hollenbeck, 2000, 2003; Sainath et al., 2017a). In axons with 

bifurcations, wherein the growth cone split into two giving rise to two branches of the main 

axon, mitochondria are preferentially sorted at the branch point into the branch that is 

actively undergoing extension (Ruthel and Hollenbeck, 2003). Conversely, when axon 

extension is halted by a physical barrier, or by pharmacologically induced growth cone 

collapse, mitochondria redistribute from the growth cone into the more proximal axon 

(Morris and Hollenbeck, 1993). The transport of mitochondria is also required for the 

elongation of developing dendrites in Purkinje cells and hippocampal neurons (van Spronsen 

et al., 2013; Fukumitsu et al., 2015).

Mitochondria have emerged as important organelles in axon regeneration and are regulated 

by extracellular signals that inhibit or promote regeneration. The positioning and respiration 

of mitochondria in distal axons is of functional significance in regenerating axons following 

injury (Smith and Gallo, 2018; Cheng and Sheng, 2020). Axon regeneration correlates with 

the positioning of mitochondria at the tip of the severed axon (Han et al., 2016) and 

Gallo Page 5

Dev Neurobiol. Author manuscript; available in PMC 2021 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



promotion of mitochondria transport to the tips of regenerating axons increases the rate of 

regeneration in vitro and in vivo both in the peripheral and central nervous system (Zhou et 

al., 2016; Cartoni et al., 2016, 2017; Han et al., 2020). Mitochondrial calcium uptake after 

axon injury also promotes regenerative competency (Lee et al, 2019; Tang et al., 2020), 

possibly through the regulation of OxP. Chondroitin sulfate proteoglycans (CSGPs) are 

components of the extracellular matrix that inhibit axon extension during regenerative 

attempts (Tran et al., 2018) and stabilize axonal circuitry in the mature nervous system 

(Fawcett et al., 2019). On CSPGs mitochondria can target to growth cones but then exhibit 

increased rates of retrograde evacuation resulting in growth cones with lower mitochondria 

content than those on control growth permissive substrata (Sainath et al., 2017a). Myelin 

associated glycoprotein, an inhibitor of axon regeneration, and CSPGs impact the transport 

of mitochondria along axons in adult sensory neurons (Kalinski et al., 2019). CSPGs also 

induce depolarization of the mitochondrial membrane potential (Sainath et al., 2017a, 

2017b; Kalinski et al., 2019) that is expected to result in decreased ATP production. In 

contrast, axon extension/regeneration promoting factors (e.g., neurotrophins) hyperpolarize 

the mitochondrial membrane potential (Huang et al., 2005; Verburg and Hollenbeck, 2008).

Axon branching is dependent on the positioning of stalled mitochondria along axons. The 

sites of the formation of axonal filopodia and in turn branching correlate with sites populated 

by stalled axonal mitochondria along both sensory and central nervous system axons 

(Courchet et al., 2013; Spillane et al., 2013; Tao et al., 2014). Experimentally decreasing the 

proportion of stalled mitochondria through suppression of syntaphilin, a microtubule based 

mitochondria anchoring molecule, suppresses branching of cortical axons in vitro and in 

vivo (Courchet et al., 2013). Inhibition of OxP prevents branching along sensory axons in 

response to nerve growth factor (NGF; Spillane et al., 2013). Although stalled mitochondria 

determine the sites of axons where branching may occur, following the initial maturation of 

a branchlet mitochondria undergoing transport then populate the branch as it develops 

further (Armijo-Weingart et al., 2019). Developing branches are preferentially populated by 

mitochondria representing the shorter subpopulation of axonal mitochondria (Armijo-

Weingart et al., 2019). In the case of NGF induced sensory axon branching NGF drives a 

rapid bout of mitochondria fission and then maintains a new steady state of shorter 

mitochondria in axons that provide a greater number of ideally sized mitochondria for 

branch development (Armijo-Weingart et al., 2019). In contrast to axons, mitochondria 

aggregate in the proximal dendrites of cortical pyramidal neurons and locally negatively 

regulate branching (Kimura et al., 2014). The mechanism through which mitochondria 

suppress branching along proximal dendrites is not known but may involve the 

mitochondrion’s role in calcium buffering (Konur and Ghosh, 2005).

The contribution of mitochondrial OxP to axonal actin dynamics is local. Axonal and 

dendritic filopodia arise from precursors axonal actin patches (Andresen et al., 2005; Gallo, 

2013). Treatment of sensory axons NGF increases the proportion of patches that form in 

axon segments populated by stalled mitochondria (Ketschek and Gallo, 2010). Patches that 

form in axon segments populated by stalled mitochondria exhibit longer durations relative to 

those that form in segments lacking mitochondria (Sainath et al., 2017b; Armijo-Weingart et 

al., 2019). CSPGs depolarize axonal mitochondria (Sainath et al., 2017a, 2017b; Kalinski et 

al., 2019) and decrease the duration of patches formed in association with mitochondria 
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(Sainath et al., 2017b) but do not affect actin patches not associated with mitochondria. The 

effect of CSPGs on the duration of patches associated with mitochondria is reversed by 

pharmacologically promoting OxP (Sainath et al., 2017b). Furthermore, patches that form 

associated with mitochondria account for approximately 80% of sites of axonal filopodia 

formation from actin patches (Armijo-Weingart et al., 2019) and CSPGs suppress the 

formation of filopodia from patches (Sainath et al., 2017b), an effect partially reversed by 

pharmacologically promoting OxP. The induction of branches by NGF is dependent of the 

intra-axonal translation of mRNAs coding for actin regulatory proteins (Spillane et al., 

2012). Stalled axonal mitochondria define hotspots of high intra-axonal translation of these 

mRNAs that is dependent on OxP (Spillane et al., 2013). A similar local role for 

mitochondria in defining sites of localized translation has also been described for dendrites 

(Rangaraju et al., 2019). CSPGs suppress axon branching and the intra-axonal translation of 

cortactin mRNA (Sainath et al., 2017b), one of the mRNAs whose mitochondria-dependent 

axonal translation contributes to branching. Pharmacological promotion of OxP on CSPGs 

restores cortactin translation along axons and the localized hotspots of translation along 

axons (Sainath et al., 2017b). Motile mitochondria can also contribute to axonal physiology. 

Mitochondria undergoing transport near a presynaptic site regulate synaptic vesicle release 

through local alterations in ATP levels (Sun et al., 2013).

GLYCOLYSIS

Although glycolysis yield much less ATP than OxP per molecule of glucose, the rate of ATP 

production is greater through glycolysis than OxP and the two processes can generate 

equivalent amounts of ATP over equivalent time periods (Pfeiffer et al., 2001; Epstein et al., 

2014; Shestov et al., 2014; Slavov et al., 2014) and glycolytic activity can be promoted to 

rapidly generate ATP (Epstein et al., 2014). Glycolysis is active in developing neurons. 

Glycolysis contributes proportionally more to ATP levels than OxP in embryonic neurons 

relative to later developmental stage neurons in both rat retinal ganglion cells (E20 relative 

to P5; Steketee et al., 2012) and rat hippocampal neurons (E17/18 relative to P2/3; Surin et 

al., 2013). Glycolysis accounts for approximately 30% of cellular ATP during the early 

stages of cortical neuron differentiation in vitro (Agostini et al, 2016). In embryonic E12 

chicken sympathetic neurons glycolysis accounts for the majority of cellular ATP (Wakade 

and Wakade, 1985; Wakade et al., 1985). In P1–2 rat superior cervical ganglion neurons 

glycolysis and OxP each contribute approximately one third and 2 thirds to ATP levels in the 

neurites of these neurons (Tolkovsky and Suidan, 1987). In unpublished work, using the 

ATP/ADP ratiometric sensor PercevalHR (Tarasov and Rutter, 2014), we find that OxP and 

glycolysis each account for approximately 50% of ATP in the distal axons of E7 chicken 

sensory neurons, respectively. These observations indicate that glycolysis may be a 

significant contributor to axonal bioenergetics, particularly during development. The full 

spectrum of the contribution of glycolysis in adult neurons remains to be determined. 

However, glycolysis has been involved in the regulation of synaptic physiology (reviewed in 

Ashrafi G, Ryan, 2017). Glycolytic enzymes associate with vesicles undergoing fast axonal 

transport and “on-board” glycolysis on the vesicle’s surface contributes the ATP to power its 

transport (Zala et al., 2013; Hinckelmann et al.k 2016). In contrast, the axonal transport of 

mitochondria is powered by OxP independent of glycolysis (Zala et al., 2013; Spillane et al., 

2013). Membrane addition is an important aspect of axon development (Winkle and Gupton, 
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2016). Glycolysis may thus contribute to neuronal morphogenesis through its role in fast 

axonal transport, but this remains to be determined.

Recent evidence has challenged the dogma that neurons rely on astrocytic lactate during 

activity (Díaz-García et al., 2017; Yellen, 2018; Díaz-García CM, Yellen G, 2019), further 

emphasizing the emerging significance of glycolysis in neuronal function. In vitro, cortical 

neurons initially form multiple “minor” processes (Stage II) and subsequently one of these 

processes differentiates into the axon (Stage III) and the remainder become dendrites. 

Inhibition of glycolysis using 2-deoxyglucose treatment starting at the time of culturing 

prevented cortical neurons from developing beyond stage II (Agostini et al., 2016), 

indicating a requirement for glycolysis to commence the differentiation of axons and 

dendrites from the undifferentiated precursor minor processes. However, the role of 

glycolysis in axon and dendrite development has not been specifically addressed. The 

observations that during in vivo development of cortical pyramidal cell dendrites there is a 

low density of mitochondria is distal dendritic segments, that mitochondria inhibit the 

branching of the more proximal apical dendrite and that suppression of mitochondria 

targeting into dendrites does not adversely impact the overall growth of the dendrites 

(Kimura et al., 2014) raise the question of whether glycolysis or other bioenergetic sources 

may contribute to the development of the more apical dendrite in this neuron type. GAPDH 

associates with GluA2- containing AMPA receptors (Lee at al, 2016). Treatment of cultured 

neurons with a peptide that blocks the association of GAPDH with AMPA receptors 

decreases dendritic growth in vitro, results in aggregation of the axonal marker TAU-1 and 

diminishes growth cone morphology (Lee et al., 2016). The effects of the inhibitory peptide 

on glycolytic activity have not been assessed and the effects have been ascribed to changes 

in the acetylation of p53 downstream of the GAPDH-AMPA receptor interaction (Lee et al., 

2016). Thus, it is not clear whether these data are indicative of a role for GAPDH mediated 

glycolysis, and perhaps unlikely.

Although the migration of whole cells is not the same process as axon extension, growth 

cones share similarities to the leading edges of migratory cells. Some glycolytic enzymes 

(e.g., phosphofructokinase, aldolase, pyruvate kinase, lactate dehydrogenase, glyceraldehyde 

3-phosphate dehydrogenase) have actin binding sequences and target to subsets of actin 

filaments in cells (Masters et al., 1987), ideally placing them for the regulation of actin 

based processes related to cell motility. Cancer cells have to contend with low oxygen 

environments and under these conditions rely on glycolysis for their bioenergetic needs 

(Dias et al., 2019; Yang et al., 2020) and cell types such as renal podocytes and astrocytes 

can survive without OxP and rely on glycolysis (Supplie et al., 2017; Brinkkoetter et al., 

2019; Yang et al., 2020). A growing literature demonstrates that the migration of cancer 

cells, crucial for their metastatic potential, is dependent on glycolysis (Beckner et al., 1990; 

Sottnik et al., 2011; Shiraishi et al., 2015; Verdone et al., 2015; Cantelmoet al., 2016; 

Kathagen-Buhmann et al., 2016; Zhou et al., 2016; Yan et al., 2017). A role for glycolysis in 

mediating cell migration is not limited to cancer cells and has been shown in the regulation 

of lamellipodia, filopodia and cell migration has been shown in a variety of cell types 

(Nguyen et al., 2000; De Bock et al., 2013; Semba et al., 2016; Kishore et al., 2017; Guak et 

al., 2018; Liu et al., 2019; Qiao et al., 2019). Two salient examples are renal glomerular 

podocytes and endothelial cells. In renal glomerular podocytes mitochondria do not target to 
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the peripheral domains of the cell and also do not contribute to the morphology and 

migration of these cells which are instead under the control of glycolysis occurring the 

peripheral domains (Ozawa et al., 2015). Endothelial cells give rise to vasculature through 

their migration and tubulogenesis and derive approximately 80-90% of their ATP from 

glycolysis (De Bock et al., 2013). During migration endothelial cells form filopodia and 

lamellipodia. PFKFB3, an activator or glycolysis, and glycolytic enzymes target to the 

leading edge of migrating endothelial cells (De Bock et al., 2013). Suppression of glycolysis 

due to conditional knock out of 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 

(PFKFB3) in endothelial cells in vivo decreased their migration and formation of filopodia 

(De Bock et al., 2013). Similarly, in vitro the formation of filopodia and lamellae was also 

impaired.

Although it is known that glycolytic enzymes undergo axonal transport (Yuan et al., 1999; 

Hinckelmann et al., 2016) and most have axonal mRNAs that may undergo local translation 

(Gumy et al., 2011), our understanding of the distribution and subcellular targeting of 

glycolytic enzymes in developing or regenerating adult axons and dendrites is minimal. 

Hexokinase is the first enzyme in the glycolytic pathway. The activity and the targeting of 

hexokinase to mitochondria is required for axon extension in small and medium sized adult 

dorsal root ganglion neurons in vitro (Wang et al., 2008). It has been argued that reliance on 

glycolysis downstream of mitochondrial dysfunction contributes to the impairment of 

collateral sprouting and axon regeneration in diabetes (Fernyhough, 2015). Glycolytic 

enzymes are subcellularly recruited to synapses in response to energy stresses (Jang et al., 

2016), presumably representative of a metabolic compensatory response. Investigation of the 

role of glycolysis in neuronal morphogenesis and regeneration is expected to be a fruitful 

area of future investigation.

KINASE BASED ATP REGENERATION

ATP regeneration refers to the phosphorylation of ADP to ATP by kinases. Of specific 

interest to the nervous system are creatine kinase and the arthropod expression specific 

arginine kinase. ATP regeneration system are used by cells to rapidly replenish ATP in 

subcellular domains that have high bioenergetic drains. Creatine kinases is localized to ion 

pumps in the plasma membrane, actomyosin complexes and calcium pumps in muscle cell 

sarcoplasmic reticulum (Andres et al., 2008). Creatine kinase has two major forms, a 

mitochondrial and a cytoplasmic (CK-B) that is strongly expressed in brain tissue and 

neurons (Wallimann and Hemmer, 1994). CK- B localizes to the membrane of electrically 

active cells to provide a steady supply of ATP to the pump systems that control membrane 

potential (Wallimann and Hemmer, 1994) and also serves to provide ATP to the actomyosin 

system during muscular contraction (Wallimann et al., 1983, 1984; Hornemann et al., 2000, 

2003). Creatine kinase is found throughout dendrites and axons of embryonic hippocampal 

neurons at all stages of in vitro morphogenesis (Kupier et al, 2008). Arginine kinase was 

shown to target to growth cones of embryonic grasshopper neurons, align with actin 

filaments and target to filopodia (Wang et al., 1998). The localization of CK-B to the plasma 

membrane places it in an ideal location to also provide ATP for actin filament 

polymerization as most polymerizing filament barbed ends are located just beneath the 

membrane (Figure 1A,B).
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The functions of ATP regenerating systems in neuronal morphogenesis have been minimally 

investigated. Double CK knock out mice have behavioral deficits but the underlying 

circuitry has not been thoroughly investigated (Streijger et al., 2005). However, 

pharmacological inhibition of creatine kinase or shRNA-mediated depletion of either 

mitochondrial or CK-B impairs the growth of the dendrites of Purkinje cells (Fukumitsu et 

al., 2015). Whether CK contributes to axon development has not been addressed, but loss of 

CK-B increases the proportion of motile mitochondria without affecting APP vesicle 

movements (Kuiper et al., 2008a). In contrast, roles for CK-B in promoting actin filament 

protrusive structures and cell motility (Kuiper et al., 2009; Venter et al., 2015) and the 

regulation of actin filaments during phagocytosis (Kuiper et al., 2008b) have been 

established in non-neuronal cells. CK-B colocalizes with actin protrusive structures and 

targeting it to the membrane promotes protrusive activity.

Investigation of the roles of CK and arginine kinase in neuronal morphogenesis may yield 

interesting new observations. Considering that these ATP regeneration systems may be 

acting to provide energy under conditions of energy depletion or high levels of utilization, 

the roles of these systems may be in the context of specific signaling cues, environments or 

insults (e.g., hypoglycemia). The guidance of axons involves both attractant and repellent 

cues. Thrombin, a signal that causes cellular responses after vascular injury and 

extravasation into nervous tissue, elicits contractile responses resulting in growth cone 

collapse and axon retraction (Jalink et al., 1994; Fritsche et al., 1999). Similarly, 

developmentally relevant repellent cues cause growth cone collapse and subsequent 

contractile actomyosin dependent retraction of the axon tip (Gallo et al., 2002; Gallo, 2006; 

Brown and Bridgman, 2009; Brown et al.,2009). CK-B was found to associate with PAR-1, 

the receptor mediating the effects of thrombin, and was required for thrombin induced 

contractile responses (Mahajan et al., 2000). A role for CK-B in a contractile responses is 

consistent with its role in locally providing ATP regeneration for actomyosin contractility in 

muscle cell sarcomeres (Wallimann et al., 1983, 1984; Hornemann et al., 2000, 2003). It will 

be of interest to consider whether other extracellular signal receptor systems of relevance to 

neuronal morphogenesis may associate with ATP regenerating systems and the contributions 

thereof to the neuronal responses to these signals.

FUTURE DIRECTIONS

This review emphasizes recent developments in the understanding of the role of 

mitochondria in neuronal morphogenesis and regeneration, but also highlights the relative 

void in the understanding of other bioenergetic sources. Figure 2 summarizes the aspects of 

neuronal morphogenesis to which specific ATP sources have been determined to contribute, 

and also notes the areas of investigation that remain unexplored/unreported (ND in Figure 

2). While there is an extensive literature on the bioenergetics of the nervous system at the 

tissue level (for a recent and thorough review see Dienel , 2019), this knowledge base is 

devoid of information about the bioenergetics of specific cell types in the nervous system. 

As the nervous system has a high degree of cellular heterogeneity it will be important to 

address the issue of the bioenergetics of specific cell types during development, the response 

to injury and regeneration and normal activity. The availability of genetically encoded 

sensors for ATP, GTP and many signaling pathways and cellular processes dependent on 
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these energy sources in conjunction with modern imaging modalities will allow for revision 

and updating of our understanding of the bioenergetics of the nervous system. These new 

developments have already led to challenges to, and revision of, prior dogma regarding 

neuronal bioenergetics (Díaz-García et al., 2017; Yellen, 2018; Díaz-García CM, Yellen G, 

2019).

The subcellular localization of bioenergetic sources is an important issue that promises to 

yield advances. Mitochondria distribution in cells is a controlled process and these 

organelles are recruited to subcellular sites where their functions are needed. This is also the 

case in developing and regenerating axons as mitochondria accumulate at growth cones, are 

recruited to actively growing branches of the same axon, and target to the ends of severed 

axons to promote their regeneration. Similarly, the localization of stalled mitochondria along 

axons allows these axon segments to give rise to branches. Mitochondria locally promote 

actin filament dynamics in axonal segments populated by mitochondria. Glycolysis is also 

spatio-temporally regulated. In neurons, populations of vesicles undergoing fast axonal 

transport associate with glycolytic enzymes and glycolysis occurs “on-board” and powers 

the transport of these vesicles. A number of glycolytic enzymes have actin binding domains 

and target to actin filaments in cells, indicating that glycolysis can be targeted to subcellular 

domains where actin filament dynamics are highest. Glycolytic enzymes can also be 

subcellularly recruited to specific sites such as synapses in response to energy stresses (Jang 

et al., 2016). The ATP regenerating systems are similarly targeted to subcellular domains 

where they are most needed. Creatine kinases associates with membranes where it is needed 

to power pump activity and the actomyosin system where it is required to power myosin II 

activity. How each one of the bioenergetic power sources available to the neuron is utilized 

and subcellularly regulated remains to be fully investigated and understood.

Whether bioenergetics are regulated during axon guidance has not been investigated. 

Although both attractant and repellent signals that can guide growth cones have been shown 

to alter mitochondrial membrane potential (e.g., neurotrophins, CSPGs, semaphorin 3A) 

whether this regulation occurs in the context of guidance remains to be directly addressed. It 

is possible that guidance signals may differentially impact bioenergetics across the growth 

cone. Single filopodial contacts with guidance cues elicit localized reorganization of the 

cytoskeleton and directed growth cone extension toward or away from the contact depending 

on the nature of the cue (Dent and Gertler, 2003). Similarly, when guidance cues are 

presented as soluble gradients across the growth cone they elicit graded intracellular 

responses. For example, some guidance signals use calcium fluxes and when presented as 

gradients across the growth cone establish intracellular spatio-temporal heterogeneities in 

calcium levels within the growth cone (Gasperini et al., 2017). Cytosolic calcium may then 

be taken up by mitochondria and in turn differentially control OxP in mitochondria across 

the growth cone. Mitochondria may also undergo regulated targeting within the growth cone 

during guidance. When growth cones encounter borders between a permissive substratum 

and CSPGs they turn and grow preferentially on the permissive substratum. Since when 

growth cones are growing on homogeneous CSPGs the mitochondria tend to be evacuated 

from growth cones, the same phenomenon may occur on a local scale within the portion of 

the growth cone making contact with the repellent signals (e.g., CSPGs). Alternatively, other 

bioenergetic sources such as glycolytic enzymes or creatine kinase may be differentially 
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targeted or activated across the growth cone during guidance. As at least some glycolytic 

enzymes associate with actin filaments, and actin filaments levels are increased and 

decreased respectively by attractant and repellent guidance cues, the subcellular localization 

of the glycolytic system may regulated during guidance by changes in actin filament levels 

across the growth cone.

In addition to ATP, GTP is also an energy source used by the cell to regulate a variety of 

physiological processes of direct relevance to neuronal morphogenesis; microtubule plus tip 

dynamics, GTPases signaling mechanisms and protein synthesis. The understanding of the 

regulation of the level of GTP in developing neurons and its subcellular dynamics are an 

open frontier. The availability of GTP sensos for live imaging in cells should allow for rapid 

advance on this issue (Bianchi-Smiraglia et al., 2017). Furthermore, GTP biosynthetic 

enzymes are found at the leading edge of renal carcinoma cells (Wolfe et al., 2019), but their 

distribution in neurons is not known.

In conclusion, the understanding of the mitochondrion in neuronal morphogenesis and 

regeneration has advanced significantly in recent years. However, investigations into the 

contributions of other bioenergetic sources are lagging. The information reviewed in this 

manuscript indicates that glycolysis and ATP regenerating systems are likely to be of 

significance to neuronal morphogenesis and may also be of relevance to regeneration. As 

with other cellular systems, it is possible that in neurons different bioenergetic resources 

may be utilized in different contexts, such as different local environments, in response to 

different extracellular signals and at different developmental stages or following an injury. 

Continued analysis of neuronal bioenergetics can be expected to reveal a complex spatio-

temporal and cell type specific landscape.
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FIGURE 1. The growth cone cytoskeleton.
(A-C) The actin filament cytoskeleton. In the center of the (A-C) is shown a growth cone 

stained with fluorescent phalloidin that specifically stains actin filaments. The signal is false 

colored to show the relative levels of actin filaments. The C-domain is denoted by a C and 

the border between the C and P domains is approximated by the line of white dots. (A) 
Shows the organization of actin filaments at the tip of a filopodium. Within filopodia actin 

filaments are bundled and form an aligned array. The polymerizing barbed ends, containing 

ATP-bound actin, are found beneath the distal end of the filopodium just beneath the 

membrane. (B) In lamellipodia actin filaments are organized as mesh works of varying 

geometries. The Arp2/3 filament nucleating system is responsible for the array of filament in 

lamellipodia that have a branched organization wherein filaments extend off the sides of 

other filaments. Many of the polymerizing barbed ends are found in close proximity to the 

leading edge of the lamellipodium. (C) Within the P-domain lamellipodial filaments and the 

filaments that form the base of filopodia intertwine into an interconnected network. At the 

border between the P and C domains, where the P-domain actin filament levels decrease 

sharply and referred to as the transition zone, the contractile motor protein myosin II pulls 

the P-domain network of filaments toward the C-domain resulting in actin retrograde flow. 

(D) Example of a growth cone stained with phalloidin and anti-α-tubulin using a preparation 

protocol that removes soluble proteins (e.g., soluble tubulin) and allows clear visualization 

of polymerized microtubules (Gallo and Letourneau, 1999). The microtubules are organized 

into a bundle within the axon shaft. Upon entering the growth cone the dynamic plus ends of 

microtubule splay out (yellow arrowheads). (E) Example of a sensory axon and its growth 

cone, visualized using phase contrast optics, with mitochondria fluorescently labeled using 

MitoTracker Green (as in Spillane et al., 2013).
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FIGURE 2. 
At a glance summary of investigations into the bioenergetics underlying aspects of neuronal 

development and regeneration. ND = not determined. YES = has been investigated and 

found to contribute, see main text for details.
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