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Abstract

Mitochondria have a number of essential roles in neuronal function. Their complex mobility 

patterns within neurons are characterized by frequent changes in direction. Mobile mitochondria 

can become stationary or pause in regions that have a high metabolic demand and can move again 

rapidly in response to physiological changes. Defects in mitochondrial transport are implicated in 

the pathogenesis of several major neurological disorders. Research into the mechanisms that 

regulate mitochondrial transport is thus an important emerging frontier.

Mitochondria are essential for neuronal function and survival1. Mitochondrial ATP 

production supports many important functions, including the mobilization of synaptic 

vesicles for exocytosis and recycling2, the assembly of the actin cytoskeleton for presynaptic 

development3 and the generation of axonal and synaptic membrane potentials4. In addition, 

mitochondria have a tremendous capacity to sequester Ca2+ transients elicited by brief trains 

of action potentials5. During tetanic neuronal stimulation, synaptic mitochondria maintain 

Ca2+ homeostasis by buffering extra intracellular Ca2+ and releasing Ca2+ after stimulation 

to prolong the residual Ca2+ levels6. Through this mechanism, synaptic mitochondria are 

thought to be involved in maintaining and regulating neurotransmission7–10 or certain types 

of short-term synaptic plasticity11,12.

Neurons are polarized cells that consist of three distinct structural and functional domains: 

the cell body (soma), a long axon and thick dendrites with many branches and elaborate 

dendritic arbors. Owing to their unique metabolic requirements, these areas do not display a 

uniform mitochondrial distribution (reviewed in REF. 13). Areas with high demands for ATP 
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— such as presynaptic and postsynaptic terminals, active growth cones or axonal branches, 

and nodes of Ranvier — contain more mitochondria than other cellular domains14–20. 

Although the biogenesis of mitochondria can occur locally within the axon21, it is thought 

that most new mitochondria are generated in the soma and that dysfunctional mitochondria 

also return to the soma for degradation by the autophagy–lysosomal system. Although little 

direct evidence for this hypothesis exists, the idea is based on the fact that the cellular 

machineries for DNA replication, mRNA and protein synthesis, and membrane protein 

sorting and trafficking, as well as degradation organelles such as lysosomes, are all 

predominantly localized in the soma. Thus, it is likely that neurons require specialized 

mechanisms to transport mitochondria from the soma to their destinations and to ensure that 

the mitochondria remain stationary in particular regions to support various neuronal 

functions.

Mitochondrial transport in neurons is regulated in response to acute application of 

glutamate22,23 or to elevated neuronal Ca2+ levels caused by the application of the calcium 

ionophore calcimycin24. Activation of glutamate receptors with exogenous or synaptically 

released glutamate recruits mitochondria to synapses23. In cardiac myoblasts, mitochondrial 

movement is also arrested when the intracellular Ca2+ concentration is increased by 

applying the Ca2+-mobilizing hormone vasopressin25 or during spikes in the cytosolic free 

Ca2+ concentration mediated by the inositol trisphosphate receptor or the ryanodine 

receptor26. Given the dynamic nature of neuronal activity patterns, efficient regulation of 

mitochondrial mobility is required to enable the rapid redistribution of mitochondria to 

different areas in order to meet increased metabolic requirements. Similarly, mitochondrial 

transport is regulated during neuronal development16,18. Defective mitochondrial transport is 

thought to contribute to the pathogenesis of some neurodegenerative diseases (reviewed in 

REFS 27–30). Thus, understanding the mechanisms that regulate mitochondrial mobility 

and distribution in response to neuronal activity and various physiological and pathological 

states will advance our knowledge of processes that are essential for neuronal function and 

may shed light on disease mechanisms. Here, we provide an overview of the mechanisms 

that regulate mitochondrial transport and distribution and discuss how defects of these 

mechanisms affect axonal and synaptic homeostasis, mitochondrial quality control and 

neurodegeneration.

 Mitochondrial transport machinery

When visualized using time-lapse imaging approaches (BOX 1), neuronal mitochondria can 

be observed to undergo dynamic, bidirectional transport along neuronal processes, 

frequently changing direction, pausing or switching to persistent docking12,13,16,31,32. These 

complex mitochondrial mobility patterns are a result of mitochondrial coupling to 

anterograde and retrograde motor proteins and to docking and anchoring machinery 

(TABLE 1). Mitochondria attach to the motors by associating with their respective motor 

adaptor proteins directly or through mitochondrial receptors. These motor–adaptor–receptor 

complexes ensure targeted trafficking of mitochondria and precise regulation of their 

mobility.
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Long-range mitochondrial transport from the soma to distal axonal and dendritic regions 

depends on the polarity and organization of neuronal microtubules. Microtubules are formed 

from the polymerization of α- and β-tubulin and are arranged in a polarized manner with 

plus and minus ends. Kinesin superfamily proteins (KIFs) and cytoplasmic dynein are the 

main microtubule-based motor proteins. They drive long- distance transport of mitochondria 

and other membranous organelles or cargoes through mechanisms that require ATP 

hydrolysis (reviewed in REF. 33). Whereas most KIF motors move towards the microtubule 

plus end, cytoplasmic dynein motors mediate microtubule minus-end-directed transport. 

Axonal microtubules are uniformly arranged so that their minus ends are directed towards 

the soma and their plus ends are directed distally. Thus, in axons, the minus-end-directed 

cytoplasmic dynein motors are responsible for retrograde movement towards the soma, 

whereas plus-end-directed KIF motors drive anterograde transport to distal axonal regions 

and synaptic terminals (reviewed in REFS 33,34)(FIG. 1). As dendritic microtubules exhibit 

mixed polarity in the proximal regions, KIFs and dynein motors can drive cargo transport in 

dendrites in either an anterograde or retrograde direction depending on the microtubule 

polarity.

 Anterograde transport motors

At least 45 different KIF motor genes, which are classified into 14 families, have been 

identified in humans and mice33. Members of the kinesin-1 family (collectively known as 

KIF5) have a key role in the anterograde transport of neuronal mitochondria35–37. Each 

KIF5 heavy chain contains an amino-terminal motor domain, whereas its carboxy-terminal 

domain mediates an association with kinesin light chains or directly interacts with cargoes or 

cargo adaptors such as the mitochondrial adaptor proteins (reviewed in REFS 33,38). 

Mammals have three KIF5 motor isoforms (namely, KIF5A, KIF5B and KIF5C). KIF5B is 

expressed by most cell types, whereas KIF5A and KIF5C are found only in neurons39 (BOX 

2), where they are associated with various membranous organelles, including 

mitochondria40. Mutations in the murine Kif5b gene result in the clustering of mitochondria 

close to the nucleus in undifferentiated extra-embryonic cells, whereas in wild-type 

conditions mitochondria are transported towards the cell periphery35. Drosophila 

melanogaster that has mutations in Khc (which encodes the sole KIF5 homologue in D. 

melanogaster) also exhibits impaired mitochondrial transport in larval motor axons37. 

Furthermore, overexpressing the KIF5 cargo-binding domain in hippocampal neurons 

disrupts the linkage between KIF5 and mitochondrial adaptor proteins and consequently 

impairs anterograde mitochondrial transport41.

Although mutation of the D. melanogaster Khc gene severely reduces anterograde 

mitochondrial transport in motor neurons, it does not abolish it entirely37, suggesting that 

other kinesin motors also drive mitochondrial transport. KIF1Bα is a brain-enriched member 

of the monomeric kinesin-3 motor family that colocalizes with mitochondria in vivo42. 

Purified KIF1Bα can transport mitochondria along microtubules in vitro. Mutation of Klp6, 

a newly identified member of the kinesin motor family, inhibits anterograde transport of 

mitochondria into axonal neurites43. However, the proposed roles of KIF1Bα and KLP6 in 

anterograde mitochondrial transport in neurons require further investigation.
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 Motor adaptors

The D. melanogaster protein Milton is a well-characterized motor adaptor protein that is 

associated with KIF5 and seems to be involved in neuronal mitochondrial transport. Milton 

is linked indirectly to mitochondria through an interaction with Mitochondrial rho (MIRO), a 

RHO family GTPase that is present in the mitochondrial outer membrane44–47. MIRO 

contains two EF hand Ca2+-binding motifs and two GTPase domains and connects Milton 

and KIF5 to mitochondria. Milton binds directly to the C-terminal cargo-binding domain of 

the kinesin heavy chain48. KIF5 is recruited to the mitochondrial surface by the Milton–

MIRO adaptor independently of the kinesin light chain. Thus, KIF5, Milton and MIRO 

constitute an antero-grade transport system that is specific for mitochondria (FIG. 2a). 

Mutation of the milton or Miro genes in D. melanogaster results in impaired anterograde 

mitochondrial transport and the depletion of mitochondria in distal synaptic 

terminals36,44,49.

In mammals, two Milton orthologues (TRAK1 and TRAK2) and two MIRO orthologues 

(MIRO1 and MIRO2) have been identified. TRAK1 and TRAK2 — also termed OIP106 

(106kDa O-GlcNAc transferase-interacting protein) and GRIF1 (GABA A receptor-

interacting factor 1), respectively — were shown to interact with KIF5 (REFS 50,51). 

Interestingly, TRAKs are required not only for mitochondrial transport but also for the 

trafficking of other organelles, including endosomes52–54. TRAKs bind to the first GTPase 

domain of MIRO1 and MIRO2 (REF. 46). In hippocampal neurons, MIRO1 acts as the 

major mitochondrial acceptor site for TRAK2 and the MIRO1– TRAK2 complex has been 

shown to be a key regulator of mitochondrial transport55. Elevating MIRO1 levels enhances 

the recruitment of TRAK2 to mitochondria and facilitates mitochondrial transport55. 

Knocking down TRAK1 or expressing dominant-negative TRAK1 mutants in hippocampal 

neurons results in impaired mitochondrial mobility in axons, thus providing evidence for the 

roles of the endogenous TRAK family in the regulation of mitochondrial mobility56.

Syntabulin is another prominent KIF5 motor adaptor for mitochondria41. It binds directly to 

the cargo-binding domain of KIF5 motors and attaches to the outer mitochondrial membrane 

via its C-terminal domain. Depleting syntabulin using small interfering RNA (siRNA) or 

blocking the syntabulin–KIF5 interaction by introducing transgenes that interfere with the 

interaction reduces anterograde mitochondrial transport along axons in cultured 

hippocampal neurons41.

Several other proteins have also been proposed to be adaptors that link KIF5 motors to 

mitochondria. These proteins include fasciculation and elongation protein-ζ1 (FEZ1), which 

is a brain-specific protein involved in axonal outgrowth. FEZ1 has been shown to serve as a 

kinesin motor adaptor and is essential for axonal mitochondrial transport57,58. Knocking 

down FEZ1 using RNA interference (RNAi) reduces anterograde mitochondrial movement 

into the tips of growing neurites of both hippo campal neurons and PC12 cells. Thus, FEZ1 

is proposed to participate in the establishment of neuronal polarity by controlling 

mitochondrial motility along axons. RAN-binding protein 2 (RANBP2) is another 

mitochondrial adaptor candidate. It has been shown to mediate the interaction between 

mitochondria and KIF5B or KIF5C (but not KIF5A)59. Inhibition of the interaction between 

RANBP2 and KIF5B or KIF5C in non-neuronal cell lines causes perinuclear clustering of 
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mitochondria. However, whether this protein has a role in neuronal mitochondrial transport 

remains unclear.

Why do neurons require multiple KIF5 adaptors to mediate mitochondrial transport? One 

attractive hypothesis is that KIF5 motors physically attach to their transport cargoes via 

different adaptor complexes, thus allowing neurons to regulate mitochondrial transport 

through separate mechanisms in response to different physiological signals. The 

identification of the ATP/ADP and Ca2+ sensors that are involved in the response to these 

signals will help to determine how neuronal mitochondrial transport and distribution are 

coordinated so precisely by neuronal function and metabolic demands. It is worth noting that 

future identification of new candidate motor adaptors and transport regulators should require 

a higher standard of evidence than has previously been possible. Biochemical evidence 

showing interactions between the candidate adaptor or regulator protein and endogenous 

motor proteins should be combined with an analysis of the effects of the adaptor or regulator 

on cell biology in live cells. Following overexpression of exogenous candidate adaptor or 

regulator proteins or knock-down of the endogenous levels of these proteins, it is necessary 

to observe altered mitochondrial transport in neurons in order to verify their physiological 

roles. In addition, loss-of-function analysis (such as interference with the motor–adaptor 

interactions and motor–mitochondrion tethering because of overexpression of binding-

domain mutants or dominant-negative mutants) should also be used to justify any new 

candidate motor adaptors or regulators for mitochondrial transport.

 Retrograde transport motors

Cytoplasmic dynein drives the retrograde movement of mitochondria in axons (BOX 2), 

whereas in dendrites, where micro-tubule polarity is mixed, it is involved in transporting 

mitochondria to both the periphery and the cell body. Cytoplasmic dynein is composed of 

two dynein heavy chains and several dynein intermediate chains, dynein light intermediate 

chains and dynein light chains. Dynein heavy chains function as motors, and the association 

of the dynein motor with cargoes and the regulation of its motility involve various other 

polypeptides. In the D. melanogaster nervous system, mutations of dynein heavy chain genes 

alter various aspects of mitochondrial transport in axons, including retrograde transport 

velocity and run length37. The mechanisms that link dynein to mitochondria are not well 

characterized. In contrast to the kinesin superfamily, few dynein heavy chains have been 

identified. Thus, accessory proteins probably mediate cargo-binding specificity. One model 

suggests that dyneins link to organelle membrane-associated proteins via their light and 

intermediate chains. TCTEX1, which is a dynein light chain protein, is thought to associate 

with mitochondria by binding to the mitochondrial outer membrane protein voltage-

dependent anion- selective channel 1 (VDAC1)60. Dynactin, a large 11-subunit complex, 

binds directly to cytoplasmic dynein and to microtubules through its p150Glued component, 

thus enhancing the processivity of the dynein motor or regulating its interactions with its 

cargo61. Both dynein and dynactin have been shown to associate with purified D. 

melanogaster mitochondria and to be essential for mediating mitochondrial retrograde 

transport37. However, an in vivo analysis showed that dynactin has a crucial role in 

regulating and/or coordinating the bidirectional motility of membrane organelles and is not 

required to link dynein to membranes62. Snapin was recently reported as a dynein motor 
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adaptor that targets the late endocytic membrane and the snapin–dynein intermediate chain 

linkage contributes to dynein-mediated retrograde transport of late endocytic organelles in 

neurons63. Thus, the question still remains whether the dynein motor complex associates 

with mitochondrial membranes directly or indirectly via a linkage by an unidentified dynein 

adaptor. Dynein-mediated retrograde mitochondrial transport in D. melanogaster axons also 

appears to require the action of MIRO64. Loss of the Miro gene impairs kinesin- and dynein-

mediated mitochondrial transport and overexpressing MIRO also alters mitochondrial 

transport. Although a MIRO–dynein association has not been demonstrated, it seems that 

MIRO may not simply be an adaptor for KIF5 but may also be required for dynein-mediated 

retrograde mitochondrial transport.

 Interplay of motor proteins

The bidirectional transport of mitochondria suggests that both anterograde and retro grade 

motors may be simultaneously associated with an individual mitochondrion. Indeed, dynein 

has been observed to colocalize both with mitochondria that are moving in the anterograde 

direction and with those moving in the retrograde direction65. However, disruptions to 

kinesin-driven movement do not seem to lead to a simple domination of mitochondrial 

movement by dynein23,24. Thus, the kinesin and dynein motor proteins probably act to 

coordinate bidirectional transport rather than simply competing against one another66,67. 

This makes understanding their regulation an interesting challenge. Although it mostly 

promotes movement towards the microtubule minus end, dynein can move bidirectionally68. 

In D. melanogaster mutants lacking the dynactin complex, dynein displays normal 

associations with membrane compartments. However, anterograde and retrograde organelle 

movement is disrupted, suggesting that dynactin may coordinate the activity of opposing 

motors62. Mutations in the dynein heavy chain or dynactin p150Glued subunit disrupt fast 

bidirectional organelle transport and result in axonal swellings that contain mitochondria and 

other types of cargo34. Similarly, the inhibition of kinesin-1 also reduces both anterograde 

and retrograde mitochondrial movement, suggesting that kinesin-1 is required for dynein-

driven retrograde transport37.

It remains unclear whether the direction in which an individual mitochondrion moves is 

determined by a ‘tugof-war’ between opposing kinesin and dynein motors. If this were the 

case, any changes in the activity of one motor would be inversely correlated to changes in 

the opposing motor. The more powerful motor would dictate the ultimate transport direction. 

Alternatively, bidirectional transport may depend on the processivity of the motors. Any 

change in motor processivity should alter the directional bias and the time spent in stationary 

phases.

Several lines of evidence support a potential coupling between kinesin adaptors and dynein 

motor activity. First, APP-like-interacting protein 1 (APLIP1), a kinesin-binding scaffold 

protein of the JIP family, influences mitochondrial transport in D. melanogaster axons69. A 

mutation in Aplip1 impaired retrograde mitochondrial transport, suggesting that dynein 

activity was inhibited. Second, MIRO regulates both anterograde and retrograde axonal 

mitochondrial transport64. When Miro was mutated, the distance and duration of movement 

in the main direction of net transport was reduced and the duration of pauses was increased. 
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Thus, MIRO may promote either kinesin- or dynein-mediated movement in response to a 

signal that determines the net transport direction of mitochondria. Third, the mitochondrial 

fusion proteins mitofusin 1 (MFN1) and MFN2 have a physical coupling with the mouse 

MIRO proteins, through which they regulate axonal mitochondrial transport. Deleting Mfn2 

or expressing mutant MFN2 in neurons resulted in longer pauses and slower anterograde and 

retrograde movements70. This study may highlight a role of the MIRO2–MFN2 complex in 

regulating the processivity of kinesin or in coordinating the switch between kinesin and 

dynein. However, further studies are necessary to determine whether MIRO2 facilitates 

crosstalk between kinesin and dynein and to elucidate the mechanisms by which 

bidirectional mitochondrial movement is coordinated in response to changes in neuronal 

physiology.

 Short-range myosin motors

Although long-range mitochondrial transport along processes is driven by microtubule-based 

kinesin and dynein motors, short-range movement in nerve terminals and growth cones — 

where actin filaments form the major cytoskeletal architecture — is probably mediated by 

myosin motors. Axonal mitochondria have been shown to travel along both microtubules 

and actin microfilaments in cultured cells, but with different velocities and net transport 

properties71. Although mitochondrial association with myosin motors and myosin-driven 

mitochondrial transport have not been directly demonstrated in neurons, it has been shown 

that cargoes associated with myosin V move along axons at a rate that is markedly slower 

than that of most axonal organelles, but similar to that of some mitochondria. Thus, myosin 

motors may drive short-range mitochondrial movement in certain regions where actin 

filaments are enriched (FIG. 1). Myosin XIX is a newly identified mitochondrion-associated 

myosin that is involved in actin-based mitochondrial dynamics72. Expression of a green 

fluorescent protein (GFP)–myosin XIX fusion protein in A549 cells (a human lung 

adenocarcinoma epithelial cell line) induces a dramatic increase in actin-based 

mitochondrial motility. Given that myosin XIX is targeted to mitochondria by its tail domain 

and is widely expressed, including in neurons, it is likely that myosin XIX may also be 

involved in mitochondrial transport along neuronal processes and at synaptic terminals. As 

myosin V can form hetero-motor complexes by interacting with a dynein light chain73, a 

coupled ‘dual motor complex’ may coordinate mitochondrial long-range transport and short-

range movement. If so, one outstanding question is: how do neurons precisely control the 

transitions between microtubule- and actin-based transport?

Given that mitochondrial movement is enhanced in the absence of actin71 and that actin is 

required for mitochondrial docking along axons74, an interesting hypothesis is that myosin 

V competes with dynein for binding to organelles, causing them to be displaced from 

microtubule tracks onto actin filaments during retrograde movements. A recent study using 

D. melanogaster neurons and RNAi demonstrates that myosin V and VI modulate axonal 

mitochondrial transport75. Myosin V depletion increased mitochondrial velocity in both 

directions, whereas knocking down myosin VI expression selectively increased retrograde 

mitochondrial transport in axons. These results suggest that myosin V and VI may compete 

with microtubule-based motor proteins. Alternatively, myosins may promote mitochondrial 

docking along the actin-based cytoskeleton by moving mitochondria away from microtubule 
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tracks (FIG. 3d). According to this model, fine and dynamic coordination of microtubule- 

and actin-based motor proteins, as well as of docking and anchoring receptors, probably 

contributes to the complex, saltatory mobility patterns of neuronal mitochondria. Although 

these two models are certainly attractive, further investigation is needed to determine how 

myosin motors regulate microtubule-based motor activity and whether they are required for 

synapse-directed mitochondrial transport or for mitochondrial docking at regions of axons 

and dendrites with high metabolic demands.

 Mitochondrial docking mechanisms

Mitochondrial docking maintains the required numbers of stationary mitochondria in regions 

that particularly rely on energy production and Ca2+-buffering capacity. ATP has a limited 

diffusion capacity in the intracellular environment76 and particularly within long neuronal 

processes; thus, stationary mitochondria are needed to provide local sources of ATP, which 

is necessary to maintain the activity of Na+/K+ ATPases, as well as fast spike propagation 

and synaptic transmission. Mitochondria, which can sequester intracellular Ca2+, also have 

an important role in maintaining Ca2+ homeostasis at synapses5–7,11,12. We are now 

beginning to understand the mechanisms that neurons use to modify the numbers of mobile 

and stationary mitochondria in response to changes in neuronal and synaptic activity.

 Microtubule-based docking

Approximately two-thirds of the mitochondrial population have been shown to be stationary 

in mature neurons. It is likely that these immobilized mitochondria either have dissociated 

from transport motors or are anchored to the cytoskeleton. A recent study identified 

syntaphilin as a ‘static anchor’ for axonal mitochondria12. Syntaphilin is a neuron-specific 

protein that binds to the mitochondrial outer membrane through its C-terminal domain (FIG. 

3a). Deleting the murine syntaphilin gene (Snph) resulted in a substantial increase in the 

percentage of mobile axonal mitochondria relative to that of wild-type neurons (FIG. 3b; 

Supplementary information S1,S2 (movies)). Conversely, overexpressing syntaphilin 

abolished axonal mitochondrial transport. Syntaphilin docks mitochondria by anchoring to 

microtubules, and this provides an explanation for the previous observations of biochemical 

interactions between neuronal mitochondria and micro-tubules and of morphological 

crossbridges between axonal mitochondria and microtubules77–80.

The identification of syntaphilin as an axonal mitochondrial docking receptor has led to the 

discovery of further molecules involved in the regulation of the temporal and spatial 

distribution of mitochondria in axons. LC8, a dynein light chain, can recruit mobile 

mitochondria into the stationary pool by stabilizing the syntaphilin–microtubule 

interaction81. This finding suggests that mitochondrial mobility can be regulated by dynamic 

interactions between docking receptors and the axonal cytoskeleton. Syntaphilin contains 

12% serine residues and several phosphorylation sites, which suggests that its docking 

function can be regulated through diverse signal transduction pathways. Thus, syntaphilin 

may be an interesting molecular target to use to further investigate how mobile mitochondria 

are recruited to the stationary pool in response to changes in axonal activity and synaptic 

modification. In addition, Snph-knockout mice provide a genetic tool to address whether 
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enhanced mitochondrial mobility contributes to the recruitment of dysfunctional 

mitochondria from distal axons and synapses for turnover by mitophagy.

 Actin-based docking

Both axonal and dendritic mitochondria have been shown to dock along actin filaments74, 

although the docking receptors involved have yet to be identified. Actin is enriched in 

growth cones, presynaptic terminals and dendritic spines, where ATP consumption is high. 

Nerve growth factor (NGF) can influence the interactions between mitochondria and actin 

and thus regulate mitochondrial mobility74 (FIG. 3d). Mitochondria in dendritic spines have 

a crucial role in spine morphogenesis and synaptic transmission19. WASP family verprolin 

homologous protein 1 (WAVE1) regulates actin polymerization and is essential for activity-

dependent mitochondrial transport to dendritic spines82. Early electron microscopy imaging 

analyses revealed morphological evidence showing the crossbridges between axonal 

mitochondria and neurofilaments77. Neurofilaments bind to mitochondria through the 

neurofilament heavy chain. This interaction is affected by the phosphorylation status of 

neurofilaments and is dependent on the mitochondrial membrane potential83. Inducing 

mitochondrial depolarization releases mitochondria from neurofilaments. These observations 

suggest that healthy mitochondria remain stably anchored along neurofilaments, whereas 

dysfunctional mitochondria are transported back to the soma for recycling.

 Regulation of mitochondrial transport

 Synaptic activity-dependent regulation

The transport and spatial distribution of mitochondria in neurons is directly correlated with 

synaptic activity (reviewed in REF. 38). Mitochondria are often retained in presynaptic 

terminals and postsynaptic dendritic spines during sustained synaptic activity19,23. 

Mitochondria are transported to activated synapses in response to two intracellular signals 

that control their velocity and their recruitment into the stationary pool. The first signalling 

pathway involves the detection of ATP and ADP levels: mitochondrial velocity increases 

when the mitochondria enter regions with high ATP levels and decreases when they are close 

to areas of local ATP depletion, such as synapses84. The consumption of synaptic ATP 

following the application of 1 mM glutamate to the medium, which results in local 

production of ADP, facilitates the recruitment of more mitochondria to the activated 

synapses. The second signalling pathway involves alterations in intracellular Ca2+ 

concentration. Elevated intracellular Ca2+ levels inhibit mitochondrial mobility23,24. 

Enhanced Ca2+ influx — as a result of either KCl-induced activation of voltage-dependent 

Ca2+ channels at presynaptic terminals or activation of NMDA receptors by glutamate at 

postsynaptic terminals — decreases mitochondrial movement in cultured neurons22,85. Thus, 

it is important to understand the mechanisms by which mobile mitochondria are recruited to 

the stationary pool at synapses in response to these signals.

Identification of the KIF5–Milton–MIRO complex provides molecular targets to address this 

issue. Three elegant studies independently identified MIRO as a Ca2+ sensor, providing a 

potential mechanism underlying Ca2+-dependent regulation of mitochondrial mobility23–25. 

MIRO is located at the outer mitochondrial membrane and has two Ca2+-binding EF 
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hands45. Functional assembly of the anterograde transport complex KIF5–Milton–MIRO (in 

D. melanogaster neurons) or KIF5–TRAK2–MIRO (in mammalian cells) allowed 

mitochondria to move along dendrites23 and axons24 of hippocampal neurons or along 

microtubules in a cardiac cell line25. Elevated cytosolic Ca2+ levels inhibited this 

mitochondrial mobility. However, this Ca2+-induced cessation of mitochondrial movement 

was effectively abolished in neurons expressing mutant MIRO EF hands that cannot bind 

Ca2+. Thus, these studies suggest a MIRO-mediated Ca2+-sensing pathway through which 

mitochondria are recruited into activated synapses in response to increased action potential 

firing rates or the activation of glutamate receptors.

Two possible mechanisms have been proposed to explain how Ca2+ sensing by MIRO 

mediates the suppression of mitochondrial mobility. KIF5 attaches to mitochondria through 

an interaction between its C-terminus and the MIRO–Milton (or MIRO–TRAK2) complex 

in the absence of Ca2+ and this leaves its N-terminal motor domain free to bind microtubules 

and drive transport. In the ‘motor–MIRO binding’ model24, Ca2+ binding to MIRO induces 

the motor domain of KIF5 to bind to MIRO instead of to microtubules (FIG. 2c). 

Alternatively, in the ‘motor-releasing’ model23, Ca2+ binding to MIRO releases KIF5 from 

MIRO-bound mitochondria (FIG. 2d). Thus, through this MIRO-mediated Ca2+-sensing 

pathway, mobile mitochondria are recruited to and retained at activated synapses86.

Although these models are attractive, several issues must be addressed. First, the 

mechanisms that underlie Ca2+- and MIRO-dependent inactivation of the KIF5 transport 

machinery are not clear. Second, although Ca2+- and MIRO-dependent suppression of 

mitochondrial mobility affects both anterograde and retrograde transport, it is unclear how 

this pathway affects the retrograde dynein transport complex. As described previously, when 

KIF5-driven movement is impaired, retrograde movement does not necessarily 

dominate23–25. Thus, the inactivation of the KIF5 transport machinery that is induced by 

MIRO and Ca2+ probably occurs through a static docking mechanism. Third, further 

investigation is required into whether the motor–adaptor complexes and docking receptors 

share a single regulatory system and how docking interactions physically displace or 

compete with the motor–adaptor complex. Furthermore, what are the ATP/ADP and Ca2+ 

sensors that coordinate these interactions? It is hoped that the use of genetic mouse models 

will enable further dissection of the molecular mechanisms involved.

Whereas cytoplasmic Ca2+ has a vital role in regulating mitochondrial motility in neurons, a 

recent study suggested that mitochondrial matrix Ca2+ content is also an intrinsic signal for 

modulating mitochondrial transportation in hippocampal neurons87. Interestingly, the Ca2+ 

sensor MIRO is probably involved in this process, as the MIRO1 EF hand mutant was able 

to block Ca2+ entry into the mitochondrial matrix. Although the mechanism by which intra-

mitochondrial Ca2+ affects the KIF5–MIRO1 transport machinery is not known, this 

signalling pathway may integrate cellular energy demands and ATP production with 

subcellular mitochondrial distribution in neurons. In addition to the effect of Ca2+ signalling 

on mitochondrial movement, Ca2+ influx through voltage-dependent Ca2+ channels can 

induce mitochondrial membrane fission, thus having profound effects on mitochondrial 

membrane dynamics88. Neuronal Ca2+ influx facilitates mitochondrial fragmentation by 

activating Ca2+/calmodulin-dependent protein kinase I (CaMKI), which subsequently 
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phosphorylates the fission protein dynamin-related protein 1 (DRP1). The phosphorylation 

of DRP1 increases its interaction with mitochondrial fission 1 protein (FIS1), thus enhancing 

the mitochondrial fission process.

 Neuronal signalling-mediated regulation

In dorsal root ganglion neurons, NGF can act as a docking signal, causing axonal 

mitochondria to accumulate close to an external source of NGF74. Actin-based mechanisms 

seem to have a role in this phenomenon. When neurons are treated with inhibitors of 

phosphoinositide 3-kinase (PI3K) or latrunculin B, an agent that destabilizes filamentous 

actin, mitochondria are not recruited to the NGF stimulation site, highlighting a crucial role 

for the PI3K signalling cascade in NGF-induced regulation of mitochondrial mobility (FIG. 

3d). However, it remains to be determined whether the NGF signalling pathway recruits 

mitochondria to the stationary pool through a mitochondrion–actin interaction or indirectly 

through an unidentified docking receptor.

A study has shown that axonal mitochondrial transport can also be stimulated by activation 

of the serotonin receptor 5-HT1A and the AKT–glycogen synthase kinase 3β (GSK3β) 

pathway89. Although the molecular targets of the AKT–GSK3β signalling pathway are not 

clear, this highlights the possibility that serotonin (also known as 5-HT) acts as an 

extracellular modulator that regulates neuronal ATP distribution by controlling axonal 

mitochondrial trafficking. By contrast, another study showed that dopamine or D2 dopamine 

receptor agonists inhibit mitochondrial movement in hippocampal neurons via the same 

AKT–GSK3β signalling cascade90. This implies that the distribution of neuronal 

mitochondria occurs through a conserved regulatory mechanism. Nitric oxide can also 

modulate mitochondrial mobility by inhibiting mitochondrial function91,92. Nitric oxide 

targets mitochondria and inhibits respiration and ATP synthesis. Nitric oxide treatment of 

cultured forebrain neurons causes a rapid cessation of mitochondrial movement. Similarly, 

elevated nitric oxide levels produced by the nitric oxide donors propylamine propylamine 

NONOate and diethylamine–NO complex result in rapid immobilization of mitochondria.

 Regulation of mitochondrial transport by microtubule-associated proteins

Microtubules are dynamic structures and are stabilized by microtubule-associated proteins 

(MAPs). Whereas MAP2 is specifically distributed in dendrites, MAP1B and tau are mainly 

axon-targeted MAPs. In addition to stabilizing axonal microtubules, tau has been shown to 

contribute to the regulation of the axonal transport of membrane organelles, including 

mitochondria93. Overexpressing tau in N2a and NB2a/d1 neuroblastoma cell lines, primary 

cortical neurons and retinal ganglion neurons selectively inhibits kinesin-driven anterograde 

mitochondrial transport93–95. In these experiments, dynein-mediated retrograde transport 

became dominant and mitochondria accumulated in the soma instead of being delivered to 

neuronal processes. These studies suggested that tau preferentially competes with kinesin 

motors for binding to microtubules because mitochondrial transport velocity was not altered 

when tau was overexpressed96. This hypothesis was further supported by a study that 

involved co-expression of tau and MARK, a microtubule affinity-regulating kinase that is 

particularly efficient in detaching tau from micro-tubules by phosphorylating the K-X-G-S 

motifs of tau. This revealed that the tau-mediated inhibition of axonal mitochondrial 
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transport can be rescued by tau phosphorylation by MARK97. These findings show that 

increased binding of tau to microtubules is crucial to the impairment of mitochondrial 

transport in axons and that MARK-mediated tau phosphorylation could efficiently remove 

excess tau obstacles on the surface of microtubules to clear the path for motor proteins. 

Interestingly, complete loss (in Tau−/− mice) or partial reduction (in Tau−/+ mice) of tau 

expression in mutant neurons prevented amyloid-β-mediated defects in mitochondrial 

transport98, suggesting that the role of amyloid-β in inhibiting axonal mitochondrial mobility 

is dependent on tau expression levels. Tau therefore probably contributes to the general 

spatiotemporal regulation of axonal transport in both healthy and degenerating neurons. The 

binding of tau to microtubules can reverse the direction in which dynein moves, whereas 

kinesin tends to detach when moving along tau-decorated microtubules99. Thus, perturbing 

tau distribution in axons would impair axonal transport, leading to neurodegeneration. In 

addition to tau, MAP1B was also reported to negatively regulate axonal retrograde transport 

of mitochondria100.

 Mitochondrial mobility at nodes of Ranvier

Axonal depolarization and action potential conduction depend on the activation of voltage-

gated Na+ channels. Axons repolarize rapidly via Na+/K+ ATPases. A high density of Na+ 

channels and Na+/K+ ATPases at nodes of Ranvier is essential for myelinated axons to 

conduct high-velocity nerve impulses and to permit repetitive firing. Thus, regions near 

nodes of Ranvier have a high energy demand (FIG. 1b). Compared with the well-

characterized synaptic recruitment of mitochondria during neuronal activity, little is known 

about how mitochondria are recruited to nodes of Ranvier. Recent studies have begun to 

address this issue. A study examined mitochondrial distribution and mobility in myelinated 

CNS axons using time-lapse imaging in cerebellar organotypic slice cultures101. This 

revealed that repetitive axonal firing increases the degree of mitochondrial accumulation and 

decreases the velocity of mitochondrial transport in nodal and paranodal, but not internodal, 

axoplasm. Mitochondrial recruitment to the nodal axoplasm increases in response to axonal 

electrical activity and elevated axoplasmic Ca2+ levels. Removing extracellular Ca2+ or 

pharmacologically blocking P/Q-type and N-type Ca2+ channels abolishes the activity-

induced reduction of mitochondrial mobility and blocks the expansion of the mitochondrial 

stationary pool in nodal and paranodal regions.

These findings are consistent with those of another recent study, which demonstrated Ca2+ 

nodal signalling in myelinated frog sciatic nerves20. Ca2+ imaging analysis showed that a 

brief train of action potentials caused a highly localized increase in axonal Ca2+ levels at 

individual nodes of Ranvier. This repetitive stimulation also slowed mitochondrial mobility, 

as revealed by the reduced number and velocity of mobile mitochondria and the increased 

duration of mitochondrial pauses. Interestingly, this study demonstrated that the 

physiological activation of Na+/K+ ATPases also immobilizes mitochondria. Blocking 

Na+/K+ ATPases prevents action potentials from stopping mitochondrial movement, 

highlighting a possible Na+/K+ ATPase-related signalling pathway that controls 

mitochondrial transport at nodes of Ranvier. Although an axonal increase in Ca2+ levels 

probably influences mitochondrial movement via the MIRO Ca2+ sensor23–25, the 

mechanism that couples Na+/K+ ATPase activation to mitochondrial immobilization remains 

Sheng and Cai Page 12

Nat Rev Neurosci. Author manuscript; available in PMC 2016 July 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



unclear. One hypothesis proposes that, following Na+/K+ ATPase activation, ATP depletion 

and increased ADP intracellular concentration gradients can recruit mitochondria to nodes of 

Ranvier84. Further investigation is necessary to determine whether the two signalling 

pathways act synergistically or independently to meet metabolic needs.

Loss of myelin presents a major metabolic challenge to nerves. Following demyelination, 

Na+ channels are dispersed along axons102. To restore nerve conduction, axons must drive 

Na+/K+ ATPases and thus must consume more ATP. It is therefore not surprising that there is 

an increase in mitochondrial density in demyelinated axons103,104. Live imaging of dorsal 

root ganglion axons demonstrates that the size of stationary mitochondrial sites was 

significantly increased by both myelination and demyelination but decreased by 

remyelination105. In addition, demyelination increased the transport velocity of motile 

mitochondria. This study suggests that myelination, demyelination and remyelination could 

modulate axonal stationary mitochondrial site size by changing the transport and distribution 

of mitochondria, thus representing an initial adaptive or stress response to balance axonal 

ATP production and energy requirements.

 Mitochondrial mobility and synaptic function

Mitochondria are commonly found in synaptic terminals106,107, where they help to maintain 

neurotrans-mission by producing ATP and buffering Ca2+ at synapses5–12. Mitochondria in 

dendrites support synapse density and plasticity19, and the loss of mitochondria from these 

regions can inhibit synaptic transmission owing to insufficient ATP supply or altered Ca2+ 

dynamics during intensive synaptic activity.

 Transport defects and neurotransmission

Factors that inhibit mitochondrial transport result in the loss of mitochondria from synaptic 

terminals. For example, D. melanogaster photoreceptors that express mutant Milton have 

lower numbers of mitochondria at synapses and exhibit dysfunctional synaptic 

transmission44. The absence of mitochondria in presynaptic terminals may reduce local ATP 

supply and thus affect ATP-dependent processes, such as the pump that establishes the 

proton gradient necessary for vesicle neurotransmitter loading, the Na+/Ca2+ exchanger that 

removes Ca2+ from nerve terminals and myosin motors that transport synaptic vesicles. In 

D. melanogaster, mutation of the gene encoding the mitochondrial fission protein DRP1 also 

leads to dramatic defects in the synaptic localization of mitochondria and impaired 

mobilization of the reserve synaptic vesicle pool, thus resulting in the faster depletion of 

synaptic vesicles during prolonged trains of stimulation pulses2. The addition of ATP 

partially rescues these defects, indicating that ATP production by mitochondria in nerve 

terminals is required for myosin-driven mobilization of vesicles from the reserve pool to the 

readily releasable pool during intense synaptic activity.

Using cultured mature superior cervical ganglion neurons, a recent study showed that 

syntabulin has a crucial role in the maintenance of presynaptic function108. Loss of 

syntabulin function reduces basal synaptic activity, accelerates the synaptic depression that 

occurs during high-frequency firing and slows the rate of synapse recovery after the 

depletion of synaptic vesicles. The loss of syntabulin function also reduces the number of 
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mitochondria in neuronal processes. These defects can be reversed by the application of ATP 

to pre-synaptic neurons. This study indicates that syntabulinand KIF5-driven mitochondrial 

transport is vital for the onset of synaptic function in developing neurons and for the 

maintenance of synaptic function in mature neurons.

As neurotransmitter release is triggered by Ca2+ influx through voltage-gated Ca2+ channels, 

any factors that regulate presynaptic Ca2+ transients may influence the probability of 

synaptic vesicle release. Although presynaptic Ca2+ levels are elevated during low-frequency 

stimulation, a high level of accumulation of Ca2+ in presynaptic boutons occurs only during 

prolonged periods of repetitive stimulation. Using electrophysiological recording combined 

with imaging of cytoplasmic and mitochondrial Ca2+ at the calyx of Held (a well-

characterized glutamatergic synapse), mitochondria were found to rapidly sequester 

substantial quantities of cytoplasmic Ca2+ and consequently to influence neurotransmitter 

release on the millisecond timescale7. This study suggests that mitochondria can modulate 

short-term presynaptic plasticity by buffering presynaptic Ca2+ levels. At neuro-muscular 

junctions, presynaptic mitochondria maintain Ca2+ homeostasis by sequestering excess 

intracellular Ca2+ during repetitive stimulation. D. melanogaster Miro mutants exhibit 

defective transport of mitochondria, resulting in a lack of mitochondria at neuromuscular 

junctions. This reduces Ca2+ buffering and impairs neurotransmitter release during 

prolonged stimulation49.

 Mobile mitochondria and synaptic homeostasis

In mature neurons, approximately one-third of axonal mitochondria are mobile at any one 

time, either passing by or entering and exiting presynaptic boutons85. This raises a 

fundamental question: do these mobile axonal mitochondria influence synaptic homeostasis 

and synaptic plasticity? A study that used Snph−/− mice recently provided genetic and 

cellular evidence that changes in axonal mitochondrial mobility can affect short-term 

presynaptic plasticity12. Although basal synaptic transmission was not affected by Snph 

deletion, persistent enhanced short-term facilitation in response to short stimulus trains was 

observed in mutant presynaptic neurons (FIG. 3c). The phenotype was fully rescued by the 

introduction of a Snph transgene. Furthermore, the disruption of syntaphilin-mediated 

docking altered presynaptic Ca2+ dynamics during intense, prolonged stimulation. It is 

possible that intracellular Ca2+ may rapidly build up in presynaptic terminals during intense 

stimulation and that stationary mitochondria are able to sequester this Ca2+ most effectively. 

Furthermore, although mobile mitochondria may supply sufficient ATP for basal synaptic 

transmission, this may not be sufficient to pump Ca2+ out of the cell, and higher levels of 

ATP supplied by synaptically stationary mitochondria may be required. These experiments 

suggest that alterations to mitochondrial mobility could affect synaptic homeostasis.

 Mitochondrial transport and quality control

The half-life of neuronal mitochondria is estimated to be ~30 days109,110. Elaborate quality-

control systems maintain mitochondrial integrity and function (BOX 3). These mechanisms 

include transport, fusion, fission and turnover via mitophagy and constitute an 

interdependent system of mitochondrial dynamics. Neurons have a unique dependence on 
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the precise control of mitochondrial dynamics, which are crucial for mitochondrial transport 

to distal locations, signal recognition, the maintenance of morphology and content, and 

quality control. Mitochondrial fusion enables the exchange of contents between 

mitochondria and allows damaged mitochondria to acquire components from healthy 

mitochondria. Mitochondrial fission is also essential for mitochondrial function. A damaged 

mitochondrion can generate a daughter mitochondrion to avoid a potentially catastrophic 

rupture. This may help to segregate damaged segments of mitochondria and promote 

mitophagy. Perturbations in any of these processes can lead to neurological defects111.

 Transport and mitochondrial fusion and fission

As the size of an organelle affects its mobility, defects in membrane fission can influence 

mitochondrial transport. DRP1 is a mitochondrial dynamin-like GTPase that is essential for 

mitochondrial membrane fission. DRP1 is required for embryonic development of the mouse 

brain and synapse formation between cultured neurons112. In cultured hippocampal neurons, 

defects in DRP1-mediated mitochondrial fission result in the accumulation of mitochondria 

in the cell body and reduced dendritic mitochondrial content19. DRP1 also maintains the 

distribution of mitochondria near D. melanogaster neuromuscular junctions2. This suggests 

that it may not be possible for the highly interconnected mitochondria that are present in 

fission-deficient neurons to be efficiently transported to distal neuronal processes. Deletion 

of GEM1 (the yeast Miro homologue) also alters mitochondrial morphology in yeast cells, 

resulting in the accumulation of collapsed and globular mitochondria47. Loss of MIRO 

function also suppresses mitochondrial mobility and causes mitochondrial 

fragmentation25,46,113. By contrast, overexpressing MIRO not only enhances mitochondrial 

movement but also increases mitochondrial interconnection and their volume intensity in 

dendrites23,25,46. Moreover, the dynein–dynactin retrograde motor complex was shown to 

have a role in the regulation of mitochondrial morphology. Disruption of dynein function 

increases the formation of highly branched mitochondrial structures by controlling the 

recruitment of DRP1 (REF. 114).

Fusion requires the apposition of two adjacent organelles. Mitochondrial transport along 

neuronal processes is particularly important for the fusion events. Deletion or mutation of 

the gene encoding the fusion protein MFN2 impairs both anterograde and retrograde 

mitochondrial transport115, suggesting crosstalk between the fusion and transport machinery. 

In fusion-deficient cells, mitochondria exhibit reduced mobility116. Motor neurons derived 

from transgenic mice with mutant MFN2 showed improper mitochondrial distribution117. 

Mitochondria in conditional Mfn2-knockout mice are fragmented and are not found in long 

or branched neurites, indicating that fusion also influences mitochondrial transport and 

distribution118. A recent study showed that an association between MFN2 and the MIRO–

Milton complex is necessary for axonal mitochondrial transport70. Therefore, mitochondrial 

transport may directly affect mitochondrial morphology by regulating the fusion and fission 

machinery. Conversely, deficiency of mitochondrial fusion or fission impairs mitochondrial 

mobility and distribution. This may be due to altered mitochondrial respiration or a defective 

association in the mitochondrial transport complex. These findings indicate that interplay 

between mitochondrial mobility and the membrane fusion and fission machineries may 

regulate mitochondrial shape, function and distribution.
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 Mitochondrial dynamics and mitophagy

A direct connection between mitochondrial mobility and mitophagy has not yet been 

established. However, it is known that PTEN-induced putative kinase protein 1 (PINK1) is 

targeted to mitochondria by an N-terminal targeting sequence and is involved in 

mitochondrial dynamics through interaction with the MIRO–Milton complex119 or the 

fusion and fission machineries120. Parkin, a cytosolic E3 ubiquitin ligase, translocates to 

depolarized mitochondria for autophagic clearance. PINK1 and parkin can cooperate in the 

process of mitophagy, and PINK1 is required to induce the recruitment of cytosolic parkin to 

dysfunctional mitochondria121–127. Recent results from non-neuronal cells show widespread 

degradation of mitochondrial outer membrane proteins, including MIRO1 and MIRO2, by 

the parkin-activated ubiquitin–proteasome system during the early phase of 

mitophagy128,129. This indicates that a suppression of mitochondrial anterograde transport 

may occur during mitophagy. A recent study demonstrated that PINK1 can phosphorylate 

MIRO and activate the proteasomal degradation of MIRO in a parkin-dependent manner. As 

a result, mitochondrial movement is arrested owing to the detachment of kinesin motors 

from mitochondria. These results suggest that the PINK1–parkin pathway also regulates 

mitochondrial transport, which may help to quarantine parkin-labelled damaged 

mitochondria for clearance by mitophagy130.

Mitochondrial membrane dynamics influence the selective degradation of damaged 

mitochondria via the autophagy–lysosomal pathway. Several studies suggest that the 

PINK1–parkin pathway has a key role in maintaining mitochondrial stability and function. 

In flies and in some mammalian cells, PINK1 and parkin have been shown to promote 

mitochondrial fission and/or to inhibit fusion by downregulating MFN proteins and 

mitochondrial dynamin-like 120 kDa protein (also known as OPA1), the latter of which is a 

protein required for mitochondrial inner membrane fusion120,131–135. However, conflicting 

observations in mammalian cells were also reported136–140. Recently, several groups 

demonstrated that parkin ubiquitylates MFN proteins, thereby promoting mitochondrial 

fragmentation and possibly mitophagy128,141–144. It is thought that parkin inhibits the re-

incorporation of damaged mitochondria into healthy ones, thereby segregating impaired 

mitochondria for mitophagy.

 Mitochondrial transport and membrane potential

It has been reported that the mitochondrial membrane potential influences the direction of 

mitochondrial transport. Mitochondria with high membrane potentials undergo anterograde 

transport towards distal processes, whereas damaged mitochondria return to the cell body 

following acute depolarization145. It has therefore been proposed that damaged or 

dysfunctional mitochondria are transported to the soma for repair and/or degradation. As 

most mature, acidic lysosomes are predominantly located in the somatodendritic regions and 

the proximal axon, it is likely that organelles destined for degradation must be delivered to 

these compartments63,146–148. Thus, it is likely that dynein-mediated retrograde transport 

facilitates mitochondrial fission and promotes the targeting of segregated mitochondria to 

the soma. However, another study suggests that there is no difference in the membrane 

potential of mobile and stationary mitochondria under physiological conditions149. 

Therefore, the molecular interplay between mitochondrial transport, fusion, fission and 
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mitophagy must be further investigated to advance our understanding of mitochondrial 

quality control in neurons. This represents an important field of research, as various 

neurodegenerative disorders are associated with mitochondrial dysfunction.

 Transport defects and neurodegeneration

It is well documented that mitochondrial dysfunction, changes in mitochondrial dynamics 

and mobility, and perturbation of mitochondrial turnover are involved in the pathology of 

some neurodegenerative and neurological disorders (reviewed in REFS 27,30,111). In 

particular, damaged mitochondria not only fail to produce ATP and to buffer Ca2+ levels but 

also release apoptotic cell death signals (reviewed in REF. 150). Defects in mitochondrial 

transport may cause local energy depletion and toxic changes in Ca2+ buffering that may 

trigger synaptic dysfunction and loss, thus contributing to neurodegenerative disorders (BOX 

4).

 Conclusions and perspectives

The recent discovery of several proteins involved in the mitochondrial transport machinery, 

as well as of docking receptors, has boosted our understanding of the molecular mechanisms 

that regulate mitochondrial mobility and distribution in response to neuronal activity and 

intracellular signalling. However, many questions remain. For example, precisely how a 

MIRO- and Ca2+-dependent mechanism prevents both anterograde and retrograde 

mitochondrial transport is unknown. It seems likely that the opposing actions of kinesin and 

dynein are coordinated through their adaptors or by other unknown linkers. If so, how does 

dynein mechanistically or physically couple to MIRO, and does Ca2+ sensing also inactivate 

dynein motors? The discovery of syntaphilin and its characterization as a mitochondrial 

anchoring receptor raise additional questions. Do motor–adaptor complexes and docking 

machineries physically displace one another as the mitochondria change from mobile to 

stationary phases? How do mobile mitochondria become stationary (and vice versa) in 

response to changes in mitochondrial membrane potential and neuronal physiological state, 

and in pathological conditions? Does a single independent pathway or multiple simultaneous 

cellular signals regulate the activity of motor–adaptor complexes and docking machineries? 

What are the signalling pathways that coordinate the interactions between transport 

machineries and docking receptors? Additional investigations will determine how myosin 

motors coordinate microtubule-based motors, mitochondrial transport and/or stationary 

docking. Answering many of these questions will probably involve the use of genetic mouse 

models.

Investigation into how the mobility of mitochondria coordinates their quality control in 

neurons represents an important emerging area for basic and disease- oriented research. 

Throughout the neuronal lifetime, aged and damaged mitochondria undergo dynamic 

recycling through fusion and fission processes or degradation via mitophagy. Dysfunctional 

mitochondria not only produce energy less efficiently but also release potentially harmful 

reactive oxygen species and initiate apoptotic signalling cascades. Thus, damaged 

mitochondria at synapses must be recognized and transported back to the soma, where 

lysosomes are predominantly localized. Microtubule-based retrograde transport is probably 
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an important process for damaged mitochondria or autophagic cargo to be transported back 

to the soma and delivered to lysosomes. Proper sequestration of damaged mitochondria into 

autophagosomes and subsequent degradation within the lysosomal system may also serve to 

limit the leakage of these potentially deleterious mediators. Identification of the molecules 

involved in linking mitochondrial transport, fusion, fission and mitophagy will advance our 

understanding of the cellular mechanisms that regulate mitochondrial quality control. It will 

be important to examine whether defective mitochondrial transport plays any part in 

neurodegeneration or simply reflects the sequelae of general transport alterations. Does 

impaired transport of mitochondria in neurodegenerative disease models have any effect on 

the removal of dysfunctional mitochondria from synapses and distal axons by mitophagy or 

on the recycling of damaged mitochondria through membrane fusion or fission? If this is the 

case, then it will be interesting to determine whether a rescue of mitochondrial transport 

defects could enhance mitochondrial quality control processes in both slow- and rapid-onset 

neuronal degeneration mouse models. Future studies using neurons from diseased mice and 

live cell imaging of mobile mitochondria will help to elucidate the molecular and cellular 

mechanisms that regulate mitochondrial mobility, distribution and turnover. Mechanistic 

insights into these fundamental neuronal processes will advance our understanding of human 

neurodegenerative diseases.
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Box 1 | Visualizing mitochondrial transport in neurons

Recent studies applying time-lapse imaging of live cultured neurons and in vivo studies 

in genetically engineered mice have revealed the complex nature of mitochondrial 

transport along neuronal processes12,31,32. Mitochondria move bidirectionally, and 

frequently pause or switch to persistent docking (Supplementary information S1 

(movie)). In mature cultured neurons, only one-third of axonal mitochondria are mobile 

and the remaining 65–80% are stationary12. Saltatory and bidirectional movements result 

in mean mitochondrial velocities between 0.32 and 0.91 μm per second23,71.

To visualize mitochondrial transport in live cultured neurons, mitochondria can be 

labelled by transfection of DsRed–Mito (a fluorescently labelled, mitochondrion- 

targeted protein) or by directly loading neurons with MitoTracker Green FM dye. Time-

lapse imaging is performed using a confocal microscope. Applying a relatively long 

interval (10 seconds) between each time-lapse scan can minimize laser-induced cellular 

damage. Kymographs are used to quantify relative mitochondrial mobility12,145 (see FIG. 

3b). As a general rule, a mitochondrion is considered to be stationary if it remains 

immobile for the entire recording period; a mobile mitochondrion is counted only if its 

displacement is at least 5 μm during the same period12.

Although this approach provides an important tool for studying the cellular and 

molecular mechanisms that regulate mitochondrial transport, it also has some limitations, 

as most neuron cultures must be prepared from embryos or early postnatal mice. 

Furthermore, the morphology of cultured neurons can differ from that of neurons in vivo. 

An elegant tool to visualize axonal mitochondrial transport in living mice and explanted 

nervous tissue was developed32 in transgenic mouse lines in which mitochondrion-

targeted cyan fluorescent protein or yellow fluorescent protein are selectively expressed 

in neurons. Thus, time-lapse recordings can directly monitor mitochondrial transport in 

acute nerve–muscle explants or in living adult mice. In explants, 87% of axonal 

mitochondria were shown to be stationary (which is slightly higher than in cultured 

neurons), two-thirds of mobile mitochondria were shown to move in the anterograde 

direction and the remaining third were shown to move in the retrograde direction. Living 

mice displayed similar mitochondrial mobility patterns, although both anterograde and 

retrograde transport rates were slightly slower.
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Box 2 | Structures of motor proteins for mitochondrial transport

Kinesin-1 (also known as KIF5) motor proteins contain two kinesin heavy chains (KHCs) 

and two kinesin light chains (KLCs)33 (see the figure, part a). Their motor function arises 

from homodimer heavy chain associations in the coiled-coil regions of the stalk domain. 

Each KHC contains an amino-terminal motor domain that has ATPase activity and binds 

directly to microtubules, whereas its carboxy-terminal cargo-binding domain mediates an 

association with a KLC or directly interacts with cargoes or cargo adaptors, such as 

mitochondrial adaptor proteins.

Cytoplasmic dynein is composed of two dynein heavy chains (DHCs) and several dynein 

intermediate chains (DICs), dynein light intermediate chains (DLICs) and dynein light 

chains (DLCs)151 (see the figure, part b). DHCs function as motors, and the association 

of the dynein motor with cargoes and the regulation of its motility involve various other 

polypeptides.

Myosin motor proteins require ATP hydrolysis to provide the energy required to generate 

force and movement along actin filaments. There are 18 classes of myosin motor 

proteins152. Myosin V, one candidate motor for driving mitochondrial movement, forms a 

dimer and consists of a motor domain, a stalk region and a tail region (see the figure, part 

c). Figure is modified, with permission, from REF. 153 © (2011) Springer.
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Box 3 | Mitochondrial quality control

Mitochondrial quality control involves surveillance and protection strategies to limit 

mitochondrial damage and ensure mitochondrial integrity. This quality control occurs at 

the following molecular, organellar and cellular levels (see the figure):

Degradation of misfolded or damaged mitochondrial proteins

The molecular level of defence is supported by the proteolytic system. Molecular 

chaperones and ATP-dependent proteases in the matrix and inner membrane of 

mitochondria degrade damaged proteins, stabilize misfolded proteins (thus preventing 

their aggregation) and/or dissolve protein aggregates (and thereby promote 

proteolysis)154. In addition, the cytosolic ubiquitin–proteasome system can also 

participate in the quality control of mitochondrial proteins155.

Segregation of dysfunctional mitochondria through fission

Mitochondrial fusion and fission provide additional protection against mitochondrial 

damage. Damaged mitochondria can be repaired by fusion with healthy 

mitochondria111,156,157, which allows the contents of healthy and dysfunctional 

mitochondria to be mixed. Fission, however, sequesters mitochondria that have become 

irreversibly damaged or are fusion-incompetent and results in their subsequent 

elimination by autophagy.

Elimination of damaged mitochondria by mitophagy

In the event that the two quality control pathways described above are ineffective, 

damaged mitochondria are eliminated by autophagy. One type of cargo-specific 

autophagy is mitophagy, which selectively removes damaged mitochondria. Mitophagy 

requires the specific labelling of damaged mitochondria and their subsequent recruitment 

into isolation membranes, and this can occur through two mechanisms. First, outer 

mitochondrial membrane proteins, such as NIP3-like protein X (NIX; also known as 

BNIP3L) in mammalian cells (autophagy-related protein 32 (Atg32) in yeast), bind to 

LC3 (Atg8 in yeast) on the isolated membranes, which mediate the sequestration of 

damaged mitochondria into autophagosomes158. Second, when mitochondria are 

damaged by losing their membrane potential, PTEN-induced putative kinase protein 1 
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(PINK1) recruits the E3 ubiquitin ligase parkin from the cytosol to the damaged 

mitochondria, where it ubiquitinates mitochondrial proteins and causes mitochondria to 

become engulfed by isolation membranes that then fuse with lysosomes. If the levels of 

damage exceed the capacity of all three quality control pathways, damaged mitochondria 

can rupture, leading to the release of pro-apoptotic factors and cell death.
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Box 4 | Mitochondrial transport defects in neurodegenerative diseases

Alzheimer's disease

Several lines of evidence support the hypothesis that impaired axonal transport has an 

important role in the pathogenesis of Alzheimer's disease29,159. Briefly exposing cultured 

hippocampal neurons to amyloid-β results in impaired mitochondrial transport98,160. 

Axonal degeneration in patients with Alzheimer's disease is characterized by regions of 

swelling in which abnormal amounts of organelles (including mitochondria) 

accumulate161. Furthermore, defective axonal transport of mitochondria and other 

organelles may lead to synaptic dysfunction and loss.

Amyotrophic lateral sclerosis (ALS)

Neurons from patients with ALS and from mice with ALS-like manifestations (owing to 

expression of mutant superoxide dismutase 1 (SOD1)) display impaired axonal 

mitochondrial transport162–165. Altered mitochondrial transport has also been observed 

after overexpression of alsin or TAR DNA-binding protein 43 (TDP43), two proteins 

which, when mutated, cause familial ALS166,167. Misfolded wild-type SOD1 species that 

have been immunopurified from patients with sporadic ALS inhibit fast axonal transport 

driven by KIF5 motors168. The loss of mitochondria or presence of dysfunctional 

mitochondria in distal motor axons in ALS might result from reduced mitochondrial 

movement and quality control and may contribute to motor degeneration. Thus, 

increasing mitochondrial transport might help to deliver healthy mitochondria to axons 

and/or to return damaged mitochondria to somas for proper degradation. However, it was 

recently demonstrated that the twofold increase in axonal mitochondrial mobility in 

crossed mice carrying both mutant SOD1 (SOD1G93A) and a syntaphilin deficiency does 

not slow ALS-like disease progression169, suggesting that the reduced mitochondrial 

mobility seen in SOD1G93A mice has a minimal role in the rapid onset of ALS-linked 

pathology. Further investigation is necessary to determine whether increased 

mitochondrial transport in this crossed mouse model helps to improve the turnover of 

dysfunctional mitochondria in motor neurons.

Huntington's disease

Recent studies indicate that impaired mitochondrial transport plays an important part in 

the pathology of Huntington's disease. Huntingtin (HTT) acts as a scaffolding protein by 

binding to huntingtin-associated protein 1 (HAP1), which mediates the association of 

HTT with kinesin and dynein–dynactin and stimulates the trafficking of various 

membrane-bound organelles, including mitochondria, late endosomes and ER–Golgi 

trafficking vesicles170. HTT can also interact directly with the dynein intermediate chain 

and facilitate dynein- and dynactin-mediated vesicle transport171. Phosphorylation of 

HTT serves as a molecular switch for anterograde versus retrograde mitochondrial 

movement172. Whereas wild-type HTT promotes both anterograde and retrograde 

mitochondrial transport, mutant HTT disrupts the formation of transport complexes and 

impairs mitochondrial movement173–175. These effects are probably due to the 

polyglutamine expansion at the amino-terminal region of HTT, which associates with 

mitochondria and affects their transport in cultured neurons176.
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Parkinson's disease

Direct evidence for defective mitochondrial transport in Parkinson's disease neurons has 

not been demonstrated. The link between familial Parkinson's disease-related gene 

products and defects in mitochondrial transport is still speculative. Mutations in the genes 

encoding PTEN-induced putative kinase protein 1 (PINK1) and the E3 ubiquitin ligase 

parkin are linked to autosomal recessive familial parkinsonism, and mutations in the 

leucine-rich repeat kinase 2 gene (LRRK2) can cause autosomal dominant Parkinson's 

disease. Interestingly, PINK1 is reported to form a complex with MIRO–Milton119, 

suggesting a role in the regulation of mitochondrial transport. Expressing α-synuclein in 

dorsal root ganglion neurons disrupts the microtubule network177. As both LRRK2 and 

parkin modulate microtubule stability178,179, these proteins may have an indirect role in 

mitochondrial transport.
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Nodes of Ranvier

Regularly spaced gaps in the myelin sheath that surrounds myelinated axons. They 

expose the axonal plasma membrane to the extracellular fluid. Nodes of Ranvier contain 

large numbers of voltage-gated ion channels and thus enable conduction of the action 

potential.
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Autophagy–lysosomal system

A primary cellular route for the breakdown of organelles and the degradation of 

cytoplasmic components. Following the sequestration of organelles and cytoplasm within 

a double-membrane-bound vacuole (autophagosome), fusion with lysosomes occurs. 

Lysosomal hydrolases in these ‘autolysosomes’ degrade their contents.
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EF hand

A Ca2+-binding domain that was originally identified in parvalbumin. EF hands are also 

known as helix–turn–helix domains.
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Small interfering RNA

(siRNA). A sequence-specific gene-silencing tool used in RNA interference. siRNAs are 

short fragments of synthetic double-stranded RNA with 21–23 pairs of nucleotides that 

have sequence specificity to the gene of interest (the target). These small double-stranded 

RNAs trigger degradation of the target RNA, thereby creating a partial loss-of-function.
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RNA interference

(RNAi). A method by which double-stranded RNA that is encoded in an exogenous 

vector can be used to interfere with normal RNA processing, causing rapid degradation of 

the endogenous RNA and thereby precluding translation. This provides a simple way of 

studying the effects of the absence of a gene product in simple organisms and cells.
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Processivity

Motor proteins move stepwise along microtubules without detachment over long 

distances at the expense of ATP. This movement, termed hand-over-hand motility, is 

based on the coordinated action of two motor heads that bind one after another to 

microtubules. This mechanism requires precise coordination of the microtubule affinity 

of the two motor domains.
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Saltatory mobility patterns

The complex nature of mitochondrial transport along neuronal processes, whereby 

mitochondria move bidirectionally, pause and start moving again, slow down and speed 

up, and frequently change direction.
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Na+/K+ ATPases

Also known as Na+/K+ pumps, these membrane proteins use ATP hydrolysis to move 

Na+ and K+ in opposite directions across the plasma membrane. They are responsible for 

maintaining transmembrane concentration gradients for both Na+ and K+ and have a 

particularly important role in enabling neurons to respond to stimuli and transmit 

impulses.
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Short-term facilitation

A transient increase in synaptic strength occurs when two or more action potentials 

invade the presynaptic terminal in close succession or as a result of a high-frequency 

burst of presynaptic action potentials. Facilitation results in more neurotransmitter being 

released in response to each succeeding action potential owing to prolonged elevation of 

presynaptic Ca2+ levels following synaptic activity.
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Figure 1. Mitochondrial transport in neurons
a | Neurons have three distinct functional and structural domains: a cell body (soma), a long 

axon and thick dendrites with many branches and elaborate dendritic arbors. Owing to the 

complex geometry of neurons, specialized mechanisms are required to transport 

mitochondria to their destinations and to ensure that mitochondria remain stationary in 

regions with a high demand for energy production and Ca2+ homeostatic capacity. The 

figure highlights the molecular mechanisms that are involved in transporting mitochondria to 

three specific neuronal locations: the presynaptic terminal, the axon and the dendritic spine. 

Long-range mitochondrial transport from the soma to distal axonal and dendritic regions 

depends on the polarity and organization of neuronal microtubules. Axonal microtubules are 

arranged so that their plus end (+) is directed distally and their minus end (−) is directed 

towards the soma. Thus, in axons, cytoplasmic dynein motors are responsible for returning 

mitochondria to the soma, whereas kinesin motors of the KIF5 family drive anterograde 

mitochondrial transport to distal axonal regions and synaptic terminals. For dendritic 

processes, where microtubules exhibit mixed polarity in proximal regions, kinesins and 

dynein motors can transport mitochondria in either the anterograde or the retrograde 

direction depending on the microtubule polarity. KIF5 motors link to the mitochondria that 

they transport via motor adaptors. Myosin motors probably mediate short-range movement 

in presynaptic terminals, growth cones and dendritic spines, where actin filaments form the 

major cytoskeletal architecture. Mobile mitochondria can also be recruited to stationary 

pools via dynamic interactions between the docking receptor syntaphilin and microtubules 

or via actin-based anchoring machinery. Mitochondrial docking mechanisms ensure that 

stationary mitochondria are adequately distributed within axons and at synapses. b | 

Mitochondrial movement and accumulation near a node of Ranvier in a peripheral nervous 

system myelinated axon. A high density of Na+ channels and Na+/K+ ATPases at the nodes 
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of Ranvier is essential for myelinated axons to conduct high-velocity nerve impulses and to 

permit repetitive firing. Thus, regions near nodes of Ranvier have a high energy demand. 

KIF5 and dynein motors drive either anterograde or retrograde mitochondrial transport 

towards the node of Ranvier. Mobile mitochondria become stationary at the node and serve 

as energy sources to support Na+ channels and Na+/K+ ATPases.
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Figure 2. KIF5-driven mitochondrial transport
a | Mitochondrial transport driven by kinesins of the KIF5 family requires the mitochondrial 

rho (MIRO)–Milton (or MIRO–TRAK) adaptor complex. MIRO is a mitochondrial outer 

membrane protein of the RHO GTPase family. In Drosophila melanogaster, Milton recruits 

KIF5 to mitochondria by binding to MIRO. In a similar way, TRAK1 and TRAK2 

(mammalian Milton orthologues) can bind to MIRO1 and MIRO2 (mammalian orthologues 

of MIRO). In hippocampal neurons, the MIRO1–TRAK2 complex is an important regulator 

of mitochondrial trafficking. b | KIF5 also associates with mitochondria and mediates 

mitochondrial anterograde transport via syntabulin, a KIF5 adaptor that binds to 

mitochondria via its carboxy-terminal transmembrane domain. Fasciculation and elongation 

protein-ζ1 (FEZ1) and RAN-binding protein 2 (RANBP2) are additional kinesin adaptors 

that may contribute to mitochondrial transport. c | There are two proposed models of the role 

of MIRO in the regulation of mitochondrial mobility. MIRO contains two Ca2+-binding 

regions (EF-hand motifs), which allow it to regulate mitochondrial mobility in response to 

synaptic activity and Ca2+ signalling pathways. The C-terminus of the KIF5 motor attaches 

to mitochondria through an interaction with the MIRO–Milton (or MIRO–TRAK) complex 

in the absence of Ca2+, whereas its amino-terminal motor domain binds to microtubules and 

drives transport. In the ‘motor–MIRO binding’ model24, Ca2+ binds to the EF hands of 

MIRO and induces the KIF5 motor domain to bind to MIRO instead of microtubules and 

thus prevents motor–microtubule engagement. d | Alternatively, in the ‘motor-releasing’ 
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model23, Ca2+ binding releases KIF5 from MIRO-bound mitochondria. Thus, Ca2+ influx 

following synaptic activity could cause mobile mitochondria to become stationary.
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Figure 3. Mitochondrial docking and synaptic homeostasis
a | Microtubule-based docking. Mitochondria have complex mobility patterns that suggest 

that they are coupled to two opposing molecular motors, namely kinesin-1 (KIF5) and 

dynein, as well as to docking machinery. Whereas KIF5 motors are responsible for 

anterograde mitochondrial transport, cytoplasmic dynein motors are the driving force behind 

retrograde movement. Syntaphilin, a neuron-specific and axon-targeted protein that 

associates with the mitochondrial outer membrane, acts as an anchor for axonal 

mitochondria by binding to microtubules. b | Representative kymographs showing relative 

mitochondrial mobility in axons. The upper panel shows wild-type neurons transfected with 
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the mitochondrial marker DsRed–Mito (red). The middle panel shows syntaphilin-deficient 

neurons transfected with DsRed–Mito. The lower panel shows wild-type neurons co-

transfected with DsRed–Mito and green fluorescent protein (GFP)–syntaphilin (green). In 

kymographs, vertical lines represent stationary mitochondria, whereas slanted or curved 

lines indicate mobile ones. Overexpressing GFP–syntaphilin in wild-type neurons abolishes 

axonal mitochondrial transport (lower kymograph). Conversely, deleting the murine 

syntaphilin gene (Snph) results in a dramatic increase in the percentage of axonal 

mitochondria in dynamic mobile states (76 ± 20%) (middle kymograph; Supplementary 

information S2 (movie)) relative to wild-type neurons (36 ± 15%) (upper kymograph; 

Supplementary information S1 (movie)). c | Increased mitochondrial mobility in Snph−/− 

neurons induces short-term presynaptic facilitation during prolonged stimulation. A 20 Hz, 1 

second stimulus train was delivered at 10-second intervals. Normalized excitatory 

postsynaptic current (EPSC) amplitudes were plotted against stimulus number. Persistent 

facilitation in synaptic responses occurred only in Snph−/− neurons (red circles). 

Reintroducing syntaphilin into the mutant presynaptic neurons (purple circles) eliminated 

the short-term presynaptic facilitation and fully rescued the wild-type phenotype (blue 

triangles). d | Schematic model of the transition from long-range, microtubule-based 

mitochondrial transport to myosin-driven short-range, actin-based movement and of 

subsequent stationary docking on actin through unknown docking and anchoring receptors. 

Actin-based docking is facilitated by nerve growth factor (NGF), phosphoinositide 3-kinase 

(PI3K) or RHOA signalling pathways. Part c is modified, with permission, from REF. 12 © 

(2008) Elsevier.

Sheng and Cai Page 48

Nat Rev Neurosci. Author manuscript; available in PMC 2016 July 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Sheng and Cai Page 49

Table 1

Molecular motor–adaptor complexes and regulators of mitochondrial transport

Protein Role Organism(s) Refs

KIF5 Microtubule motor Drosophila melanogaster and mammals 35,37,40,41

KIF1Bα Microtubule motor Mammals 42

KLP6 Microtubule motor Mammals 43

Dynein–dynactin Microtubule motor D. melanogaster and mammals 37,60

MIRO KIF5 receptor D. melanogaster and mammals 45–47,49

Milton KIF5 adaptor D. melanogaster 36,44,48

TRAKs (OIP106, GRIF1) KIF5 adaptor Mammals 46,50,51,55,56

Syntabulin KIF5 adaptor Mammals 41

FEZ1 KIF5 adaptor Mammals 57,58

RANBP2 KIF5 adaptor Mammals 59

APLIP1 KIF5 adaptor D. melanogaster 69

Syntaphilin Static anchor Mammals 12,81

Mitofusins MIRO–TRAK regulator Mammals 70

Tau Microtubule stability Mammals 93 – 99

MAP1B Microtubule stability Mammals 100

Myosin XIX Actin motor Mammals 72

Myosin V Actin motor D. melanogaster neurons 75

Myosin VI Actin motor D. melanogaster neurons 75

WAVE1 Actin polymerization Mammals 82

APLIP1, APP-like-interacting protein1; FEZ1, fasciculation and elongation protein-ζ1; KIF, kinesin superfamily protein; MAP1B, microtubule-

associated protein 1B; MIRO, Mitochondrial rho; RANBP2, RAN-binding protein 2; WAVE1, WASP family verprolin homologous protein 1.
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