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Summary
Organelle transport is vital for the development and maintenance of axons, in which the distances
between sites of organelle biogenesis, function, and recycling or degradation can be vast. Movement
of mitochondria in axons can serve as a general model for how all organelles move: mitochondria
are easy to identify, they move along both microtubule and actin tracks, they pause and change
direction, and their transport is modulated in response to physiological signals. However, they can
be distinguished from other axonal organelles by the complexity of their movement and their unique
functions in aerobic metabolism, calcium homeostasis and cell death. Mitochondria are thus of
special interest in relating defects in axonal transport to neuropathies and degenerative diseases of
the nervous system. Studies of mitochondrial transport in axons are beginning to illuminate
fundamental aspects of the distribution mechanism. They use motors of one or more kinesin families,
along with cytoplasmic dynein, to translocate along microtubules, and bidirectional movement may
be coordinated through interaction between dynein and kinesin-1. Translocation along actin filaments
is probably driven by myosin V, but the protein(s) that mediate docking with actin filaments remain
unknown. Signaling through the PI 3-kinase pathway has been implicated in regulation of
mitochondrial movement and docking in the axon, and additional mitochondrial linker and regulatory
proteins, such as Milton and Miro, have recently been described.
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Introduction
Nerve axons are the mother of all cellular processes, usually containing the majority – often
the vast majority – of the cell cytoplasm, much of it at an enormous distance from the nucleus,
ER and Golgi. This far-flung biomass is supported in part by fast axonal transport, a steady
stream of organelles moving from their major sites of biogenesis in the cell body to the distant
reaches of the axon at rates of micrometers per second, hundreds of centimeters per day. A
similar transport system runs in the opposite direction, moving organelles, including those of
the endocytic and autophagic pathways, from the distal axon back to the cell body.
Mitochondria are prominent members of the cast of axonally transported organelles. They are
essential for the function of all aerobic cells, including neurons. They produce ATP, buffer
cytosolic calcium and sequester apoptotic factors. But when things go awry, mitochondria can
also be a nexus for many of the neuron's woes: excitotoxicity, metabolic insufficiency, cell
death and oxidative damage that contribute to severe pathologies of the nervous system (Heales
et al., 1999; Kosel et al., 1999; Nicholls et al., 1999; Tatton and Olanow, 1999; Sawa, 2001;
Swerdlow and Kish, 2002; Krieger and Duchen, 2002; Nieminen, 2003; Rego and Oliveira,
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2003). Recent work has directed our attention not just to the functions of mitochondria but also
to their axonal transport as a potential contributor to diseases of the nervous system (Guzik
and Goldstein, 2004; Hirokawa and Takemura, 2004).

Like many other neuronal organelles, mitochondria are thought to arise mainly in the neuronal
cell body, but their transport is distinctive. They are not only delivered to but also retrieved
from the axon, and their average velocity falls between that of fast-moving small vesicles and
slow-moving cytoskeletal proteins (Grafstein and Forman, 1980; Vallee and Bloom, 1991).
This is because individual mitochondria spend a significant part of their time stationary.
Furthermore, mitochondrial starts, stops and redistributions can be regulated by physiological
events and intracellular signals (Morris and Hollenbeck, 1993; Chada and Hollenbeck, 2003;
Ruthel and Hollenbeck, 2003; Chada and Hollenbeck, 2004; Miller and Sheetz, 2004;
Hollenbeck, 1996). Thus, the axonal traffic of mitochondria serves not just to deliver them and
then reverse gears and retrieve them but also to continually position and reposition them along
the axon.

Indeed, mitochondria, like many other organelles, must be positioned properly to serve the
needs of the cell. For example, even small cuboidal epithelial cells such as those in the proximal
convoluted tubules of the kidney, despite their modest dimensions, position their mitochondria
immediately adjacent to their basolateral membrane ATPases. It is reasonable to expect that
the importance of positioning looms much larger in axons, and a large body of data supports
this idea. Mitochondria are delivered to and remain in areas of the axon where metabolic
demand is high, such as synapses (e.g. Palay, 1956; Treeck and Pirsig, 1979; Gotow et al.,
1991; Bogan and Cabot, 1991; Peters et al., 1991), active growth cones and branches
(Povlishock, 1976; Morris and Hollenbeck, 1993; Ruthel and Hollenbeck, 2003), nodes of
Ranvier (Fabricius et al., 1993), distal initial segments (Li et al., 2004), myelination boundaries
(Bristow et al., 2002) and regions of demyelination (Mutsaers and Carroll, 1998) or axonal
protein synthesis (Martin et al., 1998). In addition, mitochondria in cultured neurons actively
space themselves evenly along undistinguished regions of axon (Miller and Sheetz, 2004).
Furthermore, comparative studies show that axonal regions that have higher levels of activity
have higher mitochondrial densities and/or activities, as seen in comparisons of tonic and phasic
synapses (King et al., 1996; Nguyen et al., 1997; Brodin et al., 1999), and in relatively active
tracts of the nervous system (Kageyama and Wong-Riley, 1982; Price, 1985). Finally, when
the activity of a growth cone or axonal tract decreases, so does the density of mitochondria
(Wong-Riley and Welt, 1980; Marciniak, 1983; Wong-Riley and Carroll, 1984; Carroll and
Wong-Riley, 1984; Kageyama and Wong-Riley, 1985; Morris and Hollenbeck, 1993; Nie and
Wong-Riley, 1996a; Nie and Wong-Riley, 1996b).

How do mitochondria achieve these distributions in the axon? Here, we survey recent progress
in our understanding of how mitochondria move and dock, how their behavior is regulated in
axons and how their functions and pattern of transport are related.

How do mitochondria move in the axon?
Mitochondria apparently retain their identity as discrete organelles through a long transit that
involves frequent stops and re-starts, some changes in direction and, after some time spent
residing in the axon, a return to the cell body, possibly in a senescent state (Fahim et al.,
1985). Their movement is, to varying degrees, saltatory and bidirectional, and this sets them
apart from small vesicles, endosomes and most other axonally transported organelles (Forman
et al., 1987; Morris and Hollenbeck, 1993; Overly et al., 1996; Hollenbeck, 1996; Ligon and
Steward, 2000a). Throughout their traffic in the axon, mitochondria can quickly switch
between anterograde and retrograde movement, and their net direction has been shown in
isolated neurons to result primarily from modulation of the fraction of time spent moving
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anterogradely (Morris and Hollenbeck, 1993). In addition, they can be shifted between moving
and stationary states by changes in axonal growth or intracellular signaling (Morris and
Hollenbeck, 1993; Hollenbeck, 1996; Chada and Hollenbeck, 2004). Hence, the machinery on
the mitochondrial membrane must include motors, anchoring components and sensors.

Long-distance fast axonal transport of mitochondria requires microtubules (MTs) (Grafstein
and Forman, 1980; Hollenbeck, 1996). The simple organization of axonal MTs – parallel
polymers that have virtually all of their plus ends directed towards the nerve terminal
(Heidemann, 1996; Baas, 2002) – and the patterns of mitochondrial movement implicate motor
proteins of the kinesin superfamily in anterograde organelle transport and those of the dynein
family in retrograde transport (Hollenbeck, 1996). Mitochondria, in common with other
axonally transported organelles, can also move along actin filaments in axons (Kuznetsov et
al., 1992; Morris and Hollenbeck, 1995; Ligon and Steward, 2000b; Langford, 2002;
Bridgman, 2004). This implicates myosin motors, but the role of this short-range movement
is less clear (discussed below). The complex, coordinated movement of mitochondria argues
that they have a larger toolkit of proteins for regulated transport than other axonal organelles.
A higher-order analysis of the axonal transport and distribution of mitochondria will require
that we understand not only what movements mitochondria undergo but also which motor
proteins move them, which proteins anchor them, which outer membrane proteins bind the
motors and anchors, and how the activities of all of these interacting proteins are regulated.

Different motors for different cargos?
Different classes of organelle show distinct transport behaviors in the axon. One critical
question is which machinery for organelle movement – the motor proteins, motor-organelle
linkers, static docking proteins, regulatory factors, signaling pathways – is general and which
is specific to each class of organelle. Although the diversity of organelles in the axon has been
apparent for decades, an accurate description of the remarkable diversity of potential organelle
motors is more recent (Miki et al., 2001; Lawrence et al., 2004; Susalka and Pfister, 2000;
Asai and Wilkes, 2004; Berg et al., 2001; Thompson and Langford, 2002). This motor diversity
has stimulated the hypothesis that movements of different organelles are driven by different
motor proteins, perhaps involving different motor-organelle linkers (e.g. Guzik and Goldstein,
2004; Hirokawa and Takemura, 2005). However, many studies of motor proteins in axonal
transport have not distinguished motor protein family members, their specific associations with
organelles or their influence over specific organelle movements. Thus a major effort currently
is to assign specific transport machinery to specific organelle types. In this context, it is
important to note that the transport toolkit for any class of organelle may vary in different cell
or tissue types, and also between species. In particular, species that have simpler nervous
systems may accomplish their necessary mitochondrial transport tasks with simpler machinery.

Kinesin motors
There is abundant evidence, direct and indirect, that plus-end-directed kinesins provide force
for anterograde axonal transport (Brady et al., 1990; Saxton et al., 1991; Gho et al., 1992;
Amaratunga et al., 1993; Amaratunga et al., 1995; Hurd and Saxton, 1996; Stenoien and Brady,
1997; Gindhart et al., 1998; Martin et al., 1999b; Pilling, 2005). However, the diversity of
kinesins in the nervous system presents many choices (Martin et al., 1999b; Hirokawa and
Takemura, 2004; Hirokawa and Takemura, 2005; Lawrence et al., 2004). Members of six
kinesin families – 1, 2, 3, 4, 13 and 14 – have been implicated in axonal organelle transport,
and two of these in mitochondrial movement in particular. The widely expressed,
‘conventional’ kinesins of the kinesin-1 family associate with mitochondria (Jellali et al.,
1994; Khodjakov et al., 1998; Leopold et al., 1992) as well as with other axonal organelles,
such as vesicles containing ApoER2, JNK scaffolding proteins or amyloid precursor protein
(APP) (Kamal et al., 2000; Kamal et al., 2001; Verhey et al., 2001; Matsuda et al., 2003;
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Inomata et al., 2003; Horiuchi et al., 2005). Furthermore, specific inhibition of kinesin-1 stops
most mitochondrial movement in Drosophila melanogaster motor axons (Pilling, 2005) and
can substantially shift the distribution of mitochondria in non-neuronal cells towards the cell
center (Tanaka et al., 1998; Wu et al., 1998). Thus, it is reasonable to conclude that kinesin-1
is a motor for anterograde mitochondrial transport in the axon as well as for other organelles.
A member of the kinesin-3 family (KIF1Bβ) has been more specifically associated with
mitochondrial transport in mice. It is enriched in neurons, where it colocalizes and physically
associates with mitochondria. It also supports the movement of mitochondria along MTs in an
in vitro assay at rates similar to those of mitochondria in the axon (Nangaku et al., 1994). Other
members of the kinesin-3 family probably transport synaptic vesicles but not mitochondria
(Hall and Hedgecock, 1991; Okada et al., 1995; Yonekawa et al., 1998; Zhao et al., 2001).

Dynein motors
A variety of past studies have implicated dyneins non-specifically in retrograde axonal
transport (e.g. Goldberg, 1982; Ekstrom and Kanje, 1984; Forman et al., 1983; Schnapp and
Reese, 1989; Wang et al., 1995). The only alternative appears to be the minus-end-directed
kinesin-14 motors. One of them, KIFC2, has been reported to be present in mammalian axons,
but gene disruption caused no detectable defects in mice (Hanlon et al., 1997; Yang et al.,
2001). The low velocities of kinesin 14 proteins also argue against major contributions to fast
retrograde mitochondrial transport. Thus, cytoplasmic dynein seems likely to be the primary
retrograde motor.

There are only two or three non-axonemal cytoplasmic dynein heavy chains in vertebrates and
just one each in Drosophila and Caenorhabditis elegans (Asai and Wilkes, 2004; Vaisberg et
al., 1996). However, this rather spartan kit for heavy chains is augmented by a variety of
accessory (non-motor) proteins (Susalka and Pfister, 2000) that may provide great diversity,
both for linkage with different cargo types and for regulation. Dynein heavy chain and
accessory proteins have been shown to associate with mitochondria and many other organelle
types (Haberman et al., 2001). Inhibition of dynein proteins can alter many cellular processes,
including the movement and distribution of axonal mitochondria (Bowman et al., 1999;
Koushika et al., 2004; LaMonte et al., 2002; Martin et al., 1999a; Waterman-Storer et al.,
1997). Moreover, in Drosophila nervous systems, mutations in the gene that encodes
cytoplasmic dynein heavy chain have strong effects on specific mitochondrial transport
parameters in axons, including retrograde run velocity, run length, and duty cycle (Pilling,
2005).

One particularly interesting aspect of dynein-driven retrograde axonal transport is that it is
dependent on kinesin-1. It was first reported that monovalent antibodies specific for kinesin-1,
when perfused into squid axoplasm, halt organelle transport in both directions (Brady et al.,
1990). Later, genetic interaction tests in Drosophila indicated a functional interdependence of
kinesin 1 and dynein (Martin et al., 1999b). Most recently, time-lapse imaging of GFP-tagged
mitochondria in Drosophila axons has shown that kinesin-1 mutations cause a profound
reduction in the retrograde transport of mitochondria (Pilling, 2005). Although a complex
containing both cytoplasmic dynein and kinesin-1 heavy chains has not been isolated (e.g.
Martin et al., 1999b), the intermediate chain of cytoplasmic dynein has been shown to bind to
the light chains of kinesin-1 (Ligon et al., 2004). Thus, there may be a direct physical or
regulatory linkage between the two motors that is critical for controlling the transport and
distribution of axonal mitochondria.

Myosin motors
Robust, bidirectional axonal transport of mitochondria along actin filaments (Morris and
Hollenbeck, 1995) indicates that they, like other organelles (Kuznetsov et al., 1992; Kuznetsov
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et al., 1994), use myosin motors. The best candidates for these in neurons are members of the
myosin I, II, V and VI families (Berg et al., 2001; Bridgman, 2004). Although it has not been
reported to be associated with mitochondria, the monomeric motor myosin I has been
implicated in organelle transport (Barylko et al., 2000). Myosin I is present in neurons, in which
it has a punctate and cortical distribution (Wagner et al., 1992; Bahler et al., 1994; Lewis and
Bridgman, 1996). In axons much of it is distributed in the cortex, where it may drive vesicle–
plasma-membrane fusion or plasma-membrane–actin interactions (Lewis and Bridgman,
1996), perhaps during slow axonal transport (Lund et al., 2005). Myosin II, a dimeric motor,
has also been reported to associate with vesicular organelles in axoplasm (DeGiorgis et al.,
2002), but its role in axonal transport is unclear.

Another dimeric motor, myosin V, is associated with a variety of organelles in neurons
(Prekeris and Terrian, 1997; Evans et al., 1998; Tabb et al., 1998; Miller and Sheetz, 2000)
and moves with small vesicles (Bridgman, 1999). Although it has not been reported to associate
with mitochondria, myosin V supports movement in vitro at rates similar to axonal transport
of mitochondria on actin filaments (Morris and Hollenbeck, 1995) and slower than axonal
transport of vesicles (Cheney et al., 1993; Wolenski et al., 1995; Evans et al., 1998). In addition,
disruption of myosin V activity alters the distribution and transport behavior of axonal vesicles
in vivo (Bridgman, 1999) and in vitro (Brown et al., 2004), the effect being similar to that of
elimination of actin filaments from the axon (Morris and Hollenbeck, 1995). Thus, myosin V
is a good candidate for the modulatory, actin-based motor underlying certain aspects of
mitochondrial transport in the axon (Hollenbeck, 1996).

Gross et al. have shown that myosin V can regulate organelle transport by MT motors (Gross
et al., 2002). Pigment granules (melanosomes) in Xenopus leavis melanophores carry myosin
V, dynein and kinesin-2 (Nascimento et al., 2003). High-resolution organelle tracking and
disruption-of-function approaches suggest that kinesin-2 drives granules away from the cell
center and that dynein drives them toward the cell center. The two motors alternate rather than
competing in a tug-of-war. However, myosin V can influence the net direction of transport by
competing with and shortening dynein-driven minus-end runs. Although this might be peculiar
to melanocytes, myosin V could serve a similar direction-modulating function in axons. Direct
tests of myosin V in axons will be required to address this possibility.

Myosin VI, which drives movement toward the opposite (minus) end of the actin filament from
other myosins, is also present in axons (Suter et al., 2000). Although it has a punctate
distribution characteristic of vesicular organelles rather than of mitochondria, its potential to
produce minus-end-directed movement is attractive because it would explain the bidirectional
movement of mitochondria on actin filaments (Morris and Hollenbeck, 1995). Alternatively,
a single plus-end-directed myosin could operate if actin filaments in the axon have mixed
polarity. It is notable that vesicles from squid axoplasm undergo in vitro movement only toward
the plus ends of defined actin arrays (Langford et al., 1994).

Given the characteristics of mitochondrial movement in axons and what we know about
movement of other organelles, it seems likely that kinesin(s), cytoplasmic dynein and myosin
(s) cooperate, perhaps through direct interactions, to give rise to the complex movement of
mitochondria. Any mechanism proposed must account for smooth transitions between MT-
and actin-based movement (Langford, 2002), for the short-range movement of mitochondria
into regions that have few or no MTs (Bridgman, 1999) and, most importantly, for regulation
of mitochondrial position by both the modulation of MT-based long-range transport and of
mitochondrion-specific anchorage systems (Hollenbeck, 1996).
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Linkers and anchors
Motor receptors

Organelle surface receptors for motor proteins are thought to target the correct motility
machinery to the correct organelle type (Guzik and Goldstein, 2004; Hirokawa and Takemura,
2005). Several potential motor protein receptors and adaptors have been identified for axonal
vesicles, including the membrane or membrane-associated proteins APP (Kamal et al., 2000;
Kamal et al., 2001; Gunawardena and Goldstein, 2001) (see Lazarov et al., 2005), ApoER2
(Verhey et al., 2001), fodrin (Takeda et al., 2000), and two different types of JNK-interacting
scaffolding protein (JIP) (Bowman et al., 2000; Verhey et al., 2001; Inomata et al., 2003;
Matsuda et al., 2003, Horiuchi et al., 2005). Although no evidence links any of these to
mitochondria, recent studies in Drosophila have revealed a mitochondrion-specific motor
protein linker that is needed for movement of mitochondria into the axon. This protein, Milton,
was identified in a screen for genes required for synaptic transmission in photoreceptors.
Milton mutants form normal synapses, but their axons and terminals are devoid of mitochondria
(Stowers et al., 2002; Gorska-Andrzejak et al., 2003). Milton colocalizes and co-purifies with
mitochondria but not other organelles. It interacts indirectly with kinesin-1 and is probably not
an outer membrane protein. Thus, it is likely to be part of a larger complex that anchors
kinesin-1 to the surface of mitochondria, allowing their axonal transport and delivery to the
presynaptic region (Stowers et al., 2002).

Some motors bind to axonal organelles by direct interaction with specific membrane lipids.
Unc104, a kinesin-3 motor, binds through its pleckstrin homology (PH) domain to
phosphatidylinositol (4,5)-bisphosphate [PtdIns(4,5)P2] in the membranes of vesicles, and this
interaction is essential for their anterograde axonal transport in C. elegans (Klopfenstein et al.,
2002; Klopfenstein et al., 2004). A similar mechanism might operate on mitochondria. In
addition, there is evidence that the chaperone protein Hsc70 can catalyze ATP-dependent
release of kinesin-1 from organelle surfaces (Tsai et al., 2000). This raises the possibility that
a regulated balance of motor binding and release contributes to the pattern of mitochondrial
movement in the axon.

‘Static’ anchors
As discussed above, a distinguishing feature of mitochondria in the axon is that once delivered
to a region by motor proteins, they often reside there for an extended period. This indicates
that there might be an apparatus for specific mitochondrial docking. Although most of the
cross-bridges observed between mitochondria and the axonal cytoskeleton in vivo (Smith et
al., 1977; Hirokawa, 1982; Benshalom and Reese, 1985; Pannese et al., 1986; Hirokawa and
Yorifuji, 1986; Price et al., 1991) now seem to be dynamic (perhaps motor proteins
themselves), others are likely to represent more static links. Indeed, the specialized presynaptic
region of the calyx of Held contains a mitochondrion-associated adherens complex, a clearly
observable physical substrate for holding and organizing the mitochondria (Rowland et al.,
2000). Other regions in which mitochondria reside show less obvious morphological links, but
biochemical studies have suggested possibilities. Isolated mitochondria bind MT-associated
proteins and show apparent links to both MTs and neurofilaments in vitro (Linden et al.,
1989a; Linden et al., 1989b; Jung et al., 1993; Leterrier et al., 1994a; Leterrier et al., 1994b),
and they also show direct interactions in vitro with the high molecular weight neurofilament
(NF) subunit (Wagner et al., 2003). However, in vivo data favor the actin cytoskeleton as the
docking substrate. It has long been clear that some of the regions in which mitochondria
accumulate, such as presynaptic zones and growth cones, are actin-rich and MT- and NF-poor
(Peters et al., 1991). Disruption of actin filaments in cultured neurons increases the velocity
and maximum excursion length of mitochondrial movement (Morris and Hollenbeck, 1995).
Finally, as discussed below, the ability of local nerve growth factor (NGF)/phosphoinositide
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3-kinase (PI3K) signaling to halt mitochondrial movement depends on the presence of actin
filaments (Chada and Hollenbeck, 2004). Whether mitochondrial docking on actin filaments
requires a myosin motor or another actin-binding protein(s) is unclear.

Cellular signals that control mitochondrial traffic
Although the molecular parts list for mitochondrial axonal transport remains incomplete, a
number of recent studies have begun to elucidate a higher-order question: what intracellular
signals modulate the motor, linker, and anchoring proteins? There is evidence for several
signals that affect most or all axonal organelle traffic; although these cannot explain the unique
transport behavior of mitochondria, they may nonetheless play a role in controlling their
movement. First, biochemical and in vitro motility studies in axoplasm indicate that total
anterograde organelle traffic in axoplasm can be reduced by inhibition of cyclin-dependent
kinase 5 (CDK5) and by activation of glycogen synthase kinase 3 (GSK3) (Ratner et al.,
1998; Morfini et al., 2002; Morfini et al., 2004). CDK5 activity is thought to induce the activity
of GSK3, which in turn phosphorylates KLC, causing the release of kinesin-1 from the
organelle surface. Recent biochemical and genetic work in Drosophila indicates that Ena/
VASP, controlled by Abl tyrosine kinase, can bind kinesin-1 heavy chain and can reduce its
axonal transport activity, raising the possibility of control by signaling pathways that use Abl
(Martin et al., 2005). Kinesin-based mitochondrial movement in non-neuronal cells and in vitro
motility assays can also be regulated specifically by a cytokine-stimulated pathway that alters
the activity of kinesin while it remains on the mitochondrion surface (De Vos et al., 1998; De
Vos et al., 2000). In addition, axonal organelle transport can be blocked by inhibition of the
GTPase cycle of monomeric G proteins (Bloom et al., 1993). This finding is of interest because
of recent evidence that the GTPase Miro is involved in transport of mitochondria to the synapse
(Gou et al., 2005). The inhibition of protein kinase A activity has also been reported to cause
a general inhibition of anterograde vesicle transport but has no effect on mitochondrial transport
(Okada et al., 1995a).

Mitochondrion-specific regulation of axonal transport has also been reported. Several
perturbations of the neuron can halt mitochondrial movement throughout the axon, including
treatment with drugs that uncouple the proton gradient across the inner membrane and that
inhibit ATP synthase (but not by inhibiting electron transport at complex III) (Rintoul et al.,
2003; Miller and Sheetz, 2004). In addition, two neurotoxic treatments can inhibit
mitochondrial movement in cultured neurons. Glutamate treatment, by triggering Ca2+ influx
through the NMDA receptor, decreases mitochondrial movement as well as size (Rintoul et
al., 2003), and elevation of intracellular [Zn2+] halts mitochondrial movement at concentrations
that do not affect transmembrane potential (Malaiyanda et al., 2005). Both of these ionic effects
are mediated through additional cytoplasmic effectors; the Zn2+ effect in particular depends
upon PI3K activity (Malaiyanda et al., 2005). Although global downregulation of
mitochondrial transport is potentially important, local inhibition of movement is more directly
relevant for explaining mitochondrial localization. As reviewed above, the non-uniform
distribution of mitochondria indicates that they halt in specific regions of the axon, can space
out evenly along the axon shaft (Miller and Sheetz, 2004) and also halt near active growth
cones. Significantly, this localization ability is diminished by anaerobic conditions (Morris and
Hollenbeck, 1993).

Recent work has implicated specific signaling pathways in mitochondrial docking. Focal
stimulation of axon shafts with NGF causes a local accumulation of mitochondria that relies
on PI3K activity and the integrity of the actin cytoskeleton. This suggests that the mitochondria
are docked to actin (Chada and Hollenbeck, 2003; Chada and Hollenbeck, 2004). In addition,
the effect involves both preferential entry of mitochondria into the region and their subsequent
halting there. Preferential entry into and escape from a region of NGF stimulation both show
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directional specificity (Chada and Hollenbeck, 2004). Data from neuroblastoma cells have also
implicated PI-dependent signaling in the control of mitochondrial direction: the expression of
PtdIns(4,5)P2− specific PH domains increases anterograde mitochondrial movement while
decreasing retrograde movement, without altering other aspects of mitochondrial motility (De
Vos et al., 2003). As discussed above, many different kinds of subcellular positioning of
mitochondria occur in axons, and each must rely on regulated motility, direction and docking.
Thus, mitochondrial localization in neurons probably relies on more than one signaling
pathway and responds to more than one physiological stimulus (see Fig. 1).

Conclusion and perspectives
It is still early days in the elucidation of the molecular machinery that drives and regulates the
axonal transport of mitochondria, or any other organelle. Given the power of available genetic
techniques, we can expect the full array of mitochondrial motor, linker and docking proteins
to be identified in the near future. This should point to possible targets for regulatory events
such as kinase and phosphatase action, and bring us closer to understanding how cell signaling
guides mitochondrial movement, and how mitochondrial location and function are related. But
a full understanding of the transport of mitochondria in neurons will require that we consider
a larger issue: the life cycle of mitochondria in a very large and long-lived cell. For instance,
the movement of mitochondria into regions of the axon where they are needed might be
supplemented by an increase in their activity once they arrive. But what of mitochondrial
biogenesis – are distant regions of the axon also supported by local mitochondrial replication?
Data from PC12 cells suggests that most if not all mitochondrial biogenesis occurs close to the
cell body (Davis and Clayton, 1996). However, in trying to understand the biology of the axon
we have been fooled before by negative evidence. This is perhaps best exemplified by recent
work demonstrating that neuronal protein synthesis, long thought to be restricted to the
somatodendritic compartment, has an essential component that occurs in the distal axon (Piper
and Holt, 2004). Recent studies show that Drosophila mutants lacking the dynamin-related
protein involved in mitochondrial fission fail to populate the distal axon with mitochondria
(Verstreken et al., 2005), reminding us that the relationship between transport, location and
biogenesis bears closer study.
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Fig. 1.
A summary framework for considering mechanisms that contribute to the transport and
localization of mitochondria in axons. All three motor-protein families are likely to participate
in moving axonal mitochondria. Kinesins and dynein, perhaps bound in the same motor
complex or perhaps independently associated with mitochondria, drive long-range anterograde
and retrograde transport. Mechanisms that coordinate those opposing motors to produce net
transport in one direction are largely unknown, although the dynactin complex could be an
important factor. Myosins drive short-range movements along F-actin, they may modulate
long-range transport by pulling mitochondria away from microtubules, and they might
facilitate anchorage of mitochondria to F-actin by unknown actin-mitochondrion crosslinkers.
Possible control mechanisms that could regulate transport and docking are numerous and
remain largely speculative. However, it is relatively certain that mitochondrial motors and
anchors are controlled by phosphorylation/dephosphorylation and perhaps by other regulatory
schemes. The regulatory pathways may include, but are certainly not limited to, CDK5/GSK3,
NGF/PI3K, Abl/Ena/VASP, mitochondrial inner membrane potential and the levels of Ca2+

and Zn2+.
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