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Abstract Mitochondria are cellular organelles of crucial
importance, playing roles in cellular life and death. In cer-
tain cell types, such as neurons, mitochondria must travel
long distances so as to meet metabolic demands of the cell.
Mitochondrial movement is essentially microtubule (MT)
based and is executed by two main motor proteins, Dynein
and Kinesin. The organization of the cellular MT network
and the identity of motors dictate mitochondrial transport.
Tight coupling between MTs, motors, and the mitochondria
is needed for the organelle precise localization. Two adap-
tor proteins are involved directly in mitochondria-motor
coupling, namely Milton known also as TRAK, which is
the motor adaptor, and Miro, which is the mitochondrial
protein. Here, we discuss the active mitochondria trans-
port process, as well as motor—mitochondria coupling in
the context of MT organization in different cell types. We
focus on mitochondrial trafficking in different cell types,
specifically neurons, migrating cells, and polarized epithe-
lial cells.
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Introduction

Mitochondria are cellular organelles that serve essential
functions in all eukaryotic cells. Most importantly, mito-
chondria supply energy for most cellular processes. Yet,
beyond their primary role as the cellular “energy plant”,
mitochondria are crucial for a diverse range of cellu-
lar processes, including proliferation [2], stress response
[98], apoptosis [26], and Ca’* homeostasis [62, 93, 102].
As such, precise mitochondrial positioning is extremely
important for cells to properly meet their energy demands
throughout the cellular life cycle and in response to chang-
ing environment conditions. Accordingly, mitochondrial
localization must be tightly regulated in response to highly
variable physiological cues in all cell types. Mitochondria
are dynamic organelles that are subject to active directed
transport [41, 43], states of pausing or active docking [48],
and morphological rearrangements via the processes of fis-
sion (division) and fusion [52, 61, 76, 93]. Mitochondrial
immobilization at the level of a local energy-demanding
cell region is called mitochondrial docking or retention
[48, 93]. Basically, the docking event can occur on actin or
microtubule (MT) filaments. In budding yeast, as in other
fungi and plants, mitochondrial transport is mainly actin
based [31], although in higher eukaryotes, the role of the
actin cytoskeleton remains unclear. At the same time, myo-
sin motors are implicated in short-range mitochondrial
movement and docking in actin-rich regions [39, 78, 93].
The long-distance transport of mitochondria relies on
MT filaments and is executed by MT-based motor proteins,
together with a myriad of diverse motor- and mitochondria-
associated adaptor proteins. The direction of mitochondrial
movement is basically dictated by the intrinsic polarity
of the MT tracks and the motor proteins attached. In this
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review, we discuss long-range mitochondrial transport in
the context of cell type-specific MT network organization.

MT organization in different cell types
Introduction to the MTs

MT polymers are composed of alpha- and beta-tubulin
subunits attached in a head-to-tail fashion. This character-
istic monomer organization gives rise to MT fiber polar-
ity, reflected as plus- and minus-end orientation. MTs are
known to undergo polymerization and rapid depolymeriza-
tion events preferentially at their plus ends, a phenomenon
known as dynamic instability [44, 63, 69]. In most cell
types, MT nucleation takes place in the centrosome, which
serves as a major MT-organizing center (MTOC) located
near the nucleus [20]. There, the minus end of the elon-
gating MT is “hidden” and stabilized, while the dynamic
plus ends extend towards the cell periphery, resulting in a
radial MT organization [8]. Thus, centrosome localization
relative to nucleus establishes the intracellular polarity.
MT nucleation relies on y-tubulin, a homologue of «- and
B-tubulin that is not incorporated into the growing MT
fiber. y-tubulin is found as a part of multi-subunit protein
complex called y-tubulin ring complex (yTuRC), which is
enriched in the centrosome and provides a structural tem-
plate for MT nucleation. Other than the centrosome, alter-
native MT nucleation sites are known. MT nucleation and
anchoring can occur in association with non-centrosomal
cellular structures, such as the Golgi apparatus, nucleus,
and pre-existing MTs [99]. These alternative MT nuclea-
tion sites can co-exist with the prototypical centrosomal
MT array, thus producing sub-sets of MT populations
within the cell, each possessing different dynamic behav-
iors. Moreover, the formation of non-centrosomal arrays
was shown to involve MT release from the centrosome and
transport to the final cellular compartment, de novo polym-
erization at non-centrosomal nucleation sites or severing of
existing MTs [58].

MT organization in neurons

The unique metabolic requirements of polarized cells
depend on the developmental stage, as well as on their
function. Morphologically complex neurons, responsible
for signal conduction over long distances, are extremely
vulnerable to even slight defects in mitochondrial dynam-
ics, resulting in a wide spectrum of neurodegenerative
diseases in mammals. Neurons present precisely defined
cellular compartments, namely the cell body or soma, the
axon, and dendrites (Fig. le, f). Each neuronal compart-
ment has its own energetic and biosynthetic demands,
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such that precise mitochondrial positioning is fundamen-
tal. In young non-differentiated neurons, the centrosome
acts as a MTOC, while later in development, the MTOC
loses its function and MT nucleation becomes acentroso-
mal, instead relying on y-tubulin and calmodulin-regulated
spectrin-associated protein 2 (CAMSAP2), which stabilizes
MT-free minus ends [19, 95, 116]. The elongating neurite
growth cones contain MT bundles and a dense actin mesh-
work, both of which produce pulling forces that mediate
membrane extension at the growth cone. Tight interactions
exist between the peripheral MTs and the actin network
that facilitates MT bundling in the axon shaft [32]. In the
mature axon, most MTs are stable and are bundled such
that they are organized in a parallel manner, with this MT
population being resistant to MT-destabilizing drugs [9,
49]. Indeed, this increased MT stability is thought to be the
basis for the establishment of preferential transport tracks
and a point of initiation for structural differences between
axon and dendrite [49]. In addition to highly stable popula-
tions, dynamic MTs are also present in neurons. The two
populations are not, however, fully separated, as dynamic
plus-end MTs may exist on a stable MT fiber, whereas the
rest of the MT “wire” would be immune to depolymeriza-
tion [49].

Differentiated axons and dendrites exhibit different MT
polarity patterns. In vertebrate axons, MTs are uniformly
oriented with their plus ends facing out (i.e., with minus
ends facing the soma), while dendrites contain MTs of
mixed polarity, with equal numbers of plus- and minus-
end-oriented MTs [49, 74, 115]. It was hypothesized that
selective organization of uniformly oriented MT arrays in
axons is critical for establishing neural polarization [106,
115]. In invertebrates, such as Drosophila and C. elegans,
axons display uniform plus-end-out MT polarity similar to
vertebrates, whereas in dendrites, MTs are organized exclu-
sively with their minus ends being distal [96].

MT organization in migrating cells

Cell migration corresponds to the ability of a cell to move
certain distances, and is an essential feature of many cel-
lular types, such as neurons during the development, epi-
thelial cells, white blood cells in an immune response,
and cancer cells during metastasis and tissue invasion [91,
110]. In migrating cells, MTs form centrosomal arrays,
resulting in radial MT organization with free plus ends
facing the cellular membrane (Fig. lc, d). The dynamic
growth edge of the actively migrating cell is filled with a
dense actin network, which is responsible for force genera-
tion during cell movement [15]. In the most cell types, MTs
are excluded from the leading edge of this actin-enriched
cellular protrusion [27, 65]. However, in migrating astro-
cytes and neurons, a few pioneer microtubules do enter
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Fig. 1 Microtubule organization in different cell types. a Drosophila
bristle cell, b polarized epithelial cell, ¢ migrating lymphocyte, d
migrating epithelial cell, e mammalian neuron, f Drosophila and C.
elegans dendrite. Plus- and minus-end MTs are marked in green and
red, respectively. The Drosophila bristle contains a stable MT array
oriented with the minus ends out within the bristle shaft (a). Epi-
thelial cells contain an acentrosomal MT array with the minus ends
oriented apically (b). Migrating lymphocytes exhibit a centrosome
located at the rear edge of the cell (the uropod) (c). In migrating epi-

cell protrusions, such as lamellipodia or filopodia. During
migration, the cell needs to reorganize into defined sub-
cellular compartments, i.e., the leading edge and the rear
edge. The polarization of the MT cytoskeleton in migrat-
ing cells is crucial for directed movement and for defining
sub-cellular compartments. During movement of epithelial
cells and fibroblasts, the centrosome localizes towards the
cellular migration axis in front of the nucleus, establishing
network with high MT density oriented towards the leading
edge [7]. In contrast, in leukocytes, the centrosome is local-
ized to the cell rear (the uropod) and re-localizes rapidly
together with the Golgi apparatus upon interaction with
antigen-presenting cell towards the immunological synapse
[7]. Plus-end polarization with respect to the axis of move-
ment, together with unequal MT density, produces a strong
bias in directional intracellular transport, reflected in the
differential roles for minus- and plus-end-directed molecu-
lar motors.

MT organization in other non-neuronal polarized cells

In polarized epithelial cells, MTs are organized in acen-
trosomal parallel array aligned along the apico-basal axis

«— Uropod

C. Migrating lymphocyte

«— Uropod

D. Migrating epithelial cell

E. Mammal neuron

Dendrites

Migration
direction

Axon

F. Drosophila, C.elegans dendrite

thelial cells, centrosomal MT organization is seen, with the centro-
some oriented towards the migration axis and MT plus ends facing
the cell periphery (d). In mammalian, Drosophila, and C. elegans
neurons, the axon displays an acentrosomal MT array oriented with
the plus-ends out (i.e., away from soma) (e). However, whereas mam-
malian dendrites exhibit mixed MT polarity (e), in Drosophila and
C. elegans, the dendritic MT network is uniformly oriented with the
minus ends pointed distally (f)

with minus ends facing the apical membrane (Fig. 1b)
[103]. This characteristic MT organization is conserved
through different epithelial cell types, although the mech-
anism of the array formation varies in terms of organism
and developmental stage [103]. In some polarized epi-
thelial cells (e.g., Madin Darby canine kidney—MDCK
cells), in addition to apical-basal linear MT array, dis-
tinct networks of short non-centrosomal MTs exist at
the basal cortex that exhibit mixed polarity and dynamic
growth patterns [83].

Another highly polarized non-neuronal cell model
is the Drosophila bristle, which elongates to a length of
nearly 450 pm during pupal development. Live-imaging
in this cell is possible over long periods without any need
for anesthesia; therefore, it is a valuable model for under-
standing polarized cell morphology development and
long-distance transport. Bristle MTs contain two popula-
tions, with one being stable and uniformly oriented with
minus ends pointing distally (Fig. 1a) (i.e., towards the
bristle growing edge), and the second being dynamic and
exhibiting mixed polarity [9].
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MT-based mitochondrial transport machinery
MT plus-end-directed motors

The kinesin superfamily consists of three major groups,
divided according to the motor domain being localized
to the N-terminal, middle or C-terminal region [41, 42].
N-terminal KIFs are MT plus-end-directed motors, while
C-terminal KIFs translocate cargo towards the MT minus
end. To date, kinesin-1, KIF1Bx, and KLP6 are kinesin
motors found to be directly involved in the transport of
mitochondria.

The major MT plus-end-oriented motor protein involved
in the transport of mitochondria is kinesin-1, also called
conventional kinesin. Kinesin-1 appears as a heterotetra-
meric complex of ~380 kDa and comprises two kinesin
heavy chains (KHC) and two kinesin light chains (KLC)
[70]. Mammals possess three kinesin-1 genes (KIF5A,
KIF5B, KIF5C). KIF5B is expressed ubiquitously, while
KIF5A and KIF5B are predominantly expressed in neuronal
tissues [47, 101]. Drosophila and C. elegans bear a single
kinesin-1-encoding gene [46, 94].

KIF1B is a member of the kinesin-3 family and was first
identified as a mitochondria-associated motor, being pre-
dominantly enriched in mouse brain and heart tissues [73].
The single KIFIB gene is expressed as two main splice
variants, KIF1Ba and KIFI1Bf, which encode a common
N-terminal sequence of 660 amino acids and completely
different tail domains [34, 41, 112]. The motor domain of
KIF1B is located in the N-terminal region and the motor is
a MT plus-end-directed kinesin [41]. In addition, kinesin-
like protein (KLP6), a member of the kinesin-3 family, was
identified as being associated with mitochondria in C. ele-
gans and subsequently in rat [100]. The mechano-chemical
properties of kinesin-3 proteins are still not well character-
ized. KIF1B was initially identified as being monomeric
but recent studies proposed that only dimers can undergo
processive movement on MTs. Despite accumulating data
on kinesin-3 motor activity, the actual mode of action
remains controversial [109]. In this review we will thus
focus solely on the role of kinesin-1 in terms of mitochon-
drial movement.

MT minus-end-directed motor in mitochondria
transport

Dynein produces force toward the minus end of MTs [85,
105]. In vertebrates, approximately 15 forms of dyneins
are found, most of which are axonemal and are involved
in ciliary and flagellar movements; only two cytoplas-
mic forms are known [1, 18, 105]. Cytoplasmic dynein
1 is responsible for the majority of minus-end-directed
MT-based movement. Each cytoplasmic dynein complex
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consists of two dynein heavy chains (DHC), two dynein
intermediate chains (DIC), two dynein light—intermedi-
ate chains (DLIC), and a variable number of dynein light
chains (DLC) [105, 113]. Dynactin is a large multi-subu-
nit complex comprising at least seven polypeptide chains
of 22—150 kDa in size, and is believed to be essential for
most dynein functions. The largest dynactin subunit, p150/
Glued, participates in motor binding and increasing dynein
processivity; however, it must be bound to other dynactin
subunits for proper function [92].

Motor adaptors

There are several motor—-mitochondria adaptor proteins
involved in the transport of mitochondria. In this review,
we will focus mainly on the two well-characterized adap-
tors, namely Milton and Mitochondrial Rho-GTPase
(Miro). Milton is a well-characterized kinesin-1 adaptor
protein implicated in neuronal mitochondrial movement in
Drosophila. Milton forms a complex with KHC and does
not rely on KL.C-dependent cargo sorting or binding [33,
84]. Milton is, moreover, linked indirectly to the mitochon-
dria through an interaction with Miro, a mitochondrial
Ca’*-binding membrane protein. Mammals contain two
Milton orthologues (TRAK1 and TRAK?2) and two ubiqui-
tously expressed Miro orthologues, Mirol and Miro2 [30,
93].

Long-distance mitochondrial transport
Mitochondrial transport in neurons

Mitochondria motility events can be basically divided
into certain categories, such as active processive move-
ment towards the MT plus- or minus-end characterized
by long run lengths, the paused state, when mitochondria
remain stationary for a certain period, short solitary move-
ments or movements observed due to mitochondrial fis-
sion and fusion events. Mitochondria net movement from
soma towards the axon/dendrite periphery is defined as
anterograde movement, while the movement back to soma
is defined as retrograde movement. Mitochondria in cul-
tured hippocampal neurons show high organelle density
in the soma but lower density in dendrites and axons. In
both axons and dendrites, the mitochondria showed elon-
gated tubular morphology parallel to the axis of the neu-
ronal process. 3D reconstructions of electron microscope
micrographs of thin serial sections of rat and squirrel neu-
rons showed dendritic mitochondria extending up to 36 pm,
although in axons, more discrete mitochondria extending
to a length of 3 um were found [80]. Additionally, only
some 25-50% of mitochondria are motile in axons and
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dendrites [53]. While the overall net mitochondrial flow
direction is similar in axons and in dendrites, axonal mito-
chondria show more dynamic motility pattern with longer
run lengths than do those in the dendritic fraction [77].
The roles of MT motors and adaptor proteins in neuronal
mitochondrial distribution and/or flux and/or movement are
summarized in Tables 1, 2, and 3.

MT motors involved in axonal mitochondrial transport

A role for kinesin-1 in axonal mitochondrial move-
ment Several studies revealed that altered kinesin-1 activ-
ity reduced the distribution of mitochondria in axons [4, 11,
16, 89, 114] (Table 1). More specifically, kinesin-1 affects
both anterograde and retrograde mitochondrial movement in

Table 1 The roles of motor proteins on mitochondria transport in neurons

Drosophila motor and wing neurons [79, 104], rat primary
hippocampal neurons [107]. In contrast, it was reported that
kinesin-1 is required only for anterograde mitochondrial
movement in primary hippocampal neurons [11]. Another
report showed that interfering with kinesin-1 activity led
to an increase in retrograde mitochondrial movement in
zebrafish retinal ganglion axons [4]. As described above,
differentiated axons contain MTs of uniform polarity, ori-
ented with their plus ends out. In agreement with axon MT
polarization and the results summarized above, kinesin-1
is widely considered to be the main motor for anterograde
mitochondrial axonal transport. The fact that mutations in
kinesin-1 also affect retrograde axonal mitochondrial trans-
port [79, 104, 107] can be attributed to the influence of kine-
sin-1 on dynein-driven retrograde transport [79].

Neuron Motor Motor subunit Organism Cell type Mobility (distribution/flux/  Polar- References
compart- movement) ized
ment sorting
Axon Kinesin KHC Drosophila Motor neuron Reduced anterograde/retro- ~ NT [79]
grade flux
KHC Drosophila Da neurons of dorsal clusters Reduced distribution NT [89, 90]
KHC Drosophila Wing nerve Reduced anterograde/retro-  NT [104]
grade movement
KHC Mammals (Mouse) Embryonic motor neuron No defects NT [50]
KHC Mammals (Rat) Primary hippocampal Reduced distribution/reduce  NT [11]
neurons anterograde movement
KHC Mammals (Rat) Primary hippocampus neuron Reduced anterograde/retro-  Yes [107]
grade movement
KHC Zebrafish Peripheral sensory neurons  Reduced distribution NT [16]
KHC Zebrafish Retinal ganglion Reduce distribution/increase NT [4]
in retrograde movement
KHC C. elegans PHC sensory neurons Reduced distribution/absent  No [82, 114]
Dynein  DHC Drosophila Motor neuron Reduced retrograde flux NT [79]
DHC Drosophila Wing nerve Reduced anterograde/retro-  NT [104]
grade movement
Dynactin  Glued Drosophila Motor neuron No defects NT [79]
Arp Drosophila Larval segmental nerve Reduced anterograde/retro-  NT [37]
grade movement
P150 Mammals Primary hippocampus neuron Reduced anterograde/retro-  Yes [107]
grade movement
Actrl0 Zebrafish Peripheral sensory Reduced retrograde move- NT [25]
ment
P150a/b Zebrafish Peripheral sensory Reduced anterograde/retro-  NT [25]
grade movement
Dendrite  Kinesin KHC Drosophila da neurons of dorsal clusters/ No defects NT [89, 90]
KHC C. elegans PHC sensory neurons Absent No [114]
KHC Mammals (Rat) Hippocampal neuron No defect No [107]
Dynein  Dlic Drosophila da neurons of dorsal clusters Reduced distribution NT [89, 90]
Dynactin P150 Mammals (rat) Primary hippocampus neuron Reduced anterograde/retro-  Yes [107]
grade movement
NT not tested
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Table 3 The roles of mitochondrial adaptor protein Miro in neuronal transport of mitochondria
Neuron Miro Organism Cell type Distribution/flux/movement  Velocity References
compart-
ment
Axon Miro Drosophila Larval segmental nerves, Absence of mitochondria NT [36]
NMJ
Miro Drosophila Larval motor neurons Reduced distribution, Reduction in net velocity [86]
decreased antero- and of antero- and retrograde
retrograde mitochondrial movement
flux
Miro Drosophila Larval motor neurons Reduced distribution, Reduction in net velocity [54]
decreased antero- and of antero- and retrograde
retrograde mitochondrial movement
flux
Miro Drosophila Larval motor neurons Absence of mitochondria Reduction in net velocity [6]
of antero- and retrograde
movement
Mirol ~ Mammals (mouse) Cortical neurons Reduced distribution Reduction in retrograde [75]
velocity
Mirol =~ Mammals (mouse) Hippocampal neurons Reduction of moving mito-  Unaltered [55]
chondria in antero- and
retrograde direction
Mirol/2 C. elegans GABA neurons Reduced mitochondrial NT [38]
density
Dendrite ~ Miro Drosophila Larval segmental nerves, Absence of mitochondria NT [36]
NMJ
Miro Drosophila Larval motor neurons Absence of mitochondria NT [86]
Mirol ~ Mammals (rat) Hippocampal neurons Reduction of moving mito-  No defects [59]
chondria
Mirol =~ Mammals (mouse) Hippocampal neurons Reduction of moving mito- Reduced by ~50% in the [55]
chondria in antero- and anterograde direction
retrograde direction
Miro2 ~ Mammals (mouse) Hippocampal neurons No significant affect No significant affect [55]

A role for dynein in axonal mitochondrial transport Muta-
tions in the DHC affect retrograde mitochondrial movement
in Drosophila motor neuron axons [79], and in the axons
of zebrafish peripheral sensory neurons [25]. However, in
Drosophila wing nerve axons, dynein is required for both
anterograde and retrograde mitochondrial movement [104].
In agreement with axon MT polarization and results cited
here (Table 1), it seems that dynein drives the retrograde
transport of mitochondria in axons.

A role for dynactin in axonal mitochondrial movement In
Drosophila and zebrafish, mutations in various dynactin
subunits showed different defects in motor neurons. For
instance, whereas mutation in Drosophila pl150/Glued
had no effect on mitochondrial mobility [79], mutations
in another dynactin subunit, arpl, reduced both axonal
anterograde and retrograde mitochondrial movement [37].
In zebrafish peripheral sensory axons, mutation in Actrl0
reduced retrograde movement; however, mutations in
p150a/b resulted in decreases in both axonal anterograde
and retrograde mitochondrial movement [25]. There is only

one report on the role of dynactin in mammals, showing
that mutation in p150 led to decreases in both anterograde
and retrograde movement in rat hippocampal neuron axons
[107]. These observations raise several questions, such as
why in Drosophila is there a difference between the func-
tions of dynactin complex and dynein [79] and how different
dynactin subunits influence axonal mitochondrial transport.
Further studies are needed to elucidate the exact mechanism
of regulation of the dynactin complex in mitochondrial
movement.

Motor proteins involved in dendritic mitochondrial
transport

There is sparse information on the role of MT motors in
mitochondrial movement in dendrites. In rat hippocampal
neurons, dynactin but not kinesin is required for dendritic
anterograde and retrograde mitochondrial movement [107].
In Drosophila, mutations in dynein (DLIC) but not in
kinesin-1 affect mitochondrial distribution [90]. However,
in C. elegans, mutations in kinesin-1 led to a reduction in
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mitochondrial distribution, probably due to an effect on
MT polarity [114]. Mammalian dendrites present mixed
MT arrays, which are organized in an anti-parallel man-
ner, suggesting that dynein/dynactin is responsible for both
anterograde and retrograde mitochondrial transport. How-
ever, in Drosophila, the fact that MTs within the dendrite
are organized minus-end-out suggests that dynein is only
involved in anterograde mitochondrial movement, although
the identity of the motor involved in retrograde transport is
still unknown.

Mitochondrial sorting into axons and dendrites

How sorting of non-polarized cargo as mitochondria into
the axons and dendrites is accomplished? The differential
MT polarization and the identity of motor/adaptor steers
mitochondria to the precise cellular compartment. In rat
hippocampal neurons, altered kinesin and dynactin activity
severely affects the steering of mitochondria into the axon,
with mutations in dynactin but not in kinesin affecting
mitochondrial sorting into dendrites [107]. Thus, dynein is
responsible for dendritic sorting of mitochondria and kine-
sin is responsible for axonal sorting of mitochondria.

Axonal and dendritic motor adaptor proteins
Milton/TRAKs

In Drosophila Milton mutants, the absence of mitochondria
in photoreceptors, wing nerves, and motor axons suggests
that Milton is required for the polarized sorting of mito-
chondria [28, 35, 97]. Moreover, it was shown in Drosoph-
ila axons that milton knockdown caused significant reduc-
tion in retrograde velocity, with no effect on anterograde
parameters [118].

TRAK1 and TRAK2, the mammalian Milton homo-
logues, are differentially expressed in axons and dendrites
in cultured rat hippocampal neurons, with TRAK1 being
predominantly localized to axons and TRAK2 being pref-
erentially distributed in dendrites [56, 107]. In agreement,
TRAKI disruption resulted in an axon-exclusive decrease
in mitochondria mobility, while defects in TRAK?2 led to
reduced movement of mitochondria in dendrites but not in
axons, with no changes in velocity or run length of mov-
ing mitochondria [51, 107]. Interestingly, early in neuronal
development, both TRAKSs contribute similarly to both
axonal and dendritic mitochondrial movement [57]. Thus,
the current model that describes polarized mitochondria
trafficking suggests that kinesin-1 and dynein being con-
trolled by TRAKI1 drives mitochondria into axons, while
dynein controlled by TRAK?2 exclusively steers mitochon-
dria to dendrites [107]. All the relevant effects of Milton/
TRAK downregulation are summarized in Table 2.
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Miro

Similar to Milton mutants, mutations in Miro show aber-
rant mitochondrial aggregation in the soma of Drosoph-
ila larval nerves [6, 36, 54, 86] and in C. elegans GABA
neurons [38]. The loss of Mirol in mouse models leads to
disrupted axonal retrograde transport [75], as well as in rat
hippocampal neurons dendrites [59]. A more recent study
showed that depletion of Mirol but not Miro2 resulted in
decreases in anterograde and retrograde mitochondrial traf-
ficking in hippocampal neurons’ dendrites, while no defects
in axonal mitochondrial transport were observed [55]. All
the relevant effects of Miro downregulation are summa-
rized in Table 3.

Mitochondrial trafficking in migrating cells
Lymphocytes

In lymphoid cells of the immune system, the leading edge
contains the actin polymerization machinery, while the
uropod (i.e., the rear edge) contains the MTOC and the
majority of cytoplasm and organelles [87]. It was shown
that during directed lymphocyte migration, mitochon-
dria specifically re-localize and accumulate in the uropod
[17]. However, during the interaction between leukocytes
and endothelial cells, re-localization of mitochondria to
the contact zone occurs, with the MTOC moving together
with mitochondria towards the contact zone [71] or towards
the immunological synapse in a dynein-dependent man-
ner [64]. Given MT organization in lymphocytes, it is
expected that kinesin-1 would drive the anterograde trans-
port of mitochondria towards the cell periphery, and that
dynein should be responsible for retrograde motility [88].
Indeed, disruption of kinesin-1 in T lymphocytes resulted
in complete blockage of anterograde mitochondrial trans-
port towards the plasma membrane [81]. The role of dynein
in mitochondrial movement in lymphocyte cells was not
addressed, although dynein is also involved in MTOC
translocation during the cell migration and immunological
synapse establishment [64]. This suggests that dynein can
indirectly influence anterograde translocation of mitochon-
dria as part of MT organization. Accordingly, it was shown
that Miro-1 links mitochondria to DHC to regulate mito-
chondrial distribution [71]. At the same time, the function
of Track is still unknown.

Migrating cancer cells
Cancer cells must rearrange mitochondrial network dynam-

ics to support cell motility, invasion, and metastasis forma-
tion. In contrast to lymphocytes, migrating epithelial cells
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re-localize mitochondria in the anterior direction (i.e.,
towards the leading edge) [23, 24]. Mitochondrial relo-
cation to the leading edge of migrating epithelial cancer
cells is MT dependent [22]. Knockdown of Miro-1 in epi-
thelial cancer cells resulted in mislocalized mitochondria
and slower cell migration rates [24]. Suppressing KIF5B,
Mirol, and Miro2 expression by siRNA inhibited the move-
ment of mitochondria to the cell periphery [13]. Thus, traf-
ficking mitochondria to the cell cortical area is undertaken
by Mirol/2 and KIF5B, whereas the functions of dynein
and TRAK remain to be defined.

Mitochondrial transport in non-neuronal
polarized cells

Polarized epithelial cells

In epithelial cells, mitochondria form an evenly distributed
tubular network within the cytoplasm. Mitochondrial trans-
port by motor proteins and their adaptors in polarized epi-
thelial cells is not well characterized. In polarized epithelial
cells of the Drosophila oocyte follicle, it was shown that
Milton and KHC are responsible for proper localization of
mitochondria during some but not all stages of ovarian fol-
licle development [21]. Thus, as with migrating cells, the
identity and exact role of the motor proteins and their adap-
tors require investigation.

Other cell types

Little data on mitochondrial movement in non-neuronal
cells are currently available. In HeLa cells, disruption of
dynein by overexpression of dynactin subunit p5S0 unexpect-
edly resulted in mitochondrial clustering near the nucleus
[108]. Mutations in Mirol in COS7 and NIH3T3 cells
resulted in perinuclear clustering of mitochondria and
induced apoptosis [30]. Knockdown of Mirol and Miro2
in HeLa cells led to accumulation of mitochondria near the
nucleus [54]. Thus, in non-neuronal cells, the same mito-
chondrial trafficking machinery seems to be responsible for
the localization of this organelle, although no evidence for
the involvement of TRAK/Milton has appeared.

Like dendrites, Drosophila bristles contain a minus-
end-out MT array. Work done in our lab showed that
dynein is the major motor for mitochondrial movement, as
both the antero- and retrograde velocities of moving mito-
chondria were significantly decreased in “slow” dynein
mutants. Intriguingly, disruption of dynactin in bristles
showed no effect on mitochondrial localization patterns or
on the velocity of movement in both directions. Surpris-
ingly, kinesin-1 knockdown by RNAI resulted in a slight
increase in the velocity of mitochondrial movement in both

directions, suggesting that kinesin-1 acts as an opposing
force for dynein-driven movement [67]. We noted different
defects upon Milton and Miro knockdown. In Milton RNAi
expressing bristles, mitochondria entry into the bristle shaft
was severely decreased, with no defects in velocity-related
parameters being seen. Miro mutants showed normal mito-
chondrial distribution, yet presented defective retrograde
transport parameters, such as net retrograde velocity and
the proportion of mitochondria moving in the retrograde
direction both being significantly decreased. Thus, we sug-
gest that Milton is responsible for anterograde movement
or for polarized mitochondrial sorting in the bristle and
that Miro is the key regulator of the retrograde directional
switch of mitochondria trafficking exclusively driven by
dynein [66].

Mitochondria transport impairment and disease

In this review, we described recent progress in our under-
standing of a basic cellular process, i.e., mitochondrial
active transport, and dissected and summarized the roles of
the components directly involved in the context of cell type
and microtubule (MT) organization. A recently discov-
ered mitochondria-specific transport complex consisting of
kinesin/dynein/Milton/Miro has attracted great attention,
mainly in the neuronal field. However, data on the play-
ers involved in non-neuronal cell types remain lacking, as
described in this review. It was previously noted that Miro/
Milton is the key player in mitochondrial transport in white
blood cells, affecting migration rates and mitochondrial
positioning during an immune response, although data on
pathological conditions in human or mouse models are not
yet available. In epithelial cells displaying acentrosomal
MT organization, mitochondria form dense network with
no visible preferred location. Moreover, work performed in
Drosophila follicle cells as mentioned here highlights the
involvement of the transport complex in proper mitochon-
dria patterning. Still, far less data on mammal epithelia in
this context have been reported.

Due to the complex morphology and physically long
distances traveled by mitochondria in neurons, both in
axons and dendrites, neuronal cells are extremely sensitive
to even mild alterations in mitochondrial dynamics. Dam-
aged or aged mitochondria must be removed from distal
neuronal compartments. To date, it is still controversial
whether mitochondria undergo onset degradation by the
process of mitophagy, or whether they must be removed to
the soma and are degraded there. In both cases, the kinesin/
dynein/Milton/Miro complex is involved. Thus, the com-
plex affects not only basic energy supply to the growing
or mature cellular extension but also affects maintenance
and turnover of the organelle. As such, coupling between
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proper mitochondrial transport and removal of damaged
mitochondria must be tightly regulated under normal con-
ditions, with impairment in one of the components lead-
ing to pathologies. Evidence for local mitochondrial deg-
radation by autolysosomes engulfment has been presented
[29, 111]. On the other hand, it was shown that damaged
mitochondria accumulated at somatodendritic regions [12],
with mitochondrial transport direction depending on the
mitochondrial metabolic state [68]. Recently, it was shown
that local mitophagy takes place in distal regions of rat
hippocampal neurons, through the recruitment of PINKI1
(PTEN-induced putative kinase 1) and Parkin (E3-ubiqui-
tin ligase) [3, 54], two Parkinson’s disease (PD)-associated
proteins. The PINK1/Parkin pathway is involved in Miro
degradation and release of mitochondria from the associ-
ated motors [111], thus leading to mitochondrial immobi-
lization and further elimination. Although, mutations in
Miro have yet to be found in PD patients, a recent study
showed elevated accumulation of Miro in mitochondria due
to defective Miro degradation pathways involving PINK1/
Parkin and LRRK2 (leucine-rich repeat kinase 2). It was
thus concluded that Miro is resistant to degradation in PD
patients. Interestingly, partial reduction of Miro levels in
PD neurons had a neuroprotective effect against mitochon-
drial stress [45]. In a mouse model, loss of Mirol leads to
postnatal death due to the failure to breathe as a result of
specific respiratory neural circuit loss. Indeed, Mirol neu-
ron-specific KO mice showed upper motor neuron disease
phenotypes [75].

The progressive accumulation of damaged mitochondria
is a characteristic feature of other neurological condition,
namely Alzheimer’s disease (AD) [117]. In AD neurons,
induced localization of Parkin to depolarized mitochondria
favors Parkin-mediated mitophagy [117]. Neurons from
AD mouse models show decreased damaged mitochondria
anterograde transport [14], and increased retrograde trans-
port [117]. Parkin-targeted depolarized mitochondria are
restricted to somatic areas in both human and mouse AD
models, with induced Parkin recruitment possibly influenc-
ing turnover of Miro on the mitochondrial surface, in turn
affecting transport dynamics [117]. In a mouse model of
amyotrophic lateral sclerosis (ALS), significant decreases
in the proportion of retrograde mitochondrial transport
were detected with no changes in anterograde transport
parameters at early developmental stages, accompanied
by a decrease in the anterograde direction later in develop-
ment. Overall, a decrease in mitochondrial density in neu-
ral terminals was seen [60]. Mirol levels are dramatically
reduced in ALS patients, albeit in the spinal cord and not
in the brain [119]. An additional aspect of Mirol involve-
ment in ALS comes through the interaction of Miro with
vesicle-associated membrane protein-associated protein B
(VAPB). VAPB is an integral endoplasmic reticulum (ER)
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protein whose function is not fully understood. VAPB is,
however, mutated in familial cases of ALS. Intriguingly,
mutated VAPB causes decreases in anterograde mitochon-
drial transport, with a reduction in velocity of the observed
movement. Such defects were connected to a decrease in
the amount of tubulin bound to the kinesin/Miro/TRAK
complex. Expression of Ca>*-insensitive Miro rescued the
observed defects in mitochondrial transport parameters
[72].

These observations make Miro a promising target for
the development of neuropathological treatment strategies.
As for the involvement of Milton/TRAK in neurodegen-
erative diseases, it would be of interest to investigate its
role in mitochondrial transport in neural and non-neural
pathologies.

Concluding remarks

The majority of our knowledge about active mitochon-
drial movement comes from studies of neuronal systems,
mostly axons. This is due the fact that highly specialized
and extremely elongated neurons must maintain ‘“healthy”
mitochondrial dynamics and transport. Defects in long-
distance neuronal transport result in neurodegenerative
diseases in mammals. In this review, we focused on key
mitochondrial transport players in different cell types with
respect to MT organization. MTs correspond to the main
tracks upon which mitochondrial movement relies, while
kinesin-1 and dynein serve as the main mitochondrial trans-
port motors, acting through the adaptor proteins Milton/
TRAKSs and mitochondrial Miro1/2. In the case of neurons,
dendrites and axons adopt different transport strategies. In
axons, kinesin and dynein act together on uni-polarized MT
tracks to establish mitochondrial distribution. The interplay
between the two opposing motors remains an open ques-
tion, as the simple domination of one motor cannot explain
the patterns of mitochondrial movement seen in axons.
Although mitochondrial transport in axons has been
extensively studied, relatively little is known of mitochon-
drial trafficking in dendrites. Mammalian dendrites rely
exclusively on dynein-driven mitochondrial transport,
which solely drives dendritic cargo in both directions. On
the other hand, in Drosophila dendrites, where MTs are
organized minus-end-out, dynein is only responsible for
anterograde mitochondrial transport. The identity of the
retrograde mitochondrial motor proteins, however, remains
unknown. As in dendrites, Drosophila bristle cells contain
a MT array with a stable minus-end-out arrangement. Dur-
ing the extensive elongation process, the bristle encoun-
ters engineering challenges similar to those met by den-
drites, but here only internal cues guide the process. Unlike
what occurs in dendrite, in the bristle, dynein was found
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to exclusively drive mitochondrial transport in both direc-
tions, even though the mechanisms of such transport have
yet to be defined.

Early in development, Drosophila dendritic MTs dis-
play mixed polarity similar to what is seen in the mamma-
lian system. Later in development, MTs switch to present
a uni-polar MT array. Interestingly, mitochondria and the
dendrite-specific marker APC were found to enter elongat-
ing dendrites before the uni-polarized minus-end orienta-
tion of the MT network is established [40]. Thus, the initial
sorting of cellular components cannot rely only on differ-
ences in MT polarity. In this context, differential functions
of TRAKI in axon and TRAK2 in dendrite may provide
explanations for the alternative targeting of mitochondria
to different compartments in mammals. In Drosophila,
however, only a single TRAK orthologue, Milton, exists,
albeit with two splice variants. As such, understanding how
polarized sorting transpires in Drosophila neurons remains
unclear.

Although it is accepted that Milton/TRAKs and Miro
function as a complex, in Drosophila bristles different roles
for Milton and Miro have been shown [66]. Whereas Mil-
ton is being implicated in the initiation of dynein-driven
mitochondria movement, Miro is involved in the retro-
grade switch of the direction of movement. In addition, the
function of these two adaptors in other cell types has yet
to be fully characterized. Thus, further detailed studies are
needed to reveal the role of MT adaptor proteins in mito-
chondrial movement.
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