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It is well established that in neurones,
at any one time, in the range of 13-30% of
the mitochondrial population are mobile
moving in both anterograde and retrograde
directions utilising motor proteins and the
microtubule network. It is also known that
the mobility of mitochondria is affected by
neuronal activity; the empirical observa-
tion being that mitochondria are immo-
bilized by a Ca**-dependent mechanism in
response to release of neurotransmitters or
post-synaptic receptor activation presum-
ably to satisfy the high energy demands of
synaptic transmission. The molecular play-
ers involved in these transitions and their
modes of action are now beginning to be
unravelled. Two recent papers shed new light
on mechanisms of mitochondrial dynamics
(MacAskill et al., 2009; Wang and Schwarz,
2009). This article is principally a commen-
tary on the MacAskill et al. (2009) paper but
the findings reported therein are discussed
with respect to those reported concurrently
by Wang and Schwarz (2009).

The focus of MacAskill et al. (2009) is the
mitochondrial protein, Mirol, and its role
on the mobility of dendritic mitochondria
in primary cultures of hippocampal neu-
rones. Mirol (and Miro2) is an atypical
RhoGTPase that is found in the outer mem-
brane of all mitochondria. It has a short
C-terminal domain that is located inside
mitochondria, one transmembrane domain
and within the N-terminal region which
protrudes from the mitochondria into the
cell cytoplasm, it has two GTPase domains, I
and II, which are separated by two EF-hand

calcium binding domains, EF-hands I and
II. First, MacAskill et al. (2009) showed that
over-expression of green fluorescent protein
(GFP)-Miro1 resulted in ~ 20% increase of
mobile mitochondria with no change in
neither their density nor average velocity.
Conversely, shRNAi knock-down of Mirol
resulted in ~ 10% decrease in the percentage
of mobile mitochondria. Perfusion of GFP-
Mirol transfected neuronal cultures with
glutamate and glycine to activate glutamate
receptors or activation of L-type Ca** chan-
nels in the presence of extracellular Ca*
resulted in the almost complete cessation
of mitochondrial movement. Expression of
a form of GFP-Miro in which the two EF-
hand calcium binding domains were inac-
tivated by mutation i.e., GFP-Mirol AEF,
did not change basal mitochondrial den-
dritic transport but importantly, glutamate-
induced arrest did not occur. Co-cultures
were used to demonstrate that in the pres-
ence of perfused glutamate, immobilized
mitochondria were accumulated at syn-
apses, i.e. that there is an activity-dependent
positioning of mitochondria. Finally, rather
than perfusing with glutamate, local stimu-
lation of neurones with glutamate delivered
via a patch pipette resulted in the halting of
mitochondrial movement within a 15 pm
region for 150 s demonstrating that synap-
tic activation results in the recruitment of
passing mitochondria to synapses.

This series of elegant experiments utiliz-
ing molecular and physiological approaches
clearly demonstrates the pivotal role of Miro1
and its Ca** binding domain in mitochon-
drial transport and mitochondrial dock-
ing at synapses. Wang and Schwarz (2009)
attained a similar conclusion however the
actual molecular mechanism by which this
occurs is a matter of dispute between the
different groups. It is known that antero-
grade mitochondrial transport is mediated
via interaction with kinesin motor proteins.
Prior to the MacAskill et al. (2009) publi-
cation, experimental evidence suggested a

role for the Milton/TRAK family of kinesin
adaptor proteins in mediating this associa-
tion (Glater et al., 2006; Smith et al., 2006).
Milton/TRAKSs bind to the cargo binding
domain of kinesin and have been shown to
recruit kinesin to mitochondria i.e. mito-
chondrial (i.e. Mirol)/kinesin association
was indirect. In the MacAskill study, this
dogma is challenged. Firstly, they showed
that introduction of a kinesin function-
blocking antibody into neurones resulted in
adecrease in the percentage of mobile mito-
chondria proving the engagement of motor
proteins. Kinesin/Mirol interactions were
then studied by in vitro pull down assays.
In the absence of Ca*, a direct association
between the kinesin heavy chains, KIF5A,
5B and 5C, and Mirol was detected. In the
presence of 2 mM Ca?* however, the associa-
tion of Miro1 with these motors was signifi-
cantly reduced. Mirol AEF was also shown
to bind kinesin and this association was, as
may have been predicted, Ca**-independent.
Co-immunoprecipitations and pull downs
from extracts of rat brain ratified these in
vitro findings. Thus it was concluded that
the presence of Ca®* inhibits the Mirol/
kinesin protein—protein interaction hence
the motor is dissociated from mitochondria
yielding arrested movement.

As implicated above, the study of Wang
and Schwarz (2009) also addressed the
mechanism of Ca?*-mediated regulation
of mitochondrial motility but their find-
ings contrasted with those reported by
MacAskill etal. (2009). Here, the focus
was mitochondrial movement in axons
of primary cultures of hippocampal neu-
rones. Wang and Schwarz (2009) found
that at least when over-expressed, kinesin
is present on all mitochondria. In the pres-
ence of Milton (the Drosophila homologue
of TRAK), and Miro, kinesin became highly
concentrated on mitochondria providing
evidence that Milton (and presumably
TRAKS) are required for the recruitment
of kinesin to neuronal mitochondria.
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Similarly to MacAskill et al. (2009), axonal
mitochondrial transport was measured fol-
lowing expression of Mirol. Elevation of
intracellular Ca* by calcimycin addition
to neuronal cultures resulted in reduced
bidirectional mitochondrial transport.
This decreased mobility was not apparent
following expression of Mirol AEF. Under
high Ca* conditions, there was no evidence
for a release of kinesin from the mitochon-
dria and, intriguingly, immunoprecipita-
tions now revealed an association between
kinesin (the motor domain) and Mirol. This
protein—protein interaction was concomi-
tant with an observed reduced binding of
kinesin to microtubules. The interpretation
of these findings by the authors is that in the
absence of Ca*, Milton/TRAKs are required
to recruit kinesin to mitochondria for their
transport. In the presence of elevated Ca*
however, the motor domain of kinesin binds
directly to Mirol in preference to micro-
tubules thus the motor becomes detached
from the transporting network resulting in
the arrest of mitochondrial movement.

In summary, both papers and also a paper
from Saotome et al. (2008), are compatible
in terms of Miro1 being a key player in mito-
chondrial transport and activity-dependent
docking at synapses. However, the findings
of the two groups result in the proposal of
two disparate mechanisms by which this
occurs. How can this be reconciled? The bio-
chemical studies of MacAskill et al. (2009)
focussed on in vitro interactions between
Miro and kinesin heavy chains in the pres-
ence and absence of Ca** but, in the absence
of Milton/TRAKs.
(2009) included Miro, kinesin heavy chain

Jang and Schwarz

and Milton for co-immunoprecipitation
assays from transfected cells, a limitation
here being that the three proteins are over-
expressed. Despite these caveats, it may be
speculated however that Ca?* may be impor-
tant for the stabilization of the Miro, kinesin,
Milton/TRAK) complex. In the presence of
high Ca* and in the absence of Milton, the
kinesin/Mirol1 interaction is not stabile and
it is dissociated from mitochondrial mem-
branes. In the presence of Milton/TRAK,
even in high Ca?, kinesin remains associated
with mitochondria but the mode of interac-
tion is altered i.e. rather than interacting via
the Milton/TRAK-Miro linkage, there is a
switch such that the kinesin motor domain
does not bind to microtubules but rather
associates directly with Miro1. This suggests
that both proposed mechanisms may oper-
ate; in the presence of Milton/TRAKS, regu-
lation by Ca?* may be a transient response
whereas when Milton/TRAK is absent, the
effect of high Ca?" is more sustained due to
dissociation from mitochondria. So a key
question is what controls the formation of
kinesin, Milton/TRAK complexes? Further,
Wang and Schwarz (2009) found that
manipulating Mirol expression also had
effects on retrograde mitochondrial trans-
port implying that Mirol associates with
dynein. Saotome et al. (2008) reported that
the effects of Miro are not limited to trans-
port. They found that Miro plays a role in
mitochondrial fusion—fission switching and
Ca* signalling. There has been a surge of
activity in this field due to proteins involved
in mitochondrial transport being recently
identified. Further advances that may in
the long term impact on understanding the

pathogenesis of neurodegenerative diseases
in which defective trafficking is implicated
are awaited with keen anticipation.
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