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The proper distribution of mitochondria is particularly vital for
neurons because of their polarized structure and high energy
demand. Mitochondria in axons constantly move in response to
physiological needs, but signals that regulate mitochondrial move-
ment are not well understood. Aside from producing ATP, Ca* buff-
ering is another main function of mitochondria. Activities of many
enzymes in mitochondria are also Ca%*-dependent, suggesting that
intramitochondrial Ca?* concentration is important for mitochon-
drial functions. Here, we report that mitochondrial motility in axons
is actively regulated by mitochondrial matrix Ca®*. Ca®* entry
through the mitochondrial Ca?* uniporter modulates mitochondrial
transport, and mitochondrial Ca®* content correlates inversely with
the speed of mitochondrial movement. Furthermore, the miro1 pro-
tein plays a role in Ca®* uptake into the mitochondria, which sub-
sequently affects mitochondrial movement.

Mitochondria are dynamic organelles that constantly move
within cells and undergo morphological changes in response
to physiological needs (1-3). In neurons, mitochondria are abun-
dantly present throughout different subcellular compartments.
The machineries and signals that transport mitochondria from the
cell body (where they are synthesized) to the terminal need to be
carefully regulated because of the highly polarized structure and
lengthy axon of a neuron (4-6). Defects in transport of mito-
chondria can cause deleterious effects on mitochondrial functions
in different parts of neurons, and hence affect neuronal survival
and function (2, 3). Recent efforts to investigate mitochondrial
transportation have provided significant new information re-
garding mitochondrial mobility, especially the mechanical com-
ponents that modulate mitochondrial transport; however, it
remains unclear whether intrinsic signals inside of mitochondria
also actively regulate mitochondrial movement.

Mitochondrial transport is mediated by interactions of the
mitochondrial adaptor proteins to the kinesin and dynein
motors, as well as binding of the motor proteins to the cyto-
skeleton track (7, 8). It was posited that cytoplasmic Ca®* level is
a key regulator of mitochondrial trafficking in axons and den-
drites, and that intracellular Ca>" influx impedes mitochondrial
movement by affecting the overall interactions between the mi-
tochondrial adaptor, motor, and cytoskeleton track (9, 10). Two
different mechanisms for Ca®*-mediated stop in mitochondrial
trafﬁcklng were proposed. Wang and Schwarz suggested that
Ca** binding to the EF hand motif of the mitochondrial adaptor
protein mirol recruits kinesin-1 motor and, hence, derails
kinesin-1 from the microtubule track, thereby stopping mito-
chondrial transportatron in axons (10). Macaskill et al. proposed
that followmg Ca** influx induced by glutamate or neuronal
activity, Ca>* binding to the EF hand motif of the mirol protein
causes mirol to dissociate from the kinesin-1 motor, and hence
halts mitochondrial movement (11). Although the mechanisms
proposed for this Ca?*-induced arrest in mitochondrial move-
ment are different, both groups agree that cytoplasmic Ca®*
elevation and its subsequent binding to the mirol protein are
key events regulating mitochondrial motility in neurons.

Cytoplasmic Ca®* has been deemed important for mitochon-
drial motility in neurons; however, the relationship between
mitochondrial Ca®* content and movement has not been es-
tablished. It also remains unclear whether mitochondria play
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a passive or active role in their own transport. Aside from the
endoplasmlc reticulum, mitochondria are another main source
of Ca** buffering within the cell. Following intracellular Ca
elevation, mitochondria rapldly take up and accumulate Ca®*
to maintain cellular Ca?* homeostasis (12). Studies also have
shown that Ca®* 1‘ptake into mitochondria occurs through the
mitochondrlal Ca®* uniporter (12, 13), and that mitochondrial
Ca”* influx can increase ATP production by activating the TCA
cycle, as well as enhance the activities of the electron transport-
chain enzymes and the ATP synthase complex (14-17). Never-
theless, the relationship between mitochondrial energetic status
and mitochondrial movement remains controversial. A report
showed that anterogradely moving mitochondria have higher
membrane potential than those moving retrogradely (18), yet
another group found no difference between the membrane
potentials of mitochondria moving in opposite directions or
between the stationary and mobile mitochondria (19). The
parameters within mitochondria associated with changes in the
pattern of mitochondrial motility thus remain unclear. Because
Ca** in mitochondria is associated with various mltochondrral
functions, we hypothesized that mitochondrial Ca®* may act as
a signal that allows mitochondria to actively regulate their own
mobility. Here, we show Ca** influx through the mitochondrial
Ca** uniporter modulates mitochondrial transport, and that
mitochondrial Ca®* content correlated inversely with the speed
of mitochondrial movement. Furthermore, we demonstrate that
the mirol mutant modulates m1tochondr1al trafficking by alter-
ing the amount of Ca®* influx into the mitochondria in axons
of hippocampal neurons. Taken together, our results imply that
mitochondrial matrix Ca®* is an intrinsic signal that actively
regulates mitochondrial transportation in neurons.

Results and Discussion

Visualization of Mitochondrial Ca®* in Axons. Detecting small
changes in the level of Ca** within mitochondria of living neu-
rons have been challenging because of the lack of subcellular
specificity provided by synthetic Ca** mdlcators To test the
hypothesis that internal mitochondrial Ca®* modulates mito-
chondrial motihty, we targeted a genetically encoded GFP-based
fluorescent Ca** indicator, Casel2, to the mitochondria. This
targeting was achieved by inserting a mitochondrial signal pep-
tide into the N terminus of the Casel2 protein (mito-Casel2).
Casel2 protein allows linear detection of Ca** ion concentration
within the physiological range and its binding to Ca®* is rapld
and reversible, thus making real-time detection of changes in Ca®*

level within a cell possible (20, 21). Mito-Casel2 colocalized with
mito-RFP in transfected hippocampal neurons (Fig. 14, Fig. S1
A and C), thus confirming that mito-Case12 is indeed targeted to
the mitochondria. Next, to test the ability of mito-Casel2 to
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respond to increases in Ca®* content, we treated hippocampal
neurons containing mito-Case12 and mito-RFP with calcimycin,
a Ca®" ionophore (Fig. S14). Following calcimycin treatment,
the green fluorescence intensity of mito-Casel2 increased sig-
nificantly within seconds in mitochondria, but the mito-RFP
signal remained constant (Fig. S1 A and B). Mito-Case12 signal
is dependent on calcium influx into the cell, because calcimycin
treatment in calcium-free extracellular solution failed to cause
an increase in mito-Case12 signal (Fig. S1 C and D). To account
for the difference in the size of mitochondria and thus the
amount of fluorescent protein inside of mitochondria, as well
as change in focal plane that could occur over time, we
also normalized mito-Casel2 labeling intensity to that of mito-
RFP intensity. Similar to mito-Casel2 signal, normalized mito-
Casel12:mito-RFP ratio increased following calcimycin treat-
ment. Together our results suggest that (i) mito-Casel2 is able
to detect Ca®* elevation within mitochondria, and (i) Ca**
rapidly taken up by mitochondria following intracellular Ca
elevation.

Mitochondrial Ca>* Content Predicts Mltochondrlal Mobility. Having
confirmed that mito-Case12 can detect Ca>* elevation inside of
mitochondria, we next investigated if mitochondrial Ca®* corre-
lates with mitochondrial movement in axons under normal con-
ditions. To visualize mitochondrial movement and Ca** content
within the mitochondria, time-lapse live imaging of primary hip-
pocampal neurons doubly transfected with mito-RFP and mito-
Casel2 was performed. Fig. 14 shows a kymograph illustrating
mitochondrial movement (x axis) over time (y axis), in which the
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stationary mitochondria are displayed as straight vertical lines as
they are immobile over time, whereas the moving mitochondria
are seen as diagonal lines. Interestingly, we noticed that compared
with stationary mitochondria, moving mitochondria tend to have
lower mito- Case12 fluorescence 51gnal and hence lower mito-
chondrial Ca?* content. To minimize for variability caused by
drifts in the focal plane as well as differences in size of mito-
chondria, we normalized mito-Case12 labeling intensity to that of
mito-RFP intensity. Fig. 1 4 and B and Fig. S2 show that average
mito-Casel2:mito-RFP ratio is clearly lower in moving mito-
chondria (mean = 0.27 + 0.01), but stationary mitochondria
exhibited higher ratio of mito-Case12:mito-RFP (mean = 0.39 +
0.01), conﬁrmmg that mitochondria in motion tend to have lower
matrix Ca®* content than stationary mitochondria.

As mitochondria move in opposite directions (anterograde vs.
retrograde) and with different speed, we next determined if the
direction or speed of mitochondrial movement correlates with
mitochondrial Ca®* content. Analyses of mltochondrla moving in
opposite directions showed similar mitochondrial Ca** content, as
determined by the ratio of mito-Casel12:mito-RFP (anterograde:
0.24 + 0.01; retrograde: 0.27 & 0.02; P = 0.22). We also calculated
the average speed of individual moving mitochondria over the
period of imaging and plotted against the average mito-Casel2:
mito-RFP ratio. Fig. 1C shows that the speed of moving mito-
chondria is between 0.1 pm/s and 0.58 pm/s, within range of values
reported previously for mitochondrial movement seen in axons of
hippocampal neurons (7). More importantly, Fig. 1C shows that
there is a strong correlation between the speed of mitochondrial
movement with the level of mitochondrial Ca®*; the lower the
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Fig. 1. Moving mitochondria tend to have lower mitochondrial Ca%* signal. (A) Kymograph generated from moving mitochondria (Upper) and first frame of

live imaging of neuron cotransfected with mito-RFP and mito-Case12. Arrows point to moving mitochondria (yellow and orange) and the region magnified
on the right is denoted by the orange arrows. (Scale bars, 10 pm.) (B) Box plot of the mito-Case12:mito-RFP ratio for stationary and mobile mitochondria.
Lower and upper boundaries of the box indicate 25th and 75th percentiles, respectively. The black line in the box represents the median, and the red line
represents the mean. Whiskers show 10th and 90th percentiles. Dots above and below the box are showing outliers. *P = 2 x 107" (C) Average mito-Case12:
mito-RFP ratio versus average speed of movement. R? = 0.58. n > 150 mitochondria from 10 axons for B and C.
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mitochondrial matrix Ca®>* content, the faster the movement
(Pearson correlation coefficient = —0.76 or —0.67, when including
or excluding stationary mitochondria, respectively). Our results
imply that mitochondrial Ca®** does not influence the di-
rectionality of movement; rather, mitochondrial Ca’* content is
an important parameter that determines mitochondrial mobility
and the speed of mitochondrial movement.

Influx of Ca?* Through the Mitochondrial Ca** Uniporter Alters
Mitochondrial Mobility. Influx of Ca®* into the mitochondrial
matrix is gated by the mitochondrial Ca** uniporter (22, 23),
suggesting that it may also play a role in regulating mitochondrial
movement. Thus, we next tested the following hypotheses: (i)
mitochondrial Ca** uniporter modulates mitochondrial trans-
portation in axons; (ii) it is not cytoplasmic Ca®*, but the influx
of Ca®* to mitochondrial matrix that ultimately arrests mito-
chondrial movement. To this end, we examined mitochondrial
mobility following either inhibition or activation of the mito-
chondrial Ca®* uniporter. Treatment of neurons with calcimycin,
a Ca®* ionophore, clevates cytoplasmic Ca’>* as detected by
Casel2 protein in the cytoplasm (cyto-Casel2) (Fig. 24, Right,
and Movie S1) and mitochondrial Ca** as detected by mito-
Casel2 (Fig. S1). Neurons treated with calcimycin showed
immediate Ca®" elevation and stop in mitochondrial movement
in axons (Figs. 2 A and D). This calcimycin-induced stop in mi-
tochondrial movement is dependent on Ca** influx, because
calcimycin treatment in the absence of extracellular calcium
failed to pause mitochondrial movement (Fig. S3). To assess
whether mitochondrial Ca** influx into the matrix through the
mitochondrial Ca®* uniporter is necessary for Ca®*-induced stop
in mitochondrial movement, we first blocked the mitochondrial
Ca®* uniporter by treating neurons with RU360 (13), then
subsequently challenged it with calcimycin. We reasoned that if
the mitochondrial Ca?* uniporter indeed gates mitochondrial
Ca** influx, and hence affect mitochondrial mobility, blocking
the mitochondrial Ca®* uniporter would allow mitochondrial
movement to persist in the presence of high cytoplasmic Ca>*
caused by calcimycin treatment. Fig. 2 B and C and Movie S2
show that mitochondria incubated with RU360 for 15 min before
calcimycin treatment maintained their mobility much longer af-
ter calcimycin addition, despite the increase in cytoplasmic Ca®*
content indicated by cyto-Casel2. Analyses of the percentage of
moving mitochondria over the imaging period showed that
a significant percentage of mitochondria remained mobile if
the neurons were preincubated with RU360 before calcimycin
treatment (Fig. 2D, normal calcium). However, RU360 only
partially restored the percentage of moving mitochondria to
normal, thus suggesting that either cytoplasmic Ca** also con-
tributes, or that RU360 did not completely prevent Ca** entry
into mitochondria. We thus further examined mito-Case12 signal
following RU360 and calcimycin treatment (Fig. S4). We found
that RU360 delayed Ca* entry into mitochondria rather than
completely abolishing it (Fig. S4), and that mitochondrial
movement correlated inversely with mito-Casel2 signal eleva-
tion, rather than cyto-Casel2 profile. To further reduce calcium
entry through the mitochondrial Ca** uniporter, we decreased
the level of extracellular Ca2* to 0.18 mM Ca>* (low Ca**).
Calcimycin treatment in low extracellular calcium was sufficient
to stop mitochondrial movement (Fig. S5), but it no longer
paused mitochondrial movement in neurons pretreated with
RU360 (Fig. 2D and Fig. S64). Note that we still observed
a negligible level of Ca”" influx into the mitochondria after
RU360 and calcimycin treatment (Fig. S6B; mito-Casel2 pro-
file), but at a much slower rate and lower level. This result is
consistent with report that RU360 is only partially effective in
reducing Ca®* influx through the mitochondrial Ca®* uniporter
(24). We also did not observe redistribution in the percentage of
mitochondria undergoing anterograde or retrograde transport,
suggesting that RU360 treatment or altering Ca~" level does not
selectively alter directionality of transport (Fig. S7). Taken to-
gether, these results imply that a critical level of calcium influx
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through the mitochondrial Ca®>" uniporter is necessary for the
Ca**-dependent pause in mitochondrial transport in axons.
Next, we tested whether elevation of the mitochondrial matrix
Ca”* by activation of the mitochondrial Ca** uniporter is suffi-
cient to regulate mitochondrial mobility. Neurons containing
mito-RFP and mito-Case12 were treated with a drug that activates
the mitochondrial Ca** uniporter, SB202190 (25). SB202190
treatment indeed elevated mitochondrial Ca®* content, as seen by
the greater intensity of mito-case12 fluorescence in the kymograph
in Fig. 34. Furthermore, the mito-RFP kymograph shows that
mitochondria were mobile before SB202190 treatment, but stop-
ped immediately following SB20190 treatment. This sudden
change in mitochondrial movement is accompanied by mito-
chondrial matrix Ca®* elevation (Fig. 34 and D). We also plotted
the fluorescence ratio of mito-Casel2 to mito-RFP before and
after SB202190 treatment for the moving mitochondria (Fig. 3B).
Our results clearly demonstrate that the average Ca”* content in

o
Relative fluorescence
(cyto-Case:mito-RFP)

NSRRI EREYIs
WERIRE (SN

&
Relative fluorescence
(cyto-Case:mito-RFP)

A

Mito-RFP
1205

upAwioles +

Y
120s

09eNy+

Mito-RFP
uAwIoeo+

* *
[

O

mControl
W+Calcimycin
E+RU360

@+RU360
+Calcimycin

Percent moving
mitochondria
o

Normal Ca2* Low Ca?*

Fig. 2. Blocking Ca®* influx into mitochondria through Ca®*-uniporter
delays calcimycin-induced arrest in mitochondrial movement. (A) Kymo-
graph of a neuron cotransfected with mito-RFP and cyto-Case12 before and
after addition of calcimycin (2 pg/mL). The rise in Ca®* is plotted on the right,
shown as relative fluorescence of cyto-Case12:mito-RFP ratio. Immediately
after calcimycin treatment and Ca** elevation, mobile mitochondria became
stationary. (B) Kymograph showing mitochondrial movement for neurons
cotransfected with mito-RFP and cyto-Case12. Relative intensity of cyto-
Case12:mito-RFP is shown on the right following RU360 and calcimycin
treatments. Ru360 was applied for 15 min before addition of calcimycin, but
only the last 5 min of RU360 treatment is shown. (C) Mito-RFP (red; Left) and
cyto-Case12 (green; Right) images after 15 min of RU360 and before (t=-55)
and after calcimycin treatment. Despite increase in cytoplasmic Ca®*, mito-
chondria remained mobile (highlighted by yellow circle). (Scale bars in A-C,
10 um.) (D) Percentage of moving mitochondria over the 5-min imaging
period for each condition. Normal Ca®* indicates 1.8 mM Ca®* and low cal-
cium indicates 0.18 mM Ca?* in the extracellular solution. n = 150-380 mi-
tochondria from at least five axons analyzed. Values represent mean + SEM;
*P < 0.01.
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mitochondrial Ca?* uniporter is sufficient to stop mito-
chondrial movement. (A) Kymograph of time-lapse
images of neuron cotransfected with mito-RFP and mito-
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the moving mitochondria is lower initially, but 1ncreased signifi-
cantly after activation of mitochondrial Ca** uniporter with
SB202190. Analyses of the percentage of moving mitochondria
also confirmed that SB202190 treatment, similar to calcimycin
treatment, arrested mitochondrial transport (Fig. 3C). Note that
SB202190 treatment did not increase cytoplasmic Ca**, as de-
termined by i 1mag1ng with cyto-Casel2, but significantly elevated
mitochondrial Ca?*, as measured by mito-Case12 imaging (Fig.
3D). SB202190 has also been shown to inhibit p38 MAPK (26);
thus, it is possible that it may mﬂuence mitochondrial movement
mdependently of mitochondrial Ca®* elevation. However, the
observed inverse relationship between mito-Casel2 proﬁle and
movement, as well as results obtained usrng RU360, all support the
hypothesis that the mitochondrial Ca®* umporter regulates mi-
tochondrial movement in axons by gating Ca®* influx into the
mitochondrial matrix.

Miro1 Protein Alters Ca®* Entry into Mitochondria. Our findin s
suggest that mitochondrial Ca** influx via the mitochondrial Ca**

uniporter actively regulates mitochondrial transport. This result
prompted us to re-examine the role of mirol protein in influ-
encing mitochondrial trafficking and test the p0551b111ty that
mirol affects transport by altering mrtochondrlal Ca”* influx.
Previous studies showed that cytoplasmic Ca®* regulates mito-
chondrial movement mainly by binding to mirol EF hand
domains, thereby altering mirol interaction with either the
kinesin motor or microtubule track (9-11). Mutations in the EF
hand domains of mirol falled to arrest mitochondrial movement
despite high 1ntrace11ular Ca**, thus highlighting the importance
of mirol in Ca**-dependent regulation of mitochondrial move-
ment §9—11) We found that transfection of wild-type mirol
(miro™) or mirol EF hand mutations (miro**) together with
mito-RFP and mito-Casel2 increased the overall length of mi-
tochondria and the percentage of moving mitochondria, but did
not alter the density of mitochondria (number of mitochondria
per micrometer) in axons or the average speed of moving mi-
tochondria (Fig. S8). Furthermore, calcrmycrn treatment failed
to stop mitochondrial transport in miro**-transfected neurons,
nor did it change the directionality of mitochondrial movement

Chang et al.

Case12 before and after SB202190. (Scale bar, 10 um.) (B)
Box plot of mito-Case:mito-RFP intensity ratio before and
after SB202190 for the moving mitochondria. n = 40
moving mitochondria from eight axons. Red lines indicate
mean. *P = 6 x 107°. (C) Percentage of moving mito-
chondria before and after SB202190 treatment. n = 200
mitochondria from eight axons. *P = 9 x 107'°, (D)
$B202190 treatment did not alter cytoplasmic Ca®* level.
Relative intensity before and after SB202190 treatment in
cytoplasm is measure by Cyto-Case12, and intensity in
mitochondria is measured by mito-Case12. To normalize
for drifts in z axis during imaging, values were normalized
to mito-RFP. Values represent mean + SEM, n = 8 axons.

(Fig. S9). These results are consistent with those reported earlier
(9-11). Next, we compared the relative levels of mitochondrial
Ca** following calc1myc1n treatment in control neurons and
those transfected with miro™, or miro™, in addition to mito-RFP
and mito-Casel2. Representatlve mito-Case12 signals in axons
of neurons before and after calcimycin treatment are shown in
Fig. 44 (pseudocolored). Fig. 4B summarizes our findings that
mutations in the EF hand domains of mirol resulted in a signif-
icantly lower overall increase in matrix Ca>* level in the axons
(fold-change in signal intensity after 3 min of calcimycin treat-
ment, a time point in which the mito-Casel2 signal becomes
relatively stable are: control, 1.40 + 0.06; miro"", 131 + 0.03;
miro*, 1.11 + 0.02). Note that the expression of miro™ construct
also arrested mitochondrial movement following calcim 2ycm ad-
dition (10, 11), and that these axons initially showed Ca”* influx
to the same extent as the control (Fig. 4B). M1rokk  mutant, on
the other hand, started with low but gradual Ca®* influx, al-
though never reaching the Ca** level comparable to calcimycin
treated control or miro™'-transfected neurons (Flg 4B) To de-
termine if miro** also influences cytoplasmic Ca’* 1nﬂux we
examined the cyto-Casel2 profile in control and miro**-trans-
fected neurons (Fig. S10). We find that mrrokk-transfected neu-
rons showed same level of cytoplasmic Ca®* influx as the control.
These results imply that mutations in mirol EF hand domains
affect Ca?* entry into the mitochondria, which subsequently al-
ter mitochondrial movement. Therefore it is also plausible that
blockage of mitochondrial Ca®* influx by the mirol EF mutants
also contributes to failure in mitochondrial movement arrest in
neurons, as reported previously (9- 11) Importantly, our findings
confirm that intramitochondrial Ca®* is an 1mportant de-
terminant of mitochondrial movement, and that there is a critical
Ca?* threshold required for pausing mltochondrlal movement.
Our results differ from a report that examined mitochondrial
Ca®* content in cortical neurons using mitochondrial-targeted
%uorin protein, in which they found greater mitochondrial

* content in miro1 wild-type and EF hand mutants (9). To en-
sure this difference is not the result of a difference in population
of mitochondria examined (mitochondria in axons versus in
soma), we directly examined the fold-change in Ca** signal in
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* elevation following calcimycin treatment. (A and C) Representative images of mito-

Case12 level (pseudocolored) before and after calcimycin treatment in axon and soma, respectively. (Scale bars, 10 pm.) (B and D) Mito-Case12:mito-RFP ratio

before and after calcimycin treatment in axon and soma, respectively. Miro** mutant decreased the level of Ca

mean + SEM. (A and B) n = 6 axons each; (C and D), n = 6 cell bodies each.

the soma followmg calcimycin treatment. Fig. 4 C and D shows
that miro"" showed similar extent of increase in mrtochondrlal
Ca®* signal compared w1th the control, but miro** displayed
a dlmrnlshed level of Ca®" influx compared with control or
miro™ constructs, similar to what we observed for mitochondria
in axons. Thus, it is possible that differences in the neuronal cell
type or detection method gave rise to these different results.
However, our results and those by Saotome et al. (9) show that
mirol can alter the level of Ca** influx into mitochondria.

We further tested whether elevation in mitochondrial Ca**
can override the inhibitory effect of miro®™* on mitochondrial
movement arrest by treating transfected neurons with SB202190.
The levels of mitochondrial Ca** followmig SB202190 treatment
were similar between miro™- and miro*“-transfected neurons,
and did not differ significantly from that of the control followrng
SB202190 treatment (i.e., at 1 min after SB202190 treatment, the
levels of mltochondrlal Ca** are: control, 1.33 + 0.10; miro™
1.24 + 0.08; miro**, 1.22 + 0. 05) (Fig S114). We found that this
increase in m1tochondr1al Ca?* content mgmﬁcantlzf decreased
mitochondrial movement in both miro™ and miro™, albeit the
percentage of moving mitochondria in miro™* and miro® after
SB202190 treatment was still slightly higher than that of the
control neurons (Fig. S11B). This result is likely caused by
a greater percentage of moving mitochondria in miro™- and
miro**-transfected neurons before SB202190 treatment. We also
found that SB202190 treatment did not change the directionality
of moving mrtochondrla (Flg S12), consistent with our findings
that mitochondrial Ca** content does not correlate with the
direction of mitochondrial movement. Taken together, our re-
sults strongly support the hypothesis that intramitochondrial
Ca®" content is a crucial determinant of mitochondrial move-
ment and further 1mply that mirol may not directly influence
mitochondrial Ca®* uniporter opening.

Our findings reveal that mitochondrial matrix Ca®" is an in-
trinsic signal that actively controls mitochondrial transportation
in axons. Although previous reports suggest that cytoplasmic
Ca** modulates mitochondrial movement through mirol protein,
our data argue that mitochondrial matrix Ca®¥ acts as a gate-
keeper of mitochondrial mobility. Blocklng mitochondrial Ca**
influx through the mitochondrial umporter delayed stop in
movement, despite 1ntracellular Ca®" elevation, whereas in-
creasing m1toch0ndr1al Ca* alone was sufﬁcient to halt mi-
tochondrial transport Our live imaging studies show that
cytoplasmic Ca”* influx rapidly and invariably leads to mito-
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2+ entering mitochondria. Values represent

chondrial Ca** elevation (as shown by our mito-Case12 imaging
studies in Fig. S1), and interestingly, the average speed of mi-
tochondrial movement correlated inversely with mitochondrial
Ca* content. Together w1th our observation that mirol EF
hand mutant blocked Ca®* entry into the mitochondrial matrlx
these results strongly support our conclusion that matrix Ca?*

plays an active role in regulating mitochondrial movement, and
further suggests that mirol may have dual roles both in actmg as
a cytoplasmic Ca®* sensor and in affecting the amount of Ca**

influx into the mltochondrra The molecular components of the
mitochondrial Ca** uniporter are not well understood; but re-
cent studies show that a newly identified 40-kD inner mito-
chondrlal membrane protein is an essential component of the
Ca** uniporter, which also interacts with the MICU1 protein,
another inner mitochondrial membrane ?rotein that serves as
putative regulator of mitochondrial Ca®* uniporter (27-29).
Interestingly, similar to mirol, MICU1 also contains two EF
hand domains and a transmembrane domain (29 30). It is
plausible that mirol may associate with a Ca*-permeable
channel on the outer mitochondrial membrane, such as the mi-
tochondrial Voltage dependent anion channel or other un-
identified Ca®* permeable channel, thus influencing Ca”" influx
into the mitochondria. It will be interesting in the future to ex-
amine the mechanism by which intramitochondrial Ca?* influx
through the uniporter in turn affects mirol interaction with the
kinesin motor. As each mitochondrion likely contain multiple
mirol proteins, we speculate that the speed of mitochondrial
movement may be regulated by the number of mirol protein
bound to the kinesin motor at a given time, and this mlrol-
kinesin binding is inversely proportional to the influx of Ca**

into mitochondria. Once intramitochondrial concentration rea-
ches a critical level, all mirol-kinesin interactions are disrupted,
and mitochondria therefore stop moving. Studies have shown
that mitochondrial Ca** influx into the mitochondria can stim-
ulate the mitochondrial electron transport chain enzymes and
TCA cycle to 1ncrease ATP production (14-16); it is thus likely
that the high Ca®* concentration inside the stationary mito-
chondria signals the mitochondria to remain stationary and
stimulates the TCA cycle to enhance ATP production, thereby
pr0v1d1ng energy to the site of high demand. On the other hand,
lower Ca®* content in mitochondria may serve as a signal for
mitochondria to remain mobile, thus ensuring redistribution to
a different location. Taken together our data are unique in
demonstrating that mitochondrial matrix Ca®* content can in-
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fluence mitochondrial movement, and further suggest that mi-
tochondria Ca** can be an intrinsic signal that integrates cellular
energy demand and ATP production to actively influence sub-
cellular mitochondrial distribution within neurons.

Materials and Methods

Constructs and Reagents. Mito-RFP used for imaging of mitochondrial
movement (pTurboRFP-mito vector) and Case12 protein used for detection of
cytoplasmic Ca®* level (pCase12-Cyto vector) were obtained from Evrogen.
To detect mitochondrial Ca** level, a mitochondrial targeting sequence
derived from subunit VIII precursor of human cytochrome C oxidase was
inserted in the N terminus of the Case12 protein. Localization of mito-
Case12 in the mitochondria was confirmed by colocalization with Mito-
tracker Red and Mito-RFP. Human wild-type miro1 construct pRK5Myc-Miro1
(miro*™") and miro1 EF hand mutations pRK5Myc-Miro1E208K,E328K (Miro*)
were obtained from P. Aspenstrém (Stockholm, Sweden) (9, 11, 31, 32). The
following reagents were used: 2 pg/mL calcimycin (3.8 uM; Sigma Aldrich),
10 pM SB202190, and 10 uM RU360 (Calbiochem).

Cell Culture. Mouse hippocampal neurons were obtained from embryonic day
17 to 18 embryos. Dissociated neurons were plated at 40,000 to 55,000 cells on
poly-p-lysine-coated glass bottom plates and maintained in neurobasal
medium supplemented with B27 and Glutamax (Invitrogen). Neurons were
transfected at days in vitro 4 to 5 using Lipofectamine 2000 (Invitrogen) and
imaged at days in vitro 7 to 10.

Live Imaging. Hippocampal neurons were imaged in CO,-independent
Tyrode's buffer (referred to as normal extracellular solution) composed of
135 mM Nacl, 5 mM KCl, 1.8 mM CaCl,, 1 mM MgCl,, 10 mM Hepes, 5.6 mM
Glucose, pH 7.3 at 37 °C. For experiments done in Ca’*-free solution,
Tyrode's buffer was used except 1.8 mM CaCl, was removed and NaCl
changed to 136.8 mM to maintain osmolarity. For experiments done in ex-

. Hollenbeck PJ, Saxton WM (2005) The axonal transport of mitochondria. J Cell Sci 118:
5411-5419.
2. Chang DTW, Reynolds IJ (2006) Mitochondrial trafficking and morphology in healthy
and injured neurons. Prog Neurobiol 80:241—268.
3. Mattson MP, Gleichmann M, Cheng A (2008) Mitochondria in neuroplasticity and
neurological disorders. Neuron 60:748—766.
4. Hollenbeck PJ (1996) The pattern and mechanism of mitochondrial transport in axons.
Front Biosci 1:d91—d102.
. Ligon LA, Steward O (2000) Movement of mitochondria in the axons and dendrites of
cultured hippocampal neurons. J Comp Neurol 427:340—350.
6. Chada SR, Hollenbeck PJ (2003) Mitochondrial movement and positioning in axons:
The role of growth factor signaling. J Exp Biol 206:1985—1992.
7. MacAskill AF, Kittler JT (2010) Control of mitochondrial transport and localization in
neurons. Trends Cell Biol 20:102—112.
8. Cai Q, Sheng Z-H (2009) Mitochondrial transport and docking in axons. Exp Neurol
218:257-267.
9. Saotome M, et al. (2008) Bidirectional Ca2+-dependent control of mitochondrial dy-
namics by the Miro GTPase. Proc Natl/ Acad Sci USA 105:20728—20733.

10. Wang X, Schwarz TL (2009) The mechanism of Ca2+ -dependent regulation of kinesin-
mediated mitochondrial motility. Cell 136:163—174.

11. Macaskill AF, et al. (2009) Miro1 is a calcium sensor for glutamate receptor-dependent
localization of mitochondria at synapses. Neuron 61:541-555.

12. Szabadkai G, Duchen MR (2008) Mitochondria: The hub of cellular Ca2+ signaling.
Physiology (Bethesda) 23:84—94.

13. Kirichok Y, Krapivinsky G, Clapham DE (2004) The mitochondrial calcium uniporter is
a highly selective ion channel. Nature 427:360—364.

14. McCormack JG, Halestrap AP, Denton RM (1990) Role of calcium ions in regulation of
mammalian intramitochondrial metabolism. Physiol Rev 70:391—425.

15. Jouaville LS, Pinton P, Bastianutto C, Rutter GA, Rizzuto R (1999) Regulation of mi-
tochondrial ATP synthesis by calcium: Evidence for a long-term metabolic priming.
Proc Natl Acad Sci USA 96:13807—13812.

16. Chan CS, Gertler TS, Surmeier DJ (2009) Calcium homeostasis, selective vulnerability
and Parkinson’s disease. Trends Neurosci 32:249—256.

17. Vandecasteele G, Szabadkai G, Rizzuto R (2001) Mitochondrial calcium homeostasis:

Mechanisms and molecules. [IUBMB Life 52:213—219.

wi

Chang et al.

tracellular solution with low Ca?*, CaCl, in Tyrode’s buffer was changed to
0.18 mM CaCl,, and NaCl changed to 136 mM to maintain osmolarity. Time-
lapse images were acquired at 5-s intervals using a Leica SP5 scanning con-
focal microscope at minimum laser intensity to prevent photobleaching (7-
20%) and image-acquisition parameters were set to exclude saturation of
signals. Images were acquired for 5 min before and after the addition of 2
pg/mL calcimycin and SB202190 (10 pM). Cells were incubated with RU360
(10 pM) for 15 min before calcimycin treatment.

Imaging Analyses. Fluorescence intensities were measured using Image)
software and the speed of mitochondrial movement was analyzed using the
Manual Tracking Plugin in ImageJ. Dendrites and axons can be distinguished
based on morphology, and axons are identified as long, thin processes that
extend many times the length of dendrites, which are thicker. To normalize
for difference in the size of mitochondria and thus the amount of fluorescent
protein inside of mitochondria, as well as photobleaching and shift in focal
plane that could occur over time, we normalized mito-Case12 labeling in-
tensity to mito-RFP intensity. To correct for drifts in the z axis, cyto-Case12
signals were also normalized to mito-RFP signals. At least three independent
transfections per condition were used for imaging analyses. For more details
on image analysis, see S/ Materials and Methods.

Statistics. All values are shown as mean + SEM, and tested for statistical
significance by Student t test.
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