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Cellular/Molecular

Mirol Regulates Activity-Driven Positioning of
Mitochondria within Astrocytic Processes Apposed to
Synapses to Regulate Intracellular Calcium Signaling

Terri-Leigh Stephen, Nathalie F. Higgs, David F. Sheehan, Sana Al Awabdh, Guillermo Lopez-Doménech,
I. Lorena Arancibia-Carcamo, and Josef T. Kittler
Department of Neuroscience, Physiology and Pharmacology, University College London, London, WCIE 6BT, United Kingdom

Itis fast emerging that maintaining mitochondrial function is important for regulating astrocyte function, although the specific mechanisms that
govern astrocyte mitochondrial trafficking and positioning remain poorly understood. The mitochondrial Rho-GTPase 1 protein (Mirol) reg-
ulates mitochondrial trafficking and detachment from the microtubule transport network to control activity-dependent mitochondrial posi-
tioning in neurons. However, whether Miro proteins are important for regulating signaling-dependent mitochondrial dynamics in astrocytic
processes remains unclear. Using live-cell confocal microscopy of rat organotypic hippocampal slices, we find that enhancing neuronal activity
induces transient mitochondrial remodeling in astrocytes, with a concomitant, transient reduction in mitochondrial trafficking, mediated by
elevations in intracellular Ca**. Stimulating neuronal activity also induced mitochondrial confinement within astrocytic processes in close
proximity to synapses. Furthermore, we show that the Ca>*-sensing EF-hand domains of Mirol are important for regulating mitochondrial
trafficking in astrocytes and required for activity-driven mitochondrial confinement near synapses. Additionally, activity-dependent mitochon-
drial positioning by Mirol reciprocally regulates the levels of intracellular Ca>* in astrocytic processes. Thus, the regulation of intracellular Ca**
signaling, dependent on Miro1-mediated mitochondrial positioning, could have important consequences for astrocyte Ca>* wave propagation,
gliotransmission, and ultimately neuronal function.
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Mitochondria are key cellular organelles that play important roles in providing cellular energy and buffering intracellular calcium
ions. The mechanisms that control mitochondrial distribution within the processes of glial cells called astrocytes and the impact
this may have on calcium signaling remains unclear. We show that activation of glutamate receptors or increased neuronal activity
leads to the altered transport of mitochondria and their positioning at synapses dependent on a key mitochondrial trafficking
protein called Mirol. We also show that, the control of mitochondrial movement and stopping by Miro plays an important role in
regulating astrocyte calcium responses. Thus the regulation of intracellular calcium signaling, by Miro-mediated mitochondrial
positioning, could have important consequences for astrocyte signaling and neuron- glial interactions. j

ignificance Statement

Introduction
Astrocytes have many important and diverse roles that include
maintenance of the blood—brain barrier (Abbott et al., 2006), nutri-
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ent support of neurons (Dienel and Cruz, 2004), transmitter uptake
and release (Kimelberg and Nedergaard, 2010), modulation of brain
blood flow (Parriand Crunelli, 2003; Attwell etal., 2010), promotion
of oligodendrocyte myelinating activity, and promoting repair of the
brain in response to damage (Sofroniew, 2005). In addition, astro-
cytes can integrate neuronal signaling by elevating their intracellular
Ca*", which in turn triggers the release of neuroactive substances
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(glutamate, ATP and D-serine; Carmignoto, 2000; Haydon, 2001;
Malarkey and Parpura, 2008). These gliotransmitters possess the
ability to profoundly modulate synaptic transmission and plasticity
(Araqueetal., 1998; Haydon and Carmignoto, 2006; Di Castro et al.,
2011; Navarrete et al., 2013; Perez-Alvarez et al., 2014; Volterra et al.,
2014). Synaptically evoked astrocyte Ca*" elevations occur in spa-
tially restricted microdomains within their processes (Grosche et al.,
1999) and represent a crucial element of astrocyte—neuron bidirec-
tional signaling (Reyes et al., 2012).

Mitochondria are dynamic organelles that are essential for
maintaining neuronal function, growth, and survival (MacAskill
et al., 2010; Sheng and Cai, 2012; Birsa et al., 2013). Activity-
dependent positioning of mitochondria in neurons ensures that
the supply of ATP and Ca*" buffering are tightly regulated and
sufficient to meet the demands of neuronal signaling (MacAskill
etal., 2010; Sheng and Cai, 2012). In contrast, very little is known
regarding mitochondrial dynamics in astrocytes in situ. Mito-
chondria are known to be present in the processes of astrocytes
that ensheath synapses (Grosche et al., 1999) and their position-
ing in astrocytic processes could therefore be important for in-
tracellular Ca** regulation, which influences Ca**-dependent
gliotransmission. However, whether and how astrocyte mito-
chondria are able to respond to neuronal activity and position
themselves accordingly remains to be addressed. Reciprocally,
how their positioning may regulate neuronal signaling is also an
important unanswered question.

The trafficking of mitochondria within astrocytic processes
has been shown to be dependent on microtubule and actin cyto-
skeletons (Kremneva et al., 2013; Jackson et al., 2014) but the
motor proteins and adaptors involved are yet to be identified.
Mirol is a mitochondrial Rho-GTPase protein that regulates mi-
tochondrial trafficking and activity-driven positioning at syn-
apses in neurons (Macaskill et al., 2009; Wang and Schwarz,
2009). Mirol contains two EF-hand Ca*"-sensing domains
flanked by two GTPase domains and binds kinesin and dynein
motors to couple mitochondria to the microtubule transport net-
work. Upon Ca** binding to the EF-hand domains of Mirol, a
conformational change induces uncoupling of mitochondria
from the microtubule network, enabling docking of mitochon-
dria at sites requiring ATP and Ca*”" buffering, which is impor-
tant for maintaining ion homeostasis, and thus proper signaling
in neurons (Macaskill et al., 2009; Wang and Schwarz, 2009; Birsa
et al., 2013; Schwarz, 2013).

Although Mirol is well established as an important regulator
of mitochondrial trafficking and positioning in neurons (Ma-
caskill et al., 2009; Wang and Schwarz, 2009), it is unclear
whether Miro proteins are important for the spatial regulation of
mitochondria within astrocytic processes.

Here, we define a mechanism for neuronal activity-dependent
control of mitochondrial trafficking and positioning in astro-
cytes. We observe that astrocytes respond to neuronal activity by
elevating their intracellular Ca**, triggering Mirol EF-hand-
dependent mitochondrial retention near synapses, within
astrocytic processes. In addition, the spatial regulation of mito-
chondria, dependent on the EF-hands of Miro1, appears to affect
astrocytic Ca*" signaling. Thus, Miro1-mediated mitochondrial
positioning in astrocytes could have important consequences,
not only for energy production and Ca** -buffering in astrocytes,
but also for Ca*" wave propagation and gliotransmission.

Materials and Methods

Primary neuronal cultures. Hippocampal primary cultures were isolated
from E18 Sprague-Dawley rats (of either sex) as described previously
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(Banker and Goslin, 1998). After a 15 min incubation with 0.25% trypsin
and trituration of tissue, cells were plated onto poly-L-lysine (500 mg/
ml)-coated 13 or 25 mm coverslips at a density of 15,000 cells/cm? in
attachment media [minimal essential media (MEM); Invitrogen] supple-
mented with 10% heat-inactivated horse serum (HRS; Invitrogen), 1 mm
sodium pyruvate, 0.6% glucose). Media was replaced with maintenance
media the following day [neurobasal medium (NB; Invitrogen), B27
supplement (Invitrogen), 2 mM L-glutamine, 10 U/ml penicillin, and 100
ug/ml streptomycin (Pen-Strep), 0.6% glucose]. These cultured neurons
were used as mixed cultures due to the presence of astrocytes. Neurons
were transfected by Lipofectamine (2000) as described previously
(Pathania et al., 2014).

Preparation of primary astrocytes. Primary cortical or hippocampal as-
trocytes cultures were prepared from E18 Sprague-Dawley rats (of either
sex), as previously described (Banker and Goslin, 1998; Al Awabdh et al.,
2012). Cells were maintained in DMEM with 20% heat-inactivated fetal
bovine serum (Invitrogen) and 1% Pen-Strep (10 U/ml, 100 pg/ml). Media
was changed initially the day after plating and subsequently every 5 d until
confluency was reached (7-10 d after plating). Cells were passaged after
reaching 80-90% confluency. Astrocytes were transfected by Amaxa
Nucleofector, before coculturing with hippocampal neurons (E18 at similar
densities), following the manufacturer’s protocol using the rat astrocyte pro-
gram (T-020; Smith et al., 2014). Transfected astrocytes were maintained
with neurons for 3—4 d before live Optosplit imaging.

Organotypic hippocampal slice preparation. Organotypic hippocampal
brain slices were prepared using the Stoppini interface method as de-
scribed previously (De Simoni and Yu, 2006). Sagittal brain slices (300
um) were obtained from Sprague Dawley rats (of either sex), postnatal
day (P)5-P7, or from transgenic mouse lines (mito-dendra2), P7-P10,
using a vibratome (Leica VT1200 S) in ice-cold dissection medium
[HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffered
EBSS (Earle’s balanced salt solution)]. Slices were cultured on sterile 0.45
um Omnipore membrane filters (Millipore; Koyama et al., 2007) and
maintained for at least 7 d with culture medium [72% MEM + glutamax;
Invitrogen), 25% HRS, supplemented with 20 mm HEPES, 36 mwm glu-
cose, and 1.06% Pen-Strep (10 U/ml, 100 pg/ml) with 16% Nystatin (10,
000 U/ml)] before biolistic transfection or transduction with viral plas-
mids and imaged 3 d later. Imaging was confined to the CA1 and CA3
where possible. For mouse slices, the culture medium was supplemented
with 5 mM Tris solution. Media was changed the day after slicing and
every 3 d after that.

Antibodies and drugs

A rabbit Miro antibody (Atlas, HPA010687) was used to label Mirol and
Miro2 (1:500) in organotypic slices and in Western blots (1:1000). The ve-
sicular glutamate transporter 1 (VGLUT1) guinea pig antibody (Synaptic
Systems, 135-304) was used to label synapses (1:500 for slices and 1:1000 for
cultures). A NeuN mouse antibody (Millipore Bioscience Research Re-
agents, MAB377) was used to label neuronal cell bodies (1:500). The GFAP
rabbit antibody (DAKO, Z0334) was used to label astrocytes (1:500). A
MAP2 mouse antibody (Sigma-Aldrich, M9942) was used to label dendrites
(1:500). A rabbit Actin (Sigma-Aldrich, A2066) antibody was used at 1:1000
for Western blotting experiments. Secondary antibodies AlexaFluor 405
mouse and AlexaFluor 633 rabbit were purchased from Invitrogen and used
at 1:500. The HRP-conjugated secondary rabbit antibody was purchased
from Rockland (611-1102) and used at 1:1000.

TTX (tetrodotoxin; used at 1 um), D-APV [(2 R)-amino-5-phospho-
nopentanoate; used at 50 um], MK-801 (Dizoclipine; used at 100 um),
and MCPG (a-methyl-4-carboxyphenylglycine; used at 1 mm) were pur-
chased from Tocris Bioscience. 4-AP (4-aminopyridine; used at 100 um),
glycine (used at 1 um), glutamate (L-glutamatic acid; used at 100 um),
NBQX (2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-
dione; used at 50 um), and EGTA (used at 100 um) were purchased from
Sigma-Aldrich.

Plasmid constructs. mtdsRed2 was from Clontech (PT3633-5).
Mirol W'-ires-mtdsRed2 and Miro1 “EF-ires-mtdsRed2 constructs were
made in house by cloning Mirol constructs into a bicistronic ires vector
containing mtdsRed2. pGFAP-MyrGFP (GFAP-driven GFP) was from
Addgene (no. 22672; Nam and Benezra, 2009). pPCMV-GCaMP6s was
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also from Addgene (no. 40753; Chen et al., 2013). Presynaptically tar-
geted GCaMP5 (Sy-GCaMP5) was cloned using SyGCaMP2 (no. 26124;
Dreosti et al.,, 2009) from Addgene as a target vector and inserting
GCaMP5G from Addgene (no. 31788; Akerboom et al., 2012) via the
restriction sites Sall and NotI.

Viral constructs

Adenovirus (AV-5)-mtdsRed2-ires-EGFP. An adenovirus (AV)-encoding
mtdsred2-ires-EGFP was generated in the laboratory using Gateway Vec-
tor Technology (Invitrogen). Initially the mitochondrially targeted red
fluorescent protein, mtdsred2, an internal ribosome entry site (ires/ir)
followed by enhanced green fluorescent protein (EGFP), driven by a
CAG promoter, a polyadenylation tail (pAd) and a Woodchuck hepatitis
promoter regulatory element to enhance expression, 5’ to the stop
codon, were cloned into the pENTR4A dual expression vector. An LR
clonase reaction, catalyzed by the Clonase II enzyme (Invitrogen) al-
lowed the successful transfer of the sequence of interest into the adeno-
virus vector, pAd/PL-DEST (Invitrogen). Viral packaging, amplification
and purification were performed in the laboratory and a viral stock of
2.6 X 10" PFU ( plaque forming units) was generated.

Adeno-associated virus (AAV-2)-mtdsRed2-ires-EGFP. To generate the
adeno-associated virus (AAV) that would allow for a sparse labeling of
neurons with transgenes of interest a modified AAV backbone was cre-
ated. The AAV backbone was modified to include site-specific recombi-
nation sites flanking a chloramphenicol resistance-ccdB coding sequence
(cloned from the pAd/PL-DEST vector). Site-specific recombination
(with Clonase II enzyme) of the pENTR vector and the modified AAV
vector results in the transfer of sequence of interest into the AAV vector.
The AAV-mtdsRed2-ires-EGFP construct was subsequently sent to Penn
Vector Core (University of Pennsylvania) for manufacture.

Adenovirus (AV-5)-CRE. An adenovirus encoding CRE was purchased
from Penn Vector and used to induce CRE-loxP recombination and
consequently, expression of mito-dendra2 in slices from the mouse
transgenic line floxed-stop-mito-dendra2 (Pham et al., 2012).

Transfection

Viral transduction. Slices were infected by adding 20 ul of virus diluted in
slicing media (1:1000) for 3 d before imaging or fixing. Virus titers were
as follows: AV-CRE, 1 X 10'* PFU; AV-mtdsRed2-ires-EGFP, 2.6 X
10'® PFU; AAV-mtdsRed2-ires-EGFP, 2.4 X 10'? PFU.

Biolistic slice transfection. Organotypic slice cultures (rat P7) were bi-
olistically transfected at 7 DIV using a Helios gene gun (Bio-Rad; Woods
and Zito, 2008). This involved coating small (0.6 um) gold particles,
which preferentially transfect astrocytes in situ (Benediktsson et al.,
2005) with up to 40 ug of DNA (a maximum of 20 ug for each construct
if more than one was used). This allowed sparse transfection of astrocytes
in organotypic slices. Postimaging immunohistochemistry staining with
GFAP and MAP2 was used to confirm cell-type specificity. The triple-
expression system involved coating bullets with Mirol WT/AFF_jres-
mtdsRed2 and GFAP promoter driven GFP DNA or GCaMP6s DNA.

Treatment of organotypic hippocampal slice cultures for fixed imaging. Slices
were treated 3—4 d postinfection. Slices were transferred to a 24-well plate
containing organotypic media supplemented with the relevant drugs and
incubated for the appropriate amount of time at 37°C. The slices were
washed with organotypic media before fixing with 4% PFA [4% paraformal-
dehyde, 4% sucrose, 50% PBS (137 mm NaCl, 2.7 mm KCL, 10 mm
Na,HPO,, 2 mm KH,PO,, pH 7)]. For experiments using EBSS + Ca** the
composition was as follows: EBSS (no Ca**, Invitrogen) supplemented with
1.8 mm CaCl,, 1 mm MgCl,, and 5.56 mm D-glucose. For experiments with
0[Ca*"],, EBSS (no Ca**, Invitrogen) was supplemented with1 mm MgCl,,
5.56 mM D-glucose, and 100 um EGTA.

Live confocal imaging. Hippocampal slices or cultured astrocytes were
imaged live using an upright Zeiss LSM700 confocal microscope with a 63X
(1 NA) water objective. Slices or coverslips were transferred to a recording
chamber perfused with aCSF imaging media (125 mm NaCl, 10 mm
p-glucose, 10 mm HEPES, 5 mm KCl, 2 mm CaCl,, 1 mm MgCl,, pH 7.4) ata
rate of 5 ml/min, heated to 35-37°C. Perfusion was supplemented with drug
combinations (indicated in the legend of Fig. 2) for 5 min, slices were then
washed for 5 min. Images were acquired at 1 frame every 5 s, except for
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imaging GCaMP6s, where images were acquired every 2 s. Excitation was
achieved via diode lasers at wavelengths of 488 and 555 nm.

Live Optosplit imaging. An inverted Zeiss Axiovert 200 microscope
(63X, 1.4 NA, oil objective), attached to an Evolve (EMCCD) camera
(Photometrics), fitted with an image splitter (Optosplit II, Cairn Re-
search), allowed simultaneous acquisition of images at two separate
emission wavelengths. Images were acquired with 30 ms exposure at 1
frame every 2 s using Micro-manager software (Edelstein et al., 2010).
Excitation was achieved through a D470/40X filter (Chroma) and emis-
sion was split using a 565DCXR dichroic beam-splitter (Chroma), sub-
sequently collecting with HQ522/40M and HQ607/75M (Cairn
Research) filters for SyGCaMP5 and mtdsRed2, respectively. A Grass S9
stimulator and a stimulation bath (Warner Instruments) allowed field
stimulation (20 Hz for 20 s) of 25 mm coverslip-plated neuron-astrocyte
enriched cultures.

Immunofluorescence. For immunofluorescence, cells on coverslips and
organotypic slices were fixed with 4% PFA for 10 min. Cells were washed
with PBS and subsequently permeabilized with 0.2% Triton-100 in
blocking solution (10% HRS, 0.5% bovine serum albumin in PBS) at
room temperature for 10 min. Coverslips were incubated with primary
antibody, diluted in blocking solution, for 1 h at room temperature.
Following washing with PBS, the cells were incubated for another hour
with secondary antibodies. The coverslips were washed several times and
then mounted on microscope slides using ProLong Gold antifade reagent
(Invitrogen). Organotypic slices were blocked with blocking solution for
4-6 h before incubation with primary antibody overnight at 4°C. The
following day the slices were washed (with PBS) and blocked for a further
4-6 h before being incubated with secondary antibodies (diluted in
block solution, 0.4% Triton) overnight at 4°C. The slices were mounted
on microscope slides with Vectorshield hard-set mounting medium
(Vector Laboratories) and then covered with 18 mm coverslips. Images
of fixed cultures or slices were taken on a Zeiss LSM700 confocal using a
63X oil objective (1.4 NA).

Image processing. Mitochondrial morphology was analyzed by manu-
ally calculating mitochondria length in a maximum intensity projection
of regions of interest, using Image]. This was achieved by tracing the
longest line along each mitochondrion and establishing the output
length in micrometers.

Mitochondrial mobility was assessed by counting the number of mi-
tochondria moving as a percentage of the total number of mitochondria
(mitochondria in the soma were omitted). Mitochondria in a field of
view were manually classed as moving if they moved >2 um throughout
the movie. Oscillating mitochondria were identified as moving back and
forth no more than 2 um from their initial position. Immobile mito-
chondria were manually identified as not moving and not oscillating. For
pharmacological slice treatments the resultant percentage of moving mi-
tochondria was assessed in the 5 min period post-treatment and com-
pared with the respective 5 min period before treatment (with the
exception of TTX and 0 Ca?™ experiments, which were compared with
the average of all pretreatments).

Kymographs were created as described previously (Macaskill et al.,
2009; Muir et al., 2010; Twelvetrees et al., 2010). Processes were straight-
ened using the Straighten macro in ImageJ and kymographs created
using the Multiple Kymograph plugin (ImageJ; with a line width of 1).
Resultant kymographs show the process along the x-axis and time pro-
jected down the y-axis. Height of the kymographs is 15 min, unless oth-
erwise stated. Immobile mitochondria can be identified as straight lines,
diagonal lines represent moving mitochondria, and oscillating mito-
chondria can be seen as spatially confined zigzag lines.

The average velocities (um/s) of moving mitochondria were quanti-
fied using the Image] Manual Tracking plugin. Because mobility was
usually accompanied by brief pauses, along with changes in direction,
mitochondria that paused for >5 s or moved <2 um throughout the
movie were omitted. For pharmacological slice treatments mitochon-
drial velocity was assessed in the 5 min period post-treatment and com-
pared with each respective 5 min period immediately before treatment
(with the exception of TTX and 0 Ca** experiments, which were com-
pared with the average of all pretreatments).



Stephen et al. @ Miro1 Regulates Astrocyte Calcium Signaling

For synaptic recruitment experiments, the positioning of mitochon-
dria, labeled with mtdsRed2, along astrocytic processes were assessed in
relation to VGLUT1-labeled presynaptic vesicles (used to label synapses).
Images were manually thresholded and using the Image] plugin JACoP
(Objects based methods of colocalization; Bolte and Cordelieres, 2006),
the minimum distance from the center of mass of each mitochondrion to
the center of mass of each VGLUT1 puncta in the proximal axon was
established. From the JACoP data the number of synapses and mitochon-
dria were also calculated and normalized to the length of each process
(per wm).

Monte Carlo simulations. The spatial positioning of mitochondria in
relation to synapses was investigated using Monte Carlo simulations. The
astrocyte was considered a 30 wm straight line (x-axis) upon which a
given number of mitochondria were randomly distributed. The synapses
were also initially randomly distributed along the 30 um line. As synapse
position could also vary along an axis perpendicular to the 30 wm straight
line, synapse coordinates included a y-axis component. Mitochondrial
length and synapse length were set at 2 um and 0.4 um, respectively. The
number of mitochondria and synapses was generated from the respective
Gaussian distributions of the experimental data. Finally, the synaptic
perpendicular distance ( y-component) was determined from inverse
transform sampling of the corresponding experimental data. For each
simulation, the minimum distance to the nearest synapse was calculated
for each mitochondrion. One thousand independent simulations were
performed and the mean minimum distance over all of the simulations is
presented.

Mitochondrial fusion rate. In each experiment, an 80 X 80 um region
in the distal processes was switched with 405 nm confocal laser light (200
iterations ~0.6 mW). This switched the green mito-dendra2-labeled mi-
tochondria to red. To calculate the mitochondrial fusion rate, an auto-
mated approach was used to measure colocalization (Pearson’s R value,
JACoP, Image]) of the manually thresholded red and green mito-
dendra2 channels. This represents overlap between the switched red
mito-dendra2 signal and green mito-dendra2 signal redistributing into
the switched area against time. Results were normalized to the R value of
the preswitched signal (results are therefore Rvalue/Rvalue ,) in each
experiment. A normalized R value closer to 1 represents little change
from the switched value and little fusion. A normalized R value >1 represents a
change from the switched value and reflects an increase in fusion.

Western blotting. For Western blotting 30 ug of lysates from pure
astrocyte cultures were loaded onto 10% acrylamide gels and following
SDS-PAGE transferred to nitrocellulose membranes (GE Healthcare
Bio-Science) using the Novex system (Invitrogen). Membranes were
blocked in 4% milk in PBS supplemented with 0.1% Tween 20 (PBS-T)
for 1 h and incubated with primary antibody [Mirol rabbit Atlas anti-
body (1:1000) and Actin rabbit Sigma-Aldrich antibody (1:1000)] over-
night at 4°C. Following several washes with 4% milk in PBS-T
membranes were incubated with HRP-conjugated secondary antibodies
(Rockland) for 1 h at room temperature. Membranes were developed
using ECL-Plus reagent (GE Healthcare Bio-Science) and acquired in a
chemiluminescence imager coupled to a CCD camera (ImageQuant LAS
4000 GE Healthcare).

Statistical analysis. All data were obtained using cells from at least three
different animals/preparations. Results are presented as mean *= SEM.
Statistical analysis was performed using Student’s unpaired, two-tailed,
two-sample # test (homoscedastic variance) in Excel. One-sample ¢ tests
were performed in Mathematica. Statistical significance is indicated by
the following: *p < 0.05, **p < 0.01, ***p < 0.001. Significance was
corrected for multiple comparisons, where applicable, using either Bon-
ferroni or Dunn’s post hoc tests and n values are indicated in the figure
legends.

Results

Basal mitochondrial trafficking dynamics differ in astrocytes
compared with neurons in situ

Initially we characterized the nature of mitochondrial trafficking
in astrocytic processes compared with neuronal dendrites, under
basal conditions. Mitochondria in rat hippocampal slices were
labeled using a viral approach and imaged using live confocal
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microscopy. A serotype-5 AV was used to transduce astrocytes
with mitochondrially targeted dsRed2 (mtdsRed2) and EGFP
(Fig. 1A). Serotype 5 human adenoviruses preferentially trans-
duce astrocytes (Duale et al., 2005), due to the high levels of
coxsackievirus and adenovirus receptor expression in astrocytes,
to which the AV binds. Neurons were transduced with a
serotype-2 AAV, also encoding mtdsRed2 and EGFP (Fig. 1B).
AAVs, in particular serotype-2, preferentially transduce neurons
via their selective binding to integrin receptors more highly ex-
pressed by neurons (Bartlett et al., 1998). The majority of the
AV-transduced cells colocalized with GFAP, whereas the major-
ity of the cells transduced with the AAV colocalized with MAP2,
confirming correct viral tropism (Fig. 1 A, B). Mitochondria were
distributed throughout the processes of astrocytes, accumulating
in the soma and extending out into the most distal regions of the
cell, where they were also observed in the finer processes (with a
width of ~ 300 nm; Fig. 1A). Under basal conditions, signifi-
cantly more mitochondria were moving in neuronal processes
(53.6 = 1.3%) compared with the processes of astrocytes (31.3 =
3.2%; Fig. 1C; p = 0.0007). In astrocytic processes, a significant
percentage of mitochondria were also found to exhibit oscillating
(back and forth) movements (36.8 = 5.8%), in contrast to neu-
rons, where this type of movement was almost absent (2.5 =
0.4%; Fig. 1C; p = 0.002). The function of these oscillating move-
ments is not clear. Neuronal mitochondria moved significantly
faster (0.3 * 0.02 wm/s) than astrocytic mitochondria (0.1 =
0.01 um/s; Fig. 1D; p = 1 X 10~7). Maximum instantaneous
velocity was significantly greater in the processes of neurons
(0.7 = 0.04 wm/s) compared with astrocytes (0.4 * 0.04 wm/s;
Fig. 1E; p = 0.0001). Mitochondrial length was also seen to be
significantly greater in neurons (4.7 = 0.3 wm) than in astrocytes
(2.4 * 0.2 wm; Fig. 1F; p = 0.002). It can therefore be concluded
that, although mitochondria are mobile in the processes of astro-
cytes, their trafficking dynamics are slower than that observed in
neurons. Astrocyte mitochondria were nevertheless capable of
covering similar distances (9.8 = 1.1 um) compared with mito-
chondria in neurons (11.9 = 1.2 um; Fig. 1G; p = 0.2).

Enhancing neuronal activity alters mitochondrial trafficking
dynamics and morphology in astrocytic processes in situ

We subsequently addressed the important question of whether
neuronal activity alters mitochondrial trafficking and morphol-
ogy in astrocytic processes, using rat hippocampal slices trans-
duced with AV-mtdsRed2-ires-EGFP (Fig. 2A). An acute (5 min)
treatment of glutamate (100 um + 1 uMm glycine), to activate
glutamate receptors (Fig. 2A, A1), or 4-AP (100 uMm) to stimulate
neuronal activity significantly reduced mitochondrial mobility
(Fig. 2B; p < 0.0001and p < 0.0001) and velocity (Fig. 2C; p =
0.001 and p = 0.0003, respectively) in the processes of astrocytes.
The reduction in mitochondrial mobility and velocity induced by
glutamate and 4-AP recovered to basal levels 15 and 30 min fol-
lowing treatment, respectively, showing that these alterations are
transient (Fig. 2B,C). In addition, omitting extracellular Ca?*
from the perfusion media, along with EGTA (100 um) to chelate
any existing Ca>", blocked the reduction in mitochondrial mo-
bility and velocity induced by glutamate (Fig. 2B,C; p > 0.9 and
p = 0.3, respectively). Omitting extracellular Ca*>* also blocked
the 4-AP-induced alterations in mobility and velocity (Fig. 2B, C;
p = 0.5 and p = 0.1, respectively). This suggests that neuronal
activity induces astrocyte Ca”* elevations, which regulates astro-
cyte mitochondrial trafficking dynamics. Conversely, blocking
neuronal activity with TTX (1 um) for 30 min significantly in-
creased astrocyte mitochondrial mobility (Fig. 2B; p = 0.04) but
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*¥p <0.01, ***p < 0.001.

not velocity (Fig. 2C; p = 0.4). This reveals that mitochondrial ~ 0.0001), however, not to the same degree as with glutamate alone
trafficking is regulated by neuronal activity and confirms that  (p = 0.02), suggesting a partial involvement of mGluRs in the
blocking neuronal activity increases mitochondrial mobility in  glutamate-dependent stopping of mitochondria in astrocytic
astrocytes (Jackson et al., 2014). processes. In contrast, when the NMDAR blocker D-APV (50
We further investigated which glutamate receptors are impor- M) was added during glutamate treatment there was no significant
tant for regulating glutamate receptor-dependent mitochondrial ~ reduction in mitochondrial mobility (p = >0.9), demonstrating that
stopping in astrocytes. AMPA receptors and metabotropic gluta-  activation of NMDARs is a major pathway in the glutamate-dependent
mate receptors (mGluRs) have been shown to play an important  control of astrocyte mitochondrial mobility.
role in increasing astrocytic Ca*>* (Araque et al., 2001; D’Ascenzo Glutamate treatment also greatly reduced mitochondrial
et al., 2007; Srinivasan et al., 2015) and we investigated whether ~ length (Fig. 2D; p < 0.001), which was reversed 24 h following
these were involved in our system. In the presence of the AMPA  glutamate treatment (Fig. 2D; p = 0.9) suggesting that the
receptor blocker NBQX (50 uMm), glutamate treatment still caused ~ changes in mitochondrial morphology are not cytotoxic. The
a significant reduction in mitochondrial mobility (p < 0.0001)  effects of glutamate treatment on morphology were blocked
that was not significantly different to the reduction observed  when extracellular Ca*" was removed (Fig. 2D; p > 0.9). Mito-
upon glutamate treatment (p > 0.9). Mitochondrial mobilitywas ~ chondrial shortening was also blocked upon NMDAR blockade
also significantly reduced when glutamate was added together ~ with MK-801 (100 wwm; Fig. 2D; p > 0.9), whereas NBQX (50 uM)
with the broad-spectrum mGIuR blocker MCPG (1 mym; p < had no effect (Fig. 2D; p < 0.001). In addition, stimulating neu-
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Figure 2.  Enhancing neuronal activity alters mitochondrial trafficking dynamics and morphology in astrocytic processes in situ. A, Representative confocal image of an organotypic slice
hippocampal astrocyte AV-transduced with mtdsRed2 and EGFP. Scale bar, 5 um. A, Imaging protocol where drug treatments (unless otherwise stated) were perfused while imaging for 5 min after
a5 min period of imaging basal trafficking and imaged 5 min after treatment. Example kymograph shows mitochondrial trafficking before (pre), during and after (post) glutamate treatment (100
pumglutamate + 1 umglycine). Scale bar, 5 wm. B, Mitochondrial mobility in situ, defined as percentage moving, in the 5 min period post-treatment [excluding glutamate + 15 min and 4-AP +
30 min; control (combined pre): n = 39 cells, 36 slices; glutamate: n = 8 cells, 8 slices; glutamate + 15 min:n = 3 cells, 3 slices; NBQX (50 rum) + glutamate: n = 11 cells, 11 slices; MCPG (1 mm)
+ glutamate: n = 12 cells, 7 slices; D-APV (50 jum) + glutamate: n = 5 cells, 3 slices; 0 [Ca® "], + glutamate: n = 4 cells, 3 slices; 4AP (100 wm): n = 7 cells, 7 slices; 4-AP + 30 min: n = 3 cells,
3slices; 0 [Ca 2+]E + 4-AP:n = 4 cells, 4 slices; TTX (1 um): n = 3 cells, 3 slices). €, Velocity of moving mitochondria 5 min post-treatment (excluding glutamate + 15 min and 4-AP + 30 min;
control (combined pre): n = 38 mitochondria, 36 slices; glutamate n = 13 mitochondria, 4 lices; glutamate + 15 minn = 23 mitochondria, 3 slices; 0 [Ca*], + glutamate: n = 11 mitochondria,
4slices; 4AP: n = 11 mitochondria, 4 slices; 4-AP -+ 30 min:n = 18 mitochondria, 4lices; 0 [Ca® "], + 4-AP: n = 12 mitochondria, 4 lices; TTX: n = 16 mitochondria, 3 slices). D, Quantification
of mitochondrial length post-treatment in situ (control: n = 53 cells, 53 slices; glutamate: n = 58 cells, 58 slices; glutamate + 24 h: n = 10 cells, 10slices; 0 [(a”]e + glutamate: n = 24 cells,
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after live glutamate treatment in situ (pre:n = 3 cells, 3 slices; glutamate: n = 3 cells, 3 slices; post: n = 3 cells, 3 slices). F, Mitochondrial length post-treatment in pure cortical astrocyte cultures
with glutamate treatment and glutamate + MK-801 (100 um; control and glutamate treatment: n = 7 cells; glutamate + MK-801: n = 10 cells). *p << 0.05, **p < 0.01, ***p << 0.001.

ronal activity with 4-AP (100 um) dramatically decreased mito-  dria along the process was quantified before, during, and after
chondrial length (Fig. 2D; p < 0.001). glutamate treatment within the same cell. Glutamate treatment
To establish whether glutamate treatment-induced mito-  did not appear to alter the average number of mitochondria sug-

chondrial remodeling or fission, the total number of mitochon-  gesting mitochondrial remodeling is occurring and not fission
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A control + glutamate (Fig. 2E; p > 0.9). In astrocytes cultured in
the absence of neurons, glutamate alone
decreased mitochondrial length, an effect

WV sites of close proximity that was blocked with MK-801 (Fig. 2F;
3 5 C 08 . 06 1 % p = 0.001). This result suggests that gluta-
mate could be acting directly on astrocyte
04 1 NMDARSs to mediate Ca*>* entry result-
ing in mitochondrial remodeling in addi-

tion to areduction in mobility. Together it
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can be concluded that neuronal activity regulates mitochondrial
trafficking and morphology in astrocytic processes. We suggest
that this regulation is mediated by ionotropic glutamate receptor
activation inducing astrocyte Ca>* elevations.

Neuronal activity induces astrocyte mitochondrial positioning
near synapses

We next investigated whether mitochondria in astrocytic pro-
cesses position themselves near synapses and whether this is reg-
ulated directly by neuronal activity. Hippocampal astrocytes,
cocultured with hippocampal neurons, were AV-transduced to
label astrocyte mitochondria with mtdsRed2 and synapses were
immunolabeled with VGLUT1 (a marker of presynaptic termi-
nals; Fig. 3A). Under control conditions, the distance between the
mitochondria and their nearest synapse was similar to a 2D
Monte Carlo simulation of randomized distribution (Fig. 3B),
using the same imaging parameters. Following glutamate treat-
ment (5 min, 100 uM + 1 uM glycine), a significant decrease was
seen in the distance between the center of each astrocyte mito-
chondrion and its nearest VGLUT1 puncta (synapse) compared
with untreated controls (Fig. 3B; p = 0.04). Importantly, there
was no change in synapse number (per um; Fig. 3C; p = 0.2).
Together, this reveals that glutamate triggers mitochondrial re-
tention near synapses in culture.

Applying electrical field stimulation (a more physiological
form of neuronal stimulation) also altered mitochondrial traf-
ficking dynamics in astrocytic processes. Hippocampal neurons
were transfected with synaptically targeted GCaMP5 (Sy-
GCaMP5) to label active synapses and cocultured with astrocytes
pre-transfected with mtdsRed2 (Fig. 3D). This again, allowed
separation of the astrocyte mtdsRed?2 signal and the neuronal
Sy-GCaMP5 signal to observe the effects of stimulating neuronal
activity on astrocyte mitochondrial dynamics. Upon field stimu-
lation (20 Hz for 20 s), a fourfold increase was observed in Sy-
GCaMP5 signal, showing that field stimulation drives increased
neuronal and synaptic activity (Fig. 3E). Stimulation decreased
the mobility (percentage moving; Fig. 3F; p = 0.01, p = 0.0001 at
20and 30 s, respectively) and velocity (Fig. 3G; p = 0.004,p =2 X
10 ¢ at 20 and 30 s, respectively) of moving mitochondria in
astrocytes compared with pre-stimulated controls. The decrease
in mobility and velocity recovered within 5 min following stim-
ulation, showing that these alterations are transient (Fig. 3F, G).
Alongside this, mitochondria repositioned themselves near acti-
vated synapses. The example mitochondrion is recruited to it’s
nearest activated synapse within 20 s following electrical stimu-
lation (20 Hz 20 s), where it remains for ~30 s before moving
away (Fig. 3H ). When analyzing the average of many mitochon-
dria, the decrease in the distance between astrocyte mitochondria
and their corresponding nearest activated synapse occurred
within the first 30 s following electrical stimulation (20 Hz 20 s;
Fig. 3L; p = 0.003, 0.007, 0.009, 0.005 and 0.008, at 30's,40's, 50 s,
60 and 70 s, respectively). Mitochondria remain confined within
close proximity to their nearest activated synapse for ~50 s and
then begin to move away ~80 s following stimulation (Fig. 3I).
Similar to astrocytes in culture, mitochondria in situ also became
confined near synapses when neuronal activity was stimulated
with 4-AP (5 min, 100 um). In slices, astrocytes were AV-
transduced to label mitochondria with mtdsRed2 and synapses
were immunolabeled with VGLUT1 (Fig. 3]). 4-AP treatment led
to a significant reduction in the distance of mitochondria to their
nearest synapse (Fig. 3K; p = 0.02), without causing a significant
change in mitochondria or synapse number (per um; Fig. 3L; p =
0.7, p = 0.7). These data indicate that, in addition to a decrease
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in mitochondrial trafficking dynamics, stimulating neuronal
activity induces astrocyte mitochondrial confinement near
synapses in dissociated culture and in situ.

Glutamate decreases the rate of mitochondrial fusion in astrocytic
processes 1n situ

To further investigate mitochondrial dynamics in astrocytes a
fusion assay was set up in organotypic slices using time-lapse
confocal microscopy and the photo-switchable fluorescent pro-
tein, Dendra2 (Gurskaya et al., 2006), targeted to the mitochon-
drial matrix (mito-dendra2). Dendra2 fluoresces green and
switches to red when photo-activated with 405 nm (UV) light.
The photoconversion is irreversible, nontoxic, and stable making
mito-dendra2 ideal for observing fusion of labeled mitochondria
when a small subset is photoconverted (Magranéet al., 2012;
Pham et al., 2012). A transgenic mouse line expressing a loxP-
flanked termination signal upstream of the mito-dendra2 (loxP-
stop-loxP-mito-dendra2) only allows mito-dendra2 expression
when CRE is present (Pham et al., 2012). This allowed specific
mito-dendra2 expression in astrocytes with infection of an AV
encoding CRE (AV-CRE; Fig. 4A). Specific expression in astro-
cytes was confirmed by the colocalization of the mito-dendra2
signal with GFAP and not NeuN (Fig. 4B). Upon photoconver-
sion of a small subset of mito-dendra2 labeled mitochondria,
fusion events between the red and the green mitochondria result
in the transfer of fluorescence, which indicates mitochondrial
matrix exchange (seen as a mixing of red and green-forming
orange mitochondria; Fig. 4C; Magranéet al., 2012; Pham et al.,
2012). In this system, mitochondrial fusion remained unchanged
with glutamate treatment (100 uM + 1 uM glycine; Fig. 4C; com-
pared with pre-switch, p = >0.9, 0.1, >0.9,0.9,and >0.9, at 2, 4,
6, 8, and 10 min, respectively), where the fusion rate significantly
increased in untreated controls (Fig. 4D; compared with pre-
switch, p = 0.02, 0.009, 0.02, 0.004, and 0.001, at 2, 4, 6, 8, and 10
min, respectively). This suggests that glutamate alters mitochon-
drial morphology in astrocyte processes in situ, which may in part
be due to a reduction in the fusion rate as a consequence of a
reduction in mitochondrial mobility.

The Ca”* -sensing EF-hands of Mirol are essential for regulating
mitochondrial trafficking and morphology in astrocytes in primary
culture

Previously, we have shown that Miro1 plays an important role in
regulating mitochondrial trafficking in neurons (Macaskill et al.,
2009). This led us to investigate the potential role of Mirol in
regulating activity-dependent mitochondrial trafficking in astro-
cytes. First, we observed that rodent astrocytes express both iso-
forms of Miro (Mirol and Miro2; Fig. 5A). Immunolabeling
Mirol and Miro2 along with AV-mtdsRed2-ires-EGFP transduc-
tion, in situ, revealed that Mirol and Miro2 are localized to mi-
tochondria in astrocytes (Fig. 5B).

To observe the role of Mirol in regulating mitochondrial
trafficking dynamics in astrocytes, astrocyte-neuron cocul-
tures were transfected with either wild-type Mirol (Miro1 ")
or EF-hand mutant Mirol (Mirol**"), which can no longer
bind Ca** (Fig. 5C). We used vectors bicistronically express-
ing either Mirol " or Mirol“** along with mtdsRed2 and
cotransfected GFAP promoter driven GFP (GFAP-driven
GFP), to identify astrocytes (Fig. 5D, E). As a further control,
astrocytes were transfected with mtdsRed2 alone (not overex-
pressing Mirol) and GFAP driven-GFP. Interestingly, both
Mirol W' and Miro14FF overexpression (OE) increased basal
mitochondrial mobility (Fig. 5F; p = 0.02 and p = 0.01, re-
spectively) and velocity (Fig. 5G; p = 0.001 and p = 0.01,
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Glutamate decreases the fusion rate of mitochondria in astrocytic processes in situ. A, Schematic representation of CRE-driven mito-dendra2 expression in hippocampal slices. A mouse

line expressing floxed-stop-mito-dendra2 infected with an AV-CRE allows astrocyte-specific expression. B, Expression is shown to be astrocyte-specific as mito-dendra-2 colocalizes with GFAP
(shown in merge). Scale bar, 20 wm. €, Representative image of mito-dendra2 expression with 18 wum ? region of activation, before and 4 — 40 min after 200 iterations of 20% 405 nm laser light
(~0.6 mW). ROI shows example fusion dynamics under basal conditions in a distal astrocytic process. Scale bar, 20 m; ROI, 5 wm. D, Quantification of the rate of fusion under basal conditions
(control) and in the presence of glutamate (100 wm + 1 wm glycine). Single focal-plane Pearson’s R values (au) represent colocalization of green and red mito-dendra2 signal before and after
switching with 405 nm laser light and subsequently imaged every 2 min (this is defined as the fusion rate, ie, change in R value over a 10 min period; control: n = 5 cells, 5 slices; glutamate: n =

5 cells, 5 slices). *p << 0.05.

respectively; pre-glutamate). This suggests that Mirol regu-
lates mitochondrial trafficking under basal conditions and
that the EF-hands of Mirol are not necessary for binding of
mitochondria to motor proteins. It is likely that Mirol
(Mirol ™" or Mirol** OE) increases the binding of mito-
chondria to motor proteins, increasing basal mitochondrial
mobility and velocity.

Following glutamate treatment (100 uM + 1 um glycine, 5
min), compared with control conditions (mtdsRed2), mito-
chondrial mobility (Fig. 5F; p = 0.4) and velocity (Fig. 5G; p =
0.9) were unchanged with Mirol1 ™" OE. Interestingly, how-
ever, post-glutamate treatment, compared with either control
conditions or cells expressing Mirol W7, mitochondrial mo-
bility (Fig. 5F; p = 0.001 and p = 0.0003, respectively) and
velocity (Fig. 5G; p = 0.0008 and p = 002, respectively) were
significantly increased with Mirol AEF OR i.e., Mirol AEF OR
impairs glutamate-induced halting of astrocyte mitochondria,

where mobility and velocity were similar to pretreatment con-
ditions. This reveals a previously unrecognized role for Mirol
in astrocytes, whereby its Ca*" -sensing abilities are important
for regulating mitochondrial trafficking and inducing mito-
chondrial stopping in response to glutamate treatment.
Furthermore, the role of the EF-hands of Mirol in regulat-
ing astrocyte mitochondrial morphology was also investi-
gated. Interestingly, with Mirol**™ OE mitochondria were
more elongated compared with Mirol " OE but not signifi-
cantly different from control (mtsdRed2) conditions (Fig. 5H;
p = 0.01). Following glutamate treatment, mitochondrial
length was significantly reduced in control conditions and
with Mirol ™" OE compared with pretreatment conditions
and compared with Miro1 " OE (Fig. 5H; p = 0.0007 and p =
0.01). This suggests that the EF-hands of Mirol are also im-
portant for regulating mitochondrial morphology in astro-
cytes. It could be that through mutating the EF-hands Miro1’s
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Figure 5. The Ca®*-sensing EF-hands of Miro1 are essential for regulating mitochondrial trafficking and morphology in astrocytes in primary culture. A, Western blot analysis of
endogenous Miro expression in cultured hippocampal mouse (E16) and rat (P1) astrocytes. B, Astrocytes, in situ, express Miro1, which localizes to mitochondria (hippocampal slice
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cannot bind Ca2 ™. D, Example images of Miro1"-ires-mtdsRed2 cotransfected with GFAP-driven GFP in a mixed culture. Scale bar, 15 wm. Inset, A representative kymograph of
mitochondrial trafficking with glutamate treatment (100 um + 1 um glycine, 5 min) with Miro1"-ires-mtdsRed2 overexpression (OF). Scale bar, 5 wm. E, Example images of
Miro1F-ires-mtdsRed2 cotransfected with GFAP-driven GFP in a mixed culture. Scale bar, 15 wm. Inset, A representative kymograph of mitochondrial trafficking with glutamate
treatment (100 um + 1 wn glycine, 5 min) with Miro1 “E-ires-mtdsRed2 OF. Scale bar, 5 wm. F, Mitochondrial mobility pre-glutamate treatment (left) and post-glutamate treatment
(right). Control conditions express mtdsRed2 and GFAP-driven GFP [control (pre- and post-glutamate): n = 3 cells; Miro1 "™ (pre- and post-glutamate): n = 3 cells; Miro1 “F (pre- and
post-glutamate): n = 4 cells]. G, Mitochondrial velocity pre-glutamate treatment (left) and post-glutamate treatment (right; control pre: n = 10 mitochondria, 3 cells; Miro1 " pre:n =
12 mitochondria, 3 cells; Miro1E pre: n = 11 mitochondria, 4 cells; control post: n = 9 mitochondria, 3 cells; Miro1 " post: n = 10 mitochondria, 3 cells; Miro1“E post: n = 13
mitochondria, 4 cells). H, Mitochondrial length (morphology) pre-glutamate treatment (left) and post-glutamate treatment (right; control pre and post: n = 3 cells; Miro1"" pre and
post: n = 3 cells; Miro1 ¥ pre and post: n = 3 cells). *p << 0.05, **p < 0.01, ***p < 0.001.
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interactions with pro-fission proteins,

A Triple-expression system in organotypic slices such as Drp1, are impaired (Saotome et
Helium 211., 2008)
Sparse astrocytes express:
l' GFAP-driven GFP Mutant Mirol (Mirol *FF) expression in
Gene gun & situ disrupts the ability of mitochondria to
barrel l Miro1"-ir-mtdsRed2 respond to neuronal activity and alters
‘ ) or activity-driven astrocyte mitochondrial
g iEgL= Sr-msRed? positioning near synapses

= DNA-coated

g i To further investigate the role of Mirol in
~.7-  gold particles

astrocytes in situ, we biolistically trans-

@ After 2 days / fected organotypic slices with either
- A~ Mirol W7 or Miro14FF, bicistronically ex-

P7 rat hippocampus a ' pressing mtdsRed2, along with cotrans-

fection of GFAP driven-GFP (Fig. 6 A, B).

B I GFAP-driven GEP l | MirolWT—ir-mtdsRedzl I merge | Stimulating neuronal activity with 4-AP

resulted in a significant reduction in mi-
tochondrial mobility (Fig. 6C; p = 0.03),
velocity (Fig. 6D; p = 9 X 107°), and
length (Fig. 6E; p = 0.0003) in astrocytes,
with Miro1WT OE, which was not ob-
served with Miro1 " OE (Fig. 6C-E; p =
0.8, p = 0.9, and p = 0.6, respectively).
Subsequently, synapses were immunola-
beled with VGLUT1 alongside astrocytes
transfected with Mirol ™" or Mirol*F*
bicistronically expressing mtdsRed?2 to la-
bel mitochondria (Fig. 6F). The distance

Miro1%-ir-mtdsRed2
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triple-transfection system used to label astrocytes in slices.
DNA of either Miro1"T-ires-mtdsRed2 or Miro1“-ires-
mtdsRed2 was mixed with GFAP-driven GFP DNA and this mix

C w  40- D 0.2 E - 35 was used to coat gqld bullgts. The standard biolistic transfec-
£ — T 3 | tion protocol for slices using a gene gun was subsequently
g E 0.18 * _@ 25 | followed. In this way sparse astrocytes express GFAP-driven
o . 2 55 4 T - 2 % GFP and either Miro1"" or Miro1 % -ires-mtdsRed2. B,
'§ X 20 Z -§ g 15 * Example confocal images of hippocampal slices biolistically
o g 008 s " transfected with GFAP-driven GFP and either Miro1"" or
3 L 004 S Miro1 2 ires-mtdsRed2 imaged 2-3 d post-shooting (slices
S § ) were shot at 7 DIV). Scale bars, 15 um. €, Mitochondria mov-
0 - ) 0

ing before (control) and after 4-AP treatment (100 i, 5 min)
with Miro1"" and Miro1 25 overexpression (OF) [Miro1""
(control and 4-AP): n = 3 cells, 3 slices; Miro1 “F" (control and
4-AP): n = 3 cells, 3 slices]. D, Velocity of moving mitochon-
dria before and after 4-AP treatment with Miro1"" or
Miro1 2 OF (Miro1 "™ control: n = 11 mitochondria, 3 slices;
Miro1"" + 4-AP: n = 10 mitochondria, 3 slices; Miro14E"
control and Miro1 2 + 4-AP: n = 10 mitochondria, 3 slices).
E, Mitochondrial length (morphology) pre-4-AP treatment

v sites of close proximity and post-4-AP treatment with Miro1"" or Miro14E OF
G 4. H 08 09 . (Miro1 T control and Miro1 ™" + 4-AP: n = 3 cells, 3 slices;
1 . e Miro1 2 control and Miro1 25 + 4-AP:n = 3 cells, 3 slices).
§ — 3 g_ 06 2 F, Representative images of mitochondrial distribution in rela-
c g > £ 06 tion to VGLUT1-labeled synapses with Miro1"" and Miro1 " OE
g T 2 = 04 S before and following 4-AP treatment (5 min, 100 1um). Scale bars,
‘*Z § * LS = 5 um. G, Distance between mitochondria and their nearest
e s S 0.2 5 0.3 VGLUT1-labeled synapse under basal conditions and with 4-AP
g £ o treatment (Miro1"" control: n = 7 ROs, 3 slices; Miro1"" +
a o B o 8 . > o LB . 4—AP:nA = 6.ROIs, 3 slices; Miro1 “¥F control: n = 7 ROls, 3 slices;
&,\ob‘\;& &‘0\&&? 64\0&’?? (\éob(@ ééow\;l &@va M{ro1 +4-AP:n= 7 ROIs, 3 slices). H, Number of mlt(')(ho\z}

EX ng o S <<(,° & S <<<,° o driaand VGLUT1 puncta in analyzed ROIs (per rum) with Miro1
NN AN NN NSRS orMiro1 € OF (Miro1 T control:n = 7ROIs, 3 slices; Miro1 V" +

4-AP:n = 6.ROIs, 3 slices; Miro1 “ control: n = 7 ROIs, 3 slices;
Figure6.  Mutant Miro1 (Miro1 ) expression, in situ, disrupts the ability of mitochondria to respond to neuronal activityand ~ Miro1 2% -+ 4-AP:n = 7ROls, 3 slices). *p << 0.05, **p < 0.01,
alters activity-driven astrocyte mitochondrial positioning near synapses. A, Schematic representation of the biolistic ~ ***p <<0.001.
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Figure 7.  Mutant Miro1 (Miro1 “EF) expression in slices disrupts intracellular astrocyte Ca™

-signaling. A, Representative live confocal images of biolistically transfected hippocampal slices.

Slices were shot 7 d after slicing with either mtdsRed2 (control) Miro1 2 -ires-mtdsRed2 or Miro1 "'-ires-mtdsRed2 along with GCaMP6s and imaged 2—3 d later. B, GCaMP6s colocalizes more often

with GFAP than MAP2. Bullets transfected astrocytes more readily than neurons; this can be seen also by identifying their unique Ca2™* dynamics (propagating Ca>*
€, Basal kymograph examples of mitochondrial trafficking in relation to intracellular Ca2™. Above example shows mitochondrial movement when intracellular Ca®™
blue-black; dim GCaMP6s). Immobile mitochondria frequently colocalize with areas of high intracellular Ca®*

waves: n = 51 cells, 3 slices).
is low (pseudo-colored
(red-orange). High Ca®™ is reflected as a (Figure legend continues.)



16008 - J. Neurosci., December 2, 2015 - 35(48):15996 16011

of mitochondria in relation to their nearest synapse decreased
with Miro1 V" OE following 4-AP treatment (5 min, 100 um; Fig.
6G; p = 0.02) but not in slices with mutant Miro1 *** OE, where
before treatment, the distribution was similar to untreated con-
trol conditions (Fig. 6G; p = 0.8). Importantly, no significant
change was seen in synapse or mitochondrial number (per pwm;
Fig. 6H; p = 0.5and p = 0.8, p = 0.1, and p = 0.8, respectively).
Therefore, it appears that Mirol is important for regulating
activity-driven mitochondrial stopping and their concomitant
retention in astrocytic processes near synapses.

Mutant Mirol (Mirol **F) expression in slices disrupts
intracellular astrocyte Ca®" -signaling

Finally, we asked whether the Ca*"-sensing EF-hands of Mirol
are important for intracellular astrocyte Ca** regulation. To ad-
dress this, we biolistically transfected astrocytes in rat hippocam-
pal organotypic slices with either Mirol™" or Mirol“FF
(bicistronically expressing mtdsRed2) or mtdsRed2 alone (con-
trol) in addition to GCaMP6s (Fig. 7A). Specific transfection of
astrocytes was confirmed by significant colocalization of the
GCaMPés signal with GFAP (Fig. 7B).

Using kymographs to overlay mitochondria and the corre-
sponding Ca®" signal, stationary mitochondria corresponded
with regions of high intracellular Ca** (red-orange pseudo-
colored GCaMP6s), whereas mitochondrial movement occurred
in regions of low Ca** (Fig. 7C, blue-black). Mitochondrial ve-
locity was elevated in these regions of low Ca** (0.42 = 0.05
um/s; defined as F/F; < 5) and decreased significantly in regions
of high Ca** (0.01 * 0.01 wm/s; F/F, > 5; Fig. 7D; p = 0.0002).
This further supports the idea that mitochondria stop at regions
of elevated intracellular Ca**. This halting of mitochondria at
Ca*" hot spots was disrupted with mutant Mirol*** OE (Fig.
7D; p = 0.8) but not with Miro1™" OE (Fig. 7D; p = 0.002),
further supporting a role for intracellular Ca®" regulating astro-
cyte mitochondrial trafficking via the EF-hand domains of Miro1
(Figs. 5, 6).

Interestingly, both the frequency and amplitude of basal Ca**
transients was increased with Mirol ** OE in the processes of
astrocytes compared with control conditions (mtdsRed2) and
Mirol ™" OE (Fig. 7Ei; amplitude, p = 5 X 10 ®and p = 2 X
10 >, respectively; frequency, p = 0.001 and p = 4 X 107>,
respectively). In addition, we observed significant increases in
Ca’" transients in the processes of astrocytes when stimulating
neuronal activity with 4-AP (5 min, 200 um) and with ATP (2
min, 100 um; Fig. 7F). This rise in Ca** was even higher with

<«

(Figure legend continued.) ~ change from dim to brighter GCaMP6s (as apposed to a persis-
tently high signal). D, Mitochondrial velocity in areas of low (light green) versus high (dark
green) Ca® ™. Inset, F/F, values reflecting regions of low (light green) and high Ca®* (dark
green; control: low n = 4 cells, 3 slices; control high: n = 5 cells, 3 slices; Miro1"" low: n = 6
mitochondria, 4 slices; Miro1"" high: n = 5 mitochondria, 4 slices; Miro1 2% low: n = 5
mitochondria, 4 slices; Miro1 2 high: n = 5 mitochondria, 4 slices). Again, @%" was only
considered high if the GCaMP6s signal changed from dim to a brighter signal. E, Basal process
Ca®™* transients in controls (mtdsRed2; gray), with Miro1 "™ or Miro1 “EF overexpression (OE),
F/F, normalized to the first 5 frames (10 ). £i, Quantification of basal Ca 2 transients; ampli-
tude (F/F,, normalized to the first 5 frames; 10 s) and frequency (process events/min; control:
n=27R0ls, 7slices; Miro1 "T:n = 14 ROls, 4slices; Miro1 “EF:n = 27 ROls, 7 slices). F, Process
responses to 4-AP (5 min, 200 ) or ATP (2 min, 100 wum) treatment, F/F, normalized to the
first 10 frames (20 ). Fi, Quantification of amplitude (F/F,, normalized to the first 10 frames;
20 s), frequency (process events/min) and response duration with 4AP and ATP treatment
(control -+ 4-AP: n = 9 ROIs, 5 slices; Miro1"" + 4-AP: n = 11 ROls, 5 slices; Miro12F +
4-AP:n = 10ROIs, 4slices; control + ATP:n = 10ROIs, 9 slices; Miro1 " + ATP: n = 8 ROIs,
4slices; Miro1 2" -+ ATP: n = 9 ROIs, 7 slices). *p << 0.05, **p < 0.01, ***p < 0.001.
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Mirol** OE compared with control conditions (mtdsRed2)
and Mirol™" OE. Compared with control conditions (mtd-
sRed2) and Miro1 ™", OF of Miro1 *** significantly increased the
response amplitude (Fig. 7Fi; p = 0.002 and p = 0.001, respec-
tively), frequency (Fig. 7Fi; p = 0.003 and p = 0.002, respectively)
and duration to 4-AP (Figure Fi; p = 0.001 and p = 1 X 10>,
respectively). Compared with control conditions (mtdsRed2)
and Mirol V", Miro1 *¥ also significantly increased the response
amplitude (Fig. 7Fi; p = 0.02 and p = 0.02, respectively), fre-
quency (Fig. 7Fi; p = 0.02 and p = 0.01, respectively) and dura-
tion (Fig. 7Fi; p = 0.01 and p = 0.02, respectively) of Ca" rise
within the astrocytes in response to ATP or neuronal stimulation.
These results reveal that the spatial regulation of mitochondria by
Mirol is important for intracellular Ca** signaling in astrocytes,
which could have important consequences for their function,
particularly in relation to gliotransmission.

Discussion

In this study, we have investigated the mechanisms that underlie
activity-dependent trafficking and positioning of mitochondria
in astrocytes. We show that astrocytes can sense neuronal activity
and respond by raising their intracellular Ca**, which alters their
mitochondrial trafficking dynamics and positioning, dependent
on the Ca’* sensing EF-hand domains of Mirol. We show that
this spatial regulation of astrocyte mitochondria by Mirol is im-
portant for astrocyte intracellular Ca** regulation, which could
have important consequences for Ca>* wave propagation and
gliotransmission.

We investigated how mitochondrial dynamics in situ may dif-
fer in astrocytes compared with neurons. The number of mobile
mitochondria is decreased in astrocytes, as well as the speed at
which they are capable of moving, supporting previous observa-
tions (Jackson et al., 2014). However, we find that astrocyte mi-
tochondria are still capable of covering the same distances as
neuronal mitochondria. These differences in trafficking dynam-
ics could be due to differences in the trafficking machinery used
by astrocytes (Fiacco and McCarthy, 2004).

Synaptic activity can evoke feedback Ca** transients in astro-
cytes, which may alter their ability to release gliotransmitters
(Perea and Araque, 2005; Serrano et al., 2006; Di Castro et al.,
2011; Navarrete et al., 2013). Here we show that enhancing neu-
ronal activity alters astrocyte mitochondrial trafficking dynamics
and morphology. Mitochondria became shorter with a concom-
itant, transient reduction in movement when synaptic activity
was stimulated. The activity-dependent reduction in mitochon-
drial size may facilitate mitochondrial stopping close to synapses
within thinner astrocytic processes (Derouiche et al., 2015). Al-
terations in mitochondrial morphology can be accompanied by
marked increases in reactive oxygen species and autophagy (Mo-
tori et al., 2013). However, in this study, recovery was seen after
24 h, showing that these changes in morphology are reversible.

The response of mitochondrial trafficking to glutamate perfu-
sion in our study involved activation of NMDARs and mGluRs
but not AMPARs. A role for direct activation of astrocyte
NMDARs in our work is mainly supported by experiments in
pure astrocyte cultures where no neurons are present and which
demonstrate that glutamate-dependent mitochondrial remodel-
ing is blocked by NMDAR blockade. Indeed, expression of
NMDARs has been described in rodent and human cultured as-
trocytes (Lee et al., 2010; Jimenez-Blasco et al., 2015). It should be
noted, however, that it is hard to separate the inhibition of neu-
ronal NMDARs and astrocytic NMDARs in our brain slice exper-
iments where a primary effect of NMDAR activation will be to
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drive neuronal activation. Several studies have provided evidence
for functional NMDARs in some spinal cord and cortical astro-
cytes, which is also supported by expression profiling studies of
murine cortical astrocytes where the expression of selective
NMDAR subunits was found (particularly NR2C; Verkhratsky
and Kirchhoff, 2007; Cahoy et al., 2008; Palygin et al., 2011;
Zhang et al., 2014). In contrast, there is little evidence for
NMDAR responses in adult hippocampal astrocytes. However
some studies have indicated that there may be an age-dependent
expression of functional astrocyte NMDARs in juvenile rat hip-
pocampal slices (Porter and McCarthy, 1995; Latour et al., 2001;
Verkhratsky and Kirchhoff, 2007), an age similar to that of our
organotypic slices and in hippocampal astrocytes in pathology
(Krebs et al., 2003). Thus, NMDAR activation may provide a
mechanism for the regulation of mitochondrial trafficking in
hippocampal astrocytes during development and disease as well
as in some cortical astrocytes in the adult. We also identified a
partial role for mGluRs in our study, suggesting that Ca>* release
from internal stores could also act as a stop cue for mitochondrial
trafficking in astrocytes. Thus, additional possible mechanisms
for astrocyte Ca’" rises downstream of neuronal activation may
be the more prominent mechanisms for regulating astrocyte mi-
tochondrial trafficking in the mature rodent hippocampus, in-
cluding activation of mGluRs or Trp channels (Shigetomi et al.,
2013; Verkhratsky et al., 2014) or activation of the reverse mode
of the Na*/Ca** exchanger, which removes Na™ that enters
with glutamate uptake via glutamate transporters in exchange for
Ca®" (Goldman et al., 1994; Jackson et al., 2014).

Previously, it has been described that mitochondria localize
within astrocytic processes in close proximity to glutamate trans-
porters in an activity-dependent manner (Chaudhry et al., 1995;
Genda et al., 2011; Jackson et al., 2014). However, it has not been
investigated whether stimulating neuronal activity results in the
retention of astrocyte mitochondria near synapses. Here we show
that upon activation of glutamate receptors or pharmacological
or electrical stimulation of neuronal activity, mitochondria in
astrocytic processes position themselves near synapses within a
fairly fast timescale (within 30 s), where they were retained for
tens of seconds, which is comparable to the timescale of activity-
dependent mitochondrial stopping and retention in neurons
(Macaskill et al., 2009). Local recruitment of mitochondria may
be required to ensure localized ATP production, in astrocytes, for
glutamate metabolism and also to buffer the downstream entry of
Ca*" occurring in response to glutamate uptake (Goldman et al.,
1994) in addition to the regulation of Ca** wave propagation
and gliotransmission.

This study reveals several interesting features of the mecha-
nisms that control mitochondrial trafficking and positioning
along astrocytic processes involving Mirol. First, we provide new
evidence of Mirol expression in rodent astrocytes and reveal that
it is localized on mitochondria. Second, the Ca®"-binding EF-
hands of Miro1 are not required for mitochondrial trafficking by
motor proteins and basal mitochondrial trafficking, but our data
does suggest that Miro1 regulates basal mitochondrial trafficking
in astrocytes. It could be that increasing Mirol (Mirol™" or
Mirol “¥F) increases the number of mitochondria coupled to
motor proteins, allowing them to move more with increased
speed. Third, the EF-hands of Mirol are essential for allowing
mitochondrial stopping and remodeling in response to elevations
in intracellular Ca®". This reveals that the EF-hands of Miro1 are
important for regulating activity-driven mitochondrial stopping
alongside changes in mitochondrial morphology in astrocytes.
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Mirol EF hand-dependent mitochondrial stopping appears
to be important for the activity-driven retention of mitochondria
in astrocyte processes close to synapses. This suggests that Ca**
binding the EF-hands of Mirol is important for inducing mito-
chondrial stopping at predicted Ca®" hot spots. Finally,
Mirol 2% OE, in situ, alters the ability of astrocytes to regulate
their intracellular Ca*" levels. Mirol**" OE increased the fre-
quency and amplitude of basal Ca*™ transients and increased the
response to 4-AP and ATP. Here, we propose that astrocytes may
be more vulnerable to Ca*" overload when the Ca®"-sensing
abilities of Mirol are disrupted. It would be interesting to test
whether Mirol OE alters mitochondrial membrane potential and
consequently their ability to buffer Ca*>*. Disrupted intracellular
Ca’* regulation in astrocytes could have important conse-
quences for their propagation of Ca*" waves and suggests that
the spatial regulation of mitochondria by Miro1 plays an impor-
tant role in regulating astrocyte signaling. Because the regulation
of intracellular Ca®" also has the potential to impact on glio-
transmission, our study reveals another potential route for bidi-
rectional communication between astrocytes and neurons. This
could be linked to instances of pathology, as disrupted astrocyte
Ca** dynamics due to altered mitochondrial function may im-
pair neuronal function (Katayama et al., 1995; Danbolt, 2001;
Shin et al., 2005; Voloboueva et al., 2007; Li et al., 2008; Bradford
et al., 2009; Oliveira and Goncalves, 2009). Interestingly, basal
Ca’" transients are elevated in astrocytes in mice expressing mu-
tant human A precursor protein (Kuchibhotla et al., 2009).

In summary, we demonstrate that Miro1 regulates trafficking
of mitochondria in the processes of astrocytes, as well as retention
of mitochondria at sites that require energy production and
Ca*"-buffering such as the tripartite synapse. Further work is
required to confirm the exact interactions that mediate mito-
chondrial binding to their transport network in astrocytes, which
could be actin or microtubule-dependent (Jackson et al., 2014).
Miro has also recently been shown to be involved in the cascade
that regulates mitophagy (Wang et al., 2011; Birsa et al., 2014;
Tsai et al., 2014) and consequently, the regulation of mitophagy
in astrocytes is an important mechanism that remains to be ad-
dressed (Stephen et al., 2014). Miro has also been implicated in
disease (Iijima-Ando et al., 2012; Liu et al., 2012). Therefore,
along with the data shown in this current study, this alludes to the
possibility that astrocyte mitochondrial regulation by Miro is im-
portant, not only for astrocyte function, but also for neuronal
signaling in the context of pathology.
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