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A B S T R A C T

The elevated energy demands in the brain are fulfilled mainly by glucose catabolism. In highly polarized neu-
rons, about 10–50% of mitochondria are transported along microtubules using mitochondrial-born ATP to lo-
cations with high energy requirements. In this report, we have investigated the impact of Aralar deficiency on
mitochondrial transport in cultured cortical neurons. Aralar/slc25a12/AGC1 is the neuronal isoform of the
aspartate-glutamate mitochondrial carrier, a component of the malate-aspartate shuttle (MAS) which plays an
important role in redox balance, which is essential to maintain glycolytic pyruvate supply to neuronal mi-
tochondria. Using live imaging microscopy we observed that the lack of Aralar does not affect the number of
moving mitochondria nor the Ca2+-induced stop, the only difference being a 10% increase in mitochondrial
velocity in Aralar deficient neurons. Therefore, we evaluated the possible fuels used in each case by studying the
relative contribution of oxidative phosphorylation and glycolysis to mitochondrial movement using specific
inhibitors. We found that the ATP synthase inhibitor oligomycin caused a smaller inhibition of mitochondrial
movement in Aralar-KO than control neurons, whereas the glycolysis inhibitor iodoacetate had similar effects in
neurons from both genotypes. In line with these findings, the decrease in cytosolic ATP/ADP ratio caused by
oligomycin was more pronounced in control than in Aralar-KO neurons, but no differences were observed with
iodoacetate. Oligomycin effect was reverted by aralar re-expression in knock out cultures. As mitochondrial
movement is not reduced in Aralar-KO neurons, these results suggest that these neurons may use an additional
pathway for mitochondria movement and ATP/ADP ratio maintenance.

1. Introduction

Brain energy demand accounts for about 25% of body's resting
glucose consumption, even if it represents only 2% of body weight
(Belanger et al., 2011). Most of this energy fuels firing of action po-
tentials and synaptic transmission, and it is provided mainly by glyco-
lysis followed by pyruvate oxidation in mitochondria (Zsurka and Kunz,
2015). This represents a problem for the neurons, which are highly
polarized cells with compartmentalized domains of high energetic de-
mand over long distances, like Ranvier nodes and synaptic terminals.
Because diffusion ratios of ADP and ATP are not high enough to comply

with the high demand (de Graaf et al., 2000; Wallimann et al., 1992),
the phosphocreatine/creatine kinase shuttle acts as a spatio-temporal
buffer that provides energy to spots devoid of mitochondria (Fukumitsu
et al., 2015). Alternatively, mitochondria may move to locations far
from the cell body to provide ATP locally.

Most mitochondria remain stationary at areas with high energy
demanding tasks, such as ion pumping or protein synthesis. However,
10–50% mitochondria are connected via adaptors like Miro1 to motor
proteins of the kinesin or dynein families and are transported ante-
rogradely (outside soma) or retrogradely (towards soma). How mi-
tochondria are sorted between anterograde, retrograde or static pools is
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still unresolved (Barnhart, 2016; Misgeld and Schwarz, 2017). Mi-
tochondrial movement is carefully regulated, and regulation mechan-
isms often involve Ca2+ and energetic state (Lovas and Wang, 2013). In
any event, alterations in mitochondrial trafficking (and dynamics) are
often associated with neurodegenerative processes (Court and Coleman,
2012; Schon and Przedborski, 2011).

Studies in cultured neurons suggest that cytosolic Ca2+ rise results
in a slowdown of mitochondrial movement. Ca2+ can be sensed by
Miro1 (Macaskill et al., 2009; Saotome et al., 2008; Wang and Schwarz,
2009), a rho-GTPase inserted in the outer mitochondrial membrane,
with EF-hands Ca2+ binding motifs facing the cytosol (Fransson et al.,
2006; Niescier et al., 2013). However, cells without Miro1 maintained
the Ca2+ regulation of mitochondrial movement (Nguyen et al., 2014),
suggesting that other proteins, as Miro2, or mechanisms, like Ca2+

uptake into matrix (Chang et al., 2011), can also be involved.
Mitochondrial transport depends on an effective ATP production.

Thus mitochondrial poisons such as uncouplers or inhibitors effectively
reduce mitochondrial transport (Rintoul et al., 2003; Zala et al., 2013).
This suggests that mitochondria are able to fuel their own transport
unlike vesicle transport which relies on ATP produced in glycolysis
(Zala et al., 2013). In an energized situation, cytosolic ATP levels
support activity of motor proteins, but when the cytosolic ATP/ADP
ratio decreases as result of high ATP demand, mitochondrial transport
stops locally to increase ATP production and restore the ratio (Mironov,
2007).

Aralar/slc25a12/AGC1 is the neuronal isoform of the mitochondrial
aspartate-glutamate carrier (AGC), whose activity is regulated by ex-
tramitochondrial Ca2+(del Arco and Satrustegui, 1998; Satrustegui
et al., 2007). AGC plays an important role in cell metabolism as com-
ponent of the malate-aspartate shuttle (MAS) necessary to transfer
redox equivalents from glycolysis to the mitochondrial matrix
(Satrustegui et al., 2007). MAS activity serves a dual purpose: keeping
the cytosolic redox balance for continuous glycolysis and pyruvate
production, which in turn allows pyruvate supply for mitochondrial
respiration, acting as a gas pedal regulated by Ca2+ (Llorente-Folch
et al., 2013). This takes place by means of Ca2+−activation of MAS via
the EF-hand motifs present in AGC1 (Contreras et al., 2007; Marmol
et al., 2008).

Aralar-KO mice lack MAS activity and have reduced mitochondrial
O2 consumption with glutamate/malate but normal respiration with
substrates independent of MAS activity (Jalil et al., 2005). Accordingly,
cultured cortical neurons lacking Aralar have a decrease of about
30–35% in glucose-fueled respiration under resting conditions and fail
to enhance oxidative-phosphorylation (OXPHOS) in response to Ca2+

signals (Llorente-Folch et al., 2013).
In the present study, we have investigated the effect of Aralar de-

ficiency on mitochondrial movement in cortical neurons under basal
conditions and in response to glutamate-induced [Ca2+]i transients.
Having found that neither mitochondrial movement nor Ca2+-depen-
dent halt are disturbed by the lack of Aralar, despite the decreased
glucose oxidative capacity of Aralar-KO neurons, we evaluated the
contribution of glucose respiration and glycolysis to mitochondrial
movement. We found a similar dependence on glycolysis albeit reduced
dependence on respiration-born ATP for mitochondrial movement in
Aralar-KO cortical neurons, when compared with control ones. Our
results suggest that additional pathways different from OXPHOS or
glycolysis but perhaps requiring the use of glucose derivatives, could be
involved in fueling mitochondrial movement in the absence of Aralar.

2. Materials and methods

2.1. Animals

SVJ129-C57BL/6 mice carrying a disruption of the aralar/slc25a12/
agc1 gene (Jalil et al., 2005) were originally obtained from Lexicon
Pharmaceuticals Inc. (The Woodlands, TX, USA) and have been

maintained at the animal facility of the Center of Molecular Biology
‘Severo Ochoa’ ever since. Mice were housed in a humidity- and tem-
perature-wild controlled room on a 12-h light/dark cycle, receiving
water and food ad libitum. Genotype was determined by PCR using
genomic DNA obtained from tail or embryonic tissue samples (Nu-
cleospin tissue kit; Macherey-Nagel, Deuren, Germany) as described
previously (Jalil et al., 2005). All animal procedures were approved by
the corresponding institutional ethical Committee at the Center of
Molecular Biology ‘Severo Ochoa’ and Autónoma University (CEEA-
CBMSO-23/159) and were performed in accordance with Spanish reg-
ulations (BOE 67/8509–12, 1988) and European regulations (EU di-
rective 86/609, EU decree 2001–486).

2.2. Neuronal culture

Cortical neuronal cultures were prepared from E15–E16 mouse
embryos as described earlier by enzymatic and mechanical disgregation
(Pardo et al., 2006; Ramos et al., 2003). Embryos were obtained from
crosses between Aralar/slc25a12/AGC1 heterozygote mice and pro-
cessed individually. Cells were plated in poly-L-lysine (50 μg/ml) and
laminin (1 μg/ml) treated glass coverslips (Menzel Glässer, Braunsch-
weig, Germany) or 4-well chamber slides (Lab-Tek, Thermo Fisher
Scientific, Rochester, USA) at a density of 105/cm2 and maintained in
Neurobasal medium supplemented with B27 (2%), glutamax (1%) (all
from GIBCO Invitrogen, Carlsbad, CA, USA), penicillin (100 μg/ml) and
streptomycin (100 U/ml) in a 5% CO2 - 37 °C incubator. One-third of
the medium was replaced every two-three days. Neurons re-
presented>80% of the total cell population (Pardo et al., 2006).

2.3. Mitochondrial movement

Neurons were incubated with Mitotracker Green (200 nM, 15min)
before transfer to pre-warmed HEPES Buffer salt solution (HBSS in mM:
137 NaCl, 5.4 KCl, 4.2 NaHCO3, 2 MgCl2, 0.8 KH2PO4, 10 HEPES, 2
CaCl2, 5 glucose, pH 7.4) to visualize the complete mitochondrial net-
work. Alternatively, neurons were transfected at 7–8 days in vitro (DIV)
by the phosphate calcium protocol (Jiang and Chen, 2006) with plas-
mids coding for the green fluorescent protein (GFP) targeted to mi-
tochondria (mitoGFP (Willers et al., 2012)) or co-transfected with
vectors coding for mouse-Aralar (pcDNA3.1-Aralar, purchased from
GenScript, USA) or the corresponding empty vector (pcDNA3.1, In-
vitrogene). On DIV 9–10, transfected cells were changed to pre-warmed
HBSS and imaged at 37 °C on an Axiovert 200M inverted microscope
equipped with a 40× /1.3 Plan-Neofluor objective. The transfection
method yields low efficiency (1–2% (Rintoul et al., 2003)), and allows
to examine individual processes with clear association with a cell body
to determine the direction of mitochondrial movement Retrograde
movement was defined as mitochondria moving towards the soma and
anterograde movement as moving away from the soma. No attempt was
made to distinguish between axons and dendrites. Cells with fluorescent
aggregates or excessive mitochondrial accumulation in the soma were
not recorded. Cultures were excited for 100ms at 472–27 (GFP) and
emitted fluorescence was collected at 520/35 every 5 s using a filter
wheel (Lambda 10–2, Sutter Instruments, all filters purchased from
Chroma) and recorded by a Hamamatsu C9100-02 camera. Basal
movement was recorded for 5min before bolus addition of glutamate
(Glu, 5 μM), oligomycin (Olig, 6 μM) or iodoacetate (IAA, 0.5 mM) from
10x stocks in HBSS; and recording continued for another 5min. Ex-
periments were then processed and analyzed using ImageJ software
(NIH, Bethesda; http://rsb.info.nih.gov/ij/ (Abramoff et al., 2004)). All
recordings were aligned using the “Align Slices” plugin and back-
grounds were subtracted by default. Kymographs were obtained and
analyzed using the plugins from J. Rietdorf (FMI Basel) and A. Seitz
(EMBL, Heidelberg) (De Vos and Sheetz, 2007). Only mitochondria
moving at> 0.01 μm/s were considered motile.
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2.4. Mitochondrial morphology

Initial images from time-lapse recordings were analyzed with
ImageJ to determine area, length and circularity of GFP expressing
mitochondria (ImageJ “Analyze particles” plugin).

2.5. Measurement of ATP/ADP ratio

Single-cell measurements of cytosolic ATP/ADP ratio were obtained
in neurons transfected using calcium phosphate protocol (DIV 7–8)
with the plasmid coding for cytosolic ratiometric Perceval-HR
(Tantama et al., 2013) or co-transfected with pcDNA3.1-Aralar, or the
empty vector and used 36–48 h later. Experiments were performed in
HBSS at 37 °C on an Axiovert 200M inverted microscope equipped with
a 40× /1.3 Plan-Neofluor objective. For Perceval-HR imaging, cells
were excited every 5 s for 100–200ms alternatively at 426–44 (Venus)
and 472–27 (GFP); emitted fluorescence was collected at 520/35 (GFP).
For basal detection of ATP/ADP, 20 images were acquired before bolus
addition of oligomycin (6 μM), iodoacetate (0.5 mM) or both. Perceval-
HR emission ratio was GFP/Venus reflecting cytosolic ATP/ADP ratio.
Single-cell fluorescence recordings were analyzed using ImageJ and
Excel software.

2.6. Measurement of cytosolic pH

Neurons were loaded with the fluorescent probe 2′, 7′-bis (2-car-
boxyethyl)-5 (6)-carboxy-fluorescein (BCECF; Invitrogen) in HBSS
containing 0.25 μM BCECF-AM and 0.025% pluronic F.127 (Invitrogen)
for 20min at 37 °C. Excess probe was washed in HBSS for 20min before
use. Then, coverslips were mounted on the microscope stage equipped
with a 40× objective as described previously (Llorente-Folch et al.,
2016) and BCECF fluorescence was imaged ratiometrically by using

alternate excitation at 450 and 490 nm, and a 530 nm emission filter
with a Neofluar 40× /0.75 objective in an Axiovert 75M microscope
(Zeiss). Additions were made as a bolus. For single-cell analysis of cy-
tosolic pH, the ratio of fluorescence intensity at 450 nm (F450) and
490 nm (F490), (F450/F490), was obtained. Image acquisition was per-
formed with the Aquacosmos 2.5 software (Hamamatsu), and data
analysis was done with Image J and Excel software.

2.7. Cytosolic Ca2+ determination

Neurons growing on poly-L-lysine-coated coverslips were loaded
with 5 μM Fura-2AM and 50 μM pluronic acid F.127 (Invitrogen) for
30min at 37 °C in Ca2+-free HBSS and washed for 30min in HBSS with
2mM Ca2+. Experiments were done in HBSS the presence of 2mM
Ca2+. Then coverslips were mounted on the microscope stage equipped
with a 40× objective as described previously (Llorente-Folch et al.,
2016) and Fura-2 fluorescence was imaged ratiometrically using al-
ternate excitation at 340 and 380 nm, and a 510 nm emission filter with
a Neofluar40x/0.75 objective in an Axiovert 75M microscope (Zeiss).
The basal ratio was recorded before bolus addition of glutamate. For
single-cell analysis of [Ca2+]i the ratio of fluorescence intensity at
340 nm (F340) and 380 nm (F380) (F340/F380) was obtained. Image ac-
quisition was performed with the Aquacosmos 2.5 software (Hama-
matsu) and data analysis was done with Aquacosmos 2.5 and Excel
softwares.

2.8. Western blot analyses

DIV 9 cultured neurons were scrapped in RIPA buffer (TrisHCl
50mM, NaCl 150mM, Na+-dodecyl sulphate 0.1%, Na+-Deoxycholate
0.5%, TritonX-100 1%, 2mM EDTA pH 7.8) to obtain total protein ly-
sates. Sample proteins were separated by SDS-PAGE (10%)

Fig. 1. Mitochondrial morphology and motility in
control and Aralar-KO neuronal cortical cultures.
Mitochondria movement and morphological para-
meters were determined in DIV 9–10 cortical neu-
rons transiently transfected with mitoGFP to visua-
lize mitochondrial structures. A. Representative
kymographs of mitochondrial movement in a single
neurite from control (WT) and Aralar-knock out (KO)
cortical neurons. Vertical lines denote immobile mi-
tochondria whereas lines with a positive slope are
moving towards end feet (anterograde) and with a
negative slope towards the soma (retrograde) Scale
bars, 20 μm (abscissa axis) and 2min (ordinate axis).
B. Percentage of motile mitochondria as measured in
kymographs (total) in the anterograde (ant) or ret-
rograde (ret) direction. C. Average velocity (μm/s) of
total mitochondria or mitochondria moving in the
anterograde (ant) or retrograde (ret) direction. Data
are average ± SEM of 18 independent cultures
performed at least in duplicate and in parallel for
each genotype (> 800 individual mitochondria).
Statistical significance was evaluated using one-way
ANOVA followed by Bonferroni's test, *p < 0.05. D
Mitochondrial density, number of mitochondria
present per 10 μm, n 13 independent platings. E-G
The individual mitochondrial area, major axis length
and circularity index were determined from 13 in-
dependent platings in parallel.
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electrophoresis, transferred onto NitroCellulose membranes and dyed
with Ponceau Red, to assess for protein load. The membranes were
blocked (5% Skim Milk, Nestlé) and probed with antibodies against
Miro1/RhoT1 (Santa Cruz, sc-398520) and β-ATPase (Cuezva et al.,
2002). After extensive washing, membranes were incubated with ap-
propriate secondary antibodies conjugated with horseradish peroxidase
and the signal was detected by chemiluminescence (ECL, PerkinElmer),
as described earlier (del Arco et al., 2002). Analysis of resulting bands
was performed with ImageJ software.

2.9. Immunocytochemistry

Transfected cells were fixed (4% Paraformaldehyde in PBS, 15min),
blocked (10% horse serum, 0,1% Triton-X100, 1 h) and incubated with
polyclonal antibody raised against Aralar (1/250; del Arco and
Satrustegui, 1998). After washing antibody excess, Alexa 555 (1/500,
ThermoFisher) was used as secondary antibody. To visualize nuclei,
DAPI (1 μg/ml; Merck) was used. No treatment to quench cell auto-
fluorescence was used in order not to eliminate fluorescence of trans-
fected mitoGFP or Perceval-HR, for which no antibodies were used.
Images were obtained at Axiovert 200M inverted microscope equipped
with a 40× /1.3 Plan-Neofluor objective with appropriate filters.

2.10. Statistical analysis

The results are expressed as the mean ± standard error of the mean
(SEM) of n independent cultures or preparations performed. All ex-
periments were performed in parallel for each genotype. For basal (i.e.
resting conditions before addition of compounds), all experiments were
pooled. To determine the level of inhibition attained by the different
compounds, each experiment was compared with its own basal activity.
Statistical analysis indicated in Figure legends was performed with
GraphPad Prism 7.00 or Origin 7.

3. Results & discussion

3.1. In cortical neurons, the percentage of motile mitochondria is unchanged
in aralar deficiency, but mitochondria move faster

Mitochondrial movement is key to neuronal health as mitochondria
fulfill roles in Ca2+ buffering (Macaskill et al., 2009), local dendritic
and axonal protein synthesis (Cioni et al., 2019; Rangaraju et al., 2019),
synaptic transmission (Lee and Peng, 2008; Li et al., 2004; Sun et al.,
2013), and neurite branching and development (Lopez-Domenech
et al., 2016; Smith and Gallo, 2018). Mutations in Aralar cause Global
Cerebral Hypomyelination (OMIM # 612949) (Falk et al., 2014; Wibom
et al., 2009) a rare disease whose features match well with the phe-
notype previously described in the Aralar-KO mice (Jalil et al., 2005).

As Aralar-KO neurons have a fall in basal and coupled respiration of
30–35% (Llorente-Folch et al., 2013), we hypothesized there would be
also a decrease in mitochondrial movement, which is fueled mainly by
oxidative phosphorylation derived ATP. The dependence from OXPHOS
was derived from the impairment of mitochondrial motility when ATP-
synthesis or mitochondrial respiration are inhibited (Borland et al.,
2008; Rintoul et al., 2003; Rumora et al., 2017; Sterky et al., 2011; Zala
et al., 2013). To test this hypothesis, we studied mitochondrial move-
ment in control and Aralar-KO cortical neurons transiently transfected
with the green fluorescent protein tagged to mitochondria (MitoGFP)
(Fig. 1A).

Cortical neurons labeled with MitoGFP exhibited the complex be-
havior reported previously for mitochondrial movement, with mi-
tochondria moving from and towards the soma. The fraction of motile
mitochondria (22.47 ± 1.53%, Fig. 1B) and overall average velocity
(0.28 ± 0.01 μm/s, Fig. 1C) observed in control cultures fall within the
range of data previously reported (Misgeld and Schwarz, 2017). In
addition, the fraction of mitochondria moving in each direction was
also roughly the same (Fig. 1B). Aralar-KO neurons showed a similar
percentage of motile mitochondria (22.25 ± 1.59%, Fig. 1B) but sur-
prisingly, we found that mitochondria moved faster than control ones
(0.32 ± 0.02 μm/s, p < 0.05, Fig. 1C), especially in the anterograde
sense (Fig. 1C). Similar results were obtained when mitochondria were
labeled with Mitotracker-Green (16.70 ± 1.77% and 15.87 ± 3.19%
of motile mitochondria in control and Aralar-KO respectively,
p= 0.78); with Aralar-KO moving slightly faster than control ones,
(0.27 ± 0.01 versus 0.25 ± 0.01 μm/s respectively, p < 0.05). The
similar percentage of motile mitochondria is consistent with the

Fig. 2. Ca2+-dependent inhibition of mitochondrial movement is not al-
tered in Aralar-deficient neurons. A-C. Cytosolic Ca2+ responses to 5 μM
glutamate stimulation in Fura-2 AM-loaded neurons, Representative experi-
ments from control(A) and Aralar-KO (B) neurons show individual cell re-
cordings (gray, 30–40 cells per assay) and average (black traces) are shown. C.
Determination of glutamate induced Ca2+ peak in the cytosol between both
genotypes. Data represent the average ± SEM of Ca2+ response from three
independent cultures performed at least in triplicate per genotype. D.
Percentage of motile mitochondria after 5 μM glutamate addition relative to
basal movement (before glutamate addition). Data are average ± SEM of 4
independent neuronal cultures performed in triplicate (> 170 mitochondria per
genotype). No statistical significant (ns) differences were observed (two-way
ANOVA). E. Western blot analysis of whole brain mitochondria from 15-day old
control (WT) and Aralar-KO (KO) mice per lane to detect Miro1. β-ATPase le-
vels were used as loading control. F. Densitometric analysis of Miro1 protein
levels shows no differences between genotypes. Data are the average ± SEM
(n=7 independent preparations) of Miro1 optical density (OD) normalized
respect to their corresponding β−ATPase loading control.
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equivalent density of mitochondria observed along the neurites
(Fig. 1D), and with the lack of differences in mitochondrial morphology
(Fig. 1E–G) that would compromise their movement (Kaasik et al.,
2007; Trevisan et al., 2018).

Therefore, absence of Aralar does not cause an impairment of mi-
tochondrial movement but rather a slight increase in anterograde ve-
locity. Accordingly, in a recent study using a transgenic Aralar model
showing a slight overexpression of Aralar in brain a decrease in mi-
tochondrial run length and processivity was observed (Haziza et al.,
2017), suggesting a possible role for Aralar in the regulation of mi-
tochondrial movement.

3.2. Aralar deficient mitochondria are halted by calcium signal as in control
neurons

Ca2+-regulation of Aralar activity may participate in the regulation
of mitochondrial movement by Ca2+ signals, by acting as secondary
mitochondrial Ca2+ sensor to halt or slowdown mitochondria at high
[Ca2+] regions where energy is required. It is established that cytosolic

calcium acting through Miro1 (Macaskill et al., 2009; Saotome et al.,
2008; Wang and Schwarz, 2009) regulate mitochondrial movement.
However, a role for Miro1 in Ca2+-regulated mitochondrial trafficking
has recently been challenged (Nguyen et al., 2014), suggesting that
other mitochondrial Ca2+-binding proteins could participate in the
regulation. Indeed, Miro1 and Aralar have a similar affinity for cyto-
solic calcium (≈300 nM (Contreras et al., 2007; Saotome et al., 2008)),
opening the possibility that Aralar may also contribute to mitochondrial
stopping at high Ca2+ domains to fuel energy demands, and its absence
would result in higher motility.

To address this hypothesis, we examined the motility of mitochon-
dria in control and Aralar-deficient neurons in response to glutamate-
induced calcium signals. In neurons, the absence of Aralar does not
cause alterations in resting Ca2+ levels or in the response to glutamate
(Llorente-Folch et al., 2013, 2016), Fig. 2A–C). As shown in Fig. 2A–C,
non-excitotoxic glutamate concentrations (5 μM) (Llorente-Folch et al.,
2016) which activate both ionotropic and metabotropic receptors
trigger a similar Ca2+ transient in cortical neurons from both geno-
types. In agreement with previous results (Chang et al., 2006; Rintoul

Fig. 3. Reduced dependence on mitochondrial
ATP in Aralar-KO cortical neurons. A. Effect of
Oligomycin addition on mitochondrial movement in
control (WT) and Aralar-KO (KO) neurons. Motile
mitochondria in basal condition and after oligomycin
(6 μM) addition (left axis) and percentage of inhibi-
tion of movement (right axis). Data are
mean ± SEM of 5 independent cultures. B.
Immunocytochemistry of cultured neurons co-trans-
fected with mitoGFP (green) and either empty vector
(EV) pcDNA3 (KO + EV) or pcDNA3-Aralar plasmid
(KO + Aralar) (red). Left panel shows the merge
with nuclei in blue stained with DAPI. Scale bar is10
μm. C. Percentage of inhibition after oligomycin
addition in WT and KO neurons transfected with the
empty vector (WT + EV, KO + EV) and Aralar-
Transfected KO (KO + Aralar) neurons. Data are
mean ± SEM of 5 independent platings. Two-way
ANOVA followed by Bonferroni's test **p < 0.05.
D,E. Oligomycin-induced changes in ATP/ADP ratio
in control (D) and Aralar-KO (E) neurons transfected
with the ratiometric probe Perceval-HR. Perceval-HR
occupancy is shown as GFP/Venus fluorescence ratio
and oligomycin addition is indicated. Average
(black) and individual neurons (gray) are depicted. F
Cytosolic pH variations measured with BCECF-AM
upon oligomycin addition in WT (black) or KO (gray)
neurons. G. Quantification of pH at indicated times
after Oligomycin addition. Data correspond to mean
F490/F440 ratio (R/R0) from 3 independent cultures
performed in triplicate. No significant differences
found (Repeated-Measures ANOVA). I.
Immunocytochemistry of cultured neurons co-trans-
fected with Perceval-HR (green) and either empty
vector (KO + EV) or pcDNA3-Aralar plasmid
(KO + Aralar) (red). Left panel shows the merge
with nuclei in blue stained with DAPI. Scale bar is10
μm. K. Quantification of cytosolic ATP/ADP ratio in
control (WT + EV), Aralar-KO (KO + EV) and
Aralar-transfected KO (KO + Aralar) neurons at
different time points after addition of oligomycin.
Data are mean ± SEM from 4 independent platings.
Data were analyzed Two-way ANOVA Repeated
measures, followed by Bonferroni's test. (basal vs.
oligo #p < 0.05, # #p < 0.005; WT vs KO,
*p < 0.05; **p < 0.005; ***p < 0.0005).
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et al., 2003; Wang and Schwarz, 2009), exposure to glutamate caused a
decrease in mitochondrial movement. This decrease was similar in
control and Aralar-KO neurons with a reduction of motile mitochondria
to 63.05 ± 8.82% and 68.24 ± 7.47% of basal values respectively
(Fig. 2D). In agreement, the levels of Miro1/RhoT1, the Ca2+ sensor of
mitochondrial movement, were unchanged in Aralar-KO neurons
(Fig. 2E and F). These results rule out an involvement of Aralar in
mitochondrial halting in response to Ca2+ transient signals, and open
the question of how mitochondrial movement is fueled in Aralar-KO
neurons.

3.3. Mitochondrial movement in Aralar-KO neurons has a reduced
dependence on OXPHOS-derived ATP

First, we tested the dependence on OXPHOS-derived ATP on mi-
tochondrial motility in Aralar-KO neurons. We treated cortical neurons
with 6 μM oligomycin, an inhibitor of mitochondrial ATP synthase and
examined mitochondrial movement. Oligomycin caused a decrease in
the fraction of motile mitochondria in control neurons (to
60.26 ± 3.11% of basal values, Fig. 3A) without significant changes in
the directionality of movement or velocity (not shown). Vehicle addi-
tion had no effect on mitochondrial velocity or number of moving mi-
tochondria (not shown). However, the effect of oligomycin addition
was less pronounced in Aralar-KO (the fraction of moving mitochondria
only decreased to 84.62 ± 2.14% of basal values, Fig. 3A). We next re-
expressed Aralar by co-transfection with mitoGFP (Fig. 3B) and studied
its effect 48 h later on oligomycin arrested movement. We observed
that, Aralar re-expression in knock-out cultures increased the effect of
oligomycin (65.44 ± 6.02% of motile mitochondria compared to basal
values) (Fig. 3C). These results suggest that mitochondrial movement in
Aralar-KO cortical neurons has a lower dependence on OXPHOS as
energy supplier than control neurons, at least when glucose is the
substrate available.

The ATP/ADP ratio has been proposed to play a role in regulating
mitochondrial transport velocity (Mironov, 2007). Therefore, we next
addressed whether cytosolic ATP levels were differently affected by
ATP synthase inhibition in Aralar-KO and control neurons using the
ratiometric ATP/ADP biosensor Percerval-HR (Tantama et al., 2013),
No differences in basal Perceval-HR fluorescence ratios were observed
(3.73 ± 0.13 in control versus 3.70 ± 0.10 in Aralar-KO neurons), as
reported previously (Llorente-Folch et al., 2016). (Fig. 3D and E), but
oligomycin induced a decrease in the ratio. As Perceval-HR

fluorescence is pH-sensitive, we have first verified that differences in
oligomycin-induced acidification were not responsible for the differ-
ential drop in the ATP/ADP ratio. Cytosolic pH recordings obtained in
BCECF-AM loaded neurons indicate that the slight acidification induced
by oligomycin was the same in KO and control neurons (Fig. 3F and G).
Vehicle addition had no effect on the ATP/ADP ratio (not shown).
However, the addition of oligomycin induced a significant drop in the
ATP/ADP ratio more pronounced in control than Aralar-KO neurons (to
42.88 ± 0.03% and 55.6 ± 0.04% of initial values, respectively after
250 s compare traces in D, E). Furthermore, Aralar re-expression by co-
transfection with Perceval-HR (Fig. 3H) resulted in a similar decrease in
ATP/ADP ratio to control cultures at the different time points evaluated
(Fig. 3J). The results are consistent with the effect on movement ob-
served in Aralar-KO and control neurons upon oligomycin addition, and
also with the absence of differences in the ATP/ADP ratio and number
of motile mitochondria in basal conditions between genotypes. Al-
though the recovery due to re-expression of Aralar in KO cultures was
not complete, taken together, these data suggest a lesser dependence on
OXPHOS as fuel for mitochondrial movement and ATP/ADP ratio
maintenance in Aralar-KO neurons, suggesting that Aralar deficiency
may be compensated by other energy pathways for the maintenance of
ATP/ADP ratio. These sources may also be used for the purpose of
fueling mitochondrial movement in Aralar-KO neurons.

3.4. Glycolysis inhibition decreases mitochondrial movement both in control
and Aralar-KO neurons

Next, we evaluated a possible compensation by the ATP generated
in the glycolysis. Although mitochondrial respiration provides most of
the ATP used in the brain, glycolysis has been recognized as an alter-
native power-source for a number of cellular tasks. Indeed, glycolytic-
born ATP is used to fuel fast transport of cargo vesicles (Zala et al.,
2013), to sustain synaptic activity (Chavan et al., 2015; Jang et al.,
2016; Rangaraju et al., 2014) and also to upload glutamate into sy-
naptic vesicles (Ikemoto et al., 2003). Therefore, we tested whether
glycolysis can provide ATP to sustain mitochondria movement in
Aralar-KO neurons more efficiently than in control neurons.

To study the contribution of glycolytic-derived ATP to mitochon-
drial movement, we inhibited glycolysis at the level of the glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) with iodoacetate
(IAA), a commonly used pharmacological inhibitor for this target (Diaz-
Garcia et al., 2017). We found that in the presence of 0.5mM IAA the

Fig. 4. Inhibition of glycolysis reduces mi-
tochondrial movement in control and Aralar-KO
neurons. A. Percentage of motile mitochondria in
control (WT) and Aralar-KO (KO) neurons after the
addition of 0.5 mM IAA normalized to basal condi-
tions. Data are shown as average ± SEM from n=6
independent cultures performed in parallel (> 130
mitochondria). B. ATP/ADP ratio in WT (black) and
KO (gray) neurons changes after IAA addition in
Perceval-HR transfected cutlures. C. Quantification
of ATP/ADP at indicated times of IAA addition. Data
are average of 8 independent platings. D. Percentage
of motile mitochondria in control (WT) and Aralar-
KO (KO) neurons after the addition of
oligomycin + IAA normalized to basal conditions.
Data are shown as mean ± SEM from n = 3 in-
dependent cultures performed in parallel. E. ATP/
ADP ratio in WT (black) and KO (gray) neurons
changes after IAA addition in Perceval-HR trans-
fected cultures. F. Quantification of cytosolic ATP/
ADP ratio in WT and KO neurons at different time
points after addition of Oligomycin + IAA. Data are
mean ± SEM of 3 independent platings. No statis-
tical significance (ns) was found between genotypes
(two-way ANOVA analysis).
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percentage of motile mitochondria is reduced equally in both genotypes
(Fig. 4 A), as was the velocity of movement in (not shown). Similarly,
IAA-dependent decrease of the ATP/ADP ratio, as evaluated using the
ratiometric ATP/ADP biosensor Percerval-HR (Tantama et al., 2013),
was identical in both genotypes (Fig. 4B and C).

Addition of both inhibitors together (IAA + Olig) decreased mi-
tochondrial movement (Fig. 4 D), velocity (not shown) and ATP/ADP
ratios (Fig. 4E and F) to a larger extent than the addition of each of
these compounds separately, such a treatment is expected to block most
of the ATP synthesis pathways and will also deprive neurons from
substrates required to feed any alternative energy pathway, resulting in
a complete energy rundown regardless of the genotype.

In sum, these results argue against a preferential use of glycolysis in
Aralar-KO neurons and suggest that additional pathways different from
OXPHOS or glycolysis but perhaps requiring the use of glucose deri-
vatives, could be involved in fueling mitochondrial movement in the
absence of Aralar.

4. Conclusions

Mitochondria in Aralar-KO neurons move to a similar extent, and
even faster, than in control neurons, despite the fact that glucose re-
spiration is reduced in absence of Aralar. This result was surprising as
mitochondrial movement has been shown to depend highly on ATP of
mitochondrial origin. In this report, we have demonstrated that Aralar-
KO neurons are less dependent on ATP produced by mitochondrial re-
spiration, when the substrate available is glucose, than control neurons,
at least for the purpose of fueling movement of mitochondria and
maintenance of basal ATP/ADP ratio, but they require nonetheless
glycolysis to the same extent as control neurons.
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