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A B S T R A C T   

While it has been shown that Ca2+ dynamics at the ER membrane is essential for the initiation of certain types of 
autophagy such as starvation-induced autophagy, how mitochondrial Ca2+ transport changes during the first 
stage of autophagy is not systemically characterized. An investigation of mitochondrial Ca2+ dynamics during 
autophagy initiation may help us determine the relationship between autophagy and mitochondrial Ca2+ fluxes. 
Here we examine acute mitochondrial and ER calcium responses to a panel of autophagy inducers in different cell 
types. Mitochondrial Ca2+ transport and Ca2+ transients at the ER membrane are triggered by different auto
phagy inducers. The mitophagy-inducer-initiated mitochondrial Ca2+ uptake relies on mitochondrial calcium 
uniporter and may decelerate the following mitophagy. In neurons derived from a Parkinson’s patient, 
mitophagy-inducer-triggered mitochondrial Ca2+ influx is faster, which may slow the ensuing mitophagy.   

1. Introduction 

Ca2+ ions travel in and out of the cells and organelles and cause 
dynamic changes in Ca2+ concentrations and transients across subcel
lular domains, which could serve signals to control diverse cellular 
functions and processes.1 For example, autophagy is known to require 
intracellular and ER Ca2+ signaling.1–4 Mitochondria are one of the 
cellular Ca2+ reservoirs and mitochondria Ca2+ homeostasis plays a 
crucial role in health and disease.5–10 Intracellular Ca2+ can be imported 
into the mitochondria through the outer mitochondrial membrane 
(OMM) channel, VDAC, and the inner mitochondrial membrane (IMM) 
channel, mitochondrial calcium uniporter (MCU).11 Mitochondrial Ca2+

can be exported to the cytosol via the IMM transporter, NCLX.12 Mito
chondria can acutely take up cytosolic Ca2+ to buffer intracellular 
Ca2+-level elevation, which could occur during neuronal firing or when 
other organelles release their Ca2+ to the cytosol. Whether acute mito
chondrial uptake of Ca2+ plays a signaling role in distinct cellular pro
cesses remains elusive. Mitochondrial Ca2+ mishandling and mitophagy 
(mitochondria-specific autophagy) impairment have been found in 
neurodegenerative diseases such as Parkinson’s disease (PD),5–10,13–17 

but the link between Ca2+ and mitophagy is under explored. Here we 
live monitor mitochondrial and ER Ca2+ transport immediately 
following autophagy induction in human non-neuron cells and neurons 
and dissect the relationship between mitochondrial Ca2+ and 
mitophagy. 

2. Materials and methods 

2.1. Constructs 

pcDNA3.1-ER-GCaMP6f was a gift from Chris Richards (Addg
ene#182548). pCMV-R-CEPIA1er was a gift from Masamitsu Iino 
(Addgene#58216). pCMV-Mito4x-GCaMP6f was a gift from Timothy 
Ryan (Addgene#127870). pHAGE-mt-mkeima was a gift from Richard 
Youle (Addgene#131626). pDsRed2-Mito was described in.17 

2.2. Cell culture 

HEK293T cells were cultured in DMEM media (11995-073, Gibco) 
supplemented with 10 % FBS (35011CV, Corning) and 1 % Penn-Strep 
(15140122, Gibco) and maintained in a 37 ◦C, 5 % CO2 incubator 
with humidified atmosphere. Once cells reach 80 % confluency, they 
were dissociated using Trypsin-EDTA (25200056, Gibco) and seeded 
into a new flask. Cells were treated with 500 μM Cobalt Chloride for 18 
h, 1 μM RU360 (557440, Sigma-Aldrich) for 24 h, 100 μM 2-APB (1224, 
Tocris) for 1 h, or 100 μM Ryanodine (1329, Tocris) for 1 h. Induced 
pluripotent stem cells (iPSCs) were obtained from NINDS (PD-SNCA- 
A53T, ND50050; Isogenic-WT, ND50085; 51y, Female). iPSCs were 
differentiated into midbrain dopaminergic neurons using an adaptation 
of the dual-SMAD inhibition method as previously described.15,17–21 The 
percent of Tyrosine Hydroxylase (TH) positive neurons were quantified 
as in.16 
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2.3. Transfection 

Cells grown for 24 h on glass coverslips in a 24-well plate were co- 
transfected with ER-GCaMP6f and ER-CEPIA (1:1 ratio; 0.6 μg each) 
and 1–2 μl Lipofectamine 2000 (11668-030, Invitrogen) or poly
ethyenimine (PEI; 49553-93-7, Polysciences) following manufacturer’s 
protocols. The next morning, media was replaced with fresh DMEM. 
Cells were used for experiments 48 h post-transfection. 

2.4. Western blotting and immunocytochemistry 

Same as in17 and.16 Anti-LC3 (2775S, Cell Signaling) was used at 
1:1000. 

2.5. Live cell imaging 

Rhod-2 (R1244, Thermo Fisher) and Calcium Green (C3011MP, 
Thermo Fisher) at 5 μM were applied to cells on coverslips in culture 
media and incubated at 37 ◦C for 30 min, then coverslips were washed 
with PBS and each was placed in a 35-mm petri-dish containing Hi
bernate E low-fluorescence medium (BrainBits/Transnetyx), and cells 

were imaged immediately on a heated stage of 37 ◦C with a 63/N.A.0.9 
water-immersion objective. Time-lapse movies were obtained continu
ally with a 2–30 s interval for 10–20 min. During imaging, the following 
drugs were added: 40 μM CCCP (C2759, Sigma-Aldrich), 10 μM Rote
none (HY–B1756, MedChemExpress), 10 (HEK cells) or 100 μM (neu
rons) Antimycin A (A8674, Sigma-Aldrich), 1 mM DFP (HY–B0568, 
MedChemExpress), 1 μM Rapamycin (HY-10219, MedChemExpress), or 
100 mUnits/ml Thrombin (10602400001, Sigma-Aldrich).17 For star
vation, after a 30-min incubation with dyes in media, the coverslip was 
transferred in HBSS (14025, Gibco) and imaged immediately. MitoNeoD 
at 5 μM (563761, MedKoo Biosciences Inc.), MitoTracker Green at 75 
nM (M7514, Thermo Fisher), or TMRM at 25 nM (T668, Molecular 
Probes) was applied to cells on coverslips in media at 37 ◦C for 30 min 
and imaged with the same set-up as above. Mito-dsRed imaging was 
described in.17 

2.6. Image analysis 

The fluorescence intensity when the inducer was administered was 
considered as F0. After F0, the peak fluorescent intensity was considered 
as Fmax and Fmax/F0 was calculated. The influx rate = [(Fmax-F0)/T] 

Fig. 1. Mitochondrial and cytosolic Ca2þ changes during autophagy initiation in HEK cells. (A) Schematic representation of different autophagy inducers and 
their targets. (B) Representative time-lapse images and traces of Rhod-2 staining. Scale bars: 10 μm. (C–F) Rhod-2 quantifications. (C) Fmax/F0. (D) Time to reach 
Fmax. (E) Influx rate. (F) Efflux rate. (G) Fmax/F0 detected by Mito-GCaMP6f. (H–I) Calcium Green quantifications. (H) Fmax/F0. (I) Flux rate. (C, H) Two-tailed 
Welch’s T-Test. Compared with “untreated”, except labeled. (D, E, F, I) One-Way Anova Post Hoc Tukey Test. (G) Mann Whitney Test. n = 15–42 cells from 3 to 
8 coverslips. 
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(T, time to reach Fmax). The efflux rate = [(Fmax-F′)/T’ (F′ is the fluo
rescent intensity after Fmax closest to F0; T′, time from Fmax to F’). The 
percentage of cells that showed ER-GCaMP6f trace oscillation (at least 
one F1/F0 peak>1.4) was calculated. The ER-CEPIA flux rate =
[(F300–F0)/300]. 

2.7. Seahorse analysis 

Cells were seeded into an XF HS Mini cell culture miniplate at a 
density of 2.0 × 104 cells/well. The two edge wells were filled with only 
media to serve as background controls. After overnight recovery in a 
37 ◦C, 5 % CO2 incubator, cells were washed with 200 μl/well of fresh XF 
DMEM pH 7.4 (Agilent Technologies) and incubated with 200 μl/well 
fresh XF DMEM supplemented with glucose (10 mM), pyruvate (1 mM), 
and glutamine (2 mM) in a 37 ◦C, non-CO2 incubator for 1 h. Prior to 
starting the assay, the assay medium was removed and replaced with 
180 μl/well of fresh medium with supplements. The miniplate was then 
loaded into a Seahorse XF HS Mini Analyzer (Agilent Technologies) with 
temperature set at 37 ◦C. Samples were treated with 1.5 μM Oligomycin 
(complex V inhibitor) and 0.5 μM Rotenone plus 0.5 μM Antimycin A 
(complex I & III inhibitor). A total of three measurements were taken 
after each compound was administered. After completion of the Sea
horse assay, each well was lysed with an in-house lysis buffer (1 % 
Triton, 50 mM Tris pH 7.5, 300 mM NaCl, 0.1 % protease inhibitor 
cocktail, 0.2 mM PMSF) and quantified for the total protein amount with 
a Bicinchoninic acid (BCA) assay (Thermo Scientific) for normalization. 

2.8. Growth curve assay 

Cells were seeded into a 24-well plate at a density of 5.0 × 103 cells/ 
well, trypsinized with 0.25 % Trypsin-EDTA each day after seeding, and 
counted using a TC20 Automated Cell Counter (BioRad). The initial 
seeding density was used as the cell count for day 0. 

2.9. Mitophagy assay 

Cells were plated in a 96-well assay plate (black with clear flat bot
tom) (Corning, 3340) and grown for 24 h followed by transfection with 
0.1 μg of Mito-mKeima using PEI. Cells were treated with 40 μM CCCP 
for the following duration: 24, 12, or 6 h. Two days post-transfection and 
immediately after treatments, the plate was read using a TECAN plate 
reader with excitation wavelength between 400 and 594 nm (step size of 
2 nm) and emission wavelength at 620 nm. The fluorescence ratio at 
586/440 nm was calculated and normalized to 0 h within each group. 

2.10. Graphics 

Created with BioRender.com. 

3. Results 

3.1. Mitochondrial calcium transport is triggered by autophagy inducers 

We live recorded cytosolic and mitochondrial Ca2+ levels in 
HEK293T cells with Calcium Green and Rhod-2 staining, respectively,17 

immediately following the addition of a panel of autophagy inducers 
(Fig. 1A and B). We included the following inducers: starvation (auto
phagy),1 Rapamycin (autophagy by inhibiting mTOR),3 DFP (autophagy 
by chelating iron),22 Rotenone (autophagy by inhibiting the complex 
I),23,24 Antimycin A (mitophagy by inhibiting the complex III14–16), and 
CCCP (mitophagy by depolarizing the membrane potential).25 

Thrombin, a G-protein-coupled receptor (GPCR) agonist shown to 
stimulate cytosolic Ca2+ elevation and mitochondrial Ca2+ uptake via 
MCU,26,27 was used as a positive control. We found thrombin treatment 
caused an immediate increase in the Calcium Green and Rhod-2 in
tensities (Fig. 1C–F, H-I), consistent with previous studies.17,26,27 In 
addition, pretreatment of the cells with Co2+ for 24 h further boosted 
mitochondrial Ca2+ uptake upon thrombin treatment (Fig. 1C), in 

Fig. 2. ER Ca2þ changes during autophagy initiation in HEK cells. (A) Scheme (upper) and representative images (lower) of ER-GCaMP6f (ER surface) and ER- 
CEPIA (ER lumen). Scale bars: 10 μm. (B) Representative traces of ER-GCaMP6f. (C) The percentage of cells displaying calcium transients detected by ER-GCaMP6f. 
Chi-Square Test. (D) ER flux rate detected by ER-CEPIA. One-Way Anova Post Hoc Tukey Test. (C–D) n = 21–35 cells from 3 to 5 coverslips. 
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agreement with our previous finding showing that Co2+ binds to MCU to 
enhance MCU channel activity.17 We discovered that all autophagy in
ducers tested, except starvation, caused a significant increase in the 
maximum mitochondrial Ca2+ uptake (Fmax/F0) compared to un
treated controls (Fig. 1C), indicating that mitochondrial Ca2+ import is 
triggered. The time to reach Fmax (Fig. 1D), the mitochondrial Ca2+

influx rate (Fig. 1E), or the efflux rate (Fig. 1F) was comparable among 
different inducers. We verified our observation of Rhod-2 staining with a 
genetically encoded fluorescent Ca2+ indicator located in the mito
chondrial matrix, Mito-GCaMP6f28 (Fig. 1G). Cytosolic Ca2+ levels were 
also elevated upon the treatment of selective autophagy inducers 
(Fig. 1H and I). Together, our results show mitochondrial Ca2+ uptake is 
triggered during autophagy initiation. 

3.2. Calcium concentration starts to oscillate at the ER membrane upon 
autophagy induction 

We next live recorded Ca2+ dynamics at the ER membrane facing the 
cytosol using ER-GCaMP6f29 and in the ER lumen using ER-CERPIA30 

(Fig. 2A), following the addition of autophagy inducers. We found that 
autophagy inducers caused Ca2+ concentrations to immediately fluc
tuate at the cytosolic face of the ER membrane (Fig. 2B and C), consis
tent with previous findings of starvation-induced autophagy.1 Ca2+

concentrations in the ER lumen were either increased or decreased by 
different inducers, although most of the changes were nominal (Fig. 2D). 
These data show ER Ca2+ dynamic changes during autophagy initiation. 

Fig. 3. Mitophagy-triggered mitochondrial Ca2þ uptake requires MCU and MCU inhibition accelerates mitophagy. (A) Lysates as indicated were blotted with 
anti-MCU. (B–D) Seahorse analysis. Each OCR or ECAR value was from one well of a miniplate. n = 3 wells. Black arrows show the times of Oligomycin and 
Rotenone/Antimycin A injections. (E) Growth curves. (B–E) n = 3. (F–G) Rhod-2 quantifications of Fmax/F0 in cells with indicated genotypes and treatments. (F) n 
= 18–42 cells from 3 to 8 coverslips. (G) RU360 for 24 h, 2-APB and Ryanodine for 1 h n = 30–78 cells from 3 to 11 coverslips. (H) The ratio of Mito-mKeima is 
plotted. n = 8–12. (I) Lysates of indicated genotypes and treatments were immunoblotted. The ratio of the intensity of LC3BII/I was calculated. n = 4. (B-E, H–I) 
Mean ± SEM. (E, I) Two-Way Anova. (F, H) Two-tailed Welch’s T-Test. Compared with the left bar. (G) One-Way Anova Post Hoc Tukey Test. 
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3.3. Mitophagy-inducer-triggered mitochondrial calcium uptake depends 
on MCU 

We reasoned that mitochondrial Ca2+ influx during autophagy 
required MCU, the main mitochondrial Ca2+-uptake channel. To explore 
this possibility, we live recorded mitochondrial Ca2+ levels in HEK293T 
cells without endogenous MCU (MCU KO) or treated with an MCU in
hibitor (RU360).31 We validated MCU KO cells with anti-MCU (Fig. 3A). 
These MCU KO cells showed a slight, but insignificant increase in the 
oxygen consumption rate (OCR), extracellular acidic rate (ECAR), and 

glycolytic ATP production (Fig. 3B–D). These MCU KO cells also grew 
faster than wild-type cells (Fig. 3E), consistent with previous studies.32 

By live imaging Rhod-2 in these cells we found that CCCP-triggered 
mitochondrial Ca2+ uptake was significantly abolished (Fig. 3F). Simi
larly, inhibiting MCU with RU360 diminished mitochondrial Ca2+ influx 
following CCCP treatment (Fig. 3G). These findings show that MCU is 
required for mitophagy-inducer-triggered mitochondrial Ca2+ import. 

To reveal whether ER provided Ca2+ ions that were imported into the 
mitochondria during mitophagy initiation, we applied 2-APB or Rya
nodine, an inhibitor of IP3R or RyR, respectively.5 IP3R and RyR are the 

Fig. 4. Mitophagy-triggered mitochondrial Ca2þ uptake in iPSC-derived neurons. (A) Representative images and the percentage of TH-positive neurons (day 
40). n = 30 images from 3 coverslips. (B) Left: Confocal single section images of live neurons stained with MitoNeoD and MitoTracker Green (Mito-Green). Right: 
Quantifications of the MitoNeoD fluorescent intensity normalized to MitoTracker Green. n = 25 cell bodies from 3 coverslips. (C) Left: Confocal single section images 
of live neurons stained with TMRM. Right: Quantifications of the TMRM fluorescent intensity subtracting the background. n = 20 cell bodies from 3 coverslips. Scale 
bars: (A) 20 μm; (B–C) 10 μm. (D–E) Rhod-2 quantifications. n = 29–30 from 3 coverslips. (A–E) Two-tailed Welch’s T-Test. (F) As shown in,17 images from live 
recordings of axons, following 100 μM Antimycin A treatment, were analyzed for calculating degradation rate profiles of Mito-dsRed, normalized to the same axonal 
region at 0 min n = 3 axons (one axon per coverslip). Comparison with “0 min”. One-Way Anova Post Hoc Dunnett’s Test. RU360 was applied at 1 μM for 24 h. (G) 
Schematic representation of this study. 
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main ER Ca2+-export channels. We discovered that CCCP-induced 
mitochondrial Ca2+ uptake was not significantly affected by 2-APB or 
Ryanodine, individually or combined, but was different between RU360 
and combined 2-APB and Ryanodine treatment (Fig. 3G). Hence, it is 
possible that ER is not the only source that supplies Ca2+ to the mito
chondria or Ca2+ is exported via non-IP3R/RyR channels during 
mitophagy. 

3.4. Loss of MCU accelerates mitophagy 

Next, we determined the role of mitochondrial Ca2+ uptake for 
mitophagy. We compared the mitophagy kinetics between wild-type 
(WT) and MCU KO HEK293T cells where mitochondrial Ca2+ uptake 
during mitophagy was prevented (Fig. 3F), by using the ratiometric 
mitophagy reporter, Mito-mKeima.15,16 An increase in the ratio of the 
586 to 440 nm (excitation) intensity of Mito-mKeima indicates an in
crease in lysosome fusion with mitochondria-containing autophago
somes. We found that in MCU KO cells it took less time to raise the ratio 
of Mito-mKeima following CCCP treatment than in wild-type cells 
(Fig. 3H). Similarly, RU360 treatment shortened the time to elevate the 
ratio (Fig. 3H). We also immunoblotted LC3 whose conversion from I to 
II marks an early autophagy stage. Again, we found MCU KO cells 
expedited this step compared to wild-type cells (Fig. 3I). These data 
demonstrate an increased mitophagy speed when MCU is inhibited and 
suggests that MCU-mediated mitochondrial Ca2+ uptake slows mitoph
agy kinetics. 

3.5. Mitophagy-inducer-triggered mitochondrial calcium influx is faster in 
iPSC-derived neurons from a PD patient 

To reveal mitochondrial Ca2+dynamics during mitophagy initiation 
in human neurons, we utilized iPSCs from one familial PD patient (PD- 
SNCA-A53T) with the A53T mutation in SNCA (encodes a-synuclein) 
and its isogenic WT control (isogenic-WT).14–17,33 We differentiated 
iPSCs to dopaminergic neurons expressing TH as previously 
described14–17,33 (Fig. 4A). These PD neurons displayed mildly increased 
reactive oxygen species (ROS) levels measured by MitoNeoD34 (Fig. 4B) 
and normal mitochondrial membrane potential detected by TMRM 
staining in the cell bodies (Fig. 4C). We applied Antimycin A to these 
neurons to trigger mitophagy as previously shown,14–16,33 and imme
diately live measured mitochondrial Ca2+ levels by Rhod-2 staining as in 
Fig. 1. We found that in PD neurons mitochondrial Ca2+ influx was 
faster, with a shorter time to reach Fmax (Fig. 4D) despite similar 
maximum uptake (Fmax/F0) as control (Fig. 4E). We had previously 
shown that mitophagy was delayed in these PD neurons.14–17,33 To 
probe whether targeting mitochondrial Ca2+ uptake could promote 
mitophagy, we treated these neurons with RU360 to inhibit MCU and 
live recorded Mito-dsRed in axons as described in.17 The intensity 
reduction of mitochondrial matrix-targeted Mito-dsRed upon Antimycin 
A treatment indicates mitochondrial degradation via mitophagy.14–17,33 

Indeed, Mito-dsRed degradation in PD neurons was slower and RU360 
treatment accelerated it (Fig. 4F). This data suggests that a faster 
mitochondrial Ca2+ import during mitophagy initiation might decel
erate mitophagy in PD neurons. 

4. Discussion 

Our results reveal that mitochondrial Ca2+ uptake is a response to 
induction of different autophagy processes. During the first phase of 
mitophagy, mitochondrial Ca2+ import requires MCU (Fig. 3). Intrigu
ingly, when mitochondrial Ca2+ uptake is inhibited in MCU KO cells or 
by RU360, mitophagy is expedited (Figs. 3–4). These results suggest that 
mitochondria may import Ca2+ to limit mitophagy speed, preventing 
over-activating mitophagy. Further investigation is warranted to 
explore this possibility. Cytosolic and ER Ca2+ signals have been shown 
to be essential for autophagy.1–4 These data highlight the importance of 

mitochondria for fine-tuning autophagy through Ca2+ communications 
with other organelles and the cytosol (Fig. 4G). 

We have previously shown that mitophagy is delayed and MCU 
channel activity is enhanced due to binding to Fe2+ in iPSC-derived 
neurons from PD patients.14–17,33 Here we reveal upon mitophagy in
duction mitochondrial Ca2+ influx is faster and inhibiting MCU may 
promote mitophagy in these PD neurons (Fig. 4). These observations 
could partially explain the mitophagy defect in PD. Abnormal mito
chondrial Ca2+ dynamics may also affect Ca2+-binding proteins that 
play a role in mitophagy, such as PINK1, LRRK2, and Miro.5–10,16,17 

Together, these factors may contribute to the mitophagy impairment in 
PD neurons and eventually render cell death. Our data corroborate the 
concept that targeting mitochondrial Ca2+ transport or mitophagy is a 
promising strategy for neurodegenerative diseases such as PD.35–37 
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