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Acid-sensing ion channel 1a (ASIC1a) is the key proton receptor in nervous systems, mediating acidosis-induced neuronal injury
in many neurological disorders, such as ischemic stroke. Up to now, functional ASIC1a has been found exclusively on the
plasma membrane. Here, we show that ASIC1a proteins are also present in mitochondria of mouse cortical neurons where
they are physically associated with adenine nucleotide translocase. Moreover, purified mitochondria from ASIC1a� /� mice
exhibit significantly enhanced Ca2þ retention capacity and accelerated Ca2þ uptake rate. When challenged with hydrogen
peroxide (H2O2), ASIC1a� /� neurons are resistant to cytochrome c release and inner mitochondrial membrane depolarization,
suggesting an impairment of mitochondrial permeability transition (MPT) due to ASIC1a deletion. Consistently, H2O2-induced
neuronal death, which is MPT dependent, is reduced in ASIC1a� /� neurons. Additionally, significant increases in mitochondrial
size and oxidative stress levels are detected in ASIC1a� /� mouse brain, which also displays marked changes (42-fold) in the
expression of mitochondrial proteins closely related to reactive oxygen species signal pathways, as revealed by
two-dimensional difference gel electrophoresis followed by mass spectrometry analysis. Our data suggest that mitochondrial
ASIC1a may serve as an important regulator of MPT pores, which contributes to oxidative neuronal cell death.
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The acid-sensing ion channels (ASICs) represent a subfamily
of degenerin/epithelial Naþ channels that are activated
by extracellular protons.1 Homomeric ASIC1a channels
are expressed throughout central and peripheral nervous
systems and are implicated in learning/memory, pain sensa-
tion and neuronal death.1–8 Among all these functions,
mediating ischemic neuronal death was one of the most
prominent pathological features of ASIC1a channels.5–7

Although it has been established that severe extracellular
acidosis in ischemic brain overactivated ASIC1a and caused
neuronal death,5,6 the death mechanisms remained largely
unknown particularly considering that ASIC1a channels
completely desensitize within a few seconds during persistent
acidosis.9 Thus, under such ischemic conditions, there might
be other ASIC1a-associated mechanism(s) than acidosis-
induced channel activation to explain the prominent effect
against ischemic insult in the ASIC1a gene deletion mutant.5

Indeed, ischemic neuronal death is a consequence of
numerous ionic, biochemical and cellular events.10,11 Multiple
causes have been identified for neuronal demise such as
excitotoxicity, acidotoxicity, oxidative stress and inflamma-
tion.10–12 The ASIC1a channels may be involved in one or
more of these mechanisms.

Mitochondria are the key death executors in the cell, playing
a central role in neuronal damages associated with neurolo-
gical disorders such as ischemic stroke and neurodegenera-
tive diseases.13 Mitochondrial permeability transition (MPT) is
a key event that occurs in most forms of cell demise
(apoptotic, necrotic, autophagic or mitotic), determining the
life and death of cells.14–16 The opening of MPT pores causes
an abrupt increase of inner mitochondrial membrane perme-
ability to solutes with molecular masses of o1500 Da,14,16,17

leading to mitochondrial swelling, disruption of the mitochon-
drial outer membranes and mitochondrial dysfunction.14–16
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During brain ischemia, the lack of oxygen and glucose causes
mitochondrial dysfunction, disrupted intracellular Ca2þ home-
ostasis, increased reactive oxygen species (ROS) production
and decreased ATP levels. These conditions increase
mitochondrial susceptibility to MPT.10,13,14,16 Upon reperfu-
sion, the MPT pores finally open, leading to ischemic/
reperfusion neuronal death. Moreover, deletion of cyclophilin
D (CypD), a key regulator of the MPT pore, effectively rescued
the ischemic damage.17 Although the pathophysiological
importance of MPT has been extensively described in vivo
and in vitro, its structural components still remain largely
unknown.16,18–21 Recently, F0F1-ATP synthase was reported
to form MPT pores.21

In this study, we show that intracellularly expressed ASIC1a
proteins are localized in mitochondria of mouse cortical
neurons and physically associated with adenine nucleotide
translocase (ANT), a mitochondrial inner membrane protein
previously suggested by some investigators to be part of the
MPT pore.20,22 Moreover, brain mitochondria isolated
from ASIC1a� /� mice exhibit significantly enhanced Ca2þ

retention capacity (CRC) and mitochondrial Ca2þ uptake
rate. Neurons from ASIC1a-null mice are more resistant to
hydrogen peroxide (H2O2)-induced cytochrome c (Cyt C)
release and inner mitochondrial membrane depolarization
than that from wild-type (WT) mice. Moreover, H2O2-induced
neuronal death, which is MPT dependent, is reduced in
ASIC1a� /� neurons. These results suggest an impaired

MPT function in ASIC1a� /� mice. In addition, increased
mitochondrial size and ROS levels are observed in the brain of
ASIC1a� /� mice. Using two-dimensional difference gel
electrophoresis followed by mass spectrometry (MS) analysis,
we found marked changes (42-fold) in the levels of seven
mitochondrial proteins in ASIC1a� /� brains, most of which
are known to play important roles in ROS signaling pathways
(Supplementary Information and Supplementary Figure 6).
Together, our data suggest a novel role of mitochondrial
localized ASIC1a in regulating MPT-dependent neuronal
death, which represents a key event of brain injury associated
with ischemic stroke and neurodegenerative diseases.

Results

ASIC1a gene deletion but not channel functional
inhibition reduced H2O2-induced neuronal death. It is
generally accepted that ASIC1a forms plasma membrane
channels that mediate acidosis-induced neuronal death.5,6

To determine the specificity of ASIC1a in mediating neuronal
death induced by different causes, we compared effects of
H2O2 in inducing death of cultured cortical neurons prepared
from WT and ASIC1a-knockout mice.3,23 We found that
ASIC1a gene deletion significantly protected neurons against
H2O2-induced cell death (Figure 1). The protective effect of
ASIC1a gene deletion was seen with 10 and 50 mM H2O2 and
treatment of 8 and 20 h but not with lower H2O2 concentration

Figure 1 ASIC1a� /� neurons resisted oxidative stress-triggered death. (A) Neuronal death induced by the treatment of 50 mM H2O2 for 20 h of cultured cortical neurons
from ASIC1aþ /þ (upper images) and ASIC1a� /� (lower images) mice. Dead cells were labeled by staining with PI (red). Neurons were labeled by NeuN (green).
(B) Summary data for PI-positive neurons in cultures treated with 50 mM H2O2 for different times (a) or with different concentrations of H2O2 for 8 h (b). ASIC1a� /� neurons
(red bars) were more resistant to neuronal death than ASIC1aþ /þ ones (black bars), especially with longer treatment (a) and higher doses of H2O2 (b, 4200 neurons were
monitored in each treatment group). (C) Viability of neurons treated with 50 mM H2O2 or pH 6.0, determined using CTB assay. PcTX1 significantly inhibited acidosis-induced
death but failed to rescue H2O2-induced neuronal death (n¼ 3–4, *Po0.05, **Po0.01, ***Po0.001, NS, no statistical significance, by unpaired t-test; data are
means±S.E.M. for all bar graphs)

Mitochondrial ASIC1a regulates oxidative cell death
T-L Xu et al

1360

Cell Death and Differentiation



or shorter treatment (Figures 1A, a and b). To our surprise,
however, the ASIC1a channel-specific inhibitor, psalmotoxin
1 (PcTX1) (50 and 200 nM), failed to rescue the H2O2-
induced death, although it protected the cells from acid (pH
6.0)-induced death (Figure 1c). It is unlikely that H2O2

triggers channel activity of ASIC1a as neither ASIC1a
channels were directly activated by H2O2

24 nor H2O2

(50mM) treatment caused any detectable extracellular
acidification that could lead to ASIC1a activation (data not
shown). In contrary, H2O2 treatment actually reduced the
proportion of surface ASIC1a channels and therefore
suppressed Hþ -induced currents.24 The above data thus
suggest that ASIC1a proteins participate in H2O2-induced
neuronal death but in a manner that is independent of their
plasma membrane ASIC1a channels.

ASIC1a gene deletion impaired MPT in mouse cortical
neurons. H2O2-induced cell death is dependent on
MPT,18,19 which is characterized by the opening of MPT
pores, leading to mitochondrial membrane depolarization,
mitochondrial swelling, rupture of the outer mitochondrial
membrane and Cyt C release.14,15,25,26 The above finding
promoted us to examine whether ASIC1a gene deletion
affected MPT in mouse cortical neurons. The activity of MPT
affects the ability of mitochondria to take up Ca2þ because
mitochondrial Ca2þ overload provokes opening of MPT
pores.16,20,27 To examine whether ASIC1a gene deletion
affected MPT, we first compared the CRC of mitochondria
isolated from ASIC1aþ /þ and ASIC1a� /� mouse brains.
To the mitochondrial suspension, aliquots of a Ca2þ solution
were added in the presence of the substrates for complex I
(glutamate and malate), and CRC was determined by
monitoring changes in extramitochondrial Ca2þ concentra-
tions ([Ca2þ ]em) using Calcium Green-5N. We found a
significant increase in CRC of ASIC1a� /� mitochondria
compared with that of the WT mitochondria (Figures 2a and b).
Upon addition of the Ca2þ solution to mitochondria from
ASIC1a� /� mice, the [Ca2þ ]em returned to the basal level
more rapidly, with the 50% recovery time being significantly
shorter than that in mitochondria from WT mice (statistics
of the first five peaks; Figures 2a and c), suggesting an
accelerated mitochondrial Ca2þ uptake rate because of
the ASIC1a gene deletion. However, these effects were not
reproduced by the treatment of ASIC1a inhibitors, amiloride
(AMI) and PcTX1, on WT mitochondria. Neither drug
enhanced the CRC (Figure 2b) or accelerated Ca2þ uptake
rate of WT mitochondria (Supplementary Figure 1a), which is
consistent with the lack of effect of PcTX1 on H2O2-induced
death (Figure 1c).

We then used 250mM CaCl2 to induce swelling of
mitochondria isolated from mouse brains19 and observed a
significant decrease in swelling rate of ASIC1a� /� mitochondria
compared with that of the WT ones (Figure 2d). To examine
changes of mitochondrial membrane potential (DCm) in
response to 100 mM H2O2, we loaded cultured cortical
neurons with tetramethylrhodamine methylester (TMRM).
H2O2 caused an immediate reduction of DCm in WT neurons
(Figure 2e). However, for ASIC1a� /� neurons, the change
was dramatically delayed, and an obvious decrease in
DCm was only observed B8 min after application of H2O2

(Figure 2e). Consistent with ASIC1a channel function not
being involved in this process, PcTX1 failed to rescue
the H2O2-induced loss of DCm in WT neurons (Figure 2e).

To detect MPT pore opening, we employed the calcein-
CoCl2 bleaching assay.14 A treatment with 5mM ionomycin
significantly reduced calcein fluorescence in cultured mouse
cortical neurons (Supplementary Figure 1b). In neurons
infected with a lentivirus vector, a treatment with 0.5 mM
H2O2 reduced calcein fluorescence, which was fully blocked
by 5mM cyclosporin A (CsA) (Figures 2f and g). Importantly,
knocking down the expression of endogenous ASIC1a with
lentivirus-based shRNA (Figure 2g, upper panel) in cultured
neurons also prevented the H2O2-induced calcein fluores-
cence loss (Figures 2f and g), although it had no effect on the
5 mM ionomycin-induced bleaching (Supplementary
Figure 1b). These results suggest that ASIC1a is involved in
regulating MPT pore opening.

Finally, we measured the amount of Cyt C released from
mitochondria isolated from the brains of ASIC1a� /� and WT
littermates in response to H2O2 or CaCl2. In WT mitochondria,
H2O2-induced Cyt C release was concentration and
time dependent, but this effect was largely attenuated in
ASIC1a� /� mitochondria (Figure 2h, upper and middle
panels). Likewise, the Ca2þ -induced Cyt C release was also
reduced in ASIC1a� /� mitochondria (Figure 2h, lower panel).
Consistently, we found that shRNA knockdown of endogen-
ous ASIC1a in WT neurons inhibited Cyt C release induced by
a low (1 mM) but not a high (10 mM) concentration of H2O2 in
intact neurons (Figure 2i). Moreover, shRNA knockdown of
endogenous ASIC1a partially, but significantly, rescued
neurons from death induced by Ca2þ overload following the
treatment with 5mM thapsigargin or 1 mM A23187 (Figure 2j).
Taken together, these data demonstrate that ASIC1a gene
deletion impairs MPT.

Association of ASIC1a with ANT. Although MPT contri-
butes to many neuronal diseases, the components of MPT
pores remain largely undefined.18–21 Previous findings
showed that CypD is an important regulator of MPT
pores.20,21 Importantly, because of the impaired MPT,
CypD-deficient mice displayed a strong resistance
against brain ischemic damage and motor neurons
degeneration,17,20 reminiscent of the ASIC1a-deficient
mice.5,6 Therefore, we tested the hypothesis that ASIC1a is
a regulator (or even a structural component) of the MPT
pore, presumably through association with CypD. However,
co-immunoprecipitation (IP) using purified mitochondrial
lysates from the mouse brain failed to reveal any physical
interaction between ASIC1a and CypD (Figure 3a). Instead,
we found that ASIC1a was physically associated with ANT,
but not with voltage-dependent anion channel (VDAC), in the
mitochondria (Figure 3a).

To rule out the possibility of false positives caused by
nonspecific binding to the anti-ASIC1a antibody, we trans-
fected EGFP-ASIC1a into human embryonic kidney 293
(HEK 293) cells and used anti-GFP antibody to reperform the
co-IP assay. All proteins copurified with the anti-GFP antibody
were subjected to SDS gel electrophoresis and visualized by
Coomassie blue staining (Figure 3Ba). Bands that were
present in the GFP lane but not in the negative control IgG
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lane were considered as ASIC1a-binding proteins
(Figure 3Ba). MS analysis of the unique B30 kDa band
(indicated in Figure 3Ba) revealed peptide fragments con-
sistent with that of ANT2 (Figure 3Bb; Supplementary Figure 2
and Supplementary Table 1). These data suggest that
ASIC1a is physically associated with ANT, a possible
regulator of the MPT pore yet under debating.20,21

Localization of ASIC1a proteins in mouse mitochondria.
Recent evidence suggested an intracellular perinuclear
location of ASIC1a in both transfected Chinese hamster
ovary (CHO) cells and cultured mouse cortical neurons.8,28

The association between ASIC1a and ANT suggested
that some intracellular ASIC1a proteins might be localized
to mitochondria. To verify the mitochondrial localization of

Figure 2 MPT is impaired in mitochondria of ASIC1a� /�neurons. (a) Representative traces of Ca2þ uptake by isolated mitochondria from ASIC1aþ /þ (black trace)
and ASIC1a� /� brains (red trace). (b) Ca2þ retention capacity of indicated groups (n¼ 16 for ASIC1aþ /þ control, n¼ 11 for ASIC1a� /� , n¼ 4 for ASIC1aþ /þ AMI and
PcTX1 groups; *Po0.05, **Po0.01, NS, no statistical significance, by unpaired t-test). (c) Fifty per cent recovery time of extramitochondrial Ca2þ (first five peaks in panel
a were calculated, n¼ 8–11, *Po0.05, **Po0.01, by unpaired t-test). (d) Time courses of Ca2þ -induced swelling of isolated brain mitochondria from ASIC1aþ /þ (triangles)
and ASIC1a� /� (squares) mice. Data are means±S.E.M. of four experiments. (e) Time courses of DCm loss induced by 100mM H2O2 in cultured cortical neurons from
ASIC1aþ /þ (open triangles) and ASIC1a� /� (open squares) mice. In ASIC1aþ /þ neurons, 200 nM PcTX1 (filled triangles) failed to affect the DCm loss. Data are
means±S.E.M. of four experiments. (f and g) Representative images of calcein-CoCl2 bleaching assays (f) and the summary data for relative calcein intensities in cells
treated with H2O2 (1 mM) or H2O2þCsA (10 mM) for 1 h (g); n¼ 3 for each group. Inset shows shRNA-knockdown efficiency as determined by western blot. **Po0.01, NS,
no statistical significance, by unpaired t-test. (h) Cyt C release induced by H2O2 (upper and middle panels) and Ca2þ (bottom panel) from brain mitochondria isolated from
ASIC1aþ /þ and ASIC1a� /� mice. Mitochondria were incubated with different concentrations of H2O2 (upper panel) or Ca2þ (lower panel) for 60 min or with 100mM H2O2

for different time periods (middle panel) as indicated (S, supernatant; P, pellet). (i) H2O2-induced Cyt C release in whole neurons. (j) shRNA of ASIC1a significantly reduced
neuronal death caused by 5 mM thapsigargin (T) or 1mM A23187 (A) (n¼ 4 for each group, **Po0.01, compared with Veh, ##Po0.01, compared between the groups treated
with the same drugs, by unpaired t-test; data are means±S.E.M. for all bar graphs)
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ASIC1a, we first made crude cellular fractionations from
mouse cortices by sucrose gradient centrifugation at different
speeds. ASIC1a was found to be present in all fractions in
which the mitochondrial proteins VDAC and Cyt C were
enriched (Figure 4a). Consistent with previous findings,8,28

we noticed that ASIC1a was also present in the endoplasmic
reticulum (ER) fractions, indicated by the enrichment of
protein disulfide isomerase (PDI) (Figure 4a).

To further ascertain the mitochondrial expression
of ASIC1a, we coexpressed mitochondrion-targeting red
fluorescent protein (Mito-DsRed) and EGFP-ASIC1a in

cortical neurons and demonstrated that most of mitochondria
were positive for EGFP-ASIC1a signals (Figure 4b and
Supplementary Figure 4). We next isolated mitochondria from
mouse cortices using Percoll gradient centrifugation29 and
found a significant enrichment of ASIC1a in the mitochondrial
fraction (Figure 4c). Importantly, the ASIC1a-positive signals
were only detected in cortical lysates and mitochondrial
fractions of the WT mice but not that of ASIC1a� /� mice
(Figure 4d), validating the specificity of the antibody and
supporting the specific expression of ASIC1a in mouse
cortical neuron mitochondria. To examine whether ASIC1a

Figure 3 ASIC1a is physically associated with ANT. (A) ANT was detected in the immunoprecipitants by the anti-ASIC1a antibody (upper panel), and ASIC1a was
detected in the immunoprecipitants by the anti-ANT1/2 antibody (lower panel) of isolated mouse brain mitochondrial fractions. (B) Identification of ASIC1a-associated
proteins from HEK 293 cells expressing EGFP-tagged ASIC1a by IP using the anti-GFP antibody. A protein band of B30 kDa (indicated by the lower arrow in panel b1) was
subjected to MS analysis (b) and identified to be ANT2 (b, specific peptide fragments of ANT2, TAVAPIER and EQGVLSFWR; see Supplementary Figure 2 and
Supplementary Table 1 for details)

Mitochondrial ASIC1a regulates oxidative cell death
T-L Xu et al

1363

Cell Death and Differentiation



localized in mitochondrial outer or inner membrane, we
prepared mitoplast fractions and found that ASIC1a was
present with a similar expression pattern as the mitochondrial
inner membrane protein ANT but not the mitochondrial outer
membrane protein VDAC (Figure 4e; Naþ -Kþ -ATPase was
used as an indicator of plasma membrane components).

N-terminus regulated mitochondrial localization of
ASIC1a. A previous study suggested that transfected
ASIC1a was mainly localized to the ER in CHO cells.28

However, ER and mitochondria physically interact and share
a similar perinuclear distribution pattern in the cell,30,31

making it difficult to accurately assign the location of ASIC1a
between the two tightly associated organelles in intact cells.
To overcome this limitation, we isolated mitochondria from
CHO cells that coexpressed EGFP-ASIC1a and Mito-DsRed.

Consistent with our finding in mouse cortical neurons, EGFP
signals were observed in isolated mitochondria labeled with
Mito-DsRed (Figure 4f). In addition, the GFP antibody
revealed an enrichment of the expressed EGFP-ASIC1a,
but not the non-fused EGFP, in the mitochondrial fraction
(Figure 4g). In addition, we prepared mitochondrial fractions
from HEK 293 cells transfected with EGFP-ASIC1a. Bands
that were present in the EGFP-ASIC1a lane but not in
the negative control vector lane were considered as EGFP-
ASIC1a proteins (Supplementary Figure 3b1). MS analysis of
the unique B95 kDa band (indicated in Supplementary
Figure 3b1) revealed peptide fragments consistent with that
of ASIC1a (Supplementary Figures 3b2, 5-1 and 5-2).

Moreover, although specific amino-acid sequence motifs
have been described for certain proteins to import and target
to mitochondria,32 no classical mitochondria-targeting

Figure 4 ASIC1a is expressed in mitochondria of mouse cortical neurons. (a) Presence of ASIC1a and organelle markers (PDI for ER, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) for cytosol, and VDAC and Cyt C for mitochondria) in cell fractions of mouse cortex separated by centrifugations at different speeds (� 1000� g) as
indicated. (b) Fluorescence images of a cultured mouse cortical neuron co-transfected with EGFP-ASIC1a (green) and Mito-DsRed (red). Insets, enlarged images for the
boxed region. Scale bar¼ 10mm. See Supplementary Figure 4 for details of colocalization. (c) Presence of ASIC1a and organelle markers in mitochondrial preparations by
Percoll gradient centrifugation. Total, whole cortex lysate; P1, crude nuclear fractions; Mito, mitochondrial fractions; P2, light membrane fractions; Cyto, cytosolic fractions.
(d) Presence of ASIC1a and VDAC in total lysates (total) and mitochondrial fractions (Mito) prepared from brains of ASIC1aþ /þ and ASIC1a� /� mice. (e) Presence of
ASIC1a and ANT1/2 in mitoplast fractions (CM, crude mitochondrial fractions; PM, purified mitochondrial fractions; MP, mitoplast fractions). (f) Fluorescence images of crude
mitochondria isolated from CHO cells expressing EGFP-ASIC1a (green) and Mito-DsRed (red). Scale bar¼ 5mm. (g and h) Detection of GFP signals in total, mitochondrial
(Mito) and cytosolic (Cyto) fractions of CHO cells that were separately transfected with GFP-ASIC1a or EGFP-vector (g) and DN-EGFP-ASIC1a or DC-EGFP-ASIC1a (h).
Cytochrome c oxidase subunit 2 (MTCO2) was used as a marker for mitochondria
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sequence is present in ASIC1a. However, deletion of the
N terminus (but not C terminus) of ASIC1a greatly reduced its
mitochondrial expression (Figure 4h), suggesting that
residues in the N terminus are essential for the mitochondrial
localization of ASIC1a. Therefore, the above data clearly
show that ASIC1a is localized in mitochondria; such localiza-
tion likely contributes to the physiological and pathological
functions of mitochondria.

Deletion of ASIC1a gene increased mitochondrial size of
cortical neurons as well as oxidative stress levels in
mouse brain. Next, we examined possible functional
changes of mitochondria in ASIC1a� /� neurons. As an ion
channel, mitochondrial ASIC1a (mtASIC1a) could contribute
to matrix osmolarity, which plays an important role in
regulating mitochondrial volume.15 Thus, we measured the
density and sizes of mitochondria in cortical neurons from
ASIC1a� /� and WT animals based on electron microscopic
(EM) images. Although the mean density of mitochondria
remained unchanged, the mean size was moderately
increased in ASIC1a� /� mice (Figures 5a–c). Distribution

plots revealed a smaller proportion of mitochondria
of o0.2mm2 and a larger proportion of mitochondria of
40.4 mm2 in ASIC1a� /� neurons (Figure 5c).

Mitochondria are the key producer of ROS.26 Therefore, we
measured protein carbonylation, a biomarker of tissue ROS
levels,33 in mouse brains using the 2,4-dinitrophenylhydrazine
assay. We observed a much higher level of dinitrophenol
(DNP) proteins in ASIC1a� /� than in WT mouse cortices
(Figure 5d), indicative of enhanced oxidative stress in
ASIC1a� /� mouse brain. We then used Mitosox to indicate
the ROS produced directly from mitochondria and found a
significantly higher Mitosox fluorescence in neurons infected
with lentivirus of ASIC1a shRNA (Figure 5e). Moreover,
treatment of cultured mouse cortical neurons with both 1 and
3 mM H2O2 for 3 h caused a significant intracellular ROS
elevation in neurons infected with the control lentivirus
(Figure 5f). However, with the ASIC1a shRNA lentivirus, the
same concentrations of H2O2 failed to induce any detectable
change in intracellular ROS levels (Figure 5f), suggesting that
although the basal ROS level was higher in these neurons,
they were resistant to H2O2-induced ROS elevation. These

Figure 5 Deletion of ASIC1a gene increased mitochondrial size and caused a significant increase in oxidative stress in mouse brain. (a) Representative EM images of
mitochondria in the brain of ASIC1aþ /þ and ASIC1a� /� mice. (b) Summary data on mitochondrial density (left panel) and size (right panel) determined using EM images
(n¼ 185 for ASIC1aþ /þ mitochondria; n¼ 160 for ASIC1a� /� mitochondria; **Po0.01, NS, no statistical significance, by unpaired t-test). (c) Cumulative distribution plots
of mitochondrial size for the same data set shown in panel b (right panel). The numbers are also displayed at 0.1mm2 bins in the inset. (d) Detection of protein carbonylation in
cortices of ASIC1aþ /þ and ASIC1a� /� mice. A representative blot (left panel) and summary data from four experiments (right panel) are shown (n¼ 4, **Po0.01, by
unpaired t-test). (e) Increased Mitosox staining in neurons infected with control lentivirus (vector) or lentivirus for shRNA of mouse ASIC1a (upper panel, representative
images; lower panel, summary data; n¼ 11 for each group; **Po0.01, by unpaired t-test). (f) Detection of protein carbonylation induced by indicated concentrations of H2O2

in cultured neurons infected with control virus and lentivirus for shRNA of ASIC1a. A representative blot (left panel) and summary data from four experiments (right panel) are
shown (n¼ 4, *Po0.05, **Po0.01, NS, no statistical significance, by unpaired t-test; data are means±S.E.M. for all bar graphs)
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data revealed novel physiological functions of mtASIC1a
in regulating mitochondrial volume and ROS production.

Discussion

In this study, we demonstrate that, besides acting as proton-
gated channels on the plasma membrane, ASIC1a is also
expressed in the mitochondria of mouse cortical neurons.
The mtASIC1a is physically associated with a mitochondrial
inner membrane protein, ANT. We show that ASIC1a� /�

neurons exhibit impaired MPT function and are resistant to
neuronal death induced by oxidative stress. Brain cells in the
ASIC1a� /� mice also have enlarged mitochondria and
enhanced ROS levels. Our findings reveal a novel subcellular
localization and intracellular function of ASIC1a.

An increasing number of conventionally known plasma
membrane ion channels and receptors, for example,
large-conductance calcium- and voltage-activated potassium
channels,15 the type-1 cannabinoid receptor34 and N-methyl-
D-aspartate receptors,35 have been detected in mitochondria
and demonstrated to regulate mitochondrial pathophysiological
functions. However, how mitochondrial localized channels
operate remains largely unknown. For mtASIC1a, it appears
that despite the clear requirement for ASIC1a expression in

the modulation of MPT, the ion channel function of ASIC1a
may not be as critical because the channel inhibitors AMI and
PcTX1 both failed to mimic the effect of ASIC1a gene deletion
in increasing CRC and accelerating mitochondrial Ca2þ

uptake rate (Figure 2b and Supplementary Figure 1a).
Moreover, as ASIC1a channels desensitize quickly and
mitochondrial Ca2þ uptake is mainly mediated by the
uniporter and exchangers, it is unlikely that proton-induced
mtASIC1a activation can give rise to sustained Ca2þ entry to
activate MPT. There is no evidence that proton-activated ion
channels are involved in the activation of MPT. This raises the
possibility that mtASIC1a contributes to either the regulation
(Figure 6a, upper left panel) or formation (Figure 6a, upper
right panel) of MPT pores independent of its ion channel
function. However, as MPT is ubiquitously present in all cells
but ASIC1a has only been found in the CNS so far,1,36 the
mtASIC1a most likely would only serve as an important
regulator of MPT pores in cells of the CNS. Recently, F0F1-ATP
synthase was reported to form MPT pores.21 Considering its
proton-transporting function, it should be of interest to test
whether a cross-talk between F0F1-ATP synthase and
mtASIC1a exists in CNS neurons (Figure 6a, bottom panel).

Alternatively, it is also possible that neither AMI nor PcTX1
can pass through the outer mitochondrial membrane for an

Figure 6 Schematics of possible mechanisms of action of ASIC1a in mitochondria. (a) (1) Nonconducting role(s) of mtASIC1a: mtASIC1a may function as one of the
modulators of MPT pores (upper left panel); mtASIC1a may function as one of the components of MPT pores (upper right panel). (2) mtASIC1a may mediate Naþ influx,
reducing the driving force and counteracting MCU. (b) The protective effects of ASIC1a gene deletion in pathological neuronal death. ANT, adenine nucleotide translocase;
MCU, mitochondrial Ca2þ uniporter; MPTP, mitochondrial permeability transition pore, ROS, reactive oxygen species; F0, F0 portion of ATP synthase; F1, F1 portion of ATP
synthase; DCm, mitochondrial membrane potential
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access to mtASIC1a located on the inner membrane. As Naþ

is the main ion conducted by ASIC1a, the mtASIC1a may
mediate Naþ influx into mitochondrial matrix (Figure 6a,
bottom panel), a phenomenon that has been described in
astrocytes and neurons under resting conditions.37 The matrix
Naþ concentration reached a mean value of B36 mM during
the mitochondrial Naþ spiking, which was also accompanied
with mitochondrial depolarization.37 As pH fluctuations occur
at both the matrix and the intermembrane space of mitochon-
dria,38 the mtASIC1a channel is subjected to activity changes
no matter which orientation it adapts at the inner mitochondrial
membrane. Because of the very negative potential and
low Naþ concentration in the matrix side, the opening of
mtASIC1a should result in Naþ influx and mitochondrial
depolarization, which in turn could reduce the driving force for
Ca2þ entry (Figure 6a, bottom panel). It would be of interest in
future experiments to test whether mtASIC1a can be activated
by pH changes in either the matrix side or the intermembrane
space, as well as the kinetics and duration of its activation,
using direct mitochondrial electrophysiological recordings.

Accumulating evidence shows that ASIC1a contributes to
cell death in a variety of neurological disorders, such as
ischemic stroke, multiple sclerosis, Parkinson’s disease
and Huntington’s disease.5,6,39–41 Tissue acidosis is one of
the common symptoms shared by these diseases5,6,39–41 and
considered as the cause of ASIC1a-mediated neuronal
damage.5,6,39–41 Notably, mitochondria play essential roles
in all these diseases.10,14,26,42 Taken ischemic stroke as an
example, ASIC1a gene deletion has been shown to protect
against ischemic brain damage in the rodent focal ischemia/
reperfusion model, middle cerebral artery occlusion.5–7

Coincidently, the same model is also widely used in
MPT-related studies because MPT undertakes the ‘execution’
function of cell demise in this model.10,14,17 Therefore,
although speculative, plasma membrane ASIC1a (death
initiator) and mtASIC1a (death executor) may function at
different levels to regulate ischemic cell death, which may
cooperatively explain the observed strong neuroprotective
effect in ASIC1a-knockout mice (Figure 6b).10,13,15

It was reported that compared with WT mice, ASIC1a-
deficient mice had both a markedly reduced motor deficit and
decreased axonal degeneration in a mouse model of
experimental autoimmune encephalomyelitis despite the
similar levels of CNS inflammation.39,43 Interestingly, ASIC1a
was found only in the surface membrane of neuronal soma
and dendrites but not that of axons.3,44 Perturbed intracellular
Ca2þ homeostasis was considered as a major underlying
cause of this disease.45 However, it is hard to imagine how
somatodendritic localized ASIC1a channels, with a weak
Ca2þ permeability, contribute to the degeneration of axons,
where no ASIC1a channel is present. On the contrary,
mitochondrial dysfunction (such as energy failure and altera-
tion of mitochondrial ROS production) is generally accepted
as a prominent cause of axonal degeneration in multiple
sclerosis, and two inhibitors of MPT pore formation have been
shown to delay disease onset and increase survival of
amyotrophic lateral sclerosis mice.13,46 Because mitochon-
dria (and presumably mtASIC1a) are distributed and
functional in axons,13 our study provides an alternative
explanation that the protection against axonal degeneration

observed in ASIC1a-deficient mice may be due to reduced
activity in MPT. Taken together, our findings suggest that,
besides plasma membrane ASIC1a, mtASIC1a may also be a
promising target for drug design and clinical therapy.

Materials and Methods
Primary culture of mouse cortical neurons. Primary cultures of
mouse cortical neurons were prepared as described previously.7 The experimental
protocols were approved by Animal Care and Use Committee of Shanghai Jiao
Tong University School of Medicine and the Institutional Animal Care and Use
Committee of Institute of Neuroscience, Shanghai, China. Briefly, postnatal day 1
C57BL/6 WT or ASIC1a� /� mice (with congenic C57BL/6 background) were
anesthetized with halothane. Brains were removed rapidly and placed in ice-cold
Ca2þ - and Mg2þ -free phosphate-buffered saline (PBS). Tissues were dissected
and incubated with 0.05% trypsin–EDTA for 15 min at 37 1C, followed by trituration
with fire-polished glass pipettes, and plated in poly-D-lysine-coated 35-mm culture
dishes at a density of 1� 106 cells per dish. Neurons were cultured with
Neurobasal medium supplemented with B27 and maintained at 37 1C in a
humidified 5% CO2 atmosphere incubator. Cultures were fed twice a week and
used for all the assays 8–14 days after plating. Glial growth was suppressed by
the addition of 5-fluoro-2-deoxyuridine (20mg/ml; Sigma-Aldrich, St Louis, MO,
USA) and uridine (20 mg/ml; Sigma-Aldrich).

shRNA of mouse ASIC1a. The shRNA was designed to target mouse
ASIC1a with the sequence of CACC-G GACAT TCAGC AAGAT GAATA-TTCAA
GAG-AT ATTCA TCTTG CTGAA TGTCC-TTTTT TG, and its effectiveness was
tested by western blotting. The cultured mouse cortical neurons were infected with
lentivirus for ASIC1a shRNA or a control lentivirus at DIV 7. Assays were
performed 72 h after virus infection.

Mitochondrion isolation and analyses. Mouse cortical neuron
mitochondria were isolated by homogenization followed by differential centrifugation.29

Briefly, mice were euthanized by decapitation. Brains were removed, and
cortices were separated, minced and washed three times in isolation buffer
(0.32 M sucrose, 1 mM EDTA, 10 mM Tris–HCl, pH 7.4). The tissue was then
homogenized in isolation buffer (10% w/v) using a Dounce homogenizer with 12
strokes. The homogenate was diluted 1 : 1 with Percoll (24%) in isolation buffer
and centrifuged at 30 700� g for 10 min. The upper half was removed and diluted
with isolation buffer (final concentration of Percoll is 12%) and then homogenized
again for four strokes and centrifuged at 30 700� g for 10 min. The lower part was
mixed with the lower half obtained from the first centrifugation and layered on a
Percoll step gradient (19 and 40%). Then, it was centrifuged at 30 700� g for
15 min. The fraction between the two lower Percoll layers was collected, diluted
1 : 4 with isolation buffer and centrifuged at 16 700� g for 10 min. The resulting
pellet was resuspended in 0.5 ml bovine serum albumin (10 mg/ml) and
centrifuged at 6900� g for 10 min. Then, the pellet was resuspended in 200 ml
of isolation buffer. Similar protocol was used for isolation of mitochondria from
CHO cells. Isolated mitochondria were assayed by western blotting and electron
microscopy (data not shown) to evaluate the purity.

To remove the ER fractions, the above pellet was resuspended in a sucrose-
based isolation buffer (0.21 M sucrose, 70 mM mannitol, 1 mM EDTA, 1 mM EGTA,
1.5 mM MgCl2, 10 mM HEPES, pH 7.4) and then centrifuged at 100 000� g for 1 h.
The pellet was collected as purified mitochondrial fractions.

To prepare mitoplast, the purified mitochondria were suspended in 10 volumes of
a hypotonic buffer (10 mM Tris base, 1 mM EGTA, pH 7.4), and digitonin was added
to give a final concentration of 0.1%. This mixture was incubated on ice for 45 min.
An equal volume of 150 mM KCl was then added, and the mixture was incubated for
2 min on ice before centrifugation at 18 000� g for 20 min. The pellet was collected
as mitoplast. All centrifugation steps were carried out at 4 1C.

The CRC assay was performed in a reaction buffer (125 mM KCl, 4 mM K2HPO4,
1 mM MgCl2, 20 mM HEPES, 5 mM glutamate, 5 mM malate, pH 7.4) containing
1 mM Calcium Green-5N salt in 100-ml volumes in wells of a 96-well plate.
Fluorescence changes were measured in a SpectraMax Paradigm Multimode
Microplate Reader (Molecular Devices, Sunnyvale, CA, USA), with the excitation
wavelength of 506 nm and emission wavelength of 531 nm. One-microliter aliquots
of a 20 mM CaCl2 solution (20 mM CaCl2, 129 mM KCl, 1 mM MgCl2, 20 mM
HEPES, 5 mM glutamate, 5 mM malate, pH 7.4) were added to the wells at desired
time points to introduce 20 nmol Ca2þ to the mitochondrial preparation.
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All swelling assays and Cyt C release assays were performed in a solution
containing 120 mM KCl, 5 mM KH2PO4 and 10 mM Tris (pH 7.6). Mitochondrial
swelling was evaluated by measuring light scattering of 250mg of mitochondria in a
1-ml volume at 540 nm in response to 250 mM CaCl2. For Cyt C release, 40mg of
cortical neuron mitochondria in a 60-ml volume was incubated at 30 1C with different
doses of H2O2 or CaCl2. To detect the H2O2-induced Cyt C release in whole
neurons, we incubated neurons with H2O2 for 1 h at 37 1C. Then, the neurons were
fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100 and immune
stained with an anti-Cyt C antibody.

The calcein-CoCl2 bleaching assay was used to test the opening of MPT pores.
Cultured neurons (grown both at the bottom of the well and on glass coverslips
placed in wells of a 24-well plate) were preincubated with 2 mM calcein-AM and
1 mM CoCl2 at 37 1C for 30 min and then washed three times with a phenol red-free
culture medium. After addition of H2O2 (1 mM), the fluorescence intensities
(excitation, 494 nm; emission, 517 nm) of neurons that grew at the bottom of the well
were monitored by bottom reading using the SpectraMax Paradigm Multimode
Microplate Reader. After reading, the glass coverslips were removed from the wells,
fixed and observed by confocal microscopy.
DCm was measured using TMRM (Invitrogen, Carlsbad, CA, USA). Neurons grown

on glass coverslips were loaded with 5 nM TMRM for 10 min, and the fluorescence
levels were measured using a confocal microscope with excitation at 543 nm and
emission at 580 nm at 30 s intervals while H2O2 (100 M) was added at 2 min.

For superoxide measurement in live neurons, 2 mM Mitosox (Invitrogen) was
added to cultured neurons (grown on glass coverslips placed in wells of a 24-well
plate) at 37 1C for 30 min. The cells were then washed three times with the phenol
red-free culture medium. The fluorescence intensities (excitation, 510 nm; emission,
580 nm) of neurons that directly grew at the bottom of the wells were monitored by
bottom reading using the SpectraMax Paradigm Multimode Microplate Reader.
After that, the glass coverslips were removed from the 24-well plate, fixed and
observed by confocal microscopy.

Transfection of CHO (or HEK 293) cells. CHO (or HEK 293) cells
grown in 35-mm dishes were transfected using Lipofectamine 2000 (Invitrogen)
according to the standard protocols. Briefly, 1 day after plating, cells (2 ml of
medium per culture) were transfected with 1–3mg of EGFP-ASIC1a, EGFP-vector,
DN-EGFP-ASIC1a or DC-EGFP-ASIC1a. In some experiments, 1.5mg of
Mito-DsRed was co-transfected with the equal amount of EGFP-ASIC1a. GFP
signal was used for identification of transfected cells.

Cell death assay by propidium iodide staining and Cell-Titer
Blue assay. Cultured cells were rinsed with PBS and incubated with 10 mg/ml
propidium iodide (PI) (Sigma-Aldrich) for 10 min and then rinsed with PBS. Cells were
observed shortly after staining by fluorescence microscopy. Cultured mouse cortical
neurons were treated with different doses of H2O2 (5, 10 and 50mM), and the cell
death was evaluated by PI staining at different time points (4, 8 and 20 h). NeuN or
DIC was used to identify dead neurons from dead glial cells. This assay was
performed double blindly. At least 200 neurons were calculated for each group.

For Cell-Titer Blue (CTB) assay (Promega, Fitchburg, WI, USA), neurons were
cultured in wells of 24-well plates. Before treatments, the amount of culture medium
was adjusted to the same in each well (0.5 ml). Eight hours later, 0.1 ml of CTB
solution was added to each well, and the plate was incubated for 2 h at 37 1C. Then,
the fluorescence intensities (excitation, 560 nm; emission, 590 nm) were detected
using the SpectraMax Paradigm Multimode Microplate Reader.

Co-IP and western blotting. Mouse cortex, cell pellet or purified
mitochondria were collected and resuspended in a lysis buffer (20 mM Tris–Cl
(pH 7.4), 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 3 mM NaF, 1 mM
b-gylcerophosphate, 1 mM sodium orthovanadate, 1 mM Na3VO4 and 10% glycerol
and complete protease inhibitor set (Sigma-Aldrich) and phosphatase inhibitor set
(Roche, Temecula, CA, USA)). The resuspended lysates were vortexed for 20 s and
then incubated on ice for 30 min and centrifuged at 13 000 r.p.m. for 15 min.
The supernatants were collected for western blot analysis or IP.

For co-IP, lysates were incubated with 3mg anti-ASIC1a antibody or control IgG
overnight at 4 1C. In the next day, 30ml protein G agarose beads (Pierce, Rockford,
IL, USA), which were precleared with 5 mg/ml bovine serum albumin
(Sigma-Aldrich), were added into the cell (or tissue) lysates and incubated for 2 h
at 4 1C. Then, the beads were washed three times with lysis buffer, and the
immunoprecipitants were eluted with 2� loading buffer and subjected to western
blot analysis.

Computer image analysis: cytofluorograms and the cross-
correlation function. Both cytofluorograms and the cross-correlation
function were used to evaluate the overall trend of colocalization between two
images in comparison47 with the software ImageJ (plugin, JaCoP).

Statistical analysis. Statistical comparisons were performed using unpaired
or paired Student’s t-tests, where values of Po0.05 are considered significant.
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