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acid-sensing ion channels (ASICs) are voltage-independent ion channels activated by acidic extracellular pH. ASICs play a role in sensory
transduction, behavior, and acidotoxic neuronal death, which occurs
during stroke and ischemia. During these conditions, the extracellular
concentration of sulfhydryl reducing agents increases. We used perforated patch-clamp technique to analyze the impact of sulfhydryls on
H⫹-gated currents from Chinese hamster ovary (CHO) cells expressing human ASIC1a (hASIC1a). We found that hASIC1a currents
activated by pH 6.5 were increased almost twofold by the sulfhydrylcontaining reducing agents dithiothreitol (DTT) and glutathione. DTT
shifted the pH-dose response of hASIC1a toward a more neutral pH
(pH0.5 from 6.54 to 6.69) and slowed channel desensitization. The
effect of reducing agents on native mouse hippocampal neurons and
transfected mouse ASIC1a was similar. We found that the effect of
DTT on hASIC1a was mimicked by the metal chelator TPEN, and
mutant hASIC1a channels with reduced TPEN potentiation showed
reduced DTT potentiation. Furthermore, the addition of DTT in the
presence of TPEN did not result in further increases in current
amplitude. These results suggest that the effect of DTT on hASIC1a
is due to relief of tonic inhibition by transition metal ions. We found
that all ASICs examined remained potentiated following the removal
of DTT. This effect was reversed by the oxidizing agent DTNB in
hASIC1a, supporting the hypothesis that DTT also impacts ASICs via
a redox-sensitive site. Thus sulfhydryl compounds potentiate H⫹gated currents via two mechanisms, metal chelation and redox modulation of target amino acids.
glutathione; DTT; redox; zinc
ACID-SENSING ION CHANNELS (ASICs) are members of the degenerin (DEG)/epithelial Na channel (ENaC) ion channel family. These voltage-independent ion channels are activated by
extracellular acidosis and are expressed in neurons throughout
the central and peripheral nervous system (46, 47). There are
four ASIC genes that encode at least six ASIC subunits
(ASIC1a, -1b, -2a, -2b, -3, and -4). ASIC subunits share
common structural features with all DEG/ENaC ion channels
including an intracellular NH2 and COOH terminus, two transmembrane domains, and a large cysteine-rich extracellular
region (27). Individual subunits associate to form homomultimeric or heteromultimeric channels with different characteristics (7, 10, 23). ASICs are cation permeable and modulate
action potential generation in neurons upon extracellular acidification (34, 45). In the peripheral nervous system, disruption
of individual ASIC genes affects multiple aspects of sensory
transduction including mechanotransduction and nociception
(13, 26, 31, 35, 36). In the central nervous system, disruption
of ASIC1 impacts fear-related behaviors as well as learning
and memory (50 –52).
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ASICs contribute to neuronal death following stroke and
ischemia (55). During these conditions, the extracellular environment in affected tissue becomes acidic (37). This increase
in proton concentration is thought to activate ASICs. In the
brain, many neurons express both ASIC1a homomultimeric
and ASIC1a/2a heteromultimeric channels (7, 17). Homomultimeric ASIC1a channels are calcium permeable and require
less acidic pH to be activated than ASIC1a/2a channels (7, 9,
16, 56). Activation of ASIC1a channels causes an acute increase in intracellular calcium. Excess activation of ASIC1a
channels during stroke and ischemia causes neuronal death (55,
56). Injection of venom containing PcTX1, a peptide known to
prevent ASIC1a activation, reduces neuronal damage in mouse
models of ischemia (55). Additionally, mice with a genetic
disruption of the ASIC1 gene show less damage following
ischemia (55). These results indicate that preventing ASIC
activation limits damage, and, therefore, agents that alter ASIC
activity may impact acidosis-induced neuronal death following
stroke. ASICs also impact migration of malignant glioma cells,
suggesting that ASIC activity may also play a role in the
pathogenesis of brain tumors (11, 44).
ASICs are modulated by several compounds in a subunitspecific manner. For example, RFamide-related peptides slow
or prevent desensitization of ASIC1- or ASIC3-containing
channels (6, 12, 14, 19, 32, 54). Low concentrations of zinc
limit ASIC1a and ASIC1a/2a channel activation, while high
concentrations potentiate ASIC2a homomultimeric channels
(8, 17, 21). Recent work indicates that rodent ASIC1a activity
is also affected by redox reagents (5, 15). These studies
reported different effects of the redox reagents and suggested
distinct mechanisms of sulfhydryl-induced modulation. To
gain insight into the mechanism of modulation of human and
mouse ASICs (hASICs and mASICs, respectively), we undertook a study of glutathione and dithiothreitol (DTT), an exogenous sulfhydryl reagent that mimics the effects of endogenous
sulfhydryls. Our results suggest that sulfhydryls potentiate
ASIC1a through two mechanisms: reducing amino acid residues within the ASIC protein and chelating transition metals
that tonically inhibit ASIC activity. Furthermore, we found that
sulfhydryl compounds induce potentiation of most ASICs.
These results lend significant insight into sulfhydryl modulation of ASICs and suggest that sulfhydryl-induced potentiation
may impact neuronal activities linked to ASIC function.
MATERIALS AND METHODS

DNA constructs and Chinese hamster ovary cell transfection.
Human and mouse ASIC cDNA constructs were cloned in pMT3
expression vector as described (7). The K133R mutant of hASIC1a
was made using the QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). Chinese hamster ovary (CHO) cells were
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transiently transfected with ASIC constructs using electroporation.
Briefly, trypsinized CHO cells (⬃107 cells) were suspended in 0.4 ml
of electroporation solution (120 mM KCl, 25 mM HEPES, 10 mM
K2HPO4, 10 mM KH2PO4, 2 mM MgCl2, 0.15 mM CaCl2, 5 mM
EGTA, and 2 mM MgATP, pH 7.6) and mixed with 2– 4 g of
pEGFP-C1 (Clontech, Mountain View, CA) as well as 10 –20 g of
ASIC constructs. Cells were electroporated with the Gene Pulser
Xcell system (Bio-Rad Laboratories, Hercules, CA) and plated at a
density of 35 cells/mm2 onto 10-mm coverslips in a 35-mm culture
dish. Cells were used for patch-clamping 2–3 days after transfection.
Transfected cells were identified by green fluorescent protein (GFP)
fluorescence.
Primary neuronal culture. Primary hippocampal neuron cultures
were prepared using previously published methods (7, 51). Briefly,
hippocampi were dissected from postnatal day 0 –2 pups, freed from
extraneous tissue, and cut into approximately eight pieces. The hippocampal tissue was transferred into Leibovitz’s L-15 medium (Invitrogen, Carlsbad, CA) containing 0.25 mg/ml bovine serum albumin
and 0.375 mg/ml papain and incubated for 15 min at 37°C with 95%
O2-5% CO2 gently blown over the surface of the medium. After
incubation, the hippocampal tissue was washed three times with
mouse M5-5 medium (Earle’s minimal essential medium with 5%
fetal bovine serum, 5% horse serum, 0.4 mM L-glutamine, 22 mM
glucose, penicillin-streptomycin, and insulin-selenite-transferrin) and
triturated. Hippocampal cells (5 ⫻ 105 cells/well) were plated onto
collagen-coated 10-mm coverslips in 24-well culture dishes. After
72 h, cytosine ␤-D-arabinofuranoside was added to inhibit glial proliferation. After 10 days in vitro, one-half of the culture medium was
replaced with fresh M5-5 medium every 3 days. Neurons were used
from 12 to 20 days in culture.
Electrophysiology. We used the nystatin-based perforated patchclamp technique to record H⫹-gated currents. This method proved
very stable, and ASIC current rundown was significantly smaller in
perforated patch recording compared with conventional whole cell
patch-clamping. The extracellular solution contained 140 mM NaCl,
5.4 mM KCl, 10 mM HEPES, 10 mM MES, 2 mM CaCl2, 1 mM
MgCl2, and 5.55 mM glucose. Tetramethylammonium hydroxide was
used to adjust the pH of the extracellular solution to pH 4.0 –7.4. The
intracellular pipette solution contained 130 mM K-gluconate, 20 mM
KCl, 10 mM HEPES, and 0.1 mM EGTA (pH 7.3). The pipette tip was
filled with the intracellular solution and then back-filled with the
solution containing 150 g/ml nystatin. Nystatin stock solution (30
mg/ml) was made fresh in DMSO before patch-clamping. Patch
electrodes were pulled with a P-97 micropipette puller (Sutter Instrument, Novato, CA) and fire-polished with a microforge (Narishige,
East Meadow, NY). Micropipettes with 3–7 M⍀ were used for
experiments. Large pyramidal neurons were chosen for patch-clamp
analysis. After attaining a giga-ohm seal, we monitored whole cell
membrane capacitance and series resistance until the patch was fully
perforated by nystatin. This usually occurred within 5 min. Cells were
continuously superfused with the extracellular solution from gravityfed perfusion pipes at a flow rate of ⬃1 ml/min. Perfusion pipes
were placed 250 –300 m away from cells, and flow was directed
toward the recorded cells to ensure fast solution exchange. For
hippocampal neurons, we added ion channel inhibitors to the
extracellular solution to inhibit synaptic currents (10 M cyano7-nitroquinoxaline-2,3-dione, 50 M D-2-amino-5-phosphonovaleric acid, 30 M bicuculline, and 500 nM tetrodotoxin). The
addition of DTT, 5,5⬘-dithio-bis-2-nitrobenzoic acid (DTNB), or
N,N,N⬘,N⬘-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) did not
alter the pH of the extracellular solution. Unless otherwise indicated, all reagents were purchased from Sigma-Aldrich (St. Louis,
MO) or Fisher Scientific (Waltham, MA).
The membrane potential was held constant at ⫺70 mV. Data were
collected at 5 kHz using an Axopatch 200B amplifier, Digidata
1322A, and Clampex 9 (Molecular Devices, Sunnyvale, CA). In most
experiments, H⫹-gated currents were evoked by the exogenous apAJP-Cell Physiol • VOL

plication of pH 6.5 or 6.0 extracellular solutions at 2–2.5-min intervals. Because of current rundown, we evoked four to five H⫹-gated
currents to ensure a stable pretreatment control value before the
incubation of reagents. Data were analyzed using Clampfit 9 software
(Molecular Devices). Maximal current amplitudes were normalized to
the pretreatment control values and are expressed as means ⫾ SE. For
determining the pH dose-response curves, peak current amplitudes at
different test pHs were normalized to the average amplitude of pH 5.0
currents evoked just before and after the test pH application. The
average of normalized currents at different pHs was fitted to the
equation
I/I pH.5.0 ⫽ 1/兵1 ⫹ 共EC50/关H⫹兴兲n其 ⫽ 1/兵1 ⫹ 10n共pH⫺pH0.5兲其
where n is Hill coefficient, and EC50 and pH0.5 are the proton
concentration and pH yielding one-half of the pH 5.0 currents
(IpH 5.0), respectively. To ensure that ASIC1a/2a heteromultimers
were generated by expression of both ASIC1a and ASIC2a in CHO
cells, we measured the rate of recovery from desensitization. Briefly,
pH 6.0 was applied for 3–5 s, the pH was returned to 7.4 for ⬃2.5 s,
and then a second pH 6.0 application was made. We calculated the
percent recovery by comparing the peak amplitude of the first pH 6.0
application to that of the second pH 6.0 application. Consistent with
previous reports (7, 10), the recovery rate was faster in cells expressing both mASIC1a and mASIC2a (74 ⫾ 4%, n ⫽ 13) than in cells
expressing mASIC1a alone (41 ⫾ 3%, n ⫽ 13, P ⬍ 0.0001, unpaired
t-test). We used unpaired Student’s t-test for the comparison of
H⫹-gated currents from different groups of cells and the paired
Student’s t-test when comparing H⫹-gated currents with the pretreatment control in the same cell. We used one-way ANOVA to
compare currents among more than two different groups. Statistical analyses were performed with Minitab14 software (Minitab,
State College, PA).
RESULTS

DTT potentiates homomeric hASIC1a currents in CHO cells.
To better understand the mechanism of sulfhydryl modulation
of ASIC currents, we expressed hASIC1a in CHO cells and
used perforated patch-clamp to analyze whole cell currents.
We evoked H⫹-gated currents by changing the extracellular
pH from 7.4 to 6.5 for 5 s. Once stable pH 6.5-evoked currents
were established, we exposed cells to 1 mM DTT at pH 7.4.
One minute after the addition of DTT, we activated hASIC1a
by changing the pH from 7.4 to 6.5 in the presence of DTT
(Fig. 1A). We found that the peak amplitude of H⫹-gated
currents was increased almost twofold in the presence of 1 mM
DTT compared with currents recorded before DTT addition
(182 ⫾ 17% of pre-DTT control, n ⫽ 18, P ⫽ 0.0009; Fig. 1,
B–C). ASIC desensitization was also dramatically slowed in
the presence of DTT (Fig. 1A). Similar results were obtained
with 10 M DTT (peak amplitude 180 ⫾ 20% of pre-DTT
control, n ⫽ 10, P ⫽ 0.003; Fig. 1C), indicating that lower
concentrations of DTT have similar effects. Both pH 6.5 and
DTT had no effect on CHO cells expressing only GFP (Fig.
1D), indicating that the potentiation observed was dependent
on hASIC1a expression. Thus DTT potentiates hASIC1a currents.
The potentiation by DTT could be due to two mechanisms,
chelation of transition metals and/or reduction of amino acid
residues (33, 42). The first effect would be transient and persist
only as long as DTT is present. The latter effect could endure
after the removal of DTT because of the stable nature of
covalent modification. To investigate the involvement of these
two mechanisms in sulfhydryl modulation of hASIC1a, we
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Fig. 1. DTT potentiates H⫹-gated currents in Chinese hamster ovary (CHO)
cells expressing human acid-sensing ion channel 1a (hASIC1a).
A: representative trace of H⫹-gated currents before and after DTT incubation.
CHO cells expressing hASIC1a were exposed to extracellular acid (pH 6.5,
gray bars) and 1 mM DTT for 3 min (black bar). DTT-free solution exchange
for 1–5 min is indicated by “wash” arrows. Dotted line represents the peak
current amplitude before DTT addition. B: time course of DTT-induced
potentiation of hASIC1a H⫹-gated current. Extracellular pH 6.5 solutions were
added at 2-min intervals. Peak current amplitude was normalized to that of the
pre-DTT control (100%, indicated by arrow) evoked just before DTT incubation (n ⫽ 10). *P ⬍ 0.05 and **P ⬍ 0.01 compared with control (paired t-test).
C: quantification of the transient (DTT) and long-lasting effects (DTT/wash) of
1 mM and 10 M DTT on pH 6.5-activated currents. Data are expressed as the
mean of normalized peak current amplitude before addition of DTT, in the
presence of DTT, and following wash with DTT-free solution (1 min).
P values were determined using a paired t-test. D: representative trace of the
effect of DTT and pH 6.5 in CHO cells transfected with pEGFP alone. Note
that H⫹-gated current was not evoked by acid (pH 6.5), and DTT incubation
had no effect. In all experiments, error bars represent SE.
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assessed whether currents remained potentiated after the removal of DTT. Cells were incubated with DTT solution at pH
7.4 for 3 min and then superfused with DTT-free pH 7.4
solution for 1 min. Following this wash step, the pH was
changed to pH 6.5 in the absence of DTT to activate ASIC1a
currents (Fig. 1A). The amplitude of pH 6.5 currents after DTT
incubation and removal was 134 ⫾ 4% of the pre-DTT control
(n ⫽ 37, P ⬍ 0.0001; Fig. 1, A–C). This potentiation was
significantly smaller than the potentiation observed in the
presence of DTT (n ⫽ 13, P ⫽ 0.005). We continued to
superfuse the cells with pH 7.4 solution and activate ASIC1a
currents with pH 6.5 every 2 min. We found that the increase
in peak current amplitude persisted for at least 5 min following
DTT removal (Fig. 1, A–B). In cells that afforded analysis at
later times after DTT incubation, we found that the effect was
maintained for as long as 15 min (n ⫽ 2, data not shown).
Together, these results indicate that DTT has both transient
(the increase in current in the presence of DTT) and longlasting (the potentiation after DTT removal) effects on
hASIC1a.
We hypothesized that the long-lasting potentiation of
hASIC1a currents after DTT removal may be due to reduction
of specific amino acids by DTT. To determine whether oxidation of those residues could reverse the effect of DTT, we
incubated the cells with DTNB, a compound that covalently
modifies proteins and forms mixed disulfides with free sulfhydryl groups (Fig. 2). Following DTT incubation and removal,
hASIC1a currents were activated by pH 6.5 solution. Then,
DTNB was applied for 3 min and washed away for an additional 3 min (Fig. 2A). After DTNB incubation and removal,
hASIC1a currents were again activated by changing the pH
from 7.4 to 6.5. We found that DTNB exposure reversed the
long-lasting potentiation of hASIC1a currents following DTT
incubation and washout (130 ⫾ 5% after DTT/wash and 108 ⫾
5% after DTNB/wash, n ⫽ 12; Fig. 2B). Without previous
DTT exposure, the application and removal of DTNB did not
alter the amplitude of H⫹-gated currents (107 ⫾ 5% of previous pre-DTNB control, n ⫽ 9, P ⫽ 0.24; Fig. 2, C–D).
Therefore, the effect of DTNB was dependent on previous
exposure to DTT. These results indicate that DTT-induced
reduction of residues within hASIC1a potentiates H⫹-gated
currents, and oxidation of these reduced residues by DTNB
reverses this potentiation.
Together, our results indicate that DTT has two effects on
hASIC1a. First, the presence of DTT during ASIC activation
induces large potentiation of pH 6.5-activated hASIC1a currents. Once DTT is removed, potentiation is reduced, but
current amplitude remains increased compared with pre-DTT
controls. This effect is reversed by DTNB, indicating that
reduction of amino acid residues by DTT is required for this
long-lasting effect.
Glutathione potentiates hASIC1a. DTT is an exogenous
sulfhydryl compound. To test whether endogenous sulfhydryl
compounds could potentiate hASIC1a, we treated transfected
CHO cells with reduced glutathione. In the presence of 100
M glutathione, the amplitude of H⫹-gated currents increased
(165 ⫾ 16%, n ⫽ 9, P ⫽ 0.003; Fig. 3, A–B). Similar to DTT
treatment, the amplitude of H⫹-gated currents decreased partly
after a 5-min washout but still remained elevated compared
with preglutathione control (129 ⫾ 9%, n ⫽ 7, P ⫽ 0.02; Fig.
3, A–B). We also tested the effects of glutathione at lower
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tize in the presence of acidic solution, and desensitization
controls the duration of ASIC currents. The presence of DTT
caused an obvious slowing of channel desensitization (Figs. 1A
and 4A). Desensitization is usually quantified by fitting the
desensitization phase of the ASIC current to a single exponential equation and calculating the tau of desensitization (d).

Fig. 2. The long-lasting effect of DTT on hASIC1a is reversed by DTNB.
A: representative trace of the effect of DTT and DTNB on hASIC1a expressed
in CHO cells. H⫹-gated currents were activated by pH 6.5 solution before DTT
addition, after DTT addition (1 mM DTT for 3 min and 3-min wash), and after
DTNB addition (1 mM DTNB for 3 min and 3-min wash). Note that all pH 6.5
applications were performed in the absence of DTT or DTNB. B: time course
of the long-lasting effects of DTT and DTNB. Peak current amplitude was
normalized to that of the pre-DTT control (arrow). DTT and DTNB additions
are indicated by black bars. Washes with extracellular solution free of reagents
are indicated by gray bars (n ⫽ 12, paired t-test). C: representative trace of the
effect of DTNB (1 mM) on hASIC1a currents without previous DTT incubation. DTNB was added for 3 min and washed out for 3 min. D: quantification
of the effect of DTNB alone on hASIC1a. pH 6.5-activated current amplitude
from hASIC1a was not significantly affected (ns) by DTNB when cells were
not previously treated with DTT (n ⫽ 9, P ⫽ 0.24, paired t-test). Error bars
represent SE.

concentrations (1 M and 10 nM; Fig. 3B) and observed that
potentiation in the presence of glutathione was concentration
dependent (Fig. 3C). Persistent potentiation that remained after
the removal of glutathione was only observed with 100 M
and 1 M glutathione, suggesting that the long-lasting potentiation requires higher concentrations of glutathione (micromolar range), whereas transient potentiation in the presence of
glutathione requires much lower concentrations of glutathione
(nanomolar range).
DTT affects hASIC1a pH dose-response and channel desensitization. Our results indicate that DTT impacts the peak
current amplitude of pH 6.5-activated hASIC1a currents and
channel desensitization (Fig. 1A). hASIC1a channels desensiAJP-Cell Physiol • VOL

Fig. 3. Glutathione potentiates hASIC1a currents in a concentration-dependent
manner. A: a representative trace shows the potentiation of hASIC1a current by
reduced glutathione. H⫹-gated currents were activated by pH 6.5 solutions
(gray bar) during glutathione incubation (100 M for 3 min as indicated by
black bar) and following removal of glutathione (1-min wash). Washout is
indicated by arrow. B: time course of the potentiation by 100 M, 1 M, and
10 nM glutathione. Peak amplitudes were normalized to preglutathione control
(arrow). Glutathione incubation is indicted by black bar. Solution exchange
(wash) is indicated by gray bar (n ⫽ 7–13 for each group). *P ⬍ 0.05 and
**P ⬍ 0.01 compared with control (paired t-test). C: concentration-response
relationship of glutathione. The changes of current amplitudes (⌬IpH 6.5) during
glutathione incubation (GSH) and after 3-min washout (GSH/wash) are expressed as the percentage of preglutathione control. *P ⬍ 0.05 and **P ⬍ 0.01
compared with control (paired t-test). A 1-way ANOVA revealed a significant
difference between ⌬IpH 6.5 during glutathione incubation and ⌬IpH 6.5 after
washout of glutathione [F(1, 54) ⫽ 4.49, P ⫽ 0.04]. Both transient and
long-lasting effects of glutathione on ⌬IpH 6.5 were significantly different
depending on the concentration [1-way ANOVA, F(2, 29) ⫽ 5.83, P ⫽ 0.007 for
the transient effect; F(2, 21) ⫽ 3.61, P ⫽ 0.04 for the long-lasting effect]. Nos.
in parentheses represent nos. of cells examined.
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Fig. 4. DTT slows desensitization and shifts the pH dose response of hASIC1a. A: representative recording showing desensitization kinetics before, during, and
after DTT incubation. pH 6.5 addition is indicated by gray bars, and DTT incubation (1 mM) is indicated by black bars. Removal of DTT-containing solution
is indicated by wash arrow. Dotted line represents the peak current amplitude before DTT application. B: quantification of the DTT-induced change in
desensitization. Desensitization was quantified as the time for hASIC1a currents to decrease to 37% of the peak amplitude (Td.37). Statistical significance was
determined using a paired t-test. Error bars represent SE. C: quantification of the peak current amplitude of pH 6.5- or pH 5.0-activated currents before, during,
and after DTT addition. Peak current amplitudes were normalized to the pre-DTT control values. Nos. in parenthesis represent nos. of cells examined. *P ⬍ 0.05
and **P ⬍ 0.01 compared with pre-DTT control (paired t-test). D: change in pH dose-response relationship of hASIC1a by DTT. H⫹-gated currents were evoked
by pH 6.0, 6.5, 6.7, and 6.9 solutions without DTT incubation (pre-DTT), during DTT incubation (DTT), or after the washout of DTT (DTT/wash). Peak current
amplitudes were normalized to currents evoked by pH 5.0 at the indicated condition (n ⫽ 4 – 8 for each data point, presented as mean ⫾ SE). Normalized currents
at pH 6.5 and 6.7 were significantly larger in DTT-treated cells compared with cells without DTT incubation. I, peak current amplitude at given pH values; IpH 5.0,
peak current amplitude at pH 5.0. *P ⬍ 0.05, **P ⬍ 0.01, and ***P ⬍ 0.001 (unpaired t-test).

This point represents the time required for the current to reduce
to 37% of its maximal value (1/e). Since hASIC1a desensitization in the presence of DTT did not fit to an exponential
equation, we quantified desensitization by measuring the time
required for H⫹-gated currents to decrease to 37% of the peak
amplitude (Td.37). Using this method to quantify desensitization, we found that the Td.37 of hASIC1a currents at pH 6.5 was
larger in the presence of DTT (Td.37 ⫽ 1.49 ⫾ 0.21 s for the
pre-DTT control, 4.56 ⫾ 0.86 s during DTT incubation, n ⫽ 6,
P ⫽ 0.011; Fig. 4B). After the removal of DTT, desensitization
of H⫹-gated currents was still twofold larger than pre-DTT
control values (Td.37 ⫽ 2.97 ⫾ 0.40 s after DTT washout, n ⫽
6, P ⫽ 0.007; Fig. 4B). These results indicate that desensitization of hASIC1a was slowed in the presence of DTT and
remained affected after washout of DTT.
Our data show that DTT potentiates hASIC1a currents
activated by pH 6.5 solutions (Fig. 1). To determine whether
DTT potentiation was dependent on the pH of the activating
solutions, we analyzed DTT effects using different activating
pHs. We found that currents activated by pH 5.0 did not change
significantly during or after DTT incubation (105 ⫾ 7%, n ⫽
6, P ⫽ 0.41 during DTT incubation; 106 ⫾ 6%, n ⫽ 5, P ⫽
0.91 after washout of DTT; Fig. 4C). These results suggested
that DTT-induced potentiation was pH dependent. We performed a detailed pH dose-response analysis of hASIC1a
AJP-Cell Physiol • VOL

during DTT incubation and after DTT removal. The pH that
induced one-half maximal peak current amplitude (pH0.5) of
hASIC1a before DTT incubation was 6.54. During DTT incubation, the pH dose-response curve shifted toward neutral
physiological pH with pH0.5 ⫽ 6.69 (Fig. 4D). Following DTT
incubation and washout, H⫹-gated currents at pH 6.5 and 6.7
were still significantly elevated, and the pH dose-response
curve remained shifted toward neutral pH with pH0.5 ⫽ 6.60
(Fig. 4D). These results indicate that DTT increases the apparent affinity of hASIC1a to protons, and that the effect of DTT
is pH dependent.
Potentiation of ASIC currents by sulfhydryl compounds in
hippocampal neurons. Our data indicate that sulfhydryls potentiate hASIC1a currents. To examine whether neuronal H⫹gated currents are similarly affected by sulfhydryl compounds,
we cultured hippocampal neurons from postnatal mice and
tested the effects of DTT and reduced glutathione. Homomeric
ASIC1a and heteromeric ASIC1a/2a channels contribute to
H⫹-gated currents in central neurons (7). Because these two
types of ASICs have different pH sensitivities, and the effect of
DTT is pH dependent, we used pH 6.0 to activate H⫹-gated
currents from neurons (Fig. 5A). Similar to our observations in
CHO cells transfected with hASIC1a, the amplitude of pH
6.0-activated currents increased in the presence of 1 mM DTT
(158 ⫾ 15%, n ⫽ 11, P ⫽ 0.004; Fig. 5A). After removal of
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DTT, currents remained elevated compared with pre-DTT
control currents (126 ⫾ 5%, n ⫽ 11, P ⫽ 0.0007; Fig. 5, A–B).
The peak current amplitudes of H⫹-gated currents in hippocampal neurons consistently decrease with repeated applications of acidic solutions. Therefore, we compared DTTtreated neurons to mock-treated neurons and observed that
DTT-treated neurons showed larger currents for at least 6 min,
indicating that potentiation persisted even after the removal of
DTT (Fig. 5B). H⫹-gated current desensitization was slowed in
the presence of DTT (Td.37 ⫽ 1.45 ⫾ 0.16 s for pre-DTT
control, 1.94 ⫾ 0.30 s during DTT incubation, n ⫽ 9, P ⫽
0.033; Fig. 5C). As opposed to our results in CHO cells,
however, current desensitization after the removal of DTT was
not significantly different from pre-DTT control values (Td.37 ⫽
1.42 ⫾ 0.11 s, n ⫽ 9, P ⫽ 0.37; Fig. 5C). We also tested the
effect of the endogenous sulfhydryl compound glutathione.
Like DTT, glutathione affected H⫹-gated current amplitude
(Fig. 5D). Quantification revealed that glutathione and DTT
induced similar potentiation (Fig. 5E).
To determine whether the differences in DTT modulation
between hASIC1a expressed in CHO cells and H⫹-gated currents in mouse neurons were due to the presence of ASIC2
subunits, we analyzed DTT effects in neurons from ASIC2
knockout mice. In hippocampal neurons, H⫹-gated currents are
due to activation of both homomultimeric ASIC1a channels
and heteromultimeric ASIC1a/2a channels. In the absence of
the ASIC2, ASIC1a homomultimeric channels predominate
(7). We found that H⫹-gated currents in ASIC2 knockout
neurons were potentiated in the presence of DTT and remained
potentiated following the removal of the sulfhydryl reagent
(184 ⫾ 19%, P ⫽ 0.008 during DTT incubation; 135 ⫾ 11%,
P ⫽ 0.023 after DTT incubation and washout, n ⫽ 6; Fig. 5,
F–G). The Td.37 was also increased in the presence of DTT but
returned to pre-DTT levels with the removal of DTT from
solution (Fig. 5H). These results indicate that ASIC2 subunits
are not responsible for the difference in DTT effects between
CHO cells expressing hASIC1a and hippocampal neurons.
This suggests that other factors such as species differences
between mouse and human ASIC1a are responsible.
DTT potentiates mASICs in CHO cells. The presence of
DTT affected H⫹-gated currents in mouse neurons differently
from H⫹-gated currents in CHO cells expressing hASIC1a. To
determine whether species differences between mouse and
human ASIC1a impact DTT-induced potentiation, we analyzed
the effects of DTT on mouse homomeric ASIC1a and heteromeric ASIC1a/2a expressed in CHO cells. Whereas DTT
increased pH 6.5-activated hASIC1a currents twofold,
mASIC1a pH 6.0-activated currents increased sevenfold in the
presence of DTT (716 ⫾ 137% of pre-DTT control, n ⫽ 9, P ⫽
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0.002; Fig. 6A). After a 3-min DTT incubation and 1-min
washout, DTT-induced effects decreased but currents remained
potentiated compared with pre-DTT control (199 ⫾ 33% of
pre-DTT control, n ⫽ 9, P ⫽ 0.014; Fig. 6A). The presence of
DTT also slowed desensitization of mASIC1a (Td.37 ⫽ 1.19 ⫾
0.15 s for pre-DTT control and 1.95 ⫾ 0.35 s during DTT
incubation, n ⫽ 5, P ⫽ 0.021; Fig. 6A). After removal of DTT,
however, desensitization was not significantly different from
pre-DTT control (1.36 ⫾ 0.23 s, n ⫽ 5, P ⫽ 0.39). Therefore,
species differences between mouse and human ASIC1a impact
DTT-induced potentiation of ASIC1a currents.
We also analyzed the effects of DTT on mASIC1a/2a
heteromultimeric channels (Fig. 6B). When DTT was applied
to CHO cells expressing both mASIC1a and mASIC2a subunits, H⫹-gated currents increased twofold (204 ⫾ 32% of
pre-DTT control, n ⫽ 12, P ⫽ 0.0007; Fig. 6B). Thus the effect
of DTT on mASIC1a/2a pH 6.0-activated currents is substantially smaller than the effect of DTT on homomultimeric
mASIC1a pH 6.0-activated currents (P ⫽ 0.005). After the
removal of DTT, H⫹-gated currents remained increased, albeit
to a much lesser extent (128 ⫾ 9% after the washout of DTT,
n ⫽ 12, P ⫽ 0.012; Fig. 6B). Desensitization of mASIC1a/2a
channels was also slowed during DTT incubation and after
washout (Td.37 ⫽ 1.20 ⫾ 0.08 s for pre-DTT control, 1.88 ⫾
0.27 s during DTT incubation, P ⫽ 0.027, 1.51 ⫾ 0.14 s after
the washout, P ⫽ 0.020, n ⫽ 7; Fig. 6B).
DTT potentiation of H⫹-gated currents from other ASIC
subunits was observed as well. We analyzed the effect of DTT
on mASIC2a homomultimeric channels and found that DTT
incubation caused an increase in mASIC2a current amplitude
that persisted after the removal of DTT (125 ⫾ 10% of
pre-DTT control, n ⫽ 8, P ⫽ 0.038; Fig. 7A). We also analyzed
the effect of DTT on two ASIC subunits prominently expressed
in sensory neurons, ASIC1b (a splice variant of ASIC1a) and
ASIC3. DTT affected mASIC1b currents similarly to
mASIC1a. The presence of DTT induced an eightfold increase
in current amplitude (826 ⫾ 135% of pre-DTT control, n ⫽ 8,
P ⫽ 0.0004; Fig. 7B). After the removal of DTT, currents
remained potentiated (230 ⫾ 34%, n ⫽ 8, P ⫽ 0.007).
H⫹-gated currents from cells expressing mASIC3 were also
impacted by DTT. The presence of DTT caused pH 6.0activated mASIC3 currents to increase to 357 ⫾ 80% of
pre-DTT control (n ⫽ 10, P ⫽ 0.009; Fig. 7C). After removal
of DTT, these currents remained elevated (288 ⫾ 68%, n ⫽ 10,
P ⫽ 0.017). Therefore, DTT potentiated the peak current
amplitude of all ASICs examined.
Metal chelator TPEN mimics the transient effect of DTT on
hASIC1a. Sulfhydryl compounds display two chemical properties that impact ion channel function. They modify the

Fig. 5. DTT and glutathione potentiate H⫹-gated currents in hippocampal neurons. A: representative traces show the potentiation of H⫹-gated currents activated
at pH 6.0 by 1 mM DTT (4 min). B: time course of H⫹-gated currents at pH 6.0 in hippocampal neurons in the presence of DTT and following DTT removal
(solid circles) and in mock-treated neurons (open circles). Note the rundown of H⫹-gated currents in mock-treated neurons. Peak current amplitudes were
normalized to that of the pre-DTT or prevehicle control (100%, arrow). **P ⬍ 0.01 and ***P ⬍ 0.001 compared with mock-treated control (unpaired t-test).
C: effect of DTT on desensitization of H⫹-gated currents. *P ⬍ 0.05 (paired t-test). D: representative trace of the effect of 100 M glutathione on cultured
hippocampal neurons (4-min glutathione incubation and 1-min washout). E: quantification of transient and long-lasting effects of 1 mM DTT and 100 M
glutathione on H⫹-gated currents in hippocampal neurons. PreTx, pretreatment control. **P ⬍ 0.01 and ***P ⬍ 0.001 compared with mock-treated group
(unpaired t-test); #P ⬍ 0.05, transient vs. long-lasting effects (paired t-test). Transient effect was measured during DTT or glutathione incubation (4 min), and
the long-lasting effect was measured after washout (1 min). F: representative trace of the effect of DTT on H⫹-gated currents from ASIC2 knockout (KO)
neurons. G: quantification of the effect on pH 6.5-induced current amplitude. *P ⬍ 0.05 and **P ⬍ 0.01 compared with pre-DTT control; #P ⬍ 0.05, transient
vs. long-lasting effects (paired t-test). H: effect of DTT on desensitization of H⫹-gated currents in ASIC2 knockout neurons. **P ⬍ 0.01 compared with pre-DTT
control (paired t-test).
AJP-Cell Physiol • VOL
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Fig. 6. DTT-induced potentiation of H⫹gated currents of CHO cells expressing
mouse ASIC1a (mASIC1a)-containing channels. Representative traces and quantification of H⫹-gated currents in CHO cells expressing mASIC1a homomultimers (A) or
mASIC1a/2a heteromultimers (B). DTT was
applied for 3 min and washed out for 1 min.
pH 6.0 solution was applied every 2–2.5 min
(in presence or absence of DTT, as indicated)
to activate ASIC currents. Desensitization
was quantified by measuring the Td.37 as in
Fig. 4. *P ⬍ 0.05 and **P ⬍ 0.01 compared
with pre-DTT control; #P ⬍ 0.05, comparing
pH 6.0-activated currents in the presence of
DTT with pH 6.0 currents activated after the
removal of DTT (paired t-test).

structure and function of proteins by reducing amino acid
residues and disulfide bonds. They also chelate transition metal
ions such as Cu2⫹, Fe2⫹, Mn2⫹, Ni2⫹, and Zn2⫹. ASIC1a is
inhibited by extracellular Zn2⫹ in the nanomolar range (17).
Zinc decreases the apparent sensitivity of ASIC1a for protons,
and ambient Zn2⫹ concentration in the extracellular solution is
enough to tonically inhibit ASIC1a (17). We hypothesized that
the acute potentiation of ASIC1a that is observed during DTT
incubation and disappears after washing was due to Zn2⫹
chelation. To test this hypothesis, we used TPEN, a compound
that chelates transition metal ions including zinc (Fig. 8). In the
presence of 10 M TPEN, peak H⫹-gated current amplitude of
hASIC1a increased (Fig. 8A). The potentiation of hASIC1a
current amplitude in the presence of either TPEN or DTT was
remarkably similar (198 ⫾ 18% for TPEN, 201 ⫾ 13% for
DTT, n ⫽ 14, P ⫽ 0.99; Fig. 8A). Like DTT, TPEN also
slowed the desensitization of hASIC1a, and the Td.37 in the
presence of TPEN was not significantly different from the Td.37
in the presence of DTT (4.25 ⫾ 0.38 for DTT, 4.44 ⫾ 0.23 for
TPEN, n ⫽ 5, P ⫽ 0.50; Fig. 8B). However, TPEN-induced
potentiation did diverge from DTT potentiation in one respect.
Potentiation disappeared completely after the removal of
TPEN, whereas currents remained potentiated following the
removal of DTT (107 ⫾ 5% and 150 ⫾ 12% after the washout
of TPEN and DTT, respectively, P ⫽ 0.013, n ⫽ 7; Fig. 8A).
These results are consistent with the proposed mechanism of
action of these two compounds. While TPEN simply chelates
transition metals, DTT can both chelate transition metals and
covalently modify amino acids residues to induce long-lasting
effects on channel function.
To determine whether the effects of TPEN and DTT are
additive, we studied the consequences of coapplication of both
compounds. We found that application of DTT in the presence
of TPEN caused no additional increase in hASIC1a current
activated by pH 6.5 solutions (231 ⫾ 34% for TPEN, 246 ⫾
22% for TPEN ⫹ DTT, n ⫽ 6, P ⫽ 0.49; Fig. 8C). Similar
results were attained when the activating pH was 6.7 (265 ⫾
55% for TPEN, 263 ⫾ 49% for TPEN ⫹ DTT, n ⫽ 5, P ⫽
AJP-Cell Physiol • VOL

0.82; Fig. 8C). These results indicate that potentiation of
hASIC1a currents in the presence of DTT is due to metal
chelation.
Mutation K133R attenuates both DTT- and TPEN-induced
potentiation of hASIC1a. If potentiation of hASIC1a currents
in the presence of DTT is due to zinc chelation, then mutant
channels insensitive to extracellular zinc should not be acutely
affected by DTT. In mASIC1a, a substitution of lysine 133 to
an arginine eliminates high-affinity Zn2⫹ inhibition (17). We
made this substitution in hASIC1a (K113R), transfected it into
CHO cells, and analyzed the effects of TPEN and DTT on
H⫹-gated currents (Fig. 9). Similar to previous reports on
mASIC1a with this substitution, the pH dose-response curve of
K133R was similar to that of hASIC1a (data not shown).
TPEN-induced potentiation of H⫹-gated currents from K133R
was dramatically reduced compared with wildtype hASIC1a
(138 ⫾ 6% for K133R and 202 ⫾ 23% for hASIC1a, P ⫽
0.019; Fig. 9, A–C). Thus K133R shows significantly reduced
tonic inhibition by zinc, but some transition metal inhibition
still remains (138 ⫾ 6%, n ⫽ 9, P ⫽ 0.0004). DTT-induced
potentiation was also reduced in this mutant channel (Fig. 9B).
In the presence of DTT, the increase in H⫹-gated currents of
K133R was only 131 ⫾ 10% compared with hASIC1a potentiation of 204 ⫾ 15% (n ⫽ 9, P ⫽ 0.0007; Fig. 9C). After the
removal of DTT, H⫹-gated currents of K133R were only
113 ⫾ 4% of the pre-DTT control, whereas hASIC1a was
151 ⫾ 10% of pre-DTT control (P ⫽ 0.023; Fig. 9C). These
results indicate that the long-lasting effect of DTT, which we
ascribe to redox modulation of the channel, is also compromised in K133R. Thus both TPEN- and DTT-induced potentiation is attenuated in the K133R mutant of hASIC1a. These
results indicate that lysine 133 affects both TPEN and DTT
potentiation and suggests that these compounds have similar
mechanisms of action.
ASIC1b and ASIC3 are potentiated by the metal chelator
TPEN. Our studies suggest that the presence of DTT potentiates ASIC1a by chelating transition metal ions that tonically
inhibit H⫹-gated currents (Figs. 8 –9). Consistent with this
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presence of 10 M TPEN but not 100 M TPEN (n ⫽ 5, P ⫽
0.008 for 10 M TPEN, and n ⫽ 4, P ⫽ 0.84 for 100 M
TPEN compared with TPEN alone; Fig. 10B). These results
suggest that mASIC1a and mASIC1b differ in their sensitivity
to metal chelators. TPEN (10 M) also increased ASIC3
currents (164 ⫾ 14%, n ⫽ 8, P ⫽ 0.003; Fig. 10C). When
coapplied with 10 M TPEN, there was no additive enhancement of ASIC3 currents (n ⫽ 4, P ⫽ 0.18 compared with
TPEN alone; Fig. 10C). These results suggest that, like
ASIC1a, the chelation of transition metal ions may underlie
potentiation of ASIC1b and ASIC3 by DTT.
DISCUSSION

Fig. 7. DTT potentiates mASIC2a, mASIC1b, and mASIC3 H⫹-gated currents. Representative trace and quantification of the effect of DTT on
mASIC2a (A), mASIC1b (B), and mASIC3 (C) expressed in CHO cells. ASIC
currents were activated by pH 4.0 or 6.0 solutions every 2 min. DTT (1 mM)
was applied for 3 min. During this 3-min time period, ASIC currents were
evoked by application of pH 4.0 or 6.0 solutions in the presence of DTT. DTT
was removed by exchanging the bath solution and superfusing the cell with
DTT-free solution for 1 min. pH 4.0 or 6.0 solution (in the absence of DTT)
was then applied. *P ⬍ 0.05, **P ⬍ 0.01, and ***P ⬍ 0.001 compared with
pre-DTT control; #P ⬍ 0.05 and ##P ⬍ 0.01, comparing pH 6.0 amplitude in
the presence of DTT and after DTT removal (paired t-test).

idea, zinc inhibits ASIC1a currents at concentrations normally
present in extracellular solutions (17), and our results indicate
that the metal chelator TPEN mimics DTT-induced potentiation (Fig. 8, A–B). The effects of both TPEN and DTT are not
additive (Fig. 8C), suggesting that they act through a common
mechanism. However, DTT potentiates ASIC1b and ASIC3
(Fig. 7, B–C), which are not reported to be sensitive to
extracellular zinc (17). To examine whether these channels are
affected by metals and whether transient potentiation by DTT
is due to metal chelation, we expressed mASIC1a, mASIC1b,
and mASIC3 in CHO cells and then analyzed the effect of
TPEN and DTT on H⫹-gated currents (Fig. 10).Like hASIC1a,
10 M TPEN potentiated mASIC1a current, and the application of DTT in the presence of TPEN did not result in an
additional increase in mASIC1a current (581 ⫾ 122% for
TPEN, 579 ⫾ 134% for TPEN ⫹ DTT, n ⫽ 5, P ⫽ 0.96; Fig.
10A). mASIC1b was also enhanced by TPEN in a concentration-dependent manner (593 ⫾ 149%, n ⫽ 6, P ⫽ 0.02 for 10
M TPEN; 882 ⫾ 213%, n ⫽ 4, P ⫽ 0.03 for 100 M TPEN;
Fig. 10B). DTT further increased ASIC1b currents in the
AJP-Cell Physiol • VOL

The ASICs are important for normal behavior and sensory
transduction (13, 25, 31, 35, 36, 50 –52). In addition, calciumpermeable ASIC1a contributes to neuronal death following
ischemia in the brain (55). Therefore, understanding the factors
that influence ASIC1a activity may lend insight into the modulators that control cell death following ischemia and stroke. In
this study, we show that the activity of ASICs, including
hASIC1a, is enhanced by sulfhydryl compounds. Since the
extracellular concentration of sulfhydryls can change in physiological and pathological states (4, 29, 38, 57), the modulation
of ASICs by these compounds may have a strong impact on
ASIC function in the central and peripheral nervous system.
Similar to previous studies in mouse sensory neurons and
cortical neurons (5, 15), we found that sulfhydryl agents
enhanced ASIC currents. DTT shifts the pH dose-response
curve of both human and mouse ASIC1a such that less acidic
pHs are required to activate H⫹-gated currents (15). Thus
sulfhydryl-induced potentiation of ASIC1a is conserved between species, although there are differences in DTT modulation of human and mouse ASICs. We observed an extremely
robust (sevenfold) increase of mASIC1a currents in the presence of DTT, whereas hASIC1a was potentiated only twofold.
This difference could be ascribed to the different pH solutions
used to activate currents (pH 6.5 for hASIC1a and pH 6.0 for
mASIC1a). However, at no place on the hASIC1a pH doseresponse curve did we observe a sevenfold potentiation of
current by DTT. Human and mouse ASIC1a channels are
highly conserved, with only 11 amino acid differences. Our
results suggest that at least one of these amino acid differences
affects how sulfhydryl reagents impact channel characteristics.
We also observed differences in potentiation between H⫹gated currents of mouse hippocampal neurons and heterologously expressed mASICs. In particular, DTT-induced potentiation of H⫹-gated currents in ASIC2 knockout neurons
(which have predominantly mASIC1a-like currents) was much
smaller than that of mASIC1a expressed in CHO cells. This
difference could be due to the state of neuronal ASICs (some
may already be reduced or free of metal), the presence of other
ASIC subunits, or neuron-specific modification of ASIC1a.
Sulfhydryl compounds modulate many ion channels by
reducing disulfide bonds and chelating transition metal ions
(30, 53). For example, DTT produces an increase in the
N-methyl-D-aspartate (NMDA) receptor current that persists
even after removal of DTT. It is thought that this effect is
produced by reduction of disulfide bonds between two cysteine
residues (C744 and C798) in the NR1 subunit (42). DTT also
increases NMDA receptor activity by chelating transition met-
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Fig. 8. The metal chelator TPEN mimics the transient effect of DTT. A: representative trace of hASIC1a H⫹-gated currents in the presence of TPEN (10 M)
or DTT (1 mM). Quantification of the peak current amplitude of pH 6.5-activated currents in the presence of TPEN or DTT and after washout. **P ⬍ 0.01 and
***P ⬍ 0.001 (paired t-test). There was no significant difference (ns) in the acute potentiation by TPEN and by DTT. B: representative trace and quantification
of the change in desensitization when either TPEN or DTT is applied. ***P ⬍ 0.001 (paired t-test). C: representative trace of the effect of applying both TPEN
and DTT concurrently and quantification of the potentiation of hASIC1a by TPEN or TPEN ⫹ DTT. Peak amplitude values were normalized to that of the
pretreatment control (PreTx, 100%). There was no significant difference (ns) in the potentiation by TPEN and by TPEN ⫹ DTT. *P ⬍ 0.05 and **P ⬍ 0.01
(paired t-test).

als and relieving tonic Zn2⫹ inhibition (33). Our data suggest
that DTT affects ASIC1a in a similar manner. In the presence
of DTT or glutathione, the peak current amplitude of hASIC1a
currents is potentiated, and desensitization is slowed. This
effect is mimicked by the addition of the metal chelator TPEN,
and the addition of DTT with TPEN does not increase currents
further. Furthermore, the increase in currents induced by DTT
was significantly attenuated in a mutant channel (K133R) that
is less sensitive to extracellular zinc. Together, these results
indicate that DTT potentiates hASIC1a by chelating transition
metals. Sulfhydryls also potentiate ASIC1b and ASIC3 currents. Like ASIC1a, ASIC1b and ASIC3 currents were not
AJP-Cell Physiol • VOL

further potentiated by DTT in the presence of TPEN, suggesting that the presence of DTT increases currents by chelating
transition metal ions that tonically inhibit ASIC1b and ASIC3.
hASIC1a currents remain potentiated following DTT incubation and removal. This long-lasting potentiation is reversed
by the addition of DTNB, which covalently modifies free
sulfhydryl groups. Additionally, this long-lasting effect is not
induced by treatment with TPEN alone. These results suggest
that DTT impacts peak current amplitude of hASIC1a by
reducing amino acid residues within the ASIC1a protein as
well as metal chelation. The fact that all ASICs examined
showed long-lasting potentiation after the removal of DTT
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Although all ASICs showed long-lasting potentiation after
DTT incubation, only ASIC1a, -1b, and -3 displayed increased
potentiation in the presence of DTT compared with the potentiation following DTT removal. These three channels were also
potentiated by TPEN, suggesting that they are tonically inhibited by basal concentrations of transition metals. Either TPEN
or DTT chelates metals and frees the ion channel from metal
inhibition. It is known that ASIC1a channels are inhibited by
extracellular zinc at concentrations that are typically present in

Fig. 9. Lysine 133 mutation reduces both TPEN- and DTT-induced potentiation of hASIC1a. Representative traces of the potentiation of hASIC1a (A) and
K133R-hASIC1a (B) by TPEN (10 M, 1 min) and DTT (1 mM, 3 min).
H⫹-gated currents at pH 6.5 were recorded before, during, and after incubation
of TPEN or DTT. C: quantification of the effect of TPEN and DTT on
hASIC1a and K133R. Nos. in parentheses represent nos. of cells examined.
*P ⬍ 0.05, **P ⬍ 0.01, and ***P ⬍ 0.001 compared with pretreatment control
(paired t-test).

suggests that the residue(s) undergoing redox modulation is
conserved among ASIC subunits. Since glutathione is not
readily membrane permeable, residues within the extracellular
domain are likely targets for sulfhydryl-induced reduction.
Free and disulfide-bonded cysteine residues are major sites for
redox modulation by oxidizing and reducing agents (30).
ASICs have 14 conserved cysteine residues within their extracellular domain (27). These residues are thought to form
disulfide bonds that impact the tertiary structure. Conserved
cysteine residues are essential for cell surface expression of the
related DEG/ENaC channel (20). The role of the conserved
cysteine residues in the extracellular domain of ASICs has not
yet been reported. Our results suggest that modification of
these cysteine residues in ASICs impacts channel function.
AJP-Cell Physiol • VOL

Fig. 10. Effect of TPEN and DTT on mASIC1a, mASIC1b, and mASIC3.
Representative trace and quantification of effect of TPEN and DTT addition on
mASIC1a (A), mASIC1b (B), and mASIC3 (C) expressed in CHO cells.
H⫹-gated currents were activated by pH 6.0 solution in the presence of the
indicated compounds. TPEN (10 or 100 M) was applied for 1 min at pH 7.4
before activation of H⫹-gated currents. When DTT and TPEN were both
present during the acid stimulus (TPEN ⫹ DTT), TPEN was applied for 1 min
at pH 7.4, and then DTT (1 mM) was added in the continued presence of TPEN
at pH 7.4 for an additional 1 min before acid-dependent activation. *P ⬍ 0.05
and **P ⬍ 0.01 compared with pretreatment control values (no DTT or TPEN)
(paired t-test).
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experimental solutions (15). Like DTT, zinc chelation with
TPEN is known increase the apparent proton sensitivity of
ASIC1a (17). The removal of zinc, however, has not been
reported to impact channel desensitization, and we observe
robust changes in desensitization of hASIC1a with the addition
of TPEN or DTT. Recent work has shown that lead, cadmium,
nickel, and copper inhibit ASIC1a currents (40, 48, 49). Furthermore, we found that TPEN potentiated ASIC1b and ASIC3
channels reported to be insensitive to zinc. It is well known that
TPEN, DTT, and glutathione chelate other transition metal ions
as well as or even better than zinc. For example, the stability
constants (log10KC) for the chelation by TPEN are 20.6 for
Cu2⫹, 14.6 for Fe2⫹, 10.3 for Mn2⫹, 18.0 for Ni2⫹, and 18.0
for Zn2⫹ (39). For the chelation of Cd2⫹, Cu2⫹, Ni2⫹, Pb2⫹,
and Zn2⫹, log10KC (DTT) ⫽ 14.6, 15.3, 10.7, 13.7, and 11.1,
respectively, and log10KC (glutathione) ⫽ 10.2, 15.5, 10.4,
10.6, and 8.0, respectively (28, 39). Our data suggest that
ASICs may be sensitive to one of these metals in addition to
zinc. Further experiments are necessary to determine the identity of the metal responsible for the basal inhibition in our
experiments. We cannot exclude the possibility that our solutions contain small amounts of other transition metals that
inhibit ASIC currents.
Sulfhydryl modification of ASICs has been described previously (5, 15). Although both studies reported potentiation of
H⫹-gated currents by DTT, the specific changes in H⫹-gated
current characteristics and the proposed mechanisms are different. For example, Chu et al. (15) reported that DTT potentiates H⫹-gated currents twofold, whereas Andrey et al. (5)
observed only 46% potentiation. Chu et al. (15) focused on
mASIC1a and H⫹-gated currents in neurons from the cortex.
Andrey et al. (5) worked in sensory neurons, which express
ASIC1b and ASIC3 in addition to ASIC1a and ASIC2. Our
results may explain the discrepancies between these two studies. We found that mASIC1b, mASIC2a, and mASIC3 were all
potentiated by DTT. The results obtained from sensory neurons
may represent DTT modification of heteromultimeric channels
composed of these other subunits, which may have very
different levels of potentiation compared with mASIC1a. Chu
et al. (15) also found that DTT shifts the pH dose-response
curve of mASIC1a-containing channels and does not impact
peak current amplitude when the channel is activated by a
maximal acidic stimulus (15). However, Andrey et al. (5)
found that DTT did not affect the pH dose-response and
increased the peak current amplitude of pH 4.5-activated currents in sensory neurons (5). DTT-induced potentiation of
H⫹-gated currents in sensory neurons may be due to potentiation of ASIC1b-, ASIC2a-, or ASIC3-containing subunits that
may be impacted differently from ASIC1a and show a different
pH sensitivity of potentiation.
Our results also diverge from previous reports. We find that
all ASICs tested were potentiated by DTT. However, Chu et al.
(15) reported that only ASIC1a-containing channels are affected by DTT. In addition, we report that the largest potentiation by DTT is due to metal chelation. Chu et al. (15) reported
that the effect of DTT was not due to chelation of transition
metals. The exact reason for these discrepancies is unclear,
although we can offer several explanations. First, the majority
of our studies focused specifically on ASIC potentiation in the
presence of sulfhydryls. Second, we used the metal chelator
TPEN, which has a very high affinity for metals. Previous
AJP-Cell Physiol • VOL

publications used tricine, a relatively weak chelator of transition metals (1, 15). For the chelation of Cd2⫹, Ni2⫹, Pb2⫹, and
Zn2⫹, the stability constant log10KC (tricine) ⫽ 4.4, 5.5, 4.3,
and 5.6, respectively (1). We observed that DTT further increased hASIC1a currents in the presence of 10 mM tricine
(121 ⫾ 5%, n ⫽ 5, P ⫽ 0.015) but not 10 M TPEN. This
suggests that the use of TPEN rather than tricine is responsible,
at least in part, for the discrepant results (15). One final
possibility is that our solutions may contain a different basal
concentration of metals. As stated before, our experiments did
not distinguish which transition metal was inhibiting ASIC
activity. For example, the concentration of contaminating zinc
is usually in the nanomolar range for experimental solutions
(3). We found that our solutions contained 150 nM zinc as well
as nanomolar concentrations of chromium, copper, and nickel.
It is likely that additional metals inhibit ASIC activity. It is also
likely that the types and concentration of metals will vary in
solutions among different laboratories. Thus our solutions may
have contained a basal concentration of a metal that inhibits
ASIC activity that was not present within the solutions of other
investigators.
The concentration of extracellular sulfhydryls is altered in
both pathological and physiological conditions. The extracellular concentration of endogenous sulfhydryl compounds increases in the ischemic brain (4, 29, 38). Glutathione is abundant in neurons and glial cells and is released during ischemia
from cells with damaged membranes. In addition, oxygen/
glucose deprivation opens neuronal gap junction hemichannels, resulting in the loss of ionic homeostasis and the efflux of
cytosolic molecules ⬍1 kDa in size (43). This raises the
possibility that reduced glutathione may be released from
neurons through hemichannels activated during ischemia, even
when cell membranes remain intact. It is known that the
extracellular concentration of glutathione and cysteine can
increase to 1 and 5 M, respectively, in rat models of focal
ischemia (29). This increase in sulfhydryls has been shown to
impact the activity of multiple ion channels involved in ischemia-induced neuronal death. Interestingly, glutathione potentiates both NMDA receptors and ASICs, two channels known
to enhance excitotoxic and acidotoxic neuronal death following
stroke and ischemia. Sulfhydryl modulation of ASICs could
have profound effects on neuronal death following stroke.
Neuronal activity also induces the release of endogenous
sulfhydryl compounds, which in turn regulate ion channels
involved in synaptic transmission and plasticity (22, 57). Low
levels of glutathione have previously been linked to impaired
synaptic plasticity (2, 18, 41). ASIC1a localizes to synapses,
and ASIC1 knockout animals show impaired performance in a
number of behavioral tests of learning and memory (50, 51).
ASIC1 also plays a prominent role in fear-related behaviors
(52). Interestingly, the enzyme that maintains the levels of
reduced glutathione in the brain has also been linked to fearand anxiety-related behaviors in mice (24). Thus the potentiation of ASICs by sulfhydryl compounds may regulate synaptic
plasticity, learning and memory, and possibly fear-related behaviors.
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