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Background: Acid-sensing ion channels (ASICs) are activated by extracellular protons and are inhibited by amiloride.
Results: Amiloride activates and sensitizes ASIC3 channels depending on the nonproton ligand sensing domain.
Conclusion: ASICs can sense nonproton ligands in addition to protons.
Significance: The results indicate caution in the use of amiloride for studying ASIC physiology and in the development of
amiloride-derived ASIC inhibitors for treating pain syndromes.

Acid-sensing ion channels (ASICs), which belong to the epi-
thelial sodium channel/degenerin family, are activated by extra-
cellular protons andare inhibitedby amiloride (AMI), an impor-
tant pharmacological tool for studying all known members of
epithelial sodium channel/degenerin. In this study, we reported
that AMI paradoxically opened homomeric ASIC3 and hetero-
meric ASIC3 plus ASIC1b channels at neutral pH and synergis-
tically enhanced channel activation induced by mild acidosis
(pH 7.2 to 6.8). The characteristic profile of AMI stimulation of
ASIC3 channels was reminiscent of the channel activation by
the newly identified nonproton ligand, 2-guanidine-4-meth-
ylquinazoline. Using site-directed mutagenesis, we showed that
ASIC3 activation by AMI, but not its inhibitory effect, was
dependent on the integrity of the nonproton ligand sensing
domain in ASIC3 channels. Moreover, the structure-activity
relationship study demonstrated the differential requirement of
the 5-amino group in AMI for the stimulation or inhibition
effect, strengthening the different interactions within ASIC3
channels that confer the paradoxical actions of AMI. Further-
more, using covalent modification analyses, we provided strong
evidence supporting the nonproton ligand sensing domain is
required for the stimulation of ASIC3 channels by AMI. Finally,
we showed thatAMI causes pain-related behaviors in anASIC3-
dependent manner. These data reinforce the idea that ASICs
can sense nonproton ligands in addition to protons. The results
also indicate caution in the use of AMI for studying ASIC phys-
iology and in the development of AMI-derived ASIC inhibitors
for treating pain syndromes.

Acid-sensing ion channels (ASICs)3 aremembers of the sodi-
um-selective cation channels belonging to the epithelial
sodium channel/degenerin family. They act as receptors for
extracellular protons (1–3). Accumulating evidence implicates
ASICs in ischemia (4–7), neurotransmission (8), epilepsy (9),
mechanosensation (10–13), chemosensation (14), and pain
perception (15–21). The physiological roles of ASICs are stud-
ied using both genetically manipulatedmice and pharmacolog-
ical tools such as amiloride (AMI) (1, 3, 22). AMI is a common
blocker for all members of the epithelial sodium channel/de-
generin family (23). It inhibits acid-induced currents frommost
known ASIC channels (1–3), and the AMI blockade is often
used to demonstrate the physiological function of ASICs. A
premise for its use in the study of ASIC physiology is that AMI
does not directly or indirectly affect ASIC functions other than
inhibiting channel activity; however, some studies have sug-
gested that AMI may paradoxically stimulate ASICs. In addi-
tion to its blocking activity, AMI was found to stimulate the
“Deg” mutation (at Gly-430) but not the wild-type (WT)
ASIC2a channel (24) through exposing extracellular mem-
brane-proximal residues in a similar fashion as that by protons
(25). Based on the finding that AMI inhibition was voltage-de-
pendent, but stimulation was not, it was suggested that AMI
stimulates ASIC2a channels by binding to an extracellular site,
whereas it inhibits the channels by interacting at a site within
the channel pore. However, the submolecular motifs involved
in these regulations have not been studied. In addition, the sus-
tained window current of ASIC3 channels was enhanced by
AMI (6), further arguing for a stimulatory effect of AMI on
specific ASIC subtypes.
Recently, synthetic compounds such as 2-guanidine-4-meth-

ylquinazoline (GMQ) and an endogenous ligand, agmatine,
were shown to cause persistent activation of ASIC3 at the neu-
tral pH (26, 27). Using GMQ as a probe and combining
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mutagenesis and covalentmodification analysis, we identified a
novel nonproton ligand sensing domain (26). This domain is
lined by residues near Glu-423 and Glu-79 of the extracellular
palm domain (28). Both GMQ and agmatine are small mole-
cules containing basic groups that are believed to form tight
contacts with the carboxyl groups of acidic residues through
hydrogen bonds (H-bonds) and/or electrostatic interactions,
leading to activation of the ASIC3 channel (26). Because AMI
has an amidino group (Fig. 1A) analogous to the guanidinium
group of GMQ, and both contain a heterocyclic ring (29), we
reasoned that AMI may activate ASIC channels in a manner
similar to GMQ. Here, we show that the stimulatory action of
AMI is similar to that of GMQ. Furthermore, using site-di-
rected mutagenesis, electrophysiological recording, and cova-
lent modification, we demonstrate that the nonproton ligand
sensing domain is required for stimulation of ASIC function by
AMI.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—All constructs were expressed
in CHO cells as described previously (26). In brief, CHO cells
were cultured at 37 °C in a humidified atmosphere of 5% CO2
and 95% air. The cells were maintained in F-12 medium (Invit-
rogen) supplemented with 1 mM L-glutamine, 10% fetal bovine
serum, 50 units/ml penicillin, and 50 �g/ml streptomycin.
Transient transfection of CHOcells was carried out using Lipo-
fectamineTM 2000 (Invitrogen). Electrophysiological measure-
ments were performed 24–48 h after transfection.
Solutions and Drugs—The ionic composition of the incuba-

tion solution was as follows (in mM): 124 NaCl, 24 NaHCO3, 5
KCl, 1.2 KH2PO4, 2.4 CaCl2, 1.3 MgSO4, and 10 glucose, aer-
ated with 95% O2/5% CO2 to a final pH of 7.4. The standard
external solution contained (in mM) the following: 150 NaCl, 5
KCl, 1 MgCl2, 2 CaCl2, and 10 glucose, buffered to various pH
values with either 10mMHEPES for pH 6.0–7.4 or 10mMMES
for pH � 6.0. The pipette solution for whole-cell patch record-
ing was as follows (in mM): 120 KCl, 30 NaCl, 1 MgCl2, 0.5
CaCl2, 5 EGTA, 2 Mg-ATP, and 10 HEPES, adjusted to pH 7.2
with Tris base. The osmolarities of all solutions were main-
tained at 300–325 mOsm (Advanced Instrument, Norwood,
MA).
Solutions with different composition were applied using a

rapid application technique termed the “Y-tube” method
throughout the experiments (26). This system allows a com-
plete exchange of external solution surrounding a cell within 20
ms.
Site-directedMutagenesis—The cDNAof rat ASIC3was sub-

cloned into the pEGFPC3 vector (Promega Corp., Madison,
WI). Each mutant was generated with the QuikChange�
mutagenesis kit (Stratagene, La Jolla, CA) in accordance with
the manufacturer’s protocol using high performance liquid
chromatography-purified or PAGE-purified oligonucleotide
primers (Sigma Genosys). Individual mutations were verified
by DNA sequence analysis, and the predicted amino acid
sequences were determined by computer analysis.
Electrophysiology—The electrophysiological recordingswere

performed using the conventional whole-cell patch recording
configuration under voltage clamp conditions. Patch pipettes

were pulled from glass capillaries with an outer diameter of 1.5
mm on a two-stage puller (PP-830, Narishige Co., Ltd., Tokyo,
Japan). The resistance between the recording electrode filled
with pipette solution and the reference electrode was 3–5
megohms. Membrane currents were measured using a patch
clamp amplifier (Axon 200B, Axon Instruments, Foster City,
CA) and were sampled and analyzed using a Digidata 1440A
interface and a computer running the Clampex and Clampfit
software (version 10.0.1, Axon Instruments). In most experi-
ments, series resistance was compensated at 70–90%. Unless
otherwise noted, the membrane potential was held at �60 mV
throughout the experiment under voltage clamp conditions. All
experiments were carried out at room temperature (23� 2 °C).
Pain-related Behavioral Assays—Animals were acclimatized

for 30min before experiments. A total volume of 10�l of either
saline (0.9% NaCl) or AMI-containing solution (in 0.9% NaCl)
was injected intraplantarly using a 30-gauge needle, and paw-
licking behavior was quantified for 30 min (26).
Data Analysis—Results were expressed as means � S.E.

Except where noted otherwise, statistical comparisons were
made with the Student’s t test. *, p � 0.05 or **, p � 0.001 was
considered significantly different. Concentration-response
relationships for AMI-dependent activation of ASIC3 channels
were obtained by measuring currents in response to AMI with
graded concentrations. Each AMI concentration was tested on
at least three CHO cells, and all results used to generate a con-
centration-response relationship were from the same group.
The data were fit to the Hill Equation 1,

I/Imax � 1/�1 � �EC50/[AMI]�n� (Eq. 1)

where I is the normalized current (to that induced by pH 5.0) at
a given concentration of AMI; Imax is the maximal normalized
current; EC50 is the concentration of AMI yielding 50% of the
maximal current, and n is the Hill coefficient. The concentra-
tion-response relationships for AMI-dependent inhibition of
ASIC3 channels were obtained by measuring currents in
response to agonists in the presence of AMI with graded con-
centrations and the data were fit to the Hill Equation 2,

�Imax � I�/Imax � 1/�1 � �IC50/[AMI]�n� (Eq. 2)

where I is the normalized current (to the current induced by
agonists in the absence of AMI) in the presence of a given con-
centration of AMI; Imax is the maximal normalized current,
IC50 is the concentration of AMI yielding 50% of the maximal
current, and n is the Hill coefficient.

RESULTS

AMI Induces Sustained Activation of ASIC3 Channels at
Neutral pH—Traditionally, AMI acts as a wide spectrum chan-
nel blocker for most ASICs (1–3). In CHO cells expressing the
ASIC3 subunit, AMI inhibits channel activation induced by
acid (Fig. 1B) or nonproton activators (supplemental Fig. 1)
(26). However, AMI directly evoked inward currents in a dose-
dependent manner. The AMI currents displayed little or no
desensitization (Fig. 1A), reminiscent of the sustained activa-
tion by GMQ (26). The washout of higher concentrations of
AMI often results in a rebound current (data not shown, see
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also Fig. 6, C and D), consistent with the notion that AMI both
activates (Fig. 1A) and inhibits (Fig. 1B) ASIC3 channels. We
noted that AMI was less effective in activating ASIC3 than
GMQ (37.5 � 3.1% of the GMQ response at 1 mM concentra-
tion; n � 4, p � 0.001, AMI versus GMQ). We ascribed the
differences in their half-maximal activation concentration
(EC50) (0.56 � 0.02 mM for AMI versus 1.08 � 0.09 mM for
GMQ; n � 7–8, p � 0.001) as well as the extent of activation
(16.2 � 4.7% for AMI versus 84.4 � 7.4% for GMQ of the pH

5.0-induced peak current; n � 7–8, p � 0.001) partially to the
paradoxical effects of AMI (i.e. both stimulatory and inhibi-
tory). Further studies on CHO cells expressing homomeric
ASIC3 or various heteromeric ASIC subunit combinations
revealed that AMI is a specific agonist for ASIC3 homomers
and heteromers (ASIC3�ASIC1b in particular) (Fig. 1C). This
subunit specificity is consistent with the finding that ASIC3
channels are the only ASIC subtype activated by GMQ and
agmatine (26, 27). AMI-induced activationwas also observed in

FIGURE 1. Effects of AMI on ASIC3 channels. A, chemical structure of AMI and AMI-activated ASIC3 currents. AMI dose-dependently evoked inward currents
in ASIC3-transfected (right panel) but not in nontransfected CHO cells (data not shown). Although the acid (pH 5.0)-induced current desensitized rapidly (left
panel), little desensitization was observed for the AMI-evoked currents (above right panel). Similar results were obtained in six other experiments. Concentra-
tion-response relationship of AMI is shown below right panel. Each point is the mean � S.E. of seven measurements normalized to the pH 5.0-induced peak
currents, and the solid line was the fit to the Hill equation. The EC50 and n values of AMI are 0.56 � 0.02 mM and 1.76 � 0.07, respectively. B, effects of AMI on the
activation of ASIC3 channels by acid (pH 5.0). AMI dose-dependently inhibited the pH 5.0-induced currents (i.e. both peak and sustained components) of ASIC3
channels as shown in the representative example (upper panel). Data points are means � S.E. of four to eight measurements normalized to the currents induced
by pH 5.0 in the absence of AMI, and the solid lines were the fit to the Hill equation giving an IC50 value of 7.2 � 1.4 �M (n � 0.97 � 0.22) for the sustained (gray)
and 412.2 � 2.0 �M (n � 0.86 � 0.11) for the peak component (black), respectively. C, subunit selectivity of AMI action at the neutral pH. Shown is the summary
of AMI (1 mM)-induced currents in CHO cells transfected with one or two different ASIC subunits. AMI activated ASIC3 homomeric channels and heteromeric
ASIC3 � ASIC1b channels but not ASIC1a, ASIC1b, or ASIC2a homomeric channels, or heteromeric ASIC3 � 1a, ASIC3 � 2a, or ASIC3 � 2b channels at the
neutral pH. Data are means � S.E. n � 3–5. n.d., no detectable response to AMI. **, p � 0.001 versus base-line level.
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HEK293 and COS-7 cells transfected with ASIC3 (data not
shown), indicating that the stimulatory effect of AMI is inde-
pendent of the host cell type. Collectively, these results suggest
that AMI specifically activates ASIC3 channels at neutral pH in
a manner similar to GMQ and agmatine.

AMI Facilitates Sustained Activation of ASIC3 Channels
Induced by Modest pH Decreases—Similar to the modulatory
profile of GMQ and agmatine (26, 27), submillimolar concen-
trations of AMI significantly sensitized ASIC3 channels to pH
7.2–6.8 (Fig. 2, A–C). However, at pH 6.5 (Fig. 2D) or below

FIGURE 2. AMI sensitizes ASIC3 channels under mild acidosis. AMI at low micromolar concentrations (1–300 �M) sensitizes the response to mild acidosis (A,
pH 7.2; B, pH 7.0; and C, pH 6.8) but not to a more extreme acidosis (D, pH 6.5). Upper panels show representative current traces at �60 mV, and lower panels
are means � S.E. of four to seven measurements normalized to the currents induced by acidosis alone (control; dashed line). *, p � 0.05; **, p � 0.001 versus
controls.
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(Fig. 1B), it inhibited the peak response induced by acid.
Although lower concentrations (	�M) of AMI facilitate the
activation ofASIC3 channels uponmodest pHdecreases (Fig. 2,
A–C), high AMI concentrations above 1 mM antagonize the
currents induced by pH 7.2 to 6.8 (data not shown). Thus, AMI
action on ASIC channels depends on pH as well as its own
concentration, consistent with previous observations (6).
Stimulatory Action of AMI Is Determined by Nonproton

Ligand Sensing Domain—Previously, we have shown that the
nonproton ligand sensing domain (26, 27) plays a critical role in
mediating agmatine and GMQ effects on ASIC3. Considering
the similarities in the chemical structures amongAMI (Fig. 1A),
GMQ, and agmatine (29) and their shared actions on ASIC3
channels, we hypothesized thatAMI also activatesASIC3 chan-
nels through interacting with the nonproton ligand sensing
domain. To test this hypothesis, we expressed the E79A and
E423A mutants of ASIC3 in CHO cells. We have shown previ-
ously that Glu-79 and Glu-423 are the most critical residues in
coordinating GMQ binding to the nonproton ligand sensing
domain, and when mutated to Ala, the mutated ASIC3 chan-
nels became insensitive to GMQ (26). Similarly, AMI at milli-
molar concentrations failed to activate either ASIC3E79A or
ASIC3E423A channels (Fig. 3A and supplemental Table 1). To
distinguish the effects of mutations of the nonproton ligand
sensing domain on AMI binding affinity from that on the effi-
cacy of AMI as a channel activator, we recorded the responses
at two AMI concentrations (1 and 3 mM), both of which
induced a nearmaximumresponse inWTASIC3 channels (Fig.
3A). We reasoned that an increase or decrease of the current
ratio (IAMI-1 mM/IAMI-3 mM) might indicate a leftward or right-
ward shift of the AMI dose-response curve, hence a change in
potency, but not necessarily a change in the coupling pathway
or subsequent channel gating (efficacy). We used current ratio
for these two concentrations because the full dose-response
curve of AMI action on ASIC3 mutants was not feasible due to
its low potency and the potential inhibition at higher concen-
trations. We found that mutations at Glu-79 or Glu-423 mark-
edly impaired the stimulatory action of AMI with significant
decreases in both current amplitudes (Fig. 3B and supplemental
Table 1) and current ratios (Fig. 3C). Together, these results
favor an essential role of the nonproton ligand sensing domain
in mediating the stimulatory actions of AMI on ASIC3
channels.
As reported previously (26, 30), the mutants at Glu-79 or

Glu-423 exhibited significant steady-state desensitization to
protons. To exclude the possibility that the reduced potency of
AMI on these mutants resulted from channel desensitization,
we pretreated cells with an alkaline pH condition (pH 9.0) to
restore the ASIC3 mutants from desensitization, and then we
tested the AMI response at neutral pH. Although pretreatment
with the alkaline pH (pH 9.0) largely restored pH 5.0-induced
channel activation, the AMI-induced current was still reduced
in the Glu-79 or Glu-423mutants (data not shown) as occurred
without pretreatment by the alkaline pH, suggesting that the
reduced response to AMI was not due to the pH-dependent
desensitization associated with the mutations.

Inhibitory Action of AMI Is Not Determined by the Nonpro-
ton Ligand Sensing Domain—To test whether the reduced
activation by AMI of the Glu-79 and Glu-423 mutants was a
result of an increased inhibition associated with these muta-
tions, we investigated the inhibition by AMI of the acid-
induced currents in these mutants. As shown in Fig. 4, AMI
inhibited the acid-induced currents inWT as well as E79A or
E423A mutant channels to a similar extent. Thus, an
increase in AMI-mediated inhibition does not account for
the reduced activation by AMI in the Glu-79 and Glu-423
mutants.

FIGURE 3. Activation of ASIC3 channels by AMI is determined by residues
(Glu-79 and Glu-423) of the nonproton ligand sensing domain. A, repre-
sentative current traces illustrating the effects of E79A and E423A mutations
on 1 and 3 mM AMI-induced currents. B, pooled data from experiments as in A
and similar results from other mutations of Glu-79 or Glu-423. Data points are
means � S.E. of four to seven measurements normalized to the pH 5.0-in-
duced peak currents. Note: for most mutations, the maximal pH 5.0-induced
currents were generated following pH 9.0 pretreatment to restore the steady-
state desensitization of acid-dependent currents at pH 7.4. *, p � 0.05 versus
wild-type (WT). The dashed line represents the current amplitude induced by
AMI (3 mM) from WT ASIC3 channels. C, ratio of current amplitude induced by
1 mM AMI to that by 3 mM AMI. The data were generated from B and are
means � S.E. *, p � 0.05 versus WT (dashed line).
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Differential Pharmacophore Requirement of AMI for Stimu-
lation or Inhibition of ASIC3 Channels—To explain structural
bases of AMI underlying the stimulation or inhibition of ASIC3
channels, we electrophysiologically screened commercially
available small molecules similar to AMI (Fig. 5A). When the
guanidinium group of AMI was removed by replacing a meth-
oxyl group, the resulting compound-induced channel activa-
tion (Fig. 5B, red) as well as the inhibition efficacy against the
acid-induced channel activation (Fig. 5, C and D, red) was
totally abolished. The important role of the guanidinium group
of AMI in the activating ASIC3 channel was consistent with the
previous structure-activity relationship studies on the GMQ-
induced channel activation (26). Furthermore, the validation of
the essential role of the guanidinium group in AMI-induced
channel activation as well as channel blockade made the first
step to study the AMI-ASIC3 interaction at the atomic level
(28). By contrast, when the 5-amino group (at the ortho posi-
tion of the 6-chloro group) was replaced with a N,N-dimethyl,
N-methyl-N-isobutyl, or N-ethyl-N-isopropyl group (Fig. 5A),
the resulting compounds as exemplified by 5-(N-methyl-N-
isobutyl)amiloride still exerted a blocking effect (Fig. 5,C andD,
blue) but lost the activation efficacy (Fig. 5B, blue), implying the
interaction of the 5-amino group of AMI with residues of non-
proton ligand sensing domain in the extracellular region but
not with that of the pore domain in the transmembrane region.

The differential requirement of the 5-amino group in AMI for
its paradoxical effects raises a possibility to distinguish the
stimulatory or inhibitory effects in the application and develop-
ment of chemical modulators of ASIC3 channels in the future
(see below).
Covalent Modification at Glu-79 Prevents ASIC3 Channel

Activation by AMI—To ascertain that AMI activates ASIC3 via
interactionswithGlu-79 andGlu-423, we substituted these two
residues with cysteine with the intention of blocking the inter-
actions by covalent modification. To avoid the activation of
ASIC3 channels through single covalent modification at E79C
by 5,5�-dithiobis(2-nitrobenzoic acid) (DTNB) (26), we used
4,4�-dithiodipyridine (DTDP) (Fig. 6,A and B), a DTNB analog,
as the redox donor. Consistent with the previous observation
(26), bath application of DTDP (0.5mM at pH 7.4) to CHO cells
expressing ASIC3E79C resulted in a small inward current that
gradually declined to a steady state (Fig. 6, C and D). Like
DTNB, DTDP did not induce inward currents in CHO cells
expressing theWTASIC3, and it hadno effect on either acid- or
AMI-induced currents (data not shown), suggesting that spe-
cific covalentmodification at the E79C site is responsible for its
activation effect onASIC3E79C. Taking advantage of the steady-
state activation by the persistent TDP-E79C interaction, we
reasoned that directly linking TDP to Cys-79 via a covalent
bond should prevent further ASIC3 channel activation by AMI
at the neutral pH, given that the activation of ASIC3 by non-
proton ligands (GMQ and agmatine) relies on polar, steric, and
electrostatic interactions with the nonproton ligand sensing
domain in the channel (26). To test this hypothesis, we applied
AMI at neutral pH before or after DTDP treatment (Fig. 6, C
and D). As expected, we found that AMI-dependent ASIC3
channel activation (demonstrated by the sustained current (Fig.
6, C–F) as well as the rebound current after washout of AMI
(Fig. 6,C andD, and supplemental Fig. 2,A andB), whichmight
represent a brief period of unopposed stimulation by AMI and
a complex interaction between AMI-induced channel activa-
tion and inhibition) was largely prevented by the DTDP pre-
treatment. Furthermore, this attenuation was reversed (Fig. 6,
C and E, and supplemental Fig. 2A) or blocked (Fig. 6, D and F,
and supplemental Fig. 2B) by the reducing reagent, 1,4-dithio-
threitol (DTT). Thus, we concluded that the integrity of the
nonproton ligand sensing domain is required for AMI-induced
ASIC3 channel activation.
AMI Prevents Covalent Modification-induced Activation of

ASIC3E79C—Having demonstrated that covalent modification
at Glu-79 prevents ASIC3 channel activation by AMI, we fur-
ther examined how AMI could affect activation of ASIC3E79C
by the thiol-reactive covalent probe, DTNB (26). As shown pre-
viously (26), bath application of DTNB (0.5 mM, pH 7.4) slowly
activated the ASIC3E79C channel, presumably reflecting the
time-dependent modification of the E79C site by the thiol-re-
active probe (Fig. 7A). We used this experimental model to
monitor the efficiency of the DTNB-E79C reaction in the pres-
ence or absence of AMI. We reasoned that if AMI binds to the
nonproton ligand sensing domain that includes Glu-79, it
should perturb the interaction and hence covalent bond forma-
tion between 5-thio-2-nitrobenzoic acid and Cys-79 (Fig. 7B,
lower panel) because of steric effects. As expected, AMI mark-

FIGURE 4. Constant efficacy of AMI inhibition on acid (pH 5.0)-induced
currents from ASIC3 mutants at Glu-79 or Glu-423. A, representative cur-
rent traces showing AMI inhibition of the pH 5.0-induced currents from WT,
E79A, and E423A mutant channels. B, pooled data from experiments in A. The
inhibition ratio of AMI was quantitatively calculated as follows: ((1 �
IAMI � pH 5.0/IpH 5.0)�100) where IAMI � pH 5.0 and IpH 5.0 are the pH 5.0-induced
currents measured in the presence or absence of AMI. Data points are
means � S.E. of four to seven measurements. There is no significant differ-
ence in the degree of inhibition by either 100 or 300 �M AMI among WT, E79A,
and E423A groups. The WT data, taken from Fig. 1B, are regraphed again for
comparison.
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edly slowed down the development of DTNB-induced
ASIC3E79C channel current, irrespective of the sequence of
AMI and DTNB applications (Fig. 7, A and B). To quantify the
effect of AMI, wemeasured the rate (pA/ms) of DTNB-induced
activation ofASIC3E79C, defined as the ratio ofmaximal current
(pA) and the duration (ms) ofDTNBapplication. Because of the
intrinsic inhibitory effect of AMI, we defined the maximal cur-
rent as that seen after the AMI washout. Fig. 7C shows that the
rate of DTNB-induced activation of ASIC3E79C is significantly
higher in the absence than in the presence of AMI, demonstrat-
ing an inhibitory effect of AMI on the DTNB-dependent mod-
ification of the E79C site, which strengthens the support of the
view that AMI directly interacts with the nonproton ligand
sensing domain of ASIC3.
To exclude any nonspecific effect of AMI,we performed sim-

ilar experiments on the modification of another site distinct
from the nonproton ligand sensing domain. Testing the extra-
cellular accessibility of the G430C mutant of ASIC2a by meth-
anethiosulfonate compounds, Adams et al. (24) have shown a
stimulatory effect of AMI on the Deg mutant (at Gly-430)
ASIC2a channel. We assumed that AMI might have a similar

action on ASIC3 channels because the Deg mutation site is
conserved (Fig. 7D). To test this possibility, we created a Deg
mutant (G438C) ASIC3 channel. As shown in Fig. 7E and sup-
plemental Fig. 3B, bath application of 2-aminoethyl methane-
thiosulfonate (MTSEA, 0.2 mM, pH 7.4) in the absence of AMI
slightly activated the ASIC3G438C channel, similar to the effect
seen with the ASIC2aG430C channel (24, 25). By contrast,
MTSEA (0.2 mM) was ineffective in CHO cells expressing WT
ASIC3 channels (supplemental Fig. 3A), strengthening the res-
idue specificity of MTSEAmodification. Coapplication of AMI
with MTSEA elicited a larger current from the ASIC3G438C
channel, which was further enhanced dramatically upon
removal of AMI (Fig. 7E). This large increase in current
observed upon AMI washout was due to the removal of AMI-
induced inhibition as it was completely reversed by the reappli-
cation of AMI (Fig. 7E). These data demonstrate that AMI facil-
itates the persistent activation of ASIC3G438C through covalent
modification by MTSEA. The facilitatory effect of AMI on
covalent modification of ASIC3G438C is consistent with the
view that AMI exposes Gly-438 to extracellular solution, allow-
ing more efficient interaction with thiol-reactive probes (Fig.

FIGURE 5. Structure-activity relationship of AMI derivatives. A, schematic demonstration for structure-activity relationship of AMI. B and C, representative
current traces showing the channel activation under neutral pH (B) or inhibition of pH 5.0-activated currents (C) from ASIC3 expressing CHO cells induced by
compounds as indicated. Every compound was used at the concentration of 1 mM. Different colored traces represent the currents induced in the presence of
different compounds, in which black is for AMI; red is for methyl-3,5-diamino-6-chloropyrazine-2-carboxylate; and blue is for 5-(N-methyl-N-isobutyl)amiloride,
respectively. The stimulatory and inhibitory results from 5-(N,N-dimethyl)- or 5-(N-methyl-N-isobutyl)amiloride (data not shown) were similar to that of
5-(N-ethyl-N-isopropyl) amiloride (blue). D, pooled data from experiments in C. The inhibition ratio was defined similarly as shown in Fig. 4B. Data points are
means � S.E. of four to seven measurements. **, p � 0.001 versus zero.
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7F) (24). However, the site(s) of AMI interaction should not
overlap with the modified Cys residue. This result is opposite
from the inhibitory action of AMI on modification of
ASIC3E79C, demonstrating specificity of the nonproton ligand
sensing domain in AMI interaction with the ASIC3 channel.
Furthermore, when an additionalmutation (E423A) of the non-
proton ligand sensing domain was introduced into the
ASIC3G438C background, the effect of AMI on MTSEA-in-
duced activation was largely attenuated (Fig. 7G), strongly
arguing for the importance of the nonproton ligand sensing
domain in mediating stimulation of ASIC3 channels by AMI.
AMI Activates ASIC3 Channels in Vivo—Finally, to gain

insights into the in vivo consequence of paradoxical stimulation
of ASIC3 channels by AMI, we performed pain-related behav-
ioral tests (26, 27) following the injection of AMI with different
concentrations into the right hind paw of asic3�/� and
asic3�/� mice, because previous studies have shown that
ASIC3 channels mediate pain responses (15, 16, 31). We mea-
sured the total time that the animals spent licking the injected
paw during a 30-min period. As shown previously (26), control
asic3�/� mice showed no noticeable increase in paw-licking
time after AMI (100 �M) injection compared with saline-in-
jected controls. In consideration of the requirement of higher
concentration of AMI to activate ASIC3 channels (Fig. 1A), we
re-evaluated the paradigms by injecting 300�M and 1 and 3mM

AMI, respectively (Fig. 8A). As expected, asic3�/�mice showed
a significant increase in paw-licking time afterAMI injection, in
a dose-dependent manner (Fig. 8A). Furthermore, the reaction
of asic3�/� mice to AMI was significantly reduced (Fig. 8A).
Additionally, asic1 gene knock-out only slightly reduced the
paw-licking time (Fig. 8B), indicating a specific interaction
between AMI and ASIC3 channels in causing pain-like behav-
iors and strengthening the roles of heteromeric ASIC3 �
ASIC1b channels (Fig. 1C) in responding to AMI in vivo. Thus,
AMI is able to cause pain-related behaviors through activation
of ASIC3 channels.

DISCUSSION

In this study, we demonstrate that AMI activates and sensi-
tizes ASIC3 channels, althoughAMI has beenwidely used as an
inhibitor for many ion channels and transporters, such as
Na�/H� exchanger (32), low threshold calcium channel (33),
glycine receptors (34), and the epithelial sodium channel/de-
generin family (23), including ASIC channels (see also Figs. 1B
and 2D) (2). Usingmutagenesis and covalentmodification anal-
ysis, we have revealed that the nonproton ligand sensing
domain lined by residues around Glu-423 and Glu-79 (26) is
required for the stimulatory action of AMI.

There is an increasing interest in the nonproton gating of the
acid-sensitive ASIC channels (26, 27) because the rapid desen-
sitization of proton-inducedASIC currents occurring overmil-
liseconds to seconds (1–3) stands in stark contrast to the pro-
longed time course of the inflammatory pain and other
pathological processes thought to involveASICs (4–7, 9, 15, 16,
18, 20, 21). Following the discovery that synthetic compounds
such as GMQ and endogenous agmatine activate ASIC3 chan-
nels at neutral pH through the nonproton ligand sensing
domain (26, 27) in a nondesensitizing manner, we now add
another example of a nonproton agent, AMI, activating ASIC3
channels in a similarmanner and through a similarmechanism.
This suggests a shared feature that may be applied to all non-
proton activation of ASIC channels. The mechanisms underly-
ing nondesensitizing gating of ASIC3 channels induced by non-
proton activators, including AMI, are currently unknown but
may involve interactions between two extracellular linker
regions that control nondesensitizing activation of ASICs by
protons (35). However, the chemical activation of ASICs inde-
pendent of acidic pH seems to be a characteristic of ASIC3 but
not ASIC1, or ASIC2 channels, because GMQ, agmatine, and
AMI activate ASIC3 but not other channel subtypes at the neu-
tral pH. Elucidating themolecular basis underlying these differ-
ences represents a substantial task in the future. A recent study
(26) using molecular dynamics simulation and mutagenesis
proposed that the nonconserved residues among different
ASIC subunits shaping the nonproton ligand sensing domain
play a part in defining subunit specificity of nonproton activa-
tors (i.e. GMQ) presumably including AMI through stabilizing
the spatial conformation of the ligand-binding site in ASIC3
channels. However, given that AMI stimulates the Deg muta-
tion (at Gly-430) of ASIC2a (24), it is likely that similar nonpro-
ton ligand sensing domains exist in other ASICs. Identification
of more general and/or isoform-specific as well as more potent
nonproton ligands of these ion channels should be possible
with the better understanding of the nonproton ligands and
their sensing domain(s).
Within the ASIC family, ASIC3 channels carry multiple

unique features (22) distinct from other ASIC subtypes. For the
acid-induced activation, ASIC3 is the only exception to the
common features shared by most ASIC members that protons
trigger a rapidly desensitizing transient current. Notably,
ASIC3 mediates an extra sustained current that does not fully
desensitize, whereas the extracellular pH remains acidic (36–
39). Moreover, this sustained component of ASIC3 becomes
markedly enhanced when the channel is activated in the pres-
ence of Phe-Met-Arg-Phe amide and related neuropeptides
(40–42). In addition, ASIC3 channels open in a largely nonde-

FIGURE 6. Effects of DTDP on AMI stimulation of ASIC3E79C channels. A, structure of DTDP. B, illustration of TDP covalently linked to E79C via a mechanism
of Ellman’s reaction. C, typical recording showing the effect of DTDP (0.5 mM, pH 7.4) on the AMI stimulation of ASIC3E79C channels. AMI at 1 and 3 mM evoked
inward currents from CHO cells expressing ASIC3E79C. Following DTDP treatment, a successive administration of AMI failed to induce ASIC3E79C channel
activation because of the formation of E79C-S-S-TDP complexes preventing AMI binding. DTT (4 mM, pH 7.4, and 5 min) restores channel activation by AMI
presumably by breaking the disulfide bond in the E79C-S-S-TDP complexes, rendering the channel responsive to subsequent AMI application. D, cotreatment
of DTDP (0.5 mM, pH 7.4) and DTT (4 mM, pH 7.4) preserves channel activation by AMI. After washout of DTDP/DTT, DTDP treatment again abolished AMI
activation of ASIC3E79C channel because of steric effects. E and F, statistical analysis of effects of DTDP on the sustained currents induced by AMI. Shown in E and
F are pooled data from experiments in C and D, respectively. The dashed lines in C and D represent the base-line level. Data points are means � S.E. of six
measurements of sustained currents normalized to that induced by AMI (3 mM) before DTDP treatment. **, p � 0.001, demonstrating the significant difference
in the sustained currents induced by both 1 and 3 mM AMI between the two different groups as indicated. N.S., not significant.
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sensitizing manner (6) at more physiologically relevant pH val-
ues (pH 7.3–6.7). Furthermore, ASIC3 channels respond to
nonproton ligands (i.e.AMI, GMQ, and agmatine) through the
nonproton ligand sensing domain (26, 27). These properties
together with its expression in sensory neurons as well as
peripheral non-neuronal tissues (36–38) suggest that ASIC3
channels are well positioned to regulate multimodal sensory
perception (22), and they are indeed proposed to be an integra-
tor formultiple physiological stimuli, including nociceptive and
inflammatory signals (27). The demonstration of the paradox-

ical action of AMI on ASIC3 channels raises the possibility that
ASIC3-dependent sensory perception may be regulated by
AMI derivatives or yet unknownAMI-like endogenous ligands.
Using a combination of mutagenesis, covalent modification,

as well as functional analyses, we uncovered the requirement of
the nonproton ligand sensing domain (26, 27) in mediating the
stimulation effect of AMI on ASIC3 channels. Whereas our
data identified key determinants essential for mediating AMI-
ASIC3 interactions, there are at least three alternative explana-
tions for the data observed here. First, AMI most likely binds

FIGURE 7. Effects of AMI on covalently activated ASIC3 channels. A, typical recording showing the effect of AMI (1 mM) on 0.5 mM DTNB (pH 7.4)-induced
ASIC3E79C activation as a result of a covalent modification (26). Notably, a successive coadministration of AMI (1 mM) and DTNB (0.5 mM at pH 7.4) slowed down
the development of DTNB currents (see below) because of steric competition between AMI and DTNB. B, illustration of 5-thio-2-nitrobenzoic acid (TNB)
covalently linked to E79C via a mechanism of Ellman’s reaction (lower panel) and a typical recording showing the effect of AMI (1 mM) on DTNB-induced
ASIC3E79C activation (upper panel) with a different drug application sequence from A. C, pooled data from the combination of experiments in A and B. The rate
(pA/ms) is defined as the maximal current (pA) divided by the duration (ms) of covalent modification treatment as indicated. For AMI-treated, the maximal
current during AMI washout (as indicated by SS) is measured to minimize the contribution of AMI-induced inhibition. Different colored points and lines
represent paired measurements for individual cells. D, sequence alignment between rat ASIC2a (rASIC2a) and rat ASIC3 subunits. The blue open box indicates
the conserved Deg site (Gly-430 versus Gly-438 in ASIC2a and ASIC3, respectively). E, illustration of 2-aminoethyl (EA) group covalently linked to G438C via a
mechanism of Ellman’s reaction (lower panel) and a typical recording showing the effect of AMI on 0.2 mM MTSEA (pH 7.4)-induced ASIC3G438C activation (upper
panel). F, pooled data from the experiments in E. G, typical recording showing the attenuated effect of AMI on MTSEA-induced ASIC3G438C-E423A activation.
Similar results were obtained in five other experiments.
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specifically to a cavity around Glu-79 and Glu-423 to activate
the ASIC3 channel. Second, a mutation-induced decrease in
response to AMI could result from allosteric effects if Glu-79
and Glu-423 were in fact part of a linker region crucial for pro-
ton (30, 43, 44), andhence nonproton activation. Third, it is also
possible that the cavity around Glu-79 and Glu-423 represents
just one of the many AMI-binding sites (45).
We favor a direct and specific interaction between AMI and

the cavity lined by Glu-79 and Glu-423 for the following rea-
sons. First, a covalent linkage between TDP and Cys-79 largely
reduced the channel activation by AMI (Fig. 6). Oppositely,
AMI application reduced the rate of covalent modification-in-
duced channel gating (Fig. 7, A–C). These results strongly sug-
gest that the spatial and structural integrity of the cavity around
Glu-79 and Glu-423 is crucial for ASIC3 channel activation by
AMI. Second, mutations at the key residues of nonproton
ligand sensing domain decreased the efficacy of AMI on ASIC3
channels (Fig. 3, A and B) and increased the apparent EC50
value as reflected by the reduced current ratio (IAMI-1 mM/
IAMI-3 mM) (Fig. 3C) without affecting AMI inhibition of acid-
induced currents (Fig. 4). Third, both Glu-79 and Glu-423 as
the key residues of the nonproton ligand sensing domain lie in
the middle of the �1 and �12 sheets, respectively (46). They are
not located in the linker region between two � sheets as are
Leu-85 (�1-�2 linker) (43) and Asn-415 (�11-�12 linker) (44),
which are critical for allosteric gating by protons. Therefore, a
similar allosteric effect is not sufficient to account for themuta-
tion-induced decrease in the response to AMI. Finally, AMI
shares a similar molecular configuration as GMQ. Linkage to
the nonproton ligand sensing domain (E79C site) by GMQ
dimer treatment directly induced ASIC3E79C channel opening,
whereas a similar treatment onWTorASIC3E423C channels did
not induce channel gating (26). This result argues that ligand
binding at the cavity around Glu-79 and Glu-423 is sufficient
for ASIC3 channel gating. Therefore, even if other AMI-bind-
ing sites may exist (45) in ASIC3 channels, the nonproton
ligand sensing domain most likely represents the site responsi-
ble for stimulation of channel opening.
The paradoxical stimulation of AMI on ASIC3 channels

raises an interesting concern about the physiological signifi-
cance of these findings. Traditionally, AMI is widely used as a
nonselective ASIC blocking tool to examine the role of ASICs

under pathophysiological conditions when the channel is acti-
vated. In this study, we demonstrate that AMI activates ASIC3
channels (Fig. 1A) at relatively high concentrations (EC50 �
	560 �M) resulting in a sustained current, which would depo-
larize sensory neurons to a greater degree than the transient
current induced by acid such as pH 5.0 (Fig. 1A). Moreover,
AMI synergistically facilitates sustained activation of ASIC3
channels bymild acidosis (in a pH range between 7.2 and 6.8) at
an initial effective concentration of 	1 �M (Fig. 2, A–C). Based
on the paradoxical property of AMI, we propose that whether
activation or inhibition dominates should depend on the extent
of physiological activation. If ASICs are activated largely as seen
with stimulation at pH 6.5 or below (Figs. 1B and 2D), then the
inhibitory effect would be stronger than activation under the
commonly used concentrations (	100 �M). However, when
ASICs are closed or activated only by mild acidosis, AMI will
exert a greater stimulatory effect than inhibition. Given that
sensoryASIC3 channels havemultiplemodels of activation and
are demonstrated to have roles in multimodal sensory percep-
tion (22), we believe that the AMI-ASIC3 interaction would
produce complex effects under different conditions. At least for
modest pH changes that occur during myocardial ischemia (6),
AMI-ASIC3 interaction would predict a stimulatory effect, an
open question that relies on the development of specific chem-
ical tools (Fig. 5).
In summary, we propose here that the stimulatory effect of

the ASIC channel blocker AMI through the nonproton ligand
sensing domain raises a concern for its use in pharmacological
studies on ASIC3 function (16) and in developing AMI-derived
ASIC inhibitors for the treatment of chronic pain (47). Given
that AMI directly activates the ASIC3 channels, it is conceiva-
ble that AMI may also be used to generate activators of ASIC3
channels devoid of inhibitory actions in addition to inhibitors
devoid of stimulatory actions (e.g. 5-(N-methyl-N-isobutyl)-
amiloride, see Fig. 5) in the future.
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FIGURE 8. AMI cause pain-related behaviors through activation of ASIC3 channels. A, pain-related behaviors as determined by the time spent for following
saline or AMI (300 �M or 1 mM or 3 mM) injection (10 �l) in asic3�/� and asic3�/� mice. Data are means � S.E. n � 6 –9. **, p � 0.001 versus saline; ##, p � 0.001,
asic3�/� versus asic3�/�. B, pain-related behaviors as determined by the time spent for following saline or AMI (3 mM) injection (10 �l) in asic1�/� and asic1�/�

mice. Data are means � S.E. n � 10. *, p � 0.05, asic1�/� versus asic1�/�.
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