
Amiloride-blockable acid-sensing ion channels are leading acid
sensors expressed in human nociceptors

Shinya Ugawa, … , Yasuhiro Shibata, Shoichi Shimada

J Clin Invest. 2002;110(8):1185-1190. https://doi.org/10.1172/JCI15709.

 

Many painful inflammatory and ischemic conditions such as rheumatoid arthritis, cardiac ischemia, and exhausted skeletal
muscles are accompanied by local tissue acidosis. In such acidotic states, extracellular protons provoke the pain by
opening cation channels in nociceptors. It is generally believed that a vanilloid receptor subtype-1 (VR1) and an acid-
sensing ion channel (ASIC) mediate the greater part of acid-induced nociception in mammals. Here we provide evidence
for the involvement of both channels in acid-evoked pain in humans and show their relative contributions to the
nociception. In our psychophysical experiments, direct infusion of acidic solutions (pH ≥ 6.0) into human skin caused
localized pain, which was blocked by amiloride, an inhibitor of ASICs, but not by capsazepine, an inhibitor of VR1. Under
more severe acidification (pH 5.0) amiloride was less effective in reducing acid-evoked pain. In addition, capsazepine had
a partial blocking effect under these conditions. Amiloride itself neither blocked capsaicin-evoked localized pain in human
skin nor inhibited proton-induced currents in VR1-expressing Xenopus oocytes. Our results suggest that ASICs are
leading acid sensors in human nociceptors and that VR1 participates in the nociception mainly under extremely acidic
conditions.
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Introduction
Protons can modulate the activity of a number of
receptors and ion channels expressed in nociceptors
(1). Among such entities, they can directly activate
vanilloid receptor subtype-1 (VR1) and acid-sensing ion
channel ASICs (2, 3). VR1 is selectively expressed in
polymodal nociceptors, which are responsive to nox-
iously thermal, mechanical, and chemical stimuli, and
is broadly regarded as a major detector of multiple
pain-producing stimuli. The contribution of VR1 to
the pH sensitivity of nociceptors has been established
in vitro by gene knockout experiments (4). However,
the activation of the VR1 channel requires extremely
severe acidification to pH less than 6.0 (4, 5), raising the
possibility that another signal sensor that is more sen-
sitive to protons than VR1 may be present in nocicep-
tors, because, for example, skin nociceptors have acti-
vation thresholds as high as pH 6.9 (6). In muscle and
cardiac ischemia, an extracellular pH drop from 7.4 to
7.0 is sufficient to induce persistent activation of a sub-
set of nociceptors (7–9).

Recent electrophysiological experiments have strongly
suggested the involvement of ASICs (amiloride-blockable

proton-gated channel subunits expressed in mam-
malian central and peripheral nervous systems) (10)
in nociception linked to acidoses. Sensory neurons
from mice lacking ASIC-3 (nomenclature as in ref. 
3) are severely deficient in their responses to acidic 
stimuli in vitro (11). The heterologously expressed 
ASIC-2b/ASIC-3 channel generates a biphasic inward
current that is similar to the native proton-activated
current in dorsal root ganglion (DRG) neurons (12).
The ASIC-3 channel is capable of reproducing the fea-
tures of acid-evoked currents in cardiac nociceptors
(13). Despite these observations, there is still contro-
versy about the functional roles of ASICs in mam-
mals, because proton detection through ASICs has
not yet been demonstrated in vivo.

In this report, we evaluated the efficacy of amiloride
(an inhibitor of ASICs) and capsazepine (an inhibitor
of VR1) on acid-evoked pain in humans using a psy-
chophysical method. To confirm the specificities of
both drugs, we investigated their effects on capsaicin-
evoked pain using a similar psychophysical approach.
Our results indicate the involvement of ASICs and VR1
in proton-induced pain in humans and show their rel-
ative importance in the nociception.

Methods
Psychophysical experiments. The following experiments
were approved by the Ethics Committee of the Nagoya
City University Medical School and conducted in accor-
dance with the Declaration of Helsinki. A total of 56
healthy men, 21–41 years of age, participated in the
study. All subjects stated that they had not used drugs
of any kind within one week preceding the experiments.
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We determined pH dependency of acid-evoked pain
at the beginning of the experiment. PBS (0.01 M) was
used as a basic infusion solution. The pH value of each
stimulus solution was adjusted with HCl. First, to
establish a standard against which one could represent
changes in pain, a pH 5.0 solution was infused hypo-
dermically into the palmar side of the upper forearm
at a flow rate of approximately 0.02 ml/s for 5 seconds,
using a sterile syringe with a 29-gauge needle. After the
infusion, the needle was pulled out from the skin.
Next, eight kinds of solutions (pH 7.4, 7.3, 7.2, 7.0, 6.5,
6.0, 5.5, or 5.0) were applied randomly into the neigh-
boring area of the ipsilateral forearm in the same man-
ner, provided that injection sites were situated at least
3 cm from each other to avoid any kind of influence by
previous infusions. The injections were performed at
intervals of several minutes, during which the local-
ized pain completely disappeared. Just after each appli-
cation, the subject was asked to estimate the intensity
of induced pain using a unipolar scale with zero (no
pain) at one end and ten (pH 5.0-evoked pain) at the
other end. Any type of pain and/or unpleasant sensa-
tions present before or after the infusion was not con-
sidered in the estimation.

To assess the in vivo effects of amiloride or cap-
sazepine on acid-evoked (pH 6.0) pain, a unipolar scale
with zero (no pain) at one end and ten (pH 6.0-evoked
pain) at the other end was used. After the standard pH
6.0 solution was injected, four kinds of solutions (pH
6.0/7.4 solutions and the same solutions containing
200 µM amiloride or 100 µM capsazepine) were ran-
domly applied to each subject in the same manner. We
also investigated the analgesic effects of each drug on
pH 7.0/6.5-evoked or 5.0-evoked pain using a unipolar
scale with zero (no pain) at one end and ten (pH 6.5-
evoked and 5.0-evoked pain, respectively) at the other
end. To examine the in vivo effects of amiloride or cap-
sazepine on capsaicin-evoked pain, a unipolar scale
with zero (no pain) at one end and ten (20 µM cap-
saicin; pH 7.4-evoked pain) at the other end was used
instead. All studies were double blind and performed
at room temperature. Data were analyzed using the
Wilcoxon signed rank test. A prior level of significance
was set at a P value less than 0.05.

Results
Dose-response relationship between proton concentration and
magnitude of acid-evoked pain. We investigated relation-
ships between pH values of acidic stimuli and intensi-
ty of proton-induced pain in human subjects (n = 8).
The pH 5.0 phosphate-buffered solution was first
applied hypodermically into an intact skin area. In and
around the injection site, the application produced a
localized “pure” pain, which was sustained as long as a
constant flow was maintained and rapidly disappeared
when the flow was stopped. This consequence was in
good agreement with observations described previous-
ly (14). We allotted ten points to this pain and estab-
lished a unipolar scale for the following estimation.

Next, we randomly applied PBS solutions of various
pH values to each subject in the same manner and asked
subjects to estimate the evoked pain. In this pain model,
the subjects started to feel pain at approximately pH 7.2,
and the degree of associated pain increased with lower-
ing the pH of the stimulus solutions, seeming to reach
its saturation value at pH of approximately 5.5 (Figure
1a). The pH 7.4 application elicited almost no painful
sensation, indicating that intradermal pressure due to
the injection itself evoked hardly any mechanical pain
in the subjects tested. In rat skin, activities of a subpop-
ulation of primary nociceptive afferents increase with
lowering extracellular pH down to 5.2, but further acid-
ification (pH values lower than 5.2) elicited smaller
nociceptor responses (6). Our data are in good accor-
dance with this previous observation.
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Figure 1
Pharmacological analyses of acid-evoked pain in humans. Mean ± SE
are shown for each data point. (a) Acids injected hypodermically into
human skin provoke pain in a pH-dependent manner (n = 8). The
subjects tested started to feel pain at approximately pH 7.2, and the
degree of the evoked painful sensation was well correlated with the
magnitude of acidification, with a saturation value at approximate-
ly pH 5.5. (b) Instant effects of an ASIC blocker, amiloride (ami.; 200
µM) (n = 10). Amiloride treatment potently blocked acid-evoked (pH
6.0) pain. The vertical axis shows estimated pain values (*P < 0.01
vs. second pH 6.0 treatments). (c) Effects of a VR1 blocker, cap-
sazepine (CPZ; 100 µM), on acid-evoked (pH 6.0) pain (*P < 0.01
vs. second pH 6.0 treatments) (n = 10). Simultaneous applications
of capsazepine did not display any analgesic effects on the pH 6.0
stimuli. The capsazepine applications (pH 7.4) themselves provoked
no significant pain. (d) In vivo effects of capsazepine (100 µM) and
amiloride (200 µM) on 20 µM capsaicin-evoked (CAP; pH 7.4) pain
in human subjects. Capsazepine potently suppressed the capsaicin-
evoked pain in the subjects tested, whereas the amiloride induced no
analgesic effects (n = 8). Data are plotted relative to the capsaicin-
evoked pain (*P < 0.05 vs. capsaicin treatments).



Amiloride potently blocks proton-induced pain in humans.
Before injecting amiloride and capsazepine under
human skin, we checked the specificities of both drugs
by oocyte electrophysiology as follows: 100 µM cap-
sazepine and 200 µM amiloride had no influence on
acid-evoked (pH 6.0 for ASICs and pH 5.4 for VR1) cur-
rents of ASIC-expressing (ASIC-1a, ASIC-1b, ASIC-2a,
or ASIC-3) and VR1-expressing oocytes, respectively;
the capsazepine application potently blocked the VR1
channel activity; the amiloride treatment was highly
effective in reducing the currents of the ASIC-1a,
ASIC-1b, ASIC-2a, and ASIC-3 channels (data not
shown). We used rat orthologues for the functional
expression in Xenopus oocytes because rat ASIC and
VR1 channels have no significant differences in affini-
ties for amiloride and capsazepine from their human
counterparts (5, 12, 15–25). The experiments were not
performed on the ASIC-2b and ASIC-4 channels
because they are inactive by themselves (12, 26–28).

We then investigated the in vivo effects of amiloride,
the sensitivity of which is a common notable charac-
teristic of ASICs, on the acid-evoked pain in ten volun-
teers (Figure 1b). When pH 6.0 solutions were applied
for the second time, most of the subjects reported
almost the same magnitude of pain as the first time. In
contrast, the pH 7.4 solutions elicited much less pain
than the pH 6.0 treatments, indicating that the subjects
were able to properly discriminate between the two
kinds of stimuli (P = 0.0051). The most striking obser-
vation was that simultaneous applications of 200 µM
amiloride reduced the acid-evoked pain almost to the
pH 7.4 control level (P = 0.0077), implying that ASICs
expressed in nociceptors are likely to play important
roles in detecting noxiously acidic stimuli.

We examined the effects of 100 µM capsazepine in
another ten volunteers and found that simultaneous
applications of capsazepine did not have any analgesic
effects on the pH 6.0 stimuli (P = 0.7989) (Figure 1c).
This concentration of capsazepine is high enough for
the complete inhibition of proton- and capsaicin-acti-
vated currents of human VR1 (5), and capsazepine
applications (pH 7.4) themselves provoked no signifi-
cant pain in the subjects. We also confirmed that 100
µM capsazepine potently suppressed 20 µM capsaicin-
evoked (pH 7.4) pain in other human subjects (n = 8)
(Figure 1d). These results strongly suggest that VR1
makes little contribution to acid-evoked pain at pH
greater than or equal to 6.0.

The possibility that the amiloride application affect-
ed components of the pain transduction machinery
besides ASICs was clearly excluded (Figure 1d). The
subjects tested felt almost the same magnitude of cap-
saicin-evoked pain even in the presence of 200 µM
amiloride when compared with that in the absence of
the drug (P = 0.0117). These results indicate the sound-
ness of the pain-conducting pathways themselves even
under the amiloride treatments. In other words, the
analgesic effects of amiloride were restricted to the ini-
tial phase of the proton-induced responses in the noci-

ceptors. Taken together, the above psychophysical data
strongly suggest that amiloride relieved the acid-
evoked pain through its specific blocking effects on
ASICs in the nociceptors.

Effects of amiloride and capsazepine on acid-evoked pain at
various pH stages. We further examined the analgesic
effects of amiloride on acid-evoked pain at a higher pH
range than 6.0. A pH 6.5 solution was used to establish
a standard, and five kinds of PBS solutions (indicated
in Figure 2a) were randomly applied (n = 10). It was
confirmed that pain provoked by the second pH 6.5
application showed almost the same magnitude as that
evoked by the first pH 6.5 application in each subject.
The intensity of the induced pain was attenuated in a
pH-dependent manner with lowering proton concen-
tration. Even at these pH stages, 200 µM amiloride
potently suppressed the acid-evoked pain down to the
pH 7.4 control level (P = 0.0051 and 0.0069 at pH 6.5
and 7.0, respectively). These findings strongly suggest
that ASICs located in human nociceptors chiefly func-
tion as acid sensors at pH greater than 6.0.

We then investigated effects of amiloride and cap-
sazepine at a lower pH range than 6.0 (n = 10). We select-
ed a pH 5.0 solution as a standard stimulus, because
both ASICs and VR1 are likely to be active under this
acidic condition (5). Interestingly, the analgesic effects of
amiloride at pH 5.0 were less potent than those observed
at pH greater than or equal to 6.0 (P = 0.0077), while 
100 µM capsazepine displayed partial blocking effects 
on the proton-induced pain (P = 0.0117) (Figure 2b). 

The Journal of Clinical Investigation | October 2002 | Volume 110 | Number 8 1187

Figure 2
Analgesic effects of amiloride (ami.; 200 µM) and capsazepine (CPZ;
100 µM) on acid-evoked pain in human subjects at various pH
stages. Mean ± SE are shown for each data point. (a) Effects of
amiloride on pH 6.5– and 7.0–induced pain (n = 10). The intensity
of provoked painful sensation was attenuated in a pH-dependent
manner with lowering proton concentration. Amiloride treatment
potently suppressed the acid-evoked pain down to the pH 7.4 con-
trol level (*P < 0.01 vs. second pH 6.5 treatments; **P < 0.01 vs. pH
7.0 treatments). (b) Effects of the amiloride and capsazepine on pH
5.0–induced pain (n = 10). The analgesic effects of the amiloride at
pH 5.0 were less potent than those observed at pH greater than or
equal to 6.0, while the capsazepine displayed partial blocking effects
on the pain instead (*P < 0.01 and **P < 0.05 vs. second pH 5.0
treatments). Simultaneous applications of both drugs almost com-
pletely abolished the pain (***P = 0.0117, and ****P = 0.0173).



Simultaneous applications of both drugs almost com-
pletely relieved the pain (P = 0.0117 and P = 0.0173; see
Figure 2b). These findings indicated that human VR1
participated in the proton reception to provoke the pain
at this pH stage. Taken together with our electrophysi-
ological data, we concluded that ASICs were leading acid
sensors to detect noxious acidification in the human
body and that VR1 contributed to the nociception main-
ly under extremely acidic conditions.

Discussion
Using the psychophysical method, we demonstrated
here that ASICs (and not VR1) function as acid sensors
in vivo within a pathophysiologically relevant pH range
(pH ≥ 6.0) and that a diuretic agent, amiloride, may be
useful as an analgesic against proton-induced localized
pain in the pH range of 7.2–6.0. The human subjects
tested felt pain even at pH 7.0, which is low enough for
the activation of the ASIC-1a and ASIC-3 channels (20,
24). In contrast, human VR1 cannot start to open until
extracellular pH drops to 6.0 or less (5), implying that
the ASIC channels show an order of magnitude with a
higher affinity for protons than the VR1. (As described
elsewhere, the rat ASIC-1b channel starts to open at pH
6.5, and the rat and human ASIC-2a channels do so at
approximately pH 6.0; refs. 18, 26, 29) This lower acti-
vation threshold of the VR1 channel raises the possi-
bility that VR1 may contribute to acid-evoked pain
mainly under extremely acidic conditions (pH ≤ 6.0)
and that VR1 indeed did so in our pain model (see Fig-
ure 2b). For this reason, more attention should be given
to the ASIC family of cation channels and to the rela-
tive importance of ASICs and VR1 in the nociception.

It is well known that protons increase the potency of
heat as a VR1 agonist by lowering the threshold for
channel activation by the stimulus (17). Extracellular
acidification to pH 6.4 is not sufficient to activate the
rat VR1 channel at room temperature, whereas a con-
siderable amount of the channel current is constant-
ly observed at the same pH at body temperature (4).
These findings indicate that a decrease in extracellu-
lar pH to 6.4 is low enough to activate the channel
under normal physiological conditions. Despite the
above fact, however, high concentrations of cap-
sazepine (100 µM) showed no analgesic effect on pH
6.0–induced pain in the human skin (see Figure 1c).
Although the acidification to pH 6.0 probably acti-
vates the human VR1 channel in the skin nociceptors,
the pH level may not be low enough for VR1 to cause
the membrane potential to reach the firing level of the
peripheral nociceptive afferents.

There are several reports on the effects of amiloride
in proton-induced nociception or irritation. Pretreat-
ment with amiloride significantly reduced irritant sen-
sations in human subjects, which were elicited by
applications of citric acid on the dorsal surface of the
tongue, but did not reduce capsaicin-evoked oral irri-
tation, indicating the potential involvement of an
amiloride-sensitive mechanism in acid-induced irrita-

tion (30). These observations may provide support for
our idea that ASICs are the main acid sensors in
human nociceptors, although there is a gap in experi-
mental systems between the irritation test and our
pain model. On the other hand, it was shown previ-
ously that amiloride enhanced acid-evoked responses
of rat C fibers in the presence of nonphysiologically
high concentrations of Na+ (31). The authors specu-
lated that amiloride blocked a Na+/H+ exchanger in the
terminal endings of the nociceptive neurons (all iso-
forms of Na+/H+ antiporters are known to be sensitive
to high concentrations of amiloride), preventing extru-
sion of permeating protons, then the incremental
intracellular protons prolonged the pH responses.
Their experiments were performed using high con-
centrations of amiloride in the presence of 217 mM
Na+ to enhance its effects on Na+/H+ antiporters. Their
application period of amiloride was 5 minutes, and the
peak responses of the C fibers were observed two to 10
minutes after the treatment with amiloride. In con-
trast, our psychophysical experiments were designed
to detect the effect of amiloride on ASICs. The acidifi-
cation periods and/or application periods of amiloride
were 5 seconds in the studies. The latency of the pain
responses were very short (within a second), and the
analgesic effect of the amiloride occurred simultane-
ously with the evoked painful sensation. The effects of
amiloride have also been tested in other animal mod-
els. In the rat nervous system, inhibition of Na+/H+

exchangers in the GABAergic neurons by amiloride is
postulated to be the mechanism by which the drug
prevents GABAA receptor–mediated pentobarbital-
induced facilitation of nocifensive reflexes (32). Sys-
temic, spinal, and supraspinal administration of
amiloride caused dose-related antinociception against
acetic acid–induced abdominal constriction in the
mouse, but the effects may be attributable to the broad
nonspecific actions of amiloride as described (33).

To date, four ASIC genes — ASIC-1 (ASIC-1a and its
splice variant ASIC-1b), ASIC-2 (the two splice variants
ASIC-2a and ASIC-2b), ASIC-3, and ASIC-4 — have
been identified in mammalian organisms (3). Which
ASIC is located in nociceptors? According to previous
in situ hybridization experiments, ASIC-1a, ASIC-1b,
ASIC-2b, and ASIC-3 are the main molecular entities
present in rat DRG neurons (12, 15, 16, 18, 27, 28, 34,
35), and, furthermore, protein expressions for the
ASICs are identified in many of the SP- or IB4-positive
neurons that correspond to neuropeptidergic or non-
peptidergic unmyelinated nociceptors (36, 37). In
humans, expressions of ASIC-1a, ASIC-2b, and ASIC-3
in the DRG neurons have been confirmed by previous
immunoblot analyses (38). Their immunoreactivities
are more or less found in the small-to-medium-diame-
ter (< 50 µm in somata diameter) sensory neurons, indi-
cating that the human ASIC clones probably serve as
acid sensors in nociceptive neurons, because small- and
medium-diameter sensory neurons give rise to most of
nociceptors (1, 2). Interestingly, human ASIC-3 is more
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widely distributed than its murine counterpart, even in
the non-neuronal tissues (25, 38), so the ASIC-3 may
play a more critical role in the broad range of nocicep-
tion. Expressions of ASIC-1b, ASIC-2a, and ASIC-4 in
human sensory neurons remain to be elucidated.

In acidotic states, extracellular protons elicit both
transient and sustained excitatory responses in sensory
neurons, the latter of which may account for persistent
pain in patients (39). In contrast to the ASIC-1a and
ASIC-1b channels, which generate transient currents in
response to acidic stimuli, the ASIC-3 channel is capa-
ble of generating biphasic inward currents that contain
the sustained component in both animal and human
species (15, 16, 18–21, 24, 25). According to recent
reports, ASIC-3 is largely colocalized with ASIC-2b in
single sensory neurons to form a heteromeric complex
in rat and mouse DRG (40, 41), while the heteromer
also produces a biphasic current with a similar steady-
state component. Thus, it is possible that the ongoing
pain (the magnitude of which was constant as long as
the flow rate was properly maintained) reported by the
subjects tested at pH less than or equal to 6.0 was due to
the long-lasting currents originated from the ASIC-3
subunit in the nociceptors. Unlike heterologous expres-
sion systems, it was difficult to cause a rapid pH drop in
human skin. Therefore, another possibility is that the
extracellular proton concentrations around the skin
nociceptors were gradually decreased by the acid injec-
tion, and then the ASIC-1a or ASIC-1b channel started
to open with slower kinetics than those observed in
vitro, leading to the persistent pain. This proposal is
supported by the finding that the sustained current of
the ASIC-3 channel is not inhibited by amiloride (16, 24,
25), whereas the subjects recognized almost no pain in
the presence of the drug. Needless to say, sustained VR1
currents are sure to contribute to the generation of the
persistent pain under more severe acidification.

The mechanisms of regulation of ASICs and VR1 by
inflammatory mediators have been described previous-
ly in several reports. In a Freund’s adjuvant–induced
inflammation model, ASIC-1a transcripts appeared in
some larger Aβ fibers, which have no role in nociception
under physiologically normal conditions (36). The
mRNA levels of ASIC-1a, ASIC-2b, and ASIC-3 in the
DRG were highly increased 1–2 days after the adjuvant
application, whereas the VR1 transcript level was rela-
tively stable. Intriguingly, nonsteroidal anti-inflamma-
tory drugs prevented the increase in ASIC expression,
and some of them directly inhibited ASIC-type mem-
brane currents in sensory neurons. ASIC-3 (but not
ASIC-1 or ASIC-2) protein expression in human enteric
neurons was increased in the inflamed Crohn disease
intestine, although the functional significance of the
expression of the ASIC-1, -2, and -3 by the neurons is
unknown (38). Proalgesic agents, bradykinin and nerve
growth factor, are able to sensitize VR1 at sites of injury
and inflammation, which provides a possible explana-
tion for both mediated potentiation of thermal sensi-
tivity in vivo (42). Further studies are needed to eluci-

date the reciprocal relationships between ASICs and
VR1 at various pathophysiological sites.

In summary, ASICs are leading acid sensors in
human nociceptors, contributing to acid-induced noci-
ception within a pathophysiologically relevant pH
range (pH ≥ 6.0). VR1 participates in proton detection
mainly under more acidic conditions (pH ≤ 6.0). Future
investigations on pain associated with local tissue aci-
doses in various pathological conditions should give
consideration to the relative contributions of ASICs
and VR1 to the nociception.
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