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Abstract: Small changes of extracellular pH activate de-
polarizing inward currents in most nociceptive neurons. It
has been recently proposed that acid sensitivity of sen-
sory as well as central neurons is mediated by a family of
proton-gated cation channels structurally related to
Caenorhabditis elegans degenerins and mammalian epi-
thelial sodium channels. We describe here the molecular
cloning of a novel human proton receptor, hASIC3, a
531-amino acid-long subunit homologous to rat DRASIC.
Expression of homomeric hASIC3 channels in Xenopus
oocytes generated biphasic inward currents elicited at
pH ,5, providing the first functional evidence of a human
proton-gated ion channel. Contrary to the DRASIC cur-
rent phenotype, the fast desensitizing early component
and the slow sustained late component differed both by
their cationic selectivity and by their response to the
antagonist amiloride, but not by their pH sensitivity (pH50
5 3.66 vs. 3.82). Using RT-PCR and mRNA blot hybrid-
ization, we detected hASIC3 mRNA in sensory ganglia,
brain, and many internal tissues including lung and testis,
so hASIC3 gene expression was not restricted to periph-
eral sensory neurons. These functional and anatomical
data strongly suggest that hASIC3 plays a major role in
persistent proton-induced currents occurring in physio-
logical and pathological conditions of pH changes, likely
through a tissue-specific heteropolymerization with other
members of the proton-gated channel family. Key
Words: Proton-gated channel—Degenerin—Amiloride—
Trigeminal sensory neurons—Pain—Xenopus oocytes.
J. Neurochem. 72, 51–57 (1999).

Acid sensing is a specific kind of chemoreception that
plays a critical role in the detection of nociceptive pH
imbalances occurring in conditions of cramps, trauma,
inflammation, and hypoxia (Lindahl, 1974). In mam-
mals, a population of small-diameter primary sensory
neurons in the dorsal root ganglia and trigeminal ganglia
express specialized pH-sensitive surface receptors acti-
vated by increase of extracellular proton concentration
(Bevan and Yeats, 1991). Native electrophysiological
responses of sensory neurons to applications of pH 5.8–
6.5 are characterized by a fast desensitizing inward cur-
rent followed by a slow sustained current (Krishtal and
Pidoplichko, 1981). Clarifying the native molecular
composition of proton sensors in human sensory neurons

will be an important step in the rational development of
a novel class of analgesics. A family of genes coding for
neuronal proton-gated channels subunits has been dis-
covered recently (Garcia-Anoveros et al., 1997; Wald-
mann et al., 1997a,b). Heterologously expressed amilo-
ride-sensitive homomeric rat acid-sensing ion channel
(ASIC) (Waldmann et al., 1997b) responds to small pH
changes by a fast desensitizing sodium-selective current,
whereas mammalian degenerin 1 (MDEG1) (Waldmann
et al., 1996) and dorsal root ganglia ASIC (DRASIC)
(Waldmann et al., 1997a) require drastic pH changes to
gate desensitizing and biphasic currents, respectively.
ASIC and MDEG1 can associate together to generate a
heteromeric channel activated at low pH (,5) with
unique kinetics and ionic selectivities (Bassilana et al.,
1997). A neuronal splicing variant of MDEG1 was
shown to modulate DRASIC biophysical properties by
heteromeric association (Lingueglia et al., 1997). These
proton-gated channels share a putative two-transmem-
brane domain topology and colocalization in small-
diameter capsaicin-sensitive sensory neurons with P2X
ATP-gated channels (North, 1997). From their sequence,
they belong to an expanding gene superfamily including
mammalian epithelial sodium channels (Canessa et al.,
1994a,b), pickpocket (PPK) and ripped pocket (RPK)
subunits fromDrosophila (Adams et al., 1998), de-
generins ofCaenorhabditis elegans(Corey and Garcia-
Anoveros, 1996), and the FMRFamide-gated channel of
Helix aspersa(Lingueglia et al., 1995). Despite their
potential importance in monitoring pH changes in CNS
and sensory pathways, human proton receptor genes
have not yet been functionally characterized. We report
here for the first time the heterologous expression of a
human proton-gated channel, as well as significant inter-
species differences observed both in functional proper-
ties and in regional distribution of acid sensors.
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MATERIALS AND METHODS

Molecular cloning
Using the tblastn algorithm, virtual screening of the dbEST

database of NCBI (Lennon et al., 1996) with probes corre-
sponding to the protein motif LXFPAVTLCNXNXXRXS,
conserved in all known members of the degenerin/ENaC/ASIC
family, led to the identification of human EST sequences en-
coding a novel member of the proton sensor gene family
(GenBank accession nos. AA449579 and AA429417). The
clone tagged by 59 EST AA449579 and by 39 EST AA449322
from a total fetus cDNA library was sequenced on both strands,
using walking primers and an ALF DNA sequencer (Pharma-
cia-LKB). Full-length hASIC3 was subcloned directionally
into uniqueEcoRI andNotI sites of eukaryotic vector pcDNA3
(Invitrogen) for cytomegalovirus promoter-driven heterologous
expression inXenopusoocytes.

Electrophysiology in Xenopusoocytes
Oocytes surgically removed from adultXenopus laeviswere

treated for 2 h at room temperature with type II collagenase
(GibcoBRL) in Barth’s solution under constant agitation. Se-
lected oocytes at stage IV–V were defolliculated manually
before nuclear microinjections (Bertrand et al., 1991) of 5 ng of
hASIC3 in pcDNA3 vector. After 2–4 days of expression at
19°C in Barth’s solution containing 50mg/ml gentamicin,
currents were recorded in the two-electrode voltage-clamp con-
figuration, using an OC-725B amplifier (Warner Instruments).
Whole-cell currents were acquired and digitized at 500 Hz on
a Macintosh IIci computer with an A/D NB-MIO16XL inter-
face (National Instruments), then recorded traces were postfil-
tered at 100 Hz in an Axograph (Axon Instruments). Agonist,
amiloride, and wash solutions were prepared in a modified
Ringer’s solution containing 115 mM NaCl, 2.5 mM KCl, and
1.8 mM CaCl2 in 5–20 mM HEPES (Sigma) buffer adjusted
with NaOH or HCl at pH 2–8 and applied on oocytes by
constant perfusion (10–12 ml/min) at room temperature. Mean
6 SEM values corresponded to measurements from a mini-
mum of five oocytes.

RT-PCR and mRNA dot-blot hybridization
Total RNA from postmortem samples of normal human

trigeminal ganglia were isolated by using TriZOL reagent
(GibcoBRL), then 1mg was subjected to random-primed re-
verse transcription using Superscript (GibcoBRL). Around 100
ng of RT-cDNA was used as template for PCR with Expand
DNA polymerase (Boehringer-Mannheim). Specific hASIC3
primersTCAGTGGCCACCTTCCTCTA(forward)andACAG-
TCCAGCAGCATGTCATC (reverse) were used to amplify the
region corresponding to nucleotides 175–513 (see Fig. 1A).
After initial template denaturation for 2 min at 94°C, thermal
cycles consisted of 45 s at 94°C, 45 s at 55°C, and 2 min at
72°C for 30 cycles. Molecular identity and homogeneity of
PCR products were checked by sizing and specific restriction
patterns. Initial sample loading was checked by coamplification
of glyceraldehyde-3-phosphate dehydrogenase housekeeping
mRNA. RNA samples not subjected to reverse transcription but
PCR-amplified in identical conditions provided our negative
controls.

Known amounts of human poly(A)1 RNA (89–514 ng),
isolated from various fetal and adult normal tissues and nor-
malized for the transcription levels of several housekeeping
genes (Clontech), were dot-blotted and probed with the32P-
labeledEcoRI–XbaI fragment of hASIC3 cDNA at high strin-
gency (final elution at 65°C in 0.33 saline–sodium citrate

buffer for 10 min). After exposure for 16 h, hybridization
signals were acquired and quantitated by using a Storm phos-
phorimager (Molecular Dynamics), and then analyzed in den-
sitometry with ImageQuant software (Molecular Dynamics).

Data analysis
All data are expressed as mean6 SEM values and represent

results of experiments done in triplicate on at least three sep-
arate oocyte preparations. Statistical methods consisted of two-
tailed t tests and regression analysis available with the PRISM
software package (GraphPad, San Diego, CA, U.S.A.). Non-
linear regression onI/V curves used the Boltzman equation,
whereas dose–response curves were fitted with the four-param-
eter logistic equation. Multiple comparison of sigmoidal curves
was evaluated by the partialF test, using ALLFIT software (De
Léan et al., 1978).

RESULTS

Primary structure of hASIC3 channel subunit
Sequence analysis of the 1.7-kb-long hASIC3

poly(A)1 mRNA revealed an open reading frame encod-
ing 531 amino acids (Fig. 1A), with initiation of trans-
lation at the proximal Met codon located at nucleotide
position 22. The predicted molecular mass of 59 kDa for
the immature protein was confirmed by in vitro transla-
tion (data not shown). According to the current topolog-
ical model based on primary structure analysis and bio-
chemical tests, a large domain of 365 amino acids faces
the extracellular side of the plasma membrane (Canessa
et al., 1994a,b). In this extracellular domain, a total of 15
cysteine residues are highly conserved in the ASIC fam-
ily, with the exception of Cys267 being absent in human
BNaC1 (hASIC2) only. Two potential sites for Asn-
linked glycosylation, Asn175 and Asn398, are located in
this cysteine-rich loop. Consensus sites for phosphoryla-
tion by casein kinase II (Ser5) and by protein kinase C
(Ser39, Ser478, Ser493, and Ser521) are found in the intra-
cellular N-terminal domain of hASIC3 as well as in the
intracellular C-terminal domain (Fig. 1A). The hASIC3
subunit displays 83% of identity with rat DRASIC sub-
unit at the amino acid level, 48% with human BNaC2
(hASIC1) and 47% with BNaC1 (hASIC2) (Fig. 1B).
Therefore, hASIC3 belongs to the proton-gated channel
family, itself a branch of the degenerin/ENaC/FMRF-
amide-gated channel phylogenetic tree (Fig. 1C).

Functional and pharmacological properties of
homomeric hASIC3 channels

When heterologously expressed inXenopusoocytes,
hASIC3 subunits assemble into functional homomeric
channels activated by low extracellular pH (Fig. 2A).
Rapid changes of extracellular pH (Fig. 2B and C) re-
vealed a biphasic response. This unique phenotype was
characterized by a fast and rapidly desensitizing current
followed by a slow and sustained current that returned to
baseline only on return to physiological pH. The relative
amplitude of the fast current appeared dependent on the
slope of the pH gradient applied (Fig. 2A and C). How-
ever, we found the pH sensitivity of the two hASIC3-
mediated currents to be almost identical with a pH50 of
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FIG. 1. Nucleotide and predicted amino acid sequence of hASIC3 cDNA (A), deposited in GenBank database under the accession no.
AF057711. Two stretches of 20–34 amino acids corresponding to potential transmembrane domains, identified in Kyte–Doolittle
hydrophobicity plot, are highlighted. Consensus phosphorylation sites in intracellular domains and N-glycosylation sites in extracellular
domain are indicated by circled and boxed residues, respectively. Homology (%) of hASIC3 (B) and phylogenetic relationships (C) with
known members of the human ASIC/ENaC family. The protein dendrogram was generated by using UPGMA algorithm (Geneworks
2.5.1, Oxford Molecular Group).
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3.66 6 0.06 (fast) vs. 3.826 0.04 (slow) (Fig. 3). The
positive cooperativity reflected in the dose–response
curve profile,nHfast 5 1.57 6 0.3 andnHslow 5 1.55
6 0.17, indicated that at least two protonations on two
subunits are required to gate the cation channel. To study
possible differences of ionic selectivity between fast and
slow components, we performed a current–voltage rela-

tionship at pH 4.0 in normal Ringer. The peak amplitude
of the fast component displayed some voltage depen-
dence from its slight inward rectification, whereas the
slow and sustained component was ohmic in the range
from 270 to1 70 mV (Fig. 4B). Furthermore, although
both reversal potentials were greater than 30 mV as
expected for channels conducting mainly sodium, we
measured aDErev 5 115 6 3.2 mV (p , 0.01) between
the fast (132.9 6 4.4 mV) and the slow component
(148.26 4.8 mV) (Fig. 4A and B). These two phases of
proton-induced hASIC3 current differed also by their
sensitivity to the antagonist amiloride. Coapplication of
100 mM amiloride with pH 4.0 under conditions of
biphasic response demonstrated a more efficient block-
ade of the fast (62.86 6.5%) than of the slow current
(28.76 4.6%) by amiloride (Fig. 5A and B).

Central and peripheral distribution of hASIC3 gene
expression

As a rough index of anatomical distribution and
mRNA abundance, we noticed several cDNAs encoding
hASIC3 in total fetus and testis cDNA libraries repre-
sented in the dbEST database. Results obtained in RNA
hybridization at high stringency confirmed that the
hASIC3 gene is transcribed in a wide spectrum of inter-
nal organs as well as in the CNS (Fig. 6). In the adult
stage, hASIC3 transcripts were detected in lung, lymph
nodes, kidney, pituitary, heart, and testis as well as in
brain and spinal cord. A developmental up-regulation of
hASIC3 gene expression was apparent when comparing
fetal vs. adult mRNA levels in lung and kidney (Fig. 6).

FIG. 2. Biphasic current phenotype of homomeric hASIC3 channels; effects of increasing rates of pH change. Oocytes were clamped
at 270 mV and continuously perfused with Ringer’s buffer containing 10 mM HEPES at pH 7.6. pH was then dropped to 4.0 for 10 s
with increasing pH gradients obtained by raising the buffer capacity differential between control and test buffers: A: pH 7.6–4.0 in 10
mM HEPES. B: pH 7.6 in 5 mM to pH 4.0 in 10 mM HEPES. C: pH 7.6 in 5 mM to pH 4.0 in 20 mM HEPES. Controls done with the test
buffers at pH 7.6 did not activate the hASIC3 channel. Oocytes injected with injection buffer alone showed no inward currents. The
amplitude of the early but not the late component, and thus the ratio of early to late peak currents, appears to be very sensitive to the
speed at which the pH drops from normal to acid pH values.

FIG. 3. Dose–response curves of pH activation of hASIC3 cur-
rents. Dose–response curves were constructed in 20 mM
HEPES buffered at different pH values from 6.0 to 3.0. Peak
currents of fast and slow currents were analyzed with the four-
parameter logistic equation and the partial F test for statistical
comparison. Each point represents mean 6 SEM from this typ-
ical experiment. Apart from the maximal response, no other
significant difference was observed between both curves.
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Thus, hASIC3 subunit expression is not restricted exclu-
sively to sensory ganglia as is its rat homologue DRA-
SIC, explaining our decision to use a chronological no-
menclature that is distribution independent. The poten-
tially important function of noninactivating proton-gated
channels in nociceptive sensory neurons was neverthe-
less confirmed by the detection of high levels of ASIC3
mRNA in adult human trigeminal ganglia, using RT-
PCR (Fig. 7).

DISCUSSION

We report in the present study the characterization of
a novel central member of the human degenerin/ENaC

channel family, genetically identical to hTNaC isolated
from human testis (Ishibashi and Marumo, 1998). Sig-
nificant homologies found both in extracellular and in
transmembrane domains of the predicted hASIC3 sub-
unit with known proton-gated channels were substanti-
ated by our electrophysiological data showing activation
of the homomeric channel by changes of extracellular
pH. In contrast to rat ASIC, which responds to slight
external acidification, a drastic pH decrease (pH50 ;4)
was required to activate hASIC3 channels when heter-
ologously expressed inXenopusoocytes.

Despite a strong conservation of primary structure, the
hASIC3 channel displayed several interesting differ-
ences of properties with its rodent homologue DRASIC.
Two potential regulatory protein kinase C sites found in
hASIC3 sequence are conserved in DRASIC (Ser39 and
Ser521), so the functional impact of phosphorylation of
these domains will be worth investigating in the context
of heterologous sensitization of nociceptive response by

FIG. 5. Differential sensitivity of the fast and slow hASIC3 cur-
rents to amiloride. hASIC3 currents were activated by pH 4.0 in
the presence and absence of 100 mM amiloride (A). Inhibition by
amiloride was much stronger on the fast than the sustained
current. B: Data are mean 6 SEM values (n 5 17) of residual
peak currents during amiloride application for the fast (37.2
6 6.4%) and sustained (72.0 6 3.8%) components expressed as
percentages of controls. Statistical significance was evaluated
by unpaired two-tailed t test (***p , 0.001).

FIG. 4. Current–voltage (I/V) relationship of the fast and slow
hASIC3 currents. Recordings were done in Ringer’s buffer con-
taining (mM) NaCl 115, KCl 2.5, CaCl2 1.8, and HEPES 5, pH 7.6.
The I/V relationship was established by measuring peak currents
of both fast and slow responses to pH 4.0 (applied 1 s after
voltage step) at different membrane potentials, after subtracting
background currents recorded without pH applications (A). Peak
current values were plotted (B) and reversal potential estimated
from linear (slow current) and nonlinear (fast current) regression
analysis. A and B represent a typical experiment where reversal
potentials were 33.4 and 44.8 mV, respectively, for the fast and
slow currents.
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metabotropic receptors linked to phospholipase C (Dray
and Perkins, 1993). Both rat and human channels gener-
ated biphasic responses in the homomeric form, but the
human proton sensor required lower pH (pH50 5 3.66 vs.
6.9) for the activation of the early fast component (Wald-
mann et al., 1997a). The difference of reversal potentials
that we detected between desensitizing and sustained
currents of hASIC3 reflected a measurable change in
ionic selectivity between these two states of activation,
not observed in the case of DRASIC (Waldmann et al.,
1997a). Nevertheless, reversal potentials in the130 to
150 mV range were consistent with the activity of cation
channels mainly conducting sodium ions. One of the
pharmacological features of channels belonging to the
ASIC/ENaC family is their sensitivity to blockade by the
antidiuretic amiloride and its derivatives (Kleyman and
Cragoe, 1988). Coapplication of amiloride with low pH
inhibited more the early than the late response. Both
hASIC3 currents, however, were sensitive to the antag-
onist, a situation different from what has been reported
with DRASIC where the sustained current was instead
potentiated by amiloride (Waldmann et al., 1997a).

Species differences were also striking when analyzing
the anatomical distribution of hASIC3 gene expression.
Whereas rat DRASIC was reported to be transcribed
exclusively in dorsal root ganglia (Waldmann et al.,
1997a), we noticed moderate to high levels of hASIC3
gene expression in many peripheral tissues as well as in
brain, spinal cord, and sensory ganglia, using dot-blot

RNA hybridization and RT-PCR amplification. In con-
trast, Ishibashi and Marumo (1998) reported the exclu-
sive expression of hASIC3 in testis from northern blot
data. This discrepancy could be explained by differences
in detection sensitivity, in differences of normalization of
mRNA according to housekeeping genes, or by the fact
that our methods of detection did not distinguish alter-
native splicing variants of the hASIC3 gene. From our
data on the expression of hASIC3 in lung and testis, two
tissues with high levels of transcription and low density
of innervation, we infer that acid-sensing functions me-
diated by proton-gated channels are more anatomically
extended than previously expected. Alternatively, the
hASIC3 subunit could be a component of mechano-gated
(Tavernarakis et al., 1997) or ligand-gated cation chan-
nels (Lingueglia et al., 1995) not yet characterized. It is
worth noticing that the cerebellum, where hASIC1
(BNaC2) and hASIC2 (BNaC1) mRNAs are expressed at
high levels, is one of the central regions with the highest
density of hASIC3 mRNA. Like other known ionotropic
receptors, ASIC channels most likely assemble in het-
eromeric complexes. It has been reported that the three
different ENaC subunits coassemble into tetrameric (Fir-
sov et al., 1998) or nonameric (Snyder et al., 1998)
channels and that homomeric FMRFamide-gated chan-
nels are tetramers (Coscoy et al., 1998). Therefore, pro-
ton-gated hASIC3 channel subunits could associate with
hASIC1 and/or hASIC2 in multimeric channels of un-
known stoichiometry in central and peripheral neurons.

The molecular composition of surface sensors medi-
ating the biphasic pH response recorded in most small-
diameter capsaicin-sensitive sensory neurons remains to
be clarified. We propose that hASIC3 subunits, by a
functional dominant effect, provide the slow kinetics
leading to a sustained pH-induced current. However, the
native pH response is likely generated by the activities of
at least two different channels, for the following reasons:
(1) The two currents differ by their ionic selectivity; the
early phase is sodium selective (pK/pNa5 0.14) and the
late phase is nonselective for small cations (pK/pNa

FIG. 7. High levels of transcription of hASIC3 gene in sensory
ganglia enriched in nociceptive neurons. Localization of hASIC3
and reporter glyceraldehyde-3-phosphate dehydrogenase
(G3PDH) mRNAs in human trigeminal ganglia (TG), cerebellum
(CB), and lung (L), using RT-PCR amplification with specific
exact match primers (see Materials and Methods).

FIG. 6. Distribution of hASIC3 mRNA in normal human tissues.
High-stringency hybridization of radiolabeled hASIC3 cDNA on
human poly(A)1 RNA isolated from brain, spinal cord, and inter-
nal tissues as well as from week 17–28 fetal tissues was quan-
titated by densitometric analysis in phosphorimaging. Amounts
of poly(A)1 RNA target were normalized across tissues to allow
direct comparisons of transcription levels (see Materials and
Methods).
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5 1.32) (Konnerth et al., 1987; Bevan and Yeats, 1991);
(2) if most capsaicin-sensitive sensory neurons display
biphasic pH responses, some display either the fast or the
slow component (Krishtal and Pidoplichko, 1981; Bevan
and Yeats, 1991); and (3) the two phases appear to be
differentially regulated by nerve growth factor in pri-
mary cultured sensory neurons (Bevan and Winter,
1995). The ionic selectivity favoring sodium over potas-
sium ions and the low sensitivity to pH of hASIC3
suggest that it is associated with other ASICs or non-
ASIC partners in sensory neurons to generate a native
heteromeric channel with emergent phenotype not pre-
dicted from the properties of each individual component.
Indeed, Lingueglia and colleagues (1997) reported that
DRASIC could associate with silent MDEG2, a splicing
variant of MDEG, to produce a proton sensor poorly
sensitive to pH but endowed with a weak cation selec-
tivity closer to the properties of the native current. Al-
ternatively, it is also possible that posttranslational mod-
ifications of proton sensor subtypes composed of known
subunits could explain the nonselective and sustained
ionotropic responses elicited by small pH changes in
mammalian sensory neurons.
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