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The acid-sensing ion channels (ASICs) are proton-gated cat-
ion channels activated when extracellular pH declines. In ro-
dents, the Accn2 gene encodes transcript variants ASIC1a and
ASIC1b, which differ in the first third of the protein and dis-
play distinct channel properties. In humans, ACCN2 transcript
variant 2 (hVariant 2) is homologous to mouse ASIC1a. In this
article, we study two other human ACCN2 transcript variants.
Human ACCN2 transcript variant 1 (hVariant 1) is not present
in rodents and contains an additional 46 amino acids directly
preceding the proposed channel gate. We report that hVariant
1 does not produce proton-gated currents under normal con-
ditions when expressed in heterologous systems. We also de-
scribe a third human ACCN2 transcript variant (hVariant 3)
that is similar to rodent ASIC1b. hVariant 3 is more abun-
dantly expressed in dorsal root ganglion compared with brain
and shows basic channel properties analogous to rodent
ASIC1b. Yet, proton-gated currents from hVariant 3 are signif-
icantly more permeable to calcium than either hVariant 2 or
rodent ASIC1b, which shows negligible calcium permeability.
hVariant 3 also displays a small acid-dependent sustained cur-
rent. Such a sustained current is particularly intriguing as
ASIC1b is thought to play a role in sensory transduction in
rodents. In human DRG neurons, hVariant 3 could induce sus-
tained calcium influx in response to acidic pH and make a ma-
jor contribution to acid-dependent sensations, such as pain.

The acid-sensing ion channels (ASICs)4 are a family of pro-
ton-gated cation channels expressed in neurons throughout
the central and peripheral nervous system (1). There are four
ASIC genes (Accn1–4) that produce at least six individual
ASIC subunits in rodents (ASIC1a, ASIC1b, ASIC2a, ASIC2b,

ASIC3, and ASIC4). ASIC subunits have a characteristic to-
pology with two transmembrane domains separated by a large
cysteine-rich extracellular region (2, 3). Three individual
ASIC subunits associate to form functional cation channels
that are activated by decreases in extracellular pH (4, 5). ASIC
currents are typically transient, inactivate even in the contin-
ued presence of acidic pH, and (except for ASIC1a) are not
substantially permeable to calcium (6). The specific properties
of an ASIC current, such as the pH necessary for activation
and the kinetics of inactivation, are defined by the subunit
composition of the channel (7). In the central nervous system,
the ASIC1a subunit plays an important role (8). Genetic dis-
ruption or pharmacological inhibition of ASIC1a affects
learning and memory, fear-related behaviors, pain, depres-
sion, and seizure duration in rodents (9–15). ASIC1a also
contributes to neuronal damage after cerebral ischemia in
mice and mediates neuronal death following prolonged acido-
sis (16–19). ASIC1a is thought to play a prominent role in
neuronal death because it is uniquely permeable to calcium
compared with other ASICs (16, 20, 21).
In rodents, the Accn2 gene encodes both ASIC1a and

ASIC1b. ASIC1b is a transcript variant expressed predomi-
nately within the dorsal root ganglion (DRG) where it is
thought to play a role in sensory transduction (22–24).
ASIC1b and ASIC1a differ in the N-terminal third of their
protein sequences, which are encoded by distinct exons (22,
23). This region of the protein encompasses the intracellular
N terminus, first transmembrane domain, and a part of the
extracellular domain. These regions are known to be impor-
tant for kinase regulation, proton sensitivity, inactivation, and
ion permeability (25–28). As expected, ASIC1b and ASIC1a
display divergent channel properties and are distinct in their
proton concentration-response curves, ion selectivity, and
sensitivity to modulatory agents (22, 23, 29–31).
Although the distinct isoforms of rodent ASIC1 have been

well studied, the transcript variants expressed from the hu-
man ACCN2 gene (which encodes ASIC1 subunits) have not
been well defined (5, 23, 31, 32). It is clear that humans ex-
press a subunit homologous to mouse and rat ASIC1a
(ACCN2 transcript variant 2), which has been referred to as
both human ASIC1a and human ASIC1b (27, 32, 33). In addi-
tion, ACCN2 transcript variant 1 has been identified in hu-
mans (32). This variant is expected to produce a protein that
differs from ASIC1a by the addition of 46 amino acids within
the extracellular domain of the channel. The human genome
sequence suggests the existence of a third ACCN2 transcript
variant with a predicted amino acid sequence similar to ro-
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dent ASIC1b (23). In this article, we report the channel prop-
erties of the two unstudied human ACCN2 transcript variants
1 and 3. We find that many properties of ACCN2 transcript
variant 3 (hVariant 3) are similar to rodent ASIC1b. However,
hVariant 3 is calcium permeable and displays a small acid-de-
pendent sustained current unlike rodent ASIC1b. Together,
these results describe novel human acid-sensing ion channel
isoforms and highlight the divergence of human and rodent
ASICs.

EXPERIMENTAL PROCEDURES

ACCN2 Transcript Variants—The mouse ASIC1b
(NCBI AB208022.1), humanACCN2 transcript variant 1 (NCBI
NM_020039.2), and ACCN2 transcript variant 2 (NCBI
NM_001095.2) were a generous gift from J. Wemmie, M.
Price, and M. J. Welsh at the University of Iowa (13, 34–36).
ACCN2 transcript variant 3 was identified using the
TBLASTN program on the ENTREZ data base from NCBI to
identify sequences within the human genome similar to the
first 220 amino acids of mouse ASIC1b (23, 37). Primers were
designed against the predicted start of this sequence and the
shared stop region of hVariants 1 and 2 (forward 5�-aaaatgc-
ccatccagatcttc-3� and reverse 5�-tcagcaggtaaagtcctcgaac-3�)
and were synthesized (Integrated DNA Technologies, Inc.,
Coralville, IA). Oligo(dT)-primed cDNA was made using the
Invitrogen cDNA Synthesis Kit (Carlsbad, CA) from human
DRG RNA purchased from Clontech (catalogue number
636150, Mountain View, CA). PCR was performed with the
above primers as follows: 94 °C for 1 min, then 31 cycles of
94 °C for 30 s, 55 °C for 45 s, 72 °C for 4 min, and finally 72 °C
for 2 min. This yielded a 1689-base pair fragment that was
cloned into the pSTBlue-1 vector from Novagen (Merck
KGaA, Darmstadt, Germany). The insert was then cloned into
the pMT3 expression vector. Site-directed mutagenesis was
used to generate the hVariant 3 (A93S) using the Stratagene
QuikChange� mutagenesis kit (La Jolla, CA). All inserts were
sequenced at the Plant-Microbe Genomics Facility at the
Ohio State University prior to heterologous expression. Plas-
mid DNA was prepared from bacteria using Qiagen Midiprep
kits (Valencia, CA).
Real Time Quantitative Polymerase Chain Reaction—Hu-

man DRG RNA was purchased from Clontech (catalog num-
ber 636150) and human total brain RNA was purchased from
Agilent Technologies (Agilent Technologies, La Jolla, CA,
catalog number 540005). Adult mouse total brain and DRG
RNA were isolated using the Qiagen RNAeasy Mini kit. RNA
was treated with the Ambion DNA-free Kit (Ambion, Austin,
TX) to destroy possible contaminating genomic DNA. cDNA
was then made from DNase-treated RNA using the Applied
Biosystems SuperScript� VILOTM cDNA Synthesis Kit (Ap-
plied Biosystems, Carlsbad, CA) according to the manufactur-
er’s instructions. For each cDNA synthesis, a “no RT” reaction
lacking reverse transcriptase was performed to produce tem-
plate for the “�RT” control experiments. Real time PCR was
performed using either Invitrogen SYBR GreenER qPCR
SuperMix Universal (Invitrogen) or Applied Biosystems
Power SYBR� Green PCR Master Mix in a 25-�l reaction vol-
ume. Primers used include: hVariant 2 forward 5�-tcagcttacct-

tccctgctg-3� and reverse 5�-agctccccagcatgatacag-3�; hVariant
3 forward 5�-cccatccagatcttctgctc-3� and reverse 5�-acccc-
aaatatctcccaagg-3�; hVariant 1 forward 5�-gtggctccctatcatc-
caaaag-3� and reverse 5�-atgtcaccaagacaacagggttt-3�; human
GAPDH forward 5�-gatcatcagcaatgcctcct-3� and reverse 5�-
tgtggtcatgagtccttcca-3�; mouse ASIC1a forward 5�-ctgtaccat-
gctggggaact-3� and reverse 5�-gctgcttttcatcagccatc-3�; mouse
ASIC1b forward 5�-tgccagccatgtctttgtg-3� and reverse 5�-cac-
aggaaggcacccagt-3�; mouse GAPDH forward 5�-acccagaagact-
gtggatgg-3� and reverse 5�-ggatgcagggatgatgttct-3�. The PCR
product amplified by each primer set was sequenced to ensure
amplification of the target transcript. Real time PCR was per-
formed using an Applied Biosystems StepOneplusTM Ther-
mal Cycler and StepOneTM Plus software. Cycling conditions
consisted of an initial activation at 95 °C for 10 min, followed
by 40 cycles of two-step PCR; 95 °C for 15 s, 60 °C for 1 min,
followed by a melt curve analysis. All reactions were per-
formed in triplicate along with “no cDNA” controls (in which
water was added instead of cDNA). A no RT control reaction
was always done with each primer set on each batch of cDNA.
Efficiency measurements were performed with all primer sets
and primers displayed efficiencies calculated to be within 0.1
of each other using the equation e � 10(1/slope) � 1. Data were
normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) expression to determine the �Ct according to the
manufacturer’s instructions. Relative gene expression was
determined using the �Ct method.
Oocyte Expression and Two-electrode Voltage Clamp

Electrophysiology—Xenopus laevis oocytes were harvested
from female frogs purchased from Xenopus I (Dexter, MI),
using standard procedures (38). Oocytes were stored in modi-
fied Barths solution with calcium (2.4 mM NaHCO3, 88 mM

NaCl, 15 mM HEPES, 1 mM KCl, 0.8 mM MgSO4, 0.4 mM

CaCl2, 0.3 mM Ca(NO3)2, and 125 units/liter of penicillin/
streptomycin) for at least 2 h before injection. The animal
pole of isolated oocytes was injected with plasmid DNA (�5
ng from a 100 ng/�l of stock solution) using a PV820 pneu-
matic picopump (World Precision Instruments, Sarasota, FL).
Injected oocytes were stored in modified Barths solution at
18 °C and recording was done 1–5 days after injection.
Whole cell macroscopic currents were recorded using two-

electrode voltage clamp at a holding potential of �60 mV
(38). Data were recorded using a Clamp OC-725 amplifier
(Warner Instruments, Hamden, CT) and either a Powerlab
4SP digitizer with CHART software (ADInstruments, Colo-
rado Springs, CO) or an Axon Digidata 1200 digitizer with
pCLAMP-8 software (Molecular Devices, Sunnyvale, CA).
Glass electrodes were pulled with a Sutter P-97 micropipette
puller (Sutter Instrument Co., Novato, CA) and filled with 3 M

KCl to yield 0.5–2 megaohm resistance. Acid did not induce
currents in uninjected oocytes. Recordings determining the
�inact, proton concentration-response, and steady-state desen-
sitization were done in frog Ringers solution (116 mM NaCl, 2
mM KCl, 5 mM HEPES, 5 mM MES, 2 mM CaCl2, 1 mM MgCl2)
adjusted to the indicated pH using 1 M NaOH. Recordings
determining ion permeability in oocytes were performed in
solutions containing 116 mM NaCl, LiCl, or KCl, 0.4 mM CaCl,
1 mM MgCl, 5 mM HEPES, 5 mM MES and adjusted to the
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indicated pH using 1 M NaOH, LiOH, or KOH as appropriate.
During recordings, cells were incubated in basal pH 7.4 (un-
less otherwise indicated) for at least 30 s before activation. pH
5.0 solution produced maximal current for all ASICs re-
corded. Before experiments, multiple applications of pH 5.0
were done (generally 2–3) until the ASIC-current amplitude
stabilized. For quantification, the current produced by test pH
values was normalized to the average maximal current of
flanking pH 5.0 applications to reduce the impact of potential
tachyphylaxis (39). “Maximal” current was evoked by pH 5.0
from a holding potential of pH 7.4 for most experiments or
7.9 for experiments assessing steady-state desensitization. Big
Dynorphin was synthesized from EZ Biolab (Carmel, IN).
PcTx1 synthetic peptide was purchased from Peptide Interna-
tional Inc. (Louisville, KY).
Chinese Hamster Ovary Cell Transfection and Calcium Per-

meability Experiments—Calcium permeability studies in oo-
cytes can be complicated by endogenous calcium-activated
channels. Therefore, the whole cell patch clamp technique
was used to measure calcium permeability of acid-evoked cur-
rent in Chinese hamster ovary (CHO) cells transiently trans-
fected with GFP and mASIC1b, hVariant 2, hVariant 3, hVari-
ant 3 (A93S), or vector only (23). Briefly, trypsinized CHO
cells (�107 cells) were suspended in 0.4 ml of electroporation
solution (120 mM KCl, 25 mM HEPES buffer, 10 mM K2HPO4,
10 mM KH2PO4, 2 mM MgCl2, 0.15 mM CaCl2, 5 mM EGTA,
and 2 mM MgATP, pH 7.6) and mixed with 20 �g of plasmid
DNA containing ASIC expression vector (or empty
pcDNA3.1 vector as indicated) and pEGFP-C1 vector (Clon-
tech) at a 3:2 ratio. Cells were electroporated with the Gene
Pulser Xcell system (Bio-Rad) and plated at a density of 35
cells/mm2 onto 10-mm coverslips in a 35-mm culture dish.
Cells were used for patch clamping 2–3 days after transfec-
tion. Transfected cells were identified by expression of green
fluorescent protein (GFP) (35). Data were collected at 5 kHz
using an Axopatch 200B amplifier, Digidata 1322A, and
Clampex 9.0 (Molecular Devices). Extracellular solutions con-
tained either 160 mM NaCl or 80 mM CaCl2 with 20 mM

HEPES buffer and 10 mM glucose. The pH was adjusted with
NaOH or Ca(OH)2 as appropriate. Intracellular pipette solu-
tion (pH 7.4) contained 160 mM NaCl, 10 mM HEPES, and 10
mM EGTA. Pipette solution was allowed to dialyze with cyto-
solic contents for at least 5 min after whole cell access was
gained before ion permeability was measured. The membrane
potential was held constant at �50 mV between voltage ramp
protocols. ASIC current was evoked by application of acidic
extracellular solutions (pH 5.3) and a voltage ramp (�150 to
50 mV) was initiated immediately before the current decayed
into the plateau phase. To isolate background conductance,
an identical voltage ramp was performed before and after
ASIC activation at holding pH 7.6. Mean background con-
ductance was subtracted from conductance following acid
application and data were fitted to a linear equation to deter-
mine the reversal potential of ASIC current. PNa/PCa was cal-
culated from the change in reversal potentials when Na� was
replaced with Ca2� in the extracellular solution (see below)
using the equations: �Erev � Erev,Na � Erev,Ca � (RT/F)
ln(PNa[Na�]o/4PCa� [Ca2�]o) and PCa� � PCa/(1 � eEF/RT),

where the gas constant (R), Faraday constant (F), and temper-
ature constant (T) have their standard meanings.
Data Analysis—Data were analyzed using either Axon

Clampfit 9.0, or CHART and Excel (Microsoft, Redmond,
WA). To measure the � of inactivation (�inact), the decay
phase of the indicated current was fit to the equation I � k0 �
k1 � e�t/�inact. In proton concentration-response experiments
the half-maximal pH (pH0.5) was calculated using the equa-
tion I/IpH,max � 1/{1 � (EC50/[H�])n} � 1/{1 � 10n(pH-pH0.5)},
where n is the Hill coefficient, EC50 is the proton concentra-
tion yielding half-maximal activation, and pH0.5 is the pH
yielding half-maximal. Relative monovalent cation perme-
abilities of ASICs expressed in oocytes were determined using
the equation: �Erev � Erev(X) � Erev(Na�) � (RT/F)ln{Px[X]o/
PNa

�[Na�]o}. Erev(X) and Erev(Na�) are the experimentally de-
termined reversal potentials of cation “X” and Na�, respec-
tively, [X]o and [Na�]o are the extracellular concentrations of
cation X and Na�, and the constants R, T, and F have their
standard meanings. Statistical analysis was done with
ANOVA (one-way) with post hoc Bonferroni’s multiple com-
parison test or two-tailed Student’s t test (paired or unpaired
data) as indicated in the figure legends. A “p” value less than
0.05 was considered significant.

RESULTS

Human ACCN2 Transcript Variant Sequence and
Expression—The human ACCN2 gene encodes two defined
transcript variants: ACCN2 transcript variant 1 (GenBank
NM_020039.2) and ACCN2 variant 2 (GenBank
NM_001095.2) (Fig. 1). Human ACCN2 variant 2 (hVariant 2)
is homologous to the ASIC1a subunit from rodents (5, 32).
The properties of this human channel have been well studied
in heterologous systems (13, 33, 40, 41). ACCN2 transcript
variant 1 (hVariant 1) differs from hVariant 2 in apparent al-
ternate 3� splicing of coding exon 9, which results in a coding
sequence containing an additional 138 in-frame nucleotides
(Fig. 1, A and B) (32). hVariant 1 was originally isolated from
human brain and is represented within the expressed se-
quence tag data base (AW015707) (32). hVariant 1 is pre-
dicted to produce a protein with an additional 46 amino acids
located just prior to the proposed desensitization gate of the
second transmembrane domain, a junction known to be criti-
cal for ASIC gating (Fig. 1C) (42–44). It is unknown how
these additional amino acids are incorporated into the protein
architecture and whether this subunit can form functional
ASIC channels.
To determine whether a homolog of mouse ASIC1b exists

in humans, the first 220 amino acids of mouse ASIC1b
(unique to 1b) were compared with the human genome using
the TBLASTN program from NCBI. Similar to a previous re-
port, a sequence that was 88% identical to the first 220 amino
acids of mouse ASIC1b was identified on chromosome 12
(23). This sequence is located in the ACCN2 gene within a
large region that separates the ASIC1a-specific coding exons
2 and 3 from coding exons 4–12 (Fig. 1A), suggesting it
is an alternative coding exon for human ACCN2. However,
this sequence is not currently present in the human expressed
sequence tag data base, and therefore it is not known if the
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sequence is transcribed. Rodent ASIC1b is expressed predom-
inantly in the DRG (22, 45). Therefore, we reasoned that this
human transcript might also be expressed predominantly
within the DRG. Using primers specific for the predicted start
region of the alternate exon and the common stop region of
ACCN2 transcript variants 1 and 2, we isolated a 1689-base
pair PCR product from human DRG cDNA. This sequence
displayed a continuous open reading frame of 563 amino ac-
ids (GenBank HM991481). We termed this transcript human
ACCN2 transcript variant 3 (hVariant 3). The first 220 amino
acids of the predicted hVariant 3 protein are 88% identical to

the first 219 amino acids of mouse ASIC1b (Fig. 1D) and the
remaining 343 amino acids are 100% identical to hVariant 2.
Thus, humans have a novel transcript variant (hVariant 3)
that is similar to rodent ASIC1b. End point PCR with primers
specific to hVariant 3 suggests that it is expressed in a pattern
similar to hVariant 2 in both neuronal and non-neuronal tis-
sues (supplemental data and Fig. S1).
To determine the relative expression levels of each human

ACCN2 variant, we employed quantitative real time PCR of
cDNA made from human DRG and total brain (Fig. 2). hVari-
ant 2 (the human homolog of mouse ASIC1a) is expressed

FIGURE 1. Human ACCN2 transcript variants. A, schematic of the human ACCN2 gene located on chromosome 12 (at positions 9917749 to 9940609 of the
genome assembly NW001838057.1). Coding exons are indicated by rectangles on a continuous line and numbered according to location. Common hVariant
1- and 2-specific exons are striped. The alternatively spliced portion of exon 9 (in 9b), which is unique in hVariant 1, is dotted. The hVariant 3-specific coding
exon (3b) is dark gray. Note that the exon encoding the specific region of hVariant 3 is not yet annotated as an exon within the human genome reference
sequence. B, schematic of the resulting transcript variants from the human ACCN2 gene. The numbers represent the coding exons illustrated above. hVari-
ant 2 is homologous to rodent ASIC1a. hVariant 3 has sequence similarity to rodent ASIC1b. C, ClustalW alignment showing divergence in the predicted
protein sequence of hVariant 1 and hVariant 2. Bold residues are conserved between hVariant 1 and hVariant 2. The amino acid sequence of the inserted
region in hVariant 1 is illustrated at the top. The DEG residue, present just before the desensitization gate (at the “DIGG” sequence), is underlined in hVariant
2 (42). Notice the inclusion of an homologous glycine in the LG sequence (in bold) replicated within the inserted region just prior to the desensitization gate
of hVariant 1. The predicted protein domains are indicated under the amino acid sequences. The gray bar represents the location of transmembrane do-
main 2, as predicted by the crystal structure (4, 42). The solid line represents the extracellular domain and the hatched box represents a �-sheet region (4).
The intracellular region is indicated by the wavy line beneath the sequence. D, ClustalW alignment of the first third of the predicted protein sequences of
hVariant 3, mouse ASIC1b (mASIC1b), and hVariant 2. Residues in bold are identical to amino acids in hVariant 3. Asterisk below represents identity between
all three sequences. The colon or dot below represent conserved amino acids. Underline indicates the position of Ala93 in hVariant 3, which is a serine in poly-
morphism dbSNP: rs706792. The relative location of the intracellular region is indicated by the wavy line below the sequence. Transmembrane domain 1 is
indicated by a gray box. Gray bars represent � helical regions and hatched bars represent �-sheet regions (4, 42).
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within the DRG and, to a greater extent, in total brain (Fig.
2A). hVariant 3 is also expressed in human DRG and the rela-
tive expression level of hVariant 3 is 26.5 � 2.6% of hVariant
2 (Fig. 2A). Thus, hVariant 3 represents a substantial propor-
tion of the total ACCN2 transcripts in DRG. However, the
relative expression level of hVariant 3 is significantly less in
total brain (2.0 � 0.1% of hVariant 2). hVariant 1 is expressed
at a low level in both DRG and total brain (Fig. 2A). For com-
parison, the relative expression levels of mouse ASIC1a and
ASIC1b transcripts were included (Fig. 2B). Like hVariant 2,
mouse ASIC1a expression is more pronounced in total brain
compared with DRG (Fig. 2B). Like hVariant 3, mouse
ASIC1b is more abundantly expressed in the DRG compared
with total brain (Fig. 2B). However, the relative level of mouse
ASIC1b is 214.7 � 23.8% of ASIC1a in the DRG. In fact, the
level of ASIC1b exceeds ASIC1a in mouse DRG and, there-
fore, ASIC1b represents the dominant ASIC1 transcript in the
DRG. This is in contrast to human Variant 3, which does not
exceed hVariant 2 levels in DRG. Together, these data indi-
cate that expression of hVariant 3 and mASIC1b are similar,

as they are both substantially more abundant in the DRG
compared with total brain. However, there are specific differ-
ences in the relative expression of ASIC1 transcripts between
mice and humans.
Basic Properties of Human ACCN2 Transcript Variants—

Expression plasmids encoding cDNA for each of the three
human transcript variants from ACCN2 were injected into X.
laevis oocytes and two-electrode voltage clamp was used to
record acid-activated currents (38). Oocytes were also in-
jected with mouse ASIC1b (mASIC1b) to compare with
hVariant 3 because of their sequence similarity. hVariant 2,
the human homolog of rodent ASIC1a, produced large inward
sodium currents when the extracellular pH was reduced (Fig.
3, A and B). Oocytes injected with hVariant 1 never displayed
acid-activated current (Fig. 3, A and B), even with extremely
low pH values (pH 3.0 application, not shown). Because
hVariant 1 failed to produce acid-activated current, it was not

FIGURE 2. Expression analysis of human and mouse ASIC1 transcript
variants. A, relative levels of human ACCN2 variant mRNA determined us-
ing quantitative real time PCR from human total brain and DRG. Data are
presented as the relative level of the indicated transcript normalized to
GAPDH (n � 3, see “Experimental Procedures” for details). B, relative levels
of mouse ASIC1a and ASIC1b in mouse brain and DRG determined by quan-
titative real time PCR (n � 3). Error bars represent the mean � S.E. The aster-
isk indicates p 	 0.05 between hVariant 2 or mASIC1a in the same tissue; #
indicates p 	 0.05 compared with the same transcript in total brain using
unpaired Student’s t test.

FIGURE 3. Basic properties of ACCN2 transcript variants. A, representa-
tive traces of proton-gated current using the two-electrode voltage clamp
of X. laevis oocytes injected with hVariant 2, hVariant 1, hVariant 3, and
mouse ASIC1b (mASIC1b). Channels were activated with pH 5.0 solutions
(white bars) from a holding pH of 7.4. B, quantification of peak current am-
plitude of pH 5.0-activated currents in oocytes injected with human ACCN2
transcript variants and mouse ASIC1b. Note that hVariant 1 failed to pro-
duce appreciable proton-gated currents (n � 14- 20 oocytes). C, inactiva-
tion kinetics of ACCN2 transcript variants. The � of inactivation was calcu-
lated by fitting the decay phase of pH 5.0-activated current to an
exponential equation (n � 24- 45 oocytes). D, quantification of the acid-de-
pendent sustained current in oocytes expressing ACCN2 transcript variants.
Sustained current was measured during the plateau phase after pH 5.0-
induced activation and normalized to the peak current amplitude (n �
13–19 oocytes). E–G, I/V plots of hVariant 2 (E), hVariant 3 (F), and mASIC1b
(G) currents activated in the presence of different extracellular ions. pH 5.0-
activated currents were measured at the indicated holding potential using
solutions with either 116 mM Na�, 116 mM Li�, or 116 mM K�. I/I[Na�]max is
the peak current amplitude evoked by pH 5.0 at the given holding potential
normalized to the current amplitude evoked by pH 5.0 in the Na� solution
at a holding potential of �60 mV (n � 4 – 6). Error bars are mean � S.E. The
asterisk indicates p 	 0.05; double asterisk indicates a p 	 0.01; and a triple
asterisk indicates a p 	 0.001 using an ANOVA (one-way).
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included in subsequent analysis. hVariant 3 produced acid-
activated currents with a reduced amplitude on average com-
pared with hVariant 2 (Fig. 3, A and B). Acid-gated currents
from hVariant 3 also displayed distinctly different kinetics
compared with acid-gated currents from hVariant 2. First,
proton-gated currents from hVariant 3 inactivated faster than
both hVariant 2 and mouse ASIC1b (�inact of hVariant 3 �
0.55 � 0.04 s; �inact of hVariant 2 � 1.77 � 0.10 s, and �inact of
mASIC1b � 1.05 � 0.09 s, p 	 0.001 between hVariant 3 and
2 as well as between hVariant 3 and mASIC1b) (Fig. 3C). Cur-
rents from hVariant 3 also often showed incomplete inactiva-
tion distinguished by the presence of an acid-dependent sus-
tained current following activation (Fig. 3D). However, this
sustained current varied considerably between oocytes, simi-
lar to previous descriptions of other ASICs displaying incom-
plete inactivation (46), and did not achieve statistical signifi-
cance. Monovalent ion permeability of hVariant 3 was also
assessed in oocytes (Fig. 3, E–G). As with other ASICs, hVari-
ant 3 showed a linear current/voltage relationship in the pres-
ence of potassium, lithium, or sodium. Quantification of the
relative monovalent ion permeability revealed that hVariant 3
was more selective for sodium versus potassium (PNa/PK �
6.3 � 0.6, n � 4) compared with hVariant 2 (PNa/PK � 4.2 �
0.5, n � 4, p 	 0.01 ANOVA). Like hVariant 3, the PNa/PK of
mASIC1b was also more selective for sodium (PNa/PK
mASIC1b � 7.6 � 0.4), but was statistically different from
hVariant 3 (n � 6, p 	 0.05 compared with variant 3,
ANOVA). The PNa/PLi was not different between the three
subunits (PNa/PLi was 0.86 � 0.09 for hVariant 3, 0.86 � 0.03
for hVariant 2, and 1.07 � 0.01 for mASIC1b).
Proton Sensitivity of Human ASIC1 Variants—Most ASICs

are activated by protons alone and display proton concentra-
tion-response curves that are specific to individual channel
subtypes (5, 36, 47–49). Therefore, we analyzed the pH de-
pendence of hVariant 2, hVariant 3, and mASIC1b gating.
Similar to previous reports, hVariant 2 showed an appreciable
current with pH 6.5 application (Fig. 4A). hVariant 3, how-
ever, produced little activation with pH 6.5. This response was
similar to mASIC1b, which also required more acidic pH val-
ues for activation (Fig. 4A). A concentration-response curve
showed that both hVariant 3 and mASIC1b were less sensitive
to protons compared with hVariant 2 (Fig. 4B). The calculated
pH to produce 50% activation (pH0.5act) of hVariant 3 was
significantly more acidic compared with hVariant 2 (pH0.5act �
5.92 � 0.03, n � 12 for hVariant 3; pH0.5act of 6.43 � 0.03,
n � 6 for hVariant 2; p 	 0.001, ANOVA). Although
mASIC1b is also less proton sensitive than hVariant 2, the
pH0.5act of hVariant 3 was also significantly lower than that of
mASIC1b (pH0.5act � 6.13 � 0.03 for mASIC1b, n � 9, p 	
0.001 compared with hVariant 3, ANOVA).
In addition to activation, ASIC subunits also display a dif-

ference in proton concentration dependence for steady-state
desensitization (31, 38, 49). Steady-state desensitization is
induced when channels are exposed to mildly acidic pH val-
ues (typically insufficient for channel activation). After expo-
sure to such conditioning pH, the channels can enter a desen-
sitized state and fail to activate when a more acidic stimulus is
encountered. For hVariant 2, steady-state desensitization was

induced with pH 6.9 conditioning, and complete desensitiza-
tion was observed with pH 6.7 conditioning (Fig. 4C). hVari-
ant 3 was not desensitized with pH 6.7, and complete steady-
state desensitization was not induced even with pH 6.3 (Fig.
4C). mASIC1b also requires more acidic pH values compared
with hVariant 2, but pH 6.3 completely desensitized the chan-
nel (Fig. 4C). A concentration-response curve indicated that
more acidic pH values were required to induce steady-state
desensitization of hVariant 3 compared with hVariant 2 (Fig.
4D). In fact, the pH0.5 for induction of steady-state desensiti-
zation (pH0.5des) was distinctly different between hVariant 2
and hVariant 3 (pH0.5des � 6.88 � 0.02, n � 7 for hVariant 2;
pH0.5des � 6.36 � 0.03, n � 17 for hVariant 3, p 	 0.001
ANOVA). mASIC1b also required more acidic pH values for
steady-state desensitization compared with hVariant 2
(pH0.5des � 6.52 � 0.01 for mASIC1b, n � 8, p 	 0.001

FIGURE 4. pH-dependent activation and desensitization of ACCN2 tran-
script variants. A, representative trace of the pH dependence of activation
in oocytes expressing hVariant 2, hVariant 3, and mASIC1b. The activating
pH is indicated by bars above the trace. B, quantification of the pH depend-
ence of current activation. Current was produced by perfusion of bath solu-
tion from pH 7.4 to the indicated pH. I/Imax is the current produced by appli-
cation of the test pH normalized to current evoked by pH 5.0 solutions (n �
5–14). C, representative traces showing steady-state desensitization of
hVariant 2, hVariant 3, and mASIC1b. Basal pH was 7.9. The shaded bars
above the trace indicate the conditioning pH (applied for 2 min), and the
white bars indicate activating pH 5.0. D, concentration-response curve of
steady-state desensitization. I/Imax is the current evoked from experimental
conditioning pH normalized to pH 5.0-evoked current evoked from a condi-
tioning pH of 7.9 (n � 5–21). Error bars are mean � S.E.
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ANOVA). Yet, the pH0.5des of hVariant 3 was also signifi-
cantly lower than mASIC1b (p 	 0.001 ANOVA). Thus,
hVariant 3, like mASIC1b, requires a greater concentration of
protons for activation and desensitization compared with the
human homolog of ASIC1a (hVariant 2). However, there are
distinct differences between hVariant 3 and mouse ASIC1b.
PcTx1 and Big Dynorphin Action on Human ACCN2 Tran-

script Variant 3—hVariant 3 displays characteristics similar
to mouse ASIC1b. In fact, the amino acid sequence, inactiva-
tion kinetics, and apparent proton sensitivity appear more
similar to mASIC1b than to hVariant 2. To further explore
these similarities, we tested PcTx1 modulation. The venom

peptide PcTx1 inhibits hVariant 2 (the human homolog of
ASIC1a) by shifting the proton sensitivity of steady-state de-
sensitization such that the channel becomes desensitized at
neutral pH (30, 50, 51). However, PcTx1 can also enhance the
apparent proton sensitivity of rodent ASIC1a, hVariant 2, and
rodent ASIC1b activation such that the channels activate at
less acidic pH values (30, 51) (Fig. 5A). Our data indicate that
PcTx1 promotes activation of hVariant 3 with a less acidic
pH, allowing the channels to activate at pH 6.3 (Fig. 5, A and
B). This was observed even with low concentrations of PcTx1
(20 nM, data not shown). As has been reported previously,
PcTx1 also slows inactivation of rodent ASIC1b (30), but did

FIGURE 5. Modulation of human ACCN2 transcript variant 3 by PcTx1 and Big Dynorphin. A, representative traces showing PcTx1 enhancement of
ASIC1 activation. Proton-gated currents were activated by the indicated pH (white bar indicates pH 5.0, gray bars indicate pH 6.7, 6.3, or 6.5 as indicated) in
the presence or absence of PcTx1 (60 nM). The pH used for activation was different between channels. This is because PcTx1 enhances the current by shift-
ing the apparent proton sensitivity of activation. Because the proton sensitivity of each channel is different, we chose a pH that produces 	15% maximal
activation on average (pH 6.7 induces 11.5% current from hVariant 2, pH 6.3 induced 6.1% current from hVariant 3, pH 6.5 induces 3.8% activation from
mASIC1b). B, quantification of PcTx1 (60 nM) effect on activation by submaximal pH applications (n � 5–7). Triple asterisks indicates a p 	 0.001 between
PcTx1 and control conditions using Student’s t test. C, quantification of the change in the � of inactivation of pH 5.0-evoked current in the presence of
PcTx1. Fractional change represents the difference in �inact (in seconds) with and without PcTx1 modulation normalized to the �inact without PcTx1. A value
of zero would indicate no change with PcTx1 application. D, representative trace of Big Dynorphin (15 �M) modulation of hVariant 3 steady-state desensiti-
zation induced by conditioning in pH 6.3 and activating with pH 5.0 (white bar). E, quantification of Big Dynorphin modulation of steady-state desensitiza-
tion of hVariant 3. I/Imax is current from control or Big Dynorphin normalized to control currents (evoked from pH 6.3 in the absence of any intervention).
Triple asterisks indicates a p 	 0.001 between Big Dynorphin (at the given concentration) and control conditions using Student’s t test (n � 4 –19). Error bars
represent the mean � S.E.
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not affect inactivation of hVariant 2 (Fig. 5, A and C). Inacti-
vation of hVariant 3 was also slowed by PcTx1 (Fig. 5, A
and C).
Another peptide modulator of ASIC1 activity that affects

steady-state desensitization is Big Dynorphin (52). Big Dynor-
phin limits steady-state desensitization of mASIC1a and
mASIC1b, allowing the channels to remain closed even dur-
ing incremental decreases in pH. Thus, when sufficiently
acidic pH is applied to activate the channel following condi-
tioning, greater current is observed in the presence of Big
Dynorphin (52). We found that micromolar concentrations of
Big Dynorphin limited steady-state desensitization of hVari-
ant 3 (Fig. 5, D and E). Thus, hVariant 3 and mASIC1b are
similarly enhanced by peptide modulators.
Calcium Permeability of ACCN2 Transcript Variant 3—

Other ASICs have been reported to be relatively impermeant
to calcium, making ASIC1a unique (5, 7, 23). To measure cal-
cium permeability, we expressed hVariant 2 and hVariant 3 in
CHO cells and used whole cell patch clamping to the measure
current in extracellular solutions containing sodium or cal-

cium as the permeant ion. In the calcium solutions, both
hVariant 2 and hVariant 3 displayed a small transient current
(Fig. 6A). hVariant 3 also displayed a small sustained current
(Fig. 6A). No acid-evoked currents were observed in cells
transfected with vector alone. Given that the extracellular
solution contained calcium and the intracellular solution con-
tained 160 mM sodium, the small inward currents suggest that
both hVariant 2 and hVariant 3 are permeable to calcium. To
test this hypothesis, the current/voltage relationship of pro-
ton-activated currents was measured in both the sodium and
calcium-containing extracellular solutions and relative ion
permeability was calculated (Fig. 6, B and C). hVariant 2 (the
human homolog of rodent ASIC1a) had a PNa/PCa of 8.2 � 1.2
(n � 7). Surprisingly, hVariant 3 had a PNa/PCa of 2.4 � 1.4
(n � 9) indicating that this variant is substantially more cal-
cium permeable than hVariant 2 (p � 0.009, Student’s t test)
(Fig. 6C). We observed similar calcium permeability with
hVariant 3 (A93S), a polymorphism of hVariant 3 common in
individuals of European decent (supplemental data and Fig.
S2). Calcium permeability of mASIC1b under these condi-

FIGURE 6. Calcium permeability of ACCN2 transcript variant 3 expressed in CHO cells. A, representative trace of proton-gated currents in CHO cells
transfected with hVariant 2, hVariant 3, and vector (pMT3). Recordings were done using whole cell patch clamp with extracellular solutions containing 160
mM NaCl or 80 mM CaCl. Pipette solution contained 160 mM NaCl. B, representative I/V plot of voltage ramp (�100 to �50 mV) applied during the transient
(inactivating) phase of pH 5.3-activated current. C, quantification of the average calculated sodium/calcium permeability ratio (PNa/PCa) of acid-activated
currents from CHO cells expressing hVariant 2 and hVariant 3 (n � 7–9). D, quantification of the � of inactivation (�inact) calculated from the decay phase of
pH 5.3-activated proton-gated currents from CHO cells transfected with human hVariant2 or -3 in sodium-containing solutions. E, quantification of the sus-
tained phase of pH 5.3-activated currents in CHO cells transfected with hVariants 2 or 3 in sodium-containing solutions. “% Sustained” current was calcu-
lated by measuring the residual current 10 s after activation and normalizing it to peak current amplitude. Asterisk indicates a p 	 0.05 and double asterisk
indicated a p 	 0.02 using the Student’s t test. Error bars are mean � S.E.
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tions was expectedly low (PNa/PCa � 17.9 � 4.7, n � 3, p �
0.002 compared with hVariant 3 using Student’s t test, data
not shown). The fact that hVariant 3 displays such low PNa/
PCa is in striking contrast to rodent ASIC1b, which has been
reported to be substantially less permeable to calcium (23).
hVariant 3 currents in CHO cells also inactivated rapidly and
incompletely indicating that transcript variants expressed in
CHO cells produced currents with properties consistent with
our previous oocyte studies (Fig. 6, D and E). In fact, the sus-
tained acid-dependent current was more obvious when hVari-
ant 3 was expressed in CHO cells and was statistically differ-
ent from hVariant 2 (Fig. 6E). In addition, the fact that this
calcium-permeable current is sustained (Fig. 6A), suggests
that hVariant 3 could induce a continuous calcium influx in
response to acidic extracellular pH in vivo.

DISCUSSION

Three human ACCN2 transcript variants are readily identi-
fiable within the ENTREZ data base. hVariant 2 has been well
studied and is homologous to ASIC1a in other species (5, 23,
31, 32). We report that hVariant 1, which contains a 46-a-
mino acid insertion in the gating region near transmembrane
domain 2, does not produce proton-gated currents when ex-
pressed alone in Xenopus oocytes. The area in which the addi-
tional 46 amino acids are inserted is known to be a site that
profoundly affects gating of DEG/ENaCs, the superfamily of
channels that includes ASICs (53, 54). In particular, the
“DEG” residue is located adjacent to this region (Fig. 1C).
When mutated, the DEG residue causes certain channels to
remain constitutively open, resulting in neurodegeneration
(43, 44, 55). Thus, the presence of the additional 46 amino
acids in this location is particularly surprising. Whether this
additional sequence would completely disrupt channel assem-
bly or alter channel function is unknown. However, it is diffi-
cult to imagine how the channel could function with such a
large addition within a region so critical for channel gating.
Yet, transcripts similar to hVariant 1 are predicted to be pres-
ent in other primate species (Pan troglodytes GenBank
XM_509053.2;Macaca mulatta GenBank XM_002798568.1),
but not in rodents. Interestingly, rabbits have an ASIC1 tran-
script variant with a similar 45-amino acid insertion at this
same location (GenBank XM_002711143.1). For all species,
the additional 45–46-amino acid sequence has no obvious
similarity to other known mammalian proteins and the func-
tion for this additional sequence is not known. Our finding
that hVariant 1 does not produce proton-gated currents un-
der normal conditions suggests that either: 1) this subunit
modulates other ASIC currents when present in heteromeric
channels; 2) hVariant 1 is activated by another ligand yet to be
discovered; or 3) hVariant 1 has an entirely different function
unrelated to ion conduction. In addition, our data indicate
that hVariant 1 is expressed within the CNS at very low levels.
Thus, the role of hVariant 1 remains unknown.
We show that a third ACCN2 transcript variant, hVariant

3, is expressed in human DRG and encodes an ASIC subunit
that produces functional homomeric proton-gated channels
when expressed in heterologous systems. We also assessed
the activity of a common human polymorphism in hVariant 3

that alters amino acid 93 (A93S). The allele containing this
A93S polymorphism occurs in the majority of individuals of
European descent but is not abundantly present in African or
Asian populations (GenBank, dbSNP: rs706792 and
rs706793). We find that the A93S substitution does not affect
the basic biophysical characteristics of hVariant 3 when ex-
pressed in heterologous systems (supplemental data and Fig.
S2). However, additional analyses are required to test for
other effects of this common polymorphism.
Overall, our data support the conclusion that hVariant 3 is

the human homolog of rodent ASIC1b. hVariant 3 shares se-
quence identity with rodent ASIC1b. hVariant 3 displays mul-
tiple biophysical properties that are more similar to rodent
ASIC1b than hVariant 2 (ASIC1a). Furthermore, like rodent
ASIC1b, hVariant 3 is more abundant in human DRG com-
pared with the brain. However, there are some key differences
between hVariant 3 and rodent ASIC1b, which suggest that
hVariant 3 may play a distinct role in human physiology.
Among the ASIC subunits, only ASIC1a (hVariant 2) is re-

ported to show appreciable calcium permeability. Here, we
report that hVariant 3 is even more permeable to calcium
than hVariant 2. This suggests that hVariant 3 is different
from rodent ASIC1b, which displays very low permeability to
calcium (23). The pre-transmembrane domain 1 region is re-
sponsible for the difference in calcium permeability between
rodent ASIC1a and ASIC1b (23). Interestingly, there are mul-
tiple amino acid differences between hVariant 3 and mouse
ASIC1b within this region (Fig. 1D) that may account for the
difference in ion permeability. However, the specific amino
acids that mediate calcium permeability are not known.
Calcium-mediated current of hVariant 3 is also sustained and
maintained as long as acidic conditions are present. Interest-
ingly, such sustained currents are also observed in shark
ASIC1b and mammalian ASIC3, another ASIC expressed
more abundantly in DRG compared with brain (56–58). For
ASIC3, the presence of sustained currents is mediated by the
N-terminal intracellular domain and transmembrane domain
1 (59). Shark ASIC1b and ASIC3 also display “window cur-
rents,” sustained acid-dependent currents that occur at more
neutral pH and are due to steady-state activation (56, 59). We
saw no evidence of such currents with hVariant 3. However,
hVariant 3 would be expected to produce a small, albeit con-
tinuous calcium influx under more acidic conditions. Such a
current could have dramatic consequences for acid-induced
signaling in DRG neurons.
In the DRG, acid-dependent sustained currents have been

implicated in nociception (1, 57, 58). Local acidosis often ac-
companies many conditions that result in pain (inflammation,
infection, ischemia, arthritis, bone disorders, and tumors) (1).
Cutaneous acid-dependent pain in humans is inhibited by
amiloride, a nonspecific blocker of ASIC channels (60).
ASIC3, which is more abundantly expressed in the DRG than
central nervous system, plays a role in acid-induced pain in
rodents (57, 58, 62–65). ASIC1b in rodents has also been pro-
posed to play a nociceptive role (22, 61). However, it should
be noted that rodent ASIC1b is expressed in both nociceptive
and non-nociceptive DRG neurons (24). Therefore, ASIC1b
likely contributes to multiple types of sensory transduction in
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rodents. Our study suggests that hVariant 3 may not only af-
fect DRG excitability through acid-dependent depolarization,
but might also affect DRG neurons through changes in intra-
cellular calcium. Furthermore, the relative levels of hVariant 3
in human DRG is different from ASIC1b in mouse DRG sug-
gesting differential cellular expression between mice and hu-
mans. This might be expected if hVariant 3 displays increased
calcium permeability and mediates different signaling path-
ways compared with mouse ASIC1b. In the central nervous
system, ASIC1a-mediated calcium influx has been linked to
neuronal death and the role of ASIC1a in neuronal signaling
under physiological conditions (5, 8, 21, 66, 67). Calcium in-
flux mediated by ASIC1a activation in central neurons affects
dendritic spine density via calmodulin KII-dependent signal-
ing mechanisms (68). In the DRG, calcium-permeable ion
channels such as the TRPs can cause a multitude of effects
and are involved in nociceptive neuron sensitization (69, 70).
Calcium influx through hVariant 3 in DRG neurons could
have similar dramatic consequences for sensory transduction.
To date, there are few publications measuring acid-activated
current in human DRG neurons (71, 72). Human neurons
display transient acid-evoked responses that are not inhibited
by TRPV1 antagonists (71, 72). In many neurons, this tran-
sient response is followed by a small acid-dependent sus-
tained response (71). More interestingly, in some human DRG
neurons, a second ionic conductance is observed after the cell
is returned to neutral pH. This has been hypothesized to rep-
resent possible activation of a calcium-activated chloride
channel, suggesting that activation of the acid-gated current
altered intracellular calcium levels (71). However, the involve-
ment of ASICs, and specifically hVariant 3, in these transient
proton-gated currents in human DRG has not been directly
assessed.
hVariant 3 may also mediate acid-induced calcium entry in

non-neuronal cells. Interestingly, ASIC1b has been implicated
in vascular smooth muscle cell physiology (73). Prolonged
acidification affects vascular smooth muscles and contributes
to baseline blood pressure and vascular disease (74). In ro-
dents, ASIC1b is expressed in these cells and may mediate a
depolarizing response to acidosis (73). We did observe some
hVariant 3 expression in non-neuronal tissues (supplemen-
tary data and Fig. S1). However, the specific expression of
hVariant 3 within human vascular smooth muscle cells has
not been assessed. Yet, it is exciting to speculate that if hVari-
ant 3 is expressed in smooth muscle cells, it could make a dra-
matic contribution to vascular tone through acid-evoked cal-
cium entry (75).
Our results indicate that hVariant 3 is similar to rodent

ASIC1b, but displays some unique characteristics. This sug-
gests that the channel could have a novel role in human physi-
ology compared with its rodent counterpart. Similar results
have been observed for other ion channels expressed in dorsal
root ganglion neurons. In particular, GABA receptors and
voltage-gated sodium channels in human DRG neurons dis-
play unique channel properties distinct from currents mea-
sured in rodent neurons (76, 77). Thus, there are likely dis-
tinct differences between the ion channels that mediate
sensory transduction in humans and rodents. Our data sug-

gest that acid-induced signaling in human sensory neurons
may be more complicated than in rodent neurons. Because of
this, studies of human neurons and human tissues (or genera-
tion of knock-in mice) are essential to fully understand the
role of the hVariant 3 and provide a foundation for further
studies addressing the roles of ASIC1 in human health and
disease.

Acknowledgments—We thank M. Welsh, J. Wemmie, and M. Price
of the University of Iowa for kindly providing human ACCN2 tran-
script Variant 1, ACCN2 transcript Variant 2, and the mouse
ASIC1b clones. Thanks to J. Enyeart for assistance with expression
analysis of human variants. We also thank K. Mykytyn for editorial
comments on the manuscript.

REFERENCES
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