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Investigation of the Structure and Function of
Acid-Sensing Ion Channels

Ziya Cakur!

Abstract

Acid-sensing ion channels (ASICs) are members of the epithelial sodium
channel/degenerin (ENaC/DEG) superfamily and are encoded by five
distinct genes, giving rise to seven different subunits. These subunits
predominantly assemble into trimeric ion channels that, upon activation by
extracellular protons, generate a transient inward current, thereby enhancing
cellular excitability. These ion channels, which are activated particularly by
extracellular acidification (pH decrease), regulate intracellular ion balance
and electrical activity. ASICs exhibit a broad range of tissue distributions and
display diverse biophysical characteristics. Moreover, their capacity to form
both homomeric and heteromeric trimers adds further complexity to their
functional and pharmacological properties. Certain modulators have been
identified that lower the proton concentration required for ASIC activation,
thereby sensitizing these channels. The roles of ASICs in neurological
diseases, pain mechanisms and psychiatric disorders are attracting
increasing interest. Substantial evidence from transgenic mouse models and
pharmacological investigations indicates that ASICs represent a promising
target for therapeutic intervention in various pathological conditions.
Further investigation of the molecular mechanisms of ASICs may enable the
development of new therapeutic strategies in disease models. This review
aims to summarize the current understanding of ASIC function, explore their
physiological and pathological roles, discuss mechanisms of modulation, and
identify critical gaps in knowledge that warrant further investigation.
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INTRODUCTION
Acid-Sensitive Ion Channels

Acid-sensitive ion channels were first discovered in rat sensory neurons
in 1980 by Krishtal and Pidoplichko using the voltage clamp technique
(Krishtal & Pidoplichko, 1980). Krishtal and Pidoplichko argued that these
acid-evoked currents were mediated by a previously unidentified ion channel
and thought that they might be acid-evoked Ca2+ channels. Lazdunski and
colleagues later showed that these channels were sensitive to amiloride and
permeable to Na+ ions, and described acid-sensitive ion channels for the
first time (Waldmann, Champigny, Bassilana, Heurteaux, & Lazdunski,
1997). In 2007, the crystal structure of ASICla in chicken was described,
and they showed that ASICs consist of trimers, i.¢., three different subunits
(Jasti, Furukawa, Gonzales, & Gouaux, 2007). Acid-sensitive ion channels,
a subgroup of the voltage-insensitive proton-gated degenerin/epithelial
sodium channel (DEG/ENaC) superfamily, were shown to be widespread
in both the central and peripheral nervous systems (Grunder & Chen, 2010;
Waldmann & Lazdunski, 1998). In subsequent studies, the basic properties
of these channels were determined. These channels generally open with
decreasing pH (Krishtal & Pidoplichko, 1980), are permeable to Na+ allow
(Krishtal & Pidoplichko, 1981a), and are blocked by amiloride (Krishtal
& Pidoplichko, 1981b). In normal cells, extracellular pH is between 7.3-
7.4 (Calorini, Peppicelli, & Bianchini, 2012). ASICs are rapidly activated
and desensitized when extracellular pH falls below the normal physiological
value (approximately pH=7.4) ) (Hesselager, Timmermann, & Ahring,
2004). ASIC subunits have different pH sensitivities, activation kinetics and
desensitization rates (Korkushko & Kryshtal, 1984). ASIC members are
named as “X-NaC”. The abbreviation “X” means that it is related to a basic
property of the proteins (DEG, degenerin protein), while the abbreviation
°C” means ‘channel’. For example; epithelial Na+ channel (ENaC), FMRF
amide (Phe-Met-Arg-Phe-NH2) gated Na+ channel (FaNaC), Drosophila
gonad Na+ channel (dGNaC), human intestinal Na+ channel (hINaC), and
brain, liver, and intestine Na+ channel (BLINaC) (Grunder & Chen, 2010).
At least 6 ASIC subunits encoded by 4 difterent genes have been identified
in rodents. There are 6 known ASIC subgroups: ASICla (Waldmann,
Champigny, et al., 1997), ASIClb (Chen, England, Akopian, & Wood,
1998), ASIC2a (Price, Snyder, & Welsh, 1996), ASIC2b (Lingueglia et al.,
1997), ASIC3 (Waldmann, Bassilana, et al., 1997) and ASIC4 (Akopian,
Chen, Ding, Cesare, & Wood, 2000). ASIC subtypes can exist as homomers
or heteromers. However, ASIC2b and ASIC4 subtypes are not functional as
homomers; they function by forming heteromers with other ASIC subtypes.
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All ASIC subunits consist of two hydrophobic transmembrane domains
(TM1 and TM2), a large extracellular loop and short intracellular N- and
C-terminal regions. The typical structure of ASICs and their localization in
the cell membrane are shown in Figure 1 (Osmakov, Andreev, & Kozlov,
2014).

Figurve 1. A. Schematic vepresentation of ASIC subunits B. Trimeric structuve of the
ASIC channel (Osmakov, Andreev, & Kozlov, 2014).

ASICs have been shown to be present in most regions of the mammalian
brain and in all sensory ganglia. However, it has been reported that ASIC
channels are found in neurons but not in glial cells. Studies have shown
that ASICla, ASIC2a, and ASIC2b genes are more expressed in the central
nervous system, while ASIC1b and ASIC3 genes are more expressed in
the peripheral nervous system (Chu et al., 2011). ASIC subtypes exhibit
different electrophysiological and pharmacological properties (Hesselager,
Timmermann, & Ahring, 2004). While all ASICs only conduct Na+ ions,
ASICla conducts calcium ions along with sodium (Waldmann, Champigny,
Bassilana, Heurteaux, & Lazdunski, 1997). Zinc (Zn2+) enhances
homomeric and heteromeric ASIC2a currents, while attenuating other
ASIC currents (110). Psalmotoxinl is a specific ASICla inhibitor (Baron
et al., 2001). Lead (Pb2+) inhibits ASICla currents but not other ASICs
(Wang at al., 2006). Salicylic acid blocks only the ASIC3 subunit (Voileyet
al., 2001). The kinetic properties of the ion currents generated by ASIC
subunits are different from each other (Figure 2) (Osmakov, Andreev, &
Kozlov, 2014).
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Figurve 2. Currents genevated by ASIC subunits expressed in frog (Xenopus laevis) oocyte
cells (Osmakov, Andreev, & Kozlov, 2014).

Studies have shown that acid-sensitive ion channels play a role in many
physiological events such as nociception (Chen et al., 2002), touch (Price
et al., 2001), taste and smell transmission (Lin et al., 2002), long-term
potentiation (LTP), synaptic transmission, memory/learning (Wemmie et
al., 2002), sensory transmission and retinal integrity (Ettaiche et al., 2004)
and in many pathological events such as pain (Duan et al., 2007), ischemia-
related brain damage (Xiong et al., 2004), stroke and epilepsy (Biagini et
al., 2001). In the auditory system, the presence of ASICs has been shown
in hair cells in the cochlea (Ugawa et al. 2000), spiral ganglion neurons
(Peng et al., 2004), vestibular organs (Mercado et al., 2006) and inferior
colliculus neurons (Zhang et al., 2008). It has been determined that the
ASIC2a subunit is related to noise sensitivity in mice (Peng et al., 2004),
and that the absence of ASIC2 does not impair hearing (Roza et al., 2004).
In a study conducted on mice that did not express the ASIC3 gene, hearing
loss was found in mice lacking the ASIC3 subunit (h,ldebrand et al., 2004).

Acid-sensitive ion channels help in the transduction of stimuli in various
physiological and pathophysiological conditions (Askwith et al., 2001).
ASIC inhibitors are isolated from animal venoms, which are natural peptide
toxins, as non-specific molecules (Diochot et al., 2007). Pepsin toxins,
neuropeptides, organic compounds and some di/trivalent cations obtained
from some animal venoms are involved in the modulation of ASICs.
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MATERIAL AND METHODS
Material

Albino BALB/c mice aged 14-17 days were used in patch clamping studies.
Cochlear nucleus brain sections were prepared to record patch clamping.
Patch clamp recordings were taken using patch clamp micropipettes. These
procedures were performed in constantly oxygenated normal CSF fluid.

Methods
Patch clamp technique

The patch clamp technique is a widely used electrophysiological technique
to study ion currents of channels in the cell membrane. The patch clamp
technique 1s based on measuring voltage changes in cells via the electrode
in the pipette. This technique is important for determining the biophysical,
physiological and pharmacological properties of ion channels. When the
patch clamp technique was first discovered, it was used to control the voltage
of a small piece of cell membrane. Now, it is used for both voltage clamping
and current clamping on the membrane with the help of a micropipette.

Statistical Analysis

Statistical evaluation in this study; It was done using the Statistical
Package for Social Science (SPSS) Version 23.0 (SPSS inc, Chicago, USA)
package program. In patch clamping studies, it was examined whether there
was a difference between the recordings taken before the application of the
acidic solution and the recordings taken during the application of the acidic
solution. Student’s t test was used to determine the difference during acidic
solution. Descriptive statistics for numerical variables were expressed as
group mean =+ standard error (S.H.). In statistical evaluation, p<0.05 value
was accepted as significant.

RESULTS

To investigate acid-induced currents in neurons of the cochlear nucleus,
the responses of these neurons to a decrease in pH in the extracellular
solution were recorded using the whole-cell patch-clamp technique. In the
present experiments, the average resting membrane potential of stellate
cells was found to be — 63.7 = 0.71 mV (n = 42 ). Therefore, recordings
were made by keeping the cells at — 62 mV holding potential. The acidic
solution stimulated most of the neurons by generating inward currents. The
amplitudes of acid-induced currents showed high sensitivity to pH (Figure
3). Acidic solutions with pH ranging from 7.4 to 4 were applied. The
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relationship between the peak values of the currents occurring in difterent
acidic solutions and the pH values obtained was shown graphically.

pH7.4 7.0 6.5 6.0 5.5 5.0 4.0

Figure 3. Typical traces showing the inwavd curvents that ave activated by extracellular
solutions with different pH.

DISCUSSION AND CONCLUSION

Acid-sensitive ion channels (ASICs) are voltage-insensitive sodium
channels that are activated by acidification of the extracellular environment.
ASICs are widely expressed in the central and peripheral nervous systems.
There are reports that ASICs activated by acid exposure play a role in
various physiological mechanisms and pathophysiological events. Although
local pH decreases in various cellular structures are important enough
to activate ASICs, it is thought that pH in tissues is tightly regulated by
homeostatic mechanisms (Chesler & Kaila, 1992). For example, synaptic
vesicles are generally acidic and have a pH of 5.7 (Yuste et al., 2000).
Studies in hippocampal neurons have shown that the extracellular pH in
the synaptic cleft temporarily drops below 6 after vesicle release in synapses
showing intense synaptic activity (Miesenbock et al., 1998). Again,
studies in retinal cone receptors have shown that ASICs can affect synaptic
transmission (DeVries SH., 2001). It is thought that many cellular stresses
in the cochlea (e.g. ischemia and inflammation) can induce local acidosis.
Although the cause is not well understood, it is known that inflammation or
ischemia results in sudden hearing loss (Roza et al., 2004). In this context,
it is possible that ASICs may underlie some hearing loss caused by non-
mechanical causes. It is also thought that ASICs can act as a sensor against
harmful stimuli and may have an important role in some pathological cases.
It has been shown that intercellular acidosis affects and activates ASICs,
and ASICs trigger excessive excitatory activities associated with epileptic
seizures and ischemia. Therefore, it is thought that ASICs play a role in the
pathogenesis of these diseases (Varming T. 1999).



Ziya Cakwr | 217

References

Akopian, A. N., Chen, C. C., Ding, Y., Cesare, P., & Wood, J. N. (2000).
A new member of the acid-sensing ion channel family. Neuroreport,
11(10), 2217-2222. doi: 10.1097/00001756-200007140-00031

Askwith CC, Benson CJ, Welsh MJ, Snyder PM. DEG/ENaC ion channels in-
volved in sensory transduction are modulated by cold temperature. Pro-
ceedings of the National Academy of Sciences of the United States of
America. 2001;98(11):6459-6463

Baron A, Schaefer L, Lingueglia E, Champigny G, Lazdunski M. Zn2+ and
H+ are coactivators of acid-sensing ion channels. The Journal of biologi-
cal chemistry. 2001;276(38):35361-35367

Biagini G, Babinski K, Avoli M, Marcinkiewicz M, Seguela P. Regional and
subunit-specific downregulation of acid-sensing ion channels in the pi-
locarpine model of epilepsy. Neurobiology of disease. 2001;8(1):45-58

Calorini, L., Peppicelli, S., & Bianchini, F. (2012). Extracellular acidity as fa-
vouring factor of tumor progression and metastatic dissemination. Exp
Oncol, 34(2), 79-84

Chen, C. C., England, S., Akopian, A. N.; & Wood, J. N. (1998). A sensory
neuron-specific, proton-gated ion channel. Proc Natl Acad Sci U S A,
95(17), 10240-10245. doi: 10.1073/pnas.95.17.10240

Chen CC, Zimmer A, Sun WH, Hall J, Brownstein MJ, Zimmer A. A role
for ASIC3 in the modulation of high-intensity pain stimuli. Proceedings
of the National Academy of Sciences of the United States of America.
2002;99(13):8992-8997

Chesler M, Kaila K. Modulation of pH by neuronal activity. Trends in neuros-
ciences. 1992;15(10):396-402

Chu XP, Papasian CJ, Wang JQ, Xiong ZG. Modulation of acid-sensing ion
channels: molecular mechanisms and therapeutic potential. Interna-
tional journal of physiology, pathophysiology and pharmacology.
2011;3(4):288-309

DeVries SH. Exocytosed protons feedback to suppress the Ca2+ current in
mammalian cone photoreceptors. Neuron. 2001;32(6):1107-1117

Diochot S, Salinas M, Baron A, Escoubas P, Lazdunski M. Peptides inhibitors

of acid-sensing ion channels. Toxicon : official journal of the Internatio-
nal Society on Toxinology. 2007;49(2):271-284

Duan B, Wu L], Yu YQ, Ding Y, Jing L, Xu L, et al. Upregulation of acid-sen-
sing ion channel ASICla in spinal dorsal horn neurons contributes to inf-

lammatory pain hypersensitivity. The Journal of neuroscience : the offi-
cial journal of the Society for Neuroscience. 2007;27(41):11139-11148



218 | Investigation of the Structure and Function of Acid-Sensing Ion Channels

Ettaiche M, Guy N, Hofman P, Lazdunski M, Waldmann R. Acid-sensing ion
channel 2 is important for retinal function and protects against light-in-
duced retinal degeneration. The Journal of neuroscience : the official
journal of the Society for Neuroscience. 2004;24(5):1005-1012

Grunder, S., & Chen, X. (2010). Structure, function, and pharmacology of
acid-sensing ion channels (ASICs): focus on ASICla. Int J Physiol Pat-
hophysiol Pharmacol, 2(2), 73-94

Hesselager, M., Timmermann, D. B., & Ahring, P. K. (2004). pH Dependency
and desensitization kinetics of heterologously expressed combinations of
acid-sensing ion channel subunits. J Biol Chem, 279(12), 11006-11015.
doi: 10.1074/jbc.M313507200

Hildebrand MS, de Silva MG, Klockars T, Rose E, Price M, Smith R]J, et al.
Characterisation of DRASIC in the mouse inner ear. Hearing research.
2004;190(1-2):149-160

Jasti, J., Furukawa, H., Gonzales, E. B.; & Gouaux, E. (2007). Structure of

acid-sensing ion channel 1 at 1.9 A resolution and low pH. Nature,
449(7160), 316-323. doi: 10.1038/nature06163

Korkushko, A. O., & Kryshtal, O. A. (1984). | Blocking of proton-activated so-
dium permeability of the membranes of trigeminal ganglion neurons in
the rat by organic cations|. Neirofiziologiia, 16(4), 557-561

Krishtal, O. A., & Pidoplichko, V. 1. (1980). A receptor for protons in
the nerve cell membrane. Neuroscience, 5(12), 2325-2327. doi:
10.1016/0306-4522(80)90149-9

Krishtal, O. A., & Pidoplichko, V. I. (1981a). A receptor for protons in the
membrane of sensory neurons may participate in nociception. Neuros-
cience, 6(12), 2599-2601. doi: 10.1016/0306-4522(81)90105-6

Krishtal, O. A., & Pidoplichko, V. 1. (1981b). A “receptor” for protons in small
neurons of trigeminal ganglia: possible role in nociception. Neurosci
Lett, 24(3), 243-246. doi: 10.1016/0304-3940(81)90164-6

Lin W, Ogura T, Kinnamon SC. Acid-activated cation currents in rat vallate tas-
te receptor cells. Journal of neurophysiology. 2002;88(1):133-141

Lingueglia, E., de Weille, J. R., Bassilana, F., Heurteaux, C., Sakai, H., Wald-
mann, R., & Lazdunski, M. (1997). A modulatory subunit of acid sen-
sing ion channels in brain and dorsal root ganglion cells. J Biol Chem,
272(47), 29778-29783. doi: 10.1074/jbc.272.47.29778

Mercado F, Lopez IA, Acuna D, Vega R, Soto E. Acid-sensing ionic channels
in the rat vestibular endorgans and ganglia. Journal of neurophysiology.
2006;96(3):1615-1624

Miesenbock G, De Angelis DA, Rothman JE. Visualizing secretion and synap-
tic transmission with pH-sensitive green fluorescent proteins. Nature.
1998;394(6689):192-5



Ziya Cakwr | 219

Osmakov, D. I., Andreev, Y. A., & Kozlov, S. A. (2014). Acid-sensing ion
channels and their modulators. Biochemistry (Mosc), 79(13), 1528-
1545. doi: 10.1134/S0006297914130069

Peng BG, Ahmad S, Chen S, Chen P, Price MP, Lin X. Acid-sensing ion chan-
nel 2 contributes a major component to acid-evoked excitatory respon-
ses in spiral ganglion neurons and plays a role in noise susceptibility of
mice. The Journal of neuroscience : the official journal of the Society for
Neuroscience. 2004;24(45):10167-10175

Price, M. P., Snyder, P. M., & Welsh, M. J. (1996). Cloning and expression of
a novel human brain Na+ channel. J Biol Chem, 271(14), 7879-7882.
doi: 10.1074/jbc.271.14.7879

Price MP, McIlwrath SL, Xie J, Cheng C, Qiao J, Tarr DE, et al. The DRASIC
cation channel contributes to the detection of cutaneous touch and acid
stimuli in mice. Neuron. 2001;32(6):1071-1083

Roza C, Puel JL, Kress M, Baron A, Diochot S, Lazdunski M, et al. Knockout
of the ASIC2 channel in mice does not impair cutaneous mechanosen-
sation, visceral mechanonociception and hearing. The Journal of physio-
logy. 2004;558(Pt 2):659-669

Ugawa S, Inagaki A, Yamamura H, Ueda T, Ishida Y, Kajita K, et al. Acid-sen-

sing ion channel-1b in the stereocilia of mammalian cochlear hair cells.
Neuroreport. 2006;17(12):1235-1239

Varming T. Proton-gated ion channels in cultured mouse cortical neurons.
Neuropharmacology. 1999;38(12):1875-1881

Voilley N, de Weille J, Mamet J, Lazdunski M. Nonsteroid anti-inflamma-
tory drugs inhibit both the activity and the inflammation-induced
expression of acid-sensing ion channels in nociceptors. The Journal

of neuroscience : the official journal of the Society for Neuroscience.
2001;21(20):8026-8033

Waldmann, R., Champigny, G., Bassilana, F., Heurteaux, C., & Lazdunski, M.
(1997). A proton-gated cation channel involved in acid-sensing. Nature,
386(6621), 173-177. doi: 10.1038/386173a0

Waldmann, R., & Lazdunski, M. (1998). H(+)-gated cation channels: neuro-
nal acid sensors in the NaC/DEG family of ion channels. Curr Opin
Neurobiol, 8(3), 418-424. doi: 10.1016/50959-4388(98)80070-6

Wang W, Duan B, Xu H, Xu L, Xu TL. Calcium-permeable acid-sensing ion
channel is a molecular target of the neurotoxic metal ion lead. The Jour-
nal of biological chemistry. 2006;281(5):2497-2505

Wemmie JA, Chen ], Askwith CC, Hruska-Hageman AM, Price MP, Nolan
BC, et al. The acid-activated ion channel ASIC contributes to synaptic
plasticity, learning, and memory. Neuron. 2002;34(3):463-477



220 | Investigation of the Structure and Function of Acid-Sensing Ion Channels

Xiong ZG, Zhu XM, Chu XP, Minami M, Hey J, Wei WL, et al. Neuroprotec-
tion in ischemia: blocking calcium-permeable acid-sensing ion channels.
Cell. 2004;118(6):687-698

Yuste R, Miller RB, Holthoff K, Zhang S, Miesenbock G. Synapto-pHluorins:
chimeras between pH-sensitive mutants of green fluorescent protein and
synaptic vesicle membrane proteins as reporters of neurotransmitter rele-
ase. Methods in enzymology. 2000;327:522-546

Zhang, M., Gong, N., Lu, Y. G, Jia, N. L., Xu, T. L., & Chen, L. (2008). Fun-
ctional characterization of acid-sensing ion channels in cultured neurons
of rat inferior colliculus. Neuroscience, 154(2), 461-472. doi: 10.1016/j.
neuroscience.2008.03.040

Acknowledgment

We extend our gratitude to all the experimenters who contributed to
this research. We also acknowledge the Gaziantep University, School of
Medicine, Research Center, Gaziantep, Turkey, for providing the necessary
facilities to carry out this study.

Conflict of Interest
The authors have disclosed that they have no competing interests.
Author Contributions

ZC: Conceptualization, Project administration, Resources, Visualization,
Data curation, Formal Analysis, Software, Resources, Writing — original
draft, Writing.



