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Abstract

Extracellular pH changes may constitute significant signals for neuronal
communication. During synaptic transmission, changes in pH in the synaptic cleft take place. Its role
in the regulation of presynaptic Ca®* currents through multivesicular release in ribbon type synapses

is a proven phenomenon. In recent years, protons have been recognized as neurotransmitters that
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participate in neuronal communication in synapses of several regions of the CNS like the amygdala,
nucleus accumbens and brainstem. Protons are released by nerve stimulation and activate
postsynaptic acid sensing ion channels (ASICs). Several types of ASICs channels are expressed in the
peripheral and central nervous system. The influx of Ca®* through some subtypes of ASICs, as a result
of synaptic transmission, agrees with the participation of ASICs in synaptic plasticity.
Pharmacological and genetical inhibition of ASICla results in alterations in learning, memory and
phenomena like fear and cocaine-seeking behavior. The recognition of endogenous molecules like
arachidonic acid, cytokines, histamine, spermine, lactate and neuropeptides, capable of inhibiting or
potentiating ASICs suggests the existence of mechanisms of synaptic modulation that have not yet
been fully identified and that could be tuned by new emerging pharmacological compounds with

potential therapeutic benefits.
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INTRODUCTION

The physiological activity of the neurons involves processes that cause changes in pH; thus, it is
expected that there are mechanisms that sense and use this information to regulate the activity of
the nervous system (Chesler, 2003). During the last few vyears, the role of protons as
neurotransmitters and their receptors, the acid sensing ion channels (ASICs), in neuronal
communication and synaptic plasticity has been recognized. The objective of this review is to
provide an up-to-date overview of the protonergic neurotransmission, and the role of the proton-

gated channels involved in synaptic transmission.

EVIDENCE FOR PH CHANGES IN THE SYNAPTIC CLEFT

Given the sensitivity of many ion channels to hydrogen ions, the modulation of local pH might
influence brain function, particularly where pH shifts are sufficiently large and rapid. Considerable
effort has been made to quantify extracellular pH shifts in the central nervous system (CNS). The first
data on the kinetics of pH changes during and after electrical activation were recorded in cat brain
cortex by means of H*-sensitive glass microelectrodes (tip diameters of 1-4 um) by Urbanics, Leniger-
Follert, & Lubbers in 1978. More recently, using high speed pH electrodes, Fedirko, Svichar, &
Chesler, (2006) and Makani and Chesler, (2010a, b) have postulated that a rise in extracellular pH
evoked by neural activity is generated by the plasma membrane calcium ATPase. Acidification, due

to the activity of glial cells has also been suggested (Rose and Deitmer, 1994). A vast majority of
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studies on pH changes in the CNS were performed with electrodes inserted into the brains of
anesthetized animals or in ex vivo brain slices. The electrodes sense a pH change filtered in
amplitude and time course and are thus far from reflecting the changes that occur near the cell
membrane or in the synaptic space. Therefore, direct measurements of pH changes at the synaptic
cleft are scarce and limited to synaptic contacts.

Proton concentration at the synaptic cleft will initially depend on the pH and buffer capacity of the
extracellular space that is directly connected to. The synaptic cleft has a limited volume and is
subjected to changes in the proton concentration due to one or more transmembrane fluxes
generating pH shifts in the same or in opposite direction. Furthermore, the synaptic cleft is
bombarded by spontaneous or action potentials evoked by the fusion of synaptic vesicles. It is
known that vesicular pH is low (Anderson and Orci, 1988; Miesenbock, De Angelis, & Rothman,
1998) as a result of H'-ATPase activity which generates an electrochemical gradient that drives
transport of neurotransmitters into the vesicle (Y. Liu and Edwards, 1997). Furthermore, vesicular
acidification is lost and regained after endocytosis (Miesenbock et al., 1998), consistent with the
release of protons into the synaptic cleft. Therefore, during exocytosis protons are released together
with neurotransmitters into the synaptic cleft.

Evidence of acidification as a result of vesicle fusion comes from experiments in hippocampal slices
that used phenol red as a pH indicator (Krishtal, Osipchuk, Shelest, & Smirnoff, 1987). In those
experiments, the acidification produced by a volley of spikes was blocked by an increase in Mg**
concentration suggesting that this was the results of blocking Ca®* influx responsible for
neurotransmitter release. However, since the acidification was measured not strictly at the synaptic
cleft, the observed changes could be a consequence of higher neuronal activity and not from a pH
drop at the cleft.

Interestingly, Cho and von Gersdorff, (2014) calculated how many protons can be released from a
fused vesicle. It is an approximate but clarifying calculation that determines, on average, there is less
than 1 free proton per vesicle. However, considering the vesicle glutamate concentration (1200-
2400 molecules per vesicle) and the pk of glutamate (pK 4.1), according to the Henderson-
Hassselbalch equation, a change from pH 5.5 inside the synaptic vesicle to 7.3 at the extracellular
media results in de-protonation of 46 to 92 glutamic acid molecules. However, until now, the impact
of vesicle exocytosis on the cleft pH has not been measured with good amplitude and time
resolution in a direct way. Furthermore, it is difficult to estimate the possible pH variations due to
different processes that take place after the opening of the synaptic vesicles into the cleft, such as
deprotonation of synaptic vesicle luminal proteins and neurotransmitters, persistence of H*-ATPase

activity, and hydrolysis of ATP generating an additional phosphate buffer. Furthermore, if pH
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changes during synaptic transmission due to vesicle exocytosis, a gradient should be expected with a
stronger variation close to the presynaptic membrane.

In the visual system, the sensitivity of calcium channels to pH was used to estimate pH changes at
the synaptic cleft. Studying calcium-activated chloride currents in cone photoreceptors, Barnes and
Bui (1991) have proposed that the pH modulation of the chloride current is accounted for by the pH
sensitivity of Ca** channel activation and permeation as already characterized in other cells (Klockner
and Isenberg, 1994; Catterall, 2000). Furthermore, they speculated that pH-induced shift in Ca*
channel gating could affect Ca**-dependent transmitter release. Indeed, the cone photoreceptor
synapse has numerous vesicle fusion sites and Ca®* channels are clustered together. Using this
preparation, DeVries (2001) was able to demonstrate the inhibition exerted by the release of
protons on the presynaptic Ca®" currents, confirming a previous proposal of a feed-back mechanism
mediated by the released protons acting on presynaptic Ca®*channels linked to transmitter release
(Barnes, Merchant, & Mahmud, 1993).

Palmer and colleagues followed the proton- Ca®* channels feedback hypothesis working on bipolar
cell terminals in slices of goldfish retina. They estimated that the release of vesicular protons during
exocytosis causes an acidification of the synaptic cleft from 7.5 to 6.9 and is modulated by the
concentration of the extracellular buffer so that increasing the buffer capacity from 3 to 10 mM
Hepes blocks the pH driven inhibition of the Ca®* current. They also demonstrated that acidification
under physiological buffering conditions produces a Ca®* current inhibition after the initial exocytosis
which could in turn decrease subsequent exocytosis events. Furthermore, the space restrictions set
by the width of the synaptic cleft seems to affect pH changes since Ca**current inhibition is negligible
in acutely dissociated bipolar cell terminals (Palmer, Hull, Vigh, & von Gersdorff, 2003).

In the auditory system, a transient block of Ca?* current due to acidification of the synaptic cleft was
found in bullfrog mature hair cell ribbon synapses during multivesicular release (Cho & von
Gersdorff, 2014). This modulation takes place in synapses from mature animals where a compact
active-zone topography with Ca’"channel rows flanked by two rows of docked vesicles is present.
Recently, the same research group found similar features at the mammalian hair cell ribbon synapse
(Vincent et al., 2018). The mature synapses show a robust Ca®" current transient blocked by protons
at post hearing age. In contrast, the immature synapses do not show the Ca®" current block by
protons, have a non-compact active zone and Ca®* channels and are loosely coupled to the release
site.

Much less is known about pH changes during synaptic transmission at non-ribbon synapses. At
central synapses, like the calyx of Held, Ca**current inhibition by protons release has not been

detected (Cho and von Gersdorff, 2014). At such synapses, with hundreds of disperse active zone,
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exocytosis is evoked by a rapid deactivation of Ca®* currents in response to invading action
potentials; and normally involves the release of only one or a few vesicles at each active zone
(Meyer, Neher, & Schneggenburger, 2001; Taschenberger at al 2002).

In hippocampal brain slices, Makani and Chesler (2007,2010b) have demonstrated that activation of
the Schaffer collaterals generates an extracellular alkaline transient both, in vitro and in vivo, which
may provide relief of the H" block of NMDA receptors and thereby increase excitability. On the
contrary, during GABAergic transmission, a physiological acidification of the synaptic cleft due to the
activity of the Na’/H" exchanger transporter has been reported (Dietrich and Morad, 2010).

One of the most direct evidence of changes in extracellular pH due to synaptic stimulation in fast
conventional synapses was reported by Du et al. (2014) using a pH-sensitive superecliptic pHIuorin
fused to the extracellular domain of a postsynaptic membrane protein. Upon stimulation,
transfected pyramidal neurons transiently reduced the pH at spines and the neighboring dendrites,
followed by a slower alkalinization. The extent of acidification and alkalinization depended on the
frequency of stimulation. The alkalinization that followed the transient acidification has been
reported in other preparations (Chesler, 2003)

Neurotransmitter levels within the synaptic cleft rise and fall very rapidly, with clearance times
generally on the order of a few hundred microseconds to 2 ms (Clements, 1996). Currently, the time
course of pH changes at fast synapses has not been measured in detail, but from indirect estimations
at ribbon-type and hippocampal synapses (Palmer et al., 2003) (Du et al., 2014), it is possible to
hypothesize that the synaptic cleft pH waveform is complex, including an acid and alkaline shift with
a time course that depends on the buffer capacity of the cleft. The resulting change in extracellular
pH is, therefore, likely to be much smaller than at ribbon synapses but sufficient to inhibit AMPA
receptors by enhancing desensitization (Traynelis and Cull-Candy, 1991; Lei, Orser, Thatcher,
Reynolds, & MacDonald, 2001); and to activate ASICs and generate a postsynaptic current as shown
by Du et al. (2014) at the amygdala; Kreple et al. (2014) at the nucleus accumbens and by our group
at the mouse calyx of Held (Gonzalez-Inchauspe, Urbano, Di Guilmi & Uchitel, 2017) confirmed
recently by Lujan B, Dagostin A, von Gersdorff H. (2019),(Fig 1A). Furthermore, cleft pH can also
remain acidic during prolonged stimulation or during a variety of pathological conditions such as
during epileptic activity.

PROTON RECEPTORS AND ASIC CHANNELS

Protons modulate a very large number of molecules in different tissues and organs. Within the
molecules involved in synaptic transmission, several fundamental proteins for neuronal
communication have been reported to be modulated positively or negatively by proton increase in

the extracellular medium. However, until today, only a few types of channel/receptors were
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identified with protons specifically acting as agonists; these are the family of ASICs (Waldmann et al,
1997) and the TRPV1 (transient potential receiver vanilloid 1), (Ree et al., 2001). On the other hand,
an important family of metabotropic receptors of protons (coupled to G proteins), Proton-sensing G-
protein-coupled receptors, have been recognized and have a broad expression mainly in organs and
tissues outside the CNS (Ludwig MG et al 2003).

Synaptic ion channels modulated by protons.

Protein function is sensitive to alterations in pH and thus changes in pH can impact on the release of
synaptic vesicles, which depends on the concerted action of a complex machinery of different
proteins (for review see Stidhof TC. 2012). Presynaptic calcium concentration changes mediated via
voltage-gated calcium channels (Neher & Taschenberger 2013) are pH dependent and in some
synapses modulates transmitter release as described in the previous section.

Extracellular protons inhibit NMDA receptor function with an IC50 of ~50 nM, corresponding to a pH
of ~7.3 (Traynelis & Cull-Candy, 1990; for review see Hansen et al 2018). Proton inhibition proceeds
identically in the absence or presence of agonist, which rules out the possibility that protonation
inhibits receptors by altering co-agonist binding (Banke et al 2005). Thus, neuronal NMDA receptors
are tonically inhibited by protons at physiological pH and are therefore able to respond to small
changes in extracellular pH that can occur under physiological and pathological conditions. In
contrast, properties of AMPA- receptors are only slightly modulated by alterations of extracellular
pH (Lei et al 2001), so AMPA or kainate receptor mediated responses remain unchanged at all
physiological pH levels (Traynelis &, Cull-Candy 1991).

Acid sensing ion channels

ASICs, also called proton-gated channels (Waldmann, Champigny, Bassilana, Heurteaux, &
Lazdunski, 1997) play an important role in signal transduction as an exquisite proton sensor in the
nervous system (for an extensive review see Cristofori-Armstrong and Rash, 2017; Grunder and
Pusch, 2015; Kellenberger and Schild, 2015 ; Wemmie, Taugher, & Kreple, 2013).

ASICs form a family of channels that belong to the degenerin/epithelial Na* channel gene family
(Kellenberger and Schild, 2015), an evolutionarily conserved gene family (Lynagh, Mikhaleva,
Colding, Glover, & Pless, 2018). In rodents and humans, five genes, including ASIC 1-5 (Accnl-5)
encode at least seven ASICs subtypes, ASICs (1a, 1b, 2a, 2b, 3, 4 and 5) (Kellenberger and Schild,
2015; Lin, Chiang, & Chen, 2015). Functional ASICs are formed by three subunits (Carnally et al.,
2008). The subunits that form these channels share a common structure with two alpha-helix
transmembrane segments (TM1 and TM2) which line the ion pore, a large extracellular part (approx.
370 amino acids) and a short cytoplasmic tail (35-90 amino acids) (Fig. 2). The extracellular part is

where ligands most likely bind. The crystal structure of chicken ASIC1 has revealed the three-
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dimensional organization formed by 12 beta-sheets and 7 alpha helices (Jasti, Furukawa, Gonzales,
and Gouaux, 2007).

Single ASIC subunits shape resembles a hand holding a small ball and thus, the domains have been
named accordingly. The palm domain forms the internal scaffold of the channel along the central
vertical axis. The thumb and the finger point toward the exterior of the channel and enclose,
together with the B-ball, the “acidic pocket” (AcP) (Fig. 2) (Jasti et al., 2007). Due to the presence of
many acidic residues, the AcP was initially proposed to be a pH sensor (Jasti et al., 2007). However,
H*-sensing residues have also been identified outside the AcP (Krauson, Rued, and Carattino, 2013;
Liechti et al., 2010; Paukert, Chen, Polleichtner, Schindelin, & Grunder, 2008). Nevertheless, its
importance is underlined by the fact that it constitutes the binding site of several ASIC-specific toxins
(Baconguis and Gouaux, 2012; Mourier et al., 2016).

ASIC subunits can assemble into functional homomeric channels: ASIC1a, ASIC1b, ASIC2a, and ASIC3;
and with the inclusion of ASIC2b they can form heterotrimeric channels in different combinations.
(Bassler, Ngo-Anh, Geisler, Ruppersberg, & Grunder, 2001; Bartoi, Augustinowski, Polleichtner,
Grunder, & Ulbrich, 2014; Hesselager, Timmermann, & Ahring, 2004; Jasti et al., 2007; Waldmann,
Bassilana, et al., 1997; Waldmann, Champigny, et al., 1997). Homomeric ASICla, and heteromeric
ASIC1a/ASIC2a or ASIC1a/ASIC2b show widespread expression throughout the central and peripheral
nervous systems, whereas ASIC1b and ASIC3 are largely restricted to the peripheral nervous system
(Askwith, Wemmie, Price, Rokhlina, & Welsh, 2004); Baron et al., 2002; Baron, Voilley, Lazdunski, &
Lingueglia, 2008; Benson et al., 2002 ; Hattori et al., 2009; Lin et al., 2015; Waldmann, Bassilana, et
al., 1997; L. J. Wu et al., 2004).

ASIC1 is broadly expressed in many areas of the brain and the levels of expression do not vary
significantly among neurons with very diverse functional specialization or localization, (Waldmann et
al. 1997, Alvarez de la Rosa et al., 2003). Within neurons, ASIC1 was found predominantly on the
plasma membrane of the soma and, to a lesser degree, over the dendrites and axons. However,
Wemmie et al. (2002), have shown that ASIC colocalizes with PSD-95 in hippocampal neurons and it
is enriched in synaptosome subcellular fractions. Immunohistochemistry studies have shown that
the ASIC1 signal was slightly punctate which may reflect clustering of ASIC1 by protein interacting
with anchoring proteins like PICK 1, protein interacting with C kinase 1 (Hruska-Hageman et al.
2002). Furthermore, using organotypic hippocampal slices and biolistic transfection, Zha et al, (2006)
found that ASIC1a was localized in dendritic spines where it functions as a proton receptor.
Functionally, ASICs span a wide pH range, from pH 4 to pH 8. (table 1). Homomeric ASIC1a and ASIC3
have a high proton sensitivity (EC50 ~pH 6.5); homomeric ASIC1b and ASIC 2a have a lower proton
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sensitivity and ASIC4 lost its sensitivity during evolution (Lynagh et al., 2018). ASIC5 channels are not
activated by protons but by bile acids, leading to the denomination of BASIC (Lefevre et al., 2014).
Developmental changes in the electrophysiological and pharmacological properties of acid-sensing
ion channels in CNS neurons were described and attributed to an increase in the ratio of
ASIC2/ASIC1 mRNA with neuronal maturation. (Li, Kratzer, Inoue, Simon & Xiong, 2010).

ASICs are more permeable to Na® than K" (PNa’/PK" range 5-14) (Bassler et al., 2001; Hoagland,
Sherwood, Lee, Walker, & Askwith, 2010; Sutherland, Benson, Adelman, & McCleskey, 2001;
Waldmann, Bassilana, et al., 1997; Yang and Palmer, 2014). Therefore, their activation is expected to
depolarize the neurons thus, increasing neuronal excitability. Single channel conductance of ASICs
varies in a range of 7 to 11 pS depending on the subunit composition and the concentration of
divalent cations (Immke and McCleskey, 2003; Paukert et al., 2004; Yang and Palmer, 2014).

While most ASICs are impermeable to Ca**, the ASIC-1a subunit forms Ca**-permeable heteromeric
channels with ASIC-2b, and also Ca2+—permeable homomeric channels (Z. G. Xiong et al., 2004;
Yermolaieva, Leonard, Schnizler, Abboud, & Welsh, 2004 ; Lingueglia et al., 1997 ; Waldmann,
Bassilana, et al., 1997; Waldmann, Champigny, et al., 1997 ; L. J. Wu et al., 2004). Reports on the
permeability ratio PNa*/PCa” for ASIC1a are conflicting, since a large variability ranging from 2.5 to
18.5 has been reported (Bassler et al., 2001; Chu et al., 2002;; Samways, Harkins, & Egan, 2009;
Sherwood, Lee, Gormley, and Askwith,2011; Zhang and Canessa, 2002)-However, according to
recent reports on the role of ASICs in synaptic plasticity and neurodegeneration, Ca** influx through
ASICs is more relevant than previously considered (Grunder and Pusch, 2015; Wemmie et al., 2013).
The tight control of proton affinity observed in the different ASICs seems to be the result of a highly
cooperative gating mechanism. In addition, the ubiquity of potential ligand binding sites, suggests
that there are several binding sites located in the external part of the channel (Grunder and Pusch,
2015). Gating of ASICs occurs on a millisecond time scale (Hesselager et al.,, 2004) and the
mechanism involves three conformational states: resting, open and desensitized. The first occurring
at a high pH and the other two states, at a low pH.

When activated with a long pulse of acidic pH, ASIC currents show a peak current followed by a
complete or partial desensitization depending on their subunit composition (Hesselager et al., 2004).
However, using recombinant ASICla homomers, ASICla/2a heteromers and native ASICs from
sensory neurons, MaclLean and Jayaraman (2016) have shown no desensitization of ASIC currents
during high-frequency short-stimulus trains (1 ms acidification stimuli, switching from pH 8.0 to 5.0)
as a result of an extremely fast deactivation of ASICs. This property of ASICs contrasts with most

other deactivation properties of neurotransmitter-gated ion channels.
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The combination of unusual fast deactivation with slow desensitization enables recombinant ASICla
homomers and ASICla/2a heteromers to follow trains of brief acid stimuli at high frequencies
(MacLean and Jayaraman, 2016). These biophysical properties put ASIC channels in a position that
favors sustained postsynaptic responses when other receptors, like glutamate, desensitize. In fact,
during high frequency stimulation (HFS) at immature calyx of Held synapses, the role of ASIC
currents in the total postsynaptic current during steady state depression increases from a small
percentage, at the beginning of the train, to up to 10%, suggesting that ASIC currents are more
relevant in the young synapse, in which glutamate receptors become desensitized (Gonzalez-
Inchauspe et al. submitted). Thus, in conditions of high frequency communication like the one
described at the calyx of Held, ASICs currents might be important to maintain synaptic transmission
fidelity.

In a more recent work, MacLean and Jayaraman (2017), have shown that the deactivation kinetics of
ASIC1a channels is highly dependent on the pH, spanning nearly three orders of magnitude from
extremely fast (< 1ms) at pH 8 to very slow (> 300 ms) at pH 7. This channel behavior is compatible
with a strong cooperativity in proton binding as evidenced by kinetic simulation and channel
mutagenesis (MacLean and Jayaraman, 2017). Interestingly, the agonist-dependent deactivation
could be the mechanism that shapes the time course of the postsynaptic current to brief-duration,
small-amplitude acidic stimulation. Acidification will prolong, and alkalinization will shorten the post
synaptic currents, making ASIC1a a more physiologically relevant mediator of charge transfer.
MODULATION OF ASICs

Since the discovery of ASICs and the recognition of their participation in a wide range of
physiological and pathological processes, many endogenous and exogenous ligands have been
identified (for an extensive review, see Osmakov, Andreev, & Kozlov, 2014; Rash, 2017). Ligands can
directly activate acid-sensitive channels, potentiating or inhibiting proton-induced currents through
the channels. These molecules have a different chemical nature and interact, not always selectively,
with ASICs. In this review we will focus on exogenous and endogenous ASICla, 2a and 2b ligands,
since these may modulate fast synaptic transmission at the CNS.

Exogenous ligands.

Clinically used diuretic amiloride (Korkushko and Kryshtal, 1984), was the first pharmacological tool
used to study ASICs. Amiloride and its derivative benzamil have essentially no selectivity, inhibiting
all ASIC homomeric channels with ICs values in the 10-30 uM range. It acts as a pore blocker with
the binding site at the bottom of the extracellular vestibule, which is the entry for ions to cross the
membrane (Champigny, Voilley, Waldmann, & Lazdunski, 1998; Baconguis, Bohlen, Goehring, Julius,

& Gouaux, 2014).
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Nonsteroidal anti-inflammatory drugs inhibit the activity of ASICs at concentrations relevant to their
analgesic doses. Ibuprofen and flurbiprofen, for example, inhibit ASICla containing channels with an
IC50 value of 350 uM. The proposed mechanism of action of the nonsteroidal anti-inflammatory
drugs is that of allosteric inhibition of the channels by slowing the recovery after inactivation
(Dorofeeva, Barygin, Staruschenko, Bolshakov, & Magazanik, 2008; Lynagh, Romero-Rojo, Lund &
Pless,2017). Other drugs like Aspirin and salicylate inhibit ASIC3 containing channels (Voilley, 2004).
In DRG neurons, aminoglycosides like streptomycin and neomycin, at a concentration of 30 uM,
reversibly reduce ASIC current amplitudes and slow down the desensitization process (Garza, Lopez-
Ramirez, Vega, and Soto, 2010).

Diarylamidines, including 4,6-diamidine-2-phenylindole, diminazene, hydroxystilbamidine, and
pentamidine are widely used to treat diseases caused by protozoa. They inhibit currents generated
by ASIC receptors in hippocampal neurons with 1Csy values from 0.3 to 40 uM (Chen et al., 2010).
Inhibition of ASICla by diminazene involves both, allosteric modulation in the lower palm domain,
and blocking of ion flow through the conduction pathway (Krauson, Rooney, and Carattino, 2018).
Hydrophobic monoamines like memantine are a recently described class of modulators, including
endogenous amines (histamine) and pharmacological agents. These compounds potentiate and
inhibit ASICs depending on their specific structure and on the subunit composition of the target
channel. The action of monoamines also depends on the protocol applied, membrane voltage,
conditioning and activating pH, suggesting complex mechanism(s) of the ligand-receptor interaction
(Shteinikov, Barygin, Gmiro, & Tikhonov, 2019; Shteinikov, Tikhonova, Korkosh, & Tikhonov, 2018).
Polypeptide modulators. Natural venoms are a well-established source of biologically active
compounds (Osmakov et al., 2014). A series of polypeptides capable of modulating the activity of
ASICs have been found in animal venoms. The first highly selective and potent pharmacological tool
to study ASICs, named Psalmotoxin 1 (PcTx1), came from a tarantula venom peptide. PcTx1 is a small
polypeptide consisting of 40 amino acids isolated from the spider Psalmopoeus cambridgei. It is a
highly selective, high-affinity (IC50 < 1 nM) and potent inhibitor of homomeric ASICla in various
cellular expression systems (Escoubas, Diochot, & Corzo, 2000). The spatial structure of PcTx1 has
been described as a compact central core stabilized by three disulfide bonds (Vassilevski, Kozlov, &
Grishin, 2009). Binding occurs at pH 7.4 with the channel existing in the closed state. This process is
reversible. The effect of the toxin is exerted through its binding to the acidic pocket interacting with
the thumb domain of the channel and a positive charged cluster of amino acids. This binding
increases the affinity of ASIC 1a for H* leading to desensitization of the channel. An interesting fact is

that at pH values above 7.4, application of PcTx1 can lead to the activation of ASICla (Chen,
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Kalbacher, & Grunder, 2005). It should also be noted that PcTx1 has a potentiating effect on ASIC1b
(Chen, Kalbacher, & Grunder, 2006).

Recent studies using heteromeric ASIC1a/2a channels have demonstrated a dual action of PcTx1 (Y.
Liu, Hagan, & Schoellerman, 2018). Potent inhibition occurs only at a pH that begins to desensitize
the channel (pH 7.0). By contrast, strong potentiation can occur at physiological pH. PcTx1
potentiates ASICla/2a by increasing the apparent affinity of channel activation for protons. As such,
potentiation is strongest at moderate pH, diminishing with increasing proton concentrations.
T-TRTX- (Hm3a) is a 37-amino acid peptide isolated from Togo starburst tarantula (Heteroscodra
maculata) venom with five amino acid substitutions compared to PcTx1. Hm3a inhibits ASICla in a
pH dependent way with an ICsy of 1-2 nM, and potentiates ASIC1b with an ECso of 46.5 nM, like
PcTx1. Despite its high sequence similarity with PcTx1, Hm3a showed higher levels of stability over
48 hrs. Overall, Hm3a represents a potent, highly stable tool for long term in vitro and in vivo
experiments (Er, Cristofori-Armstrong, Escoubas, and Rash, 2017).

The polypeptide MitTx was found in the venom of the coral snake. MitTx consists of two
components, MitTx-a and MitTx-B, which are non-covalently associated with each other. Binding
regions of MitTx-B overlaps with that for PcTx1. MitTx activates all functional subtypes of ASICs at
neutral pH. MitTx shows a strongest activity towards ASIC1a and ASIC1b subtypes (EC50= 10 and 23
nM, respectively) but also blocks ASIC2a and ASIC3 at micromolar concentrations (Bohlen et al.,
2011).

Mambalgin-1 and mambalgin-2 (Ma-1 and Ma-2), were isolated from the venom of the snake
Dendroaspis polylepis polylepis. Mambalgin consists of a 57 amino acid structure with a tight central
area stabilized by four disulfide bonds and three extended loops forming two B-layers (Kini and
Doley, 2010). Such folding is named “three-finger toxins”, typical for many well-known snake
neurotoxin venoms. Mambalgins reversibly inhibit recombinant homomeric ASICla, heteromeric
ASICla/2a and ASIC1a/2b, as well as ASIC1b and ASIC1a/1b channels with IC50 values ranging from
55 to 192 nM (Diochot et al., 2016). Mambalgins bind near the AcP region and overlap the PcTx1
binding site (Schroeder et al., 2014).

Three polypeptides from different species of sea anemone named APETx2, Hcr 1b-1 and Ugr 9-1
were found to have specific inhibitory activity on ASIC3 (Kozlov et al., 2012). But more recently, new
peptides were isolated from sea anemone Heteractis crispa named Hcr 1b-2, -3, -4 (Kalina et al.,
2018). Electrophysiological experiments on homomeric ASIC channels expressed in Xenopus laevis
oocytes establish that these peptides are the first inhibitors of ASICla derived from sea anemone
venom. The major peptide, Hcr 1b-2, inhibited both ASIC1a with ICsg of 4.8 uM and ASIC3 with I1Csg of
16 pM.
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A-317567 is a small molecule, nonselective blocker of ASICs. In DRG neurons of rats, this molecule
inhibits ASIC1a, ASIC2a, and ASIC3 with an ICsq value of 2-30 uM (Dube et al., 2005).

Aminopyridine (4-AP) is a well-known and nonselective, voltage-gated potassium channel blocker.
Boiko et al (Boiko, Kucher, Eaton, & Stockand, 2013) recently found that this molecule can also
completely inhibit ASIC1a, 1b and 2a while having little effect on ASIC3.

A novel ASICla specific blocker was designed by molecular modeling by Krishtal group. The
compound 2-oxo-2H-chromene-3-carboxamidine derivative 5b, inhibits ASICla currents with an
apparent ICso of 27 nM when measured at pH 6.7. Acidification to 5.0 decreases the inhibition
efficacy up to 3 orders of magnitude. The 5b molecule not only shifts pH dependence of ASICla
activation, but also inhibits its maximal evoked response (Buta et al., 2015).

The actions of a series of antidepressant on recombinant ASICla and ASIC2a, and on native ASICs in
rat brain neurons was studied by Nikolaev et al. (2018). Most of the tested compounds prevent
steady-state ASICla desensitization evoked by conditioning acidification to pH 7.1. Amitriptyline also
potentiates ASICla responses evoked by pH drops, suggesting a twofold effect: it shifts activation to
less acidic values, while also shifting steady-state desensitization to more acidic values. Other
antidepressants like chlorpromazine, desipramine, fluoxetine, atomoxetine and amitriptyline
potentiate ASIC2a response, while tianeptine causes strong inhibition on ASIC2a.

Other non-specific or partially studied compounds inhibitors of ASICs are the local anesthetics,
tetracaine and propofol (Lei et al., 2014; Leng and Xiong, 2013; Wu et al., 2011). The alkaloid used in
Chinese medicine, sinomenine, is a potent blocker of ASIC 1a (ICs 1 uM; Wu et al., 2011). A drug
named NS383 identified using a fluorescence-based screening against human ASICla (Munro et al.,
2016), has been shown to have a potent and selective ASIC1a inhibitory activity (ICso 0.44 uM) with
mild effect on ASIC3 and no effect on ASIC2a. PPC-5650 a novel drug candidate from the biotech
company called Painceptor, is claimed to be a selective ASIC1a inhibitor (ICso 500 nM). It was tested
in a small human trial for analgesic activity (UV sunburn model), and showed promising effects
(Dube, Elagoz, & Mangat, 2009).

Endogenous ligands.

While ASIC channels are mainly activated by protons, the size and time course of the currents could
substantially change due to the modulatory effects of endogenous ligands in physiological and
pathological conditions. Importantly, identification of endogenous ligands could be a first step
towards the design of new pharmacological tools.

Arachidonic acid (AA) is a polyunsaturated fatty acid present in phospholipids of all cell membranes.
AA functions as a secondary messenger, but it also plays an important role in conditions such as

inflammation and ischemic brain injury (Farooqui and Horrocks, 2006). AA (5-10 uM) was first
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observed to enhance ASIC signaling in rat cerebellar Purkinje cells (Allen and Attwell, 2002). AA is a
nonselective enhancer of ASICla, ASIC2a, and ASIC3 (Smith, Cadiou, and McNaughton, 2007) by
shifting the pH activation curve towards alkaline pH (Deval et al., 2008).

Neuropeptides RF-amide (named after their C-terminal Arg-Phe-amide motif) and similar peptides
related to inflammatory processes are nonselective potentiators of ASICs (ECso ~ 10-50 uM) (Askwith
et al., 2000). RF-amides interact with the ASIC channels extracellular domain, which results in an
increase in the current amplitude and deceleration of desensitization of ASIC1 and ASIC3 (but not
ASIC2a) due to a decrease of proton sensitivity for sites responsible for steady-state desensitization
(Askwith et al., 2000; Ostrovskaya, Moroz, & Krishtal, 2004; Sherwood and Askwith, 2008).
Dynorphins are a class of endogenous opioid neuropeptides abundantly represented in the CNS.
Although unrelated to the RFamides, they share the ability to enhance ASIC currents (ECsq ~30uM)
and they can directly activate channels related to the DEG/ENa family. They are involved in various
physiological processes including analgesia and neuroendocrine signal transmission. Unlike the
RFamides, the effects of dynorphins appear to be restricted to ASICla and ASIC1b and may share
their binding site with PcTx1 (Sherwood et al., 2009; Vick and Askwith, 2015). More recently, an
unbiased screen of 109 short neuropeptides (< 20 amino acids) on five homomeric ASICs (ASICla,
ASIC1b, ASIC3, ASIC4 and BASIC) revealed that they exert no direct agonist action on any ASIC, but
three of them were modulators. In particular, the mammalian neuropeptide, dynorphin A, is already
known to increase ASICl1a currents of partially desensitized channels (Vyvers, Schmidt, Wiemuth, &
Grunder, 2018). Thus, dynorphin might exacerbate brain damage in pathological conditions
associated with ischemia.

Interleukin 6 (IL-6) Cytokines are essential modulators of the immune response; and IL-6 is one of
the main neuroinflammatory cytokines in the CNS. The effect of IL-6 was investigated in dissociated
mouse hippocampal cultures after 8-12 days in vitro. After incubation for 30 minutes (10ng/ml), IL-6
determined the redistribution of ASIC1 channels to the plasma membrane, which correlated with an
increase in ASIC1 currents amplitude suggesting that IL-6 may potentiate ASIC currents by increasing
the channel density at the cell membrane (Weissmann et al., 2017).

ASIC channels are modulated by divalent cations, especially Ca**, which play an important role in the
regulation of various voltage-dependent and ligand-gated ion channels. (Babini, Paukert, Geisler, &
Grunder, 2002) show that extracellular divalent cations (Ca** and Mg®*) shift the steady state
inactivation of ASICla and 1b to more acidic values. Immke and McCleskey, (2003) have proposed
that the bound Ca®* blocks permeation, and that channel conducts when multiple H* ions relieve this

block. However, further studies on ASIC1a revealed that they have two Ca**-binding sites: one serves
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as a pore block; and the other mediates Ca-dependent regulation of activation by protons (Paukert
et al., 2004; P. Zhang, Sigworth, and Canessa, 2006).

Zn** is a divalent cation concentrated in nerve terminals in various brain regions and is released into
the extracellular space during excitatory stimulation. Zinc ions play an important role in the
regulation of ASIC channels. In neurons acutely dissociated from the rat hippocampal CA1, ASICs
currents mediated through a mixture of homomeric ASICla and heteromeric ASICla+2a were
potentiated by low Ca** or high Zn** (Gao, Wu, Xu, and Xu, 2004). However, it was shown that Zn** in
nanomolar concentrations inhibits currents generated by homomeric ASICla and heteromeric
ASICla/2a channels reducing the affinity of ASIC1a for protons. In contrast, at concentrations greater
than 100 uM, Zn®' interacts also with the low-affinity binding site on the ASIC2a subunit, which
increases affinity for protons and potentiates activity of ASIC2a-containing channels (Baron,
Schaefer, Lingueglia, Champigny, & Lazdunski, 2001).

ASICs are modulated by Cu®* as shown in cell cultures of hypothalamus. Copper dose-dependently
reduces the amplitude of ASIC currents as well as slows desensitization. Cu** can be regarded as an
endogenous modulator that reduces the increased neuronal excitability mediated by ASICs (Wang,
Yu, & Xu, 2007).

Recent studies have shown that certain endogenous ligands associated with ischemia, such as
spermine and lactate (Allen and Attwell, 2002; Immke and McCleskey, 2001) can enhance ASIC-1a
currents. Spermine, one of the endogenous polyamines synthesized by mammals from the diamine
putrescine, interacts with acidic residues of different nature. Therefore, multiple actions have been
suggested for these polycations, including modulation of the activity of ionic channels (Guerra,
Rubin, & Mello, 2016). Spermine exerts a potentiating effect on the activity of ASICla and ASIC1b
channels (Babini et al., 2002). Extracellular spermine (250-500 uM) enhances ASICla and ASIC1b
currents by decreasing the pH sensitivity of channel steady-state desensitization (Babini et al., 2002)
(Duan et al., 2011). Spermine exacerbates damage of neurons during ischemia through increasing
ASICla sensitivity to extracellular medium acidification inducing depolarization of neurons and
overloading of the cytoplasm with Ca** (Duan et al., 2011).

Intense activity and hypoxia are factors that cause an increase in lactate production and
concentration in the brain ((Vannucci and Hagberg, 2004). The role of extracellular lactate in
enhancing the activity of ASICs through chelation of extracellular calcium is known to involve
modulation of ASIC-1a (Immke and McCleskey, 2001). Calcium ions block ASIC-1a channels as a
result of competition between Ca’* and H' at the activation site (Immke and McCleskey, 2003;
Paukert et al., 2004), while lactate binds and diminishes extracellular free Ca®*, thereby allowing the

channel to open at lower H* concentrations.
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Histamine is a neurotransmitter synthesized by neurons in the tuberomammillary nucleus of the
posterior hypothalamus (Sherin, Elmquist, Torrealba, & Saper, 1998). Histamine-containing nerve
fibers project to many structures in the brain (Panula and Nuutinen, 2013), and histaminergic circuits
regulate numerous physiological functions and behaviors, including sleep-wake activities, circadian
and feeding rhythms, learning, and memory (for review see Kohler, da Silva, Benetti, and Bonini,
2011; Vitrac and Benoit-Marand, 2017). It has recently been reported that synthetic hydrophobic
monoamines potentiate or inhibit ASIC currents in a subunit-specific manner (Shteinikov et al., 2019;
Shteinikov, Korosteleva, Tikhonova, Potapieva, & Tikhonov, 2017). Histamine (30 uM), was found to
selectively potentiate ASIC1la homomers expressed in heterologous systems. Its action is particularly
pronounced at minor acidifications, which cause small responses (Nagaeva et al., 2016). The
potentiation effect of histamine on ASICla currents in ex vivo stem brain slices was recently
demonstrated by our group (Fig 1) (Gonzalez Inchauspe C., Gobetto N. & Uchitel 0.D., 2019).

Recent studies have shown that ASICla is involved in stress response. It has been shown that
corticosterone, a stress-induced hormone applied extracellularly (1-10 uM), increases ASIC currents.
In contrast, intracellular application has no effect. Likewise, the application of corticosterone further
increases ASIC currents in the presence of agonists of protein kinase C (PKC), a phenomenon
inhibited by PKC antagonists. This indicates that the increase is caused by the activation of corticoid
receptors on the cellular membrane of the neurons and may involve a PKC-dependent mechanism
(Xiong et al., 2013). A more recent work by the same group used a combination of
electrophysiological and behavioral approaches to explore the effects of acute stress on ASICs.
Again, corticosterone induced by acute stress caused a potentiation of ASICs currents via
glucocorticoid receptors, (and not mineralocorticoid receptors), by activating PKC signaling pathway,
which leads to potentiated learning and memory (Ye et al., 2018).

The activities of ASICs in CNS neurons are tightly regulated by the redox state of the channels and
the modulation is ASICla subunit dependent. In cultured mouse cortical neurons, application of
reducing agents dramatically potentiated, whereas oxidizing agents inhibited ASIC currents. In CHO
cells, redox-modifying agents only affected the current mediated by homomeric ASICla, but not
homomeric ASIC1b, ASIC2a, or ASIC3 (Chu, Close, Saugstad, & Xiong, 2006).

Nitric oxide (NO) potentiates the activity of ASICs due to an alkaline shift of the pH dependent
activation (Cadiou et al., 2007). The NO donor S-nitroso-N-acetylpenicillamine potentiates proton-
gated currents in DRG neurons and proton-gated currents in CHO cells expressing each of the acid-
sensitive ASIC subunits. Furthermore, in excised patches from CHO cells expressing ASIC2a, the

potentiation could be reversed by externally applied reducing agents. NO, therefore, has a direct
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external effect on the ASIC ion channel, probably through oxidization of cysteine residues (Cadiou et
al., 2007).

PROTONS AS NEUROTRANSMITTERS

In the nervous system, transmission of information occurs primarily through chemical signaling by
small molecules packaged in synaptic vesicles (De Robertis, Rodriguez De Lores Arnaiz, & Pellegrino
De lIraldi, 1962) and released in quanta (Katz, 2003). Many molecules have been identified in the
past as chemical neurotransmitters according to the following criteria: 1) A chemical
neurotransmitter must be present in the presynaptic cell; 2) It must be released upon stimulation;
3) It must have a receptor in the postsynaptic cell; 4) Exogenous application of the putative
neurotransmitter should mimic the endogenous response; 5) Blocking or eliminating the receptor
must block the putative neurotransmitter action; 6) A mechanism to limit the action of the
transmitter should exist.

The detection of the acute pH sensitivities of voltage-gated calcium channels (lijima, Ciani, &
Hagiwara, 1986), ligand-gated NMDA receptors (Traynelis and Cull-Candy, 1990), GABA receptors
(Kaila, 1994), and the discovery of proton-gated ASICs (Waldmann and Lazdunski, 1998), (Krishtal
and Pidoplichko, 1981), suggests that pH regulation plays a crucial role in synaptic signaling.
Nevertheless, the role of protons as neurotransmitters being released from the presynaptic
structure and capable of activating a specific receptor in the postsynaptic neuron or muscle cell has
been accepted only a few years ago.

Protons have properties that make them well suited to play a role in neurotransmission. Protons
have a very high rate constant of diffusion (for review on the Grotthuss effect see Cukierman, 2006),
and fast changes in proton concentration can be achieved in physiological conditions driven by
channels, ion exchangers or vesicle exocytosis. Protons can affect the structure and function of most
proteins. Studies using knock-out mouse models of proton receptor ion channels like ASICs have
shown their participation in a broad range of physiological functions, including learning and memory
(Wemmie et al., 2002; Zha, Wemmie, Green, & Welsh, 2006)

The first indication of protons acting as transmitters was found in the C. elegans defecation motor
program, where the space between the intestine and the muscle is acidified just prior to muscle
contraction (Beg, Ernstrom, Nix, Davis, & Jorgensen, 2008). A putative Na'/H" ion exchanger is
expressed in the intestine and genes encoding for subunits to a proton gated cation channel half-
maximally activated at a pH of 6.8 are expressed in the faced muscle fiber. Therefore, Beg et al.,
(2008) have proposed that H* acts as transmitters and they postulated that Na*/H" ion exchanges or

synaptic vesicle protons could be the source of protons as neurotransmitters in C. elegans CNS.
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Studying the synapse formed by the inner ear type | vestibular hair cells and the postsynaptic calyx
nerve terminals, Highstein et al., (2014) have presented evidences that protons act as a non-quantal
neurotransmitter. Stimulus-evoked extrusion of protons revealed by pH imaging demonstrates
acidification, within the confined chalice-shaped synaptic cleft, leading to modulation of
postsynaptic cationic conductance. However, whether the non-quantal postsynaptic current was

directly gated by protons or by second messenger is still to be investigated.

The possibility that protons might be neurotransmitters triggering postsynaptic ASIC currents was
investigated in hippocampal neurons with negative results. This was unexpected because previous
studies of extracellular field potential recordings in hippocampal brain slices suggested impaired
hippocampal long-term potentiation (LTP) in ASICla™ mice (Wemmie et al., 2002). Another study
using micro-island cultures of hippocampal neurons suggested that the probability of
neurotransmitter release increased in ASICla™”™ mice (J. H. Cho and Askwith, 2008).

Du et al.,, (2014) tested the hypothesis that protons are neurotransmitters and that ASICs are the
receptors at lateral amygdala brain slices. They chose this preparation because ASICs are abundantly
expressed there, and amygdala-dependent fear-related behavior depends on a pH reduction and is
impaired in ASIC1a™ mice (ziemann et al., 2009; Wemmie et al., 2003; Price et al., 2014). Du et al.,
(2014) recorded excitatory postsynaptic glutamatergic currents (EPSCs) in wild-type (WT) and
ASIC1la™™ mice. After blocking glutamate receptor (GluR), a small component of the EPSC, sensitive
to the non-specific ASIC blocker amiloride, remained in neurons from WT but not from ASICla™"
mice. PcTX1, a specific blocker of homomeric ASIC1a channels has little effect on GluR-independent
EPSCs in WT amygdala slices, but inhibited the current in neurons from ASIC2”~ brain slices,
consistent with the idea that the majority of ASIC currents arising from WT amygdala are generated
by ASIC1/2 heteromeric channels and those blocked by PcTx1 resulted from the activation of
homomeric ASICla.

According to the hypothesis that postsynaptic ASICs are activated by protons, Du et. al., (2014) were
able to record stimulus dependent acidification with a pH sensitive phluorin inserted in the
postsynaptic membrane. Furthermore, they observed an increase in the amplitude of the signal
when the buffer capacity of the bath solution was diminished, as expected from proton activated
ASIC currents. The ASIC currents generated by cortical stimulation were eliminated by treating the
slices with Ca®* channel blockers consistent with proton release from synaptic vesicles, as a source
for the reduced pH. However, it is possible that other transport processes are involved in the
acidification (Beg et al., 2008; for review see Sinning and Hubner, 2013).

ASICs are abundant in the nucleus accumbens (NAc), a region known for its role in addiction (Scofield

et al.,, 2016). Investigating the role for ASICs in the underlying mechanisms of addiction related
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behavior, Kreple et al., (2014) identified a postsynaptic current that was mediated by ASICla and
ASIC2. ASIC mediated currents were revealed after pharmacologically blocking AMPA, NMDA and
GABAA receptors. They were nearly eliminated in the Asicla”’™ mice and were rescued by virus-
mediated ASICla expression. They were blocked by amiloride, but not by PcTx1, unless ASIC2a and
ASIC2b subunits were genetically eliminated, indicating that ASICs in the NAc of WT mice are mostly
heteromeric channels. The amplitude was also sensitive to the pH buffer capacity of the extracellular
solutions. Furthermore, ASIC mediated currents were affected by carbonic anhydrase IV (CA-IV), an
enzyme that is critical for regulating extracellular pH buffering in the brain (Kreple et al., 2014).
Carbonic anhydrase inhibition with acetazolamide and CA-IV disruption (Car4_/' mice) increased the
postsynaptic ASIC currents and acetazolamide no longer exerted its effects in the absence of ASICla
and CA-1V. These ASIC currents, detected in the postsynaptic cell, occurred in the same time frame
as postsynaptic glutamate receptor activation and their amplitudes remained a similar percentage
(5%) of the total EPSC suggesting that protons are co-released with glutamate from the presynaptic
terminal.

ASIC channels are also expressed at the postsynaptic principal neurons of the calyx of Held—medial
nucleus of the trapezoid body (MNTB) synapse of the auditory CNS (Fig 1 B). The calyx of Held-MNTB
synapse provides a model system to analyze basic mechanisms of synaptic transmission due to the
large size of the presynaptic terminal and the numerous release sites that can be activated
simultaneously (for review see (Baydyuk, Xu, & Wu, 2016; von Gersdorff and Borst, 2002; Borst and
Soria van Hoeve, 2012). This particular property of a giant synapse allows the recording of signals
that may be present in other synapses but not resolved due to their small amplitude. We (Gonzalez-
Inchauspe et al., 2017),have found that the presynaptic terminal of the brainstem calyx of Held
synapse lacks ASIC channels while the MNTB neurons respond to acidification with a transient
inward current sensitive to amiloride and to PcTx1(see also Lujan et al., 2019).We have also shown
the absence of these currents in ASICla”™ mice suggesting that homomeric ASIC-1a mediate these
currents in MNTB neurons. Furthermore, we have detected ASICla-mediated currents during
synaptic transmission after blocking AMPA and NMDA glutamate receptors, suggesting that an
acidification of the synaptic cleft due to the co-release of neurotransmitter and H* from synaptic
vesicles is capable of activating ASIC postsynaptic channels. These protonergic postsynaptic currents
were very small compared to the glutamatergic currents (1-3%), but clearly distinguished after
elimination of glutamate mediated synaptic currents (Fig 1A). They were strongly diminished in
amplitude by amiloride and PcTx1 and by an extracellular media with increased buffer capacity; and
they were also desensitized by low pH extracellular media (Gonzéalez-Inchauspe et al., 2017.

Furthermore, ASICla synaptic currents were increased by inhibition of carbonic anhydrase with
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acetazolamide as expected for synaptic currents activated by evoked released protons (Gonzalez
Inchauspe et al., 2019). In a recent work from our group, we were able to show that the ASICla
dependent synaptic currents at the calyx of Held were strongly potentiated by histamine (Fig 1A),
lactate and spermine (Gonzalez Inchauspe et al., 2019).The potentiating effect of each one added to
the previous one with no occlusion. This is a remarkable modulation capable of increasing the power
of the proton mediated currents to significant levels, enough to depolarize the postsynaptic cell and
elicit an action potential. Furthermore, during the steady state phase of the short-term depression
undergone in HFS, histamine enhanced EPSC amplitudes by 10%. As a result of such potentiation,
the total participation of ASIC current on EPSC amplitude during the steady state phase of the HFS is
over 20% as shown by its inhibition when the buffer capacity of the media was increased. Therefore,
enhanced postsynaptic ASIC currents contribute to maintain the fidelity of HFS synaptic transmission
(Gonzalez Inchauspe et al., 2019). This could be highly significant in conditions in which postsynaptic
AMPA receptors become desensitized, as happens early in development (Koike-Tani, Kanda, Saitoh,
Yamashita, & Takahashi, 2008)

A significant characteristic of homomeric ASIC-1a channels is their permeability to Ca®*
(Yermolaieva et al., 2004; Xiong et al., 2004; Xiong, Chu, & Simon, 2006). Activation of ASIC-1a
channels in MNTB neurons by exogenous H* induces an increase in intracellular Ca**. Furthermore,
the activation of postsynaptic ASIC-1a synaptic currents during HFS of the presynaptic nerve terminal
leads to a PcTx1-sensitive increase in intracellular Ca** in MNTB neurons, which is independent of
glutamate receptors and is absent in neurons from ASIC1la” mice. These results strongly support the
hypothesis of protons as neurotransmitters and demonstrate that presynaptic released protons
contribute to synaptic transmission by activating ASIC-1a at the calyx of Held—-MNTB.

Interestingly, ASICla synaptic currents, but not the extrasynaptic currents, diminished their
amplitude and disappeared in older mice (over 30 days) contrasting with the ASIC synaptic currents
found in the amygdala (Du et al., 2014), the NAc (Kreple et al., 2014,) and the anterior cingulate
cortex from adult mice (Li et al. 2018).

ASIC CHANNELS AND SYNAPTIC PLASTICITY

It has been proposed that proton gated currents released during synaptic transmission play a role in
the physiology and plasticity of synaptic transmission (Krishtal et al., 1987; Waldmann, Champigny,
et al., 1997). It is now well established that in some synapses, protons activate an inward current at
postsynaptic cells. However, the amplitude of the proton-activated EPSCs is small, 1-5%, compared
to that generated by glutamate gating AMPA receptors (Du et al., 2014; Highstein, Holstein, Mann,
and Rabbitt, 2014; Kreple et al., 2014; Gonzalez-Inchauspe et al., 2017; Lujan et al., 2019). Despite

the small amplitude and the inhibitory effect of protons on NMDA receptors, ASIC activation allows
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Na® influx, post synaptic depolarization and the relief of blockade of NMDA receptors by Mg*', thus,
facilitating Ca®* influx through them. Furthermore, ASICla are Ca** permeable channels and HFS of
the presynaptic nerve terminal at the Calyx of Held MNTB synapse triggers an ASICla dependent
postsynaptic Ca*'influx (Gonzélez-Inchauspe et al., 2017). Thus, ASIC synaptic currents could be
important for the generation of synaptic plastic changes.

It has been suggested that ASICla activated during synaptic transmission modulate short term
plasticity. Using micro island cultures of hippocampal neurons from wild-type and ASIC knockout
mice, J. H et al (Cho and Askwith, 2007) found that paired-pulse ratios were reduced, and
spontaneous miniature EPSCs occurred at a higher frequency in ASIC1 null mouse neurons compared
with wild type. They concluded that the release probability was increased in the ASICla ablated
neurons, indicating that ASICla can affect presynaptic mechanisms of synaptic transmission.

At the mouse neuromuscular junction, Urbano et al (Urbano et al., 2014) reported a decrease in the
frequency of spontaneous release of acetylcholine due to extracellular local application of acid saline
solutions, an effect not shown at the neuromuscular junctions of ASIC1la null mice. Furthermore,
evoked release was increased by inhibiting ASICla with PcTx1 and Hepes 10 mM. In this
experimental setting, the nerve terminal seems to be inhibited, while the activation of ASIC should
have a depolarizing excitatory effect. Therefore, it is possible to predict a scenario where an
inhibitory signal is released by a neighbor depolarized cell through ASIC activation. Indeed,
preliminary results suggest that ASIC channels are located on Schwann cells known to release
inhibitory modulators of vesicle recycling (Perissinotti and Uchitel, 2010).

At the calyx of Held, synaptic transmission during HFS reveals modulation of synaptic plasticity by
ASIC activation. The lack of ASIC1a or their pharmacological inhibition during HFS results in a faster
and stronger short-term depression (STD) with lower steady-state values of EPSC amplitudes at the
end of the stimuli. In WT mice, PcTx1 mimics the effect on STD that was observed on ASICla'/'mice;
and the same happened when STD was measured in a high-pH buffer capacity bath solution that
prevented acidification and the subsequent ASIC activation. Therefore, presynaptically released
protons modulate presynaptic neurotransmitter release through the activation of postsynaptic
ASICs, indicating that, through an undisclosed pathway, ASIC activation increases probability of
release or the size of the synaptic vesicle ready releasable pool (Gonzalez-Inchauspe et al., 2017).
Consistent with a role as postsynaptic proton receptors, ASICs regulate structural remodeling of
synaptic sites. In hippocampal slices, acute or chronic overexpression of ASICla increases the density
of dendritic spines (Zha et al., 2006). Furthermore, since ASIC2 and ASICla are associated in the
brain, it has been proposed that through its interaction with PSD-95, ASIC2 facilitates ASICla

localization and function in dendritic spines. Therefore, the two subunits might be working in
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concert to regulate neuronal function. (Zha et al., 2006; Zhang, Mao, Wang, & Chu, 2009). On the
contrary, deleting ASIC1a increases spine density in the NAc (Kreple et al., 2014). Differences on the
effect of ASICla gene ablation were also observed on the ratio of AMPA/NMDA currents in
hippocampal neurons in culture and NAc neurons (Cho and Askwith, 2008; Kreple et al., 2014). Thus,
ASICs are important molecules to define the dendritic spine properties; however, the mechanism is
not understood, and the precise effect depends on the system studied.

Further evidence of the role of ASICs on synaptic plasticity is provided by ASIC dependent long-term
potentiation (LTP). This was first reported in the amygdala (Du et al.,, 2014), consistent with a
previous report which shows an attenuation of LTP in ASICla null hippocampal slices (Wemmie et
al., 2002). The loss of ASICs has no effect on LTD. The effect on LTP was questioned (P. Y. Wu et al.,
2013), but more recent reports confirmed that genetic deletion or pharmacological blockade of
ASIC1a greatly reduced the probability of LTP induction in hippocampal CA1 region (M. G. Liu et al.,
2016). Similarly, inhibiting ASIC1a channels with 5b, a novel potent orthosteric antagonist of ASIC1a,
prevents NMDAR-dependent LTP (Buta et al., 2015). Furthermore, levglevskyi et al., 2016 showed
that inhibition of ASIC with 5b leads to a strong increase in the frequency of spontaneous inhibitory
postsynaptic currents and reduces epileptic discharges in a model of epilepsy suggesting that
GABAergic neuronal activity may underlie the inhibitory effect exerted through ASIC channels.

In agreement with these findings, ASICla null mice displayed alterations in spatial learning and
eyeblink conditioning (Wemmie et al., 2002), procedural motor learning (Ye et al., 2018) and
Pavlovian reward conditioning (Ghobbeh et al., 2018) among others.

The effect of ASICla genetic ablation on synaptic plasticity changes has also been studied in several
areas of the brain (Wemmie et al., 2003). The amygdala is an area that detects carbon dioxide and
acidosis to elicit fear behavior. Strong ASIC expression was found in glutamatergic principal neurons
and at the GABAergic neurons, at the output station of the amygdala circuitry (Chiang, Chien, Chen,
Yanagawa, & Lien, 2015). Notably, eliminating or inhibiting ASIC1a markedly reduced fear behavior;
and restoring ASIC 1a expression via a viral vector rescued the CO2-induced fear deficit (Du et al.,
2014). Analysis of synaptic plasticity revealed that the abundance of ASICs in postsynaptic neurons
correlated with, and contributed to, LTP of glutamatergic synapses and fear-like behavior (Ziemann
et al., 2009).

In the nucleus accumbens, a region of the brain that has an established role in regulating drug-
seeking behavior, ASICs are abundantly expressed and upregulated after removal of cocaine or
amphetamine exposure (G. C. Zhang, Mao, Wang, & Chu, 2009; Suman et al., 2010). ASIC synaptic
currents elicited by stimulating inputs from the prefrontal cortex were described by (Kreple et al.,

2014), (see above). Interestingly ASICla null mice have increased sensitivity to cocaine. In those
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animals, glutamate receptor function and subunit composition are different to what has been found
in cocaine withdrawal animals, even though the ASIC 1la null mouse had never been exposed to
cocaine. Restoring ASICla to the NAc via a viral vector produces the opposite effect and reduces
cocaine conditioned place preference. Furthermore, overexpressing ASICla in the rat NAc via adeno-
associated virus, alters the processes underlying extinction and cocaine-seeking behavior (Gutman et
al., 2018), suggesting complex roles of ASICla in modulating synaptic plasticity and behavioral
adaptation.

ASICla are abundant in the striatum (Jiang et al., 2009), which serves as the input nucleus of the
basal ganglia and is critically involved in procedural learning and motor memory. (Packard and
Knowlton, 2002; Ye et al., 2018) found that deletion of ASICla gene in mice led to increased
dendritic spine density, impaired spine morphology and postsynaptic architecture, which were
accompanied by decreased function of NMDA receptors at excitatory synapses. These changes were
mediated by reduced activation of protein kinases. The ASIC1a null mice exhibited poor performance
on multiple motor tasks, which was rescued by striatal-specific expression of either ASICla or
CaMKIl. These results revealed that ASICla promotes the excitatory synaptic function underlying
striatum-related procedural learning and memory.

In contrast to the established role for ASICla in LTP, which promotes associative learning and
memory in several brain areas, ASICla is a critical modulator of long-term depression (LTD) in the
insular cortex and this function is important for the extinction of the acquired taste aversion
memory. Furthermore, since the diminished LTD in ASIC1a null mice was restored by re-introduction
of WT, but not the pore-dead mutant of ASIC1a in insular neurons, the ionic conductance of ASICla
is crucial for its role in insular synaptic depression (W. G. Li et al., 2016).

CONCLUSION

It is well established that protons act as neurotransmitters and neuromodulators during synaptic
transmission playing a significant role in the physiology and plasticity of many synapses. However,
synaptic cleft pH waveforms have not been described and probably follow complex patterns,
including an acid and alkaline shift with a time course dependent on the buffer capacity of the cleft.
In ribbon type synapses, changes in pH affect presynaptic calcium channels and modulate
transmitter release. In some glutamatergic synapses, protons generate a postsynaptic inward
current dependent upon the activation of ASICs, trimeric cation selective ion channels activated by
protons in the physiological range. The EPSCs triggered by pH changes are generated by Na* and Ca**
currents through ASICla homomers and ASICla/2a heteromers and are subjected to physiological

inhibition or potentiation by endogenous molecules. The ASICs currents exhibit activation and
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deactivation kinetics that allow following HFS that desensitize most of the ion channels activated by
other neurotransmitters.

Given the unique biophysical properties and sensitivity to endogenous modulators, ASIC-mediated
transmission emerges as a particularly powerful mechanism for encoding information and for

activating Ca-dependent plasticity throughout the nervous system.
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Recomended and | Protein Name | pH 5 activation Mean time ca™ permeable(2) Most
commonly used constant of important
names of ASIC desensitization sites of

Gene at pH 50 (in expression
seconds)(1)
ASIC1 (ACCN2) ASIC 1a Homo la 5,8 0.64 Yes, Pna/Pca 1.8 CNS/PNS
ASIC 1b Homo 1b 6.1 0.89 PNS
ASIC2 (ACCN1) ASIC 2a Homo2a 4.5 1.4 CNS/PNS
ASIC 2b NA
Heterla/2b 6.2 1.1 Yes, Pna/Pca 4.1 CNS/PNS
Heterla/2a 5.5 1.3 Low ,Pna/Pca 25
ASIC3 (ACCN3) ASIC3 Homo 3 6.4 0.29 PNS
ASIC4 ( ACCN4) ASIC4 NA CNS/PNS
ASIC5 ( ACCN5) ASIC5 NA
(BASIC)

Table 1. Modified from Grunder and Pusch (2015) and Kellemberger and Schild (2015). Values

obtained from (1) Hesselager M, Timmermann DB, Ahring PK (2004)

(2) Sherwood TW, Lee KG, Gormley MG, and Askwith CC (2011)
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