1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

> " NIH Public Access
@@‘ Author Manuscript

2 HEpst

NATIG,

O

Published in final edited form as:
Adv Exp Med Biol. 2013 ; 961: 419-431. doi:10.1007/978-1-4614-4756-6_36.

Acid-sensing ion channels in pathological conditions

Xiang-Ping Chul and Zhi-Gang Xiong?
1Department of Basic Medical Science, University of Missouri-Kansas City, Kansas City, MO
64108, USA

2Department of Neurobiology, Morehouse School of Medicine, Atlanta, GA30310, USA

Abstract

Acid-sensing ion channels (ASICs), anovel family of proton-gated amiloride-sensitive cation
channels, are expressed primarily in neurons of peripheral sensory and central nervous systems.
Recent studies have shown that activation of ASICs, particularly the ASICla channels, plays a
critical rolein neuronal injury associated with neurological disorders such as brain ischemia,
multiple sclerosis, and spinal cord injury, etc. In normal conditions in vitro, ASICla channels
desensitize rapidly in the presence of a continuous acidosis or following a pre-exposure to minor
pH drop, raising doubt for their contributions to the acidosis-mediated neuronal injury. It is now
known that the properties of ASICs can be dramatically modulated by signaling molecules or
biochemical changes associated with pathological conditions. Modulation of ASICs by these
molecules can lead to dramatically enhanced and/or prolonged activities of these channels thus
promoting their pathological functions. Understanding of how ASICs behave in pathological
conditions may help define new strategies for the treatment and/or prevention of neuronal injury
associated with various neurological disorders.
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Introduction

In the normal condition, extracellular pH (pH,) is maintained at ~7.4 through various H*
transporting mechanisms (Chesler 1990). In pathological conditions such as tissue
inflammation, ischemic stroke, traumatic brain injury, and epileptic seizure, a marked
reduction of pH,, a condition termed acidosis, takes place (Ljunggren et al.
1974;Nedergaard et a. 1991;Rehncrona 1985;Revici et a. 1949;Siesjo 1988;Siesjo et al.
1996; Sutherland et al. 2000; Tombaugh and Sapolsky 1993). In brain ischemia, for example,
the shortage of oxygen, due to the lack of blood supply, results in increased anaerobic
glycolysiswhich leads to lactic acid accumulation (Siego et a. 1996; Tombaugh and
Sapolsky 1993). Accumulation of lactic acid, along with H* release from ATP hydrolysis,
resultsin a dramatic decrease in tissue pH. In addition, cessation of local circulation results
in carbon dioxide accumulation and carbonic acid build up, which also contribute to the
decrease of brain pH (Sieso 1988).
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For many years, acidosis has been known to be associated with neuronal injury (Siego
1988;Siesjo et al. 1996; Tombaugh and Sapolsky 1993). However, the underlying
mechanism was not entirely clear. Low tissue pH may cause cell injury through non-
selective denaturation of proteins and nucleic acids (Kalimo et al. 1981); hinderance of
postischemic metabolic recovery by inhibiting mitochondrial energy metabolism;
impairment of postischemic blood flow viavascular edema (Hillered et al. 1985);
stimulation of pathologic free radical formation (Rehncrona et al. 1989); and inhibition of
astrocytic glutamate uptake which may contribute to excitatory neuronal injury (Swanson et
al. 1995). Recent finding that acidosis, at the level commonly seen in neurological disorders,
can induce neuronal injury by activating a distinct family of ligand-gated cation channels,
the acid-sensing ion channels (ASICs), has dramatically changed the view of acid signaling
and provided anovel therapeutic target for neuroprotection (Benveniste and Dingledine
2005;Huang and McNamara 2004;V oilley 2004;Wemmie et al. 2006;Xiong et al.
2004;Xiong et al. 2007;Y ermolaieva et al. 2004).

Following the cloning and characterization of the first ASIC subunit (ASIC1a) in 1997
(Waldmann et al. 1997), six additional subunits of ASICs (1b1, 1b2, 2a, 2b, 3, and 4) have
been identified (Wemmie et al. 2006). ASICs are voltage-independent, amiloride-sensitive,
and Na*-selective cation channels belonging to the degenerin/epithelial Na* channel (DEG/
ENaC) superfamily (Alvarez et a. 2000). Expression of 1a, 2a, 2b, and 4 has been
demonstrated in CNS neurons, while all other ASICs, except ASIC4, are expressed in
peripheral sensory neurons. Non-neuronal tissues such as vascular smooth muscle cells
(Grifoni et a. 2008), some glial cells (Feldman et al. 2008;Huang et al. 2010), and bone
(Jahr et al. 2005) have been shown to express ASICs.

Each ASIC subunit consists of two transmembrane domains (TM1 and TM2) and alarge
cysteine rich extracellular loop, with the pre-TM2 region essential for ion permeability and
the gating of these channels (Bassler et al. 2001;Krishtal 2003;Wadmann et al. 1997).
Although atetrameric assembly was initially proposed for functional ASICs, the recent
success of crystal structure of chicken ASICla channels has revealed a trimeric assembly
(Jasti et a. 2007). Among all ASICs, the homomeric ASIClachannel is of particular
interest, because of its wide distribution, high sensitivity to acid, and permesability to Ca2*
(Waldmann et al. 1997;Xiong et al. 2004;Y ermolaievaet al. 2004).

In peripheral sensory neurons, ASICs are implicated in nociception (Benson et al.
1999;Bevan and Y eats 1991;Bohlen et al. 2011;Chen et a. 2002;Deval et a. 2008;Krishtal
and Pidoplichko 1981;Mazzuca et a. 2007;Sluka et a. 2003;Ugawa et al. 2002;Wu et al.
2004), mechanosensation (Page et al. 2005;Price et al. 2000;Price et a. 2001), and taste
transduction (Lin et al. 2002;Ugawa et a. 2003;Ugawa 2003). In CNS, ASIClaisinvolved
in synaptic plasticity, learning/memory, fear conditioning (Wemmie et al. 2002;Wemmie et
al. 2003), and retinal physiology (Ettaiche et al. 2006). A number of studies have
demonstrated that activation or sensitization of Ca?*-permeable ASIClachannelsis
involved in acidosis-mediated neuronal injury (Friese et a. 2007;Gao et al. 2005;Li et al.
2011;Pignataro et al. 2011;Xiong et al. 2004), disclosing a novel neuroprotective target
(Xiong et al. 2008).

Under experimental conditions (e.g. in patch-clamp recordings), ASICs are activated only
by rapid pH drops and the currents of most ASIC subtypes, particularly the homomeric
ASIClachannels, desensitize rapidly in the continuous presence of acidic pH (Fig. 1A). Pre-
exposure of ASIClachannelsto very small pH decrease (e.g. from 7.4 to 7.2) that does not
activate the channel itself also suppresses the channel activity in response to subsequent
large pH drops (Fig. 1B). Thus, whether a significant amount of ASIC current can be
activated in the pathological conditions and whether the effects of ASIC activation could be
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long-lasting are important questions crucial in determining the functional significance of
these channels. In thisregard, recent findings showing that endogenous signaling molecules
and biochemical changes associated with various pathological conditions can dramatically
alter the properties of ASICs have provided desirable answer to the questions.

Understanding the modulation of ASICs by molecules or biochemical changes associated
with pathological conditions will help with understanding the pathological functions of these
channels. It will also aid the development of new and effective strategies for the treatment
and/or prevention of neuronal injury associated with various neurological disorders.

In the normal brain, the concentration of lactate is at ~1 mM. Following ischemia, anaerobic
metabolism of glucose leads to increased production of lactate. A concentration of lactate
between 12—-20 mM has been reported (Schurr 2002; Schurr and Rigor 1998). Increased
concentration of lactate correlates well with increased degree of brain injury (Sieso et .
1996), though the detailed mechanism was unclear. The finding that lactate enhances the
ASIC current provided a new interpretation (Immke and McCleskey 2001).

In sensory neurons that innervate the heart, Immke & McCleskey first demonstrated that the
addition of 15 mM lactate dramatically increased the amplitude the ASIC current activated
by a moderate pH drop to ~7.0 (Immke and McCleskey 2001). Applications of the same
concentration of lactate at pH values that do not activate ASICs (e.g. pH 8.0 or pH 7.4)
caused no response. Thus, lactate acts by potentiating but not activating the ASICs. In
COS-7 transfected with different subunit of ASICs, both ASIC3 and ASICla currents were
potentiated by lactate (Immke and McCleskey 2001). The effect of lactate on ASIC current
persistsin excised cell-free membrane patches suggesting that no second messenger or
signaling cascade isinvolved. Since lactate has the ability to chelate the divalent cations
including Ca2* and Mg2*, which have a modulatory role on various membrane receptors and
ion channels (Hess et al. 1986;Xiong and MacDonald 1999;Zhou and Jones 1995), the
authors hypothesized that potentiation of the ASIC currents may be due to the chelation of
divalent cations by lactate. Indeed, adjusting the concentrations of Ca2* and Mg2*
eliminated the effect of lactate. Whereas, reducing the divalent concentrations mimicked the
effect of lactate (Immke and McCleskey 2001). Other monocarboxylic acids which have
divalent cation chelation ability also potentiated the ASIC current. Similar to the cardiac
sensory heurons, potentiation of the ASIC current by lactate has been reported in other
neurons such as cerebellar Purkinje neurons (Allen and Attwell 2002).

Ca2" is one of the most important modulators of various voltage-gated and ligand-gated ion
channels including ASICs. Co-application of Ca2* with acidic solution reduces ASIC
currents (Gao et a. 2004;mmke and M cCleskey 2003;Paukert et a. 2004;Waldmann et al.
1997). Similarly, pretreatment followed by continuous presence of the extracellular Ca2*
also inhibits the ASIC currents (de Weille and Bassilana 2001;Wang et al. 2006).
Investigation into the mechanisms underlying Ca2* modulation of ASICs has led to the
finding that Ca2* decreases the affinity of ASICs for H* (Babini et al. 2002;Immke and
McCleskey 2003). It has been proposed that, at a pH of 7.4, ASICs (e.g. ASIC3 channels)
are closed because of the Ca?* blockade. As the pH,, is decreased, binding of H* to the
channel displaces Ca2* from its binding site, leading to opening of the channel (Immke and
McCleskey 2003). For ASICla channels, different models have been proposed (Paukert et
al. 2004;Zhang et al. 2006). Paukert and colleagues showed that two negatively charged
residues near the entrance of the channel pore, E425 and D432, are crucial for Ca2*
blockade of the ASICla channel (Paukert et al. 2004). They proposed that there are more
than one Ca2* binding site, one that mediates blocking and one mediates modulation, exist
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on the ASIClachannel. In pathological conditions such as brain ischemia, significant
decrease of extracellular Ca2* concentration ([Ca?*]¢) takes place (Ekholm et al.
1995;Hansen and Zeuthen 1981). Reduction in [Ca?*] is expected to relieve the inhibition
of ASICsthusincreasing the activity and pathological function of these channels.

Arachidonic acid

Spermine

Arachidonic acid (AA) is a polyunsaturated fatty acid present in the phospholipids of all cell
membranes. It is one of the most abundant fatty acids in the brain. In addition to being
involved in cellular signaling as alipid second messenger involved in the regulation of
signaling enzymes such as PLC and PKC (Farooqui and Horrocks 2006;Sang and Chen
2006), AA playsimportant rolesin various pathological conditions. For example, it isakey
intermediate in inflammatory responses. In addition, the role of AA in the pathophysiology
of neurological disorders including ischemic brain injury has been well documented
(Farooqui et al. 2006;Farooqui and Horrocks 2006;Muralikrishna and Hatcher 2006;Siesjo
and Katsura 1992). Following brain ischemia, the rise of [Ca2*]; leads to the activation of
phospholipase A2, resulting in increased production of lipid mediatorsincluding AA
(Farooqui and Horrocks 2006;Muralikrishna and Hatcher 2006;Rehncrona et al. 1982). High
concentrations of lipid mediators cause neurotoxicity (Farooqui and Horrocks 2006).

Earlier studies have shown that AA has effects on a variety of voltage-gated and ligand-
gated ion channels (Angelova and Muller 2006;Hu et al. 2006;K eros and McBain
1997;Mignen et al. 2005;Miller et al. 1992;Nagano et al. 1995;Paoletti and Ascher 1994).
Particularly, it potentiates the opening of NMDA-gated channels (Casado and Ascher
1998;Miller et a. 1992;Paoletti and Ascher 1994), which might contribute to its
neurotoxicity.

Allen and Attwell were the first to show that AA also enhances the activity of ASICs (Allen
and Attwell 2002). In rat cerebellar Purkinje cells, bath perfusion of solution with 5 or 10
M arachidonic acid produced a large increase in the amplitude of ASIC current. In addition
to the peak current, application of AA enhanced or induced a sustained component of the
ASIC current (Allen and Attwell 2002). The potentiation of the ASIC current by AA appears
to be independent of its derivatives, since an agent known to block the breakdown of AA did
not affect its capacity to potentiate the ASIC current (Allen and Attwell 2002). The
molecular mechanism for AA potentiation of ASICsisnot clear. One possibility is that,
insertion of AA into the membrane induces membrane stretch and that the ASICs are
stretch-sensitive, as are NMDA channels (Casado and Ascher 1998). This explanation is
supported by the finding that perfusion of neurons with hypotonic saline, which causes cell
swelling and membrane stretch, mimicked the potentiation of ASIC currents by AA (Allen
and Attwell 2002). Subsequent studies by Smith et al also suggested that AA potentiates
ASIC activation by a direct mechanism (Smith et al. 2007). They confirmed that inhibition
of AA metabolism had no effect on the potentiation of ASICla. However, the potentiation
of single ASIC2a channels by AA could also be observed in cell-free patches, suggesting
that membrane stretch is not required.

Spermineis a polyvalent cation whose extracellular concentration fluctuates significantly
within the nervous system. Although spermine isinvolved in various physiological
processes, high concentration of spermine can induce neuronal depolarization and
cytoplasmic Ca2* overload, which might lead to neuronal damage (Toninello et al. 2004).
Following ischemia, the activity of ornithine decarboxylase (ODC), arate-limiting enzyme
responsible for polyamine synthesis is enhanced, |eading to increased concentration of
spermine and neuronal injury (Kindy et al. 1994).

Adv Exp Med Biol. Author manuscript; available in PMC 2014 January O1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chu and Xiong

Proteases

CaMKiII

Page 5

The mechanism underlying increased neuronal injury by spermine has not been entirely
clear. Spermine can modulate NMDA receptor function (Benveniste and Mayer 1993;Rock
and Macdonald 1995). Thus, several studies have attempted to link its neurotoxicity to
increased activation of NMDA receptors. However, these studies have yielded inconsistent
results (Johnson 1998;L.i et al. 2007). Additional mechanisms are likely involved in
spermine-mediated neurotoxicity.

Babini and colleagues were the first to demonstrate that spermine potentiates the activities of
ASICs (Babini et al. 2002). Subsequent studies by Duan et al showed that extracellular
spermine exacerbated ischemic neuronal injury through sensitization of ASIClachannelsto
extracellular acidosis (Duan et al. 2011). Pharmacological blockade of ASIClaor deletion
of the ASIC1 gene reduced the enhancing effect of spermine on ischemic neuronal damage,
both in cultured neurons and in a mouse model of focal ischemia. Spermine also reduced
desensitization of ASIClain the open state and accel erated recovery from desensitization in
response to repeated acid stimulation. Enhanced channel activity was accompanied by
increased acid-induced neuronal depolarization and cytoplasmic Ca2* overload, which may
explain the exacerbation of neuronal damage caused by spermine. Thus, extracellular
spermine contributes to ischemic neuronal injury, at least in part, by enhancing the activity
of ASIClachannels (Duan et al. 2011).

Brain injury is accompanied by increased protease activity (Gingrich and Traynelis 2000).
Blood-derived proteases such as thrombin, tissue plasminogen activator, and plasmin can
gain accessto CNSinterstitial spaces due to acompromised blood-brain barrier (Gingrich
and Traynelis 2000;Vivien and Buisson 2000). Previous studies have demonstrated that
proteases modulate the activities of variousion channelsincluding ENaC, which belongs to
the same superfamily as ASICs (Chraibi et al. 1998;Holt et al. 2001;Nicole et al. 2001),
suggesting that ASICs could be atarget. Indeed, subsequent studies by Poirot and colleagues
showed that the activity of ASIClais modulated by serine proteases (Poirot et al. 2004).
Exposure of CHO cells stably expressing ASICla channelsto trypsin or other serine
proteases (e.g. proteinase K and chymotrypsin) shifted the pH dependence of activation and
steady-state inactivation of the ASICla channelsto more acidic pH values. Asa
conseguence, protease exposure leads to a decrease in ASICla activity when currents are
activated by apH drop from 7.4. Interestingly, if the channel is activated from a basal pH of
7, acondition relevant to ischemia, protease exposure increases rather than decreases the
ASIClaactivity. In addition, protease treatment dramatically accel erates the recovery rate of
ASIClachannels from desensitization (Poirot et al. 2004). The effects of proteases on
ASICsinvolves proteolysis of the channel protein, as the capacity of trypsin to modulate the
ASIClachannels was eliminated with soybean trypsin inhibitor or modification of trypsin's
catalytic site with TLCK, areagent that irreversibly modifies a histidine residuein the
catalytic site of trypsin. Cleavage of the channel protein was confirmed by Western blot
showing reduction of a64-kDa ASIC protein band to alower molecular weight band of 49
kDa (Poirot et a. 2004). Further studies demonstrated that trypsin cleaves ASICla subunits
at Arg-145 in the N-terminal part of the extracellular loop. The cleavage site is between a
highly conserved sequence and a sequence that is critical for ASIClainhibition by PcTx1
(Vukicevic et al. 2006). Since activation of ASIClaisinvolved in acidosis-mediated
ischemic brain injury [30,33], modulation of ASICla by proteases could be relevant to its
pathological function in brain ischemia.

Ca2*/calmodulin (CaM)-dependent protein kinase || (CaMK 1) isthe most abundant kinase
isoform in brain, particularly enriched in neurons. It isamultifunctional protein kinase that
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regulates normal neuronal function. It is regulated by multi-site phosphorylation, which can
alter the enzyme activity and targeting to cellular microdomains through interactions with
binding proteins. CaMKII is amajor mediator of the function of excitatory glutamate
receptors. Activation of glutamate receptors triggers an increase of intracellular Ca2* and an
autophosphorylation of CaMKII at T286. This process makes the kinase active independent
from Ca2* stimulation, a transition required for synaptic plasticity. Increased CaMKI|
activity was also implicated in the regulation of neuronal degth, though the detailed
mechanism was unclear.

Recent studies by Gao et a suggest that during ischemia, coupling between the NMDARS
CaMKI|I cascade and the ASICla channel contributes significantly to acidotoxic neuronal
death (Gao et al. 2005). They demonstrated that global brain ischemiain ratsresultsin an
increased phosphorylation of ASIClaby CaMKII at Ser478 and Ser479. This
phosphorylation sensitizes the channel to low pH, exacerbating cell death by allowing
increased calcium conductance. The phosphorylation is aresult of the activation of NR2B-
containing NMDA receptors and an increase of intracellular Ca2* during ischemia.

Consistent with the previous study (Xiong et al. 2004), they observed an enhancement of
ASIC currents by oxygen glucose deprivation (OGD). Inhibition of CaMKII with KN-93 or
CaMKIINtide abolished the enhancement of ASIC currents, indicating an involvement of
CaMKI|I. Consistent with the involvement of CaMKII, they showed an increased
phosphorylation of ASICla after transient global ischemia which can be blocked by
intracerebroventricular administration of CaMKI| inhibitor KN-93 or CaMKIINtide. In
addition, there was an increased co-immunoprecipitation of ASIClawith CaMKlla after
global ischemia, which can be inhibited by KN-93 or CaMKIINtide. Pharmacological
inhibition of CaMKII phosphorylation of ASIClawith KN-93, or mutation of ASIClaat
Ser478 and Ser479, produced neuroprotection. Thus, phosphorylation of ASIClaby
CaMKI| at the site of Ser478 and Ser479 plays an essential role in ischemia-induced cell
death.

Nitric oxide (NO) is an important reactive oxygen/nitrogen species which has avariety of
physiological and pathological functions (Star 1993). Endogenous synthesis of NO is
catalyzed by nitric oxide synthase, which is Ca?* dependent. During ischemia, over-
activation of the glutamate receptors and subsequent increases in intracel lular Ca?* leads to
activation of the Ca2*-dependent neuronal form of nitric oxide synthase ("NNOS), resulting in
an increased production of NO (Bolanos and Almeida 1999;Schulz et al. 1997). NO can also
be released by activated microglia (Boje and Arora 1992). NO regulates the protein function
by two main pathways. an indirect mechanism that involves the production of cGMP and the
activation of protein kinase G, and a direct mechanism that involves modification of the
tertiary structure of proteins by Snitrosylating the thiol side-chains of cysteine residues
(Jaffrey et al. 2001). Increased NO production is known to increase neurona injury (Boje
and Arora 1992). Although the formation of a strong oxidant of peroxynitriteislikely
involved in cell injury, other mechanisms cannot be excluded. Cadiou and colleagues were
the first to report that ASICs are atarget of NO. NO donor S-nitroso-N-acetylpenicillamine
(SNAP) potentiates proton-gated currentsin DRG neurons and in CHO cells expressing
each of the ASIC subunits. Modulators of the cGMP/PKG pathway had no effect on the
potentiation, but in excised patches from CHO cells expressing ASIC2a, the potentiation
could be reversed by externally applying reducing agents. NO therefore has a direct external
effect on ASICs, probably through oxidization of cysteine residues (Cadiou et al. 2007).

Consistent with the potentiation of ASIC currents by NO, subsequent studies by Jett et al
demonstrated that acid-induced cell injury is potentiated by NO donor (Jetti et al. 2010).
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They showed that, at apH of 6.1, death rates of Neuro2A cells expressing ASIC1 channels
were significantly higher than the cells that do not express ASICs. Amiloride, a blocker of
ASICs, protected the cell from acid-injury, suggesting that acid injury is mediated by
activating ASICs. Sodium nitroprusside, a potent NO donor, not only increased the ASIC
mediated currents but also increased acid-induced cell death.

Dynorphins are endogenous opioid neuropeptides abundantly expressed in the CNS. They
areinvolved in avariety of physiologic functions including antinociception and
neuroendocrine signaling, and may be protective to neurons and oligodendroglia viatheir
opioid receptor-mediated effects. However, under pathophysiological conditions where
dynorphin levels are substantially elevated, these peptides are excitotoxic, partially through
actions at glutamate receptors (Hauser et al. 1999). The excitotoxic actions of dynorphins
require supraphysiological concentrations or prolonged tissue exposure. Thus, dynorphins
can have either a protective or destructive action in neurons and glia, and the net effect may
depend upon the distribution of receptors in a particular region and the amount of
dynorphins rel eased.

Recently Sherwood and Askwith reported that, at high concentrations dynorphin A and big
dynorphin potentiate acid-activated currentsin cortical neurons and in CHO cells expressing
homomeric ASIC1la subunits (Sherwood and Askwith 2009). The potentiation of the
ASIClaactivity was mediated through alimitation of steady-state desensitization of the
channel. The potentiation of ASICla activity by dynorphin was not mediated by opioid
receptor activation but through a direct interaction with ASICla. Alteration of steady-state
desensitization by dynorphins enhanced ASICla-triggered neuronal injury during prolonged
acidosis. Thus, ASIClais a new non-opioid receptor target for dynorphins, and that
dynorphins can enhance ischemic brain injury by preventing steady-state desensitization of
ASIClachannels.

FMRFamide and structurally related peptides are abundant in invertebrate nervous systems
where they function as neurotransmitters and neuromodul ators. Although FMRFamide itself
has not been isolated in mammals, several FM RFamide-related peptides exist in the
mammalian nervous system. FMRFamide and related peptides are generally thought to exert
their physiological roles through G-protein coupled receptors (Lingueglia et al. 2006).
However, two ionotropic receptorsinvolved in the function of these peptides have recently
been identified. FMRFamide-gated Na*™ channel (FaNaC), which is a neuronal Na* channel
ininvertebrates, is directly activated by micromolar concentrations of FMRFamide and
RFamide-related peptides (RFRPs) (Linguegliaet al. 2006). In addition, ASICs, which share
significant structure and sequence homology with FaNaC in the mammalian nervous system,
can be modulated by FMRFamide and RFRPs. FM RFamide, and RFRPs such as
neuropeptide FF are incapable of generating any ASIC currents on their own, but
significantly potentiate ASIC currentsin sensory neurons and in heterologous expression
systems (Askwith et al. 2000;Catarsi et a. 2001;Xie et al. 2003). In addition to their effects
on the amplitude of ASIC currents, FMRFamide and RFRPs a so reduce the rate of current
desensitization (Askwith et al. 2000;Catarsi et al. 2001;Xie et al. 2003).

Insulin and insulin receptors are expressed at high levelsin discrete regions within the CNS,
and insulin is released by depolarization in cultured CNS neurons (Wozniak et al. 1993). In
addition to its conventional role in glucose uptake, insulin has been shown to act asa
neuromodulator of many brain functions, such as food intake, neuronal growth and
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maturation. It has also been shown that insulin administration protects neurologic function in
cerebral ischemiain non-diabetic rats (LeMay et a. 1988). The exact mechanism was not
clear. Almost 15 years ago, Wan and colleagues first demonstrated that insulin promotes
surface expression of inhibitory GABA 5 receptors thereby potentiating GABA p-receptor-
mediated synaptic inhibition. This effect may partially explain the neuroprotective effect of
insulin in non-diabetic animals.

Very recently, Chai and colleagues demonstrated that insulin plays an important role in
regulating the level of surface expression of ASICla channels (Chai et al. 2010). This
finding provided an alternative explanation for the protective effect of insulin. In CHO cells
expressing A Sl Cla subunit, serum depletion, a condition mimicking ischemia, induced a
significant increase in the level of ASICla surface expression. As aresult, the ASICla
current was dramatically enhanced. Among the components of serum, insulin was identified
as the key factor that maintains alow level of ASICla expression on the plasma membrane.
Removing insulin from culture medium increased the trafficking of the ASICla channelsto
the surface membrane. Similarly, neurons subjected to insulin depletion increased the
surface expression of ASICla subunit with resultant potentiation of ASICla currents. Thus,
in the normal condition whereinsulin is present, ASIClais predominantly localized to the
endoplasmic reticulum. Under conditions of substrate depletion (e.g. following brain
ischemia), the lack of insulin may stimulate translocation of the ASICla channels to the cell
surface, thus increasing the function of these channels (Chai et al. 2010). Since activation of
ASIClachannels plays acritica role in acidosis-mediated ischemic brain injury, inhibition
of ASIClaexpression by insulin may account partially for its neuroprotective effect.

Conclusion

ASICs represent new biological components in neurons. Increasing evidence indicates the
involvement of these channelsin both physiological and pathological processes such as
nociception, mechanosensation, taste transduction, synaptic plasticity, learning/memory, and
acidosis-mediated neurodegeneration. Although in most electrophysiological recordings
ASIC responses appear to be transient in nature, various biochemical changes, largely occur
in pathological conditions, dramatically enhance the amplitude and reduce the
desensitization of the ASIC current (Figure 2), or increase the recovery of ASICsfrom
desensitization. Knowing the changes of ASIC property and the mechanisms of modulation
in pathological conditionsis, with no doubt, critical for understanding the pathological
functions of these channels and for establishing effective therapeutic interventions.
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Figure 1.

Desensitization of ASIC current in cultured mouse cortical neurons. (A) ASIC current was
activated by lowering the extracellular pH from 7.4 to 6.5 or 6.0. The current decays rapidly
in the continuous presence of reduced pH. (B) ASIC current was activated by lowering the
extracellular pH to 6.0 from a preset pH of 7.4 or 7.2. Pre-incubation of cellsat pH 7.2
dramatically inhibited the ASIC current activated at pH 6.0.
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Figure 2.
Oxygen glucose deprivation (OGD), an in vitro model of ischemia, increases the amplitude
but reduces the desensitization of ASIC current in mouse cortical neurons.
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