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Abstract 

Acid-sensing ion channels (ASICs) belong to degenerin/epithelial Na+ channel 

family and are widely distributed in brains. They are voltage-independent Na+ 

channels, which can be activated by extracellular H+. ASIC currents in 

hippocampal GABAergic inhibitory interneurons are larger than pyramidal 

neurons (PNs) and preferentially conducted to terminate seizures. However, 

exact characteristics and compositions of native ASICs in interneurons of 

numerous types remain unclear. Nucleated patch recordings and single-cell 

RT-PCR were combined to study ASICs in interneurons of rat hippocampal 

acute brain slices. We uncovered cell type-specific ASIC expression in 

dendritic and perisomatic inhibitory interneurons. Our results show that O-

LM cells (O-LMs) of dendritic inhibition exhibited about 6-fold ASIC current 

density higher than PNs in CA1 subfield. Surprisingly, perisomatic inhibitory 

basket cells (BCs) in dentate gyrus expressed comparable ASIC currents to 

PNs. By non-stationary fluctuation analysis, we found more ASICs in O-LMs 

account for the larger ASIC current density. Furthermore, different gating and 

mRNA expression suggested that the subunit compositions of ASICs are 

ASIC1a/2a in O-LMs and ASIC1a in BCs. Besides, sensitivity to the specific 

antagonist of ASIC1a homomers, psalmotoxin 1, indicated that ASICs in BCs 

are ASIC1a homomers. Functional ASIC currents were also expressed on 

dendrites of these three neuronal types. Here, we demonstrate channel 

number, gating and subunit compositions of ASICs are heterogeneously 

expressed among PNs, dendritic and perisomatic inhibitory interneurons. By 

providing comparisons of ASICs in interneurons, our findings are potentially 

important to distinct roles of interneurons in physiology and pathology. 
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Abbreviations 

1. AC: accommodating 

2. ASIC: acid-sensing ion channel 

3. AP: action potential 

4. BC: basket cell 

5. CA: Cornu Ammon 

6. CCK: cholecystokinin 

7. CN: calcineurin 

8. DG: dentate gyrus 

9. FS: fast-spiking 

10. GAD65: glutamate decarboxylase 65 

11. NF3: neurofilament 3 

12. NSFA: non-stationary fluctuation analysis 

13. O-LM: oriens lacunosum-moleculare cell 

14. PcTX1: psalmotoxin 1 

15. PN: pyramidal neuron 

16. PV: parvalbumin 

17. scRT-PCR: single-cell RT-PCR 

18. SOM: somatostatin 

19. STUT: stuttering 
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Introduction 

Structures and Characteristics of Acid-Sensing Ion Channels 

Acid-sensing ion channels (ASICs) are one of degenerin/epithelial Na+ 

superfamily. They are activated by extracellular H+ and insensitive to voltage 

changes. 4 ASIC genes have been cloned and 7 different subunits, ASIC1a, 

ASIC1b, ASIC1b2, ASIC2a, ASIC2b, ASIC3 and ASIC4, which are produced by 

alternative splicing, have been identified. Each subunit shares a similar 

structure with a large cysteine-rich extracellular domain, two transmembrane 

domains, and intracellular carboxyl and amino termini (Wemmie et al., 2006; 

Jasti et al., 2007). The crystal structure of the chicken ASIC1 deletion mutant 

implies that a functional ASIC is composed of homo- or heterotrimer (Jasti et 

al., 2007; Carnally et al., 2008) Extracellular pH value drop can induce an 

inward current and prolonged acidic environment causes obvious 

desensitization (Waldmann et al., 1997). Previous studies indicated that 

recombinant ASICs composed of homo- or heterotrimeric channels differ in 

gating kinetics and pH sensitivity. ASICs preferentially conduct Na+ but still 

show small permeability to other cations (e.g. H+, K+, Li+ and Ca2+) (Wemmie et 

al., 2006). Several studies indicate that only ASIC1a homotrimeric complexes 

are permeable to Ca2+ (Xiong et al., 2004; Yermolaieva et al., 2004; Wang et al., 

2006; Xu and Duan, 2009), but some other reports conclude the Ca2+ 

permeability of ASIC1a homotrimers is very low and Ca2+ elevation during 

activation of ASIC1a homotrimers could be caused by indirect mechanisms 

(Zhang and Canessa, 2002; Samways et al., 2009). All ASICs can be blocked by 

amiloride, which is a non-selective antagonist of degenerin/epithelial Na+ 

family, but only ASIC1a homotrimeric composition can be inhibited by 
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psalmotoxin 1 (PcTX1), which is a kind of peptide extracted from South America 

tarantula Psalmopoeus cambridgei (Baron et al., 2002; Chen et al., 2005; Xiong 

et al., 2008; Samways et al., 2009; Ziemann et al., 2009). Collectively, the 

hallmarks of ASICs are transient currents with apparent desensitization, deep 

pH dependency, Na+ selectivity and sensitivity to amiloride. 

 

Gating of ASIC Currents 

ASIC1a is the principal subunit for a functional ASIC, and ASIC2 subunit plays 

a major modulatory role. Typical ASIC currents cannot be induced in ASIC1a 

knockout mice (Wemmie et al., 2002; Askwith et al., 2004; Ziemann et al., 

2008). Studies of heterologous expression systems indicate that ASIC2 subunits 

affect kinetics, pH dependency, and responses to modulatory agents. For 

example, ASIC1a/2a heterotrimers have higher half-maximal activation (pH0.5) 

than ASIC1a homotrimers (Askwith et al., 2004). Lack of ASIC2a subunits 

speeds up desensitization and slows down recovery from desensitization 

(Askwith et al., 2004). FRRFamide, FMRFamide and related neuropeptides are 

known to prolong the ASIC1a-mediated current. In the presence of ASIC2a, this 

prolongation is further extended (Askwith et al., 2000). Some extracellular 

cations also influence the gating of ASICs. High concentration of extracellular 

Ca2+ competes with H+ for the binding sites to attenuate the amplitudes of 

ASICs (Immke and McCleskey, 2003). In contrast, Zn2+ can potentiate ASIC2-

containing ASIC currents (Baron et al., 2001; Gao et al., 2004; Zhang et al., 

2008). ASIC2b and ASIC4 homotrimeric complexes cannot generate currents. 

ASIC3 homotrimers have fastest desensitization rate and most high sensitivity 

to acid in rat (pH0.5 = 6.7)(Sutherland et al., 2001). Nevertheless, pH sensitivity 
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could be species-specific because ASIC1a homomers are most sensitive to H+ in 

mouse (pH0.5 = 6.8)(Benson et al., 2002). Characteristics of ASIC1a/2b 

compositions have not been clearly identified. Briefly, functional ASICs in 

brains, which are composed of ASIC1a homotrimers or ASIC1a coupled to other 

subunits, can probably provide high pH-sensing diversity in various neural 

cells. 

 

Distribution of ASICs in the Nervous System 

All ASIC subunits are distributed in nervous systems. Only transcripts of 

ASIC1a, ASIC2a and ASIC2b are enriched in brains (Price et al., 1996; 

Waldmann et al., 1996; García-Añoveros et al., 1997; Waldmann et al., 1997; 

Biagini et al., 2001). All ASICs are also found in retina (Ettaiche et al., 2004; 

Lilley and Robbins, 2005; Molliver et al., 2005; Vessey et al., 2005). 

Immunostaining and western blotting results indicate that ASIC1a is highly 

expressed in olfactory bulb, whisker barrel cortex, cingulate cortex, striatum, 

nucleus accumbens, amygdala, cerebellar cortex and hippocampus (Wemmie et 

al., 2002; Wemmie et al., 2003). From cellular point of view, ASIC1a subunits 

are located in somata and dendrites of pyramidal neurons (PNs) of cortical and 

hippocampal cultures (Alvarez de la Rosa et al., 2003; Wemmie et al., 2003; 

Zha et al., 2006; Zha et al., 2009). A recent research further indicates that the 

direct association between ASIC2a and PSD-95 can interact with ASIC1a to 

enrich functional ASICs at dendritic spines (Zha et al., 2009). These 

interactions influence postsynaptic spine number and sensitivity to 

extracellular pH. However, some immunostaining results suggest that ASIC1a is 

expressed homogeneously throughout neuronal membranes, but not just 
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preferentially enriched in spines (Alvarez de la Rosa et al., 2003). Nevertheless, 

subcellular distribution of ASIC1a in somata and dendrites implies that H+ co-

released with neurotransmitters from presynaptic vesicles can potentially 

activate ASICs (Wemmie et al., 2006). In addition to dorsal root ganglion 

neurons and spinal cord (Alvarez de la Rosa et al., 2002; Ichikawa and 

Sugimoto, 2002; Ugawa et al., 2005), ASIC3 is also discovered in hypothalamus 

by immunostaining and RT-PCR recently (Meng et al., 2009). ASIC4 is widely 

distributed in the nervous system as well, and it may need to associate with 

ASIC1a for functions (Donier et al., 2008). Details about ASIC4 have not been 

clearly documented. Taken together, ASICs are widely expressed in CNS and 

PNS. The various compositions and heterogeneous distribution in different 

regions of the nervous system suggest that ASICs may play different functional 

roles. 

 

Physiological Functions of ASICs in Brains 

Most of physiological functions of ASICs in the brain have been accumulated by 

ASIC1a knockout mice and related behavioral experiments (Wemmie et al., 

2002; Ziemann et al., 2009). Extracellular recordings and behavioral 

experiments of ASIC1a knockout mice suggest that ASICs participate in learning 

and memory. Researchers have found that NMDA-dependent long-term 

potentiation (LTP) at CA3-CA1 synapses is impaired in ASIC1a null mice 

(Wemmie et al., 2002). ASICs are proposed to unblock Mg2+ on NMDA 

receptors to facilitate LTP. Results of Morris water maze suggest that ASIC1a 

null mice exhibit mild and reversible defects in spatial learning and memory 

(Wemmie et al., 2002). In addition, ASICs are enriched in other brain regions 
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beside hippocampus, especially in amygdala and cerebellum (Wemmie et al., 

2002; Wemmie et al., 2003). ASIC1a null mice show defects in cue and context 

fear conditioning (Wemmie et al., 2003). Besides, ASICs can also make 

amygdalae sense acidosis and trigger CO2-induced fear behaviors (Ziemann et 

al., 2009). Mice without functional ASICs are also abnormal in cerebellum-

dependent eye blink conditioning, which is an index for associative learning 

and memory (Wemmie et al., 2002). Moreover, many ASIC-associated proteins 

have been identified (Wemmie et al., 2006; Zha et al., 2009). Functions of 

ASICs at cellular level may be further revealed in the near future. In fact, 

activation of protein kinase C pathway is proposed to increase current 

amplitudes of ASIC2b/3 heteromers in DRG neurons (Deval et al., 2004). 

Beside mechanosensation and nociception, ASICs in CNS, nowadays, have been 

proven to involve in many physiological functions, such as spatial learning, fear 

conditioning and eye blink conditioning.  

 

ASICs in Pathological Conditions 

In many pathological conditions, such as tissue inflammation, neurotrauma, 

epileptic seizures and ischemia stroke, accumulation of lactic acid due to 

enhanced anaerobic glucose metabolism and H+ from ATP hydrolysis decrease 

brain pH (Xiong et al., 2008). This acidosis in pathological conditions can 

possibly activate ASICs. Increasing evidence suggests that activation of ASICs 

in these pathological conditions further causes neuronal injury. For instance, 

cells lacking ASIC1a are more resistant to ischemia in a model of oxygen-

glucose deprivation (Xiong et al., 2004). Enhanced ASIC responses by 

dynorphin opioid peptides could induce more severe neuronal death (Sherwood 
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and Askwith, 2009). PcTX1, which is a potent selective antagonist for ASIC1a 

homotrimers, can work oppositely to protect neurons against ASIC-mediated 

neuronal death (Pignataro et al., 2007). ASICs also contribute to axonal 

degeneration in experimental autoimmune encephalomyelitis, which is a mouse 

model of multiple sclerosis (Friese et al., 2007). Amiloride, a nonselective 

ASICs blocker, prevents this neuronal injury. The following neuronal deaths 

could be explained by ASIC-mediated Ca2+ influx to cause glutamate-

independent excitotoxicity (Xiong et al., 2004; Xiong et al., 2008). Blockade of 

ASICs may avoid membrane being depolarized by acidosis in pathological 

conditions. However in epilepsy, extracellular H+ is reported to depolarize 

interneurons preferentially via activation of ASICs to inhibit population 

principal cells and terminate seizures (Ziemann et al., 2008). In addition, the 

retina needs ASIC2 to function normally and prevent light-induced retinal 

degeneration (Ettaiche et al., 2004). In brief, ASICs in the nervous system can 

be activated in pathological conditions and in turn induce neuronal death. On 

the other hand, activation of ASICs in interneurons is helpful to seizure 

termination. 

 

Hippocampus 

The hippocampus is a bi-lateral limbic structure and locates beneath the 

neocortex. The name, hippocampus, comes from the appearance similar to a 

“seahorse” (from Greek: !!!"#, "horse" and Greek: $%µ!"#, "sea monster"). 

Anatomically, the hippocampal formation contains the hippocampus, the 

subiculum and the entorhinal cortex. The dentate gyrus (DG) and hippocampal 

proper, which can be subdivided into Cornu Amonnis subfields from 1 to 3 
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(CA1-CA3), form the hippocampus. A transverse slice of hippocampus reveals a 

trisynaptic circuit, which includes three connected pathways. Basically, 

information will be transmitted from neocortex layer II to DG by perforant 

pathway. The DG passes the information to the CA3 region through mossy 

fibers, then the CA3 region further send Schaffer Collaterals to the CA1 region. 

Last, CA1 region transmits the information back to entorhinal cortex through 

subiculum. 

  The hippocampal subfields can also be subdivided. For example, there are 5 

layers in the CA1 region. Where the somata of glutamatergic pyramidal cells 

locate is called stratum pyramidale. Axons of pyramidal cells will penetrate 

stratum oriens and form axonal bundles in stratum alveus where is the major 

output of the hippocampus. The proximal dendrites of pyramidal cells are 

located in the stratum radiatum where Schaffer Collaterals form synapses. The 

distal part of dendrites of pyramidal cells is called stratum 

lacunosum/moleculare where they receive inputs from entorhinal cortex layer 

III. 

  Since the famous H.M. case has been discovered, this well laminated 

structure has been considered as a center of learning and memory for decades. 

The H.M. patient, who lost two-thirds of his hippocampal formation and 

amygdale in both hemispheres to cure his intractable epilepsy, showed heavy 

anterograde and moderate retrograde amnesia. He could not transform 

declarative short-term memory into long-term memory. Nevertheless, his 

working memory and procedural memory remained intact. This regrettable case 

drastically manifests the relation between memory and hippocampus. Countless 

studies, which aim at finding where and how memory is stored in the brain, 

have focused on hippocampus thereafter. 
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 Furthermore, the hippocampus is vulnerable to some neurological disorders, 

such as Alzheimer’s disease and temporal lobe epilepsy. The hippocampus is the 

first brain region that is affected by Alzheimer’s disease (West et al., 1994). The 

profound death of neurons in hippocampus leads to defects in spatial memory 

and episodic memory. Though the underlying molecular and cellular 

mechanisms of why the hippocampus is suffered from Alzheimer’s disease are 

complicated and still in debate, many previous studies have suggested this 

strong link for years. The hippocampus is also noted because of its high 

susceptibility to temporal lobe epilepsy. After repetitive status epilepticus, there 

will be neuronal cell deaths in hippocampus, and hippocampal circuits will be 

rewired. For instance, the dendritic inhibition onto CA1 pyramidal cells is 

selectively lost and the perisomatic inhibition is preserved (Cossart et al., 

2001). Besides, mossy fibers of granule cells in DG are drastically sprouted and 

GABA responses of granule cells are increased (Davenport et al., 1990; Gibbs et 

al., 1997; Nusser et al., 1998). There are plenty of changes in hippocampus in 

pathological conditions and this tight relation indicates an important role of 

hippocampus for normal brain functions.!

  Although the connections within the hippocampus are actually much more 

complicated than what are mentioned here, its crucial roles to mammalian 

brains and clear anatomically identified structure make the hippocampus a 

good choice for exploring the molecular and cellular mechanisms underlying 

how the brain works. 
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Oriens Lacunosum-Moleculare Cells (O-LMs) and Basket Cells (BCs) 

Interneurons are highly diverse in the brain (McBain and Fisahn, 2001; Jonas 

et al., 2004; Markram et al., 2004; Klausberger and Somogyi, 2008). O-LMs 

and BCs are typical distal dendritic and perisomatic inhibitory interneurons, 

respectively. These two types of interneurons differ in morphology and 

function. O-LMs’ fusiform somata with bipolar dendrites are located within 

stratum oriens and their axons penetrate stratum pyramidale, stratum radiatum 

and reach lacunosum-moleculare layer to inhibit distal dendrites of PNs in CA1 

region (Miles et al., 1996; Martina et al., 2000; Lalo et al., 2007; Klausberger 

and Somogyi, 2008). BCs’ somata locate in granule cell layer and border of 

granule cell layer and hilus in DG. BCs spread their basket-like axons around 

perisomatic regions of granule cells (Cobb et al., 1995; Miles et al., 1996; 

Kraushaar and Jonas, 2000; Aponte et al., 2008). Both O-LMs and BCs can 

roughly identified by somata locations, dendrites and electrophysiological 

properties, but confirmation should be made by morphological reconstruction. 

Poullie and Scanziani’s work indicates that dendritic inhibitory O-LMs and 

perisomatic inhibitory BCs serve as signal integrators and coincidence detectors 

in the CA1 region, respectively. BCs detect onset of a series of action potential 

(AP) transmitted into the CA1 subfiled and then O-LMs reflect the rate and 

frequency. By this two operation modes, recurrent inhibitions can shift from 

perisomatic region to distal dendrites of PNs. Therefore, information coded by a 

series of APs may be routed by O-LMs and BCs (Pouille and Scanziani, 2004). 

During theta activity in rodent brains, BCs fire at the descending phase of theta 

activity and O-LMs fire at the through of the field potential (Klausberger et al., 

2003). Miles’ work also indicates that perisomatic inhibitory interneurons can 
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suppress repetitive discharge of Na+-dependent APs and dendritic inhibitory 

interneurons can suppress Ca2+-dependent APs (Miles et al., 1996). Hence, 

these two morphological distinct interneuron types differ in many functional 

aspects. It is important to analyze ASICs in O-LMs and BCs to reveal specific 

functional roles of ASICs on interneurons of functional differences. 

 

ASICs on GABAergic Inhibitory Interneurons of Hippocampus 

Functions of ASICs in GABAergic interneurons are noticed recently (Ziemann et 

al., 2008), however, the details about ASICs in interneurons remain unclear. 

Dissociated and cultured inhibitory neurons from hippocampal CA1 region 

exhibit larger current density than excitatory PNs (Cho and Askwith, 2008; 

Ziemann et al., 2008). ASIC1a knockout mice show a delayed seizure 

termination in kainate or pentylenetetrazole-induced seizure models (Ziemann 

et al., 2008). Although evidence provided by previous studies seems indirect to 

correlate seizure termination and ASICs on interneurons, results based on 

ASIC1a knockout mice still suggest that ASICs on interneurons play an anti-

epileptic role in brains. Moreover, there is highly diverse, at least 21 subtypes, 

in interneurons in hippocampal CA1 region, which can be distinguished by their 

firing patterns, axonal arborization, morphology and cell markers (Klausberger 

and Somogyi, 2008). Dissociated and culture interneurons are less informative 

about interneurons subtypes. We chose two morphologically typical 

interneurons of hippocampus, O-LMs and BCs, from acute brain slices as 

targets to examine whether ASICs expression among interneuron subtypes is 

homogeneous or heterogeneous. We made comparisons between O-LMs, PNs 

and BCs in hippocampus. The experimental results will probably lead us to 
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further understand the physiological functions of ASICs in brains and reveal 

differential effects of ASICs in GABAergic interneurons of hippocampus.
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Aims of This Study 

The brain is a highly diverse and complicated network. Plenty types of neural 

cells form connections to functionally couple together for brain functions. For 

normal brain functions, this complicated network has to be well regulated. 

Local GABAergic microcircuitry of interneurons in hippocampus is one of the 

most important regulations in the brain. For example, the shunting inhibition 

between interneurons in mature hippocampal DG is proven to be crucial for 

strong gamma oscillations (Bartos et al., 2002; Vida et al., 2006), which may 

serve as reference signals for temporal encoding of information in neuronal 

ensembles (Singer, 1999; Buzsáki and Draguhn, 2004). Besides, loss of control 

of inhibition from interneurons could be one of the causes of epilepsy. ASICs 

also play some roles in epilepsy and ischemia (Xiong et al., 2004; Xiong et al., 

2006; Ziemann et al., 2008). Since native ASICs in acute brain slices have not 

been clearly characterized, we only realize two things about ASICs in 

interneurons: higher current density and seizure termination (Cho and Askwith, 

2008; Ziemann et al., 2008). However, diversity in types of interneurons may 

lead to various responses to pH fluctuations among interneurons. Therefore, we 

studied ASICs in two typical types of interneurons: O-LMs and BCs of rat 

hippocampal acute slices to verify this possibility. Electrophysiology and gene 

expression-profile of ASICs were correlated by nucleated patch recording and 

scRT-PCR. Understanding ASICs in GABAergic interneurons can possibly shed 

the light on functions of ASICs on hippocampal microcircuits. Our work is the 

first study about native ASICs in GABAergic inhibitory interneurons in 

hippocampus. The results should lay a good foundation for future studies about 

functions of ASICs in GABAergic inhibitory interneurons in hippocampus. 



 

 14 

Materials and Methods 

Patch Clamp Techniques in Hippocampal Slices  

Transverse hippocampal slices of 300 !m thickness were cut from the brains of 

15- to 23-d-old male Sprague-Dawley rats using a vibrotome (DSK-1000, 

Dosaka, Kyoto, Japan) as described previously (Lien et al., 2002; Liao and Lien, 

2009). Animals were sacrificed by decapitation in agreement with national and 

institutional guidelines and all procedures were approved by the Animal Care 

and Use Committee of National Yang-Ming University. Brain slices were 

sectioned in the ice-cold cutting saline containing (in mM): 87 NaCl, 25 

NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 10 glucose, 75 sucrose, 0.5 CaCl2 and 7 MgCl2. 

Following sectioning, slices were incubated in the cutting saline (oxygenated 

with 95% O2/5% CO2) in a holding chamber at 34 ˚C for 30-60 min, and then at 

room temperature until used. For electrophysiological recordings, an individual 

slice was transferred to a submersion recording chamber and was continuously 

superfused with oxygenated artificial cerebrospinal fluid containing (in mM): 

125 NaCl, 25 NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 25 glucose, 2 CaCl2 and 1 MgCl2. 

Experiments were performed under visual control using infrared differential 

interference contrast (IR-DIC) videomicroscopy (Stuart et al., 1993). O-LMs in 

the CA1 subfield were selected based on the following criteria (Lien et al., 2002; 

Liao and Lien, 2009): (1) location of a fusiform soma in the stratum oriens with 

bipolar dendrites; (2) a pronounced sag response upon 1-s hyperpolarizing 

current pulse (-300 pA) injection; (3) fast-spiking patterns (50-60 Hz) and 

pronounced fast afterhyperpolarization during 1-s depolarization. For CA1 PN 

recording, cells of large somata in the stratum pyramidale with accommodating 

firing patterns were chosen. BCs in DG were selected in accordance with 
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previous reports (Koh et al., 1995; Martina et al., 1998; Aponte et al., 2008): (1) 

a relatively large size of cell body near the border between granule cell layer and 

hilus; (2) high-frequency (! 70 Hz) AP phenotype; (3) relatively low input 

resistance (< 170 M"); (4) little sag response upon membrane 

hyperpolarization. The recording temperature was 22-24 ˚C.  

 

Nucleated Patch and Whole-Cell Recordings 

Whole-cell recordings were made by an Axopatch 200B amplifier (Molecular 

Devices, Palo Alto, CA). Pipette capacitance was compensated. Signals were 

low-pass filtered at 5 kHz (four-pole Bessel), and sampled at 10 kHz using a 

digitizer Digidata 1322A (Molecular Devices). Pulse sequences were generated 

by Digidata 1322A via pClamp 9.2 (Molecular Devices). Nucleated patch 

recordings were performed as previously described (Gentet et al., 2000; Lien et 

al., 2002). Nucleated patches were excised within 2 minutes as soon as firing 

patterns of neurons of interest were checked. Minor and major axes of 

nucleated patches were measured. It was assumed that nucleated patches were 

approximately ellipsoidal (Gentet et al., 2000) and the membrane surface area 

was calculated using the following formula:  

Surface area = (major axis + minor axis)2(!/4) 

 

Fast Application of H+  

Fast application of H+ on nucleated patches was performed as described 

previously (Koh et al., 1995). Double-barreled application pipettes were 

fabricated from theta glass capillaries (2 mm outer diameter, 0.3 mm wall 

thickness, 0.12 mm septum, Hilgenberg, Malsfeld, Germany), and mounted on a 
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piezoelectric-based solution switching system (Burleigh LSS-3000, EXFO, 

Ontario, Canada). The time necessary for complete exchange of solution was 

measured with an open patch pipette by switching between Na+-rich and 20% 

Na+-rich solutions. The 20-80% rise time of junction potential change was 227 

± 50 !s (n = 3). ASIC currents evoked by 2-s pulses of H+ were applied every 15-

30 s except in some pharmacological experiments; short pulses (50 ms) were 

used.  

 

Focal H+ Puffing to Dendrites  

To visualize dendrites, we filled neurons with red fluorescent dye 

sulforhodamine 101 (10 !M) via somatic whole-cell recording. The dendrites 

were traced under epi-fluorescence microscope. To evoke ASIC currents along 

the dendrites, the puffing pipette was placed close to the dendrites. Voltage 

changes or ASIC currents were evoked by focal puffs of H+ (~6 psi) using 

PicoSpritzer III (Parker Instrumentation, Pine Brook, NJ) in whole-cell current 

or voltage-clamp recording in the presence of 1-2 mM kynurenic acid and 1 !M 

SR95531. Acidic pH solution was injected via a patch pipette with an open tip (2 

!m). The PicoSpritzer was triggered by an external TTL pulse generated by 

Digidata 1322A. 

 

Morphological Analysis  

A separate subset of CA1 pyramidal cells, O-LM cells and BCs were filled with 

biocytin (0.2 %) during recordings. After ~30 min recording, slices were fixed 

overnight with 4% paraformaldehyde in phosphate-buffered solution (PB; 0.1 

M, pH 7.3). Following wash with PB, slices were incubated with fluorescein 
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isothiocyanate (FITC)-conjugated avidin-D (2 !l/ml; Invitrogen, Eugene, 

Oregon) in PB and 0.3% triton X-100 overnight at 4 ˚C. After wash, slices were 

embedded in mounting medium Vectashield® (Vector Laboratories, 

Burlingame, CA). Labeled cells were examined by a two-photon microscope 

using a pulsed titanium:sapphire laser (Chameleon-Ultra II tuned to 800 nm; 

Coherent, Portland, OR) attached to a Leica DM6000 CFS (Leica, Wetzlar, 

Germany) that was equipped with a 20X/0.50 numerical aperture water 

immersion objective (HCX APO L; Leica, Wetzlar, Germany). The two 

dimensional morphologies of the cells were reconstructed from a stack of 38-

455 images (voxel size, 0.378-1.514 !m in the x-y plane; 0.4-0.99 !m along the 

z-axis) using ImageJ (v. 1.42q). 

 

Solutions and Drugs  

The Hepes-buffered Na+-rich external solution used for fast application in the 

control barrel contained (mM): 135 NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, 5 Hepes; 

pH adjusted to 7.4 with N-methyl-D-glucamine (NMDG). To evoke ASIC 

currents with various pH values, MES-buffered Na+-rich external solution in 

the test barrel contained (mM): 135 NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, 10 MES, 

adjusted to the desired values with NMDG. The intracellular solution contained 

(mM): 135 Kgluconate, 20 KCl, 0.1 EGTA, 2 MgCl2, 4 Na2ATP, 10 Hepes; pH 

adjusted to 7.3 with KOH. For low Na+ experiments, Na+ in the buffered Na+-

rich external solution was substituted by NMDG. For low Na+/high Ca2+ 

experiments, concentrations of NaCl and CaCl2 were varied as indicated. Bovine 

serum albumin (0.1 %) was added in external solutions containing the spider 

toxin PcTX1 (Peptide International, Louisville, KY) to prevent its absorption to 
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tubing and containers. Amiloride from Tocris Bioscience (Park Ellisville, MO) 

was dissolved in water to give 10 mM stock solution and stored at -20 ˚C. All 

other chemicals were from Sigma (St. Louis, MO) except where noted.  

 

Data Analysis and Statistics  

Data were analyzed and fitted with Clampfit 10.0 (Molecular Devices) and 

Mathematica 5.2 (Wolfram Research, Champaign, IL). Apparent input 

resistance was defined by the ratio of peak voltage change/1-s hyperpolarizing 

current (-100 pA). Desensitization and deactivation time constants of ASIC 

currents were obtained by fitting currents with the function:  

! 

I(t) = Ae
"t /# decay + C  

where A denotes the peak amplitude of current, !decay represents the 

desensitization or deactivation time constant and C denotes the amplitude of 

steady-state current. Concentration-response curves were fitted with the 

function: 

! 

f (c) =
A

1+ (
EC50

C
)
n

 

, where A is the constant for the maximal effect, c denotes the concentration, 

EC50 represents the half-maximal effective concentration and n denotes the Hill 

coefficient. For measuring reversal potential, data points of I-V relations were 

fitted with 2nd order polynomials, from which the interpolated potentials were 

calculated. Theoretical reversal potential of sodium channels (Erev) was plotted 

against external Na+ concentration according to the Nernst equation: 

! 

E
rev

=
RT

F
ln
[Na

+
]
o

[Na
+
]
i  
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, where [Na+]o , [Na+]i are outer and inner Na+ concentrations and F, R, T have 

standard thermodynamic meanings (Hille, 2001).  

 The single-channel conductance (!) of ASIC was estimated by non-stationary 

fluctuation analysis (NSFA)(Hartveit and Veruki, 2007) of ASIC currents from 

23 to 50 traces. To minimize errors due to rundown, the entire data set was 

divided into non-overlapping subsets of 7-10 traces (Engel and Jonas, 2005). 

Mean ensemble current and variances were determined for each subset and 

averaged. Mean variance ("2) versus mean current (I), for each sampling point, 

can then be obtained. To assign similar weights to all phases of the ensemble 

mean waveform, binning of I and corresponding "2 were used by dividing the 

mean current amplitude into a number of bins of equal amplitude (Hartveit and 

Veruki, 2007). The values of I and mean "2 of each bin were then further 

averaged. The averaged I was plotted against the averaged mean !2 and then 

fitted with the equation when they look like a parabola: 

! 

" 2
(I) = iI #

I
2

N
+"

b

2

 

, developed from a binomial model, yielding values for apparent single-channel 

current i, total number of ion channel N available for activation. "b
2 is the 

variance of the background noise. In all BCs (n = 5) and some PNs (3 out of 7), 

the data can be adequately described with a straight line rather than a parabola. 

The slope of the variance-mean relation was plotted with the equation:  

! 

" 2
(I) = iI +"

b

2

 

The single-channel chord conductance ! was calculated as:  

! 

" =
i

V
m
# E

rev  
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The maximum open probability (Po, max), corresponding to the fraction of 

available ion channels open at the time of the peak current (Ipeak), can then be 

calculated from the following equation:  

! 

PO,max =
Ipeak

iN  

Values indicate mean ± standard errors of the mean (SEM); error bars in 

figures also represent SEM. Statistical significance among groups was tested 

using the non-parametric Kruskal-Wallis test. When significant, pairwise 

comparisons by the Wilcoxon rank-sum test were then carried out for each pair 

of groups. All tests were performed at the significance level (p) indicated using 

Prism 5.0 (GraphPad, La Jolla, CA). Standard errors of reversal potentials were 

obtained by analyzing data of individual experiments separately. Standard 

errors of parameters of dose-response curves were calculated by a parametric 

bootstrap method (Efron and Tibshirani, 1998). 500 artificial data sets were 

generated in which the original values were replaced by normally distributed 

random numbers with means and SEM identical to those of the original data 

points, and were fitted as the original data set.  

 

Single-Cell RT-PCR (scRT-PCR) 

Single-cell gene expression profiles were analyzed using the scRT-PCR 

approach as previously described (Martina et al., 1998; Lien et al., 2002; Liss, 

2002; Aponte et al., 2006). RNase-free patch-clamp buffer containing (mM): 

140 KCl, MgCl2, 5 Hepes, 5 EGTA (pH = 7.3) was autoclaved before used. Patch-

clamp capillaries were baked overnight at 220 ˚C prior to use. The cytoplasm 

was harvested into the recording pipette, under visual control, without losing 

the gigaseal immediately after electrophysiological characterization. The 
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contents of the patch pipette (~2-5 !l) were expelled into a 0.2-ml PCR tube 

(Axygen Scientific, Union city, CA) containing 17 !l reverse transcription (RT) 

mix (SuperScript III platinum Two-Step qPCR Kit with SYBR green I, 

Invitrogen). The mix contained 5 !l diethylpyrocarbonate (DEPC)-treated 

water, 10 !l 2X RT reaction mix (oligo(dT)20, random hexamers, MgCl2 and 

dNTPs) and 2 !l RT enzyme mix (SuperScript III reverse transcriptase and 

recombinant ribonuclease inhibitor). Total volume was about 20 !l. After a 

series of incubation at different temperatures according to the manufacturer’s 

instructions, the cDNA-containing tube was stored at –70 ˚C until used. The 

RNA strand in the RNA-DNA hybrid was then removed by adding 1 !l (2 U/!l) 

of E. coli RNase H and incubated at 37 ˚C for 20 minutes before PCR. Following 

cDNA synthesis, the cDNA solution of a single cell was split into 3 aliquots (5 

!l) and each was used for gene amplification. A PCR approach with Rotor-Gene 

3000 (Corbett Research, Sydney, Australia) or StepOnePlusTM Real-Time PCR 

system (Applied Biosystems, Foster, CA) was performed in a total volume of 25 

!l with 1 !l of 10 !M primers (each), 5.5 !l DEPC-treated water and 12.5 !l 

Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen) containing Platinum® 

Taq DNA polymerase, Mg2+, uracil DNA glycosylase, proprietary stabilizers, and 

dNTPs with dUTP. Primers were designed with Perlprimer v1.1.14 and selected 

for maximal specificity and intron-overspanning amplicons (Table 1). For ASIC 

expression profiles, all analyzed neurons expressed NF3, indicating selective 

harvesting from neurons. To exclude the possibility of contaminations, no 

template control was performed in parallel to every PCR, and the reverse 

transcriptase was omitted in a subset of cells. Additional controls to exclude 

non-specific harvesting were performed by advancing pipettes into the slice and 



 

 22 

taking them out without seal formation and suction (Martina et al., 1998; Lien 

et al., 2002).  
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Results  

Identification of O-LMs, PNs and BCs of Hippocampus 

We distinguished hippocampal neurons of interest based on locations, 

morphologies and firing patterns by whole-cell recording. Neurons were 

selected as described in Materials and Methods. Upon current injection for 1 

second, firing patterns of PNs showed obvious accommodation and adaptation. 

With the same protocol, O-LMs could fire APs more than 50 Hz on average (Fig. 

1A). Especially in BCs, average frequency of APs is 86.7 ± 2.9 Hz (n = 18). 

Accommodation and adaptation are most obvious in PNs, slight in O-LMs and 

rarely observed in BCs (Fig. 1A). Sag responses evoked by hyperpolarizing 

current (-300 pA) could be observed in both O-LMs and PNs but not BCs (Fig. 

1A). The apparent input resistance of O-LMs, PNs and BCs are 335.6 ± 25 M! 

(n = 24), 176 ± 9.1 M! (n = 30) and 133.9 ± 5 M! (n = 18), respectively.  

  Different firing patterns of PNs and fast-spiking O-LMs and BCs are resulted 

from various sets of voltage-gated ion channels expressed on membranes. High 

proportion of A-type K+ currents and R-type Ca2+ currents contribute to the 

burst and the decline in amplitudes of APs at the beginning of firing in PNs 

(Metz et al., 2005). Compared to PNs, fast-spiking interneurons, such as O-LMs 

and BCs, with optimized NaV and KV3 currents show much less obvious 

adaptation in APs evoked by trains of current injections (Martina and Jonas, 

1997; Lien and Jonas, 2003).  

  Besides, nucleated patches from these three kinds of neurons showed 

different proportions of voltage-gated K+ channels. With voltage steps from -

100 mV to +70 mV, O-LMs and BCs exhibited larger proportion of sustained K+ 

currents than PNs. In contrast, PNs showed highest A-type K+ current 
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components among these three neuronal cell types (Du et al., 1996; Martina et 

al., 1998; Lien et al., 2002) (Fig. 2A). Since interneurons are highly divergent in 

hippocampus, morphological reconstructions of biocytin-loaded neurons were 

made to confirm the axonal arborizations of recorded O-LMs and BCs in a 

subset of experiments. Post hoc staining results revealed that axonal 

arborizations of O-LMs, which match the electrophysiological criteria, reached 

stratum lacunosum-moleculare of CA1 and innervated the distal dendrites of 

PNs (Fig. 1b). BCs, which match the electrophysiological criteria (see materials 

and methods), displayed patterns of perisomatic innervations within granule 

cells layer in DG (Fig. 1b, right). Furthermore, scRT-PCR analysis from 

electrophysiologically selected neurons indicated that PNs expressed 

transcripts of calcineurin (CN), which is specifically expressed in pyramidal 

neurons (Sík et al., 1998), but not glutamate decarboxylase 65 (GAD65) or 

parvalbumin (PV; Fig. 3A). Because both O-LMs and BCs are GABAergic 

interneurons, they should express mRNA of GAD65. Indeed, we could detect 

GAD65 in most O-LMs and BCs (Fig. 3A). O-LMs and BCs also showed mRNA 

expression of somatostatin (SOM; n = 6-8) and PV (n = 7-11; Fig. 3), 

respectively (Klausberger et al., 2003; Somogyi and Klausberger, 2005). 

Moreover, more than 90% of GAD65-positive BCs express PV (Fig. 3B). 

Analyses of scRT-PCR on interneurons confirmed most selected neurons, which 

fit the electrophysiological criteria, expressed specific cell markers for the given 

neuronal types (Fig. 3B). Therefore, by comparing the electrophysiological 

properties, such as firing patterns, sag responses, apparent input resistance and 

KV currents; O-LMs, PNs and PV+ BCs could be distinguished. 
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Higher ASIC Current Density in O-LMs 

One of our goals is to verify and compare ASIC currents in hippocampal 

interneurons. To precisely measure the kinetics of fast responses induced by 

extracellular pH drops and avoid errors in voltage-clamp, nucleated patches 

were obtained from neurons of interest and extracellular pH values were 

switched from pH 7.4 to pH 5.0 within sub-millisecond level by a fast 

application system (Koh et al., 1995). By such configurations, we could detect 

transient inward currents with apparent desensitization at -60 mV on all these 

three neuronal types (Fig. 4A). Further analyses revealed that H+-induced fast 

inward current on nucleated patches from O-LMs showed significant larger 

current amplitudes than PNs and BCs (Fig. 4B; O-LM, 237.9 ± 55.1 pA, n = 27; 

PN, 22.3 ± 1.9 pA, n = 27; BC, 22.4 ± 3.8 pA, n =19; p < 0.001, Wilcoxon rank-

sum test). The corresponding current density of O-LMs is 6-fold larger (0.75 ± 

0.08 pA/!m2, n = 19) than PNs (0.11 ± 0.01 pA/!m2, n = 27; p < 0.001 

Wilcoxon rank-sum test). Surprisingly, another type of GABAergic inhibitory 

interneurons, BCs of perisomatic inhibition, expressed similar amplitude to 

PNs (0.12 ± 0.02 pA/!m2, n = 19, p = 0.47, Wilcoxon rank-sum test). After 

obtaining stable nucleated patches, we applied voltage steps from -100 mV to 

+70 mV for 200 ms to record the KV currents. Plotting ASIC current amplitudes 

versus ratio of peak currents between responses at 200 ms of KV currents could 

clearly distinguish these three neuronal types (Fig. 2B). In sum, we found that 

not every type of interneuron has higher ASIC current density. Nucleated 

patches from perisomatic inhibitory BCs show significantly smaller H+-

activated current amplitudes than those from O-LMs. 
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  We conducted some experiments to examine the possible ion channels, which 

cause the transient H+-activated currents recorded from nucleated patches. 

Unlike the suppression in background outward currents of two-pore domain K+ 

channels by extracellular H+, which are responsible for maintaining resting 

membrane potentials (Taverna et al., 2005), most of these transient responses 

with desensitization could be reversibly blocked by 10 !M amiloride, which is a 

non-selective blocker of degenerin/epithelial channel family (Fig. 4A). We 

further confirmed the pH-dependence of these H+-induced responses on 

nucleated patches from O-LMs by dose-response experiments. Extracellular H+ 

concentration was decreased from pH 5.0 to 7.0 and the normalized peak 

responses were plotted. The Hill coefficient was 1.02 ± 0.0 and pH0.5 (EC50) was 

about 6.0 ± 0.0 (Fig. 5A). The reversal potential (Erev) of the peak responses 

under normal condition ([Na+]o/[Na+]i = 135 mM/8 mM) was about 62.3 ± 3.1 

mV (n = 4), which was close to theoretical equilibrium potential of Na+ (Fig. 

5B). Besides, increase in [Ca2+]o/[Na+]o ratio to 80 mM/50 mM and 100 mM/10 

mM did not shifted the Erev significantly (Fig. 5C). The changes in Erev still 

followed the decrease in [Na+]o. Under such extremely high ratio of 

[Ca2+]o/[Na+]o, if these H+-activated currents included larger portion of Ca2+ 

influx, the Erev would be very positive. This result suggests that low Ca2+ 

permeability contribute to the H+-activated currents. Extracellular Ca2+ is 

known to inhibit ASIC currents owing to the competition with extracellular H+ 

to the binding sites (Immke and McCleskey, 2003), and we also observed 10 

times of [Ca2+]o (18 mM) could inhibit 60 ± 2.3 % of ASIC currents on nucleated 

patches from O-LMs (Fig. 6; n = 4, p < 0.05, Wilcoxon signed-rank test). 

Although we could not rule out the possibility that inactivation of potassium 

channels might contribute to these transient inward currents, by current 
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kinetics, pH-dependence, amiloride and Ca2+ blockade and Na+ selectivity, 

which are hallmarks of ASICs, we confirmed that majorities of these inward 

currents were mediated by ASICs and the amplitudes of ASIC currents in O-

LMs are 6-fold larger than those in PNs and BCs. 

 

More ASIC Channel Number on Nucleated Patches from O-LMs 

Three possibilities could explain the higher current density of ASICs we 

observed from nucleated patches of O-LMs. The first possibility is higher open 

probability of ASICs in O-LMs than PNs and BCs. The second one is higher 

single-channel conductance of ASICs in O-LMs. The last is more functional 

ASIC number on the nucleated patches from the O-LM cell. We verified these 

possibilities by non-stationary fluctuation analysis (NSFA). External pH values 

were switched from 7.4 to 5.0 for 2-sec by a fast application system with a 20-

second interval (Fig. 7A). Desensitization periods of at least 23 stable sweeps 

were analyzed. Variance-mean plots were fit by a parabolic function as 

described (see Materials and Methods) to retrieve information of single ASICs, 

such as single-channel conductance (!), maximum open probability (Po, max) 

and channel number (N) (Fig. 7B and 7C). Single-channel conductances of O-

LMs, PNs and BCs are 5.05 ± 0.74, 6.57 ± 1.05 and 6.29 ± 1.75 pS, respectively 

(Fig. 7D). There is no significant difference in ! among these three neuron types 

(Fig. 7D; p = 0.72, Kruskal-Wallis test). Po, max was also similar between O-LMs 

and PNs (Fig. 7D; O-LM cells, 0.54 ± 0.06, n = 7 versus PNs, 0.48 ± 0.08, n = 

4; p = 0.65, Wilcoxon rank-sum test). Notably, in all cases of BCs, we failed to 

retrieve Po, max and N possibly because of low open probability caused by fast 

desensitization and slow recovery under repetitive acid pulses. Last, we 



 

 28 

discovered N of O-LMs was 427 ± 82 (n = 7), which was significantly larger than 

69 ± 45 (Fig. 7D; n = 4; 3 of 7 cells were fitted with a linear function; p < 0.05 

Wilcoxon rank-sum test) in PNs. Results revealed by NSFA suggest that more 

ASICs in nucleated patches from O-LMs account for higher ASIC current 

density than those of PNs and BCs. 

 

ASIC Currents in Fast-Spiking and Non-fast Spiking Interneurons in DG 

In addition to O-LMs in CA1 region and BCs in DG, we also examined ASIC 

currents in other interneuron types in DG. Non-fast spiking interneurons in DG 

were further subdivided into two groups, accommodating (AC) and stuttering 

(STUT) interneurons (Markram et al., 2004). In AC interneurons, amplitudes of 

APs were decreased upon 1-s depolarization in current-clamp mode (Fig. 8A). 

STUT interneurons, on the other hand, displayed discontinuous APs (Fig. 8A). 

By nucleated patch recording and fast application, we found interneurons with 

accommodating and stuttering firing patterns exhibited significantly larger H+-

activated current amplitudes than fast-spiking BCs (Fig. 8B). Compared to BCs, 

the amplitudes of ASIC currents in AC and STUT interneurons are 399 ± 36 (n 

= 15) and 406 ± 56 pA (Fig. 8B and 8C; n = 10), respectively. There is no 

significant difference in ASIC amplitudes between AC and STUT interneurons 

(p > 0.05, Wilcoxon rank-sum test). Besides, both AC and STUT had larger 

input resistance than BCs. Hence, we could plot H+-activated currents against 

various input resistance to make discrimination between fast-spiking and non-

fast spiking interneurons (Fig. 8D). These non-fast spiking interneurons still 

express larger transient H+-activated currents with apparent desensitization 

than PV-positive soma-targeting BCs.  



 

 29 

Functional ASICs on Dendrites of Hippocampal Neurons 

Both ASIC1a and ASIC2 are distributed along dendrites of principal cells in CA1 

region (Wemmie et al., 2003; Zha et al., 2006; Zha et al., 2009). Since 

nucleated patches were obtained from somata, we were also interested in 

whether functional ASICs are also expressed on dendrites of hippocampal 

neurons. Sulforhodamine 101 (SR101, 10 !M) was loaded into neurons of 

interest by recording pipette and focal acid was applied by an air puff system on 

red fluorescent dendrites of O-LMs, PNs and BCs in the presence of antagonists 

of ionotropic glutamate and GABAA receptors (Fig. 9B-D). First, we could detect 

amiloride-sensitive inward desensitized currents as we observed from nucleated 

patches (Fig. 9A). Later, by voltage-clamp configuration, O-LMs showed larger 

ASICs currents along dendrites (280 ± 65 pA, n = 8) than PNs (132 ± 28 pA, n = 

9) and BCs (Fig. 9B-E; 52 ± 8 pA, n = 6). The decrease in total channel numbers 

could explain the observation that ASIC currents decrease with distance from 

soma. In addition, focal acid puff could induce series of APs in O-LMs but only 

subthreshold depolarization in PNs and BCs in current-clamp configuration 

(Fig. 9B-D and 9F). The spike number was also decreased with distance from 

soma. Here, we manifested the expression of functional ASICs on dendrites of 

hippocampal neurons. Consistent with results from nucleated patches, 

dendrites of O-LMs express more functional ASICs than PNs and BCs. 

 

Differential Kinetics of ASIC Currents among Interneurons and PNs 

ASICs with different absolute and relative abundance of ASIC1/2 display 

distinct kinetics (Askwith et al., 2004). To examine whether subunit 

compositions of functional ASICs among these three types of neurons are 
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different, we compared the ASIC kinetics first by nucleated patch recording and 

a fast application system. Deactivation of ASICs was fastest in O-LMs (Fig. 10A; 

3.7 ± 0.3 ms, n = 10, p < 0.05, Kruskal-Wallis test) and shows no significant 

difference between PNs and BCs (Fig. 10A; PN, 9.3 ± 1.2 ms, n = 5; BC, 9.8 ± 1 

ms, n = 6; p > 0.05, Wilcoxon rank-sum test). In addition, the time constant of 

desensitization of O-LMs was slower than those from PNs and BCs (Fig. 10B; 

688 ± 97 ms, n = 26, p < 0.05, Kruskal-Wallis test). ASICs in BCs had 

comparable desensitization rate to PNs (Fig. 10B; PN, 470 ± 21 ms, n = 32; BC, 

434 ± 34 ms, n =16; p > 0.05, Wilcoxon rank-sum test). Moreover, by paired-

pulse protocol with different inter-pulse intervals, the difference in recovery 

from desensitization was revealed. ASICs in O-LMs could recovery completely 

within 10 seconds (!recovery = 0.96 ± 0.0 sec) but PNs and BCs took more than 6 

minutes to recovery from desensitization (Fig. 11A; !recovery = 13.2 ± 0.1 and 42.8 

± 1.0 sec, respectively). For cumulative desensitization, the acid pulses were 

given every 20 seconds. Compared to the first peak responses, following ASIC 

currents induced by repetitive acid pulses in O-LMs remained stable (Fig. 11B). 

Nevertheless, the same stimulation protocol caused severe rundown in 

amplitudes of following ASIC currents in PNs and BCs. The rate and level of 

cumulative desensitization were most obvious in BCs and intermediate in PNs. 

By comparing current kinetics, we uncovered that ASIC gating is dependent on 

cell types. 

 

Various ASIC Transcripts Detected by ScRT-PCR 

Various ASIC subunit compositions may result in cell type-specific ASIC gating 

(Askwith et al., 2004; Wemmie et al., 2006). A study based on recombinant 
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ASICs overexpressed in CHO cells have suggested that absolute and relative 

amounts of ASIC1a and ASIC2 subunits are critical to the amplitudes and 

properties of functional ASICs (Askwith et al., 2004). Without ASIC2 subunits, 

ASIC1a homomultimers show much slower recovery rate and higher sensitivity 

to pH. They also proposed that ASIC1a/2a heteromultimer contribute to H+-

activated currents in hippocampal neurons. Based on differences in cumulative 

desensitization and recovery from desensitization, we hypothesized cell type-

specific ASIC gating is caused by various subunit compositions. To examine 

this, we performed scRT-PCR. Neurofilament 3 (NF3) was considered as a 

neuronal marker and a positive control (Fig. 12). In all NF3+ cells, the collective 

results of scRT-PCR showed both O-LMs and PNs expressed ASIC1a and ASIC2 

transcripts, and most BCs had ASIC1a mRNA only (Fig. 12). This result implies 

that cell type-specific gating of ASICs in hippocampal neurons is caused by 

different ASIC subunit compositions. 

 

Inhibition of ASIC Currents in BCs by PcTX1 

To determine the existence of ASIC1a homomultimers in hippocampal neurons, 

we used PcTX1, which is a specific antagonist for ASIC1a homomers (Baron et 

al., 2002; Chen et al., 2005; Xiong et al., 2008; Samways et al., 2009). If 

functional ASICs on BCs are indeed composed of ASIC1a homomers, PcTX1 

should suppress the ASIC current amplitudes in BCs. Extracellular solutions of 

pH 7.4 and 5.0 with or without PcTX-1 were applied for 50 ms every 15 sec to 

nucleated patches voltage-clamped at -100 mV. By this protocol, the amplitudes 

of ASICs remained stable all over the experimental periods. We found 30 nM 

PcTX1 suppressed 76% of ASIC amplitudes on nucleated patches obtained from 
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BCs (n = 6, p < 0.05, Wilcoxon signed-rank test) but had no effect to ASIC 

currents in O-LMs (n = 4, p > 0.05, Wilcoxon signed-rank test) or PNs (Fig. 13; 

n = 4, p > 0.05, Wilcoxon signed-rank test). This result is consistent with the 

expressions of ASIC1a/2 heteromultimers in O-LMs and PNs and ASIC1a 

homomultimers in BCs, which were revealed by scRT-PCR.  

 

Heteromeric ASIC1a/2a in O-LMs and Homomeric ASIC1a in BCs 

ASIC2a and ASIC2b are alternative splicing forms of ASIC2. What ASIC2a lacks 

is the exon 1 of ASIC2b. The rest of these two sequences show 98% similarity. 

We had tried several sets of primers to distinguish ASIC2a from ASIC2b, but we 

failed to detect any signal probably due to bad primer designs or inappropriate 

PCR conditions. To know the possible compositions of ASICs, we further 

compared our results of recovery from desensitization with previous 

recombinant ASICs overexpressed in CHO cell line (Askwith et al., 2004). The 

comparison revealed that the recovery of ASICs in O-LMs could qualitatively 

recapitulate the recovery of ASIC1a/2a heteromultimers (Fig. 14). On the other 

hand, recovery of ASICs in BCs could also partially recapitulate the recovery of 

ASIC1a homomultimers. Taken together, electrophysiological results, scRT-PCR 

analysis, PcTX1 sensitivity and comparison with recombinant ASICs suggested 

that the subunit compositions of functional ASICs in O-LMs and BCs are 

ASIC1a/2a and ASIC1a, respectively. 
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Discussions 

Summary 

This is the first study about ASICs in acute brain slices, to our knowledge, 

demonstrating that ASICs are heterogeneously expressed among hippocampal 

neurons, especially in interneurons. By combining electrophysiological 

techniques and scRT-PCR, we uncovered several findings in this study. First, 

ASIC currents are significantly larger in nucleated patches from O-LMs owing 

to higher channel number. Second, in all tested hippocampal neurons, 

including non-FS interneurons in DG, BCs particularly express less ASIC 

currents. Third, cell type-specific ASIC gating is due to different subunit 

compositions among O-LMs, PNs and BCs. Fourth, functional ASICs between 

O-LMs and BCs are composed of ASIC1a/2a and ASIC1a, respectively. Last, 

larger ASIC currents, which can induce APs, are also found in dendrites of O-

LMs rather than PNs and BCs. Overall, our findings demonstrate that channel 

numbers, subunit compositions and gating of ASICs are cell type-specifically 

expressed between dendritic and perisomatic inhibitory GABAergic 

interneurons in hippocampus. 

 

Comparisons between Native and Recombinant ASICs 

Rare information about characteristics of native ASICs in cortex have been 

provided. Here we make some comparisons between native and recombinant 

ASICs. The single-channel conductance of recombinant ASICs obtained by 

single-channel recordings is 4.2 pS under 10 mM [Ca2+]o and 11.2 pS under 1 

mM [Ca2+]o (Immke and McCleskey, 2003). The values are close to what we 
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obtained from NSFA (Fig. 7, 5.05, 6.57 and 6.29 pS for O-LMs, PNs and BCs, 

respectively). In addition, gating and kinetics of ASICs in this study 

quantitatively recapitulate the results from heterologous overexpression 

experiments (Askwith et al., 2004), whereas some differences still exist. 

Previous study shows recovery from desensitization of ASIC1a/2a heteromers is 

much faster than that of ASIC1a homomers and ASIC1a/2b heteromers, which is 

similar to what we observed (putative ASIC1a/2a heterotrimers in O-LMs vs 

putative ASIC1a homotrimers in BCs). However, the desensitization of the ASIC 

current is conflicting. Recombinant ASIC1a homomers display slower 

desensitization rate than that of ASIC1a/2a heteromers. ASIC currents on 

nucleated patches from O-LMs, in contrast, showed significantly slower 

desensitization than PNs and BCs. This conflict could be attributed to different 

post-translational modifications in recombinant and native ASICs. Different 

experimental methods and systems may also contribute to this contrast. 

 A study about ASIC subunit compositions has indicated that extracellular Zn2+ 

potentiates ASIC2a-containing ASIC currents (Baron et al., 2001). Therefore, 

Zn2+ modulation has been considered as an indicator for existence of ASIC2a 

subunit (Baron et al., 2002; Gao et al., 2004; Baron et al., 2008; Zhang et al., 

2008). Another research about Zn2+ modulation, in contrast, indicates that Zn2+ 

works as a negative modulator of ASICs (Chu et al., 2004). Extracellular Zn2+ 

can persistently suppress ASIC current amplitudes mediated by not only 

ASIC1a/2a heteromers but also ASIC1a homomers in a high affinity way (Chu et 

al., 2004). The authors explained this conflict by proposing that the binding of 

Zn2+ to low-affinity sites(s) somehow interferes with the high-affinity binding 

site, thus reducing Zn2+ inhibition of the ASIC current. However in our case, 

ASIC currents in O-LMs, whose ASIC composition is ASIC1a/2a, showed no 
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differences with or without extracellular Zn2+ (Fig. 15). To test the hypothesis 

that binding of Zn2+ to low-affinity site(s) could affect the high Zn2+ 

modulation, we had tried low (1 !M) or high (300 !M) [Zn2+]o, but we observed 

no significant differences in ASIC currents (Fig. 15). In sum, low or high 

extracellular Zn2+, exhibits no obvious modulation in our nucleated patches 

obtained from acute hippocampal slices and fast application system. Again, this 

difference could be resulted from the different experimental designs and 

systems. 

 

Alternative Interpretations 

In this study, we used multiple ways to manifest the expression of ASICs is cell type-

specific in dendrite- and soma-targeting interneurons. Some experimental 

techniques and analyses, however, have drawbacks and limitations. These limitations 

may lead to various interpretations made based on our observations in this study. 

  The results of NSFA in this study suggest that nucleated patches from O-LMs have 

more channel number of ASIC. Nevertheless, the failure to fit the variance-mean 

plots of BCs by a polynomial function suggests a too low open probability and leads 

to the inability to estimate the channel number and open probability. Both smaller 

channel number and lower open probability can be used to explain the lower current 

density of ASICs in BCs. To obtain stable amplitudes of ASIC currents for NSFA, we 

had to repetitively apply acid pulses to a nucleated patch. The fast desensitized and 

slow recovery from desensitization of ASICs in BCs may lower the open probability in 

our experimental configurations. As a result, we could not rule out the possibility 

that lower ASIC current density in BCs is resulted from lower open probability.  
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  Another potential problem of the NSFA of this study could be the initial slopes of 

the variance-mean plots of PNs. In some variance-mean plots of nucleated patches 

from PNs, the initial slopes are not as deeper as those of O-LMs implying that the 

single-channel current may not similar to those of O-LMs. If that was a case, both 

smaller channel number and single-channel conductance can explain the lower ASIC 

current density in PNs. Although the single-channel currents obtained by parabolic 

fitting suggest there is no significant difference among O-LMs, PNs and BCs, which is 

conflict to the difference in the initial slopes between O-LMs and PNs, the higher 

channel number in nucleated patches of O-LMs should be one of the reasons for 

higher ASIC current density.  

  In addition, to exchange extracellular solutions as fast as possible, we needed to 

put the nucleated patches close to the interface between neutral and acidic solutions 

released from theta tubes. If the interface was not clear enough, there could be a pH 

gradient on both sides of the interface. This invisible pH gradient could desensitize 

ASIC1a homomers in BCs more severely before the exchange to an acidic 

environment even we put the nucleated patches in a neutral solution. As a result, this 

pre-desensitization might partially contribute to smaller amplitudes of ASICs in PNs 

and BCs. 

  Although we detected larger dendritic ASIC currents in O-LMs by local acid puff, 

which is consistent with what we observed in nucleated patches, the imprecision of 

the air puff system cannot be ignored. Some experimental variations, such as the 

diameter of tips of the puff pipette and the distance between dendrites to the tip 

could not be controlled precisely in our experimental conditions. In addition, the 

fluorescent dendrites might grow into the deep parts of acute hippocampal slices; it 

was impossible to confirm how exact the pH values are the dendrites responded to. 

In other words, unlike to quantitative results done by nucleated patch recording and 
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the fast application system, we could not determine the exact dendritic ASIC current 

density in hippocampal neurons. Hence, direct dendritic outside-out patch recording 

may be necessary to compare dendritic ASIC currents in hippocampal neurons. 

  In figure 5, we performed dose-response experiments to demonstrate the pH 

dependence of H+-activated currents on nucleated patches. However, the pH0.5 

obtained by Hill equation fitting could probably be underestimated. That is because 

acid solutions of pH 4.0 can actually induce larger currents in comparison with acid 

solutions of pH 5.0; the quick and severe rundown in amplitudes of following sweeps 

makes it difficult to obtain the average of peaks. Therefore, the reason why 

considering acid solutions of pH 5.0 as the plateau pH dose is because of the severe 

desensitization and slower recovery in amplitudes caused by the higher extracellular 

H+ concentration. 

  These alternative interpretations resulted from experimental limitations or errors 

of estimations do not change the main story of this study. Though some of the details 

and conclusions may be affected, these potential problems should be verified and 

revised in the future.  

 

Possible ASIC Compositions in PNs in Hippocampal CA1 Region 

Possible ASIC compositions in PNs could be mixture of ASIC1a/2a and 

ASIC1a/2b. A recent research indicates that direct association between ASIC2a 

and PSD-95 can interact with ASIC1a to enrich functional ASICs in dendritic 

spines of PNs in mouse hippocampal CA1 region (Zha et al., 2009). Also, an 

earlier work suggests most of ASIC currents in PNs are through activation of 

ASIC1a/2a heteromers (Askwith et al., 2004). These reports suggest that 

functional ASIC compositions are ASIC1a/2a heteromers in PNs in mice. In 
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contrast to immunohistochemical results in mice, recovery from desensitization 

of ASIC currents of PNs in rats is much closer to compositions of ASIC1a/2b 

heteromers or ASIC1a homomers. By in situ hybridization, ASIC2b is expressed 

in PNs of hippocampus as well (Biagini et al., 2001). Owning to insensitivity to 

PcTX1, a selective antagonist of ASIC1a homomer, our results suggest that 

ASICs is not composed of ASIC1a homomers in PNs of rats. We did not 

concentrate on finding out the exact subunit compositions of ASICs in PNs. The 

cDNA sequences of ASIC2a and ASIC2b share 98% similarity and the specificity 

of antibodies for ASIC2 could also be a potential problem to tell ASIC2a from 

ASIC2b. Although our electrophysiological results support the existence of 

ASIC1a/2b heteromers in PNs of rats, we still cannot rule out the possibility 

that they could be mixture of ASIC1a/2a and ASIC1a/2b heteromers. 

 

Functional Implications in Synaptic Transmission and Plasticity 

Synaptic transmission is the most important way by how neuronal cells 

transmit signals. Functional ASICs are critical to LTP induction at CA3-CA1 

synapses (Wemmie et al., 2002). ASIC1a is proposed to help activation of 

NMDA receptors for LTP induction by depolarizing the cell membrane and 

releasing Mg2+ blockade. Presynaptic release probability is increased in cortical 

neurons in ASIC1a null mice, suggesting that ASICs somehow influence 

synaptic efficacy (Cho and Askwith, 2008). By yeast two-hybrid assay, several 

important postsynaptic proteins, such as PSD-95, PICK and CaMKII, are 

reported to associate with ASICs (Wemmie et al., 2006). ASICs enriched at 

postsynaptic spines help spines become mature and responsive to acid (Zha et 

al., 2006; Zha et al., 2009). Moreover, H+ is known to be loaded into synaptic 
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vesicles by vacuolar type H+-ATPase and then co-released with 

neurotransmitters. Hence, ideal location and presynaptic H+ release make 

ASICs a new candidate involved in synaptic transmission. However evoked 

synaptic ASIC currents, until now, have not been detected by whole-cell 

recording. In hippocampal primary culture, where nano ampere range of ASIC 

currents can be induced, blockade of AMPA receptors abolishes all excitatory 

synaptic transmission (Alvarez de la Rosa et al., 2003; Cho and Askwith, 2008). 

Amiloride, which can antagonize ASICs, has no effects to excitatory synaptic 

currents in cultured CA1 neurons. The lack of evidence about roles of ASIC in 

synaptic currents may be due to inappropriate experimental conditions 

(Wemmie et al., 2006). No any relevant results about evoked synaptic ASIC 

currents in acute brain slices have been published. Notably, interneurons in 

hilus have been proved to show significant ASIC expression (Wemmie et al., 

2003) and recent studies, including ours, clarify interneurons have more 

functional ASIC currents (Cho and Askwith, 2008; Ziemann et al., 2008). 

Therefore, whether synaptic ASIC currents in interneurons in hilus can be 

detected by electrophysiology needs to be examined. Some other brain regions, 

such as the olfactory bulb, amygdala and cerebellum, express higher ASICs than 

hippocampus. It is still necessary to verify the roles of ASIC in synaptic 

transmission in these brain regions. On the other hand, FMRFamide and its 

related peptides could prolong ASIC gating and large extracellular loop of 

ASICs may also possibly response to other unidentified ligands (Askwith et al., 

2000; Wemmie et al., 2006). Additionally, lactate, which is released by 

astrocytes for energy metabolism or accumulated by anaerobic respiration 

during ischemia, can enhance ASIC currents as well (Immke and McCleskey, 

2001; Allen and Attwell, 2002). Therefore, many physiological components, 
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which are prominent for ASIC regulation, may be absent in ACSF. It is highly 

possible that synaptic ASIC currents can be recorded by in vivo whole-cell 

recording.  

  ASICs may also play some roles in synaptic transmission as presynaptic ion 

channels. ASIC2a is reported to locate not only in somata and dendrites but 

also in axons (Duggan et al., 2002; Zha et al., 2009). Presynaptic ASICs can 

make membrane potentials of axonal terminals more sensitive to extracellular 

pH fluctuations than those of somata because tiny axonal compartments with 

high input resistance require smaller excitatory inputs to fire APs. This possible 

regulatory role is similar to the depolarizing presynaptic GABAA receptors at 

hippocampal mossy fiber boutons, which can increase synaptic transmission 

and facilitate LTP induction (Ruiz et al., 2010). Therefore, if functional ASICs 

expressed at axonal terminals, small extracellular pH fluctuations are possible 

to depolarize presynaptic regions or even fire APs by activating presynaptic 

ASICs. Since roles of ASICs in synaptic transmission are unclear, both in pre- 

and postsynaptic regions, more effort is required to understand the roles of 

ASICs in synaptic transmission. 

 

Possible Functions of Nonconducting States of ASICs 

As mentioned previously, postsynaptic ASIC currents have not been recorded in the 

present studies. Although immunostaining results reveal that ASIC1a and ASIC2a are 

enriched in postsynaptic spines of PNs, both subunits are also expressed in somata 

and dendritic shafts. In a word, ASICs are distributed throughout the membrane of a 

neuron. There is another possibility that conducting Na+ currents may not be the 

only destination of ASICs. The studies demonstrating that ASICs are required for 
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LTP at CA3-CA1 synapses and negligible evoked postsynaptic ASIC currents suggest 

that ASICs may exhibit their functions except current conduction. In other words, H+ 

or other extracellular components could possibly activate ASICs without conducting 

currents. This kind of activation may still trigger some intracellular signaling for 

cellular functions. For instance, ASIC2 plays a negative modulator of rod 

phototransduction (Ettaiche et al., 2004). However, no direct evidence suggests 

synaptic ASIC currents can be recorded in the retina. Therefore, activation of ASICs 

probably help Mg2+ unblock on NMDA receptors through some ways other than 

conducting currents. Though extracellular H+ activates ASIC currents to conduct Na+ 

influx, we cannot rule out the possibility that ASICs may exert their functions 

without conducting currents. 

 

Roles of ASIC3 and ASIC4 in the Brain 

Although roles of ASIC3 and ASIC4 in brains have not been identified, their 

functions should be considered and elucidated in the near future. Cultured or 

dissociated hippocampal neurons without ASIC1a subunits exhibit no typical ASIC 

currents (Wemmie et al., 2002; Ziemann et al., 2008). Some left sustained currents 

could be resulted from inactivation of potassium channels (Taverna et al., 2005). 

However, by analyses of RT-PCR and immunohistochemical staining, a previous 

study indicates that beside dorsal root ganglia, ASIC3 subunits are also widely 

distributed in many brain regions of rats, such as hippocampus, amygdala, caudate 

putamen, prefrontal cortex and hypothalamus (Meng et al., 2009). Though there is 

no evidence in that study showing whether ASIC3 is also expressed in interneurons, 

it still implies that GABAergic interneurons have ASIC3 subunits. Whether 

functional ASIC3 is expressed in hippocampal neurons could be examined by 
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application of a selective inhibitor, APETx2 (Chagot et al., 2005). APETx2 can be 

used to potently and selectively suppress H+-activated currents conducted by ASIC3-

containing ASICs. 

  Besides, ASIC3 and 4 can possibly exert previous mentioned nonconducting 

functions. ASIC4 is the only one subunit that is not able to conduct currents, but it 

has a longer N-terminal domain compared to other ASIC subunits. That makes 

ASIC4 has more chances to associate with intracellular proteins. In fact, results of 

yeast two-hybrid assay reveal that ASICs have interactions with cytoskeletal proteins, 

enzymes, regulators of endocytosis and G protein-coupled pathways (Donier et al., 

2008). These functionally distinct proteins, which can interact with ASICs, probably 

represent multiple intracellular functions of ASICs. In particular, the expression of 

ASIC4 downregulates both ASIC1a and ASIC3 in current amplitudes and protein 

levels (Donier et al., 2008). Whether distinct ASIC4 expression leads to various 

ASIC1a and ASIC3 expression in hippocampal neurons needs to be confirmed. In 

addition, ASIC2b/3 heteromers, but not ASIC3 homomers, can be positively 

regulated by protein kinase C pathway through the interaction between ASIC2b and 

PICK1 in DRG neurons (Deval et al., 2004). This interaction shifts the pH 

dependence of ASIC2b/3 toward a more physiological value. After confirming that 

both ASIC2b and 3 are expressed in the brain, such intracellular regulation may also 

happen in hippocampal neurons. Despite the fact that ASIC1a and ASIC2a subunits 

are heterogeneously expressed, ASIC3 and ASIC4 subunits may also play some roles 

in various pH sensitivity and intracellular signaling in hippocampal neurons. It is 

much more appropriate to consider ASIC3 and ASIC4 when thinking about functions 

of ASICs in the brain. Nevertheless, it will be difficult to isolate functions of ASIC4 

due to lack of selective antagonists. Nowadays, only can PcTX1 and APETx2 be used 

to pharmacologically isolate ASIC1a homomers and ASIC3-containing ASICs, 
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respectively. If multiple sets of ASIC complexes are expressed in the same cells, the 

only way to differentiate is to use ASIC knockout mice. Mice lacking ASIC1a, ASIC2a 

and ASIC3 have been generated and studied for years. To reveal the roles of each 

kind of ASICs in neurophysiology, we need to generate or obtain different ASIC 

knockout mice. It is also necessary to conditionally eliminate ASICs in interneurons 

to elucidate why dendritic and perisomatic inhibitory interneurons exhibit distinct 

ASIC expressions and how GABAergic inhibition responses to extracellular pH 

fluctuations. 

 

Differential Expressions of ASICs in Interneurons in Pathology Conditions 

The blockade of functional ASICs, such as gene targeting or antagonists, can also 

prevent neuronal cell deaths caused by the acidosis accompanied with ischemia 

(Xiong et al., 2006; Pignataro et al., 2007; Xiong et al., 2008; Xu and Duan, 2009). 

Even after carrying out the procedures of focal ischemia mouse model (middle 

cerebral artery occlusion), intracerebroventricular administration of PcTX1, which is 

a specific blocker of ASIC1a homomers, can decrease the infract volume of the brain 

significantly. This post-ischematic protection can also be achieved by intranasal 

administration of PcTX1 through the nasal cavity, which is clinically useful 

(Pignataro et al., 2007). Therefore, the ASIC1a blockade has the potential to become 

an effective strategy to control post-ischemia neuronal damage. However, PcTX1 

does not exhibit noticeable inhibition on ASIC currents in O-LMs and PNs (Fig. 13). 

Why does PcTX1 show neuroprotective effects in the ischemia mouse model? One 

possibility is that ASIC1a blockade prevents BCs being hyper-activated in the acidosis 

induced by ischemia; therefore the hyperpolarizing effect of perisomatic inhibitory 

BCs can further protect principal cells from glutamate-dependent excitotoxicity. 
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Each single BC can target 1500-2000 principal cells (Freund and Kali, 2008) and 

PcTX1 plus NMDA receptor antagonists exert better neuroprotective effects in the 

ischemia model (Xiong et al., 2004; Gao et al., 2005; Pignataro et al., 2007). In the 

neocortex, about 50% of all inhibitory interneurons are BCs (Markram et al., 2004). 

ASIC1a blockade protects BCs from excitotoxicity, and the widely distributed axons 

enable the survival BCs to prevent focal neuronal populations from glutamate-

dependent excitotoxicity. The second possibility is that ASIC subunits are not 

homogeneously distributed on the cell membrane of a PN. Though the insensitivity 

to PcTX1 and detectable ASIC1a and 2 mRNAs suggest somatic ASICs of 

hippocampal PNs are not ASIC1a homomers, dendritic ASICs may still be composed 

of ASIC1a homomers. Because neurons are highly specialized cells, the density and 

subtype of ion channels may be distinct in axons, somata and dendrites (Hoffman et 

al., 1997). For example, unlike axons, which require NaV for propagation of APs, 

dendrites of hippocampal BCs show no detectable NaV currents (Hu et al., 2009). 

Since the dendritic membrane accounts for larger parts of total membrane area of a 

PN, blockade of dendritic ASIC1a homomers may be the reason why PcTX1 has 

effective post-ischematic neuroprotection.  

  Additionally, Our results, which clarify the differential expression of ASICs in 

interneurons, suggest that brain pH drops caused by acidosis have distinct impacts 

on hippocampal interneurons. Dendrite-targeting O-LMs have been reported to 

be more vulnerable than soma-targeting BCs in epilepsy (Morin et al., 1998; 

Cossart et al., 2001; Wittner et al., 2001; Wittner et al., 2005). What we 

uncovered in this study may explain the variant vulnerabilities of interneurons 

to epilepsy. AP could only be fired by acid puff on O-LMs with larger input 

resistance and ASIC density but not on PNs or BCs (Fig. 1, 4 and 9). In 

pathological conditions, depolarization induced by acidosis could allow more 
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Ca2+ influx through voltage-gated Ca2+ channel in O-LMs, whose Ca2+ buffer 

capacity is smaller than that of BCs (Liao and Lien, 2009). This Ca2+ influx 

could further induce glutamate-independent and Ca2+-dependent excitotoxicity 

(Xiong et al., 2008). Besides, lactate, which is accumulated during epilepsy, 

may potentiate ASIC responses (Immke and McCleskey, 2001; Allen and 

Attwell, 2002). BCs, on the other hand, with less ASICs and larger Ca2+ buffer 

capacity are more resistant to acidosis-induced excitotoxicity (Aponte et al., 

2008). As a result, based on previous studies and our results, the variant 

vulnerabilities of dendrite-targeting and soma-targeting interneurons can be 

explained by different ASIC current density and Ca2+ buffer capacity.  

  Although interneurons with higher ASIC current density, such as O-LMs, are more 

sensitive to epilepsy, they may play a network suppression role, at the beginning of 

epilepsy, because activation of ASICs can induce activity-dependent GABA release to 

inhibit neuronal hyperactivities. BCs, with lower ASIC current density, may be less 

helpful for the seizure termination during the onset of epilepsy but they should have 

a better chance to survive in the following neuronal injury. Collectively, our findings 

suggest that cell type-specific expression of ASICs and different Ca2+ buffer capacity 

of interneurons lead to different cellular vulnerability to epilepsy. Dendrite-targeting 

interneurons may play a more important role in spontaneous seizure termination 

than soma-targeting interneurons duo to higher ASIC current density. 

 

Roles of Cell  Type-Specific E xpre ssion of ASICs  on Functional  

Dissimilarities of O-LMs and BCs 

Many morphological, functional and intrinsic differences have been 

documented in O-LMs and BCs (Cobb et al., 1995; Miles et al., 1996; Kraushaar 
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and Jonas, 2000; Martina et al., 2000; Aponte et al., 2008; Klausberger and 

Somogyi, 2008; Liao and Lien, 2009). The gradual increases in EPSPs of O-LMs 

corresponding to the repetitive stimulation on Schaffer Collaterals makes 

dendrite-targeting O-LMs signal integrators, and soma-targeting BCs, on the 

other hand, with the gradual decreases in EPSPs serve as coincidence detectors 

(Pouille and Scanziani, 2004). Five various properties determine this functional 

dissimilarity: EPSC kinetics, membrane time constant, short-term plasticity, 

disynaptic inhibition of interneurons and dendritic properties (Martina et al., 

2000; Pouille and Scanziani, 2004; Hu et al., 2009). This functional 

dissimilarity could be further magnified if ASICs involve in synaptic 

transmission onto these two types of interneurons. ASIC currents of fast 

recovery and slow desensitization in O-LMs maintain stable during repetitive 

stimulation. In contrast, slow recovered and fast desensitized ASIC currents in 

BCs will exhibit severe rundown in amplitudes corresponding to repetitive 

stimulation. This different ASIC gating possibly further influences the 

information processing in which O-LMs and BCs involve. Besides, 

heterogeneous expression of ASICs in interneurons implies that interneurons of 

dendritic inhibition or perisomatic inhibition could respond accordingly to 

brain pH changes in numerous situations. Therefore, differential ASIC 

expression between dendritic inhibitory and perisomatic inhibitory 

interneurons add complexity to GABAergic microcircuits in hippocampus.
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Table and Figures 

Table. 1 Primers for ScRT-PCR  
  

Gene Sequence Size (bp) 

f: 5’-GAACATTCTGGTGCTGGACATT-3’ 

ASIC1a 

r: 5’-CCTGTGCTTAATGACCTCGTAG-3’ 

184 

f: 5’-CGCACAACTTCTCCTCAGTGTTT-3’ 

ASIC2 

r: 5’-GTACTCATCTTGCTGAATGTCCA-3’ 

146 

f: 5’-CCGAGCCCACGAAGCCCAGG-3’ 

Calcineurin 

r: 5’-TGCAGCCGTGGCTCCGTCAA-3’ 

337 

f: 5’-GCTGGACAGCAGCCGTTGGA-3’ 

Cholecystokinin 

r: 5’-GGCCAGAGGGAGCTTTGCGG-3’ 

280 

f: 5’-TGGCATCTCCGGGCTCTGGCT-3’ 

GAD65 

r: 5’-TGGCAGCAGGTCTGTTGCGTGG-3’ 

297 

f: 5’-TCGCCGCATATAGGAAACTACTG-3’ 

Neurofilament3 

r: 5’-GGGCTGTCGGTGTGTGTACA-3’ 

95 

f: 5’-GGCGATAGGAGCCTTTACTGCTGC-3’ 

Parvalbumin 
 

r: 5’-GAAACCCAGGAGGGCCGCGA-3’ 

372 

f: 5’-GGCTGCCACCGGGAAACAGGAAC-3’ 

Somatostatin 

r: 5’-CCTGCTCAGCTGCCTGGGGC-3’ 

119 

 

ASIC2a and ASIC2b mRNAs were detected with a pair of common primers. 
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Fig. 1 Firing Patterns and Morphologies of an O-LMs, a PN and a BC 
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A. Firing patterns induced by 1-s depolarization (600 pA) and hyperpolarization (-

300 pA) of an O-LM and a PN in CA1 region and a BC in DG. Whole-cell 

recordings were current-clamped at -70 mV. 

B. Morphological reconstructions of the same three biocytin-loaded cells in (A) by 

post hoc histochemial staining and scanned by two-photon microscopy. 
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Fig. 2 Different KV Components among O-LMs, PNs and BCs 
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A. KV current responses of nucleated patches from an O-LM, a PN and a BC under 

voltage steps from -100 mV to +70 mV for 200 msec. 

B. A scatter plot of KV current ratio (200 ms/peak) against ASIC amplitudes. Blue 

open circle, O-LMs; green open circle, PNs; red open circles, BCs.
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Fig. 3 Cell Type-Specific Markers for O-LMs, PNs and BCs 
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A. An electrophoresis result of scRT-PCR from an O-LM, a PN and a BC. SOM, 

somatostatin; CCK, cholecystokinin; GAD, glutamate decarboxylase 65; PV, 

parvalbumin; CN, calcineurin. 

B. Statistical results of SOM-, CCK- and PV-positive percentage in all GAD65-

positive interneurons.
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Fig. 4 Higher Amiloride-Sensitive H+-Activated Current Density in 
Nucleated Patches from O-LMs 
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A. H+-activated currents on nucleated patches from an O-LM, a PN and a BC. 

Extracellular pH value was switched from 7.4 to 5.0 for 2 seconds at -60 mV. 

Black, control; gray, 10 !M amiloride; red, washout. Insect, a schematic of a 

nucleated patch recording in front of the fast application system. 

B. Left, ASIC currents on nucleated patches from O-LMs, PNs and BCs. Right, 

current density of ASIC on nucleated patches. (***p < 0.0005, Kruskal-Wallis 

test).
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Fig. 5 Characterizations of ASICs 
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A. The dose responses of ASICs to various extracellular pH values. 2-s acid pulses 

were given every 20 sec. The pH0.5 is 6.0 and Hill coefficient is 1.02. 

B. An I-V plot of ASIC currents from a nucleated patch. Voltage steps were given 

from -60 mV to +100 mV with a increment of 20 mV. 2-s acid pulses were 

delivered at 0.05 Hz. The average Erev is 62.3 mV. 

C. The semi-logarithmic plot of Erev against [Na+]o. Open circles, Erev was recorded in 

135, 62.5 or 33.75 mM of [Na+]o and 1.8 mM of [Ca2+]o. Fill circles, [Ca2+]o/[Na+]o 

are 100/10 and 80/50 mM. Gray line, theoretical Erev change with [Na+]o of a pure 

Na+ channel. Black line, a linear fit of all experimental results. The slope values 

are 58.2 mV (gray) and 56.8 mV (black) per 10-fold [Na+]o change, respectively.
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Fig. 6 Calcium Blockade on ASICs 
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A. ASIC currents of a nucleated patch in 1.8 and 18 mM [Ca2+]o. 200-ms acid pulses 

were given every 15 sec at -60 mV. Black, 1.8 mM; red, 18 mM; blue, back to 1.8 

mM.  

B. The bar chart of ASIC currents in 1.8 or 18 mM [Ca2+]o of 5 nucleated patches. (*p 

< 0.05, Wilcoxon signed-rank test).
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Fig. 7 Non-Stationary Fluctuation Analysis of Single-Channel Properties of 
ASICs 
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A. A representative ensemble containing 10 ASIC current traces (black) 

superimposed with the average (red). ASIC currents were recorded from nucleated 

patches of an O-LM, a PN and a BC. The extracellular pH was switched between 

7.4 and 5.0. 2-s acid pulses were given every 15-20 seconds. 

B. Deviations of traces obtained from subtracting each single trace with the mean. 

Traces are from the same patches in (A). 

C. Scatter plots of ensemble variances against corresponding ensemble means. The 

data points are fitted by parabolic or linear functions (red). Same patches as in 

(A). Top, O-LMs; middle, PNs; bottom, BCs. 

D. Bar charts of single-channel conductance (!), maximum open probability (P0, max) 

and channels number (N). (Right, *p < 0.05, Wilcoxon rank-sum test; left and 

middle, no significant difference, p > 0.05, Kruskal-Wallis test)
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Fig. 8 Distinct ASIC Amplitudes between Fast-Spiking and Non-Fast 
Spiking Interneurons 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

69 

A. Firing patterns of a fast-spiking (FS), a stuttering (STUT) and an accommodating 

(AC) interneuron. Insect, currents injection of +700, +500, +300 and -100 pA. 

B. ASIC currents induced by 2-s acid pulses of nucleated patches at -60 mV. 

C. The bar chart of mean ASIC amplitudes of nucleated patches (**p < 0.005, 

Kruskal-Wallis test). 

D. T scatter plot of input resistance against ASIC amplitudes. Red, fast-spiking; 

green, stuttering; blue, accommodating.



 

70 

Fig. 9 Functional ASICs on Dendrites of Hippocampal Neurons 
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A. Amiloride-sensitive currents activated by focal acid puff on the dendrite of an O-

LM. 

B. C. D. Left, schematics of whole-cell recordings and focal acid puff merged with 

epi-fluorescence and IR-DIC images. Neurons of interest were loaded with 10 !M 

of SR-101. Puff pipettes were placed along the dendrite. Right, voltage (gray) and 

current (black) responses induced by dendritic acid puff on dendrites of interest. 

All puff experiments were done with 1-2 mM kynurenic acid and 1 !M SR95531. 

E. F. Scatter plots of distance of focal puff from soma against induced spike number 

and ASIC current amplitudes.
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Fig. 10 Different Desensitization and Deactivation Rates among O-LMs, 
PNs and BCs 
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A. The desensitization of ASIC currents. Left, scaled and superimposed ASIC 

currents induced by 2-s acid pulse on nucleated patches at -60 mV. Blue, O-LM; 

green, PN; red, BC. Right, statistical results of time constants of desensitization 

(***p < 0.0005, Kruskal-Wallis test). 

B. The deactivation of ASIC currents. Left, scaled and superimposed ASIC currents 

induced by 50-ms acid pulses at -60 mV. Right, statistical results of time constants 

of deactivation (**p < 0.005, Kruskal-Wallis test).
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Fig. 11 Different Rates of Recovery from Desensitization and Cumulative 
Desensitization 
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A. The recovery from desensitization of ASIC currents. Left, ASIC currents induced 

by 2-s acid pulses with a 20-s interval at -60 mV. Right, recovery from 

desensitization with various intervals. Blue, O-LM; green, PN; red, BC. Black lines 

are single exponential fitting. 

B. The cumulative desensitization of ASIC currents. Left, the first 5 traces induced by 

repetitive 2-s acid pulse with a 20-s interval at -60 mV. Right, statistical results of 

cumulative desensitization. Black lines are single exponential fittings.
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Fig. 12 Transcripts of ASIC1a and ASIC2 in O-LMs and PNs; ASIC1a in BCs 
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A. Results of gel electrophoresis of scRT-PCR. Upper, ASIC1a and ASIC2 with 

expected sizes were detected in an O-LM and a PN. Bottom, a BC with ASIC1a 

only. PN (RT+) and PN (RT-) represent results from the same PN with or without 

reverse transcriptase. 

B. Statistical results of scRT-PCR. Y-axis represents the ratio of ASIC- and NF3-

positive cells over all NF3-positive cells.
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Fig. 13 PcTX1 Blockade on ASIC Currents of BCs 
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A. Upper, ASIC currents induced by 50-ms acid pulses on a nucleated patch from an 

O-LM. Bottom, ASIC currents in a BC under the same experimental configuration. 

Nucleated patches were voltage-clamped at -100 mV. 

B. Percentage of inhibition on amplitudes of ASIC currents by 30 nM PcTX1 (**p < 

0.005, Kruskal-Wallis test).



 

80 

Fig. 14 The Comparison in Recovery from Desensitization between Native 
and Recombinant ASICs 
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The recovery from desensitization of native and recombinant ASIC subunit 

compositions. Results of recombinant ASICs overexpressed in CHO cells were copied 

from Askwith et al., 2004. Blue, O-LMs; green, PNs; red, BCs. Lines are all single 

exponential fittings. 
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Fig. 15 No Significant Zn2+ Modulation in Our Systems 
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A. ASIC currents of a nucleated patches from an O-LM in the absence (control) or 

300 !M of [Zn2+]o. The nucleated patch was voltage-clamped at -60 mV and 200-

ms acid pulses were given every 10 sec. 

B. ASIC currents of a nucleated patches from an O-LM in the absence (control) or 1 

!M of [Zn2+]o at -60 mV. 

C. No significant difference in statistical results of ASIC currents in low or high 

[Zn2+]o (p > 0.05, Wilcoxon signed-rank test).
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Cellular/Molecular

Cell Type-Specific Expression of Acid-Sensing Ion Channels
in Hippocampal Interneurons

Ju-Yun Weng, Yen-Chu Lin, and Cheng-Chang Lien
Institute of Neuroscience and Brain Research Center, National Yang-Ming University, Taipei 112, Taiwan

Acid-sensing ion channels (ASICs), a member of the degenerin/epithelial Na! channel superfamily, are widely expressed in the mam-
malian CNS. Accumulating evidence suggests that ASIC current density is higher in GABAergic interneurons than that in glutamatergic
pyramidal neurons (PNs) in the hippocampus. Such differential expression of ASICs in cortical networks is thought to be a key element
for seizure termination. However, GABAergic interneurons are highly diverse; it is unclear whether the functional expression of ASICs
differs in distinct GABAergic interneuron subtypes. Moreover, the subunit composition of ASICs in individual GABAergic interneurons
remains unknown. By combining patch-clamp recording and single-cell reverse transcription (RT)-PCR analysis, we correlated ASIC
currents with their gene expression in acute rat hippocampal slices. The results yielded several surprising findings. First, ASIC current
density of oriens lacunosum-moleculare (O-LM) cells in the CA1 region, a classical type of dendrite-targeting interneuron, is 6 times
greater than that of fast-spiking basket cells (BCs) in the dentate gyrus, a major class of soma-targeting interneuron. Second, the recovery
of ASICs from desensitization is slowest in BCs, intermediate in PNs, and fastest in O-LM cells. Third, the tarantula venom psalmotoxin
1, the specific blocker for ASIC1a homomers, inhibits ASIC currents in BCs but not in O-LM cells. Finally, single-cell RT-PCR analysis
reveals coexpression of ASIC1a and ASIC2 subunit transcripts in O-LM cells, whereas only ASIC1a subunit transcript is detected in most
BCs. Thus, differential expression of ASICs in inhibitory microcircuits likely contributes to the distinct roles of GABAergic interneurons
in normal physiology and pathophysiology.

Introduction
Acid-sensing ion channels (ASICs), a member of the degenerin/
epithelial Na! channel (DEG/ENaC) cation channel superfamily,
are widely expressed in the mammalian nervous system (Waldmann
et al., 1997; for review, see Wemmie et al., 2006) and have been
implicated in pain, ischemic stroke, seizures and many other neuro-
logical diseases (Xiong et al., 2004; Mazzuca et al., 2007; Ziemann et
al., 2008; Coryell et al., 2009). Many studies showed that GABAergic
inhibitory interneurons in the hippocampus have larger ASIC cur-
rent densities than glutamatergic excitatory pyramidal neurons
(PNs) (Bolshakov et al., 2002; Cho and Askwith, 2008; Ziemann et
al., 2008). In line with this view, a recent report showed that ASIC1a
null mice display delayed seizure termination after seizure induction
and suggested that ASIC activation by falls in extracellular pH during
seizures increases the cortical inhibition through preferential re-
cruitment of GABAergic inhibitory interneurons (Ziemann et al.,
2008).

However, GABAergic inhibitory interneurons consist of a
highly heterogeneous population of cells (McBain and Fisahn,

2001; Jonas et al., 2004; Markram et al., 2004; Klausberger and
Somogyi, 2008). Different GABAergic interneuron types have spe-
cific roles in hippocampal function (Klausberger and Somogyi,
2008). At least two functionally distinct classes of GABAergic
interneurons are known to exist in the hippocampus (McBain
and Fisahn, 2001; Jonas et al., 2004; Freund and Katona, 2007).
Soma-targeting inhibitory interneurons, such as fast-spiking bas-
ket cells (BCs), control the spike initiation of principal neurons
via axonal innervations onto perisomatic areas of principal neu-
rons (Cobb et al., 1995; Miles et al., 1996; Kraushaar and Jonas,
2000), whereas dendrite-targeting inhibitory interneurons, such
as oriens lacunosum-moleculare (O-LM) cells, regulate dendritic
Na! or Ca 2! spikes and synaptic plasticity by innervating den-
dritic domains of principal neurons (Miles et al., 1996). These
two distinct GABAergic interneuron subtypes differ not only in
their intrinsic properties, such as neurochemical contents, Ca 2!-
buffering proteins/homeostasis, ion channels, and transmitter
receptors (Koh et al., 1995; Freund and Buzsáki, 1996; Martina et
al., 1998; Lien et al., 2002; Pouille and Scanziani, 2004; Aponte et
al., 2008; Liao and Lien, 2009), but also in their synaptic and
network functions (Klausberger et al., 2003; Pouille and Scanziani,
2004; Klausberger and Somogyi, 2008). Unfortunately, the lack of
measurement of ASIC currents from identified GABAergic inhibi-
tory interneurons has left a fundamental question unresolved: is the
ASIC expression among hippocampal GABAergic inhibitory inter-
neurons cell type-specific? Moreover, the subunit composition of
ASICs in various classes of GABAergic inhibitory interneurons
(“perisomatic” versus “dendritic” interneurons) remains to be
determined.
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In this study, we correlated the functional property with gene-
expression profile of ASICs in the PNs in the CA1 region and two
functionally distinct classes of GABAergic inhibitory interneu-
rons-O-LM cells and fast-spiking BCs in rat hippocampal slices
by combining patch-clamp techniques and single-cell reverse
transcription (RT)-PCR (Lien et al., 2002; Liss et al., 2004).
Using these approaches, we uncovered a previously unknown
expression pattern of ASICs in GABAergic inhibitory micro-
circuits, which likely underlies the selective vulnerability of
distinct types of GABAergic inhibitory interneurons under
pathological conditions.

Materials and Methods
Patch-clamp techniques in hippocampal slices. Transverse hippocampal
slices of 300 !m thickness were cut from the brains of 15- to 23-d-old
male Sprague Dawley rats using a vibratome (DSK-1000, Dosaka) as
described previously (Lien et al., 2002; Liao and Lien, 2009). Animals
were sacrificed by decapitation in agreement with national and institu-
tional guidelines and all procedures were approved by the Animal Care
and Use Committee of National Yang-Ming University. Slices were sec-
tioned in the ice-cold cutting saline containing the following (in mM): 87
NaCl, 25 NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 10 glucose, 75 sucrose, 0.5
CaCl2 and 7 MgCl2. Following sectioning, slices were incubated in the
cutting saline (oxygenated with 95% O2/5% CO2) in a holding chamber
at 34°C for 30 min, and then at room temperature until used. During
experiments, an individual slice was transferred to a submersion record-
ing chamber and was continuously superfused with oxygenated artificial
CSF containing the following (in mM): 125 NaCl, 25 NaHCO3, 1.25
NaH2PO4, 2.5 KCl, 25 glucose, 2 CaCl2 and 1 MgCl2.

Experiments were performed under visual control using infrared dif-
ferential interference contrast (IR-DIC) videomicroscopy (Stuart et al.,
1993). O-LM cells in the CA1 subfield were selected based on the follow-
ing criteria (Lien et al., 2002; Liao and Lien, 2009): (1) location of a
fusiform soma in the stratum oriens with bipolar dendrites; (2) a pro-
nounced sag response upon 1 s hyperpolarizing current pulse (!300 pA)
injection; (3) fast-spiking patterns (50 – 60 Hz) and pronounced fast af-
terhyperpolarization during 1 s depolarization. For CA1 pyramidal neu-
ron recording, cells of large somata in the stratum pyramidale with
accommodating firing patterns were chosen. Dentate gyrus (DG) BCs
were selected in accordance with previous reports (Koh et al., 1995; Mar-
tina et al., 1998; Aponte et al., 2008): (1) a relatively large size of cell body
near the border between granule cell layer and hilus; (2) high-frequency
("70 Hz) action potential (AP) phenotype; (3) relatively low input re-
sistance ("170 M#); (4) little sag response upon membrane hyperpo-
larization. The recording temperature was 22!24°C.

Nucleated patch recordings. Nucleated patch recordings were made as de-
scribed previously (Lien et al., 2002; Lien and Jonas, 2003) using an Axopatch
200B amplifier (Molecular Devices). Pipette capacitance was compensated.
Signals were low-pass filtered at 5 kHz (four-pole Bessel), and sampled at 10
kHz using a digitizer Digidata 1322A (Molecular Devices). Pulse sequences
were generated by Digidata 1322A via pClamp 9.2 (Molecular Devices).
Minor and major axes of nucleated patches were measured. It was assumed
that nucleated patches were approximately ellipsoid (Gentet et al., 2000) and
the membrane surface area was calculated using the following formula:

Surface area $ (major axis % minor axis)2(#/4) (1)

Fast application of H%. Fast application of H % on nucleated patches
isolated from identified neurons was performed as described previously
(Koh et al., 1995). Fast application experiments were started 1–2 min
after the patches were excised. Double-barreled application pipettes were
fabricated from theta glass capillaries (2 mm outer diameter, 0.3 mm wall
thickness, 0.12 mm septum, Hilgenberg GmbH), and mounted on a
piezoelectric-based solution switching system (Burleigh LSS-3000,
EXFO). The time necessary for complete exchange of solution was mea-
sured with an open patch pipette by switching between Na %-rich and
20% Na %-rich solutions. It was 227 & 50 !s (n $ 3) by measuring
20 – 80% rise time of junction potential change. ASIC currents evoked by

2 s pulses of H % were applied every 15–30 s except in some pharmaco-
logical experiments (see Fig. 5), short pulses (50 ms) were used.

Focal H% puffing to dendrites. To visualize dendrites, we filled neurons
with red fluorescent dye sulforhodamine 101 (SR101; 10 !M) via somatic
recording. The dendrites were traced under epifluorescence microscope.
To evoke ASIC currents along the dendrites, the puffing pipette was
placed close to the dendrites (see Fig. 7). Voltage changes or ASIC cur-
rents were evoked by focal puffs of H % ('6 psi) using PicoSpritzer III
(Parker Instrumentation) in whole-cell current or voltage-clamp record-
ing. Acidic pH solution was injected via a patch pipette with an open tip
(2 !m). The PicoSpritzer was triggered by an external TTL pulse gener-
ated by Digidata 1322A. This approach approximates the ASIC current
amplitudes at dendrites and the caveat should be pointed out here. It is
clear that the current amplitude did not directly reflect channel density
because the surface area exposed to the puff varied.

Morphological analysis. Morphological reconstruction was identical to
those reported previously (Liao and Lien, 2009). A separate subset of CA1
pyramidal cells, O-LM cells and BCs were filled with biocytin (0.2%)
during recordings. After '30 min recording, slices were fixed overnight
with 4% paraformaldehyde in phosphate-buffered solution (PB; 0.1 M,
pH 7.3). Following wash with PB, slices were incubated with fluorescein
isothiocyanate (FITC)-conjugated avidin-d (2 !l/ml; Invitrogen) in PB
and 0.3% Triton X-100 overnight at 4°C. After wash, slices were embed-
ded in mounting medium Vectashield (Vector Laboratories). Labeled
cells were examined by a two-photon microscope using a pulsed titani-
um/sapphire laser (Chameleon-Ultra II tuned to 800 nm; Coherent)
attached to a Leica DM6000 CFS that was equipped with a 20(/0.50
numerical aperture water-immersion objective (HCX APO L; Leica).
The two dimensional morphologies of the cells were reconstructed from
a stack of 38 – 455 images (voxel size, 0.378 –1.514 !m in the x-y plane;
0.4 – 0.99 !m along the z-axis) using ImageJ (v. 1.42q).

Solutions and drugs. The HEPES-buffered Na %-rich external solution
used for fast application in the control barrel contained (in mM): 135
NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, 5 HEPES; pH adjusted to 7.4 with
N-methyl-D-glucamine (NMDG). To evoke ASIC currents with various
pH values, MES-buffered Na %-rich external solution in the test barrel
contained (in mM): 135 NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, 10 MES,
adjusted to the desired values with NMDG. The intracellular solution
contained (in mM): 135 K-gluconate, 20 KCl, 0.1 EGTA, 2 MgCl2, 4
Na2ATP, 10 HEPES; pH adjusted to 7.3 with HCl. For low Na % experi-
ments, Na % in the buffered Na %-rich external solution was substituted
by NMDG. For low Na %/high Ca 2% experiments, concentrations of
NaCl and CaCl2 were varied as indicated (see Fig. 3C). Bovine serum
albumin (0.1%) was added in external solutions containing the spider
toxin Psalmotoxin 1 (PcTX1; Peptides International) to prevent its ab-
sorption to tubing and containers. Amiloride from Tocris Bioscience was
dissolved in water to give 10 mM stock solution and stored at !20°C. All
other chemicals were from Sigma except where noted.

Data analysis and statistics. Data were analyzed and fitted with Clampfit
10.0 (Molecular Devices) and Mathematica 5.2 (Wolfram Research). Appar-
ent input resistance was defined by the ratio of peak voltage change/1 s
hyperpolarizing current (!100 pA). Desensitization and deactivation time
constants of ASIC currents were obtained by fitting currents with the function:

I)t* $
%t

Ae&decay
' C (2)

where A denotes the peak amplitude of current, &decay represents the
desensitization or deactivation time constant, and C denotes the ampli-
tude of steady-state current.

Concentration–response curves were fitted with the function:

f)c* $
A

!1 ' "EC50

c #n$ (3)

where A is the constant for the maximal effect, c denotes the concentra-
tion, EC50 represents the half-maximal effective concentration, and n
denotes the Hill coefficient.
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For measuring reversal potential, data points of I–V relations (see Fig.
3B) were fitted with second order polynomials, from which the interpo-
lated potentials were calculated. Theoretical reversal potential of sodium
channels (Erev) was plotted against external Na! concentration accord-
ing to the Nernst equation:

Erev !
RT

F
ln

[Na!]O

[Na!]i
(4)

where [Na!]o, [Na!]i are outer and inner Na ! concentrations and F, R,
T have standard thermodynamic meanings (Hille, 2001).

The single-channel conductance of ASIC was estimated by nonsta-
tionary fluctuation analysis (Hartveit and Veruki, 2007) of ASIC currents
from 23 to 50 traces (see Fig. 6 A). To minimize errors due to rundown,
the entire dataset was divided into nonoverlapping subsets of 7–10 traces
(Engel and Jonas, 2005). Mean ensemble current and variances were
determined for each subset and averaged. Mean variance (" 2) versus
mean current ( I), for each sampling point, can then be obtained. To
assign similar weights to all phases of the ensemble mean waveform,
binning of mean I and corresponding " 2 were used by dividing the mean
current amplitude into a number of bins of equal amplitude (Hartveit
and Veruki, 2007). The values of mean I and mean " 2 within each bin
were then further averaged. The averaged mean I was plotted against the
averaged mean " 2 and then fitted with the equation when they look like
a parabola:

"2"I# ! iI #
I2

N
$ "b

2 (5)

developed from a binomial model, yielding values for apparent single-
channel current i, total number of ion channel N available for activation.
"b

2 is the variance of the background noise. In all BCs (n $ 5) and some
PNs (3 of 7), the data can be adequately described with a straight line
rather than a parabola. The slope of the variance–mean relation was
plotted with the equation:

"2"I# ! iI $ "b
2 (6)

The single-channel chord conductance % was calculated as follows:

% !
i

"Vm # Erev#
(7)

The maximum open probability (Po, max), corresponding to the fraction
of available ion channels open at the time of the peak current (Ipeak), can
then be calculated from the following equation:

Po, max $
Ipeak

iN
(8)

Values indicate mean % SEM; error bars in figures also represent SEM.
Statistical significance among groups was tested using the nonparametric
Kruskal–Wallis test. When it was significant, pairwise comparisons by
the Wilcoxon rank-sum test were then carried out for each pair of groups.
All tests were performed at the significance level (P) indicated using
GraphPad Prism 5.0. SEs of reversal potentials were obtained by analyz-
ing data of individual experiments separately. SEs of parameters of dose–
response curves were calculated by a parametric bootstrap method
(Efron and Tibshirani, 1998). A total of 500 artificial datasets were gen-
erated in which the original values were replaced by normally distributed
random numbers with means and SEM identical to those of the original
data points, and were fitted as the original dataset.

Single-cell RT-PCR. Single-cell gene expression profiles were analyzed
using the single-cell RT-PCR approach as previously described (Martina
et al., 1998; Lien et al., 2002; Liss and Roeper, 2004; Aponte et al., 2006).
RNase-free patch-clamp buffer containing (in mM): 140 KCl, MgCl2, 5
HEPES, 5 EGTA (pH $ 7.3) was autoclaved before used. Patch-clamp
capillaries were baked overnight at 220°C before use. The cytoplasm of a
recorded neuron was harvested into the recording pipette, under vi-
sual control, without losing the gigaseal immediately after electro-
physiological characterization. The contents of the patch pipette

(&2–5 &l) were expelled into a 0.2 ml PCR tube (Axygen Scientific)
containing 17 &l of RT mix (SuperScript III platinum Two-Step qPCR
Kit with SYBR green I, Invitrogen). The mix contained 5 &l of diethylpy-
rocarbonate (DEPC)-treated water, 10 &l of 2' RT reaction mix (oli-
go(dT)20, random hexamers, MgCl2 and dNTPs) and 2 &l of RT enzyme
mix (SuperScript III reverse transcriptase and recombinant ribonuclease
inhibitor). Total volume was &20 &l. After a series of incubation at
different temperatures according to the manufacturer’s instructions, the
cDNA-containing tube was stored at (70°C until used. The RNA strand
in the RNA-DNA hybrid was then removed by adding 1 &l (2 U/&l) of E.
coli RNase H and incubated at 37°C for 20 min before PCR process.

Following cDNA synthesis, the cDNA solution of a single cell was split
into 3 aliquots (5 &l) and each of them was used for gene amplification. A
PCR approach with Rotor-Gene 3000 (Corbett Research) or StepOn-
ePlus Real-Time PCR system (Applied Biosystems) was performed in a
total volume of 25 &l with 1 &l of 10 &M primers (each), 5.5 &l of
DEPC-treated water and 12.5 &l of Platinum SYBR Green qPCR
SuperMix-UDG (Invitrogen) containing Platinum TaqDNA polymer-
ase, Mg 2!, uracil DNA glycosylase, proprietary stabilizers, and dNTPs
with dUTP. Primers were designed with Perlprimer v1.1.14 and selected
for maximal specificity and intron-overspanning amplicons (Table 1).
The molecular weights of the ASIC1a and ASIC2 amplicons and other
neuron-specific markers were subsequently examined on ethidium
bromide-stained agarose gels; sizes were in close agreement with the
expected lengths (see Fig. 4 A). For ASIC expression profiles, all analyzed
neurons expressed neurofilament 3 (NF3), indicating selective harvest-
ing from neurons. To exclude the possibility of contaminations, no tem-
plate control was performed in parallel to every PCR, and the reverse
transcriptase was omitted in a subset of cells. Additional controls to
exclude nonspecific harvesting were performed by advancing pipettes
into the slice and taking them out without seal formation and suction
(Martina et al., 1998; Lien et al., 2002).

Results
Functional ASICs are differentially expressed in
hippocampal microcircuits
We made whole-cell patch recordings from neurons in acute rat
hippocampal slices under IR-DIC optics (Fig. 1A). Neurons in
the CA1 area and the DG were selected as previously described
(Martina et al., 1998; Lien and Jonas, 2003; Aponte et al., 2008;
Liao and Lien, 2009). Under current-clamp configuration at 23 %
1°C, CA1 PNs generated regular and accommodating AP trains
upon injection of 1 s depolarizing current (!600 pA) pulses and
exhibited sag responses in response to 1 s hyperpolarizing current
((300 pA) pulses with apparent input resistance of 176 % 9.1
M) (n $ 30, Fig. 1A, middle). Under the same protocol, O-LM

Table 1. Oligonucleotide primers for RT-PCR

Gene Forward/Reverse Product size (bp)

Parvalbumin 5*-GGCGATAGGAGCCTTTACTGCTGC-3* 372
5*-GAAACCCAGGAGGGCCGCGA-3*

Somatostatin 5*-GGCTGCCACCGGGAAACAGGAAC-3* 119
5*-CCTGCTCAGCTGCCTGGGGC-3*

Calcineurin 5*-CCGAGCCCACGAAGCCCAGG-3* 337
5*-TGCAGCCGTGGCTCCGTCAA-3*

GAD65 5*-TGGCATCTCCGGGCTCTGGCT-3* 296
5*-TGGCAGCAGGTCTGTTGCGTGG-3*

Neurofilament 3 5*-TCGCCGCATATAGGAAACTACTG-3* 95
5*-GGGCTGTCGGTGTGTGTACA-3*

Cholecystokinin 5*-GCTGGACAGCAGCCGTTGGA-3* 280
5*-GGCCAGAGGGAGCTTTGCGG-3*

ASIC1a 5*-GAACATTCTGGTGCTGGACATT-3* 184
5*-CCTGTGCTTAATGACCTCGTAG-3*

ASIC2a 5*-CGCACAACTTCTCCTCAGTGTTT-3* 146
5*-GTACTCATCTTGCTGAATGTCCA-3*

aASIC2a and ASIC2b mRNAs were detected with a pair of common primers.

6550 • J. Neurosci., May 12, 2010 • 30(19):6548 – 6558 Weng et al. • ASICs in GABAergic Inhibitory Interneurons



cells generated APs at a frequency !50 Hz and showed pro-
nounced sag responses with apparent input resistance of 335.6 !
25 M" (n # 24, Fig. 1A, left). In contrast to PNs and O-LM cells,
BCs in the DG generated high-frequency AP trains (86.7 ! 2.9
Hz, n # 18) with negligible sag responses and exhibited relatively
low input resistance (133.9 ! 5 M", n # 18; Fig. 1A, right). In a
subset of experiments, the neuron types were further confirmed
by post hoc morphological reconstruction of the recorded cells

(Fig. 1B) and cell type-specific markers
(supplemental Fig. 1, available at www.
jneurosci.org as supplemental material).
Consistent with previous reports (Sík et al.,
1998; Maccaferri et al., 2000; Klausberger et
al., 2003), analyses of single-cell RT-PCR
showed that CA1 PNs expressed cal-
cineurin, whereas O-LM cells and BCs ex-
pressed somatostatin and parvalbumin,
respectively (supplemental Fig. 1, available
at www.jneurosci.org as supplemental ma-
terial). Moreover, nucleated patches subse-
quently isolated from these three types of
neurons after whole-cell recordings exhib-
ited cell type-specific voltage-gated K$ cur-
rents (Du et al., 1996; Martina et al., 1998;
Lien et al., 2002). Total outward K$ cur-
rents in nucleated patches from CA1 PNs
consisted of a large proportion of A-type
currents, whereas patches from O-LM cells
or BCs exhibited a predominant sustained
component (supplemental Fig. 2, available
at www.jneurosci.org as supplemental
material).

Extracellular pH reductions evoke ASIC
currents in hippocampal PNs (Baron et al.,
2002; Bolshakov et al., 2002; Askwith et al.,
2004; Ziemann et al., 2008). We next mea-
sured ASIC currents in these neurons using
nucleated patch configuration, which al-
lowed us to examine channel gating under
ideal voltage-clamp conditions. A submilli-
second switch of extracellular pH from 7.4
to 5 by fast application induced a transient
inward current of 22.3! 1.9 pA in CA1 PNs
(n # 27, Fig. 1C, black, middle, Fig. 1D,
left), corresponding to a current density of
0.11 ! 0.01 pA/"m2 (n # 27; Fig. 1D,
right). In contrast to CA1 PNs, nucleated
patches from O-LM cells upon pH 5 appli-
cation exhibited a much larger current am-
plitude (237.9 ! 55.1 pA, n # 27; Fig. 1C
black, left, Fig. 1D, left) with a current
density of 0.75 ! 0.08 pA/"m 2 (n # 19;
Fig. 1 D, right). Surprisingly, the current
amplitude (22.4 ! 3.8 pA, n # 19; Fig.
1C, black, right, Fig. 1 D, left) and den-
sity (0.12 ! 0.02 pA/"m 2, n # 19; Fig.
1 D, right) of nucleated patches from
fast-spiking BCs in the DG were at least
sixfold smaller than those of O-LM cells
( p % 0.001, Wilcoxon rank-sum test)
but were comparable to those of CA1
PNs ( p # 0.47, Wilcoxon rank-sum
test; Fig. 1 D). All inward currents of

these three cell types were reversibly blocked by the DEG/
ENaC channel inhibitor amiloride (10 "M) (Fig. 1C, amilo-
ride, gray; washout, red).

Non-fast-spiking interneurons in the DG have relatively large
ASIC currents
We next investigated whether the feature of low ASIC current is
unique to fast-spiking (FS) cells. In the DG, we classified all re-

Figure 1. ASIC currents in CA1 PNs and defined interneurons. A, Voltage responses to 1 s depolarizing ($600 pA) or hyperpo-
larizing (&300 pA) current pulses in the whole-cell current-clamp configuration from an O-LM cell, a PN and a BC, respectively.
B, Two-photon z stack projection of neurons in A filled with biocytin and stained with FITC-conjugated avidin. Note that the O-LM
cell has its axonal arborization in stratum lacunosum moleculare (SLM), whereas the BC’s axon is largely restricted to the granule
cell layer (GCL). SR, stratum radiatum; SP, stratum pyramidale; SO, stratum oriens; ML, molecular layer. C, Inward currents recorded
at &60 mV after rapid pH changes from pH 7.4 to 5 in nucleated patches from an O-LM cell, a PN and a BC, respectively. Traces are
averages of 5–10 sweeps. H $-evoked currents are reversibly blocked by 10 "M amiloride (control: black; amiloride: gray; wash-
out: red). Inset, Schematic of the experimental configuration. The open tip response was 227 ! 50 "s (n # 3) (see Materials and
Methods). D, Scatter plots showing that the current amplitude (left) and density (right) of O-LM cells are significantly larger than
those of PNs and BCs. ***p % 0.0005.
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corded non-fast-spiking interneurons
into two functional groups (stuttering
and accommodating) based on their fir-
ing patterns (Markram et al., 2004) (Fig.
2A). Nucleated patches from both stutter-
ing (STUT) and accommodating (AC) in-
terneurons had significantly larger ASIC
currents than FS BCs (Fig. 2B,C). Overall,
the ASIC currents in STUT and AC inter-
neurons were 406 ! 56 pA (n " 10) and
399 ! 36 pA (n " 15), respectively (Fig.
2C). Also, both STUT and AC interneu-
rons had higher input resistance than FS
BCs. The scatter plot of the ASIC cur-
rent against the input resistance re-
vealed that FS BCs are featured by
relatively low input resistance and low
ASIC currents (Fig. 2 D).

ASIC gating is dependent on cell type
Steep pH dependence, Na# selectivity,
and blockade by amiloride and extracellu-
lar Ca 2# ions are hallmark properties of
ASIC gating (Waldmann et al., 1997; Bol-
shakov et al., 2002; Immke and McCles-
key, 2003; Askwith et al., 2004; Wemmie
et al., 2006; Cho and Askwith, 2008;
Ziemann et al., 2008). To test pH depen-
dence, we recorded ASIC currents upon
different extracellular pH reductions.
As represented by Figure 3A, the magni-
tude of ASIC current in an O-LM cell
depended on the pH value. The dose–
response curve was fitted with the equa-
tion (Eq. 3), yielding the pH value of
6.0 ! 0.0 for the half-maximal activa-
tion and the Hill coefficient of 1.2 ! 0.0.
We further determined the ionic perme-
ability of ASICs by measuring the rever-
sal potentials (Erev) in the presence of
varied [Na #]o. ASIC currents in the
normal condition ([Na#]o/[Na#]i "
135/8 mM) reversed at 62 ! 3 mV (n " 4,
Fig. 3B). The plot of Erev against [Na #]o

revealed that the values of Erev measured
in a variety of [Ca 2#]o/[Na #]o solutions
were close to the Nernst equilibrium po-
tential for Na # (Fig. 3C, gray line; also
see Eq. 4). These results indicate that Na # is the major per-
meant ion for ASICs. In addition to the sensitivity to amiloride
(Fig. 1C), extracellular Ca 2# was shown to compete with H #

for the ASIC activation site (Immke and McCleskey, 2003). Con-
sistent with this notion, we found that high [Ca 2#]o (18 mM)
inhibited acid (pH 5)-induced currents by 60 ! 2.3% (supple-
mental Fig. 3, available at www.jneurosci.org as supplemental
material).

ASIC1a is a principal subunit for a functional ASIC,
whereas ASIC2 subunit plays a modulatory role in the gating
of ASIC, such as desensitization and recovery from desensiti-
zation (Askwith et al., 2004). We thus explored the potential
differences in ASIC subunit composition of these three neuron
types by measuring the desensitization time constant (!desen),
deactivation time constant (!deact) and the recovery from de-

sensitization of ASIC currents. The !desen values of native
ASICs from these three cell types were all $1 s (Fig. 3D). On
the other hand, !deact values from three cell types were all $10
ms (Fig. 3F ). Notably, both !desen and !deact of ASICs in O-LM
cells were significantly different from those of PNs and BCs.
Interestingly, the recovery from desensitization as assessed by
the recovery time constant (!recovery) was fastest (!recovery "
0.96 ! 0.00 s) in O-LM cells, intermediate (!recovery " 13.2 !
0.1 s) in CA1 PNs and slowest (!recovery " 42.8 ! 1.0 s) in BCs
(Fig. 3F ). Consistent with the recovery time course, cumula-
tive desensitization of ASIC currents evoked by 0.05 Hz repet-
itive acid (pH 5) pulses was fastest in BCs, intermediate in PNs
and slowest in O-LM cells (Fig. 3G). Together, these results
strongly suggest differences in ASIC subunit composition
among these three neuron types.

Figure 2. ASIC currents of various interneurons in the DG. A, Voltage responses to 1 s depolarizing (#700,#500 and#300 pA)
or hyperpolarizing (%100 pA) current pulses in the whole-cell current-clamp configuration from a FS BC (left) and two non-FS
interneurons: middle, STUT firing; right, AC firing. Membrane potentials before the pulses were %70 mV. Inset, stimulation
protocol. B, Inward currents recorded at%60 mV after rapid pH changes from pH 7.4 to pH 5 in nucleated patches from a FS BC (left)
and non-FS interneurons (middle, STUT; right, AC) in the DG. Traces are average of 11–75 sweeps. C, Bar plot summarizing the
amplitude of ASIC currents from FS BCs (n " 6), STUT (n " 10) and AC (n " 15) interneurons. **p $ 0.005. D, Scatter plot of the
input resistance against the ASIC current from all FS and non-FS cells.
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ASIC2 subunit determines the recovery of native ASICs
from desensitization
To further correlate the gating properties with gene-expression
profile of individual neurons, we analyzed ASIC1a and ASIC2
subunit mRNAs of each neuron type at the single-cell level (Fig.
4A). Single-cell RT-PCR analysis revealed that ASIC1a and
ASIC2 mRNAs were coexpressed in CA1 PNs and O-LM cells,
whereas only ASIC1a mRNA was detected in most BCs (9 of 11
ASIC-expressing BCs; Fig. 4B). These results correlate well with
the notion that the rapid recovery of ASIC currents in O-LM cells
is mediated by ASIC1a/2a heteromers, while the prolonged re-

covery of ASICs from desensitization in BCs is largely attributed
to the expression of ASIC1a homomers (Askwith et al., 2004). To
make this point clear, we illustrated the recovery time courses of
ASICs from O-LM cells (blue line) and BCs (red line) together
with those of various recombinant ASICs (Fig. 4C; change to
curves obtained by fitting data from Askwith et al., 2004).

PcTX1 preferentially inhibits ASIC currents in basket cells
Homomeric ASIC1a channel is potently inhibited by the PcTX1
(Baron et al., 2002; Chen et al., 2005; Xiong et al., 2008). We,
therefore, examined the effects of PcTX1 on functionally distinct

Figure 3. Functional properties of ASIC in different types of neurons. A, Inset, Representative ASIC currents in an O-LM cell induced by pH changes from pH 7.4 to 6, 5.5, and 5. The peak current
amplitude, normalized to the mean peak amplitude of pH 5-induced currents, is plotted against the pH value. The continuous curve represents the single Hill equation fitted to the data points. Points
represent mean values from 4 to 25 experiments. B, Inset, Representative ASIC currents in a nucleated patch from an O-LM cell were recorded at different membrane potentials (from !60 mV to
"100 mV, increments 20 mV). The current–voltage (I–V ) curve of ASIC currents has the Erev of "62 # 3 mV. Data points are fitted with a polynomial function. C, Semilogarithmic plot of the Erev

against [Na "]o. Symbols represent the recordings in either 1.8 mM [Ca 2"]o (open symbols) or high [Ca 2"]o/low [Na "]o (filled symbols: 100/10 and 80/50 mM, respectively). The gray line depicts
the Nernst Na " equilibrium potential plotted against [Na "]o; the black line is the linear fit of all data points. The slope values of the relationship between Erev and Log[Na "]o correspond to 58.2
mV (gray) and 56.8 mV (black) per tenfold [Na "]o change, respectively. D, Left, Representative peak-scaled traces of ASIC currents showing desensitization. Right, Scatter plot of !desen of ASIC
currents of O-LM cells (688 # 97 ms, n $ 26), PNs (471 # 21 ms, n $ 32) and BCs (434 # 33 ms, n $ 16). The !desen was obtained by fitting the decay phase of the current with a monoexponential
function. ***p % 0.0005. E, Left, Representative peak-scaled traces of ASIC currents showing deactivation. Right, Bar plot of !deact of ASIC currents of O-LM cells (3.7 # 0.3 ms, n $ 10), PNs (9.3 #
1.2 ms, n$5) and BCs (9.8#1.0 ms, n$5). The !deact was obtained by fitting the decay phase of the current with a monoexponential function. **p%0.005. F, Left, Representative traces showing
the recovery from desensitization was measured at !60 mV after rapid changes from pH 7.4 to 5 for 2 s and then changed back to pH 7.4 for 20 s, followed by a second pulse to pH 5 for 2 s. The peak
current evoked by the second pH 5 pulse divided by the first pH 5 pulse was plotted against the pulse interval. Right, data points obtained from O-LM cells (n $ 6), PNs (n $ 16) and BCs (n $ 9) were
fitted with either a mono- or a biexponential function, yielding the weighted recovery time constants of 0.96 s, 13.2 s and 42.8 s, respectively. G, Left, Cumulative desensitization of ASICs (at !60
mV) evoked by repetitive 2 s pulses (from pH 7.4 to 5) at 0.05 Hz in an O-LM, a PN and a BC, respectively. Only the first five traces were shown. Right, Time courses of onset of desensitization in O-LM
cells (n $ 6), PNs (n $ 10) and BCs (n $ 7). The peak current amplitude, normalized to the first peak current amplitude, was plotted against the time of each pulse. Curves represent exponential
functions fitted to the data points. Time constants for PNs and BCs were 23.6 # 1.8 and 8.3 # 0.3 s, respectively.

Weng et al. • ASICs in GABAergic Inhibitory Interneurons J. Neurosci., May 12, 2010 • 30(19):6548 – 6558 • 6553



ASIC currents in nucleated patches from either O-LM cells or
BCs. Because of the very slow recovery time course (!recovery !
42.8 s) of ASICs in BCs, we thus obtained stable ASIC current
amplitudes by applying short (50 ms) acid pulses to nucleated
patches (Fig. 5). In control conditions, ASIC currents of O-LM
cells and BCs showed little desensitization and were stable over
time (Fig. 5, left traces). PcTX1 (30 nM) had only minimal effects
on ASIC currents in nucleated patches from O-LM cells (Fig. 5,
top, right). The peak current in the presence of PcTX1 was 102 "
1% of the control (n ! 4, p # 0.05; Fig. 5, top, right). In contrast,
PcTX1 (30 nM) significantly blocked 76 " 5% of the ASIC cur-
rents in nucleated patches from BCs (n ! 6, p $ 0.005; Wilcoxon
signed-rank test; Fig. 5, bottom, right).

ASIC channel number accounts for differences in
current density
Finally, we determined whether the remarkable differences in cur-
rent densities among the neuron types were derived from differences
in channel number (N), maximum open probability (Po, max) or

single-channel conductance ("). We retrieved N, Po, max and "
from the ensembles of macroscopic currents (Fig. 6A) using non-
stationary fluctuation analysis. The ensemble variance was calcu-
lated from the fluctuation of ASIC currents around the mean
(Fig. 6B), plotted against the ensemble mean, and fitted with a
parabolic function (Fig. 6C). Analysis from patches of O-LM cells
yielded the " of 5.05 " 0.74 pS (n ! 7; Fig. 6D) and the channel
number N of 427 " 82 (n ! 7). For CA1 PNs, though the "
(6.57 " 1.05 pS, n ! 7) was comparable to that of O-LM cells, the
estimated N was 69 " 45 (n ! 4; 3 of 7 cells were fitted with a
linear function; see below), significantly less than that of O-LM
cells ( p $ 0.05, Wilcoxon rank-sum test). Notably, the variance–
mean relation of ASIC currents from all BCs (n ! 5) displayed a
straight line rather than a parabola, indicating low open-channel
probability (Alvarez et al., 2002). In this case, we can determine
the ", but not the N and Po, max in the membrane (Alvarez et al.,
2002). By fitting the data points with a linear function, we ob-
tained the " of 6.29 " 1.75 pS (n ! 5; Fig. 6D) from the slope.
Collectively, the " values were not significantly different among
the three groups ( p ! 0.72, Kruskal–Wallis test). Similarly, the
P

o, max
values at pH 5 were not significantly different between

O-LM cells and CA1 PNs (O-LM cells, 0.54 " 0.06, n ! 7 versus
PNs, 0.48 " 0.08, n ! 4; p ! 0.65, Wilcoxon rank-sum test). In
sum, ASIC channel number greatly contributes to the cell type-
specific difference in current density.

Dendritic ASIC currents in O-LM cells are higher than those
of PNs and BCs
ASICs are distributed at somatodendrites of neurons (Wemmie
et al., 2002; Alvarez de la Rosa et al., 2003; Zha et al., 2006, 2009).
After filling neurons with red fluorescent dye SR101 (10 #M) via
somatic recording, dendrites were traced under epifluorescent
microscope. Similar to somatic ASIC currents, dendritic ASIC
currents of O-LM cells (V-clamp at %70 mV) evoked by local
acid puffing were transient and reversibly inhibited by amiloride
(100 #M) (Fig. 7A). Then we determined whether dendritic ASIC
currents differed among three distinct types of neurons by local
acid puffing along the apical dendrites of CA1 PNs (Fig. 7B),
bitufted dendrites of O-LM cells (Fig. 7C) and apical dendrites of

Figure 4. Expression of ASIC subunit transcripts in single hippocampal neurons. A, Ethidium
bromide-stained gels of the PCR products amplified with primers specific for ASIC1a, ASIC2 and
NF3 transcripts. Molecular weight markers were shown in the left upper and lower lanes, to-
gether with the corresponding number of base pairs. Plus and minus signs indicate samples
with or without RT. All analyzed neurons expressed NF3. B, Bar graph showing the percentage
of NF3-positive neurons expressing ASIC1a and ASIC2 transcripts. Number in parentheses indi-
cates the number of the NF3-positive cells. C, Time courses of recovery from desensitization of
ASICs from O-LM cells (blue line) and BCs (red line) were plotted together with data from
heterologously expressed mouse ASICs in CHO (change to curves obtained by fitting data from
Askwith et al., 2004). Lines represent exponential functions fit to the data points.

Figure 5. PcTX1 preferentially inhibited ASIC currents of BCs. Top, Traces showing ASIC cur-
rents (evoked by pH 5 at %100 mV) in a nucleated patch from an O-LM cell in the control and in
the presence of 30 nM PcTX1. Bottom, PcTX1 (30 nM) inhibited 74% of ASIC currents in a nucle-
ated patch from a BC. Traces were average of 5–7 sweeps.
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BCs (Fig. 7D). ASIC currents in dendrites with the puffing site at
distances of 30 –100 !m from the soma (280 ! 65 pA, n " 8) of
O-LM cells are much larger than those of CA1 PNs (132 ! 28 pA,
n " 9) and BCs (52 ! 8 pA, n " 6) (Fig. 7E). Consistently, ASIC
currents effectively generated AP trains in O-LM cells when neu-
rons were recorded in the current-clamp configuration but only
caused subthreshold membrane depolarization in PNs and BCs
under the same conditions (Fig. 7F).

Discussion
Earlier studies reported that GABAergic inhibitory interneurons
possess larger ASIC current density than pyramidal cells in the
hippocampus (Bolshakov et al., 2002; Cho and Askwith, 2008;
Ziemann et al., 2008). In contrast to them, our study shows that
fast-spiking, parvalbumin-expressing BCs have comparable
ASIC current density to CA1 PNs. Moreover, ASIC current den-
sities and gating greatly differ between two functionally distinct
GABAergic (perisomatic versus dendritic) inhibitory interneu-
rons. Furthermore, single-cell RT-PCR analysis reveals coex-
pression of ASIC1a and ASIC2 subunits in O-LM cells, whereas
only ASIC1a is detected in most BCs. The lack of the ASIC2
subunit likely accounts for the prolonged recovery of native
ASICs from desensitization in BCs.

Comparisons between native and
recombinant ASICs
Heterologously expressed mouse ASIC1a
homomers and ASIC1a/2 heteromers in
CHO cells desensitize rapidly ("decay # 1 s)
(Askwith et al., 2004). In comparison with
them, the values of "desen of native ASICs
from all three cell types are #1 s (Fig. 3D),
suggesting that either ASIC1a homomers
or heteromeric channels assembled by
ASIC1a/2a or ASIC1a/2b combination
likely mediate the majority of native chan-
nels. Further analyses of ASIC gating im-
plicate differential expression of ASIC
subunits in different cell types. Most ob-
viously, the recovery from desensitiza-
tion of ASICs is fastest in O-LM cells,
intermediate in CA1 PNs and slowest in
BCs (Fig. 3F ). These suggest that
ASIC1a/2a heteromers likely mediate
ASICs of O-LM cells because the recov-
ery from desensitization of heterologously
expressed mouse ASIC1a/2a heteromers
as estimated by the "recovery is #1 s,
whereas the values of "recovery of either re-
combinant ASIC1a homomers or
ASIC1a/2b heteromers are relatively slow
(Fig. 4C). Conversely, the very slow recov-
ery of ASICs from desensitization in BCs
strongly suggests that the majority of
ASICs in BCs is assembled as ASIC1a ho-
momers. This notion is strongly sup-
ported by the results of single-cell RT-
PCR and pharmacological sensitivity to
PcTX1.

However, differences between native
and recombinant ASICs still exist, despite
that the recovery time course of native
ASICs qualitatively recapitulates those of
heterologously expressed ASICs in CHO
cells. First, there are quantitative differ-

ences in the recovery time course of ASICs, particularly between
the native ASICs in BCs ("recovery $42.8 s) and the recombinant
ASIC1a homomers ("recovery $7 s) (Fig. 4C). Second, recombi-
nant mouse ASIC1a/2a heteromers generate currents that desen-
sitize faster than ASIC1a homomers (Askwith et al., 2004). In
contrast, ASICs in O-LM cells (putative “ASIC1a/2a” hetero-
mers) significantly desensitize slower than those (putative
“ASIC1a” homomers) in BCs (Fig. 3D). These could be attributed
to the differences in expression systems.

The estimated values of # are not significantly different among
the three groups. Notably, single-channel conductances of native
ASICs compare well with those measured directly from unitary
currents (from 4.2 pS under 10 mM [Ca 2%]o to 11.2 pS under 1
mM [Ca 2%]o) (Immke and McCleskey, 2003). Also, the values of
Po, max at pH 5 are not significantly different between O-LM cells
and CA1 PNs. As for BCs, analysis of cumulative desensitization
reveals that desensitization of ASICs in nucleated patches of BCs
develops more rapidly than those of PNs and O-LM cells during
repetitive application of acid pulses (Fig. 3G). This is in agree-
ment with the suggestion that the open probability of ASICs in
BCs is relatively low by the nonstationary fluctuation analysis.

Figure 6. Nonstationary fluctuation analysis of single-channel properties of ASICs. A, Representative ensemble of 10 consecu-
tive ASIC current traces (black) superimposed with the averaged current traces (red) recorded in nucleated patches from an O-LM
cell, a PN and a BC. B, Traces illustrating deviation of three representative individual traces from the mean. Traces from the same
cells in A. C, The ensemble variance was calculated from the fluctuations of ASIC currents around the mean, plotted against the
ensemble mean, and fitted with a parabolic function. Each plotted point is the average of 10 sampling points. Same patches as
shown in A. Red curves are parabolic or linear functions fitted to the data points. D, A bar plot summarizing # values for O-LM cells,
PNs and BCs.
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Possible functions of ASICs in perisomatic and dendritic
inhibitory interneurons
Although our understanding of interneuron heterogeneity is still
far from being complete, a major dichotomy in the inhibitory
control of pyramidal cells has already been established (Freund
and Katona, 2007). Dendritic inhibitory interneurons (for in-
stance, O-LM cells) are responsible for the control of the efficacy
and plasticity of glutamatergic inputs from specific sources that
terminate in the same dendritic domain (Miles et al., 1996). On
the other hand, perisomatic inhibitory interneurons (for in-
stance, BCs) control the output of pyramidal cells (Miles et al.,
1996). In addition, several intrinsic properties (see Introduction
of this study) of these two major types of interneurons are found
to be very different. In this study, we uncover the expression of
ASICs as a novel cell type-specific property which might underlie
their differences in synaptic transmission and relative suscepti-
bility to brain injury.

Several lines of evidence suggest that ASICs play crucial roles
in synaptic transmission. First, long-term potentiation, a form of
synaptic plasticity underlying learning and memory, is abrogated
at Schaffer collateral-CA1 pyramidal cell synapses in ASIC1a
knock-out mice (Wemmie et al., 2002). Second, presynaptic re-

lease probability is increased in hippocampal neurons from
ASIC1a knock-out mice (Cho and Askwith, 2008). Finally, ASICs
interact with several postsynaptic scaffolding proteins such as
PSD-95, PICK1 and CaMKII (for review, see Wemmie et al.,
2006). More recently, ASIC2 subunits, but not ASIC1a subunits,
were shown to target ASICs to the synapse via an association with
PSD-95 and loss of ASIC2 subunits decreases the percentage of
spines responding to acid (Zha et al., 2009). Interestingly, our
results demonstrate that ASIC2 subunit mRNAs were not de-
tected in most BCs and relatively small ASIC currents were de-
tected in BC dendrites. Thus, subunit composition of ASICs in
different types of GABAergic inhibitory interneurons might also
contribute to cell type-specific long-term plasticity at glutamater-
gic synapses onto hippocampal interneurons (Nissen et al.,
2010).

Deletion of ASIC1a gene was shown to increase the presynap-
tic release probability and led to paired-pulse depression at the
hippocampal glutamatergic synapses (Cho and Askwith, 2008).
Conversely, overexpression of ASIC1a subunits in ASIC1a
knock-out neurons increases paired-pulse ratio. Thus, relative
abundance of ASICs might underlie the heterogeneity of
GABAergic inhibitory outputs (Maccaferri et al., 2000). Intrigu-

Figure 7. Dendritic ASIC currents in distinct types of neurons. A, Focal acid puffs (5 s, pH 4.5) to the O-LM cell dendrite (at the distance of 23 !m from the soma) evoked a desensitizing inward
current, which was reversibly blocked by amiloride (100 !M). Black, Control; gray, amiloride; red, washout. B, Left, An O-LM cell filled with SR101 via somatic recording; the puff pipette was placed
near the dendrite. Right, Brief acid puffs (1 s, pH 4) at different distances along the O-LM dendrite evoked large inward currents at the voltage-clamp potential (V-clamp) of !70 mV and spike trains
in the current-clamp recording (holding potential !70 mV), respectively. C, Left, A PN filled with SR101 and the puff pipette was placed near the apical dendrite. Right, Brief acid puffs (1 s, pH 4)
at different distances along the PN dendrite evoked relatively smaller inward currents (V-clamp " !70 mV) and subthreshold membrane depolarization in the current-clamp recording (holding
potential !70 mV), respectively. D, Left, A BC filled with SR101 and the puff pipette was placed near the apical dendrite. Right, Local acid puffs (2 s, pH 4) evoked relatively smaller ASIC currents
(V-clamp " !70 mV) and subthreshold membrane depolarization in the current-clamp recording (holding potential !70 mV), respectively. E, ASIC currents as a function of distance from the
soma. Lines represent exponential functions fit to the data points. Data are from 8 O-LM cells, 9 PNs and 6 BCs. F, Summary plot of spike number plotted against distance from the soma. Lines
represent exponential functions fit to data points. Data are from 8 O-LM cells, 9 PNs and 6 BCs. All experiments were performed in the presence of 1 mM kynurenic acid and 1 !M SR95531.
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ingly, consistent with this notion, we found a similar correlation
between the functional ASIC current and the release probability
of interneurons. In this study, BCs with relatively low ASIC ex-
pression have high release probability and exhibit paired-pulse
depression at short interspike intervals (Kraushaar and Jonas,
2000; Maccaferri et al., 2000). On the contrary, O-LM cells with
relatively high ASIC expression have low release probability and
show no paired-pulse modulation. (Maccaferri et al., 2000).

Functional implications
Interneurons exhibit differential susceptibility to injury by epi-
leptic insults that are accomplished by transient acidification
(Morin et al., 1998; Cossart et al., 2001; Wittner et al., 2001,
2005). In experimental epilepsy, dendrite-targeting interneu-
rons, such as O-LM cells, selectively degenerate, leading to
“disinhibition” in dendritic compartments of PNs. In contrast,
soma-targeting interneurons, mainly BCs, are relatively spared,
resulting in enhanced somatic inhibition (Cossart et al., 2001;
Wittner et al., 2005). Increasing studies showed that neurons
lacking ASICs are resistant to ischemic/acid injury (Xiong et al.,
2004; Gao et al., 2005; Wemmie et al., 2006). Our data show that
BCs, in contrast to O-LM cells and other non-fast-spiking inter-
neurons, have strikingly low-density and rapidly desensitizing
ASICs. Furthermore, BCs have relatively low input resistance
(!134 M", see Results) compared with O-LM cells (!336 M").
Consequently, relatively large ASIC currents in O-LM cells dur-
ing transient acidification together with the high input resistance
will lead to membrane depolarization and firing of O-LM cells
(Fig. 7). Thus, acidification can preferentially induce firing of
O-LM cells accompanied by massive Ca 2# influx via voltage-
gated Ca 2# channels and thereby might have a greater impact on
O-LM cells than BCs. Interestingly, in addition to the unique
ASIC expression feature, fast-spiking BCs have very efficient
Ca 2# buffer capacity (Aponte et al., 2008). Quantitatively, the
magnitude of Ca 2# binding ratio (!s) of BCs (!s !200; Aponte et
al., 2008) is tenfold larger than that of O-LM cells (!s !20; Liao
and Lien, 2009). Together, all these factors likely contribute to
selective degeneration of O-LM cells and disinhibition of pyra-
midal cell dendrites induced by experimental epilepsy.

Perspectives
Our results point to the cell type-specific expression of ASICs in
hippocampal GABAergic inhibitory microcircuits and the find-
ings demonstrate how the distribution and proportions of ASIC
subunits vary in different cells under physiological conditions.
Our work provides a better understanding of how acidosis in the
hippocampus could influence the network and how hippocampal
acidosis might suppress seizure activity. A challenge of future
studies will be to delete ASIC gene in a cell type-restricted manner
to address the meaning of differential expression of ASICs in the
brain.
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Miles R, Tóth K, Gulyás AI, Hájos N, Freund TF (1996) Differences between
somatic and dendritic inhibition in the hippocampus. Neuron 16:815–
823.

Morin F, Beaulieu C, Lacaille JC (1998) Selective loss of GABA neurons in
area CA1 of the rat hippocampus after intraventricular kainate. Epilepsy
Res 32:363–369.

Nissen W, Szabo A, Somogyi J, Somogyi P, Lamsa KP (2010) Cell type-
specific long-term plasticity at glutamatergic synapses onto hippocampal
interneurons expressing either parvalbumin or CB1 cannabinoid recep-
tor. J Neurosci 30:1337–1347.

Pouille F, Scanziani M (2004) Routing of spike series by dynamic circuits in
the hippocampus. Nature 429:717–723.
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