
ASIC1A in neurons is critical for fear-related behaviors

R. J. Taugher1,2, Y. Lu1,2, R. Fan1,2, A. Ghobbeh1,2, C. J. Kreple3,4, F. M. Faraci5,6, and J. A. 
Wemmie1,2,3,4,7,8,9,10

1Department of Psychiatry, University of Iowa, Iowa City, Iowa, USA

2Department of Veterans Affairs Medical Center, Iowa City, Iowa, USA

3Medical Scientist Training Program, University of Iowa, Iowa City, Iowa, USA

4Department of Molecular Physiology and Biophysics, University of Iowa, Iowa City, Iowa, USA

5Department of Internal Medicine, University of Iowa, Iowa City, Iowa, USA

6Department of Pharmacology, University of Iowa, Iowa City, Iowa, USA

7Department of Neurosurgery, University of Iowa, Iowa City, Iowa, USA

8Pappajohn Biomedical Institute, University of Iowa, Iowa City, Iowa, USA

9Interdisciplinary Graduate Program in Neuroscience, University of Iowa, Iowa City, Iowa, USA

10Roy J. Carver Chair of Psychiatry and Neuroscience

Abstract

Acid-sensing ion channels (ASICs) have been implicated in fear-, addiction-, and depression-

related behaviors in mice. While these effects have been attributed to ASIC1A in neurons, it has 

been reported that ASICs may also function in non-neuronal cells. To determine if ASIC1A in 

neurons is indeed required, we generated neuron-specific knockout mice with floxed Asic1a 
alleles disrupted by Cre recombinase driven by the neuron-specific synapsin I promoter 

(SynAsic1a KO mice). We confirmed that Cre expression occurred in neurons, but not all neurons, 

and not in non-neuronal cells including astrocytes. Consequent loss of ASIC1A in some but not all 

neurons was verified by western blotting, immunohistochemistry, and electrophysiology. We found 

ASIC1A was disrupted in fear circuit neurons, and SynAsic1a KO mice exhibited prominent 

deficits in multiple fear-related behaviors including Pavlovian fear conditioning to cue and 

context, predator odor-evoked freezing, and freezing responses to carbon dioxide inhalation. In 

contrast, in the nucleus accumbens ASIC1A expression was relatively normal in SynAsic1a KO 
mice, and consistent with this observation, cocaine conditioned place preference (CPP) was 

normal. Interestingly, depression-related behavior in the forced swim test, which has been 

previously linked to ASIC1A in the amygdala, was also normal. Together, these data suggest 

neurons are an important site of ASIC1A action in fear-related behaviors, whereas other behaviors 

likely depend on ASIC1A in other neurons or cell types not targeted in SynAsic1a KO mice. 
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These findings highlight the need for further work to discern the roles of ASICs in specific cell 

types and brain sites.
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Introduction

A wide variety of behaviors, including behaviors related to fear, depression, and addiction, 

share a surprising dependence on a family of ion channels that are activated by acid. These 

channels, acid-sensing ion channels (ASICs), are trimeric, proton-gated cation channels of 

the degenerin/epithelial sodium channel (DEG/ENaC) family that are expressed throughout 

the nervous system and are activated by reduction in extracellular pH (Waldmann et al., 

1997, Jasti et al., 2007, Wemmie et al., 2003, Wemmie et al., 2013, Zha, 2013). Acid-sensing 

ion channel-1A (ASIC1A) is a critical channel subunit, as genetic disruption or 

pharmacological inhibition of ASIC1A largely abolishes currents in brain neurons evoked by 

acidosis in the physiological range (Wemmie et al., 2002, Xiong et al., 2004, Wu et al., 

2013). Beyond their pH sensitivity, the role that these channels play in behavior remains 

poorly understood. To elucidate this role, it is first important to identify the brain areas and 

cell types in which the channels function to influence behavior.

Though ASIC1A expression occurs throughout the brain, its expression is particularly 

abundant in brain structures underlying emotive behaviors, such as the amygdala, bed 

nucleus of the stria terminalis (BNST), periaqueductal gray (PAG), dorsal striatum, and 

nucleus accumbens (NAc) (Wemmie et al., 2003, Zhang et al., 2009, Taugher et al., 2014, 

Kreple et al., 2014, Price et al., 2014). Consistent with expression in these brain areas, 

knocking out the Asic1a gene in mice results in an array of phenotypes in behavioral assays 

including cued and contextual fear conditioning, unconditioned freezing to carbon dioxide 

(CO2) and the predator odor trimethylthiazoline (TMT), depression-related behaviors 

including the forced swim test, and addiction-related behaviors such as cocaine conditioned 

place preference (CPP), and cocaine-induced locomotion (Coryell et al., 2007, Price et al., 

2014, Wemmie et al., 2003, Ziemann et al., 2009, Coryell et al., 2009, Taugher et al., 2014, 

Taugher et al., 2015, Kreple et al., 2014, Jiang et al., 2013). Region-restricted manipulations 

of ASIC1A in the amygdala, NAc, and BNST further implicate these brain areas as sites of 

ASIC1A action in behavior (Ziemann et al., 2009, Coryell et al., 2009, Taugher et al., 2014, 

Taugher et al., 2015, Kreple et al., 2014, Coryell et al., 2008, Chiang et al., 2015).

Despite these established behavioral phenotypes, it remains unclear in which cell types 

ASIC1A exerts its effects. ASIC1A is expressed in neurons and has been located in the 

soma, axons, dendrites, and dendritic spines, where it has been implicated in synaptic 

transmission and plasticity (Wemmie et al., 2002, Zha et al., 2006, Zha et al., 2009, Du et al., 

2014, Kreple et al., 2014). However, recent studies have suggested that ASICs might also be 

present in subpopulations of glial cells (Huang et al., 2010, Feldman et al., 2008, Lin et al., 

2010, Yang et al., 2016) and may contribute to acid-evoked currents and calcium influx in 
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astrocytes (Huang et al., 2010, Yang et al., 2016), although relative levels of ASIC1A 

expression in neurons and non-neuronal cells remain unclear. Most of the tools previously 

used to manipulate ASIC1A have not discriminated between neuronal and non-neuronal 

cells. One study used Tg(Nestin-cre) mice with the goal of disrupting Asic1a specifically in 

neurons and found a reduction in both cued and contextual fear conditioning (Chiang et al., 

2015). However, because Tg(Nestin-cre) mice express Cre in both neuronal and non-

neuronal cells (Harno et al., 2013, Walker et al., 2010), it remains an open question in which 

cell types ASIC1A acts to exert its effect on behavior. Thus, we sought to test the hypothesis 

that neurons are a key site of ASIC1A action in emotive behaviors.

Materials and Methods

Mice

Asic1a−/− and Asic1aloxP/loxP mice were generated as previously described (Wemmie et al., 

2002, Taugher et al., 2014, Kreple et al., 2014). Tg(Syn1-cre) mice (Zhu et al., 2001) were 

obtained from Dr. Curt Sigmund. Tg(Syn1-cre) and Asic1aloxP/loxP mice were intercrossed 

to generate Asic1aloxP/loxP Tg(Syn1-cre) mice, herein referred to SynAsic1a KO mice. 

Because of previously reported expression of Cre in germline cells (Rempe et al., 2006), all 

offspring were screened for excision of the Asic1a floxed allele in non-neuronal tissue. 

Gt(ROSA)26Sortm6(CAG-ZsGreen1)Hz Cre reporter mice, purchased from the Jackson 

Laboratory (stock no. 007906) (Madisen et al., 2010), were intercrossed with Tg(Syn1-cre) 

mice to produce Gt(ROSA)26Sortm6(CAG-ZsGreen1)Hz Tg(Syn1-cre) mice, referred to as 

SynRosa26 mice. Asic1a−/− and SynRosa26 mice were maintained on a congenic C57BL/6J 

background, whereas the SynAsic1a KO mice were on a mixed C57BL/6J and C57BL/6T 

background. All mice had ad libitum access to water and standard chow, and were group 

housed. Mice were kept on a 12-hour light-dark cycle and all experiments were performed 

during the light cycle. Mice of both sexes were used and all experimental groups were sex- 

and age-matched (10–16 weeks of age). Naïve mice were used for immunohistochemistry, 

western blotting, and electrophysiology. Mice underwent testing in multiple behaviors in the 

following order: open field, TMT-evoked freezing, CO2-evoked freezing, forced swim test, 

and fear conditioning, with at least 24hrs between asssays. A separate cohort of mice was 

used to test cocaine conditioned place preference. Animal care met the standards set by the 

National Institutes of Health, and all experiments were approved by the University of Iowa 

Animal Care and Use Committee.

Immunohistochemistry and Imaging

eGFP expression in slices from SynRosa26 mice was directly imaged without use of 

antibodies. Immunohistochemistry was performed as previously described (Taugher et al., 

2014). Briefly, rabbit polyclonal anti-ASIC1 antiserum (MTY19) (Wemmie et al., 2003) 

diluted 1:1000 was used for ASIC1A immunohistochemistry, a mouse monoclonal NeuN 

antibody (Millipore) diluted 1:250 was used to identify neuronal nuclei, and a mouse 

monoclonal GFAP antibody (Millipore) diluted 1:500 was used to identify astrocytes. 

Secondary antibodies included goat-anti rabbit IgG antibody coupled to Alexa Fluor 488 

(Invitrogen) for ASIC1A immunohistochemistry, and goat-anti mouse IgG antibody coupled 
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to Alexa Fluor 568 (Invitrogen) for NeuN and GFAP staining. All sections were imaged at 

10× with a confocal microscope (Zeiss 710).

DNA Isolation and PCR

DNA was isolated from tail and brain tissue using the QiAamp DNA Mini Kit (Qiagen). 

PCR primers were used to identify the presence or excision of the Asic1a floxed allele. 

Primer sequences were as follows (5’ to 3’): forward primer: 

GAGAACTGGAGACACAGAAGGTGAGGA, reverse primer: 

GCCTGACACATGGAATACAAGAAGACA.

Western blotting

Brain lysates were prepared and western blotting was performed as previously described 

(Taugher et al., 2014). Briefly, the primary antibodies were: rabbit polyclonal anti-ASIC1 

antiserum (MTY19)(Wemmie et al., 2003) diluted 1:500 and chicken polyclonal anti-

GAPDH antibody (Millipore) diluted 1:10000. The secondary antibodies were: IRDye 

800CW Donkey anti-Rabbit IgG and IRDye 680LT Donkey anti-Chicken IgG (LI-COR) 

(1:10000). The membrane was imaged with the Odyssey imaging system (LI-COR).

Slice electrophysiology

Coronal slices through the amygdala and NAc (300 μm) were prepared from 8–12 week old 

mice and whole-cell recordings were performed as previously described (Taugher et al., 

2014).

Fear conditioning

A 3-day protocol was used to assess both cued and contextual fear conditioning. On the first 

day, mice were placed in a near-infrared video fear conditioning chamber (Med Associates). 

After 3 minutes, a 20-second tone (90 db) was played which co-terminated with a 1-second 

footshock (0.75 mA.) Four more tone-shock pairings were delivered with an 80-second 

inter-stimulus interval. On the second day, cue-evoked responses were tested in a novel 

context in which lighting, floor texture, and odor had been altered. After three minutes in the 

novel context, mice were exposed to a 3-minute tone (90db), followed by an additional 4 

minutes without the tone. On the third day, contextual fear memory was tested by returning 

the mice to the original training context for five minutes. Freezing and maximum motion 

following footshock were scored with VideoFreeze software (Med Associates).

TMT-evoked freezing

TMT-evoked freezing was performed as previously described (Taugher et al., 2015). Briefly, 

mice were placed in a Plexiglas behavior chamber along with a beaker containing a piece of 

tissue paper soaked with 6 μL trimethylthiazoline (TMT) (Contech enterprises) for 10 

minutes. Mice were videotaped and freezing and time exploring the beaker were scored by a 

trained observer, blinded to genotype. Freezing was defined as an absence of motion other 

than respiration. Exploring the beaker was defined as sniffing, touching, or climbing on the 

beaker.
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CO2-evoked freezing

CO2-evoked freezing was assessed as previously described (Taugher et al., 2014, Price et al., 

2014, Ziemann et al., 2009). In brief, mice were placed in a plexiglas chamber that was 

continuously infused with 10% CO2 (10% CO2, 21% O2, balanced with N2) at a rate of 5L/

minute for 10 minutes. Mice were videotaped and freezing behavior was scored by a trained 

observer, blinded to genotype. Freezing was defined as the absence of motion other than 

respiration.

Forced swim test

The forced swim test was assessed as previously described (Coryell et al., 2009). Mice were 

placed in a 4L plastic beaker filled with approximately 3.5L of room temperature water for 6 

minutes. Mice were videotaped and immobility was scored by a trained observer, blinded to 

genotype. Immobility was defined as an absence of motion except for gliding and small 

movements required to keep the head above water.

Cocaine conditioned place preference

Cocaine conditioned place preference was performed using a five-day protocol with 

counterbalanced conditions as previously described (Kreple et al., 2014), using cocaine (10 

mg/kg, diluted in 0.9% saline, i.p., 10 μl/g body mass, Sigma Aldrich) and saline (10 μl/g 

body mass). Time spent on each side of the chamber during pretest and posttest was 

quantified by a trained observer blinded to genotype. To ensure that none of the mice had a 

strong inherent place preference, we screened the pretest data to ensure that no mouse spent 

more than 75% of the time on either side of the chamber during the pretest. None of the 

mice met this criterion, thus all mice were included in the subsequent analysis. Conditioned 

place preference was assessed by subtracting the time spent on the cocaine paired side 

during the pretest from that during the posttest.

Statistical analysis

All values are reported and plotted as mean ± SEM. A Student’s t-test was used to test 

significance between two groups; Welch’s correction was applied when comparsions were 

made between groups with unequal variance. Where appropriate, the Holm-Sidak method 

was used to correct for multiple comparisons. A Fisher’s exact test was used to compare two 

proportions. p < 0.05 was considered significant for all tests. A Grubb’s test (Alpha = 0.05) 

was used to identify outliers. Two outliers were identified in the TMT-evoked freezing assay 

(1 Asic1a+/+ mouse and 1 SynAsic1a KO mouse), and excluded from further analysis. 

Sample sizes vary between experiments and are stated in the figure legends. All analyses 

were performed using Prism software (GraphPad).

Results

Cre expression in Tg(Syn1-cre) mice is neuron-specific

We first sought to verify that the Tg(Syn1-cre) mice express Cre specifically in neurons. To 

characterize the location of Cre expression, we crossed the Tg(Syn1-cre) mice with 

Gt(ROSA)26Sortm6(CAG-ZsGreen1)Hz reporter mice, which express eGFP in Cre-positive 
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cells. Confocal imaging of the offspring, referred to as SynRosa26 mice, revealed 

widespread Cre expression throughout the brain, including the amygdala, BNST, cortex, 

hippocampus, hypothalamus, lateral septum, olfactory bulb, and thalamus (Figure 1A–1B, 

Figure S1A–S1D). However, other areas such as the striatum, had relatively fewer Cre-

positive cells (Figure 1A–1B). To assess whether or not Cre was expressed specifically in 

neurons, we looked at the colocalization of the Cre-positive cells with NeuN, a marker of 

neuronal nuclei. We found that all visible Cre-positive cells in the amygdala colocalized 

with NeuN, however some NeuN expressing cells were Cre-negative (Figure 1C). These 

observations suggest that Cre expression in the Tg(Syn1-cre) mice is specific to neurons, 

although not all neurons expressed Cre. We also examined co-localization of Cre with 

GFAP, an astrocyte marker. Cre-positive puncta did not colocalize with GFAP or the small 

blood vessels surrounded by GFAP expressing astrocytes (Figure 1D), suggesting that Cre 

was not expressed in astrocytes or small vessels, and consistent with the observation that Cre 

expression was neuron specific.

Disruption of Asic1a allele and ASIC1A protein in SynAsic1a KO mice

Next we crossed Tg(Syn1-cre) mice to Asic1a loxP/loxP mice to produce targeted disruption 

of ASIC1A in Cre-expressing neurons, referred to as SynAsic1a KO mice. To confirm 

disruption of Asic1a, we analyzed DNA isolated from the tail and brain by PCR. We found 

that the Asic1a floxed allele was present in an unexcised state in tail DNA from SynAsic1a 
KO mice, but was detected in both excised and unexcised states in DNA samples from 

whole brain lysates (Figure S2A–S2C), suggesting that Cre was not expressed in tail, but 

was expressed in some, but not all brain cells. We next tested ASIC1A protein in brain. 

Western blotting whole brain lysates revealed a decrease in ASIC1A protein in SynAsic1a 
KO mice, relative to Cre-negative Asic1aloxP/loxP littermate controls (t(6) = 8.683, ***p = 

0.0001), but it was not absent in the SynAsic1a KO mice like in the Asic1a−/− mice (Figure 

2A, Figure S3A). A partial disruption of ASIC1A was similarly observed in amygdala 

lysates (Figure 2B, Figure S3B). Likewise, ASIC1A immunohistochemistry also suggested 

an incomplete loss of ASIC1A protein in the amygdala and BNST of SynAsic1a KO mice 

compared to littermate controls (Figure 2C).

We also assessed acid-evoked current in BLA neurons. Although ASIC1A-dependent 

currents can be evoked in BLA neurons by relatively small reductions in extracellular pH 

(Ziemann et al., 2009), we have previously found that an extreme acid challenge (e.g. pH 5 

to 5.6) evokes maximal or near maximal currents in essentially all BLA neurons, and that 

global disruption of ASIC1A in Asic1a−/− mice eliminates these currents (Wemmie et al., 

2003, Ziemann et al., 2009). Thus, the presence or absence response to pH 5.6 provides a 

useful surrogate for assessing presence or absence of ASIC1A protein on the cell surface of 

individual neurons. In control Asic1aloxP/loxP mice, we found pH 5.6 evoked current in all of 

the BLA neurons tested, whereas in the SynAsic1a KO mice, more than half of the neurons 

tested lacked acid-evoked currents (Fisher’s exact, **p = 0.0031) (Figure 2D–2E). The 

neurons that retained acid-evoked current in the SynAsic1a KO mice exhibited normal 

current density (t(17) = 0.2786, p = 0.7839) (Figure 2F). Together, these findings suggest 

that ASIC1A is reduced, though not completely eliminated in the SynAsic1a KO brain and 
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that the loss of ASIC1A was due to excision of the floxed alleles in a subset of neurons, 

whereas other neurons retained normal levels of ASIC1A expression.

Conditioned and unconditioned fear-related behaviors are reduced in SynAsic1a KO mice

We next sought to test the behavioral effects of ASIC1A disruption in the SynAsic1a KO 
mice. We tested SynAsic1a KO mice versus Cre negative Asic1aloxP/loxP littermates. For 

direct comparison we also simultaneously retested the effects of global disruption of 

ASIC1A by comparing Asic1a−/− mice versus Asic1a+/+ controls. We assessed conditioned 

fear using a combined cued and contextual fear conditioning paradigm, and found that the 

SynAsic1a KO mice exhibited reduced freezing during acquisition (Asic1a−/−, t(18) = 4.355, 

***p = 0.0004; SynAsic1a KO, t(29) = 5.061, ***p < 0.0001), cued testing (Asic1a−/−, t(18) 

= 3.25, **p = 0.0044; SynAsic1a KO, t(29) = 6.008, ***p < 0.0001), and context testing 

(Asic1a−/−, t(18) = 2.322, *p = 0.0321; SynAsic1a KO, t(28) = 4.963, ***p < 0.0001) 

relative to Cre negative Asic1aloxP/loxP controls (Figure 3A, Figure S4A–S4B). Furthermore, 

the deficits in the SynAsic1a KO mice were similar to the deficits in the Asic1a−/− mice 

lacking ASIC1A globally. Although freezing was reduced, unconditioned responses to the 

footshock were intact in the SynAsic1a KO mice (t(17) = 0.8263, p = 0.4201) and increased 

in the Asic1a−/− mice (t(12.03) = 2.41, *p = 0.0329), suggesting that these mice do perceive 

the footshock (Figure S4C). In addition, like the Asic1a−/− mice, the SynAsic1a KO mice 

exhibited abnormally low freezing in response to 10% CO2 (Asic1a−/−, t(19) = 3.181, **p = 

0.0049; SynAsic1a KO, t(29) = 4.365, ***p = 0.0001) as well as to TMT(Asic1a−/−, t(18) = 

3.712, **p = 0.0016; SynAsic1a KO, t(28) = 4.888, ***p < 0.0001) (Figure 3B–3C). 

Consistent with this reduction in freezing, the Asic1a−/− mice and the SynAsic1a KO mice, 

avoidance of the TMT−containing beaker was also reduced (Asic1a−/−, t(10.07) = 2.512, *p 

= 0.0306; SynAsic1a KO, t(16.65) = 2.757, *p = 0.0136) (Figure S5). Together, these 

observations suggest that ASIC1A in neurons, likely in the fear circuit, is critical for 

multiple fear-related behaviors.

To control for locomotor activity, we also assessed locomotion in the open field. Locomotor 

activity was similar between SynAsic1a KO and Asic1aloxP/loxP control mice (data not 

shown, p = 0.7442), which was consistent with the previous observation that locomotor 

activity did not differ between Asic1a−/− mice and Asic1a+/+controls (Coryell et al., 2007).

SynAsic1a KO mice express ASIC1A in the NAc

In contrast to Cre expression and Cre-mediated disruption of ASIC1A in the amygdala and 

BNST, Cre was not expressed uniformly throughout the brain in the SynRosa26 mice. 

Relatively little Cre expression was observed in striatal structures such as the NAc (Figures 

1A, 1B and 4A). Likewise, western blotting and immunohistochemistry revealed only 

slightly reduced ASIC1A protein levels in the NAc in SynAsic1a KO mice (Figure 4B–4C, 

Figure S3C). Similarly, although we found some neurons in the NAc from SynAsic1a KO 
mice that lacked acid-evoked currents, most did exhibit acid-evoked current, suggesting that 

Asic1a was disrupted in relatively few NAc neurons (Fisher’s exact, p = 0.2228) (Figure 

4D–4E). The SynAsic1a KO neurons that retained acid-evoked currents displayed current 

densities that were not statistically different from controls, although they tended to be lower 

(t(13.83) = 2.155, p = 0.0530) (Figure 4F). Together these data suggest that Cre was 
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expressed in relatively few neurons in the NAc and striatum, and thus ASIC1A expression 

was largely retained. This result was somewhat surprising because the synapsin 1 promotor 

has often been considered pan neuronal and the endogenous synapsin promoter produces 

widespread transcription in the brain, including the striatum (Lein et al., 2007). However, 

inconsistent levels of gene expression across brain sites have been seen with other transgenic 

mice including mice with other transgenes driven by the synapsin 1 promoter (Wemmie, 

2004). This variability is likely due to location differences between genomic sites of 

transgene integration. Nevertheless, the relative sparing of ASIC1A expression in some brain 

areas provided an opportunity to test whether ASIC1A may affect different behaviors 

through different sites of action.

NAc dependent behavior is intact in SynAsic1a KO mice

The NAc plays important roles in addiction-related behavior and plasticity (Russo et al., 

2010), and our previous work demonstrated that ASIC1A in the NAc was necessary and 

sufficient for normal cocaine CPP (Kreple et al., 2014). Therefore we tested if the residual 

ASIC1A expression, in the NAc and possibly elsewhere, in the SynAsic1a KO mice was 

sufficient to maintain normal cocaine CPP. Indeed, we found no significant differences in 

cocaine CPP between the SynAsic1a KO mice and Cre-negative Asic1aloxP/loxPcontrol mice 

(Asic1a−/−, t(26) = 2.502, *p = 0.0190; SynAsic1a KO, t(18) = 0.003232, p = 0.9975) 

(Figure 5A), whereas the previously described increase in cocaine CPP in the Asic1a−/− 

mice was reproduced.

Normal forced swim behavior in SynAsic1a KO mice

Previous work found that Asic1a−/− mice have reduced depression-related behaviors in 

several assays, including the forced swim test (Coryell et al., 2009). That work further 

suggested a critical role for ASIC1A in the amygdala (Coryell et al., 2009). Because the 

SynAsic1a KO mice have substantially reduced ASIC1A expression in the amygdala, we 

hypothesized that they may also exhibit reduced depression-related behavior. However, 

contrary to our hypothesis, the SynAsic1a KO mice had similar levels of immobility in the 

forced swim test relative to littermate Cre-negative Asic1aloxP/loxP controls (Asic1a−/−, t(18) 

= 2.428, *p = 0.0259; SynAsic1a KO, t(29) = 1.648, p = 0.1101) (Figure 5B). Moreover, 

because fear conditioning and other fear-related behaviors were severely disrupted in the 

SynAsic1a KO mice, these results suggest that the site(s) of action of ASIC1A in forced 

swim behavior likely differs from these other fear-related behaviors. To our knowledge this 

is the first evidence that the mechanisms underlying ASIC1A action in depression-related 

behavior may be separable from those underlying fear-related behavior.

Discussion

The primary impact of this work is in its investigation of the cellular site of ASIC1A action 

in emotive behaviors. In SynAsic1a KO mice, Cre-mediated disruption of ASIC1A was 

restricted to neurons, although not all neurons were affected. Therefore, the observation that 

SynAsic1a KO mice exhibit deficits similar to Asic1a−/− mice in fear conditioning, TMT-

evoked freezing, and CO2-evoked freezing (Figure 3A–C) suggests a neuronal site of 

ASIC1A action, at least in these behaviors.
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While our experiments reproduced the effects of global Asic1a−/− disruption, the SynAsic1a 
KO mice did not exhibit all of the behavioral phenotypes detected in global Asic1a−/− mice. 

Some of the behaviors tested here, namely cocaine CPP and forced swim behavior, did not 

differ from controls expressing normal ASIC1A levels. One possible explanation is the 

difference in genetic background between the SynAsic1a KO and Asic1a−/− mice. 

Alternatively, the ASIC1A expression that was retained in the SynAsic1a KO mice, might be 

sufficiently preserved at some key location(s) to maintain the unaffected behaviors. 

Unfortunately, the present studies do not allow us to discern whether these locations might 

be non-neuronal cells or Cre-negative neurons. Our previous work found that virus-mediated 

expression of ASIC1A in the NAc of Asic1a−/− mice was sufficient to normalize cocaine 

CPP (Kreple et al., 2014), thus the residual ASIC1A expression in the NAc of the SynAsic1a 
KO mice might explain their normal CPP behavior. However, because this virus-mediated 

restoration of ASIC1A in the NAc was not cell-type specific, the possibility that ASIC1A in 

non-neuronal cells might contribute to cocaine CPP cannot be excluded.

The site of ASIC1A action in the forced swim test also remains unclear. Previous work 

found that virus-mediated expression of ASIC1A in the amygdala in global Asic1a−/− mice 

was sufficient to normalize immobility (Coryell et al., 2009). Thus we were surprised that, 

despite the substantial reduction of ASIC1A expression in the amygdala, the SynAsic1a KO 
mice exhibited normal behavior in the forced swim test. Perhaps the residual ASIC1A 

expression in the amygdala was sufficient to maintain forced swim behavior in the 

SynAsic1a KO mice. Alternatively, ASIC1A in the amygdala may not be necessary for 

normal forced swim behavior. Conceivably, ASIC1A at other, possibly redundant sites may 

be sufficient. Potential candidate sites include the NAc and the dorsal striatum, because 

ASIC1A expression was relatively preserved in these locations in SynAsic1a KO mice and 

these regions have also been implicated in the forced swim test (Rada et al., 2003, Colelli et 

al., 2014)

Although our results suggest an important role for ASIC1A in neurons in fear-related 

behavior, there remains the question of how ASIC1A affects neuronal function. One 

possibility is that ASIC1A responds to acidosis at synapses during synaptic transmission. 

Consistent with this possibility, recent work identified an ASIC1A-dependent postsynaptic 

current which was sensititve to extracellular pH buffering capacity as well as to genetic 

disruption and pharmacologic inhibitition of carbonic anhydrase (Kreple et al., 2014, Du et 

al., 2014, Gonzalez-Inchauspe et al., 2017). Alternatively, the observed behavioral effects 

may result more directly from the remodeling of dendritic spines that has been observed 

following the loss of ASIC1A, for example in the hippocampus and NAc (Zha et al., 2006, 

Kreple et al., 2014). Moreover, the expression of ASIC1A in multiple brain regions and 

neuron types raises questions about whether it acts in similar or different ways in distinct 

populations of neurons. Clearly, more work is needed to better understand the mechanisms 

by which ASIC1A influences behavior and neuron physiology.

Results and their interpretations are limited by the experimental tools used to obtain them. 

While we were unable to detect Cre expression outside of neurons (Figure 1C) it is difficult 

to exclude Cre expression in all non-neuronal cells in the SynAsic1a KO mice. Similarly, we 

cannot rule out the possibility that the behavioral phenotypes seen in the SynAsic1a KO 
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mice are due to a loss of ASIC1A during development. However, previous studies suggest 

that the behavioral phenotypes observed here do not depend on developmental effects of 

ASIC1A, because disrupting Asic1a after development in adult animals recapitulated 

findings in global Asic1a−/− mice (Taugher et al., 2014, Kreple et al., 2014, Taugher et al., 

2015).

While our results are consistent with an important role for ASIC1A in neurons, the potential 

role(s) of ASIC1A in non-neuronal cells is unclear. Ultimately, understanding where and 

how ASIC1A functions will be critical for fully understanding the biology of these channels 

and their unique properties. This knowledge will be of value for learning to leverage ASICs 

for thereapeutic purposes for illnesses such as anxiety, depression, and drug abuse.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cre expression is neuron-specific and widespread in SynRosa26 mice
A, B) Coronal sections of SynRosa26 mice showing Cre-dependent eGFP expression 

(green). SynRosa26 mice expressed Cre in the BLA (A). Cre was also expressed in the 

BNST (B), although in relatively fewer cells. White squares indicate areas magnified in inset 

image. Anatomic structures labeled for reference include basolateral amygdala (BLA), 

cortex (Ctx), hippocampus (Hipp), striatum (Str), external capsule (ec), lateral ventricle (lv), 

piriform cortex (Pir), BNST, lateral septum (LS), and anterior commissure (ac). C) BLA, 

Cre expression (green) colocalized with NeuN (red), a marker of neuronal nuclei, although 

some NeuN positive cells did not express a detectable level of Cre, examples indicated by 

white arrowheads. D) In contrast, no colocalization between Cre-dependent eGFP (green) 

and GFAP (red), an astrocyte marker, was seen. White square indicates area magnified in 

inset image.

Taugher et al. Page 13

Genes Brain Behav. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Disruption of ASIC1A protein in SynAsic1a KO mice
A, B) Western blots of protein isolated from whole brain (A) or amygdala punches (B) 
showing relative levels of ASIC1A expression in samples from mice of indicated genotypes. 

Duplicate lanes in (A) contained lysates from separate mice. Lysate from COS cells 

transfected with recombinant Asic1a cDNA was included as a positive control (B). ASIC1A 

(green, ~62 kDA) was detected in both whole brain and amygdala of Asic1a+/+ and 

Asic1aloxP/loxP control mice. ASIC1A was absent in Asic1a−/− mice and reduced in 

SynAsic1a KO mice relative to Cre negative Asic1aloxP/loxP controls. GAPDH 

immunoblotting (red, ~37 kDa) was used to assess protein loading. C) ASIC1A 

immunohistochemistry of coronal sections taken through the BNST and BLA of SynAsic1a 
KO mice and Asic1aloxP/loxP littermates illustrating loss of ASIC1A in the SynAsic1a KO 
mice. D–F) Whole-cell voltage-clamp recordings of BLA neurons in slice preparation. The 

percentage of neurons with acid-evoked current was significantly reduced in SynAsic1a KO 
mice relative to Cre negative Asic1aloxP/loxP controls (n = 12, 15), although in neurons 

retaining current, the mean current density did not differ from controls.
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Figure 3. Conditioned and unconditioned fear-related behaviors were reduced in SynAsic1a KO 
mice
A) Compared to their respective control groups, both global Asic1a−/− mice and neuron-

specific SynAsic1a KO mice exhibited reduced freezing during acquisition, cued testing, and 

context testing (n = 10, 10, 14, 17). B) CO2-evoked freezing was reduced in both global 

Asic1a−/− mice and SynAsic1a KO mice (n = 11, 10, 14, 17). C) TMT-evoked freezing was 

reduced in both global Asic1a−/− mice and SynAsic1a KO mice (n = 10, 10, 14, 16).
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Figure 4. Preserved ASIC1A expression in the nucleus accumbens (NAc) of SynAsic1a KO mice
A) Coronal section through the NAc of a SynRosa26 mouse. Although Cre-dependent eGFP 

expression was readily observed in cortical layers, it was rare in the NAc and striatum (Str). 

White square indicates magnified area including NAc (inset). Anatomic structures labeled 

for reference include cortex (Ctx) and anterior commissure (ac). B) Western blot of ASIC1A 

protein isolated from NAc punches of mice of the indicated genotypes, or COS cells 

transfected with Asic1a cDNA (Wemmie et al., 2002). ASIC1A (green, ~62 kDA) was 

detected in NAc from Asic1a+/+ and Asic1aloxP/loxP, and SynAsic1a KO mice with similar 

levels of ASIC1A expression in SynAsic1a KO mice and Cre negative Asic1aloxP/loxP 

controls. ASIC1A expression was absent in NAc of an Asic1a−/− mouse. GAPDH 

immunoblotting (red, ~37 kDa) was used to assess protein loading. C) ASIC1A 

immunohistochemistry of coronal sections through the NAc, showing similar levels of 

ASIC1A expression in SynAsic1a KO mice and Asic1aloxP/loxP controls. D–E) Whole-cell 

voltage-clamp recordings of NAc neurons in slice preparation. The majority of SynAsic1a 
KO NAc neurons exhibited acid-evoked currents and the proportion of neurons lacking acid-
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evoked currents did not differ significantly from Cre negative Asic1aloxP/loxP controls (n = 

11, 13). F) Mean acid-evoked current density in SynAsic1a KO cells trended lower although 

it did not reach statistical significance.

Taugher et al. Page 17

Genes Brain Behav. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Some ASIC1A-dependent behaviors were intact in SynAsic1a KO mice
A) Relative to respective control groups, cocaine conditioned place preference (CPP) was 

increased by global disruption of ASIC1A in Asic1a−/− mice but not by neuron-specific 

disruption in SynAsic1a KO mice (n = 14, 14, 9, 11). B) Immobility in the forced swim test 

was reduced in global Asic1a−/− mice, but not in SynAsic1a KO mice (n = 10, 10, 14, 17).
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