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Fear extinction requires ASIC1a-dependent regulation
of hippocampal-prefrontal correlates

Qin Wang'*, Qi Wang'*, Xing-Lei Song', Qin Jiang', Yan-Jiao Wu', Ying Li', Ti-Fei Yuan?,
Siyu Zhang', Nan-Jie Xu', Michael Xi Zhu?, Wei-Guang Li'!, Tian-Le Xu'®

Extinction of conditioned fear necessitates the dynamic involvement of hippocampus, medial prefrontal cortex
(mPFC), and basolateral amygdala (BLA), but key molecular players that regulate these circuits to achieve fear extinction
remain largely unknown. Here, we report that acid-sensing ion channel 1a (ASIC1a) is a crucial molecular regulator of
fear extinction, and that this function requires ASIC1a in ventral hippocampus (vHPC), but not dorsal hippocampus,
mPFC, or BLA. While genetic disruption or pharmacological inhibition of ASIC1a in vHPC attenuated the extinction
of conditioned fear, overexpression of the channel in this area promoted fear extinction. Channelrhodopsin-2-
assisted circuit mapping revealed that fear extinction involved an ASIC1a-dependent modification of the long-
range hippocampal-prefrontal correlates in a projection-specific manner. Gene expression profiling analysis and
validating experiments identified several neuronal activity-regulated and memory-related genes, including Fos,
Npas4, and Bdnf, as the potential mediators of ASIC1a regulation of fear extinction. Mechanistically, genetic over-
expression of brain-derived neurotrophic factor (BDNF) in vHPC or supplement of BDNF protein in mPFC both res-
cued the deficiency in fear extinction and the deficits on extinction-driven adaptations of hippocampal-prefrontal
correlates caused by the Asic1a gene inactivation in vHPC. Together, these results establish ASIC1a as a critical

Copyright © 2018

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

constituent in fear extinction circuits and thus a promising target for managing adaptive behaviors.

INTRODUCTION
As a crucial form of learning and memory, extinction learning is
necessary for adaptation of the organism to the constantly changing
environment. Many brain diseases, especially anxiety disorders, are
closely related to deficiencies in extinction learning (1, 2). Because
anxiety disorders are characterized by persistence of learned fear,
understanding the substrates of fear extinction will ultimately bring
benefits to treatment of anxiety disorders (I). In auditory fear con-
ditioning, a tone [conditioned stimulus (CS)] is associated with an
aversive foot shock [unconditioned stimulus (US)]. Thereafter, pre-
sentation of the tone (CS) alone elicits conditioned fear responses,
such as freezing in the rodents. However, repetitive tone presentation
to the conditioned subject without foot shock causes the fear response
to decrease, which is referred to as fear extinction (I, 2). In general, fear
extinction is believed to represent a new learning (i.e., extinction
learning) process that leads to the formation of extinction memory.
This process involves strength changes of synaptic connections in
particular neuronal circuits (2), typically composed of hippocampus,
medial prefrontal cortex (mPFC), and basolateral amygdala (BLA).
Notably, the infralimbic subdivision of mPFC (IL/mPFC) plays
a central role in the acquisition of fear extinction memories (3-5),
whereas the adjacent prelimbic subdivision (PL/mPFC) is essential
for sustained fear expression and resistance to extinction (6, 7). After
fear extinction learning, synaptic efficacy is reduced in glutamatergic
projections from mPFC to the principal neurons but not inter-
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neurons of BLA, but synaptic transmission at the mPFC inputs to
intercalated neurons remains unchanged (8). Moreover, activation
of mPFC projections could repress the transmission from auditory
cortical inputs to BLA heterosynaptically (8). The hippocampus is
widely considered to play a pivotal part in contextual regulation of
fear memory (9, 10). As one of the main inputs to mPFC, the hip-
pocampus also promotes fear extinction through brain-derived
neurotrophic factor (BDNF), which is thought to be released from
ventral hippocampal projections and act at IL/mPFC neurons (11).
On the other hand, although progress on understanding fear ex-
tinction at the circuit level is increasing and encouraging, not much
attention has been paid to decoding the underlying molecular sub-
strates that coordinate the dynamics of synaptic connections in the
above circuits. Identification of these molecular substrates is particu-
larly important in developing therapeutic treatments for extinction-
related brain disorders.

The acid-sensing ion channel 1a (ASICla) represents one of the
potential regulators of fear extinction circuits. ASICla is a member of
the degenerin/epithelial Na* channel family (12). It forms a cation-
selective H-gated channel abundantly expressed in the central
nervous system (13). ASICla has been implicated in many patho-
physiological (14-16) and physiological processes including learning
and memory (17-21). Mechanistically, ASICla is thought to regulate
synaptic plasticity through activation by protons released from pre-
synaptic vesicles during synaptic transmission (19, 20). Clinical studies
suggest a correlation between ASICIa polymorphisms and a risk
of panic disorder (22-24), although the precise causality remains
mysterious (25). Studies in animal models showed that ASICla is
required for acquisition of conditioned fear (18), in which amygdala
serves a key role (26). Mechanically, ASICla has been implicated
of amygdala synaptic plasticity (19). In stark contrast, it remains
unknown whether and how ASICla plays a role in other key areas
such as hippocampus and mPFC, which are known to be involved
in fear extinction.
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In the current study, we combined genetic and pharmacological
approaches to examine the roles of ASICla in the circuit that un-
derlies fear extinction, composed of hippocampus, BLA, and mPFC.
We identified a crucial and region-specific role of ASICla in ventral
hippocampus (vHPC), but not dorsal hippocampus (dHPC), BLA,
or mPFC, for fear extinction. We further demonstrated that ASICla
in vHPC exerts critically a circuit-specific regulation of hippocampal-
prefrontal correlates through up-regulation of BDNF.

RESULTS
Brain region-specific roles of ASIC1a in fear
acquisition or extinction
The global Asicla-null mice were previously characterized by sub-
stantial deficits in cue and context fear conditioning (18). To verify these
characteristics in our system, we subjected Asicla™’*, Asicla™~, and
Asicla*’™ mice to a cued fear conditioning protocol (Fig. 1A). During
fear conditioning (day 1), animals were placed individually in a
conditioning chamber equipped with stainless steel shocking grids
at the bottom and walls decorated with black and white checkered
wallpapers (context A) and exposed to five pure tones (CS; 4 kHz,
76 dB, 30 s each) delivered at variable intervals (20 to 180 s). A foot
shock (US; 0.5 mA, 2 s) was given in the last 2 s of each tone. On day
2, the conditioned mice were individually tested in a test chamber
with gray plexiglass floor and walls decorated with dark gray wall-
papers (context B) and exposed to tone (CS) only without foot shock
for 2 (for retrieval) or 20 (for extinction) times. For each cued tone
stimulation, the amount of time spent freezing was measured. Con-
sistent with the previous finding (18), the Asicla™'™ mice exhibited
lower freezing responses to CS during fear conditioning (Cond.) and
retrieval (Retr.) compared with their Asicla*’* littermate controls.
No difference was found between the Asicla heterozygote (Asicla®’™)
and Asicla™* mice in cued fear acquisition (Fig. 1B). These results
indicate that ASICla plays a critical role in the acquisition of cued
fear. However, because ASICla is globally absent throughout the
life span of the Asicla™’~ mice, these experiments could not inform
where in the brain ASICla contributes to cued fear acquisition and
whether ASICla is also involved in the extinction of such fear.
Restoration of ASICla expression in the amygdala of Asicla™~
mice rescued the acquisition of context-dependent fear memory,
suggesting that ASICla in amygdala is critical and sufficient for
conditioned fear acquisition (26). To provide further evidence for
the significance of amygdala ASICla in the acquisition of condi-
tioned fear including cued fear, we selectively inactivated the Asicla
gene in BLA using floxed-Asicla™* (Asic1d"*"*) mice, in which
Asicla gene is flanked by loxP (27). The region-specific knockdown
of ASICla was achieved by the injection of adeno-associated virus
(AAV) that simultaneously expressed Cre recombinase and green
fluorescent protein (GFP) under the control of human synapsin pro-
moter (AAV-Syn-Cre-GFP, Cre) into both sides of BLA of Asicl gllo/flox
mice (Fig. 1C, left). The expression of GFP was detected in BLA 4 weeks
after the viral injection (Fig. 1C, right). The AAV-Syn-Cre-GFP-
injected (Cre) mice exhibited impaired cued fear acquisition (Fig. 1D)
just like the global Asicla knockouts (KOs) (Fig. 1B), demonstrating
that ASICla expression in BLA is critical for cued fear acquisition.
To probe whether BLA ASICla is also required for cued fear ex-
tinction, we specifically inhibited ASIC1a during extinction training
(Ext.) through bilateral cannula-aided injection of a specific ASICla
inhibitor, PcTX1 (10 uM; 0.5 ul administered 30 min before extinc-
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tion training), at BLA of C57BL/6] mice (Fig. 1, E and F). However,
the PcTX1 treatment at BLA did not notably affect fear extinction
(Fig. 1G), as reflected by CS-induced freezing responses during ex-
tinction training (Ext.; 20 CS on day 2) and extinction retrieval test
(Retr.; 8 CS on day 3). These results suggest that ASICla in BLA is
crucial for cued fear acquisition, but not fear extinction.

Because mPFC and hippocampus are two other brain regions
typically implicated in fear extinction, we then tested ASICla in
these areas (Fig. 1, H to O, and fig. S1). First, Cre-dependent Asicla
gene inactivation (Fig. 1H and fig. S1A) or PcTXI1 injection (fig.
S1B) before extinction training in mPFC had no significant effect
on cued fear extinction (Fig. 1, I and J). We next focused on ASICla
in hippocampus (Fig. 1, K to O). The hippocampus is structurally
and functionally divided into ventral and dorsal parts (28). Local
delivery of AAV-Syn-Cre-GFP into dHPC or vHPC of Asic1a"/"
mice resulted in GFP expression (Fig. 1K) and a marked decrease in
ASICla protein levels in the injected site (fig. S1, C and E). AAV-Syn-
Cre-GFP injection in dHPC affected neither acquisition nor extinction
of the cued fear (Fig. 1L). By contrast, while Asicla gene inactiva-
tion in VHPC failed to alter cued fear acquisition, it significantly im-
paired fear extinction, as shown by the much slower decrease than
the GFP-injected control mice in CS-induced freezing responses
during retrieval test 1 day after extinction training (Fig. 1M).

To validate the above results from genetic manipulations, we de-
livered PcTX1 into dHPC or vHPC of C57BL/6] mice 30 min before
extinction training. The sites of cannula implantation and drug/
vehicle delivery were validated by Nissl staining after the experi-
ments (fig. S1, D and F). While administration of PcTX1 at dHPC
did not affect fear extinction (Fig. 1N), that at vHPC significantly
slowed down the CS-induced freezing responses during retrieval test
(Fig. 10), supporting a specific role of vHPC ASICla in cued fear
extinction. Therefore, in the interconnected circuit composed of BLA,
mPFC, and hippocampus, ASIC1a exerts a region-specific role in regu-
lation of fear learning and extinction; while ASIC1a in BLA is nec-
essary for fear learning, that in vHPC is critical for cued fear extinction.

ASIC1a contributes to extinction-driven
hippocampal-prefrontal plasticity
Given that cellular consequences of learning and memory often in-
clude adaptive changes of synaptic connectivity, we searched for syn-
aptic plasticity within the fear extinction circuit that might be regulated
by vHPC ASICla. We focused on adaptive changes associated with
extinction learning in mPFC because it is central for coding and
expression of fear extinction memory (3-5), and asked whether
these changes depended on vHPC ASICla. To address this question,
Asic1d™"% mice were injected with either AAV-Syn-Cre-GFP or
AAV-Syn-GFP at the vHPC region 4 to 6 weeks before the experi-
ment. Before electrophysiological recording, the animals were sub-
jected to fear conditioning and then received either fear extinction
training (20 x CS, Ext.) or retrieval without extinction (2 x CS, No
Ext. as control) on the second day 2 hours before the preparation of
brain slices containing the mPFC region. The recordings of pyram-
idal neurons in layer II/III of IL/mPFC and PL/mPFC subdivisions
and further data analysis revealed that extinction learning differen-
tially modified vVHPC—IL/mPFC and vHPC—PL/mPFC synapses, which
greatly depended on vHPC ASICla.

First, the frequency of spontaneous excitatory postsynaptic cur-
rent (sSEPSC) was significantly increased in IL/mPFC neurons, but
decreased in PL/mPFC neurons, in AAV-Syn-GFP-injected mice
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after the Ext. treatment. However, these extinction-induced adapt-
ive changes were not detected in the Asic1a™"** mice that received
AAV-Syn-Cre-GFP injection in vHPC (fig. S2). Meanwhile, the am-
plitudes of sEPSCs were not affected by the Ext. treatment in both
IL/mPFC and PL/mPFC neurons (fig. S2). Moreover, the sEPSC
frequencies of IL/mPFC and PL/mPFC neurons from mice subjected
to US (foot shock) only did not differ from that of naive mice,
regardless of the animals injected by AAV-Syn-GFP or AAV-Syn-
Cre-GFP (fig. S3), supporting that the effects of ASICla in vHPC
neurons on extinction-driven increase (in IL/mPFC neurons) or
decrease (in PL/mPFC neurons) in the frequency of SEPSCs are par-
adigm specific. Therefore, fear extinction is associated with opposite
changes in the overall synaptic drive onto IL/mPFC and PL/mPFC
neurons, and vHPC ASICla plays a pivotal role in the formation of
this synaptic plasticity in mPFC.

Second, because Asicla gene inactivation in VHPC abolished fear
extinction-associated frequency changes in SEPSCs of mPFC neu-
rons, VHPC inputs must be important for the synaptic adaptations
in mPFC. vHPC has been found to form monosynaptic and gluta-
matergic projections onto mPFC neurons (29). However, the plasticity
of vVHPC—mPFC projections associated with fear extinction and the
underlying mechanisms are not yet established. To specifically ex-
amine the plasticity of VHPC—mPFC projections, we applied an op-
togenetic approach to record light-induced excitatory inputs from
vHPC onto mPFC neurons. AAV expressing channelrhodopsin-2
(ChR2-E123T/T159C, referred to as ChR2), driven by the CaMKIIo.
promoter for projection neuron-specific expression (AAV-CaMKIIo-
ChR2-mCherry), was coinjected with AAV-Syn-Cre-GFP or AAV-
Syn-GFP bilaterally into vHPC of Asic1a™* mice. After 4 to 6 weeks,
animals were subjected to fear conditioning and Ext. or No Ext. treat-
ment as described above and used to prepare brain slices. Ex vivo
whole-cell recordings from mPFC neurons combined with light-
induced stimulation of vHPC fibers were used to examine optically
evoked EPSCs (0EPSCs) (Fig. 2). Using paired light pulses to stim-
ulate vHPC afferents with varying interstimulus intervals, we calcu-
lated the paired-pulse ratios (PPRs) for oEPSCs, which are inversely
related to the presynaptic release probability (30). In AAV-Syn-
GFP-injected mice, the PPRs were decreased at the vHPC—IL/
mPFC projection (Fig. 2, B and C) but increased at the vVHPC—PL/
mPFC projection (Fig. 2, E and F) in the Ext. as compared to the No
Ext. group. However, these extinction-associated PPR changes were
not detected in AAV-Syn-Cre-GFP-injected animals (Fig. 2, B, C,
E, and F). These suggest that fear extinction training enhances pre-
synaptic release probability at VHPC—IL/mPFC synapses but causes
the opposite at vYHPC—PL/mPFC synapses in a vHPC-ASICla-
dependent manner. These results echo the frequency changes of
sEPSCs in these neurons after Ext. training (fig. S2).

Third, we examined whether the presynaptic adaptive changes
seen above in the vHPC—mPFC pathway were also accompanied
by postsynaptic alterations. By holding the cell at either +40 or
—-70 mV, we measured oEPSCs mediated by N-methyl-p-aspartate
(NMDA) receptors (NMDARs) or AMPA receptors (AMPARs),
respectively (Fig. 3, A to D). In AAV-Syn-GFP-injected mice, the
IL/mPFC neurons exhibited a marked increase (Fig. 3, A and B),
whereas the PL/mPFC ones displayed a clear decrease (Fig. 3, Cand D)
in the NMDAR/AMPAR oEPSC ratios in the Ext. as compared to
the No Ext. group. These changes were not detected in AAV-Syn-
Cre-GFP-injected mice (Fig. 3, A to D). Given that the AMPAR
function of mPFC neurons is mostly unaffected by fear extinction,
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as shown by the lack of changes in the amplitudes of SEPSCs in both
AAV-Syn-GFP- and AAV-Syn-Cre-GFP-injected mice (fig. S2), the
extinction-induced changes in NMDAR/AMPAR oEPSC ratios may
be largely ascribed to alterations of NMDAR activities. Plotting the
NMDAR current amplitudes against different voltages revealed a
significant increase of NMDAR-mediated synaptic responses spe-
cifically at the vVHPC—IL/mPFC projection in the Ext. as compared
to the No Ext. group in AAV-Syn-GFP- but not AAV-Syn-Cre-GFP-
injected mice (fig. S4). Therefore, fear extinction training could be
associated with increased and decreased postsynaptic NMDAR (over
AMPAR) functions at the vVHPC—IL/mPFC and vHPC—PL/mPFC
projections, respectively, and these alterations are dependent on
vHPC ASICla.

Fourth, we tested whether the adaptive changes in synaptic inputs
would alter the firing properties of IL/mPFC and PL/mPFC neurons.
By whole-cell recordings of pyramidal neuronal firing ex vivo, we
found that IL/mPFC neurons from AAV-Syn-GFP-injected mice
displayed an accelerated accommodation ratio in response to a de-
polarizing current injection in the Ext. group (Fig. 3E) compared
with the No Ext. group. This observation is in line with the increased
firing of action potential bursts in vivo (31) and the reported role of
NMDAR-dependent burst firing in neurons of IL/mPFC for consoli-
dation of fear extinction memory (5). Consistent with the observa-
tion that vHPC ASICla controls fear extinction as well as regulation
of extinction-dependent NMDAR enhancement (Fig. 3, A and B),
the above changes of action potential firing in IL/mPFC were not
detected in AAV-Syn-Cre-GFP-injected animals (Fig. 3, E and F).
In addition, likely due to the enhanced accommodation of action
potential firing, fear extinction training resulted in a paradoxical
decrease of the overall firing rates of IL/mPFC neurons to current
injection (fig. S5, A to F) in AAV-Syn-GFP- but not AAV-Syn-Cre-
GFP-injected mice. Meanwhile, analysis of the neuronal firing in
PL/mPFC did not reveal a significant difference in accommodation
ratios (Fig. 3, G and H) or firing rates (fig. S5, G to L) under all con-
ditions tested. Moreover, the changes in accommodation ratios and
firing rates associated with fear extinction found in IL/mPFC neu-
rons of AAV-Syn-GFP-injected mice were abolished by the treat-
ment of the NMDAR antagonist D-APV (20 uM) (fig. S6). Thus,
extinction training results in region-specific changes in action po-
tential firing in IL/mPFC, rather than in PL/mPFC, such that more
burst firings are generated to transmit information more reliably
than single spikes (32), in manners that depend on ASICla in vHPC
and NMDAR in mPFC.

Opverall, fear extinction training induced distinct synaptic changes
at VHPC—IL/mPFC and vHPC—PL/mPFC projections in a vHPC-
ASICla-dependent fashion. These synaptic and cellular underpinnings
may underlie the mechanism by which ASIC1a in vHPC contributes
to fear extinction.

ASIC1a regulates fear extinction-associated gene profile
changes in vHPC

To explore the potential mediators of vHPC ASICla function in fear
extinction and the extinction-associated plasticity of VHPC—mPFC
projections, whole-tissue mRNA sequencing was carried out for vHPC
of Asic1a"™* mice that received the injection of AAV-Syn-Cre-GFP
or AAV-Syn-GFP (as control) at the same brain region (Fig. 4A).
The vHPC tissues were dissected on day 2 following fear conditioning
at 2 hours after either fear extinction training (Ext.) or retrieval with-
out extinction training (No Ext.). The tissues were quickly frozen in
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Fig. 1. Brain region-specific roles of ASIC1a in fear acquisition or extinction. (A to D) Effects of global or BLA-specific KO of AsicTa on cued fear acquisition. (A) Exper-
imental scheme. (C) Left: Schematics of AAV injection. Right: Representative image of GFP expression (green) in a mouse that received AAV-Syn-Cre-GFP injection in BLA.
4',6-Diamidino-2-phenylindole (DAPI) (blue) was used to label nuclei. (B and D) Time course of freezing response to CS during fear conditioning (Cond.) and retrieval (Retr.).
(B) Left: Fear conditioning, two-way repeated-measures analysis of variance (ANOVA), main effect of genotype: F;,,9 = 18.043, P < 0.001. Right: Fear retrieval, one-way
factorial ANOVA for average freezing during CS of two trials, main effect of genotype, F; 20 = 25.856, P < 0.001. Asicla*’*, n = 9; Asicla*™~, n = 12; Asicla™~, n = 11. (D) Left: Fear
conditioning, two-way repeated-measures ANOVA, main effect of AAV, F; 15 = 14.260, P = 0.001. Right: Fear retrieval, the average freezing during CS of two trials. n = 10 per
group. **P < 0.01, unpaired Student’s t test. (E to G, J, N, and O) Effects of pharmacological inhibition of ASIC1a in BLA (G), mPFC (J), dHPC (N), or vHPC (O) on fear extinction.
(E) Experimental scheme. (F) Schematics of cannula implantation and drug injection. (G, J, N, and O) Left: Time course of freezing response to CS during fear conditioning, extinc-
tion, and retrieval. Two-way repeated-measures ANOVA, main effect of drug, (G) BLA: fear extinction, F; ; = 0.813, P=0.377; fear retrieval, F; 21 = 0.236, P = 0.632; (J) mPFC: fear
extinction, Fi 26 =0.002, P = 0.964; fear retrieval, 1,6 =0.162, P = 0.690; (N) dHPC: fear extinction, Fy 31 = 0.529, P = 0.472; fear retrieval, F; 31 = 0.143, P=0.708; and (O) vHPC: fear
extinction, Fi 4 = 1.574, P = 0.222; fear retrieval, F1,4 = 12.659, P = 0.002. Right: Average freezing response to CS for all trials during fear extinction and retrieval. **P < 0.01,
unpaired Student’s t test. n =11 and 12, 14 and 14, 16 and 17, and 12 and 14 for vehicle and PcTX1 administered in BLA (G), mPFC (J), dHPC (N), and vHPC (O), respectively.
(H, 1, and K to M) Effects of genetic inactivation of Asic7a in mPFC (1), dHPC (L), or vHPC (M) on fear extinction. (H and K) Schematics of Asic1a gene inactivation in mPFC
(H, upper), dHPC, or vHPC (K, upper). Representative images are shown for GFP expression (green) in mPFC (H, bottom), dHPC (K, bottom left), and vHPC (K, bottom right) of
AAV-Syn-Cre-GFP-injected mice. DAPI (blue) was used to label nuclei. (I, L, and M) Left: Time course of freezing response to CS during fear conditioning, extinction, and
retrieval. Two-way repeated-measures ANOVA, main effect of drug, () mPFC: fear conditioning, F1 24 = 0.188, P = 0.668; fear extinction, Fi 24 = 0.172, P = 0.682; fear retrieval,
F1,24 = 0.020, P = 0.889; (L) dHPC: fear conditioning, F; 3, = 0.029, P = 0.866; fear extinction, F; 3, = 0.079, P = 0.781; fear retrieval, F13; = 0.157, P = 0.695; (M) vHPC: fear
conditioning, F1 26 = 2.293, P = 0.142; fear extinction, F1 26 = 4.533, P = 0.043; fear retrieval, F; 6 = 6.426, P = 0.018. Right: Average freezing response to CS for all trials during fear
extinction and retrieval. **P < 0.01, unpaired Student’s t test. n =13 and 13, 17 and 17, and 15 and 13 for GFP and Cre in mPFC (J), dHPC (N), and vHPC (O), respectively.
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Fig. 2. ASIC1a in vHPC is important for extinction learning-driven presynaptic changes at the vHPC—mPFC projections. Effects of fear extinction learning on the
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induced by paired photostimulations (blue vertical bars) with a 100-ms interval. (C and F) Summary of PPRs of oEPSCs plotted against interstimulus intervals at the
VHPC—IL/mPFC (C) or vHPC—PL/mPFC (F) synapses. Two-way repeated-measures ANOVA, main effect of behavior, (C) vVHPC—IL/mPFC: GFP, F; 113 =15.33, P < 0.001 (left);
Cre, F1,148=0.541, P = 0.463 (right); (F) vHPC—PL/mPFC: GFP, Fy 175 = 23.17, P < 0.001 (left); Cre, F1,133 = 4.478, P = 0.036 (right). *P < 0.05, **P < 0.01, Ext. versus No
Ext., unpaired Student'’s t test. (C) vHPC—IL/mPFC: GFP, No Ext., n = 13 neurons of 10 mice; GFP, Ext., n = 11 neurons of 7 mice; Cre, No Ext., n = 18 neurons of 8 mice;
Cre Ext., n = 14 neurons of 8 mice. (F) vHPC—PL/mPFC: GFP, No Ext., n = 19 neurons of 11 mice; GFP, Ext., n = 17 neurons of 11 mice; Cre, No Ext., n = 16 neurons of

7 mice; Cre, Ext., n = 12 neurons of 8 mice.

liquid nitrogen and stored at —80°C before being used for mRNA
sequencing. Consistent with the results shown in Fig. 1M, this co-
hort of animals exhibited no difference among the four groups in
cued fear acquisition, as shown by the similar levels of freezing re-
sponses to CS during the first two-trial block of extinction training
and fear retrieval (fig. S7).

Results of mRNA sequencing showed that for AAV-Syn-GFP-
injected mice, although most of the genes were expressed at compa-
rable levels in the Ext. and No Ext. groups, a subset of genes was
identified by differential expression analysis to be specially enriched
after the extinction training [38 genes with P < 0.05, among which
31 with P < 0.01, false discovery rate (FDR) adjusted; Fig. 4B]. How-
ever, for AAV-Syn-Cre-GFP-injected mice, the numbers of the
genes enriched in vHPC from the Ext. group were significantly less
(14 genes with P < 0.05, among which 10 with P < 0.01, FDR adjusted;
Fig. 4C), suggesting that Asicla gene inactivation in vHPC had re-
sulted in the loss of at least a major transcriptional pathway that
responds to fear extinction learning. Moreover, the enriched genes
hardly overlapped between AAV-Syn-GFP- and AAV-Syn-Cre-GFP-
injected mice; among the 38 genes found to be enriched by fear
extinction in vVHPC of AAV-Syn-GFP-injected control animals,
36 did not show enrichment in AAV-Syn-Cre-GFP-injected counter-
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parts (Cre) (Fig. 4, D and E), implicating a more profound role
of ASICla in regulating extinction-associated gene expression
profiles in vHPC. Of the 36 genes that failed to enrich following
fear extinction due to Asicla gene inactivation are Fos, neuronal
PAS domain protein 4 (Npas4), immediate-early genes that link neu-
ronal activity to memory (33), and Bdnf, which is well known to
play key roles in neuronal plasticity (Fig. 4D, inset, and E) (11, 34).
Using quantitative polymerase chain reaction (QPCR) assay, we
verified that mRNA levels of Fos, Npas4, and Bdnf were increased
in vHPC of Ext. versus No Ext. group for control, and the differ-
ences were abolished by Asicla gene inactivation in this brain region
(Fig. 4F).

ASIC1a regulates fear extinction through
learning-dependent BDNF expression

Previous studies have implicated BDNF as a key mediator in hippo-
campal regulation of fear extinction, and this process depends on
NMDAR (11). The gene expression profile analysis above suggested
that ASICla in vHPC may contribute to fear extinction through regu-
lation of extinction learning-dependent BDNF expression. Using
enzyme-linked immunosorbent assay (ELISA), we showed that ex-
tinction training of AAV-Syn-GFP-injected Asic1a™** mice caused
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Fig. 3. ASIC1ain VHPC is required for extinction learning-driven postsynaptic changes at the vHPC—mPFC projections and mPFC neuronal activity pattern.
(A to D) Effects of fear extinction learning on the NMDAR/AMPAR ratios of vVHPC—IL/mPFC (A and B) and vHPC—PL/mPFC (C and D) projections and the dependence of
these effects on ASIC1a in vHPC. (A and C) Representative traces of AMPAR- and NMDAR-mediated currents in response to photostimulation of vHPC fibers at vHPC—IL/mPFC
(A) or vHPC—PL/mPFC (C) synapses in No Ext. and Ext. groups of GFP (left) and Cre (right) mice. (B and D) Ratios of peak NMDAR- to AMPAR-mediated currents at
VHPC—IL/mPFC (B) or vHPC—PL/mPFC (D) synapses for individual neurons and the summary. *P < 0.05, Ext. versus No Ext.; *P < 0.05, GFP versus Cre, unpaired
Student’s t test. (B) vVHPC—IL/mPFC: GFP, No Ext., n = 9 neurons of 7 mice; GFP, Ext., n = 11 neurons of 8 mice; Cre, No Ext., n = 16 neurons of 8 mice; Cre, Ext., n = 6 neurons
of 4 mice. (D) vHPC—PL/mPFC: GFP, No Ext., n = 16 neurons of 9 mice; GFP, Ext., n = 13 neurons of 9 mice; Cre, No Ext., n = 12 neurons of 7 mice; Cre, Ext., n = 6 neurons
of 6 mice. (E to H) Action potential firing of pyramidal neurons in layer II/1ll of IL/mPFC (E and F) or PL/mPFC (G and H) to a depolarizing current injection (+250 pA)
recorded ex vivo. (E and G) Representative traces of action potential firing recorded from the IL/mPFC (E) or PL/mPFC (G) neurons. (F and H) Accommodation ratios of the
action potential number in IL/mPFC (F) or PL/mPFC (H) neurons during the last 100-ms current injection to that during the first 100-ms current injection for individual
neurons and the summary. *P < 0.05, Ext. versus No Ext, unpaired Student’s t test. (F) IL/mPFC: GFP, No Ext., n = 16 neurons of 7 mice; GFP, Ext., n = 14 neurons of 5 mice;
Cre, No Ext., n = 16 neurons of 6 mice; Cre, Ext., n = 25 neurons of 9 mice. (H) PL/mPFC: GFP, No Ext., n = 19 neurons of 6 mice; GFP, Ext., n = 22 neurons of 6 mice; Cre,
No Ext., n = 20 neurons of 6 mice; Cre, Ext., n = 19 neurons of 7 mice.

a marked increase in BDNF protein level in vVHPC, as compared with  extinction. However, the coinjection of AAV-Syn-BDNF-mCherry
the No Ext. group, and this response was significantly attenuated in ~ abolished this effect, with the mice exhibiting normal fear extinc-
AAV-Syn-Cre-GFP-injected mice (Fig. 5A). These results further tion as those coinjected with AAV-Syn-GFP and AAV-Syn-mCherry
confirm that vHPC ASICla regulates fear extinction-associated  (Fig. 5C). Therefore, BDNF overexpression in vHPC can rescue the
BDNF expression, which may underlie the contribution of ASICla  deficiency in fear extinction caused by Asicla gene inactivation in
to fear extinction. this brain area.

To verify the above hypothesis, we tested whether in situ BDNF To further strengthen the functional link between ASICla and
overexpression could rescue the deficiency caused by Asicla gene BDNF at vHPC in fear extinction, we overexpressed ASICla in
inactivation in fear extinction. AAV containing the coding sequence = vHPC of C57BL/6] mice through bilateral injection of AAV that
of BDNF (AAV-Syn-BDNF-mCherry) was injected for BDNF over-  contains the coding sequences of ASICla and yellow fluorescent
expression, and AAV-Syn-mCherry was used as the control. The protein (YFP) (AAV-Syn-ASICla-YFP). For control, we used AAV-
Asic1d"1°* mice received bilateral vHPC injection of a mixture of ~ Syn-YFP. Virus infection at VHPC was confirmed by the YFP fluo-
AAV-Syn-Cre-GFP and AAV-Syn-BDNF-mCherry for simulta- rescence (Fig. 5D). AAV-Syn-ASICla-YFP injection at vHPC not
neous Asicla gene inactivation and Bdnf overexpression. Infection  only significantly increased the expression of ASICla, as shown by
by the two viruses at vVHPC was confirmed by the coappearance of ~Western blotting (fig. S8B), but also that of BDNF, as assessed by
GFP and mCherry fluorescence (Fig. 5B). As shown by ELISA, ELISA (Fig. 5E), in the injected area. This manipulation facilitated
the AAV-Syn-BDNF-mCherry injection greatly increased BDNF  the extinction of cued fear (Fig. 5F), suggesting that the enhanced
protein levels in vHPC (fig. S8A). Consistent with the results shown  ASICla expression in VHPC improved fear extinction by increasing
in Fig. 1M, Asicla gene inactivation at vVHPC by AAV-Syn-Cre- learning-dependent BDNF expression. By contrast, ASICla overex-
GFP, now in the presence of AAV-Syn-mCherry, impaired fear pression in dHPC produced no detectable effect on cued fear extinction
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Fig. 4. ASIC1aregulates extinction-associated gene expression profiles in vHPC. (A) Experimental scheme. (B) Left: Differential enrichment calling of vHPC mRNA of GFP
mice, showing 38 genes (blue and red dots) enriched in the Ext. group with P < 0.05, after adjusting for multiple comparisons across the detected gene repertoire (Fisher's

exact test for multiple group comparison with Benjamini-Hochberg FDR correction; n =
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plot showing vHPC mRNA with absolute fold change (FC) values > 1.5 in the Ext. group. (C) Similar to (B) but for vHPC mRNA of Cre mice, showing 14 genes (blue and red
dots) enriched in the Ext. group with P < 0.05 (n = 2 samples from 8 mice per group). (D) Scatter plot comparing P values of enrichment in Ext. samples for Cre versus GFP

mice. The red dashed lines indicate P = 0.01, and the blue dashed lines represent P =

0.05. Note the genes in the bottom right corner, shown in the inset, which are en-

riched in the Ext. samples only for GFP mice. These include activity-induced immediate-early gene, Fos, and plasticity- or memory-related genes, Npas4 and Bdnf.
(E) Heatmap of 36 genes enriched by fear extinction in GFP, but not Cre, mice. (F) mRNA levels determined by qPCR. Fos, n = 8; Npas4, n = 8; Bdnf, n = 6 to 8 per group.
Left: Gene expression levels relative to the control (GFP, No Ext.). Right: Relative difference between Ext. and No. Ext. of mice injected with the same AAV construct. *P < 0.05,
*p < 0.01, Ext. versus No Ext; P < 0.01, GFP versus Cre, unpaired Student'’s t test. FPKM, fragments per kilobase of transcript per million; RNA-seq, RNA sequencing.

(fig. S9), which is consistent with the fact that genetic inactivation of
ASICla in dHPC had negligible impacts on fear extinction (Fig. 1L).
Together, the above results suggest that vVHPC ASICla positively con-
tributes to fear extinction by up-regulating the learning-dependent
BDNF expression in this brain region.

Wang et al., Sci. Adv. 2018; 4 : eaau3075 24 October 2018

ASIC1a regulates fear extinction and the associated circuit
plasticity through vHPC—mPFC BDNF signaling

The above results point to the fact that ASICla in vHPC regulates
fear extinction through BDNF. Hippocampal-derived BDNF has been
shown to induce extinction of fear memory in rats through antegrade
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Ext. and No. Ext. of mice injected with the same AAV construct. *P < 0.05, **P < 0.01, Ext. versus No Ext; #p < 0.05, GFP versus Cre, unpaired Student’s t test. (B and C) In situ
BDNF overexpression rescued the deficiency of cued fear extinction in vHPC AsicTa gene-inactivated mice. (B) Top: Schematics of AAV-mediated genetic manipulation
on Asic1a™#* mice. Bottom: Representative images are shown for the expression of GFP (green) and mCherry (red) in vHPC. (C) Time course of freezing response to CS
during fear conditioning, extinction, and retrieval. Left: Two-way repeated-measures ANOVA, main effect of AAV, fear conditioning, F;44 = 0.173, P = 0.841; fear extinction,
Fy.44=1.949, P =0.154; fear retrieval, F44 = 8.955, P = 0.001, followed by post hoc Bonferroni, P = 0.005 for Cre + mCherry versus GFP + mCherry, P=0.001 for Cre + BDNF
versus Cre + mCherry, P = 1.000 for Cre + BDNF versus GFP + mCherry. Right: One-way factorial ANOVA for average freezing during CS of all trials, main effect of AAV, fear
extinction, F;44 = 1.946, P = 0.155; fear retrieval, F,,44 = 8.272, P = 0.001, followed by post hoc Bonferroni, P = 0.002 for Cre + mCherry versus GFP + mCherry, P = 0.001 for
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expression in vVHPC increased extinction-associated BDNF expression in vHPC and enhanced fear extinction. (D) Top: Schematics of AAV-mediated genetic manipulation
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F130=11.183, P = 0.002. Right: Average freezing responses. YFP, n = 19; ASIC1a, n = 13. **P < 0.01, YFP versus ASIC1a, unpaired Student’s t test.

BDNF signaling that targets the IL/mPFC region (11). We thus ex-
amined whether ASIC1a in VHPC regulates fear extinction through
BDNF that signals onto vHPC—IL/mPFC projections. To this end,
Asic1d"1% mice injected with AAV-Syn-GFP or AAV-Syn-Cre-
GFP bilaterally in vHPC 4 weeks before were subjected to fear con-
ditioning followed by fear extinction training and retrieval test on
the second and third days, respectively, as before, except that BDNF
or vehicle (saline) was injected into mPFC 30 min before the fear
extinction training (Fig. 6A). Similar to the results shown in Figs. 1M
and 5C, Asicla gene inactivation at vHPC by AAV-Syn-Cre-GFP,
and now with saline injection in mPFC, impaired fear extinction.
However, BDNF injection in the mPFC prevented this effect, with
the mice exhibiting normal fear extinction similar to those injected
with AAV-Syn-GFP in vHPC and then saline in mPFC (Fig. 6B).
Therefore, BDNF supplement in mPFC rescued the deficiency in

Wang et al., Sci. Adv. 2018; 4 : eaau3075 24 October 2018

fear extinction caused by Asicla gene inactivation in vHPC, sup-
porting the hypothesis that ASICla in VHPC regulates fear extinc-
tion through vHPC—IL/mPFC BDNF signaling.

Finally, we examined whether BDNF treatment of mPFC
slices in vitro could rescue the synaptic deficits caused by Asicla
gene inactivation in vHPC on extinction-associated plasticity of
vHPC—mPFC projections (see Figs. 2 and 3). We focused especially
on the postsynaptic NMDAR function, as it was previously suggested
to be required for BDNF action on IL/mPFC to mediate extinction
of conditioned fear (1I). To investigate this question, mPFC slices
from the Ext. group of AAV-CaMKII-ChR2-mCherry/AAV-Syn-Cre-
GFP-coinjected Asic1a""* mice were incubated with recombinant
BDNF protein or vehicle [artificial cerebrospinal fluid (aCSF)] for
2 hours before oEPSC recordings (Fig. 6C). The BDNF treatment sig-
nificantly increased the NMDAR/AMPAR oEPSC ratio (Fig. 6, D and
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drives the expression of BDNF in vHPC in response to fear extinction training, which is followed by an antegrade BDNF signaling to modify the synaptic efficacy of vHP-
C—mPFC projections (see the main text for more details).
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E) as well as the isolated NMDAR response under different voltages
(fig. S4) at vVHPC—mPFC synapses, supporting the idea that BDNF
mediates ASICla-dependent extinction-associated postsynaptic ad-
aptation of VHPC-mPFC projections. BDNF may serve as an ante-
grade signal synthesized in vHPC neurons and released from vHPC
projection terminals to finally act on postsynaptic targets in mPFC.
Together, we provide strong evidence that ASICla in vHPC influences
fear extinction behavior and extinction-associated circuit plasticity
via the hippocampal-prefrontal BDNF signaling (Fig. 6F), implicat-
ing ASICla as a promising target for managing adaptive behaviors.

DISCUSSION

Extinction learning is necessary for adaptation of the organism to
the constantly changing environment, and identifying essential reg-
ulators of fear extinction will aid the treatment of anxiety disorders
(1, 2). Here, we identify a critical role of vVHPC ASICla in fear ex-
tinction, which involves regulation of extinction learning-induced
hippocampal-prefrontal synaptic plasticity. Mechanistically, this regu-
lation occurs through increasing BDNF expression by ASICla in
vHPC neurons and an antegrade BDNF signaling at the vHPC—IL/
mPFC projections, which, in turn, enhances postsynaptic NMDAR
function. Together with well-established roles of mPFC (especially
IL/mPFC) and BLA in fear learning and extinction, our data offer
important novel insights into the mechanism of fear extinction and
reveal ASICla in vVHPC as a key molecular substrate that regulates
fear extinction through BDNF signaling at hippocampal-prefrontal
synapses. These findings lay a solid foundation for ASICla and its
regulation of the BDNF pathway to serve as promising targets for
therapeutic development against anxiety disorders.

It is well recognized that fear extinction strongly relies on the neu-
ronal circuits composed of interconnected brain structures (1, 2)
including hippocampus, mPFC, and BLA. In addition to the well-
documented engagement of mPFC (especially IL/mPFC) (3-5) and
BLA (35) in fear extinction, the involvement of hippocampus in fear
extinction is also emerging. vVHPC projections to amygdala and
mPFC are vital for context-dependent control of fear memory re-
trieval after extinction learning (9, 10). In addition, fear extinction
learning causes an increased expression of BDNF in hippocampus,
and more specifically in its ventral part. Moreover, infusion of BDNF
in hippocampus sufficiently induced extinction of conditioned fear,
which was prevented by coadministration of the BDNF-inactivating
antibody in IL/mPFC (11), suggesting that the hippocampal-prefrontal
BDNF signaling is critical for fear extinction.

Ample evidence has implicated ASICla as an important modu-
lator of hippocampal function. Early in situ hybridization analysis
indicated a high level of ASICla expression particularly in pyrami-
dal neurons of CA1 and CA3 areas of rodent hippocampus (13).
Subsequent studies, however, showed higher ASIC current densities
in hippocampal y-aminobutyric acid (GABA)-ergic interneurons
than pyramidal neurons (16, 36). In hippocampus, ASIC1a has been
shown to be involved in synaptic plasticity including long-term po-
tentiation (17) and metabotropic glutamate receptor-dependent long-
term depression (37). In cultured hippocampal neurons, lowering
extracellular pH significantly increased cytosolic Ca** concentration
through activation of ASICla (38). By mediating Ca*" influx, hip-
pocampal ASICla is thought to function postsynaptically to con-
tribute to synaptic plasticity and learning and memory. Here, our
data revealed a new signaling pathway by which ASICla regulates
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hippocampal output through BDNF signaling. An extinction learning-
associated up-regulation of BDNF expression occurs in an ASICla-
dependent manner in vVHPC, and this pathway contributes critically
to fear extinction through modulating vHPC-mPFC synaptic strength.
In sharp contrast to most previous studies on behavioral rele-
vance of ASICla in postsynaptic neurons (17-21), we establish here a
clear example of ASICla operation in the presynaptic partner of the
vHPC—mPFC circuits for control of fear extinction memory.

Our current study offers considerable advancement in the knowl-
edge on function and regulation of extinction circuits. First, we
identified region-specific roles of ASICla in fear learning and ex-
tinction. While ASICla in BLA is important for fear acquisition,
ASICla in vHPC is crucial for behavioral regulation of fear extinc-
tion. These findings are consistent with the notion that original and
extinction memories of fear are acquired and stored within interact-
ing but distinct neuronal networks. ASICla in amygdala was previ-
ously reported to control acquisition of contextual fear memory (26).
Our new results using conditional region-specific Asicla KO mice
further indicate that amygdala ASICla is involved in cued fear learn-
ing. However, pharmacological inhibition of amygdala ASICla activity
after fear acquisition failed to influence extinction of the acquired
fear, whereas a similar manipulation at vHPC impaired fear extinc-
tion. The selective inactivation of Asicla gene in vHPC, contrary to
amygdala, disrupted fear extinction without an impact on its acqui-
sition. Unexpectedly, applying a similar approach to interfere with
ASICla in mPFC did not influence fear acquisition or extinction.
Therefore, ASICla in specific brain areas regulates distinct aspects
of fear memory. How ASICla, which is widely expressed in many
areas in the brains, including those implicated in fear conditioning
and extinction, specifically executes distinct cognitive aspects of fear
extinction? The answer may lie in the cognitive demand-dependent
recruitment and activity-dependent modification of particular region-
and/or projection-specific neuronal circuits. The need for vHPC (as
well as other potential key areas), but not mPFC or BLA, to act during
fear extinction may coincide with the activation mechanism(s) for
ASICla there, allowing it to serve as a molecular substrate to trans-
form eligibility traces at specific synapses. The regional specificity
could also arise from a particular distribution and/or signaling mech-
anisms of ASICla in a specific population of vHPC neurons in-
volved in fear extinction. Moreover, it cannot be ruled out at this
point that variations in ASIC subunit compositions and/or even
binding partners in different brain regions (i.e., vVHPC versus mPFC
or BLA) may also contribute to the selective engagement of region-
specific ASICla regulation in fear acquisition and extinction, re-
spectively, the molecular and cellular details of which warrant
further investigations.

Second, we demonstrated an extinction-associated increase in
BDNF expression, which relies on the vHPC ASICla activity. BDNF
has been well recognized as a key mediator of fear extinction (11, 39),
and many anxiolytics may exert their effects via interactions with
BDNF signaling (1). In the present study, mRNA sequencing analy-
sis revealed an extinction-associated expression of Bdnf and other
genes (such as Npas4) in vHPC that is dependent, to a large extent,
on ASICla. As Npas4 has been shown to directly regulate activity-
dependent BDNF expression (33), we focused on BDNF as a potential
downstream key molecule regulated by ASICla in vHPC for fear ex-
tinction. In the mammalian brain, the mRNA levels of BDNF are tightly
regulated by neural activities, including both membrane depolarization
and Ca*" influx (34). Because of the low pH inside synaptic vesicles,
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the release of neurotransmitters in response to presynaptic stimula-
tion is accompanied by a transient pH drop within the synaptic
cleft, leading to activation of postsynaptic ASICla (19, 20). The mem-
brane depolarization and Ca** influx brought about by ASICla
activation would then enhance BDNF expression in vHPC neurons
to levels higher than that induced by glutamate alone, and this mecha-
nism would most likely also involve Npas4 (33).

Third, we characterized a cluster of extinction-associated plas-
ticity features in the hippocampal-prefrontal correlates, including
changes in transmitter release probability and postsynaptic NMDAR
activities. These adaptive changes are opposite in vHPC—IL/mPFC
versus VHPC—PL/mPFC synapses. Although the precise circuits
that underlie these opposite effects remain to be studied in the fu-
ture, most of the extinction-associated changes were shown to be
dependent on ASICla in VHPC, highlighting the importance of
vHPC neurons in shaping the extinction circuits beyond its engage-
ment in contextual control of fear memory after extinction learn-
ing (40). The ASICla-dependent vHPC—mPFC BDNF signaling is
responsible for most adaptive changes of the hippocampal-prefrontal
synapses associated with extinction training. Not only did in vitro
application of BDNF to mPFC slices from animals with Asicla gene
inactivated in vHPC and subjected to extinction training enhance
NMDAR/AMPAR ratios at the VHPC—IL/mPFC synapses, but also
the infusion of BDNF protein into mPFC, as well as the overexpression
of BDNF in vHPC, successfully rescued the impaired fear extinction
in these mice. These results are in agreement with the previous find-
ing that activation of BDNF/TrkB receptor signaling enhances
the GluN2B subunit-containing NMDAR currents at the synapses
of IL/mPFC pyramidal neurons, which serves as a cellular mechanism
for consolidation of extinction memory of cocaine-conditioned place
preference (39). Our data further suggest a projection-specific regu-
lation of mPFC synapses by vHPC to extinction learning, where
ASICla regulates BDNF expression in vHPC to signal IL/mPFC
neurons through modification of NMDAR activities at the vHPC-
IL/mPFC synapses. Moreover, consistent with the NMDAR augmen-
tation at the VHPC—IL/mPFC synapse upon fear extinction learning,
the likelihood of burst firing in principal neurons of IL/mPFC was
also increased in wild-type (WT) but not Asicla-deficient animals.
The NMDAR-dependent burst firing in vivo in IL/mPFC neurons
has been shown to be crucial for consolidation of fear extinction
memory (5).

In summary, we propose a working model of vVHPC-ASICla reg-
ulation of fear extinction (Fig. 6F), in which activation of post-
synaptic ASICla by protons co-released with glutamate from synaptic
vesicles during and/or after extinction training augments mem-
brane depolarization and Ca** influx induced by glutamate alone,
which then enhances BDNF expression in vHPC. This is followed
by an antegrade BDNF signal transferred through vHPC projec-
tions to mPFC, resulting in modification of NMDAR functions at
the vVHPC-mPFC synapses, which ultimately leads to suppression of
fear behaviors. Our findings reveal a role for vVHPC ASICla-BDNF
signaling in regulating learning-dependent circuit plasticity and
fear extinction. This work represents a significant advancement in
our understanding of not only neural mechanisms by which ASICla
is involved in neuronal circuit modification but also how vHPC ac-
tivity contributes to fear extinction. Our results should inform new
strategies in the development of clinical therapies that target extinc-
tion abnormality-related symptomatology associated with numer-
ous neuropsychiatric illnesses, including anxiety disorders.
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MATERIALS AND METHODS

Animals

WT C57BL/6] mice were purchased from Shanghai Laboratory Animal
Center, Chinese Academy of Sciences, Shanghai, China. Asicla KO
(ASICI1a™") and floxed (Asic1a™M"**) mice were prepared as previ-
ously described (17, 27). Heterozygous Asicla (Asicl at! 7) mice were
obtained by crossing WT C57BL/6] and Asicla”'~ mice. The litter-
mate Asicla*’*, Asicla*’", and Asicla™"~ mice bred from Asicla*"~
mice were used for behavioral experiments. All mice were bred in the
specific pathogen-free class laboratory animal housing of Shanghai
Jiao Tong University School of Medicine, where mice were housed
on a 12-hour light/12-hour dark cycle with rodent chow and water
ad libitum. Adult male mice (8 to 12 weeks old) were used for vari-
ous experiments. All of the animal procedures were approved by the
Animal Ethics Committee of Shanghai Jiao Tong University School
of Medicine and approved by the Institutional Animal Care and Use
Committee (Department of Laboratory Animal Science, Shanghai
Jiao Tong University School of Medicine) (policy number DLAS-
MP-ANIM. 01-05).

Virus constructs

Recombinant AAVs (serotype 2/9) were packaged by Shanghai
SunBio Biomedical Technology Co. Ltd, China. All viral vectors
were stored in aliquots at —80°C until use. The viral titers for injec-
tion were more than 1.0 x 10'2 virus particles per milliliter (VG/ml),
except for AAV-Syn-BDNF-mCherry and AAV-Syn-mCherry, which
were diluted to 1.0 x 10" VG/ml before injection.

Virus injection

Mice at ages of 6 to 7 weeks were anesthetized using 5% chloral hy-
drate with single intraperitoneal injection (0.01 ml/g body weight)
and mounted in a stereotactic frame with nonrupture ear bars
(RWD Life Science). After making an incision to the midline of the
scalp, small bilateral craniotomies were performed using a micro-
drill with 0.5-mm burrs. Glass pipettes, with tip diameters of 10
to 20 um, were made by P-97 Micropipette Puller (Sutter Glass pi-
pettes) for AAV microinjection. The microinjection pipettes were
first filled with silicone oil and then connected to a microinjector
pump (KDS 310, KD Scientific) with full air exclusion. AAV-
containing solutions were loaded into the tips of pipettes and injected
at the following coordinates (posterior to bregma, AP; lateral to the
midline, ML; below the bregma, DV; in millimeters): BLA: AP —1.60,
ML +3.30, DV —4.80; mPFC: AP +1.70, ML £0.40, DV -2.60; dHPC:
AP -2.00, ML £1.50, DV -1.25; vHHPC: AP -3.16, ML +3.20, DV —4.75;
dHPC: AP -2.00, ML £1.50, DV —1.25; mPFC: AP +1.70, ML +0.40,
DV -2.60. Virus-containing solutions were injected bilaterally into
the BLA (0.3 ul per side), mPFC (0.3 ul per side), vHPC (1 pl per
side), or dHPC (0.3 pl per side) at a rate of 0.1 ul/min. After injec-
tion, the pipettes were left in place for an additional 10 min to allow
the injectant to diffuse adequately. To inactivate Asicla gene and
overexpress BDNF simultaneously in vHPC, a mixture of AAV-
Syn-BDNF-mCherry (1.0 x 10'' VG/ml) and AAV-Syn-Cre-GFP
(>1.0 x 10" VG/ml) (ratio, 1:3) were bilaterally injected into
vHPC (1 pl per side). To inactivate Asicla gene and allow optical
stimulation of excitatory neurons simultaneously in vHPC, a mix-
ture of AAV-CaMKIlo-ChR2-mCherry (>1.0 x 102 VG/ml) and
AAV-Syn-Cre-GFP (>1.0 x 10'2 VG/ml) was bilaterally injected
into vHPC (1 pl per side). For controls, AAV-Syn-BDNF-mCherry
and AAV-Syn-Cre-GFP were replaced with AAV-Syn-mCherry and
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AAV-Syn-GFP, respectively. Mice were allowed to recover for at
least 4 weeks before behavioral and other tests. The injection sites of
virus solutions were examined after experiments by the expression
of the fluorescent protein, GFP, YFP, or mCherry.

Cannula implantation and local drug injection

Mice were anesthetized with 5% chloral hydrate and then fixed on a
stereotaxic apparatus (RWD Life Science). Stainless steel guide can-
nulas (RWD Life Science) were bilaterally implanted into the target
brain areas, and the tips of cannulas were at following coordinates
(in millimeters): BLA: AP —1.40, ML £3.40, DV -3.50; mPFC: AP
+1.70, ML £1.65, DV —1.70, angled at 30° dHPC: AP -1.90, ML
+1.90, DV +0.17, angled at 30°% vHPC: AP -3.16, ML +3.20, DV
—3.75. The cannulas were fixed to the skull using acrylic cement and
two skull screws. Stainless steel obturators (33 gauges) were inserted
into guide cannulas to avoid obstruction until drug infusion. Ani-
mals were allowed to recover from surgery for 2 weeks before be-
havioral tests. Mice were handled and habituated to the infusion
procedure several days before drug injection. During drug infusion,
mice were briefly head restrained, while the stainless steel obtura-
tors were removed and injection cannulas (33 gauges, RWD Life
Science) were inserted into guide cannulas. Injection cannulas pro-
trude 1.00 mm from the tips of guide cannulas. Infusion cannula
was connected via PE20 tubing to a microsyringe driven by a micro-
infusion pump (KDS 310, KD Scientific). Drugs were infused bilat-
erally into the target brain areas at a flow rate of 0.15 ul per min.
After finishing drug injection, the injection cannulas were left in
place for 2 min to allow the solution to diffuse from the cannula tip.
The stainless steel obturators were subsequently reinserted into guide
cannulas, and the mice returned to their home cage for 30 min be-
fore behavioral tests.

Western blotting

Mice were sacrificed by cervical dislocation. mPFC or hippocampi
from both sides of the brain were rapidly isolated. Hippocampi were
then divided into dorsal and ventral parts along the longitudinal
axis. The tissues were placed into liquid nitrogen followed by long
storage at —80°C. For Western blotting analysis, samples were re-
moved from the freezer and homogenized in a lysis buffer contain-
ing 20 mM tris-Cl (pH 7.4), 150 mM NaCl, 1% Triton X-100, 5 mM
EDTA, 3 mM NaF, 1 mM sodium orthovanadate, 10% glycerol, and
complete protease inhibitor set (Sigma-Aldrich, St. Louis, MO).
The lysates were vortexed for 20 s, incubated on ice for 40 min, and
centrifuged at 13,000 rpm for 15 min. The supernatants were trans-
ferred to sterile 1.5-ml Eppendorf tubes for subsequent experiments.
Protein concentrations were determined by the Bio-Rad protein
assay (Bio-Rad Laboratories, Hercules, CA). Twenty micrograms of
total protein extract per lane was resolved using denaturing SDS-
polyacrylamide gel electrophoresis gels and transferred to polyvinyl-
idene difluoride filters by electroblotting. The filters were incubated
overnight at 4°C with appropriate primary antibodies. The follow-
ing primary antibodies were used: goat anti-ASICla (1:1000; Santa
Cruz Biotechnology, catalog no. sc-13905) and mouse monoclonal
anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (1:1000;
KangChen, catalog no. KC-5G4). Secondary antibodies conjugated
to horseradish peroxidase were added to the filters and then visual-
ized in enhanced chemiluminescence solution. The visualization was
performed via the ImageQuant LAS 4000 Mini Molecular Imaging
System (GE Healthcare Life Sciences), and the Quantity One software
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[National Institutes of Health (NIH)] was used for the analysis of
band intensity.

Fear conditioning and extinction

All auditory fear conditioning and extinction procedures were per-
formed using the Ugo Basile Fear Conditioning System (Ugo Basile
Srl). Briefly, mice were first handled and habituated to the condi-
tioning chamber for five successive days. The conditioning cham-
bers (17 cm by 17 cm by 25 cm) equipped with stainless steel shocking
grids were connected to a precision feedback current-regulated
shocker (Ugo Basile Srl). During fear conditioning, the chamber
walls were covered with black and white checkered wallpapers, and
the chambers were cleaned with 75% ethanol (context A). On day 1,
mice were conditioned individually in context A with five pure tones
(CS; 4 kHz, 76 dB, 30 s each) delivered at variable intervals (20 to
180 s), and each tone was co-terminated with a foot shock (US; 0.5 mA,
2 s each). ANY-maze software (Stoelting Co.) was used to automati-
cally control the delivery of tones and foot shocks. Conditioned mice
were returned to their home cages 30 s after the end of the last tone,
and the floor and walls of the cage were cleaned with 75% ethanol
for each mouse. For retrieval, 24 hours after conditioning, animals
received two CS-alone presentations in a test chamber, which had
gray nonshocking plexiglass floor and dark gray wallpapers and was
washed with 4% acetic acid solution between the tests for individual
mice (context B). In extinction experiments, animal trained in con-
text A with five CS-US pairings on day 1 was presented with 20 CS
without foot shock in context B on day 2. On day 3, mice received
eight CS-alone presentations in the extinction context. During the
behavioral test, the chamber was placed in a sound-attenuating en-
closure with ventilation fan and a single house light (Ugo Basile Srl).
The movement of the mouse in the conditioning or test chamber
was recorded using a near-infrared camera and analyzed in real time
with ANY-maze software. Fear response was operationally defined
as measurable behavioral freezing (more than 1-s cessation of move-
ment), which was automatically scored and analyzed by ANY-maze
software. The time spent on freezing during the tone (cue) was mea-
sured for each tone presentation.

Ex vivo slice electrophysiology

For electrophysiological recordings in mPFC slices, 2 hours after
extinction learning (Ext.) or retrieval of fear memory (No Ext.), the
mice were deeply anesthetized with 5% chloral hydrate and decapi-
tated. Brains were dissected quickly and chilled in well-oxygenated
(95% 02/5% CO,, v/v) ice-cold aCSF containing 125 mM NaCl, 2.5 mM
KCl, 12.5 mM p-glucose, 1 mM MgCl,, 2 mM CaCl,, 1.25 mM
NaH,POy4, and 25 mM NaHCO; (pH 7.35 to 7.45). Coronal brain
slices (300 um thick) containing mPFC were cut with a vibratome
(Leica VT1000S, Germany). After recovery for 1 hour in oxygenated
aCSF at 30° + 1°C, the slice was transferred to the recording cham-
ber and continuously perfused with oxygenated aCSF at the rate of
1 to 2 ml/min. Some slices from Ext. groups of AAV-Syn-Cre-GFP-
injected mice were incubated with BDNF (200 ng/ml diluted in ox-
ygenated aCSF) for 2 hours and then transferred to normal aCSF for
recording, with its control staying in normal aCSF at least 2 hours
before recording. The superficial layer (layer II/III) pyramidal neu-
rons in IL/mPFC and PL/mPFC were patched under visual guid-
ance using infrared differential interference contrast microscopy
(BX51WI, Olympus) and an optiMOS camera (QImaging). The slices
were continuously perfused with well-oxygenated aCSF at 35° + 1°C
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during all electrophysiological studies. Whole-cell patch clamp re-
cordings were performed using an Axon 200B amplifier (Molecular
Devices). Membrane currents were sampled and analyzed using a
Digidata 1440 interface and a personal computer running Clampex
and Clampfit software (version 10, Axon Instruments). Access re-
sistance was 15 to 30 megohms, and only cells with a change in ac-
cess resistance of <20% were included in the analysis.
Spontaneous excitatory postsynaptic currents

For recordings of sEPSCs (figs. S2 and $3), the holding potential was
—70 mV. Patch pipettes had open tip resistances of 3 to 5 megohms
when filled with an intracellular solution that contained 132.5 mM
cesium gluconate, 17.5 mM CsCl, 2 mM MgCl,, 0.5 mM EGTA, 10 mM
Hepes, 4 mM Mg-ATP (adenosine 5'-triphosphate), and 5 mM QX-314
chloride (280 to 300 mOsm; pH 7.2 adjusted with CsOH). The base-
line sEPSCs of IL/mPFC and PL/mPFC neurons were recorded for
5 min and analyzed from 100 to 200 s after the establishment and
stabilization of the recording. Data were analyzed using the Mini Analy-
sis Program (Synaptosoft) with an amplitude threshold of 10 pA.
Spike firing

Spiking activity (Fig. 3, E to H, and figs. S5 and S6) and related
membrane properties of superficial layer (layer II/III) neurons were
measured with an internal solution containing 145 mM potassium
gluconate, 5 mM NaCl, 10 mM Hepes, 2 mM Mg-ATP, 0.1 mM
Na;GTP, 0.2 mM EGTA, and 1 mM MgCl, (280 to 300 mOsm; pH 7.2
with KOH). Data were analyzed by Mini Analysis Program (Synapto-
soft) with an amplitude threshold of 20 mV. The accommodation
ratio (Fig. 3, E to H, and fig. S6) under the step current injection pro-
tocol was defined as the action potential number during the last 100-ms
current injection to that during the first100-ms current injection.
Light-evoked EPSC

Optical activation of ChR2-expressing axons was performed using a
blue collimated light-emitting diode (LED) with a peak wavelength
of 470 nm (Lumen Dynamics). The LED was connected to Axon
200B amplifier to trigger photostimulation. The brain slice in the
recording chamber was illuminated through a 40x water-immersion
objective lens (LUMPLFLN 40XW, Olympus). The intensity of photo-
stimulation was directly controlled by the stimulator, while the du-
ration was set through Digidata 1440 and pCLAMP 10.5 software.
To evoke synaptic responses in mPFC by photostimulation of vHPC
axons, the slice was illuminated every 20 s with blue light pulses of
5-ms duration (light power density: 2 to 18 mW/mm?® at 470 nm).
To prevent polysynaptic activities from being detected in EPSC re-
cordings, we applied appropriate photostimulation intensity that
produced 40 to 60% of the maximal synaptic response. For record-
ing the light-evoked EPSCs, the recording pipettes (3 to 5 megohms)
were filled with a solution containing 132.5 mM cesium gluconate,
17.5 mM CsCl, 2 mM MgCl,, 0.5 mM EGTA, 10 mM Hepes, 4 mM
Mg-ATP, and 5 mM QX-314 chloride (280 to 300 mOsm; pH 7.2
with CsOH). To determine the PPR (Fig. 2), IL/mPFC and PL/mPFC
neurons were voltage clamped at =70 mV. The AMPAR oEPSCs were
evoked by paired photostimulations (25-, 50-, 100-, 200-, and 500-ms
intervals, 5-ms duration) of ChR2-expressing vHPC axons, and PPR
was calculated as the peak amplitude ratio of the second to the first
oEPSC. To determine the NMDAR/AMPAR ratio (Figs. 3, A to D, and
6, C and D), the AMPAR-mediated oEPSCs were recorded at —=70 mV,
while the NMDAR-mediated oEPSCs were recorded in the presence
of CNQX (20 uM) and picrotoxin (100 uM) at +40 mV. For each
mPFC neuron, photostimulations of the same intensity and dura-
tion were used to record the AMPAR- and NMDAR-mediated oEPSCs.
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RNA sequencing

AAV-injected mice were subjected to extinction learning or retrieval
of fear memory 24 hours after conditioning. The vHPC tissues were
collected 2 hours after behavioral test and rapidly frozen in liquid
nitrogen. Samples from four mice that received the same AAV in-
jection (AAV-Syn-Cre-GFP or AAV-Syn-GFP) and behavioral tests
(Ext. or No Ext.) were pulled for RNA sequencing, and for each con-
dition, the RNA sequencing was performed on two independent sets
of samples.

Total RNA was extracted using a mirVana miRNA Isolation kit
(catalog no. AM1561, Ambion) following the manufacturer’s instruc-
tions. The quantification and integrity of the RNA samples obtained
were determined using Qubit 2.0 Fluorometer (Life Technologies,
Waltham, MA) and Agilent Bioanalyzer 2100 (Agilent Technologies,
Santa Clara), respectively. Only samples with RNA integrity numbers
of >8 (out of 10) were used for sequencing. Samples were prepared
for sequencing by Shanghai Biotechnology Corporation using the
VAHTS Stranded mRNA-seq Library Prep Kit for Illumina
(Vazyme, Nanjing) and barcoded to allow samples to be multiplexed
within a flow cell lane. Barcoded complementary DNA (cDNA) li-
braries were sequenced on a single lane of the Illumina HiSeq X Ten
Sequencing System to obtain 150-base pair (bp) single-end reads at
an approximate sequencing depth of 25.6 to 30.3 million reads per
sample. Raw reads were trimmed to remove sequencing artifacts (1 bp
from 3’ end) and filtered to remove low-quality reads (reads with
quality scores of <20 in more than 10% of bases were discarded)
before alignment to mouse genome (mm10) using HISAT2 (version
2.0.4). Differential expression analysis was conducted with edgeR,
which was used to quantify transcript reads and to obtain z scores
and fold change values for individual genes. Genes with corrected
P value of <0.05 (Benjamini-Hochberg FDR correction) and fold
change of >1.5 were selected for further analysis. Gene ontology
categories were manually curated from results.

Quantitative real-time PCR

For AAV-injected mice, 2 hours after extinction learning (Ext.) or
retrieval of fear memory (No Ext.), the vHPC tissues were collected
and rapidly frozen in liquid nitrogen. The total RNA was extracted
from the vHPC tissues using TRIzol Reagent (Invitrogen). Four micro-
grams of total RNA was used as template for cDNA synthesis and
amplification with the FastQuant RT Kit (Tiangen) according to the
manufacturer’s instructions. The cDNA was diluted to an equal
concentration of 400 ng/ul, and 80 ng of which was used for fur-
ther PCR amplification. Real-time PCR was then performed using
the cDNA as template in a Power SYBR Green PCR Master Mix
(Applied Biosystems). The primers used were as follows: Gapdh,
5'-CCTCGTCCCGTAGACAAAATGGT-3' (forward) and 5'-TT-
GAGGTCAATGAAGGGGTCGT-3' (reverse); Fos, 5'-GAGCTGGAG-
CCCCTGTGTAC-3' (forward) and 5'-CAGGGTAGGTGAAGACAAAG-
GAA-3' (reverse); Npas4, 5'-CAGATCAACGCCGAGATTCG-3’
(forward) and 5-CACCCTTGCGAGTGTAGATGC-3' (reverse); Bdnf,
5'-AGGATCCCCATCACAATCTTACA-3’ (forward) and 5'-GC-
CACTGACCACACAATTGCT-3' (reverse). The plate was run in
the Applied Biosystems 7500 Fast Real-Time PCR System under the
Standard 7500 run mode (one cycle 50.0°C, 20 s; one cycle 95.0°C,
10 min; 35 cycles 95.0°C, 15 s and 60°C, 1 min with fluorescence
measured during 60°C step). Data were then analyzed using the 274
method. All collected data were normalized to the No Ext. group of
AAV-Syn-GFP-injected mice.
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Quantification of BDNF protein
The vHPC tissues were collected 2 hours after extinction learning
(Ext.) or retrieval of fear memory (No Ext.) and were rapidly frozen in
liquid nitrogen. Each sample was added to 200 ul of lysis buffer con-
taining 137 mM NaCl, 20 mM tris-HCI (pH 8.0), 1% TERGITOL type
NP40, 10% glycerol, complete protease inhibitor set (Sigma-Aldrich,
St. Louis, MO), and 0.5 mM sodium vanadate, which was then homog-
enized and centrifuged at 16,000¢ for 30 min at 4°C. The supernatants
were removed into aseptic Eppendorf tubes and stored at —80°C.
The total protein levels in individual samples were measured by
the BCA Protein Assay Kit (Pierce Co., Appleton, WI). The BDNF
Emax ImmunoAssay System (Promega Co., Madison, WI) was used
to detect the amount of BDNF. Briefly, each well of a 96-well poly-
styrene plate was incubated overnight at 4°C with 100 pl of anti-BDNF
monoclonal antibody (mAb) diluted 1:1000 in carbonate coating buf-
fer [25 mM sodium bicarbonate and 25 mM sodium carbonate (pH 9.7)].
Unabsorbed mAb was removed, and the plates were washed once
with tris-buffered saline with Tween 20 (TBST) wash buffer contain-
ing 20 mM tris-HCl (pH 7.6), 150 mM NaCl, and 0.05% (v/v) Tween
20. Just before blocking, tissue extracts were removed from the freezer
and allowed to cool to room temperature. Plates were blocked using
200 pl of Promega 1x Block and Sample Buffer followed by incuba-
tion for 1 hour at room temperature. Plates were then washed using
TBST wash buffer. One hundred microliters of each sample or stan-
dard (500, 250, 125, 62.5, 31.3, 15.6, 7.8, and 0 pg/ml) was added in
duplicates to the plates. The plates were incubated for 2 hours with
shaking (600 rpm) at room temperature, which was then followed
with five times washing with TBST wash buffer. Anti-human BDNF
polyclonal antibody (100 pl of diluted 1:500 in 1x Block and Sample
Buffer) was added to each well, and plates were incubated for 2 hours
with shaking (600 rpm) at room temperature. Plates were washed
again five times using TBST wash buffer. Anti-immunoglobulin G
horseradish peroxidase conjugate (100 pl of diluted 1:200 in 1x Block
and Sample Buffer) was then added to each well, and plates were in-
cubated for 1 hour with shaking (600 rpm) at room temperature.
Plates were emptied again and washed five times using TBST wash
buffer. Finally, 100 ul of Promega TMB One Solution was added to
the plates. After incubation for 10 min at room temperature, the re-
action was stopped using 100 ul of 1 N HCI, which was followed by
reading at 450 nm within 30 min. BDNF concentrations were deter-
mined on the basis of the absorbance values against the standard
curve and reported in pg/mg protein. The values were then normal-
ized to that of the No Ext. group of AAV-Syn-GFP-injected mice in
parallel experiments.

Statistical analyses

Data are presented as means + SEM unless indicated otherwise. All
histograms display individual points, which represent the values and
number of individual samples for each condition. Data distributions
were tested for normality, and variance equality between groups was
assessed using the Levene’s test. Statistical comparisons were per-
formed using unpaired Student’s ¢ tests and one-way ANOVA or two-
way repeated-measures ANOVA. For post hoc analysis, we used
Bonferroni’s correction for multiple comparisons. Statistical analysis
was performed with IBM SPSS Statistics 19 (SPSS), and P < 0.05 was
considered statistically significant. Significance is mainly displayed
as *P < 0.05, **P < 0.01, and ***P < 0.001, and in some cases is indi-
cated as *P < 0.05, P < 0.01, and ***P < 0.001 for multiple compar-
isons (not significant values are not denoted).
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SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/10/eaau3075/DC1

Fig. S1. Validation of knockdown of ASIC1a and cannula implantation in different brain
regions.

Fig. S2. ASIC1a in vHPC is involved in extinction learning—driven changes of sEPSC (as global
synaptic inputs) in mPFC neurons.

Fig. S3. US only does not alter sEPSC in mPFC neurons.

Fig. S4. Current-voltage relationships of NMDAR-mediated synaptic currents of different
VHPC—mPFC projections.

Fig. S5. ASIC1a-dependent effects of fear extinction training on the action potential firing of
pyramidal neurons in mPFC.

Fig. S6. Effects of NMDAR antagonism on action potential firing of pyramidal neurons in mPFC.
Fig. S7. Fear acquisition and extinction/retrieval of Asic1a™" mice that received
AAV-Syn-Cre-GFP and AAV-Syn-GFP injection at vHPC.

Fig. S8. Validation of AAV-mediated overexpression of BDNF or ASIC1a at vHPC.

Fig. S9. Effects of AsicTa gene overexpression in dHPC on cued fear extinction.
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