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Figure2.  Enhanced synaptic efficacy in the BLA neurons recruited into a fear memory trace
is due to fear conditioning but not fear memory retrieval. 4, Experimental procedure. B, Repre-
sentative mEPSC traces recorded from dVenus-+ and dVenus— neurons. C, D, dVenus-+ neu-
rons had a higher mEPSC frequency (€) and amplitude (D) than dVenus— neurons (n = 6
dVenus-+ and 6 dVenus— neurons from 5 mice; frequency, paired ¢ test, f5) = 5.4, p =
0.0029; amplitude, tis) = 7.8, p = 0.00056); **p < 0.01.
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Figure3. large-scaleactivityimaging before, during, and after fear conditioning in the BLA.
A, Experimental procedure (n = 8 mice per group). B, The FC but not the IS group exhibited
contextual conditioned fear in session 3 (repeated-measures ANOVA, F; 14 = 23.8, p =
0.00025; FCvs|Sinsession 3, p = 0.00017). C, Representativeimages of individual BLA neurons
from fluorescent in situ hybridization of Arcand Homer 1a. D, A representative image of Arcand
Homer 1a RNA expression from the FC group. A neuron with nuclear and cytoplasmic Arc and
nuclear Homer 1a was activated in sessions 2 and 3 (51—, S2+, S3+). A neuron with only
cytoplasmic Homer Ta was activated in session 1 (S1-+, S2—, S3—). E, Percentage of BLA
neurons active in each session was comparable between the FCand IS groups (n = 319.0 ==
18.1 neurons in FC group and 313.3 == 17.6 neurons in IS group per mouse).

with 0 and 25 min (p = 0.00052 and 0.0013, respectively). There-
fore, in the following analysis, we identified neurons that were
activated during session 1 (~70 min before being killed), session
2 (~~30 min before being killed), and session 3 (immediately
before being killed) based on the “cytoplasmic Homer 1a,” “nu-
clear Homer 1a and cytoplasmic Arc,” and “nuclear Arc,” respec-
tively (Fig. 3C,D). We measured the proportions of active
neurons in the BLA during sessions 1, 2, and 3 (Fig. 3D). There
was no group effect or group X session interaction (Fig. 3E).
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Figure 4.  Fear conditioning alters a context-responsive BLA neuronal ensemble based on

the neuronal activity during fear conditioning. A, BLA neurons that were active in session 3
overlapped less with those that were active in session 1 in the FC group compared with the IS
group (Student’s ¢ test, £, = 2.3, p = 0.039). B, BLA neurons newly recruited into the
context-responsive ensemble displayed preferential activity in session 2 depending on fear
learning (repeated-measures ANOVA, F; 15, = 11.0, p = 0.0051; total vs newly recruited
neurons in the FC group, p = 1.5 X 10 ). €, The activities of individual BLA neurons during
fear conditioning predicted their recruitment into the context-responsive ensemble (F; 14 =
7.08,p = 0.019; 52+ (FC) vs S2— (FC), p = 0.00062; S2+ (FC) vs S2+ (IS), p = 0.021).D,
The recruiting effect of activity during fear conditioning in the BLA correlated with the strength
of fear memory expression (Pearson’s correlation coefficient, r = 0.74, t,,, = 2.7, p = 0.036;
Z-test, FCvs|S,z = 2.0, p = 0.023); **p << 0.01, *p << 0.05.

To determine whether fear conditioning alters the context-
responsive neuronal ensemble, the overlap between the neuronal
populations that were active during sessions 1 and 3 was exam-
ined. The overlap score of the FC group was lower than that of the
IS group (Fig. 4A). This result indicates that fear conditioning
alters the context-responsive neuronal ensemble.

We further hypothesized that the newly recruited neurons
were preferentially activated during conditioning, because syn-
aptic potentiation was observed in neurons that were activated
during conditioning. To test this, we measured the percentage of
neurons that were active during session 2 (S2+) among the total
BLA neurons and among the newly recruited neurons. In the FC
group, the S2-+ percentage in the newly recruited neurons was
higher than that in the total BLA neurons (Fig. 4B). In the IS
group, on the other hand, there was no significant difference.

To determine whether neurons activated during fear condi-
tioning are newly recruited into the context-responsive ensem-
ble, we calculated a recruiting score consisting of the percentage
of S2+ or S2— neurons that changed their activity from inactive
in session 1 to active in session 3. In the FC group, the recruiting
score of the S2+ neurons was higher than that of the S2— neu-
rons (Fig. 4C). Further analysis also indicated that the recruiting
effect of session 2 activity was associated with fear conditioning:
First, the recruiting score of S2+ neurons of the FC group was
higher than that of the IS group (Fig. 4C); second, the recruiting
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score in the FC group correlated positively with the freezing time
in session 3 (Fig. 4D). Together, these results indicate that fear
conditioning alters the context-responsive neuronal ensemble
depending on the neuronal activity during fear conditioning.

Discussion

We demonstrated that contextual fear conditioning induces pre-
synaptic potentiation in cortical, but not thalamic, synapses on
BLA neurons that were recruited into the fear memory trace. In
accordance with the hypothesis that synaptic modification in a
subset of neurons is likely to lead to a reorganization of neuronal
ensembles, we also found that fear conditioning alters a context-
responsive neuronal ensemble depending on the neuronal activ-
ity during fear conditioning. The recruiting effect of activity
during fear conditioning correlated with the strength of fear
memory expression. Overall, these data suggest that synaptic
plasticity in a subset of BLA neurons is likely to contribute to fear
memory expression through ensemble reorganization.

A novel finding of this study is that synaptic potentiation as-
sociated with learning occurs specifically in neurons that are re-
cruited into the memory trace. Although previous studies
showed that fear conditioning induces synaptic potentiation in
the BLA synapses (McKernan and Shinnick-Gallagher, 1997; Ts-
vetkov et al., 2002), it is unclear whether fear conditioning in-
duces synaptic modification of the amygdala globally or only in a
subset of neurons. In this study, we challenged this issue by mea-
suring synaptic efficacy from neurons recruited into a memory
trace, which are labeled with Arc promoter-driven dVenus. We
found that presynaptic potentiation is specifically induced in the
recruited neurons (dVenus+ neurons). The observed increase in
mEPSC frequency in dVenus+ neurons from conditioned mice
reflects modifications in whole neurons, whereas the decrease in
the PPR was limited to the cortical pathway alone. This might be due
to the greater influence of cortical inputs on BLA neurons relative to
other inputs. Our findings do not rule out postsynaptic plasticity
(Rumpel et al., 2005; Zhou et al., 2009) as another mechanism for
contextual fear conditioning. The amplitude of mEPSCs in the dVe-
nus+ neurons was higher compared with dVenus— neurons, but
there was no group X dVenus interaction. The postsynaptic en-
hancement effect of fear conditioning might be masked by footshock
stress, which was also given to the IS group.

The activity of individual neurons during learning is likely to
determine their recruitment into the memory trace. In this study,
we used large-scale activity mapping with the immediate-early
genes Arc and Homer 1a to determine how contextual fear con-
ditioning alters BLA neuronal ensembles. Remarkably, we mea-
sured the activities of >300 neurons per mouse separately over
three sessions by analyzing subcellular distributions of Arc and
Homer 1a RNA. In doing so, we found that the neurons activated
during memory retrieval were preferentially activated during
preceding fear conditioning, and the neurons that were activated
during fear conditioning were also preferentially activated during
memory retrieval. The importance of neuronal activity during
learning in recruitment is supported by previous studies using
CREB transfection. CREB transfection upregulates excitability of
transfected neurons (Zhou et al., 2009) and increases the recruit-
ment ratio of those neurons into a fear memory trace (Han et al.,
2007).Together, these findings suggest that the recruitment of
neurons into a memory trace is defined by the activity of individ-
ual neurons during learning.

In conclusion, we have demonstrated that presynaptic poten-
tiation occurs specifically in neurons that are recruited into a fear
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memory trace. This synaptic plasticity likely contributes to the
ensemble reorganization, an event that positively correlated with
the strength of fear memory expression. Together, our findings
suggest that synaptic plasticity in a subset of BLA neurons con-
tributes to fear memory expression through the reorganization of
a context-responsive neuronal ensemble.
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Sound-induced hyperpolarization of hippocampal neurons
Reimi Abe®*, Tetsuya Sakaguchi®*, Nobuyoshi Matsumoto?®,

Norio Matsuki® and Yuiji Ikegaya®®

The hippocampus is involved in episodic memory, which is
composed of subjective experiences in the multisensory
world; however, little is known about the subthreshold
membrane potential responses of individual hippocampal
neurons to sensory stimuli. Using in-vivo whole-cell patch-
clamp recordings from hippocampal CA1 neurons in awake
mice, we found that almost all hippocampal neurons
exhibited a hyperpolarization of 1-2 mV immediately after
the onset of a sound. This large-scale hyperpolarization was
unaffected by the duration or pitch of the tone. The response
was abolished by general anesthesia and a surgical
fimbria~fornix lesion. NeuroReport 25:1013-1017 © 2014
Wolters Kluwer Health | Lippincott Williams & Wilkins.

NeuroReport 2014, 25:1013-1017

Introduction

The hippocampus plays a role in encoding snapshots
during daily life experiences and creating episodic
memory [1]. In the rodent, hippocampal neurons mod-
ulate their firing patterns depending on the location of
the animal and collectively generate a cognitive map
of space [2]. Such internal representations regarding
behavioral experience emerge and are updated through
visual, auditory, olfactory, gustatory, and somatosensory
information. Therefore, knowing how hippocampal
neurons respond to sensory stimuli is critical; however,
the current evidence is contradictory. A classical study
using single unit recordings from awake paralyzed rats
reported that 41% of the hippocampal neurons decreased
their firing rates in response to.light, sound, and touch
[3]. By contrast, single unit recordings during behavioral
tasks or sleep revealed that hippocampal neurons dis-
charged in response to auditory stimuli only when rats
had previously been conditioned to the sound [4,5].

Information on the intracellular membrane potential
responses of hippocampal neurons to sensory inputs is
still sparse, and to the best of our knowledge, those
previous studies were all conducted under anesthesia. In
urethane-anesthetized rats, for example, hippocampal
CA1 neurons exhibit a hyperpolarization in response to
somatosensory stimuli [6,7] and 6-thythm membrane
potential fluctuations after tail-pinch stimulation [6].
Importantly, a recent elegant study using functional
optical imaging of the hippocampus demonstrated that
only awake mice show the activation of septal GABAergic
axon fibers in response to sensory stimuli [8]. Therefore,
nonanesthetized animals are required to evaluate the true
membrane voltage dynamics. In the present work, we
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patch-clamped hippocampal CA1 neurons in awake,
head-restricted mice. We report here that almost all
hippocampal neurons respond to auditory and whisker
stimulation with a brief hyperpolarization.

Methods

Animals

The experiments were performed with the approval of
the animal experiment ethics committee at the
University of Tokyo (approval number: P26-5) and
according to the NIH guidelines for the care and use of
animals. Male ICR mice (21-33 days old) were purchased
and housed in cages under standard laboratory conditions
(12 h light/dark cycle).

Surgery

Mice were anesthetized with ketamine (50 mg/kg, intra-
peritoneal) and xylazine (10 mg/kg, intraperitoneal) and
were implanted with a metal head-holding plate. After
2 days of recovery, the mice were subjected to head-
fixation training on a custom-made, stereotaxic fixture.
Training was repeated for 1-3 h/day until the implanted
animal learned to remain quiet. During and after each
session, the animal was rewarded with free access to
sucrose-containing water. Full habituation usually
required 5-10 consecutive days. Then, the mice were
anesthetized with a ketamine/xylazine cocktail and were
craniotomized (1 X 1 mm?), centered at 2.2 mm posterior
and 2.0 mm lateral to the bregma. The dura was surgically
removed, and the exposed brain tissue surface was cov-
ered with 1.7% agar. Throughout the experiments,
a heating pad maintained the rectal temperature at 37°C,
and the surgical region was analgesized with 0.2%
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Tone-induced hyperpolarization of hippocampal CA1 neurons. (a) Biocytin reconstruction of an in-vivo, whole-cell recorded CA1 pyramidal cell. The
right trace indicates a membrane response to a 200-pA, 1-s current injection (bottom line), showing the regular spiking properties typical of pyramidal
cells. (b) The mean membrane potential fluctuations in response to a sound stimulus (green bar, 300 ms, 4 kHz, 110 dB). Gray and black lines indicate
the average of seven individual cells across 20 tone-stimulus trials and the average across the seven cells, respectively. (c) No hyperpolarization under
urethane anesthesia. Data are represented as mean+ SEMs of 22 cells from 20 awake mice and seven cells from three anesthetized mice. Each dot
indicates a single cell. **P=4.8 x 1 075, t,=4.83, Student's ttest. (d) Representative estimation of the reversal potentials of tone-induced
hyperpolarization. The experiments were repeated in three mice, producing similar results.

lidocaine. After the mice recovered from the anesthesia,
recordings were made under head fixation in a sound-
proof box. The experiments shown in Fig. 1¢ were con-
ducted under anesthesia with urethane (2.0-2.2 g/kg,
intraperitoneal). In the experiments shown in Fig. 3, the
fimbria—fornix (FF) was bilaterally transected before
recording. A retractable knife (4 mm in width) was low-
ered to ~3mm deep from the cortex surface through a
small burr hole in the skull (0.5 mm posterior, =2 mm
lateral to the bregma) under stereotactic guidance.

Electrophysiology

Patch-clamp recordings were obtained from neurons in
the CA1l stratum pyramidale using borosilicate glass
electrodes (4-7 MQ). Pyramidal cells were identified by
their regular spiking properties and by post-hoc histolo-
gical analysis (Fig. 1a). The intrapipette solution con-
sisted of the following (in mM) reagents: 120
K-gluconate, 10 KCIl, 10 HEPES, 10 creatine phosphate,
4 MgATP, 0.3 Na,GTP, 0.2 EGTA (pH 7.3), and 0.2%
biocytin. Neurons were sealed at more than 8 GQ before
the whole-cell current-clamp configuration was acquired.
To ensure the recording quality, neurons were selected
based on their membrane properties with the resting
potential ranging between —55 and —75mV and the
input membrane resistance ranging between 35 and
95MQ. Experiments in which the series resistance
exceeded 70 MQ or changed by more than 15% during
the entire recording session were also discarded.

The data were analyzed offline using custom-made
MATLAB (R2012b, Natick, Massachusetts, USA) rou-
tines. As auditory stimuli, sine-wave pure tones (duration:
0.03-3s; frequency: 1-16 kHz; intensity: 70-110 dB)
were applied at an interval of 6-8 s from a speaker placed
in front of the mice (25 cm away from the nose). In each
block, tones with different conditions were presented in a
random order. An air puff was applied for 200 ms through

a small glass tube to move all the whiskers contralateral to
the recording side.

Histology

After each recording, the recording pipette was carefully
removed from the brain, and the mice were anesthetized
by an overdose of urethane. After they were completely
anesthetized, they were perfused transcardially with
chilled PBS, followed by 4% paraformaldehyde in 0.1 M
PBS (pH 7.4). The brains were carefully removed and
stored overnight at 4°C in a 4% paraformaldehyde solu-
tion. Then they were sagittally sectioned at a thickness of
100 um. The sections were incubated with 0.3% H,O, for
30 min. After permeabilization in 0.2% Triton X-100 for
1h, they were processed with ABC reagent at 4°C
overnight and with 0.0003% H,0,, 0.02% diamino-
benzidine, and 10 mM (NHy4),Ni(SOy,),.

Results

Tone-induced hyperpolarization of hippocampal CA1
neurons

Pyramidal cells were patch-clamped from the CA1 area of
awake, head-fixed mice (Fig. 1a). Unless otherwise spe-
cified, 4-kHz sine-wave pure tones at 110dB were
applied for 300 ms at intervals of 6-8s.

Under the /=0 current-clamped configuration, neurons
exhibited a rapid membrane potential hyperpolarization
in response to a tone, which returned slowly to the
baseline within seconds (Fig. 1b). The hyperpolarization
was consistently observed for all trials in all neurons
recorded, but it did not occur in urethane-anesthetized
mice (Fig. 1c). The mean peak amplitude of the hypo-
larization was 1.8£0.2 mV (Fig. 1c), and the peak latency
was 122+ 8 ms after the tone onset (mean+SEM of 22
neurons from 20 mice). We also obtained five whole-ce
recordings from dentate granule cells. In all five cases, we
observed tone-induced hyperpolarizations; the peak

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



amplitude and latency were 3.3+0.5 mV and 112+ 15 ms,
respectively (z=135 cells from five mice). Therefore, vir-
tually all principal cells in the hippocampal formation
appeared to hyperpolarize ez masse in response to sound.

When CA1 neurons were depolarized to approximately
—40mV by a small direct current injection, the hyper-
polarizing response increased in size. The reversal
potential was estimated to be approximately —90 mV,
close to the reversal potential of GABA receptor-mediated
currents (Fig. 1d) (z=3 cells). We analyzed the wave-
forms of tone-induced hyperpolarizations. The rise time
(10-90%) of the hyperpolarizations was 20.4+ 2.1 ms, and
the decay time constant was 64.0% 6.6 ms. These kinetics
are a few times slower than single-pulse stimulation-
evoked phasic GABAergic inhibitory postsynaptic
potentials in mouse CA1l pyramidal cells [9], suggesting
that a tone-induced hyperpolarization was produced by a
burst of spikes of inhibitory interneurons. Consistent with
this idea, we encountered one anecdotal whole-cell
recording from the deep CA1l stratum radiatum in which
a nonpyramidal neuron (but cell-type unidentified)
responded reliably to sound with a burst of spikes; the
burst response occurred in all 10 trials with a first-spike
latency of 29+ 1 ms, and each burst consisted of 3.9+0.2
spikes at 181 £4 Hz (mean+SEM of 10 trials).

The hyperpolarizing responses were highly stereotyped;
the hyperpolarization amplitude was invariant over the
durations and pitches of the tones (Fig. 2a and b), and no
apparent OFF responses occurred (data not shown).
Therefore, these responses were unlikely to encode the
texture of sound.

The hyperpolarization amplitude increased with
increased tone intensities (Fig. 2c¢). Transient hyperpo-
larizations were also induced by air puff-induced
whisker deflection. Their peak amplitude and latency
were 1.4£0.3 mV and 122 +7 ms, respectively, and were
compatible with those of sound-induced hyperpolariza-
tions (Fig. 2d) (# =6 neurons from five mice). Therefore,

Auditory response of the hippocampus Abe et al. 1015

sound-induced hyperpolarization may reflect sudden
whisker movement as a startle response, because the
sound pressure that neurons responded to was high. To
address this possibility, we monitored the responses of
whiskers to auditory stimulation. The significant whisker
movement was considered when the maximal deflection
angle of the A2 or B2 whisker within 100 ms after the
onset of a tone stimulus exceeded 2 X SDs of the spon-
taneous whisker movements during any given 100-ms
period without sound. Of the 360 tone stimuli (4 kHz,
110dB) applied to three mice, only 58 (16.1%) trials
elicited the whisker movement. Therefore, tone-induced
whisker movements, if any, cannot fully account for
sound-induced hyperpolarizations. Moreover, we exam-
ined whether the hyperpolarizing responses are affected
by tone prepulses because a weak sound stimulus tran-
siently inhibits a behavioral startle to a closely following
strong sound stimulus [10]. A 20-ms prepulse tone with
76 or 85 dB did not reduce the hyperpolarization induced
by a 110-dB tone applied 100 ms later (Fig. 2e), although
we confirmed that these stimulation conditions readily
induced behavioral prepulse inhibition in freely behaving
mice (data not shown).

Lack of hippocampal tone responses in fimbria-fornix-

lesioned mice

The major afferents to the hippocampus are supplied
through the temporoammonic pathway from the entorh-
inal cortex and the FF pathway from subcortical areas.
Medial-septal neurons, which project to the hippo-
campus through FF fibers, increase their firing rates in
response to various sensory stimuli, including sound,
touch, and light [11,12]. A recent imaging study
demonstrated that medial-septal fibers projecting to CAl
stratum oriens respond to sensory inputs with transient
calcium elevations [8,13]. We thus applied tone stimuli to
mice in which the FF was surgically transected (Fig. 3a).
In these mice, CAl neurons did not exhibit tone-induced
hyperpolarization (Fig. 3b and c).
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A lack of hippocampal tone responses in fimbria—fornix (FF)-lesioned mice. (a) The FF fibers were surgically transected by lowering a microknife into
the subcortical region. (b) The mean voltage responses to tones (0.3 s, 4 kHz, 110dB) in FF-lesioned mice. Gray and black lines indicate the trial
average of five individual cells from five mice and the average across the five cells, respectively. (c) The mean+ SEMs of the tone-induced
hyperpolarization magnitude in 22 intact and five FF-lesioned mice. Each dot indicates a single neuron. **P=2.6 x 10™* vs. intact, t,5 =3.97,

Student’s t-test.

Discussion

We demonstrated that in awake mice, CAl pyramidal
cells responded to the onset of a sound and whisker
deflection with a transient hyperpolarization. Because we
observed the hyperpolarizing responses in all neurons
recorded, the responses are likely a large-scale phenom-
enon that occurs in the entire CAl network. The
hyperpolarization was unaffected by the sound duration,
the sound pitch, or brief sound prepulse exposure. The
response was abolished by general anesthesia and a sur-
gical FF lesion.

All hippocampal fields receive both excitatory and inhi-
bitory projections through the FF pathway [14]. Because
medial-septal neurons fire in response to various sensory
stimuli [11,12], the medial septum is a candidate brain

area that mediates sound-induced hyperpolarization in
the hippocampus. Indeed, hippocampal GABAergic
afferents from the medial septum are responsive to
auditory stimulation [8]. These fibers are known to ter-
minate on inhibitory interneurons and may disinhibit
pyramidal cells. In contrast to this expectation, CAl
pyramidal cells exhibited a transient membrane potential
hyperpolarization. In addition to GABAergic projections,
however, the medial septum sends cholinergic and glu-
tamatergic fibers to the hippocampus [13,15]. These
excitatory inputs may activate hippocampal interneurons
and thereby elicit a hippocampal network suppression.

In conclusion, we characterized sensory modulation of
hippocampal neurons. This modulation emerged through
different afferents from entorhinohippocampal inputs

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



that are likely to produce place-cell activity [16]. Such
information convergences from different neuronal path-
ways may contribute to the encoding of episodic
memory.
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Fear extinction requires Arc/Arg3.1 expression in
the basolateral amygdala
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Abstract

Background: Prolonged re-exposure to a fear-eliciting cue in the absence of an aversive event extinguishes the fear
response to the cue, and has been clinically used as an exposure therapy. Arc (also known as Arg3.1) is implicated
in synaptic and experience-dependent plasticity. Arc is requlated by the transcription factor cAMP response element
binding protein, which is upregulated with and necessary for fear extinction. Because Arc expression is also activated
with fear extinction, we hypothesized that Arc expression is required for fear extinction.

Findings: Extinction training increased the proportion of Arc-labeled cells in the basolateral amygdala (BLA). Arc was
transcribed during latter part of extinction training, which is possibly associated with fear extinction, as well as former
part of extinction training. Intra-BLA infusions of Arc antisense oligodeoxynucleotide (ODN) before extinction training
impaired long-term but not short-term extinction memory. Intra-BLA infusions of Arc antisense ODN 3 h after extinction
training had no effect on fear extinction.

Conclusion: Our findings demonstrate that Arc is required for long-term extinction of conditioned fear and contribute
to the understanding of extinction as a therapeutic manner.

Keywords: Arc/Arg3.1, Fear conditioning, Extinction, Amygdala

Findings

Background

Excessive fear is related to the pathogenesis of psychi-
atric disorders such as post-traumatic stress disorder.
Prolonged re-exposure to a fear-eliciting cue in the
absence of aversive events reduces the fear response to
the cue, and has been clinically used as an exposure
therapy. De novo gene expression contributes to the
consolidation of fear extinction. In fact, activation of the
transcription factor cAMP response element binding
protein (CREB) increases with fear extinction, and its
blockade impairs fear extinction [1]. Inhibition of pro-
tein synthesis also impairs fear extinction [2].

Reduction of synaptic strength is proposed as a cellular
mechanism for fear extinction [3], which is accompanied
by reduced firing of amygdala neurons [4] and a decrease
in the surface expression of a-amino-3-hydroxy-5-methyl-
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4-isoxazolepropionic acid receptors (AMPARSs) [5]. These
mechanisms are supported by experiments demonstrating
that the disruption of AMPAR endocytosis impairs fear
extinction [5,6].

The activity-regulated cytoskeletal-associated protein
(Arc, also known as Arg3.1) is transcribed during robust
neural activity [7,8] and is involved in the inhibition of
synaptic strength [9]. Increased expression of Arc reduces
AMPAR-mediated synaptic transmission by accelerating
receptor endocytosis [10,11]. Arc transcription is regulated
by CREB [12], which is upregulated with and necessary
for fear extinction [1]. Because Arc expression is also
activated with fear extinction [1], we hypothesized that
Arc expression would be required for fear extinction.
We chose the basolateral amygdala (BLA) as a target
region because gene expression here is essential for fear
extinction [1]. In this study, we tested whether Arc

expression in the BLA is required for extinction of con-
textual conditioned fear.

de available in this article,

s to the data
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Results
Arc expression is upregulated in the BLA after extinction
training
In the first experiment, we tested whether extinction
training upregulates Arc expression in the BLA. Mice in
the Extinction group underwent contextual fear condition-
ing, and were subjected to extinction training the next day
where they were re-exposed to the conditioning context
for 40 min without shock (Experiment 1, Figure 1A). This
long-term re-exposure decreased freezing duration over
time (0-5 min vs. 35-40 min, { = 3.6, p =0.016). Mice
were killed 90 min after the extinction training, and their
brains were processed immunohistochemically for Arc.
Mice in the No Extinction group received contextual fear
conditioning similarly to the Extinction group, but without
extinction training. The Extinction group demonstrated
more Arc-labeled cells relative to the No Extinction group,
in both the basal (BA) () =4.3, p=0.0016) and lateral
amygdala (LA) () = 4.8, p = 0.00069) (Figure 1B and C).
A previous study reported that even a few minutes of
re-exposure to the conditioning context, which induces
memory reconsolidation but not fear extinction, upregu-
lates Arc expression [1,13]. Thus, greater Arc expression
following extinction training might be related to memory
reconsolidation but not fear extinction. To distinguish the
Arc expression specific to the extinction training from that
related to memory reactivation and/or reconsolidation, we
utilized Arc cellular compartment analysis of temporal
activity by fluorescence in situ hybridization (catFISH).
Transcribed Arc RNA first appears in neuronal nuclei, and
processed Arc mRNA then accumulates in the cytoplasm
about 30 min after neural activity. Therefore, an analysis
of the subcellular localization of Arc enables us to identify
active neuronal ensembles during two time points that
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Figure 1 Extinction training upregulates Arc expression in the
BLA. (A) The Extinction group underwent contextual fear conditioning
and extinction training, in which they were re-exposed to the
conditioning context for 40 min without shock. The No Extinction
group underwent fear conditioning but not extinction training.
(B) Representative images of Arc-immunolabeled cells in the Extinction
and No Extinction groups, respectively. (C) The Extinction group
demonstrated more Arc-labeled cells relative to the No Extinction
group in both BA and LA (n =6 mice per group, **p < 0.01).
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were separated by a 20-30 min interval. Mice in the
Extinction group were re-exposed to the conditioning
context for 35 min, and their brain slices were subjected
to Arc fluorescence in situ hybridization (Experiment 2,
Figure 2A). The Extinction group demonstrated more
cytoplasmic and nuclear Arc+ cells relative to the No
Extinction group in the basolateral amygdala (cytoplas-
mic Arc, Lo =4.8, p=0.00024; nuclear Arc, £(2=5.2,
p =0.00024); Figure 2B and C). This result indicates that
Arc transcription is induced during both former and lat-
ter parts of extinction training, and the latter part of
Arc transcription is possibly associated with fear extinc-
tion but not memory reconsolidation.

Inhibiting Arc translation in the BLA impairs long-term
extinction of conditioned fear

To inhibit Arc expression transiently, we employed anti-
sense oligodeoxynucleotide (ODN) approach. By refer-
ence to a previous study [14], we designed Arc antisense
ODN, which significantly decreased Arc levels but did
not affect c-Fos or Zif268 levels (Additional file 1). Next,
to ask whether Arc expression in the BLA is required
for fear extinction, we inhibited Arc expression related
to extinction training with the Arc antisense ODN. Mice
underwent fear conditioning and extinction training
(Experiment 4, Figure 3A). They received intra-BLA in-
fusions of an Arc antisense or a scrambled ODN 3 h be-
fore extinction training (Figure 3C). Overall freezing
duration did not differ across groups during extinction
training (F, 2¢) = 0.46, p = 0.51), and there was no signifi-
cant group x time interaction (Fy, 234)=0.63, p=0.77).
Freezing duration did, however, decrease significantly over
time (Fg, 234)=87.5, p=82x107"% (Figure 3B). Mice
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Figure 2 Arc is transcribed during both former and latter parts
of extinction training. (A) The Extinction group underwent
contextual fear conditioning and extinction training, in which they
were re-exposed to the conditioning context for 35 min without
shock. The No Extinction group underwent fear conditioning but
not extinction training. (B) Representative images of Arc-positive cells
in the Extinction and No Extinction groups, respectively. (C) The
Extinction group demonstrated more cytoplasmic and nuclear
Arc-positive cells relative to the No Extinction group in the BLA
(Extinction, n =5 mice; No Extinction, n =9 mice, **p < 0.01).




Onoue et al. Molecular Brain 2014, 7:30
http://www.molecularbrain.com/content/7/1/30

Page 3 of 7

A
---------- - 21 0 I3h | Extinction {2h
[ Conditioning | = infuggns ,_’% E;ginn?g;n Eg‘_’] STM test | LETM fest
60 ; ® Antisense ’
| O Scramble_cij e
£ 40 .
N
o
£ 20 o)
04
0 10 20 30 40 STM LM
Extinction training (min) test  test

Figure 3 Inhibiting Arc translation in the BLA impairs long-term extinction of conditioned fear. (A) Mice received intra-BLA infusions of
either Arc antisense or scrambled ODN 3 h before extinction training, and were subjected to short-term (STM) and long-term memory (LTM)
tests 2 h and 24 h later, respectively. (B) Freezing time during extinction training decreased over time. The mice that received antisense ODN
had a longer freezing period versus the mice that received scrambled ODN in the LTM test, but not the STM test (n = 14 mice per group, **p < 001).

(Q) Histological verification of cannula placements for mice infused with Arc antisense or scrambled ODN.

were subjected to short-term (STM) and long-term
memory (LTM) tests 2 and 24 h later, respectively.
Repeated-measures analysis of variance (ANOVA) re-
vealed a significant group x test interaction (F(;, 26 = 4.8,
p =0.038). The mice that received antisense ODN showed
longer freezing relative to the mice that received scram-
bled ODN in the LTM test (p = 0.0028) but not the STM
test (p = 0.54) (Figure 3B). These results indicate that Arc
expression is required for long-term extinction of condi-
tioned fear.

Time-limited effect of inhibiting Arc translation in the BLA
on fear extinction

Finally, we tested whether the effect of inhibiting BLA
Arc translation on fear extinction depends on the time
interval between extinction training and Arc inhibition.

Mice were subjected to both fear conditioning and ex-
tinction training (Experiment 5, Figure 4A). Freezing
duration decreased over time with extinction training
(time effect, Fig, 216y =14.99, p=7.78 x 107). Mice received
intra-BLA infusions of either Arc antisense ODN or scram-
bled ODN 3 h after extinction training (Figure 4C). On the
next day, both groups exhibited equivalent periods of freez-
ing (t4)=0.30, p=0.77) (Figure 4B), suggesting that the
effect of inhibiting Arc translation in the BLA on fear
extinction is time-limited.

Discussion

In this study, we have demonstrated the involvement of
Arc in fear extinction. We found that 1) extinction train-
ing increased the proportion of Arc-labeled cells in the
BLA; 2) Arc was transcribed during latter part as well as
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Figure 4 Time-limited effect of inhibiting Arc transiation in the BLA on fear extinction. (A) Mice received intra-BLA infusions of either Arc
antisense or scrambled ODN 3 h after extinction training and were given a memory test 24 h later. (B) Both groups exhibited equivalent periods
of freezing (n =13 mice per group). (C) Histological verification of cannula placements for mice infused with Arc antisense or scrambled ODN.
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