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Abstract

The ability to extinguish aversive memories when they are no longer associated with danger is critical for balancing
survival with competing adaptive demands. Previous studies demonstrated that the infralimbic cortex (IL) is essential
for extinction of learned fear, while neural activity in the prelimbic cortex (PL) facilitates fear responding and is nega-
tively correlated with the strength of extinction memories. Though these adjacent regions in the prefrontal cortex
maintain mutual synaptic connectivity, it has been unclear whether PL and IL interact functionally with each other
during fear extinction learning. Here we addressed this question by recording local field potentials (LFPs) simultane-
ously from PL and IL of awake behaving rats during extinction of auditory fear memories. We found that LFP power in
the fast gamma frequency (100-200 Hz) in both PL and IL regions increased during extinction learning. In addition,
coherency analysis showed that synchronization between PL and IL in the fast gamma frequency was enhanced over

increase as animals extinguish aversive memories.

the course of extinction. These findings support the hypothesis that interregional interactions between PL and IL
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Main text

Extinguishing aversive emotional memories recruits
cortical and subcortical neural circuits which actively
inhibit the expression of emotional responses in a context
dependent way. For example, during auditory fear con-
ditioning, animals form an association between a tone
and an aversive outcome and express defensive behaviors
when the tone is presented after learning. However, if the
tone is presented repeatedly in the absence of the aversive
outcome, animals extinguish their defensive responses.
This learning process is termed fear extinction. Although
extinction memories can be maintained for long peri-
ods, under certain conditions they can spontaneously
recover with the passage of time, reemerge when animals
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are placed in a different context from the one in which
they were extinguished or are re-exposed to the aversive
event. Accumulated evidence has revealed that the infral-
imbic cortex (IL), a subregion of medial prefrontal cortex
(mPEC), plays an essential role in extinction learning [1,
2]. For example, neural activity in IL is required for for-
mation of long-term extinction memories through its
projections to the amygdala [3-5]. By contrast, the pre-
limbic cortex (PL), another mPFC subregion, is impor-
tant for expression of learned fear [6], and neural activity
in the PL is negatively correlated with the strength of
extinction memory [7, 8].

These findings suggest that PL and IL mediate oppos-
ing control of defensive responses independently.
Contrasting with this idea, some evidence suggests pos-
sible interactions between PL and IL during fear extinc-
tion learning. Anatomical and electrophysiological
studies showed that PL and IL maintain mutual synaptic
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connections [9-11]. Furthermore, an electrophysiology
study in anesthetized rats demonstrated increased cross-
correlations of PL and IL unit activity during CS exposure
[12], though this was not linked to behavioral extinction
possibly because of the anesthetized preparation and
the use of low numbers of CS presentations. Moreover,
a recent study demonstrated that excitatory inputs from
PL to IL facilitate extinction of conditioned fear memory
[11]. Despite this suggestive evidence, it remains unclear
whether functional interactions between PL and IL occur
during fear extinction learning.

To examine possible interactions between the PL
and IL during fear extinction learning, we implanted
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electrodes in rats and trained them in differential fear
conditioning and extinction (Fig. 1a, Additional file 1:
Fig. S2). Animals were first habituated to two neutral
auditory cues (5 kHz tone pips and 14 kHz continu-
ous tones, each 10-s duration), then conditioned in the
same context. During the conditioning session, one
tone was paired with footshock (positive conditioned
stimulus, CS+), while the other tone was not associated
with shock (negative conditioned stimulus, CS—). Rats
were presented with the tones without footshock in a
novel context to extinguish the fear memory 24 h after
fear conditioning. All rats showed freezing response

to CS+in the beginning of the extinction session,
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Fig. 1 Enhancement of LFP synchronization between PL and IL during fear extinction learning. a Experimental protocol. b Freezing response to
CS+ during extinction learning session. Black line indicates average of all rats and gray lines indicate individual data (n=>5). ¢, d LFP power spectra
in PL (c) and IL (d) during CS+ presentation in early (black), middle (orange) and late (blue) phases of extinction learning. Solid lines and shaded
areas indicate average and standard error of the mean (SEM) across animals, respectively. Insets show zoomed-in view of the power spectra. e, f
Power density averaged over fast gamma frequency (100-200 Hz) in PL (e) and IL (f). g Coherence between PL and IL during CS+ presentation in
early (black), middle (orange) and late (blue) phases of extinction learning. h Coherence between PL and IL averaged over fast gamma frequency
(100-200 Hz). * p<0.05; ** p<0.01; One-way repeated measures ANOVA and post-hoc Newman-Keuls test. Each error bar indicates SEM across
animals. The results of the statistical analyses are described in Additional file 1
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followed by a reduction of freezing during extinction
learning (Fig. 1b).

During the extinction session, we recorded local field
potentials (LEPs) simultaneously from PL and IL through
chronically implanted tungsten wires (Additional file 1:
Fig. S1). First we tested whether extinction learning influ-
enced the power of oscillations at different frequencies.
Comparison of LFP power spectra during the CS+ pres-
entation showed that fast gamma oscillations (100—
200 Hz) were enhanced during extinction learning in
both PL (Fig. 1c) and IL (Fig. 1d). Accordingly, LEP power
in fast gamma frequency (averaged over 100-200 Hz)
was significantly higher in the late phase of extinction
compared with the early and middle phases (Fig. 1e, f).
During the baseline period before CS+ presentation, fast
gamma power in the PL was also increased in the late
phase of extinction, while fast gamma power in the IL
was not (Additional file 1: Fig. S3a, b). Fast gamma power
during CS— presentation did not differ in PL or IL when
comparing early to late extinction (Additional file 1: Fig.
S3c, d). These observations demonstrate that gamma
oscillations increase in PL and IL during extinction and
suggest that the increase of fast gamma power is related
to the acquisition of extinction memory and not simply a
consequence of the passage of time.

Interregional synchronization of gamma oscillations
is considered to reflect increases in functional interac-
tions between brain regions, and it is important for a
variety of learning including safety learning [13]. To test
whether extinction learning influences interregional syn-
chronization between mPFC subregions, we calculated
LFP coherence between PL and IL during CS+ presen-
tation. Comparison between extinction phases showed
an increase of coherence in fast gamma frequency over
the course of extinction learning (Fig. 1g). Fast gamma
coherence during CS+ presentation was significantly
enhanced in the middle and late phases compared with
the early phase (Fig. 1h). By contrast, coherence in the
fast gamma frequency during the pre-CS baseline period
or the CS— presentation was not affected by extinction
learning (Additional file 1: Fig. S4). This suggests that the
extinction induced increase in PL-IL coherence is due to
extinction learning and not simply the passage of time.

To test whether fast gamma oscillations were modu-
lated by freezing behavior, we compared fast gamma
power and coherence between epochs with low and high
levels of freezing. Regardless of the presence of the CS,
there was no freezing-related difference in fast gamma
power or coherence (Additional file 1: Fig. S5). Here the
analysis was focused on the middle phase of extinction
session because pre-CS freezing was rarely observed in
later trials, but similar results were obtained during CS
presentation in the late phase (data not shown).
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Although LFP coherence reflects synchronized neu-
ronal activity between PL and IL, it cannot exclude the
possibility of spurious synchronization caused by volume
conduction due to the proximity of these regions. To
address this concern, we calculated another coherence
measure, weighted phase lag index (WPLI), which is a
measure of phase synchronization and free from volume
conduction or other potential common noise sources
[14]. Consistent with the coherence result, WPLI in the
fast gamma frequency was significantly increased during
extinction (Additional file 1: Fig. S6a). Another potential
concern is that the increase of PL-IL interregional syn-
chronization simply reflects the enhancement of local
fast gamma oscillations. Although the fact that the PL-IL
synchronization increased earlier in extinction than the
increase in local gamma power (Fig. le, f, h) suggested
that this was not the case, we examined this further by
analyzing synchronization during periods of low and
high gamma. We sorted pre-CS baseline periods by local
fast gamma power and categorized epochs with weak
or strong fast gamma, and found no difference in WPLI
between weak and strong fast gamma epochs (Additional
file 1: Fig. S6b).

Here we demonstrated that fast gamma power within
PL and IL and synchronization between these regions
were enhanced during fear extinction learning. These
findings demonstrate that interregional communication
between PL and IL is strengthened over the course of fear
extinction.

Neural synchronization in the fast gamma frequency
is thought to enhance the efficacy of depolarization
in downstream neurons [15] and contribute to differ-
ent types of learning [16, 17]. A previous study showed
that fast gamma power was increased in mPFC during
fear extinction learning, although PL and IL were not
distinguished in this analysis [13]. Our results demon-
strate that the enhancement of fast gamma oscillation
occurs in both PL and IL individually. This may result in
strengthened top-down control of downstream regions
such as basolateral amygdala. Fast gamma oscillations
may also enable regulation of neuromodulatory systems,
which participate in fear extinction learning. For exam-
ple, mPFC projects to the noradrenergic locus coeruleus
[18] and projections from locus coeruleus to the IL par-
ticipate in extinction learning [19, 20]. Furthermore, a
recent study demonstrated that fast gamma oscillations
in mPFC modulate the firing activity of locus coeruleus
noradrenergic neurons [21].

Though our data suggest that synchronization between PL
and IL is strengthened during fear extinction learning, the
nature of this interaction remains unclear. One underlying
mechanism may be through the engagement of excitatory
synaptic drive from PL to IL, which is known to facilitate
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fear extinction learning [11]. Since PL pyramidal neurons
are activated during fear retrieval, they may activate IL
pyramidal neurons to influence extinction learning. Another
potential mechanism for the interaction could be through
inhibitory connections from IL to PL. An in vivo optoge-
netic study showed that stimulation of IL pyramidal neu-
rons suppressed the firing activity of PL pyramidal neurons
[10]. This IL-to-PL inhibition may be enhanced through
fear extinction and the amount of CS-evoked activity in PL
neurons, which is negatively correlated with the strength of
extinction memory [7, 8], may reflect this. Further work is
required to determine which circuit and coding mechanism
underlies the interregional synchronization within mPFC
and contributes to the extinction of aversive memories.
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