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PV network plasticity mediated by neuregulin1-ErbB4 signalling
controls fear extinction
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Neuroplasticity in the medial prefrontal cortex (mPFC) is essential for fear extinction, the process of which forms the basis of the
general therapeutic process used to treat human fear disorders. However, the underlying molecules and local circuit elements
controlling neuronal activity and concomitant induction of plasticity remain unclear. Here we show that sustained plasticity of the
parvalbumin (PV) neuronal network in the infralimbic (IL) mPFC is required for fear extinction in adult male mice and identify the
involvement of neuregulin 1-ErbB4 signalling in PV network plasticity-mediated fear extinction. Moreover, regulation of fear
extinction by basal medial amygdala (BMA)-projecting IL neurons is dependent on PV network configuration. Together, these
results uncover the local molecular circuit mechanisms underlying mPFC-mediated top-down control of fear extinction, suggesting
alterative therapeutic approaches to treat fear disorders.
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INTRODUCTION
Fear extinction, gradual reduction in the fear response by
repeated presentation of nonreinforced fear-related cues, is the
primary process used to overcome conditioned fear [1]. However,
the mechanism by which fear memories are persistently
weakened between exposure trials remains a major question.
When extinction memories are formed, they are initially labile but
become progressively consolidated into persistent traces. The
consolidation of memories relies on both synaptic processes on a
timescale of minutes to hours and circuit consolidation over weeks
to years [2, 3]. Pioneering works have focused on the cellular
mechanisms underlying fear extinction, including synaptic plasti-
city [4, 5]. In contrast, less attention has been given to the
molecules and circuit elements controlling neuronal activity and
the concomitant induction of plasticity during fear extinction.
Parvalbumin (PV)-positive GABAergic neurons are the predomi-

nant interneurons in the cortex [6]. They form synapses in the
perisomatic and proximal dendritic regions of pyramidal neurons
[7]. Local microcircuits involving inhibitory PV neurons regulate
the activities of excitatory principal neurons, shape information
processing and orchestrate the network activity flows that
underlie animal behaviour [7, 8]. Moreover, it has been demon-
strated that the differentiation state of PV neurons is involved in
neuroplasticity during critical periods of cortical development [9–
11] and in the adult hippocampus [12]. The medial prefrontal
cortex (mPFC) is a key brain region for encoding and consolidating
extinction memories [13, 14]. Lesions in the mPFC result in
resistance to fear extinction [15]. Consistent with these results,

electrical stimulation or optogenetic activation of the infralimbic
(IL) subregion of the mPFC facilitates fear extinction [16, 17].
Although an increasing number of works have elucidated mPFC-
connected brain regions in the regulation of fear extinction [18–
21], the role of local network plasticity remains unclear. Here we
explored the role of PV network plasticity in the regulation of fear
extinction in the mPFC and the underlying molecular mechanisms.

RESULTS
Fear extinction learning induces PV network plasticity in the
IL cortex
The fear extinction procedure employed in this study comprised
four to six extinction trials with an interval time of days, which is
traditionally used in the clinic to treat patients suffering from fear
disorders, such as posttraumatic stress disorder and phobia
[13, 22]. In this test, we conditioned mice by presenting a 30 s
auditory tone (conditioned stimulus, CS), which co-terminated
with a 1 s footshock for four trials. After fear retrieval, all mice were
subjected to daily (24), every other day (48 h) or every 3 days
(72 h) extinction trials for four to six consecutive trials. Each
extinction trial consisted of a 3 min re-exposure to the CS without
presenting footshock. During the extinction trainings, the rodents
learn that the CS does not predict the aversive unconditioned
stimulus (US) and form extinction memories for the previous
extinction trainings. It is worth noting that the pre-CS freezing
levels were consistent across all sessions (Supplementary Fig. 1a),
indicating no change in motor behaviour after repeated CS
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stimulus, and the CS after fear retrieval can trigger retrieval of
extinction memories. Therefore, the freezing levels elicited by the
CS are used as readouts of extinction memories acquired upon
extinction learning [14, 23]. We found that the fear response
gradually decayed in response to fear extinction training
performed daily (24 h) or every other day (48 h) but not every
3 days (72 h) in naive mice (Fig. 1a), suggesting that extinction
memory lasts for 2 days under the current protocol. In subsequent
experiments, we adopted the daily training protocol, unless
otherwise specified. To investigate the local circuit mechanism
underlying this long-lasting memory, we compared the differ-
entiation state of PV-positive neurons in the mPFC between fear
extinction mice and nonextinction controls by analysing PV
immunoreactivity (Supplementary Fig. 2), which has been
reported to contribute to hippocampus-dependent remote
memory [24]. Compared to the control group, mice with fear

extinction exhibited a gradually decreasing fear response (Sup-
plementary Fig. 1a), a robust increase in low-PV neurons and a
reduction in high-PV neurons in the IL cortex (Fig. 1b–d and
Supplementary Fig. 1b–e) but not in the prelimbic cortex (PL)
cortex (Fig. 1e, f and Supplementary Fig. 1d). In contrast, mice that
underwent fear retrieval displayed an increased percentage of
high-PV neurons in the PL cortex (Supplementary Fig. 3a–c) but
not in the IL cortex (Supplementary Fig. 3d–f). Next, we analysed
the dynamic alterations of PV networks in the IL cortex as mice
learned to extinguish fear memory. The learning phase of fear
extinction was accompanied by a shift to a low-PV network
configuration, whereas the establishment of robust extinction
memory at the end of the learning protocol was accompanied by
a shift back towards the baseline configuration (Fig. 1g–i and
Supplementary Fig. 1g). Furthermore, we monitored a more
detailed time course of the PV network configuration induced in
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Fig. 1 Fear extinction induces low-PV plasticity in the IL cortex. a Extinction training conducted every day (24 h) or every other day (48 h)
but not every 3 days (72 h) gradually extinguished fear memory. b Representative examples of PV immunocytochemistry under control
conditions and after extinction. Scale bar= 100 µm. c, d Summary of PV network configuration in the IL cortex in the control group (con, n= 5
mice) and extinction group (ext, n= 6 mice). Low-PV, Welch’s t-test (two-tailed), t= 10.29, df= 5.915, p < 0.0001; high-PV, unpaired t-test (two-
tailed), t= 3.74, df= 9, p= 0.005. e, f Fear extinction did not affect PV network configuration in the PL cortex (con, n= 5 mice; ext, n= 6 mice).
Low-PV, unpaired t-test (two-tailed), t= 1.86, df= 9, p= 0.096; high-PV, Kolmogorov–Smirnov test, D= 0.67, p= 0.108. g Fear extinction
training gradually decreased freezing levels. h, i PV network configuration in the IL cortex on day 2 of extinction training (ext 2, con, n= 6
mice; ext, n= 6 mice), ext 4 (con, n= 5 mice; ext, n= 6 mice) and ext 6 (con, n= 5 mice; ext, n= 6 mice). Two-way ANOVA with Bonferroni’s
multiple comparisons test, group × time, F(2,28)= 5.34, p= 0.0109. j, k PV network configuration among mice at 0 h (n= 5 mice), 3 h (n= 5
mice), 6 h (n= 6 mice), 12 h (n= 6 mice), 24 h (n= 6 mice), 48 h (n= 6 mice) and 72 h (n= 5 mice) on day 2 after extinction training. Low-PV,
Brown–Forsythe ANOVA test with Dunnett’s T3 multiple comparisons, F(6,24.44)= 64.57, p < 0.0001; high-PV, one-way ANOVA test with
Dunnett’s multiple comparisons, F(6,32)= 9.31, p < 0.0001. l, m PV immunoreactivity in individual neurons was closely correlated with GAD67
immunoreactivity. From 107 neurons, Pearson’s correlation, r= 0.95. Scale bar= 25 µm. Data are shown as the means ± SEM. *P < 0.05, **P <
0.01, ***P < 0.001. See Supplementary Table 1 for statistical details.
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the IL cortex following fear extinction trail 2. We designated the
time at which fear extinction trail 2 was completed as time +0 h.
The distribution of PV-labelled neurons was not detectably altered
up to +3 h and reached the highest low-PV values and the lowest
high-PV values at +6 h. These values were maintained until +24 h
and then decreased to half-maximal values for low-PV; the high-PV
values reached the baseline levels at +48 h and the low-PV values
reached baseline at +72 h (Fig. 1j, k and Supplementary Fig. 1h).
Under all experimental conditions, PV immunoreactivity in
individual interneurons was closely correlated with the immunor-
eactivity of GAD67 (Fig. 1l, m), which is a key GABA-synthesizing
enzyme and a differentiation marker of PV neurons [25]. To
validate our measurements, we used tdTomato as an internal
staining control. We crossed PV-Cre mice with Ai14 tdTomato
reporter mice to generate PV-Cre:Ai14 mice in which tdTomato
was expressed in PV neurons. PV-Cre:Ai14 mice underwent fear
extinction, which consistently induced an increase in the low-PV
fraction in the IL cortex, as analysed by PV immunoreactivity, in

parallel with constant tdTomato (anti-red fluorescent protein)
staining (Supplementary Fig. 4a, b). In addition, as another control,
we observed no changes in PV network plasticity in the piriform
cortex, a brain region that has been shown not to be involved in
fear-related behaviours [26] (Supplementary Fig. 4c–f). Taken
together, these results indicate that fear extinction induces low-PV
plasticity in the IL cortex.

Molecular and electrophysiological properties of low- and
high-PV neurons
Next, we sought to identify any molecular distinctions between
the low-PV and high-PV neuron populations in the mPFC. We
began by analysing independent single-cell RNA sequencing data
sets [27], which yielded differential gene ensembles according to
Gene Ontology terms between low-PV and high-PV fractions,
including ion transport, voltage-gated ion channel, vesicle-
mediated transport, GABAergic synaptic transmission, calcium
ion transmembrane transport and nervous system development
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Data are shown as the means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. See Supplementary Table 1 for statistical details.
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(Supplementary Fig. 5). Given that fear extinction induced higher
fractions of low-PV neurons, we examined the expression changes
of some of the above differential genes from PV neurons sorted at
+6 h post extinction using digital droplet PCR (ddPCR) (Supple-
mentary Fig. 6a, b). We found that the genes enriched in low-PV

fractions were more highly expressed, whereas the genes
enriched in high-PV fractions were reduced after fear extinction
(Supplementary Fig. 6c), suggesting that extinction induces a low-
PV state comprising changes in PV and other functional molecules.
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with Dunn’s multiple comparisons test, H(3,24)= 22.20, p < 0.0001; high-PV, one-way ANOVA with Tukey’s multiple comparisons test, F(3,20)=
65.40, p < 0.0001. Data are shown as the means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. See Supplementary Table 1 for statistical details.
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Furthermore, we explored the electrophysiological properties
between low- and high-PV neurons. PV neurons were visualized
using tdTomato in PV-Cre:Ai14 mice. We performed whole-cell
recording combined with single-cell ddPCR and found that PV
transcripts in individual neurons were closely correlated with
GAD67 transcripts but had no correlation with the intrinsic
electrophysiological properties of PV neurons (Supplementary
Fig. 6d–k). Then, we directly examined the synaptic inputs from PV
neurons to pyramidal neurons in the IL cortex by performing
patch-clamp recording combined with optogenetic activation of
ChR2-expressing PV fibres after fear extinction (Supplementary
Fig. 6l) and found that the evoked responses were reduced at
higher stimulus intensities (Supplementary Fig. 6m), accompanied
by a higher paired-pulse ratio at +12 h post extinction than at +3
h (Supplementary Fig. 6n), a time point at which there were no
alterations in PV immunoreactivity (Fig. 1j, k), indicating that fear
extinction weakens the functional outputs of PV neurons, in
accordance with a low-PV network configuration.
Together, these results suggest that PV network plasticity in the

IL cortex may underlie fear extinction.

Low-PV configuration is required for extinction learning
To determine whether PV network configuration shifts in the IL
cortex are sufficient to modulate extinction learning, we locally
interfered with the low-PV shift following fear extinction. In the
first set of experiments, we implemented a chemogenetic
approach using designer receptors exclusively activated by
designer drugs [28–30] to manipulate the PV network configura-
tion in vivo. hM4Di or hM3Dq, engineered G protein-coupled
receptors that suppressed or enhanced neuronal activity, respec-
tively, in the presence of its agonist clozapine-N-oxide (CNO), was
expressed in PV neurons using bilateral injection of AAV-DIO-
hM4Di-mCherry (PV-Inh) or AAV-DIO-hM3Dq-mCherry (PV-Act)
into the IL of PV-Cre mice (Supplementary Fig. 7a, b). Infusions
of CNO (5 μM) into the IL slices from these mice resulted in a
marked decrease (PV-Inh) or increase (PV-Act) in firing activity
(Supplementary Fig. 7c), an indication of functional expression of
hM4Di or hM3Dq, respectively. Chemogenetic inhibition of PV
neurons was sufficient to induce a low-PV network configuration,
whereas PV neuronal activation led to a high-PV network
configuration (Fig. 2a and Supplementary Fig. 1i, j). Chemogenetic
imposition of a high-PV shift at +3 h following fear extinction
suppressed the low-PV shift (Fig. 2b and Supplementary Fig. 1k, l)
and previous learning (Fig. 2c). To exclude any action of CNO at a
dosage used in the above experiments (5 mg/kg) and its
metabolites on PV network plasticity and fear extinction, we also
examined the effects of CNO on PV-Cre mice injected with control
virus and found no differences between saline- and CNO-treated
mice (Supplementary Fig. 7d–g). In the second approach, we
delivered the N-methyl-D-aspartate receptor antagonist AP5 and
co-agonist D-serine to manipulate the PV network configuration
[31]. AP5 was sufficient to induce a low-PV network configuration,
whereas D-serine led to a high-PV network configuration (Fig. 2d
and Supplementary Fig. 1m, n). Delivery of D-serine at +3 h
following fear extinction suppressed the low-PV shift (Fig. 2e and
Supplementary Fig. 1o, p) and previous learning (Fig. 2f). These
observations demonstrate that the PV network configuration
regulates extinction learning.

PV network plasticity is sustained through NRG1-ErbB4
signalling
To characterize the molecular mechanisms that underlie PV
network plasticity in fear extinction, we analysed the mRNA levels
of factors known to regulate the development and function of
GABAergic neurons following fear extinction (Fig. 3a and
Supplementary Fig. 8a). mPFC tissues were collected at different
time points (from +0 h to +48 h) after fear extinction and mRNA
levels were analysed using quantitative PCR (qPCR). The mRNA

levels of brain-derived neurotrophic factor, TrkB and fibroblast
growth factor 13 were increased at +24 h (Fig. 3a.). Notably,
neuregulin 1 (NRG1) mRNA levels were significantly increased at
+1 h and were sustained until +48 h (Fig. 3a and Supplementary
Fig. 8b), and a similar change in NRG1 protein expression with a
delay of 2 h was observed by western blotting (Fig. 3b and
Supplementary Fig. 8c). As fear extinction-induced PV network
plasticity was specifically restricted to the IL cortex but not the PL
cortex, we further separated the PL and IL cortices, and detected
NRG1 levels in these respective tissues. qPCR showed that NRG1
mRNA levels were exclusively increased in the IL cortex after fear
extinction (Supplementary Fig. 8d, e). Taken together with our
observations that extinction-induced PV network plasticity appear
at +6 h and are maintained until +48 h (Fig. 1j, k), the expression
patterns of the NRG1 protein suggest that it may play a role in fear
extinction.
NRG1, which belongs to a family of growth factors that contain

the epidermal growth factor-like domain, plays a critical role in
neural development, synaptic plasticity and neuronal survival [32].
NRG1 exerts its function by activating ErbB tyrosine kinases
(ErbB2–4), among which ErbB4 is the only tyrosine kinase that can
both bind to NRG1 and become a functionally active homodimer
[32]. To determine whether NRG1 modulates PV network plasticity,
we monitored the time course of the PV configuration changes
induced using three strategies to manipulate NRG1 activity in the
IL cortex. First, we managed to block endogenous NRG1 signalling
by applying ecto-ErbB4 (Ecto) (Supplementary Fig. 8f), which is a
soluble polypeptide that contains the full extracellular domain of
ErbB4 and can bind to and neutralize NRG1 [33]. We designated
the time at which Ecto injection was completed as time +0 h.
After Ecto injection, the high-PV configuration was detectably
altered at +3 h, reached a peak at +6 h, remained at the peak
level until +24 h, decreased to half-maximal values at +48 h and
reached baseline at +72 h (Fig. 3c–e and Supplementary Fig. 1q,
r). Next, we examined whether the application of exogenous NRG1
has any effect on the PV network configuration. Using the same
protocol, we found that NRG1 induced a low-PV configuration in a
similar time pattern as the high-PV configuration of Ecto (Fig. 3c–e
and Supplementary Fig. 1q, r). In contrast to IL, NRG1 had no effect
on the PV network configuration, whereas ecto induced an
increase in the high-PV fraction in the PL cortex (Supplementary
Fig. 8g–j). To further determine whether NRG1 was sufficient to
regulate PV network plasticity, we employed AAV2/2 viral vectors
to express a short hairpin RNA (shRNA) to knock down expression
levels of NRG1. Stereotactic delivery of the NRG1-shRNA-mChery
vectors resulted in IL-specific expression (Supplementary Fig. 8k).
According to the western blot analysis, NRG1-shRNA depleted
NRG1 expression 3 weeks after injection (Supplementary Fig. 8l). In
agreement with the results of ecto treatment, knockdown of NRG1
induced an increase in the high-PV fraction (Fig. 3f and
Supplementary Fig. 1s, t). These results suggest a critical role of
NRG1 signalling in regulating the PV state.
To determine whether ErbB kinases in the IL cortex are involved

in the modulation of PV network plasticity, we employed the ErbB
kinase inhibitors AG1478 (AG) and PD158780 (PD), and found that
both PD and AG induced an increase in the high-PV fraction
(Supplementary Fig. 9a–c).
ErbB4 has been detected in PV+ neurons in the prefrontal cortex

and hippocampus [34–36]. To further validate this finding, we
generated ErbB4-reporter mice by crossing ErbB4–2A-CreERT2 mice,
which express Cre recombinase under the ErB4 promoter in a
tamoxifen-inducible manner, with Ai14 mice in which tdTomato
transcription from the Rosa 26 locus was prevented by a loxP-flanked
STOP cassette. We observed that a total of ~68% of PV+ neurons
were positive for ErbB4 in the IL cortex (Supplementary Fig. 9d). To
determine whether ErbB4 in PV neurons is necessary for PV network
plasticity, we specifically knocked down ErbB4 expression using
AAV2/2 viral vectors to express a floxed shRNA (AAV-DIO- ErbB4-
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shRNA-mCherry) in PV-Cre mice. Three weeks after the injection,
ErbB4-shRNA was specifically expressed in PV neurons and western
blot analysis showed that expression levels of ErbB4 were significantly
lower in the mPFC (Supplementary Fig. 9e–g). We performed PV
immunostaining in IL slices from AAV-DIO- ErbB4-shRNA-mCherry and
AAV-DIO nonsense-shRNA-mCherry-treated PV-Cre mice and found
that knockdown of ErbB4 in PV neurons induced a high-PV
configuration (Fig. 3g and Supplementary Fig. 1u, v). We also
examined PV-Cre:ErbB4f/f mice [34, 37], in which ErbB4 levels in the
mPFC were reduced (Supplementary Fig. 9h). Consistent with the
results of the ErbB4-shRNA experiment, ablation of ErbB4 in PV+
neurons induced a high-PV configuration in the IL cortex (Fig. 3h and
Supplementary Fig. 1w, x).
Given our observations that both shRNA treatment and

conditional knockout mice displayed a high-PV configuration, we
hypothesized that ErB4 expression in the IL cortex was required for
PV network plasticity. To test this hypothesis, we generated a
lentivirus (LV) ErbB4 expression vector (LV-ErbB4) [33]. LV-ErbB4
was bilaterally infused into the IL cortex of PV-Cre:ErbB4f/f mice
(Supplementary Fig. 9i) and tissues were collected 3 weeks later.
Western blottings confirmed successful overexpression of the
ErbB4 protein in the IL cortex (Supplementary Fig. 9j). Then, we
examined the consequences of ErbB4 overexpression on PV
network plasticity. PV-Cre:ErbB4f/f mice exhibited a high-PV
configuration. LV-mediated ErbB4 overexpression in the IL cortex
of PV-Cre:ErbB4f/f mice significantly restored the increase in the
high-PV configuration (Fig. 3i and Supplementary Fig. 1y, z).
To determine whether NRG1 regulates the PV network state via

ErbB4, we administered NRG1 into the IL cortex of PV-Cre:ErbB4f/f

mice and their littermate controls. NRG1 induced a low-PV
configuration in control mice but this effect was totally blocked
by ErbB4 ablation from PV neurons (Fig. 3j and Supplementary
Fig. 1ab, ac), suggesting that NRG1 regulates the PV network state
via ErbB4.
Given our observations that exogenous NRG1 induced low-PV

network plasticity in the IL cortex but had no effects on PV
network plasticity in the PL cortex, we speculated that NRG1-
ErbB4 activity is saturated in the PL cortex. To test this hypothesis,
we examined the levels of ErbB4 and its phosphorylation,
indicative of ErbB4 activation, in the respective tissues and found
that the levels of both ErbB4 and phospho-ErbB4 were higher in
the PL cortex than in the IL cortex (Supplementary Fig. 10).
Importantly, stimulation with exogenous NRG1 increased
phospho-ErbB4 in the IL cortex but not the PL cortex, supporting
saturated NRG1-ErbB4 activity in the PL. These results, together
with our prior data (Supplementary Fig. 8d, e), suggested that fear
extinction increased NRG1 expression specifically in the IL cortex,
which further activated ErbB4 and consequently induced low-PV
plasticity. In contrast, no change occurring in PV plasticity in the PL
cortex following extinction may be due to both saturated NRG1-
ErbB4 activity and unchanged NRG1 levels.

NRG1-ErbB4 signalling in PV neurons contributes to fear
extinction
To determine whether NRG1 signalling modulates fear extinction,
we used the same strategies as described above (Fig. 4) to
manipulate NRG1 activity in the IL cortex. Ecto or NRG1 was
infused +3 h post extinction to avoid acute effects. First,
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neutralizing NRG1 using local delivery of Ecto to IL suppressed fear
extinction (Fig. 4a) and this inhibitory effect lasted up to 48 h
(Fig. 4b). Second, application of exogenous NRG1 to IL at +3 or
+48 h facilitated fear extinction (Fig. 4c, d), but this facilitation
disappeared when NRG1 was supplied at +72 h (Fig. 4e). The time
window of extinction modulation was in accordance with the
effects of NRG1 signalling on PV network plasticity. We next
examined the effect of NRG1-shRNA on fear extinction and found
that, in line with the Ecto treatment results, knockdown of NRG1 in
the IL cortex slowed the extinction process (Fig. 4f). These
observations suggest that NRG1 signalling has a role in modulat-
ing extinction in the IL cortex.
To test whether ErbB4 in PV neurons is necessary for fear

extinction, we first examined the effect of ErbB4-shRNA on fear
extinction and found that knockdown of ErbB4 in PV neurons in
the IL cortex impaired fear extinction (Fig. 4g). We next
implemented PV-Cre:ErbB4f/f mice. Consistent with the previous
results, PV-Cre:ErbB4f/f mice exhibited difficulty extinguishing fear
memory (Fig. 4h). However, this deficit was reversed by LV-
mediated ErbB4 overexpression in the IL cortex in PV-Cre:ErbB4f/f
mice (Fig. 4i), suggesting that ErbB4 in PV neurons is required for
fear extinction. To determine whether NRG1 facilitates fear

extinction via ErbB4 activation, we injected NRG1 into the IL
cortices of PV-Cre:ErbB4f/f mice and found that the facilitating
effect of NRG1 disappeared (Fig. 4j). These results demonstrate
that ErbB4 in PV neurons is essential for the NRG1-mediated
modulation of fear extinction.

NRG1 signalling regulates fear extinction by modulating PV
network plasticity
To determine whether NRG1 signalling-mediated fear extinction
depends on shifts in PV network configuration, we conducted
experiments in which we combined the imposition of PV plasticity
using chemogenetics with manipulation of NRG1 signalling. Given
that pharmacogenetically induced PV plasticity became detect-
able at +6 h, whereas NRG1 signalling appears at +3 h, we locally
delivered NRG1 at +3 h after pharmacogenetic stimulation. We
found that enhancing PV neuronal activity by CNO prevented
NRG1-induced shifts in the PV network configuration in naive mice
(Fig. 5a, b and Supplementary Fig. 11a). In mice in which an
additional low-PV shift was induced by NRG1 injection in IL at +4
h after extinction, delivery of CNO at +3 h blocked these effects
(Fig. 5c, d and Supplementary Fig. 11b) and further blocked
NRG1’s facilitation of fear extinction (Fig. 5e). Similarly,
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chemogenetically inhibiting PV neurons prevented Ecto-ErbB4-
triggered shifts in the PV network configuration in both naive
mice (Fig. 5a, b and Supplementary Fig. 11a) and mice trained with
fear extinction (Fig. 5c, d and Supplementary Fig. 11b), and was
also sufficient to suppress the impairment of fear extinction
induced by Ecto-ErbB4 (Fig. 5e). Taken together, these results
suggest that NRG1 signalling-mediated PV network plasticity in
the IL cortex is critical for fear extinction.
To determine whether NRG1 signalling is generally important in

learning-related PV plasticity, we used another learning task
known as inhibitory avoidance (IA) learning. We first analysed
changes in both PV networks and NRG1 expression in hippocam-
pal CA1 after the IA task. IA training produced a major shift to a
low-PV network configuration in CA1 (Supplementary Fig. 12a–d)
accompanied by increased NRG1 mRNA levels (Supplementary
Fig. 12e, f). Moreover, application of NRG1 at +3 h promoted the
training-induced low-PV state (Supplementary Fig. 12g–i) and
facilitated memory retention (Supplementary Fig. 12j, k), whereas
the ErbB4 antagonist AG induced the opposite effects. These
results suggest that NRG1 signalling-mediated PV plasticity is
required for at least two different kinds of learning.

PV network plasticity in the IL cortex is involved in the top-
down control of fear extinction
Previous work has reported that the basomedial amygdala (BMA)
represents a major target of the ventral medial prefrontal cortex
(vmPFC), including the IL cortex, and activation of BMA-projecting
neurons mediates fear extinction [18]. Therefore, we explored
whether PV neuronal plasticity in the IL cortex is required for BMA-
projecting IL neurons to modulate fear extinction. To determine
whether IL neurons directly innervated the BMA, we injected the
retrograde tracer RetroBeads into the BMA of C57 mice
(Supplementary Fig. 13a) and observed that a considerable
number of neurons were labelled with beads in the IL cortex
2 weeks later (Fig. 6a). We then investigated the time course of
c-Fos expression in BMA-projecting IL neurons following fear
extinction. In addition to an early peak approximately +1.5 h after
fear extinction on day 2, the fractions of c-Fos+beads+ cells
peaked again at +10 h and were maintained for 5 h, suggesting
extinction-induced activation of BMA-projecting IL neurons. To
test the involvement of this circuit in fear extinction, we used
chemogenetics to inhibit BMA-projecting IL neurons. We targeted
these neurons by injecting the retrogradely propagating canine
adenovirus encoding Cre recombinase into the BMA and directing
AAV-DIO-hM4DGi-mCherry expression in the IL (Supplementary
Fig. 13e), and found that chemogenetic inhibition at +8 h
impaired fear extinction (Fig. 6c). To investigate whether the
low-PV transition is sufficient to trigger BMA-projecting neuron
activation, we injected cholera toxin subunit B (CTB) in BMA and
AAV-DIO-hM4DGi-mCherry or AAV-DIO-mCherry as a control in
the IL cortex of PV-Cre mice (Supplementary Fig. 13f, g).
Chemogenetic imposition of a low-PV shift in the IL cortex
induced an increase in Fos+CTB+ cells (Fig. 6d). Consistent with
the notion that sustained PV plasticity is necessary for fear
extinction, chemogenetic activation of PV neurons at +3 h
abolished the c-Fos peak at +10 h (Fig. 6e) and impaired fear
extinction (Fig. 6f). To clarify the specificity of the IL-BMA network,
we chose another amygdala targeting population, CeA-projecting
IL neurons, a recently identified pathway involved in fear
extinction [38], and evaluated whether it might be influenced by
low-PV plasticity. We found that CeA-projecting neurons were
activated only at the first c-fos peak but, in contrast to BMA-
projecting IL neurons, not at the second c-fos peak following fear
extinction (Supplementary Fig. 13b–d), which is required for
extinction and controlled by PV network plasticity (Fig. 6e, f).
Taken together, these results suggest that PV neuronal plasticity in
the IL cortex is involved in the top-down control of fear extinction
with pathway specificity among the amygdala targets.

DISCUSSION
Collectively, our data reveal that fear extinction induces sustained
plasticity of the PV neuron network accompanied by elevated
expression of NRG1 in the IL but not the PL subregion of the mPFC
in adult mice. Gain or loss of NRG1 or its receptor ErbB4
bidirectionally regulated PV network plasticity and fear extinction.
Moreover, the regulation of fear extinction by NRG1-ErbB4
signalling in PV neurons was dependent on PV network
configuration. Notably, excitation of BMA-projecting IL neurons
was dependent on PV network configuration and contributed to
fear extinction. Together, these results uncover the molecular and
local circuit mechanisms for the mPFC-mediated top-down control
of fear extinction.
Our findings are consistent with early reports that extinction-

related plasticity in the IL mPFC is important for fear extinction
[13, 14]. To elucidate the local circuit mechanism by which IL
plasticity regulates extinction, we took advantage of the employed
experimental procedure using an interval time of 24 h and
observed a reconstruction of the PV network configuration after
two trials that was dependent on NRG1-ErbB4 signalling.
Interference with PV configuration shifts following extinction
blocked both extinction-induced PV network plasticity and
previous extinction learning, indicating that extinction-induced
PV network plasticity is required for extinction. Alterations in PV
configuration were detected +6 h after extinction and were
maintained through +48 h, which is the time window of memory
consolidation processes, consistent with the notion that memory
consolidation might involve local network activity [24, 39].
Notably, the differentially expressed genes in the high-PV

fraction were involved in functions including ion transport,
voltage-gated ion channels, vesicle-mediated transport and
GABAergic synaptic transmission, whereas the genes in the low-
PV fraction were involved in calcium ion transmembrane transport
and nervous system development, indicating that high-PV
neurons are mature cells, whereas low-PV neurons are immature
cells [7, 40]. We further analysed gene expression in PV neurons
from control and extinction learning mice. In the extinction
sample, those neurons contained higher fractions of low-PV
neurons and exhibited molecular features consistent with low-PV
neurons. Notably, as neurons from extinction samples still
constituted a mixed population of low- and high-PV neurons,
those altered genes upon extinction learning may also be related
to processes other than low-PV plasticity. Further efforts should be
made to develop new techniques to isolate and interfere with low-
and high-PV fractions. Importantly, the extinction-induced low-PV
configuration recapitulated the electrophysiological properties,
indicating the immature state of low-PV neurons. Specifically,
among the genes downregulated after fear extinction, GAD67 is a
key GABA-synthesizing enzyme [25]. VAMP1, a member of the
vesicle-associated membrane protein (VAMP)/synaptobrevin
family, plays a role in the packaging, transport or release of
neurotransmitters [41]. Vps33a is a member of the Sec1 and Class
C multiprotein complex whose correct assembly is required for the
normal function of intracellular protein trafficking from the Golgi
to the vacuole [42, 43]. Loss of Sec1 function results in a reduction
in the evoked synaptic response and impairs synaptic vesicle
trafficking at multiple steps, ultimately affecting neurotransmitter
release [44]. Therefore, it is possible that NRG1/ErbB4 signalling
may downregulate these functional molecules, resulting in
weakened GABA release of PV neurons following fear extinction.
Given this, our study and others [45–47] support the idea that PV
neuron properties are malleable in the adult cortex, at least to a
certain extent.
A key finding of the present study is that NRG1-ErbB4

signalling-mediated fear extinction depends on shifts in the PV
network configuration. Notably, the low-PV configuration only
became detectable 6 h after extinction, whereas NRG1 protein
levels increased 3 h earlier. These results thus suggest that the
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intracellular signalling cascades controlling the dedifferentiation
of PV neurons might be triggered by endogenous NRG1-ErbB4
signalling before the appearance of the PV-state shift. However,
the downstream cascades of NRG1-ErbB4 for the modulation of PV
neuron differentiation are currently unknown and need to be
further investigated in the future. We found that fear memory was
gradually extinguished by extinction training at intervals of 24 and
48 h but not 72 h (Fig. 1a), which is consistent with the time course
of extinction-induced NRG1 expression (Fig. 4b). Importantly,
application of exogenous NRG1 at +3 h further facilitated fear
extinction in mice subjected to 48 h interval training (Fig. 5c) and
application at +48 h restored fear extinction in mice subjected to
72 h interval training (Fig. 5d). Thus, NRG1-ErbB4 signalling may
represent a promising drug target for treating fear disorders.
The expression and processing of NRG1 are regulated by

neuronal activity [48–50]. Enhanced neuronal activity in the IL
induced by fear extinction (the first c-Fos peak) might stimulate
NRG1 expression. NRG1 is widely expressed in pyramidal neurons,

interneurons, astrocytes and microglia [51–53]. Meanwhile, NRG1
is available in various regions, including the hippocampus and
amygdala [54–56], which are input regions of the mPFC [57, 58]. Of
note, hippocampal or amygdala inputs to the mPFC are critical for
fear-related behaviours [59–61]. Future studies need to explore
whether PV network plasticity depends on endogenous NRG1
within the IL cortex or its inputs at the cellular level. A further
finding in the present study is that NRG1 signalling in
hippocampal CA1 promotes the training-induced low-PV state
and facilitates memory retention in the IA task, whereas an ErbB4
antagonist induced the opposite effects, suggesting that NRG1
signalling-mediated PV plasticity is required for at least two
different kinds of learning, fear extinction and IA.
Previous work has shown that neutralizing endogenous NRG1

and inhibiting or genetic ablation of ErbB4 reduce GABAergic
transmission [62]. NRG1, by stimulating ErbB4, increases GABAA

receptor-mediated synaptic currents [37] and enhances
depolarization-induced GABA release [54]. These observations
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suggest a role for NRG1-ErbB4 signalling in acute enhancement of
GABAergic activity. Interestingly, we found that NRG1 induced a
sustained low-PV configuration, whereas neutralizing endogenous
NRG1, knocking down NRG1 or knocking out ErbB4 in PV neurons
produced the opposite shift. Low-PV neurons represent the
immature state of PV neurons and exhibit weakened functional
outputs. Thus, our study provides the first demonstration that the
long-lasting action (at least 48 h) of the NRG1-ErbB4 pathway may
serve as a sustained modulation of local GABAergic activity,
uncovering a novel role for NRG1-ErbB4 signalling in the
adult brain.
Finally, we demonstrate that inhibition of BMA-projecting IL

neurons impaired fear extinction. These data are consistent with
reports suggesting that the mPFC exerts concerted top-down
control over subcortical regions to tune the expression of fear
[18, 26, 63]. Specifically, we found that the regulation of fear
extinction by BMA-projecting IL neurons is dependent on PV
network plasticity. Our data provide plausible circuit- and
molecular-level explanations for the finding that activating BMA-
projecting vmPFC neurons gave rise to stable extinction, whereas
direct BMA activation only induced an acute effect on extinction
[18]. Of note, there were some neurons expressing c-Fos in the IL
upon learning that did not project to the BMA or CeA, and future
studies should explore where they project and their roles. It also
remains to be determined how defined populations of IL
projection neurons are integrated into the local PV network and
which cell types they contact in their long-range target structures,
which would be an interesting topic for future studies.
In conclusion, we uncovered previously unknown molecular

and local circuit mechanisms for mPFC-mediated top-down
control of fear extinction. We found that sustained plasticity of
the PV neuron network in the IL mPFC is required for fear
extinction in adult mice, which is mediated by NRG1-ErbB4
signalling. Moreover, the regulation of fear extinction by BMA-
projecting IL neurons is dependent on PV network configuration,
suggesting alternative therapeutic approaches for treating fear
disorders.
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All data are available in the main text or the supplementary materials.
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