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Plexin-A1 expression in the inhibitory neurons of infralimbic
cortex regulates the specificity of fear memory in male mice
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Maintaining appropriate levels of fear memory specificity is crucial for individual’s survival and mental health, whereas
overgeneralized fear commonly occurs in neuropsychiatric disorders, including posttraumatic stress disorder and generalized
anxiety disorder. However, the molecular mechanisms regulating fear memory specificity remain poorly understood. The medial
prefrontal cortex (mPFC) is considered as a key brain region in fear memory regulation. Previous transcriptomic studies have
identified that plexin-A1, a transmembrane receptor critical for axon development, was downregulated in the mPFC after fear
memory training. In this study, we identified that learning-induced downregulation of the mRNA and protein levels of plexin-A1
specifically occurred in the inhibitory but not excitatory neurons in the infralimbic cortex (IL) of mPFC. Further studies of plexin-A1
by virus-mediated over-expression of functional mutants selectively in the IL inhibitory neurons revealed the critical roles of plexin-
A1 for regulating memory specificity and anxiety. Moreover, our findings revealed that plexin-A1 regulated the distribution of
glutamic acid decarboxylase 67, a GABA synthetase, which in turn modulated the activity of IL and its downstream brain regions.
Collectively, our findings elucidate the molecular modifier of IL inhibitory neurons in regulating memory specificity and anxiety, and
provide candidates for developing therapeutic strategies for the prevention or treatment of a series of fear generalization-related
neuropsychiatric disorders.

Neuropsychopharmacology (2022) 47:1220–1230; https://doi.org/10.1038/s41386-021-01177-1

INTRODUCTION
The strength and specificity of memories are two fundamental
features that determine the explicit property of prior experiences
encoded in the brain. Over the past decades, while considerable
advances have been obtained in uncovering the neural circuit and
molecular mechanisms for regulating memory strength [1, 2], the
mechanisms that regulate memory specificity remain under-
explored. Yet, maintaining the balance between memory speci-
ficity and generalization is crucial for individual’s survival and
mental health. While memory specificity refers to the ability to
retrieve details of past experiences in order to discriminate
between similar yet different conditions, memory generalization,
on the contrary, allows individuals to generate learned response in
a modified environment that partially resembles prior experiences.
An appropriate level of memory generalization could protect
individuals from potential dangers in an environment that partially
resembles their previous aversive experiences, whereas over-
generalization of fear is a core symptom of generalized anxiety
disorder and posttraumatic stress disorder (PTSD) [3–7].
For contextual or episodic-like memories, the initial phase of

memory consolidation, which stabilizes memory traces after
acquisition, requires de novo gene expression in the hippocampus
[8–11]. It is hypothesized that memories are stored in the cortex,

and the ultimate storage of memory requires functional interac-
tions between the hippocampus and the cortex [12]. Emerging
evidences reveal that the medial prefrontal cortex (mPFC), which
can be further divided into the prelimbic cortex (PL) and the
infralimbic cortex (IL) in rodents, is critically implicated in memory
processing [13–17]. The mPFC receives both direct and indirect
projections from the hippocampus [18–21]. Recent studies have
found that mPFC is activated by various contextual fear training
paradigms [22, 23]. Blocking gene expression in the mPFC
immediately after training resulted in impaired strength of
contextual fear memory [23, 24]. Interestingly, inactivation of the
mPFC, especially inactivation of the IL subregion during training
enhanced generalization of fear memories, without affecting
memory strength [25–27]. While recent studies have revealed
numerous molecular and cellular mechanisms in the mPFC for the
regulation of memory [15–17], it remains unclear how memory
strength versus specificity are differentially mediated by distinct
mechanisms in the mPFC.
Recent transcriptomic studies have identified differentially

expressed genes (DEGs) in both hippocampus and mPFC that
may subserve memory formation [28–30]. Unlike the hippocam-
pus where DEGs after training were mostly upregulated, a large
proportion of DEGs in the mPFC were downregulated [30].

Received: 8 June 2021 Revised: 30 August 2021 Accepted: 31 August 2021
Published online: 10 September 2021

1Faculty of Forensic Medicine, Zhongshan School of Medicine, Sun Yat-sen University, Guangzhou, China. 2Guangdong Province Translational Forensic Medicine Engineering
Technology Research Center, Sun Yat-sen University, Guangzhou, China. 3Guangdong Province Key Laboratory of Brain Function and Disease, Zhongshan School of Medicine,
Sun Yat-sen University, Guangzhou, China. 4State Key Laboratory of Ophthalmology, Zhongshan Ophthalmic Center, Sun Yat-Sen University, Guangzhou, China. 5Department of
Gastroenterology, the Fifth Affiliated Hospital of Sun Yat-sen University, Guangzhou, China. 6Guangdong Provincial Key Laboratory of Malignant Tumor Epigenetics and Gene
Regulation, Guangdong-Hong Kong Joint Laboratory for RNA Medicine, Sun Yat-sen Memorial Hospital, Sun Yat-sen University, Guangzhou, China. 7Department of Rehabilitation,
Zhujiang Hospital of Southern Medical University, Guangzhou, China. 8These authors contributed equally: Xin Cheng, Yan Zhao. ✉email: yexiaoj8@mail.sysu.edu.cn

www.nature.com/npp

http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-021-01177-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-021-01177-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-021-01177-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-021-01177-1&domain=pdf
http://orcid.org/0000-0003-4673-3763
http://orcid.org/0000-0003-4673-3763
http://orcid.org/0000-0003-4673-3763
http://orcid.org/0000-0003-4673-3763
http://orcid.org/0000-0003-4673-3763
https://doi.org/10.1038/s41386-021-01177-1
mailto:yexiaoj8@mail.sysu.edu.cn
www.nature.com/npp


Notably, the DEGs in the mPFC were enriched for regulation of
axonogenesis, including plexin-A1 (Plxna1), a transmembrane
receptor mediating semaphorin (SEMA) signaling [28, 30, 31].
PLXNA1 has been reported to induce growth cone collapse
through cytoskeleton rearrangement and membrane endocytosis
in cultured cells upon binding to its ligand SEMA3A [32]. In vivo,
interaction of PLXNA1 with SEMA6D regulated the development
of neurons in the heart and retinal ganglia during embryonic
development [33–35]. However, the function of PLXNA1 in the
adult brain, in particular its regulatory role in memory formation,
remains unknown.
In the current study, we explored the spatiotemporal changes

of Plxna1 expression in the mPFC of mice after contextual fear
conditioning (CFC) and its regulatory role in memory formation.
Our findings unexpectedly revealed the critical role of training-
induced reduction of PLXNA1 in the IL inhibitory neurons for
maintaining memory specificity, without affecting the strength of
CFC memory. Functional alteration of PLXNA1 protein was found
to modulate the distribution of GABA synthetase, glutamate
decarboxylase 67 (GAD67), and modify the activities of the IL and
its downstream brain regions. Our study therefore provides novel
mechanistic insights for the molecular tuning factor of the IL
inhibitory neurons that regulates memory specificity and the
therapeutic targets for related neuropsychiatric disorders.

MATERIALS AND METHODS
Animals
Adult male C57BL/6J mice (8–12 weeks old) were obtained from the
Institute of Experimental Animals of Sun Yat-sen University (Guangzhou,
China). All mice were housed in groups of 4–5 in a specific pathogen free
animal facility with 12 h light/dark cycle, temperature maintained at 23 ± 2
°C and humidity at 50–60%. Food and water were available ad libitum. All
animal studies were approved by the Institutional Animal Care and Use
Committee of Sun Yat-Sen University.

Viral vectors and stereotaxic viral injection
The AAVs expressing Plxna1 mutants were custom-made by OBiO
(Shanghai, China). PCR-amplified fragments of Plxna1 cDNA encoding
amino acid sequence 1218–1874 (Plxna1Δect, encoding PLXNA1 lacking
the ectodomain) and 1266–1874 (Plxna1cyto, encoding the cytoplasmic
domain of PLXNA1) were inserted into the pAAV-mDlx-HA-MCS backbone
vector (HA: the hemagglutinin epitope tag; MCS: multiple cloning site) for
constructing the pAAV-mDlx-HA-Plxna1ΔEct and the pAAV-mDlx-HA-
Plxna1cyto plasmids, respectively [36]. The mDlx promoter used in the
viral construct contains the mDlx enhancer derived from the distal-less
homeobox 5 and 6 (Dlx5/6) genes in front of a minimal promoter to drive
transgene expression restrictively in GABAergic interneurons, as reported
by Dimidschstein et al. [37]. The plasmids were packaged into AAV
serotype (AAV8). The AAVs were injected bilaterally into the IL subregion of
mPFC. Detailed descriptions of stereotaxic injection are provided in
the Supplementary Methods.

Contextual fear conditioning (CFC)
The animals were handled for 2–3min/day for 4 days before training. CFC
training was carried out in context A, which was a rectangular chamber (25
× 25 × 45 cm) with red-and-white-striped walls, illuminated with 90 lux red
light. The floor was made of stainless steel rods connected to a shock
delivery apparatus (Med Associates, St. Albans, Vermont, USA). The
chamber was placed in an acoustically-insulated cabinet and cleaned with
75% alcohol between animals. During CFC training, the animals were
allowed to explore context A for 3 min, after which three 0.75mA, 2 s foot-
shocks were delivered with 1min inter-shock intervals, controlled by the
Video Freeze Software (Med Associates, St. Albans, Vermont, USA). After
the last shock, the animals stayed in the chamber for an additional minute
before being returned to their home-cages. For the immediate-shock
protocol, the animals were placed into the context A, received three 0.75
mA, 2 s foot-shocks with 3 s inter-shock intervals, and immediately
retrieved from the context and returned to home-cage after the last
shock. The next two days, the animals were tested sequentially in context
A and a modified context (context B) for memory strength and specificity

at an interval of 24 h, respectively (the order of the two tests was counter-
balanced). For context B, the chamber was modified with a curved white
wall insert and a white acrylic floor, and illuminated with 60 lux red light.
Freezing behavior was videotaped and measured by an examiner blinded
to the experimental groups. Freezing was defined as the absence of any
visible movements other than those necessary for respiration. The
percentage of time spent in freezing during the 3min tests was measured
as previously described [38, 39].

Open field test
The locomotor activities of the mice were recorded in an open-field arena
(40 × 40 cm) with 90 lux red light illumination. The mice were gently placed
onto the center of the floor and allowed to explore the arena for 5 min. The
total distance traveled in the open field, as well as the distance traveled in
the center zone (20 × 20 cm) were recorded and analyzed using the
EthoVision XT software (Noldus, Wageningen, Netherlands) as previously
described [40].

Immunofluorescence staining, RNAscope and image analyses
Mice were transcardially perfused with 4% paraformaldehyde in PBS,
2 days after the completion of behavioral tests. Cryosections of the brains
were collected for staining. Detailed descriptions are included in
the Supplementary Methods.

RNA extraction and qPCR
Mice were euthanized by rapid cervical dislocation after CFC training, at
the timepoints specified in the Result section. The brains were sliced into 1
mm sections using a brain matrix (RWD Life Science, Shenzhen, China) in
ice-cold dissection buffer. The mPFC was quickly punched out using a 15 G
puncher and snap-frozen on dry ice. Total RNA was isolated using Trizol
(Thermo Scientific, Waltham, MA) following the manufacturer’s protocol.
500 ng RNA from each sample was reverse-transcribed using the
QuantiTect Reverse Transcription Kit (Qiagen, Venlo, Netherlands), followed
by qPCR analysis as described previously [38, 40]. Detailed descriptions are
provided in the Supplementary Methods.

Statistical analysis
Data were analyzed by GraphPad Prism v.7 (GraphPad Software, San Diego,
California, USA), and presented as the mean ± s.e.m. The two-tailed
unpaired Student’s t test was used to compare two groups, and one-way
analysis of variance (ANOVA) or two-way ANOVA followed by Dunnett’s or
Sidak’s post hoc tests were performed for multiple comparisons. The
significance level was set to p < 0.05.

RESULTS
CFC training reduces Plxna1 expression in the mPFC
A previous transcriptomic study reported that inhibitory avoidance
training in rats resulted in decreased expression of genes implicated
in axonogenesis, including Plxna1 in the mPFC [30]. To explore the
temporal course of the change and to examine whether the decrease
also occurs after a different training paradigm and in a different
species, we performed qPCR analyses of the relative mRNA levels of
Plxna1 in the mPFC samples collected at 30min, 1 h and 3 h after CFC
training in mice, or at the corresponding time points for the naïve
control animals (Fig. 1A). Mice that was trained with CFC reliably
showed significantly enhanced freezing to the training context during
long-term memory test at 24 h after training, suggesting that they
were able to form an association between the training context and
the foot-shocks (Supplementary Fig. 1A, B). Our data showed that the
mRNA levels of Plxna1 remained unchanged at 30min, but
significantly decreased at both 1 h and 3 h after CFC training (Fig. 1B).
The temporal profile of the Plxna1 mRNA changes was different from
that of the c-fos mRNA, a well-characterized immediate-early gene
product [41, 42], which showed increased expression at 30min and 1
h after CFC training, but returned to baseline by 3 h in the same
samples (Fig. 1C). Furthermore, Plxna1 mRNA level did not decreased
at 1 h after training in the mPFC of mice that received immediate
foot-shocks, which also failed to form long-term CFC memory
(Supplementary Fig. 1), indicating that the reduction in Plxna1 mRNA
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level after CFC training was related to fear learning rather than foot-
shock experience.
We next examined the protein levels of PLXNA1 in the mPFC at 1 h

after CFC training versus naïve controls using immunofluorescence
staining to identify the spatial distribution of PLXNA1 protein

(Fig. 1D, E). Analyses of the intensity of PLXNA1 immunofluorescence
staining revealed that the level of PLXNA1 protein decreased in both
the PL and IL subregions of mPFC at 1 h after CFC training, with
relatively larger reduction in the deep layers than in the superficial
layers (Fig. 1F–I).
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Collectively, these findings revealed that the expression of both
Plxna1 mRNA and protein in mice mPFC decreased as early as 1 h
after CFC training.

CFC training decreases PLXNA1 expression in the IL inhibitory
neurons
Next, we wondered in which neuronal subtype the reduction of
mPFC PLXNA1 expression occurred after CFC training. Towards
that end, we performed immunofluorescence co-staining of
PLXNA1 with the excitatory neuronal marker calcium/calmodu-
lin-dependent protein kinase II (CaMKII) or the inhibitory neuronal
marker GAD67. As the mPFC deep layers showed a more robust
decrease in the PLXNA1 level after training than the superficial
layers (Fig. 1H, I), for this analysis, we focused on the mPFC deep
layers (Fig. 2A).
Interestingly, we found that CFC training significantly reduced

PLXNA1 expression in the GAD67-labeled inhibitory neurons of
the IL deep layers (Fig. 2B, C). However, there was no significant
change in the PLXNA1 level in the mPFC excitatory neurons
labeled by CaMKII (Fig. 2E, F). The overall levels of CAMKII and
GAD67 did not differ between naïve versus CFC (Fig. 2D, G). To
confirm that PLXNA1 could indeed be expressed in the inhibitory
neurons of IL deep layers, we performed RNAscope in situ
hybridization of Plxna1 mRNA. As shown in the Supplementary
Fig. 2, Plxna1 mRNA could be found localized in Gad67 mRNA-
labeled inhibitory neurons in the IL deep layers.
Therefore, these studies revealed an unexpected finding that CFC

training reduced PLXNA1 expression in the IL inhibitory neurons.

PLXNA1 in the IL inhibitory neurons regulates memory
specificity, but not memory strength
The ectodomain of PLXNA1 contains an autoinhibitory domain.
Upon ligand binding, this domain is spatially segregated from the
remainder of PLXNA1 to allow signaling transduction to remodel
axonal cytoskeletons [36, 43]. Previous studies have demonstrated
that Plxna1 lacking the ectodomain (PLXNA1ΔEct) is constitutively
active [36, 43]. To investigate the role of PLXNA1 in contextual fear
memory, we generated an AAV expressing HA-tagged PLXNA1-
ΔEct under the mDlx promoter to achieve cell-type specific
expression in the inhibitory neurons [37]. AAV8-mDlx-HA-Plxna1-
ΔEct was bilaterally injected into the IL. The control groups were
injected with AAV8 expressing either the HA-tag only or EGFP
under the mDlx promoter (Fig. 3A). Group histology analysis
showed that HA-expressing neurons were mostly distributed in
the IL region (Supplementary Fig. 3A). Since no difference in the
behavioral results was observed between these two types of
controls, the data were combined for analysis. As shown in
Supplementary Fig. 3B, AAV8-mDlx-EGFP expressed EGFP mainly
in the GAD67-labeled inhibitory neurons, but not in CaMKII-
labeled excitatory neurons. The animals were trained with CFC
and 24 h later, tested for long-term memory strength in the

training context, or for memory specificity in a modified context.
The order of the two tests was counter-balanced (Fig. 3B). To our
surprise, PLXNA1ΔEct overexpression in the IL inhibitory neurons
(Supplementary Fig. 3C) did not cause any significant change in
the freezing level during training or when the animals were tested
in the training context during the long-term fear retrieval test, but
resulted in enhanced freezing to the modified context, indicating
an increase in fear generalization without affecting memory
strength (Fig. 3C, Supplementary Fig. 4A). Fear generalization is
often observed in patients with generalized anxiety disorder
[44, 45]. We therefore examined anxiety-like behaviors of these
animals using an open field test. Compared to the control animals,
the mice with PLXNA1ΔEct overexpression in the IL inhibitory
neurons tended to travel less in the center zone of the open field
without changing the overall locomotion, indicating that the
PLXNA1ΔEct group exhibited a trend towards enhanced anxiety-
like behaviors after CFC (Fig. 3D–F). We did not find a significant
correlation between the percentage of distance traveled in the
center zone of the open field and the percentage of GAD67+
inhibitory neurons expressing PLXNA1ΔEct (R2= 0.14, p= 0.28).
We further examined memory performance and anxiety-like

behaviors in mice injected with AAV that expressed only the
cytoplasmic domain of PLXNA1 protein (PLXNA1cyto) under the
mDlx promoter (AAV8-mDlx-HA-Plxna1cyto). Since PLXNA1cyto
lacked its membrane anchoring domain, we reasoned that it could
lose the spatial property required for interacting with other
signaling partners at the plasma membrane and therefore
produce a dominant-negative effect for PLXNA1-mediated signal-
ing. The animals with PLXNA1cyto overexpression in the IL
inhibitory neurons (Supplementary Fig. 3A, D) again did not affect
the memory strength as demonstrated by their unaltered freezing
levels when tested in the same context at 24 h after CFC training
or during training, but showed significantly reduced freezing to
the modified context (Fig. 3G, Supplementary Fig. 4B). The
PLXNA1cyto group also exhibited a trend towards decreased
anxiety-like behaviors indicated by their increased overall
locomotion in the open field as well as the distance traveled in
the center zone (Fig. 3H–J). There was no significant correlation
between the percentage of distance traveled in the center zone of
the open field and the percentage of GAD67+ inhibitory neurons
expressing PLXNA1cyto (R2= 0.14, p= 0.27). Of note, as freezing
to the same context used in CFC training during fear retrieval test
was not affected, the decreased freezing level to the modified
context by PLXNA1cyto overexpression observed in the memory
generalization test could not be simply explained by increased
locomotion (Fig. 3G, I).
Taken together, these findings suggest that enhanced PLXNA1

function in the IL inhibitory neurons facilitated contextual fear
memory generalization and tended to enhance anxiety, whereas
disruption of PLXNA1 function improved contextual fear memory
specificity as well as tended to reduce anxiety.

Fig. 1 CFC training reduces Plxna1 expression in the mPFC. A Schematic of CFC training and sample collection. The animals in the CFC
group were trained and sacrificed at 30min, 1 h or 3 h after training. The animals in the naïve (N) control group were sacrificed in parallel at
the corresponding time points. Since there was no difference in the Plxna1 mRNA level in the control animals collected at different time
points, the qPCR results were pooled together as one N group. B, C Fold changes in Plxna1 and c-fos mRNA levels in the mPFC at 30min, 1 h
and 3 h post-CFC training, compared to those in the mPFC of naïve mice (n= 7–22 per group). D Schematic of the different subregions (PL
and IL) and layers (deep and superficial) of the mPFC analyzed by immunofluorescence staining. E Representative images of
immunofluorescence staining of PLXNA1 (green). Nuclei are labeled by DAPI (blue). Left panel: no primary antibody as the control staining,
imaged by 20× objective; middle panel: PLXNA1 staining, imaged by 20× objective (scale bar: 125 µm); right panel: PLXNA1 staining under
high magnification, imaged by 40× objective (scale bar: 40 µm). F Representative images of immunofluorescence staining of PLXNA1 in
different layers of the PL and IL subregions of mPFC. Images from naïve and 1 h post-CFC groups were presented (scale bar: 40 µm). Fold
changes in the fluorescence intensity of PLXNA1 staining in the overall PL and IL subregions of the mPFC (G), as well as in the superficial and
deep layers of the PL (H) and IL (I) subregions (n= 8 per group). All data are presented as mean ± s.e.m. and analyzed by one-way ANOVA
followed by Dunnett’s post hoc test (B and C) or two-way ANOVA followed by Sidak’s post hoc test (G–I). Tr training, Sac sacrifice, CFC
contextual fear conditioning, mPFC medial prefrontal cortex, PL prelimbic cortex, IL infralimbic cortex.
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PLXNA1 in the IL inhibitory neurons suppresses c-FOS
expression in the IL and its downstream brain regions
As manipulation of PLXNA1 function in the IL inhibitory neurons
affected contextual fear memory specificity, we wondered
whether such behavioral changes were accompanied by changes
in the neuronal activity of IL and its downstream regions. c-FOS is

an immediate-early gene product whose expression is tightly
regulated by neuronal activity. Thus, changes in the density of c-
FOS-positive cells are often used as indicators of changes in brain
region activities [41, 42]. We found that PLXNA1ΔEct over-
expression significantly decreased c-FOS expression, whereas
PLXNA1cyto overexpression enhanced c-FOS expression in the IL
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region (Fig. 4A–D). We further examined c-FOS expression in the
downstream brain regions of IL (Fig. 4E) [46]. Our data showed
that PLXNA1ΔEct overexpression in the IL inhibitory neurons
reduced c-FOS expression in the anterior cingulate cortex (ACC),
caudate putamen (CPu) and dorsal raphe (DR) (Fig. 4F), whereas
PLXNA1cyto overexpression increased c-FOS expression in the PL,
ACC, CPu, agranular insular cortex (AI), claustrum (CLA), diagonal
band (DB), nucleus accumbens (NAc), bed nucleus of the stria
terminalis (BNST), paraventricular thalamic nucelus (PVT), dor-
somedial hypothalamic nucleus (DMH), posterior hypothalamic
area (PH) and entorhinal cortex (EC) (Fig. 4G).
These data therefore suggest that PLXNA1 in the IL inhibitory

neurons coordinately regulated the activity of IL and its down-
stream projecting regions.

PLXNA1 in the inhibitory neurons increases the number of
GAD67+ puncta in the IL
PLXNA1 has been implicated in regulating axonogenesis during
developmental stages [31]. However, its functional role in the
adult brain remains unclear. Our findings now revealed that
PLXNA1 in the IL inhibitory neurons suppressed the overall activity
of IL. Because GAD67 has been reported to localize in the axonal
processes and regulate local GABA synthesis [47], we wondered
whether PLXNA1 could regulate the expression or distribution of
GAD67 in the IL inhibitory neurons. We found that the number of
GAD67+ puncta surrounding the targeted neurons was signifi-
cantly decreased in the IL deep layers after CFC training, though
the overall intensity of GAD67 staining was not changed (Fig. 2D,
Supplementary Fig. 5). PLXNA1ΔEct and PLXNA1cyto overexpres-
sion in the IL inhibitory neurons significantly increased and
decreased, respectively, the number of GAD67+ puncta surround-
ing the targeted neurons (Fig. 5A, B, D, E). However, the overall
intensity of GAD67 staining was not significantly different
between the groups (Fig. 5C, F). These results indicated that
PLXNA1 regulated presynaptic distribution of GAD67 protein in
the IL inhibitory neurons.

DISCUSSION
In the present study, we identified that both the mRNA and
protein levels of Plxna1 decreased in the mPFC after CFC. Memory
consolidation requires changes in transcription and translation
[10, 48]. Previous studies have explored extensively how changes
in gene expression in the hippocampus and the amygdala
contribute to the formation of long-term synaptic plasticity and
memory [8–11]. Growing evidences have suggested the mPFC as a
cortical region critically implicated in memory processing [15, 49].
Inhibition of gene expression in the mPFC immediately after
learning impaired long-term memory formation [23, 24]. Inspired
by these findings, a few recent studies applied transcriptomic
analysis of the mPFC to uncover the differential expression profile
of learning-associated genes [28–30]. Unlike hippocampus where
most DEGs are upregulated, a substantial proportion of the DEGs
in the mPFC are downregulated by training [28, 30]. In addition,
the identified DEGs as well as the enriched gene ontology and

pathways in the mPFC were largely distinct from those identified
in the hippocampus, suggesting that mPFC recruits a unique set of
molecular architecture to subserve memory formation [30]. A gene
set that regulates axon development was identified as one of the
top biological processes enriched in the mPFC early after learning
[28, 30]. Plxna1 is one of the downregulated genes in the mPFC
that is also engaged in axonogenesis during development [30, 31].
Here, using qPCR and immunofluorescence staining, we con-
firmed that Plxna1 expression decreased in the mPFC after
learning. Interestingly, such decrease started around 1 h and
persisted to at least 3 h post-training, and occurred in the
inhibitory but not excitatory neurons in the deep layers of the IL
subregion of mPFC. More importantly, our findings indicated that
PLXNA1 played an essential role in memory processing in the
adult mPFC. These findings support the notion that similar to
excitatory neurons, inhibitory neurons can also undergo
experience-dependent transcriptional and translational changes
to regulate memory processing [50, 51].
In addition, nonsense- or microRNA-mediated RNA degradation, as

well as degradation of proteins through proteasome and lysosome
pathways have been reported to occur after learning, which play
important roles in rapid turnover of immediate-early gene products
(such as Arc and c-Fos), and spine remodeling [52–56]. The decrease in
Plxna1 expression in the IL inhibitory neurons after learning is likely
due to a shift in the balance between synthesis and degradation
induced by changes in the activity of IL inhibitory neurons, which
awaits further examination in future studies.
Previous studies of learning-associated mechanisms in the

hippocampus and amygdala have proposed that there are two
groups of molecules engaged, memory enhancers (e.g., CREB and
C/EBP) and brakes (e.g., protein phosphatase-1, calcineurin and
elongation initiation factor-2), whose expression or activity are
tightly regulated during memory consolidation and work in
concert to maintain memory strength [10, 57, 58]. In the current
study, we found surprisingly that the reduction of PLXNA1 in the IL
inhibitory neurons after learning was required for maintaining
memory specificity but not memory strength. These findings have
advanced our understanding of the molecular mechanisms of
learning-induced changes of inhibitory neuron, and suggest
distinct mechanisms that regulate memory strength versus
specificity during the early phase of memory consolidation.
Our findings that PLXNA1ΔEct expression in the inhibitory

neurons decreased IL activity and enhanced fear generalization
are consistent with previous reports that pre-training lesion or
inactivation of the mPFC or the IL subregion of mPFC during fear
conditioning resulted in generalized fear without affecting
memory strength [26, 27, 59]. However, accumulating evidences
also suggest that memory consolidation is not simply controlled
by switching on or off any brain region, but rather, different
neuronal subtypes that contribute to the regulation of micro-
circuit and macro-circuit activities. For example, Bero et al. [28]
reported that optogenetic silencing of mPFC excitatory neurons
during CFC impaired both recent and remote long-term memory.
Interestingly, optogenetic silencing of somatostatin-positive inhi-
bitory neurons within mPFC during fear conditioning also

Fig. 2 PLXNA1 level decreases in the inhibitory neurons of the IL deep layers at 1 h after CFC. A Schematic of the deep layers of the mPFC
analyzed in the immunofluorescence staining study. B Representative images of immunofluorescence staining of PLXNA1 (left panel, green),
GAD67 (middle panel, red), and PLXNA1 staining in GAD67-positive areas (right panel, green) in the IL deep layers, comparing naïve and 1 h
post-CFC groups (scale bar: 30 µm). C Fold changes in the fluorescence intensity of PLXNA1 staining in GAD67-positive areas at 1 h post-CFC.
D Fold changes in fluorescence intensity of GAD67 staining (n= 7–8 per group). E Representative images of immunofluorescence staining of
PLXNA1 (left panel, green), CaMKII (middle panel, red), and PLXNA1 staining in CaMKII-positive areas (right panel, green) in IL deep layers,
comparing naïve and 1 h post-CFC (scale bar: 30 µm). F Fold changes in the fluorescence intensity of PLXNA1 staining in CaMKII-positive areas
of naïve and 1 h post-CFC groups. G Fold changes in fluorescence intensity of CaMKII staining of naïve and 1 h post-CFC groups (n= 7–8 per
group). All data are presented as mean ± s.e.m. and analyzed by two-way ANOVA followed by Sidak’s post hoc test. CFC contextual fear
conditioning, PL prelimbic cortex, IL infralimbic cortex.
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impaired formation of long-term memory [60], suggesting that
both excitatory and somatostatin-positive inhibitory neurons of
mPFC can regulate memory strength. mPFC inhibitory neurons
have also been implicated in regulating memory specificity. Yan
et al. [61] reported that in a fear discrimination training paradigm,
safety signal increased the activity of parvalbumin-positive
inhibitory neurons to suppress fear generalization. Our data now
provide additional evidences supporting the importance of IL
inhibitory neurons in regulating memory specificity and
suggest that the reduction of PLXNA1 after learning-induced
redistribution of GAD67 in the IL inhibitory neurons. Collectively,
previous and our studies reveal the complex nature of different
subtypes of mPFC neurons to memory formation, and our findings
emphasize the importance to examine cell-type specific molecular

changes and their roles in regulating memory strength and
specificity.
Previous studies have revealed that some of the molecular

mechanisms that regulate neural development can be reused in
the adult brain to regulate neuroplasticity [62]. PLXNA1 is a
receptor for multiple semaphorins, including SEMA3A and
SEMA6D [31–35]. Activation of PLXNA1 induces axon repulsion
and collapse of axonal growth cone during early development
[63, 64]. PLXNA1 forms complex with neuropilin-1 or neuronal cell
adhesion molecule on the plasma membrane [33, 36, 63, 64]. The
cytoplasmic domain of PLXNA1 has tyrosine kinase activity and
Rho-GAP activity, which initiate signaling pathways to trigger
cytoskeleton rearrangement and membrane endocytosis [65–67].
Considered as an important player in axonogenesis during

Fig. 3 PLXNA1 in the IL inhibitory neurons regulates memory specificity. A Schematic of AAV infusion into the IL (left) and a representative
image of the distribution of AAV-infected cells in the IL (labeled by HA staining) (scale bar: 400 µm). B Timeline of the CFC training (Tr) in
context A (ctx A), fear memory strength test (F test) in context A, memory generalization test (G test) in context B (ctx B), and the open field
test (OFT). The “F test” and “G test” were counterbalanced. C, G Quantification of the percentage of time spent in freezing during the F test
and G test, comparing animals injected with the control AAV (Ctrl, AAV8-mDlx-HA or AAV8-mDlx-EGFP) and AAV8-mDlx-HA-PLXNA1ΔEct (C, n
= 10–13 per group) or AAV8-mDlx-HA-PLXNA1cyto (G, n= 6–9 per group) into the IL. D, H Representative travel traces of the animals in the
open field test. Inner squares bordered with dashed lines indicate the center zones. Quantification of total travel distance (E, I) and the
distance in the center zone as a percentage of the total distance (F, J) in the open field, comparing the control and PLXNA1ΔEct groups (E, F,
n= 11–14 per group), or the control and PLXNA1cyto groups (I, J, n= 10–11 per group). All data are presented as mean ± s.e.m. and analyzed
by unpaired two-tailed student’s t test or two-way ANOVA followed by Sidak’s post hoc test.
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Fig. 4 PLXNA1 in the IL inhibitory neurons regulates c-FOS expression in the IL and downstream brain regions. A Schematic of AAV
infusion into the IL. B Representative images of immunofluorescence staining of c-FOS in the IL deep layers (scale bar: 250 µm). C, D Fold
changes in the density of c-FOS positive cells in the IL, comparing the control (Ctrl) and PLXNA1ΔEct groups (C, n= 8 per group), or the
control and PLXNA1cyto groups (D, n= 7–9 per group). E Atlas of the brain regions analyzed (highlighted in orange) in the c-FOS
immunofluorescence staining study. Fold changes in the density of c-FOS positive cells in the downstream brain regions of IL, comparing the
Ctrl and PLXNA1ΔEct groups (F, n= 7–8 per group), or the control and PLXNA1cyto groups (G, n= 6–8 per group). All data are presented as
mean ± s.e.m. and analyzed by unpaired two-tail student’s t test.
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development, the function of PLXNA1 in the adult brain however
was unclear. Here, we used both gain-of-function and loss-of-
function mutants of PLXNA1 to show that PLXNA1 regulated the
number of GAD67 puncta in the IL inhibitory neurons. As one of
the major GABA synthetases, the clustering of GAD67 at axon
terminals regulates local GABA synthesis at the synapses [47].
Therefore, our data suggest that PLXNA1 may regulate the
availability of GABA at the synapses, which in turn changes the
excitation / inhibition balance in the IL. In line with this notion,
manipulation of PLXNA1 in the inhibitory neurons resulted in
bidirectionally changes in c-FOS expression in the IL.
Furthermore, growing evidences suggest that memory is

regulated by a network of distributed yet interconnected brain
regions [68, 69]. Here, we found that changes in IL activity by
PLXNA1 led to changes in multiple downstream brain regions. We
noticed that the brain regions affected by PLXNA1ΔEct over-
expression in the IL inhibitory neurons were fewer than those
affected by PLXNA1cyto expression. A likely explanation is that the
c-FOS analyses were conducted on brain samples collected 2 days
after behavioral tests, when many brain regions expressed
minimal c-FOS. Thus, PLXNA1ΔEct overexpression in the IL
inhibitory neurons failed to further decrease c-FOS expression in
these regions.
Our results showed that after CFC, PLXNA1 expression

significantly decreased in the IL deep layers, but only marginally
decreased in the IL superficial layers. Studies have found that
distinct layers of IL have different connectivity. While excitatory
projection neurons in the superficial layers project mostly to other
cortical regions, those in the deep layers target mainly subcortical
regions [70]. Activities of these projection neurons are modulated
by inhibitory neurons scattered in multiple layers. Interestingly,
studies have revealed that the inhibitory neurons preferentially
regulate the IL projection neurons that target subcortical regions
than those targeting other cortical regions [70]. Therefore, the
preferential downregulation of PLXNA1 expression in the deep
layers of IL by CFC might lead to alteration in the inhibitory control
of subcortical-targeting projection neurons, which in turn regulate
memory generalization. It is worth mentioning that the deep
layers of IL, as compared to the superficial layers, receive more
pronounced inputs from the basolateral amygdala (BLA), which
conveys aversive information, and from the ventral hippocampus
(vHC) that provides contextual information [71, 72]. It would be of
interest to examine whether the converging inputs from BLA and
vHC during CFC training contribute to the downregulation of
PLXNA1 in IL deep layers.
In addition to IL, PLXNA1 expression also significantly decreased

in the PL deep layers, which showed a trend to decreased
expression in both excitatory and inhibitory neurons. It is possible
that the significant reduction of PLXNA1 in this region was due to
the combined partial reduction of PLXNA1 in both excitatory and
inhibitory neurons. In addition, to analyze overall PLXNA1 level, we
used images taken by a 20× objective, which covered a relatively
large field and thus minimized variability due to sub-area
differences in PLXNA1 distribution. However, in order to recognize
PLXNA1 staining in different neuronal subtypes, we used images
taken by a 63× objective. Although data from multiple images per
animal were averaged as a single data point, it still covered a
relatively smaller field of view, which might contribute to the
inconsistency in the data. In the classical model, the PL subregion
of mPFC promotes fear memory expression, whereas the IL
subregion facilitates fear extinction, though arguments against a
clear functional division between PL and IL exist [17, 49, 73–76]. It
remains to be determined how PLXNA1 in the PL affects memory
strength or specificity.
Overgeneralized fear is a core symptom for anxiety disorders

and PTSD [3–7]. Functional brain imaging studies have found
increased ventral mPFC activity when human subjects received
visual images deviating from the previous presented ones,

Fig. 5 PLXNA1 in the inhibitory neurons modulates the number
of GAD67+ puncta in the IL. A, D Representative images of
immunofluorescence staining of GAD67+ (red) and DAPI (blue) in
the IL inhibitory neurons (scale bar: 20 µm). B, E Fold changes in the
density of GAD67-positive puncta in the IL deep layers, comparing
the control (Ctrl) and PLXNA1ΔEct groups (B, n= 7 per group), or
the control and PLXNA1cyto groups (E, n= 6–8 per group). C, F Fold
changes in the overall fluorescence intensity of GAD67 staining in
the IL deep layers, comparing the Ctrl and PLXNA1ΔEct groups (C, n
= 8 per group), or the control and PLXNA1cyto groups (F, n= 7–8
per group). All data are presented as mean ± s.e.m. and analyzed by
unpaired two-tailed student’s t test.
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indicating a role of ventral mPFC in signal discrimination [77, 78].
The ventral mPFC activity was found to be reduced in generalized
anxiety disorder and PTSD patients, and such reduction was
associated with inability to constrain fear and anxiety in these
patients [77, 79–81]. It will be of great interest to examine whether
abnormal changes of the PLXNA1 expression and function in the
inhibitory neurons of ventral mPFC contribute to the pathological
development of generalized anxiety disorder and PTSD, and to
evaluate the therapeutic potential of targeting PLXNA1 for disease
intervention. The lack of investigation of female mice was a
limitation of the current study. Female mice were excluded from
the original design of this study due to the concern of the
fluctuation in the estrogen levels during the estrous cycle of
female mice that may affect fear generalization as reported in the
previous studies [82–84] to generate greater individual variability.
Since women are more likely to develop PTSD and anxiety
disorders than men [85, 86], it will be of importance to examine in
the future work whether similar mechanisms affect memory
generalization in female mice. However, it is worth noting that
men respond differently to psychotherapy than women [87].
Therefore, it would still be of value to identify a potential target for
limiting fear generalization using male mice.
In conclusion, our study has identified the novel role of PLXNA1

in the IL inhibitory neurons to modulate memory specificity. Our
results showed that contextual fear conditioning reduced PLXNA1
expression in the IL inhibitory, but not excitatory neurons, which in
turn was important for maintaining memory specificity and
suppressing anxiety, without affecting memory strength. Further-
more, PLXNA1 functioned in the IL inhibitory neurons to regulate
the number of GAD67 puncta, which in turn modulated the activity
of IL and its downstream brain regions. These findings provide
novel insights on learning-induced molecular changes that modify
mPFC inhibitory neurons and neural network in regulating memory
specificity, and suggest novel targets for therapeutic interventions
of generalized anxiety disorder and PTSD.
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