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Electroacupuncture facilitates remote fear memory erasure via
promoting perineuronal net degradation
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Post-retrieval extinction has been effective in erasing recent pathological memories but has been shown failed in erasing remote
memories. Pathological memories are often formed over the long term, therefore how to erase the remote pathological memory
remains a long-lasting question. Here, we identified the increased perineuronal nets (PNNs) surrounding engram cells with memory
being remote in the prelimbic cortex (PrL) which rigidify the remote memory from erasure. Microinjection of ChABC into PrL could
facilitate remote memory erasure by degrading PNNs in post-retrieval extinction paradigm. In addition, electroacupuncture (EA) at
Baihui (GV20) and Neiguan (PC 6) could degrade the PNNs in PrL by increasing the neuronal MMP-9 expression via BDNF-TrkB
signaling, leading to the remote memory erasure under post-retrieval extinction condition. Finally, we found EA stimulation
facilitated remote memory erasure led to increased overlap between fear and extinction cells in the PrL. Our data clarified the
essential role of PNNs surrounding engram cell in preventing remote memory from erasure, and provided evidences of EA
facilitates remote pathological memory erasure as a non-invasive therapeutic method.

Translational Psychiatry (2025)15:531; https://doi.org/10.1038/s41398-025-03789-3

INTRODUCTION
Pathological memory is harmful but difficult to treat, people may
get posttraumatic stress disorder (PTSD) with the long-term
stability of these memories [1, 2]. Among the most efficacious
treatments for pathological memory are exposure-based thera-
pies, during which a process called memory extinction is delivered
by repeatedly presenting the conditioned stimulus (CS) in the
absence of the unconditioned stimulus (US) [3-5]. In the context
of extinction therapies, reconsolidation updating approaches
called post-retrieval extinction paradigm have been proven
effective to block fear memory spontaneous recovery which
indicate fear memory erasure in rodents and humans [6, 7].
However, traumatic memories are oftentimes month-year old
remote memories which are more stable than recent ones [8, 9].
Previous report found that post-retrieval extinction paradigm
failed to erase remote memory whereas an HDAC2-targeting
inhibitor administration restored the effect of post-retrieval
extinction paradigm on memory erasure [10]. Our previous study
found that the overlapping ensemble between fear cell and
extinction cell was crucial for recent memory erasure which
indicate the essential role of neuronal plasticity in memory erasure
[11]. Hence, to investigate the effective non-invasive modality
which could alter brain activity or connectivity to erase remote
traumatic memory is demanding in the posttraumatic stress
disorder (PTSD) treatment.

Electroacupuncture has shown potential benefit for a variety of
mental health disorders including anxiety disorders [12]. The
evidence of effectiveness of EA for PTSD has also been reported

and further confirmed in a well-designed randomized controlled
trial [13, 14]. The mechanism of the benefit effects of EA on fear
memory attenuation might be related to restoring synaptic
plasticity in amygdala and hippocampus through BDNF-TrkB and
endocannabinoid signaling pathway [15, 16]. However, all these
studies mainly focused on the short-term effect of EA on recent
fear memory. Whether acupuncture could prevent extinguished
remote fear memory recovery namely erasure is still unclear.

Perineuronal nets (PNNs) are a specialized type of extracellular
matrix (ECM) that surround specific neuron populations through-
out the central nervous system, which were involved in the
regulation of neuronal functions such as excitability and neuronal
communication [17-19]. The remodeling of PNNs by matrix
metalloproteinases (MMPs) and ADAMTS proteins contributes in
retaining long-term memories, as well as limiting the learning of
new memories [20]. It's reported that degradation of PNNs by
chondroitinase ABC (ChABC) in amygdala specifically rendered
subsequently acquired fear or drug memories susceptible to
erasure [21, 22]. Memory is stored in memory engram cells and is
reshaped by modification of the engram cells [11, 23, 24].
However, the relationship between the engram cell of remote
memory and PNNss is still unclear. What's more, whether EA could
regulate PNNs remodeling to modify remote memory is still
unclear. To answer these questions, by using activity-dependent
neuronal-tagging technology, EA combined with immunofluores-
cence staining and western blot experiments, we identified the
effectivenessand mechanism of acupuncture on remote fear
memory erasure.
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MATERIALS AND METHODS

Mice

All animal experiments were conducted in accordance with protocols
approved by the Institutional Animal Care and Use Committee (IACUC) of
Shandong University (ECSBMSSDU2021-2-111) and complied with the
National Institutes of Health (NIH) Guide for the Care and Use of Laboratory
Animals. Mice were housed in a temperature- and humidity-controlled
environment under a 12h light/dark cycle, with ad libitum access to
standard laboratory pelleted chow and water.The following transgenic
mouse strains were obtained from The Jackson Laboratory:c-fos:tTA
transgenic mice (B6.Cg-Tg(Fos-tTA, Fos-EGFP*)1Mmay/J; Stock No.
018306). TRE:H2B-GFP transgenic mice (Tg(tetO-HIST1H2BJ/GFP)47Efu/J;
Stock No. 005104). Additionally, male C57BL/6J mice used in this study
were purchased from Beijing Vital River Laboratory Animal Technology Co.,
Ltd. All mice were 8 weeks old at the start of the experiments, with a body
weight of 23-25g. Animals were allocated to experimental groups
randomly and investigators were blinded to the group allocation during
the experiment. Animals may be excluded only if they meet objectively
verifiable conditions (e.g., death from non-experimental causes, technical
errors during procedures, or biologically significant abnormalities).

Auditory fear conditioning

Mice underwent auditory fear conditioning (AFC) in a 25cm x 25cm X
25 cm fear conditioning chamber (Context A) equipped with an electrifi-
able grid floor connected to a shock generator, an ambient light source,
and a speaker embedded in the chamber wall for auditory stimuli delivery.
The chamber was thoroughly cleaned with ethanol before each trial, and
all stimulus presentations were computer-controlled using specific soft-
ware (Freezing, Panlab). Before conditioning, mice were habituated in the
chamber for 3 min without any stimuli. The AFC protocol consisted of three
tone (CS)-footshock (US) pairings, where the conditioned stimulus (CS) was
a 30-s continuous tone (3 kHz, 80 dB), and the unconditioned stimulus (US)
was a 0.75mA footshock lasting 1s, delivered at the end of each CS
presentation. Each CS-US pairing was separated by a 120-s inter-trial
interval (ITl). Following the final shock, mice remained in the chamber for
an additional 2 min before being returned to their home cages.

Retrieval

Twenty-four hours after AFC, mice underwent the retrieval test in Context
B, a novel chamber distinct from Context A in floor texture, color, shape,
and odor. Mice were first habituated to Context B for 3 min. A single CS
(20's tone) was presented, followed by a 60 s rest period. Afterward, mice
were returned to their home cages for 30 min before extinction training.

Extinction training

Extinction training was conducted in Context B. Mice were first habituated
in the chamber for 3 min. They then received 39 tone-alone (CS, 205s)
presentations, with an ITI of 20s.

Extinction trials were divided into four phases (Ext#1, Ext#2, Ext#3, Ext#4)
based on the freezing response: Ext#1, Ext#2, and Ext#3: Each phase
represents the average freezing response during the first 10 trials (total of 30
trials). Ext#4: Represents the average freezing response during the last 9 trials.

Extinction memory test (EM)

The extinction memory (EM) test assessed the retention of extinction
learning. Mice were placed in Context B and habituated for 3 min before
testing. They then received 4 tone-alone (CS, 20 s) presentations, with an
ITl of 30s.

Spontaneous recovery test (SR)

The spontaneous recovery (SR) test measured the recovery of fear
responses following extinction. Two weeks after the EM test, mice were
re-exposed to 4 tone-alone (CS, 20's) presentations, with an ITl of 30, in
Context B.

In all processes, the freezing was measured by a high-sensitivity weight
transducer (load cell unit) which could record and analyze the animal
movement intensity. The freezing level was scored during each experi-
mental phase by the software (Freezing, Panlab).

Electroacupuncture (EA) procedure
Mice underwent EA treatment under 1.5-2% isoflurane anesthesia using
sterile acupuncture needles (0.25 mm X 13 mm) for stimulation. The EA
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parameters were set to a 3 mA current intensity in a dense-sparse wave
(DSW) mode, where the dense wave frequency was 10 Hz, and the sparse
wave frequency was one-fifth of the dense wave frequency. The waves
alternated with the sparse wave applied for 5s, followed by the dense
wave for 10 s, for a total EA session duration of 30 min. Acupuncture points
included Baihui (GV20) (AP: —2 mm; ML: 0 mm), located on the intersection
point of the midline and the line connecting the apexes of both ears,
where the needle was inserted obliquely 2-3 mm into the scalp; Shenting
(GV24) (AP:+ 1.5 mm; ML: 0 mm), located on the intersection point of the
coronal and sagittal sutures,positioned anterior to the bregma, approxi-
mately 2 mm superior to the interocular line, with the needle inserted
obliquely 1-2 mm into the scalp; and Neiguan (PC6), found on the palmar
midline of the forelimb, approximately 2 mm proximal to the wrist crease,
where the needle was inserted obliquely 1.5-2 mm into the subcutaneous
tissue. For the sham EA group, mice underwent the same procedures as
the EA group, except no electrical stimulation was applied.

Immunofluorescence

Mice were euthanized by intraperitoneal injection of an overdose of
pentobarbital sodium (Sagatal, RWD Life Science, Shenzhen, China),
followed by transcardial perfusion with 4% paraformaldehyde (PFA). The
brains were carefully dissected and post-fixed in 4% PFA at 4°C for 24 h.
Coronal brain sections (40 pum thick) were obtained using a vibratome
(VT1200S, Leica, Germany). For immunofluorescence staining, sections
were initially incubated in a blocking solution to prevent non-specific
binding: 5% bovine serum albumin (BSA) in PBS with 0.3% Triton X-100 for
WFA staining and 10% donkey serum in PBS with 0.4% Triton X-100 for
other stains, both at room temperature for 2 h. Subsequently, the sections
were incubated overnight at 4°C with primary antibodies, including
biotinylated Wisteria floribunda agglutinin (WFA, 1:500, L1516, Sigma),
MMP-9 (1:500, ab38898, Abcam), NeuN (1:1000, 94403 s, Cell Signaling),
and lba1 (1:500, ab283319, Abcam). The next day, sections were incubated
with secondary antibodies for 2h at room temperature in the dark,
including  Streptavidin-R-Phycoerythrin ~ (1:1000, 42250,  Sigma),
Streptavidin-FITC (1:1000, s3762, Sigma), Alexa Fluor™ 594-conjugated
donkey anti-rabbit IgG (1:1000, A21207, Invitrogen), and Alexa Fluor™ 488-
conjugated donkey anti-mouse IgG (1:1000, A21202, Invitrogen). Between
each incubation step, sections were washed three times with PBS for
10min each. Finally, the stained sections were mounted with DAPI-
containing mounting medium and coverslipped. Multiple images were
captured at 20x objective (pixel size 0.65 um) using a Zeiss LSM880
confocal microscope (Zeiss, Germany) at Translational Medicine Core
Facility of Shandong University.

Western blot

Tissue blocks were collected and homogenized using a magnetic
homogenizer with TX buffer (200 uL per 10 mg tissue) and 50-60 mg
magnetic beads. The homogenate was centrifuged at 15,000 g for 20 min
at 4 °C, and the supernatant was collected, with 6-7 pL reserved for protein
guantification, while the remaining sample was either aliquoted and stored
at —20°C or mixed with loading buffer for Western blot analysis. Protein
concentration was determined using the BCA Protein Assay Kit (Pierce BCA
Protein Assay Kit, 23225, Thermo Fisher Scientific), and after normalization,
4x LDS Sample Buffer was added to the protein samples, mixed
thoroughly, and heated at 95 °C for 5 min. The samples were then cooled
and subjected to SDS-PAGE using a rapid gel preparation kit (Epizyme
Biotech, PG113), followed by protein transfer onto a PVDF membrane. The
membrane was blocked in 5% BSA for 1h at room temperature and
subsequently incubated overnight at 4°C with primary antibodies,
including MMP-9 (1:1000, ab38898, Abcam), BDNF (1:1000, ab108319,
Abcam), and -Actin (1:1000, sc-47778, Santa Cruz). After primary antibody
incubation, the membrane was washed three times with 0.1% TBST.
Secondary antibody incubation was performed by incubating the
membrane at room temperature for 1 h with Goat Anti-Mouse IgG, H&L
Chain-Specific Peroxidase Conjugate (1:5000, 401215, Sigma) or Peroxidase
AffiniPure™ Goat Anti-Rabbit 1gG (H+L) (1:5000, 111-035-003, Jackson-
HRP), both diluted in 5% BSA. After three washes with 0.1% TBST, detection
was carried out using enhanced chemiluminescence (ECL). Protein band
densities were quantified using ImagelJ software.

Stereotactic surgery and drug microinjections

To facilitate subsequent drug injections, guide cannulas were implanted
into targeted brain regions with precision. Mice were anesthetized with 2%
isoflurane and fixed in a stereotaxic apparatus (RWD Life Science).
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A midline incision was made on the scalp to expose the skull, and a small
hole was drilled at the PrL coordinates (AP: + 1.94 mm, ML: £0.50 mm, DV:
—22mm). The guide cannula was secured 0.2mm above PrL (DV:
—2.0mm) to prevent direct tissue damage. After surgery, mice were
returned to their home cages and allowed to recover for two weeks before
further experimentation. ChABC (Sigma-Aldrich, C3667) was dissolved in
filtered 0.1 M PBS to a final injection concentration of 200 U/mL. ChABC,
K252a (dissolved in 10% DMSO, 25 um, Calbiochem, 420297) and SB-3CT
(dissolved in 10% DMSO, 1 mg/ml, Selleck, $7430) were microinfused into
PrL via the guide cannula. Microinjections were performed at a rate of
50 nl/min, delivering 300 nL per hemisphere into the PrL via PE20 tubing to
a microsyringe driven by a microinfusion pump (KD Science, KDS310) [25].
After injection, the needle was left in place for 2-5 min to minimize reflux
and ensure proper diffusion.

Activity-dependent cell labeling

To label the engram cells, we crossed c-fos:tTA transgenic mice with
TRE:H2B-GFP transgenic mice and subjected the double transgenic mice to
AFC. Alternatively, we injected AAV9-c-fos:tTA (BrainVTA,; titer, 5.65 x 10%
vg/mL) and AAV9-TRE-mCherry (BrainVTA; titer, 534 x 10" vg/ml) into
wild-type (WT) mice for engram cell labeling. The double transgenic mice
were maintained on a Dox-containing diet (40 mg/kg) from birth, while WT
mice were placed on a Dox-containing diet two weeks prior to surgery. The
mice were then removed from Dox for 24 h to open a window for fear
memory engram labeling in context A. Following this, the animals were
exposed to context A for fear conditioning, and the Dox diet was resumed
immediately after AFC training.

Cell counting

To quantify the number of c-Fos*, H2B-GFP*, or mCherry* positive cells, we
analyzed five 40 um-thick coronal sections spaced at 120 um intervals
spanning the prelimbic cortex (PrL; Bregma 1.54 mm to Bregma 2.10 mm) in
all experiments. The number of c-Fos*, GFP*, or mCherry* positive neurons
was counted using NIH ImageJ, and the area of the PrL in each section was
calculated. Overlap was determined by the ratio of (mCherry*c-Fos*/DAPI"),
while (c-Fos™/DAPI*) x (mCherry*/DAPI*) was calculated as the chance level
of overlap in the PrL, as previously reported [11]. The area of PNNs was
quantified by WFA staining, applying a positive threshold.

Real time (RT)-PCR
Total RNA from PrL tissue was isolated according to the Ultrapure RNA kit
instructions. A 0.5 ug aliquot of each sample was treated with DNase to
avoid DNA contamination and was then reversely transcribed using the
RevertTra Ace gPCR RT Kit (TOYOBO, catalog FSQ-101). Primer sequences
were as follows:

c-fos forward primer, 5 GGGAATGGTGAAGACCGTGT 3/ reverse primer,5 /
CCGTTCCCTTCGGATTCTCC3;

arc forward primer, 5 GATCTTTCCTGCTGTGCCCT3' reverse primer, 5/
CGCAACAAGGCCTACTCAGA3;

bdnf forward primer, 5/ GCCTAGATCAAATGGAGCTTCT 3’ reverse primer,
5" GCCGATATGTACTCCTGTTCTG 3/;

mmp9 forward primer, 5 AAGGGTACAGCCTGTTCCTGGT 3’ reverse
primer, 5 CTGGATGCCGTCTATGTCGTCT 3/;

adamts4 forward primer, 5 ATGGCCTCAATCCATCCCAG 3’ reverse
primer, 5 AAGCAGGGTTGGAATCTTTGC 3/;

adamts5 forward primer, 5 GGAGCGAGGCCATTTACAAC 3’ reverse
primer, 5 CGTAGACAAGGTAGCCCACTTT 3'. The B-actin was selected as
a control (forward, 5/ AGA GGG AAA TCG TGC GTG AC 3’ and reverse, 5’
CAT ACC CAG GAA GGA AGG CT 3/). RT-PCR was performed in a Cycler
(MyiQ2, Bio-Rad) using SYBR green (Takara, DRR0O41A). The threshold cycle
(Ct) for each sample was selected from the linear range and converted to
an initial quantity by interpolation from a standard curve run on the same
plate for each primer set. Each sample was analyzed in duplicate, and the
mMRNA levels were normalized to -actin mRNA levels for each well using
the 2722 method.

MMP-9 enzyme activity test

The MMP Activity Assay Kit (Abcam, ab112146) employs a fluorescence
resonance energy transfer (FRET)-quenched peptide as a generic MMP
activity indicator. Following enzymatic cleavage by MMPs, fluorescence
recovery was measured using a fluorescence microplate reader at
excitation/emission wavelengths of 490 nm/525 nm, with results normal-
ized to protein concentration (per pg protein).
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Statistics

All sample sizes were determined based on paradigms used in previous
similar studies [21, 26, 27]. Data were analyzed using GraphPad Prism 8.0
(GraphPad Software, San Diego, CA, USA) with Student's t-test, one-way or
two-way ANOVA followed by Tukey’s or Sidak’s multiple comparisons test.
Each point represents one sample. For experiments with a single factor and
two or more groups, Student’s t-test or one-way ANOVA was applied. For
experiments involving multiple factors, a two-way ANOVA with interaction
testing was used. All data are presented as the mean + SEM, with statistical
significance set at p < 0.05.

RESULTS

Increased PNNs surrounding engram cell at remote time point
prevent remote memory erasure

Given the essential role of PNNs in memory storage and extinction
within the central nervous system [21, 26], we first examined
whether PNN formation is associated with memory engram cells.
Mice were trained using an auditory fear conditioning paradigm,
and the TetTag system, which we have previously employed
[11, 27], was used to label the memory engram cell. We observed
an increased presence of PNNs in the PrL but not in BLA and CeA
in the 30 days’ group post-training, compared with the group
examined 1 day post-training (Fig. 1A-D; Figure S1). In addition,
the number of engram cells surrounded by PNNs in the PrlL also
exhibited a significant increase in 30 days group compared with
1 day group (Fig. 1E, F).

We then investigated whether the increase in PNNs during
remote memory formation contributes to blockage of remote
memory erasure. A post-retrieval extinction paradigm was
employed to target the erasure of remote memory. While the
post-retrieval extinction paradigm was effective in erasing recent
fear memory, it could not erase remote memory, which is
indicated by the spontaneous fear recovery (Figure S2C, D).
Microinjection of ChABC into the PrL one day prior to post-
retrieval extinction paradigm was found to effectively degrade
PNNs, as demonstrated by Wisteria floribunda agglutinin (WFA)
staining (Figure S2A, B). Notably, degradation of PNNs in the PrL
facilitated remote memory erasure without leading to an increase
in spontaneous recovery of fear memory (Figure S2C-F). Interest-
ingly, at the time of the SR test, the PNNs had already reformed,
while degrading PNNs via administering ChABC 24 h before SR
does not affect SR tests of original fear memory (Figure S3). Thus,
these results suggest the crucial role of PNNs in the PrL during
post-retrieval extinction period in blocking remote fear memory
erasure.

EA induced remote memory erasure in a PNN dependent
mechanism

Acupoint stimulation has been utilized in clinical treatment for
various disorders including PTSD. However, the relationship
between EA and the expression of PNNs in the PrL, as well as its
role in fear memory erasure, remains unclear. To address this, we
examined the effects of EA stimulation at Baihui (GV 20) alone,
Baihui (GV 20) combined with Neiguan (PC 6), and Baihui (GV 20)
combined with Neiguan (PC 6) on PNN degradation. 24 days after
fear memory training, EA was initiated and lasted for 7 days. WFA
staining was performed at the end of EA to assess the impact of
EA on PNN degradation. Our results revealed that EA stimulation
at Baihui (GV 20) combined with Neiguan (PC 6) significantly
reduced the PNNs levels in the PrL (Figure S4). We then
investigated whether EA stimulation at Baihui (GV 20) combined
with Neiguan (PC 6) could facilitate the erasure of remote fear
memory using the retrieval-extinction (R+E) paradigm. Our
findings demonstrated that retrieval-extinction paradigm follow-
ing 7 days of EA stimulation effectively erased remote fear
memory, accompanied by decreasing PNN levels in the PrL as well
as selectively reducing the PNNs levels surrounding engram cells
rather than non-engram cells (Fig. 2).

SPRINGER NATURE
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We next explored the mechanism underlying EA-induced PNN
degradation. Our results showed that the mRNA levels of the
immediate early genes c-fos and arc were elevated in the PrL
following EA stimulation at Baihui (GV 20) combined with Neiguan
(PC 6) (Fig. 3A, B). Additionally, the mRNA levels of BDNF and
MMP9 were also increased in the PrL after this treatment, whereas
adamts4 and admts5 showed no significant difference. Given the
reported critical role of MMP9 in regulating PNN degradation
[28, 29], we focused our subsequent investigations on this
molecule. We found that the number of MMP9*NeuN™ cell was
increased following EA stimulation at the Baihui (GV 20) combined
with Neiguan (PC6) while the number of MMP9*Iba1* cell showed
no significant change (Fig. 3C-F), which suggested that EA
stimulation could selectively increase the MMP9 expression in
neurons. We next investigate the role of increased MMP9
expression in EA stimulation facilitated PNNs degradation and
remote fear memory erasure. We found that microinjection of
MMP inhibitor SB-3CT into PrL could block the EA stimulation

SPRINGER NATURE

facilitated remote memory erasure under the R+E paradigm
compared with EA stimulation alone group. However, microinjec-
tion of ChABC combined with SB-3CT into PrL could erase the
remote memory erasure as well (Fig. 4A, B), which suggests that
MMP9 acts through PNNs in EA facilitated remote memory
erasure. Furthermore, we observed an increase in the expression
of BDNF and MMP9 in the EA+Vehicle, EA + SB-3CT, and EA + SB-
3CT+ChABC groups, as determined by western blot analysis
(Fig. 4C-F), which suggests that MMP9 enzyme activity rather than
its expression levels play an essential role in mediating EA
facilitated remote memory erasure. To confirm our results, we
performed WFA immunostaining across these groups and found
the decreased expression of PNNs in PrL following EA treatment
was abolished by SB-3CT microinjection into PrL (Fig. 4G, H). The
MMP-9 enzyme activity was also measured across these groups
and we found that the MMP-9 enzyme activity was increased
during RE and EM but not SR following EA treatment (Fig. 41-K). In
all, our results suggest that EA treatment could erase remote fear

Translational Psychiatry (2025)15:531
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***p <0.0001). Data are presented as mean + SEM.
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memory under R + E paradigm via promoting PNN degradation in
MMP9 dependent pathway.

Since it has been reported that the BDNF-TrkB signaling could
regulate the expression of MMP9 [30]. We then investigate
whether BDNF-TrkB signaling mediates EA induced increased
MMP9 expression and remote memory erasure. We found that
microinjection of TrkB inhibitor K252a into PrL could block the EA
induced remote memory erasure under the R+E paradigm
compared with EA alone group. However, microinjection of ChABC
combined with K252a into PrL could restore the remote memory
erasure (Fig. 5A, B). Additionally, we observed increased expression
of BDNF in the EA + Vehicle, EA + K252a, and EA + K252a + ChABC
groups, as determined by western blot analysis (Fig. 5C, D).
However, K252a microinjection blocked the EA stimulated MMP9
expression increase (Fig. 5E, F), which suggest that BDNF-TrkB
signaling mediates EA increased MMP9 expression. These findings
were further corroborated by immunostaining experiments. We
found K252a microinjection blocked EA induced PNN degradation
in the PrL (Fig. 5G, H). In addition, the MMP-9 enzyme activity was
also measured across these groups and we found that K252
treatment could effectively block the EA induced MMP-9 enzyme
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activity enhancement (Fig. 5I-K). Our results indicate that EA
treatment facilitates the erasure of remote fear memory under the
R+ E paradigm by promoting BDNF-TrkB signaling, which increase
MMP9 expression and drives the degradation of PNNs.

EA induced increased overlapping ensemble between fear and
extinction cells in the PrL during remote memory erasure

Our previous study showed the increased overlapping ensembles
between fear and extinction cells during recent memory erasure in
the PrL and suggested that effective recent fear memory erasure is
mediated by a rewriting of the original memory trace of fear toward
one of safety [11]. We are wondering whether the overlapping
ensemble between fear and extinction cells was increased with
remote memory erasure. The virus based TetTag system, which we
have previously employed [11], was used to label the memory
engram cell during memory acquisition. The extinction ensemble
was identified by the endogenous c-Fos immunostaining 90 min
after the last extinction trial across different groups (Fig. 6A). Our
results showed that the increased overlapping ensembles between
fear and extinction cells in PrL during recent memory erasure, which
was consistent with our previous study (Fig. 6B-E). However, we
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Fig. 4 EA treatment could erase remote fear memory under R + E paradigm via promoting PNN degradation in a MMP9 dependent
pathway. A Schematic of EA treatments and behavioral paradigm. B The freezing levels during conditioning, retrieval, extinction, EM test and
SR test (RM two-way ANOVA with Sidak’s multiple comparisons test, ***p < 0.001; n = 10 animals per group including 5 females and 5 males).
C Representative expression of BDNF in PrL by western blots. D Quantification of BDNF protein levels for western blot experiment (one way
ANOVA with Turkey's post-hoc comparison, ***p <0.001). E Representative expression of MMP-9 in PrL by western blots. F Quantification of
MMP-9 protein levels for western blot experiment (one way ANOVA with Turkey’s post-hoc comparison, ***p <0.001). G Representative images
of WFA (green) expression in the PrL. Scale bar, 200 pm. H Quantification of PNN levels in PrL for immunostaining experiment. (I-K)
Quantification of MMP-9 enzyme activity during RE(l), EM (J) or SR (K) (one way ANOVA with Turkey’s post-hoc comparison, **p <0.005,
***p <0.001). Data are presented as mean + SEM.
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Fig. 5 EA induced remote memory erasure depends on BDNF-TrkB signaling. A Schematic of EA treatments and behavioral paradigm.
B The freezing levels during conditioning, retrieval, extinction, EM test and SR test (RM two-way ANOVA with Sidak’s multiple comparisons
test, ***p < 0.001; n = 10 animals per group including 5 females and 5 males). C Representative expression of BDNF in PrL by western blots.
D Quantification of BDNF protein levels for western blot experiment (one way ANOVA with Turkey’s post-hoc comparison, ***p <0.001).
E Representative expression of MMP-9 in PrL by western blots. F Quantification of MMP-9 protein levels for western blot experiment (one way
ANOVA with Turkey’s post-hoc comparison, ***p <0.001). G Representative images of WFA (green) expression in the PrL. Scale bar, 200 pm.
H Quantification of PNN levels in PrL for immunostaining experiment. (I-K) Quantification of MMP-9 enzyme activity during RE(l), EM (J) or SR
(K) (one way ANOVA with Turkey’s post-hoc comparison, ***p <0.001). Data are presented as mean + SEM.
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found that the overlap between fear and extinction cells in PrL of
remote memory in R+ E group showed no difference compared with
chance level, which is consistent with that R + E paradigm could not
erase remote memory and suggest that overlapping ensembles
between fear and extinction cells play an essential role in memory
updating. Interestingly, we found that the overlap of remote memory
fear and extinction cells was increased in R+E with EA treatment
group (Fig. 6B-E), in which the remote fear memory was effectively
erased. What's more, the increased overlapping ensemble of remote
memory was abolished by SB-3CT microinjection into PrL in R+E
group with EA treatment (Fig. 6B-E). Thus, our results suggest that EA
treatment facilitates the erasure of remote fear memory with
increased overlapping ensemble between fear and extinction cells
in the PrL via a MMP9 activity dependent mechanism.

DISCUSSION
How to erase long-lasting (remote) fear memory is a challenging
question in fear related disorders treatment. We found significantly

Translational Psychiatry (2025)15:531

increased number of engram cells surrounded by PNNs in the PrL at
30 days compared with 1 day after fear conditioning. In addition,
dissolving PNNs by ChABC treatment in the PrL facilitates R+E
paradigm induced remote memory erasure. Electrocupuncture at
Baihui and Neiguan significantly increase the MMP9 expression in
PrL neurons, thus leading to the decreased levels of PNNs at remote
time. Finally, similar as ChABC treatment, EA at Baihui and Neiguan
promotes remote memory erasure, which was accompanied by the
degradation of PNNs via BDNF-TrkB dependent signaling.

Our results provide several new insights into the effect and
mechanism of EA on remote fear memory erasure. First, consistent
with the previous report [10], we find post-retrieval extinction
paradigm could not erasure remote memory in contrast to recent
memory, which suggest that long-lasting (remote) fearful mem-
ories are more stable compared with recent memory. Memory
engram cells referred to a population of neurons that are activated
by learning, and must be reactivated for recall, where the memory
information is supposed to be stored [27]. Interestingly, we found
that compared with recent memory, the number of PNNs
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surrounding engram cells in the PrL in the remote memory was
significantly increased. PNNs are pericellular condensed extra-
cellular matrix (ECM) structures and surround various types of
neuron [18]. In the brain, the majority of neurons enveloped by
PNNs are inhibitory fast spiking GABAergic parvalbumin-
expressing (PV +) interneurons [31]. However, PNNs also surround
subpopulations of excitatory glutamatergic neurons in different
parts of the brain including cerebral cortex, amygdala and the CA2
region of the hippocampus [32-34]. To our knowledge, it is the
first time to show that PNNs content surrounding engram cells in
the PrL was significant increased as memory becomes long-term,
which might explain in part the stability of remote memory since
PNNs maintain a balance between the plasticity and stability of
the synapses [17]. Indeed, it is recently reported that PNNs protect
long-term memory by limiting activity-dependent inhibition from
parvalbumin interneurons [26]. Removal of PNNs by ChABC could
facilitate R + E induced remote memory erasure as comparable to
recent memory, which further suggested that PNNs play an
essential role in remote memory stability.

Recent study provided neuroanatomical explanation for the
presence of acupoint specific pathway to transmit the peripheral
stimulation into brain [35]. In an effort to investigate the effect of
acupuncture on brain neuronal responses, the expression of c-Fos
activity as an immediate early gene has been utilized to quantify
brain neural activity [36]. We found that acupuncture at Baihui and
Neiguan could dramatically increase the c-fos, Arc and BDNF
expression in the PrL compared with sham group, which suggested
that EA at Baihui and Neiguan could selectively increase the PrL
activity. Based on previously reported thresholds for direct neuronal
activation by electrical stimulation [37], we propose that our
acupoint intervention might induce PrL activation via peripheral
nerve to central nervous system transneuronal pathway, although
the precise mechanistic pathway requires further investigation
[35, 36]. Accompanying the neuronal activation, we found the PNNs
contents were also decreased. To elucidate the mechanism
underlying EA induced PNNs degradation, we measured the
expression of MMP9 and ADAMTS after acupuncture treatment.
We found Baihui and Neiguan EA treatment could induce the
increased expression of MMP9 but not ADAMTS and renders remote
memory to be erased by the R+E paradigm. In addition,
microinjection of the MMP inhibitor SB-3CT into PrL could block
EA treatment induced PNN degradation and memory erasure.
Moreover, EA treatment also increased the levels of neuronal
plasticity related proteins such as c-Fos, BDNF and Arc, which is
consistent with that HDACi-supported remote memory updating
led to increased neuroplasticity gene expression such as cFos, Arc,
and Igf2 [10]. The levels of MMP proteins have been reported to be
regulated by neural activity, sensory experiences, and during
learning and memory processes and negatively correlated with
the intensity of PNNs [19, 38, 39]. Our present studies found the TrkB
antagonist K252a could block EA treatment induced PNN degrada-
tion and memory erasure. Thus, EA treatment might regulate fear
engram cell plasticity in PrL through MMP9 regulated PNNs
degradation via BDNF-TrkB signaling.

Memory updating represents a critical neurobiological mechan-
ism through which organisms dynamically reorganize consoli-
dated mnemonic schemas, enabling adaptive integration of novel
environmental stimuli with pre-existing cognitive frameworks via
synaptic reconfiguration and neural ensemble plasticity [11, 24].
The neural representation of memories, or engrams, is central to
this process. It has been previous reported that increased engram
overlap during memory linking which is one of the most
extensively studied examples of memory updating [11, 24].
Memory engrams are dynamic, subject to modification or
updating through processes such as reconsolidation, synaptic
plasticity, and cellular reorganization [23]. Our laboratory was the
first to identify a significant overlap between fear and extinction
engrams during a post-retrieval paradigm, employing in vivo
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calcium imaging at the single-cell level in PrL [11]. We observed
that the extent of overlap between fear engram cells and
extinction engram cells was strongly correlated with memory
erasure. In the present study, we found that the overlap between
fear and extinction cells in the PrL during remote memory in the
R+ E group did not differ from chance levels, consistent with the
inability of the R+E paradigm to erase remote memory. This
suggests that the original fear engram cells in remote memory
might show less plasticity compared with the fear engram cells in
recent memory, which has been reported that engram cell overlap
can be modulated their neuronal excitability [40, 41]. Interestingly,
we observed that the overlap of fear and extinction cells in remote
memory in the R+E with EA treatment group was significantly
increased, which corresponded with effective erasure of remote
fear memory. Furthermore, the increased overlap was abolished
by SB-3CT microinjection into the PrL with EA treatment. These
results provide evidence that EA treatment facilitates the erasure
of remote fear memory by promoting an increased overlapping
ensemble between fear and extinction cells in the PrL through an
MMP9-dependent mechanism. Our current study gives the insight
in regulating remote fear engram cells plasticity in PrL by EA via
promoting PNN degradation.

In summary, the present study demonstrates that EA stimula-
tion facilitates the erasure of remote memory by degrading PNNs
through the upregulation of MMP9 expression. Additionally, PNNs
contribute to the reorganization of PrL engram cells and keep the
remote memory rigid. These findings suggest that EA may be an
effective therapeutic intervention to erase remote pathological
memories. Given that PTSD patients typically exhibit consolidated
remote fear memories, post-retrieval extinction paradigms often
fail to erase these memories without neuromodulatory interven-
tions. Based on our results, electroacupuncture (EA), as a non-
invasive approach, may facilitate the erasure of remote memory
by targeting the PrL region. This finding could be further tested in
human studies, providing support for future translational research
for PTSD treatment. Future investigations into the neural circuit
pathway that transduce peripheral acupuncture stimulation to PrL
activation will shed light on enhancing the effect of EA on
synaptic plasticity modulation in specific brain region.
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