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A B S T R A C T

Post-traumatic stress disorder (PTSD) is characterized by hypermnesia of the trauma and a persistent fear
response. The molecular mechanisms underlying the retention of traumatic memories remain largely unknown,
which hinders the development of more effective treatments. Utilizing auditory fear conditioning, we demon-
strate that a redox-dependent dynamic pathway for dendritic spine morphogenesis in the basolateral amygdala
(BLA) is crucial for traumatic memory retention. Exposure to a fear-induced event markedly increased the
reduction of oxidized filamentous actin (F-actin) and decreased the expression of the molecule interacting with
CasL 1 (MICAL1), a methionine-oxidizing enzyme that directly oxidizes and depolymerizes F-actin, leading to
cytoskeletal dynamic abnormalities in the BLA, which impairs dendritic spine morphogenesis and contributes to
the persistence of fearful memories. Following fear conditioning, overexpression of MICAL1 in the BLA inhibited
freezing behavior during fear memory retrieval via reactivating cytokinesis, whereas overexpression of methi-
onine sulfoxide reductase B 1, a key enzyme that reduces oxidized F-actin monomer, increased freezing behavior
during retrieval. Notably, intra-BLA injection of semaphorin 3A, an endogenous activator of MICAL1, rapidly
disrupted fear memory within a short time window after conditioning. Collectively, our results indicate that
redox modulation of actin cytoskeleton in the BLA is functionally linked to fear memory retention and PTSD-like
memory.

1. Introduction

Post-traumatic stress disorder (PTSD) is commonly understood as a
memory-based disorder characterized by the co-existence of an
increased and persistent traumatic memory. Traumatic memory can be
inhibited through extinction, an active learning process that involves
repeated exposure to a conditioned stimulus (CS) in the absence of the
aversive unconditioned stimulus (US). This process allows for the
updating of existing memories with new information, without erasing
the original aversive memories [1,2]. Given that PTSD is linked the
persistence of vivid and distressing intrusive memories associated with
trauma-related fear, suppressing the later retrieval of these traumatic

memories would be a promising avenue for treatment of PTSD.
Dendritic spines, which are small protrusions on the dendrites of

most excitatory synapses, are dynamic structures that play a crucial role
in synaptic plasticity. Numerous studies have demonstrated that audi-
tory fear conditioning, a well-validated paradigm for assessing fear be-
haviors relevant to traumatic memories, induces long-lasting alterations
in dendritic spine and less plastic changes in emotion-associated brain
regions, such as BLA, which comprises of the lateral amygdala and the
basal amygdala nuclei. These brain regions are closely linked to the
deficits in fear memory retention and extinction [3-5]. However, the
mechanisms underlying the enduring dendritic spine alterations asso-
ciated with aversive fear stimuli remain poorly understood.
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Dendritic spines are dynamic structures governed by the assembly
and disassembly of F-actin cytoskeletal components. The assembly of
actin is driven by its polymerization into F-actin, followed by cross-
linking of actin-binding proteins (ABPs) that form stable network
structures. Conversely, actin disassembly is initiated by the oxidation of
methionine residues 44 and 47 to methionine R-sulfoxide (R-MetO) via
molecules interacting with CasL (MICALs), which are recognized as a
most prominent F-actin disassembly enzyme. This family comprises
three vertebrate members (MICAL1, MICAL2 and MICAL3) and one
invertebrate member, Mical [6-8]. Among these, MICAL1 is the most
extensively studied and is essential for numerous physiological functions
[9-11], while MICAL2 predominantly influences nuclear actin [12], and
MICAL3 is notably expressed in breast cancer stem-like cells [13].
MICALs facilitate the depolymerization of the barbed ends of actin fil-
aments, leading to the destabilization of F-actin and subsequent
remodeling of the cytoskeleton, a process that is essential for cytokinesis
[14-16]. The actin modification induced by MICALs can be selectively
counteracted by a family of stereospecific methionine sulfoxide reduc-
tase enzymes known as methionine sulfoxide reductase B (MsrB) [17].
Furthermore, alterations in the actin cytoskeleton within the BLA are
tightly related to the formation of aversive memories [18-20]. Despite
the enormous interest in actin-regulatory proteins and their roles in
memory processing, the involvement of redox-dependent F-actin dy-
namics in fear memory retention and extinction remains inadequately
understood. Herein, we demonstrated that deficits in the redox cycle of
F-actin underlined the retention of fear stimulus-associated spine alter-
ations. Specifically, F-actin oxidation mediated by MICAL1 actively
remodeled the cytoskeleton and dendritic spine structure in the BLA,
thereby highlighting the capacity of redox events to disrupt fear memory
retention and facilitate fear extinction.

2. Materials and methods

2.1. Animals

Seven-week-old male C57BL/6J mice (20-22 g) were purchased from
Hunan SJA Laboratory Animal (Changsha, Hunan, China). All mice were
housed in clear plastic cages with four individuals per cage, in a tem-
perature (22-24◦C) -and humidity (50-60%) -controlled room. The ani-
mal room was maintained on a 12 h light/dark cycle, with food and
drinking water available ad libitum.

2.2. Agents

Corticosterone (CORT) was purchased from MCE (HY-B1618, New
Jersey, USA), and was diluted to a concentration of 5 mg/kg in drinking
water for a duration of 2 consecutive weeks. Recombinant mouse sem-
aphorin (SEMA) 3A was obtained from R&D Systems (5926-S3-025/CF,
Minnesota State, USA), diluted in phosphate-buffered saline (PBS) to a
concentration of 100 μg/ml, and delivered into the BLA though an
intracranial cannula at a volume of 1 μl.

2.3. Stereotactic surgeries

The stereotaxic surgery procedure was performed as previously re-
ported in our lab [21]. Eight to ten-week-old male mice were anes-
thetized using isoflurane and fixed in a stereotactic frame. Following
hair shaving, a small incision was made in the scalp to expose the top of
the skull, which was leveled by placing lambda and bregma in the same
horizontal plane. LV-transferred vectors were constructed to contain
GV640, which encodes the coding sequences of MICAL1
(CMV-MCS-3FLAG-EF1-ZsGreen1-T2A-puromycin) for overexpression
of MICAL1, with a final titer of 1.0 × 109 TU (transduction units)/ml.
LV-transferred vectors containing GV513 were constructed to encode
the coding sequences of MsrB1 (Ubi-MCS-CBh-gcGFP-IRES-puromycin)
for overexpression of MsrB1, with a final titer of 1.0 × 109 TU/ml. To

knock down MICAL1, an LV harboring shRNA sequence
(5′-GTCCAAGCACCACAAGTTCCT-3′) was used (U6-MCS-Ubi-EGFP),
with a final titer of 7.0 × 108 TU/ml. LV harboring shRNA sequence
(5′-GCTATGAGCTGTTCTCCAGTC-3′) targeting MsrB1 gene was utilized
to knockdown MsrB1 (hU6-MCS-CMV-EGFP), with a final titer of 5.0 ×

108 TU/ml. All viruses were purchased from GeneChem Company
(Shanghai, China). The stereotaxic coordinates for BLA (anteroposterior
(AP): -1.70 mm, mediolateral (ML):±3.40 mm, dorsoventral (DV): -4.00
to -4.20 mm) were taken relative to the bregma, and a volume of 600 nl
of concentrated virus solution was injected bilaterally into the BLA at a
slow rate of 50 nl/min using a microsyringe pump (Word Precision In-
struments, Sarasota, FL, USA). The needle was withdrawn 5 min
post-infusion, and the skin was subsequently closed using medical su-
tures. For cannula implantation, bilateral stainless-steel guide cannula
was inserted into the BLA at the following coordinates (relative to
bregma): AP: -1.40 mm, ML: ±3.40 mm, DV: -3.50 mm. Following the
implantation, the cannula was fixed by applying dental adhesive to the
surface of mouse skull around cannula base. All mice were allowed to
recover on a heating pad until fully awake. For drug injection, mice were
anesthetized with 1.4% isoflurane in a gas mixture comprising 70%
nitrous oxide and 30% oxygen, and drugs were injected into the BLA in a
volume of 1 μl via the cannula using the microsyringe pump, and the
cannula positions were histologically confirmed.

2.4. Cell culture

The HT-22 cell line (31st generation) were purchased from Jennio
biotechnology company (JNO-749, Guangzhou, China), and were
cultured in six-well plates with Dulbcco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum, 100 U/ml of
penicillin and streptomycin at 37◦C in a 5% CO2 incubator. The cells
were incubated with CORT (1 μM) for 24 h prior to harvesting. Subse-
quently, protein samples were measured using western blotting.

2.5. Cued fear conditioning and extinction procedure

Cued fear conditioning and extinction were conducted as our pre-
vious reports with slight modifications [22,23]. The procedures took
place in conditioning chambers (32 × 26 × 30 cm3) situated in two
distinct contexts: context A and context B. Context A, the conditioning
context, was characterized by an original conditioning chamber with
transparent acrylic walls and a bare stainless-steel grid floor. In contrast,
context B, designated as extinction context, was modified by covering
the stainless-steel grid floor with a black acrylic platform and adorning
the chamber walls with black and white stickers. For the cued fear
conditioning, mice were placed in a shock chamber (Coulbourn In-
struments), which was cleaned with 70% ethanol prior to each experi-
ment. Following a 2 min habituation period in context A, mice
underwent fear conditioning involving 5 tone-shock pairings, where a
30 s (5 kHz, 80 dB) tone (CS) co-terminated with a 2 s (0.8 mA) foot
shock (US). Control mice were exposed to 5 CS-only presentations
without the US. Intertrial intervals (ITIs) between each tone-shock
pairing were set at 30 s. For fear memory retrieval, after a 2 min
habituation period (Pre-CS), mice were presented with 2 CS-only pre-
sentations in the conditioning context, each consisting of a 30 s tone
followed by a 30 s interval. Extinction learning occurred over 2
consecutive days (Ext 1 and Ext 2) in context B, consisting of 12 pre-
sentations of CS (with ITIs of 30 s) without the US. For extinction,
conditioned mice that exposed to context B for 12 min over the 2 days
without any CS or US (no extinction group) were defined as controls.
The extinguished fear test was performed 24 h after the final extinction
learning session in context B. Freezing behavior was monitored using an
infrared beam detection system integrated within the fear conditioning
apparatus, and video recordings were subsequently transferred to a
computer equipped with an analysis program (Kinder Scientific, Cali-
fornia, USA), where the freezing behavior was automatically quantified
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using the MotorMonitor П software.

2.6. Open field and elevated plus maze

Open field test was conducted in an operating box (42 cm wide by 42
cm high by 42 cm deep). Each mouse was placed in the center quarter,
and a video camera was used to record movements for a duration of 10
min. For the elevated plus maze test, the maze consisted of two opposing
open arms (30 cm × 5 cm × 0.5 cm) and two closed arms (30 cm× 5 cm
× 15 cm) extending from a central platform (5 cm × 5 cm) and was
elevated 40 cm above the ground. Mice was placed on the center plat-
form of the crossed maze, and allowed to explore freely for 5 min. The
time spent in open arms were manually scored by the ANY-maze
tracking system 5.3 (Stoelting Co., Wood Dale, IL, USA).

2.7. Western blotting analysis

Western blotting was performed as previously described [24].
Briefly, cell or tissue samples were homogenized in ice-cold radio-
immunoprecipitation lysis buffer containing protease and phosphatase
inhibitors (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% sodium dodecyl
sulfate, 1% Triton X-100, 1% sodium deoxycholate). The samples were
lysed on ice for 30 min and subsequently centrifuged at 12,000 g for 20
min at 4◦C. Protein concentration was quantified using the bicincho-
ninic acid assay protein assay kit (P0012, Beyotime Biotechnology,
Shanghai, China). All protein samples were boiled with loading buffer in
a mini-mental bath at 95◦C for 10 min. A total of 30 μg of each protein
sample was separated by 10% or 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and then transferred to
nitrocellulose membranes at 15 V for 45 min. The membranes were
blocked with 5% bovine serum albumin (BSA, Merck Millipore, Bill-
erica, MA, USA) in Tris-buffered saline containing 0.1% Tween-20
(TBST) at room temperature for 1 h, followed by overnight incubation
at 4◦C with various primary antibodies: anti-MICAL1 (1:1,000,
14818-1-AP, Proteintech Group Lnc., Chicago, USA), anti-MICAL2 (1:1,
000, AP52693PU-N, OriGene Technologies Lnc., Maryland, USA),
anti-MsrA (1:1,000, ab16803, Abcam, Cambridge, UK), anti-MsrB1 (1:1,
000, PA5-77009, Thermo Fisher Scientific, Massachusetts, USA), anti--
β-actin (1:2,000, sc-47778, Santa Cruz Biotechnology, California, USA),
anti-GAPDH (Glyceraldehyde-3-phosphate dehydrogenase) (1:2,000,
ab128915, Abcam, Cambridge, UK). After washing the membranes 3
times with TBST, secondary antibodies (1:10,000, LI-COR, Lincoln,
USA) were applied and incubated for an additional hour at room tem-
perature. Following another wash, the antibody-reactive bands were
visualized and analyzed using the LI-COR imaging system (Lincoln,
USA).

2.8. Ratio of F-actin to G-actin assay

The ratio of F-actin to G-actin was quantified using a G-actin/F-actin
in vivo assay kit (BK037, Cytoskeleton, lnc., Denver, USA) according to
the manufacturer’s instructions [25]. Briefly, the BLA tissue was freshly
isolated and snap-frozen in liquid nitrogen. Prior to the assay, a
specialized lysate was prepared by adding 10 μl of a 100 × protease
inhibitor cocktail and 10 μl of a 100 nM ATP stock solution to 1000 μl of
F-actin stabilization buffer, which was then mixed thoroughly and
incubated at 37◦C for 30 min. Subsequently, 10 μl of lysate per mg of
tissue was added immediately for homogenization, followed by a 10 min
incubation at 37◦C. Each lysate was centrifuged at 350 g for 5 min, and
the supernatant was transferred into a pre-warmed (37◦C) ultracentri-
fuge tube for ultracentrifuge (Beckman coulter lnc., USA) at 100,000×g,
37◦C for 1 h to pellet F-actin, leaving G-actin in the supernatant. Each
pellet was further resuspended in 100 μl of F-actin depolymerization
buffer and incubated on ice for 1 h. All samples were diluted with 25 μl
of 5 × sodium dodecyl sulfate sample buffer, mixed thoroughly, and
heat-denatured at 95◦C for 10 min. F-actin and G-actin fractions were

separated using 10% sodium dodecyl sulfate-polyacrylamide gels, and
western blotting was performed to analyze the levels of F-actin and
G-actin using a mouse anti-Actin (1:1000) antibody included in the kit.

2.9. Methionine oxidation of F-actin assay

The tissue of the BLA was gently lysed in immunoprecipitation buffer
NP-40 (P0013F, Beyotime Biotechnology, Shanghai, China), which
contained a protease inhibitor cocktail and phenylmethanesulfonyl
fluoride (PMSF) (ST507, Beyotime Biotechnology, Shanghai, China), for
30 min on ice. The lysate was then centrifuged at 12,000 g for 20 min at
4◦C. Each sample’s supernatant (500 μg) was immunoprecipitated with
mouse anti-F-actin (1:50, ab205, Abcam, USA) antibody overnight at
4◦C. Subsequently, 20 μl of protein A/G plus agarose (sc-2003, Santa
Cruz Biotechnology, California, USA) was added to the supernatant and
incubated for 4 h at room temperature, followed by centrifuging at 4000
g for 5 min at 4◦C. Each immunoprecipitants were washed 3 times for 10
min with NP-40 and centrifuged at 450 g for 3 min. The immunopreci-
pitants were then added to 20 μl of 2 × sodium dodecyl sulfate loading
buffer and heated at 95◦C for 10 min. The level of F-actin methionine
oxidation was detected by western blotting analysis using rabbit anti-
MetO antibody (600,160, 1:200, Cayman Chemical Co., Michigan, USA).

2.10. Biochemical analysis

The concentration of hydrogen peroxide (H2O2) in the BLA was
evaluated using a commercially available kit (A064-1-1, Nanjing Jian-
cheng Bioengineering Institute, China). In this process, H2O2 reacted
with molybdenic acid to form a complex, which was subsequently
quantified at 405 nm using a multimode plate reader (infinite M200
PRO, Tecan, Switzerland). The H2O2 content was then calculated based
on these measurements. Additionally, the concentration of malondial-
dehyde (MDA) in the BLA homogenate was determined using another
commercially available kit (A003-1-2, Nanjing Jiancheng Bioengi-
neering Institute, China), which is based on thiobarbituric acid (TBA)
reactivity. In brief, trichloroacetic acid was mixed with the homogenate,
followed by centrifugation to obtain a supernatant. TBA was then added
to the supernatant, and the intensity of the developed red color from the
reaction was measured at 532 nm using a multimode plate reader.

2.11. Phalloidin staining

Mice were anesthetized using pentobarbitone sodium and subse-
quently underwent transcardial perfusion with saline, followed by 4%
paraformaldehyde. Isolated brain tissues were fixed in 4% para-
formaldehyde overnight and then immersed in 15% and 30% sucrose at
4◦C overnight, respectively. The brain tissues that sank to the bottom of
the container were embedded in optimal cutting temperature compound
and immediately frozen in a -80◦C freezer. Serial sections were obtained
using a freezing microtome (CM1900, Leica Biosystems, Wetzlar, Ger-
many) at -20◦C. Phalloidin staining were performed as previous report,
with some modifications [26]. The slices (30 μm) were permeabilized
with 0.3% Triton X-100 in PBS for 1 h at room temperature, and
non-specific binding sites were blocked using a blocking solution (0.3%
Triton X-100 and 5% BSA in PBS) for 1 h at room temperature. Subse-
quently, the slices were labeled with Actin-stain™ 555 phalloidin
(1:200, Cytoskeleton lnc., Denver, USA) for 1 h at room temperature in
the dark, followed by 3 times washes with PBS. The nuclei were stained
with 4′, 6-diamidino-2-phenylindole in PBS for 10 min at room tem-
perature. All images were obtained using an Olympus confocal micro-
scope (FV1000, Ishikawa, Japan) equipped with a 60 × oil-immersion
objective lens, which allowed for an electronic zoom factor of up to 2.0.
All the microscope settings were kept consistent in each experiment,
maintaining a light transmissivity of 25% at a wavelength of 594 nm. XY
scanning was employed to capture a single confocal image from a hor-
izontal plane, as determined by the clarity of the live image displayed on
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the screen during rapid XY scanning. For the analysis of F-actin fluo-
rescence, images were imported into Imaris software (Bitplane, Zurich,
Switzerland). The fluorescence intensity of F-actin was identified using
the threshold function with the Imaris software with an intensity value
of 200. The software automatically scored the fluorescence intensity
based on the defined profiles.

2.12. Dendritic spines staining

Dendritic spines were quantified following established protocols
with some modifications [27]. Specifically, the BLA were infected with
lentivirus containing green fluorescent protein
(5′-TTCTCCGAACGTGTCACGT-3′, LV-GFP) to enable visualization of
the neurons, and the mice underwent various treatments after two
weeks. At 24 h after cued fear memory or extinction retrieval test, mice
were deeply anesthetized with sodium pentobarbital (45 mg/kg,
administered via intraperitoneal injection) and subsequently perfused
intracardially with 0.9% saline, followed by 4% paraformaldehyde in
phosphate-buffered saline (0.1 M, pH 7.4). The brains were fixed in 4%
paraformaldehyde solution for 24 h and then gradient dehydration in
phosphate-buffered saline containing 15% and 30% sucrose for one day
each. Serial coronal slices (50 μm thick) containing the BLA were ob-
tained using a freezing microtome. For the analysis of dendritic spines,
sections were placed onto microscope slides, treated with 10 μl of
phosphate-buffered saline containing 50% glycerol, and gently covered
with a coverslip. Confocal Z-stack images were captured using a confocal
microscope equipped with a 100 × oil-immersion objective lens and an
additional electronic zoom factor of up to 2.0. Imaris software was
employed to measure the number and length of dendritic spines from 3D
reconstruction. The number and density of spines were normalized per
10 μm of dendritic length and spine types were classified as mushroom,
stubby or long/thin based on specific parameters.

2.13. Statistical analysis

Mice in all experiments were randomly assigned to different groups.
Sample size was set according to those used in similar studies from our
laboratory [21]. Data analysis was performed using GraphPad Prism 8.3
(GraphPad Prism, California, USA). The Shapiro–Wilk test or the
D’Agostino and Pearson test was performed to assess the normality of
samples. The F-test or Brown-Forsythe or Bartlett’s test was used to
evaluate equality of standard deviations. The differences between two
groups were assessed using Student’s t-test or Mann Whitney tests.
One-way ANOVA was applied for comparisons involving more than two
groups, and two-way ANOVA with Bonferroni correction was imple-
mented for comparisons across different conditions. All data were pre-
sented as mean ± SEM. p < 0.05 was considered statistically significant.

3. Results

3.1. Fear conditioning induces reversible changes in dendritic spine
morphology and cytoskeleton dynamics in BLA

The BLA serves as a central hub for salience networks that underpin
emotional experience and plays a critical role in the formation of long-
term fear memory [28,29]. To investigate the effects of cued fear con-
ditioning and extinction on the morphology of dendritic spines in the
BLA, mice were bilaterally injected with lentivirus containing green
fluorescent protein (LV-GFP) for a duration of 2 weeks. Subsequently,
the mice underwent training in a cued fear conditioning paradigm,
wherein a tone (CS) was paired with an aversive foot shock (US)
following a 5 min habituation period to the CS in the conditioning
context (Context A) (Fig. 1A). Compared to the control mice, condi-
tioned mice displayed comparable freezing behavior prior to CS pre-
sentation, but exhibited a significant increase in freezing response
during successive CS presentations throughout the memory acquisition

phase (Fig. S1A). On the following day, all mice were placed in the
conditioning context for fear memory retrieval. Notably, conditioned
mice demonstrated an elevated freezing behavior even in the absence of
CS presentation, while CS presentations elicited a markedly higher
freezing response compared to the control mice (Fig. S1B). Furthermore,
the conditioned mice exhibited similar levels of spontaneous activity,
anxiety-like and social behaviors compared to the control mice
(Fig. S1C–E). Subsequently, we observed an increase in the density of
dendritic spines in the BLA of the conditioned mice (Fig. 1B and C),
which were consistent with previous study [30]. The spines were further
classified into three morphological subtypes: stubby, mushroom and
long/thin shapes. Our analysis revealed that the densities of all spine
types were significantly increased in the BLA of the conditioned mice
(Fig. 1D-F). Actin is the principal cytoskeletal protein, existing in two
forms: globular actin (G-actin) and F-actin, which is polymerized from
G-actin. Given that alterations in the morphology of dendritic spines can
be influenced by the dynamics between G-actin and F-actin [31,32], we
asked whether fear-induced changes in dendritic spines would correlate
with actin dynamics in the BLA. Our findings revealed that, compared to
the control mice, the ratio of F-actin to G-actin was significantly
increased in the BLA of the conditioned mice (Fig. 1G).

Next, we examined the impact of fear extinction learning on den-
dritic spines in the BLA. Mice were subjected to cued fear conditioning in
context A, and 24 h later, the equivalent fear acquisition mice were
trained by an extinction learning in context B (Fig. S1F), which differed
from context A to minimize the effects of contextual memory, over 2
consecutive days (Ext 1 and Ext 2) by presenting 12 CSs on each day
(Fig. 1A). The conditioned mice that were exposed only to context B,
without the presentation of the CS, served as the no extinction group.
Extinction retrieval was conducted 24 h following the final extinction
session in context B, during which the mice extinguished their fear re-
sponses compared to the no extinction group (Fig. S1G). Post-retrieval,
we analyzed the dendritic spines in the BLA 24 h later. The total density
of dendritic spines in the extinction group was significantly lower than
that of the no extinction group (Fig. 1H and I), with a notable decrease in
the density of mushroom-shaped spine (Fig. 1J), while the dendritic of
stubby- and long/thin-shaped spines remained unchanged (Fig. 1K and
L). Additionally, the ratio of F-actin to G-actin in the BLA was decreased
following extinction (Fig. 1M). To visualize F-actin, we stained F-actin
with phalloidin, which selectively binds to the polymerized form of
actin. In the no extinction group, we observed a marked increase in F-
actin fluorescence compared to the control group, which was subse-
quently reversed by extinction (Fig. 1N). Collectively, these findings
indicate that extinction may partially turnover the ratio between F-actin
and G-actin, potentially reversing the fear conditioning-induced in-
crease in dendritic spines.

3.2. Fear conditioning decreases the oxidation of actin methionine
residues in BLA

The turnover between F-actin and G-actin is regulated by the disas-
sembly of actin, with MICALs being the most prominent enzymes
responsible for F-actin disassembly. MICALs directly depolymerize F-
actin within a specific oxidation of methionine residues to R-MetO [6,8].
Then, we examined the effects of cued fear conditioning on the oxidation
of actin methionine residues and its associated redox parameters.
Following cued fear conditioning, the BLA were collected at 1 h, 2 h, 24
h and 2 w to measure the expression levels of MICALs and methionine
sulfoxide reductase enzymes (Fig. 2A). It was found that the expression
of MICAL1 in the BLA was decreased at 2 h after cued fear conditioning
(Fig. 2B), while levels of methionine sulfoxide reductase A (MsrA) and
MsrB1, two key methionine sulfoxide reductases, were elevated at 1 h or
2 h post-conditioning, respectively (Fig. 2C and D). At 24 h
post-conditioning, MICAL1 expression remained reduced in the BLA
(Fig. 2E). Considering MICAL2 is predominantly localized in nucleus
and is known to regulate nuclear gene transcription [12], which may
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play a role in the enduring synaptic modifications during the late phase
of learning, we evaluated MICAL2 at 24 h after fear conditioning;
however, we observed no significant change in its expression levels
(Fig. 2F). Concurrently, MsrB1 levels increased (Fig. 2G), while MsrA
levels did not change (Fig. 2H), indicating a disruption in the actin
methionine redox cycle. Importantly, there was no significant difference
in MICAL1 expression in other brain regions associated with fear,
including central amygdala (Fig. S2A), medial prefrontal cortex
(Fig. S2B), anterior cingulate cortex (Fig. S2C), dorsal and ventral hip-
pocampus (Fig. S2D and E) between control and conditioned mice.
Notably, even two weeks after cued fear conditioning, a persistent
decrease in MICAL1 levels, but not in MsrB1 levels, was observed in the
BLA of conditioned mice (Fig. 2I and J), suggesting a sustained disrup-
tion in the actin methionine redox cycle occurs in the BLA following
trauma.

To further ascertain the effect of fear conditioning on the oxidation of
actin methionine residues, the immunoprecipitation was applied to
isolate F-actin, subsequently examining methionine oxidation using
anti-MetO antibody (Fig. 2K). Our findings indicate that 24 h after fear
conditioning, the level of F-actin MetO significantly decreased (Fig. 2L),
while the total level of MetO remained unchanged in the BLA (Fig. 2M),
suggesting that redox-dependent F-actin dynamics are altered by fear
conditioning, which may contribute to the observed behavioral
outcomes.

3.3. MICAL1-mediated oxidation of actin in BLA disrupts cued fear
memory

We hypothesized that deficits in redox-dependent actin filament
disassembly in the BLA may underlie the retention of fear memory. To
investigate this, we injected LV-GFP containing the coding sequences of
MICAL1 (LV-MICAL1) into the bilateral BLA of conditioned mice to
overexpress MICAL1, subsequently examining its effects on the fear
memory retention (Fig. 3A). LV-GFP was utilized as the control. First,
the efficacy of virus infection was confirmed by the appearance of green
fluorescence (Fig. 3B) and western blotting assay (Fig. S3A). Second,
compared to LV-GFP group, the oxidation of F-actin methionine residues
(Fig. 3C), but not the total MetO level (Fig. 3D), was increased in the BLA
from LV-MICAL1 group. Although all conditioned mice displayed
equivalent freezing response during the CS-US association learning prior
to the injection of LV-GFP or LV-MICAL1 into the BLA (Fig. 3E), only the
LV-MICAL1 group showed a reduction in freezing behavior on retrieval
(Fig. 3F), without affecting spontaneous activity or anxiety-like
behavior (Fig. S3B and C). Furthermore, we detected the levels of
H2O2 andMDA in the BLA, as it has been demonstrated that MICALsmay
release the diffusible oxidant H2O2 in conjunction with their catalytic
activity. No significant differences in H2O2 and MDA content were
observed between LV-GFP and LV-MICAL1 groups (Fig. 3G and H),
suggesting that the behavioral consequence may be not due to the non-
enzymatic oxidation associated with MICAL1.

To further strengthen the functional relationship between redox-
dependent F-actin disassembly and fear memory retention, the

expression of MsrB1 that directly reduced MICAL-oxidized actin and
restored its polymerization properties was knock downed though
bilateral injection of LV that contains the short hairpin RNA (shRNA)
sequences targeting MsrB1 (LV-shMsrB1) into BLA after fear condi-
tioning. LV-scramble was served as the control. Virus infection at BLA
was confirmed by the green fluorescence and western blotting assay
(Fig. 3I, Fig. S3D). Subsequently, mice exhibiting equivalent freezing
response were selected for injection with LV-scramble or LV-shMsrB1
into the bilateral BLA (Fig. 3J). Two weeks post-injection, the LV-
shMsrB1 group showed a lower freezing behavior on retrieval
compared to the LV-scramble group (Fig. 3K), without affecting spon-
taneous locomotion or anxiety-like behavior in an open field and
elevated plus maze test between groups (Fig. S3E and F). Collectively,
these results suggest that increased methionine oxidation of actin in the
BLA may disrupt cued fear memory retention.

3.4. Overexpression of MICAL1 in BLA facilitates the extinction of cued
fear memory

The BLA is critical for fear attenuation induced by exposure therapy-
like extinction protocols [33,34]. We further examined the role of actin
oxidation status on the process of fear extinction. To test this possibility,
a cohort of 35 mice underwent cued fear conditioning, from which 24
conditioned mice were selected for extinction learning over the
following 2 days (Fig. 4A), and conditioned mice that also exposed to
extinction context but without any CS or US (no extinction group) were
served as the controls. Following the final extinction learning, all mice
underwent extinction memory retrieval, the extinction mice that
exhibited a freezing percentage below 20% (16.18 ± 2.25%) were
categorized as extinction success (Ext-success) mice. In contrast, those
mice underwent extinction learning that displayed a freezing percentage
exceedingly twice that of the Ext-success mice were defined as extinction
failure (Ext-failure) mice (33.29 ± 3.08%) (Fig. 4B). The BLA was ob-
tained immediately after retrieval. Compared to the Ext-failure or no
extinction group, the expression of MICAL1, rather than MsrB1, was
found to be elevated in the BLA of Ext-success mice (Fig. 4C and D),
indicating that MICAL1 may be involved in extinguished fear memory.

To explore this possibility, mice with comparable fear acquisition
were injected with LV-MICAL1 into the bilateral BLA to overexpress
MICAL1 gene 24 h after fear conditioning (Fig. 4E and F). LV-GFP was
severed as the control. After two weeks, the mice underwent an
extinction learning paradigm, revealing that mice overexpressing
MICAL1 in the BLA showed a better performance in extinction learning
on day 1 and day 2 (Fig. 4G and H). Notably, LV-MICAL1 group showed
a decreased extinguished fear response on extinction retrieval compared
to the LV-GFP group (Fig. 4I).

Next, we injected LV-shMICAL1 into the bilateral BLA of mice with
equivalent fear acquisition for knockdown of MICAL1 gene 24 h after
conditioning. LV-scramble was used as the control. The effectiveness of
virus was confirmed by green fluorescence and western blotting assay
(Fig. 4J, Fig. S4A). Although both the LV-scramble and LV-shMICAL1
groups exhibited similar freezing response during conditioning

Fig. 1. Fear conditioning induces reversible changes in dendritic spine morphology and cytoskeleton dynamic in BLA. (A) Schematic of the experimental design. (B)
Representative images of dendritic spines in the BLA from control and conditioned mice. Scale bars: 10 μm. Blue arrows indicate mushroom-shaped spines, red arrows
indicate stubby-shaped spines, and white arrows indicate long/thin-shaped spines. (C-F) Fear conditioning resulted in an increased density of (C) total, (D)
mushroom-, (E) stubby- and (F) long/thin-shaped spines in the BLA of conditioned mice (n = 9 neurons from 3 mice per group). (G) The ratio of F-actin to G-actin in
the BLA of conditioned mice was significantly elevated (n = 6 mice per group). (H) Representative images of dendritic spines in the BLA of no extinction and
extinction mice. Blue arrows: mushroom-shaped spines; Red arrows: stubby-shaped spines; White arrows: long/thin-shaped spines. Scale bars: 10 μm. (I-L) Extinction
learning reversed the increases in density of (I) total and (J) mushroom-shaped spines in the BLA, but not (K) stubby- or (L) long/thin-shaped spines (n = 12 neurons
from 4 mice per group). (M) Extinction learning decreased the ratio of F-actin to G-actin in the BLA (n = 9 mice per group). (N) Confocal images of F-actin staining
using phalloidin in the BLA slices of control, no extinction and extinction mice. Scale bars: 20 μm. Extinction learning resulted in a decreased fluorescence density of
F-actin in the BLA (n = 9 slices from 3 mice per group). Ctrl: control; Cond: conditioned; Ext: Extinction; No ext: no extinction. Two-tailed, unpaired t tests (C, D, E, F,
J, L, M); unpaired t-test with Welch’s correction (G); two-tailed, Mann Whitney tests (I, K); one-way ANOVA with Tukey’s multiple comparisons tests (N). *p < 0.05,
**p < 0.01 and ***p < 0.001. Data are presented as the mean ± SEM. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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(Fig. 4K), the LV-shMICAL1 group showed an increased freezing
response during extinction learning on day 2, but not on day 1 (Fig. 4L
and M). Remarkably, the LV-shMICAL1 group showed an elevated
extinguished fear response on extinction retrieval compared to the LV-
scramble group (Fig. 4N). No obvious difference in spontaneous loco-
motion was observed between the two groups in the open field test
(Fig. S4B–D). Furthermore, we tested the effect of MsrB1 on fear
extinction. Similarly, mice with equivalent fear acquisition were
selected for injection with LV-scramble or LV-shMsrB1 into the bilateral
BLA 24 h after conditioning (Fig. S4E and F), followed by 2 consecutive
days of extinction learning 2 weeks later (Fig. S4G and H). However,
both groups showed a similar extinguished fear response on extinction
retrieval (Fig. S4I). Taken together, these data suggest that MICAL1 in
the BLA contributes to extinguish the fear memories.

3.5. Corticosterone-altered MICAL1 expression is involved in the PTSD-
like memories

Prolonged periods of stress or chronic exposure to the stress hormone
CORT enhances stress-related memories, accompanied by changes of
synaptic plasticity in the BLA, which have been involved in the patho-
physiology of PTSD [35,36]. We wondered whether MICAL1 would be a
candidate stress-related protein that regulated PTSD-like memories such
as stress-enhanced fear learning. First, to assess the direct effects of
CORT on MICAL1 protein expression, we conducted an experiment in
which HT-22 cells were incubated with CORT at a concentration of 1
μM. Following 24 h incubation, we observed a decrease in MICAL1
expression following CORT treatment. (Fig. 5A). Next, we investigated
the effects of chronic exposure to CORT on the expression of MICAL1 in
BLA in vivo. Mice were administered CORT exposure in their drinking
water for two weeks. As predicted, CORT exposure resulted in a signif-
icant reduction in MICAL1 expression in the BLA (Fig. 5B), while no
changes were observed in the expression levels of MsrA and MsrB1
(Fig. 5C and D). We also noted that CORT exposure increased freezing
behavior on fear memory retrieval, without affecting fear memory
acquisition (Fig. S5A–C). Taken together, these data indicated that
MICAL1 may work as a potential candidate for a stress-responsive
protein.

Furthermore, we wondered whether the downregulation of MICAL1
was essential to the retention of stress-enhanced fear memory. Mice that
exhibited equivalent fear acquisition were injected with either LV-
scramble or LV-shMICAL1 into the bilateral BLA 24 h after cued fear
conditioning (Fig. 5E and F). Two weeks later, we observed that the LV-
shMICAL1 group retained a stable freezing behavior on fear memory
retrieval compared to the LV-scramble group (Fig. 5G), indicating that
downregulation of MICAL1 expression in the BLA mimics the effects of
CORT on enhancing stress-related memories. A similar outcome was
observed in MsrB1-overexpressed (LV-MsrB1) mice. LV-GFP was used as
the control. It was shown that overexpression of MsrB1 in the BLA
(Fig. 5H, Fig. S5D) of mice, which exhibited comparable fear acquisition
(Fig. 5I), resulted in an increase in freezing behavior on fear memory
retrieval (Fig. 5J), without affecting spontaneous activity and anxiety-
like behaviors (Fig. S5E and F). Consequently, we proposed that

stress-induced downregulation of MICAL1 conferred to the PTSD-like
memory. To address this issue, a new cohort of mice were trained in
cued fear conditioning immediately following two weeks of CORT
drinking, after which they were injected with either LV-GFP or LV-
MICAL1 into the bilateral BLA 24 h after conditioning (Fig. 5K). No
significant differences in freezing response were observed in cued fear
conditioning in CORT-exposed mice (Fig. 5L). However, two weeks
later, the LV-MICAL1 group exhibited a notable reduction in freezing
behavior when exposed to the CS on fear memory retrieval (Fig. 5M).
Thus, our data provides compelling evidence that MICAL1 may act as a
critical mediator of abnormal stress responses following psychological
trauma, contributing to the development of PTSD-like memories.

3.6. MICAL1-mediated methionine oxidation of actin cytoskeleton
reverses fear conditioning-induced increase in dendritic spines in BLA

Actin polymerization is fundamental to the structural plasticity of
dendritic spines, as it facilitates cytoskeleton remodeling, which is
essential for the formation of new memories [37,38]. We sought to
investigate whether the overexpression of MICAL1 gene would influence
both actin cytoskeleton and structural plasticity of the dendritic spines.
The equivalent fear acquisition mice were injected with LV-GFP or
LV-MICAL1 into the bilateral BLA (Fig. 6A). Two weeks later, both the
ratio of F-actin to G-actin and the fluorescent density of F-actin in the
BLA were decreased in the LV-MICAL1 group (Fig. 6B and C). We also
observed that the densities of total spines in the BLA were decreased in
the conditioned MICAL1-overexpressed mice (Fig. 6D and E). Notably,
selective overexpression of MICAL1 in the BLA significantly decreased
the densities of mushroom- and long/thin-shaped spines of the condi-
tioned mice (Fig. 6F and G), but it exerted no obvious effect on
stubby-shaped spines (Fig. 6H).

To further strengthen the role of redox-dependent F-actin disas-
sembly in the structural plasticity of dendritic spines, we took advantage
of a new cohort of mice to subject cued fear conditioning, and the
comparable fear acquisition mice were injected with LV-scramble or LV-
shMsrB1 into the bilateral BLA 24 h after fear conditioning. After two
weeks, compared to LV-scramble group, we observed a reduction in the
total densities of spines in the BLA of conditioned mice in the LV-
shMsrB1 group (Fig. 6I and J). Specifically, the densities of mush-
room- and long/thin-shaped spines in the BLA of conditioned mice were
significantly decreased in LV-shMsrB1 group (Fig. 6K and L), There was
no obvious difference in the densities of stubby-shaped spines in the BLA
between LV-scramble and LV-shMsrB1 groups, regardless of whether the
mice were in control groups or conditioned groups (Fig. 6M).

In summary, our above observations indicate that the increase in F-
actin methionine oxidation by MICAL1 overexpression or MsrB1 gene
knockdown orchestrated fear conditioning-induced structural plasticity
of dendritic spines in the BLA, which may lead to destabilization of fear
memories.

Fig. 2. Fear conditioning decreases the oxidation of actin methionine residues in BLA. (A) Schematic of the experimental design. (B) A significant decrease in protein
level of MICAL1 in the BLA of conditioned mice was observed at 2 h post-conditioning (n = 11 mice per group). (C, D) An increased protein level of (C) MsrA and (D)
MsrB1 in the BLA of conditioned mice at 1 h post-conditioning (n = 11–12 mice per group). (E-F) At 24 h post-conditioning, a decrease in protein level was noted for
(E) MICAL1 in the BLA, while (F) MICAL2 level remained unchanged in conditioned mice (n = 9–11 mice per group). (G) An increase in of MsrB1 protein level was
detected in the BLA of conditioned mice at 24 h post-conditioning (n = 13–15 mice per group). (H) The protein level of MsrA in the BLA was showed no significant
differences between control and conditioned mice at 24 h post-conditioning (n = 10 mice per group). (I-J) At 2 w post-conditioning, there was a notable decrease in
the level of (I) MICAL1, while (J) MsrB1 level remained unchanged in the BLA of conditioned mice (n = 14–15 mice per group). (K) Schematic diagram for illustrating
the immunoprecipitation of F-actin interaction with MetO. (L) A decrease in the level of F-actin MetO in the BLA of conditioned mice was observed at 24 h post-
conditioning (n = 8 mice per group). (M) No obvious difference in the total level of MetO in the BLA was found at 24 h post-conditioning between control and
conditioned mice (n = 8 mice per group). Ctrl: control; Cond: conditioned. One-way ANOVA with Tukey’s multiple comparisons tests (B, C, D); two-tailed, unpaired t
tests (E, F, H, J, L, M); two-tailed, Mann Whitney tests (G); two-tailed, unpaired t-test with Welch’s correction (I); *p < 0.05, **p < 0.01. Data are presented as the
mean ± SEM.
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Fig. 3. MICAL1-mediated oxidation of actin in BLA disrupts cued fear memory. (A) Schematic of the experimental design. (B) Schematic representation illustrating
the validation of immunohistochemistry for the selective expression of lentivirus constructs in the BLA. Scale bars: 100 μm. (C) The level of F-actin MetO in BLA
lysates was significantly increased in the LV-MICAL1 group (n = 8 mice per group). (D) No significant difference in total level of MetO in the BLA was observed
between LV-GFP and LV-MICAL1 groups (n = 8 mice per group). (E) The LV-GFP and LV-MICAL1 groups showed equivalent fear acquisition during conditioning (n
= 13 mice per group). (F) Overexpression of MICAL1 in the BLA resulted in a decreased freezing behavior on retrieval (n = 19 mice per group). (G, H) The con-
centrations of (G) H2O2 and (H) MDA in the BLA were similar between the LV-GFP and LV-MICAL1 groups (n = 5–6 mice per group). (I) Schematic representation of
the immunohistochemistry validation of the restrictive expression of the lentivirus constructs in the BLA. Scale bars: 100 μm. (J) The LV-scramble and LV-shMsrB1
groups exhibited comparable fear acquisition during conditioning (n = 15–16 mice per group). (K) Knockdown of MsrB1 in the BLA resulted in a decreased freezing
level on retrieval (n = 15–16 mice per group). Two-tailed, unpaired t tests (C, D, G, H); two-way ANOVA with Bonferroni’s multiple comparisons post hoc tests (E, F,
J, K). *p < 0.05. Data are presented as the mean ± SEM.
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3.7. MICAL1 reactivation in a short window rapidly disrupts cued fear
memory

Physically, the enzymatic activity of MICALs is auto-inhibited by
their C-terminal domain [39,40]. Previous studies have reported that the
autoinhibition of MICAL1 are released by SEMAs, which are classified
into eight classes (classes 1-7 and class V) based on their structural
domain features [41-43]. Consequently, recombinant mouse SEMA3A
was utilized as an activator of MICAL1 to examine whether reactivation
of MICAL1 within a specific time window could rapidly suppress fear
memory. Mice were bilaterally implanted with cannulas positioned
above the BLA. After one week recovery, the mice that underwent cued
fear conditioning were subsequently injected with either vehicle or re-
combinant mouse SEMA3A into BLA at different time points (Fig. 7A).
Notably, SEMA3A administered 0.5 h after cued fear conditioning
significantly disrupted fear memory, as indicated by a reduced freezing
response during cued fear memory retrieval (Fig. 7B), whereas minimal
differences were observed at other time points (Fig. 7C-E). Taken
together, our data indicate that acquired traumatic memory may be
rapidly disrupted by the reactivation of MICAL1 within a short time
window.

4. Discussion

In recent decades, extensive efforts have been made to erase negative
emotion memories as a treatment for memory-based disorders. Altered
dendritic spine plasticity and cytoskeleton dynamics in the BLA have
been implicated in the fear memory retention, however, the underlying
mechanisms have not been fully clarified. Herein, we discovered a
causal role of redox-dependent cytoskeleton dynamics underlying fear
memory retention and extinction (Fig. 8). Our findings indicated that
deficits in the oxidation dynamics of F-actin in the BLA contributed to
the persistence of fear-associated morphological changes in dendritic
spines. Moreover, targeting cytoskeleton reorganization by promoting F-
actin methionine oxidation disrupted fear memory retention and facil-
itated extinction.

It has long been recognized that fear conditioning increases the
numbers of dendritic spine and dendritic intersections in the BLA, a
critical site of plasticity for extinction [4,44]. A reversal of fear
conditioning-induced alterations in the BLA dendritic plasticity has been
considered to mimic the behavioral consequences of extinction learning
[45]. Mushroom-shaped dendritic spines are characterized by a high
enrichment of F-actin, and recognized as mature and stable structures,
which often referred to as ’memory spines’ [46,47]. A recent study has
reported that decreasing F/G-actin ratio by knockdown of an
RNA-binding protein, fragile X messenger ribonucleoprotein 1, reduced
the ratio of mature spines versus immature spines [48]. In our current
study, we also observed a decreased F/G-actin ratio in Ext mice
(Fig. 1M), which were accompanied by a reduction in mushroom-like
dendritic spines. Collectively, it can be speculated that F/G-actin con-
version may preferentially affect mushroom-like dendritic spines,
although the precise mechanisms require further investigation.

Using phalloidin staining, we observed an increase in actin filaments
and spine numbers in the BLA following fear conditioning, while

subsequent extinction training reversed these effects, supporting the
view that synaptic plasticity events in the BLA may drive fear memory
retention. However, the molecular mechanisms underlying fear
conditioning-induced alterations in dendritic plasticity remain poorly
understood. We identified that MICAL1, an emerging factor involved in
F-actin disassembly, works as a central player underlying fear memory-
related actin dynamics. Actin’s ability to polymerize into dynamic fila-
ments is critical for the plasticity of dendritic spines.

Interestingly, the polymerization of F-actin is susceptible to the
redox modifications of their methionine residues. MICAL1, a cyto-
plasmic protein characterized by a highly conserved flavoprotein mon-
ooxygenase enzymatic domain, directly destabilizes F-actin via
stereospecific oxidation. Over the past decade, numerous work has
highlighted the importance of MICAL1 in many cellular events such as
cell division, vesicle cargo, cell migration, and cell growth [10,11,49].
Until now, to our knowledge, little is known about the role of MICAL1 in
behavioral regulation. Herein, we observed that the expression of
MICAL1 in the BLA was down-regulated rapidly after fear conditioning,
accompanied by a reduction of oxidized F-actin and an increase in
MsrB1, a key enzyme responsible for recovering oxidized F-actin
monomer. It should be noted that stress was discovered to decrease the
level of MICAL1, which may be involved in the process of
stress-enhanced fear learning. Following fear conditioning, over-
expression of MICAL1 in the BLA re-activated cytoskeleton remodeling
and refreshed the spine morphology, indicating that deficits in the
oxidation dynamics of F-actin may confer to the sustained morpholog-
ical changes in the BLA induced by fear conditioning. Overexpression of
MICAL1 did not affect the spine density and dendritic retraction in the
BLA of control mice, but it reduced the spine density in the conditioned
mice. One possible explanation is that, the monooxygenase activity of
MICAL1 is controlled by F-actin content. The increased actin filaments
after fear conditioning may amplify the effect of MICAL1
overexpression.

Some anti-cancer drugs, such as vincristine and paclitaxel, achieve
therapeutic effects in clinical practice via affecting cytoskeleton, and the
actin cytoskeleton has been considered as a potential therapeutic target
for cancer [50-52]. Actin provides the structural underpinnings for the
morphological plasticity of dendritic spines. Given a key role of actin
cytoskeleton dynamics in spine plasticity, the actin cytoskeleton has also
been raised as a potential target for addressing methamphetamine
relapse and morphine withdrawal symptoms. In recent years, much
attention has been paid on the role of major regulatory factors influ-
encing actin dynamics, such as myosin II, cofilin 1 and LIM kinase, in the
fear memory process. Both pharmacological depolymerization of actin
filaments and optical erasure of cofilactin, the main stabilizing factor of
actin filaments, have been found to disrupt memory consolidation,
raising the possibility that the arrest of actin filaments may lead to fear
memory retention [53-55]. Our findings indicate that, similar to the
effects of pharmacological depolymerization, overexpression of MICAL1
in the BLA after fear conditioning not only facilitated the extinction
learning, as evidenced by a decreased freezing behavior in the early trial
blocks on day 1 of extinction learning (Fig. 4G), but also helped stabilize
the newly formed extinction memory, as indicated by a reduced freezing
behavior in the later trial blocks on day 2 of extinction learning

Fig. 4. Overexpression of MICAL1 in BLA facilitates the extinction of cued fear memory. (A) Behavioral scheme for extinction. (B) Extinction success mice displayed
a better performance on extinction retrieval compared to those that experienced extinction failure mice (n = 11–13 mice per group). (C) The expression of MICAL1 in
the BLA was found to be upregulated in extinction success mice, (D) whereas MsrB1 did not show similar changes (n = 10–13 mice per group). (E) Schematic of the
experimental design. (F) The LV-GFP and LV-MICAL1 groups exhibited an equivalent fear acquisition during conditioning (n = 10–11 mice per group). (G, H) The LV-
MICAL1 group showed a better extinction learning on both day 1 and day 2 (n = 10–11 mice per group). (I) The LV-MICAL1 group displayed a significant reduction
in freezing behavior on extinction retrieval (n = 10–11 mice per group). (J) Representative fluorescence image for LV-shMICAL1 expression in the BLA. (K) Both of
the LV-scramble and LV-shMICAL1 groups showed an equivalent fear acquisition during conditioning (n = 8–9 mice per group). (L, M) The LV-shMICAL1 group
showed an increased freezing level during extinction learning on day 2, but not on day 1 (n = 8–9 mice per group). (N) The LV-shMICAL1 group displayed an
increased freezing level on extinction retrieval (n = 8–9 mice per group). Ext: Extinction; Ext-success: Extinction success; Ext-failure: Extinction failure; No ext: no
extinction. One-way ANOVA with Tukey’s multiple comparisons tests (B-D); two-way ANOVA with Bonferroni’s multiple comparisons post hoc tests (F, I, K, N); two-
way ANOVA with Fisher’s LSD tests (G, H, L, M). *p < 0.05, **p < 0.01 and ***p < 0.001. Data are presented as the mean ± SEM.
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Fig. 5. Corticosterone-altered MICAL1 expression is involved in the PTSD-like memories. (A) Incubation of HT22 cells with CORT (1 μM) for 24 h resulted in a
decreased expression of MICAL1 (n = 6 cells per group). (B) Exposure of CORT (5 mg/kg) over two weeks resulted in a decreased expression of MICAL1 in the BLA of
mice (n = 7–8 mice per group). (C, D) No significant differences were observed in the expression levels of (C) MsrA and (D) MsrB1 between vehicle and CORT-
exposed mice in the BLA (n = 6–8 mice per group). (E) Schematic of the experimental design. (F) The LV-scramble and LV-shMICAL1 groups showed a similar
fear response during conditioning (n = 8 mice per group). (G) Knockdown of MICAL1 in the BLA resulted in an increased freezing behavior on retrieval (n = 16–17
mice per group). (H) Representative fluorescence image from the BLA of the LV-MsrB1 group. (I) The LV-GFP and LV-MsrB1 groups exhibited similar levels of
accumulated freezing during conditioning (n = 16 mice per group). (J) Overexpression of MsrB1 in the BLA resulted in an increased freezing behavior on retrieval (n
= 14–16 mice per group). (K) Schematic of the experimental design. (L) CORT-exposed mice exhibited an equivalent fear response during conditioning. (M)
Overexpression of MICAL1 in the BLA reversed the increased fear response on retrieval in CORT-exposed mice (n = 10 mice per group). CORT: corticosterone. Two-
tailed, unpaired t-test with Welch’s correction (A, B); two-tailed, unpaired t tests (C, D); two-way ANOVA with Bonferroni’s multiple comparisons post hoc tests (F, G,
I, J, L, M). *p < 0.05, **p < 0.01. Data are presented as the mean ± SEM.
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(Fig. 4H). Furthermore, intra-BLA injection of recombinant SEMA3A, an
activator that releases MICAL1 from autoinhibition through trans-
membrane plexin receptor, rapidly disrupted fear memory consolidation
in a short time window after traumatic stress. These data strongly sup-
port the hypothesis that modification to actin filaments may in favor of
the erasure of negative memories.

Our data reveals an unexpected role for oxidoreduction in triggering
actin depolymerization to control fear memory process. Although
reactive oxygen species at non-physiological levels are well known to
impair memory and synaptic plasticity, it has been recognized for long
that the reversible oxidation/reduction of specific amino acid mediates
signaling transduction and plays a physiological role in regulating syn-
aptic plasticity [56-59]. A lot of evidence supports that
MICALs-mediated oxidation is crucial for their actin-regulatory function
[6,60,61]. Remarkably, MICAL1 oxidize two specific actin methionine,
Met 44 andMet 47, which are located in an important region involved in
actin subunit interactions [62]. It should be noted that MICALs have also
been found to release the diffusible oxidant H2O2, and despite the

MICALs, ROS is also shown to depolymerize the actin cytoskeleton via
modification of various amino acid residues [14,63], including methi-
onine residues. Our previous study reported that excess oxidative stress
in the BLA impairs fear extinction via oxidizing N-methyl-D-aspartic acid
receptors [64]. Current data leaves a broader opening for investigating
the relationship between non-enzymatic oxidation of F-actin by means
of ROS and specific enzymatic oxidation by MICAL1 in the process of
fear memory.

The present study has certain limitations. First, our findings indicate
that, compared to the no extinction group, the Ext-success mice dis-
played a reduced dendritic spines density (Fig. 1I). However, the den-
dritic spines density of the Ext-failure mice has not been undetermined
in the current study. Additionally, we utilized a lentiviral vector
harboring the shRNA sequence specifically targeting the MsrB1 gene.
Nevertheless, the consequential impact of this gene knockdown on other
redox enzymes, such as MICAL1, are not addressed in the study and
warrant further investigation. Although MICAL1 is widely thought to
selectively target actin, a recent study has demonstrated that MICAL1

Fig. 6. MICAL1-mediated methionine oxidation of actin cytoskeleton reverses fear conditioning-induced increase in dendritic spines in BLA. (A) Schematic of the
experimental design. (B) Overexpression of MICAL1 in the BLA decreased the ratio of F-actin to G-actin in conditioned mice (n = 12 mice per group). (C) Over-
expression of MICAL1 in the BLA reduced the fluorescence density of F-actin in conditioned mice (n = 9 slices from 3 mice per group). Scale bars: 50 μm. (D)
Representative images of dendritic spines from BLA neurons were displayed for the LV-GFP and LV-MICAL1 groups in control and conditioned mice. Scale bars: 10
μm. (E-H) Overexpression of MICAL1 in the BLA reversed the increases in (E) total, (F) mushroom-, and (G) long/thin-shaped spines density in conditioned mice,
while having no effect on (H) stubby-shaped spines (n = 9–11 neurons from 3 mice per group). (I) Representative images of dendritic spines in the BLA neurons were
obtained from the LV-scramble and LV-shMsrB1 groups of control and conditioned mice. Scale bars: 10 μm. (J-M) Knockdown of MsrB1 in the BLA reversed the
increases in (J) total, (K) mushroom-, and (L) long/thin-shaped spines density in conditioned mice, without affecting (M) stubby-shaped spines (n = 10 neurons from
3 mice per group). Ctrl: control; Cond: conditioned. Two-tailed, unpaired t tests (B, C); two-way ANOVA with Bonferroni’s multiple comparisons post hoc tests (E-H
and J-M). *p < 0.05, **p < 0.01 and ***p < 0.001. Data are presented as the mean ± SEM.

Fig. 7. MICAL1 reactivation in a short window rapidly disrupts cued fear memory. (A) Schematic of the experimental design. (B-E) The effect of MICAL1 reactivation
by recombinant mouse SEMA3A on fear memory retrieval was examined. Injection of recombinant mouse SEMA3A into the BLA at (B) 0.5 h, but not at (C) 1 h, (D) 2
h and (E) 24 h post-conditioning, significantly attenuated freezing behavior on retrieval (n = 8 mice per group). Two-way ANOVA with Bonferroni’s multiple
comparisons post hoc tests (left) or two-tailed, unpaired t tests (right) (B-E). *p < 0.05. Data are presented as the mean ± SEM.
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oxidizes methionine at site 308 in Ca2+/calmodulin-dependent protein
kinase II (CaMKII), thereby reducing its activity, while MsrB1 serves to
reduce this oxidation [65]. CaMKII activity is essential for the regulation
of dendritic spines plasticity and actin polymerization [66-68].
Decreased CaMKП activity subsequently inhibits LIM kinases-mediated
phosphorylation of serine 3 on cofilin, a critical F-actin side-binding
protein that accumulates at the base of spine head, which may pro-
mote the turnover of F/G-actin [69,70]. Therefore, the role of
MICAL1-catalyzed oxidation of CaMKП in the traumatic memory
retention remains to be assessed.

5. Conclusion

Our results identified an important redox-dependent mechanism that
regulates fear memory retention and provided further evidence for the
importance of actin cytoskeleton-dependent synaptic plasticity events in
memory-based disorders. Future studies should reveal the functional
relationship between the MICAL1 and ROS-mediated protein

translational modifications in the control of memory, which may pro-
vide a redox perspective for understanding how the traumatic experi-
ence shape aversive memories, and identify new potential therapeutic
interventions against emotion disorders by targeting cytoskeleton.
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