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Abstract

Background: Electromagnetic field (EMF) exposure is increasingly common and has been implicated in a range of effects on human
health. Conditioned fear memory plays a critical role in enabling organisms to respond appropriately to previously encountered threats.
Despite growing interest in the neurobiological consequences of EMF exposure, its impact on the neural circuits underlying conditioned
fear responses has not been clearly defined. Methods: Using a mouse model exposed to combined microwave and static magnetic fields,
we examined the involvement of the primary auditory cortex-basolateral amygdala (Aul-BLA) circuit in EMF-associated alterations in
conditioned fear retrieval. A multifaceted experimental approach was employed, including behavioral assays, viral tracing, genetically
encoded calcium imaging, chemogenetic modulation, histopathological analysis, and immunofluorescence. Results: Exposure was
associated with reduced conditioned fear memory retrieval, pathological changes in Aul and BLA tissue ultra-structures, and decreased
Nissl bodies in Aul neurons and Aul-BLA neuronal fiber projections. The attenuation of conditioned fear memory retrieval coincided
with decreased calcium activity in Aul and BLA neurons. Consistently, chemogenetic activation of Aul calcium-dependent protein
kinase II (CaMKII)-expressing neurons enhanced calcium activity in BLA neurons during fear retrieval and was accompanied by changes
in cholinergic signaling in the BLA. These findings suggest that cholinergic neuronal populations downstream of the Aul-BLA circuit
are sensitive to EMF exposure and may participate in EMF-related modulation of fear retrieval. Conclusions: Our findings support an
association between EMF exposure and altered conditioned fear expression involving functional changes within the Aul-BLA circuit,
especially for the changes in calcium activity and chemogenetic modulation of Aul CaMKII-expressing neurons. This study provides
direct experimental evidence linking EMF exposure to circuit-level functional interactions underlying fear memory retrieval.
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1. Introduction

With the continuous advancement of global industrial-
ization and informatization, the impact of electromagnetic
radiation on human health has attracted increasing atten-
tion. Motor equipment, radar systems, and other devices
often generate combined exposure to microwaves and static
magnetic fields during operation, particularly in special-
ized occupational settings. In such environments, person-
nel working in proximity to radar installations or electro-
magnetic equipment may experience localized and time-
dependent exposure to combined static magnetic fields and
microwaves, whereas exposure levels in surrounding resi-
dential areas are generally much lower and subject to regu-
latory limits. According to the International Commission
on Non-lonizing Radiation Protection, the limit for pub-
lic exposure to microwave radiation involving the head or
trunk is a specific absorption rate (SAR) of 2 W/kg [1], and
that for acute exposure to static magnetic fields involving
any part of the body is 400 mT [2]. As previous studies have

shown, exposure to a single static magnetic field and mi-
crowave radiation under certain conditions can lead to cog-
nitive and behavioral disorders and anxiety-like behavior
[3-5]. Electromagnetic field (EMF) exposure can impair
fear memory capacity. Dehghani ef al. [6] found that rats
exhibited impaired fear extinction capacity after continuous
exposure to 2.45 GHz radiofrequency radiation at a mean
power density of 6 mW/cm? for 1 h per day over 7 days
or 5-6 weeks. Additionally, as McKay et al. [7] reported,
exposing rats to a static magnetic field of 0.5—-1 mT to simu-
late the hippocampal theta rhythm impaired the acquisition
and consolidation of contextual fear memory. However, the
neurobiological effects of combined static magnetic field
and microwave exposure have not been reported.

Fear memory is an adaptive response produced by or-
ganisms when facing dangerous environments, but its dys-
regulation is central to pathologies like post-traumatic stress
disorder (PTSD) [8—10]. The formation of fear memory
helps organisms effectively avoid danger when facing dan-
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gerous environments again. Distinguishing between threat-
ening and non-threatening stimuli is crucial for survival,
and deficits in this discrimination are a core feature of
PTSD. Auditory stimuli are usually applied for fear mem-
ory detection [11], partly because traumatic memories in
humans are often linked to specific sounds, making it a
highly relevant paradigm for translational research. Pre-
vious studies have shown that the auditory cortex not only
processes auditory information but also participates in emo-
tional learning and memory [12,13]. The primary auditory
cortex (Aul) plays a key role in fear memory [13] as it is
involved in identifying tone-emotion pairings and coordi-
nating responses from other brain regions [14,15]. Addi-
tionally, the amygdala, particularly the basolateral amyg-
dala (BLA), is a key brain region involved in the process-
ing of emotions such as fear [16,17]. The BLA receives in-
formation from the auditory cortex, forms fear memories,
and mediates defensive responses [18]. Furthermore, the
extinction of fear memories is closely associated with the
BLA [8,9,19]. Therefore, the Aul-BLA neural circuit plays
an indispensable role in the fear memory process. How-
ever, the underlying molecular mechanisms of the Aul-
BLA neural circuit are unclear.

In our previous studies, we found that exposure to a
moderate static magnetic field of 100 mT (1 h/day for 7—
14 days) induced neuroinflammatory responses in mice and
disrupted dopamine-related signaling pathways [20,21]. In
addition, microwave exposure at a SAR of 2.58 W/kg was
shown to elicit anxiety-like behaviors and cause structural
damage in the visual cortex of mice [22]. These find-
ings provide experimental support for the use of a sta-
ble and biologically relevant animal model of combined
EMF exposure. Based on this experimental framework, the
present study employed a composite static magnetic field
and microwave exposure paradigm to examine the effects
of EMF exposure on conditioned fear memory expression
and the associated neural processes within the Aul-BLA
circuit. This study investigated the role of the Aul-BLA
circuit in the conditioned fear memory after EMF expo-
sure in mice, using conditioned fear memory behavioral
tests, histopathological analysis, viral tracing, genetically
encoded calcium indicators, chemical genetic regulation,
and immunofluorescence. We analyzed changes in the mor-
phological structure, neural fiber projections, and neuronal
calcium activity in the Aul and BLA brain regions in mice
after EMF exposure and explored downstream target neu-
rons in the Aul-BLA circuit, as well as their potential regu-
latory roles. Collectively, this study aims to provide exper-
imental evidence on how EMF exposure may interact with
neural circuits underlying fear-related behavior, while clar-
ifying the scope and limitations of the circuit-level associ-
ations observed under the present experimental conditions.

2. Materials and Methods
2.1 Animals and Groups

All animal procedures were approved by the Institu-
tional Animal Care and Use Committee of the Beijing Insti-
tute of Radiation Medicine (Protocol No. IACUC-DWZX-
2021-685). Ten-week-old wild-type C57BL/6N mice (SPF
Biotechnology Co., Ltd, Beijing, China) weighing 22-24 g,
with an equal number of males and females, were housed
at the Experimental Animal Center of the Beijing Institute
of Radiation Medicine. Mice were randomly divided into
a control group (Con), static magnetic field exposure group
(MF), microwave exposure group (MW), and static mag-
netic field and microwave exposure group (MF&MW). All
mice were housed in an environment maintained at 18-22
°C, relative humidity of 50-60%, and a 12:12 h light-dark
cycle, with free access to food and water.

2.2 EMF Exposure

Animals were placed in a transparent, perforated
acrylic box which allowed free movement, and their whole
body was exposed to EMF. For static magnetic field ex-
posure, mice were placed in a uniform field 1 cm away
from the center of the magnetic field, with a field inten-
sity of 100 mT, for 1 h (Fig. 1A). For microwave expo-
sure, mice were placed on a platform, 43 cm away from the
transmitter antenna, with a center frequency of 9.375 GHz
and an average power density of 12 mW/cm?, for 15 min
(Fig. 1B). Electromagnetic dosimetry was performed using
a finite-difference time-domain algorithm implemented in
the Sim4Life platform (ZMT Zurich MedTech AG, Zurich,
Switzerland), incorporating a mouse-specific anatomical
model (Diggy Male Nude Normal Mouse Model, 23.3 g).
Both the exposure antenna and mouse geometry were ex-
plicitly modeled to calculate whole-body and spatial SAR
distributions under the experimental exposure conditions.
Whole-body averaged SAR values ranged from 2.33 to 2.83
W/kg across individual mice (mean, 2.58 W/kg). Under
rotation around the platform center during exposure, ab-
sorbed dose was considered comparable across animals.
Simulated SAR distributions showed no evidence of focal
hotspots (Supplementary Fig. 1A). To directly assess po-
tential thermal effects during EMF exposure, rectal temper-
ature of mice was monitored using optical fiber thermom-
etry. Rectal temperature was recorded for 5 min prior to
exposure to establish baseline values, continuously moni-
tored throughout the 15-min microwave exposure period,
and further measured for 5 min following the end of expo-
sure. No significant elevation in rectal temperature was ob-
served during or after EMF exposure (Supplementary Fig.
1B). The control group mice were placed in the same acrylic
box under the same experimental conditions, exposed for
the same duration, but without a static magnetic field and
microwave exposure. Mice in the MF group were exposed
only to the static magnetic field, whereas those in the MW
group were exposed only to microwaves. Mice in the com-
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Fig. 1. Diagram of electromagnetic field exposure system. (A) Static magnetic field exposure. (B) Microwave exposure.

bined exposure group were exposed to microwaves after ex-
posure to a static magnetic field.

2.3 Conditional Fear Memory Test

The conditioned fear memory test was conducted us-
ing the Conditioned Fear Memory System (NIR-022; Med
Associates Inc., St. Albans, VT, USA). The experiment was
divided into two stages: fear memory training (training) and
fear memory testing (retrieval-based test). Two sound stim-
uli with frequencies of 12 and 2 kHz were selected, both
with an intensity of 75 dB. During the training phase, mice
were placed in the fear chamber for 150 s for acclimation.
The two kinds of sound stimuli were presented in a pseudo-
random manner, with a duration of 20 s for each stimulus
and a 30-s interval between stimuli. Each of the two sound
stimuli was presented 10 times. The 12 kHz stimulus was
paired with an electric foot shock of 0.6 mA intensity dur-
ing the last 2 s of sound duration. The 2 kHz stimulus was
presented without a paired electric foot shock. Each mouse
was taken out of the fear chamber 2 min after the last sound
stimulation and the experiment was repeated with the next
mouse. The testing phase was designed to assess the re-
trieval of an already established conditioned fear memory.
After a period of 150 s to allow the mouse to adapt to the
fear chamber, mice were presented with a 12 kHz tone last-
ing 100 s without foot shock, followed by removal from the
chamber 2 min later. After a 2-h interval, mice were placed
in the fear chamber again, and a 2 kHz sound stimulus was
administered, lasting 100 s. Freezing behavior during tone
presentation was quantified as an index of conditioned fear
memory expression. The duration of freezing response for
each mouse was measured 1 s after the onset of continu-
ous freezing behavior, and the percentage of freezing time
during the sound stimulation was calculated. Freezing was
defined as complete immobility, excluding breathing.
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2.4 Auditory Function Assessment
2.4.1 Auditory Brainstem Response (ABR)

ABRs were measured to assess hearing sensitivity in
mice. Animals were anesthetized by intraperitoneal injec-
tion of sodium pentobarbital (Cat. No. YU021, Shanghai
Yuyan Scientific Instruments Co., Ltd., Shanghai, China)
(1%, 100 mg/kg). After anesthesia, mice were placed
in a sound-attenuated and electrically shielded chamber.
ABR recordings were performed using a standard audi-
tory evoked potential system (SmartEP-M010000, Intelli-
gent hearing Systems, Miami, FL, USA). Recording elec-
trodes were inserted subcutaneously near the bilateral pin-
nae, with the ground electrode placed subcutaneously at the
midpoint between the two ears on the scalp. Acoustic stim-
uli were delivered through a sound delivery tube positioned
in the external auditory canal. Click stimuli were used for
ABR acquisition. Signals were averaged over 1024 sweeps
with a total analysis window of 10 ms. Stimulation inten-
sity started at 90 dB sound pressure level (SPL) and was
decreased in 10 dB SPL steps to 50 dB SPL, followed by 5
dB SPL decrements until wave I was no longer detectable.
The lowest stimulus intensity at which a reproducible ABR
wave I could be identified was defined as the hearing thresh-
old. ABR thresholds were recorded for both ears.

2.4.2 Distortion Product Otoacoustic Emissions (DPOAE)

Following ABR measurements, DPOAE were
recorded to evaluate cochlear outer hair cell function.
DPOAE testing was conducted using a dedicated otoa-
coustic emission analysis system. An ear probe was gently
inserted into the external auditory canal of each mouse.
Two primary tones (f1 and f2) were presented simultane-
ously, with sound pressure levels of 65 dB SPL for f1 and
55 dB SPL for f2. The resulting distortion product at the
frequency of 2f1-f2 was recorded. Measurements were
obtained across frequencies ranging from 0.5 to 32 kHz.
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DPOAE amplitude was collected for both ears at each
frequency point and used for subsequent analysis.

2.5 Histopathological Analysis

The structural organization of the brain underlies its
functioning. Previous behavioral test showed a decline in
conditioned fear memory at 7 days after EMF exposure.
Thus, the morphological changes in the Aul and BLA brain
regions, which are closely related to conditioned fear mem-
ory, were observed by transmission electron microscopy at
7 days after EMF exposure.

Mice were anesthetized with 1% pentobarbital sodium
(Cat. No. YUO021, Shanghai Yuyan Scientific Instru-
ments Co., Ltd., Shanghai, China) (50 mg/kg) via in-
traperitoneal injection, followed by cardiac perfusion with
4% paraformaldehyde for fixation. The brain tissue was
then harvested. For Nissl staining, the brain tissue was
rapidly placed in a 4% paraformaldehyde solution (Cat. No.
P4500, Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China) for one-week fixation, and then dehydrated with
graded ethanol, cleared in xylene (Cat. No. CAS 1330-
20-7, Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China) and embedded in paraffin. Coronary sections (3-
pm thick) of the auditory cortex and amygdala regions
were made. The sections were dewaxed with xylene, dehy-
drated with graded ethanol, and stained with 0.5% toluidine
blue solution (Cat. No. BL999A, Biosharp, Hefei, Anhui,
China) at room temperature for 25 min. After differenti-
ation with 70% ethanol, xylene transparency, and neutral-
resin mounting, the sections were observed using an optical
microscopy system (DX12; 3DHISTECN, Budapest, Hun-
gary). Image analysis was performed using ImageJ (2024,
Fiji 1.54f) software (NIH, Bethesda, MD, USA) to calculate
the mean optical density (MOD) of Nissl bodies.

For ultrastructural morphology, the left Aul and
amygdala were dissected on ice, placed in 2.5% glutaralde-
hyde (Cat. No. CAS 111-30-8; Xiamen Haibiao Technol-
ogy Co., Ltd., Xiamen, China) for 2 h, followed by fix-
ation with 1% osmic acid (Cat. No. 0109047, Aladdin
Bio-Chem Technology Co., Ltd., Shanghai, China) for 2
h, dehydrated with graded ethanol and acetone (Cat. No.
A475456, Aladdin Bio-Chem Technology Co., Ltd., Shang-
hai, China), embedded in Epon 812, and after positioning
the semi-thin sections, ultra-thin sections were prepared.
Then double staining with uranium acetate and lead citrate
was performed, and the ultrastructural morphologies were
observed using a transmission electron microscope (HT-
7800; Hitachi, Tokyo, Japan).

For influence observation, the frozen sections of brain
were prepared using a cryostat (CM1950; Leica, Wetzlar,
Germany) with a thickness of 20 pm. After mounted with
an anti-fluorescence quenching mounting medium (con-
taining DAPI) (104139, Abcam, Cambridge, UK), the sec-
tions were observed using a laser scanning confocal micro-
scope (LSM880; Leica, Germany). Quantitative analysis of

the fluorescent images was performed using ImagelJ soft-
ware (Fiji, version 1.54f, NIH, Bethesda, MD, USA), and
the relative fluorescent area (area %) was calculated.

2.6 Stereotactic Injection of Virus

The viruses used included rAAV-hSyn-EGFP (Cat.
No. BC-0020, BrainCase Biotechnology Co., Ltd., Shen-
zhen, Guangdong, China), rAAV-hSyn-mCherry (Cat.
No. BC-0023, BrainCase Biotechnology Co., Ltd.),
rAAV-hSyn-jGCaMP7b (Cat. No. BC-0258, BrainCase
Biotechnology Co., Ltd.), rAAV-CaMKIla-hM3D(Gq)-
EGFP (Cat. No. BC-0139, BrainCase Biotechnology Co.,
Ltd.), and rAAV-CaMKIla-hM4D(Gi)-EGFP (Cat. No.
BC-0245, BrainCase Biotechnology Co., Ltd.). Mice were
anesthetized by inhalation of 4-5% isoflurane (Cat. No.
R510-22-2, Ruiwode Life Science Co., Ltd.) and fixed
in a stereotaxic apparatus (Cat. No. 68025, Ruiwode
Life Science Co., Ltd.). Erythromycin ointment (Cat. No.
H36020018, Jiangxi Decheng Pharmaceutical Co., Ltd.,
Nanchang, Jiangxi, China) was applied for eye protection,
and a heating pad was used to maintain body temperature at
37 °C. After disinfection, the scalp was removed to expose
the skull. A mini drill was used to drill holes into the skull,
and the virus was injected into the target brain region at a
rate of 30 nL/min via a glass micro-needle using a micro-
syringe pump. The coordinates for Aul and BLA were de-
termined based on the mouse brain atlas: Aul (anterior-
posterior (AP): —2.3 mm, medial-lateral (ML): +4.3 mm,
dorsal-ventral (DV): =3.2 mm) and BLA (AP: —1.2 mm,
ML: £3.8 mm, DV: -4.9 mm). After injection, the nee-
dle was left for 10 min. Following removal of the needle,
dental cement was applied. The mouse was then allowed to
awaken naturally before being returned to its housing cage
for recovery.

To detect calcium activity in Aul and BLA neu-
rons, TAAV-hSyn-jGCaMP7b was injected into the Aul
and BLA of mice and ceramic inserts were implanted
at the virus injection sites. To detect Aul-BLA neu-
ronal fiber projections, rAAV-hSyn-EGFP was injected
into the Aul, and rAAV-hSyn-mCherry was injected into
the BLA. To regulate the activity of Aul glutamater-
gic neurons, rAAV-CaMKIla-hM3D(Gq)-EGFP or rAAV-
CaMKIIa-hM4D(Gi)-EGFP was injected into the Aul.

2.7 Genetically Encoded Calcium Imaging

Three weeks after AAV-jGCaMP7b injection into the
Aul and BLA, the conditioned fear memory test was con-
ducted. A fiber-optic recording system (QAXK-FPS-SS-
MC-LED, Thinker Tech Nanjing Bioscience Inc., Nanjing,
China) was used to continuously record neuronal calcium
activity throughout the entire behavioral session. The fiber-
optic patch was inserted through a small hole above the
fear chamber and connected to the ceramic implant in the
mouse. A 473-nm laser was delivered through the optical
fiber to excite the genetically encoded calcium indicator jG-
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CaMP7b, and fluorescence signals were continuously ac-
quired during the entire sound stimulation period, including
both freezing and non-freezing behavioral states.

To characterize neural activity associated with fear ex-
pression, freezing onset was identified based on frame-by-
frame behavioral scoring. For freezing-aligned analyses,
calcium traces were aligned to the onset of each freezing
episode. The local trough immediately preceding the rise
of the calcium signal waveform was defined as the ref-
erence time point (T = 0 s) for visualization of freezing-
associated calcium dynamics. Calcium signals were ex-
pressed as AF/Fo = (Fsignat — Fo)/Fo, where Fy was calcu-
lated as the mean fluorescence value during the —2 to 0 s
baseline period preceding T = 0 s. In addition, to assess
stimulus-evoked calcium responses independent of behav-
ioral state, a separate tone-onset-locked analysis was per-
formed. In this analysis, time zero was defined as the onset
of the auditory stimulus (100 s sound onset), and calcium
signals were extracted within a —2 to +10 s window relative
to tone onset for both the 12 kHz conditioned tone and the 2
kHz non-conditioned tone. All trials were included regard-
less of subsequent freezing behavior. Data analysis was
performed using MATLAB (Version R2024a, MathWorks,
Natick, MA, USA).

2.8 Chemical Genetic Regulation

Three weeks after injection of AAV-CaMKIla-hM3D
or AAV-CaMKIla-hM4D, mice received an intraperitoneal
injection of either saline (NS) or clozapine-N-oxide (Cat.
No. CNO-25 mg, BrainCase Biotechnology Co., Ltd.,
Shenzhen, Guangdong, China), prepared at 0.33 mg/mL
and administered at a volume of 0.01 mL/g body weight
(approximately 3.3 mg/kg), 30 min prior to behavioral test-
ing. CNO administration was used to modulate the activity
of Aul CaMKIla-expressing excitatory neurons expressing
designer receptors exclusively activated by designer drugs,
whereas saline served as a vehicle control. Following these
manipulations, conditioned fear behavioral tests were con-
ducted, and freezing behavior during sound stimulation was
quantified to assess changes in fear retrieval.

2.9 Immunofluorescence Staining

Double immunofluorescence staining was used to de-
tect the expression of neuronal-specific markers (ChAT
and GAD 67) and c-Fos was used as a neuronal activ-
ity marker. Briefly, frozen sections of brain tissue were
treated with 0.25% Triton X-100 for 25 min, followed by
antibody blocking with 1% bovine serum albumin (BSA)
(Cat. No. A8020, Solarbio Science & Technology Co.,
Ltd., Beijing, China) for 2 h. Then, the mixture diluent
of c-Fos antibody (1:1000, Cat. No. 2250, Cell Signal-
ing Technology, Danvers, MA, USA) and GAD 67 (1:1000,
Cat. No. ab26116, Abcam, Cambridge, UK) antibody,
or c-Fos antibody (1:200, Cat. No. ab208942, Abcam)
and ChAT (1:1000, Cat. No. ab6168, Abcam) antibody
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diluent was added and the sections were incubated at 4
°C overnight. After washing three times with 0.025% Tri-
ton X-100 (Cat. No. G3068, Wuhan Servicebio Technol-
ogy Co., Ltd., Wuhan, Hubei, China) in phosphate-buffered
saline (PBS) (Cat. No. G4202, Wuhan Servicebio Technol-
ogy Co., Ltd.), amixture of goat anti-rabbit (1:500, Cat. No.
Alexa Fluor® 488, Abcam) and goat anti-mouse (1:500,
Cat. No. Alexa Fluor® 594, Abcam) secondary antibody
was added and the sections were incubated at room tem-
perature for 2 h, followed by washing with 0.025% Triton
X-100 in PBS.

After mounting with anti-fluorescence quencher
medium, the sections were observed using a laser scan-
ning confocal microscope (LSM880; Leica, Wetzlar, Ger-
many). Quantitative analyses were performed with ImageJ
software. For each section, regions of interest (ROIs) cor-
responding to the BLA were manually delineated accord-
ing to anatomical landmarks. Following background sub-
traction and thresholding with identical parameters across
groups, the fluorescence-positive areas for c-Fos and for
ChAT or GAD67 were measured independently. To esti-
mate relative neuronal activity within specific cell popula-
tions, cholinergic and GABAergic activity indices were cal-
culated as the ratio of c-Fos-positive area to ChAT-positive
area (Area-c-Fos/Area-ChAT) or to GAD67-positive area
(Area-c-Fos/Area-GADG67), respectively. In parallel, flu-
orescence colocalization was assessed using the Colocal-
ization Finder plugin in ImageJ. Pearson’s correlation co-
efficients were calculated to quantify the spatial associa-
tion between c-Fos and ChAT signals, or between c-Fos and
GADG67 signals, within the defined ROIs.

2.10 Statistical Analysis

All experimental data were reported as the mean and
standard error of the mean (SEM). Statistical analysis was
performed using SPSS 27.0 software (IBM Corp., Armonk,
NY, USA). Core body temperature measurements obtained
before, during, and after EMF exposure were analyzed us-
ing paired two-tailed Student’s #-tests. The conditioned fear
memory behavior was analyzed using two-way repeated-
measures ANOVA. For sex-stratified analyses and DPOAE
amplitude data were additionally analyzed using multivari-
ate ANOVA with sex and exposure condition as between-
subject factors. Quantification data of Nissl staining and
immunofluorescence staining were analyzed using two-
way ANOVA. The statistical significance of differences in
ABR thresholds, neural-fiber projection, and neuronal cal-
cium signals between groups was assessed using indepen-
dent samples #-tests. p values < 0.05 were considered sta-
tistically significant.
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3. Results

3.1 Attenuation of Conditioned Fear Memory Retrieval
Following EMF Exposure

Fear memory is one of the most important emotions
in both humans and animals, and is generally associated
with cues such as sound or light stimuli [23]. This study
used Pavlov’s classical conditioning model to associate au-
ditory stimuli with foot shock, testing the discrimination of
two sounds with different frequencies, and the freezing re-
sponse in mice. A behavioral paradigm of fear discrimina-
tion during retrieval-based testing was established for EMF
exposure as shown in Fig. 2A,B.

During the conditioned fear training phase, freezing
behavior progressively increased and exceeded 80% from
the sixth to tenth tone presentation, indicating successful
acquisition of conditioned fear memory prior to EMF expo-
sure (Fig. 2C). During the test phase, behavioral responses
were evaluated at multiple post-exposure time points to as-
sess the retrieval of conditioned fear memory. At 6 h af-
ter exposure, the percentage of freezing time response to 2
kHz stimulus was lower in the MF&MW group than in the
MF group 6 h (Fig. 2D). The percentage of freezing time
in response to 12 kHz stimulus with electric shock 7 d af-
ter EMF exposure was significantly lower in the MF&MW
group than in the other groups (Fig. 2E). The percentage
of freezing time in response to a 2 kHz stimulus without
electric shock was also significantly higher in the MF&MW
group than in the other groups (Fig. 2F). The ratio of 2:12
kHz freezing time percentage, percentage of freezing time
of 12 kHz after 6 h, and the freezing time percentage 14 days
after exposure did not differ significantly between groups
(Supplementary Fig. 2). These results indicate that com-
bined exposure was associated with reduced retrieval of
conditioned fear in mice, with the difference being most
apparent at 7 days after exposure, whereas exposure to MF
or MW alone did not result in detectable changes in fear-
related behavior under the present conditions.

To evaluate whether the EMF-associated alterations in
conditioned freezing behavior could be attributed to periph-
eral auditory dysfunction, auditory function was assessed
using ABR and DPOAE. ABR testing revealed no signif-
icant differences in auditory thresholds among Con, MF,
MW, and MF&MW group at 7 days post-exposure, in ei-
ther the left or right ear (Fig. 3A,B). These results indi-
cate that EMF exposure did not induce detectable impair-
ments in auditory nerve or brainstem function. In line with
these findings, DPOAE recordings revealed no significant
group differences in distortion product amplitudes across
the tested frequency range in either ear (Fig. 3C,D), sug-
gesting preserved outer hair cell function following EMF
exposure. Together, these findings indicate that the attenu-
ation of conditioned freezing behavior observed following
EMF exposure is unlikely to result from gross auditory dys-
function and instead supports an interpretation based on al-

tered conditioned fear retrieval rather than primary sensory
deficits.

Because sex differences have been reported in fear re-
lated behaviors [24,25], we next examined whether EMF
exposure induced changes in freezing responses differed
between male and female mice. The results showed a sig-
nificant effect of exposure condition on freezing responses
at 7 days after EMF exposure, whereas no sex-related dif-
ferences or sex-by-exposure interactions were observed for
freezing responses to the 12 kHz conditioned stimulus, the
2 kHz non-conditioned stimulus, or the 2:12 kHz freezing
ratio (Supplementary Fig. 3D—F). In contrast, no signif-
icant effects of sex or sex-by-exposure interactions were
detected at 6 h (Supplementary Fig. 3A—-C) or 14 days
(Supplementary Fig. 3G-I) after EMF exposure for any
of the measured fear-related indices. These results indicate
that the EMF-associated attenuation of conditioned fear re-
trieval observed at the 7-day time point was comparable be-
tween male and female mice under the present experimental
conditions.

3.2 Pathological Changes in Aul and BLA After EMF
Exposure in Mice

Ultrastructure observation 7 days after EMF expo-
sure revealed irregular nuclei, nuclear chromatin conden-
sation and margination, indistinct nuclear membrane, fo-
cal vacuolization of swollen mitochondria, and dilation and
degranulation of endoplasmic reticulum in some Aul and
BLA neurons. Moreover, blurring of the synaptic clefts,
loss of definition of the double membranes, and accumu-
lation of synaptic vesicles in the presynaptic terminal were
observed in the EMF exposure groups (Fig. 4A,B). These
pathological changes of ultrastructure were more marked in
the ME&MW group than in the MF and MW groups, and
the changes were more marked in Aul neurons than in BLA
neurons. This suggests that EMF exposure can cause patho-
logical changes of ultrastructure in neurons in the Aul and
BLA regions of mice.

The effects of EMF exposure on neurons in the Aul
and BLA regions, were confirmed by investigating the
changes of Nissl body in neurons by Nissl staining for both
Aul and BLA 7 days after EMF exposure (Fig. 4C). This
revealed a significant reduction in the MOD of Nissl bodies
in the Aul neurons in the MF&MW group, compared with
those in the Con group, whereas the MOD of Nissl bodies
in the Aul neurons in the MF and MW groups did not dif-
fer significantly from that of the Con group (Fig. 4D). The
MOD of Nissl bodies in the BLA neurons in the MF&MW,
MEF, and MW groups also did not differ significantly from
that of the Con group (Fig. 4E). The reduction in the MOD
of Nissl bodies indicates a decrease in the amount of rough
endoplasmic reticulum and free ribosomes within neurons,
suggesting that EMF exposure may inhibit the protein syn-
thesis in Aul neurons. Additionally, the results of Nissl
body staining suggest that the effects of EMF exposure on
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Fig. 2. Electromagnetic field exposure attenuates conditioned fear memory retrieval in mice. (A) Timeline of conditioned fear
memory experiment. (B) Schematic diagram of the auditory fear conditioning and retrieval-based testing procedure. (C) Percentage of
freezing time in mice for each group during the conditioned fear memory training and retrieval-based test phases. (D) Percentage of
freezing time response to 2 kHz sound stimulus 6 h after exposure. (E,F) Percentage of freezing time response to 12 kHz (E) and 2 kHz
(F) sound stimulus 7 days after exposure. Mean 4+ SEM, n = 8, two-way repeated-measures ANOVA. *p < 0.05, **p < 0.01, ***p <

0.001. Con, control group; MF, static magnetic field exposure group; MF&MW, combined static magnetic field and microwave exposure

group; MW, microwave exposure group.

Aul neurons were more pronounced than those on the BLA
neurons, and that the combined exposure of MF&MW had
a more marked effect on Aul neurons than either MF or
MW exposure alone.
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3.3 Alteration of Aul-BLA Neural Projection Intensity
After EMF Exposure

Aul is responsible for processing auditory stimuli re-
lated to emotions and transmitting the information to the
BLA [26,27]. Therefore, this study investigated the ef-
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fects of EMF exposure on the Aul-BLA neural projec-
tions by anterograde and retrograde tracing. For antero-
grade tracing, rAAV2/9-hSyn-EGFP-WPRE-hGHpA was
injected into the Aul. For retrograde tracing, rAAV?2/retro-
hSyn-mCherry-WPRE-hGHpA was injected into the BLA.

The accuracy of the micro-injection was confirmed
by the expression of fluorescent protein EGFP or mCherry
(Fig. 5A,B). The quantification of Aul-BLA projection
(Fig. 5C,D) showed that 7 days after exposure, both the
anterograde (Fig. SE) and retrograde (Fig. 5F) projections
were significantly reduced in the MF&MW group com-
pared with the Con group. These findings indicate that
EMF exposure is associated with a reduction in projection-
consistent labeling along the Aul-BLA pathway, suggest-
ing an altered functional state of the Aul-BLA circuit under
EMF exposure. Rather than indicating a definitive loss of
anatomical connectivity, this change is more likely to re-
flect alterations in activity-dependent labeling efficiency or
functional properties of Aul-BLA projections.

3.4 Reduced Calcium Activity in Aul and BLA Neurons is
Associated With Altered Conditioned Fear Memory
Expression in Mice Exposed to EMF

Aul is responsible for the integration and transmis-
sion of auditory information [12], whereas BLA processes
and stores emotional information and coordinates behav-

ior [9,28]. Both Aul and BLA play an important role in
conditioned fear memory [29]. To investigate the neural
mechanisms underlying the attenuation of conditioned fear
expression following combined exposure to static magnetic
fields and microwaves, we used genetically encoded cal-
cium imaging technology, rAAV-hSyn-jGCaMP7b were in-
jected into the Aul and BLA brain regions (Fig. 6A). Us-
ing fiber-optic recordings combined with conditioned fear
memory behavioral tests, we examined calcium activity in
Aul and BLA neurons during the retrieval phase of condi-
tioned fear memory. Calcium signals were first analyzed
time-locked to the onset of auditory stimulation, indepen-
dent of behavioral state. We then analyzed calcium activ-
ity in Aul and BLA neurons during sound-evoked freezing
episodes in the conditioned fear memory test, focusing on
neural activity associated with fear expression (Fig. 6B).

Seven days after EMF exposure, tone-onset—aligned
analysis revealed no significant differences in stimulus-
evoked calcium responses between the MF&MW and con-
trol groups, either during presentation of the fear-paired 12
kHz tone or the non-paired 2 kHz tone (Supplementary
Fig. 4), indicating that EMF exposure did not alter the
immediate neural response to auditory cue onset. In con-
trast, when calcium signals were analyzed during freezing
episodes elicited by the fear-paired 12 kHz tone, a signifi-
cant reduction in calcium activity was observed in both Aul
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Fig. 4. Pathological changes of the Aul and BLA neurons in mice exposed to electromagnetic radiation. (A,B) Ultrastructure of
neurons and synapses in the Aul (A) and BLA (B), Black arrows indicate representative pathological features, including cytoplasmic
condensation along the nuclear membrane, mitochondrial swelling, accumulation of synaptic vesicles, and blurred synaptic clefts. (C)
Representative images of Nissl body staining in Aul and BLA. (D,E) Quantification of Nissl body in the Aul (D) and BLA (E). Mean
+ SEM, n = 6, Two-way ANOVA. *p < 0.05. Aul, primary auditory cortex; BLA, basolateral amygdala; Con, control group; MF, static
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MW, microwave exposure group. Scale bars: Neurons, 2 pm; Synapses, 500 nm (A,B); 20 um (C).
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Fig. 6. Reduced calcium activity in Aul and BLA neurons is associated with impaired conditioned fear memory retrieval in

mice exposed to electromagnetic fields. (A) Schematic diagram of rAAV-GCaMP injection into the Aul and BLA brain regions. (B)

Schematic diagram of fiber optic recording combined with conditioned fear memory tests. (C—F) Plot of AUC, AF/Fq (%), and heat
maps of calcium signal in the Aul (C,D) and BLA (E,F) during conditioned fear retrieval elicited by the 12 kHz tone. (G-J) Plot of
AUC, AF/Fq (%), and heat maps of calcium signal in the Aul (G,H) and BLA (I,J) during conditioned fear retrieval elicited by the 2
kHz tone. Mean = SEM, n = 6, independent samples #-test. *p < 0.05, **p < 0.01. AUC, area under the curve; Con, control group; F,

fluorescence signal value; Fo, baseline fluorescence signal value.

and BLA neurons in the MF&MW group compared with
controls (Fig. 6C—F). This reduction was not observed dur-
ing freezing induced by the non-paired 2 kHz tone in the ab-
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sence of electric shock, where calcium activity in Aul and
BLA neurons did not differ significantly between groups
(Fig. 6G-J). Furthermore, calcium activity in Aul and BLA
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neurons remained unchanged at 6 h after EMF exposure re-
gardless of whether 12 kHz or 2 kHz auditory stimuli were
presented (Supplementary Fig. 5).

These results indicate that EMF exposure does not af-
fect stimulus-locked auditory encoding in the Aul-BLA
circuit but selectively reduces circuit engagement during
the expression of conditioned fear. The observed decrease
in calcium activity is therefore associated with altered state-
dependent recruitment of the Aul-BLA circuit during fear
expression, rather than disruption of initial sensory process-
ing or memory acquisition.

3.5 Modulation of Aul CaMKII-expressing Neurons Alters
Conditioned Fear Memory Retrieval in Mice Exposed to
EMF

Glutamate is a neurotransmitter involved in memory
encoding [30,31] and is closely associated with fear mem-
ory [23]. Isler et al. [32] found that patients with tin-
nitus had reduced glutamate levels in the Aul brain re-
gion. Nomura et al. [33] used optogenetic technology
to inhibit glutamatergic neurons in the Aul, resulting in
the impairment of fear memory and memory retrieval in
mice. These findings suggest that glutamatergic neurons
in the Aul may play a critical role in conditioned fear
memory. This study used chemogenetic manipulation com-
bined with conditioned fear behavioral tests to examine the
functional involvement of Aul excitatory neurons in EMF-
associated changes in conditioned fear retrieval. AAV-
CaMKII-hM3D(Gq)/hM4D(Gi) containing the glutamater-
gic neuron-specific promoter CaMKII was injected into the
Aul, and clozapine-N-oxide (CNO) was administered via
intraperitoneal injection to selectively regulate glutamater-
gic neurons in the Aul. The “ON” condition refers to
chemogenetic activation of Aul CaMKII-expressing neu-
rons, whereas the “OFF” condition refers to chemogenetic
inhibition of the same neuronal population.

The changes in percentage of freezing time during
the conditioned fear memory test phase in mice following
EMF exposure were analyzed (Fig. 7A). Seven days af-
ter EMF exposure, the percentage of freezing time in the
MF&MW-NS group was significantly lower than that in
the Con-NS group and Con-ON group when paired with a
12 kHz sound stimulus (Fig. 7B,E), whereas it was higher
in the MF&MW-NS group than in the Con-NS and Con-
ON groups when paired with a 2 kHz sound stimulus
(Fig. 7C,F). The ratio of 2:12 kHz freezing time also in-
creased after EMF exposure (Fig. 7D,G). These results were
consistent with those of the previous conditioned fear mem-
ory behavioral test, and confirmed that EMF exposure can
impair conditioned fear memory in mice.

Notably, following chemogenetic activation of Aul
glutamatergic neurons, the percentage of freezing time in
the MF&MW-ON group was significantly higher than that
in the MF&MW-NS group mice when exposed to 12 kHz
stimulus (Fig. 7B), whereas the percentage of freezing time

12

in the MF&MW-ON group mice was significantly lower
than that in the MF&MW-NS group mice when exposed
to a 2 kHz stimulus (Fig. 7C), and the ratio of 2:12 kHz
freezing time was significantly lower in the MF&MW-ON
group than in the MF&MW-NS group (Fig. 7D).

However, following inhibition of Aul glutamatergic
neurons, the percentage of freezing time in the MF&MW-
NS, MF&MW-OFF, and Con-OFF groups was significantly
lower than that in the Con-NS group when exposed to 12
kHz stimulus (Fig. 7E), whereas the percentage of freez-
ing time (Fig. 7F) and the ratios of 2:12 kHz freezing time
(Fig. 7G) ratio were significantly higher in the MF&MW-
NS, MF&MW-OFF, and Con-OFF groups than in the Con-
NS group when exposed to 2 kHz stimulus.

These results indicate that chemogenetic modulation
of Aul CaMKII-expressing neurons is associated with bidi-
rectional changes in conditioned fear expression following
EMF exposure. Together, these findings support the func-
tional involvement of Aul CaMKII-expressing neurons in
the modulation of conditioned fear expression under EMF
exposure conditions, rather than serving as definitive evi-
dence of cell-type exclusive causality.

3.6 Chemogenetic Activation of Aul CaMKII-expressing
Neurons is Associated With Increased Calcium Activity in
BLA Neurons of Mice Exposed to EMF

To further examine the functional relationship be-
tween Aul neuronal activity and BLA dynamics during
conditioned fear retrieval, we combined chemogenetic ma-
nipulation with genetically encoded calcium imaging to as-
sess changes in BLA neuronal calcium activity following
EMF exposure. Seven days after EMF exposure, during
presentation of the 12 kHz sound triggered mouse freez-
ing behavior, calcium activity in BLA neurons was sig-
nificantly higher in the MF&MW-ON group than in the
MF&MW-NS group (Fig. 8A,B). In contrast, during pre-
sentation of the 2 kHz tone, no significant difference in
BLA calcium activity was observed between the MF&MW-
ON and MF&MW-NS groups (Fig. 8C,D). These find-
ings indicate that chemogenetic activation of Aul CaMKII-
expressing neurons is associated with a partial restoration
of BLA neuronal calcium activity following EMF expo-
sure, supporting a functional link between Aul activity and
BLA engagement during conditioned fear retrieval. Af-
ter EMF exposure, activation of Aul glutamatergic neu-
rons in the brain region only increased the calcium activ-
ity in BLA neurons after 12 kHZ sound signals, but not
after 2 kHz sound signals, possibly because the microcir-
cuits in the BLA mainly encode aversive stimuli [34-36].
These findings suggest that coordinated activity between
Aul and BLA is associated with modulation of conditioned
fear memory retrieval following EMF exposure.
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Fig. 7. Chemogenetic modulation of Aul CaMKII-expressing neurons alters conditioned fear memory retrieval in mice following

electromagnetic field exposure. (A) Flowchart of the chemogenetic-based conditioned fear memory experiment. (B—D) Following

chemogenetic activation of Aul CaMKII-expressing neurons, the percentage of freezing time response to 12 kHz (B) and 2 kHz (C)

sound stimulus, and the ratio of 2:12 kHz (D) in mice. (E—G) Following chemogenetic inhibition of Aul CaMKII-expressing neurons,

the percentage of freezing time response to 12 kHz (E) and 2 kHz (F) sound stimulus, and the ratio of 2:12 kHz (G) in mice. Mean +
SEM, n = 8. Two-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001. Con, control group; MF, static magnetic field exposure group;

MF&MW, combined static magnetic field and microwave exposure group; MW, microwave exposure group; NS, normal saline; ON,

chemogenetic activation of Aul CaMKII-expressing neurons; OFF, chemogenetic inhibition of Aul CaMKII-expressing neurons.

3.7 Activation of Aul CaMKII-expressing Neurons is
Linked to Decreased Cholinergic Signaling in the BLA
After EMF Exposure

A neural network consists of intricate neurons inter-
connected via synapses. Glutamatergic neurons are the pri-
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mary presynaptic neurons, and Aul glutamatergic neurons
can serve as auditory input neurons. In addition, GABAer-
gic neurons and cholinergic neurons are involved in the
acquisition and expression of memory. To explore poten-
tial downstream neuronal populations associated with Aul-
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Fig. 8. Activation of Aul CaMKII-expressing neurons is associated with increased calcium activity in BLA neurons after electro-
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analysis (A), mean AF/Fq traces and corresponding heat maps (B) of calcium signals in the BLA during presentation of the 12 kHz con-

ditioned tone. (C,D) Under EMF exposure, AUC analysis (C), mean AF/Fy traces and corresponding heat maps (D) of calcium signals

in the BLA during presentation of the 2 kHz tone. Mean + SEM, N = 6, independent samples ¢-test. *p < 0.05. Aul, primary auditory

cortex; AUC, area under the curve; BLA, basolateral amygdala; MF&MW, combined static magnetic field and microwave exposure

group; NS, normal saline; ON, chemogenetic activation of Aul glutamatergic neurons.

BLA circuit modulation following EMF exposure, neu-
ronal activity in cholinergic and GABAergic neurons within
the BLA was examined using immunofluorescence label-
ing of c-Fos in combination with cell-type—specific markers
(ChAT and GADG67) (Fig. 9A-D).

Quantitative immunofluorescence analysis revealed
that, 7 days after EMF exposure, the MF&MW-NS group
exhibited both a significantly increased cholinergic activ-
ity index—calculated as the ratio of c-Fos—positive area to
ChAT-positive area—and an enhanced spatial correlation
between ChAT and c-Fos expression in the BLA, compared
with the Con-NS and MF&MW-ON groups (Fig. 9E,F).
These findings indicate elevated activation and tighter func-
tional coupling of cholinergic neurons in the BLA follow-
ing EMF exposure. Notably, chemogenetic activation of
Aul CaMKII-expressing neurons significantly attenuated
both the increase in cholinergic activity and the ChAT—c-
Fos correlation, suggesting that Aul CaMKII-expressing
neuronal activation modulates EMF-associated alterations
in BLA cholinergic neuronal activity.

By contrast, the activity index derived from GAD67-
positive neurons did not differ significantly among groups
(Fig. 9G,H). This suggests that GABAergic neuronal activ-
ity in the BLA was not detectably altered by EMF exposure
or by Aul CaMKII-expressing neuronal activation under
the present experimental conditions.
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4. Discussion

With the rapid advancements in electrical science and
technology, the likelihood of public exposure to EMF, rang-
ing from magnetic fields to microwaves, is increasing. The
brain is one of the most sensitive target organs affected by
EMF, and EMF exposure can lead to neurobehavioral ab-
normalities, such as impaired cognitive ability and attention
[37,38]. Under certain conditions, exposure to static mag-
netic fields or microwaves can cause a decline in learning
abilities and acquisition of memory in mice [39—41]. How-
ever, the effects of static magnetic fields and microwave
exposure on conditioned fear memory, particularly at the
circuit level, have remained largely unexplored.

In the present study, a classical auditory fear condi-
tioning paradigm was used to examine the behavioral con-
sequences of exposure to static magnetic fields and mi-
crowaves, either alone or in combination. Our behavioral
results indicate that combined EMF exposure is associated
with a reduction in conditioned fear memory retrieval, with
the most pronounced behavioral effect observed at 7 days
after exposure. Importantly, because EMF exposure was
applied after establishing fear conditioning, the observed
behavioral changes are more appropriately interpreted as al-
terations in the retrieval of conditioned fear memory, rather
than deficits in memory acquisition or initial formation.
While extinction processes may be engaged, the immediate
reduction in freezing at the 7-day time point (the first major
test post-exposure) likely reflects a retrieval deficit, as ex-
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Fig. 9. Changes in cholinergic and GABAergic neuronal activity in the BLA associated with activation of Aul CaMKII-expressing
neurons after electromagnetic field exposure. (A,B) Representative images of ChAT and c-Fos expression in the BLA of mice in the
Con-NS and Con-ON groups (A), and the MF&MW-NS and MF&MW-ON groups (B). (C,D) Representative images of GAD 67 and
c-Fos expression in the BLA of mice in the Con-NS and Con-ON groups (C), and the MF&MW-NS and MF&MW-ON groups (D). (E)
Quantification of cholinergic activity index, calculated as the ratio of c-Fos-positive area to ChAT-positive area (Area-c-Fos/Area-ChAT).
(F) Quantification of the Pearson’s correlation coefficient reflecting the spatial association between ChAT-positive area and c-Fos-positive
area. (G) Quantification of GABAergic activity index, calculated as the ratio of c-Fos-positive area to GAD67-positive area (Area-c-
Fos/Area-GAD67). (H) Quantification of the Pearson’s correlation coefficient reflecting the spatial association between GAD67-positive
area and c-Fos-positive area in the BLA. Mean + SEM, n = 6, Two-way ANOVA. *p < 0.05, ***p < 0.001. White arrows indicate cells
positive for the respective markers (c-Fos, ChAT, or GAD67). Scale bars: 20 pm (A-D).
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Fig. 10. The role of the primary auditory cortex-basolateral amygdala circuit in the decline of conditioned fear memory retrieval

in mice exposed to electromagnetic fields. Exposure to EMF is associated with reduced conditioned fear memory expression in mice,

accompanied by decreased calcium activity in neurons of both Aul and BLA. Histopathological alterations in both regions may con-

tribute to the behavioral disorder. Notably, Aul CaMKII-expressing neurons are functionally involved in the modulation of conditioned

fear memory expression. Furthermore, cholinergic neurons in the BLA may represent sensitive downstream elements within the Aul-

BLA circuit, showing altered engagement under EMF exposure conditions. EMF, electromagnetic fields; Glu, Glutamate; RER, Rough

endoplasmic reticulum; MC, mitochondrion; ACh, Acetylcholine.

tinction learning typically requires repeated non-reinforced
trials to manifest. Because the conditioned stimulus in this
study was auditory, we considered whether the reduced
freezing responses could be influenced by peripheral hear-
ing alterations. ABR thresholds were unchanged across all
exposure groups at 7 days post-exposure, indicating pre-
served auditory nerve and brainstem function. In addition,
DPOAE amplitudes did not differ significantly among ex-
posure groups, indicating intact outer hair cell function. To-
gether, these findings suggest that the behavioral alterations
observed following EMF exposure are unlikely to be at-
tributable to peripheral auditory dysfunction.

The execution of learning and memory functions in
the central nervous system relies on key constituent struc-
tures, including neurons and synapses [42,43]. Among
these, synaptic plasticity is a well-studied memory model
[44]. Synapses are indispensable neural circuit nodes for
learning and memory formation [42,45]. Synaptic plastic-
ity is considered the primary cellular mechanism underly-
ing learning and memory, which explains how experiences
are encoded into stable memory traces within neural cir-
cuits [45]. Synaptic plasticity in the Aul can distinguish
different types of auditory stimuli [13], and neurons in the
BLA play a key role in the formation of fear memory [9].
Previous studies have demonstrated that Aul-BLA interac-
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tions contribute to the formation and expression of condi-
tioned fear memory. Consistent with this framework, the
present study focused on the Aul-BLA circuit as a candi-
date pathway through which EMF exposure may modulate
fear-related behaviors.

Morphological analyses reveal subtle but consistent
changes in neuronal and synaptic features within both Aul
and BLA following EMF exposure. In parallel, viral tracing
experiments indicated a reduction in projection-consistent
labeling density along the Aul-BLA pathway after com-
bined EMF exposure. Rather than reflecting a definitive
loss of anatomical connectivity, these changes are more
conservatively interpreted as alterations in the structural
integrity, density, or functional state of Aul-BLA pro-
jections, which is consistent with the known anatomical
organization of cortico-amygdala pathways that are com-
posed of fine, sparsely distributed axons with diffuse ter-
minal fields rather than large bundled fiber tracts [46—49].
Together, these findings suggest that EMF exposure may
weaken the effective coupling within the Aul-BLA circuit,
thereby contributing to reduced expression of conditioned
fear responses. Importantly, these changes do not indicate
a loss of macroscopic axonal tracts or a disruption of gross
anatomical connectivity between Aul and the BLA. At the
mechanistic level, EMF exposure is more likely to influence
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synaptic integrity, axonal terminal maintenance, or activity-
dependent labeling efficiency rather than inducing large-
scale axonal degeneration. Consistent with this view, ultra-
structural abnormalities observed in Aul and BLA neurons,
together with reduced calcium activity and altered neuro-
modulatory signaling, may contribute to weakened func-
tional coupling within the Aul-BLA circuit without gross
anatomical disconnection.

Neuronal calcium signaling is widely recognized as
an important link between synaptic activity and plasticity-
related processes underlying learning and memory [50-52].
In the present study, calcium imaging revealed a reduc-
tion in neuronal calcium activity in both Aul and BLA fol-
lowing EMF exposure, most notably during the retrieval
phase of conditioned fear. Moreover, analyses aligned to
the onset of auditory stimulation did not reveal differences
in stimulus-evoked calcium responses between experimen-
tal and control groups, suggesting that basic auditory pro-
cessing and initial cue encoding were largely preserved.
In contrast, reduced calcium activity became evident dur-
ing freezing-associated periods, indicating that EMF ex-
posure preferentially alters neural activity during fear re-
trieval rather than broadly disrupting sensory processing or
memory acquisition. Together, these findings suggest that
EMF exposure is associated with reduced engagement of
the Aul-BLA circuit in a behavior-dependent manner, with
alterations in neural activity emerging during the mainte-
nance of conditioned fear rather than as a generalized sup-
pression of circuit excitability.

In the brain, the vast majority of excitatory and
glutamatergic neurons express CaMKII, and CaMKII-
expressing excitatory neurons are crucial for the forma-
tion of learning and memory [53]. Glutamatergic neu-
rons in the Aul participate in sound discrimination [54—
56]. When a sound is paired with another stimulus, Aul
glutamatergic neurons undergo specific changes [57]. This
study demonstrated that chemogenetic activation of Aul
CaMKII-expressing neurons attenuated the reduction in
conditioned fear memory retrieval observed after EMF ex-
posure, whereas chemogenetic inhibition of Aul CaMKII-
expressing neurons was associated with a further reduc-
tion in conditioned fear memory retrieval in mice. No-
tably, chemogenetic activation of Aul CaMKII-expressing
neurons partially restored calcium activity in BLA neurons
during presentation of aversive auditory cues, consistent
with a functional coupling between Aul excitatory output
and BLA neuronal activity during aversive cue processing
under EMF exposure conditions. These observations sup-
port the view that Aul glutamatergic neurons play a mod-
ulatory role in maintaining fear memory retrieval follow-
ing EMF exposure, likely through their influence on down-
stream BLA circuits.

Presynaptic excitatory glutamatergic neurons, as audi-
tory input neurons, exhibit enhanced synaptic plasticity of
excitatory projection neurons in conditioned fear responses
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[58]. Wolff et al. [59] demonstrated that the conditioned
fear memory process is dynamically regulated through the
specific activation of multiple inhibitory microcircuits in
the BLA region. Both cholinergic and GABAergic neurons
in the BLA play roles in the fear memory process [60—62],
and the two types of neurons may interact within micro-
circuits [63]. For EMF exposure, the neuronal types in-
volved in the conditioned fear memory remain unclear. To
further explore potential downstream cellular targets within
the BLA, we examined activity-dependent c-Fos expression
in combination with cell-type-specific markers for cholin-
ergic (ChAT) and GABAergic (GAD67) neurons. Under
EMEF exposure conditions, increased c-Fos expression was
preferentially associated with ChAT-positive neurons in the
BLA. Notably, chemogenetic activation of Aul CaMKII-
expressing neurons attenuated this cholinergic-related ac-
tivity pattern. In contrast, no significant changes were ob-
served in c-Fos association with GAD67-positive neurons
across experimental conditions. Together, these findings
indicate that EMF exposure and Aul-BLA circuit modu-
lation are associated with differential patterns of activity-
related marker engagement within BLA neuronal subtypes,
with cholinergic-associated measures showing greater sen-
sitivity under the present experimental conditions. Rather
than indicating selective suppression or activation of a sin-
gle neuronal population, these results are consistent with a
model in which Aul glutamatergic input modulates fear-
related activity patterns in the BLA through preferential as-
sociation with cholinergic-related activity within existing
microcircuit frameworks.

In the present study, alterations in conditioned fear
memory following combined EMF exposure are consis-
tently accompanied by changes in the functional state
of the Aul-BLA pathway. Behavioral deficits were ob-
served alongside reduced neuronal activity and weakened
projection-related signals, suggesting that EMF exposure
interferes with the normal engagement of this circuit dur-
ing fear memory expression. Importantly, chemogenetic
activation of Aul CaMKII-expressing neurons partially re-
stored both behavioral performance and BLA neuronal ac-
tivity, suggesting that reduced Aul excitatory drive may
partly contribute to the observed decline in fear mem-
ory retrieval. Although viral tracing revealed changes in
projection-associated labeling, these findings should not be
interpreted as evidence of a permanent loss of anatomical
connectivity. Rather, the data are more consistent with dy-
namic, activity-dependent modulation of the Aul-BLA cir-
cuit. In addition, the absence of a DREADD-negative group
receiving CNO represents a limitation of the present study,
and therefore potential DREADD-independent effects of
CNO cannot be entirely excluded [64,65]. Together, these
observations support the view that EMF exposure affects
conditioned fear memory primarily by altering circuit func-
tion rather than by inducing irreversible structural dam-
age. Further studies focusing on synapse-level plasticity
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and cell-type-specific circuit dynamics will be necessary
to clarify how these functional changes are established and
maintained.

Several limitations should be considered when inter-
preting these findings. The behavioral paradigm mainly as-
sessed conditioned fear memory retrieval and expression,
without directly distinguishing among different stages of
memory processing, such as acquisition, consolidation, ex-
tinction, or reconsolidation. As the experimental paradigm
did not include repeated testing necessary to evaluate other
memory stages, such as extinction or reconsolidation, these
processes were not assessed in the present study. In addi-
tion, although changes in neuronal activity and circuit dy-
namics within the Aul-BLA pathway were observed, the
role of cholinergic signaling was not directly examined. Im-
munofluorescence results for ChAT suggest a possible in-
volvement of cholinergic neurons; however, this evidence
remains indirect. Further studies using cell-type-specific
approaches are needed to determine whether cholinergic ac-
tivity contributes causally to the observed alterations in fear
memory. Finally, the analyses in this study were mainly
based on population-level measurements and therefore may
not fully capture cell-type-specific or microcircuit-level
mechanisms. Future work will be required to clarify how
different neuronal subtypes, including cholinergic neurons,
contribute to EMF-induced changes in fear-related neural
circuits.

5. Conclusions

In summary, this study focused on the Aul-BLA cir-
cuit and examined the effects of combined static magnetic
field and microwave exposure on conditioned fear mem-
ory retrieval in mice, together with the underlying regula-
tory mechanisms (Fig. 10). The figure was generated with
Adobe Illustrator 2024 (Adobe Inc., San Jose, CA, USA).
Our results demonstrate that combined EMF exposure is as-
sociated with a reduction in conditioned fear memory ex-
pression, accompanied by alterations in Aul-BLA circuit
activity and projection-related signaling. These findings
provide new experimental evidence for understanding the
biological effects of EMF exposure on brain function and
may be informative for evaluating the neurobiological im-
plications of EMF exposure and for guiding future experi-
mental studies. Given that fear overgeneralization and per-
sistence are characteristic features of PTSD, our findings on
the Aul-BLA circuit may contribute to a more refined un-
derstanding of the neural substrates underlying maladaptive
fear responses at both conceptual and circuit-mechanistic
levels. However, these findings are not intended to be
directly extrapolated to clinical conditions. Further stud-
ies will be required to elucidate the detailed neurobiologi-
cal mechanisms underlying EMF-induced effects, particu-
larly at the levels of microcircuit organization and cell-type-
specific regulation within the BLA.
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