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BACKGROUND: Commonly encountered nontraumatic, moderate noise is increasingly implicated in anxiety; however, the neural substrates underlying
this process remain unclear.
OBJECTIVES:We investigated the neural circuit mechanism through which chronic exposure to moderate-level noise causes anxiety-like behaviors.

METHODS: Mice were exposed to chronic, moderate white noise [85 decibel (dB) sound pressure level (SPL)], 4 h/d for 4 wk to induce anxiety-like
behaviors, which were assessed by open field, elevated plus maze, light-dark box, and social interaction tests. Viral tracing, immunofluorescence con-
focal imaging, and brain slice patch-clamp recordings were used to characterize projections from auditory brain regions to the lateral amygdala.
Neuronal activities were characterized by in vivo multielectrode and fiber photometry recordings in awake mice. Optogenetics and chemogenetics
were used to manipulate specific neural circuitry.
RESULTS: Mice chronically (4 wk) exposed to moderate noise (85 dB SPL, 4 h/d) demonstrated greater neuronal activity in the lateral amygdala
(LA), and the LA played a critical role in noise-induced anxiety-like behavior in these model mice. Viral tracing showed that the LA received mono-
synaptic projections from the medial geniculate body (MG) and auditory cortex (ACx). Optogenetic excitation of the MG ! LA or ACx ! LA cir-
cuits acutely evoked anxiety-like behaviors, whereas their chemogenetic inactivation abolished noise-induced anxiety-like behavior. Moreover, mice
chronically exposed to moderate noise were more susceptible to acute stress, with more neuronal firing in the LA, even after noise withdrawal.
DISCUSSION: Mice exposed to 4 wk of moderate noise (85 dB SPL, 4 h/d) demonstrated behavioral and physiological differences compared to con-
trols. The neural circuit mechanisms involved greater excitation from glutamatergic neurons of the MG and ACx to LA neurons under chronic, mod-
erate noise exposure, which ultimately promoted anxiety-like behaviors. Our findings support the hypothesis that nontraumatic noise pollution is a
potentially serious but unrecognized public health concern. https://doi.org/10.1289/EHP12532

Introduction
Noise is prevalent in urbanized and industrialized modern societies
and has been associated with severe, adverse effects on both auditory
and nonauditory systems in observational1,2 and rodent studies.3–5
There is evidence in rodents that exposure to high noise levels [>100
decibels (dB) sound pressure level (SPL)] could not only damage the
auditory periphery but also degrade central auditory processing,
further leading to hearing disorders such as tinnitus and neuro-
psychiatric diseases such as anxiety and depression.6–8 Although
moderate noise levels (65–90 dB SPL) may pose a public health
concern, humans commonly experience such noises in industrial
or vocational settings, and traffic.9–12 Moreover, moderate noise
did not change hearing sensitivity in rats13,14 but might effect
learning and memory in rats,15 insulin resistance in male mice,16
and dysbiosis in the microbiome–gut–brain axis in mice.17

Experience-dependent plasticity of the central auditory system
has been observed in developing and adult animals.15,18,19 Still,
the effect of chronic, nontraumatic, moderate-level noise expo-
sure on emotional behaviors remains largely unexplored.

The neural substrate for anxiety evoked by long-term daily
exposure to moderate noise is enigmatic, and the connections
between the auditory and limbic systems have been implicated in
seminal investigations.3,20–23 Studies have found that the amyg-
dala, a brain structure of the limbic system, played a critical role
in modulating the expression and maintenance of emotional
responses in human24 and mice.25 Researchers have extensively
investigated reciprocal projections between the auditory system
and the amygdala in the context of learned fear in rats20,26 and
mice,27 although few studies have yet addressed the involvement
of these connections in noise-related anxiety. Neuronal activities
in the amygdala were closely linked to anxiety-related behaviors
in rats.28 Optogenetic excitation of amygdala neurons29,30 or pro-
jections to distinct targets,31,32 such as the hippocampus,31 eli-
cited anxiety-related behaviors in mice. A similar anxiogenic
effect was also observed following optogenetic activation of syn-
aptic inputs to the amygdala in mice.33 However, the precise cell
type–specific organization and the function (or functions) of the
projection from the auditory system to the amygdala in chronic
moderate-level noise-induced anxiety remain unknown.

In this study, to establish a model of chronic, moderate (non-
traumatic) noise-evoked anxiety, micewere exposed towhite noise
(85 dB SPL, 4 h/d) for 4 wk. The noise exposure protocol was
based on the recommended limit of 85 dBA (A-weighted decibel)
for 8 h/d by the National Institute of Occupational Safety and
Health (NIOSH)34 and a survey that showed noise levels in some
industrial trades35 and environments (including roads36) are not
lower than 85 dB SPL. Four hours thus represented the minimum
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exposure time for those working or living close to heavy traffic37 or
in typical conditions commonly encountered in nightclubs or con-
certs.2,38 This study used white noise because it contains all fre-
quencies across the audible spectrum and has been commonly used
in laboratory experiments to mimic environmental noise.16,39,40

Similar protocols (85–90 dB SPL, 4–12 h/d, 21–56 d) have been
used to examine the effects of noise on sleep41 and stress hor-
mones42 in rats and insulin resistance43 and immunity44 in mice.
Our previous discovery of acute, white noise–evoked mouse
escape implied that sudden noise may be linked to negative emo-
tion.45 The open-field (OFT) and elevated plus maze (EPM) tests
were used to investigate the effects of long-term noise on anxiety-
like behaviors. These exploration-based approach-avoidance con-
flict tests are based on the opposing tendencies of approach vs.
avoidance to potentially dangerous areas in rodents46,47 and reflect
similar behaviors observed in humans with anxiety disorders,
including avoidance of potentially dangerous situations.47,48

To understand the underlying circuit mechanism, viral tracing,
immunofluorescence confocal imaging, and brain slice patch-
clamp recordings were used to characterize projections from au-
ditory brain regions to the lateral amygdala; in vivo multielec-
trode and fiber photometry recordings were used to investigate
neuronal activity in awake mice; and optogenetics and chemo-
genetics were used to artificially manipulate specific neural cir-
cuitry. Deciphering the circuit mechanism for noise-evoked
anxiety could facilitate a better understanding of the impacts of
nontraumatic noise on emotional health.

Methods

Animals
C57BL/6J mice (purchased from Charles River Laboratories) 8–
10 wk of age were used in most experiments unless otherwise
specified, and Gad2-Cre mice 8 wk of age (purchased from
Jackson Laboratories) were only used for brain slice recordings
and optogenetic stimulation to investigate the amygdala microcir-
cuit. Because female mice are intrinsically more variable than
male mice, male mice were used in the current study. Mice were
placed in a colony with 3–5 mice per cage in a stable environ-
ment (23�C–25�C ambient temperature) with free access to
standard lab mouse pellet food and water on a 12-h light/dark
cycle (lights on from 0700 hours to 1900 hours). All experimental
protocols were approved by Animal Care Committee of the
University of Science and Technology of China (USTC).

Chronic Noise Exposure
The mice were placed in a soundproof chamber (interior size:
110× 72× 90 cm; illumination: 100 Lux) with adequate ventila-
tion in two cages (five mice per cage) and provided with food and
water ad libitum. The noise was generated in Adobe Audition 3.2,
amplified (RX-V359; Yamaha), and presented via a free-field
speaker (CP-75A; Shanghai Chuangmu Technology Co. Ltd.).49

The speaker was placed above the mice cages to deliver daily 4–h
85 dB SPL white noise (frequency range of 1 to 22 kHz) for 4 wk
(n=145mice in total). To examinewhether similar behavioral out-
comes were also observed in the animal model of noise-induced
trauma, another noise exposure protocol that was the same as pre-
viously reported,50 in which mice were continuously exposed to
narrowband noise (16–20 kHz at 104 dB SPL, 24 h/d) for 8 d (n=9
mice), was used. The noise was measured in decibels using a
sound-level meter (AWA-5661-A; Aihua). Mice were returned to
the animal breeding room after noise exposure, and control mice
received the same manipulations in the soundproof chamber but
without noise stimulation (n=9–48mice/group).

Auditory Brainstem Response (ABR) Recording
ABR recordings were used to evaluate hearing sensitivity after
4-wk white noise exposure (n=6=group) or 8-d narrowband noise
exposure (n=9–10=group) in noise-exposed and control mice.
Tucker-Davis Technologies System 3 hardware (Medusa Pre-
Amps, RZ6Multi I/O Processor, MF1 multifield magnetic speaker)
and software (BioSigRZ 5.7) were used for sound delivery and
ABR recordings. Acoustic stimuli were transmitted through an
open-field magnetic speaker (MF1; Tucker-Davis Technologies).
Click-pips (5-ms full-cycle sine waves) were used as auditory stim-
uli, with 10-dB intensity steps from 10 to 90 dB SPL. To collect
sound-evoked bioelectrical potentials, three needle electrodes were
subcutaneously inserted in the contralateral ear (reference), the ver-
tex of the head (ground), and the test ear (active) of isoflurane-
anesthetized mice. Hearing thresholds were determined as the
lowest sound intensity for evoking an ABR waveform in which
wave I could be visually discerned. A temperature controller
(RWD Life Science) was used to maintain the animals’ body
temperatures at 36°C, and the animals’ eyes were covered with
ophthalmic ointment for moisture.

Stereotaxic Surgery and Virus Injection
Stereotaxic brain injection was conducted on themice anesthetized
by an intraperitoneal injection of pentobarbital (20 mg=kg) and
mounted on a stereotactic frame (RWD Life Science). The ani-
mals’ body temperatures were maintained at 36°C throughout the
surgery and virus injections with a heating pad. Based on mouse
brain atlas coordinates, a small craniotomy was drilled above the
target brain region. A volume of 100–250 nL of the viruswas deliv-
ered into the target areas at a rate of 30 nL=min through a glass
micropipette with a tip size of 10–15 lm in diameter connected
to a 10-lL Hamilton microliter syringe, which is controlled by
a microinjection syringe pump (UMP3T-1; World Precision
Instruments). After injection, the pipette was rested at the injec-
tion site for an additional 5 min before withdrawal to avoid back-
flow of the virus. Ointment was applied to the eyes of the mice
for moisture throughout the experiment. The coordinates were
defined as dorso-ventral (DV) from the brain surface, anterior-
posterior (AP) from bregma, and medio-lateral (ML) from the
midline (in mm).

For retrograde tracing, the lateral amygdala (LA) (AP,
−1:85 mm; ML, 3:25 mm;DV, 3:20 mm)was injectedwithAAV2/
2Retro-hSyn-eGFP-WPRE-pA (rAAV2/2-EGFP, 6:84× 1012 viral
genome (vg) per milliliter, 180 nL; Taitool Bioscience) (n=3 mice)
that could infect the axon terminals and was transported retrogradely
to the soma for enhanced green fluorescent protein (EGFP) expres-
sion. Three weeks later, mice were transcardially perfused to har-
vest the brains for immunostaining by using antibodies for
glutamate and GABA in brain slices containing the auditory cor-
tex (ACx) (n=9–10 slices/group) and/or the medial geniculate
body (MG) (n=5–6 slices/group).

To simultaneously visualize the LA neurons innervated by the
ACx and theMG, the anterograde trans-synaptic virusAAV2/1-hSyn-
Cre-WPRE-pA (2:37× 1013 vg=mL, 250 nL; Taitool Bioscience)
and AAV2/1-hSyn-Flpo-WPRE-pA (1:92× 1013 vg=mL, 200 nL;
Taitool) was injected into the ACx and MG, respectively; and the
Flpo-dependent AAV2=9-hEF1a-fDIO-EYFP-WPRE-pA (AAV-
fDIO-EYFP, 1:53× 1013 vg=mL, 180 nL; BrainVTA) and Cre-
dependent AAV2=9-hEF1a-DIO-mCherry-WPRE-pA (AAV-
DIO-mCherry, 6:76× 1012 vg=mL, 180 nL; BrainVTA) were
co-injected into the ipsilateral LA (AP, −1:85 mm;ML, 3:25 mm;
DV, 3:20 mm). The mice (n=3) were then returned to their home
cages to allow for viral expression. After a waiting period of 3wk, the
mice were sacrificed, and the brains were removed for cryosection
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to visualize the EYFP and mCherry fluorescence signals (n=6 sli-
ces/group) in the LA.

For optogenetic activation of the ACxGlu-LA or MGGlu-LA
circuits, the rAAV-CaMKIIa-ChR2-mCherry-WPRE-hGH-pA
(AAV-CaMKIIa-ChR2-mCherry, AAV2/9, 2:3× 1012 vg=mL;
BrainVTA) virus was injected into the ACx (250 nL) or MG
(200 nL) of C57 mice (n=12 mice/group). The optical fiber
with a diameter of 200 lm (FOC-C-W-200-1.25-0.37-4.0;
Newdoon Technology Co., Ltd.) was subsequently implanted
above the LA. The optic fiber ferrule was firmly secured with
dental cement for connecting the laser generator. For chemoge-
netics, rAAV-CaMKIIa-hM3DðGqÞ-mCherry-WPRE-pA (AAV-
CaMKIIa-hM3Dq-mCherry, AAV2/9, 5:85× 1012 vg=mL, 180 nL;
BrainVTA) virus was injected into the LA for selective activation
of LA glutamatergic neurons (n=6 mice). To selectively silence
ACx and MG projection terminals at the LA, the rAAV-CaMKII
a-hM4DðGiÞ-mCherry-WPRE-pA (AAV-CaMKIIa-hM4Di-mCherry,
AAV2/9, 2:1× 1012 vg=mL; BrainVTA) virus was infused into the
ACx (250 nL) and MG (200 nL) (n=8 mice). The cannula was
implanted at the LA, affixed with dental cement at the skull, and
capped for later local application of clozapineN-oxide (CNO; Sigma).
The rAAV-CaMKIIa-mCherry-WPRE-hGH-pA (AAV-CaMKII
a-mCherry, AAV2/9, 2:48× 1012 vg=mL; BrainVTA) virus was
used as the control (n=6–12 mice/group). All virus was bilaterally
injected through two craniotomies over the target regions to achieve
the maximal effect for optogenetic and chemogenetic behavioral
experiments. Unless otherwise stated, all viruses were packaged by
BrainVTA Company. Virus aliquots were frozen at −80�C for long-
term storage, and an aliquotwas taken out and stored at 4°C for imme-
diate use. All animals were transcardially perfusedwith ice-cold 0.9%
saline followed by ice-cold 4% paraformaldehyde (PFA) dissolved in
phosphate buffer (0:1 M). The isolation of the brains and the prep-
aration of brain slices are described in the “Methods” subsection
titled “Immunohistochemistry and Imaging”. A confocal micro-
scope (LSM880; Zeiss) captured images with fluorescence sig-
nals. A brief description of each virus used in these experiments
is provided in Excel format in Excel Table S5. Animals with
missed injections were excluded from further analysis, as
reported in Excel Table S6.

Optogenetic and Chemogenetic Manipulations
For optogenetic manipulation, experimenters handled mice for
3 d before behavioral tests. Mice were transferred to the testing
room on the day of the experiment and acclimated for ∼ 4 h. The
mice were isoflurane-anesthetized for attaching the chronically
implanted optical fibers to a laser generator (Shanghai Fiblaser)
with the fiber optic cable and sleeves. Then the mice were
allowed to recover for at least 30 min in their home cages. A
Master-8 pulse stimulator (AMPI) was used to trigger the laser
generator to emit blue light (473 nm, 5–8mW, 15-ms pulses,
20Hz) for selective activation of the ACx or MG (n=12 mice/
group) projection terminals at the LA or the LA (n=12 mice).
The control mice received the same stimulation (n=10–12 mice/
group). In chemogenetics, for systemic ligand administration,
mice under isoflurane anesthesia were intraperitoneally given a
dose of CNO (5 mg=kg; Sigma) or saline 30 min before behav-
ioral testing; for local ligand application, CNO (0:1 lL, 1 mg=mL;
Sigma) was perfused through the drug cannula connecting to a
10-lL Hamilton microliter syringe, which is controlled by a micro-
injection syringe pump (UMP3T-1; World Precision Instruments)
in mice under brief isoflurane anesthesia (n=6–8 mice/group).
After all behavioral tests, mice were killed to confirm the sites
for virus injection and optical fibers. Data from mice with
incorrect injection or placement were excluded from further
analysis.

Local Drug Infusion
A catheter (250 lm in diameter; RWD) was chronically implanted
at brain areas of interest, including LA (AP, −1:85 mm; ML,
3:25 mm; DV, 3:20 mm), ACx (AP, −2:70 mm; ML, 4:40 mm
with a 12° angle; DV, 0:80 mm), and MG (AP, −3:20 mm ; ML,
2:00 mm; DV, 2:85 mm), in anesthetized mice mounted in a stereo-
taxic apparatus. The implant was firmly cemented to the mouse skull
and capped until drug application. An internal stainless-steel in-
jector was connected to the guide cannula with a diameter of
0:34 mm for locally infusing CNO (0:1 lL, 1 mg=mL; Sigma),
muscimol (0:2 lL, 0:5 mg=mL; Sigma) or saline into the LA
(n=6–10 mice/group), and muscimol or saline into the ACx
(n=6 mice/group) or MG (n=6 mice/group) at a flow rate of
150 nL=min using a 10-lL syringe (Hamilton) and an infusion
pump. The injector was gently withdrawn 2 min after infusion,
and about 30 min later, the behavioral tests were conducted.
After completing all behavioral tests, the site for the implanted
catheter was also confirmed. Data from mice with incorrect
placement were excluded from further analysis.

In VivoMultielectrode Electrophysiology in Head-Fixed
Mice
The mice under isoflurane anesthesia were placed in the stereo-
taxic frame, and a custom-made headpost was cemented on the
skull (n=3 mice/group). The headpost was firmly attached to a
holder for head fixation. The mice were trained to habituate the
fixation apparatus and to run freely on a circular plexiglass plate
(diameter: 20 cm). One day before the first multielectrode record-
ings, the mice were anesthetized with isoflurane, and a craniot-
omy was performed in isoflurane-anesthetized mice above the
LA sealed with KWIK-SIL silicone adhesive (World Precision
Instruments) until the recording experiments. On the day of the
recordings, the adhesive was removed to expose the craniotomy
on the head-fixed mice. A 16-channel silicon probe (two shanks
spacing in 200 lm, electrode site spacing in 100 lm; Jiangsu
Boen Medical Technology) was remotely controlled and lowered
into the LA by a single-axis micromanipulator (S-IVM-1500P;
Scientifica). The electrodes were allowed to rest for at least 20
min before recording. Spike signals were amplified and stored
using a Neurostudio amplifier and Neurostudio data acquisition
software (Great Think Medical Technology). Spike sorting was
performed with a sorting method involving the T-Dis E-M algo-
rithm built-in Offline Sorter 4 (Plexon). The firing rates of sorted
units were calculated using Neuroexplorer 5 (Nex Technologies).

In Vivo Fiber Photometry Recordings
Fiber photometry was used to record calcium signals (n=5 mice/
group). Specifically, an injection of rAAV-CaMKIIa-GCaMP6m-
WPRE-hGH-pA (AAV-CaMKIIa-GCaMP6m, AAV2/9, 2:35× 1012

vg=mL; 200 nL, BrainVTA) virus and the implantation of an optical
fiber (200 lm OD, 0.37; NA, Newdoon) were performed at the LA.
The mice were allowed to recover for at least 3 wk before fiber pho-
tometry recording. A mono fiber optic patch cord (MFO-1x2-F-
W1.25-200-0.37-100; Inper Ltd.) connected to a fiber photometry
system (INPER-C1-3C, Inper Ltd.) was attached to the implanted
fiber optic cannula. To record GCaMP6m fluorescence signals,
470 nm LED light was bandpass filtered (470=10 nm), collimated,
reflected by dichroic mirrors, focused using a 20× objective and
then delivered at a power of 25–40 lW at the tip of the fiber optic
cannula. The emitted fluorescence from GCaMP6m was bandpass
filtered (525=40 nm) and focused on the sensor of a CMOS camera.
The end of the fiber was imaged at a frame rate of 60 fps with
InperSignal software, and themean fluorescence value of the ROI at
the end-face of the fiber was calculated using InperPlot 1.0 software.
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To serve as an isosbestic control channel, 410 nm LED light
was bandpass filtered (410=10 nm) and delivered alternately
with 470 nm LED light. GCaMP6m fluorescence intensity was
recorded before, during, and after sound stimulation. The
changes in fluorescence (DF=F) were calculated by the equation
of DF=F0= ½FðtÞ− F0ðtÞ�=F0ðtÞ, and the signals at 5 s before
noise stimulation were set as the baseline [F0(t)]. All heat maps
and averaged Ca2+ signal traces with shaded areas representing
the standard error of the mean were generated in InperPlot soft-
ware (Inper Technology).

In Vitro Electrophysiological Recordings
Mice were anesthetized with pentobarbital sodium (2% w/v, i.p.)
and then intracardially perfused with a 20 mL ice-cold carbogen-
ated modified N-methyl-D-glucamine artificial cerebrospinal
fluid (NMDG ACSF) that included (in mM) 93 NMDG, 1.2
NaH2PO4, 2.5 KCl, 20 N-2-hydroxyethylpiperazine-N-2-ethane-
sulfonic acid (HEPES), 30 NaHCO3, 5 Na-ascorbate, 2 thiourea,
25 glucose, 0.5 CaCl2, 10 MgSO4, and 3 Na-pyruvate (GSH).
The mice were decapitated, and the removed brain was glued to
the vibratome bed plate. The coronal slices (300 lm) containing
the LA, the ACx, or the MG were sectioned at 0:18 mm=s in ice-
cold NMDG ACSF (VT1200s; Leica). The slices were then incu-
bated in NMDG ACSF at 33°C for 12 min before being transferred
to HEPES ACSF containing (in mM) 92 NaCl, 2.5 KCl, 20
HEPES, 30 NaHCO3, 1.2 NaH2PO4, 25 glucose, 5 Na-ascorbate,
3 Na-pyruvate, 2 MgSO4, 2 CaCl2, 2 thiourea, and 3 GSH at 28°C
for at least 1 h. Slices were transferred to a recording chamber (RC-
27; Warner Instruments) and constantly perfused with carbogenated
recording solution (129mM NaCl, 3mM KCl, 3 HEPES, 2:4mM
CaCl2, 20mM NaHCO3, 10mM glucose, 1:3mM MgSO4, and
1:2mM KH2PO4) at a rate of 3 mL=min at 32°C, which was main-
tained by an in-line solution heater (TC-344B; Warner Instruments).
The pH of all ACSF was set to 7.3–7.4, the osmolarity to
300–310mOsm=kg, and bubbled continuously with 95% O2=5%
CO2.

An infrared-sensitive CCD (charge-coupled device) camera
with a 40×water-immersion lens (BX51WI; Olympus) was used
for whole-cell patch-clamp recordings to visualize the neurons.
Patch pipettes (5–7 MX) were filled with internal solution con-
taining (in mM) 130 K-gluconate, 5 KCl, 2 MgCl2, 10 HEPES,
0.6 EGTA, 0.3 Na-GTP, and 2Mg-ATP (pH: 7.2–7.3, osmolarity:
285–290mOsm=kg) and pulled from 1:5 mm borosilicate glass
capillaries (VitalSense Scientific Instruments) on a horizontal
micropipette puller (P1000; Sutter Instruments). The neurons were
held at −70mV or 0mV in voltage-clamp mode to record mem-
brane currents and at 0 pA in current-clamp mode to record action
potential firings or membrane potentials (n=5–14 cells/group).

For recording light-evoked postsynaptic responses, blue light
was generated through a laser generator (Shanghai Fiblaser
Technology) and delivered through an optical fiber (200 lm in di-
ameter; Inper) placed 0:2 mm above the target region of the brain
slice. For recording disynaptic light-evoked PSC, the neurons
were held at –30mV to get a biphasic current consisting of an
inward excitatory postsynaptic current (EPSC) followed by an
outward inhibitory postsynaptic current (IPSC). To dissect the
LA microcircuit, light-evoked IPSCs were recorded in glutama-
tergic neurons of Gad2-Cre mice with LA injection of
rAAV-EF1a-DIO-hChR2ðH134RÞ-mCherry (AAV-DIO-ChR2,
1:63× 1013 vg=mL, 180 nL; BrainCase) and rAAV-CaMKIIa
-EYFP-WPRE-hGH-pA (AAV-CaMKII-EYFP, 2:48× 1012 vg=mL,
180 nL;BrainVTA). For recordingminiature excitatory postsynaptic
currents, neurons were held at a holding potential of −70mV in the
ACSF containing tetrodotoxin (TTX, 1 lM) and picrotoxin (PTX,
100 lM). For recordingminiature inhibitory postsynaptic currents,

neurons were held at a holding potential of 0mV in the ACSF con-
taining TTX (1 lM) and 6,7-dinitroquinoxaline-2,3(1H,4H)-dione
(DNQX, 20 lM). To obtain light-induced monosynaptic currents,
TTX (1 lM) and 4-aminopyridine (4-AP; 1mM) were added to the
bath solution. The signals were acquired with a Multiclamp 700B
amplifier and anAxon 1550B digitizer, low-pass filtered at 2:8 kHz,
digitized at 10 kHz, and analyzed with Clampfit 11 software
(Molecular Devices). The data were acquired from the recordings
with a series resistance of <30 MX. The recording was immediately
terminated if the series resistance changed beyond 20%. TTXwas pur-
chased from Hebei Aquatic Science and Technology Development
Company.

Immunohistochemistry and Imaging
The mice were deeply anesthetized with pentobarbital sodium
(20 mg=kg, i.p.) and then transcardially perfused with saline and
4% (wt/vol) paraformaldehyde (PFA). Afterward, the brains were
carefully removed and postfixed in 4% PFA at 4°C overnight.
Followed by brain cryoprotection in 30% (w/v) sucrose, coronal
slices (40 lm) were sectioned on a cryostat (Leica CM1860) and
used for immunofluorescence. The collected slices (n=3 mice/
group) were preserved at −20�C in a cryoprotectant solution con-
sisting of phosphate-buffered saline (PBS), 20% ethylene glycol
(v/v), and 30% glycerol (v/v) for further imaging or staining. For
immunofluorescence staining, the brain slices were washed three
times with PBS and then blocked with 10% donkey serum in PBS
with 5% Triton X-100 for 1.5 h at room temperature. The slices
were then incubated with specific primary antibody with 3% don-
key serum and Triton X-100 for 24 h at 4°C, followed by another
incubation of the corresponding fluorophore-conjugated secondary
antibody for 1.5 h at room temperature. The primary antibodies
included antibodies for GABA (1:500, A2052, Rabbit; Sigma-
Aldrich), glutamate (1:500, G5562, Rabbit, Sigma-Aldrich) and c-
Fos (1:500, 226003, Rabbit, Synaptic Systems), and the sec-
ondary antibodies include Alexa fluor 488-anti-Rabbit secondary
antibody (1:500, A21206; Invitrogen), Alexa fluor 594-anti-Rabbit
secondary antibody (1:500, A21207; Invitrogen) and Alexa fluor
647-anti-Rabbit secondary antibody (1:500, A31573; Invitrogen).
Subsequently, the brain slices were counterstained with DAPI
(1:1,000; Sigma-Aldrich) for 2 min, washed three times and then
mounted and coverslipped for imaging. Fluorescence signals of
the slices were visualized and imaged using the confocal micro-
scopes (LSM880 and LSM980; ZEISS) and analyzed by ImageJ
(National Institutes of Health). For counting fluorescence-positive
cells, a threshold was applied to 8-bit grayscale images. The
threshold was set within 10% of the average intensity, and cells at
or above the threshold are considered fluorescence-positive.

Behavioral Tests
Noise exposure was conducted in a separate room from the be-
havioral testing room and animal breeding room; all rooms had
the same ambient noise level (45 dB SPL). Chronic noise-
exposed mice subjected to noise withdrawal were placed in the
animal breeding room for 4 wk. The open-field test (OFT) and
elevated plus maze tests were performed on the same batch of
mice, whereas the rotarod, light-dark box, and social interaction
tests were performed on a separate batch of mice. The behaviors
in the OFT and elevated plus maze test were typically recorded
for 5 min to reduce habituation. After each usage, the experi-
menters completely wiped the apparatus with 75% ethanol to
remove odor cues. In experiments to examine their susceptibility
to acute noise exposure, all chronic noise-exposed mice or con-
trol were subjected to 4-wk noise withdrawal, and then their
behaviors were tested before and after 2-h noise exposure.
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OFT. An open-field apparatus (50× 50× 40 cm) consists of a
center square (25× 25 cm) and a peripheral area surrounded by
high walls. The mouse was placed in one corner of the apparatus
lit at 10 Lux and allowed to explore for 5 min freely, and the
moving trajectory was video-recorded. Mice that spend more
time close to the walls are considered more “anxious” than those
who spend more time in the center.51 In optogenetics, the behav-
iors in two 5-min episodes of baseline and blue light (473 nm,
15-ms pulses, 20Hz) were recorded to evaluate the effect of opti-
cal stimulations on anxiety-like behavior. The time spent in the
center zone and total travel distance were calculated offline by
EthoVision XT software (Noldus) to measure anxiety-like behav-
ior (n=5–12 mice/group).

Elevated plus maze test. An elevated plus maze apparatus lit
at 10 Lux consists of a plus-shaped maze 100 cm above the floor
with two closed arms (30× 6× 20 cm), open arms (30× 6 cm),
and a center area (6 × 6 cm); the closed arms and open arms are
orthogonal to each other. The mouse was placed in the center
area, facing a closed arm, and allowed to explore for 5 min freely.

The moving trajectory was recorded using a video camera
placed above the apparatus (n=5–12 mice/group). Less time
spent in the open arms is interpreted as increased anxiety.52 In
optogenetics, behaviors in two 5-min episodes of baseline and
blue light (473 nm, 15-ms pulses, 20Hz) were recorded to eval-
uate the effect of optical stimulations on anxiety-like behavior.
EthoVision XT software (Noldus) calculated the time spent in
the open arms to measure anxiety-like behavior offline.

Light–dark box. The light–dark boxes comprised a light
chamber and a dark chamber of equal size (20× 15× 30 cm). A
wall with an open gate (5 × 5 cm) separated the chambers, allow-
ing free exploration of either chamber. The mice were placed in
the light chamber and allowed to freely explore the apparatus for
15 min (n=9–10 mice/group). The travel paths were videotaped
and analyzed offline with EthoVision XT software (Noldus). The
amount of time spent in each chamber was calculated.

Social interaction. The apparatus consists of an open field
(50× 50× 40 cm) and a transparent cylinder (10:8 cm in height,
6:7 cm in diameter) positioned at the middle bottom of one of the
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Figure 1. Experimental overview, auditory brainstem response and behavioral outcomes in mice exposed to white noise for 4 wk. The mice were exposed to
85 dB SPL white noise for 4 wk (4 h/d), and auditory brainstem responses were used to determine the hearing sensitivity, and OFT and EPM tests were used
to examine anxiety-like behaviors. (A) Timeline for noise exposure and behavioral tests (top) and schematic for noise exposure in a sound-proof chamber (bot-
tom). (B) Representative waveforms for ABR evoked by click stimuli at different sound pressure levels in 10 dB steps. (C) Summarized data for click-evoked
ABR thresholds (U=17, p=0:9740). (D) The representative heatmaps for moving trajectory in OFT (top) and EPM (bottom). (E and F) Summarized data for
time spent in the center of the OFT (E, 1W, tð14Þ =0:5916, p=0:5635; 2W, U=20, p=0:3132; 3W, U =5, p=0:0047; 4W, tð14Þ =12:36, p<0:0001), and in
the open arms of the EPM (F, 1W, tð11Þ =0:3527, p=0:731; 2W, U=10, p=0:1375; 3W, tð11Þ =3:185, p=0:0087; 4W, tð11Þ =6:040, p<0:0001) at different
time points of noise exposure. (G) Representative path tracks in OFT (top) and EPM (bottom). (H and I) Summarized data for the total travel distance in the
OFT (H, 1W, tð14Þ =0:3454, p=0:7350; 2W, tð14Þ =0:2046, p=0:8408; 3W, tð14Þ =0:3555, p=0:7275; 4W, tð14Þ =0:1598, p=0:8753), and the EPM (I, 1W,
tð11Þ =0:3425, p=0:7384; 2W, tð11Þ =0:4941, p=0:6310; 3W, tð11Þ =0:7119, p=0:4913; 4W, tð11Þ =0:3190, p=0:7557) at different time points during the four
treatment period. (J and K) Representative heatmaps of track paths in light–dark box test (J) and summarized data for time spent in the dark side
(K, tð17Þ =14:38, p<0:0001). (L and M) Representative heatmaps of track paths in the social interaction tests (L) and summarized data for interaction time
with stranger mice (M, tð17Þ =5:775, p<0:0001). The data are expressed as the mean± SEM. **p<0:01; ***p<0:001. Two-way ANOVA analysis for (H) and
(I). Unpaired Student’s t-test for 1W and 4 W in (E), (F), (H), (I), (K) and (M). Mann-Whitney U-test for (C), 2W and 3W in (E), and (F). For (C) n=6 control
mice, 6 noise mice. For (E) n=6 control mice, 10 noise mice. For (F) n=6 control mice, 7 noise mice. For (H) n=6 control mice, 10 noise mice. For (I) n=6
control mice, 7 noise mice. For (K) n=9 control mice, 10 noise mice. For (M) n=9 control mice, 10 noise mice. The numerical data underlying this figure are
shown in Excel Tables S1–S2. Note: ABR, auditory brainstem response; ANOVA, analysis of variance; dB, decibel; EPM, elevated plus maze; NS, not signifi-
cant; OFT, open-field tests; SEM, standard error of the mean; SPL, sound pressure level.
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open field’s walls. Each mouse was placed in the center zone dur-
ing testing, and the total distances traveled were videotaped for
5 min with an empty transparent cylinder (n=9–10 mice/group).
Following that, a stranger mouse was introduced into the trans-
parent cylinder and recorded for another 5 min. All behaviors
were analyzed offline using EthoVision XT software (Noldus).
The area for social interaction was defined, and the social interac-
tion index was calculated by dividing the amount of time spent
on social interactions in the second 5 min by the amount of time
spent on social interactions in the first 5 min.

Rotarod test. Rotarod tests were used to assess locomotor abil-
ity: Mice were gently placed on a rotatable rod (LE8205; Panlab)
that was accelerated from 4 to 40 rpm over 5 min (n=9–10 mice/
group). The time from the start of the rotation to the mouse falling
in each trial was recorded as the latency to fall. On the test day,
each mouse received three trials.

Statistical Analysis
GraphPad Prism 8.0.2 (Graph Pad Software) was used for sta-
tistical analysis and graph plotting. The normality of data was
checked with the Shapiro-Wilk test. Two-tailed unpaired
Student’s t-test was conducted for two-group comparison. For
comparison among more than two groups, two-way analysis of
variance (ANOVA) was used to evaluate the statistical signifi-
cance, followed by the Bonferroni post hoc test for multiple
comparisons between groups. Mann-Whitney U-test was used
for data with nonnormal distributions. Statistical power analy-
sis for behavioral data was performed by using G*power3.53

All numerical data were reported as the means ± standard error
of the mean (SEM). Significance levels were indicated as
*p<0:05, **p<0:01, ***p<0:001.

Results

Characterization of the Hearing and Behavioral Effects of
Chronic Moderate Noise Exposure
To explore the relationship between chronic moderate-level noise
exposure and anxiety, we exposed mice to white noise daily (85
dB SPL, 4 h/d for 4 wk) in a soundproof chamber (Figure 1A;
Figure S1A). The auditory brainstem responses (ABR) to clicks
were measured after completion of noise exposure, and we found
no difference in ABR threshold between noise-exposed and con-
trol groups (Figure 1B,C). Then, two well-validated paradigms,
including the OFT and the EPM,54 were used to examine
anxiety-like behaviors. We observed that noise-exposed mice
spent less time in the center of the OFT (Figure 1D,E) and the
open arms of the EPM (Figure 1D,F) in comparison with control
mice not exposed to white noise. This noise-induced, anxiety-like
behavior developed progressively, appearing in the third week
and stabilizing for the remainder of the experimental period
(Figure 1E,F). No significant differences in total travel distance
(Figure 1G–I) were found between noise-exposed and control
mice. In addition, the light–dark box and social interaction tests
showed that, in comparison with control mice, noise-exposed
mice preferred the dark side in the former test (Figure 1J,K) and
spent less time interacting with stranger mice in the latter (Figure
1L,M). In addition, noise-exposed mice showed no difference
from control mice in latency to fall in rotarod tests (Figure
S1B) or body weight during the experimental period (Figure
S1D). Notably, anxiety-like behaviors were also observed in
mice with noise-induced trauma (16–20 kHz narrowband noise,
104 dB SPL for 8 d, 24 h/d) (Figure S1E-I). Based on these
findings that a 4-wk regimen of daily exposure to nontraumatic white
noise could induce anxiety-like behaviors, this anxiety-induction
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protocol was used in all subsequent experiments, unless otherwise
stated.

Electrophysiological and Behavioral Effects of Chemically
Inactivating the Lateral Amygdala in Noise-Exposed Mice
To examine for potential links between the auditory and limbic
systems, c-Fos staining was conducted. In addition to the
medial geniculate body (MG) and auditory cortex (ACx), the
lateral amygdala of mice exposed to a short-duration noise (5 s,
85 dB SPL) displayed marked enrichment for c-Fos–positive
cells, indicative of activation (Figure S2A,B). To test whether
the LA participates in noise-induced anxiety, we probed differ-
ences in LA neuronal activity of 4-wk noise-exposed mice in
comparison with control mice. Given that the large majority
(∼ 80%) of LA neurons are glutamatergic,55 we focused on
these principal output neurons. First, LA glutamatergic neurons

were transfected with AAV-GCaMP6m under the control of the
CaMKIIa (Ca2+=calmodulin-dependent protein kinase II a) pro-
moter (Figure 2A,B). Fiber photometry recordings in free-moving
mice revealed that the sound-evoked calcium signal was noticeably
larger in noise-exposed mice than in controls (Figure 2C,D). Then,
multielectrode recordings were used to characterize neuronal activ-
ity of head-fixed moving mice at single-cell resolution. This experi-
ment showed that spontaneous firing in the LA was considerably
higher in noise-exposed mice than that in control animals (Figure
2E,F). Moreover, whole-cell recordings revealed that the frequency
of miniature excitatory postsynaptic currents (mEPSCs) was also
higher than that in control mice (Figure 2G–I), whereas the fre-
quency and amplitude of miniature inhibitory postsynaptic currents
(mIPSCs) were significantly lower (Figure 2J–L), suggesting that
an imbalance between excitation and inhibition in the LA could be
related to more LA neuronal activities in noise-exposed mice.
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Figure 2. Calcium signals, spontaneous firing, synaptic transmission in the LA of noise-exposed mice, and behavioral effects of LA chemical inactivation.
In vivo fiber photometry, silicon probe extracellular recordings, and in vitro brain slice patch-clamp recordings were used to investigate the LA neuronal activ-
ity and synaptic transmission. Observations of elevated excitability in the LA led us to investigate whether blocking LA activity could abolish noise-evoked anxiety-
like behaviors. (A) Schematic for fiber photometry recording in the LA. (B) Schematic (top) and typical image (bottom) of AAV-GCaMP6m viral injection and op-
tical fiber implantation in the LA. Scale bars: 200 lm. (C) Heatmap of LAGlu GCaMP6m calcium signals evoked by white noise (100-ms duration, 85 dB SPL).
(D) Averaged traces for DF=F of LAGlu GCaMP6m signals. (E) Schematic for extracellular recordings using a silicon probe in head-fixed mice. (F) Representative
voltage traces (top) and summarized data (bottom) of spontaneous firings recorded in the LA (U =165, p=0:0004). (G) Sample current traces of mEPSCs recorded
in LA neurons of control and noise-treated mice. (H and I) Summarized data for the frequency (H, tð26Þ =3:565, p=0:0014) and amplitude (I, tð26Þ =1:084,
p=0:2882) of the mEPSCs. (J) Sample current traces of mIPSCs recorded in LA neurons of control and noise-treated mice. (K and L) Summarized data for the fre-
quency (K, tð16Þ =2:756, p=0:0141) and amplitude (L, tð16Þ =2:517, p=0:0229) of the mIPSCs. (M) Representative image of a coronal brain slice showing can-
nula tracks above the LA (top) and the timeline for noise exposure, chemical inactivation, and behavioral tests. Scale bars: 500 lm. (N and O) Typical voltage
traces recorded in the LA following local application of muscimol or saline (N) and summarized data for spontaneous firing rates in naive mice (O, saline vs. musci-
mol, U =4, p<0:0001; Baseline vs. saline, tð19Þ =0:1078, p=0:9153). (P–R) Summarized data for time spent in center (P, tð16Þ =2:701, p=0:0158) and total travel
distance (Q, tð16Þ =0:0002, p=0:9999) in the OFT, and time in open arms of EPM (R, tð18Þ =3:168, p=0:0053) in noise-exposed mice treated with musci-
mol or saline. The data are expressed as the mean±SEM. *p<0:05; **P<0:01; ***P<0:001. Unpaired t-test for (H), (I), (K), (L); Baseline vs. saline in
(O), (P), (Q), and (R). Mann-Whitney U-test for (F) and saline vs. muscimol in (O). For (F) n=23 control cells, 32 noise cells. For (H) n=14 control cell,
14 noise cells. For (I) n=14 control cells, 14 noise cells. For (K) n=9 control cells, 9 noise cells; For (L) n=9 control cells, 9 noise cells. For (O) n=10
baseline cells, 11 saline cells, 11 muscimol cells. For (P) n=9 saline mice, 9 muscimol mice. For (Q) n=9 saline mice, 9 muscimol mice. For (R) n=10
saline mice, 10 muscimol mice. The numerical data underlying this figure are shown in Excel Tables S1–S3. Note: AAV, adeno-associated virus;
ANOVA, analysis of variance; CaMKII, calcium-calmodulin (CaM)-dependent protein kinase II; dB SPL, decibel sound pressure level; EPM, elevated
plus maze; GCaMP6m, green fluorescent protein-based genetically encoded calcium indicator; LA, lateral amygdala; LAGlu, lateral amygdala glutamater-
gic neurons; mEPSC, miniature excitatory postsynaptic currents; mIPSCs, miniature inhibitory postsynaptic currents; OFT, open-field tests; NS, not sig-
nificant; SEM, standard error of the mean.
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To further investigate the role of the LA in noise-induced anxi-
ety, we used bilateral perfusion of muscimol (Figure 2M) to locally
suppress spontaneous firing in LA neurons (Figure 2N,O). Noise-
exposed mice treated with muscimol spent more time in the center
during the OFT andmore time in open arms in the EPM than noise-
exposed mice treated with saline (Figure 2P–R; Figure S3). To test
whether LA neurons were alone sufficient to mediate noise-
induced anxiety, we selectively activated LA glutamatergic neu-
rons (GluLA) by infusing the LA of mice with channelrhodopsin-2
(ChR2) virus (AAV-CaMKIIa-ChR2-mCherry) (Figure 3A,B).
Mice with AAV-CaMKIIa-ChR2 injections spent less time spent
in the center of the OFT (Figure 3C) and open arms of the EPM
(Figure 3D) than control mice following optical excitation of the LA.
Chemogenetic activation of GluLA neurons by bilateral injection with
AAV-CaMKIIa-hM3Dq virus (AAV-CaMKIIa-hM3Dq-mCherry)
further corroborated these results (Figure 3E–H), indicating that artifi-
cial activation of the LA could acutely produce anxiety-like behav-
iors. These results suggested that GluLA neurons were sufficient and
necessary for noise-evoked anxiety in the currentmodel system.

Morphological and Functional Dissection of the Auditory
Inputs to the LA
In light of this pivotal role of the LA in noise-induced anxiety-
like behaviors, we mapped inputs to the LA using a retrograde
tracing strategy (Figure 4A,B). Injection of retroAAV expressing
EGFP (retroAAV-EGFP) into the LA led to EGFP-positive
neurons projecting into multiple brain areas, such as the cere-
bral cortex, the hippocampus, and the thalamus (Figure S4).
Among these regions, the MG and ACx belong to the nuclei re-
sponsible for processing auditory information (Figure 4C,F).
EGFP-containing MG neurons could be visualized mainly in
nonlemniscal thalamic nuclei, including the medial and dorsal
subdivisions (Figure 4C), whereas EGFP-containing ACx neurons
were primarily visualized in layers V and VI (Figure 4F), which
was consistent with the notion that corticofugal projections origi-
nate from deep-layer neurons. Further immunofluorescence staining

for glutamate or GABA confirmed that these EGFP-positive
neurons in the MG and ACx were glutamatergic rather than
GABAergic (Figure 4D,E,G,H).

Because MG and ACx are two major brain areas that transmit
acoustic information to the LA,20 a combinational anterograde vi-
ral tracing was performed to visualize the convergence of these
projections. An Flp-FRT system was employed to dissect the
MG ! LA circuit, and the Cre-loxP system was used to detect the
ACx ! LA circuit. Specifically, AAV2/1-hSyn-Flpo-WPRE-pA
and AAV2/1-hSyn-Cre-WPRE-pA were infused into the MG and
ACx, respectively, followed by LA injection with a combination of
viruses including AAV2=9-hEF1a-DIO-mCherry-WPRE-pA and
AAV2=9-hEF1a-fDIO-EYFP-WPRE-pA (Figure 4I). Flpo and
Cre recombinases respectively expressed in theMG and ACx spread
trans-synaptically into the LA and were visualized by AAV-fDIO-
EYFP and AAV-DIO-mCherry. These results revealed that auditory
cortical and thalamic inputs almost converged on the same LA neu-
rons and that most of the targeted LA neurons were glutamatergic
(Figure 4J–L).

We then sought to characterize functional connections
between the LA and auditory brain regions by injection of
AAV-CaMKIIa-ChR2 virus into the MG or ACx (Figure S5A–
D). Electrophysiological recordings in LA neurons showed
that optical stimulation of ChR2-expressing MG projecting
fibers elicited EPSCs or action potential firings, respectively.
Similar optical stimulation of ACx projecting fibers resulted in
the same effect in LA neurons (Figure 4M–Q). Because the
selective AMPA receptor antagonist, DNQX, is known to block
light-evoked EPSCs, we further dissected the LA microcircuit
by recording di-synaptic light-evoked IPSCs. Outward currents
that were equivalent to IPSCs, recorded at a holding potential
of 0mV, had a longer latency than inward currents, which were
equivalent to EPSCs recorded at a holding potential of −70mV
(Figure 4R,S). When cells were held at –30mV, light-evoked
biphasic postsynaptic currents displayed an inward current fol-
lowed by an outward current (Figure S5E–L). In addition, the
AAV-DIO-ChR2 virus was injected into the LA of Gad2-Cre
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mice to observe the optogenetic excitation of GABA interneur-
ons. Light-evoked IPSCs were recorded in principal neurons of
the LA (Figure S5M–O), thus supporting the hypothesis that
LA neurons received excitatory inputs from the MG and ACx
and inhibitory inputs from local GABA neurons (Figure 4T;
Figure S5P).

Effects of Artificial Manipulation of MGfiLA and
ACxfiLA Circuits on Anxiety-Like Behaviors
To further examine the respective roles of the MG and ACx in
noise-induced anxiety-like behaviors, we next investigated neuro-
nal activities in the MG and ACx of noise-exposed mice. Fiber
photometry and extracellular recordings revealed that noise-
exposed mice had significantly higher sound-evoked calcium sig-
nals and spontaneous firing rates in both the MG and ACx than
control mice. (Figure S6). Subsequently, we examined whether
activation of these ACx ! LA and MG ! LA circuits could
produce anxiety-like behaviors by bilaterally injecting the MG
with AAV-CaMKIIa-ChR2 virus and implanting optical fibers
above the LA to selectively activate MG ! LA projections
(Figure 5A,B). As expected, mice with optical activation of ChR2-

containing MG axon terminals (5–8mW) displayed anxiety-like
behaviors in both OFT and EPM experiments (Figure 5C,D).
Using the same strategy in the ACx, optogenetic activation of
ACx ! LA projections resulted in similar behavioral outcomes
(Figure 5E–H). These results indicated that activation of the
GluMG ! LA or GluACx ! LA circuits was sufficient to pro-
duce anxiety-like behaviors.

In light of our findings suggesting noise stimuli were trans-
mitted into the LA through MG and ACx inputs, leading to mal-
adaptive plasticity of the amygdala, we next examined whether
either the MG or ACx was necessary to maintain anxiety-like
behaviors after noise-evoked anxiety was established. Neither
inactivation of the bilateral MG (Figure S7A–G) with muscimol,
nor inactivation of the bilateral ACx (Figure S7H–N) in noise-
exposed mice resulted in any obvious effects on anxiety-like
behaviors in OFT and EPM experiments, suggesting that malad-
aptation of the LA was enough to produce noise-induced anxiety.
However, it remained unclear whether selective inactivation of
cortical and thalamic inputs to the LA during the noise exposure
could prevent the development of anxiety-like behavior. To test
this possibility, AAV-CaMKIIa-hM4Di virus was bilaterally
infused into the MG and ACx of mice with chronically implanted
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Figure 3. Electrophysiological recording and behavioral tests in mice with optogenetic or chemogenetic activation of the LA. To investigate the role of the LA
in noise-evoked anxiety, neuronal activity in the LA was optogenetically or chemogenetically activated by direct injection of the LA with AAV-CaMKII-ChR2
or AAV-CaMKII-hM4Di viruses in C57 BL/6 mice. Brain slice recordings were used to validate the expression of each transfected virus, and anxiety-like
behaviors were examined by OFT and EPM tests following optogenetic or chemogenetic manipulation of the LA. (A) Schematic for viral injection and optoge-
netics (top) and a typical image showing the optical fiber track above the mCherry-expressing LA (bottom). Scale bars: 200 lm. (B) Sample traces of action
potentials evoked by 473 nm light (blue bars) recorded in ChR2-positive LA neurons in acute brain slices. (C and D) Summarized data for time spent in the
center (C, virus × light interaction, Fð1,21Þ =36:12, p<0:0001; main effect of light, Fð1,21Þ =27:10, p<0:0001) of the OFT and in the open arms of the EPM
(D, virus × light interaction, Fð1,18Þ =37:34, p<0:0001; main effect of light, Fð1,18Þ =27:60, p<0:0001) before (pre) and during (light) light stimulation. (E)
Schematic for bilateral viral injection for chemogenetic experiments. (F) Change in membrane potential in response to CNO perfusion (time× virus interaction,
Fð10,66Þ =3:913, p=0:0003; main effect of virus, Fð1,66Þ =116:1, p<0:0001). (G and H) Summarized data for time spent in the center (G, virus × drug interac-
tion, Fð1,20Þ =8:741, p=0:0078; main effect of drug, Fð1,20Þ =4:657, p=0:0433) of the OFT and in the open arms of the EPM (H, virus × drug interaction,
Fð1,20Þ =13:26, p=0:0016; main effect of drug, Fð1,20Þ =13:11, P=0:0017) in mice treated with CNO or saline. The data are expressed as the mean±SEM.
**p<0:01; ***p<0:001. Two-way ANOVA with Bonferroni post hoc analysis for (C), (D), (F), (G), and (H). For (C) n=11 mCherry mice, 12 ChR2 mice.
For (D) n=10 mCherry mice, 10 ChR2 mice. For (F) n=4 mCherry cells, 4 hM3Dq cells. For (G) n=6 mCherry mice, 6 hM3Dq mice. For (H) n=6
mCherry mice, 6 hM3Dq mice. The numerical data underlying this figure are shown in Excel Tables S1 and S3. Note: AAV, adeno-associated virus; ANOVA,
analysis of variance; ChR2, channelrhodopsin-2; CNO, clozapine-N-oxide; EPM, elevated plus maze; hM3Dq, human M3 muscarinic receptor; LA, lateral
amygdala; OFT, open-field tests; NS, not significant; Pre, before light stimulation; SEM, standard error of the mean.
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Figure 4. Viral tracing and patch-clamp recording for morphological and functional characterization of auditory inputs to the LA. Retrograde viral tracing at
the LA was used to identify auditory brain regions with LA-projecting neurons, and anterograde viral tracing at these auditory nuclei was performed to mor-
phologically confirm the connections; functional synapses were examined using electrophysiological recordings and optogenetic stimulation in brain slices. (A)
Schematic of viral injection for retrograde tracing. (B) Representative image of a successful viral injection in the LA. Scale bars: 500 lm. (C) Retrogradely
traced neurons in the auditory thalamus. Scale bars: 500 lm. (D) Cell type identification of traced EGFP-positive MG neurons; most traced neurons were im-
munoreactive to antibody against glutamate (top) but none to antibody against GABA (bottom). Scale bars: 20 lm. (E) The percentage of glutamate and
GABA neurons among the traced EGFP-positive MG neurons. (F) The retrogradely traced neurons in the temporal regions. Scale bars: 500 lm. (G) Cell type
identification of traced EGFP-positive ACx neurons; most traced neurons were immunoreactive to the antibody for glutamate (top) but few to the antibody for
GABA (bottom). Scale bars: 20 lm. (H) The percentage of glutamate-positive and GABA-positive neurons among the traced EGFP-positive ACx neurons. (I)
Tracing strategy using a Cre-loxP system to dissect the ACx ! LA circuit and an Flp-FRT system to dissect the MG ! LA circuit. (J) Representative images
of anterogradely traced LA neurons (green, EYFP) postsynaptic to MG projection fibers and those (red, mCherry) postsynaptic to ACx fibers. Scale bars:
100 lm. (K) Typical images showing predominant co-localization of traced fluorescent neurons with glutamate immunofluorescence signals but few co-local-
izations with GABA immunofluorescence signals in the LA. Scale bars: 20 lm. (L) The percentage of EYFP-positive cells or mCherry-positive cells contain-
ing glutamate or GABA in the LA. (M) Schematic for whole-cell recordings combined with optogenetics. (N) Sample traces of action potentials (top, current-
clamp mode) and postsynaptic currents (bottom, voltage-clamp mode) evoked by a series of 473 nm light (blue bars) stimuli of MG ! LA fibers. (O)
Schematic for whole-cell recordings combined with optogenetics. (P) Sample traces of action potentials (top, current-clamp mode) and postsynaptic currents
(bottom, voltage-clamp mode) evoked by a series of 473 nm light (blue bars) stimuli of ACx ! LA fibers. (Q) Quantification of light-evoked EPSCs. (R)
Sample current traces of light-evoked EPSCs recorded at a holding potential of −70mV and of light-evoked IPSCs recorded at a holding potential of 0mV by
illuminating MG ! LA fibers (left), and quantification of the latency for light-evoked EPSCs and IPSCs (right, tð18Þ =19:03, p<0:0001). The blue bar denotes
473 nm light, and the arrowhead denotes the beginning of light-evoked postsynaptic currents. (S) Sample current traces of light-evoked EPSCs recorded at a
holding potential of −70mV and of light-evoked IPSCs recorded at a holding potential of 0mV (left) generated by illuminating ACx ! LA projection fibers,
and quantification of the latency of light-evoked EPSCs and IPSCs (right, tð18Þ =9:504, p<0:0001). The blue bar denotes 473 nm light, and the arrowhead
denotes the beginning of light-evoked postsynaptic currents. (T) Schematic diagram showing delivery of auditory monosynaptic excitation and di-synaptic inhi-
bition to the LA. The data are expressed as the mean±SEM. ***p<0:001. Unpaired Student’s t-test for (R) and (S). For (E) n=5 slices from 3 mice (gluta-
mate), 6 slices from 3 mice (GABA). For (H) n=10 slices from 3 mice (glutamate), 9 slices from 3 mice (GABA). For (L) n=6 slices from 3 mice (EGFP+

and glutamate+), 6 slices from 3 mice (EYFP+ and GABA+), 6 slices from 3 mice (mCherry+ and glutamate+), 6 slices from 3 mice (mCherry+ and GABA+).
For (Q) n=14 cells (MG ! LA), 14 cells (ACx ! LA). For (R) n=10 cells (EPSC), 10 cells (IPSC). For (S) n=10 cells (EPSC), 10 cells (IPSC). The nu-
merical data underlying this figure are shown in Excel Tables S3–S4. Note: AAV, adeno-associated virus; ACSF, artificial cerebrospinal fluid; ACx, auditory
cortex; AMPARs, alpha-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors; Cre-loxP, cyclization recombinase- locus of X(cross)-over in P1;
DAPI, 4 0,6-diamidino-2-phenylindole; DNQX, 6,7-dinitroquinoxaline-2, 3-dione; EGFP, enhanced green fluorescent protein; EPM, elevated plus maze; EPSC,
excitatory postsynaptic currents; EYFP, enhanced yellow fluorescent protein; Flp-FRT, flippase recombination enzyme-flp recognition target; GABA, gamma-
aminobutyric acid; GABAARs, gamma-aminobutyric acid type A receptors; Glu, glutamate; IPSCs, inhibitory postsynaptic currents; LA, lateral amygdala;
MG, medial geniculate body; SEM, standard error of the mean; VH, holding potential.

Environmental Health Perspectives 107004-10 131(10) October 2023



cannulas in the LA, and then CNO was locally applied to the LA
through the cannula before daily noise exposure for 14 d, begin-
ning on the 15th day of noise exposure (Figure 5I). No obvious
anxiety-like behavior developed in these noise-exposed mice
with hM4Di-expressing LA to suppress auditory inputs to the
LA, notably different from anxiety-like behaviors observed in
noise-exposed mice with mCherry-expressing LA (Figure 5J–L).

Behavioral Effects of Acute Noise Stimuli on Chronic Noise-
Exposed Mice Subjected to 4 Wk of Noise Withdrawal
Next, we sought to determine whether chronic noise-exposed
mice displayed higher susceptibility to acute noise exposure.
After completing a 4-wk chronic noise-exposure regimen, mice
were subjected to a 4-wk noise withdrawal period, after which
mice spent similar time in the center of the OFT and in the open
arms of the EPM, suggesting a lack of anxiety-like behavior in
these mice (Figure 6A–C). Then, their anxiety-like behaviors
were tested after acute noise exposure. An interesting finding is
that reexposure to a single 2-h noise episode (85 dB SPL) elicited
anxiogenic phenotypes in the OFT and EPM but not in control
mice (Figure 6B,C). In vivo multichannel recordings revealed
that the spontaneous firing rates of LA neurons were consistent
with anxiety-like behavioral manifestations, with the spontaneous
firing rates in LA neurons returning to baseline after the with-
drawal period but significantly increasing after the 2-h noise ex-
posure (Figure 6D,E). A similar anxiety-promoting effect was
also observed in mice reexposed to a 2 h 75 dB SPL noise epi-
sode (Figure 6F,G). These cumulative results suggested that
chronic noise exposure sensitized the mice to acute noise.

Discussion
This study defined the thalamoamygdalar MGGlu ! LA and cor-
ticoamygdalar ACxGlu ! LA circuits through which anxiety-
associated behavior was generated in mice under exposure to
chronic, moderate noise. Central to these processes were circuit
mechanisms that involve greater excitation from MGGlu and
ACxGlu neurons to LA neurons under chronic, moderate noise
exposure, which ultimately appeared to prime anxiety-like
behaviors.

As an emotion processing center, the amygdala is known to
participate in several neuropsychiatric disorders, including
anxiety.23,56,57 The amygdala circuitry that contributes to asso-
ciative auditory fear learning has been extensively investi-
gated,25,55,58–62 although to date no studies have examined the
involvement of these circuits in noise-evoked anxiety. The ba-
solateral amygdala (BLA) reportedly controlled stress-related
anxiety behaviors. Enhanced activity of glutamatergic neu-
rons63 and/or decreased activity of GABAergic neurons30 in
the BLA could elicit anxiety-like behavior via BLA outputs to
distinct brain targets, such as the hippocampus31 or central nu-
cleus of the amygdala32 in mice. It should be noted that, as an
interface for sensory information, the LA directly outputs to
the BLA,58,64,65 and increased neuronal activity of the LA pro-
moted anxiety in mice,66 possibly via the LA ! BLA circuit.

Acute and chronic stresses are frequently associated with
increased LA and BLA neuronal activities28,63,67,68 caused by
altered synaptic plasticity.69,70 In vivo recordings in the current
study showed that chronic noise exposure, which is a chronic
stressor, could similarly increase spontaneous firing in the LA.
Activation of synaptic inputs to the LA, such as projections from
the midbrain ventral tegmental area to the LA, could acutely elicit
anxiety-like behaviors in mice,71 in a manner resembling the au-
ditory inputs to the LA in the current work. Our data, together
with previous studies,72 thus indicate that acoustic signals are
first sent to the LA and are then conveyed to downstream nuclei,
such as the BLA.

Traumatic noise can lead to hearing loss and tinnitus due to
damaged hair cells, interference with thalamocortical connectivity,
and enhanced central gain,73–75 as well as mood disorders.7,39 One
recent study showed that hippocampal synaptic plasticity contrib-
uted to hearing loss–related anxiety in mice.7 However, we fre-
quently encounter nontraumatic noise from traffic, the workplace,
or recreational music that does not produce traumatizing effects.
Emerging evidence has demonstrated thatmoderate-level noise ex-
posure caused reduced otoacoustic emissions in rodents,76,77 dis-
rupted auditory information processing in rats,18,19,78 degraded
cognition in rodents,4,15 and distorted mood in mice.79 Noise at 85
dB SPL was previously considered not harmful to hearing but did
elicit anxiogenic phenotypes in our study. We thus proposed a
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model to illustrate how moderate-level noise elicits anxiety-like
behaviors. In this model, under chronic moderate-level noise expo-
sure, sound conveyed to the LA via the MG ! LA and ACx !
LA circuits resulted in heightened LA activity. The LA is in a posi-
tion to bridge the auditory system and emotion structures. The
hyperactivity of the LA consequently produced anxiety-like
behavior (Figure S8).

An interesting observation is that behaviorally recovered
noise-exposed mice developed anxiety-like behavior in response
to subsequent reexposure to 85 dB SPL noise, reminiscent of
hypersensitivity in posttraumatic stress disorder patients.80 It is
possible that noise exposure might sensitize the amygdala through
synaptic elements,63 with the remodeled amygdala prone to over-
excitation by acute or novel stressors. Moreover, noise could
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p<0:0001) before (pre) and during (light) light stimulation of ACx ! LA fibers. (I) Timeline for chemogenetic experiments. (J–L) Summarized data for time
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tð14Þ =4:386, p=0:0006). The data are expressed as the mean± SEM. ***p<0:001. Two-way ANOVA with Bonferroni post hoc analysis for (C), (D), (G), and
(H). Unpaired t-test for (J), (K), and (L). For (C) n=10 mCherry mice, 12 ChR2 mice. For (D) n=10 mCherry mice, 12 ChR2 mice. For (G) n=12 mCherry
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For (L) n=8 mCherry mice, 8 hM4Di mice. The numerical data underlying this figure are shown in Excel Tables S1. Note: AAV, adeno-associated virus;
ACx, auditory cortex; ANOVA, analysis of variance; CaM, calcium-calmodulin; CaMKII, CaM-dependent protein kinase II; ChR2, channelrhodopsin-2; CNO,
clozapine-N-oxide; EPM, elevated plus maze; hM4, human M4 muscarinic; hM4Di, human M4 muscarinic receptor; LA, lateral amygdala; MG, medial genicu-
late body; NS, not significant; OFT, open-field tests; Pre, before light stimulation; SEM, standard error of the mean.
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cause inflammation in the auditory cortex through tumor necrosis
factor a secreted from microglia in mice,6 implying that microglia-
mediated inflammation could play a role in producing anxiety,
which deserves further investigation.81,82

Increasing noise levels associated with social moderniza-
tion can negatively affect human quality of life. Although this
work investigates the neural mechanism underlying noise-
induced anxiety in mice, the mechanism in humans is far more
complex. Our findings thus promote awareness of nontraumatic
noise pollution as a potentially serious but unrecognized public
health concern.
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