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Frequency-Dependent Plasticity in the Temporal Association
Cortex Originates from the Primary Auditory Cortex, and Is
Modified by the Secondary Auditory Cortex and the Medial
Geniculate Body
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The brain areas that mediate the formation of auditory threat memory and perceptual decisions remain uncertain to date.
Candidates include the primary (A1) and secondary (A2) auditory cortex, the medial division of the medial geniculate body
(MGm), amygdala, and the temporal association cortex. We used chemogenetic and optogenetic manipulations with in vivo
and in vitro patch-clamp recordings to assess the roles of these brain regions in threat memory learning in female mice. We
found that conditioned sound (CS) frequency-dependent plasticity resulted in the formation of auditory threat memory in
the temporal association cortex. This neural correlated auditory threat memory depended on CS frequency information from
A1 glutamatergic subthreshold monosynaptic inputs, CS lateral inhibition from A2 glutamatergic disynaptic inputs, and non–
frequency-specific facilitation from MGm glutamatergic monosynaptic inputs. These results indicate that the A2 and MGm
work together in an inhibitory-facilitative role.
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Significance Statement:

The ability to recognize specific sounds to avoid predators or seek prey is a useful survival tool. Improving this ability through
experiential learning is an added advantage requiring neural plasticity. As an example, humans must learn to distinguish the
sound of a car horn, and thus avoid oncoming traffic. Our research discovered that the temporal association cortex can encode
this kind of auditory information through tonal receptive field plasticity. In addition, the results revealed the underlying syn-
aptic mechanisms of this process. These results extended our understanding of how meaningful auditory information is proc-
essed in an animal’s brain.

Introduction
Auditory fear conditioning (AFC) is a classical Pavlovian fear
conditioning that has been extensively used to study the

perceptual decisions associated with auditory threat infor-
mation. Multiple brain regions have been found to mediate
auditory threat memory, including the auditory cortex (AC)
(Campeau and Davis, 1995; Yang et al., 2016), medial genicu-
late body (MG) (Cruikshank et al., 1992; Bordi and LeDoux,
1994), inferior colliculus (Yan and Ehret, 2002; Y. Zhang and
Suga, 2005), amygdala (LeDoux, 2003; Phelps and LeDoux,
2005), temporal association cortex (TeA) (Cho et al., 2016;
Dalmay et al., 2019), and PFC (Gilmartin et al., 2014). It has
long been debated which area, the AC [both primary (A1) and
secondary (A2)], the MG [specifically the medial division
(MGm)], and/or the amygdala, is critical for the formation of
auditory threat memory. The amygdala, where auditory threat
memories are acquired and stored, is believed to be the neural
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basis of AFC (Maren and Quirk, 2004). However, the MGm
exhibits the same criteria that are used to support the “amyg-
dala model” (LeDoux, 1992), and is also considered to under-
lie AFC (Weinberger, 2011). The AC (A1 and A2) has been
intensely investigated for its role in threat memory acquisition
and expression in lesion (Campeau and Davis, 1995; Sacco
and Sacchetti, 2010), pharmacological, and optogenetic inacti-
vation studies (Wigestrand et al., 2017; Dalmay et al., 2019).
Nevertheless, the results are variable or contradictory.

Auditory threat memories are considered to be acquired and
stored by population plasticity. Acquired population plasticity, a
learning-dependent reorganization that is based on functional
tuning shifts, is determined by corticocortical and corticofugal
modulations (Suga, 2012). Therefore, the AC should be the criti-
cal neural basis for auditory threat memory formation. Recently,
the TeA has been proposed to play a critical role in cued threat
memory (Dalmay et al., 2019). In terms of population plasticity
because of tuning shifts, TeA neurons would be expected to ac-
quire some plasticity. The TeA relays the cues of auditory threat
memory to the amygdala. However, the MGm and the AC (A1
and A2) cannot be two parallel centers. Understanding the rela-
tionship between the TeA and the MGm/AC thus becomes im-
portant. This would help to address how TeA neurons undergo
the special plasticity underlying auditory threat memory.

The TeA receives inputs from the auditory system (e.g., A1,
A2, and MGm) (Romanski and LeDoux, 1993; Shi and Cassell,
1997). It also receives nonauditory inputs from almost all other
sensory cortices (Zingg et al., 2014), as well as cognitive-related
regions, such as the amygdala, orbitofrontal cortex, and hippo-
campus (Tasaka et al., 2020). The TeA is adjacent to A1 and A2
and is a high-order AC, or a site that integrates sound with other
information. In AFC, an acoustic signal is characterized by its
frequency. However, it is unknown whether the neurons in TeA
attune to sound frequency. According to Suga’s working model
of tuning shifts (Suga, 2012, 2020), the tuning of TeA neurons
should be shifted by AFC; these sound-specific tuning shifts
might result from corticocortical interactions (e.g., A1) and corti-
cofugal feedback (e.g., ventral MG, MGv) through the lemniscal
nuclei. The nonlemniscal nuclei (e.g., A2 and the MGm) might
play an essential role in the sensitization elicited by pseudo-con-
ditioning (Diamond andWeinberger, 1986; Ma and Suga, 2009).

In this study, we used a combined approach of behavioral
training and testing using a classic AFC model, chemogenetic
and optogenetic manipulations, and loose-patch and whole-cell
recordings. We found that TeA neurons responded to pure
tones without any frequency preference in untrained animals
but showed a specific preference for the training frequency
tones in trained animals. This sound-specific perceptual encod-
ing is derived from the specific subthreshold excitatory input
from A1, modified by the inhibitory-facilitative function of the
A2 and the MGm.

Materials and Methods
Animal preparation. A total of 126 C57BL/6J female mice (4-8weeks

old, 14-25 g, housed under a 12 h light/dark cycle) were used in the
experiment and were provided by the Experimental Animal Center of
Southern Medical University, Guangzhou, China. Mice were tested for
normal hearing before the experiments. All experiments were conducted
under the approval and supervision of the Animal Care and Use
Committee of Southern Medical University.

As described in our previous publications (X. R. Xiong et al., 2013;
Xiao et al., 2018), anesthesia was induced by intraperitoneal injection of
sodium pentobarbital (60-70mg/kg, Sigma). The animal was mounted

on a stereotaxic apparatus and the skull was exposed. A 1.5-cm-long
nail was mounted on the top of the skull for the electrophysiological
experiments. An optic fiber (200 mm, Newdoon) was embedded in the
skull over the TeA (2.9 mm posterior to bregma, 4.7 mm lateral to the
midline) for optogenetic manipulation. After surgery, local anesthetic
(lidocaine hydrochloride) and antibiotic ointment (erythromycin) were
applied to the surgical wound, and each mouse was housed alone for re-
covery for at least 7 d.

After the recovery period, the animals were placed in an environ-
ment similar to that of the electrophysiological recording. The head of
the mouse was mounted by connecting the metal head nail glued onto
the mouse skull to the fixing rod. The fixing rod was kept at a certain
angle, which was the same as that on an anti-vibration table (TMC). A
circular plastic disk that rotates freely around its axis was placed under
the mice’s feet such that they could run freely on the disk. Training was
repeated for ;1-2 h/day for ;3 d until the mice had gradually adapted
to the simulated recording environment, in which they exhibited a com-
fortable and quiet state (Abe et al., 2014). On the last day of adaptive
training, after fixing the mouse on the table, the skull above the target re-
cording brain area was removed under a microscope using a skull drill.
The opening was then polished into a 0.5� 0.5 mm round hole without
removing the dura and covered with Vaseline.

In vivo electrophysiological recordings in awake mice. All in vivo
electrophysiological recordings were performed in a sound-shielded
room at 23°C-26°C. The head of the awake mouse was fixed on the
anti-vibration table, the Vaseline and dura were removed, and the pia
mater was impaled. Local field potential (LFP) recordings and loose-
patch recordings were performed using a MultiClamp 700B amplifier
(Molecular Devices/Molecular Devices) in voltage-clamp mode, with-
out holding the voltage, as previously reported (Turner et al., 2005;
X. R. Xiong et al., 2013). A glass pipette (tip ;1 mm in diameter, 5-7
MV impedance) filled with ACSF (in mM: 124 NaCl, 2.5 KCl, 1.2
NaH2PO4, 25 NaHCO3, 1 MgCl2, 2 CaCl2, 20 glucose; pH 7.35) was
used for signal recordings. In LFP recordings, signals were filtered
with a 10-300Hz bandpass filter. The pipettes, with 5 psi positive
pressure, were vertically placed on top of the TeA using a micromani-
pulator (Siskiyou), and quickly advanced to a depth of 100-900 mm.
Subsequently, the positive pressure was then released, and the evoked
potentials in response to repeated pure tone stimulation was recorded
using BrainWare 32 and Clampex 10.2 software. In loose-patch
recordings, the patch pipette with a 0.5-1 psi positive pressure was
advanced in 1 mm steps until the impedance changed to ;10-20 MV.
The positive pressure was then switched to a negative pressure
(;0.3 psi) until a loose seal (0.1-0.5 GV) was formed on the cell body,
which allowed signals (spikes) only from the patched neuron to be
recorded. Spikes were filtered at 300-3000Hz and recorded by the
same software as LFP recordings.

According to the coordinates of the The Allen Institute (2011), we
mapped the recording sites (posterior to bregma, lateral to the midline,
and below the brain surface, in mm) of the TeA, A1, A2, and MGm
(TeA: �2.3 to �3.6, 4.7-5.0, 0.2-0.8; A1: �2.5 to �3.6, 4.0-4.5, 0.2-0.8;
A2: �2.3 to �3.5, 4.5-4.7, 0.2-0.8; MGm: �3.0 to �3.4, 1.6-1.7, 2.7-3.1).
During the A2 and TeA recording sessions, the animal’s head was later-
ally rotated 80° to make the recording sites more easily accessible, and
fixed as shown in the atlas when recording in A1 and the MGm.

Sound stimulation. As described in our previous experiments (X. R.
Xiong et al., 2013; Xiao et al., 2018), acoustic stimuli (0.94-30 and 2-
64 kHz tone bursts) were generated using a Tucker-Davis Technologies
System 3 (TDT 3, Tucker-Davis Technologies). All the sound programs
were compiled using RPvdsEx software and were then loaded into the
Multifunction Processor (RX6) to generate sound waveforms (the sine
curve started at zero phase, was 50ms in duration, and had a 5ms rise/
fall time). The intensities of the sound were controlled by a program-
mable attenuator (PA5). The synthesized signals from RX6 were ampli-
fied using an electrostatic speaker driver (ED1) and delivered through a
loudspeaker (ES1, frequency range 2-110 kHz) placed 15 cm in front
of the animal. Before the experiments, the loudspeaker was calibrated
by an amplifier (Bruker and Kjaer 2610) connected to 1/4- and 1/8-inch
microphones (Bruker and Kjaer 4135). The tone amplitudes were expressed
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as sound pressure levels (SPL, 0dB=20 mPa). In LFP recordings, the tone
bursts varied in frequency (2-64kHz, at 0.5 octave steps) and amplitude
(40-80dB SPL, 10dB steps). In loose-patch recordings, the tone bursts var-
ied in frequency (2-64or 0.94-30kHz, at 0.5 octave steps, in untrained and
trained animals, respectively) and amplitude (10-80dB SPL, 10dB steps) for
the frequency-amplitude scans. The sound parameters were controlled
by BrainWare software through a computer, and stimuli were presented
pseudo-randomly at a rate of 1/s. The frequency-amplitude scans were
repeated 5-10 times to map a complete tonal receptive field (TRF) and
obtain an array of peri-stimulus time histograms.

Viral injection. For virus injection, mice were anesthetized with so-
dium pentobarbital (60-70mg/kg) and positioned in a stereotaxic frame
(Reward). Body temperature was maintained at 37°C using a heating
pad. Viruses were injected through a small skull opening (�0.5 mm2)
using a glass micropipette (Drummond Scientific) with a tip diameter of
20-30mm, driven by a microinjector (KD Scientific). Stereotaxic coordi-
nates (posterior to bregma, lateral to the midline, and below the brain
surface, in mm) were as follows: TeA: �2.9, 4.8, 0.3, and 0.6; A1: �3.0,
4.2, 0.3, and 0.6; A2:�2.9, 4.6, 0.3, and 0.6; MGm:�3.0, 1.7, and 2.9. For
precise injection, the animal’s head was laterally rotated at 80° for TeA
and A2 injection and rotated at 70° for A1 injection. During MGm injec-
tion, the animal’s head was fixed as shown in the The Allen Institute
(2011).

For rAAV-hSyn-hM4D(Gi)-EGFP (PT-0153, Brain VTA), we sepa-
rately injected 100 nl (;2.8� e12 virus particles per ml) into the bilateral
TeA and waited 3-4weeks for maximal expression before AFC. For
rAAVretro-CAG-EGFP (PT-0305, Brain VTA), we injected 80-100 nl
(;e13 virus particles per ml) into the TeA in one side of the brain,
and waited 3-4weeks for maximal expression before killing the mice.
For rAAV-CaMKIIa-hChR2 (H134R)-mCherry and rAAV-CaMKIIa-
eNpHR3.0-EYFP (PT-0297 and PT-0008, Brain VTA), we injected
100 nl (;5� e12 virus particles per ml) into A1 and A2, respectively,
and 30 nl into the MGm, in one hemisphere.

Optogenetic activation. To separately activate A1, A2, and MGm glu-
tamatergic axon terminals in the TeA, an optic fiber was connected to a
blue LED source (472nm, Thorlabs). To separately inhibit A1, A2, and
MGm glutamatergic axon terminals in the TeA, the optic fiber was con-
nected to a yellow LED source (591nm, Thorlabs). The tip of the optic
fiber was fixed with black tape to prevent light leakage. To ensure speci-
ficity of the optogenetic stimulation, no hChR2- or eNpHR3.0-express-
ing fibers and structures other than the targeted structure were present
in the light pathway within 800 mm from the end of the optic fiber. The
axis of the light pathway was the same as the central axis of the optic
fiber, and the illumination angle was determined by the fiber’s NA value
(G. W. Zhang et al., 2018). After each experiment, the brain was sec-
tioned and imaged under a confocal microscope to confirm the expres-
sion of hChR2-mCherry or eNpHR3.0-EYFP. Animals with hChR2- or
eNpHR3.0-expressing cells in .30% of the MGm area were excluded
since MGm is small and slender.

C-FOS fluorescent immunohistochemistry. C-FOS protein expression
has been shown to peak at 60-180min after stimulus onset (Ramírez-
Amaya et al., 2005). Therefore, we chose a 90 min timeframe. Mice were
randomly divided into four groups (3 mice per group): control awake,
control anesthetized, tone stimulation awake, and tone stimulation anes-
thetized. Tone stimulation is a 15 kHz pure tone, 80 dB SPL with a 50ms
duration and 5ms rise/fall time, delivery rate 1Hz, and anesthesia is
induced by urethane (20%, 1 g/kg). All groups were adaptively trained
for 1 week after the operation and were then individually placed in the
sound-shielded room (mice in the anesthesia group were anesthetized at
the same time) to receive 90min of tone stimulation. Urethane was then
intraperitoneally injected into the awake mice. Once anesthetized, mice
were transcardially perfused via the ascending aorta with 50 ml ice-cold
saline, followed by 50 ml 4% PFA/0.1 M PB, pH 7.4. Brains were subse-
quently removed and stored in PFA fixative for 24 h (4°C). After fixa-
tion, the samples were washed under running water, 20% and 30%
sucrose solutions were used for gradient dehydration. Free-floating se-
quential coronal brain sections containing the TeA from both the right
and left hemispheres were sliced using a vibratome (Leica) at 40mm per
section (with a total of 15 sections [1 of every 5 sections]/mouse).

Sections were treated with an anti-C-FOS polyclonal rabbit antibody
(Ab190289, Abcam) and then with goat anti-rabbit IgG AlexaFluor-488
(A-11070, Invitrogen). Brain sections were scanned using a laser scan-
ning confocal microscope (A1R, Nikon), and the number of cells immu-
noreactive for C-FOS in the stained sections was quantified using NIS
elements software.

Brain slice electrophysiology. As in our previous experiment (Ji et al.,
2016), mice were anesthetized using urethane. After rapidly dissecting
the mouse brain, coronal 300 mM slices containing the TeA from the vi-
rus-infected brain hemisphere were prepared in ice-cold cutting solution
(60 mM NaCl, 3 mM KCl, 1.25 mM NaH2PO4, 25 mM NaHCO3, 115 mM

sucrose, 10 mM glucose, 7 mM MgCl2, 0.5 mM CaCl2; 300-305 mOsm/L;
pH 7.4) using a vibratome (Leica, VT1200S). Slices were transferred to
the holding chamber and incubated in fresh ACSF at 34°C to recover for
30min. The slices were kept at room temperature before recordings.
Both the cutting solution and ACSF were continuously bubbled with
95% O2 and 5% CO2. Slices were submerged in a recording chamber
and perfused with ACSF at 3-4 ml/min using a pump (Longer Pump).
Whole-cell patch-clamp recordings were made under an upright micro-
scope (Eclipse FN1, Nikon). Patch pipettes were filled with a K1-based
internal solution containing 140 mM K1-gluconate, 9 mM HEPES, 5 mM

EGTA, 4 mM Mg-ATP, 0.3 mM GTP, 4.5 mM MgCl2, and 4.4 mM phos-
phocreatine sodium (pH 7.3, 295 mOsm). EPSCs and IPSCs were
recorded by clamping the cell’s membrane potential at �70 and 0mV,
respectively. To record light-evoked EPSCs and IPSCs, 5ms, 5 mW blue
LED light (472nm, Thorlabs) was delivered through the objective to the
TeA. Light-evoked PSCs were recorded before and after perfusion with
TTX (a sodium channel blocker, 1 mM) and 4-AP; a potassium channel
blocker, 1 mM) so that different synaptic responses could be measured.

Fear conditioning and chemogenetics. In line with previous studies
(Boatman and Kim, 2006; Curzon et al., 2009; X. Zhang et al., 2019; Xie
et al., 2020), mice underwent AFC in custom-made behavioral boxes in
a sound-attenuation booth (Xinruan Technologies). The training box
was an opaque plastic box with black and white stripes on two opposite
walls, and was equipped with parallel metal wires that delivered a
scrambled electric foot shock on the bottom. The loudspeaker in the
training box was replaced with another loudspeaker (ES1, 2-110 kHz
connected to a TDT 3 with an RX6, a PA5, and an ED1), which was
located 20 cm above the floor. The testing box was an acrylic box with a
removable plank, which was cleaned with 70% ethanol before and after
each session. On the first day, each mouse was brought into the training
box for 20min of habituation, and was then returned to its home cage.
On the second day, conditioning in the training box was administered;
after 2min of habituation, animals in the training group were exposed to
30 s of conditioned sound (CS; 15 kHz or 7.5 kHz tone) coterminated
with a 2 s, 0.5mA electric foot shock (unconditioned stimulus [US])
6 times. The control group received the same treatment as the training
group, but without a US. On the third day, for each test, mice from both
groups were put into the testing box for 3min of habituation, and the CS
was delivered as in the conditioning session for 3min without the
US. We conducted the procedure in the dark, the movements of animals
were video-recorded using an infrared camera, and a blind procedure
was implemented for the behavioral analysis. The fear response was
scored as the percentage of freezing time (no movement detected for at
least 1 s, except for heartbeat and respiratory movements) during the
presentation of the CS alone. The total freezing time during CS presenta-
tion was measured using video analysis.

In experiments with chemogenetic inhibition during conditioning,
clozapine-N-oxide (CNO; 0.3mg/kg) or normal saline was intraperito-
neally injected 1 h before conditioning. Conditioned mice were submit-
ted to retrieval of threat memory ;24 h later in the testing box, during
which they received 3min of CS. In experiments with chemogenetic in-
hibition during testing, 23 h after 15 CS/foot-shock pairings condition-
ing, CNO (0.3mg/kg) or normal saline was intraperitoneally injected
before testing, and mice received 3min of CS 1 h later.

Data processing and statistics. The boundaries of synaptic responses
of TRFs were defined using custom-developed software (MATLAB2012b,
The MathWorks), with which the spike shapes were also extracted.
Response onset latency was calculated from peristimulus time histograms
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(PSTHs) by the time point at which spiking activity exceeded the average
baseline firing rate (FR; measured during the 100 ms time window before
the stimulus onset, unless otherwise specified) by 2 SDs of baseline fluctu-
ations. The response threshold was defined as the minimum stimulus
intensity that induced a tone-evoked spike response in a cell. Latency
and bandwidth values were calculated using Excel 2016 (Microsoft).
Data plotting was conducted using OriginPro8 (OriginLab) and Prism
8 (GraphPad). The FR was calculated as the evoked FR (calculated within
the 50 ms window after stimulus onset) minus the baseline FR.

We used SPSS 20.0 (IBM) for statistical analyses. t tests were used to
make two-group comparisons. Comparisons between more than two
groups were performed using one- or two-way ANOVAs. Post hoc mul-
tiple comparisons tests were performed using Dunnett’s test (for com-
parisons of two or more conditions) or the Least Significant Difference
test (LSD; for comparisons of three or more conditions). The F test
was used to evaluate the equality of variances. Since threshold and
bandwidth are categorical data (not continuous), the Wilcoxon
rank sum test was used to make two-pair-group comparisons;
comparisons between more than two groups were performed using
the Kruskal�Wallis test; post hoc multiple comparisons tests were
performed using the Conover–Iman all pairs comparison test.
Statistical significance was defined as a p value ,0.05. The results
are presented as the mean 6 SD, unless otherwise specified.

Results
The TeA is required for threat memory acquisition and
expression
The neocortex, especially the TeA, has been suggested to be criti-
cal for threat memory, as shown by optogenetic inactivation of

A1, A1-A2, or A2-TeA (Dalmay et al., 2019). Designer receptors
exclusively activated by designer drugs-based chemogenetic tools
are now commonly used by neuroscientists to identify the cir-
cuitry and cellular signals that underlie behavior (Roth, 2016).
Gi-coupled hM4D (hM4D(Gi)), which can be activated by CNO,
is the most commonly used inhibitory designer receptors
exclusively activated by designer drugs (Armbruster et al.,
2007; Urban and Roth, 2015). Previous studies have reported
successful neuronal silencing using hM4D(Gi) (Armbruster et
al., 2007). To validate that the TeA is critical for classical AFC,
we silenced TeA neurons by locally injecting recombinant
adeno-associated virus (AAV) encoding hM4D(Gi) fused with
EGFP under the control of the human synapsin (hSyn) pro-
moter (AAV-hSyn-hM4D(Gi)-EGFP) (Fig. 1A). Four weeks
later, retrieval testing was performed with intraperitoneal
CNO injection preconditioning (Fig. 1A) and postcondition-
ing (Fig. 1B). The AAV-hM4D(Gi) was well expressed (Fig.
1C). Impairment of threat memory acquisition (Baseline CNO
group: 1.796 4.25%; Baseline saline group: 12.496 4.25%; CS
CNO group: 12.046 5.05%; CS saline group: 81.516 16.69%;
Baseline CNO group vs Baseline saline group, p= 0.007; CS
CNO group vs CS saline group, p, 0.001, unpaired t test;
Baseline CNO group vs CS CNO group, p= 0.002; Baseline sa-
line group vs CS saline group, p, 0.001, paired t test; Fig. 1D,
left) and expression (Baseline CNO group: 4.616 2.66%; Baseline
saline group: 6.336 5.45%; CS CNO group: 17.736 10.53%;
CS saline group: 55.756 6.71%; Baseline CNO group vs Baseline
saline group, p=0.141; CS CNO group vs CS saline group,

Figure 1. Impairment of threat memory acquisition and expression by TeA inhibition. A, TeA inhibition during conditioning. B, TeA inhibition during testing. NS, normal saline. C, Injection of
AAV-hM4D (Gi) in the bilateral TeA (left). Scale bar, 500mm. Right, Enlarged figures of the boxed areas. Scale bar, 100mm. D, Freezing during testing. Left, CNO injection before conditioning
induced hM4D-mediated inhibition of the TeA, which led to strongly reduced freezing in response to 15 kHz CS (n= 6, red) compared with saline injection controls (n=6, black). Right, CNO injection
to inhibit the TeA before testing also induced reduced freezing to 15 kHz CS (n=5, red) compared with saline injection controls (n= 5, black red). *p, 0.05. **p, 0.01. ***p, 0.001.
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p, 0.001, unpaired t test; Baseline CNO group vs CS CNO
group, p = 0.023; Baseline saline group vs CS saline group,
p, 0.001, paired t test; Fig. 1D, right) to pure tone CS
(15 kHz) were observed by the significant reduction of the
freezing index (Fig. 1D).

TeA neurons respond to pure tones without frequency
preference in awake animals only
To date, it is not known whether neurons in the TeA tune to
sound frequency. Using C-FOS immunofluorescence staining,
we found that TeA neurons responded to 15 kHz pure tones, far
more in awake mice than in anesthetized mice (Fig. 2A; in cell

counts: Control anesthetized group: 33.676 6.03; Control awake
group: 65.006 15.13; Tone stimulation anesthetized group:
81.006 5.29; Tone stimulation awake group: 237.336 46.74;
Control anesthetized group vs Control awake group: p= 0.029;
Tone stimulation anesthetized group vs Tone stimulation awake
group: p= 0.005; Control anesthetized group vs Tone stimulation
anesthetized group: p, 0.001; Control awake group vs Tone
stimulation awake group: p= 0.004, unpaired t test; Fig. 2B).
However, C-FOS expression did not reveal frequency tuning.
The easiest way to determine this is by recording LFPs. In anes-
thetized mice, no response to any frequency sound was recorded
(data not shown). Only in awake animals (Fig. 2C) did recording

Figure 2. C-FOS immunofluorescence and LFP revealed that the TeA responds to tones in awake mice. A, Example images of C-FOS immunofluorescence, the area between two white dashed
lines indicates the TeA. Scale bar, 200mm. Enlarged figure of C-FOS protein in the upper left picture. Scale bar, 10mm. B, The C-FOS immunofluorescence cell counts of the TeA under control
and pure tone stimulation in anesthetized and awake mice; n= 3 mice for each group. Error bar indicates SD. *p, 0.05. **p, 0.01. ***p, 0.001. C, Recording setup. P, Post for head fixa-
tion; S, speaker; R, recording pipette. D, Distribution of the electrode tip when recording in the TeA. Arrow indicates the recorded site shown in E, F. E, An example recording of tone-evoked
LFP waveforms in the TeA. F, LFP amplitude in response to tones of different frequencies and intensities for the same site. G, Normalized amplitude evoked by tones at different intensity levels
(i.e., amplitude-intensity function) averaged for all recording sites (n= 15 from 3 mice). Error bar indicates SD. ***p, 0.001. H, Normalized amplitude evoked by tones at different frequencies
together (i.e., amplitude-frequency function) averaged for all recording sites; n= 15.
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sites (Fig. 2D) show responses to 2-64 kHz pure tones at
high intensities (.40 dB) (Fig. 2E,F). The normalized data
revealed that the response amplitude increased as the sound
intensity increased (p, 0.001, one-way ANOVA; Fig. 2G)
but without frequency preference (p= 0.543, one-way ANOVA;
Fig. 2H).

CS frequency-dependent plasticity for the formation of
auditory threat memory in the TeA
The TeA plays an indispensable role in AFC (Trumpp et al.,
2013; Dalmay et al., 2019). Auditory information should be
linked to learning-induced plasticity in the TeA. Therefore, AFC
might induce some special plasticity in the TeA that allows for
the identification of the conditioning tones (sound frequency).

We used a classic AFC procedure (Boatman and Kim, 2006).
Mice in the training group were fear-conditioned with six pair-
ings of 30 s tone bursts (CS, 15 kHz tone, 75 dB SPL), followed
by a foot shock as the US to measure the percentage of freezing
time and neuronal responses during the presentation of the CS
or different frequency tones (Fig. 3A). All trained animals exhib-
ited robust freezing during training (Fig. 3B) and 24 h later
(Baseline training group: 18.776 11.80%; Baseline control group:
12.156 5.38%; CS training group: 57.996 15.94%; CS control
group: 14.886 8.05%; Baseline training group vs Baseline con-
trol group, p=0.169; CS training group vs CS control group,
p, 0.001, unpaired t test; Baseline training group vs CS training

group, p, 0.001; Baseline control group vs CS control group,
p= 0.721, paired t test; Fig. 3C). These results suggest that trained
animals learned the CS (15 kHz tone) and these threat memories
were stored in the TeA.

After testing, we recorded the tuning from 0.94 to 30 kHz (at
0.5 octave steps, including the 15kHz CS) of a single neuron
with loose-patch recordings in awake mice. The TeA cells in
trained mice exhibited stronger spike responses (Fig. 3D) and
tuning to 15 kHz tone bursts with a lower threshold (50 dB SPL)
(Fig. 3E), in contrast to the response (Fig. 3F) and broad range
tuning with a 60 dB SPL threshold of TeA cells in untrained mice
(Fig. 3G). For population cells, the responses of the TeA cells
from trained mice tuned to the 15kHz tone (F(1,17) = 2.125,
p= 0.163; p0.94 kHz = 0.108, p1.33 kHz = 0.263, p1.88 kHz = 0.683,
p2.65 kHz = 0.011, p3.75 kHz = 0.231, p5.30 kHz = 0.026, p7.50 kHz =
0.532, p10.60 kHz = 0.016, p15.00 kHz = 0.003, p21.21 kHz = 0.096,
p30.00 kHz = 0.936, repeated-measures two-way ANOVA with
the LSD multiple comparisons test; Fig. 3H) with stronger
discharges (Fig. 3I), lower thresholds (Control group: 55.566
5.11 dB, Training groups: 41.006 3.08 dB; p,0.001, Wilcoxon
rank sum test; Fig. 3J), and longer latencies (Control group:
21.726 10.80ms, Training group; 39.906 12.68ms; p,0.001,
unpaired t test; Fig. 3K) than those of untrained mice. These
results indicate that the auditory cues were linked to learning-
induced CS frequency-dependent plasticity of TeA neurons and
stored as an auditory threat memory.

Figure 3. Frequency-dependent plasticity in TeA acoustic response neurons after auditory fear conditioning. A, Schematic diagram of the process of auditory fear conditioning and in vivo
recordings. B, C, Freezing during fear conditioning (B) and testing (C). Training group, n= 20; control group, n= 12. ***p, 0.001. D, E, One example of a single-recorded TeA neuron of the
training group. D, PSTH of the FRs during tone presentation (gray shaded area) and frequency response area (E) of the same neuron to pure tones. Inset in D, spike waveforms. Calibration: 50 mV, 0.5 ms. F,
G, One example of a recorded TeA neuron of the control group. F, PSTH of the FRs during tone presentation (gray shaded area) and frequency response area (G) of the same neuron to pure tones. Inset in F, spike
waveforms. Calibration: 50 mV, 0.5 ms. H, Comparison of normalized spikes to different frequencies of tone between the control (n=18) group and the training group (n=20). Data were collected from both
the right and left hemispheres. *p, 0.05. **p, 0.01. I, Normalized spikes evoked by tones at different intensity levels averaged for all responsive cells of the training group and control group. J, Comparison of
the average threshold to pure tones between the control and training groups. ***p, 0.001. K, Comparison of response latency to pure tones between the control and training groups. ***p, 0.001.
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The TeAmainly receives anatomic
projections from A1, A2, and the MGm
in the auditory pathway
We then examined how the cues of CS
frequency-dependent plasticity were
linked to learning. We injected retro
AAV encoding EGFP into the TeA
(Fig. 4A1). Dense retrogradely labeled
cells were primarily observed locally in
A1, A2 (Fig. 4A2) and the MGm (Fig.
4A3), but not in the MGv in the lemnis-
cal pathway. These results show that
the TeA receives inputs from A1, A2,
and the MGm, as previously reported
(Vaudano et al., 1991; Romanski and
LeDoux, 1993; Shi and Cassell, 1997).

We performed single-cell loose-patch
recordings in awake naive mice to mea-
sure the tone response properties of the
TeA, A1, A2, and MGm. The neural
response properties of naive mice (Fig.
4B1,B2) were similar to those of the TeA
cells in trained mice (Fig. 3D,F). A1 neu-
rons exhibited a short onset response
(Fig. 4C1) and a typical V-shaped TRF
(Fig. 4C2), while A2 neurons exhibited a
short onset response but a broader TRF
(i.e., Fig. 4D1,D2). These results are con-
sistent with previous studies (Hackett et
al., 2011; Manca et al., 2019). However,
sustained responses (Fig. 4E1) and no
clear tuning were observed in MGm
neurons (Fig. 4E2,E3), which were simi-
lar to TeA neurons (Fig. 4B1,B2). The
MGm lacks tonotopic organization, and
its neuronal responses to tones are quite
heterogeneous; some MGm cells have
exceptionally broad, sometimes multi-
peaked frequency tuning, while others
exhibit narrow tuning (Aitkin, 1973;
Weinberger, 2011).

We compared the latency (A1: 14.7506
5.723 ms, A2: 19.4216 5.881 ms, MGm:
16.7066 8.802ms, TeA: 23.5816 11.564ms;
F(3,75)=3.667, p=0.016, one-way ANOVA;
A1 vs TeA: p=0.016, A2 vs TeA: p=0.301,
MGm vs TeA: p=0.041, Dunnett’s multiple
comparisons test; Fig. 4F1), threshold (A1:
18.3336 13.371dB, A2: 23.1586 13.765dB,
MGm: 41.7656 13.31 dB, and the TeA:
50.0006 11.832 dB; p, 0.001, Kruskal�
Wallis test; A1 vs TeA: p,0.001, A2 vs
TeA: p,0.001, MGm vs TeA: p= 0.077,
Conover–Iman all pairs comparison test; Fig. 4F2), and band-
widths (A1: 2.0426 1.233 oct, A2: 2.3956 1.350 oct, MGm:
4.0596 0.864 oct, TeA: 4.5486 0.961 oct, respectively;
p, 0.001, Kruskal�Wallis test; A1 vs TeA: p,0.001, A2 vs
TeA: p , 0.001, MGm vs TeA: p = 0.579, Conover–Iman all
pairs comparison test; Fig. 4F3) (the TRF width, 20 dB SPL
above threshold, BW20) (Williamson and Polley, 2019) of
TeA neurons (data from the untrained animals) to those of
A1, A2, and MGm neurons. TeA neurons had a significantly
longer latency than those of the A1 and MGm neurons, but

not longer than that of A2, and had a higher threshold and
wider BW20 than those of A1 and A2, but not higher or
wider than that of MGm neurons. These results raise the pos-
sibility that A1, A2, and the MGm could all be auditory
inputs to the TeA.

Glutamatergic projections from the MGm, but not from A1,
excite TeA cells, while A2 projections evoke inhibition
To further test the function of the inputs from A1, A2, or the
MGm to the TeA, we examined the axonal projections of gluta-
matergic neurons (Egashira et al., 2018) by injecting AAV

Figure 4. Response characteristics of the MGm, A1, and A2 neurons compared with the TeA response to pure tones. A1,
Injection of AAVretro encoding GFP in the TeA. Scale bar, 200mm. A2, A3, Image represents labeled cells in A1 and A2 (A2)
and the MGm (A3). Scale bar, 100mm. B1-E1, PSTH for responses of an example TeA neuron (B1), A1 neuron (C1), A2 neuron
(D1), and MGm neuron from the left hemisphere (E1) to pure tones. Inset, spike waveforms. Calibration: 50mV, 0.5 ms.
B2-E2, Frequency response area for responses of the same example TeA neuron (B2), A1 neuron (C2), A2 neuron (D2), and
MGm neuron (E2) to pure tones. E3, Normalized FRs evoked by tones at different frequencies for all MGm-responsive cells
(n= 17 from 8 animals). F1-F3, Comparison of the tone response latency (F1), threshold (F2), and bandwidth (F3) between
A1 (n= 12 from 3 animals), A2 (n= 19 from 7 animals), the MGm (n= 17 from 8 animals), and the TeA (n= 31 from 20
animals). Data were collected from both the right and left hemispheres. *p, 0.05. ***p, 0.001.
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encoding humanized channelrhodopsin2 (hChR2) under con-
trol of the CaMKIIa promoter fused with mCherry (AAV-
CaMKIIa-hChR2-mCherry) in A1 (Fig. 5A1), A2 (Fig. 5B1),
and the MGm (Fig. 5C1).

Tracing of fluorescence-labeled axons revealed that glutama-
tergic A1 and A2 neurons projected symmetrically to TeA layers
2/3, 5, and 6 (Fig. 5A2,B2). Activating the ChR2-expressing
axons by delivering 100ms of blue LED light (472 nm) onto the

surface of the TeA did not induce changes in spike rates for A1
inputs (Fig. 5A3; p=0.970, paired t test, n= 19 from 8 animals,
Fig. 5A4) but completely inhibited the spontaneous and sound-
evoked discharges for A2 inputs (Fig. 5B3; p= 0.004, paired t test,
n= 12 from 5 animals, Fig. 5B4). These neurons fired in response
to acoustic stimulation. This indicated that glutamatergic projec-
tions from A1 do not excite TeA cells and that those from A2
induce inhibition.

Figure 5. A1, A2, and the MGm provide different functions of input to TeA neurons in untrained animals. A1-C1, A2-C2, Image represents the AAV-hChR2 injection site in left A1 (A1). Scale
bar, 200mm. Right A2 (B1). Scale bar, 100mm. Right MGm from mouse 1 (C1). Scale bar, 100mm. Fluorescence-labeled axons (top) and fluorescence intensity analysis (bottom) in the TeA
project from A1 (A2), A2 (B2), and MGm (C2), respectively. Scale bar, 100mm. A3-C3, One example of a recording of a single TeA neuron with A1 projection (A3), A2 projection (B3), and MGm
projection (C3). Raster plots of the firing of a TeA neuron during tone presentation (gray shaded area) and tone1 light presentation (blue shaded area). Tone: 0-50 ms time window; Light:
400-500 ms time window. A4-C4, Comparison of FR between LED on and off responses in TeA neurons with A1 (A4), A2 (B4), and MGm projection (C4), respectively. Data from both the right
and left hemispheres. D1, D2, Light-evoked IPSC and EPSC of a TeA neuron with A1 projection (D1). Calibration: 50 pA, 20ms. IPSCs before (red) and after (light red), EPSCs before (blue) and af-
ter (light blue) (D2). Data from both right and left hemispheres. *p, 0.05. E, Image represents a recorded neuron in L5 of a slice containing the right TeA. Blue circle represents the light illu-
mination area. Scale bar, 100mm. F1, F2, Light-evoked IPSC and EPSC of a TeA neuron with an A2 projection (F1). Calibration: 50 pA, 20ms. IPSCs before (red) and after (light red) TTX and
4AP perfusion, EPSCs before (blue) and after (light blue) (F2). Data from both the right and left hemispheres. **p, 0.01. G, Proposed connections of A1, A2, and the MGm projecting to the
TeA. A1, Primary AC; A2, secondary AC; MGm, medial divisions of the medial geniculate nucleus.
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Tracing of fluorescence-labeled axons from the MGm
revealed dense axons in the TeA, especially in layers 1, 4, and 5A,
but sparse axons in layers 2/3 and 6 (Figs. 5C2, 6) (Caviness,
1975), which were different from the A1 and A2 neuron projec-
tions. The 100 ms LED blue light stimulation evoked stronger
spikes than 600-700ms from baseline (Fig. 5C3; p= 0.004, paired
t test, n=13 from 5 animals, Fig. 5C4), which indicates that glu-
tamatergic projections from the MGm can efficiently drive TeA
cells.

To answer the questions as to why the terminals from A1 and
A2 function differently, we performed whole-cell recordings of
TeA neurons in coronal brain slices containing axons from A1
and A2 with AAV-hChR2. The IPSCs and EPSCs in response to
blue LED light stimulation of A1 or A2 axons were recorded
(Fig. 5E) by clamping the cell’s membrane potential at 0 and
�70mV, respectively. For both A1 (Fig. 5D1) and A2 (Fig. 5F1)
axons, a 5 ms pulse of blue light elicited IPSCs and EPSCs in the
recorded neuron when the slice was bathed in normal external
solution. However, the EPSCs of A1 axons were much larger
than those of A2 axons. When TTX (1 mM) and 4-AP (1 mM)
were perfused, the IPSC disappeared, and the EPSC was weakly
reduced in amplitude. The amplitude of IPSCs was similar to
those of EPSCs in A1 axons (Control IPSC: 174.336 115.16 pA,
TTX and 4-AP perfusion IPSC: 0 pA, Control EPSC: �173.636
134.07 pA, TTX and 4-AP perfusion EPSC: �125.106 91.58 pA;
Control EPSC vs TTX and 4-AP perfusion EPSC: p=0.979,
Control IPSC vs TTX and 4-AP perfusion IPSC: p= 0.027, paired
t test; Control EPSC vs Control IPSC: p= 0.993, TTX and 4-AP
perfusion EPSC vs TTX and 4-AP perfusion IPSC: p= 0.015, t
test; 5 cells from 3 animals; Fig. 5D2), whereas the amplitude of
IPSCs was obviously larger than those of EPSCs in A2 axons
(Control IPSC: 157.346 55.41 pA, TTX and 4-AP perfusion
IPSC: 0 pA, Control EPSC: �54.946 20.26 pA, TTX and 4-AP
perfusion EPSC: �40.056 23.76 pA; Control EPSC vs TTX and
4-AP perfusion EPSC: p=0.004, Control IPSC vs TTX and 4-AP

perfusion IPSC: p=0.031, paired t test; Control EPSC vs Control
IPSC: p=0.005, TTX and 4-AP perfusion EPSC vs TTX and 4-
AP perfusion IPSC: p= 0.005, t test; 5 cells from 3 animals; Fig.
5F2). TTX plus 4-AP was effective in blocking disynaptic and
polysynaptic responses, leaving only monosynaptic responses
(Petreanu et al., 2009). Together, the data demonstrated that glu-
tamatergic A1 and A2 projections could evoke monosynaptic
EPSCs of TeA neurons and disynaptic IPSCs through TeA inhib-
itory interneurons.

In summary, glutamatergic projections from the MGm drive
TeA cells. Glutamatergic monosynaptic inputs from A1 and A2
could not drive pyramidal neurons, but interneurons contributed
to the EPSC. However, A2 glutamatergic projections evoked very
small EPSCs, and stronger IPSCs through disynaptic inputs of
interneurons, suggesting an inhibitory effect (Fig. 5G).

Inputs from A1, A2, and the MGm to the TeA play roles in
inducing the CS according to auditory information, CS
lateral inhibition, and non–frequency-specific sensitization
A1 belongs to the lemniscal nuclei, while A2 and the MGm
belong to the nonlemniscal nuclei (Hu, 2003; Ohga et al., 2021).
Following Suga’s working model of tuning shifts (Suga, 2012,
2020), the CS-dependent tuning of TeA neurons might be
induced by auditory information from the lemniscal nuclei
(e.g., A1 and the MGv) sensitized by the nonlemniscal nuclei
(e.g., A2 and the MGm). We thus reasoned that the input
from A1 contributes special frequency information that is
sensitized by A2 and the MGm.

CS frequency-dependent plasticity has also been evoked in
MGm neurons (Weinberger, 2011). MGm neurons had a similar
BW20 and lower threshold than TeA neurons (Fig. 4F2,F3) but a
shorter latency (Fig. 4F1). Inputs to the TeA from the MGm
could drive TeA cells (Fig. 5C3,C4). We believe that CS fre-
quency-dependent plasticity of TeA neurons might be controlled
by MGm neurons.

Figure 6. AAV-hChR2-infected neurons from the MGm mainly project fibers to layers 1, 4, and 5A and rarely to layers 2/3 and 6 of the TeA. A1-D1, Image represents the AAV- hChR2 injec-
tion site in the left MGm from Mouse 2 (A1), right MGm from Mouse 3 (B1), right MGm from Mouse 4 (C1), and right MGm from Mouse 5 (D1). A2-D2, Corresponding fluorescence-labeled axons
(top) and fluorescence intensity analysis (bottom) reveal uneven fiber projection in different layers of the TeA. Scale bar, 100mm. MGd, MGv, MGm, Dorsal, ventral, and medial divisions of the
medial geniculate nucleus; SG, suprageniculate nucleus.
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We injected the AAV construct encod-
ing the neural silencer third-generation
halorhodopsin (eNpHR3.0) fused with
EYFP driven by the CaMKIIa promoter
(AAV-CaMKIIa-eNpHR3.0-EYFP) into
the MGm (Fig. 7A1). Three weeks later,
animals were trained and tested with AFC
to a 7.5 kHz tone as the CS. When the
spike responses (Fig. 7A2) and the CS fre-
quency-dependent tuning to the training
7.5 kHz tone (Fig. 7A3) of a neuron were
recorded in a trained animal, 150ms yel-
low LED light (591nm) pulses were deliv-
ered onto the surface of the TeA through
an optic fiber to activate the eNpHR3.0-
expressing axons (Fig. 7A1). Fifty millisec-
onds after the beginning of light pulses,
50ms tone bursts were presented to the
animals (Fig. 7A2). Pure tone-evoked
responses substantially decreased (Fig. 7A2,
A3; F(1,6)=12.291, p=0.013; p0.94 kHz =
0.911, p1.33 kHz = 0.298, p1.88 kHz = 0.042,
p2.65 kHz = 0.044, p3.75 kHz = 0.965, p5.30 kHz =
0.649, p7.50 kHz , 0.001, p10.61 kHz = 0.431,
p15.00 kHz = 0.098, p21.21 kHz = 0.434,
p30.00 kHz = 0.582, repeated-measures
two-way ANOVA with the LSD mul-
tiple comparisons test; n= 7 TeA neu-
rons from 5 animals; Fig. 7A4), especially
at the CS frequency, and the tuning also
disappeared (Fig. 7A3,A4). Inactivation
of the MGm evoked a longer latency
(Control: 31.296 14.02ms, Light: 51.436
29.52ms, p=0.046, paired t test; Fig. 7A5),
whereas it did not change the threshold
(Control: 41.436 3.78dB, Light: 40.006
0.00dB, p=0.317, Wilcoxon rank sum test;
Fig. 7A6) or BW20 of TeA neurons
(Control: 3.866 0.85 oct, Light: 4.076
1.40 oct, p = 0.686, Wilcoxon rank sum
test; Fig. 7A7). This finding indicates
that MGm inputs not only facilitate
all frequency responses but also relay
the CS frequency-dependent tuning to
TeA neurons.

Although inputs from A1 could not
drive TeA neurons (Fig. 5A3,A4), they
contributed to the EPSCs of the TeA
(Fig. 5D1,D2). The above experiment did
not exclude the role of inputs from A1 to
the TeA. If inactivating the inputs from
A1 to the TeA results in a disappearance
of the CS frequency-dependent tuning
of TeA neurons, this indicates that
MGm inputs only sensitize TeA neu-
rons’ responses, without frequency
specificity.

We injected AAV-eNpHR3.0 into A1
(Fig. 7B1) and checked the role of the
inputs from A1 to the TeA, as with the
procedure for the MGm (Fig. 7B2).
Tone-evoked responses did not sig-
nificantly decrease after inactivating

Figure 7. Silencing A1 and MGm projections decreases spike rates in TeA neurons, whereas silencing the A2 pro-
jection decreases FR in TeA neurons. A1-C1, Illustration of the recording setup for silencing A1 (A1), A2 (B1), and
MGm (C1) projections. L, LED; R, recording pipettes. A2-C2, Example of recorded single TeA unit while separately
silencing A1 (A2), A2 (B2), and MGm (C2) projections. Data from the right hemisphere. Top panels, Raster plots of
a TeA neuron firing during tone presentation (gray shaded area) and tone 1 light presentation (yellow shaded
area). Tone: 50-100 ms time window; Light: 0-150 ms time window. Bottom panel, PSTH of the FR in response to
the tone alone (black) and tone 1 light (red). A3-C3, FR between the control group and light group responses of
the example shown in A1 (A3), A2 (B3), and MGm (C3) projections. A4-C4, Comparison of normalized FR between
the control group and light group responses to different tone frequencies in the MGm (A4), A1 (B4), and A2 (C4),
respectively. Data from both the right and left hemispheres. *p, 0.05. ***p, 0.001. A5-C5, Response latency in
the tone alone (black) and tone 1 light (red) conditions for MGm (A5), A1 (B5), and A2 (C5) projections, respec-
tively. *p, 0.05. A6-C6, Response threshold in the tone alone (black) and tone 1 light (red) conditions for MGm
(A6), A1 (B6), and A2 (C6) projections, respectively. A7-C7, Response BW20 in the tone alone (black) and tone 1
light (red) conditions for MGm (A7), A1 (B7), and A2 (C7) projections, respectively. D, Proposed model of the MGm,
A1, and A2 contributions to TeA tonal responses after auditory fear conditioning.
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the inputs from A1 to the TeA using yellow light to activate
eNpHR3.0-expressing axons (Fig. 7B2,B3; F(1,7) = 0.043,
p = 0.841; p0.94 kHz = 0.727, p1.33 kHz = 0.270, p1.88 kHz =
0.173, p2.65 kHz = 0.978, p3.75 kHz = 0.189, p5.30 kHz = 0.464,
p7.50 kHz = 0.036, p10.61 kHz = 0.758, p15.00 kHz = 0.775, p21.21 kHz =
0.990, p30.00 kHz = 0.453, repeated-measures two-way ANOVA
with the LSD multiple comparisons test; n = 8 TeA neurons
from 6 animals; Fig. 7B4), but the tuning disappeared
(Fig. 7B4). The inactivation of A1 evoked a longer latency
(Control: 62.136 52.77 ms, Light: 87.386 72.46 ms, p =
0.039, paired t test; Fig. 7B5), whereas it did not change the
threshold (Control: 43.756 7.44 dB, Light: 43.756 7.44 dB,
p = 1.000, Wilcoxon rank sum test; Fig. 7B6) or BW20 of
TeA neurons (Control: 4.006 1.16 oct, Light: 3.696 1.03
oct, p = 0.340, Wilcoxon rank sum test; Fig. 7B7). That is,
the inputs from A1 to the TeA induced the CS frequency-
dependent tuning to the TeA, but not to the MGm.

As shown in Figure 7A3, A4, we not only observed the erasure
of CS frequency-dependent tuning of TeA cells in trained
mice, but also the suppression of responses to acoustic fre-
quencies beyond the CS frequency. This suppression could
result from the inhibition of A2 inputs. We injected AAV-
eNpHR3.0 into A2 (Fig. 7C1), and inactivation of the inputs
from A2 to the TeA increased the tone-evoked responses to
all acoustic frequencies, except for frequencies close to that
of the CS (Fig. 7C2,C3; F(1,4) = 28.066, p = 0.006; p0.94 kHz =
0.332, p1.33 kHz = 0.018, p1.88 kHz = 0.047, p2.65 kHz = 0.083,
p3.75 kHz = 0.336, p5.30 kHz = 0.082, p7.50 kHz = 0.575, p10.61 kHz =
0.682, p15.00 kHz = 0.054, p21.21 kHz = 0.041, p30.00 kHz = 0.019,
repeated-measures two-way ANOVA with the LSD multiple
comparisons test; n=5 TeA neurons from 4 animals; Fig. 7C4).
The inactivation of A2 did not change the latency (Control:
46.606 21.34ms, Light: 36.206 18.55ms, p=0.336, paired t test;
Fig. 7C5), threshold (Control: 40.006 0.00 dB, Light: 40.006
7.07 dB, p=1.000, Wilcoxon rank sum test; Fig. 7C6), or BW20 of
TeA neurons (Control: 4.506 0.50 oct, Light: 4.606 0.42 oct,
p=0.655, Wilcoxon rank sum test; Fig. 7C7). These results dem-
onstrated that inputs from A2 to the TeA play a role in lateral in-
hibition of the CS frequency.

In summary, these results suggest that all auditory informa-
tion to the TeA without frequency specificity are amplified by
sensitization of the MGm during AFC learning. The CS fre-
quency information is selected and sent to the TeA from A1, and
is reinforced by CS frequency-specific plasticity via non-CS fre-
quency suppression of A2 (Fig. 7D).

Discussion
A CS-US association has been proposed to occur in the associa-
tion cortex (Suga, 2008, 2020). Therefore, we investigated the
mouse TeA to further address the issue by trying to answer the
following questions: whether the TeA is special or critical for
classical AFC, whether special sound responses are elicited by
TeA neurons, what kind of plasticity is evoked in the TeA as a
result of AFC training, and how TeA neurons undergo the spe-
cial plasticity.

First, using chemogenetic manipulations, we found that the
TeA is a critical area for classical AFC. This confirms a recent
finding from a study using optogenetic manipulations, in which
the TeA controls all forms of auditory threat memory (Dalmay
et al., 2019). We then found that TeA neurons respond to pure
tones without any frequency preference in awake animals only,
but CS frequency-dependent plasticity resulted in the formation

of an auditory threat memory in the TeA. This is different
from nuclei in the lemniscal pathway. Most auditory neurons
are characterized by best frequency (BF) or characteristic fre-
quency (Imaizumi and Lee, 2014), and BF or characteristic
frequency shifts as a result of plasticity (Weinberger and
Bakin, 1998). Considering that TeA neurons mainly receive
anatomic projections from A1, A2, and the MGm but not the
MGv in the lemniscal pathway and that the projecting fibers
are mainly glutamatergic, we used AAV-CaMKIIa-hChR2
(H134R) to examine the functions of glutamatergic projec-
tions. Interestingly, we found that glutamatergic projections
from the MGm could excite TeA cells, but those from A1
could not; A1 provided subthreshold inputs, while A2 disy-
naptic projections evoked inhibition. This suggests that A1
inputs do not affect spontaneous or sound-evoked firing. We
found a similar density of fluorescence-labeled A2 axons and
axons adjacent to A1; however, A2 inputs exhibited strong in-
hibition of the spontaneous discharging of TeA neurons. It
has been proposed that the nonlemniscal nuclei (e.g., A2 and
the MGm) may play an essential role in the sensitization eli-
cited by pseudo-conditioning (Suga, 2012). If a neuron can be
excited by several inputs, it is difficult to verify which inputs
function as a signal information producer or sensitizer. In this
study, we used AAV-CaMKIIa-eNpHR3.0 to block glutama-
tergic projections from A1, A2, and the MGm to the TeA and
subsequently compared the frequency response of each, espe-
cially the CS frequency-dependent responses. We found that
inputs from A1 to the TeA play roles in producing CS fre-
quency-dependent auditory information, while A2 evokes CS
lateral inhibition and the MGm underlies non–frequency-spe-
cific sensitization. Both A2 and the MGm work together in an
inhibitory-facilitative role. That is, during AFC learning, all
auditory information to the TeA without frequency specificity
is amplified by MGm-induced sensitization. Subsequently, CS
frequency information is selected (Suga, 2012) and sent to the
TeA as a subthreshold signal from A1 glutamatergic inputs.
These inputs are reinforced via CS frequency-specific plastic-
ity by non-CS frequency suppression of A2 glutamatergic
inputs. Finally, the CS frequency-dependent plasticity created
in the TeA as an auditory threat memory is critically linked to
behavior.

The long-term plasticity observed is likely specific to AFC.
We recorded TeA neurons after 24 h of retrieval testing. Thus,
the CS-dependent plasticity in the TeA had a long-lasting
response. CS frequency-dependent plasticity is proposed to be
produced by corticocortical interactions and corticofugal feed-
back through the lemniscal nuclei (e.g., A1 and the MGv). This
plasticity is then facilitated by the sensitization of nonlemniscal
nuclei (e.g., A2 and the MGm) (Suga, 2012, 2020). The present
findings reveal that the CS frequency information of CS-depend-
ent plasticity in the TeA is relayed from A1. A1 provides sub-
threshold inputs to the TeA, which do not affect the responses of
TeA neurons in untrained animals (Fig. 5D1). However, after
conditioning, the BF of A1 neurons shifts to the frequency of the
training tone and apparently influences the responses of TeA
neurons (Fig. 7B1). This confirms that corticocortical (A1-TeA)
modulations through the lemniscal nuclei play an essential role
in evoking CS-dependent plasticity (Suga et al., 2000; Suga,
2012). With the help of cholinergic activation, the induction of
plasticity in A1 may contribute to changing the response of TeA
neurons (Butt et al., 2009).

The MGm is a typical nonlemniscal nucleus with broad
frequency-tuning (Calford and Webster, 1981; Hu, 2003;
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Ma and Suga, 2009), which is similar to TeA neurons. We
expressed ChR2 in the MGm and found that it projects
axons mainly in layers 1 and 5A for nonlemniscal thalamic
innervation of TeA in addition to layer 4 for lemniscal-tha-
lamic innervation (Fig. 6). These results are consistent with
previous studies showing that MGm projects broadly across
many lemniscal, nonlemniscal, multimodal, and limbic
cortical areas (Lee and Winer, 2008). However, the TeA
receives projections mainly from medial and dorsal divi-
sions of the medial geniculate nucleus, suprageniculate nu-
cleus, and the caudal part of the posterior nucleus of the
thalamus (Fig. 4A3) (Vaudano et al., 1991; Tasaka et al.,
2020). Although we have excluded animals with viral
expressing cells in .30% of the MGm area, the viral projec-
tion and optogenetic stimulation results may be influenced
as it is difficult to cover the entire MGm subregion while
leaving adjacent areas uninfected by the viral injection
(Figs. 4A3, 6). Our results reveal the sensitization role of
the MGm. A2 is also thought to be a nonlemniscal nucleus
(Manca et al., 2019) with broad frequency tuning, and is
proposed to play a sensitization role, much like the MGm,
that is elicited by pseudo-conditioning (Suga, 2020).
However, A2 induces CS lateral inhibition to suppress the
response of non-CS frequencies in TeA neurons, which
strengthens the responses to CS frequency and helps to
induce CS frequency-dependent plasticity.

Animals use auditory information to guide their behavior in
AFC. Projections from the AC to the TeA carry sensory informa-
tion that drives decisions in AFC (Cho et al., 2016; Dalmay et al.,
2019). Interestingly, the CS frequency-dependent plasticity in
TeA neurons is evoked by AFC, which is much like the selective
corticostriatal plasticity observed during acquisition in an audi-
tory discrimination task (Q. Xiong et al., 2015). It does not ex-
hibit the BF-shift style but establishes BF relative to the CS
through nonfrequency preference tuning. These neurons store
auditory threat memories and control behavior after learning.

Together, our data suggest that the neuronal mechanism
underlying the CS frequency-dependent plasticity in the TeA is
as follows: three parts in the auditory system are obligatory; A1
glutamatergic subthreshold monosynaptic inputs transfer CS fre-
quency information, A2 glutamatergic disynaptic inputs serve as
CS lateral inhibition, and MGm glutamatergic monosynaptic
inputs work as non–frequency-specific facilitation. Therefore,
auditory threat memory acquisition and expression are a result
of the combined actions of these three elements.

This mechanism may explain the diverse and mutually con-
tradictory results observed in the AC (A1 and A2) (Campeau
and Davis, 1995; Boatman and Kim, 2006; Sacco and Sacchetti,
2010; Yang et al., 2016; Wigestrand et al., 2017; G. W. Zhang et
al., 2018; Dalmay et al., 2019). Anatomically, A1 goes to A2 and
then to the TeA, and it is difficult to separate A1 from A2, and
A2 from the TeA. They can only be distinguished by their differ-
ent functions as shown in our current study. As an example,
Dalmay et al. (2019) used optogenetic inactivation of AC (both
A1 and A2) and found that pure-tone (12 kHz) learning and
memory are unaffected by AC inhibition. However, AC inhibi-
tion selectively impaired memory acquisition and retrieval to FM
sweep CSs (between 5 and 20kHz). FM sweeps activate a mass of
auditory neurons tuned to largely different frequencies, with a
wider frequency range and a greater number of neurons acti-
vated than pure tones. These activated neurons cannot evoke lat-
eral inhibition of TeA neurons through A2. When both A1 and
A2 are optogenetically inactivated, the FM sweep signal is not

amplified by A2, although it is augmented in the TeA by MGm
sensitization. Therefore, AC inactivation is selective for the
impairment of FM sweeps. However, the pure tone CS evokes
the strongest lateral inhibition by A2. When both A1 and A2 are
optogenetically inactivated, the pure-tone signal is augmented in
the TeA by MGm sensitization and also amplified by disinhibi-
tion of A2. This is why inactivation of both A1 and A2 selectively
impaired FM sweep learning and memory but not pure tone.
This is also why pure tone memory is independent of A1 but
requires the A2-TeA connections. This can also explain the find-
ing that the AC is selectively required for discrimination between
FM sweeps and pure tones in an appetitive go/no-go task
(Ceballo et al., 2019).

The MGm has been suggested to be the core region underly-
ing AFC (Weinberger, 2011). CS-specific tuning plasticity devel-
ops in MGm neurons and is maintained for at least an hour (the
longest period tested) (Bakin and Weinberger, 1990; Edeline and
Weinberger, 1992). When we recorded TeA neuronal responses
after retrieval testing (24 h after training) with inactivation of A1,
CS-specific tuning plasticity was no longer observed (Fig. 7B4).
That is, transfer to the TeA of CS- specific tuning developed in
the MGm was not evident 24 h after training. Lesions of the
MGm impair freezing behavior to pure tones (LeDoux et al.,
1986; Campeau and Davis, 1995). Therefore, the MGm is consid-
ered to be the basic circuit for pure tones (Romanski and
LeDoux, 1992; Weinberger, 2011; Dalmay et al., 2019). Our
results support this interpretation. Although the CS-dependent
plasticity information could not be derived from the MGm but
rather from A1, inactivation of the MGm to the TeA inhibits the
specific plasticity and reduces the responses to all frequencies.
This is possibly because the MGm only plays a role as an
amplifier; therefore, its sensitization function has no fre-
quency specificity.

Our results lead to the conclusion that CS frequency-depend-
ent plasticity results in auditory threat memory formation in the
TeA. The CS frequency-dependent plasticity in the TeA is
formed by CS frequency information from A1 glutamatergic
subthreshold monosynaptic inputs, CS lateral inhibition from
A2 glutamatergic disynaptic inputs, and non–frequency-specific
facilitation from MGm glutamatergic monosynaptic inputs.
Together, the A2 and MGm perform an inhibitory-facilitative
function (Fig. 7D). Nevertheless, a relatively small sample size
was used in some of our experiments because of their level of dif-
ficulty (;3 mice). In addition, despite being useful tools, chemo-
genetic approaches and viral manipulations are not without
“noise,” such as inadequately restrictive viral expression or light
leakage in optogenetic manipulations, which may affect the ex-
perimental results to a certain extent. Further nuanced studies
will be conducted to consolidate this working model.
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