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Abstract The anterior auditory field (AAF) is a core
region of the auditory cortex and plays a vital role in dis-
crimination tasks. However, the role of the AAF corticos-
triatal neurons in frequency discrimination remains unclear.
Here, we used c-Fos staining, fiber photometry recording,
and pharmacogenetic manipulation to investigate the func-
tion of the AAF corticostriatal neurons in a frequency dis-
crimination task. c-Fos staining and fiber photometry record-
ing revealed that the activity of AAF pyramidal neurons was
significantly elevated during the frequency discrimination
task. Pharmacogenetic inhibition of AAF pyramidal neu-
rons significantly impaired frequency discrimination. In
addition, histological results revealed that AAF pyramidal
neurons send strong projections to the striatum. Moreover,
pharmacogenetic suppression of the striatal projections from
pyramidal neurons in the AAF significantly disrupted the
frequency discrimination. Collectively, our findings show
that AAF pyramidal neurons, particularly the AAF—striatum
projections, play a crucial role in frequency discrimination
behavior.
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Introduction

The anterior auditory field (AAF) and primary auditory cor-
tex (A1) are the major cortical fields in the rodent auditory
system [1-4]. Extensive studies have been conducted on the
cortical topology, plasticity, cellular response properties,
and functional role of A1 [1-5]. Optogenetic manipulations
of Al activity modulate frequency discrimination perfor-
mance requiring temporal integration [6, 7]. However, little
is known about the role of the AAF in auditory information
processing, especially in discriminative behavior.

Recently, we found that the AAF plays a key role in the
categorization of sound frequency in rats [8]. The results
of behavioral experiments also suggested that injecting the
y-aminobutyric acid (GABA) receptor agonist muscimol
into the AAF disrupts the frequency discrimination of rats.
Moreover, pharmacological inhibition of the AAF activity
significantly affects the acquisition of auditory fear behav-
ior [8]. Lomber et al. found that inhibition of the bilateral
AAF impairs auditory temporal discrimination, whereas
inhibition of the posterior auditory cortex area affects the
recognition of the sound source’s location [9]. These results
suggest that the AAF plays an important role in frequency
discrimination.

Previous studies on the AAF mainly focused on its projec-
tion relationships within the auditory system. The AAF and
A1 receive large inputs from different thalamic divisions.
For example, the AAF mainly receives projections from the
posterior thalamus complex, while A1 mainly receives pro-
jections from the ventral medial geniculate body [1, 10]. In
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addition, anatomical and physiological studies have demon-
strated that the auditory cortex sends excitatory glutamate
projections to the striatum [11], which is involved in the
regulation of reward, emotion, motivation, and other higher
cognitive functions [12—14]. Thus, the different inputs and
projections between AAF and A1 suggest that AAF neurons
differ from A1 neurons in physiological properties. Impor-
tantly, Song ef al. also found that there is a strong projection
from the AAF to the striatum [13, 15]. Although corticos-
triatal neurons in Al are involved in modulating frequency
discrimination [16, 17], whether AAF pyramidal neurons
and the AAF-striatum pathway are involved in auditory-
related discrimination behaviors is unknown.

Thus, in the present study, we used c-Fos staining, fiber
photometry recording, and pharmacogenetic manipulation
to investigate the function of AAF corticostriatal neurons in
a sound discrimination task.

Materials and Methods
Animals

Adult C57BL/6J mice (male, 68 weeks, 25-28 g) were pro-
vided by the Laboratory Animal Center at the Army Medical
University. All experimental procedures were performed in
accordance with institutional animal welfare guidelines and
were approved by the Army Military Medical University
Animal Care and Use Committee. Animals were maintained
on a 12-h light/dark cycle with free access to food and water.
All efforts were made to minimize animal suffering.

Auditory Frequency Discrimination Behavior

A SuperFcs system (XinRuan, Shanghai, China) was used to
generate sound and electricity. Freezing was assessed when
no movement (besides respiratory movements) lasted for 0.5
s or more, and the total freezing time during a sound presen-
tation was assessed based on the SuperFcs system.

Training

Mice were placed in a training chamber (28.5 cm X 32 cm
X 52.5 cm) and allowed to explore for 100 s for habituation
(Fig. 1A, B). After the 100 s baseline period, mice were
exposed to 5 pairings composed of a 20-s pure tone (75
dB) and a 2-s footshock (0.6 mA). The tone and the foot-
shock ended at the same time. The tone that was associated
with the footshock was the conditioned stimulus (CS). The
footshock was the unconditioned stimulus (UCS). The inter-
trial interval was 60 + 20 s at random. Mice were trained
to remember one of the two different sound frequencies (a

2- or 12-kHz pure tone) alone. After five trials, animals were
transported to their home cage using a transfer cage.

Behavior Test

During paired training, mice were taught to associate a
sound with a footshock (Fig. 1C). On the third day, a dif-
ferent cage was used to transfer the testing animals to the
testing chamber, which now had a different size (25 cm X
25 cm X 40 cm). To eliminate the effect of sound order on
the test results, we established two different testing patterns:
12 kHz or 2 kHz were first used to test the freezing level,
then the other frequency was subsequently used to test the
mice’s freezing level. The mice were allowed to explore the
testing chamber for 100 s (baseline), after which the pure
tone cue (CS*, 75 dB), the same as that used in the train-
ing session. was delivered continuously for 100 s. After 30
min, a 100-s pure tone (75 dB) that was not the conditioned
stimulus (CS™) was delivered in a different, custom-made
chamber (30 cm X 20 cm X 40 cm). The other testing pat-
tern used the opposite sound order. Moreover, filter paper or
crushed corncob was placed in the bottom of the two testing
chambers to increase contextual diversity.

Freezing time was measured when a lack of movement
(except respiratory movements) lasted for 0.5 s or more
based on detections by the SuperFcs system. The percentage
of freezing time was calculated as the ratio between the total
freezing time during the sound presentation and the dura-
tion of the entire sound presentation. The percentage was
assessed based on the behavior of each animal, and the total
percentage of freezing time was compared between groups.

Virus and CTB488 Injection

Mice were anesthetized with isoflurane (1%-1.5% isoflu-
rane/oxygen,) and fixed in a stereotaxic apparatus (RWD
Life Science, Shenzhen, China) as described previ-
ously [11-13]. The viruses or cholera toxin subunit B488
(CTB488, C34775, Invitrogen, Carlsbad, USA) was injected
using glass micropipettes (tip diameter, 10-20 pm) at a spe-
cific speed (15 nL/min) and volume, controlled by a nano-
liter injector (Nanoject III, Drummond Scientific, USA). The
micropipette tip was left in place for an additional 5 min
after injection, then slowly withdrawn.

To facilitate fiber photometry recording of AAF excita-
tory neuronal activity during auditory frequency discrimi-
nation behavior, mice were microinjected with 50 nL of
rAAV2/9-CaMKIla-GCaMP6s [titer: 5.90 x 10'? genome
copies (GC)/mL] or rAAV2/9-CaMKIla-EGFP (titer: 4.05
x 102 GC/mL; Fig. 3B) into the right AAF.

For pharmacogenetic inhibition of AAF pyramidal neu-
ronal activity during auditory frequency discrimination
behavior, mice were microinjected with either 50 nL of
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Fig. 1 Mice can differentiate between different tone frequencies in
the fear conditioning task. A Experimental scheme for the training
and fear conditioning tests. B Experimental timeline for the training
paradigm. C Experimental timeline for the testing paradigm. D, E
Freezing levels of the mice in the testing pattern 1 (D; n = 9) and
testing pattern 2 (E; n = 8) during the 2-kHz training paradigm. F, G

rAAV2/8-CaMKIla-hM4Di-mCherry (titer: 5.89 x 10'? GC/
mL) or rAAV2/8-CaMKIla-mCherry (titer: 5.04 x 10'> GC/
mL) as a control into the bilateral AAF (Fig. 4B).

For anterograde tracing of the AAF-striatum projections,
mice were microinjected with 50 nL of rAAV?2/8-CaMKlIla-
EGFP-P2A-MCS-3FLAG (titer: 8.21 x 10'* GC/mL) into
the right AAF (Fig. 5A).

Mice were microinjected with 150 nL of CTB488 (0.1%,
w/v) into the right striatum to allow retrograde tracing of
the AAF-striatum projections, and 14 days were allowed
for retrograde tracer transport (Fig. 5B).

Mice were microinjected with 50 nL rAAV2/9-EFla-
DIO-hM4Di-mCherry (titer: 2.42 x 10'2 GC/mL) to phar-
macogenetically inhibit AAF excitatory neuron activity dur-
ing auditory frequency discrimination behavior or 50 nL
rAAV2/9-EF1a-DIO-mCherry (titer: 2.71 x 10'> GC/mL) as
a control into the bilateral AAF. The mice were also bilater-
ally microinjected with 150 nL. rAAV2/retro-Camklla-Cre
(titer: 6.62 X 10'* GC/mL) into each side of the striatum
(Fig. 6B).

@ Springer

Testing pattern 1 Testing pattern 2

Freezing levels of the testing pattern 1 (F; n = 9) and testing pattern
2 (G; n = 8) during the 12-kHz training paradigm. For D-G: all data
are shown as the mean + SEM; **P <0.01, ***P <0.001, Paired Stu-
dent’s t-test. CS™, conditioned stimulus (the pure tone paired with the
footshock); CS™, the pure tone not paired with the footshock; UCS,
unconditioned stimulus (the footshock).

All coordinates for viral injection sites are listed as meas-
urements from bregma (in mm). AAF: —2.30 anterior, +3.80
lateral, —1.0 ventral; striatum: —1.06 anterior, +2.93 lateral,
-2.5 ventral.

Pharmacogenetic Manipulations

To attain pharmacogenetic inhibition, mice express-
ing hM4Di-mCherry or mCherry (control) were injected
intraperitoneally with 2 mg/kg clozapine N-oxide (CNO,
HY-17366, MedChemExpress, New Jersey, USA) [diluted
with 5% DMSO (D5879, Sigma—Aldrich, Saint Louis, USA)
and saline], and the behavioral test was implemented 30 min
after CNO injection.

Optical Fiber Implantation
Mice were fixed in a stereotaxic apparatus after being anes-

thetized with isoflurane (1%—1.5% isoflurane/oxygen). Then,
for fiber photometry recording, the optical fibers (ceramic
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ferrule: diameter 2.50 mm; optical fiber: 200 pm core diam-
eter, 0.37 NA) were implanted 20 pm above the viral injec-
tion site in the right AAF, and two cranial screws were fixed
to the skull, while the skull surface was milled with a cranial
drill for dental cement fixation. The optical fibers were fixed
to the skull with dental cement immediately after the virus
injection. The animals were allowed 4 weeks of recovery
from the surgery and expression of the virus.

Fiber Photometry

The mice were first trained in a conditioned fear experiment
and subjected to an electric shock and a pure tone of 12 kHz
(75 dB) using the SuperFcs system (XinRuan, Shanghai,
China). Then a fiber photometry recording system (Thinker-
biotech, Nanjing, China) was used to record the fluorescence
signals of the AAF. Fluorescence emission was recorded and
fluorescence signal excitation was induced using a 470-nm
laser. The reference channel used 405-nm excitation light.
Moreover, a 405-nm laser was used to exclude movement
noise and test the data validity of the Ca** signal channel.

The mice were placed in a testing chamber and allowed
to acclimatize for 5 min after a fiber optic jumper was con-
nected to the ceramic insert on top of the skull. Then the
fluorescence signal was recorded during which the mice
were exposed to a pure tone (CS™: 12 kHz, 75 dB, 200 s).
Then, another pure tone (CS™: 2 kHz, 75 dB, 200 s) was
delivered at an interval of ~30 min to record the changes in
Ca®* signals during the process.

Fig. 2 c-Fos-positive cell num-

bers are significantly elevated 48 h habitation

S
/L

The fiber photometry statistics were analyzed using
MatLab 2017b (The MathWorks, Inc., Natick, USA). The
change in the fluorescence values (AF/F,) was calculated
using (F — Fy)/F,, in which F refers to the fluorescence value
at each time point (—2 s to 10 s relative to the pure tone) and
F, refers to the median of the fluorescence values during the
baseline period (-2 s to O s relative to the pure tone onset).
The AF/F values are presented as heatmaps and plots with
shaded areas that indicated the SEM to visualize the change
in fluorescence. To statistically quantify the change in fluo-
rescence values across the sound testing results, the average
amplitude of AF/F, was defined as the average fluorescence
amplitude change from baseline during the peak period (0—4
s relative to the sound test onset) (Fig. 3).

Immunofluorescence

For the assessment of endogenous c-Fos expression induced
by auditory frequency discrimination behavior in the AAF,
6 groups of mice received different training and test pat-
terns, and their brains were collected 90 min after testing
(Fig. 2A).

The immunofluorescence staining protocol was designed
as described below. First, the mice were deeply anesthetized
with isoflurane and transcardially perfused with phosphate-
buffered saline (PBS, 0.01 mol/L, pH 7.4) followed by 4%
paraformaldehyde (PFA). The brains were stored in 4% PFA
at 4°C for 24 h and then transferred to a 15% sucrose solu-
tion in which they were stored at 4°C for 48 h. The brains
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Fig. 3 Activation of pyramidal neurons in the AAF during audi-
tory frequency discrimination. A Experimental scheme for virus
injection followed by fiber recording. B Schematic of synchronized
recordings of the fluorescence signal and tone frequency dynamics in
animals. CMOS, complementary metal oxide semiconductor; DAQ,
data acquisition. C Schematic showing virus injection and optical
implantation into the right AAF. Scale bar, 200 pm. D Average fluo-
rescence change induced by 12-kHz tone (CS*) in the GCaMP6s and
EGFP groups. E Heatmaps showing the average fluorescence change
induced by 12-kHz tone in the GCaMP6s and EGFP groups. F Mean
AF/F, (0-6 s) induced by 12-kHz tone in the GCaMP6s and EGFP
groups (n = 4 per group). G Average fluorescence change induced by
2-kHz tone (CS7) in the GCaMP6s and EGFP groups. H Heatmaps

were then cut into 30 um frozen sections (CM 1900, Leica,
Wetzlar, Germany) that were collected in PBS and rinsed
three times in PBS for 15 min at room temperature, incu-
bated in PBST (PBS + 0.1% Triton X-100) with 3% normal
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showing the average fluorescence change induced by 2-kHz tone in
the GCaMP6s and EGFP groups. I Mean AF/F (0-6 s) induced by
2-kHz tone in the GCaMP6s and EGFP groups (n = 4 per group).
J Average fluorescence change of GCaMP6s induced by 12-kHz and
2-kHz. K Average fluorescence change of EGFP induced by 12-kHz
and 2-kHz. L. Mean AF/F,, (0-6 s) of GCaMP6s induced by 12-kHz
and 2-kHz. M Mean AF/F; (0-6 s) of EGFP induced by 12-kHz and
2-kHz. For D, G, J, and K, thick lines indicate mean and shaded
areas indicate SEM, and the dashed lines indicate the beginning
of tone. For E and H, each row represents one animal. All data are
shown as the mean + SEM; N.S., no significant difference, *P <0.05,
*#%P <0.001, unpaired Student’s 7-test.

bovine serum albumin for 1 h, and then incubated with
primary antibody for 24 h at 4°C (rabbit anti-c-Fos, 1:500,
226003, Synaptic Systems, Goettingen, Germany). The sec-
tions then underwent three washing steps for 10 min each
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in PBS and were incubated with a secondary antibody for
1 h (goat anti-rabbit conjugated to Alexa Fluor 488, 1:500,
Invitrogen, Carlsbad, USA). The sections were washed with
PBS (thrice, 10 min) at room temperature, incubated with
DAPI (1:2,000, D9542, Sigma—Aldrich, Saint Louis, USA)
for 15 min, then subjected to three more washing steps of 10
min each in PBS, followed by mounting and coverslipping
on microscope slides. c-Fos expression was verified using
a scanning laser microscope (SpinSR, Olympus, Tokyo,
Japan). The number of c-Fos-positive neurons was analyzed
by ImageJ (1.52a, Bethesda, USA).

Histology

After the behavioral and fiber photometry experiments,
brain sections were collected using the methods described
above. Sections 30 pm thick were washed with PBS
(thrice, 10 min), incubated with DAPI (1:2,000, D9542,
Sigma-Aldrich, Saint Louis, USA) for 15 min, and then sub-
jected to an additional 3 wash steps of 10 min each in PBS.
Histological verification of virus expression and CTB488
tracing were obtained using a full slide scanning system
(VS200, Olympus).

Statistical Analysis

All data are expressed as the mean + SEM. Statistical sig-
nificance was determined using the paired Student’s z-test,
unpaired Student’s test, or two-way analysis of variance
(ANOVA) with repeated measures, followed by Tukey’s post
hoc test using SPSS software for Windows (v. 25.0; IBM
Corp., Armonk, USA). P <0.05 was considered statistically
significant.

Results

Mice Differentiate Between Different Tone Frequencies
in the Fear Conditioning Task

First, a frequency discrimination behavioral protocol was
modified from the classic fear conditioning paradigm
(Fig. 1A). When mice were trained with a 2-kHz pure tone
at 75 dB (Fig. 1B, C), they showed much more marked freez-
ing to the 2-kHz pure tone than 12-kHz pure tone (Fig. 1D,
E). Similarly, when animals were trained with a 12-kHz pure
tone at 75 dB (Fig. 1B, C), they showed much more freezing
to the 12-kHz pure tone than the 2-kHz pure tone (Fig. 1F,
G). Together, these results indicate that mice successfully
established frequency discrimination fear conditioning tasks.

The AAF is Activated During the Discrimination
of Different Frequencies

Next, to assess the function of the AAF during different
tone frequency discrimination behaviors, immunofluo-
rescence was used to investigate the numbers of c-Fos-
positive cells (c-Fost) in the AAF of the experimental
group, which included the 12- and 2-kHz training groups
(Fig. 2A). The results showed that the c-Fos™ cell num-
bers in the AAF increased significantly after the tone test
compared with those of the control group (Fig. 2B, C).
However, there were no significant differences in c-Fos™
cell numbers in the AAF of the 2-kHz and 12-kHz train-
ing groups. Therefore, we used a 12-kHz pure tone to train
animals in subsequent experiments.

To further confirm AAF neuronal activity during audi-
tory frequency discrimination, we used a fiber photometer
to record the intracellular Ca>* signal of these neurons in
different tone environments [18, 19] (Fig. 3A, B). Ca*/
calmodulin protein kinase Ila (CaMKIla) is selectively
expressed in numerous pyramidal neurons in the cortex
and thalamus [20].

We microinjected recombinant adeno-associated virus
(rAAV) expressing a Ca’" indicator (GCaMP6s) or EGFP
under the control of the CaMKIla promoter (rAAV2/9-
CaMKlla-GCaMP6s, rAAV2/9-CaMKlla-EGFP) into
the right AAF and implanted an optical fiber above the
injection site (Fig. 3C). Four weeks after virus injection,
a photometry recording was made to detect GCaMP6s or
EGFP fluorescence changes aligned to frequency discrimi-
nation behavior (Fig. 3A). Two different frequency tones
(CS*: 12 kHz and CS™: 2 kHz) that evoked frequency dis-
crimination were delivered to the mice. By aligning the
fluorescence signal to the onset of the individual tone test,
we found that the fluorescence signal began to increase
after the tone test onset in the GCaMP6s group (Fig. 3D,
E, G, H). The increase in fluorescence signal was reli-
ably accompanied by tone discrimination behavior and
lasted for a few seconds. However, we did not detect a
significant increase in the fluorescence signal in the EGFP
group (Fig. 3D, E, G, H). Statistical analysis revealed sig-
nificant differences in the mean AF/Finduced by 12-kHz
tone between the GCaMP6s and EGFP groups (Fig. 3F),
whereas the mean AF/F, induced by 2-kHz tone did not
differ significantly (Fig. 31). Furthermore, the fluorescent
signal of GCaMP6s also differed significantly between the
12 kHz and 2 kHz, but not of EGFP (Fig. 3J-M). Mice
identified the two different pure tones accurately. Thus,
the activity of AAF pyramidal neurons is correlated with
auditory frequency discrimination.
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Pharmacogenetic Inhibition of the AAF Attenuates
Frequency Discrimination

The results of c-Fos staining and fiber photometry showed
that AAF pyramidal neurons were activated during auditory
frequency discrimination. To further investigate the role of
AAF pyramidal neurons in tone processing, a pharmacoge-
netic approach of designer receptors that are exclusively acti-
vated by designer drugs (DREADDs) [21, 22] was applied to
evaluate their function. We then microinjected into the AAF
recombined AAYV, which encoded the inhibitory DREADD
receptor hM4Di (rAAV2/8-CaMKlla-hM4Di-mCherry),

while the control group was microinjected bilaterally with
rAAV2/8-CaMKIla-mCherry.

Four weeks later, the frequency discrimination behavioral
tests were applied to identify the role of these excitatory
neurons (Fig. 4A). In mice expressing the inhibitory hM4Di-
mCherry in the AAF pyramidal neurons, CNO injection (2
mg/kg, i.p.) significantly affected the ability of the mice
to differentiate between the two frequencies (Fig. 4D, 1),
while vehicle-injected mice exhibited clear differences in
fear behavior associated with auditory frequency discrimina-
tion (Fig. 4E, J). Meanwhile, the mice expressing the control
mCherry in the pyramidal neurons injected with CNO (2

rAAV2/8-CaMKIIa-hM4Di-mCherry

A or rAAV2/8-CaMKIIa-mCherry [q
DAPI / mCherry
4 weeks recovery ’ 48h ’ 15 min 15 min 30 min J
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/7 1\ rr 1\ 1\
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Fig. 4 Significant reduction in auditory frequency discrimination due
to pharmacogenetic inhibition of AAF pyramidal neurons. A Experi-
mental timeline for virus injection and behavior testing. B Schematic
showing bilateral injection of virus into the AAF. Scale bar, 200 pm.
C Experimental scheme for the training and fear conditioning test of
pattern 1. D Pharmacogenetic inhibition of hM4Di* pyramidal neu-
rons in the AAF (injected with CNO) significantly disrupts the audi-
tory frequency discrimination behavior (n = 8). E Vehicle injection
does not influence the auditory frequency discrimination behavior of
hMA4Di-infected animals (n = 6). F, G The mCherry-infected mice
(injected with CNO or vehicle) significantly differentiate the two fre-
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Test 1

Test 2 Test 2

quency tones (F: n = 9; G: n = 6). H Experimental scheme for the
training and fear conditioning test of pattern 2. I Pharmacogenetic
inhibition of pyramidal neurons expressed hAM4Di (injected with
CNO) significantly disrupts the auditory frequency discrimination
behavior (n = 9). J Vehicle injection does not influence the auditory
frequency discrimination behavior of hM4Di-infected animals (n =
8). K, L The mCherry-infected mice (injected with CNO or vehicle)
significantly discriminate the two frequency tones (K: n =7; L: n =
12). All data are shown as the mean + SEM, N.S., no significant dif-
ference; **P <0.01, ***P <0.001, paired Student’s ¢-test.
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A DAPI / EGFP

DAPI / CTB488

rAAV2/8-CaMKIIa-EGFP

DAPI / EGFP

striatum

DAPI/ CTB488

Fig. 5 Neuronal projection from the AAF to the striatum. A Neu-
ronal projection from the AAF to the striatum was revealed using
EGFP. Middle, EGFP diagram tracing from the AAF to the striatum.
Left, EGFP in the striatum. Right, The virus is microinjected into the
AAF. Scale bars, 200 pm. B Neuronal projection from the striatum to

mg/kg, i.p.) or vehicle were able to differentiate between
the two frequencies significantly (Fig. 4F, G, K, L). These
results suggest that AAF pyramidal neurons play an impor-
tant role in modulating auditory frequency discrimination.

The AAF-striatum Projections Regulate Auditory
Frequency Discrimination

The projections from the auditory cortex to the striatum
play an important role in processing sound identity, animal
choice, and expected reward size [13, 16, 17, 23]. We found
abundant axon terminals labeled with EGFP in the AAF
pyramidal neurons present in the striatum of mice micro-
injected with rAAV2/8-CaMKIla-EGFP into the AAF
(Fig. 5A). To further determine whether neural projections
from the AAF to the striatum are present, the retrograding
tracer CTB488 was microinjected into the right striatum.
After two weeks, there were many CTB488-labeled neurons
in the AAF (Fig. 5B). These results suggested that AAF
pyramidal neurons project to the striatum.

We further examined the role of AAF-striatum projec-
tions in auditory frequency discrimination by microinject-
ing a Cre-dependent AAV (rAAV2/9-EF1a-DIO-hM4Di-
mCherry) bilaterally into the AAF and a retrograde AAV
expressing Cre recombinase (rAAV2/retro-CaMKlla-Cre)
bilaterally into the striatum (Fig. 6B). hM4Di was expressed
selectively in AAF pyramidal neurons projecting to the stri-
atum. Behavioral testing was implemented after 4 weeks

the AAF revealed using CTB488. Middle, CTB488 diagram tracing
from the striatum to the AAF. Left, CTB488 is microinjected into the
striatum. Right, CTB488 signals in the AAF retrogradely filled from
the striatum. Scale bars, 200 pm.

(Fig. 6A), when hM4Di was expressed (Fig. 6B), to verify
the function of these neurons in auditory frequency discrimi-
nation. The results demonstrated that pharmacogenetic inhi-
bition of pyramidal AAF-stratum projections significantly
attenuated auditory frequency discrimination, as indicated
by a significant reduction in the freezing level between the
two groups (Fig. 6D-G, I-L). Based on these results, we
conclude that AAF pyramidal neurons modulate tone fre-
quency discrimination through a descending pathway medi-
ated by the striatum.

Discussion

The AAF is an important area in the auditory cortex,
whereas previous studies almost always focused on the role
of Al in auditory-related behaviors. For example, Al has
been reported to be involved in sound-induced freezing [24]
and speech discrimination [25]. However, the role of the
AAF in sound discrimination remained unclear. Here, we
investigated the role of the AAF and AAF-striatum projec-
tions in auditory frequency discrimination by using c-Fos
staining, fiber photometry, and pharmacogenetics. Our find-
ings established that the AAF pyramidal neurons and the
AAF-striatum projection are involved in the regulation of
auditory frequency discrimination behavior.

@ Springer



970

Neurosci. Bull. June, 2023, 39(6):962-972

A B rAAV2/9-EF1a-DIO-hM4Di-mCherry
or
4 weeks recovery 48 h 15 min r.nin, 30 min rAAV2/9»EF1aDIO—mCherry
// 77 habitation
1\ 7/ 1\ 7/ 1\ 1\ DAPI / mCherry
Virus injection Fear training CNO / Vehicle Test 1
(CS: 12 kHz) injection
C
Pattern 1 Training 48 h _ o\ 5/ \iepigle 30.min  Test1 30 min _ Test 2
(12 kHz) = (12 kHz) (2 kHz)

D hM4Di (CNO) E hM4Di (vehicle) F mCherry (CNO) G mCherry (vehicle)
120 N.S. 120 . 120 . 120 - .
1001 0_\0 100 - 100 100

g s0] So——= £ 80 £ 80 & 80
2 2 2 2
£ 60+ £ 60+ £ 60+ £ 60+
[} (0] Q [0}
QL 40+ 2 404 L 404 Q40+
w w w [

20 20 20 20

Test 1 Test2 Test 1 Test 2 T Test1 Test2 T Test1 Test2
H
ining_48h ; i
Pattern 2 Training_“S 1y, o\ 5/ \/ehicle 30.min  Test 1 30 min _ Test 2
(12 kHz) enicie > 2 kHz) (12 kHz)
I hM4Di (CNO) J hM4Di (vehicle) K mCherry (CNO) L mCherry (vehicle)
120 120 - 120 120
N.S. ok *k _*
1001 100 1001
£ 804 S el & £ 804 ?
2 2 2 2
£ 60+ £ £ 60+ £ 60+
o (0] o Q
Q40+ 2 Q404 Q40+
w w w w
20 20 - 20
Test 1 Test2 Test 1 Test2 Test 1 Test2 T Test1 Test2

Fig. 6 Pharmacogenetic inhibition of the AAF pyramidal neuron
projections to the striatum significantly suppresses the auditory fre-
quency discrimination behavior. A Experimental timeline for virus
injection and behavior testing. B Schematic for viral injection to pre-
vent pyramidal neurons in the AAF from interacting with the striatum
and a sample image showing the expression of hM4Di-mCherry in
the AAF. Scale bar, 200 pm. C Experimental scheme for the train-
ing and fear conditioning test of pattern 1. D Pharmacogenetic inhi-
bition of pyramidal neurons expressing hM4Di (injected with CNO)
significantly impairs the auditory frequency discrimination behavior
(n = 6). E Vehicle injection does not influence the auditory frequency
discrimination behavior of AM4Di-infected animals (n = 5). F, G The

The discrimination of complex sounds is a fundamen-
tal function of the auditory system [7, 26]. Based on previ-
ous studies [8, 10, 25, 27-31], we developed a frequency
discrimination model in which mice recognized one pure
tone frequency by measuring freezing (Fig. 1). In fact, fre-
quency discrimination of fear behavior is not inconsistent
with fear generalization, in which fear-generalized mice
are unable to discriminate between two stimuli [32]. Nota-
bly, c-Fos immunofluorescence staining showed that AAF
neuronal activity was associated with auditory frequency

@ Springer

mCherry-infected mice (injected with CNO or vehicle) significantly
discriminate the two frequency tones (F: n = 5; G: n = 8). H Experi-
mental scheme for the training and fear conditioning test of pattern 2.
I Pharmacogenetic inhibition of pyramidal neurons expressed hM4Di
(injected with CNO) significantly impairs auditory frequency dis-
crimination behavior (n = 6). J Vehicle injection does not influence
the auditory frequency discrimination behavior of hM4Di-infected
animals (n = 9). K, L The mCherry-infected mice (injected with
CNO or vehicle) significantly discriminate the two frequency tones
(K: n =7; L: n = 8). All data are shown as the mean + SEM, N.S.,
no significant difference, *P <0.05, **P <0.01, ***P <0.001, paired
Student’s #-test.

discrimination (Fig. 2). Moreover, fiber photometry showed
that AAF pyramidal neurons were correlated with auditory
frequency discrimination. We found that fluorescent signals
began to increase after tone onset (Fig. 3), but they were faint
and only lasted for a short time. The reasons for this might
be attributable to auditory desensitization due to prolonged
sound stimulation [33, 34]. Therefore, we chose a relatively
short period (0-6 s after tone onset) for statistical analysis.
In addition, pharmacogenetic inhibition of AAF pyramidal
neurons significantly impaired frequency discrimination
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(Fig. 4). These results suggest that AAF pyramidal neurons
play a key role in the modulation of frequency discrimina-
tion behavior.

The striatum is known to receive projections from the
auditory cortex [24]. The projections from Al to the stria-
tum have been shown to be prominently involved in reward-
motivated auditory discrimination tasks [13, 16, 17]. How-
ever, whether there are direct AAF—striatum projections and
whether these projections regulate auditory frequency dis-
crimination has remained unclear. In the present study, the
existence of direct AAF—striatum projections was confirmed
by using both anterograde and retrograde tracing methods
(Fig. 5). Moreover, in the present study, pharmacogenetic
inhibition of striatum-projecting pyramidal neurons in the
AAF resulted in significant attenuation of tone frequency
discrimination behavior (Fig. 6), indicating that AAF-stria-
tum projections play a critical role in modulating auditory
frequency discrimination.

In addition, other types of projections are also present
in the corticostriatal pathway. Anatomical and physiologi-
cal studies have demonstrated that dorsal striatal neurons
receive excitatory glutamate inputs from the auditory cortex,
but also receive GABAergic projections from the auditory
cortex in mice [12, 13]. However, the role of these GABAe-
rgic projections in auditory frequency discrimination is
also unclear. Therefore, further studies will be required to
uncover whether the GABAergic projections from the audi-
tory cortex to the striatum play a critical role in auditory
frequency discrimination.

In conclusion, the results of the present study reveal
that the activity of AAF pyramidal neurons is associated
with auditory frequency discrimination and AAF—striatum
projections are identified as corticostriatal neural pathways
involved in the process of auditory frequency discrimina-
tion. Our study may help to understand the precise neuronal
circuits behind discrimination behavior.
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