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A B S T R A C T

The basolateral amygdala (BLA) hyperactivity has been implicated in the pathophysiology of anxiety disorders.
We recently found that enhancing inhibitory transmission in BLA by chemo-genetic activation of local in-
terneurons (INs) can reduce stress-induced anxiety-like behaviors in mice. Cholecystokinin interneurons (CCK-
INs) are a major part of INs in BLA. It remains unknown whether CCK-INs modulated inhibition in BLA can
mediate anxiety. In the present study, we found that BLA CCK-INs project extensively to most local excitatory
neurons. Activating these CCK-INs using chemo-genetics and optogenetics can both effectively suppress
electrical-induced neuronal activity within the BLA. Additionally, we observed that direct and sustained acti-
vation of CCK-INs within the BLA via chemo-genetics can mitigate stress-induced anxiety-like behaviors in mice
and reduce stress-induced hyperactivity within the BLA itself. Furthermore, augmenting inhibitory plasticity
within the BLA through a brief, 10-min high-frequency laser stimulation (HFLS) of CCK-INs also reduce stress-
induced anxiety-like behaviors in mice. Collectively, these findings underscore the pivotal role of BLA CCK-
IN-mediated inhibitory transmission and plasticity in modulating anxiety.

1. Introduction

Though low-to-moderate stress is beneficial to us in many aspects,
including boosting our immune system and cognitive functions (Dooley
et al., 2017; Oshri et al., 2022), intensive stress can elicit negative
physical (e.g., sleep loss) and mental issues (e.g., anxiety) (Di et al.,
2016; Wright et al., 2023). A previous epidemiological research revealed
around 33.7% of people were diagnosed with anxiety disorders at least
once during their lifetime (Bandelow and Michaelis, 2015), adversely
affecting their life quality (Lochner et al., 2003).

The stress-induced hyperactivity in the basolateral amygdala (BLA)
has been implicated in the pathophysiology of anxiety, which could
result from the deficiency of local GABAergic control (Möhler, 2012;
Prager et al., 2016; Zhang et al., 2023). Normalizing or enhancing the
GABAergic inhibition may be regarded as a novel treatment strategy for
anxiety. A recent study found enhancing GABAergic inhibition by
chemo-genetics or optogenetics in BLA can alleviate anxiety-like be-
haviors in mice (Asim et al., 2023). It suggests a causal relationship

between BLA hyperactivity and anxiety. GABAergic interneurons (INs)
in BLA include three major and non-overlapped types of INs: parval-
bumin (PV), somatostatin (SST), and cholecystokinin (CCK) INs
(Kemppainen and Pitkänen, 2000; Vereczki et al., 2021). While CCK and
PV INs mainly target on the perisomatic region of pyramidal neurons,
SST INs innervate the distal dendrites (Muller et al., 2007; Rainnie et al.,
2006). Previous research has found that chemo-genetic activation of
PV-INs in BLA failed to affect anxiety-like behaviors in mice (Luo et al.,
2020). Activation of SST-INs by intra-amygalar infusion of SST 14 and
SST 28 can reduce anxiety-like behaviors in mice (Yeung et al., 2011).
However, for CCK-INs, no study directly manipulates them in BLA to see
whether it can regulate anxiety. Some have proposed the critical role of
CCK-INs in regulating mood disorders (e.g., anxiety) (Babaev et al.,
2018; Freund, 2003). Lesion of neurokinin1 expressing INs which highly
co-express with CCK can cause anxiety-like behaviors in mice (Truitt
et al., 2009). Thus, we hypothesize that activation of CCK-INs can pro-
duce anxiolytic effects.

In this study, we first revealed that CCK-INs send abundant
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projections to most excitatory neurons in BLA. Both chemo-genetic and
optogenetic activation of CCK-INs in BLA can suppress the electrical-
induced neuronal activities in BLA. We further found direct and long-
lasting activation of CCK-INs in BLA by chemo-genetics can alleviate
stress-induced anxiety-like behaviors in mice as well as reduce stress-
induced BLA hyperactivity. Moreover, we discovered inducing the
inhibitory plasticity in BLA by 10-min HFLS of CCK-INs in BLA can also
produce anxiolytic effects. Together, these findings indicate that CCK-
INs-mediated inhibitory transmission and plasticity in BLA are critical
in anxiety regulation.

2. Materials and methods

2.1. Animals

All experimental procedures were reviewed and approved by the
Animal Subjects Ethics Sub-Committees of the City University of Hong
Kong. Adult male CCK-ires-Cre (Ccktm1.1(Cre)Zjh/J, C57BL/6 back-
ground, for short CCK-Cre, Jackson Laboratory) were used for immu-
nohistochemistry, in vitro electrophysiological recordings, and
behavioral experiments. Adult male C57BL/6 mice were used for
immunohistochemistry. Mice for behavioral tests were housed in 12 h
light/12 h dark cycles (dark from 8:00 to 20:00) and given food and
water ad libitum. All behavioral tests were carried out during the period
of darkness.

2.2. Viral vectors

The following adeno-associated virus (AAV) vectors were used in my
current study: rAAV-mDlx-DIO-ChrimsonR-BFP-WPRE-hGHPA, rAAV-
mDlx-DIO-mCherry, and rAAV-mDlx-DIO-hM3D(Gq)-mCherry-WPRE-
hGH-pA, which were purchased from BrainVTA. They were diluted to
the appropriate titer (approximately 5 × 1012 vg/ml) with artificial
cerebrospinal fluid before injection.

2.3. Drugs

The following drugs were used in our current study: sulfated
cholecystokinin-8 (CCK8s, Go Top Peptide Biotech), clozapine N-oxide
(CNO, ApexBio), and devazepide (MedChemExpress).

2.4. Stereotaxic viral injection, optical fiber, and drug cannula
implantation

Mice were anesthetized by pentobarbital sodium (50 mg/kg, intra-
peritoneal injection) for stereotaxic viral injection into bilateral BLA
(AP: 1.60 mm from the bregma; ML: ±3.40 mm from the bregma; DV =

− 4.00 mm from the dura matter). After performing craniotomy on a
stereotaxic device, 300 nl of the virus was injected through a glass
needle connected with the Nanoliter2000 system (World Precision In-
struments) at a rate of 50 nl/min. After injection, the glass needle was
left in the injection site for 10 min before gradually withdrawing. Then,
the scalp was sutured, and erythromycin ointment was applied to the m.
The animal was returned to its home cage after awakening on a 37◦C-
heat pad.

To implant fiber-optic cannulas (200 μm, 0.37 NA, Inper) or drug
cannulas (OD = 0.41 mm, RWD Life Science), each piece was slowly
inserted into the bilateral BLA after the virus injection and gently fixed
by applying adhesive cement (C&BMetabond) and dental cement (mega
PRESS NV + JET X) afterward. The coordinates were the same as the
virus injection except that the DV changed to − 3.85 mm. For drug
cannula implantation, a dummy cannula was inserted into the guide
cannula to provide protection. After waking on the heat pad, mice were
returned to their home cages.

2.5. Drug infusion and HFLS in the behavioral tests

To infuse the drug, two 10 μL syringes (Hamilton) were connected
with the injection cannula (RWD Life Science) through two soft PE tubes
(RWD Life Science), respectively. The drug infusion was controlled by a
dual syringe pump (Hamilton) at a speed of 250 nl/min. The volume for
each side of BLA is 500 nl. Mice were allowed to move freely during the
drug infusion.

Before performing HFLS (20 Hz, 2 ms in duration, 600 pulses) to
stimulate CCK-INs in bilateral BLA, we used an optical fiber (200 μm,
0.37 NA, Inper) to connect the fiber-optic cannulas and the 635 nm laser
machine (Inper). Mice were allowed to move freely during the
stimulation.

2.6. In vitro electrophysiology

For brain slices preparation, animals were deeply anesthetized with
isoflurane and coronal sections (300 μm thick) across BLAwere cut using
a vibratome in well-oxygenated (95% O2/5% CO2, v/v) ice-cold artifi-
cial cerebrospinal fluid (ACSF: 124 mM NaCl, 2.5 mM KCl, 1 mM
NaH2PO4, 10 mM D-glucose, 25 mM NaHCO3, 2 mM CaCl2, and 1 mM
MgCl2, at pH 7.35–7.45). The brain slices recovered for 1.5h at 30 ±

1 ◦C in oxygenated ACSF. After recovery, one slice was put on the probe
(MED-PG515A, Alpha MED Scientific Inc.) to make sure the area of BLA
was attached to the 16-channel array by using a light microscope. Once
the slice was fixed, a fine mesh and slice anchor (Warner Instruments)
were carefully and sequentially placed on top of the slice to ensure slice
stabilization during the recording. At the same time, the slice was
constantly perfused with oxygenated 30 ± 1◦CACSF through a peri-
staltic pump. To select the best stimulation electrode for electrical
stimulation (ES), monopolar and biphasic constant-current pulses (0.2
ms in duration) were given by the data acquisition software Mobius
(Alpha MED Scientific Inc.) with a 3s interval. The field excitatory
postsynaptic potentials (fEPSPs) were recorded at the remaining elec-
trodes and then amplified and shown on the monitor screen.

In the optogenetics-involved experiments, a 635 nm laser (3–5 mW,
2 ms in duration) was given by an optogenetic equipment (Inper)
through an optic fiber (200 μm, 0.37 NA, Inper) whose tip was immersed
into ACSF containing probe with around 300 mm away from the slice.
After recording the stable ES evoked fEPSPs for at least 15 min as a
baseline (e.g., the deviation did not exceed 10% of the average ampli-
tude), the laser was given 20 ms before the ES. This paired stimulation
lasted for at least 15 min until another stable ES-evoked fEPSPs was
achieved. Next, vehicle or drug (CCK8s/devazepide) diluted in ACSF
was perfused for 10 min before high-frequency laser stimulation (HFLS,
10 pulses at 20 Hz, repeated for 10 trials at 0.1 Hz) or low-frequency
laser stimulation (LFLS, 100 pulses at 1 Hz) was introduced. At last,
the pair of stimulations was presented again and the ES-evoked fEPSP
responses were recorded for at least 60 min. We normalized the fEPSP
amplitudes as a percentage change from the baseline. We compared the
average normalized amplitudes during the last 10 min before HFLS/
LFLS with those recorded in the last 10 min after HFLS/LFLS to assess
whether the laser-induced inhibition was potentiated. We also compare
the group differences in normalized amplitudes before HFLS/LFLS to
confirm the magnitudes of optogenetic inhibition in different groups are
similar.

Adapted from Su et al., (2023), in the chemo-genetics involved
experiment, 50 μM CNO diluted in ACSF was perfused for 20 min after
the ES-evoked fEPSPs were stable for at least 15 min (baseline). Then,
CNO was washed out and we recorded ES evoked fEPSPs for at least 60
min. We also normalized the fEPSPs amplitudes as a percentage change
from the baseline. We compared the normalized amplitudes of fEPSPs
every 15 min after the CNO perfusion with the baseline.
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2.7. Anatomy and immunohistochemistry

After the in-vitro electrophysiological recordings, we removed the
slice from the recording probe and mount it on a slide. The viral
expression of the slice was then checked through a Ni-E upright fluo-
rescence microscope (Nikon).

To observe cannula positions and perform immunohistochemistry,
mice were first deeply anesthetized with over-dose pentobarbital (100
mg/kg, intraperitoneal injection) and then perfused transcardially with
30 ml ice-cold phosphate-buffered saline (PBS) and fixed with 20 ml 4%
paraformaldehyde (PFA) in PBS. The whole brain was taken out and put
into 15 ml 4% PFA in PBS at 4 ◦C overnight and then transferred to 30%
sucrose solution until the brain sank to the bottom. Coronal sections (30
μ m) were cut and stored in PBS by using a cryostat (Epredia™ HM525
NX Cryostat). To perform the immunohistochemistry, slices were
washed 3 times in PBS for 7 min at a time and blocked by a blocking
buffer containing 5% normal goat serum in 0.3% Triton X-100/PBS
(PBST) for 1.5hr at room temperature. After blocking, slices were
incubated with primary antibodies in blocking buffer overnight at 4 ◦C.
Then, slices were washed with PBS for another 3 times of 7 min. Next,
slices were stained with a secondary antibody at room temperature for 3
h. Afterward, the slices were washed with PBS for 3 × 7 min. At last,
slices were mounted onto the slides.

To observe synaptic connections between pyramidal neurons and
CCK-GABAergic neurons in BLA, we adopted Leica STELLARIS 8 light-
ning to obtain images with better resolution and clarity (Nonaka et al.,
2024). We defined synapses if presynaptic terminals from CCK-INs
colocalized with postsynaptic markers “Gephyrin” (Babij et al., 2023).
If we observe functional synapses around local CaMKIIα labeled pyra-
midal neurons, these pyramidal neurons are regarded to receive local
CCK-GABAergic projections. All the other microscope images were
captured by Nikon AXR confocal microscope and analyzed by ImageJ.

The primary antibodies targeting GPR173 (1:1000, Invitrogen, PA5-
50976), GAD67 (1:500, Sigma-Aldrich, MAB5406), CaMKIIα (1:500,
Invitrogen, MA1048; 1:100, Abcam, ab131468), Gephyrin (1:200,
Synaptic systems 147 318), c-Fos (1:1000, Abcam, ab190289), CCK
(1:500, Abcam, ab37274) and the secondary antibodies including Alexa
Fluor 488 (1:200, Jackson Immunoresearch, 111-545-003; 1:200,
Abcam, ab150185), Alexa Fluor 647 (1:200, Abcam, ab150187; 1:200,
Jackson Immunoresearch, 711-605-152), and Atto 647N (1:200, Sigma
Aldrich, 40839) were used in this study.

We calculated the percentage of excitatory neurons receiving local
CCK-GABAergic projections in BLA. We also analyzed the percentage of
colocalization between excitatory neurons (marker: CaMKIIα) and
GPR173 neurons, and colocalization between inhibitory neurons
(marker: GAD67) and GPR173 neurons in BLA. To assess c-Fos expres-
sion, we calculated the number of c-Fos cells per millimeter square. The
n in the figures indicates the number of representative biological repli-
cates, and N indicates the number of independent animals.

2.8. Acute restraint stress (ARS)

We randomly selected two or three mice from a vivarium as stressed
mice, and the rest of mice in the cage were defined as non-stressed mice.
Prior to the restraint, we put the cages in the experimental room with
dim light for 30 min as habituation. Stressed mice were individually
subjected to a restraint device that could tightly restrain their body for 2
h (Liu et al., 2023; Novaes et al., 2018). After the restraint, mice were
returned to their home cages until behavioral tests. The unstressed
counterparts were subjected to the same handling and habituation
procedures and remained undisturbed in their home cages until the
behavioral tests (Mustafa et al., 2015; Lee et al., 2021).

2.9. Open field test (OFT)

Mice were placed in the center of an open field (50 cm length, 50 cm

width, 40 cm height) with dim light and allowed to freely move for 10
min (Seibenhener and Wooten, 2015). Their moving paths were recor-
ded by a video camera and analyzed with Smart 3.0 software. Locomotor
activity was evaluated as the total distance it travelled; anxiety level was
assessed by accumulating the time it spent in the central zone (30 × 30
cm).

2.10. Elevated plus maze (EPM)

The equipment was custom-made using dark black plastic boards
with two open arms (25 × 5 × 0.5 cm) and two closed arm (25 × 5 × 16
cm). They were perpendicular to each other with a center platform (5 ×

5 × 0.5 cm). The maze is elevated 50 cm from the ground. Mice were
placed at the center gently, with their heads pointing to the open arm
and opposite the experimenter. Mice were allowed to explore for 5 min.
The anxiety level was assessed by calculating the number of entries into
closed-arms, and the total time spent in closed-arms (Walf and Frye,
2007).

2.11. Statistical analyses

Data are shown as means ± SEM. Data were analyzed by GraphPad
Prism 8.0.1. To compare group differences between two independent
groups, an unpaired t-test was employed. One-way ANOVA and repeated
measures (RM) ANOVA were performed to compare multiple group
differences. Bonferroni correction was adopted for multiple comparison
tests.

3. Results

3.1. Most excitatory neurons in BLA receive projections from local CCK-
INs

In BLA, the activities of excitatory neurons are mediated by local
GABAergic circuits (Spampanato et al., 2011). To further characterize
the synaptic connections between excitatory neurons and CCK-INs in
BLA, we adopted viral injection to label CCK-INs in BLA by injecting
“rAAV-mDlx-DIO-mCherry-pA” into BLA of CCK-Cre mice (Fig. 1A).
After four-week expression, we performed immunohistochemistry to
visualize the excitatory neurons (marker: CaMKIIα) and their synaptic
connections (marker: gephyrin) (Fig. 1B) in BLA. We first observed lots
of CCK-GABAergic terminals around CaMKIIα positive neurons in BLA
and then we randomly selected 15–17 neurons to check whether
gephyrin puncta was colocalized with CCK-GABAergic terminals
(Ippolito and Eroglu, 2010). We found that around 73.33% ± 2.99% of
excitatory neurons in BLA received local CCK-GABAergic projection
(Fig. 1C), which is consistent with previous research (Vereczki et al.,
2016). Moreover, we found the virus can efficiently label CCK-INs in
BLA because we stained the virus-infected BLA slices with CCK antibody
and found 81.78% ± 2.04% of CCK-INs co-expressed CCK (Fig. 1D & E).

3.2. Chemo-genetic activation of CCK-INs can suppress the local neural
activities induced by electrical stimulation

Considering the abundant synaptic projections from CCK-INs to
excitatory neurons in BLA, we next investigated whether chemo-genetic
activation of CCK-INs in BLA can inhibit local neural activities induced
by electrical stimulation.

We selectively expressed hM3D(Gq), an engineered excitatory G
protein-coupled receptor that can excite neuronal activities in the
presence of CNO, in BLA CCK-INs by injecting rAAV-mDlx-DIO-hM3D
(Gq)-mCherry into the BLA of adult CCK-Cre mice (Fig. 2A and B). As
a control, we also injected its control virus rAAV-mDlx-DIO-mCherry
into the BLA of their littermates (Fig. 2A and B). After at least three
weeks of expression, in vitro multielectrode array recordings were
employed (Fig. 2C).
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We found a significant main effect of time, F (2.07, 16.58)= 11.06, p
= 0.0008. Overall, ES-induced neuronal activities in BLA were sup-
pressed by chemo-genetic activation of local CCK-INs and the suppres-
sion effect lasted for at least 45 min during the wash-out period and
disappeared later (Fig. 2D). Bonferroni’s post hoc analyses revealed that
in the hM3D(Gq) group, during the CNO perfusion, the local neural
activities aroused by ES were significantly suppressed as the normalized
amplitudes of fEPSP were reduced compared to the baseline (baseline vs.
CNO: 100% vs. 90.3 ± 2.63%, p = 0.0309. See Fig. 2D–F). Then, CNO
was washed out, but the suppression effect lasted for the next 45 min
(baseline vs. 1–15 min post-CNO: 100% vs. 87.06% ± 2.12%, p =

0.0015; baseline vs. 16–30 min post-CNO: 100% vs. 91.6% ± 2.11%, p
= 0.0202; baseline vs. 31–45 min post-CNO: 100% vs. 95.69% ± 1.14%,
p = 0.0268. See Fig. 2D–F). Later, the ES-induced neural activities
returned to the baseline level (baseline vs. 46–60 min post-CNO: 100%
vs. 96.11% ± 1.72, p = 0.2674. See Fig. 2D–F). In the control group,
CNO perfusion did not affect the ES induced neural activities in any

phase (insignificant main effect of time windows: F (1.78, 12.49)= 2.72,
p = 0.1087. Baseline vs. CNO vs. 1–15 min vs. 16–30 min vs. 31–45 min
vs. 46–60 min: 100% vs. 100.1 ± 1.06% vs. 100% ± 1.73% vs. 102.2%
± 1.66% vs. 103.9% ± 1.71% vs. 103% ± 2.18, ps > 0.05. See Fig. 2D
and E). These results suggest that chemo-genetic activation of CCK-INs
in BLA can increase the local inhibitory transmission.

3.3. Enhancing inhibitory transmission in BLA by chemo-genetic
activation of local CCK-INs can reduce stress-induced anxiety-like
behaviors in mice

Through in-vitro electrophysiology, we confirmed the local inhibi-
tory effect induced by chemo-genetic activation of CCK-INs in BLA,
which was consistent with previous studies (Ballaz and Bourin, 2021).
However, it remains unknown whether chemo-genetic activation of
CCK-INs in BLA can produce an anxiolytic effect.

We first adopted an acute restraint stress (ARS) model to induce
anxiety-like behaviors in mice and found stressed mice had more
anxiety-like behaviors than the non-stressed mice (Fig. A1A), indicated
by less center time in the open field test (OFT) (Fig. A1G, I; Stressed vs.
Non-stressed: 104.3 ± 16.34 vs. 208.6 ± 40.63, t (14) = 2.38, p =

0.032), and less travelled time (Fig. A1B, F; Stressed vs. Nonstressed:
30.95 ± 10.29 vs. 95.32 ± 24.11, t (14) = 2.46, p = 0.0277) and entries
in open arms in the elevated plus maze test (EPM) (Fig. A1C; Stressed vs.
Nonstressed: 3.5 ± 0.63 vs. 7.75 ± 0.82, t (14) = 4.12, p = 0.001). They
displayed no differences in travelled distance in both OFT (Fig. A1H;
Stressed vs. Nonstressed: 28.54 ± 2.39 vs. 30.04 ± 2.1, t (14) = 0.47, p
= 0.6434) and EPM (Fig. A1E; Stressed vs. Nonstressed: 9.33 ± 0.95 vs.
9.36 ± 0.76, t (14) = 0.03, p = 0.9792). They also showed no difference
in the total number of entries in both arms (Fig. A1D; Stressed vs.
Nonstressed: 15.63 ± 2.13 vs. 16.38 ± 1.43, t (14) = 0.29, p = 0.7741).
Stressed mice had more active BLA than non-stressed mice, as indicated
by more intense c-Fos signals in BLA (Stressed vs. Non-stressed: 371.5 ±

52.57 vs. 237.3 ± 22.54, t (17) = 2.26, p = 0.0376; Fig. A1J, K). These
results indicate that the ARS we adopted in our study can induce
anxiety-like behaviors in mice and cause BLA hyperactivity.

We injected the viruses “rAAV-mDlx-DIO-hM3D(Gq)-mCherry” or
“rAAV-mDlx-DIO-mCherry” into both sides of BLA of CCK-Cre mice
respectively (Fig. 3A and B). After 3-week virus expression, we started to
test the anxiolytic effects of chemo-genetic activation of CCK-INs in BLA.
Mice first received 2-hr ARS and returned to their home cages to rest for
30 min until 500 nl CNO (3 μmol) were infused into both sides of BLA
(Fig. 3A). After the CNO infusion, mice were put back in their home
cages for another 30 min before the behavioral tests. Once the behav-
ioral tests were finished, we performed the trans-cardiac perfusion for
the mice brains. Afterward, we prepared the brain slices and performed
the c-Fos staining of BLA slices.

After ARS, mice receiving chemo-genetic activation of CCK-INs in
BLA had more travel time (Fig. 3C–G; mCherry vs. hM3D(Gq): 38.46 ±

5.83 vs. 75.7 ± 10.03, t (15) = 3.11, p = 0.0072) and entries in open
arms (Fig. 3D; mCherry vs. hM3D(Gq): 4.88 ± 0.55 vs. 7.78 ± 1.13, t
(15) = 2.22, p = 0.0421) than the mCherry mice in the elevated plus
maze test. But in general, their total entries in both open and closed arms
were similar (Fig. 3E; mCherry vs. hM3D(Gq): 15.38 ± 1.15 vs. 18.67 ±

2.76, t (15) = 1.05, p = 0.3102). Moreover, their travelled distance was
also similar (Fig. 3F; mCherry vs. hM3D(Gq): 9.27 ± 0.49 vs. 11.51 ±

1.74, t (15) = 1.17, p = 0.2591). In the open field test, they displayed
more travel time in the center (Fig. 3H–J; mCherry vs. hM3D(Gq): 57.53
± 12.29 vs. 142.4 ± 31.05, t (15) = 2.42, p = 0.0284) but had similar
locomotion than the controls (Fig. 3I; mCherry vs. hM3D(Gq): 26.34 ±

2.45 vs. 27.66 ± 1.15, t (15) = 0.51, p = 0.6198). We also found weaker
c-Fos signals in hM3D(Gq) mice than mCherry mice (Fig. 3K and L;
mCherry vs. hM3D(Gq): 597.5 ± 42.6 vs. 337 ± 35.14, t (22) = 4.78, p
< 0.0001), indicating chemo-genetic activation of CCK-INs in BLA can
significantly reduce stress-induced BLA hyperactivity. However, chemo-
genetic activation of CCK-INs in BLA failed to significantly affect the

Fig. 1. Most excitatory neurons receive projections from local CCK-INs.
A, Injection of AAV-mDlx-DIO-mCherry-pA into BLA of CCK-Cre mice. B,
Representative images acquired with a 100 × objective and Leica lightning
deconvolution show virus-infected CCK-GABAergic neurons and their terminals
(red), glutamatergic neurons (CaMKIIα, green), and inhibitory postsynaptic
marker (gephyrin, magenta). C, The bar chart shows the percentage (73.33% ±

2.99%) of excitatory neurons receiving projections from local CCK-INs. N = 3
mice, n = 10 slices (15–17 neurons for each slice). D, Representative images
acquired with a 20 × objective show the overlay between virus-infected CCK-
GABA neurons and CCK positive neurons. E, The bar chart shows the per-
centage (81.78% ± 2.04%) of overlay neurons positive for CCK-GABA and CCK
in CCK-Cre mice. N = 3 mice, n = 10 slices. Scale bars: 20 μm, 2 μm and 0.2 μm
for panel B; 200 μm and 20 μm for panel D. Data are shown as Mean ± SEM.
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basal anxiety levels in mice (Fig. A5). Specifically, we found there was
no significant difference between the time they spent in the open arms
(Fig. A5B & F; mCherry vs. hM3D(Gq): 50.9 ± 8.64 vs. 87.18 ± 21.7, t
(12)= 1.55, p= 0.1462) and open field areas (Fig. A5G& I; mCherry vs.
hM3D(Gq): 112 ± 17.2 vs. 171 ± 39.56, t (12) = 1.37, p = 0.1966).
There was also no difference between their entries in the open arms
(Fig. A5C; mCherry vs. hM3D(Gq): 6.86 ± 1.1 vs. 8.86 ± 1.49, t (12) =
1.08, p = 0.3009) and both arms (Fig. A5D; mCherry vs. hM3D(Gq):
16.14 ± 1.93 vs. 18.43 ± 4.04, t (12) = 0.51, p = 0.6191). Their loco-
motion was also not affected by the manipulation in both tests (Fig. A5E,
EPM: mCherry vs. hM3D(Gq): 9.57± 0.81 vs. 9.03± 1.56, t (12)= 0.31,
p = 0.762; Fig. A5H, OFT: mCherry vs. hM3D(Gq): 28.52 ± 2.64 vs.
26.05± 2.3, t (12)= 0.71, p= 0.4937). There was no difference in the c-
Fos expression in BLA (Fig. A5J & K; mCherry vs. hM3D(Gq): 377.1 ±

36.89 vs. 308.1 ± 32.53, t (18) = 1.4, p = 0.1772). In general, we could
see a trend that hM3D(Gq) mice had lower anxiety-level than mCherry
mice. Moreover, we also compared the anxiety-related behavioral out-
comes between mCherry non-stressed mice and mCherry stressed mice.
We found that mCherry non-stressed mice had more center time in OFT
(mCherry non-stressed vs. mCherry stressed: 112 ± 17.2 vs. 57.53 ±

12.29, t (13) = 2.63, p = 0.021) and less c-Fos expression in BLA
(mCherry non-stressed vs. mCherry stressed: 377.1 ± 36.89 vs. 597.5 ±

42.6, t (20) = 3.83, p = 0.0011) than mCherry stressed mice, suggesting
ARS can also induce anxiety-like phenotypes and BLA hyperactivity in
the chemo-genetic experiment. We did not find significant difference in
other indices (e.g., entries in open arms, time spent in open arms etc., ps
> 0.05). These results suggest that enhancing local inhibitory trans-
mission by chemo-genetic activation of CCK-INs in BLA can alleviate
stress-induced anxiety-like behaviors in mice as well as suppress BLA
neuronal activities, without affecting their locomotion and basal anxiety
levels.

3.4. HFLS but not LFLS of CCK-INs can induce iLTP in BLA

In the experiments above, we showed that direct and long-lasting
activation of CCK-INs by chemo-genetics can produce anxiolytic ef-
fects by directly suppressing stress-induced neuronal hyperexcitation.
The balance between excitation and inhibition can also be modulated by
inhibitory plasticity (Vogels et al., 2011; Wu et al., 2022). The poten-
tiation of inhibitory synapses contributes to the decrease in network
firing rates (Miska et al., 2018; Nahmani and Turrigiano, 2014). So, it is
likely that inducing long-term potentiation of inhibitory synapses (i.e.,
iLTP) in BLA can also cause anxiolytic effects. Previous research un-
veiled the induction of iLTP in the neocortex relies on the binding be-
tween CCK and its receptor GPR173, which can be triggered by
high-frequency laser stimulation (HFLS) of CCK-INs (He et al., 2023).
Here, we found the abundance of GPR173 in BLA (Fig. A2A), which
mainly localized at glutamatergic neurons rather than GABAergic neu-
rons (Fig. A2B, C, D). However, it remains unknown whether HFLS of
CCK-INs in BLA can also induce iLTP. High-frequency stimulation is a
typical protocol that induces long-term potentiation at inhibitory syn-
apses (Creed et al., 2015; He et al., 2023), whereas only low-frequency
stimulation rarely induces iLTP (Hawken et al., 2019). Here, we inves-
tigated whether HFLS of CCK-INs in BLA could induce iLTP. We adopted

the low-frequency laser stimulation (LFLS) protocol as a control.
We injected rAAV-mDlx-DIO-ChrimsonR-BFP into the BLA of adult

CCK-Cre mice (Fig. 4A and B). After at least three weeks of expression, in
vitro multielectrode array recordings were employed (Fig. 4C). We
calculated the change of the amplitudes of electrical stimulation (ES)
induced fEPSPs to reflect the magnitude of inhibition caused by laser
stimulation (LS) of CCK-INs. We expected that HFLS of CCK-INs could
potentiate the inhibition caused by a single-pulse LS of CCK-INs for a
long term, whereas LFLS of CCK-INs failed to trigger the iLTP.

We found optogenetic activation of CCK-INs can significantly inhibit
the neural activities induced by ES in both conditions (Fig. 4D and E; in
the HFLS condition, without LS vs. with LS: 100% ± 0.47% vs. 84.5% ±

3.17%, p < 0.0001; in the LFLS condition, without LS vs. with LS:
100.5% ± 0.26% vs. 85.51% ± 1.38%, p < 0.0001). Before applying
HFLS or LFLS, the degree of inhibition did not show significant differ-
ence in these two conditions (Fig. 4D and E; HFLS vs. LFLS: 84.5% ±

3.17% vs. 85.51% ± 1.38%, t (14) = 0.29, p= 0.7744). After HFLS, BLA
slices showed iLTP with the same LS (Fig. 4D and E; before HFLS vs. after
HFLS: 84.5% ± 3.17% vs. 55.97% ± 3.38%, p < 0.0001). We also found
that HFLS-induced iLTP can be blocked by GPR173 antagonists (Deva-
zepide, 100 nM) in BLA (Fig. A3D, E; before HFLS vs. after HFLS: 82.46%
± 2.93% vs. 80.99% ± 4.91%, p = 0.6762). It suggests the induction of
iLTP in BLA is GPR173 dependent. As expected, LFLS failed to trigger
iLTP (Fig. 4D and E; before LFLS vs. after LFLS: 85.51% ± 1.38% vs.
85.71% ± 2.75%, p = 0.9565). However, we additionally added CCK8s
(200 nM) before LFLS and found it can rescue the iLTP (Fig. A4D, E;
before LFLS vs. after LFLS: 85.08% ± 2.39% vs. 62.17% ± 3.02%, p =

0.0002), which means the iLTP in BLA is also CCK dependent. In
conclusion, these results indicate that HFLS of CCK-INs in BLA may
induce CCK release, which would bind to GPR173 at glutamatergic
neurons, triggering the induction of iLTP in BLA.

3.5. Inducing inhibitory plasticity by HFLS of CCK-INs in BLA can reduce
stress-induced anxiety-like behaviors in mice

As HFLS of CCK-INs in BLA can induce iLTP, the next question is
whether HFLS-induced iLTP in BLA can produce anxiolytic effects.

We injected rAAV-mDLX-DIO-ChrimsonR-BFP or its control virus
rAAV-mDLX-DIO-mCherry into BLA of male CCK-Cre mice (Fig. 5A and
B). Similarly, after three weeks of expression, mice would first receive 2-
hr restraint stress and then we gave 10-min HFLS to their bilateral BLA
CCK-INs (Fig. 5A). Mice were immediately returned to their home cages
to rest for 50 min. Next, mice were tested for their anxiety levels. After
the behavioral tests, we perfused the mice and performed the c-Fos
staining of BLA slices.

Overall, we found inducing the inhibitory plasticity in BLA by HFLS
of local CCK-INs can effectively reduce stress-induced anxiety-like be-
haviors in mice. Specifically, in the elevated plus maze test, ChrimsonR
mice spent more time (Fig. 5C–G; mCherry vs. ChrimsonR: 15.03 ± 5.45
vs. 38.28 ± 6.84, t (15) = 2.61, p = 0.0196) and entered more often in
open arms (Fig. 5D; mCherry vs. ChrimsonR: 3.5 ± 0.57 vs. 6 ± 0.44, t
(15) = 3.52, p = 0.0031) than their control littermates, even though the
numbers of their entries in both arms were similar (Fig. 5E; mCherry vs.
ChrimsonR: 15.38 ± 2.58 vs. 19 ± 1.35, t (15) = 1.29, p = 0.2175) and

Fig. 2. Chemo-genetic activation of CCK-INs can suppress the local neural activities induced by electrical stimulation.
A, A schematic diagram shows the injection of “rAAV-mDlx-DIO-hM3D(Gq)-mCherry-pA” or its control virus “rAAV-mDlx-DIO-mCherry-pA” into the BLA of CCK-Cre
mice. B, A representative image shows the virus expression. C, A flow chart shows the protocol we adopted for this experiment. D, Left panel: the line chart shows the
time course of average normalized amplitudes of fEPSP in the hM3D(Gq) (blue) and mCherry (pink) groups respectively. Right panel: the bar chart shows the average
normalized amplitudes of fEPSP in different time windows. In the hM3D(Gq) group, there was a significant main effect of time windows, F (2.07, 16.58) = 11.06, p =

0.0008; Bonferroni’s post hoc analyses revealed that compared with the baseline, ES-induced neural activities were significantly suppressed by chemo-genetic
activation of CCK-INs in BLA (p < 0.05) and the suppression effect lasted 45 min after CNO perfusion (ps < 0.05). Then, fEPSP amplitudes returned to the base-
line level (p > 0.05). In the mCherry group, there was no significant main effect of time windows, F (1.78, 12.49) = 2.72, p = 0.1087. Compared with the baseline,
the average amplitudes in all the other time windows showed no differences (ps > 0.05). E& F, The representative fEPSP traces in different time windows in mCherry
(Pink) and hM3D(Gq) (Blue) groups. mCherry & hM3D(Gq): N = 4 mice, n = 8 or 9 slices. **p < 0.01; ***p < 0.001; ns: no significance. Scale bar: 200 μm. Data are
shown as Mean ± SEM.
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Fig. 3. Enhancing inhibitory transmission in BLA by Chemo-genetic activation of local CCK-INs can reduce anxiety-like behaviors in mice.
A, A schematic diagram shows the experimental design, including the timeline of virus injection and behavioral tests. B, Representative images show the virus
expression in mCherry and hM3D(Gq) groups respectively. C, The bar chart shows the time mice (mCherry, N = 8; hM3D(Gq), N = 9) spent in the open arms in the
elevated plus maze test (mCherry vs. hM3D(Gq): 38.46 ± 5.83 vs. 75.7 ± 10.03, t (15) = 3.11, p = 0.0072). D, The bar chart shows the number of entries in the open
arms in the elevated plus maze test (mCherry vs. hM3D(Gq): 4.88 ± 0.55 vs. 7.78 ± 1.13, t (15) = 2.22, p = 0.0421). E, The bar chart shows the total number of
entries in both open and closed arms in the elevated plus maze test (mCherry vs. hM3D(Gq): 15.38 ± 1.15 vs. 18.67 ± 2.76, t (15) = 1.05, p = 0.3102). F, The bar
chart shows the total travelled time mice spent in the elevated plus maze test (mCherry vs. hM3D(Gq): 9.27 ± 0.49 vs. 11.51 ± 1.74, t (15) = 1.17, p = 0.2591). G,
Representative movement traces in the elevated plus maze test. Pink: mCherry; Blue: hM3D(Gq). H, The bar chart shows the time mice spent in the center zone in the
open field test (mCherry vs. hM3D(Gq): 57.53 ± 12.29 vs. 142.4 ± 31.05, t (15) = 2.42, p = 0.0284). I, The bar chart shows the total distance mice travelled in the
open field test (mCherry vs. hM3D(Gq): 26.34 ± 2.45 vs. 27.66 ± 1.15, t (15) = 0.51, p = 0.6198). J, Representative movement traces in the open field test. K,
Representative BLA c-Fos expression images from the mCherry (3 mice, 12 slices) and hM3D(Gq) groups (3 mice, 12 slices) L, The bar chart shows the quantification
of c-Fos density (mCherry vs. hM3D(Gq): 597.5 ± 42.6 vs. 337 ± 35.14, t (22) = 4.78, p < 0.0001). ****p < 0.0001; **p < 0.01; *p < 0.05; ns: no significance. Scale
bar: 200 μm and 20 μm. Data are shown as Mean ± SEM.
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there was no significant difference in their travelled distance in both
arms (Fig. 5F; mCherry vs. ChrimsonR: 9.07 ± 1.11 vs. 10.46 ± 0.53, t
(15) = 1.78, p = 0.2574). Moreover, in the open field test, ChrimsonR
mice spent more time in the center of open field (Fig. 5H–J; mCherry vs.
ChrimsonR: 59.49 ± 5.2 vs. 119.4 ± 20.64, t (15) = 2.66, p = 0.0178)
with similar travelled distances (Fig. 5I; mCherry vs. ChrimsonR: 30.04
± 1.75 vs. 32.79 ± 2.57, t (15) = 0.86, p = 0.4011) than their control
littermates. ChrimsonR mice also had weaker c-Fos expression in BLA
than their control littermates (Fig. 5K and L; mCherry vs. ChrimsonR:
267.3 ± 27.81 vs. 152 ± 17.53, t (22) = 3.51, p = 0.002). Similarly, we
also did not discover that HFLS of CCK-INs can affect the basal anxiety
behaviors in mice (Fig. A6). For example, we found both mCherry and
ChrimsonR mice did not have significant different travelled time spent
in the open arms and center of the open field (Fig. A6B & F, EPM:
mCherry vs. ChrimsonR: 26.58 ± 5.65 vs. 41.15 ± 4.69, t (12) = 1.98, p
= 0.0707; Fig. A6G &I, OFT: mCherry vs. ChrimsonR: 79.77 ± 11.25 vs.
118.9± 32.24, t (12)= 1.15, p= 0.2746). They also did not differ in the
entries of open arms and both arms (Fig. A6C, mCherry vs. ChrimsonR:
6.29 ± 1.19 vs. 7.43 ± 1.09, t (12) = 0.71, p = 0.4919; Fig. A6D,
mCherry vs. ChrimsonR: 17.57 ± 2.17 vs. 19.14 ± 1.74, t (12) = 0.57, p
= 0.5823) and travelled distance in the EPM (Fig. A6E, mCherry vs.
ChrimsonR: 10.41 ± 0.92 vs. 10.7 ± 0.81, t (12) = 0.23, p = 0.8204)
and OFT (Fig. A6H, mCherry vs. ChrimsonR: 30.09 ± 1.34 vs. 28.22 ±

3.21, t (12)= 0.54, p= 0.6018). There was also no significant difference
in c-Fos expression between the groups (Fig. A6J & K, mCherry vs.
ChrimsonR: 190.6 ± 15.27 vs. 161.2 ± 18.36, t (22) = 1.23, p =

0.2326). However, we also found a trend that ChrimsonR mice had
lower basal anxiety level than mCherry mice. Likewise, we compared
the behavioral performance between mCherry non-stressed and
mCherry stressed groups. We found that mCherry non-stressed mice had
more entries to the open arms (mCherry non-stressed vs. mCherry
stressed: 6.29± 1.19 vs. 3.5± 0.57, t (13) = 2.21, p= 0.046) and less c-
Fos signals in BLA (mCherry non-stressed vs. mCherry stressed: 190.6 ±

15.27 vs. 190.6 ± 15.27, t (22) = 2.42, p = 0.0243). We did not find
significant difference in other behavioral indices (e.g., center time, time
in open arms etc., ps > 0.05). These results suggest that ARS can also
induce anxiety-like behaviors and BLA hyperactivity in the optogenetic
experiment. Together, it can be concluded that the long-term inhibition
induced by HFLS of CCK-INs in BLA can effectively alleviate stress-
induced anxiety in mice but have limited effect on their basal anxiety
levels.

4. Discussion

In this article, we show evidence to confirm the essential role of BLA
CCK-INs in mediating anxiety. We found that CCK-INs in BLA send
projections to most local excitatory neurons, which indicates the
possible involvement of CCK-INs in modulating the excitatory neuronal
activities in BLA. Further, we found enhancing the local inhibition by
chemo-genetic or optogenetic activation CCK-INs can significantly
suppress electrical stimulation-induced neuronal activities, which is
supported by a previous finding that the neuronal activities of BLA
excitatory neurons are mainly controlled by local GABAergic network

(Prager et al., 2016).
Behaviorally, we found enhancing the local inhibition in BLA by

direct and long-lasting activation of CCK-INs through chemo-genetics
can reduce stress-induced anxiety-like behaviors in mice. The inhibi-
tory control in BLA has been implicated in the regulation of anxiety-
related behaviors (Prager et al., 2016; Truitt et al., 2009). For
example, some researchers found the increased anxiety-like behaviors
were associated with reduced inhibitory synaptic transmission (Chen
et al., 2013; Truitt et al., 2009); the activation of interneurons in BLA can
suppress the opposing valence-specific projection neurons to prevent the
misinterpretation of a neutral or rewarding stimulus as threatening,
which is a core symptom of anxiety disorders (Calhoon and Tye, 2015).
Here, we further confirmed increasing CCK-GABAergic inhibitory
transmission in BLA can reduce stress-induced anxiety-like behaviors in
mice, which suggests decreased inhibitory transmission in BLA can lead
to anxiety-like behaviors. Previous research found systematic activation
of CCK-INs barely affected the basal anxiety-like behaviors in mice
(Whissell et al., 2019), which is consistent to our results.

Previous studies found the iLTP induction in BLA required the acti-
vation of AMPAR and NMDAR (Bauer and LeDoux, 2004; Lange et al.,
2012; Polepalli et al., 2010). We found iLTP induction in BLA also
required the activation of GPR173. Our results revealed HFLS of
CCK-INs in BLA can trigger iLTP, which can be blocked by GPR173
antagonists; LFLS of CCK-INs in BLA failed to trigger iLTP, but extra
CCK8s application can rescue it. These results suggest that activation of
GPR173 by CCK at CCK-GABAergic synapses is necessary for the iLTP
induction in BLA. The same mechanisms of iLTP induction are also
found in the neocortex (He et al., 2023). Moreover, we revealed that
GPR173 mainly localizes at excitatory neurons rather than inhibitory
neurons in BLA. We thereby propose that HFLS of CCK-INs may release
CCK, which would bind to the postsynaptic GPR173 at excitatory neu-
rons, triggering the induction of iLTP.

We further discovered that 10-min HFLS-induced iLTP can also
alleviate stress-induced anxiety. A previous study has emphasized
inhibitory plasticity is necessary to maintain the cortical neuronal
excitation/inhibition (E/I) balance (Vogels et al., 2011). In our study,
we adopted acute restraint stress to induce anxiety-like behaviors in
mice and found it can also break the E/I balance in BLA to cause its
hyperactivity. It can be inferred that inducing inhibitory plasticity in
BLA can normalize the stress-induced E/I imbalance, producing reliable
anxiolytic effects.

Except for chemo-genetics and optogenetics, CCK-INs can be indi-
rectly modulated by presynaptic cannabinoid 1 (CB1) receptors which
are mainly located at the CCK-IN terminals in BLA (Katona et al., 1999;
McDonald and Mascagni, 2001; Nyiri et al., 2005). In-vitro studies
showed that CB1 receptor agonists can inhibit GABA release from
CCK-INs in BLA, suppressing local inhibitory transmission (Azad et al.,
2003; Zhu and Lovinger, 2005). Knocking out CB1 receptors on cortical
INs showed anxiolytic effects (Häring et al., 2011). However, intra-BLA
infusion of CB1 receptor agonists also displayed anxiolytic effects
(Tokutake et al., 2022; Zarrindast et al., 2012). Apart from inhibitory
terminals, CB1 receptors also localized at excitatory terminals, modu-
lating glutamatergic transmission (Yoshida et al., 2011), which may

Fig. 4. HFLS but not LFLS of CCK-INs can induce iLTP in BLA.
A, A schematic diagram shows the injection of “rAAV-mDLX-DIO-ChrimsonR-BFP” into the BLA of CCK-Cre mice. B, A representative image shows the virus
expression. C, A schematic diagram shows the protocol of in-vitro electrophysiology, including four sequential steps. In the first step (“ES”), we only presented an
electrical stimulus (ES) with a 25 ms delay in each trial. In the second step (“LS + ES”), a laser stimulus (LS) was presented with a 5 ms delay and after 20 ms, the
same ES was presented again. In the next step, we presented LFLS or HFLS, before which the slice was perfused with the vehicle for 10 min. In the last step, we
presented the same pair of LS and ES as those in the second step. D, The representative fEPSP traces in “ES”, “LS + ES (pre-HFLS)” and “LS + ES (post-HFLS)” steps in
the LFLS and HFLS conditions. E, Left panel: The graph shows the change of the average normalized amplitude of fEPSP over time. Right panel: The bar chart shows
the average values of normalized amplitudes of fEPSPs in the last 10 min of the three steps in the LFLS and HFLS conditions (RM two-way ANOVA with the Bonferroni
post hoc tests, significant interaction effect: F (2, 28) = 46.12, p < 0.0001; the post hoc test reveals that in the LFLS condition, ES vs. LS + ES (pre-LFLS): 100.5% ±

0.26% vs. 85.51% ± 1.38%, p < 0.0001, while LS + ES (pre-LFLS) vs. LS + ES (post-LFLS): 85.51% ± 1.38% vs. 85.71% ± 2.75%, p = 0.9365; in the HFLS condition,
ES vs. LS + ES (pre-HFLS): 100% ± 0.47% vs. 84.5% ± 3.17%, p < 0.0001, while LS + ES (pre-HFLS) vs. LS + ES (post-HFLS): 84.5% ± 3.17% vs. 55.97% ± 3.38%,
p < 0.0001). LFLS: N = 4 mice, n = 8 slices; HFLS: N = 3 mice, n = 8 slices. ****p < 0.0001; ns: no significance. Scale bar: 200 μm. Data are shown as Mean ± SEM.
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explain the anxiolytic effects of CB1 agonists. There were two main
endocannabinoid (eCB) ligands acting on CB1 receptors, Anandamide
(AEA) and 2-arachidonoylglycerol (2-AG) (Maccarrone and
Finazzi-Agro, 2003). While AEA mainly targets CB1 receptors on glu-
tamatergic terminals, controlling the presynaptic glutamate release and
excitability of postsynaptic projection neurons (Hill and Tasker, 2012);
2-AG mainly acts on CB1 receptors on GABAergic terminals, regulating
inhibitory transmission (Yasmin et al., 2020). Under stress, in BLA, AEA
levels would decrease, and 2-AG concentration would increase, leading
to stronger disinhibition of projection neurons (Yasmin et al., 2020).
Previous research discovered that enhancing AEA signaling in BLA can
rescue seizure-induced anxiety through normalizing seizure-induced
dysfunctions of glutamatergic transmission (Colangeli et al., 2020).
Moreover, Di et al. (2016) found that acute stress can activate CB1 re-
ceptors on CCK-INs in BLA through increasing the concentration of
2-AG, leading to decreased GABA release and distinct anxiety-like
phenotypes. Interestingly, acute stress can facilitate the 2-AG release
from ventral hippocampus - BLA synapses, which in turn activates the
presynaptic CB1 receptors and improve stress-induced behaviors
(Kondev et al., 2023). It suggests that under stress, both local and
long-range eCB systems in BLA are involved in maintaining the local E/I
balance. Moreover, CCK can decrease GABA release from CCK-INs in
BLA through a CB1 receptor-mediated mechanism (Lee and Soltesz,
2011), which may be one of the causes of CCK anxiogenic effects in BLA
(Pérez de la Mora et al., 2007).

Except for anxiety, CCK-INs in BLA are also implicated in fear
extinction (Krabbe et al., 2018). Optogenetic activation of CCK-INs in
BLA can promote fear extinction (Rovira-Esteban et al., 2019). There is a
strong association between fear extinction and anxiety-like behaviors.
For example, animals with slower fear extinction rates showed more
intense anxiety-like behaviors after stress (Reznikov et al., 2015). The
exposure therapy for anxiety disorders is based on fear extinction pro-
cedures (Graham and Milad, 2011). It indicates fear extinction dys-
functions may be one of the anxiety pathophysiology, which may need
further research.

In this work, we respectively adopted chemo-genetics to activate
CCK-INs in BLA to enhance local inhibitory transmission and opto-
genetics to HFLS of CCK-INs in BLA to enhance local inhibitory plas-
ticity, which both can alleviate stress-induced anxiety-like behaviors in
mice. Together, we discover that CCK-INs mediated inhibitory trans-
mission and plasticity in BLA regulate stress-induced anxiety-like be-
haviors in mice, which further our understandings of pathophysiological
mechanisms and therapeutic approaches for stress-induced anxiety
disorders.
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total number of entries in both arms in the elevated plus maze test (mCherry vs. ChrimsonR: 15.38 ± 2.58 vs. 19 ± 1.35, t (15) = 1.29, p = 0.2175). F, The bar chart
shows the total travelled distance mice spent in the elevated plus maze test (mCherry vs. ChrimsonR: 9.07 ± 1.11 vs. 10.46 ± 0.53, t (15) = 1.78, p = 0.2574). G, The
representative movement traces in the elevated plus maze test. Pink: mCherry; Blue: ChrimsonR. H, The bar chart shows the time mice spent in the center zone in the
open field test (mCherry vs. ChrimsonR: 59.49 ± 5.2 vs. 119.4 ± 20.64, t (15) = 2.66, p = 0.0178). I, The bar chart shows the total distance mice travelled in the
open field test (mCherry vs. ChrimsonR: 30.04 ± 1.75 vs. 32.79 ± 2.57, t (15) = 0.86, p = 0.4011). J, Representative movement traces in the open field test. K,
Representative BLA c-Fos expression images from the mCherry (3 mice, 12 slices) and ChrimsonR groups (3 mice, 12 slices). L, The bar chart shows the quantification
of c-Fos density (mCherry vs. ChrimsonR: 267.3 ± 27.81 vs. 152 ± 17.53, t (22) = 3.51, p = 0.002). **p < 0.01; *p < 0.05; ns: no significance. Scale bar: 200 μm and
20 μm. Data are shown as Mean ± SEM.
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