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Medial prefrontal cortex input to basolateral amygdala controls
acute stress-induced short-term anxiety-like behavior in mice
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Anxiety is a normal and transitory emotional state that allows the organisms to cope well with the real or perceived threats, while
excessive or prolonged anxiety is a key characteristic of anxiety disorders. We have recently revealed that prolonged anxiety
induced by chronic stress is associated with the circuit-varying dysfunction of basolateral amygdala projection neurons (BLA PNs).
However, it is not yet known whether similar mechanisms also emerge for acute stress-induced, short-lasting increase of anxiety.
Here, using a mouse model of acute restraint stress (ARS), we found that ARS mice showed increased anxiety-like behavior at 2 h
but not 24 h after stress, and this effect was accompanied by a transient increase of the activity of BLA PNs. Specifically, ex vivo
patch-clamp recordings revealed that the increased BLA neuronal activity did not differ among the distinct BLA neuronal
populations, regardless of their projection targets being the dorsomedial prefrontal cortex (dmPFC) or elsewhere. We further
demonstrated that such effects were mainly mediated by the enhanced presynaptic glutamate release in dmPFC-to-BLA synapses
but not lateral amygdala-to-BLA ones. Furthermore, while optogenetically weakening the presynaptic glutamate release in dmPFC-
to-BLA synapses ameliorated ARS-induced anxiety-like behavior, strengthening the release increased in unstressed mice. Together,
these findings suggest that acute stress causes short-lasting increase in anxiety-like behavior by facilitating synaptic transmission

from the prefrontal cortex to the amygdala in a circuit-independent fashion.

Neuropsychopharmacology (2023) 48:734-744; https://doi.org/10.1038/s41386-022-01515-x

INTRODUCTION

Anxiety is a transient normal emotional state that drives an
adaptive response to potential threats, but if excessive and
persistent, it can become pathological and contribute to the
development of many psychiatric diseases such as anxiety
disorders [1]. Exposure to stressful events is among the most
common socioenvironmental factors causing anxiety, with the
severity varying with the intensity, duration, and timing of the
stressors [2-5]. For example, while acute mild stress can induce
short-term anxiety which can soon be recovered, long-term
exposure (chronic stress) results in a variety of maladaptive stress
responses and triggers anxiety disorders [6-9]. Understanding the
neurobiological mechanisms underlying normal and pathological
anxiety helps to develop novel effective stress-coping strategies
that have major clinical implications for the prevention and
treatment of anxiety disorders.

The amygdala has a central role in regulating anxiety responses
to stressful and arousing situations [10, 11]. Pharmacological and
lesion studies of the amygdala including the basolateral nucleus of
the amygdala (BLA) have shown that amygdala activation induces
anxiogenic effects, while inactivation results in anxiolytic effects
[12, 13]. In the past decade, with the help of state-of-the-art
techniques that allow for cellular and circuit-specific manipula-
tions, a burgeoning literature has revealed that BLA projection

neurons (PNs) are highly heterogeneous in their connection and
function [10, 14]. For example, optogenetic activation of synaptic
transmission from the BLA to the ventral hippocampus or
dorsomedial prefrontal cortex (dmPFC) produces transient
anxiety-like behavior [15, 16]. In addition, studies on animal
models of anxiety disorders revealed that both input- and output-
specific modulation of BLA neuronal plasticity contributes to the
development of chronic stress-induced anxiety disorders. Speci-
fically, chronic stress increases synaptic strength within the
dmPFC-amygdala circuit owing to enhanced prefrontal glutamate
release onto some, but not the whole population of BLA PNs,
particularly onto those projecting to subcortical regions such as
the ventral hippocampus [17]. Although the neural circuits in
the amygdala underlying prolonged anxiety have begun to be
identified [17, 18], whether similar or different mechanisms
emerge for short-term anxiety is largely unknown. Considering
that anxiety disorders usually develop from frequent and
prolonged anxiety, it will be valuable to explore whether and
how the distinct neural circuits in the amygdala modulate the
occurrence of short-term anxiety under stress conditions. This is
also an important addition to understanding anxiety behavior
from a physiological and pathological perspective.

To address this issue, we combined in vivo fiber photometry,
viral tracing, electrophysiological, optogenetic, and chemogenetic
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approaches, to dissect the functional organization of BLA circuits and
explore the potential mechanisms in a mouse model of acute
restraint stress (ARS). First, we observed that ARS transiently
increased the BLA neuronal activity and induced short-term
anxiety-like behavior. Next, by dividing the BLA PNs into two
subpopulations according to their projection targets (the dmPFC or
elsewhere), we found that ARS indistinguishably increased the
excitatory synaptic transmission onto both neuronal populations.
Notably, ARS selectively increased presynaptic glutamate release
from dmPFC inputs but not from lateral amygdala (LA) inputs.
Additionally, causal link analysis revealed that the strengthened
functional connectivity in the prefrontal cortex-amygdala circuit
contributes to acute stress-induced, short-term anxiety-like behavior.

METHODS AND MATERIALS
For detailed methods and materials, see the Supplementary Information.

Animals

All experimental procedures were followed and approved by the Animal
Care and Use Committee of Nanchang University (approval No: ncdxsydwll-
2018-26). Only male C57BL/6 mice were used for all experiments. Further
details can be found in the Supplementary Information.

Acute restraint stress
Eight-week-old male mice were subjected to ARS. The detailed protocol for
ARS is provided in the Supplementary Information.

Behavioral test

The elevated plus maze test (EPMT) and open field test (OFT) were
performed to monitor anxiety-like behavior as previously described [17, 18].
Detailed methods of the EPMT and OFT are provided in the Supplementary
Information.

Stereotaxic surgery
Detailed information on viral and red fluorescent retrograde transported
Retrobeads injection is provided in the Supplementary Information.

Fiber photometry
Fiber photometry was performed as previously described [19, 20]. Detailed
information was described in the Supplementary Information.

Histology and microscopy
The histology and microscopy methods are described in the Supplemen-
tary Information.

Electrophysiological slice recording
The details on electrophysiology can be found in the Supplementary
Information.

Chemogenetic and optogenetics
The chemogenetic and optogenetic procedures are described in the
Supplementary Information.

Statistical analyses

The statistical analyses were performed using GraphPad Prism 7 (GraphPad
Software, Inc,, San Diego, CA). All data are shown as the mean + SEM. p
values <0.05 were considered significant. Details on the statistical analyses
are available in the Supplementary Information.

RESULTS

ARS transiently increases the neuronal activity of BLA PNs to
induce anxiety

Exposure to stressful events always causes anxiety. To explore the
effect of acute stress on anxiety-like behavior, we subjected male
C57BL/6 mice to 2-h of ARS. Anxiety-like phenotypes in these
mice were evaluated 2 and 24 h after ARS (hereafter referred to as
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ARS-2H and ARS-24H) using the elevated plus maze (EPMT) and
OFT. We found that ARS-2H mice displayed a typical anxiogenic
phenotype, as indicated by the shorter time spent in and fewer
entries into the open arms during the EPMT than control mice
(Fig. 1A-D). However, the stressed mice after 24 h of recovery
spent a similar time in and had a similar number of entries to the
open arms as unstressed control mice (Fig. 1A-D). In line with the
EPMT results, in the OFT, ARS-2H but not ARS-24H mice spent a
shorter time in the center area of OFT (Fig. 1B, E). The total
distance mice traveled in the OFT was comparable in all three
groups of mice (Fig. 1F), suggesting that ARS does not affect
locomotor activity. These results indicate that ARS induces short-
term anxiety-like behavior.

Aberrant BLA activity is highly implicated in the neuropathol-
ogy of stress-related anxiety [17, 21]; thus, we then explored the
impact of ARS on dynamic changes in BLA neural activity using
in vivo fiber photometry. To do this, we stereotaxically injected an
adeno-associated virus (AAV) expressing GCaMPé6s into and
implanted optical fiber onto the BLA (Fig. 1G). Four weeks later,
we measured the basal level of calcium signals within the BLA.
Then the mice were subjected to ARS and the calcium signals
were repeatedly measured 2 and 24 h after exposure to ARS. As
shown in Fig. 1H, ARS caused dynamic changes in BLA neuronal
activity, as indicated by the increased frequency but not the
amplitude of calcium signals 2 h after ARS (Post-2H), which then
normalized to basal levels by 24 h after ARS (Post-24H) (Fig. TH-J).
However, no obvious changes were observed in control mice
(Fig. 1TH-J), suggesting that the increased BLA neuronal activity
was due to ARS exposure. To further confirm the temporal effects
of ARS on BLA neuronal activity, we measured the expression of
the immediate early gene c-fos, a marker of neuronal activity.
Consistent with the in vivo fiber photometry results, the number
of c-fos* cells in the BLA was significantly increased 2 h after
ARS (ARS-2H) compared to that in the control group (Fig. 1K, L).
In sharp contrast to measurements made 2h after ARS,
no significant effect was observed 24 h after ARS (ARS-24H)
(Fig. 1K, L). These data suggest that ARS triggers transient
potentiation of BLA neuronal activity that can be restored 1 day
after ARS exposure.

To determine whether the increased activity of BLA PNs was
necessary to drive ARS-mediated anxiety-like behavior, we next
employed a chemogenetic approach to inactivate BLA PNs and
examined its effect on anxiety-like behavior in mice. For this
purpose, an AAV expressing hM4Di was bilaterally injected into
the BLA, and the efficiency of hM4Di expression was verified by
immunohistochemical examination (Fig. 1M, N). To further
confirm the effectiveness of chemogenetic inactivation, we
directly measured the effect of CNO on the firing of BLA PNs. We
observed that the firing rates of BLA PNs were significantly
decreased following CNO administration (Fig. 10). Next, we
assessed the anxiety-like behavior of mice when the activity of
the BLA PNs was inhibited by CNO administration. As shown in
Fig. 1P-S, CNO administration reversed ARS-induced anxiety-like
behavior, as indicated by increased open-arm time and open-
arm entries of the EPMT (Fig. 1R, S), as well as increased time
spent in the center without effects on general locomotor activity
(Fig. 1T-V). Then, we studied whether ARS-induced anxiety-like
behavior could be blocked by optogenetic silencing of BLA
neurons during the ARS session (Supplementary Fig. 1A). We
bilaterally injected AAVs expressing eNpHR3.0-mCherry into the
BLA and implanted optical fiber into the BLA (Supplementary
Fig. 1B, C). Four weeks after viral injection, the mice were
subjected to ARS for 2 h, and a single train of light stimulation
was delivered during the ARS period (Supplementary Fig. 1A).
We found that the optical inhibition of BLA neurons in ARS mice
alleviated anxiety-like behavior (Supplementary Fig. 1D-I). These
results suggest that the increased BLA neuronal activity
contributes to ARS-induced short-term anxiety-like behavior.
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ARS augments the glutamatergic synaptic transmission onto
BLA PNs

We next explored the mechanisms underlying the ARS-induced
increase in BLA neuronal activity using ex vivo brain slice
electrophysiology. Since neuronal activity may be regulated by
changes in synaptic plasticity, including excitatory and inhibitory
synaptic transmission [22], we first measured the effects of ARS on
the excitatory synaptic transmission by recording miniature
excitatory postsynaptic currents (mEPSCs) from acutely isolated
ex vivo slices (Fig. 2A). Compared to unstressed control mice, ARS-
2H mice exhibited a dramatically increased mean frequency of
mEPSCs and a left-shifted cumulative probability distribution of
inter-mEPSC intervals in BLA PNs, while such changes were
normalized 24 h after ARS (Fig. 2B-D). However, the mean
amplitude and the cumulative probability distributions of mEPSCs
amplitude were comparable among the three groups of mice
(Fig. 2E, F). We next tested the possible effects of ARS on
GABAergic inhibitory transmission onto BLA PNs by recording the
miniature inhibitory postsynaptic currents (mIPSCs). However,
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unlike excitatory transmission onto BLA PNs, both the frequency
and amplitude of mIPSCs remained unaltered in all three groups
of mice (Fig. 2G-K).

In addition to synaptic plasticity, neurons also exhibit a form of
nonsynaptic plasticity that enables them to modify intrinsic
excitability in response to external activity [20, 23, 24]. Thus, we
examined the potential influence of ARS on the intrinsic
excitability of BLA PNs. By injecting a depolarizing current pulse
with a step increase of 50 pA into the recorded cells to evoke
action potentials (APs), we found that ARS had no significant
effect on the changes in AP numbers (Fig. 2L, M). We also
measured the intrinsic excitability of BLA PNs by injecting ramped
depolarization currents. In line with the above results, neither ARS-
2H nor ARS-24H impacted the neuronal firing or rheobase
(Supplementary Fig. 2). We then explored whether these ARS-
induced electrophysiological changes could be blocked by
optogenetic silencing of BLA neurons during the ARS session.
Interestingly, inhibiting BLA neurons blocked the ARS-induced
increase in the frequency of mEPSCs (Supplementary Fig. 3).

Neuropsychopharmacology (2023) 48:734-744
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Fig. 1 Acute stress transiently increases the neuronal activity of BLA projection neurons and anxiety-like behavior. A Experimental
procedures. B Representative activity tracking in EPMT (upper) and OFT. Summary plots of time in open arms (C) and open-arm entries (D)
during EPMT. Control mice: n = 14 mice; ARS-2H mice, n = 10 mice; ARS-24H mice, n = 13 mice. Time in open arms: one-way ANOVA measures,
F(2,34= 5.332, p = 0.0097. Bonferroni post hoc comparison, ARS-2H vs. control, *p < 0.05; ARS-2H vs. ARS-24H, *p < 0.01. Open-arm entries: one-
way ANOVA measures, F;34)=8.214, p=0.0012. Bonferroni post hoc comparison, ARS-2H vs. control, **p <0.01; ARS-2H vs. ARS-24H,
**p < 0.01. Summary plots of time in center area (E) and total distance traveled (F) during OFT. Control mice: n = 12 mice; ARS-2H mice, n=11
mice; ARS-24H mice, n = 12 mice. Time in center: one-way ANOVA measures, F(, 35y = 14.31, p < 0.0001. Bonferroni post hoc comparison, ARS-
2H vs. control, ***p <0.001; ARS-2H vs. ARS-24H, ***p < 0.01. Total distance traveled: one-way ANOVA measures, F32=1.11, p=0.3418.
G Representative image showing GCaMP6s expression and the cannula implantation onto BLA. Scale bar: 500 pm. H Representative traces of
filtered calcium signals in Control (upper) and ARS (lower) mice. | Summary plots of normalized peak frequency as a function of pre, 2 h post,
and 24 h post ARS. Data were normalized to pre-ARS periods for all mice. Control mice: n =6 mice; ARS mice, n =7 mice. Two-way ANOVA

with repeated measures, main effect of stress treatment, F(; 11y = 10.44, p = 0.008; main effect of time, F(; 1, = 3.244, p = 0.058; interaction,
F2,22)=11.56, p =0.0004. Bonferroni post hoc comparison, ARS vs. control, ***p <0.001. J Same as in E except that the data were from
normalized peak amplitude. Two-way ANOVA with repeated measures, main effect of stress treatment, F(; ;1) =0.0162, p = 0.901; main effect

of time, F(525 = 2.971, p =0.0721; interaction, F >, = 0.405, p = 0.672. K Representative images showing c-fos expression in BLA for control
(Control), 2 h post ARS (ARS-2H) and 24 h post ARS (ARS-24H) mice. Scale bar = 100 pm. L Summary plots of c-fos* cells expression in BLA.
Control mice: n =4 mice; ARS-2H mice, n =5 mice; ARS-24H mice, n =5 mice. One-way ANOVA with repeated measures, F 1) = 6.244,
p = 0.0154. Bonferroni post hoc comparison, ARS-2H vs. control, *p < 0.05; ARS-2H vs. ARS-24H, *p < 0.05. M Diagram showing the injection of
hM4D(Gi)-carrying adeno-associated virus (AAV) vectors into the BLA. N Representative image showing hM4D(Gi) expression in BLA. Scale
bar =100 pm. O Representative trace showing CNO-induced inhibition of firing of BLA projection neuron. P Experimental procedures.
Q Representative activity tracking during EPMT. Summary plots of time in open arms (R) and open-arm entries (S) during EPMT. Saline: control
mice: n =8 mice; ARS mice, n =8 mice; CNO: control mice, n =10 mice; ARS mice, n =10 mice. Time in open arms: two-way ANOVA with
repeated measures, main effect of virus treatment, F(; 3, =6.743, p=0.0141; main effect of stress, F 3 =9.551, p =0.0041; interaction,
F1,32)=2.95, p=0.0955, Bonferroni post hoc analysis, Saline: control mice vs. ARS mice, *p < 0.05. Open-arm entries: two-way ANOVA with
repeated measures, main effect of virus treatment, F;3; =123, p=0.0014; main effect of stress, F 3 =2.68, p=0.1114; interaction,
F1,32y=10.6, p = 0.0027, Bonferroni post hoc analysis, Saline: control mice vs. ARS mice, ***p < 0.001. T Representative activity tracking during
OFT. Summary plots of time in center area (U) and total distance traveled (V) during OFT. Saline: control mice: n = 8 mice; ARS mice, n=11
mice; CNO: control mice, n =8 mice; ARS mice, n =7 mice. Time in center: two-way ANOVA with repeated measures, main effect of virus
treatment, F(; 30y = 4.513, p = 0.0042; main effect of stress, F(; 30)= 10.18, p = 0.0033; interaction, F; 30)= 3.37, p = 0.0763, Bonferroni post hoc
analysis, Saline: control mice vs. ARS mice, *p < 0.05. Total distance traveled: two-way ANOVA with repeated measures, main effect of virus
treatment, F(; 30y = 0.6634, p = 0.4218; main effect of stress, F(; 30y = 3.539, p = 0.0697; interaction, F(; 30)=1.112, p = 0.3. All data are presented

as the mean + SEM.

Altogether, these findings strongly suggest that ARS transiently
increases BLA neuronal activity by transiently increasing glutama-
tergic transmission, which is different from the effects of
chronic stress since both glutamatergic transmission and intrinsic
excitability contribute to chronic stress-induced hyperactivation of
BLA PNs [18, 25].

ARS indistinguishably enhances the efficacy of synaptic
transmission onto distinct populations of BLA PNs

Mounting evidence suggests that BLA PNs are highly hetero-
geneous regarding their downstream projection targets and
functions [26, 27]. We then explored whether ARS differentially
impacts different populations of BLA PNs. Considering that the
BLA-dmPFC circuits play a critical role in mediating the stress
response, we divided BLA PNs into two subpopulations: those
that projected to the dmPFC (BLA — dmPFC PNs) and those
that projected elsewhere (BLA - dmPFC PNs). To do this, we
injected red fluorescent retrobeads into the dmPFC to identify
the two populations; the former were beads-labeled neurons
and the unlabeled putatively belonged to the latter subpopula-
tion (Fig. 3A-C). The effects of ARS on mEPSCs, were then
explored in the two clusters of BLA PNs. In BLA — dmPFC
PNs, ARS-2H markedly increased the mEPSCs frequency but
not amplitude, an effect that was reversed 24 h after ARS
(Fig. 3D-F). Moreover, ARS-2H considerably left-shifted the
cumulative probability of the mEPSCs interval, whereas it right-
shifted the cumulative probability of the mEPSCs amplitude;
these values were normalized 24 h post-stress (Fig. 3G, H).
Surprisingly, in striking contrast to the differential regulation
of synaptic plasticity by chronic stress [25, 28], similar effects
were observed in BLA -» dmPFC PNs (Fig. 31-M). However, no
changes in the mIPSCs and APs in BLA PNs were found in either
population after ARS (Supplementary Figs. 4 and 5). Collectively,
these data suggest that ARS indistinguishably alters the efficacy
of synaptic transmission onto both BLA — dmPFC and BLA »
dmPFC PNs.

Neuropsychopharmacology (2023) 48:734 - 744

ARS selectively increases glutamate release in the dmPFC-BLA
pathway

The efficacy of synaptic transmission can be altered by mechan-
isms of presynaptic neurotransmitter release and/or postsynaptic
receptor-mediated event. We first measured the effect of ARS on
the probability of glutamate release by recording paired-pulse
ratio (PPR), which is inversely correlated with the probability of
presynaptic neurotransmitter release (Pr), in the BLA — dmPFC
and BLA-»dmPFC PNs. Then, as the lateral nucleus of the
amygdala (LA) is known as the input station of the amygdala by
receiving and integrating multiple sensory afferents to the BLA,
we placed a bipolar stimulation electrode in the LA, and recorded
the evoked EPSCs on two consecutive electrical stimuli (separated
by 100 ms) in the BLA (Fig. 4A). Somewhat surprisingly, ARS did
not alter the efficacy of PPR in either population (Fig. 4B, C).

The BLA also receives dense inputs from the dmPFC, and the
highly reciprocal connection between the dmPFC and BLA has been
shown to play an essential role in regulating emotion-related
behaviors [29-31]. Thus, we then examined the PPR within the
dmPFC-BLA circuit using optogenetic techniques. For this, we co-
injected AAV expressing ChR2 and red fluorescent retrobeads into
the dmPFC (Fig. 4D). Consistent with previous finding [32], ChR2-
expressing dmPFC fibers were observed mainly in the BLA (Fig. 4D).
By delivering two consecutive light pulses (separated by 100 ms) to
excite the dmPFC afferents, we recorded PPR in the BLA — dmPFC
and BLA - dmPFC PNs (Fig. 4E, F). Interestingly, the PPR in the two
clusters was lower in ARS-2H mice than in unstressed control mice;
the value was normalized to baseline in ARS-24H mice (Fig. 4G, H).

Taken together, these results suggest that ARS selectively
increases Pr in the dmPFC but not LA inputs to the two populations
in the BLA.

ARS does not affect postsynaptic plasticity within dmPFC-BLA
synapses

Following the observation that ARS temporally increased the
presynaptic release probability within the dmPFC-BLA circuit, we
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Fig. 2 ARS augments the glutamatergic synaptic transmission onto BLA PNs. A Experimental procedures for electrophysiology recording
experiments. B Representative traces showing miniature excitatory postsynaptic currents (mEPSCs) (scale bar: 15, 20 pA). Summary plots of
averaged mEPSC frequency (C) and cumulative probability of the interevent interval (D). Control mice: n = 15 neurons/5 mice; ARS-2H mice,
n =17 neurons/6 mice; ARS-24H mice, n = 16 neurons/5 mice. Frequency: one-way ANOVA measures, F(; 45 = 16.45, p <0.0001. Bonferroni
post hoc comparison, ARS-2H vs. control, ***p < 0.001; ARS-2H vs. ARS-24H, ***p < 0.001. Summary plots of averaged mEPSC amplitude (E) and
cumulative probability of the amplitude (F). Control mice: n = 15 neurons/5 mice; ARS-2H mice, n = 17 neurons/6 mice; ARS-24H mice, n =16
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Frequency: one-way ANOVA measures, F(537) = 0.815, p = 0.4519. Summary plots of averaged mIPSCs amplitude (J) and cumulative probability
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Amplitude: Kruskal-Wallis H test, Kruskal-Wallis statistic: 1.439, p = 0.4871. L Representative traces showing the firing in response to 300 pA
injected current. M Summary plots of action potentials (APs) number as a function of the injected current strength. Control mice: n =12
neurons/4 mice; ARS-2H mice, n =9 neurons/3 mice; ARS-24H mice, n = 12 neurons/4 mice. Two-way ANOVA with repeated measures, main
effect of stress treatment, F(y30) = 0.4472, p = 0.6436; main effect of time, F(5,150) = 128.6, p < 0.0001; interaction, F(;0,150) = 0.4054, p = 0.9424.
All data are presented as the mean + SEM.
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Fig. 3 Acute stress enhances glutamatergic transmission onto onto both BLA — dmPFC and BLA - dmPFC PNs. A Schematic showing the
experimental procedures. B Representative images showing the injection site in dmPFC (left) and red Retrobeads-labeled BLA — dmPFC PNs
(right). Scale bar: 500 (left) and 100 (right) pm. C Infrared DIC (left) or fluorescent (right) images of BLA — dmPFC (red arrow heads) or
BLA - dmPFC PNs (green arrow heads). scale bar: 10 pm. D Representative traces showing mEPSCs in BLA — dmPFC PNs (scale bar:1 s, 20 pA).
Summary plots of averaged mEPSC frequency (E) and averaged mEPSC amplitude (F) in BLA — dmPFC PNs. Control mice: n = 14 neurons/5
mice; ARS-2H mice, n = 13 neurons/4 mice; ARS-24H mice, n = 13 neurons/4 mice. Frequency: Kruskal-Wallis H test, Kruskal-Wallis statistic:
11.03, p =0.004. Dunn’s post hoc comparison, ARS-2H vs. control, **p < 0.01; ARS-24H vs. ARS-2H, **p < 0.01. Amplitude: one-way ANOVA
measures, F(y37 = 3.08, p=0.0579. Summary plots of cumulative probability of the interevent interval (G) and cumulative probability of the
amplitude (H) of mEPSCs in BLA — dmPFC PNs. | Representative traces showing mEPSCs in BLA - dmPFC PNs (scale bar:1's, 20 pA). Summary
plots of average mEPSC frequency (J) and averaged mEPSC amplitude (K) in BLA - dmPFC PNs. Control mice: n = 11 neurons/4 mice; ARS-2H
mice, n = 12 neurons/4 mice; ARS-24H mice, n = 11 neurons/4 mice. Frequency: one-way ANOVA measures, F(;31) = 7.06, p = 0.003. Bonferroni
post hoc comparison, ARS-2H vs. control, **p < 0.01; ARS-24H vs. ARS-2H, **p <0.01. Amplitude: one-way ANOVA measures, F31)=0.4728,
p=0.6277. L, M Summary plots of cumulative probability of the interevent interval (L) and cumulative probability of the amplitude (M) of
mEPSCs in BLA - dmPFC PNs. All data are presented as the mean + SEM.

substituted for extracellular Ca®*. Consistent with the increased
presynaptic glutamate levels in both populations of BLA PNs,

explored whether ARS also affects postsynaptic plasticity within
the dmPFC-BLA pathway. Two approaches were used in this

study. First, we examined the ratio of dmPFC-driven, AMPA
receptor-mediated EPSCs to those mediated by NMDA receptors
in the two populations (AMPA/NMDA ratio), which measures
postsynaptic changes in synaptic strength. We found that ARS
did not affect the ratio in either population (Supplementary
Fig. 6A-D). Second, we recorded asynchronous quantal
responses induced by stimulating dmPFC afferents in the
presence of equal concentrations of strontium ions (Sr*"),

Neuropsychopharmacology (2023) 48:734 - 744

ARS-2H elevated the frequency of the quantal response in the
synapses in both subsets of BLA PNs. In contrast, the quantal size
of the asynchronous quantal response was not altered by ARS
(Supplementary Fig. 6E-J). In addition, we also compared the LA-
driven AMPA/NMDA ratio in the two populations. Similarly, no
significant stress-induced changes were observed (Supplemen-
tary Fig. 7). These results suggest that ARS does not affect the
postsynaptic function of dmPFC-BLA synapses.

SPRINGER NATURE
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Fig. 4 Acute stress selectively augments dmPFC-evoked glutamatergic transmission onto BLA PNs. A Schematic showing recording of
BLA - dmPFC or BLA » dmPFC PNs in response to electrostimulation of LA inputs. B Representative traces showing evoked EPSCs in
BLA — dmPFC PNs upon paired electrostimulation of LA inputs (separated by 100 ms). Scale bar: 100 ms, 100 pA (left) and summary plots of
paired pulse ratio (PPR) in dmPFC — BLA PNs (right). Control mice: n = 13 neurons/4 mice; ARS-2H mice, n = 15 neurons/5 mice; ARS-24H mice,
n = 14 neurons/4 mice. One-way ANOVA measures, F(y 39 = 0.6918, p = 0.5067. C Same as in B except that the data were from BLA -» dmPFC
PNs. Control mice: n =15 neurons/5 mice; ARS-2H mice, n =13 neurons/4 mice; ARS-24H mice, n =18 neurons/6 mice. One-way ANOVA
measures, F 43 = 0.1332, p =0.8757. D Schematic showing co-injection of ChR2-carrying AAV and red fluorescent Retrobeads into dmPFC.
Retrobeads were used to differentiate the putative BLA — dmPFC and BLA - dmPFC PNs in BLA (left) and representative images showing the
injection site in dmPFC (middle) and red Retrobeads-labeled BLA — dmPFC PNs and dmPFC inputs in BLA (right). Scale bar: 500 (middle) and
100 (right) pm. E Schematic showing the experimental procedures. F Schematic showing recording of the postsynaptic responses in
BLA - dmPFC or BLA » dmPFC PNs to optogenetic activation of dmPFC inputs. G Representative traces showing evoked EPSCs in
BLA — dmPFC upon paired light stimuli of dmPFC inputs (separated by 100 ms). Scale bar: 50 ms, 100 pA (left) and summary plots of paired
pulse ratio (PPR) in BLA — dmPFC PNs (right). Control mice: n = 17 neurons/6 mice; ARS-2H mice, n = 16 neurons/5 mice; ARS-24H mice, n =12
neurons/4 mice. One-way ANOVA measures, F(; 45 = 8.986, p = 0.0006. Bonferroni post hoc comparison, ARS-2H vs. control, **p < 0.01; ARS-
24H vs. ARS-2H, ***p < 0.001. H Same as in G except that the data were from BLA -» dmPFC PNs. Control mice: n = 15 neurons/5 mice; ARS-2H
mice, n = 16 neurons/5 mice; ARS-24H mice, n = 17 neurons/6 mice. Kruskal-Wallis H test, Kruskal-Wallis statistic: 14.36, p < 0.001. Dunn’s post
hoc comparison, ARS-2H vs. control, **p < 0.01; ARS-24H vs. ARS-2H, ***p < 0.001. All data are presented as the mean + SEM.

Optogenetic inhibition of prefrontal glutamate release
alleviates anxiety-like behavior in ARS mice

Since the dmPFC inputs to BLA were potentiated by ARS-2H and
the altered pattern was highly consistent with the time window of
ARS-induced anxiety-like behavior, we then asked whether
reducing prefrontal glutamate release within the dmPFC-to-BLA
synapse would alleviate ARS-induced anxiety-like behavior. To do
this, mice injected with ChR2-eGFP were subjected to ARS and, 2 h
after stress, a single train of low-frequency light stimulation (LFS),

SPRINGER NATURE

which was shown to efficiently decrease the Pr within dmPFC-to-
BLA synapses in our previous study [17], was delivered to ARS
mice (Fig. 5A-C). We first examined the effect of LFS on mEPSCs
frequency in both neuronal populations in ARS mice. LFS markedly
reduced mEPSC frequency without any effect on amplitude in
both neuronal populations in ARS mice (Supplementary Fig. 8). We
then measured anxiety-like behavior after LFS. As shown in Fig. 5D,
E, after LFS treatment, the mice spent more time in the center
region but did not alter the total distance traveled during OFT. In

Neuropsychopharmacology (2023) 48:734-744
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the EPMT, the LFS-treated mice spent more time in and had more
entries to the open arms (Fig. 5F, G). However, in eGFP-expressing
mice, the LFS failed to affect these behavioral parameters
(Fig. 5D-G). In addition, optogenetic inhibition of dmPFC-to-BLA
circuit during the ARS session also mitigated ARS-induced anxiety-
like behavior (Supplementary Fig. 9). These results suggest that
decreasing prefrontal glutamate release within the dmPFC-to-BLA
synapses alleviates ARS-induced anxiety-like behavior.

Neuropsychopharmacology (2023) 48:734 - 744

Glutamate release

Anxiety-like behavior
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Optogenetic augmentation of prefrontal glutamate release
increases anxiety-like behavior in unstressed mice

Last, to explore whether increased prefrontal glutamate release
onto BLA PNs is sufficient to mimic the influence of ARS on mice’s
anxiety-like behavior, we first attempted to find an approach to
enhance the Pr in dmPFC inputs to the BLA PNs in unstressed
mice. The high-frequency light stimulation (HFS) protocol was
previously shown to successfully enhance glutamatergic transmis-
sion and alter mouse behavior in a previous study [33]. Therefore,
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Fig.5 Optogenetic inhibition or augmentation of prefrontal glutamate release modulates anxiety-like behavior. A Schematic illustration of
injection of ChR2- or eGFP-carrying AAV in dmPFC. B Schematic showing the experimental procedures. C Representative images showing the
injection site in dmPFC (left) and optic fibers placement onto BLA (right). Scale bar: 500 (left) and 100 (right) pm. OFT time in center (D) and total
distance (E) measured LFS a. No-LFS: eGFP mice: n =8 mice; ChR2 mice, n =8 mice; LFS: eGFP mice, n =7 mice; ChR2 mice, n =7 mice. Time in
center: two-way ANOVA with repeated measures, main effect of LFS treatment, F; 5 = 10.34, p =0.0035; main effect of virus, F; 6 = 3414,
p = 0.076; interaction, F; 26y = 7.869, p = 0.0094, Bonferroni post hoc analysis, LFS: eGFP mice vs. ChR2 mice, **p < 0.001. Total distance traveled:
two-way ANOVA with repeated measures, main effect of LFS treatment, F; 55) = 3,003, p = 0.0949; main effect of virus, F(; 26y = 00006, p = 0.9808;
interaction, F(; 26y = 0.0022, p = 0.963. EPM open-arm time (F) and entries (G) measured LFS. No-LFS: eGFP mice: n = 6 mice; ChR2 mice, n = 6 mice;
LFS: eGFP mice, n =6 mice; ChR2 mice, n =9 mice. Time in open arms: two-way ANOVA with repeated measures, main effect of LFS treatment,
F1.23y= 5406, p =0.0292; main effect of virus, F 23 = 3991, p=0.0577; interaction, F; »3) = 8.086, p = 0.0092, Bonferroni post hoc analysis, LFS:
eGFP mice vs. ChR2 mice, **p < 0.01. Open arms entries: two-way ANOVA with repeated measures, main effect of LFS treatment, F(; 23y = 1.636,
p=02137; main effect of virus, F(; 3 = 1.908, p = 0.1805; interaction, F >3y = 6.283, p = 0.0197, Bonferroni post hoc analysis, LFS: eGFP mice vs.
ChR2 mice, *p < 0.01. H Schematic showing experimental procedures for in vivo high-frequency stimulation (HFS) in control mice that co-injected
with oCHIEF-carrying AAV and red Retrobeads. | Representative traces showing EPSCs in BLA — dmPFC PNs (left) and summary plots of PPR in
BLA — dmPFC PNs (right). Scale bar: 100 ms, 50 pA. Control mice: n = 8 neurons/3 mice; HFS mice: n = 13 neurons/4 mice. Two-tailed unpaired t-
test, control vs. HFS, **p < 0.01. J Representative traces showing EPSCs (left) and Summary plots of PPR in BLA -» dmPFC PNs (right). Control mice:
n = 13 neurons/4 mice; HFS mice: n = 12 neurons/4 mice. Two-tailed unpaired t-test, control vs. HFS, *p < 0.05. K Schematic illustration of injection
of oCHIEF- or eGFP-carrying AAV in dmPFC. L Schematic showing the experimental procedures. M representative images showing the injection site
in dmPFC (left) and optic fibers placement onto BLA (right). Scale bar: 500 (left) and 100 (right) pm. OFT time in center (N) and total distance (O)
measured HFS. No-HFS: eGFP mice: n = 6 mice; 0-CHIEF mice, n = 7 mice; HFS: eGFP mice, n = 7 mice; oCHIEF mice, n = 9 mice. Time in center: two-
way ANOVA with repeated measures, main effect of HFS treatment, F(;2s)=5.88, p=0.0229; main effect of virus, F;25=2621, p=0.118;
interaction, F; 55y =2.761, p = 0.1091, Bonferroni post hoc analysis, HFS. eGFP mice vs. oCHIEF mice, *p < 0.001. Total distance traveled: two-way
ANOVA with repeated measures, main effect of HFS treatment, F(; »5) = 1.423, p = 0.2441; main effect of virus, F(; 5y = 0.1473, p = 0.7044; interaction,
F1.25)=1.163, p = 0.2911. P, Q EPM open-arm time (Q) and entries (R) measured HFS. No-HFS: eGFP mice: n = 7 mice; oCHIEF mice, n = 7 mice; HFS:
eGFP mice, n =9 mice; 0-CHIEF mice, n =6 mice. Time in open arms: two-way ANOVA with repeated measures, main effect of HFS treatment,
F1.25y=5.172, p = 0.0318; main effect of virus, F; 25y=7.53, p=0.0111; interaction, F(; »s5y= 5.674, p = 0.0251, Bonferroni post hoc analysis, HFS:
eGFP mice vs. oCHIEF mice, **p < 0.01. Open arms entries: two-way ANOVA with repeated measures, main effect of HFS treatment, F(; »5) = 0.624,
p = 0.437; main effect of virus, F(; 5y = 8.637, p = 0.007; interaction, F; 25y = 9.016, p = 0.006, Bonferroni post hoc analysis, HFS: eGFP mice vs. oCHIEF

mice, *p <0.01. R A working model for acute stress-induced short-term anxiety-like behavior. All data are presented as the mean + SEM.

we injected AAVs expressing oCHIEF-eGFP into the dmPFC and
implanted optical fiber onto the BLA. Four weeks after viral
injection, HFS was delivered to the mice, and slices containing BLA
were prepared to record the PPR. The results indicated that the
HFS protocol robustly decreased the PPR in both neuron
populations (Fig. 5H-J). In addition, HFS also increased the
mMEPSCs frequency which was consistent with the effect of ARS
(Supplementary Fig. 10).

After verifying the stimulation protocol, we next investigated
whether the high-frequency stimulation of dmPFC fibers in the
BLA could increase anxiety-like behavior in naive mice. The
experimental procedures are shown in Fig. 5K-M. Compared with
eGFP-expressing control mice, oCHIEF-expressing mice spent less
time in the center area immediately after HFS treatment (HFS)
(Fig. 5N). Notably, the total distance they traveled in OFT was not
changed (Fig. 50), suggesting that the general locomotor activity
of mice was not affected. Similarly, the HFS-treated mice also
spent less time in and had fewer entries into the open arms during
EPMT (Fig. 5P, Q). Taken together, the above findings suggest that
enhancing the Pr in dmPFC inputs to the BLA PNs is sufficient to
induce anxiety-like behavior in unstressed mice.

DISCUSSION

Our previous studies have demonstrated that chronic stress
causes anxiety disorders through input- and output-specific
regulation of neuronal plasticity in the BLA [18, 25, 34]. Here, we
showed that short-term anxiety-like behavior induced by ARS
was associated with increased activity of BLA PNs, which was
mainly caused by increased excitatory synaptic transmission,
rather than changes in intrinsic neuronal excitability. Specifically,
mice subjected to ARS showed input-specific, rather than
output-specific, regulation of presynaptic glutamate release at
dmPFC-to-BLA synapses (Fig. 5R).

The severity of anxiety largely depends on the intensity, duration,
and timing of the stressors. While chronic and severe stress induces
long-lasting structural and functional remodeling in the brain and
thus may cause anxiety disorders characterized by persistent and
excessive anxiety [28, 35-37], acute mild and brief stress can result
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in short-term anxiety-like behavior that is restricted to a specific
time window early following stress exposure. Here, we found that a
single 2-h episode of restraint stress increased anxiety-like behavior
immediately after stress exposure but could be reversed 24 h later.
This finding is consistent with previous studies showing that
significantly higher anxiety was found immediately after acute
stress in humans and rodents [38, 39]. Similarly, a previous study
also showed that acute stress leads to cognitive impairments after
4 h, and these memory impairments are not observed 8 h after the
stressor [40]. Notably, a recent study by David et al. showed a
significant increase in anxiety-like behavior in mice 24 h following
acute stress [41]. These inconsistent results may be due to the use of
different stress models. David et al. used inescapable foot-shock
stress, a more severe stress paradigms that is commonly used to
model posttraumatic stress disorder, while here we used mild
restraint stress. Interestingly, Sumantra Chattarji et al. revealed that
exposure to acute immobilization stress-induced anxiety-like
behavior even 10 days after stress [42-44], although they did not
measure the short-term effect on anxiety-like behavior. Considering
these different findings, one possible explanation is that we and
Sumantra Chattarji's lab used different experimental animal models
(C57BL/6J mice vs. Wistar rats) at different developmental stages
(adolescent vs. adult). Indeed, our recent findings showed that a
single prolonged stress model (2h restraint, 10 min forced
swimming, 15 min predator odor exposure, diethyl ether exposure)
has no obvious effect on anxiety-like behavior at 1, 7 or 14 days after
stress [45], while this stress model can induce persistent anxiety-like
behavior in rats [46].

Considerable evidence has revealed that hyperactivity of the
amygdala is strongly associated with the onset and exacerbation
of chronic stress-related disorders [18, 25, 36, 47]. For example, our
recent studies have indicated that anxiety disorders induced by
10 days of repeated restraint stress increased the activity of BLA
PNs through both synaptic (enhancing excitatory transmission)
and nonsynaptic (promoting intrinsic neuronal excitability)
mechanisms [18, 25, 34], while whether single restraint stress-
induced short-term anxiety-like behavior has a uniform or distinct
mechanism still remains an open question. Interestingly, in this
study, we found that ARS-induced transient activation of BLA

Neuropsychopharmacology (2023) 48:734 - 744



PNs through synaptic (but not nonsynaptic) mechanisms. ARS
transiently increased the excitatory (but not inhibitory) synaptic
transmission onto BLA neurons, leading to shifts in the balance
between excitatory and inhibitory neurotransmission (E/I balance)
toward stronger excitation. Considering that the E/I balance is
pivotal for proper information processing [17, 43, 48], disturbance
of the E/I balance might implicate acute stress-induced short-term
anxiety-like behavior. However, we observed that ARS failed to
affect the intrinsic excitability of BLA PNs, which is consistent with
earlier reports on neural firing after acute stress [35, 49]. It is worth
noting that ARS-induced increases in excitatory synaptic transmis-
sion onto BLA PNs are normalized 1 day after the stressor, while
that induced by chronic stress can persist for a long time after
stress [50]. These findings suggest that BLA PNs may become
maladaptive when repeatedly exposed to stress, and that loss of
this adaptability of BLA PNs may result in psychiatric disorders.

We observed that ARS enhanced excitatory synaptic transmission
through presynaptic glutamate release as indicated by a decrease in
the PPR. In addition, we found an increased mEPSC frequency. It
should be noted that a change in mEPSC frequency indicates an
effect on AP-independent spontaneous release of glutamate,
whereas PPR correlates with the probability of AP-dependent
release. In this case, our findings suggest that both AP-dependent
and -independent neurotransmitter release contribute to the ARS-
induced increase in presynaptic glutamate release probability.
Interestingly, optogenetic weakening of prefrontal glutamate release
not only reversed the ARS-induced decrease in PPR but also reduced
the frequency of mEPSCs. Although the exact mechanisms are not
fully understood, this finding does argue for a critical role of dmPFC
input in regulating alterations of ARS-related synaptic transmission
onto BLA PNs.

One interesting finding in the current study was that silencing
BLA PNs suppressed the frequency of mEPSCs. The mEPSC
frequency indicates glutamate release probability from presynap-
tic terminals, while we here used eNpHR3.0-mCherry which is
known to inhibit BLA postsynaptic neurons. Notably, a recent
study found that stress exposure induced the excitation of dmPFC
neurons, which resulted from the increased neuronal activity of
dmPFC projecting BLA neurons. Subsequently, the increased
dmPFC neuronal activity in turn enhances synaptic transmission
onto BLA PNs. This study raises an interesting positive feedback
loop where stress increases glutamate release probability within a
reciprocal BLA-dmPFC-BLA circuit [41]. Together with the findings
that the BLA neuronal activity and dmPFC-to-BLA synapse were
strengthened by ARS, the reduction of the mEPSC frequency
following silencing BLA PNs may be achieved through the
inhibition of reciprocal BLA-dmPFC-BLA circuit.

The mPFC sends dense projections to the BLA [32] and exhibits
“top-down” control of the amygdala. Moreover, the reciprocal
mPFC-amygdala circuit has been shown to play a vital role in
emotion regulation, memory, and stress response [31, 32, 511. In
this study, we found that ARS increased presynaptic glutamate
releases onto BLA PNs from dmPFC afferents, as reflected by the
decreased PPR. However, unlike its influence on the dmPFC-BLA
pathway, ARS had little influence on presynaptic glutamate
release from LA afferents, which is the major input nucleus of
the amygdala that relays signals to BLA, suggesting an input-
specific regulation of BLA inputs by ARS. Although the exact
mechanisms of this specificity remain unknown, one potential
explanation is that the LA receives and integrates multiple sensory
inputs from cortical and subcortical regions, and electric stimuli
activate almost all the fibers around the bipolar electrode placed.
Thus, such results may represent the net effect of all activated
afferents, which may obscure the true effects of specific pathway
activation. Importantly, we established a direct causal link
between the increased prefrontal glutamate release onto BLA
PNs and the ARS-induced short-term anxiety-like behavior. First,
we found that using high-frequency optogenetic stimulation to
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facilitate the prefrontal glutamate release onto BLA PNs led to
increased anxiety-like behavior in unstressed mice. Second,
reversing the prefrontal glutamate release in dmPFC-BLA synapses
by low-frequency optogenetic stimulation counteracted ARS-
induced increases in anxiety-like behavior. These findings high-
light an essential role of dysregulated prefrontal cortex-amygdala
connectivity in stress-related anxiety.

Another important finding of this study is that there was no
output selectivity underlying acute stress-induced anxiety-like
behavior since ARS indistinguishably facilitates the synaptic
transmission onto BLA neurons projecting to dmPFC (BLA —
dmPFC) or elsewhere (BLA - dmPFC) PNs. Such an effect could
be adaptatively returned to basal levels 1 day after stress. This is in
striking contrast to our recent finding that in a mouse model
anxiety disorder, the increased BLA neuronal activity was only
observed in BLA - dmPFC PNs but not BLA — dmPFC PNs [18, 25].
However, the exact circuit mechanisms of such specificity remain
unknown. We speculate that the adaptations of distinct neuronal
populations vary greatly from the other in terms of repeated stress
exposure. That is, the BLA — dmPFC PNs may possess a strong
adaptive capacity in the face of stress exposure. Notably, since
chronic stress consists of days of acute stress, it seems that both
BLA — dmPFC PNs and BLA - dmPFC PNs neuronal populations
exhibit well adaptation 1 day after a single episode of stress
exposure, while the response of BLA - dmPFC PNs becomes
maladaptive when they are repeatedly exposed to stress, which
results in persistent activation of these neuronal populations and
leads to anxiety disorders. Nevertheless, the exact molecular
mechanism underlying the (mal-)adaptive capacity of distinct BLA
neuronal populations requires future investigation.

In summary, we here demonstrated that acute stress-induced
short-term anxiety-like behavior was mediated by increased activity
of BLA PNs through synaptic but not nonsynaptic plasticity. These
findings, along with our recent reports, might help us better
understand the neuronal mechanisms underlying physiological and
pathological anxiety in the amygdala. More importantly, the new
finding that the stress-induced short-term anxiety-like behavior
caused by increased synaptic transmission efficiency from dmPFC
input to BLA neurons, while without any effect on intrinsic neuronal
excitability, raises the exciting possibility of developing novel
therapeutics that target the prefrontal cortex-amygdala connectivity
and selectively weaken it, providing a unique therapeutic profile for
the treatment of stress-related anxiety disorders.
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