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Divergent input patterns to the central lateral
amygdala play a duet in fear memory formation

Jing-hua Gao,1,5,7 Yue-ying Liu,1,2,3,6,7 Hui-xiang Xu,1,2,3,7 Ke Wu,1,2,3 Le-le Zhang,1,2,3 Peng Cheng,1,2,3,6

Xiao-han Peng,1,2,3 Jun-li Cao,1,2,3,6,* Rong Hua,4,* and Yong-mei Zhang1,2,3,6,8,*
SUMMARY

Somatostatin (SOM)-expressing neurons in the central lateral amygdala (CeL) are responsible for fear
memory learning, but the circuit and molecular mechanisms underlying this biology remain elusive.
Here, we found that glutamatergic neurons in the lateral parabrachial nucleus (LPB) directly dominated
the activity of CeLSOM neurons, and that selectively inhibiting the LPBGlu/CeLSOM pathway suppressed
fear memory acquisition. By contrast, inhibiting CeL-projecting glutamatergic neurons in the paraventric-
ular thalamic nucleus (PVT) interfered with consolidation-related processes. Notably, CeLSOM-innervating
neurons in the LPB were modulated by presynaptic cannabinoid receptor 1 (CB1R), and knock down of
CB1Rs in LPB glutamatergic neurons enhanced excitatory transmission to the CeL and partially rescued
the impairment in fear memory induced by CB1R activation in the CeL. Overall, our study reveals the
mechanisms by which CeLSOM neurons mediate the formation of fear memories during fear conditioning
in mice, which may provide a new direction for the clinical research of fear-related disorders.

INTRODUCTION

Fear refers to an adaptive response that can be rapidly generated by individuals when confronted with threatening contexts and cues. Fear

can be divided into innate fear and learned fear. Innate fear includes responses elicited by predators, heights, pain, fast approaching objects,

and primal threats like snakes and spiders. Learned fear is developed through acquired experiences, characterized by the fear responses to

the specific context and related cues following exposure to a traumatic event, thereby leads to the formation of conditioned fear memories.1,2

fear conditioning (FC) has been widely employed in animal studies to investigate the mechanisms underlying the formation of fear

memories.3,4 Psychological interventions directed at the trauma-related memories can be effective in treating fear-related disorders, signif-

icantly mitigating patients’ symptoms and improving their prognosis, whereas effective pharmacotherapies targeting the neurobiological

mechanisms have not yet been discovered.5

The neurobiological mechanisms underlying different stages of fear memory formation have been extensively characterized in rodents

exposed to FC. The formation of fear memories includes the processes of acquisition, consolidation, and reconsolidation.6 The primary brain

regions involved in fear memory formation include the amygdala, the hippocampus, and the medial prefrontal cortex; among these, the

amygdala is the integration center for sensory information during the formation of auditory fear memories.6,7 The central lateral amygdala

(CeL) is the output subnucleus of the amygdala and is critical for fear memory formation.8–11 Previous work has demonstrated a significant

increase in the frequency of miniature excitatory postsynaptic currents (mEPSCs) recorded from somatostatin (SOM)-positive neurons in

the CeL after FC, indicating enhanced excitatory synaptic transmission onto CeL-SOM+ neurons.9,12 Anatomical studies have shown that

the CeL receives direct glutamatergic projections from several emotion-associated brain sites, including the lateral parabrachial nucleus

(LPB) and the paraventricular thalamic nucleus (PVT).8 Notably, the LPB and PVT play important roles in the transmission of nociceptive infor-

mation and have been shown to be involved in the processing of stress responses and the gating of fear memory expression.13,14 Therefore,

themolecularmechanisms underlying the excitatory LPB/CeL and PVT/CeL projections thatmodulate fearmemory formation are of great

interest.

Cannabinoid type 1 receptors, as the most abundant seven transmembrane G-protein-coupled presynaptic receptors in the mammalian

brain, are receiving increasing attention due to their important roles in modulating synaptic plasticity.15,16 CB1R functions as a neuromodu-

lator through retrograde signaling, with those located at glutamatergic and GABA (g-aminobutyric acid) synapses mediating depression of
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Figure 1. CeL GABAergic neurons are involved in fear conditioning

(A) Experimental paradigm for fear conditioning.

(B) Mice presented with three CS–US pairings exhibited increased freezing levels compared with mice merely exposed to the CSs (two-way ANOVA, group:

F(1,18) = 144.4, ****p < 0.0001; time: F(3,54) = 131.2, ****p < 0.0001; interaction: F(3,54) = 105.8, ****p < 0.0001; Bonferroni’s post hoc test, for Control versus FC

at CS2, ****p < 0.0001; For Control versus FC at CS3, ****p < 0.0001; n = 10 mice).

(C andD) FCmice exhibited increased freezing levels during contextual (C, two-sided unpaired t-test, t(1/18) = 11.23, ****p< 0.0001, n= 10mice) and cued (D, two-

way ANOVA, group: F(1,18) = 85.66, ****p < 0.0001; time: F(1,18) = 147.7, ****p < 0.0001; interaction: F(1,18) = 94.8, ****p < 0.0001; Bonferroni’s post hoc test, for

Control versus FC during tone presentation, ****p < 0.0001; n = 10 mice) fear memory recall compared with the Control mice.

(E) Time course (left) and coronal schematic (right) of CeL-infusion of saline or lidocaine.

(F–H) Disruption of neuronal excitability within the CeL via lidocaine did not exert effects on freezing responses during fear conditioning (F, two-way ANOVA,

group: F(1,10) = 0.001, p = 0.973; time: F(3,30) = 49.29, ****p < 0.0001; interaction: F(3,30) = 0.5976, p = 0.6215; n = 6 mice) or in the cued fear memory test (H,

two-way ANOVA, group: F(1,10) = 0.040, p = 0.8463; time: F(1,10) = 92.66, ****p < 0.0001; interaction: F(1,10) = 1.432, p = 0.259. n = 6 mice), but it did suppress

freezing behaviors during the context exposure sessions (G, two-sided unpaired t-test, t(1/10) = 3.349, **p = 0.0074, n = 6 mice).

(I) Time course (left) and schematic diagram (right) of bilateral CeL injection of taCasp3 virus.

(J) Top, Representative confocal images show a marked decrease in the number of GABAergic neurons in the CeL after taCasp3 injection. Scale bar, 50 mm.

Bottom, Ablation of GABAergic neurons in the CeL produced a reliable decrease in freezing levels during the last session of fear conditioning (two-way

ANOVA, group: F(1,12) = 41.64, ****p < 0.0001; time: F(3,36) = 32.63, ****p < 0.0001; interaction: F(3,36) = 15.11, ****p < 0.0001; Bonferroni’s post hoc test,

freezing for Non-apoptosis versus apoptosis at CS3, ****p < 0.0001; n = 7 mice).

ll
OPEN ACCESS

2 iScience 27, 110886, October 18, 2024

iScience
Article



Figure 1. Continued

(K and L) Mice that received intra-CeL injections of taCasp3 virus showed impaired fear memory recall in the contextual fear test (K, two-sided unpaired t-test,

t(1/12) = 10.54, ****p< 0.0001, n= 7mice) and in the cued fear memory test (L, two-way ANOVA, group: F(1,12) = 7.141, *p= 0.02; time: F(1,12) = 28.44, ***p= 0.0002;

interaction: F(1,12) = 7.202, *p = 0.02; Bonferroni’s post hoc test, freezing for Non-apoptosis versus apoptosis during Tone presentation, **p = 0.0018; n = 7mice).

All of the data are presented as mean G SEM. *p < 0.05, **p < 0.01, ****p < 0.0001.
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presynaptic transmitter release via combination with endocannabinoids synthesized by postsynaptic neurons, so as to induce depolarization-

induced suppression of excitation (DSE) and depolarization-induced suppression of inhibition (DSI).17 CB1R deficiency can result in enhanced

contextual fear memory acquisition and impaired fear memory extinction in animal models,18,19 whereas selective activation of CB1Rs in the

central nucleus of the amygdala (CeA) inhibits presynaptic glutamate release and disrupts fear memory expression.20,21 However, the details

of the circuit mechanism underlying the regulatory role of CB1Rs in fear memory acquisition remain elusive.

In this study, FCwas adopted as an animal model to study the neurobiological mechanisms of fearmemory formation.6,22–24We employed

molecular biology and electrophysiological recordings to explore the role of CeL-GABAergic and SOM+GABAergic neurons in fear memory

formation, and comprehensively using in vivo pharmacological intervention, chemogenetic and optogenetic manipulations to investigate

whether the LPBGlu/CeLSOM and the PVTGlu/CeLSOM pathway were involved in fear memory formation. In addition, electrophysiological

recordings combined with optogenetics can dynamically monitor the effects of presynaptic CB1Rs located at excitatory terminals in the CeL

on postsynaptic CeLSOM neuronal excitability. Our research revealed the circuit and molecular mechanisms underlying fear memory acqui-

sition, providing an insight for future research on the pathogenesis of fear—related disorders.
RESULTS
Elevated activity of CeLGABA neurons are essential for fear conditioning in mice

Amousemodel of FCwas established using a protocol modified fromprevious reports.22,25 As depicted in Figure 1A, mice were subjected to

FC. During the FC, themice displayed a significant increase in freezing (****p< 0.0001, two-way ANOVA test, Figure 1B). On the next day, the

mice exhibited enhanced freezing responses when exposed to either the conditioning context (****p < 0.0001, two-sided unpaired t-test,

Figure 1C) or the tone (****p < 0.0001, two-way ANOVA test, Figure 1D) during the fear memory testing session.

To gain insights into the nucleus involved in FC, we first examinedCeL, a structure that is as important as the basolateral amygdala (BLA) in

fear learning and expression.26,27 Microinjection of lidocaine, a sodium-channel blocker, to transiently inactivate the CeL during FC did not

affect the fear responses during the training period or in the cued fear-memory test (Figure 1E; For the training period, p = 0.973, two-way

ANOVA test; Figure 1F; For the cued test, p = 0.846, two-way ANOVA test; Figure 1H); however, it did impair contextual fear memory acqui-

sition, demonstrated by a decrease in freezing levels in the contextual fear-memory test (**p = 0.0074, two-sided unpaired t-test, Figure 1G).

To further validate the role of the CeL in fear memory acquisition, we induced apoptosis in CeL GABAergic neurons, the predominant

neuronal population in the CeL,28,29 by injecting the Cre-dependent taCasp3 virus in Vgat-Cre mice (Figure 1I). Three weeks after virus injec-

tion, the number of GABAergic neurons in the CeL was decreased (****p< 0.0001, two-sided unpaired t-test, Figure S1A). Comparedwith the

control mice, taCasp3-injected mice developed a marked decrease in freezing levels during the FC period, as well as during the context and

tone exposure periods in the fear memory tests (For the training period, ****p < 0.0001, two-way ANOVA test, Figure 1J; For the contextual

test, ****p < 0.0001, two-sided unpaired t-test; Figure 1K; For the cued test, *p = 0.02, two-way ANOVA test; Figure 1L). These preliminary

data provide evidence that CeL GABAergic neurons participate in fear memory acquisition, although their exact role remains to be further

explored.
Enhanced excitability of CeLSOM neurons in mice exposed to fear conditioning

Given that the GABAergic neurons in the CeL can be divided into multiple neuronal subtypes on the basis of distinct genetic markers,9–11,30

we wonderedwhether a specific neuronal subtypemediates CeL-dependent fearmemory acquisition. Somatostatin-positive (SOM+) neurons

constitute a major subpopulation within the CeL. These neurons inhibit SOM-negative (SOM�) neurons and disinhibit output neurons in the

medial central amygdala (CeM), thereby facilitating the generation of conditioned responses.9,31 To characterize the precise role of CeLSOM

neurons in fear memory acquisition, we measured changes in their excitability following FC. SOM+ neurons were identified by injecting AAV-

SST (Somatostatin)-mCherry into the CeL (Figures 2A and 2B). The specificity of AAV-SST-mCherry in labeling SST positive neurons has been

proved in a previous published article.32 Electrophysiological recordings from CeL slices revealed that the frequency of evoked firing in cur-

rent-clamped CeLSOM neurons was markedly elevated in FC mice compared with control mice (***p = 0.0002, two-way ANOVA test, Fig-

ure 2C). Consistent with previous reports, FC induced an enhancement of excitatory synaptic transmission onto CeLSOM neurons, as indicated

by an increase in the frequency and amplitude ofmEPSCs recorded fromCeLSOM neurons (For frequency, ****p< 0.0001, two-sided unpaired

t-test; for amplitude, **p = 0.002, two-sided unpaired t-test, Figures 2D and 2E).

Furthermore, we performed a loss-of-function experiment to confirm the importance of CeLSOM neurons in fear memory acquisition at the

behavioral level. We injected theCeL with amixture of AAV-fSST-Cre and AAV-DIO-eNpHR3.0 (Figures 2F and 2G), implanted an optical fiber

into the CeL. Optogenetic inhibition of CeLSOM neurons during the FC session significantly impaired fear memory learning, as indicated by

reduced freezing to the third CS, as well as the expression of contextual and cued fear memory during the fear memory test (For the training

period, p = 0.277, two-way ANOVA test, Figure 2H; For the contextual test, **p = 0.0097, two-sided unpaired t-test; Figure 2I; For the cued

test, *p = 0.011, two-way ANOVA test; Figure 2J). In addition, infusing the selective NMDA (N-Methyl-D-aspartic acid ) receptor antagonist
iScience 27, 110886, October 18, 2024 3



Figure 2. Enhanced activity of CeL SOM neurons after fear conditioning

(A) Schematic showing virus microinjection.

(B) Electrophysiological recording of virus-labeled SOM+ neurons in the CeL.

(C) Sample traces (left) and statistical data (right) of firing rates recorded from CeL-SOM+ neurons (two-way ANOVA, group: F(1,24) = 18.67, ***p = 0.0002;

Bonferroni’s post hoc test, Control versus FC at 18 pA, **p = 0.007; Control versus FC at 27 pA, ****p < 0.0001; Control versus FC at 36 pA, ****p < 0.0001;

Control versus FC at 45 pA, ***p = 0.0003; n = 12 cells from 3 mice for Control, n = 14 cells from 3 mice for FC).

(D) Representative mEPSC traces recorded from mCherry-labeled CeL-SOM+ neurons.

(E) Compared with the Control group, the mEPSC frequency (left) and amplitude (right) of CeL-SOM+ neurons in the FC group showed a marked increase (two-

sided unpaired t-test, For frequency, t(1/25) = 3.458, ****p< 0.0001; For amplitude, t(1/25) = 5.708, **p= 0.002. n= 12 cells from 3mice for Control, n= 15 cells from 3

mice for FC).

(F) Time course (left) and schematic (right) of bilateral CeL injection of eNpHR and mCherry viruses with insertion of optic fibers above the CeL.

(G) Representative images showing the expression of mCherry-labeled CeL-SOM+ neurons and cannula placement in the CeL. Scale bar, 200 mm.

(H) Top, Schematic of the optogenetic protocol. Bottom, Optogenetic silencing of CeL-SOM+ neurons induced a significant decrease in the freezing levels at the

end of fear conditioning (two-way ANOVA, group: F(1,12) = 1.298, p = 0.2769; time: F(3,36) = 80.01, ****p < 0.0001; interaction: F(3,36) = 5.444, **p = 0.0034;

Bonferroni’s post hoc test, freezing for eNpHR3.0 versus mCherry at CS3, **p = 0.0025; n = 7 mice).

(I and J) Mice that had undergone optogenetic inhibition of CeL-SOM+ neurons showed impaired fear memory recall in the contextual (I, two-sided unpaired

t-test, t(1/12) = 3.07, **p = 0.0097, n = 7 mice) and cued (J, two-way ANOVA, group: F(1,12) = 9.072, *p = 0.0108; time: F(1,12) = 90, ****p < 0.0001; interaction:

F(1,12) = 0.999, p = 0.337; Bonferroni’s post hoc test, freezing for eNpHR3.0 versus mCherry during tone presentation, *p = 0.0248; n = 7 mice for each group)

fear memory tests. All of the data are presented as mean G SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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MK-801 into the CeL impaired conditioned fear memory learning in FC mice (Figure S2A; For the training period, ****p < 0.0001, two-way

ANOVA test; Figure S2B; For the contextual test, **p = 0.008, two-sided unpaired t-test; Figure S2C; For the cued test, ****p < 0.0001,

two-way ANOVA test; Figure S2D). Similar effects were obtained with intra-CeL infusions of the non-NMDA receptor antagonist NBQX

(2,3-dihydroxy-6-nitro-7-sulfamoyl benzo(F)quinoxaline) in FC mice (Figure S2E; for the training period, ****p < 0.0001, two-way ANOVA

test; Figure S2F; For the contextual test, **p = 0.0018, two-sided unpaired t-test; Figure S2G; For the cued test, ****p < 0.0001, two-way

ANOVA test; Figure S2H). Combining the behavioral results with the electrophysiological changes observed in CeLSOM neurons, our results

support the hypothesis that enhanced excitatory input into the CeL may facilitate the acquisition of conditioned fear memories in mice.
Neuroanatomical identification of the LPBGlu/CeLSOM and PVTGlu/CeLSOM pathways

Given that increased excitatory transmission onto the CeL is necessary for conditioned fear memory acquisition in FC mice, we concentrated

our attention on elucidating the upstream networks that drive and regulate CeL neuronal activity. To label the upstream cells that project

directly onto CeL neurons, we injected Lumafluor retrobeads into the CeL for retrograde tracing (Figure 3A). Brain-wide analyses of

Lumafluor+ cells identified the bed nucleus of the stria terminalis (BNST), the PVT, the ventral tegmental area (VTA), and the LPB as the major

input sources onto CeL neurons (Figure 3B). To explore whether these upstream nuclei are involved in fear memory acquisition, we examined

changes in activity in these nuclei after FC bymeasuring c-Fos expression, amarker of neuronal activity. The expression of c-Fos was increased
4 iScience 27, 110886, October 18, 2024



Figure 3. Neuroanatomical identification of genetically defined LPBGlu/CeLSOM and PVTGlu/CeLSOM pathways

(A) Top, Schematic of bilateral CeL injection of Lumafluor retrobeads to trace the nuclei upstream of the CeL. Bottom, A representative image showing the

expression of Lumafluor retrobeads in CeL coronal section. Scale bar, 200 mm.

(B) Top, Schema of coronal sections showed the specific locations of the BNST (orange), PVT (green), VTA (blue) and LPB (purple) at four sagittal locations

(bregma 0.14, �1.34, �3.28, and �5.20 mm). BNST, bed nucleus of stria terminalis; VTA, ventral tegmental area. Bottom, Representative images of upstream

Lumafluor+ neurons providing direct inputs to the CeL. Scale bar, 200 mm.

(C and D) Representative histological examples and quantification of c-Fos+ cells in the identified upstream nuclei of the CeL after fear conditioning (two-sided

unpaired t-test, BNST: t(1/4) = 0.713, p = 0.516; PVT: t(1/4) = 3.93, *p = 0.017; VTA: t(1/4) = 0.434, p = 0.687; LPB: t(1/4) = 4.372, *p = 0.012, n = 3 mice).

(E and F) Left, Representative images of Lumafluor-labeled neurons within the LPB (E) or PVT (F) co-localized with the glutamate marker CaMKIIa, together with

high-magnification images from the selected area. Scale bar, 100 mm. Right, Pie charts showing the percentage of CaMKIIa-positive neurons that were co-labeled

with Lumafluor and Lumafluor-labeled neurons that were co-labeled by CaMKIIa.

(G and H) Left, Schematic of the Cre-dependent anterograde virus tracing strategy. Right, Immunofluorescence images showingmCherry-labeled neurons within

the CeL traced from the LPB (G) or PVT (H). Scale bar, 100 mm.

(I and J) Left, Immunofluorescence images showing EGFP-labeled neurons within the LPB (I) or PVT (J). Scale bar, 100 mm.Middle, Representative images showing

that the EGFP-labeled glutamatergic axon terminals from the LPB and PVTmade close appositions onto themCherry-labeled SOM+ cell bodies in the CeL. Scale

bar, 100 mm. Right, magnified images from the selected area of the middle images. All of the data are presented as mean G SEM. *p < 0.05.
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Figure 4. Neural projections from the LPB to the CeL mediate fear memory acquisition

(A and B) Immunofluorescence images (A) and percentage (B) of c-Fos+ neurons in the LPB co-labeled with CaMKIIa after fear conditioning (two-sided unpaired t-

test, t(1/8) = 9.126, ****p < 0.0001, n = 5 mice for each group). Scale bar, 100 mm.

(C and D) CaMKIIa mRNA (C, two-sided unpaired t-test, t(1/10) = 3.635, **p = 0.0046, n = 6 mice) and protein (D, two-sided unpaired t-test, t(1/14) = 3.426,

**p = 0.0041, n = 8 mice for each group) levels in the LPB were significantly greater in FC mice than control mice.

(E) Timeline (left) and schematic (right) of chemogenetic inhibition of the CeL-projecting LPB glutamatergic neurons.

(F) Representative images of mCherry-labeled neurons in LPB co-localized with CaMKIIa (left), and the proportion of co-labeled neurons relative to the total

number of mCherry-labeled neurons (right). Scale bar, 20 mm.

(G) Immunofluorescence showing that intra-LPB injections of the hM4Di-mCherry virus induced a decrease in c-Fos co-expression after CNO administration,

relative to the control mCherry group. Scale bar, 20 mm.

(H) Mice that received chemogenetic inhibition of CeL-projecting LPB glutamatergic neurons had similar freezing levels throughout the fear conditioning session

as the mCherry mice (two-way ANOVA, group: F(1,14) = 1.529, p = 0.2366; time: F(3,42) = 155.7, ****p < 0.0001; interaction: F(3,42) = 0.8946, p = 0.4519; n = 8 mice).

(I and J) Chemogenetic inhibition of the CeL-projecting LPB glutamatergic neurons induced a decrease in freezing levels during the contextual (I, two-sided

unpaired t-test, t(1/14) = 3.063, **p = 0.0084, n = 8 mice) and cued (J, two-way ANOVA, group: F(1,14) = 27.3, ***p = 0.0001; time: F(1,14) = 268.8,

****p < 0.0001; interaction: F(1,14) = 36.39, ****p < 0.0001; Bonferroni’s post hoc test, freezing for hM4Di versus mCherry during Tone presentation,

****p < 0.0001; n = 8 mice) fear memory tests.

(K) Time course (top) and paradigm (bottom) for the optogenetic inhibition of LPB glutamatergic nerve terminals in the CeL.
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Figure 4. Continued

(L) Representative histological images showing the expression of mCherry+ fibers in the CeL and optical fibers inserted above the target area. Scale bar, 200 mm.

(M) Representative images of mCherry-labeled neurons in the LPB co-localized with CaMKIIa (left), and the proportion of co-labeled neurons relative to the total

number of mCherry-labeled neurons (right). Scale bar, 20 mm.

(N) Optogenetic inhibition of glutamatergic neurons dramatically reduced the Fos-like immunoreactivity within the LPB. Scale bar, 20 mm.

(O) Top, Schematic of the optogenetic protocol. Bottom, mice that underwent optogenetic inhibition of LPB glutamatergic terminals in the CeL exhibited

decreased freezing levels during the second and third CS presentation during fear conditioning compared with the mCherry mice (two-way ANOVA, group:

F(1,14) = 5.682, *p = 0.0318; time: F(3,42) = 139.1, ****p < 0.0001; interaction: F(3,42) = 3.91, *p = 0.015; Bonferroni’s post hoc test, freezing for eNphR3.0 versus

mCherry at CS2, **p = 0.0069; freezing for eNphR3.0 versus mCherry at CS3, *p = 0.0297; n = 8 mice).

(P and Q) Optogenetic inhibition of LPB glutamatergic terminals in the CeL caused a decrease in freezing levels in the contextual (P, two-sided unpaired t-test,

t(1/14) = 2.956, *p = 0.0104, n = 8 mice) and cued (Q, two-way ANOVA, group: F(1,14) = 10.02, **p = 0.0069; time: F(1,14) = 161.8, ****p < 0.0001; interaction: F(1,14) =

10.41, **p = 0.0061; Bonferroni’s post hoc test, freezing for eNphR3.0 versus mCherry during Tone presentation, ***p = 0.0002; n = 8 mice) fear memory tests.

(R) Schematic for the optogenetic inhibition of CeLSOM neurons innervated by LPB terminals.

(S) Representative histological images showing the expression of mCherry-labeled SOM+ neurons in the CeL and optical fiber insertion above the target area.

Scale bar, 200 mm.

(T) Top, Schematic of optogenetic protocol. Bottom, Mice that underwent optogenetic inhibition of CeLSOM neurons innervated by LPB exhibited decreased

freezing levels at the end of fear conditioning (two-way ANOVA, group: F(1,12) = 4.551, p = 0.0542; time: F(3,36) = 84.47, ****p < 0.0001; interaction: F(3,36) =

3.602, *p = 0.0225; Bonferroni’s post hoc test, freezing for NphR3.0 versus mCherry at CS3, **p = 0.006; n = 7 mice).

(U and V) Optogenetic inhibition of CeL SOM neurons innervated by LPB terminals caused a decrease in freezing levels in the contextual (U, two-sided unpaired

t-test, t(1/12) = 2.91, *p = 0.0131, n = 7 mice) and cued (V, two-way ANOVA, group: F(1,12) = 16.72, **p = 0.0015; time: F(1,12) = 162.7, ****p < 0.0001; interaction:

F(1,12) = 10.02, **p = 0.0081; Bonferroni’s post hoc test, freezing for NphR3.0 versus mCherry during Tone presentation, ****p < 0.0001; n = 7 mice) fear memory

tests. All of the data are presented as mean G SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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in the PVT and LPB in FCmice, whereas no alterations were observed in the BNST or VTA (Figure 3C; For BNST,p= 0.516, two-sided unpaired

t-test; For PVT, *p = 0.017, two-sided unpaired t-test; For VTA, p = 0.687, two-sided unpaired t-test; For LPB, *p = 0.012, two-sided unpaired

t-test; Figure 3D). These data confirm that the LPB and PVT are the upstream structures that project directly to CeL, seemingly playing an

important role in driving freezing behavior. Thus, we determined to elucidate the anatomical connections from these two upstream nuclei

to the CeL in more detail.

We first characterized the LPB/CeL and PVT/CeL organization by combining the Lumafluor retrograde tracing with immunofluores-

cence staining. The Lumafluor+ cells in the LPB and PVT that project to the CeL predominantly colocalized with antibodies for CaMKII (specific

to glutamatergic neurons), suggesting that glutamatergic neurons in the LPB and PVT constitute the major neuronal type that projects to the

CeL (Figures 3E and 3F). To specifically label the downstream neuronal type of the LPB/CeL and PVT/CeL pathway, we used a cell-type-

specific anterogrademonosynaptic tracing system. As follows, we injected a Cre-dependent virus (AAV-DIO-FLP) into the LPB or the PVT and

a mixture of AAV-fDIO-mCherry and AAV-fSST-CRE into the CeL (Figures 3G and 3H, left). Four weeks later, mCherry-positive CeLSOM neu-

rons were observed in the CeL (Figures 3G and 3H, right). For further confirmation of the LPB/CeL and PVT/CeL projections, we infused

AAV-CaMKIIa-EGFP into the LPB or PVT and AAV-SST-mCherry into the CeL to examine the relationship between LPB or PVT glutamatergic

nerve terminals and SOM+ neuronal cell bodies within the CeL (Figures 3I and 3J, left). Close appositions were observed between the LPB or

PVT glutamatergic nerve terminals and the mCherry-labeled SOM+ neuronal cell bodies (Figures 3I and 3J, right), indicating that the SOM+

neurons in the CeL receive glutamatergic innervation from the LPB and PVT. Taken together, these results suggested the existence of

LPBGlu/CeLSOM and PVTGlu/CeLSOM projections. These findings prompted us to propose the hypothesis that the LPBGlu/CeLSOM and

PVTGlu/CeLSOM pathways are involved in fear memory acquisition.
Essential role of the LPBGlu/CeLSOM pathway in acquisition of fear memories

Wepredicted that the increased excitability of CeLSOM neurons after FCmay be due to an increase in LPBGlu activity. To test this, wemeasured

c-Fos expression in the LPB after FC.Weobservedmany c-Fos+ glutamatergic neurons in the LPB in the FC group, in contrast to the scarcity of

c-Fos+ glutamatergic neurons in the control group (Figure 4A; ****p < 0.0001, two-sided unpaired t-test; Figure 4B). We also used western

blots and Quantitative reverse transcription polymerase chain reaction (RT-qPCR) to detect the expression of CaMKIIa, an important serine/

threonine protein kinase phosphorylates synapsin I and AMPAR to promote the release of excitatory neurotransmitters, thus playing an

important role in synaptic plasticity.33–35 The elevated CaMKIIa mRNA and protein levels implied enhanced neuronal activity (For mRNA,

**p = 0.0046, two-sided unpaired t-test, Figure 4C; For protein, **p = 0.0041, two-sided unpaired t-test; Figure 4D). These data demonstrate

that LPBGlu neurons are activated during FC, when conditioned fear memories are acquired.

To explore whether the hyperactivity of CeL-projecting LPBGlu neurons is necessary for the acquisition of conditioned fear memories, we

manipulated this group of glutamatergic neurons with a chemogenetic approach. Retro-AAV-CaMKIIa-Cre was injected into the CeL and a

Cre-dependent chemogenetic vector or control (AAV-DIO-hM4Di-mCherry or AAV-DIO-mCherry) was injected into the LPB to enable che-

mogenetic inhibition of CeL-projecting glutamatergic neurons in the LPB; Figure 4E illustrates the timeline of the experiment. Immunofluo-

rescence indicated that mCherry+ neurons in the LPB were predominantly co-localized with glutamatergic neurons, verifying the specificity of

the injected AAV viruses (Figure 4F). We also confirmed that CNO injection indeed decreased c-Fos expression in CeL-projecting glutama-

tergic neurons in the hM4Di group (Figure 4G; **p = 0.0016, two-sided unpaired t-test; Figure S1B). In the behavioral tests, chemogenetic

inhibition of CeL-projecting LPBGlu neurons during FC impaired contextual and cued fear memory acquisition (For the contextual test,
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**p = 0.0084, two-sided unpaired t-test, Figure 4I; For the cued test, ****p < 0.0001, two-way ANOVA test; Figure 4J), although no significant

effects on freezing were observed during the FC session (p = 0.237, two-way ANOVA test, Figure 4H).

To transiently manipulate the pathway, we used optogenetic techniques to inhibit LPBGlu terminals in the CeL. AAV-CaMKIIa-eNpHR3.0-

mCherry was injected into the LPB and optical fibers were inserted into the CeL (Figures 4K and S3A). The specificity and efficacy of the in-

jected virus were confirmed by immunohistochemistry (Figures 4M and 4N). As a result, eNpHR3.0-mCherry was expressed on both the

somata and terminals of glutamatergic neurons (Figures 4L and 4M). Optogenetic inhibition of the glutamatergic terminals in the LPB/

CeL pathway with yellow light markedly decreased freezing during FC (*p = 0.032, two-way ANOVA test, Figure 4O), as well as in the contex-

tual and cued fear memory tests (For the contextual test, *p = 0.010, two-sided unpaired t-test, Figure 4P; For the cued test, ***p = 0.0069,

two-way ANOVA test; Figure 4Q). To rule out the possibility that functional inactivation of the LPB pathway to the CeL may have affected the

nociceptive threshold for the foot shock, we examined whether inhibiting the LPBGlu terminals in the CeL affects nociceptive sensitivity, as

measured with von Frey filaments. No significant difference was observed between the eNpHR and control groups, suggesting that the

decreased freezing observed in the fear memory test was due to weakened fear memory acquisition rather than reduced nociceptive sensi-

tivity (p = 0.4558, two-way ANOVA test, Figure S3B). Furthermore, studies have demonstrated that fear learning depends on cognitive capa-

bilities, includingworkingmemory (WM), and individuals with lowWMabilities tend to exhibitmore negative intrusive thoughts.36,37 The inter-

play betweenWMand emotions implies that individual differences inWMmight also have an effect on the acquisition of fear.36 Therefore, we

investigated the role of the LPBGlu/CeLSOM pathway in spatial WM in FC model mice by inhibiting the pathway during the Y-maze test.

Nevertheless, we found that there was no significant difference of the time in the novel arm between mCherry and hM4Di group (p =

0.48, two-sided unpaired t-test, Figure S3D).

In order to specifically inhibit downstream CeLSOM neurons that are innervated by the LPB, we injected a Cre-dependent anterograde

monosynaptic virus (AAV-DIO-FLP) into the LPB and a mixture of AAV-fDIO-eNpHR3.0-mCherry (or AAV-fDIO-mCherry) and AAV-fSST-

CRE into the CeL (Figure 4R). Accordingly, mCherry-labeled SOM+ neurons were abundantly distributed in the CeL (Figure 4S). Optogenetic

inhibition of these CeLSOM neurons innervated by the LPB impaired both conditioned fear memory learning and acquisition, as evidenced by

decreased freezing during FC and in the subsequent fearmemory tests (for the training period,p= 0.054, two-wayANOVA test, Figure 4T; For

the contextual test, *p = 0.013, two-sided unpaired t-test; Figure 4U; For the cued test, **p = 0.0015, two-way ANOVA test; Figure 4V). From

these results, we can conclude that activation of the LPBGlu/CeLSOM pathway is necessary for the acquisition of conditioned fear memories.

Specific regulation of fear memory expression by the PVTGlu/CeLSOM pathway

Previous studies have shown that increased activity in PVT neurons is responsible for fear-like behaviors and that elevated excitability in CeL-

projecting PVT neurons facilitates anxiety, both of which support the idea that dysfunction in the PVT/CeL pathway may account for fear

memory acquisition and expression.38,39 To test the importance of the PVTGlu/CeLSOM projection in mediating freezing behavior after

FC, we first examined the activity of PVTGlu neurons. Consistent with previous reports,13 we observed increased c-Fos expression in glutama-

tergic PVT neurons after FC (Figure 5A; *p = 0.016, two-sided unpaired t-test; Figure 5B). Similarly, with western blots and RT-qPCR, we

observed elevated CaMKIIamRNA and protein levels after FC, suggesting an increase in the synthesis and release of excitatory neurotrans-

mitters by PVTGlu neurons in FC mice (For mRNA, **p = 0.0032, two-sided unpaired t-test, Figure 5C; For protein, ***p = 0.0004, two-sided

unpaired t-test; Figure 5D).

To ascertain whether the enhanced excitatory input from the PVT to the CeL is implicated in the acquisition of fear memories, we used a

similar chemogenetic approach as before to specifically manipulate CeL-projecting PVT glutamatergic neurons (Figure 5E). Immunofluores-

cence staining in brain sections expressingmCherry+ cells confirmed that themajority of infected PVT neuronswere glutamatergic (Figure 5F).

Behavioral results indicated that chemogenetic inhibition of the CeL-projecting PVT glutamatergic neurons impaired cued fear memory

acquisition (*p = 0.011, two-way ANOVA test, Figure 5I), although no effects were observed during the FC session or in the contextual

fear memory test (for the training period, p = 0.509, two-way ANOVA test, Figure 5G; for the contextual test, p = 0.178, two-sided unpaired

t-test; Figure 5H). Hyper-excitability of PVT neurons has been implicated in the pathogenesis of mechanical hyperalgesia,40 raising the pos-

sibility that decreased nociceptive sensitivity may underlie the effects of pathway inhibition on freezing behaviors. However, chemogenetic

inhibition of the PVTGlu/CeL pathway did not alter mechanical pain thresholds, as measured with von Frey filaments (p = 0.5633, two-way

ANOVA test, Figure S3C).

We next used optogenetics to further test the role of the PVTGlu/CeL pathway in the acquisition of conditioned fearmemories (Figure 5J).

The specificity of the injected viruses was verified via CaMKIIa staining (Figure 5K). However, behavioral tests revealed that optogenetic in-

hibition of eNpHR-containing PVTGlu terminals in the CeL had no significant effect on fear memory acquisition: freezing levels both during the

FC and in the fear memory tests were equivalent in the eNpHR and control groups (for the training period, p = 0.592, two-way ANOVA test,

Figure 5L; For the contextual test, p = 0.738, two-sided unpaired t-test; Figure 5M; For the cued test, p = 0.210, two-way ANOVA test; Fig-

ure 5N). Given the differences observed in the behavioral tests with chemogenetic and optogenetic manipulations, we speculate that the

PVTGlu/CeL pathway may tend to mediate the expression of fear memories rather than fear memory acquisition in FC mice. To summarize,

our data suggest a crucial role for the LPBGlu/CeLSOM pathway in fear memory acquisition, but not for the PVTGlu/CeL pathway.

CB1Rs are selectively located at LPBGlu/CeLSOM terminals and regulate synaptic activity

Given that elevated activity in the LPBGlu/CeLSOM pathway underlies the acquisition of fear memories, we wondered to investigate the mo-

lecular mechanism mediating such alterations in the circuit excitability. We therefore hypothesized that CB1R-mediated feedforward
8 iScience 27, 110886, October 18, 2024



Figure 5. Specific modulation of fear memory expression by CeL-projecting PVT glutamatergic neurons

(A and B) Immunofluorescence images (A) and percentage (B) of c-Fos+ neurons in the PVT co-labeled with CaMKIIa after fear conditioning (two-sided unpaired

t-test, t(1/6) = 3.34, *p = 0.016, n = 4 mice). Scale bar, 100 mm.

(C and D) CaMKIIamRNA (C, two-sided unpaired t-test, t(1/14) = 3.551, **p = 0.0032, n = 8 mice) and protein (D, two-sided unpaired t-test, t(1/14) = 4.564, ***p =

0.0004, n = 8 mice) expression in the PVT were significantly upregulated in FC mice versus control mice.

(E) Experiment design for chemogenetic inhibition of the CeL-projecting PVT glutamatergic neurons.

(F) Example images of CaMKIIa+ neurons in the PVT infected with the hM4Di-mCherry or mCherry virus (left), and the proportion of co-labeled neurons relative to

the total number of mCherry-labeled neurons (right). Scale bar, 20 mm.

(G) Mice that received chemogenetic inhibition of CeL-projecting PVT glutamatergic neurons had similar freezing levels throughout the fear conditioning session

as the mCherry mice (two-way ANOVA, group: F(1,14) = 0.4593, p = 0.509; time: F(3,42) = 48.36, ****p < 0.0001; interaction: F(3,42) = 0.2886, p = 0.833; n = 8 mice).

(H) Chemogenetic inhibition of the CeL-projecting PVT glutamatergic neurons did not affect the freezing levels in the contextual fear memory test (two-sided

unpaired t-test, t(1/14) = 1.42, p = 0.178, n = 8 mice).

(I) Chemogenetic inhibition of the CeL-projecting PVT glutamatergic neurons induced a significant decrease in freezing levels during tone presentation in the

cued fear memory test (two-way ANOVA, group: F(1,14) = 8.579, *p = 0.011; time: F(1,14) = 142, ****p < 0.0001; interaction: F(1,14) = 2.553, p = 0.1324; Bonferroni’s

post hoc test, freezing for hM4Di versus mCherry during Tone presentation, **p = 0.0061; n = 8 mice).

(J) Schematic paradigm (right) for optogenetic inhibition of PVT glutamatergic terminals in the CeL.

(K) Example images of CaMKIIa+ neurons in the PVT infected with the eNphR-mCherry ormCherry virus (left), and the proportion of co-labeled neurons relative to

the total number of mCherry-labeled neurons (right). Scale bar, 20 mm.

(L) Top, Schematic of the optogenetic protocol. Bottom, Mice that underwent optogenetic inhibition of PVT glutamatergic terminals in the CeL exhibited similar

freezing levels throughout the fear conditioning session as the mCherry mice (two-way ANOVA, group: F(1,10) = 0.3063, p = 0.5921; time: F(3,30) = 50.69,

****p < 0.0001; interaction: F(3,30) = 0.3257, p = 0.8068; n = 6 mice).

(M and N) Optogenetic inhibition of PVT glutamatergic terminals in the CeL did not affect the freezing levels in the contextual (M, two-sided unpaired t-test,

t(1/10) = 0.344, p = 0.738, n = 6 mice) or cued (N, two-way ANOVA, group: F(1,10) = 1.794, p = 0.2101; time: F(1,10) = 94.74, ****p < 0.01; interaction: F(1,10) =

0.2846, p = 0.6053; n = 6 mice) fear memory tests. All of the data are presented as mean G SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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inhibition may modulate synaptic transmission within the circuit. To confirm the expression of CB1Rs in CeL-projecting LPBGlu neurons, we

selectively labeled LPBGlu neurons with intra-LPB injections of AAV-CaMKIIa-mCherry (Figure 6A) and then costained sections for CB1R in

the CeL. We found that 77.4% of CB1R expression in the CeL was at LPB glutamatergic terminals (Figure 6B). In the same way, we detected

that 59.9% of CB1R expression in the CeL was at PVT glutamatergic terminals (Figures 6C and 6D). In situ hybridization showed that 92.3% of

CB1RmRNA-positive neurons in the LPB were also positive for CaMKIIamRNA and that 58.9% of CaMKIIamRNA-positive neurons were also

positive for CB1R mRNA (Figures 6I and 6J).

Because of the enhanced synaptic transmission in the LPBGlu/CeLSOM pathway in FC mice and the role of CB1Rs in regulating synaptic

transmission, we predicted that the expression of CB1Rs in this pathway would be associated with fear memory acquisition. Consistent with

this, expression of the total CB1R protein in the CeL and expression of CB1RmRNA in the LPBwas significantly greater in FCmice than control

mice (for protein, **p = 0.0066, two-sided unpaired t-test, Figure 6E; For mRNA, **p = 0.0018, two-sided unpaired t-test; Figure 6F). In addi-

tion, we found that the mRNA expression level of fatty acid amide hydrolase (FAAH), an endogenous cannabinoid hydrolase, exhibited a

marked increase in the CeL of FC mice, which suggests a potential role of endogenous cannabinoids in regulating synaptic transmission

in the CeL (**p = 0.005, two-sided unpaired t-test, Figure 6G). Moreover, there was no difference in CB1R mRNA expression in the PVT be-

tween the FC and control groups, further confirming the lack of FC-induced CB1R modulation of synaptic transmission in the PVT/CeL

pathway (p = 0.7783, two-sided unpaired t-test, Figure 6H). These results suggest that expression of CB1Rs in the LPBGlu/CeLSOM pathway

plays a critical role in synaptic transmission, and that the FC-induced increase in CB1R expression may exert a regulating effect on the acqui-

sition of conditioned fear memories.

CB1Rs in the LPBGlu/CeLSOM pathway participate in cannabinoid-induced impairments in fear memory acquisition

Next, we used slice electrophysiology to verify the function of CB1Rs in the LPBGlu/CeLSOM pathway (Figure 7A). In agreement with previous

studies,41,42 application of the CB1R agonist WIN55,212-2 dramatically decreased the amplitude of evoked EPSCs (eEPSCs) recorded from

CeLSOM neurons, whereas inhibition of CB1R by the antagonist AM251 markedly increased the amplitude of eEPSCs (Figure 7B;

****p < 0.0001, one-way ANOVA test; Figure 7C). This indicates that CB1Rs located at the LPBGlu/CeLSOM terminals can regulate synaptic

transmission in this pathway.

To test the causal link betweenCB1R function and fearmemory acquisition, we injected the cannabinoid agonistWIN55,212–2 into theCeL

(Figure 7D). Pharmacological activation of CB1Rs did not alter freezing levels during FC (p = 0.5988, two-way ANOVA test, Figure 7E), but did

impair fear memory acquisition, as shown by decreased freezing in the contextual and cued fear memory tests (for the contextual test, ***p =

0.0004, one-way ANOVA test, Figure 7F; For the cued test, p = 0.0777, two-way ANOVA test; Figure 7G). Furthermore, the effects of

WIN55,212–2 on fear memory acquisition could be partly reversed by co-administration of the CB1R antagonist AM251 (Figures 7F and

7G), supported the idea that WIN55,212–2-induced suppression of fear memory acquisition relies predominantly on the function of CB1Rs.

To further validate the importance of CB1Rs at LPBGlu/CeLSOM synapses in fear memorymodulation, we selectively knocked down CB1R

expression in the LPB using the siRNA. First, we verified the efficacy of the siRNA through RT-qPCR and western blot analysis. As shown in

Figures 7H and 7I (For mRNA, **p = 0.0016, two-sided unpaired t-test, Figure 7H; for protein, **p = 0.0013, two-sided unpaired t-test; Fig-

ure 7I), the infusion of siRNA against CB1R significantly decreased the expression of CB1R mRNA in the LPB, and concurrently decreased

CB1R protein levels in the CeL. Next, we conducted behavioral assessments as depicted in Figure 7J. We did not detect any differences

in the freezing responses of the NC (negative control) +Vehicle and siRNA+Vehicle groups during FC or in the contextual fear memory

test, indicating that intra-LPB infusion of siRNA targeting CB1R had no effect on conditioned fear memory learning or contextual fear memory

retrieval (For the training period, p = 0.79, two-way ANOVA test, Figure 7K; For the contextual test, ***p = 0.004, one-way ANOVA test; Fig-

ure 7L). However, in the cued fear memory test, knocking down CB1R expression in the LPB contributed to a behavioral phenotype known as

fear generalization, indicated by aggravated freezing responses in the siRNA+Vehicle group during the pre-Tone period. This could be

rescued by activating the residual CB1Rs in the CeL with the cannabinoid agonist WIN55,212–2. During the tone period, freezing responses

were not altered by CB1Rs knock down (****p < 0.0001, two-way ANOVA test, Figure 7M). To test whether the effects of cannabinoids on fear

memory acquisitionweremediated through the LPBGlu/CeLSOMpathway, we combined siRNA knockdownwith local pharmacological inter-

vention.We found that selective CB1R knock down in the LPB tended to weaken the inhibitory effects of intra-CeL infusion of the cannabinoid

agonist WIN55,212–2 on fear memory acquisition, as indicated by the increase in average freezing levels from 14.44% (NC +WIN55,212–2) to

40.67% (siRNA+WIN55,212–2) in the contextual fear memory test and from 27.12% (NC +WIN55,212–2) to 49.4% (siRNA+WIN55,212–2) dur-

ing the tone period in the cued fearmemory test, although these trendswere not statistically significant. The lack of a strong effectmay be due

to a role for CB1Rs in other upstreamnuclei in the intra-CeLWIN55,212–2 injection-induced impairment in fearmemory acquisition (Figures 7L

and 7M). Taken together, our results indicate that elevated excitability of the LPBGlu/CeLSOM pathway contributes to the acquisition of

conditioned fear memories and that the FC-induced increase in CB1R expression plays a role in modulating this acquisition.

DISCUSSION

Increased activity of CeLSOM neurons is critical for the acquisition of conditioned fear memories, and enhanced excitatory transmission onto

CeLSOM neurons has been demonstrated to be responsible for fear-conditioning-induced alterations in synaptic plasticity.9,12 In this study, FC

potentiated the excitatory inputs from LPBGlu neurons to CeLSOM neurons, and inhibiting this pathway resulted in impaired fear-memory

acquisition. There is increasing interest in developing CB1R activators as antidepressant and anxiolytic drugs because of their important

role in modulating synaptic plasticity. Here, we provide evidence that activation of CB1Rs in the LPBGlu/CeLSOM pathway inhibits the
10 iScience 27, 110886, October 18, 2024



Figure 6. Increased synaptic activity in the LPBGlu/CeLSOM pathway in FC mice contributes to the upregulation of CB1Rs

(A) Representative images showing mCherry-labeled glutamatergic neurons in the LPB. Scale bar, 100 mm.

(B) Expression of CB1R (green) at the LPB/CeL glutamatergic terminals (red) and the proportion of total CB1R in the CeL expressed at LPB glutamatergic

terminals. Scale bar, 50 mm.

(C) Representative images showing EGFP-labeled glutamatergic neurons in the PVT. Scale bar, 100 mm.

(D) Expression of CB1R (red) at the PVT/CeL glutamatergic terminals (green) and the proportion of total CB1R in the CeL expressed at PVT glutamatergic

terminals. Scale bar, 100 mm.

(E and F) CB1R total protein in CeL (E, two-sided unpaired t-test, t(1/14) = 3.189, **p= 0.0066. n= 8mice) andCB1RmRNA expression (F, two-sided unpaired t-test,

t(1/10) = 4.194, **p = 0.0018, n = 6 mice) in LPB extracts were significantly increased in FC mice versus control mice.

(G) FC mice exhibited increased FAAH mRNA levels in the LPB compared with control mice (two-sided unpaired t-test, t(1/10) = 3.587, **p = 0.005. n = 6 mice).

(H) The level of CB1R mRNA in the PVT of FC mice did not differ from that of control mice (two-sided unpaired t-test, t(1/10) = 0.2893, p = 0.7783, n = 6 mice).

(I) Top, Representative images of CaMKIIa mRNA and CB1R mRNA co-expression in the LPB of a wild-type mouse (Top, scale bar, 50 mm). Bottom, magnified

images from the selected area in the top images (bottom, scale bar, 10 mm).

(J) Left, Percentage of CB1R mRNA-positive neurons that co-expressed CaMKIIa mRNA. Right, Percentage of CaMKIIa mRNA-positive neurons that co-

expressed CB1R mRNA (n = 4 mice). All of the data are presented as mean G SEM. **p < 0.01.
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acquisition of conditioned fear memories. In addition, we found that CeLSOM neurons also receive excitatory input from the PVT, and that this

pathway exerts an effect on the expression of fear memories after FC. These findings delineate critical neural pathways that dominate fear

memory acquisition and expression.

People who experience traumatic events are likely to develop conditioned fear memories, which are difficult to extinguish in case the

traumatic stressors surpass the allostatic capacity of the person. This can lead to hyper-anxiety conditions that manifest as continuous
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Figure 7. Modulation of CB1Rs in the LPBGlu/CeLSOM pathway affects conditioned fear memory acquisition

(A) Schematic of the in vitro slice recording paradigm.

(B) Representative average traces of eEPSCs in the absence (top) and presence of the CB1R agonist WIN55,212-2 (middle) or the CB1R antagonist AM251

(bottom).

(C) Bath application ofWIN55,212-2 significantly decreased the amplitude of eEPSCs, whereas AM251 significantly increased the amplitude of eEPSCs compared

with the baseline (one-way ANOVA, F(2,12) = 57.97, ****p < 0.0001; Tukey’s post hoc test, Baseline versus WIN55, ***p = 0.0004; Baseline versus AM251, ***p =

0.0005; WIN55 versus AM251, ****p < 0.0001; n = 5 neurons from 3 mice for each group).

(D) Schematic of the injection paradigm to test whether CB1Rs in the CeL control fear memory acquisition.

(E) Mice with CeL injections of the CB1R agonist WIN55 exhibited similar fear responses across the duration of fear conditioning as the other two groups (two-way

ANOVA, group: F(2,21) = 0.5255, p = 0.5988; time: F(3,63) = 93.78, ****p < 0.0001; interaction: F(6,63) = 0.824, p = 0.5556; n = 8 mice).

(F and G) Microinjection of the agonist WIN55 into the CeL significantly decreased freezing levels in the contextual (F, one-way ANOVA, F(2,21) = 11.52, ***p =

0.0004; Tukey’s post hoc test, Vehicle versusWIN55, ***p = 0.0004; WIN55 versusWIN55+AM251, *p = 0.0101; n = 8mice) and cued (G, two-way ANOVA, group:

F(2,21) = 2.892, p = 0.0777; time: F(1,21) = 214.3, ****p < 0.0001; interaction: F(2,21) = 5.214, *p = 0.0145; Bonferroni’s post hoc test, freezing for Vehicle versusWIN55

during Tone presentation, **p = 0.0014; n = 8 mice) fear memory tests, and the effect of WIN55 could be reversed with administration of the CB1R antagonist

AM251.

(H and I) The expression levels of CB1RmRNA in the LPB (H, two-sided unpaired t-test, t(1/10) = 4.282, **p= 0.0016, n= 6mice) and CB1R protein in the CeL (I, two-

sided unpaired t-test, t(1/10) = 4.426, **p = 0.0013, n = 6 mice) both decreased significantly after LPB injection of siRNA targeting CB1Rs.

(J) Time course and schematic of the injection paradigm to identify the effects of CB1Rs at the LPB/CeL terminals on fear memory acquisition.

(K) There were no significant differences among the groups in freezing levels during the fear conditioning session (two-way ANOVA, group: F(3,28) = 0.3493,

p = 0.79; time: F(3,84) = 98.5, ****p < 0.0001; interaction: F(9,84) = 0.4148, p = 0.9239. n = 8 mice).

(L and M) Effects of selective CB1R knockdown in the LPB on CB1R agonist-induced contextual (L, one-way ANOVA, F(3,28) = 8.272, ***p = 0.0004; Bonferroni’s

post hoc test, NC + Vehicle versus NC + WIN55, **p = 0.0011; NC + WIN55 versus siRNA+Vehicle, **p = 0.0012; n = 8 mice) and cued (M, two-way ANOVA,
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Figure 7. Continued

F(3,28) = 12.8, ****p < 0.0001; Bonferroni’s post hoc test, before Tone presentation: For NC + Vehicle versus siRNA+Vehicle, *p = 0.033; For NC + WIN55 versus

siRNA+Vehicle, ***p = 0.0007; For siRNA +WIN55 versus siRNA+Vehicle, *p = 0.011; during Tone presentation: For NC + Vehicle versus NC + WIN55, ***p =

0.0007; For siRNA+Vehicle versus NC + WIN55, ***p = 0.0003; n = 8 mice) fear memory impairment. All of the data are presented as mean G SEM. *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001.
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avoidance and increased alertness of the surrounding environment, eventually developing into fear-related disorders like PTSD

(posttraumatic stress disorder).43 In recent years, there has been amajor shift in the conceptual framework for investigating neuropsychiatric dis-

orders from themonoamine-oriented hypothesis to the neuroplasticity hypothesis, which points out that the structural and functional alterations

in brain circuits mediatemental disorders and related treatments.44 Clinical studies have revealed that subjects with PTSD showed reduced hip-

pocampal volume and total white matter volume.45,46 It has been reviewed that PTSD patients displayed decreased amplitude of low-frequency

fluctuation (ALFF) in the amygdala and reducedgraymatter volume (GMV) in the anterior cingulate cortex/medial prefrontal cortex (ACC/mPFC),

striatum, insula, superior temporal gyrus, left postcentral gyrus, and occipital gyrus.47 Pharmacological treatment with paroxetine or phenytoin

could lead to a remission for symptoms of PTSD accompanied with an increase in hippocampal volume.48 PTSD patients with symptoms remis-

sion exhibited cortical thinning and volume decrease in the left rostral ACC following prolonged exposure (PE) treatment, indicating an asso-

ciation between therapeutic effects andbrain structural alterations.49Neuroimaging studies have demonstratedhyperactivation in emotion-gen-

eration regions, such as the amygdala or insula, and hypoactivation in emotion-regulation regions, including the mPFC and ACC. Patients with

PTSD showed reduced positive connectivity between themPFC and the amygdala, hippocampus, parahippocampal gyrus and rectus, as well as

between the inferior orbitofrontal cortex and the hippocampus.50,51 By using real-time fMRI neurofeedback (rt-fMRI-nf) in PTSDpatients todown-

regulate both right and left amygdala activation, functional connectivity between the amygdala-PFC was increased during neurofeedback

training.52 These clinical studies indicate that abnormalities in brain structure, function, and functional connectivity in PTSD patients can be

used as targets for clinical treatment and to evaluate therapeutic effects. Because of the limitations of clinical research, rodent stress models

have been widely used to explore the pathogenesis of PTSD, and recent studies have confirmed that the FC model can successfully induce

changes in synaptic plasticity in the amygdala of mice that contribute to fear-related behavioral phenotypes in mice.6,22,53

The CeL is composed of spiny GABAergic neurons that can be divided into multiple subtypes on the basis of their neuropeptide

expression profiles, and different neuronal subtypes encoded distinct behavioral phenotypes throughout the FC procedure.30,54 It has

been found that intra-CeL injections of GABA receptor agonists can inhibit fear memory acquisition, indicating that CeL plays an

important role in the formation of conditioned fear memory.55 In our study, we utilized lidocaine to reversibly inhibit the excitability

of CeL and found that it could inhibit contextual fear memory acquisition, with a lack of effects on cued fear memory acquisition.

Whereas specific ablation of GABAergic neurons in the CeL could impair both contextual and cued fear memory acquisition. The

discrepancy in results may be attributed to the differences in targeted neurons of lidocaine and the pro-apoptotic virus. Therefore,

we need to further specifically modulate GABAergic neurons in CeL to clarify its role in conditioned fear memory acquisition. SOM+

GABA neurons, which exhibit increased activity in response to CS, are considered to be fear-on neurons, playing an essential role in

evoking freezing behaviors. In contrast PKC-d+ GABA neurons, known as fear-off neurons, show reduced reactivity during CS expo-

sure, and inhibition of PKC-d+ GABA neurons has been confirmed to be able to enhance fear responses.9,10,27 In addition, CRF+

GABA neurons are thought to promote flight responses during FC.54,56 Furthermore, SOM+ GABA neurons has been reported to

form connections with other neuron subtypes in the CeL, engaging in the modulation of intra-CeL microcircuits, thereby participating

in associative downstream threat processing.1,9,12,57 This supports our findings that optogenetic inhibition of CeLSOM neurons

impaired contextual and cued fear memory acquisition. This was further corroborated by electrophysiological data showing that

CeLSOM neurons had increased excitability following FC as well as an increased frequency and amplitude of mEPSCs, indicating

that enhanced excitatory synaptic transmission onto CeLSOM neurons may account for the fear-conditioning-induced enhanced syn-

aptic plasticity in the CeL. The anatomical connectivity of the CeL has been studied in detail: the CeL receives afferents from a variety

of emotion-associated extra-amygdalar sites, including the auditory cortex, the auditory thalamus, LPB, and PVT,8 among which the

LPB and PVT were proven to participate in FC in our study. We did not incorporate auditory cortex and the auditory thalamus in our

study because the role of these two areas in fear memory acquisition has been well established, whereas the roles of the LPB and PVT

required further exploration.58–61

According to previous reports, the LPB is the predominant target of ascending nociceptive neurons from the dorsal horn, and this noci-

ceptive information is subsequently transmitted to the CeA by projection neurons that directly target the CeA.62,63 These connections ulti-

mately form the spino-parabrachial-amygdaloid pathway, which is actively involved in processing noxious information and may therefore

play a critical role in fear learning that involves a noxious US.14,63,64 Neuron tracing results provided anatomical evidence for the synapses

formed between the PBN-derived glutamate terminals and GABAergic neurons in the CeL.65,66 And it has been proven that FC results in syn-

aptic potentiation in the LPB-CeA synapse, and this potentiation relates to associative learning of fear memory, not primarily depends on fear

retrieval or nociceptive experience.67 Moreover, recent studies have found that the calcium activity of CGRP+ neurons in the LPB is closely

related to contextual and cued fear memory formation. Silencing LPB CGRP+ neurons and CeL Calcrl+ neurons that receive projections

from LPB CGRP+ neurons both inhibit the formation of conditioned fear memory.64 CeL can be further divided into rostal CeA (rCeA) and

caudal CeA (cCeA) according to their spatial location across the rostro-caudal axis. Calcrl+ neurons in rCeA preferentially receive external

somatosensory stimuli and project to brain areas implicated in arousal and motivation, while cCeA Calcrl+ neurons receive internal sensory

stimuli and project to downstream regions implicated in malaise. Calcrl+ neurons in rCeA and cCeA are reported to play distinct roles in fear
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memory learning, with rCeA Calcrl+ neurons primarily encoding US occurrence, while cCeA Calcrl+ neurons initially respond to US and main-

tain CS responses after fear memory consolidation.68

Studies have shown that CeL PKC-d+ neurons substantially overlapped with Calcrl+ neurons in the cCeA, and optogenetic inhibiting PKC-

d+ neurons during US exposure can successfully disrupt the formation of fear memory, supporting a critical role of CeL PKC-d+ neurons in

relaying US signal from the LPB during FC.11,55 In combination with previous studies, PKC neurons are fear-off neurons, but it cannot be

excluded that some of the CeL PKC-d+ neurons may indeed be fear-on neurons, as PKC-d+ neurons are heterogeneous, and their different

responses to conditioned fear may be related to their distinct molecular clusters.10,55,69 SOM+ neurons in the CeL, acted as fear-on neurons,

are partially co-labeled with CeL Calcrl+ neurons as well. It has been reported that SOM+ neurons in CeL can actually convey CS information

during FC, and the specific role of their functional connectivity with LPB in FC deserves further investigation.9,27 Using chemogenetic and

optogenetic techniques, we identified that inhibition of the CeL-projecting LPB glutamatergic neurons could substantially impair contextual

and cued fear memory acquisition in mice subjected to FC. Clinical studies have found that PTSD patients exhibited impaired WM updating

function, which can affect the forgetting of trauma-related memories.70 However, in our study, inhibition of the LPBGlu/CeLSOM pathway

during Y-maze test did not exert an effect in spatial WM. In addition, we used a monosynaptic anterograde virus for specific optogenetic in-

hibition of CeLSOM neurons that are innervated by the LPB, with impaired conditioned fear memory acquisition observed as a result. These

findings indicate that inhibition of the LPBGlu/CeLSOM pathway suppressed the activity of these nociceptive CeL neurons and consequently

weakened US-dependent fear memories, emphasizing the role of the LPBGlu/CeLSOM pathway in fear memory acquisition.

As confirmed in previous studies, the excitation of nociceptive neurons in the spinal dorsal horn by foot shock can substantially activate

both spino-parabrachial and spino-thalamic pathways.11,63 A previous published review has revealed that the activation of effective connec-

tivity between the thalamus and the amygdala, striatum, rostral ACC, and ventral occipital cortex increased in PTSD patients, and in-task

amygdala-thalamus connectivity is correlated with PTSD severity.71 PTSD patients exhibited significant GMV reduction in the left thalamus

and its subregions, and the GMV values of the thalamic subregions were positively correlated with the PTSD symptoms score.72 The PVT

serves as an important nucleus in the thalamus for gating associative learning by providing a dynamic representation of stimulus salience.73–75

Anatomical studies have shown that the PVT projects strongly to the CeL.76,77 In our study, chemogenetic inhibition of the CeL-projecting PVT

glutamatergic neurons impaired cued fear memory acquisition, which was in contrast with the observation that immediate optogenetic inhi-

bition of PVT-glutamatergic terminals in the CeL during FC did not exert effects on fear memory acquisition. The discrepancy between these

two manipulations may be due to differences in the temporal dynamics. The duration of optogenetic inhibition of the PVTGlu/CeLSOM

pathway was limited to the period of fear memory acquisition, whereas chemogenetic inhibition has a lasting effect that could be expected

to interfere with consolidation-related processes following fear memory acquisition.38 This explanation is consistent with previous findings

that selective inactivation of CeL-projecting PVT neurons impairs conditioning-induced synaptic potentiation onto CeLSOM neurons 24 h after

FC but does not have an effect on CeL plasticity 3 h after conditioning.12 These results suggest that the PVTGlu/CeLSOM pathway does not

underlie conditioned fear memory acquisition and that the role of this pathway in fear memory consolidation requires further investigation by,

for example, selectively manipulating the circuit for an extended period of time starting immediately after FC.

The recruitment of the LPBGlu/CeLSOM pathway during fearmemory acquisition raises the question of the possiblemechanisms involved.

Previous studies have shown that CB1Rs are extensively distributed in the central nervous system and functionally inhibit the release of pre-

synaptic neurotransmitters through retrograde signaling.15 Clinical evidence has been provided that reduced hair concentrations of endo-

cannabinoids in PTSD patients was negatively correlated with symptom severity of PTSD, and the availability of the CB1Rs in PTSD patients

was abnormally altered as well.78,79 Although CB1Rs have been reported to be located at excitatory terminals in the CeL,21 little is known

about the expression of CB1Rs in the LPBGlu/CeLSOM pathway. Using in situ hybridization, immunohistochemical staining, in combination

with rabies virus, we demonstrated that CB1Rs expressed in the presynapses targeting CeLSOM neurons partly came from LPB glutamatergic

projections. CB1Rs in the LPBGlu/CeLSOM pathway played an important role in regulating synaptic plasticity by suppressing the LPB gluta-

matergic transmission to the CeL.

CB1R-knockout mice display enhanced expression of conditioned fear memories when confrontedwith aversive conditions, accompanied

by impaired extinction of fear memories.80 Mice subjected to FC exhibit increased expression of CB1Rs and decreased expression of endo-

cannabinoids in the amygdala.81–83 Our results support these previous findings by showing that expression of CB1Rs and of the endogenous

cannabinoid hydrolase FAAH are elevated in the LPBGlu/CeLSOM pathway in FCmice. The upregulation of CB1Rs in the parabrachial-amyg-

daloid pathway may act to compensate for decreased anandamide (AEA) levels, which are related to the protective responses of the brain.

Several lines of evidence have shown that hyperactivity of CRF receptor type 1 (CRFr1) after stress exposure contributes to depletion of AEA in

the CeA, which correlates with increases in FAAH activity.84,85 As a result, the deficiency in AEA signaling ultimately primes stress-

reactive systems in the CeA to facilitate stress-related behaviors. In addition, it has been reported that increased CB1R signaling can reduce

HPA(Hypothalamic-pituitary-adrenocortical) axis activation, thereby attenuating the negative effects of traumatic stress.86,87

In recent years, there have been increasingly case reports on the application of cannabinoid receptor modulators in patients with PTSD,

indicating that cannabinoid receptor modulators are an effective treatment for PTSD.88 A recent retrospective study that first explored the

benefits of cannabidiol (CBD) in patients with PTSD showed that oral administration of CBD significantly improved the scores on the

PTSD symptom checklist (PCL-5) without evident adverse effects.89 A preliminary, open-label study found that patients suffered with chronic

PTSD can ameliorate their high arousal symptoms, reduce the frequency of nightmares, and improve global symptom severity by using delta-

tetrahydrocannabinol (D9-THC) as an adjuvant therapy on the basis of stable drug treatment.90 In addition, studies have shown that nabilone

(a synthetic cannabinoid) treatment was associated with a significant reduction in nightmares (severity and frequency) and PTSD symptom
14 iScience 27, 110886, October 18, 2024
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severity as well as an improvement in general well-being.91–93 These studies all support the potential benefits of cannabinoid receptor ago-

nists in improving PTSD symptom clusters. However, clinical evidence has shown that excessive use of cannabinoids can lead to psychiatric

symptoms and a decline in memory compared with low-dose use.94–96 Such reports further emphasize the importance of safety testing and

dose control prior to the initiation of synthetic cannabinoid agonist therapy in patients with PTSD. In this study, we interferedwith the function

of CB1Rs locally at the LPBGlu/CeLSOM pathway to avoid the side effects of systemic cannabinoid administration. Selectively knocking down

CB1R mRNA expression in the LPB had a tendency to mitigate the inhibitory effects exerted by presynaptic pharmacological activation of

CB1Rs in the CeL on the acquisition of fear memories, although the result was not statistically significant. These results revealed that presyn-

aptic CB1Rs located on terminals in the CeL regulate fear memory acquisition, but that the fear memory impairment induced by CeL injection

ofWIN55,212–2 is not completelymediated by the LPBGlu/CeLSOM pathway. In addition to the LPB, the BLA has dense expression of CB1Rs,

with activation of CB1Rs in the BLA contributing to decreased signaling to the CeA via an interaction with the cholecystokinin (CCK) system,

thus promoting extinction of fear memories.97 Therefore, CB1Rs at the BLA/CeL terminals may also participate in cannabinoid-induced im-

pairments in fear memory, whereas the specific anatomical connections and functions await further investigation.

Overall, we demonstrated that FC induces prolonged increases in the activity of CeLSOM neurons and that this can be modulated by

projection neurons from the LPB and PVT. Excitation of the LPBGlu/CeLSOM pathway dominates fear memory acquisition and the

PVTGlu/CeLSOM pathwaymay be involved in consolidation-related processes following fear memory acquisition. In addition, our results pro-

vide sufficient evidence that activation of CB1Rs at the presynaptic terminals in the CeL impairs the acquisition of fear memories, in part

through the LPBGlu/CeLSOM pathway. Therefore, our study unveils the potential neurobiological mechanisms underlying FC, providing

theoretical supports for future exploration into the pathophysiology of fear-related disorders.

Limitations of the study

In this study, we manipulated the PVTGlu/CeLSOM pathway during the period of FC, and did not selectively inhibit CeL-projecting PVT neu-

rons for an extended period of time starting immediately after conditioning. In vivo electrophysiology combined with optogenetics could be

used to explore the neuronal populations in PVT activated after FC at the early versus late time points in the future.

We adopted FC as an animal model to study the neurobiological mechanisms underlying the formation of fear memory. However, FC

should not be regarded as a model exclusively for PTSD research, as it fails to accurately mimic the behavioral phenotypes associated

with PTSD. Future studies should utilize the 129S1/SvImJmouse strain or the sensitization-basedmodel to combine with FC to study the path-

ogenesis of PTSD.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-c-Fos mAb Cell Signaling technology Cat#2250S; RRID: AB_2247211

Mouse anti-c-Fos mAb Abcam Cat#ab208942;

RRID:AB_2747772

Mouse anti-CaMKIIa Thermo Fisher Scientific Cat# MA1-048,

RRID:AB_325403

Rabbit anti-CB1R Proteintech Cat# 17978-1-AP,

RRID:AB_10859098

Rabbit anti-GAPDH Proteintech Cat# 10494-1-AP,

RRID:AB_2263076

Rabbit anti-b-actin Proteintech Cat# AF7018,

RRID:AB_2839420)

Alexa Fluor 488 donkey anti-Mouse IgG (H + L) Thermo Fisher Scientific Cat# A-21202,

RRID:AB_141607)

Alexa Fluor 594 donkey anti-Rabbit IgG (H + L) Thermo Fisher Scientific Cat# A-21207,

RRID:AB_141637

Alexa Fluor 488 donkey anti-Rabbit IgG (H + L) Thermo Fisher Scientific Cat# A32790,

RRID:AB_2762833)

Bacterial and virus strains

rAAV-EF1a-flex-taCasp3-TEVp-WPRE-hGH polyA, AAV2/9 BrainVTA Cat#PT-0206

rAAV-Ef1a-DIO-mCherry-WPRE-hGH polyA, AAV2/9 BrainVTA Cat#PT-0013

rAAV-EF1a-DIO-FLP-WPRE-hGH polyA, AAV2/1 BrainVTA Cat#PT-0075

rAAV-nEf1a-FDIO-mCherry-WPRE-hGH polyA, AAV2/9 BrainVTA Cat#PT-0339

rAAV-fSST-CRE-bGH polyA, AAV2/9 BrainVTA Cat#PT-0279

rAAV-SST-mCherry-WPRE-bGH polyA, AAV2/9 BrainVTA Cat#PT-1215

rAAV-EF1a-DIO-eNpHR3.0-mCherry-WPRE-hGH polyA, AAV2/9 BrainVTA Cat#PT-0007

rAAV-CaMKIIa-eNpHR3.0-mCherry-WPRE-hGH polyA, AAV2/9 BrainVTA Cat#PT-0009

rAAV-CaMKIIa-hChR2(H134R)-EYFP-WPRE-hGH polyA, AAV2/9 BrainVTA Cat#PT-0296

rAAV-nEF1a-fDIO-eNpHR3.0-mCherry-WPRE-hGH polyA, AAV2/9 BrainVTA Cat#PT-1261

rAAV-CaMKIIa-mCherry-WPRE-hGH polyA, AAV2/9 BrainVTA Cat#PT-0108

rAAV-CaMKIIa-CRE-WPRE-hGH polyA, AAV2/9,Retro BrainVTA Cat#PT-0220

rAAV-EF1a-DIO-hM4D(Gi)-mCherry-WPREs BrainVTA Cat#PT-0043

rAAV-CaMKIIa-EGFP-WPRE-hGH polyA BrainVTA Cat#PT-0290

Chemicals, peptides, and recombinant proteins

MK-801 Tocris Cat#77086-22-7

NBQX Tocris Cat#118876-58-7

WIN55,212-2 Tocris Cat#131543-23-2

AM251 Tocris Cat#183232-66-8

Lidocaine Harvest N/A

Red Retrobeads Lumafluor Cat#78R170

Critical commercial assays

Synaptic Protein Extraction Reagent Thermo Fisher Scientific Cat#87793

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Spin Column Animal Total RNA Purification Kit Sangon Biotech Cat#B518561

PrimeScript RT reagent Kit TakaRa Cat#RR037A

TB Green Premix Ex Taq II TaKaRa Cat#RR820A

Experimental models: Cell lines

Mouse: C57 Experimental Animal

Center of Jinan Pengyue

N/A

Mouse: Vgat-Cre: STOCK Slc32a1tm2(cre)Lowl/J The Jackson

Laboratory

JAX: 016962

Oligonucleotides

PCR Primer : CaMKIIa

Forward : GTGTTGCTAACCCTCTACTTTCTC

Reverse : ACTTTGGTGTCTTCGTCCTCA

Sangon Biotech N/A

PCR Primer : FAAH

Forward : CCCTGCTCCAACTGGTACAG

Reverse : TCACAGTCAGTCAGATAGGAGG

Sangon Biotech N/A

PCR Primer : CB1R

Forward : AAGTCGATCTTAGACGGCCTT

Reverse : TCCTAATTTGGATGCCATGTCTC

Sangon Biotech N/A

PCR Primer : Actin

Forward : CTCTCCCTCACGCCATC

Reverse : ACGCACGATTTCCCTCTC

Sangon Biotech N/A

SiRNA sequence : CB1R

Sense : GACAUUCAGUACGAAGAUATT

Antisense : UAUCUUCGUACUGAAUGUCTT

Genepharma N/A

Negative Control

Sense : UUCUCCGAACGUGUCACGUTT

Antisense: ACGUGACACGUUCGGAGAATT

Genepharma N/A

Software and algorithms

FV10-ASW Olympus N/A

ImageJ software NIH RRID:SCR_003070

GraphPad Prism 7 GraphPad N/A

SPSS 19.0 IBM N/A

Other

Optical fibers inper N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

We used young adult (7–8 weeks old) C57BL/6J and Vgat-Cre mice in this study. Male C57BL/6J mice were obtained from a commercial sup-

plier (Jinan, Shandong, China) and the Vgat-Cremice were obtained from Jackson Laboratory and bred at the Experimental Animal Center of

Xuzhou Medical University (Xuzhou, China). Mice were allowed to accommodate to the housing environment for 1 week upon arrival before

the experiments. The mice were group housed (12 h light/dark cycle) in individually ventilated cages under controlled conditions of temper-

ature (22�C) and humidity (50%) with ad libitum access to food andwater. Animal experiments were all conducted during the light phase of the

cycle. Mice were handled for 3 minutes per day for 3 days before any procedures. All procedures were conducted in accordance with the NIH

Guide for the Care and Use of Laboratory Animals (2011) and with full approval from the Institutional Animal Care and Use Committee at

Xuzhou Medical University. The study approval number is 202210S043.
Fear conditioning and testing

The fear conditioning paradigm was conducted as previously described with minor modifications.22 Mice were subjected to habituation and

conditioning on specific days in a training context (Context A). Context A consisted of the context chamber illuminated by an overhead house
iScience 27, 110886, October 18, 2024 21
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light and an infrared light and equipped with a speaker to deliver the tone stimuli. The side and back walls of the Context A chamber were

covered with black polyester fiber panels and the stainless steel grid floor was connected to a shock generator and was cleaned with 75%

ethanol. Distinct from Context A, the side and back walls of Context B were covered with white polyester fiber panels and the floor was a

white Plexiglas board. In addition, the walls and floor of Context B were wiped with 10% acetic acid so that the scent differed from Context

A. Fear conditioning was performed with the Med Associates Near-Infrared Video Fear Conditioning System (Georgia, VT). On day 1, mice

were first acclimated to the behavioral laboratory for 30minutes, then they were allowed to individually explore theContext A chamber during

a 10min pre-exposure session. On day 2, after 30minutes of acclimatization in the behavioral laboratory, mice were randomly divided into the

FC and Control groups for training. Mice in the FC group were placed in Context A where they were allowed 60 s exploration to record base-

line freezing levels, followed by three tones (90 dB, 8000 Hz, 30 s each) delivered with an interval of 210 s; each of the three tones (CS) co-

terminated with a 1-s, 1-mA foot shock (US). Mice in the Control group were conditioned individually via a similar protocol, except that

the tones did not co-terminate with foot shocks. At the end of the training, mice were put back in their home cages. After 24 h, mice were

re-introduced to the Context A chamber for a 5-min contextual test, with no tone stimuli or foot shocks presented. At least 2 h later, mice

were placed in the Context B chamber (as described above). After a 60-s exploration period to establish baseline behaviors, a 30-s tone

CS was presented and freezing levels were recorded. All the behaviors were acquired by a near-infrared FireWire video camera attached

to a computer.

Freezing time calculation

The percentage of time freezing was calculated by comparing the freezing time to the duration of each session. Freezing was defined as the

complete absence of movement except for respiratory movements and was automatically scored by the video-tracking software and vali-

dated with manual scoring. For fear training, the freezing percentage scored before presentation of the CS (i.e., the baseline freezing)

was denoted as CS0 and the freezing levels during first, second, and third CS presentations were respectively denoted as CS1, CS2, and

CS3. For the contextual fearmemory test, the freezing percentagewas determinedby the freezing time across the duration of the test session.

For the cued fear memory test, the freezing percentage was scored before (pre-Tone) and during tone presentations.

METHOD DETAILS

Stereotactic surgery

Stereotactic brain injections were performed with mice secured in a stereotaxic apparatus (RWD) under 1% pentobarbital anesthesia 60mg/

kg. A volume of 200–300 nl of viruses was bilaterally injected using a glass microelectrode (WPI) attached to a 10 ml Hamiltonmicrosyringe at a

speed of 50 nl/min, under the control of an infusion pump (KD Scientific). The needle remained in the target site for 10min after the infusion to

prevent the excessive diffusion of the viruses. Mice were placed on a heating pad to maintain a constant temperature throughout the pro-

cedure. The coordinates of each injection were measured according to the following elements: AP from bregma, ML from the midline,

and DV from the skull surface. The accuracy of virus localization was histologically verified and the behavioral data obtained from mice

with injections outside the target region was discarded.

For the pro-apoptosis experiments, rAAV-EF1a-flex-taCasp3-TEVp-WPRE-hGH polyA (AAV-flex-taCasp3, 2.26 3 1012 vg/ml) mixed with

rAAV-Ef1a-DIO-mCherry-WPRE-hGH polyA (AAV-DIO-mCherry, 2.883 1012 vg/ml) was injected into the CeL (AP:�1.35mm;ML:G2.85mm;

DV: �4.75 mm) of Vgat-Cre mice to induce apoptosis in CeL GABAergic neurons. Mice were allowed 3 weeks for viral expression and were

then exposed to fear conditioning for behavioral tests. AAV-DIO-mCherry virus was used as the control.

For retrograde tracing, red retrobeads (Lumafluor) were injected into the CeL of C57mice for retrograde labeling of upstreamnuclei. After

2 weeks, mice were transcardially perfused and the fluorescently labeled brain sections were prepared for co-staining with anti-CaMKIIa

(1:200) to verify the anatomical connections in the LPBGlu/CeL and PVTGlu/CeL pathways. For transsynaptic anterograde tracing, rAAV-

EF1a-DIO-FLP-WPRE-hGH polyA (AAV-DIO-FLP, 1.12 3 1013 vg/ml), a virus that can spread to postsynaptic neurons, was injected into the

LPB (AP:�5.15mm;ML:G1.35mm; DV:�3.60 mm) or the PVT (AP:�1.2 mm;ML:G0.15mm; DV:�3.4 mm; angled at 4�) of C57mice. Simul-

taneously, a mixture of rAAV-nEf1a-FDIO-mCherry-WPRE-hGH polyA (AAV-fDIO-mCherry, 2.25 3 1012 vg/ml) and rAAV-fSST-CRE-bGH

polyA (AAV-fSST-CRE, 2.52 3 1013 vg/ml) was delivered to the CeL. The specificity of AAV-fSST-cre in labelling SST positive neurons has

been verified in a recent published report, which demonstrated that 74.47% neurons expressing AAV-SST-Cre were SOM+ GABAergic neu-

rons via immunohistochemistry.32 Neurons that expressedmCherry were denoted as SOM+ neurons that were directly innervated by the LPB

(or PVT). Four to five weeks later, mice were sacrificed and brain sections were prepared to verify that glutamatergic neurons in the LPB and

PVT projected directly to SOM+ neurons in the CeL. For further confirmation of the LPB/CeL and PVT/CeL projections, rAAV-CaMKIIa-

EGFP-WPRE-hGH polyA (AAV-CaMKIIa-EGFP, 6.62 3 1012 vg/ml) was injected into the LPB or PVT, and rAAV-SST-mCherry-WPRE-bGH

polyA (AAV-SST-mCherry, 2.583 1012 vg/ml) was infused into the CeL to examine the relationship between LPB or PVT glutamatergic nerve

terminals and SOM+ neuronal cell bodies within the CeL.

For optogenetic inhibition of the SOM+ neurons in the CeL, rAAV-EF1a-DIO-eNpHR3.0-mCherry-WPRE-hGHpolyA (AAV-DIO-eNpHR3.0,

2.07 3 1012 vg/ml) and AAV-fSST-CRE were injected into the CeL, followed by bilateral implantation of optical fibers dorsal to the CeL (AP:

�1.35 mm; ML: G2.85 mm; DV: �4.50 mm). Dental cement was used to fix the optical fibers to the skull. For manipulation of the terminals,

rAAV-CaMKIIa-eNpHR3.0-mCherry-WPRE-hGHpolyA (AAV-CaMKIIa-eNpHR3.0-mcherry, 2.923 1012 vg/ml) was injected into the LPB or PVT

of C57mice and optical fibers were inserted into the CeL, whichwas confirmed to be a downstreamarea of the LPB and PVT. Formanipulation

of LPB neurons that project directly to SOM+ CeL neurons, the FLP-dependent virus rAAV-nEF1a-fDIO-eNpHR3.0-mCherry-WPRE-hGH
22 iScience 27, 110886, October 18, 2024
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polyA (AAV-fDIO-eNpHR3.0-mCherry, 5.163 1012 vg/ml), mixed with AAV-fSST-Cre was injected into the CeL, and then the Cre-dependent

AAV-DIO-FLP was delivered into the LPB for anterograde trans-synaptic transmission, thus driving FLP-dependent transgene expression in

SOM+CeL neurons.98 Optical fibers were implanted above the CeL according to the procedures described above. AAV-DIO-mCherry, rAAV-

CaMKIIa-mCherry-WPRE-hGH polyA (AAV-CaMKIIa-mcherry, 4.12 3 1012 vg/ml) and AAV-fDIO-mCherry viruses were used as the corre-

sponding controls.

For chemogenetic inhibition of CeL-projecting LPB or PVT glutamatergic neurons, rAAV-CaMKIIa-CRE-WPRE-hGH polyA, Retro (Retro-

AAV-CaMKIIa-cre, 2.0 3 1012 vg/ml) was injected into the CeL, and a Cre-inducible DREADD, rAAV-EF1a-DIO-hM4D(Gi)-mCherry-WPREs

(AAV-DIO-hM4Di-mCherry, 3.693 1013 vg/ml), or the control (AAV-DIO-mCherry) was delivered to the LPB or PVT. Three weeks after the in-

jection, mice received intraperitoneal injection of CNO (3 mg per kg) 45 min before the behavioral experiments. All the viruses mentioned

above were purchased from BrainVTA.

For spatially and temporally specific disruption of CB1R expression at LPB/CeL synapses, we developed a small interfering RNA (siRNA)

targetingCB1Rs. The brain region for CB1R cleavagewas selected by targeting the siRNA injection.We validated the specificity and efficiency

of the siRNA via qRT-PCR and western blotting. The NC was set as the control for the siRNA. The siRNA targeting CB1Rs accompanied with

the NC were purchased from GenePharma. The viruses mentioned above are listed in the key resources table.

In vivo optogenetic manipulations

To apply optogenetic inhibition during fear conditioning, mice expressing halorhodopsin (eNpHR) in the CeL received three cycles of 90-s

optogenetic inhibition (561 nm, 5 mW, constant) with a 150-s interval between cycles. Laser light emitted by a laser generator was transmitted

to the target brain area through the patch cords (200-mm core, Newdoon) and optical fibers (200-mm core, Inper), which allowed us to inhibit

target neurons with yellow laser light delivered during fear conditioning. Mice expressing only mCherry in the CeL underwent identical laser

stimulation to control for nonspecific effects of the laser. Mice were familiarized with the patch cords for at least 3 days before the behavioral

experiments.

In vivo pharmacological experiments

Bilateral cannulas targeting the CeL were implanted via stereotactic surgeries as described above, and mice were allowed at least 1 week to

recover from the surgery. Thirty minutes before the behavioral tests, an injector was placed inside the cannula and 150 nl of the subsequently

indicated drugs was infused into CeL with a pump. Lidocaine (2 mg/side, Harvest) was used to inhibit Na+ channels and hence to inactivate the

CeL. The NMDA receptor antagonist MK-801 (0.2 mg/side) and the non-NMDA receptor antagonist NBQX (0.1 mg/side) were applied to

decrease excitatory transmission to the CeL. The dosage of MK-801 was selected according to the recent research data.99 Likewise, the

dosage of NBQX was determined based on previous studies.100,101 WIN55,212-2 (1 mg/side) was used to activate CB1Rs and AM251

(0.5 mg/side) was used to inhibit CB1Rs. The doses of WIN55,212-2 and AM251 was selected on the basis of previous reports.102,103 NBQX

and AM251 were dissolved in 1%DMSO, whereas WIN55,212-2 was dissolved in 10%DMSO. And MK-801 was dissolved in 0.9% saline.

Mice were injected with the solvent for dissolving the above drugs as the control, denoted as the vehicle groups. All drugs were purchased

from Tocris Bioscience unless otherwise stated. The chemicals mentioned above are listed in the key resources table.

Immunohistochemistry

Mice were deeply anesthetized with intraperitoneal injections of pentobarbital at 60 mg per kg and then transcardially perfused with 0.9%

saline followed by 4% paraformaldehyde (PFA). Brains were removed, post-fixed in 4% PFA overnight at 4�C and then cryoprotected in

30% sucrose solution until they sank. Coronal brain sections were prepared with a cryostat (CM1860, Leica) at a thickness of 30 mm.

For c-Fos immunohistochemistry, brain sections were pretreatedwith 1% hydrogen peroxide solution for 10min, blocked with 10% normal

donkey serum (VF9003, VICMED) for 2 h at room temperature, and then incubated in a rabbit c-Fos antibody (1:1000) for 24 h at 4�C. After
three washes in PBS, the sections were incubated with the biotinylated secondary antibody (PV-9001, zsbio) according to the manufacturer’s

standard protocols. After three rinses, brain sections were developed in 10% diaminobenzidine (DAB) with 0.01% hydrogen peroxide.

For immunofluorescence, the sections were rinsed three times in PBS, and blocked in 10% normal donkey serum for 2 h before incubation

with primary antibodies diluted in blocking buffer, including mouse anti-CaMKIIa (1:200), rabbit anti-c-Fos (1:500), mouse anti-c-Fos (1:500),

and rabbit anti-CB1R (1:100) for 48 h at 4�C. Subsequently, brain sections were washed three times for 10 min, and incubated with the cor-

responding secondary antibodies, such as Alexa Fluor 488 anti-rabbit (1:200), Alexa Fluor 594 anti-rabbit (1:200) and Alexa Fluor 488 anti-

mouse (1:200), for 2 h at room temperature. Following three washes in PBS, brain sections were mounted on slides and counterstained

with DAPI staining solution to label the nuclei before covering with coverslips The antibodies mentioned above are listed in the key resources

table.

Western blotting

Mice were decapitated under isoflurane anesthesia, and their brains were quickly removed to an ice-cooled cryostat for isolation of brain re-

gions. For total protein extraction, dissected tissues were homogenized using an electric homogenizer in RIPA lysis buffer (P00138, Biyuntian)

with the phosphatase inhibitor PMSF (ST506, Biyuntian), followed by centrifugation of the tissue homogenates (Eppendorf) at 12,000 rpm for

15 min at 4�C. For synapse-associated protein extraction, separated brain tissues were rapidly immersed and homogenized in the lysate
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Syn-PERTM Synaptic Protein Extraction Reagent with PMSF, then centrifuged at 8000 rpm for 10 min at 4�C. Then the sampled supernatants

were recentrifuged at 12,000 rpm for 20 minutes, with the cracking buffer added to the particles to acquire the cytoplasmic fraction. Protein

concentrations were detected with the bicinchoninic acid assay (P0010, Biyuntian) and adjusted to the identical concentration. Equal quan-

tities of protein samples were separatedby 10% SDS-PAGE gels (PG112, Epizyme) and then transferred to PVDFmembranes (Millipore). After

blocking with 5% nonfat milk for 2 h at room temperature, the PVDF membranes were incubated with primary antibodies, including mouse

anti-CaMKIIa (1:1000), anti-CB1R (1:1000), anti-GAPDH (1:1000), and anti-b-actin (1:1000), at 4�Covernight. Following three washes in washing

buffer, the membranes were incubated with HRP-conjugated secondary antibody (1:1000, Affinity) for 1 h at room temperature and visualized

with a BeyoECL Moon kit. Western blotting analyses were performed with ImageJ software (NIH). The gray values of targeted bands were

normalized to GAPDH or b-actin, and the control group was set as 1. The antibodies mentioned above are listed in the key resources table.
Quantitative reverse transcription polymerase chain reaction (qRT-PCR)

Frozen tissue samples were dissected from themouse brains, and the total RNA fraction was extracted with a Spin Column Animal Total RNA

Purification Kit (Shenggong, China) following the manufacturer’s instructions. The concentration and purity of RNA were determined using a

NanoDrop-1000 spectrophotometer (ThermoFisher Scientific), followedby the RNApreparations reverse-transcribed to cDNA in parallel with

the PrimeScript RT reagent kit as per standardprotocols. The cDNAproducts were served as templates for real-time PCR analysis using the TB

Green Premix Ex Taq II. Reaction protocols were as follows: 1 min at 95�C for enzyme activation, 40 cycles of 10 s at 95�C, 30 s at 60�C and 30 s

at 72�C for PCR reactions, followed by 5 s at 95�C, 60 s at 60�C and 30 s at 50�C for theMelt curve stage. Each assay was performed twice on an

Applied Biosystems QuantStudio Real-time PCR system, and expression fold changes were determined using the DCt method (2-DDCt), with

actin as an endogenous control.
In vitro electrophysiological recordings

For brain slice recordings, mice were perfused transcardially with 15ml ice-cold high-sucrose cutting solution that contained (in mM) 80 NaCl,

3.5 KCl, 4.5 MgSO4, 0.5 CaCl2, 1.25 NaH2PO4, 90 sucrose, 25 NaHCO3, 10 glucose (pH: 7.35, osmolarity: 295–305 mOsm) under deep anes-

thesia with sodium pentobarbital (60 mg/kg body weight). Coronal slices (300 mm) containing the CeL were sectioned in cutting buffer using a

vibratome (VT1200S, Leica, Germany), followed by incubation in high-sucrose cutting solution at 32�C for 1 h. The brain slices were subse-

quently transferred to a storage chamber containing artificial cerebrospinal fluid (ACSF) for recovery to room temperature before perfusion

with ACSF for slice recording. The ACSF (in mM) comprised of 126 NaCl, 2.5 KCl, 1.2 NaH2PO4, 1.2 MgSO4, 26 NaHCO3, 10 glucose and 2.4

CaCl2 (pH: 7.35, osmolarity: 295–305 mOsm). All solutions were saturated with 95% O2 and 5% CO2.

Patch-clamp recordings were performed in visually identified SOM+ neurons in the CeL. Thick-walled borosilicate glass pipettes (BF-150-

86-10, Sutter, USA) were filled with potassium gluconate-based internal solution containing (in mM): 135 K gluconate, 10 HEPES, 5 EGTA, 3

ATP-Mg, 0.2 GTP-Na, 0.5 CaCl2 and 2MgCl2 (pH: 7.25, osmolarity: 280–290mOsm). Patch pipette resistance values were 6–8MU. The signals

were obtained from aMultiClamp 700B amplifier (Axon Instruments, Union City, CA, USA), digitized at 10 HZ, and analyzed with Clampex and

Clampfit 10 (Axon Instruments, San Jose, CA, USA). For recording of current-evoked firing rates, stepped current input stimuli (0–300 pA;d =

10 pA) were applied in current-clampmode. For the plasticity experiments, mEPSCswere recorded in the presence of tetrodotoxin (1 mM) and

picrotoxin (100 mM) under voltage-clamp mode at a holding potential of �60 mV. To evoke LPB-driven synaptic transmission onto CeLSOM

neurons via ChR2 virus, photostimulation (473 nm, 20 Hz) was delivered and postsynaptic recordings were conducted in the CeL areas with

ChR2 terminal expression. For drug treatments, only photo-responsive CeL neurons were recorded and investigated for postsynaptic re-

sponses to the CB1R agonist and antagonist. The concentrations of the drugs applied in the electrophysiological recordings were

WIN55,212-2 (5 mM) and AM251 (2 mM).
RNAscope in situ hybridization

An RNAscope multiplex fluorescent reagent kit and appropriately designed probes (Genepharma, China) were used in this study. Mice were

perfused as depicted in immunohistochemistry, and mouse brains were post-fixed in 4% PFA for 12 h. After cryoprotection with 30% sucrose

for 2 days, the brain sectionswere prepared at a thickness of 20 mmwith a cryostat and attachedontomicroscope slides. For reactivation of the

cells, the brain sections were incubated with citrate buffer for 15 min at RT. Sections were washed 23 in DEPC-PBS for 5 min. Sections were

then incubated at 37�C for 30 min with Proteinase K to enhance tissue permeability and nucleic acid probe penetration. Without washes, sec-

tions were incubated at 37�Cwith blocking buffer for 30 min. Following three washes in 23 SSC for 1 min at RT, brain sections were incubated

at 78�C for 8 min in denaturation solution (containing deionized formamide, 23 SSC, and H2O-DEPC). Then the brain sections were dehy-

drated through an ethanol series (70%, 80%, 90%, 100% in eachCoplin jar) for 2min in each jar. The probes labeledwith biotin were denatured

for 10min at 75�C, and SACy3 dye labeledwith red fluorescence or SA FAMdye labeledwith green fluorescence accompanied with PBSwere

added in a determined proportion to prepare the probe working solution. The working solution mixed with the pre-warmed hybridization

buffer, and the sections were then hybridized in this solution at 37�C for 16 h in a humidified chamber. After hybridization, brain sections

were washed in wash buffer for 15 min, followed by three washes at 60�C for 10 min, and three washes at 37�C for 10 min in 23 SSC. Finally,

a DAPI counterstain was applied onto the slides over the hybridization area, and incubated for 20 min at RT in a light-proof box. After two

washes in DEPC-PBS for 2 min, the specimen was ready for visualization by fluorescent microscopy.
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Von Frey filament test

Mechanical pain thresholds were measured with von Frey filaments according to Dixon’s up–down method as described in a previous

report.104 Before the behavioral test, each mouse was placed in a Plexiglas box on a wire mesh grid for 1 h to acclimate to the testing envi-

ronment. Calibrated von Frey filament hairs were pressed onto the plantar surface of the left hind paws with sufficient force to bend the fil-

aments. A brisk withdrawing or flinching of the hind paw was considered as a positive pain response. In case of paw withdrawal, a filament of

weaker force was selected; in the absence of a positive response, a filament of greater force was applied. Themean withdrawal threshold was

ultimately calculated as the average of six applications. Pain thresholds were tested 1 min after optogenetic manipulations.
Y-maze test

The Y-maze test was used to assess spatial workingmemory inmice. The experiment was conducted in a warm and quiet environment and the

mice were acclimated to the testing environment for 30 minutes. During training session, the mice were placed into the Y-maze with one arm

of themaze closed off and the closed armwas designated as the novel arm. After a certain time interval of 3 hours, mice were placed back into

themaze and allowed to explore themaze for 10minutes with the blockage removed during testing session. The time of entries into the novel

arm was calculated and analyzed via Anymaze software.
QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments and statistical analyses were conducted with the investigators blinded, including the behavioral analyses, western blotting,

immunohistochemistry, and electrophysiology. Data analyses were performed with SPSS 19.0 (IBM, USA), with graphing conducted in

GraphPad Prism 7 (Graph Pad Software). Unpaired two-sample Student’s t-tests were used to perform two-group comparisons. For multiple

comparisons, data were analyzed with one-way and two-way analyses of variance (ANOVA), followed by Bonferroni tests or Tukey post hoc

tests for pairwise comparisons in case of significance. Significance levels are displayed as *P<0.05, **P<0.01, and not significant (NS), and

results are expressed as the mean G SEM.
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