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The central nucleus of the amygdala (CeA) and the lateral division of the bed nucleus of the stria terminalis (BNST) are the two major nuclei of the central extended amygdala that plays essential roles in threat processing, responsible for emotional states such as fear and anxiety. While some studies suggested functional differences between these nuclei, others showed anatomical and neurochemical similarities. Despite their complex subnuclear organization, subnuclei-specific functional impact on behavior and their underlying molecular profiles remain obscure. We here constitutively inhibited neurotransmission of protein kinase C-δ-positive (PKCδ+) neurons—a major cell type of the lateral subdivision of the CeA (CeL) and the oval nucleus of the BNST (BNSTov)—and found striking subnuclei-specific effects on fear- and anxiety-related behaviors, respectively. To obtain molecular clues for this dissociation, we conducted RNA sequencing in subnuclei-targeted micropunch samples. The CeL and the BNSTov displayed similar gene expression profiles at the basal level; however, both displayed differential gene expression when animals were exposed to fear-related stimuli, with a more robust expression change in the CeL. These findings provide novel insights into the molecular makeup and differential engagement of distinct subnuclei of the extended amygdala, critical for regulation of threat processing.
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INTRODUCTION

Fear and anxiety are evolutionarily conserved across the species and are essential physiological functions for preservation against threatening stimuli. They are considered distinguishable. Fear is a phasic emotional state induced by identifiable, predictable, and/or imminent threats, while anxiety is a sustained emotional state induced by uncertain, unpredictable, and/or physically distant threats (Davis et al., 2010; Sylvers et al., 2011; Tovote et al., 2015; Knight and Depue, 2019). In the functional domain of negative valence systems, the Research Domain Criteria framework—established by the National Institute of Mental Health—distinguishes “fear” and “anxiety” as an “acute threat” and “potential threat,” respectively. The understanding of these negative valence systems is currently inadequate; therefore, elucidating the molecular, cellular, and circuitry functions in threat processing systems is required for treating psychiatric disorders.

The amygdala and the bed nucleus of the stria terminalis (BNST) are two major brain regions involved in negative valence systems (Davis et al., 2010; Fox et al., 2015; Ahrens et al., 2018; Fox and Shackman, 2019). Both regions have complex subnuclear organizations: the amygdala includes up to 13 nuclei and the BNST includes up to 20 nuclei (Fox et al., 2015). Among them, the central nucleus of the amygdala (CeA) and the lateral division of the BNST (lateral BNST), are extensively reciprocally connected, comprising a functional-anatomical macrosystem known as the central extended amygdala, which is a pivotal brain region for threat processing (Alheid and Heimer, 1988; Alheid et al., 1998; Dong et al., 2001a; Fox et al., 2015). Similarities between the CeA and the lateral BNST at the molecular, cellular, and circuit levels have been discussed (Moga et al., 1989; Shimada et al., 1989; Gray and Magnuson, 1992; Fox et al., 2015; Ye and Veinante, 2019). Several recent human imaging studies have reported that the activity levels of the CeA and the BNST differ depending on threat timing and type (Klumpers et al., 2017; Gorka et al., 2018; Hur et al., 2020). Patients with generalized anxiety disorder showed decreased activity in the amygdala and increased activity in the BNST during gambling games inducing sustained anxiety (Yassa et al., 2012). These human studies suggest that the CeA and the BNST contribute to threat processing in a distinctive manner; however, these studies lacked sufficient spatial resolution to investigate the similarities and differences at the subnucleus level. Rodent studies focusing on the extended amygdala have also been conducted extensively in recent years, which have elucidated the subnuclear circuitry mechanisms of threat processing. However, few studies have focused on the direct comparison between the CeA and the BNST subnuclei at molecular and cellular levels.

In this study, a known genetically identified cell type in the central extended amygdala, PKCδ-positive (PKCδ+) neurons, was focused on to compare subnuclear function and molecular profiles. PKCδ+ neuron is a major cell type of the lateral subdivision of CeA (CeL) and the oval nucleus of the BNST (BNSTov; also known as BSTLD in the atlas; Paxinos and Franklin, 2012). We found that constitutive inhibition of neurotransmission from PKCδ+ neurons in these subnuclei showed double dissociation of their contribution on the regulation of fear and anxiety, respectively; the PKCδ+ neurons in the CeL were essential for fear learning, whereas the neurons in the BNSTov were significantly involved in anxiety expression. In order to reveal subnuclei-specific molecular profiles, PKCδ+ neurons were labeled with a fluorescent protein in a genetically modified mouse brain, and subnuclei-targeted microsamples were obtained by a micropunch-out system to conduct RNA sequencing (RNA-seq). Differential gene expression analysis showed that the CeL and the BNSTov had relatively similar gene expression profiles among subnuclei at the basal level. On the other hand, consistent with their subnuclei-specific engagement in behavior, they displayed distinctive gene expression profiles when animals were exposed to fear-related stimuli; in particular, a more robust change in gene expression was observed in the CeL after fear-conditioning. The findings of the present study provide novel insights into the molecular makeup and differential engagement of distinct subnuclei of the central extended amygdala, critical for regulation of emotional behaviors.



MATERIALS AND METHODS


Mice

All experiments were conducted in accordance with the Nagoya University Regulations on Animal Care and Use in Research and were approved by the Institutional Animal Care and Use Committee, Nagoya University (approval number R210154). Mice were group-housed after weaning and kept under 12-h light/dark cycle with food and water provided ad libitum.

Prkcd-cre mice {Tg(Prkcd-glc-1/CFP,-cre)EH124Gsat; stock #011559-UCD} were obtained from the Mutant Mouse Resource and Research Center. Sst (somatostatin)-cre mice {Sst tm2.1(cre)Zjh/J; stock #013044} and Ai14 mice {B6.Cg-Gt(ROSA)26Sor tm14(CAG-tdTomato)Hze/J; stock #007914} were obtained from the Jackson Laboratory. Crh (corticotropin-releasing hormone)-cre mice {Crh<tm2(cre)Ksak>} were described in the previous study (Itoi et al., 2014). Wild-type C57BL/6J mice were purchased from SLC Japan (Shizuoka, Japan).



Stereotaxic Viral Injection

AAV1/2-EF1α-DIO-mEGFP-WPRE (6.8 × 1012 genomes/ml) and AAV1/2-EF1α-DIO-GFP-TeNT (1.0 × 1013 genomes/ml) were prepared as previously described (Kawashima et al., 2013). Mice were anesthetized with chloral hydrate (400 mg/kg, i.p.) and xylazine (2 mg/kg, i.m.), and then fixed in a stereotactic frame (Model 942; Kopf Instruments). The skull surface was exposed via a midline sagittal incision and treated with local anesthetic lidocaine hydrochloride jelly. Small craniotomies were then performed using a microdrill. Glass capillaries were inserted bilaterally into the BNSTov (coordinates from bregma; AP +0.2, ML ± 1.2, DV −3.5, coronal angle 20°) or the CeL (AP −1.35, ML ± 3.0, DV −4.6) according to the atlas (Paxinos and Franklin, 2012). AAV solutions (0.3 or 0.5 μl) were loaded into the BNSTov or the CeL, respectively. Post hoc histological analyses were performed after behavioral tests to confirm the bilateral injection of the virus.



Behavioral Procedure


Open Field Test

Each mouse was placed in a corner of the 40 cm × 40 cm × 30 cm light gray open field (OF) apparatus illuminated at 100 lux. Spontaneous locomotor activities were recorded for 10 min, and the total moving distance was calculated using the automated video tracking software TimeOFCR1 (O’Hara & Co., Tokyo, Japan).



Elevated Plus Maze Test

The elevated plus maze (EPM) consisted of two opposite open arms (25 cm × 5 cm × 0.3 cm) and two enclosed arms (25 cm × 5 cm × 10 cm), with 5 cm × 5 cm central cross area illuminated at 6 lux and elevated to a height of 50 cm above the floor. Each mouse was placed on the central cross area of the maze. Mouse activities were recorded for 10 min, and the time spent on each arm was analyzed using the automated video tracking software TimeEP1 (O’Hara & Co.). The percentages of time spent in either open or closed arm over total time were calculated.



Contextual and Cued Fear Conditioning Tests

The experiments were conducted over the course of three consecutive days. On day 1 for the fear conditioning session, each mouse was placed in a 10 cm × 17 cm × 10 cm shock chamber, which consisted of clear acrylic walls and a metallic grid floor illuminated at 200 lux (chamber A). A 10 kHz–65 dB tone, which served as the conditioned stimulus (CS), was presented for 30 s; during the last 2 s of the CS, a 0.5 mA electrical footshock was delivered, which served as the unconditioned stimulus (US). After 2 min of acclimation period, five CS–US stimuli were presented every minute. For gene expression analysis, only CS stimuli were given to control group mice. Contextual tests were conducted 24 h after conditioning in the chamber A for 5 min. Cued tests were conducted 48 h after conditioning in altered context with a 10 cm × 17 cm × 10 cm white acrylic chamber illuminated at 50 lux (chamber B). After 2 min of acclimation period, CS stimulus was presented for 3 min.

Freezing responses to CSs (for conditioning and cued test) or context (for contextual test) were analyzed using the automated video tracking software TimeFZ2 (O’Hara & Co.).



Antibodies and Reagents

All antibodies used in this study were purchased commercially: a mouse monoclonal antibody against PKCδ (610398; BD Bioscience) and secondary antibodies conjugated to Alexa Fluor 488 (A11029; Thermo Fisher Scientific). Neuronal cell bodies and nuclei were visualized with NeuroTrace 435/455 blue-fluorescent Nissl stain (N21479; Thermo Fisher Scientific) and Hoechst 33342 (H3570; Thermo Fisher Scientific), respectively.



Immunohistochemistry

Mice were anesthetized with a combination anesthetic (0.75 mg/kg medetomidine hydrochloride, 4 mg/kg midazolam, and 5 mg/kg butorphanol tartrate) and transcardially perfused with phosphate-buffered saline (PBS), followed by 2% paraformaldehyde in PBS. The isolated brains were postfixed with 2% paraformaldehyde overnight; 30-μm-thick coronal sections were prepared using Cryostat (CM3050S; Leica, Wetzlar, Germany). The sections were washed with PBS, permeabilized with 0.3% Triton X-100 in PBS, and then blocked with blocking solutions [0.3% Triton X-100, 5% normal goat serum (005-000-121; Jackson ImmunoResearch Laboratories), and 1% bovine serum albumin in PBS] for 1 h at room temperature. The sections were then incubated with the diluted primary antibodies in the blocking solution for 3 days at 4°C. After washing with PBS, the sections were incubated with the secondary antibodies and Hoechst 33342 in 0.3% Triton X-100 containing PBS for 1 h at room temperature.

Low-magnification tiling images were acquired using an all-in-one fluorescence microscope BZ-9000 (KEYENCE, Osaka, Japan). Confocal images were acquired using an LSM 710 confocal microscope (Zeiss, Oberkochen, Germany). The images were adjusted and labeled using the ImageJ software (NIH).



Cell Counting

The regions of interest for cell counting were determined by PKCδ-immunolabeled areas between anteroposterior axis +0.35 and +0.15 mm for the BNSTov and −1.20 and −1.70 mm for the CeL from bregma. The total cell numbers were counted using the ImageJ software by Hoechst 33342 signals. PKCδ+ cells and Sst+/Crh+ cells were manually marked by PKCδ-immunolabeled signals and tdTomato signals, respectively. Each cell number and overlapping cell number was counted using the ImageJ software.



Microtissue Collection for RNA-seq

Prkcd-cre; Ai14 mice were euthanized by cervical dislocation, and the isolated brains were immediately frozen in crushed powder dry ice. Fresh frozen brains were coronally sliced at a 20-μm-thick using Cryostat (CM3050S; Leica), mounted on polyphenylene sulfide Frame Slide (11600294; Leica), and immediately dried up by air blowing. Microtissue dissection was performed with a punching needle with an inner diameter of 110 μm under a fluorescence microscope as previously described (Yoda et al., 2017). The fluorescence of tdTomato was used as guide markers for punching out PKCδ+ and PKCδ- subnuclei (Figures 3A–C and Supplementary Figure 1B). The sampling positions of all sections were verified using an all-in-one fluorescence microscope BZ-X710 (KEYENCE) before and after punching out. The punched microtissue sections were individually dispensed into the polymerase chain reaction (PCR) tubes filled with 99.5% ethanol and stored at −80°C until RNA-seq library preparation.
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FIGURE 1. TeNT-mediated synaptic silencing of PKCδ+ neurons. (A) Schematic diagram of virus injection and behavioral testing schedule. (B,H) Schematic of bilateral injection of cre-dependent TeNT-expressing AAVs into the CeL (B, control, n = 13; TeNT, n = 14) and the BNSTov (H, control, n = 14; TeNT, n = 14), and representative images of the TeNT expression. Scale bars, 200 μm. (C,I) Total moving distance during 10 min in the OF {unpaired t-test, p = 0.749 for (C), p = 0.260 for (I)}. (D,J) Percentage of duration in open arm (left) and closed arm (right) during EPM test {unpaired t-test, p = 0.240 and p = 0.614 for (D), *p = 0.018 and p = 0.113 for (J)}. (E,K) Percentage of time in freezing during fear conditioning of 2 min pre-tone (baseline) and five times of CSs presentation {two-way RM analysis of variance, Finteraction [5, 125] = 3.826, **p = 0.003 for (E) with Holm–Sidak’s post hoc tests, †p = 0.026 at tone-5, Finteraction [5, 130] = 0.707, p = 0.619 for (K)}. (F,L) Percentage of time in freezing during contextual test {unpaired t-test, ***p < 0.001 for (F), p = 0.485 for (L)}. (G,M) Percentage of time in freezing during pre-CS and CS of cued test {unpaired t-test, **p = 0.003 and ***p < 0.001 for (G), p = 0.347 and p = 0.673 for (M)}.
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FIGURE 2. Distribution of genetically defined neuronal populations between the BNSTov and the CeL. (A,B) Schematic brain atlas illustrations at the level of the BNSTov (A) and the CeL (B). The values indicate anterior–posterior distances from bregma. (C,E) Representative images of the BNSTov (upper) and the CeL (lower) from Sst-cre; Ai14 (C) and Crh-cre; Ai14 (E) mouse brains immunolabeled against PKCδ. White enclosing dashed lines indicate the boundaries of the BNSTov or the CeL. Scale bars, 100 μm. (D,F) Pie charts showing the proportion of the labeled cells corresponding to (C,E; data from 3 mice each). The distribution of genetically defined neuronal populations had no significant difference between the BNSTov and the CeL {Chi-square test, p = 0.961 for (D), p = 0.964 for (F)}.
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FIGURE 3. Subnuclei-targeted microtissue collection for RNA-seq. (A) Schematic diagram of tissue collection and RNA-seq. (B) Schematic brain atlas illustrations of 12 collection points from nine brain regions (1, striatum; 2, 3, BNSTov; 4, BNSTam; 5, BNSTfu; 6, CeC; 7, CeM; 8, BLA; 9–11, CeL; and 12, MePD). Numbers indicate anterior-posterior distances from bregma. (C) Representative images of the tdTomato expression of Prkcd-cre; Ai14 mouse brain sections on polyphenylene sulfide films before (upper) and after (lower) punch out corresponding to (B). Scale bar, 200 μm. (D) Expression levels of tdTomato and CeL marker genes in nine brain regions represented by counts per million (CPM) values.




Extraction of mRNA and Preparation of cDNA Library

RNA-seq library construction was performed as previously described (Yamazaki et al., 2020). In brief, microtissue sections were collected by removing the ethanol in PCR tubes using a vacuum evaporator and then lysed in 5.3 μl of cell lysis mixture [PKD buffer (QIAGEN): Proteinase K (QIAGEN) = 16:1] at 56°C for 1 h, and the poly(A) RNA was purified with the oligo dT magnetic beads (61005; Thermo Fisher Scientific) according to the instruction manual. The total amounts of purified mRNA were directly processed according to the Smart-seq2 protocol (Picelli et al., 2014). PCR products were purified with 0.8× volume of AMPure XP beads (A63880; Beckman Coulter). For the comparative experiments of gene expression profiles of the subnuclei (Figures 3, 4), one of three BNSTfu and one of three medial amygdala (MePD) samples were excluded from the sequencing results because their library quality was low, and over 70% of the reads could not be mapped.
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FIGURE 4. Gene expression profiling from amygdala-related subnuclei. (A) PCA using normalized RNA-seq data of 2,800 inter-subnuclei differentially expressed genes (DEGssubnuc). (B) Hierarchical clustering of relative gene expression of 2,800 DEGssubnuc. The horizontal and vertical axes represent each sample and DEGs, respectively. The color scale reflects z-score of CPM values.




RNA-Seq and Data Analysis

Sequencing and data analysis were conducted as previously described (Yoda et al., 2017). The amplified cDNA (0.25 ng) was used for the preparation of the sequencing library, using the Nextera XT DNA library prep kit (Illumina). The libraries were sequenced with 75-bp paired-end read on an Illumina Miseq, as shown in Figure 3, and 150-bp paired-end read on an Illumina Hiseq, as shown in Figure 5. Adapter sequences were trimmed off from the Raw data (raw reads) of fastq format by flexbar (ver. 3.4.0). The resulting reads were aligned to the Ensembl mouse reference genome (GRCm38 ver. 92) by hisat (ver. 2.1.0) with the default parameters. The number of reads assigned to genes was calculated using featureCounts (ver. 1.6.4). To normalize for the differences in sequencing depth across samples, protein coding gene counts were rescaled to counts per million (CPM) by Trimmed Mean of M-values normalization from edgeR. Low-expression genes with an average fewer than 10 CPM in all subnuclei were excluded from analysis. Differential gene expression analysis was performed using the R/Bioconductor package edgeR (ver. 3.32.0). Inter-subnuclei differentially expressed genes (DEGssubnuc) for Figure 4 were defined as false discovery rate (FDR) < 0.01 and maximum inter-subnuclei fold change (FC; averaged CPM value of the most expressed subnucleus/averaged CPM value of the least expressed subnucleus) > 2. DEGs between CS-only (as control) and CS–US exposed mice (DEGsfear conditioning) for Figure 5 were defined as p-value < 0.01 and | log2 FC (CS-only vs. CS–US)| > 1. Principal component analysis (PCA) was performed using the R (ver. 4.0.2) package prcomp with option scale = TRUE. Hierarchical clustering was performed using the R package hclust with option method = ward.D2. Gene ontology (GO) enrichment analysis was performed using DAVID Bioinformatics Resources (ver. 6.8)1.
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FIGURE 5. Gene expression changes after fear conditioning. (A) Schematic diagram of tissue collection and RNA-seq from mice after fear conditioning. (B) Venn diagrams showing the overlap of DEGs in CS-only (control) vs. CS–US (DEGsfear conditioning) between five amygdala subnuclei. (C) Scatterplots representing the FCs of averaged CPM between CS-only vs. CS–US of DEGsfear conditioning for the BNSTov (blue), the CeL (red), and both (green). The values in parentheses indicate the number of DEGs. (D) GO analysis for the downregulated or upregulated DEGsfear conditioning of the BNSTov or the CeL using DAVID Bioinformatics Resources ver. 6.8. Significantly enriched GO terms (p < 0.05) in molecular function (MF), cellular component (CC), and biological process (BP) were presented. The values in parentheses indicate the number of DEGs.




Statistics

All values were expressed as mean ± s.e.m. Chi-square tests, unpaired two-tailed t-tests, and two-way RM analysis of variance followed by Holm–Sidak’s multiple comparison tests were performed using the GraphPad Prism software (ver. 7).



RESULTS


Inhibiting Neurotransmission of CeLPKCδ+ Neurons Attenuated Fear Learning, Whereas That of the BNSTovPKCδ+ Affected Anxiety-Like Behavior

There are few studies focusing on the functional comparison between the CeA and the BNST and their functional differences are still considered to be controversial (Lebow and Chen, 2016). To compare the contribution of their subnuclei in the regulation of fear and anxiety, PKCδ+ neuronal transmission in the CeL or the BNSTov was constitutively inhibited by expression of tetanus toxin light chain (TeNT) to disturb proper local circuit function and investigated its impact on the behaviors related to two distinct negative emotion, fear and anxiety, under the same experimental conditions.

To inhibit the neurotransmission of the PKCδ+ neurons either in the CeL (CeLPKCδ +) or the BNSTov (BNSTovPKCδ +), cre-dependent TeNT-expressing AAV were bilaterally injected into each subnucleus of Prkcd-cre mice. 4 weeks later, a series of behavioral experiments were conducted (Figures 1A,B,H). The experiments included, OF test, EPM test, and contextual and cued fear conditioning test. The tests were conducted to assess spontaneous activity, anxiety-related behavior, and fear-related behavior, respectively. Neither CeLPKCδ +- nor BNSTovPKCδ +-silencing mice showed significant changes in spontaneous locomotor activity in the OF test (Figures 1C,I). CeLPKCδ +-silencing mice showed declined fear learning during the conditioning (Figure 1E) and reduced freezing ratios in the contextual and cued tests (Figures 1F,G), suggesting CeLPKCδ + inhibition induced fear-learning deficit in consistent with the previous literature (Yu et al., 2017). In the cued tests, CeLPKCδ +-silencing mice also showed significantly reduced freezing during the pre-CS period (Figure 1G; control: 10.13 ± 2.37%, n = 13, TeNT: 1.91 ± 0.89%, n = 14, p = 0.003). The non-negligible freezing exhibited by the control mice during the pre-CS period (10.13 ± 2.37%) suggested that the learned fear was generalized to some extent to the context used in the cued test under our experimental conditions as reported previously (Huckleberry et al., 2016). As the fear generalization has been regarded as a byproduct of conditioned learning and could be affected by learning processes (Dunsmoor and Paz, 2015; Asok et al., 2019), the reduced freezing during the pre-CS period in the CeLPKCδ +-silencing mice may be partly explained by the attenuated generalized fear attributable to the fear-learning deficit. Conversely, there were no significant differences in anxiety-like behavior in the EPM (Figure 1D). In contrast, BNSTovPKCδ +-silencing mice spent a significantly longer time in the open-arm of the EPM, indicating that BNSTovPKCδ + inhibition attenuated anxiety-like behaviors, while they showed no difference in the contextual and cued fear conditioning tests (Figures 1J–M). The anxiety-like behavior assessed by OF test (e.g., time spent in center area) did not show significant differences between groups (data not shown), suggesting BNSTovPKCδ +-silencing induced the context-dependent effects on anxiety-like behavior which was discussed in the literature (Holmes et al., 2003). These results, obtained under exactly the same conditions, showed a double dissociation of CeLPKCδ+ vs. BNSTovPKCδ+ neurons’ involvement in negative emotional behaviors, with the former contributing much more in fear learning while the latter doing so in anxiety expression.



The CeL and the BNSTov Showed Similar Composition of Genetically Identified Cell Types

We next investigated the differences in the composition of major neuronal cell types in the CeL vs. the BNSTov which may account for the dissociable influence on the behavioral regulation mediated by PKCδ+ neurons in these subnuclei. The CeL circuitry has been well studied as an intranuclear reciprocal inhibitory circuit that gates emotional behavioral expression between genetically distinct neuronal populations, PKCδ+ and PKCδ-negative (PKCδ-) neurons (represented by Sst+ neurons or Crh+ neurons), and it has been reported that three cell types cover majority of neurons in the CeL (Ciocchi et al., 2010; Haubensak et al., 2010; Li et al., 2013; Fadok et al., 2017; Kim et al., 2017; Sanford et al., 2017; McCullough et al., 2018; Hartley et al., 2019). Recent studies have reported that these molecules are also expressed in the lateral BNST, especially in the BNSTov subnucleus (Wang et al., 2019, 2020). When the cre-reporter line, Ai14, was crossed with a CeA cre-driver line (Prkcd-cre, Sst-cre, or Crh-cre), a high-level expression of the reporter gene, tdTomato, was consistently observed in the CeL and the BNSTov (Supplementary Figure 1). To compare the distribution of these genetically defined neuronal populations between the CeL and the BNSTov, immunohistochemical analysis was performed for PKCδ on Sst-cre; Ai14 or Crh-cre; Ai14 mice (Figure 2). Counting of the number of each cell type indicated that the fraction of PKCδ+ neurons and Sst+ or Crh+ neurons in the BNSTov was considerably similar to the CeL (Figures 2D,F). Furthermore, BNSTovPKCδ + or CeLPKCδ + rarely overlapped with the genetically labeled Sst+ or Crh+ neurons (Figures 2D,F), as was reported in previous studies (Kim et al., 2017; McCullough et al., 2018). These results showed quite similar composition of three major cell types between the CeL and the BNSTov, indicating that the distinctive functional output did not result from the difference in cell composition.



Fluorescence-Assisted Subnuclei-Targeted Gene Expression Analysis Revealed Similar Constitutive Molecular Profiles of the CeL and the BNSTov

We next compared the molecular constituents of the CeL, the BNSTov, and other related regions in an unbiased way. Subnuclei-targeted gene expression analysis was performed using RNA-seq on microsamples produced by a microdissection punching system (Figure 3A; Yoda et al., 2017; Yamazaki et al., 2020). To identify each extended amygdala subnuclei and other related subregions, Prkcd-cre; Ai14 mouse brains were used, in which the cell bodies, dendrites, and axons of the PKCδ+ neurons were labeled with tdTomoto fluorescence. The subnuclei in the central extended amygdala, such as the BNSTov, the CeL, and the capsular subdivision of the CeA (CeC), where the cell bodies of PKCδ+ neurons are density located, were marked with the prominent tdTomato fluorescence (Supplementary Figure 1B). We also found that the regions containing dense-projecting axons were labeled moderately, which was useful in the precise identification of CeLPKCδ +- and/or BNSTovPKCδ +-projecting regions, such as the medial subdivision of the CeA (CeM) and the fusiform nucleus of the BNST (BNSTfu; Supplementary Figure 1B; Dong et al., 2001b; Daniel and Rainnie, 2016; Wang et al., 2019). Furthermore, we determined the sampling position in the neighboring nuclei—the striatum, anteromedial subdivision of the BNST (BNSTam), basolateral amygdala (BLA), and posterodorsal subdivision of the MePD—with reference to the fluorescent labeling. Thus, the locations of the microsamples for eight amygdala-related subnuclei and neighboring striatum were determined. The number of sampling locations in each region was as follows: CeL, 3; BNSTov, 2; BNSTam, 1; BNSTfu, 1; CeC, 1; CeM, 1; BLA, 1; MePD, 1; and striatum, 1. Microsamples were collected with a 110-μm-inner diameter punching needle while observing tdTomato (Figures 3A–C). These samples were then prepared for gene expression analysis using RNA-seq. Because the expression levels of tdTomato were expected to be high in the BNSTov, CeL, and CeC, where the cell bodies are labeled, high expressions of tdTomato were checked in these samples (Figure 3D). In addition to Prkcd, Sst, and Crh being highly expressed in the CeL, other known markers were observed to have similarly high levels of expression, which included neurotensin (Nts), tachykinin 2 (Tac2), and preprodynorphin (Pdyn; Figure 3D and Supplementary Figure 2).

Following the confirmation of the accuracy of the system, to evaluate the similarity of the molecular profiles between subnuclei, 2,800 inter-subnuclei DEGs were extracted among nine subnuclei (DEGssubnuc; defined as FDR < 0.01 and maximum inter-subnuclei FC > 2). PCA was then conducted on these genes. Consistent with the hypothesis that the CeL and the BNSTov have similar molecular profiles, these samples (BNSTov, red circles; CeL, orange circles) were plotted adjacent to each other (Figure 4A). Interestingly, the BNSTfu samples (violet circles) were plotted adjacent to CeM samples (Figure 4A, blue circles). Furthermore, hierarchical clustering analysis was carried out based on the same 2,800 DEGssubnuc (Figure 4B). The clustering of the 34 microdissected samples revealed that the CeL and the BNSTov samples were classified under the same cluster (Figure 4B, X-axis). The number of samples (animals) in each region was as follows: BNSTov, 6 (3); CeL, 9 (3); CeC, 3 (3); BNSTfu, 2 (2); CeM, 3 (3); BNSTam, 3 (3); MePD, 2 (2); BLA, 3 (3), and striatum, 3 (3). Furthermore, 2,800 DEGssubnuc were divided into five clusters (Figure 4B, Y-axis and Supplementary Table 1). The cluster #5 (colored orange) included 837 genes with high expression levels in both the CeL and the BNSTov (Supplementary Table 1). Indeed, the gene set included genes known to be highly expressed in the CeL and/or the BNSTov (e.g., Prkcd, Sst, Nts, Tac2, Pdyn, and Camk1g; Takemoto-Kimura et al., 2003) and also genes whose predominant expression in the CeL and/or the BNSTov have not been reported thus far (e.g., Ncdn, WSM1, Ptprn, Fkbp1a, and Dock10, Supplementary Figure 2). Taken together, the data revealed that the CeL and the BNSTov shared similar gene expression profiles at the basal level.



The CeL and the BNSTov Displayed Distinctive Gene Expression Responses to Fear-Related Stimuli

The extended amygdala is known to alter its circuit activity and function in the face of stress to adapt to environmental changes (Herman et al., 2003; Zhang et al., 2021). Although both the CeL and the BNSTov are implicated in the regulation of fear processing (Goosens and Maren, 2001; Sullivan et al., 2004), our results indicated the distinctive extent of contribution to the fear learning between the subnuclei and suggested the existence of molecular programs underlying subnuclear specific behavioral regulation. In order to examine whether each subnucleus differentially responds in gene expression in the face of fear-related stimulus, the fluorescence-assisted subnuclei-targeted gene expression analysis was conducted, where animals experienced CS–US exposure in a classical fear conditioning.

Twenty-four hours after the CS–US exposure, which is the time point at which long-term fear memory is known to be established (Figure 1), the microdissected samples were collected from five amygdala-related subnuclei of Prkcd-cre; Ai14 mice using the same strategy as Figure 3, followed by the RNA-seq (Figure 5A). The number of samples (animals) in each region was as follows: BNSTov, 6 (3); BNSTfu, 3 (3); CeM, 3 (3); BLA, 3 (3); and CeL, 9 (3). First, we confirmed that three marker gene (Prkcd, Sst, and Crh) expression levels in the CeL and the BNSTov showed no significant differences in CPM values between CS-only (as control) and CS–US exposed mice, indicating that there were no apparent cell-type compositional changes in CS–US exposed mice (data not shown). Data analysis revealed 19 down-regulated and 54 up-regulated genes in the CeL and 19 down-regulated and 48 up-regulated genes in the BNSTov as DEGs between CS-only and CS–US exposed mice (DEGsfear conditioning; defined as p-value < 0.01 and | log2 FC| > 1; Supplementary Table 2). Only three genes were identified as up-regulated DEGs both in the BNSTov and the CeL (Figure 5B), showing specific responses in each subnucleus. To visualize the tendency and range of gene expression changes in the BNSTov and the CeL, the scatterplots of DEGs for the BNSTov and the CeL were created (Figure 5C). Most BNSTov-specific DEGs (blue) were observed near the symmetry line (y = x) on the plot for the CeL (Figure 5C, left), and vice versa for CeL-specific DEGs (red) on the plot for the BNSTov (Figure 5C, right). This indicated that the trend of gene expression alteration between the two subnuclei substantially differed quantitatively. Indeed, the CeL showed a larger number of markedly up-regulated genes than the BNSTov (16/54 genes in the CeL and 8/48 genes in the BNSTov were up-regulated more than five times). Furthermore, hierarchical clustering analysis of gene expression FCs in CS–US exposed mice showed that the CeL and the BNSTov were separated in subtrees on opposite sides (Supplementary Figure 3).

Next, GO annotation enrichment analyses were performed to describe the functional properties of DEG sets identified in the CeL and the BNSTov, respectively, and no GO term overlapped between the CeL and the BNSTov (Figure 5D and Supplementary Table 3). Notably, for the up-regulated DEGs in the CeL, multiple myelin-related GO terms were listed, raising the possibility that CS–US-induced fear learning promoted myelination remodeling in the CeL. Together, these results led to a conclusion that the gene expression responses in the CeL and the BNSTov, when facing fear-related stimuli, significantly differ both quantitatively and qualitatively. The distinctive gene expression responses may reflect the subnuclear specific activities in response to fear-related stimuli, which possibly lead to the functional differences between these subnuclei.



DISCUSSION

Recent advances in tools and methodologies, such as genetically targeted in vivo imaging and circuit manipulation, have expanded our understanding of the CeA circuit function within the extended amygdala (Janak and Tye, 2015; Gafford and Ressler, 2016; Babaev et al., 2018; Fadok et al., 2018). However, the elucidation of the BNST circuitry function remains less understood because of the complexities of the intra- and inter-subnuclear circuits, which are composed of nearly 20 subnuclei (Fox et al., 2015; Lebow and Chen, 2016). In the present study, we found that the neurotransmission inhibition of PKCδ+ neurons—a major cell type of both the CeL and the BNSTov—induced subnuclei-specific double dissociation on fear and anxiety regulation. Consistently, these subnuclei exhibited distinctive gene expression in response to fear-related stimuli, despite their similarity in constitutive gene expression profiles.

To perform subnuclei-targeted gene expression analysis, tissue microdissection punching systems were operated using a needle with an inner diameter of 110 μm from 20-μm-thick brain sections. These microtissues were estimated to contain between 30 and 50 cells, with the suitable size then determined for capturing the special molecular properties of small regions (Yoda et al., 2017). Hierarchical clustering analyses showed high reproducibility, since each subnuclei was classified under the same subtree. Molecular profile similarities were found between the CeL and the BNSTov, and the CeM and the BNSTfu. Notably, these subnuclei make up the central extended amygdala, which was originally conceptualized based on developmental comparisons and later distinguished as cell groups on the basis of the similarities of its neurochemical and anatomical properties (Alheid and Heimer, 1988; Johnston, 1923; Alheid et al., 1998). The present results can be said to confirm the similar molecular constituents of these regions by presenting high-precision comprehensive gene expression data for individual subnucleus. Furthermore, the present study not only confirmed the previous studies but also picked up novel genes enriched in the CeL and the BNSTov that belong to the same cluster containing Prkcd, such as Ncdn, WSM1, Ptprn, Fkbp1a, and Dock10 (colored orange in Figure 4B). These genes may be useful for genetic dissection as novel cell populations that together compose subnuclei, which may constitute important functional units.

In sharp contrast to the similarity in molecular profiles observed between these subnuclei at the basal state, CeL-specific gene expression responses were found to be induced by CS–US exposure. This may likely be accounted for by CeL-specific activities when animals were exposed to fear-related stimuli, although the direct association between the identified DEGs in the CeL and the activity of CeLPKCδ+ neurons which affects fear-learning is unclear and needs to be validated. Interestingly, myelination-related pathways were enriched in the DEGs within the CeL by CS–US exposure. Although further studies are required to reveal the time course, mechanism, and biological outcome of up-regulated gene expression of myelination-related genes in the CeL, it is noteworthy that, in recent studies, neuronal activity-induced changes in myelination have been considered one of the important factors of neural plasticity (Xin and Chan, 2020). Experience-driven myelination is induced in a circuit activity-dependent manner and then strengthens specific neural circuits through facilitating action-potential transmissions (Fields, 2015; de Faria et al., 2019). Actually, in the medial prefrontal cortex, it has recently been reported that new myelin formation is induced by fear learning and is required for preservation of fear memory (Pan et al., 2020). It is possible that fear-inducing stimuli promote myelination and strengthened internuclear fear-related circuits, such as BLA-CeL and parabrachial nucleus-CeL circuits (Janak and Tye, 2015; Palmiter, 2018).

In addition, the results of the present study showed that the extent of involvement in the regulation of fear or anxiety processing may differ between the CeLPKCδ + and the BNSTovPKCδ + neurons. Namely, the former makes a greater contribution toward fear learning, while the latter does toward anxiety expression. This is in keeping with the notion suggested in human imaging studies, that the CeA and the BNST may have different degrees of contribution toward the regulation of fear and anxiety (Klumpers et al., 2017; Gorka et al., 2018; Hur et al., 2020). The constitutive cell type composition and gene expression were similar between the CeL and BNSTov, and could not explain the functional differences; hence, we presumed that other features such as input/output circuit differences may be involved. However, further studies are needed to clarify this issue. In addition, since the present circuit manipulation study is limited to PKCδ+ neurons and RNA-seq was performed using micropunch samples containing heterogeneous cell types, further investigation on the functions of other cell-types and the integrated local circuit is required to understand the mechanism underlying the behavioral differences observed in this study.

A previous study using the same mouse line has reported that transient chemogenetic activation of the PKCδ+ neurons of the BNST reduces anxiety (Wang et al., 2020). This result seems to be superficially inconsistent with the present study, as we found that constitutive silencing of PKCδ+ neurons of the BNSTov diminished anxiety behavior, which implies that some BNSTovPKCδ+ activity is needed for anxiety expression. Thus, BNST may be composed of mixed populations of either anxiogenic, anxiolytic or dually active cells. The other possibility is that acute activation using a chemogenetic method induces a synchronized local circuit dysfunction, which may show resemblance to outcomes observed with the chronic silencing used in this study. All these studies, nonetheless, would agree with the idea that proper activity of PKCδ+ neurons in the BNSTov is essential for gating anxiety-related behavior expression.

Together, these results suggest that emotional behavior-related information representation is functionally organized distinctly in each subnuclei of the extended amygdala, although individual neuronal cell types appear to be largely conserved based on constitutive gene expression profiles. Subsequent studies on the relationship between the identified gene expression responses and behavioral changes will be needed to understand the subnuclear specific molecular mechanisms underlying the regulation of emotional behaviors. Moreover, future dissection of active ensembles in extended amygdala subnuclei together with the molecular mechanisms underlying their regulation, will pave the way toward better understanding of complex dynamics of information integration within the amygdala during transition between various emotional states.



DATA AVAILABILITY STATEMENT

All RNA-seq data were deposited in DNA Data Bank of Japan (DDBJ) under the accession numbers DRA012354 and DRA012355. Other datasets generated and/or analyzed during the current study are available from the corresponding author at reasonable request.



ETHICS STATEMENT

All animal experiments were conducted in accordance with the Nagoya University Regulations on Animal Care and Use in Research and were approved by the Institutional Animal Care and Use Committee, Nagoya University (approval number R210154).



AUTHOR CONTRIBUTIONS

SU and ST-K designed the project and wrote the first draft of the manuscript. SU, MF, ManK, TF, HK, SH, KI, MasK, HB, and ST-K contributed to histological analyses, behavioral experiments, and interpretation of results. SU, MH, KA, KT, HM, and HT performed RNA-seq and analyzed the sequence data. All authors read and approved the final manuscript.



FUNDING

This work was supported by the KAKENHI grants under the grant numbers, JP16H04670, JP20H03339 (ST-K), JP20K15929 (SU), JP17H06312 (HB), and JP16H06276 (AdAMS to HB and ST-K); the Japan Science and Technology Agency (JST) PRESTO under grant numbers JPMJPR15F6 (ST-K) and JPMJPR15FA (MH); the Platform Project for Supporting Drug Discovery and Life Science Research [Basis for Supporting Innovative Drug Discovery and Life Science Research (BINDS)] from AMED, JP21am0101104 (to HT); the Mishima Kaiun Memorial Foundation (ST-K); the Asahi Glass Foundation (ST-K); the Takeda Science Foundation (ST-K); and the Toray Science Foundation (ST-K). The supercomputing resource was provided by the Human Genome Center (University of Tokyo).



ACKNOWLEDGMENTS

We thank M. Moroi, Y. Yabuuchi, and A. Hirose for technical assistance.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnmol.2021.741895/full#supplementary-material


FOOTNOTES

1
https://david.ncifcrf.gov/home.jsp


REFERENCES

Ahrens, S., Wu, M. V., Furlan, A., Hwang, G. R., Paik, R., Li, H., et al. (2018). A central extended amygdala circuit that modulates anxiety. J. Neurosci. 38, 5567–5583. doi: 10.1523/JNEUROSCI.0705-18.2018

Alheid, G. F., Beltramino, C. A., De Olmos, J. S., Forbes, M. S., Swanson, D. J., and Heimer, L. (1998). The neuronal organization of the supracapsular part of the stria terminalis in the rat: The dorsal component of the extended amygdala. Neuroscience 84, 967–996. doi: 10.1016/S0306-4522(97)00560-5

Alheid, G. F., and Heimer, L. (1988). New perspectives in basal forebrain organization of special relevance for neuropsychiatric disorders: the striatopallidal, amygdaloid, and corticopetal components of substantia innominata. Neuroscience 27, 1–39. doi: 10.1016/0306-4522(88)90217-5

Asok, A., Kandel, E. R., and Rayman, J. B. (2019). The Neurobiology of fear generalization. Front. Behav. Neurosci. 12:329. doi: 10.3389/FNBEH.2018.00329

Babaev, O., Piletti Chatain, C., and Krueger-Burg, D. (2018). Inhibition in the amygdala anxiety circuitry. Exp. Mol. Med. 50:18. doi: 10.1038/s12276-018-0063-8

Ciocchi, S., Herry, C., Grenier, F., Wolff, S. B. E., Letzkus, J. J., Vlachos, I., et al. (2010). Encoding of conditioned fear in central amygdala inhibitory circuits. Nature 468, 277–282. doi: 10.1038/nature09559

Daniel, S. E., and Rainnie, D. G. (2016). Stress modulation of opposing circuits in the bed nucleus of the stria terminalis. Neuropsychopharmacology 41, 103–125. doi: 10.1038/npp.2015.178

Davis, M., Walker, D. L., Miles, L., and Grillon, C. (2010). Phasic vs sustained fear in rats and humans: Role of the extended amygdala in fear vs anxiety. Neuropsychopharmacology 35, 105–135. doi: 10.1038/npp.2009.109

de Faria, O., Gonsalvez, D. G., Nicholson, M., and Xiao, J. (2019). Activity-dependent central nervous system myelination throughout life. J. Neurochem. 148, 447–461. doi: 10.1111/jnc.14592

Dong, H. W., Petrovich, G. D., and Swanson, L. W. (2001a). Topography of projections from amygdala to bed nuclei of the stria terminalis. Brain Res. Rev. 38, 192–246. doi: 10.1016/S0165-0173(01)00079-0

Dong, H. W., Petrovich, G. D., Watts, A. G., and Swanson, L. W. (2001b). Basic organization of projections from the oval and fusiform nuclei of the bed nuclei of the stria terminalis in adult rat brain. J. Comp. Neurol. 436, 430–455. doi: 10.1002/cne.1079

Dunsmoor, J. E., and Paz, R. (2015). Fear generalization and anxiety: behavioral and neural mechanisms. Biol. Psychiatry 78, 336–343. doi: 10.1016/J.BIOPSYCH.2015.04.010

Fadok, J. P., Krabbe, S., Markovic, M., Courtin, J., Xu, C., Massi, L., et al. (2017). A competitive inhibitory circuit for selection of active and passive fear responses. Nature 542, 96–99. doi: 10.1038/nature21047

Fadok, J. P., Markovic, M., Tovote, P., and Lüthi, A. (2018). New perspectives on central amygdala function. Curr. Opin. Neurobiol. 49, 141–147. doi: 10.1016/j.conb.2018.02.009

Fields, R. D. (2015). A new mechanism of nervous system plasticity: activity-dependent myelination. Nat. Rev. Neurosci. 16, 756–767. doi: 10.1038/nrn4023

Fox, A. S., Oler, J. A., Tromp, D. P. M., Fudge, J. L., and Kalin, N. H. (2015). Extending the amygdala in theories of threat processing. Trends Neurosci. 38, 319–329. doi: 10.1016/j.tins.2015.03.002

Fox, A. S., and Shackman, A. J. (2019). The central extended amygdala in fear and anxiety: closing the gap between mechanistic and neuroimaging research. Neurosci. Lett. 693, 58–67. doi: 10.1016/j.neulet.2017.11.056

Gafford, G. M., and Ressler, K. J. (2016). Mouse models of fear-related disorders: cell-type-specific manipulations in amygdala. Neuroscience 321, 108–120. doi: 10.1016/j.neuroscience.2015.06.019

Goosens, K. A., and Maren, S. (2001). Contextual and auditory fear conditioning are mediated by the lateral, basal, and central amygdaloid nuclei in rats. Learn. Mem. 8, 148–155. doi: 10.1101/lm.37601

Gorka, A. X., Torrisi, S., Shackman, A. J., Grillon, C., and Ernst, M. (2018). Intrinsic functional connectivity of the central nucleus of the amygdala and bed nucleus of the stria terminalis. Neuroimage 168, 392–402. doi: 10.1016/j.neuroimage.2017.03.007

Gray, T. S., and Magnuson, D. J. (1992). Peptide immunoreactive neurons in the amygdala and the bed nucleus of the stria terminalis project to the midbrain central gray in the rat. Peptides 13, 451–460. doi: 10.1016/0196-9781(92)90074-D

Hartley, N. D., Gaulden, A. D., Báldi, R., Winters, N. D., Salimando, G. J., Rosas-Vidal, L. E., et al. (2019). Dynamic remodeling of a basolateral-to-central amygdala glutamatergic circuit across fear states. Nat. Neurosci. 22, 2000–2012. doi: 10.1038/s41593-019-0528-7

Haubensak, W., Kunwar, P. S., Cai, H., Ciocchi, S., Wall, N. R., Ponnusamy, R., et al. (2010). Genetic dissection of an amygdala microcircuit that gates conditioned fear. Nature 468, 270–276. doi: 10.1038/nature09553

Herman, J. P., Figueiredo, H., Mueller, N. K., Ulrich-Lai, Y., Ostrander, M. M., Choi, D. C., et al. (2003). Central mechanisms of stress integration: Hierarchical circuitry controlling hypothalamo-pituitary-adrenocortical responsiveness. Front. Neuroendocrinol. 24, 151–180. doi: 10.1016/j.yfrne.2003.07.001

Holmes, A., Kinney, J. W., Wrenn, C. C., Li, Q., Yang, R. J., Ma, L., et al. (2003). Galanin GAL-R1 receptor null mutant mice display increased anxiety-like behavior specific to the elevated plus-maze. Neuropsychopharmacol. 286, 1031–1044. doi: 10.1038/sj.npp.1300164

Huckleberry, K. A., Ferguson, L. B., and Drew, M. R. (2016). Behavioral mechanisms of context fear generalization in mice. Learn. Mem. 23, 703–709. doi: 10.1101/LM.042374.116

Hur, J., Smith, J. F., DeYoung, K. A., Anderson, A. S., Kuang, J., Kim, H. C., et al. (2020). Anxiety and the neurobiology of temporally uncertain threat anticipation. J. Neurosci. 40, 7949–7964. doi: 10.1523/JNEUROSCI.0704-20.2020

Itoi, K., Talukder, A. H., Fuse, T., Kaneko, T., Ozawa, R., Sato, T., et al. (2014). Visualization of corticotropin-releasing factor neurons by fluorescent proteins in the mouse brain and characterization of labeled neurons in the paraventricular nucleus of the hypothalamus. Endocrinology 155, 4054–4060. doi: 10.1210/en.2014-1182

Janak, P. H., and Tye, K. M. (2015). From circuits to behaviour in the amygdala. Nature 517, 284–292. doi: 10.1038/nature14188

Johnston, J. B. (1923). Further contributions to the study of the evolution of the forebrain. J. Comp. Neurol. 35, 337–481. doi: 10.1002/cne.900350502

Kawashima, T., Kitamura, K., Suzuki, K., Nonaka, M., Kamijo, S., Takemoto-Kimura, S., et al. (2013). Functional labeling of neurons and their projections using the synthetic activity-dependent promoter E-SARE. Nat. Methods 10, 889–895. doi: 10.1038/nmeth.2559

Kim, J., Zhang, X., Muralidhar, S., LeBlanc, S. A., and Tonegawa, S. (2017). Basolateral to central amygdala neural circuits for appetitive behaviors. Neuron 93, 1464–1479. doi: 10.1016/j.neuron.2017.02.034

Klumpers, F., Kroes, M. C. W., Baas, J. M. P., and Fernández, G. (2017). How human amygdala and bed nucleus of the stria terminalis may drive distinct defensive responses. J. Neurosci. 37, 9645–9656. doi: 10.1523/JNEUROSCI.3830-16.2017

Knight, L. K., and Depue, B. E. (2019). New frontiers in anxiety research: the translational potential of the bed nucleus of the stria terminalis. Front. Psychiatry 10:510. doi: 10.3389/fpsyt.2019.00510

Lebow, M. A., and Chen, A. (2016). Overshadowed by the amygdala: the bed nucleus of the stria terminalis emerges as key to psychiatric disorders. Mol. Psychiatry 21, 450–463. doi: 10.1038/mp.2016.1

Li, H., Penzo, M. A., Taniguchi, H., Kopec, C. D., Huang, Z. J., and Li, B. (2013). Experience-dependent modification of a central amygdala fear circuit. Nat. Neurosci. 16, 332–339. doi: 10.1038/nn.3322

McCullough, K. M., Morrison, F. G., Hartmann, J., Carlezon, W. A., and Ressler, K. J. (2018). Quantified coexpression analysis of central amygdala subpopulations. eNeuro 5:18. doi: 10.1523/ENEURO.0010-18.2018

Moga, M. M., Saper, C. B., and Gray, T. S. (1989). Bed nucleus of the stria terminalis: cytoarchitecture, immunohistochemistry, and projection to the parabrachial nucleus in the rat. J. Comp. Neurol. 283, 315–332. doi: 10.1002/cne.902830302

Palmiter, R. D. (2018). The parabrachial nucleus: CGRP neurons function as a general alarm. Trends Neurosci. 41, 280–293. doi: 10.1016/J.TINS.2018.03.007

Pan, S., Mayoral, S. R., Choi, H. S., Chan, J. R., and Kheirbek, M. A. (2020). Preservation of a remote fear memory requires new myelin formation. Nat. Neurosci. 23:582 doi: 10.1038/s41593-019-0582-1

Paxinos, G., and Franklin, K. B. J. (2012). Paxinos and Franklin’s the mouse brain in stereotaxic coordinates. 4th ed. Cambridge, MA: Academic Press.

Picelli, S., Faridani, O. R., Björklund, ÅK., Winberg, G., Sagasser, S., and Sandberg, R. (2014). Full-length RNA-seq from single cells using Smart-seq2. Nat. Protoc. 9, 171–181. doi: 10.1038/nprot.2014.006

Sanford, C. A., Soden, M. E., Baird, M. A., Miller, S. M., Schulkin, J., Palmiter, R. D., et al. (2017). A central amygdala CRF circuit facilitates learning about weak threats. Neuron 93, 164–178. doi: 10.1016/j.neuron.2016.11.034

Shimada, S., Inagaki, S., Kubota, Y., Ogawa, N., Shibasaki, T., and Takagi, H. (1989). Coexistence of peptides (corticotropin releasing factor/neurotensin and substance P/somatostatin) in the bed nucleus of the stria terminalis and central amygdaloid nucleus of the rat. Neuroscience 30, 377–383. doi: 10.1016/0306-4522(89)90259-5

Sullivan, G. M., Apergis, J., Bush, D. E. A., Johnson, L. R., Hou, M., and Ledoux, J. E. (2004). Lesions in the bed nucleus of the stria terminalis disrupt corticosterone and freezing responses elicited by a contextual but not by a specific cue-conditioned fear stimulus. Neuroscience 128, 7–14. doi: 10.1016/j.neuroscience.2004.06.015

Sylvers, P., Lilienfeld, S. O., and LaPrairie, J. L. (2011). Differences between trait fear and trait anxiety: Implications for psychopathology. Clin. Psychol. Rev. 31, 122–137. doi: 10.1016/j.cpr.2010.08.004

Takemoto-Kimura, S., Terai, H., Takamoto, M., Ohmae, S., Kikumura, S., Segi, E., et al. (2003). Molecular cloning and characterization of CLICK-III/CaMKIγ, a novel membrane-anchored neuronal Ca2+/calmodulin-dependent protein kinase (CaMK). J. Biol. Chem. 278, 18597–18605. doi: 10.1074/jbc.M300578200

Tovote, P., Fadok, J. P., and Lüthi, A. (2015). Neuronal circuits for fear and anxiety. Nat. Rev. Neurosci. 16, 317–331. doi: 10.1038/nrn3945

Wang, X., Zhang, Y., Wang, X., Dai, J., Hua, R., Zeng, S., et al. (2020). Anxiety-related cell-type-specific neural circuits in the anterior-dorsal bed nucleus of the stria terminalis. Sci. Bull. 65, 1203–1216. doi: 10.1016/j.scib.2020.03.028

Wang, Y., Kim, J. M., Schmit, M. B., Cho, T. S., Fang, C., and Cai, H. (2019). A bed nucleus of stria terminalis microcircuit regulating inflammation-associated modulation of feeding. Nat. Commun. 10, 1–13. doi: 10.1038/s41467-019-10715-x

Xin, W., and Chan, J. R. (2020). Myelin plasticity: sculpting circuits in learning and memory. Nat. Rev. Neurosci. 21, 682–694. doi: 10.1038/s41583-020-00379-8

Yamazaki, M., Hosokawa, M., Arikawa, K., Takahashi, K., Sakanashi, C., Yoda, T., et al. (2020). Effective microtissue RNA extraction coupled with Smart-seq2 for reproducible and robust spatial transcriptome analysis. Sci. Rep. 10, 1–8. doi: 10.1038/s41598-020-63495-6

Yassa, M. A., Hazlett, R. L., Stark, C. E. L., and Hoehn-Saric, R. (2012). Functional MRI of the amygdala and bed nucleus of the stria terminalis during conditions of uncertainty in generalized anxiety disorder. J. Psychiatr. Res. 46, 1045–1052. doi: 10.1016/j.jpsychires.2012.04.013

Ye, J., and Veinante, P. (2019). Cell-type specific parallel circuits in the bed nucleus of the stria terminalis and the central nucleus of the amygdala of the mouse. Brain Struct. Funct. 224, 1067–1095. doi: 10.1007/s00429-018-01825-1

Yoda, T., Hosokawa, M., Takahashi, K., Sakanashi, C., Takeyama, H., and Kambara, H. (2017). Site-specific gene expression analysis using an automated tissue micro-dissection punching system. Sci. Rep. 7, 1–11. doi: 10.1038/s41598-017-04616-6

Yu, K., Ahrens, S., Zhang, X., Schiff, H., Ramakrishnan, C., Fenno, L., et al. (2017). The central amygdala controls learning in the lateral amygdala. Nat. Neurosci. 20, 1680–1685. doi: 10.1038/s41593-017-0009-9

Zhang, W. H., Zhang, J. Y., Holmes, A., and Pan, B. X. (2021). Amygdala circuit substrates for stress adaptation and adversity. Biol. Psychiatry 89, 847–856. doi: 10.1016/j.biopsych.2020.12.026


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Ueda, Hosokawa, Arikawa, Takahashi, Fujiwara, Kakita, Fukada, Koyama, Horigane, Itoi, Kakeyama, Matsunaga, Takeyama, Bito and Takemoto-Kimura. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Distinctive Regulation of Emotional Behaviors and Fear-Related Gene Expression Responses in Two Extended Amygdala Subnuclei With Similar Molecular Profiles



		INTRODUCTION



		MATERIALS AND METHODS



		Mice



		Stereotaxic Viral Injection



		Behavioral Procedure



		Open Field Test



		Elevated Plus Maze Test



		Contextual and Cued Fear Conditioning Tests







		Antibodies and Reagents



		Immunohistochemistry



		Cell Counting



		Microtissue Collection for RNA-seq



		Extraction of mRNA and Preparation of cDNA Library



		RNA-Seq and Data Analysis



		Statistics







		RESULTS



		Inhibiting Neurotransmission of CeLPKCδ+ Neurons Attenuated Fear Learning, Whereas That of the BNSTovPKCδ+ Affected Anxiety-Like Behavior



		The CeL and the BNSTov Showed Similar Composition of Genetically Identified Cell Types



		Fluorescence-Assisted Subnuclei-Targeted Gene Expression Analysis Revealed Similar Constitutive Molecular Profiles of the CeL and the BNSTov



		The CeL and the BNSTov Displayed Distinctive Gene Expression Responses to Fear-Related Stimuli







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
frontiers _
In Molecular Neuroscience

Distinctive Regulation

of Emotional Behaviors

and Fear-Related Gene
Expression Responses in Two
Extended Amygdala Subnuclei
With Similar Molecular Profiles









OPS/images/fnmol-14-741895-g003.jpg
A Home cage Frozen brain Micropunch out
P

-

Prkcd-cre; Ail14

/ ——> RNA-seq

D
Prkcd-cre; Ai14
+0.20 mm

tdTomato
250 -
-1.50 mm






OPS/images/fnmol-14-741895-g004.jpg
4

2

2 0
|

Z2-Score
OBNSTov ©OCelL 0CeC

OBNSTfu
- MePD

OBNSTam
O Striatum

OCeM

OBLA

mﬁﬁﬁmm

L)

iy
el

1 _7

;_
?:_

é

__ in -E_‘E_ }Jh
| ___ |
| |

LI

___E_

I |

;___ﬁ ?Ehé___;7

=2 T

40

o

20

PC1

-20

40

20

-20

¢od

-40

-40
-60

OOOHN*mm:oE

J30 L#esnow

J90 g#esnowl
wnjeuls z#osnow
wnjeus ggesnowl
wnjeu}s” LFasnowl
<JmHN*aa:oE
viga_g#esnow
vig L#esnow
wejSNg c#esnow
WwejlSNg g#esnow
wejisSNg l#esnow
adeN Z#asnowl
naoilwlnomzoE
NJISNE c#esnow
NJISNG L#9snow
WeD zZ#esnow
Weo g#esnow
We) L#esnow
m..._coun*wn:oE
=190 _g#esnow
€-190 c#9snow
=190 c#esnouw

| 180 _L#esnow
n.._oo.u—%ow:o_:
¢-190 _L#esnow
N.._00|N&om=oE
¢-1890 g#esnow
N.>o._.wzm|~*0m:o_:
I-AOLSNE c#9snow
¢-AOLSNE g#dsnow
I-AOLSNE E#osnow
C-AOLSNE |#9sSnow
I-AOLSNE I#9Snow





OPS/images/logo.jpg
’ frontiers
in Molecular Neuroscience





OPS/images/fnmol-14-741895-g001.jpg
28

Day 0

Behavioral tests

Recovery & handling

| Cued test

ntextual
test

ICo

&

Fear
conditioning

|3

Elevated
plus maze

29

‘ Open field |

AAV injection

T

EPM

OF

AAV-EF10-DIO-mEGFP/-GFP-TeNT

i ,
CelL |

-1.50 mm

o
o O W <«
.~

(%) wae pasojo uy awiy

[«
OOO Onr QQO
%
© © © © © o
© ©® ® ¥ N
=
(%) wue uado ul awny
P
8 mr% .&A\G
" 4
%l o
9 ol o, R
o F; OO 01\‘0@
<
o o o o
(= (=] (=
o (=] o
© < N

(wo) pajaaes) asuejsiq

, \I
Prkcd-cre

4
|

Cued

Contextual

Conditioning

-
=
W ‘g
€
-4 @
* 2o o -6.0
%oo L °
o
ou_
® #
" Oﬁm- 600
o ¢ Q,
*Ifg (2
© © © © o o
S © ®© ¥ «
Buizaauy jo 9,
? o,
o o}
- oo % .\A\N\
*
x
%L o A‘.«,.e o, L ﬁ‘u\e
%
© © © © o o
o o © < o~
-
Buizaaiy jo 9,
o
0z
w (]
€+
o o
b o O O+ - &
eoo
—O—t—0— - y &
eo@
EOH |&H
zo@
..Qc.uﬂro
ooox
od- 2,
eoou
o O
%
! T T T T <Y
S8 838238 ° %

buizeaiy Jo o,

EPM

OF

AAV-EF1a-DIO-mEGFP/-GFP-TeNT

o
S ® ® ¥ N
i

(%) wue pasojo ul awi)

*

o
© ® © =
-

(%) wure uado ul awi)

© © @ o ©

(

6000+
000+
2000+

<t
wio) pajaAed} asuejsiq

g
=
2]
<
m

Prkcd-cre

E
4-
o
-
o
+

Cued

Contextual

Conditioning

CJ mEGFP
[ TeNT

o o0 w.% o380 o
o % GNU
[+] 00 000
o _m_ o

00
$
2 o,&
(o4
o

m [=] (=] (=] o
o o © < o
=
Buizaauy Jo o,
)
3 8o Sor ..\\v
(]
<
oo %inw 00 - o
QO@
%
© © © © © o
o ] ({e] <t N
=
Buizaaiy jo 9,
Ty
=
I
£+
o ©
HO=O— s
6.00
%
L] =
h.eQ
OO n.vN
%,00
%
O30 |
nv.oo
%
@ \4
)
<
] %
b
0«&\\0
©o © © © © o DN
o =] (L] < o~ v
-

Buizaauy jo 9,





OPS/images/fnmol-14-741895-g002.jpg
BNSTov CelL
+0.20 mr oy, | -1.50 m

BNSTov
20.0 + PKCo+
6.4%
37.5 =

2.3%

. Ssit+

PKC&+/Ssit+

—
— -— ’
o o — -

Other

PKCo+

. Crh+

PKC&+/Crh+

Other

Overlay





OPS/images/fnmol-14-741895-g005.jpg
Fear conditioning

Frozen brain Micropunch out

CS us !
"’)/ 24 hr e
: ﬁ (.ng—:}f:’"_’ “‘ ' ﬁ RNA-seq
Home cage *\§ , 77
Prkcd-cre; Ai14
Downregulate Upregulate
BNSTov BNSTov
19 45
BNSTfu BNSTfu
CelL CelL
19 51
BL BLA
CeM - CeM
BNSTov y=X
1.E+03 1.E+03
* DEGs for BNSTov (64)

. . * DEGs for CeL (70)
LT— P * DEGs for BNSTov/CeL (3)
S S
£ £
@ @
? 1.E+01 :+’ 1.E+01
0 7))
(&) (&)

1.E+00 E+00

1.E+00 1.E+01 1.E+02 1.E+03 1.E+00 1.E+01 1.E+02 1.E+03

structural constituent of myelin sheath (MF)
calcium ion binding (MF)

g
perinuclear region of cytoplasm
compact myelin (CC

myelin sheath adaxonal region (

central nervous system myelination |

central nervous system development

positive regulation of myelination

CS only {Ave.(CPM + 1)}

Downregulated DEGs in CeL (19)

protein binding, bridging (MF){ma
nucleotide binding (MF)jmm

cytoplasm (CC){mmm

CS only {Ave.(CPM+1)}

Downregulated DEGs in BNSTov (19)

delayed rectifier potassium channel activity (MF)
receptor binding (MF)
protein kinase binding (MF)

nuclear membrane (CC)

5 10
-logqo (p value)

o

Upregulated DEGs in CelL (54)

15 integral component of membrane (CC)
membrane (CC)
protein homooligomerization (BP)
0 5 10 15

-logo (p value)

Upregulated DEGs in BNSTov (48)

myelin sheath (C(
Golgi apparatus (CC

internode region of axon (
extracellular space (
membrane (

cell surface (
extracellular region (
paranode region of axon (
basal part of cell (

late endosome (

myelination {

substantia nigra development (
aging

axon ensheathment

response to toxic substance

axonogenesis
cell adhesion

neuron migration
axonal fasciculation

cC
CcC
CcC
CC
CcC
CcC
cC
CcC
cC

BP)
BP)
BP)
BP
BP
BP
BP
BP
BP
BP
BP
BP

retinoid metabolic process

BP)

aldehyde dehydrogenase (NAD) activity (MF)
protein complex (CC)

cellular lipid metabolic process (BP)
innervation (BP)
0 5 10 15

-logy, (p value)

TIIIIIIII|||“ LU I I|

10
-logy, (p value)

(=]
(4]

15





