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The basolateral amygdala plays pivotal roles in the regulation of fear and anxiety and these processes are profoundly modulated by different neuromodulatory systems that are recruited during emotional arousal. Recent studies suggest activities of BLA interneurons and inhibitory synaptic transmission in BLA principal cells are regulated by neuromodulators to influence the output and oscillatory network states of the BLA, and ultimately the behavioral expression of fear and anxiety. In this review, we first summarize a cellular mechanism of stress-induced anxiogenesis mediated by the interaction of glucocorticoid and endocannabinoid signaling at inhibitory synapses in the BLA. Then we discuss cell type-specific activity patterns induced by neuromodulators converging on the Gq signaling pathway in BLA perisomatic parvalbumin-expressing (PV) and cholecystokinin-expressing (CCK) basket cells and their effects on BLA network oscillations and fear learning.
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1 Introduction

Anxiety and fear-related disorders, characterized by maladaptive regulation of fear and excessive and unrestrained anxiety, are highly prevalent and debilitating mental illnesses with a life-time prevalence of ~14% around the world and billions of dollars of socio-economic burden (Kessler et al., 2009; Ressler, 2020). A deeper understanding of the cellular mechanisms underlying fear and anxiety disorders is required to develop better treatments. Among a broad and interconnected network of brain areas controlling fear and anxiety, the basolateral amygdala (BLA) plays a pivotal role in the regulation of both fear and anxiety, which are profoundly regulated by multiple neuromodulators, including norepinephrine, serotonin, acetylcholine, and endocannabinoids (Minor and Hunter, 2002; Lutz et al., 2015; Tovote et al., 2015; Giustino and Maren, 2018; Likhtik and Johansen, 2019). During emotional arousal, combinations of these neuromodulators act on their respective G protein-coupled receptors (GPCRs) to regulate the neuronal activity and network state of the BLA and ultimately the behavioral expression of fear and anxiety.

The BLA is a cortex-like structure in the limbic system based on its cellular composition. While the majority of the BLA neurons are glutamatergic principal cells orchestrating brain-wide responses through long-range projections, a smaller percentage of BLA neurons is comprised of highly diverse GABAergic inhibitory interneurons that tightly control the electrical activity of the principal cells in a temporally and spatially specific manner to regulate synaptic integration and shape synchronized oscillations of the BLA neural network (Wolff et al., 2014; Tovote et al., 2015; Davis et al., 2017; Krabbe et al., 2018; Fu et al., 2022). Based on their postsynaptic targets, BLA interneurons can be categorized into three broad types: (1) perisomatic inhibitory interneurons, including the cholecystokinin (CCK)-positive and parvalbumin (PV)-positive basket cells and axo-axonic cells, which selectively innervate the soma, proximal dendrites, and axonal initial segment of BLA principal neurons to effectively control spike timing; (2) dendritic inhibitory interneurons, comprised mainly of the somatostatin (SOM)-positive interneurons, which primarily synapse on the dendrites of principal cells to regulate synaptic integration; and (3) interneuron-selective interneurons, like the vasoactive intestinal peptide (VIP)-positive interneurons, which selectively target other interneurons to disinhibit the principal neurons. There are also SOM-positive inhibitory neurons in the BLA that are considered projection neurons rather than interneurons since they send long-range axons to other brain areas that communicate with the BLA (McDonald et al., 2012; McDonald and Zaric, 2015), and neurogliaform cells that are thought to signal mainly through volume transmission (Oláh et al., 2009; Mańko et al., 2012).

With the aid of cell type-specific recordings and manipulations, a large body of knowledge has contributed to our understanding of the role of different interneurons in the regulation of fear conditioning, which has been summarized in detail earlier (Ehrlich et al., 2009; Krabbe et al., 2018; Hájos, 2021). Accumulating evidence from recent studies also reveals that neuromodulation of these interneurons and inhibitory neurotransmission in the BLA profoundly impacts anxiety and fear learning. Recent studies from our group on neuromodulation of inhibitory synaptic transmission have revealed (1) endocannabinoid modulation of synaptic inhibition in the BLA that mediates acute anxiogenic actions of stress hormones, and (2) convergent actions of multiple neuromodulators on Gq G-protein signaling pathways to generate distinct stereotyped patterned outputs from the perisomatic basket cells that regulate fear expression. These studies reveal novel working principles of neuromodulatory systems and expand our understanding of how neuromodulation of inhibitory synaptic transmission in the BLA regulates fear and anxiety.



2 Stress-induced anxiogenesis mediated by endocannabinoid suppression of inhibition


2.1 Regulation of anxiety by synaptic inhibition in the BLA

Extensive human and animal studies have shown that hyperexcitability of the BLA promotes anxiety and anxiety-like behaviors through its cascade of connections with other fear-related structures including the central amygdala (CeA) and the bed nucleus of the stria terminalis (BNST) (Ressler, 2010; Tovote et al., 2015; Babaev et al., 2018). Although local inhibitory GABAergic interneurons only account for 22% of the total BLA neuron population (Viktória et al., 2021), a change in the level of inhibition in the BLA shifts the excitation-inhibition balance, leading to either hypo- or hyperactivity of the BLA and the subsequent increase or decrease in anxiety. It has been shown that acute ethanol in the BLA induces a PV interneuron-dependent increase in inhibitory synaptic transmission in BLA principal cells and reduces anxiety-like behaviors in male but not female rats (Soumyabrata et al., 2023). Moreover, rats that experience trauma-like high-intensity shock display desensitization to norepinephrine and serotonin facilitation of inhibitory synaptic transmission in the BLA (Braga et al., 2004; Jiang et al., 2009). Additionally, post-weaning isolation in juvenile rats, a model that increases anxiety levels in adulthood (Lukkes et al., 2009), leads to attenuated c-Fos expression in BLA PV interneurons compared with group-reared rats (Lukkes et al., 2012). These findings collectively indicate that inhibitory synaptic transmission in the BLA plays an important role in the regulation of anxiety-like behavior and suggest that dysregulated inhibition in the BLA may provide a neural mechanism of pathological anxiogenesis.



2.2 Endocannabinoid signaling in the BLA

Distinct from classical neurotransmitters (e.g., glutamate and GABA) and neuromodulators (e.g., norepinephrine, acetylcholine, and serotonin), endocannabinoids (eCBs), including anandamide (AEA) and 2-arachidonoylglycerol (2-AG), are not stored in synaptic vesicles but are synthesized and released on demand (Freund et al., 2003; Marsicano and Lutz, 2006). In the brain, released endocannabinoids travel retrogradely to bind to the type 1 cannabinoid (CB1) receptor on presynaptic terminals. CB1 receptors are typically coupled to the Gi/o signaling pathway and once activated, suppress the release of neurotransmitters at synapses via inhibition of calcium influx through voltage-gated calcium channels and suppression of the cAMP-PKA signaling pathway (Brown et al., 2003; Castillo et al., 2012). In the BLA, CB1 receptors are found to be expressed on glutamatergic terminals at a low level and on the GABAergic terminals of CCK basket cells at a high level (Katona et al., 2001; Yoshida et al., 2011). Interestingly, even though the CB1 receptors have similar efficacy at CCK basket cell synapses on BLA principal neurons projecting to the prelimbic (PL-PFC) and the infralimbic prefrontal cortex (IL-PFC), the higher level of expression of the 2-AG synthetic enzyme, diacylglycerol lipase α, in the IL-PFC-projecting BLA principal neurons endows pathway-specific regulation of the CCK basket cell-mediated inhibition, which may boost the activity of the BLA-to-IL-PFC pathway and facilitate extinction learning (Vogel et al., 2016). Depending on the type of synapse, eCB’s can either increase the excitability of BLA principal cells by suppressing GABA release or decrease excitability by inhibiting glutamate release. Consistent with the idea that general hyperactivity of the BLA promotes anxiety, forebrain deletion of CB1 receptors at GABA synapses decreases and deletion of CB1 receptors at glutamate synapses increases anxiety-like behaviors (Lafenêtre et al., 2009; Häring et al., 2011; Petrie et al., 2021), although the effect of knockout of CB1 receptors specifically in the BLA needs to be further tested.

Recent technical advances in circuit mapping, manipulation, and imaging have greatly facilitated our understanding of pathway-specific eCB modulation of BLA function in fear and anxiety. The principal neurons in the BLA are functionally heterogeneous and their roles can largely be defined by their projection targets. Accumulating evidence has revealed that the reciprocal connections between the BLA and the IL-PFC are critical for the extinction of fear memories, while the connections between the BLA and the PL-PFC promote sustained fear and anxiety-like behavior (Quirk and Mueller, 2008; Burgos-Robles et al., 2009, 2017; Sierra-Mercado et al., 2011; Felix-Ortiz et al., 2016). Consistent with this, a recent elegant study by Marcus et al. (2020) showed that exposure to acute stress across multiple modalities induced a persistent reduction in 2-AG-mediated suppression of excitatory synaptic transmission in the BLA-to-PL-PFC synapses, which caused stress-induced strengthening of the BLA-PL-PFC reciprocal circuit activity. Moreover, selective deletion of DAGLα in the PL-PFC or CB1 receptors in the PL-PFC-projecting BLA neurons augmented stress-induced anxiety (Marcus et al., 2020). In addition to the modulation of BLA synapses in the PL during stress exposure, eCBs are also recruited by optogenetic activation of the IL projections in the BLA, which facilitates fear memory extinction (Gunduz-Cinar et al., 2023). Intriguingly, using imaging of eCB dynamics with an eCB GRAB sensor in IL-PFC axon terminals in the BLA, it was shown that the eCBs are selectively mobilized at the offset of shock-associated cues, especially at the early phase of extinction training, which gradually subsides with repeated cue presentations in the later phase of extinction training. This suggests that high eCBs at IL-BLA synapses may encode unexpected shock omission at early extinction while a decreased level of eCBs after extinction training may disinhibit glutamatergic transmission between IL and BLA to promote extinction learning (Gunduz-Cinar et al., 2023).



2.3 Stress-induced suppression of inhibition promotes anxiety

Experimentally, endocannabinoids, particularly 2-AG, can be mobilized by strong depolarization of the postsynaptic neurons in brain slices to suppress the release of glutamate or GABA, a phenomenon known as depolarization-induced suppression of excitation (DSE) or inhibition (DSI), respectively (Wilson et al., 2001; Wilson and Nicoll, 2001; Castillo et al., 2012). It was recently shown in vivo that discharges of place cells in the hippocampal CA1 region also trigger 2-AG release, which suppresses CCK basket cell-mediated inhibition (Dudok et al., 2024). Under physiological conditions, stress, including acute restraint for 30 min, reliably elevates the level of 2-AG in the BLA in rodents (Patel et al., 2005; Hill and McEwen, 2009; Hill and Tasker, 2012). The stress-induced increase in 2-AG in the BLA shows a delayed time course that correlates to the rise in circulating glucocorticoids, suggesting an interaction between glucocorticoids and endocannabinoids (Hill et al., 2011; Petrie et al., 2021). Supporting this idea, it was shown that application of corticosterone or the synthetic glucocorticoid analog dexamethasone rapidly and reliably induced a long-lasting decrease in the frequency of miniature inhibitory postsynaptic currents (mIPSCs) recorded in BLA principal cells in brain slices, the effect of which was blocked by pre-application of the CB1 receptor antagonist SR141716 (Di et al., 2016). Given that the CB1 receptors are predominantly expressed in the axon terminals of CCK basket cells, it is likely that glucocorticoid-induced eCB synthesis modulates synaptic GABA transmission at CCK basket cell axons. Similar to glucocorticoid-induced eCB actions in the hypothalamus (Di et al., 2003; Tasker et al., 2006), this rapid effect is mediated by activation of a membrane-associated glucocorticoid receptor that signals via a G-protein signaling cascade, as it was blunted by blocking G-protein signaling and mimicked by bath application of a membrane-impermeant dexamethasone conjugate, but not by intracellular application of dexamethasone (Di et al., 2016). The dampened synaptic inhibition in BLA principal cells by glucocorticoid-mobilized eCB shifts the excitation-inhibition balance toward greater excitation, leading to a pro-anxiety state. Consistent with this, intra-BLA infusion of the CB1 receptor antagonist SR141716 or the 2-AG synthesis inhibitor tetrahydrolipstatin attenuated the stress-induced decrease in time in the center in an open field test (Di et al., 2016). Similarly, reducing the anandamide level in the BLA by overexpression of fatty acid amide hydrolase led to reduced anxiety-like behavior in male rats via a GABAA receptor-dependent mechanism, supporting an endocannabinoid modulatory role at inhibitory synapses in anxiety-like behaviors (Morena et al., 2019). Overall, neuromodulatory suppression of inhibition by functional interaction between glucocorticoids and endocannabinoids in the BLA provides a cellular mechanism for stress-related anxiogenesis.




3 Neuromodulatory regulation of PV and CCK inhibitory interneurons drives distinct neural activity patterns and oscillatory states in the BLA


3.1 Multiple neuromodulators are released in the BLA during emotional arousal

It is well established that the process of fear regulation is tightly controlled by neuromodulators including norepinephrine (NE), acetylcholine, and serotonin that carry information about emotional arousal and attention (McGaugh, 2004; Lee and Dan, 2012; Likhtik and Johansen, 2019). Anatomically, the BLA receives dense innervation by subcortical noradrenergic, serotonergic, and cholinergic afferents, which provides a circuit basis for the neuromodulation of BLA function (Kitt et al., 1994; Muller et al., 2007; Zhang et al., 2013; Schwarz et al., 2015; McCall et al., 2017; Crimmins et al., 2023). During stressful experiences, NE, acetylcholine, and serotonin are released in the BLA and a mixture of these neuromodulators bind to their cognate receptors on excitatory and inhibitory neurons to alter the neural activity and network state of the BLA (Rueter and Jacobs, 1996; Amat et al., 1998; McIntyre et al., 2002; Likhtik and Johansen, 2019; Kellis et al., 2020; Totty and Maren, 2022). In this section, we focus on the binding of these neuromodulators to their G protein-coupled receptors that leads to Gq neuromodulatory activation of BLA interneurons and we discuss the effect of this neuromodulation on BLA neural output and fear processing.

The Gq G protein comprises one of the four G-protein families of Gα subunits that form heterotrimeric G proteins with Gβ and Gγ subunits and interact with G protein-coupled receptors to transduce extracellular signals into intracellular signaling cascades (Kamato et al., 2015; Campbell and Smrcka, 2018). Conventionally, liganded Gq-coupled GPCRs activate phospholipase C to cleave phosphatidylinositol 4,5-bisphosphate into inositol 1,4,5-trisphosphate and diacylglycerol, which leads to an increase in intracellular [Ca2+], activation of protein kinase C, and, frequently, ion channel modulation and neuron activation (Huang et al., 2007; Kamato et al., 2015; Zhang et al., 2022). Recent discovery of the specific Gq protein inhibitors, YM-254890 and FR900359, which block the exchange of Gq from the inactive GDP-bound to the active GTP-bound state (Nishimura et al., 2010; Schrage et al., 2015), has greatly facilitated the study of Gq signaling in numerous cellular processes (Schrage et al., 2015; Kamato et al., 2017; Kostenis et al., 2020; Voss, 2023). In addition, the Gq-coupled designer receptor hM3D has been used extensively and reliably in neuroscience research to activate specific populations of neurons and to mimic the excitatory effect of native Gq-coupled G protein-coupled receptors, like the type 1 metabotropic glutamate receptors (Roth, 2016; Atasoy and Sternson, 2017). For a neuromodulator-activated neural response to be considered as Gq-dependent, minimum requirements are that (1) the response is completely blocked by a Gq inhibitor and (2) it is mimicked by activation of the exogenously expressed Gq-coupled designer receptor, hM3D.



3.2 Functional dichotomy of PV- and CCK-positive basket cells

Both PV-positive and CCK-positive basket cells selectively innervate and inhibit the perisomatic regions of hundreds of principal neurons to control the spike timing and synchronization of population neural activity (Freund and Katona, 2007; Vereczki et al., 2016; Veres et al., 2017). Yet, these two types of basket cells show very distinct properties in their biochemical compositions, synaptic connectivity, and involvement in neural oscillations (Freund and Katona, 2007; Armstrong and Soltesz, 2012). At synaptic terminals, P/Q-type calcium channels are activated in PV basket cells, whereas N-type calcium channels are activated in CCK basket cells to stimulate vesicular GABA release. Vesicular GABA release is strongly modulated by endocannabinoids in CCK basket cell terminals, but not in PV basket cell terminals, due to the high expression of CB1 receptors in CCK neurons, but not in PV neurons (Katona et al., 2001; Wilson et al., 2001; Yoshida et al., 2011; Rovira-Esteban et al., 2019). By virtue of abundant and selective expression of CB1 receptors on their axon terminals, CCK basket cells provide another level of modulation via DSI and G protein-coupled receptor-mediated eCB mobilization to sculpt circuit activity (Di et al., 2016; Dudok et al., 2024). At the circuit level, the PV basket cells in the BLA receive much denser glutamatergic input than the CCK basket cells, resulting in a more reliable activation by synaptic stimulation of the PV basket cells than of the CCK basket cells (Andrási et al., 2017). Field potential recordings of synchronous population activity in the hippocampus show that the CCK basket cells are more strongly coupled to theta oscillations, while the PV basket cells are more coupled to gamma oscillations (Hájos et al., 2004; Klausberger et al., 2005; Bartos et al., 2007). Additionally, PV cells were shown to be both necessary and sufficient for the generation of gamma oscillations as optogenetic activation and inhibition of PV cells induced and suppressed gamma oscillations, respectively (Cardin et al., 2009; Sohal et al., 2009). With a novel transgenic mouse line that selectively labeled CCK basket cells in the hippocampal CA1 region, Dudok et al. (2021) revealed that CCK and PV basket cells displayed opposing activities during spontaneous behaviors, with PV basket cells active and CCK basket cells inhibited when mice were locomotive, a pattern that was reversed when the mice were immobile. Moreover, recent studies have further demonstrated the functional dichotomy of the PV and CCK basket cells upon Gq neuromodulatory activation, which is discussed below.



3.3 Gq activation of PV cells induces phasic firing, which reduces gamma oscillations and facilitates fear expression

The PV-positive basket cells comprise 20% of the total number of interneurons in the BLA (Viktória et al., 2021) and have been shown to control spike generation in principal cells, modulate BLA network activity, and gate the process of fear learning (Wolff et al., 2014; Davis et al., 2017; Veres et al., 2017; Ozawa et al., 2020; Antonoudiou et al., 2022; Fu et al., 2022). In addition to activation by glutamatergic synaptic inputs, the PV cells in the BLA are also regulated by neuromodulators. We recently showed that selective activation of Gq-coupled designer receptors exclusively activated by designer drugs (hM3D DREADDs) in the PV cells induced a stereotypic bursting pattern of action potentials in the PV interneurons and a corresponding bursting pattern of inhibitory postsynaptic currents (IPSCs) in postsynaptic principal cells in the BLA (Figures 1A,B) (Fu et al., 2022). The IPSC bursts typically lasted for a few seconds and were repeated every 20–30 s, and continued for 10’s of minutes after washout of the designer drug. The patterned IPSC bursts were generated specifically by Gq activation, and not continuous depolarization of the PV cells, as sustained optogenetic stimulation of PV cells generated tonic, not phasic, IPSCs in the BLA principal cells. The patterned IPSC bursting input to spontaneously active postsynaptic neurons converted a tonic pattern to a phasic pattern of firing in the BLA principal neurons (Figure 1C). Consistent with each PV cell innervating the perisomatic region of hundreds of postsynaptic principal cells in the BLA (Vereczki et al., 2016), 68% of the recorded IPSC bursts were found to be synchronized between neighboring pairs of BLA principal cells (Figure 1D), suggesting a potential role of Gq neuromodulation of PV interneurons in the regulation of BLA oscillatory states.
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FIGURE 1
 Burst generation in BLA parvalbumin basket cells and principal neurons by neuromodulatory activation. (A) Left: schematic diagram of paired recording of principal neurons and PV neurons in the BLA. Middle: Continuous whole-cell recording of a principal neuron (PN) and loose-seal recording of a PV-expressing neuron (PV) during CNO activation of Gq-DREADDs in PV neurons. Right: Expanded recording of the IPSC burst in the principal neuron and the spike burst in the PV neuron shown by the asterisk. Shading shows the spike and IPSC bursts that are synchronized between the two cells. (B) Loose-seal patch clamp recording from a Gq-DREADD-transduced PV neuron showing the transition from tonic spiking to phasic spiking with the application of CNO. Lower traces are expansions of the designated periods of the upper trace. (C) Whole-cell current clamp recording of the voltage response in a principal neuron to Gq-DREADD activation of PV basket cells showing the phasic activity induced by bursting inputs from PV neuron(s). (D) Paired whole-cell voltage clamp recordings from two principal neurons during DREADD activation of PV neurons. Color-coded shading represents IPSC bursts that are synchronized between the two neurons. The different colored bursts were generated by different presynaptic PV neurons projecting to both cells. The red-shaded bursts were seen in only Cell #1, suggesting that the presynaptic PV neuron projected only to Cell #1 and not to Cell #2. (E) Whole-cell voltage clamp recording of the IPSC response to NE in a principal neuron. NE elicited an initial, single burst of IPSCs that was mediated by a CCK neuron input and a prolonged train of repetitive IPSC bursts that was mediated by a PV neuron input. The bottom trace is an expansion of one of the PV neuron-mediated bursts (designated by the arrow). Modified from Fu et al. (2022).


The Gq-mediated bursting pattern in PV basket cells raised the possibility that other neuromodulators can also stimulate the same activity through GPCRs coupled to Gq signaling pathways. Supporting this idea, application of norepinephrine (NE) (Figure 1E) and serotonin (5-HT) both induced repetitive bursts of IPSCs in the BLA principal cells via activation of Gq-coupled receptors. This effect was mediated by Gq activation in PV interneurons as it was eliminated by a selective Gq inhibitor YM-254890 and by blockade of PV neuron transmission with a P/Q-type calcium channel blocker (Fu et al., 2022). Furthermore, NE- and 5-HT-driven IPSC bursts were abolished by blocking α1A and 5-HT2A receptors, respectively, which are expressed in the BLA PV cells and conventionally activate Gq signaling (Hadcock and Malbon, 1993; Roth et al., 1998; Jiang et al., 2009; Fu et al., 2022). In the frontal cortex, activation of M1 muscarinic receptors known to couple to Gq also stimulated phasic bursts of IPSCs (Kondo and Kawaguchi, 2001). Therefore, different neuromodulatory systems recruited during emotional arousal can converge on the same intracellular signaling pathway and stimulate similar patterns of neural activity to achieve the desired brain state. That different neurotransmitters acting at different receptors can arrive at very similar endpoints by activating a common intracellular signaling pathway was surprising.

In the cortex and hippocampus, tonic PV neuron activity is critical for the generation of gamma oscillations, which was demonstrated by the activity of PV cells phase locked to the gamma cycle and by optogenetic activation and inhibition of PV neuron activity (Hájos et al., 2004; Bartos et al., 2007; Cardin et al., 2009; Sohal et al., 2009; Antonoudiou et al., 2022). As a corollary, disruption of tonic PV activity interferes with the generation of gamma oscillations. In brain slices, Gq activation in the PV cells transformed tonic PV spiking activity into phasic bursting, which in turn drove a phasic pattern of spiking activity in the postsynaptic BLA principal cells (Figures 1B–D) (Fu et al., 2022). Consistent with PV neuron tonic activity being instrumental in the generation of gamma oscillations, the transformation of PV activity to phasic firing by Gq activation via either chemogenetic or α1 adrenoreceptor activation reduced gamma power in the BLA both in ex vivo brain slices and in vivo (Fu et al., 2022).

Suppression of fast gamma oscillations has been shown to correlate with conditioned fear expression (Stujenske et al., 2014). Consistent with this, chemogenetic or α1A adrenergic receptor activation of Gq signaling in BLA PV interneurons potentiated the expression of conditioned fear (Fu et al., 2022). Thus, Gq signaling-induced bursting output of the PV interneurons serves as a novel convergent cellular mechanism for different neuromodulators to gate the switching of neural network and behavioral states during emotional arousal.



3.4 Gq activation in CCK basket cells induces rhythmic activity and enhances theta oscillation

Due to their expression of receptors for multiple neuromodulators, CCK basket cells have been proposed to integrate signals from subcortical neuromodulatory systems and to encode emotional states (Freund and Katona, 2007; Armstrong and Soltesz, 2012; Cea-del Rio et al., 2012). In contrast to the phasic IPSC bursting activity generated by α1A adrenoreceptor activation of Gq signaling in presynaptic PV cells, NE induced a tonic IPSC pattern in the BLA principal cells that was mediated by activation of presynaptic CCK basket cells since it was blocked by N-type calcium channel blockers and by CB1 receptor activation (Fu et al., 2022). Both the CCK and PV basket cell-mediated IPSCs were detected in the same BLA principal neurons, suggesting the activities of BLA principal cells are modulated by NE via both CCK and PV basket cells. The CCK basket cell-mediated IPSCs showed a stereotyped rhythmic frequency of ~4 Hz that was abolished by an α1A adrenoreceptor antagonist and by a selective Gq inhibitor, and was absent in the α1A receptor knockout mouse (Fu et al., 2022). Since CCK basket cell-mediated tonic IPSCs and PV basket cell-mediated phasic IPSCs were both stimulated by NE activation of α1A adrenoreceptors, the two distinct patterns of NE-induced IPSC outputs were likely generated by recruiting different G-protein signaling pathways or ion channel combinations in the PV and CCK basket cells. Overall, activation of Gq signaling through α1A adrenoreceptors stimulated distinct types of IPSC outputs from the two basket cell types in the BLA, with the CB1-expressing CCK-positive basket cells generating rhythmic IPSCs at theta frequency and the PV-positive basket cells generating a phasic bursting pattern of IPSCs. Interestingly, the bursting frequency of the PV basket cells corresponded to an infra-slow rhythm, although PV cell activation of infra-slow network oscillations in the BLA was not detected (Fu et al., 2022). These observations suggest that the CCK and PV basket cells differentially tune the oscillatory states of the BLA upon neuromodulatory activation and that the unique properties of the downstream Gq signaling in each cell type give rise to cell type-specific output patterns that further delineate the functional dichotomy of CCK and PV basket cells.

As with the Gq-mediated IPSC bursts in the PV interneurons, the CCK-type rhythmic IPSCs are not uniquely induced by a specific neuromodulator, but rather are generalizable to other neuromodulators that engage Gq signaling. One well-characterized exemplar neuromodulator that activates CCK basket cells is acetylcholine (ACh). The general cholinergic receptor agonist carbachol has been used for decades to induce theta oscillations in the hippocampus, which is largely mediated by inhibitory synaptic transmission and is sensitive to CB1 receptor activation and the muscarinic receptor antagonist atropine, suggesting the involvement of neuromodulatory activation of CCK basket cells in the theta rhythm generation (Reich et al., 2005; Alger et al., 2014; Nagode et al., 2014). Furthermore, optogenetic stimulation of cholinergic fibers induced rhythmic IPSCs in the theta range in both the hippocampus and the BLA (Nagode et al., 2011; Bratsch-Prince et al., 2023). Those IPSCs were also sensitive to CB1 receptor activation, by either DSI or CB1 agonist, and to optogenetic inhibition of CCK interneurons, confirming the involvement of CCK basket cells, as well as to a Gq-coupled cholinergic receptor (M3) antagonist (Nagode et al., 2011; Bratsch-Prince et al., 2023). At the circuit level, cholinergic activation of the CCK basket cells increases theta oscillatory power in both the BLA and hippocampus (Nagode et al., 2011; Vandecasteele et al., 2014; Bratsch-Prince et al., 2023). These results collectively suggest that the CCK basket cells generate distinct inhibitory outputs in response to Gq stimulation to modulate the theta oscillation of neural networks.

One major technical challenge to selectively labeling and manipulating the CCK basket cells to understand their functions stems from the heterogeneity of CCK-positive neurons. Since CCK or its preprohormone is also expressed at low levels in principal neurons (Taniguchi et al., 2011), an intersectional strategy combining CCK-Cre mouse line with either DLX viruses or a DLX5/6-FLPO mouse line allows specific labeling of the CCK interneurons (Dimidschstein et al., 2016; Vogel et al., 2016; Rovira-Esteban et al., 2019). However, the CCK interneurons labelled via these intersectional strategies showed poor selectivity for the CB1-positive CCK basket cells, as PV basket cells, axo-axonic cells, and neurogliaform cells were also labeled (Rovira-Esteban et al., 2019; Grieco et al., 2023). Although optogenetic activation of CCK interneurons overall facilitated fear extinction (Rovira-Esteban et al., 2019), the function of CCK basket cells in fear processing still remains elusive. Benefiting from transcriptomic analyses of cortical interneurons, the Scng-Flpo transgenic mouse line was engineered to label the CCK basket cells with superior specificity (Dudok et al., 2021). Future studies utilizing the Scng-Flpo line or other methods to selectively manipulate CCK basket cells in the BLA will provide invaluable insights into the roles of CCK basket cells and neuromodulation-mediated theta oscillation in fear memory formation.




4 Conclusion

Neuromodulatory Gq activation in perisomatic PV-positive and CCK-positive basket cells stimulates cell type-specific patterns of inhibitory postsynaptic currents in BLA principal neurons (Figure 2). These distinct patterns of activation are not unique to one neurotransmitter or one receptor subtype, but rather represent a generalizable cellular mechanism for neuromodulation by multiple neurotransmitters to tune the BLA oscillatory network state and behavioral expression of fear. The unique patterns of activity induced by Gq activation in the PV and CCK basket cells further define the capacity of these two inhibitory basket cell types to differentially control the population output of the BLA, and point to the importance of the different patterns of perisomatic inhibitory inputs in determining BLA output. Gq-coupled DREADDs have been used extensively as a tool to test the causal role of activation of neurons of interest in behavior and physiology, assuming a general increase of the excitability and neural activity of the infected cells. However, caution needs to be exercised in interpreting the results as Gq neuromodulation of the cells may introduce a pattern of neural network activation beyond a simple enhancement of activity, which may reveal the function of the activated circuits within different operational modes.
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FIGURE 2
 Model of regulation of BLA network activity and fear learning via neuromodulation of CCK and PV basket cells. Activation of Gq-coupled receptors on CCK and PV basket cells stimulates CB1R-sensitive, rhythmic IPSCs and repetitive, high-frequency bursts of IPSCs in the BLA principal cells. These distinct patterns of synaptic input, respectively, enhance theta oscillations and suppress gamma oscillations in the BLA network. The Gq neuromodulatory activation of PV interneurons facilitates fear memory formation; the effect of Gq neuromodulatory activation of CCK basket cells on fear learning remains to be determined.




Author contributions

XF: Conceptualization, Formal analysis, Writing – original draft, Writing – review & editing. JT: Conceptualization, Funding acquisition, Project administration, Resources, Supervision, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. Studies and salaries supported by NIH grants R01 MH119283 and R01 MH104373. Publishing costs supported by Southeast Louisiana Veteran’s Administration grant I01 BX005118.



Acknowledgments

We would like to thank Laura Harrison for her many contributions to this work.



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.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



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.



References

 Alger, B. E., Nagode, D. A., and Tang, A.-H. (2014). Muscarinic cholinergic receptors modulate inhibitory synaptic rhythms in hippocampus and neocortex. Front. Synaptic Neurosci. 6:18. doi: 10.3389/fnsyn.2014.00018 

 Amat, J., Matus-Amat, P., Watkins, L. R., and Maier, S. F. (1998). Escapable and inescapable stress differentially alter extracellular levels of 5-HT in the basolateral amygdala of the rat. Brain Res. 812, 113–120. doi: 10.1016/S0006-8993(98)00960-3

 Andrási, T., Veres, J. M., Rovira-Esteban, L., Kozma, R., Vikór, A., Gregori, E., et al. (2017). Differential excitatory control of 2 parallel basket cell networks in amygdala microcircuits. PLoS Biol. 15:e2001421. doi: 10.1371/journal.pbio.2001421 

 Antonoudiou, P., Colmers, P. L. W., Walton, N. L., Weiss, G. L., Smith, A. C., Nguyen, D. P., et al. (2022). Allopregnanolone mediates affective switching through modulation of oscillatory states in the basolateral amygdala. Biol. Psychiatry 91, 283–293. doi: 10.1016/j.biopsych.2021.07.017 

 Armstrong, C., and Soltesz, I. (2012). Basket cell dichotomy in microcircuit function. J. Physiol. 590, 683–694. doi: 10.1113/jphysiol.2011.223669 

 Atasoy, D., and Sternson, S. M. (2017). Chemogenetic tools for causal cellular and neuronal biology. Physiol. Rev. 98, 391–418. doi: 10.1152/physrev.00009.2017

 Babaev, O., Piletti Chatain, C., and Krueger-Burg, D. (2018). Inhibition in the amygdala anxiety circuitry. Exp. Mol. Med. 50, 1–16. doi: 10.1038/s12276-018-0063-8 

 Bartos, M., Vida, I., and Jonas, P. (2007). Synaptic mechanisms of synchronized gamma oscillations in inhibitory interneuron networks. Nat. Rev. Neurosci. 8, 45–56. doi: 10.1038/nrn2044 

 Braga, M. F. M., Aroniadou-Anderjaska, V., Manion, S. T., Hough, C. J., and Li, H. (2004). Stress impairs α1A adrenoceptor-mediated noradrenergic facilitation of GABAergic transmission in the basolateral amygdala. Neuropsychopharmacology 29, 45–58. doi: 10.1038/sj.npp.1300297 

 Bratsch-Prince, J. X., Warren, J. W., Jones, G. C., McDonald, A. J., and Mott, D. D. (2023). Acetylcholine engages distinct amygdala microcircuits to gate internal theta rhythm. J. Neurosci. Res. 44:e1568232024. doi: 10.1523/JNEUROSCI.1568-23.2024

 Brown, S. P., Brenowitz, S. D., and Regehr, W. G. (2003). Brief presynaptic bursts evoke synapse-specific retrograde inhibition mediated by endogenous cannabinoids. Nat. Neurosci. 6, 1048–1057. doi: 10.1038/nn1126 

 Burgos-Robles, A., Kimchi, E. Y., Izadmehr, E. M., Porzenheim, M. J., Ramos-Guasp, W. A., Nieh, E. H., et al. (2017). Amygdala inputs to prefrontal cortex guide behavior amid conflicting cues of reward and punishment. Nat. Neurosci. 20, 824–835. doi: 10.1038/nn.4553 

 Burgos-Robles, A., Vidal-Gonzalez, I., and Quirk, G. J. (2009). Sustained conditioned responses in Prelimbic prefrontal neurons are correlated with fear expression and extinction failure. J. Neurosci. 29, 8474–8482. doi: 10.1523/JNEUROSCI.0378-09.2009 

 Campbell, A. P., and Smrcka, A. V. (2018). Targeting G protein-coupled receptor signalling by blocking G proteins. Nat. Rev. Drug Discov. 17, 789–803. doi: 10.1038/nrd.2018.135 

 Cardin, J. A., Carlén, M., Meletis, K., Knoblich, U., Zhang, F., Deisseroth, K., et al. (2009). Driving fast-spiking cells induces gamma rhythm and controls sensory responses. Nature 459, 663–667. doi: 10.1038/nature08002 

 Castillo, P. E., Younts, T. J., Chávez, A. E., and Hashimotodani, Y. (2012). Endocannabinoid signaling and synaptic function. Neuron 76, 70–81. doi: 10.1016/j.neuron.2012.09.020 

 Cea-del Rio, C. A., McBain, C. J., and Pelkey, K. A. (2012). An update on cholinergic regulation of cholecystokinin-expressing basket cells. J. Physiol. 590, 695–702. doi: 10.1113/jphysiol.2011.225342 

 Crimmins, B. E., Lingawi, N. W., Chieng, B. C., Leung, B. K., Maren, S., and Laurent, V. (2023). Basal forebrain cholinergic signaling in the basolateral amygdala promotes strength and durability of fear memories. Neuropsychopharmacology 48, 605–614. doi: 10.1038/s41386-022-01427-w 

 Davis, P., Zaki, Y., Maguire, J., and Reijmers, L. G. (2017). Cellular and oscillatory substrates of fear extinction learning. Nat. Neurosci. 20, 1624–1633. doi: 10.1038/nn.4651 

 Di, S., Itoga, C. A., Fisher, M. O., Solomonow, J., Roltsch, E. A., Gilpin, N. W., et al. (2016). Acute stress suppresses synaptic inhibition and increases anxiety via endocannabinoid release in the basolateral amygdala. J. Neurosci. 36, 8461–8470. doi: 10.1523/JNEUROSCI.2279-15.2016 

 Di, S., Malcher-Lopes, R., Halmos, K. C., and Tasker, J. G. (2003). Non-genomic glucocorticoid inhibition via endocannabinoid release in the hypothalamus: a fast feedback mechanism. J. Neurosci. 23, 4850–4857. doi: 10.1523/JNEUROSCI.23-12-04850.2003 

 Dimidschstein, J., Chen, Q., Tremblay, R., Rogers, S. L., Saldi, G.-A., Guo, L., et al. (2016). A viral strategy for targeting and manipulating interneurons across vertebrate species. Nat. Neurosci. 19, 1743–1749. doi: 10.1038/nn.4430 

 Dudok, B., Fan, L. Z., Farrell, J. S., Malhotra, S., Homidan, J., Kim, D. K., et al. (2024). Retrograde endocannabinoid signaling at inhibitory synapses in vivo. Science 383, 967–970. doi: 10.1126/science.adk3863 

 Dudok, B., Klein, P. M., Hwaun, E., Lee, B. R., Yao, Z., Fong, O., et al. (2021). Alternating sources of perisomatic inhibition during behavior. Neuron 109, 997–1012.e9. doi: 10.1016/j.neuron.2021.01.003 

 Ehrlich, I., Humeau, Y., Grenier, F., Ciocchi, S., Herry, C., and Lüthi, A. (2009). Amygdala inhibitory circuits and the control of fear memory. Neuron 62, 757–771. doi: 10.1016/j.neuron.2009.05.026 

 Felix-Ortiz, A. C., Burgos-Robles, A., Bhagat, N. D., Leppla, C. A., and Tye, K. M. (2016). Bidirectional modulation of anxiety-related and social behaviors by amygdala projections to the medial prefrontal cortex. Neuroscience 321, 197–209. doi: 10.1016/j.neuroscience.2015.07.041 

 Freund, T. F., and Katona, I. (2007). Perisomatic inhibition. Neuron 56, 33–42. doi: 10.1016/j.neuron.2007.09.012 

 Freund, T. F., Katona, I., and Piomelli, D. (2003). Role of endogenous cannabinoids in synaptic signaling. Physiol. Rev. 83, 1017–1066. doi: 10.1152/physrev.00004.2003 

 Fu, X., Teboul, E., Weiss, G. L., Antonoudiou, P., Borkar, C. D., Fadok, J. P., et al. (2022). Gq neuromodulation of BLA parvalbumin interneurons induces burst firing and mediates fear-associated network and behavioral state transition in mice. Nat. Commun. 13:1290. doi: 10.1038/s41467-022-28928-y

 Giustino, T. F., and Maren, S. (2018). Noradrenergic modulation of fear conditioning and extinction. Front. Behav. Neurosci. 12:43. doi: 10.3389/fnbeh.2018.00043

 Grieco, S. F., Johnston, K. G., Gao, P., Garduño, B. M., Tang, B., Yi, E., et al. (2023). Anatomical and molecular characterization of parvalbumin-cholecystokinin co-expressing inhibitory interneurons: implications for neuropsychiatric conditions. Mol. Psychiatry 28, 5293–5308. doi: 10.1038/s41380-023-02153-5 

 Gunduz-Cinar, O., Castillo, L. I., Xia, M., Van Leer, E., Brockway, E. T., Pollack, G. A., et al. (2023). A cortico-amygdala neural substrate for endocannabinoid modulation of fear extinction. Neuron 111, 3053–3067.e10. doi: 10.1016/j.neuron.2023.06.023 

 Hadcock, J. R., and Malbon, C. C. (1993). Agonist regulation of gene expression of adrenergic receptors and G proteins. J. Neurochem. 60, 1–9. doi: 10.1111/j.1471-4159.1993.tb05816.x 

 Hájos, N. (2021). Interneuron types and their circuits in the basolateral amygdala. Front. Neural Circuit. 15:687257. doi: 10.3389/fncir.2021.687257 

 Hájos, N., Pálhalmi, J., Mann, E. O., Németh, B., Paulsen, O., and Freund, T. F. (2004). Spike timing of distinct types of GABAergic interneuron during hippocampal gamma oscillations in vitro. J. Neurosci. 24, 9127–9137. doi: 10.1523/JNEUROSCI.2113-04.2004 

 Häring, M., Kaiser, N., Monory, K., and Lutz, B. (2011). Circuit specific functions of cannabinoid CB1 receptor in the balance of investigatory drive and exploration. PLoS One 6:e26617. doi: 10.1371/journal.pone.0026617 

 Hill, M. N., and McEwen, B. S. (2009). Endocannabinoids: the silent partner of glucocorticoids in the synapse. Proc. Natl. Acad. Sci. 106, 4579–4580. doi: 10.1073/pnas.0901519106 

 Hill, M. N., McLaughlin, R. J., Pan, B., Fitzgerald, M. L., Roberts, C. J., Lee, T. T.-Y., et al. (2011). Recruitment of prefrontal cortical endocannabinoid signaling by glucocorticoids contributes to termination of the stress response. J. Neurosci. 31, 10506–10515. doi: 10.1523/JNEUROSCI.0496-11.2011 

 Hill, M. N., and Tasker, J. G. (2012). Endocannabinoid signaling, glucocorticoid-mediated negative feedback, and regulation of the hypothalamic-pituitary-adrenal axis. Neuroscience 204, 5–16. doi: 10.1016/j.neuroscience.2011.12.030 

 Huang, H., and van den Pol, A. N. (2007). Rapid direct excitation and long-lasting enhancement of NMDA response by group I metabotropic glutamate receptor activation of hypothalamic melanin-concentrating hormone neurons. J. Neurosci. 27, 11560–11572. doi: 10.1523/JNEUROSCI.2147-07.2007 

 Jiang, X., Xing, G., Yang, C., Verma, A., Zhang, L., and Li, H. (2009). Stress impairs 5-HT2A receptor-mediated serotonergic facilitation of GABA release in juvenile rat basolateral amygdala. Neuropsychopharmacology 34, 410–423. doi: 10.1038/npp.2008.71 

 Kamato, D., Mitra, P., Davis, F., Osman, N., Chaplin, R., Cabot, P. J., et al. (2017). Gaq proteins: molecular pharmacology and therapeutic potential. Cell. Mol. Life Sci. 74, 1379–1390. doi: 10.1007/s00018-016-2405-9 

 Kamato, D., Thach, L., Bernard, R., Chan, V., Zheng, W., Kaur, H., et al. (2015). Structure, function, pharmacology, and therapeutic potential of the G protein, Gα/q,11. Front. Cardiovasc. Med. 2:14. doi: 10.3389/fcvm.2015.00014 

 Katona, I., Rancz, E. A., Acsády, L., Ledent, C., Mackie, K., Hájos, N., et al. (2001). Distribution of CB1 cannabinoid receptors in the amygdala and their role in the control of GABAergic transmission. J. Neurosci. 21, 9506–9518. doi: 10.1523/JNEUROSCI.21-23-09506.2001 

 Kellis, D. M., Kaigler, K. F., Witherspoon, E., Fadel, J. R., and Wilson, M. A. (2020). Cholinergic neurotransmission in the basolateral amygdala during cued fear extinction. Neurobiol Stress 13:100279. doi: 10.1016/j.ynstr.2020.100279 

 Kessler, R. C., Aguilar-Gaxiola, S., Alonso, J., Chatterji, S., Lee, S., and Ustün, T. B. (2009). The WHO world mental health (WMH) surveys. Psychiatrie 6, 5–9.

 Kitt, C. A., Höhmann, C., Coyle, J. T., and Price, D. L. (1994). Cholinergic innervation of mouse forebrain structures. J. Comp. Neurol. 341, 117–129. doi: 10.1002/cne.903410110 

 Klausberger, T., Marton, L. F., O'Neill, J., Huck, J. H. J., Dalezios, Y., Fuentealba, P., et al. (2005). Complementary roles of cholecystokinin- and Parvalbumin-expressing GABAergic neurons in hippocampal network oscillations. J. Neurosci. 25, 9782–9793. doi: 10.1523/JNEUROSCI.3269-05.2005 

 Kondo, S., and Kawaguchi, Y. (2001). Slow synchronized bursts of inhibitory postsynaptic currents (0.1–0.3 Hz) by cholinergic stimulation in the rat frontal cortex in vitro. Neuroscience 107, 551–560. doi: 10.1016/S0306-4522(01)00388-8 

 Kostenis, E., Pfeil, E. M., and Annala, S. (2020). Heterotrimeric G<sub>q</sub> proteins as therapeutic targets? J. Biol. Chem. 295, 5206–5215. doi: 10.1074/jbc.REV119.007061 

 Krabbe, S., Gründemann, J., and Lüthi, A. (2018). Amygdala inhibitory circuits regulate associative fear conditioning. Biol. Psychiatry 83, 800–809. doi: 10.1016/j.biopsych.2017.10.006 

 Lafenêtre, P., Chaouloff, F., and Marsicano, G. (2009). Bidirectional regulation of novelty-induced behavioral inhibition by the endocannabinoid system. Neuropharmacology 57, 715–721. doi: 10.1016/j.neuropharm.2009.07.014

 Lee, S.-H., and Dan, Y. (2012). Neuromodulation of brain states. Neuron 76, 209–222. doi: 10.1016/j.neuron.2012.09.012 

 Likhtik, E., and Johansen, J. P. (2019). Neuromodulation in circuits of aversive emotional learning. Nat. Neurosci. 22, 1586–1597. doi: 10.1038/s41593-019-0503-3 

 Lukkes, J. L., Burke, A. R., Zelin, N. S., Hale, M. W., and Lowry, C. A. (2012). Post-weaning social isolation attenuates c-Fos expression in GABAergic interneurons in the basolateral amygdala of adult female rats. Physiol. Behav. 107, 719–725. doi: 10.1016/j.physbeh.2012.05.007 

 Lukkes, J. L., Mokin, M. V., Scholl, J. L., and Forster, G. L. (2009). Adult rats exposed to early-life social isolation exhibit increased anxiety and conditioned fear behavior, and altered hormonal stress responses. Horm. Behav. 55, 248–256. doi: 10.1016/j.yhbeh.2008.10.014 

 Lutz, B., Marsicano, G., Maldonado, R., and Hillard, C. J. (2015). The endocannabinoid system in guarding against fear, anxiety and stress. Nat. Rev. Neurosci. 16, 705–718. doi: 10.1038/nrn4036 

 Mańko, M., Bienvenu, T. C. M., Dalezios, Y., and Capogna, M. (2012). Neurogliaform cells of amygdala: a source of slow phasic inhibition in the basolateral complex. J. Physiol. 590, 5611–5627. doi: 10.1113/jphysiol.2012.236745 

 Marcus, D. J., Bedse, G., Gaulden, A. D., Ryan, J. D., Kondev, V., Winters, N. D., et al. (2020). Endocannabinoid signaling collapse mediates stress-induced Amygdalo-cortical strengthening. Neuron 105, 1062–1076.e6. doi: 10.1016/j.neuron.2019.12.024 

 Marsicano, G., and Lutz, B. (2006). Neuromodulatory functions of the endocannabinoid system. J. Endocrinol. Investig. 29, 27–46.

 McCall, J. G., Siuda, E. R., Bhatti, D. L., Lawson, L. A., McElligott, Z. A., Stuber, G. D., et al. (2017). Locus coeruleus to basolateral amygdala noradrenergic projections promote anxiety-like behavior. eLife 6:e18247. doi: 10.7554/eLife.18247 

 McDonald, A. J., Mascagni, F., and Zaric, V. (2012). Subpopulations of somatostatin-immunoreactive non-pyramidal neurons in the amygdala and adjacent external capsule project to the basal forebrain: evidence for the existence of GABAergic projection neurons in the cortical nuclei and basolateral nuclear complex. Front Neural Circuits 6:46. doi: 10.3389/fncir.2012.00046

 McDonald, A. J., and Zaric, V. (2015). GABAergic somatostatin-immunoreactive neurons in the amygdala project to the entorhinal cortex. Neuroscience 290, 227–242. doi: 10.1016/j.neuroscience.2015.01.028 

 McGaugh, J. L. (2004). The amygdala modulates the consolidation of memories of emotionally arousing experiences. Annu. Rev. Neurosci. 27, 1–28. doi: 10.1146/annurev.neuro.27.070203.144157 

 McIntyre, C. K., Hatfield, T., and McGaugh, J. L. (2002). Amygdala norepinephrine levels after training predict inhibitory avoidance retention performance in rats. Eur. J. Neurosci. 16, 1223–1226. doi: 10.1046/j.1460-9568.2002.02188.x 

 Minor, T. R., and Hunter, A. M. (2002). Stressor controllability and learned helplessness research in the United States: sensitization and fatigue processes. Integr. Physiol. Behav. Sci. 37, 44–58. doi: 10.1007/BF02688805 

 Morena, M., Aukema, R. J., Leitl, K. D., Rashid, A. J., Vecchiarelli, H. A., Josselyn, S. A., et al. (2019). Upregulation of anandamide hydrolysis in the basolateral complex of amygdala reduces fear memory expression and indices of stress and anxiety. J. Neurosci. 39, 1275–1292. doi: 10.1523/JNEUROSCI.2251-18.2018 

 Muller, J. F., Mascagni, F., and McDonald, A. J. (2007). Serotonin-immunoreactive axon terminals innervate pyramidal cells and interneurons in the rat basolateral amygdala. J. Comp. Neurol. 505, 314–335. doi: 10.1002/cne.21486 

 Nagode, D. A., Tang, A.-H., Karson, M. A., Klugmann, M., and Alger, B. E. (2011). Optogenetic release of ACh induces rhythmic bursts of Perisomatic IPSCs in Hippocampus. PLoS One 6:e27691. doi: 10.1371/journal.pone.0027691 

 Nagode, D. A., Tang, A.-H., Yang, K., and Alger, B. E. (2014). Optogenetic identification of an intrinsic cholinergically driven inhibitory oscillator sensitive to cannabinoids and opioids in hippocampal CA1. J. Physiol. 592, 103–123. doi: 10.1113/jphysiol.2013.257428 

 Nishimura, A., Kitano, K., Takasaki, J., Taniguchi, M., Mizuno, N., Tago, K., et al. (2010). Structural basis for the specific inhibition of heterotrimeric Gq protein by a small molecule. Proc. Natl. Acad. Sci. 107, 13666–13671. doi: 10.1073/pnas.1003553107 

 Oláh, S., Füle, M., Komlósi, G., Varga, C., Báldi, R., Barzó, P., et al. (2009). Regulation of cortical microcircuits by unitary GABA-mediated volume transmission. Nature 461, 1278–1281. doi: 10.1038/nature08503 

 Ozawa, M., Davis, P., Ni, J., Maguire, J., Papouin, T., and Reijmers, L. (2020). Experience-dependent resonance in amygdalo-cortical circuits supports fear memory retrieval following extinction. Nat. Commun. 11:4358. doi: 10.1038/s41467-020-18199-w

 Patel, S., Roelke, C. T., Rademacher, D. J., and Hillard, C. J. (2005). Inhibition of restraint stress-induced neural and behavioural activation by endogenous cannabinoid signalling. Eur. J. Neurosci. 21, 1057–1069. doi: 10.1111/j.1460-9568.2005.03916.x 

 Petrie, G. N., Nastase, A. S., Aukema, R. J., and Hill, M. N. (2021). Endocannabinoids, cannabinoids and the regulation of anxiety. Neuropharmacology 195:108626. doi: 10.1016/j.neuropharm.2021.108626 

 Quirk, G. J., and Mueller, D. (2008). Neural mechanisms of extinction learning and retrieval. Neuropsychopharmacology 33, 56–72. doi: 10.1038/sj.npp.1301555 

 Reich, C. G., Karson, M. A., Karnup, S. V., Jones, L. M., and Alger, B. E. (2005). Regulation of IPSP Theta rhythm by muscarinic receptors and endocannabinoids in Hippocampus. J. Neurophysiol. 94, 4290–4299. doi: 10.1152/jn.00480.2005 

 Ressler, K. J. (2010). Amygdala activity, fear, and anxiety: modulation by stress. Biol. Psychiatry 67, 1117–1119. doi: 10.1016/j.biopsych.2010.04.027 

 Ressler, K. J. (2020). Translating across circuits and genetics toward Progress in fear- and anxiety-related disorders. Am. J. Psychiatry 177, 214–222. doi: 10.1176/appi.ajp.2020.20010055 

 Roth, B. L. (2016). DREADDs for neuroscientists. Neuron 89, 683–694. doi: 10.1016/j.neuron.2016.01.040 

 Roth, B. L., Berry, S. A., Kroeze, W. K., Willins, D. L., and Kristiansen, K. (1998). Serotonin 5-HT2A receptors: molecular biology and mechanisms of regulation. Crit. Rev. Neurobiol. 12, 319–338. doi: 10.1615/CritRevNeurobiol.v12.i4.30 

 Rovira-Esteban, L., Gunduz-Cinar, O., Bukalo, O., Limoges, A., Brockway, E., Müller, K., et al. (2019). Excitation of diverse classes of cholecystokinin interneurons in the basal amygdala facilitates fear extinction. eNeuro 6:ENEURO.0220-0219.2019. doi: 10.1523/eneuro.0220-19.2019

 Rueter, L. E., and Jacobs, B. L. (1996). A microdialysis examination of serotonin release in the rat forebrain induced by behavioral/environmental manipulations. Brain Res. 739, 57–69. doi: 10.1016/S0006-8993(96)00809-8

 Schrage, R., Schmitz, A.-L., Gaffal, E., Annala, S., Kehraus, S., Wenzel, D., et al. (2015). The experimental power of FR900359 to study Gq-regulated biological processes. Nat. Commun. 6:10156. doi: 10.1038/ncomms10156

 Schwarz, L. A., Miyamichi, K., Gao, X. J., Beier, K. T., Weissbourd, B., DeLoach, K. E., et al. (2015). Viral-genetic tracing of the input–output organization of a central noradrenaline circuit. Nature 524, 88–92. doi: 10.1038/nature14600 

 Sierra-Mercado, D., Padilla-Coreano, N., and Quirk, G. J. (2011). Dissociable roles of Prelimbic and infralimbic cortices, ventral Hippocampus, and basolateral amygdala in the expression and extinction of conditioned fear. Neuropsychopharmacology 36, 529–538. doi: 10.1038/npp.2010.184 

 Sohal, V. S., Zhang, F., Yizhar, O., and Deisseroth, K. (2009). Parvalbumin neurons and gamma rhythms enhance cortical circuit performance. Nature 459, 698–702. doi: 10.1038/nature07991 

 Soumyabrata, M., Lucas, A.-S., Raoni Conceição, D.-S., Claire, E. S., Maria, E. S., Nicholas, W. G., et al. (2023). Acute ethanol modulates synaptic inhibition in the basolateral amygdala via rapid NLRP3 Inflammasome activation and regulates anxiety-like behavior in rats. J. Neurosci. 43, 7902–7912. doi: 10.1523/JNEUROSCI.1744-22.2023 

 Stujenske, J. M., Likhtik, E., Topiwala, M. A., and Gordon, J. A. (2014). Fear and safety engage competing patterns of Theta-gamma coupling in the basolateral amygdala. Neuron 83, 919–933. doi: 10.1016/j.neuron.2014.07.026 

 Taniguchi, H., He, M., Wu, P., Kim, S., Paik, R., Sugino, K., et al. (2011). A resource of Cre driver lines for genetic targeting of GABAergic neurons in cerebral cortex. Neuron 71, 995–1013. doi: 10.1016/j.neuron.2011.07.026 

 Tasker, J. G., Di, S., and Malcher-Lopes, R. (2006). Rapid glucocorticoid signaling via membrane-associated receptors. Endocrinology 147, 5549–5556. doi: 10.1210/en.2006-0981 

 Totty, M. S., and Maren, S. (2022). Neural oscillations in aversively motivated behavior. Front. Behav. Neurosci. 16:936036. doi: 10.3389/fnbeh.2022.936036 

 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 

 Vandecasteele, M., Varga, V., Berényi, A., Papp, E., Barthó, P., Venance, L., et al. (2014). Optogenetic activation of septal cholinergic neurons suppresses sharp wave ripples and enhances theta oscillations in the hippocampus. Proc. Natl. Acad. Sci. 111, 13535–13540. doi: 10.1073/pnas.1411233111 

 Vereczki, V. K., Veres, J. M., Müller, K., Nagy, G. A., Rácz, B., Barsy, B., et al. (2016). Synaptic Organization of Perisomatic GABAergic inputs onto the principal cells of the mouse basolateral amygdala [original research]. Front. Neuroanat. 10:20. doi: 10.3389/fnana.2016.00020 

 Veres, J. M., Nagy, G. A., and Hájos, N. (2017). Perisomatic GABAergic synapses of basket cells effectively control principal neuron activity in amygdala networks. eLife 6:e20721. doi: 10.7554/eLife.20721 

 Viktória, K. V., Kinga, M., Éva, K., Zoltán, M., Zsuzsanna, F., Laura, R.-E., et al. (2021). Total number and ratio of GABAergic neuron types in the mouse lateral and basal amygdala. J. Neurosci. 41, 4575–4595. doi: 10.1523/JNEUROSCI.2700-20.2021 

 Vogel, E., Krabbe, S., Gründemann, J., Wamsteeker Cusulin, J. I., and Lüthi, A. (2016). Projection-specific dynamic regulation of inhibition in amygdala Micro-circuits. Neuron 91, 644–651. doi: 10.1016/j.neuron.2016.06.036 

 Voss, J. H. (2023). Recommended tool compounds: application of YM-254890 and FR900359 to interrogate Gαq/11-mediated signaling pathways. ACS Pharmacol. Transl. Sci. 6, 1790–1800. doi: 10.1021/acsptsci.3c00214 

 Wilson, R. I., Kunos, G., and Nicoll, R. A. (2001). Presynaptic specificity of endocannabinoid signaling in the Hippocampus. Neuron 31, 453–462. doi: 10.1016/S0896-6273(01)00372-5 

 Wilson, R. I., and Nicoll, R. A. (2001). Endogenous cannabinoids mediate retrograde signalling at hippocampal synapses. Nature 410, 588–592. doi: 10.1038/35069076 

 Wolff, S. B. E., Gründemann, J., Tovote, P., Krabbe, S., Jacobson, G. A., Müller, C., et al. (2014). Amygdala interneuron subtypes control fear learning through disinhibition. Nature 509, 453–458. doi: 10.1038/nature13258 

 Yoshida, T., Uchigashima, M., Yamasaki, M., Katona, I., Yamazaki, M., Sakimura, K., et al. (2011). Unique inhibitory synapse with particularly rich endocannabinoid signaling machinery on pyramidal neurons in basal amygdaloid nucleus. Proc. Natl. Acad. Sci. 108, 3059–3064. doi: 10.1073/pnas.1012875108 

 Zhang, S., Gumpper, R. H., Huang, X.-P., Liu, Y., Krumm, B. E., Cao, C., et al. (2022). Molecular basis for selective activation of DREADD-based chemogenetics. Nature 612, 354–362. doi: 10.1038/s41586-022-05489-0 

 Zhang, J., Muller, J. F., and McDonald, A. J. (2013). Noradrenergic innervation of pyramidal cells in the rat basolateral amygdala. Neuroscience 228, 395–408. doi: 10.1016/j.neuroscience.2012.10.035 


Copyright
 © 2024 Fu and Tasker. 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/xhtml/Nav.xhtml




Contents





		Cover



		Neuromodulation of inhibitory synaptic transmission in the basolateral amygdala during fear and anxiety



		1 Introduction



		2 Stress-induced anxiogenesis mediated by endocannabinoid suppression of inhibition



		2.1 Regulation of anxiety by synaptic inhibition in the BLA



		2.2 Endocannabinoid signaling in the BLA



		2.3 Stress-induced suppression of inhibition promotes anxiety









		3 Neuromodulatory regulation of PV and CCK inhibitory interneurons drives distinct neural activity patterns and oscillatory states in the BLA



		3.1 Multiple neuromodulators are released in the BLA during emotional arousal



		3.2 Functional dichotomy of PV- and CCK-positive basket cells



		3.3 Gq activation of PV cells induces phasic firing, which reduces gamma oscillations and facilitates fear expression



		3.4 Gq activation in CCK basket cells induces rhythmic activity and enhances theta oscillation









		4 Conclusion



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fncel-18-1421617-g001.jpg
PV-Ci
FOLX DIO-M3D- mCherry —__loamv
10s

B
Cell#1

Cell#2

a CNO






OPS/images/fncel-18-1421617-g002.jpg
PIQ-ype Ca
Neuromodulator channels
fsf Ga-coupled

receptors

CBIR

Ga-coupled

receptors Neuromodulator

PN

N-ype Ca
channels

Rhythmic 4Hz IPSCs Phasic IPSC bursts

WWW L.

Theta Gamma l @
bt |
Fear memory Fear memory
suppression facilitation





OPS/images/cover.jpg
& frontiers | Frontiers in Cellular Neuroscience

Neuromodulation of inhibitory
syhaptic transmission in the
basolateral amygdala during fear
and anxiety












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiers in Cellular Neuroscience






