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THE AMYGDALA COMPLEX

Discovery and seminal studies on the amygdala

The amygdala is an almond-shaped structure located deep within the temporal lobe, first
identified by Karl Friedrich Burdach at the beginning of the 20th century (Burdach, 1819).
More than a 100 years later, a wave of interest on the amygdala complex was initiated in
1937 after the publication of a study of Heinrich Kliiver investigating the brain substrate
underlying the effect of the psychedelic alkaloid mescaline (Kliver & Bucy, 1937). Together
with his neurosurgeon colleague, Paul Bucy, they performed bilateral removal of the
temporal lobes of rhesus monkeys and described the behavioral alterations induced by the
bilateral ablation (Bucy & Kluver, 1955; Kluver & Bucy, 1937); these induced a wide range
of behavioral perturbations including hyperorality, hypersexuality, visual agnosia, and
docility. Strikingly, the monkeys exhibited a lack of fear in the presence of stimuli innately
threatening to healthy monkeys, for example, an object with a similar shape as a snake.
Other lesion studies in monkeys confirmed the involvement of the amygdala not only in fear
but also in a diverse range of other emotions, including emotions of positive valence
(Weiskrantz, 1956). Similar symptoms induced by neuropathological alterations in humans
are since then named the Kluver-Bucy syndrome (Terzian & Ore, 1955). Contemporary to
these studies in monkeys, a human rare recessive genetic disorder was described, the
Urbach-Wiethe disease, where a specific bilateral calcification of the amygdala is observed
(Urbach & Wiethe, 1929). Only 400 cases have been reported since 1929, but the behavioral
study of these patients combined with brain imaging has confirmed the involvement of the
amygdala in fear (Adolphs, Tranel, Damasio, & Damasio, 1994, 1995; Feinstein, Adolphs,
Damasio, & Tranel, 2011). Although all the seminal studies in monkeys reported behavioral
alterations for both positive and negative emotional valence, the following half-century of
research has mostly been dedicated to the more sensational impact of the amygdala in fear
responses (Blanchard & Blanchard, 1972; LeDoux, 2003; LeDoux, lwata, Cicchetti, & Reis,
1988; Pare, Quirk, & Ledoux, 2004; Rogan, Staubli, & LeDoux, 1997). For example, in
some studies, stimuli of both positive and negative valence were presented to a patient
suffering from Urbach-Wiethe, but only the response to the fearful stimuli was analyzed
(Adolphs et al., 1995). With the exception of a couple of studies analyzing the response of
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the amygdala to both positive and negative valence in monkeys (Fuster & Uyeda, 1971), the
field had to wait until the early 2000s, to see a shift of paradigm based on original studies of
behavioral and physiological data in humans (Baxter & Murray, 2002; Pichon,
Miendlarzewska, Eryilmaz, & Vuilleumier, 2015) and animal models (Beyeler et al., 2016;
Lee, Amir, Haufler, & Pare, 2017; Namburi et al., 2015; Paton, Belova, Morrison, &
Salzman, 2006; Shabel & Janak, 2009; Tye, Stuber, de Ridder, Bonci, & Janak, 2008). Those
studies established the amygdala as a causal player in emotional valence, rather than a brain
region controlling exclusively fear. However, the five last decades of research focused on the
role of the amygdala in fear conditioning have allowed to demonstrate the causal role of
specific amygdala nuclei, and underlying synaptic mechanisms of fear learning, expression,
and extinction (Herry et al., 2008; LeDoux, Cicchetti, Xagoraris, & Romanski, 1990;
Namburi et al., 2015; Quirk & Mueller, 2008; Quirk, Repa, & LeDoux, 1995; Rogan et al.,
1997).

Recent functional imaging studies in human have confirmed that the amygdala is involved in
both positive and negative emotional valence in healthy individuals (Pichon et al., 2015;
Somerville, Kim, Johnstone, Alexander, & Whalen, 2004; Viinikainen, Katsyri, & Sams,
2012; Vrticka, Sander, & Vuilleumier, 2012), however, studies in human epileptic patients
showed that direct electrical stimulation of the amygdala induces fear responses, supporting
the causal role of the amygdala in fear (Inman et al., 2018). Finally, it has consistently been
shown that the activity of the amygdala is altered in patients with different types of anxiety
disorders or post-traumatic stress disorders (PTSD) (Etkin, Prater, Schatzberg, Menon, &
Greicius, 2009; Etkin & Wager, 2007; Killgore & Yurgelun-Todd, 2005; Pejic, Hermann,
Vaitl, & Stark, 2013; Yassa, Hazlett, Stark, & Hoehn-Saric, 2012), highlighting the
importance of understanding the inner workings of those brain regions in order to identify
potential targets for the development of innovative and efficient therapies.

Constellation of amygdala nuclei

The amygdala complex includes up to 13 nuclei depending on the classifications (Sah,
Faber, Lopez De Armentia, & Power, 2003), but is always segregated in five major sections
(Fig. 1) (1) the basolateral amygdala (BLA) divided into a dorsal section (lateral amygdala,
LA), and basal section (basal amygdala, BA), (2) the basomedial amygdala (BMA), (3) the
central amygdala (CeA) further split into medial, lateral, and central sections (CeM, CeL,
and CeC), (4) the medial amygdala (MeA), and finally (5) the cortical amygdala (CoA).
These nuclei can be distinguished based on their cytoarchitectonic properties and
connectivity. Retrograde and anterograde tracing studies have shown that these nuclei have
dense intranuclear and internuclear connections, as well as divergent afferent and efferent
connections with cortical and subcortical regions. Developmentally, the CeA and MeA
originate from the same cellular lineage, presenting a striatal-like organization, compared to
the BLA which arises from a different lineage and presents a cortical-like organization (Sah
et al., 2003; Swanson & Petrovich, 1998) (Fig. 1). Thus, the CeA is composed almost
exclusively of inhibitory neurons, and the MeA is mainly composed of GABAergic neurons
but also contains glutamatergic cells (~33%) (Li et al., 2017). In contrast, the BLA and
BMA are mainly composed of excitatory projection neurons (Erd, Gewaltig, Keller, &
Markram, 2018; Fritsch et al., 2009; McDonald & Augustine, 1993; Nitecka & Ben-Avri,
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1987). As for many other cortical-subcortical circuits (Alexander & Crutcher, 1990), the
main connections in the amygdala run from the cortical-like to the striatal-like regions, the
latter providing the major output of the amygdala complex.

The extended amygdala

The developmentally different origins of the striatal and cortical amygdala have brought
authors to question the classical definition of the amygdala nuclei and proposed alternative
classifications. In the 1980s, Alheid and colleagues argued that the CeM should be extended
rostrally and medially, therefore including the bed nucleus of the stria terminalis (BNST)
(Alheid & Heimer, 1988). In this framework, the central extended amygdala cortico-
subcortical loop, including the BNST, is one of the three cortico-subcortical loops
composing the basal forebrain, in parallel with the hippocampal septal-diagonal-band loop,
and the cortico-striato-pallidal loop (Alheid, 2003). More recently, it has even been argued
that the amygdala complex is an arbitrarily defined unit of cell groups (Swanson &
Petrovich, 1998). These authors suggest an alternative classification where amygdala nuclei
are divided into four functional systems: frontotemporal, autonomic, main olfactory, and
accessory olfactory systems.

Human fMRI studies have shown activation of the BNST in the conditions of uncertainty,
during anticipatory anxiety in arachnophobics, and during hypervigilant threat monitoring,
suggesting the contribution of the BNST to the modulation of anxiety rather than fear
responses (Straube, Mentzel, & Miltner, 2007; Yassa et al., 2012). This is in agreement with
early models by Michael Davis and colleagues (Davis, 1998; Davis, Walker, Miles, &
Grillon, 2010). Accordingly, the BNST was overactive in patients suffering from generalized
anxiety disorders (GAD) and PTSD. However, growing evidence from rodents (Gungor &
Paré, 2016; Martinon et al., 2019) and human fMRI studies clearly show that the BNST is
also active in response to fear-evoking stimuli, whereas the CeA is also involved in the
modulation of anxiety (Andreatta et al., 2015; Mobbs et al., 2010; Shackman & Fox, 2016).
This is not surprising considering that the CeA and BNST have heavy reciprocal connections
and both project to many overlapping brainstem autonomic centers, for review see
Shackman and Fox (2016).

Cellular diversity in the amygdala and BNST

Anatomical studies in humans, monkeys, cats, and rodents have revealed strong similarities
across mammalian species, although there are also differences in the organization of the
different amygdaloid nuclei (Fig. 1A-C) (Janak & Tye, 2015; Pitkdnen, 2000a). As in
humans, functional imaging of the distinction among the different nuclei of the amygdala is
challenging, and while parsing the functional contribution of selective cell types is not
possible yet, animal models have been essential to disentangle the role of specific cell types
within the different nuclei of the amygdala complex. Together with fast amino acid
neurotransmitters, neurons of amygdala nuclei also produce numerous neuropeptides and
express several neuromodulator receptors (Fig. 1D), generating a wide range of multiplexed
neural populations, which ensure different functional roles. This chapter will mainly focus
on advances in our knowledge on neural diversity based on recent genetic, molecular, and
anatomical identification of neuron types in rodents, especially in rats and mice.
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THE BASOLATERAL AMYGDALA (BLA)

Anatomical,

The BLA is the most studied nucleus of the amygdaloid complex and is the main input
region of the amygdala complex. As in any other regions of the brain, neurons of the BLA
can be defined by multiple features including their molecular markers such as
neurotransmitters or gene expression; anatomical properties such as size, synaptic inputs, or
projection targets; electrophysiological properties; or activation relative to environmental
cues or motor actions.

neurochemical, and electrophysiological properties of the BLA

The BLA is divided into a dorsal section, the lateral amygdala (LA) and a basal section, the
basal amygdala (BA) sections (Fig. 1). In mouse, the BLA is composed of 60% of neurons
(Er6 et al., 2018), while it represents 40% of the cells in rats (Tuunanen & Pitk&nen, 2000),
and is down to 20%-35% in humans (Faber-Zuschratter et al., 2009; Garcia-Amado &
Prensa, 2012). Stereological analysis of thionin stained coronal sections of the BLA in adult
rats has shown that the LA is composed of ~60,000 neurons while the basal part (BA) is
composed of ~47,000 neurons (~110,000 in the entire BLA) (Tuunanen & Pitkénen, 2000).
The Blue brain atlas, based on Nissl staining in mice, recently found similar numbers for the
LA (62,000 neurons) (Erd et al., 2018), and 131,000 neurons in BA, which is about twice the
number previously described, and is likely the result of differences in atlas delineations
across studies. Stereological counting of human BLA found 5.48 million LA neurons and
5.02 million BLA neurons, bringing the estimated total number of human BLA neurons to
11 million (Garcia-Amado & Prensa, 2012; Rubinow et al., 2016).

Based on Golgi staining in rats, BLA neurons were divided in two main classes (1)
pyramidal, or class | neurons, described as excitatory neurons which release glutamate and
representing up to 95% of the neurons, and (2) class Il neurons, which are smaller, ovoid
cells representing 5% of Golgi-impregnated neurons (McDonald, 1982). Pyramidal neurons
have three to seven dendrites emerging from their soma, usually with one prominent dendrite
which has been compared to the apical dendrite of cortical neurons (Sah et al., 2003). Unlike
pyramidal neurons in the cortex or hippocampus, BLA pyramidal neurons are not organized
in parallel but appear randomly distributed (McDonald, 1982; Sah et al., 2003). Importantly,
axons of pyramidal neurons, project out of the BLA, with several collaterals that arborize
within the BLA (McDonald, 1982). Class Il neurons have two to six primary dendrites, are
characterized by spine-sparse dendrites, and dense local axonal arborizations. They can be
classified as multipolar, bitufted, bipolar, and chandelier cells depending on the dendritic
branching pattern. These cells are clearly local interneurons releasing gamma amino-butyric
acid (GABA). In monkeys, the proportion of GABA immunoreactive cells was found to
reach 25% (McDonald & Augustine, 1993) but a similar organization of GABA immune-
positive cells was described in rats and monkeys (McDonald & Augustine, 1993; Nitecka &
Ben-Ari, 1987). In rats, immunohistochemical analysis of the distribution of the glutamate
decarboxylase-67 (GAD-67) has shown that GABA interneurons represent ~15% of BLA
neurons (Fritsch et al., 2009). More recently brain-wide systematic, computerized analysis
of neural densities in mice, has even found a smaller proportion of BLA inhibitory neurons
(9%), bringing the proportion of excitatory pyramidal neurons up to 91% (Erd et al., 2018).
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With the exception of few long-range inhibitory interneurons, projecting to the entorhinal
cortex (McDonald & Zaric, 2015a) or the basal forebrain (McDonald, Mascagni, & Zaric,
2012), inhibitory interneurons synapse locally, whereas excitatory neurons are projection
neurons. Ex vivo electrophysiological intracellular recordings of pyramidal neurons within
the BLA have shown that they fire broad action potentials (half-width 1.2 ms) with varying
degrees of action potential frequency adaptation, and that action potential trains are followed
by a lasting after-hyperpolarization (AHP, 1-5 s). Conversely, inhibitory interneurons fire
short-duration action potentials (half-width of 0.7ms) show little spike frequency adaptation
(Faber & Sah, 2002; Rainnie, Asprodini, & Shinnick-Gallagher, 1993; Sah et al., 2003).

The BA has further been divided into three subfields, based on the size of the pyramidal cell
soma in cats and rodents: the magnocellular, intermediate, and parvicellular subdivisions
(Hall, 1972; Price, Russchen, & Amaral, 1987; Savander, Go, LeDoux, & Pitkdnen, 1995).
The magnocellular section corresponds to the anterior BA, where pyramidal neurons have
larger cell bodies (Price et al., 1987) whereas projection neurons in the parvicellular
subdivision have smaller cell bodies (Price et al., 1987). Finally, the intermediate BA was
first described in rats as the transition zone between the magnocellular and parvocellular BA,
where the decreasing anteroposterior gradient of large pyramidal cells and the increasing
gradient of the small pyramidal cell intersect (Fig. 2A) (Savander et al., 1995). Recent 3D
imaging of brain rendered transparent with the CLARITY technique and containing a subset
of BLA pyramidal neurons expressing eYFP, allowed to visualize this anteroposterior
gradient of size (Beyeler et al., 2018). Intrinsic connectivity between the magnocellular,
intermediate, and parvocellular sections was analyzed and identified reciprocal connections
across the three subfields, including an extensive projection from the posterior parvocellular
section to the intermediate and magnocellular regions (Sah et al., 2003; Savander et al.,
1995). The main intra-amygdaloid targets of the BA are the CeM and the anterior CoA
(Savander et al., 1995).

Seminal lesion and pharmacological studies have demonstrated that the BLA, and especially
the LA is necessary for learning cue and context fear associations (Cousens & Otto, 1998;
Goosens & Maren, 2001; Phillips & LeDoux, 1992), and direct optogenetic stimulation of
the LA can elicit a defensive response in a naive mouse (Johansen et al., 2010). However,
the BLA has also been shown to control reward behaviors (Kim, Pignatelli, Xu, Itohara, &
Tonegawa, 2016; Namburi et al., 2015; Tye et al., 2008), and single-cell recordings in the
BLA of animal models including rodents and monkeys have shown that neurons of this
region are responding to stimuli of positive and stimuli of negative valence (Beyeler et al.,
2016; Fuster & Uyeda, 1971; Paton et al., 2006; Shabel & Janak, 2009). Recordings of BLA
neurons in monkeys, rats, and mice have shown that around 50% of the units respond to
predictive cues of positive or negative valence (Beyeler et al., 2016; Kyriazi, Headley, &
Pare, 2018; Paton et al., 2006), with an overrepresentation of neurons responding to positive
valence in monkeys (Paton et al., 2006) and mice (Beyeler et al., 2016), and an even
distribution of neuron responding to both valences in rats (Kyriazi et al., 2018). Additionally,
pioneering work has shown that some BLA neurons track the value of a sensory stimulus
during reversal of conditioned and unconditioned stimuli (CS and US) association (Paton et
al., 2006; Schoenbaum, Chiba, & Gallagher, 1999) emphasizing the critical role of the BLA
in valence coding. Finally, a recent study has also identified that even if relatively few cells
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encode valence in the BLA, valence can be decoded from the neural activity at the
population level (Kyriazi et al., 2018). In order to understand how a single brain region can
encode such opposite behaviors, it is necessary to integrate additional features beyond the
location in the brain, including synaptic input, projection targets, and molecular markers
(Beyeler, 2016; Janak & Tye, 2015).

Excitatory projection neurons

The BLA has two main output fiber bundles which originate in the amygdala: the stria
terminalis and the amygdalofugal pathway (Leonard & Scott, 1971; Mori et al., 2017). The
stria terminalis connects the amygdala to the septal area of the basal forebrain and
hypothalamus, while the amygdalofugal pathway is believed to contain both afferent and
efferent connections to the basal forebrain, hypothalamus, and thalamus. Through these two
pathways and direct axonal projections, the BLA targets a wide range of cortical and
subcortical downstream regions. For a comprehensive list of downstream targets of the BLA,
please refer to Pitk&nen (2000b). Over the past decade, optogenetic experiments have
allowed to identify selective roles of BLA projections and/or projector populations. In this
section, we will review recent findings on the functional role of the most studied BLA
projection.

Functional role of BLA projections (Table 1)—Multiple BLA projections to cortical
and subcortical regions have been revealed to regulate defensive behaviors. For example,
optogenetic activation of BLA projections to the CeA (BLA-CeA) drives real-time place
aversion (Namburi et al., 2015). Similarly, opto-activation of the BLA projections to the
ventral hippocampus (BLA-vHPC) (Felix-Ortiz et al., 2013; Felix-Ortiz & Tye, 2014), the
mPFC (BLA-mPFC) (Felix-Ortiz et al., 2016), and the anterodorsal BNST (BLA-adBNST)
were shown to increase anxiety-related behaviors. Other studies probing the BLA-mPFC
projections have shown that it is causally involved in fear conditioning (Burgos-Robles et
al., 2017; Herry et al., 2008; Klavir, Prigge, Sarel, Paz, & Yizhar, 2017; Yizhar & Klavir,
2018), as well as the projection to the entorhinal cortex (BLA-eCx) (Majak & Pitkénen,
2003; Sparta et al., 2014). Interestingly, a chronic restraint stress in mice dysregulates the
activity of the BLA-mPFC pathway by enhancing glutamate release in the mPFC (Lowery-
Gionta et al., 2018). Conversely, optogenetic activation of BLA projections to the nucleus
accumbens (BLA-NAC) has repeatedly been shown to support positive reinforcement (Britt
etal., 2012; Namburi et al., 2015; Stuber et al., 2011), and pharmacological disconnection of
the BLA and NAc identified that the BLA-NAc pathway is critical for cocaine seeking (Di
Ciano & Everitt, 2004). Interestingly, ex vivo optogenetic circuit mapping has demonstrated
preferential feedback connectivity within functionally related circuits. Specifically, it has
been shown that mPFC inputs in BLA are much stronger onto BLA-mPFC and BLA-vHPC
neurons compared to PFC inputs onto BLA-NACc projecting neurons (McGarry & Carter,
2017).

The accumulation of results reporting the regulation of valence-related behavior by BLA
projections supports the hypothesis that anatomically divergent populations of the BLA
differentially encode valence. Moreover, recordings combined with optogenetic
photoidentification of specific neural subpopulations have shown that BLA-NACc units are
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preferentially excited by a positive cue and BLA-CeA units are preferentially excited by a
negative one (Beyeler et al., 2016). Consistently, recordings of synaptic inputs on BLA-NAc
and BLA-CeM neurons show that inputs on BLA-NACc projections are potentiated after
reward learning and depressed after fear conditioning, whereas inputs on BLA-CeM neurons
are depressed after reward learning and potentiated after learning the association of a cue
and a reward (Namburi et al., 2015). Importantly, in vivo recordings have also revealed
heterogeneity of single-neuron activity within projection-defined populations (Beyeler et al.,
2016; Burgos-Robles et al., 2017; Senn et al., 2014), which supports a model where valence-
coding of a projector population can be inferred from the projection target of its neurons, but
the projection target of a single neuron is not sufficient to deduce its valence coding
properties.

Topography of projection neurons—Retrograde tracing in rats showed that the
majority of BLA-prelimbic (PL) projectors are mostly located in the caudal BLA, while
BLA neurons projecting to the dorsal agranular insular cortex (BLA-alC) are mainly found
in the rostral BLA (Shinonaga, Takada, & Mizuno, 1994). The distribution of BLA-mPFC
projection neurons are sparsely located in the LA and more densely populate the BA, and
topographically organized, depending on the termination of their axons in the mPFC.
Indeed, neurons projecting to more anterior mPFC such as the ACC, are located in the
anterior BA, while neurons projecting to more caudal mPFC such as the PL, are densest in
the posterior BA (Reppucci & Petrovich, 2016). In mice, the BLA-NAc projectors targeting
the medial or lateral part of the nucleus accumbens were described to be diffusely distributed
in the BLA (Shinonaga et al., 1994), while BLA-NACc targeting the NAc medial core and
shell was described to be located in the more ventral and medial BLA (Beyeler et al., 2018;
Kim et al., 2016). A systematic study of the medial-to-lateral coordinates in the rat striatum
identified a medial-to-lateral topography of BLA-striatum neurons in the BLA (McDonald,
1991). Moreover, an anterior-to-posterior BLA projects preferentially to anterolateral-to-
posteromedial aspects of the NAc (Krettek & Price, 1978; Zorrilla & Koob, 2013). Notably,
in mice, BLA-CeM projectors are densest in LA compared to BLA-NAc and BLA-vHPC
cells and are mainly lateral in the BA, which is the opposing topographic pattern of BLA-
NAc neurons, which have an opposing role in valence (Beyeler et al., 2018). The BLA and
CeA hoth projects to ventral and dorsal sections of the lateral hypothalamus (LH),
respectively, and BLA-LH projectors are sparse in the LA and have a high density in the BA
along the entire anteroposterior axis (Reppucci & Petrovich, 2016). Interestingly, the authors
found almost no overlap between BLA-mPFC and BLA-LH neurons, suggesting these two
projection arise from different populations (Reppucci & Petrovich, 2016). Although
topographic organization has been described for most of BLA projector populations, these
are mainly gradients and overall, projector populations are intermingled in the BLA.

Collateralization of projection neurons—Collateralization is a defining feature of
projection neurons, and synapses of one projection-defined population onto different
downstream regions might support diverse behavioral effects. Multiple studies have
described collateralization patterns of BLA projectors. Almost 50% of BLA-PL neurons
send axon collaterals to the medial NAc, whereas about 30%-40% BLA-alC or BLA-PL
neurons issue axon collaterals to the lateral NAc (Shinonaga et al., 1994). The axons
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bifurcating to both the alC and lateral NAc arose preferentially from the rostral BLA, and
those bifurcating to PL and lateral NAc, arose preferentially from the intermediate BLA,
while axons bifurcating to both PL and medial NAc emerged mainly from the caudal BLA
(Shinonaga et al., 1994). Anterograde tracing based on the viral expression of the fluorescent
protein eYFP, and of the fused protein synaptophysin-mcherry showed that BLA-vHPC,
BLA-CeA, and BLA-NAc populations collateralize to downstream targets of one another,
with up to 50% of the main downstream region relative fluorescence (Beyeler et al., 2016).
BLA-NACc projectors collateralize to the mPFC, with the strongest fluorescence in PL
compared to IL, and mildly to the CeA and vHPC. The BLA-CeA projectors collateralize
mainly to the NAc, mildly to the mPFC and almost not in the vHPC. Finally, BLA-vHPC
projectors send collaterals mainly in the mPFC and anterior NAc, and weakly in caudal NAc
and CeA (Beyeler et al., 2016). Taking into account the collateralizations to multiple brain
regions increases the heterogeneity of defining features of each BLA neuron. Noteworthy,
genetic markers potentially correspond to defining those features that could map onto the
collateralization pattern as well as the valence coding properties of projection neurons.

Genetic markers of projections neurons—As in other cortical regions, glutamatergic
neurons in the BLA express the calcium/calmodulin-dependent protein kinase 11 (CaMKII)
(McDonald, Muller, & Mascagni, 2002). Interestingly, every pyramidal cell contains
CaMKII, while cell bodies of small non-pyramidal neurons do not, making CaMKII an
exclusive marker of glutamatergic pyramidal neurons in the BLA (McDonald et al., 2002).
At the ultrastructural level, CaMKII is localized in the pyramidal cell bodies, thick proximal
dendrites, thin distal dendrites, in most dendritic spines, in the axon initial segments, as well
as in axon terminals forming asymmetrical synapses (McDonald et al., 2002).

A subset of glutamatergic neurons of the BLA expresses the thymus cell antigen 1 (Thy1)
(Jasnow et al., 2013). Optogenetic and chemogenetic activations of Thyl-expressing neurons
inhibit fear consolidation and accelerate memory extinction, respectively (Table 1) (Jasnow
et al., 2013; McCullough et al., 2016), while optogenetics inhibition of Thy1 neurons
decreases fear extinction. Interestingly, two electrophysiologically distinct populations of
BLA neurons were identified depending on their response to the extinction of an association
of a cue and an electric shock (Herry et al., 2008). The first population increased its firing
frequency in response to the predictive cue during and after fear conditioning and reduced its
firing frequency to the cue during extinction training. The second population only increased
its firing rate in response to the cue during extinction training and was named ‘fear-off’
neurons (Herry et al., 2008). Further molecular analysis of Thyl neurons using RNA
sequencing identified genes strongly upregulated in the Thy1 population, including the
genes coding for the neurotensin receptor 2 (Ntsr2) and Rspo2 (Rspondin-2) (McCullough et
al., 2016). Importantly, pharmacological manipulation of neurotensin receptor 2 (NT2)
suggests that neurons expressing Ntsr2 within the BLA are putative “Fear-OFF” neurons
(McCullough et al., 2016).

To date, no genetic markers have been identified within selective projector populations of the
BLA. However, RNA-sequencing has demonstrated enrichment of mMRNA when comparing
different projector populations. Specifically, BLA-CeM projectors were shown to have more
than 4 times the amount of mMRNA of the neurotensin receptor 1 (NT1) in comparison to the
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BLA-NACc projectors (Namburi et al., 2015). However, these markers are not exclusive and
do not allow to genetically target a specific projector population. A recent study that
performed activity-dependent profiling combined with extensive gene screening (Allen
Brain Atlas, 2016; Kim et al., 2016) has shown that the anterior magnocellular and posterior
parvocellular projection neurons can be defined by the expression of different gene markers.
Indeed, neurons expressing the gene RspoZ, which codes for R-spondin-2, are located in the
anterior BLA and correspond to the magnocellular neurons, while neurons expressing the
Pppl1rlb gene, which codes for the protein phosphatase 1 regulatory inhibitor subunit 1B
(DARPP-32), are located in the posterior BLA and correspond to parvocellular neurons
(Kim et al., 2016). Interestingly, optogenetic stimulation of Rspo2* cells elicits a defensive
response in naive mice whereas stimulation of Ppp1rlb* cells promotes an appetitive
response (Table 1) (Kim et al., 2016). Both populations send projections to the NAc and
CeA, and Rspo2™* cells monosynaptically contact PKC8* cells of the CeC, whereas Ppplrlb
* cells innervate the other cellular subtypes of the CeM and CeL (Kim et al., 2017). The
anteroposterior topography of the Rspo2and Ppp1ribgene markers does not overlap with
the distribution of BLA-NAc and BLA-CeA populations which are intermingled with
mediolateral and dorsoventral gradients (Beyeler et al., 2018).

A recent study using cholecystokinin (CCK) reporter mouse line (CCK-ires-Cre-Ail4) has
identified that BLA projection neurons can also be divided into CCK(+) and CCK(-) (Shen
et al., 2019) neurons. Optogenetic activation of the projection of these two BLA populations
into the NAc-core drives different behaviors of negative and positive valence, respectively
(Table 1). Interestingly, the CCK(+) projection neurons overlap with the Rspo2* expressing
neurons along the entire anteroposterior axis of the BLA and target almost exclusively
medium spiny neurons expressing the dopamine 2 receptor (D2-MSN) in the NAc (Shen et
al., 2019).

Inhibitory interneurons

As discussed in the first section, GABAergic neurons represent around 10% of the neurons
within the mouse BLA (Ero et al., 2018). Interestingly, in the early stages of a rodent model
of epileptogenesis, GABAergic interneurons display a more extensive loss compared to the
loss of principal cells, concomitantly with a reduced frequency, but not amplitude, of
miniature IPSCs (Fritsch et al., 2009). However, the predictive factors of the degeneration of
GABAergic interneurons remain unknown. A thorough characterization of the molecular
identity of neural populations in the BLA has the potential to determine markers of neural
susceptibility to pathological conditions, representing a remarkable translational potential
for psychiatric disorders and epilepsy. As in cortical areas, inhibitory interneurons in the
BLA encompass a large diversity of molecular markers including calcium-binding albumin
proteins (i.e., parvalbumin [PV], calbindin [CB], or calretinin [CR]), neuropeptides (i.e.,
somatostatin [SOM], cholecystokinin [CCK], vasoactive intestinal peptide [VIP], or
neuropeptide Y [NPY]), enzymes such as nitric oxide synthase (NOS), as well as membrane
receptors such as the serotonin 2A receptor (5-HT,a) or the endocannabinoid receptor 1
(eCB1) (Fig. 2) (Kemppainen & Pitkdnen, 2000; McDonald & Betette, 2001; McDonald &
Mascagni, 2002; McDonald, Muller, & Mascagni, 2011; Rhomberg et al., 2018;
Spampanato, Polepalli, & Sah, 2011; Wang, Liu, Wang, Gao, & Zhan, 2017). Notably, some
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populations are mutually exclusive, while others are partially or fully overlapping.
Importantly CB and CR cell types are non-overlapping, with the CB neurons representing
~60% of all BLA interneurons, and CR neurons accounting for ~20% of the remaining
GABAergic cells (Fig. 2B) (Kemppainen & Pitkanen, 2000; Krabbe, Grundemann, & Luthi,
2018; McDonald & Mascagni, 2001a). Part of CR interneurons express VIP and/or CCK
(Spampanato et al., 2011). On the other hand, CB interneurons are divided into
nonoverlapping types expressing either PV, SOM, or CCK individually (Mascagni &
McDonald, 2003; McDonald & Mascagni, 2002).

Parvalbumin (PV)—Neurons expressing the calcium-binding protein PV are
interconnected through chemical and electrical synapses and provide strong perisomatic
inhibition to local principal neurons (Fig. 2C). The PV population can further be segregated
into basket cells, contacting the soma and proximal dendrites, and axo-axonic cells,
contacting selectively the axon initial segment (Kemppainen & Pitkénen, 2000; Veres, Nagy,
& Hajos, 2017). In monkeys, one-quarter of PV cells also express the calcium-binding
protein (CB), but no PV cells express CR, CCK, or SOM (Mascagni, Muly, Rainnie, &
McDonald, 2009). However, PV cells express a high levels of al-containing GABA,
receptors, a.7-containing nicotinic acetylcholine receptors, and dopamine-D2 receptors
(Rowniak, Kolenkiewicz, & Kozlowska, 2017). Functionally, PV and SOM local
interneurons have been shown to differentially drive behavioral responses to aversive cues
(Wolff et al., 2014). Specifically, optogenetic activation of PV cells during an auditory cue,
while mice are acquiring the association of this cue with a footshock, significantly increases
freezing to the cue during retrieval (Table 1). On the contrary, similar activation during the
footshock induces a decrease of freezing during cue retrieval, suggesting PV cells gate
learning depending on the timing of their activation (during conditioned [CS] or
unconditioned stimuli [US]) (Wolff et al., 2014). In the same study, optogenetic
photoidentification has shown that PV neurons are excited during the predictive cue, and
indirectly disinhibit the dendrites of principal neurons via SOM inhibitory interneurons
(Table 1, Fig. 2C). Finally, PV interneurons are inhibited during the footshock (Wolff et al.,
2014). Altogether, the PV-SOM disinhibitory mechanisms could enhance the auditory inputs
on principal dendrites, hence promoting tone-shock associative learning (Wolff et al., 2014).
Interestingly, PV neurons were shown to be regulated by the environment during postnatal
development. First, early life stress in rats (postnatal days 8-12) increases threat response in
peri-weaning rats (23 days old), concomitantly to a reduction of synapses formed by PV
cells, on pyramidal and PV somata (Santiago, Lim, Opendak, Sullivan, & Aoki, 2018).
Second, rearing young rats (25 days old) in an enriched environment decreases anxiety-like
behaviors in adults (60 days old) and is associated with an increase in the number of PV
neurons (Urakawa et al., 2013). Finally, quantification of the expression of the immediate-
early gene cFos has shown that anxiolytic drugs activate PV neurons (Hale et al., 2010;
Lukkes, Burke, Zelin, Hale, & Lowry, 2012).

Somatostatin (SOM)—Conversely, to PV cells, SOM interneurons mainly target the
distal dendrites of pyramidal cells (Muller, Mascagni, & McDonald, 2007; Wolff et al.,
2014), and only 15% of SOM terminals form synapses with PV, VIP, or SOM interneurons
(Muller et al., 2007). Hence, SOM neurons are ideally positioned to control synaptic input
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and plasticity on pyramidal dendrites. Interestingly, the few long-range GABAergic
interneurons, which target the entorhinal cortex, express SOM, CB, and NPY (Fig. 2B)
(McDonald et al., 2012; McDonald & Zaric, 2015a). Neurons expressing the cholinergic
muscarinic receptor M2 also express GAD, as well as SOM and NPY, but not PV, CR, or
CCK (McDonald et al., 2011). In opposition with PV cell, optogenetic activation of SOM
interneurons during an auditory cue, while mice are acquiring the association between this
cue and a footshock, decreases freezing to the cue, during retrieval (Table 1) (Wolff et al.,
2014). Consistently, photoidentification showed that during acquisition, SOM neurons are
inhibited to the shock-predictive cue (Wolff et al., 2014). However, as PV cells, SOM
neurons are also inhibited during the footshock (Wolff et al., 2014), suggesting inputs other
than PV are decreasing the firing of SOM during an aversive stimulation.
Immunohistochemistry for the immediate early gene cFos in rats has shown that SOM
neurons are specifically activated after exposure to the elevated-plus-maze, but not after
presentation of a predator odor (ferret) (Butler et al., 2012).

Cholecystokinin (CCK)—In the BLA, interneurons expressing CCK are segregated in
two subpopulations, one characterized by large soma (CCK| ), while the second one has
smaller cell bodies (CCKg, Fig. 2) (Katona et al., 2001; Krabbe et al., 2018; McDonald &
Mascagni, 2001b). The CCK|_ cells coexpress CB and are the only GABAergic population
expressing the endocannabinoid receptor 1 (CB1). On the contrary, CCKg neurons express
CR and/or VIP (Katona et al., 2001; McDonald & Mascagni, 2001b). As PV basket cells,
CCK cells synapse onto the soma and proximal dendrites of the pyramidal cells (Mascagni
& McDonald, 2003; Veres et al., 2017). Importantly, electron microscopic investigation has
revealed that CB1 receptors are located presynaptically on CCK| axon terminals which
establish symmetrical GABAergic synapses with their postsynaptic targets (Katona et al.,
2001). Noteworthy, CB1 regulation of inhibitory synaptic transmission onto BLA pyramidal
neurons strongly depends on the projection target of the principal neuron. Indeed, ex vivo
electrophysiological recordings in mice have shown that, although both BLA-mPFC
projecting neurons, BLA-IL and BLA-PL, receive uniform inhibition from CB1/CCK
interneurons, retrograde endocannabinoid signaling induces twice more depolarization-
induced suppression of inhibition (DSI) at synapses between CB1/CCK and BLA-IL
neurons than at synapses between CB1/CCK and BLA-PL neurons (Vogel, Krabbe,
Grundemann, Wamsteeker Cusulin, & Luthi, 2016).

Mascagni and McDonald (2003) described for the first time that some pyramidal projection
neurons have low levels of CCK immunoreactivity in the rat BLA. Consistently, a recent
study using the CCK-ires-Cre-Ail4 genetic mouse line has shown that CCK expressing
neurons are immunoreactive for the glutamatergic marker CaMKlla in the BLA (Shen et al.,
2019). Surprisingly, they found that more than 90% of the CCK neurons labeled in this
mouse line are co-expressing CaMKIlla and less than 3% of the CCK neurons co-express the
GABAergic marker GAD67 (Shen et al., 2019).

Neuropeptide Y (NPY)—NPY is a 36 amino acid neuropeptide and is considered the

most abundant neuropeptide in the rodent and human brain and is highly present in the BLA
(Allen et al., 1983; Tasan et al., 2016). Direct amygdala and BLA micro-infusions of NPY in
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rats have been shown to be anxiolytic (Heilig et al., 1993; Sajdyk, Vandergriff, & Gehlert,
1999). In the BLA, NPY mainly originates from local interneurons, and moderately from
afferent and efferent projections (Leitermann, Rostkowski, & Urban, 2016; McDonald &
Zaric, 2015b; Tasan et al., 2016). Within GABAergic neurons, ~15% was suggested to
contain NPY, while more than 80% of NPY neurons also express GABA (McDonald, 1989;
McDonald & Pearson, 1989). NPY is generally expressed in SOM neurons, and almost all
NPY cells co-express SOM (McDonald, 1989). Importantly, more than 80% of these
SOM/NPY neurons in the BLA form symmetrical (inhibitory) synapses at distal dendrites
and dendritic spines of CaMKIlla-pyramidal neurons (Muller et al., 2007). NPY has three
types of G-protein coupled receptors in the amygdala: Y1, which is mainly postsynaptic, Y2,
which is predominantly pre-synaptic, and is involved in inhibitions of NPY, GABA, or
glutamate release, and finally Y5 (Sosulina, Schwesig, Seifert, & Pape, 2008; Stanic et al.,
2006; Tasan et al., 2016; Wolak et al., 2003). Interestingly, Y1 stimulation has been shown
to be anxiolytic (Wahlestedt, Pich, Koob, Yee, & Heilig, 1993), while Y2 activation is
anxiogenic (Nakajima et al., 1998).

Electrophysiological markers—EXx vivo electrophysiological recordings of BLA
inhibitory interneuron identified four types of neurons depending on their response to
transient depolarizing current injection: burst-firing, regular-firing, fast-firing, and stutter-
firing interneurons. Interestingly, the histochemical analysis showed that over 60% of burst-
firing and stutter-firing interneurons express PV (Rainnie, Mania, Mascagni, & McDonald,
2006), highlighting the combinatorial physiological and neurochemical diversity of BLA
interneurons (Sosulina, Graebenitz, & Pape, 2010). Voltage-dependent potassium channels
(Kv) are critical factors determining the electrophysiological properties of a neuron
(Covarrubias et al., 2008; Rudy et al., 1999). The Kv3.1 and Kv3.2 subunits are highly
expressed in PV interneurons, compared to CCK interneurons which express almost none of
these units (Rudy & McBain, 2001). Kv4 is composed of a-subunits (1, 2, or 3), sometimes
associated with a B-subunits such as KChip (1, 2, 3, or 4) which regulates the function of
Kv4 channels. Dualimmunofluorescence studies revealed that Kv4.3 colocalizes with
KChipl in PV, CCK-8, and SOM interneurons of the BLA (Dabrowska & Rainnie, 2010).
This suggests KChipl as a molecular marker of CB-like but not CR-like subpopulation of
BLA interneurons. In vivo recordings in rats combined with immunohistochemistry have
identified that the firing of specific subtypes of BLA interneurons is associated with local
field potential oscillations. Specifically, the firing of CB interneurons, which target dendrites
of pyramidal cells, is precisely theta-modulated, while other interneuron types including PV
cells are heterogeneously modulated (Bienvenu, Busti, Magill, Ferraguti, & Capogna, 2012).

Intercalated masses—Intercalated (ITC) cells are the smallest in the amygdala and are
inhibitory interneurons (Fig. 1). They were shown to relay negative valence to the BLA,
including fear and pain information (Asede, Bosch, Luthi, Ferraguti, & Ehrlich, 2015;
Bienvenu et al., 2015; Kuerbitz et al., 2018; Strobel, Marek, Gooch, Sullivan, & Sah, 2015).
These cells form discontinuous clusters in three locations: between the LA and CelL,
between the ventral BA and MeA, and between the BA and adjacent cortex (Fig. 1)
(Millhouse, 1986). Anatomically, one or two parent dendrites arise from either extremity of
the oval ITC cell bodies and divide three or four times (Hall, 1972). The resulting branches
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carry a modest number of spines, and the dendritic arborizations are frequently parallel to
the region adjacent nuclei, with some dendrites intermingled with the dendrites of the
surrounding nuclei (Hall, 1972). ITC cells receive strong projections from the infralimbic
prefrontal cortex (IL) in both primates and rodents, which have been postulated to allow
cortical control of emotional learning such as fear extinction (Quirk & Mueller, 2008).
Intracellular recordings found that all ITC recorded cells were orthodromically responsive to
infralimbic stimuli, and their responses usually consisted of high-frequency trains of four to
six spikes, a response pattern never seen in neighboring amygdala nuclei (Amir, Amano, &
Pare, 2011). Notably, ITC cells highly express the transcription factor FoxP2 (Forkhead box
protein P2) (Kaoru et al., 2010) and NPY (Wood et al., 2016).

THE CORTICAL (CoA), MEDIAL (MeA), AND BASOMEDIAL AMYGDALA
(BMA)
The cortical amygdala (CoA)
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1duosnuep Joyiny

In humans, the CoA corresponds to the most medial region of the amygdala complex, while
it is the most ventral in mice (Fig. 1). As all cortices, the CoA has been divided into layers
(1, I, and 11I—IV) and is mainly composed of glutamatergic projection neurons. In cats, the
inferior part of the stria terminalis courses between the small celled part of the basal and the
medial part of the CoA (Hall, 1972). The layer | contains dendritic arborizations extending
from layer Il and layer I1I—IV (Hall, 1972). Layer Il is composed of a variety of cell types,
with pyramidal cells being the most numerous and having their apical dendrites frequently
oriented obliquely instead of vertically toward the pia surface (Hall, 1972). The dendritic
arborizations of pyramidal cells carry spines except on the primary dendrites with a sparse
distribution on the proximal part of the secondary branches (Hall, 1972). Developmentally,
the CoA has a ventropallial origin, leading mainly to glutamatergic projection neurons
(Martinez-Garcia, Novejarque, Gutierrez-Castellanos, & Lanuza, 2012). The CoA has been
described to contain neurons that are characteristically immunoreactive for CR (Martinez-
Garcia et al., 2012). This cortical region receives inputs from the olfactory bulb, which are
topographically identifiable from individual glomeruli of the olfactory bulb (Sosulski,
Bloom, Cutforth, Axel, & Datta, 2011). Noteworthy, this is not the case for the piriform
cortex, even if it also receives direct inputs from the olfactory bulbs (Sosulski et al., 2011).
Although distinct in the CoA, input patches are overlapping, providing an opportunity for
olfactory integration of information from multiple glomeruli. The differential pattern of
olfactory inputs to the CoA and piriform cortex suggests an anatomical substrate for the
generation of learned and innate behaviors (Sosulski et al., 2011). When analyzed
independently of projection target or gene markers, neurons of the cortical amygdala (CoA,
Fig. 1) represent odor objects of both positive and negative valence using distributive
population codes (lurilli & Datta, 2017). Consistently, optogenetic inhibition of CoA
reduces innate responses to the odors of both positive and negative valence (Root, Denny,
Hen, & Axel, 2014). Interestingly, neurons activated by odors of positive or neutral valence
are mainly recruited in the posterior section of the CoA, compared to neurons activated by
an odor of negative valence which is equally distributed in the anteroposterior axis (Root et
al., 2014).
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The medial amygdala (MeA)

Anatomically, the MeA lies caudally to the ventral striatum and is mainly composed of
GABAergic projection neurons (Fig. 1)( Alheid & Heimer, 1988). Golgi staining in the cat
amygdala has shown that cells in the MeA are relatively small with 2—4 thin primary
dendrites arising from the cell body, which then divide 1-3 times, producing a sparse
arborization (Hall, 1972). Neurons in the MeA, receive input from the accessory olfactory
bulbs, and project directly, and indirectly through the BNST, to nuclei of the medial
hypothalamus (Dong, Petrovich, Watts, & Swanson, 2001; Dong & Swanson, 2004; Krettek
& Price, 1978; Swanson & Petrovich, 1998). The MeA has been functionally subdivided in
the anterior MeA (MeA-a), which is connected with circuits controlling defensive and
reproductive behaviors, the posterodorsal MeA (MeA-pd) connects mainly with structures
involved in reproductive behaviors (Canteras, Simerly, & Swanson, 1995; Pardo-Bellver,
Cadiz-Moretti, Novejarque, Martinez-Garcia, & Lanuza, 2012), and finally, the
posteroventral MeA (MeA-pv) projecting to circuits involved in defensive behaviors
(Canteras, 2002). This anatomical division overlaps with the expression of three LIM
homeobox (Lhx) genes, which encode transcription factors. Specifically, the MeA-a mainly
expresses Lhx5, whereas the MeA-pd highly expresses Lhx6, and the MeA-pv expresses
Lhx9 (Choi et al., 2005). The MeA-a contains a high density of glutamatergic (Poulin,
Castonguay-Lebel, Laforest, & Drolet, 2008) and nitric oxide neurons (McDonald, Payne, &
Mascagni, 1993). Developmentally, Lhx5 neurons of the MeA-a originate from the
hypothalamic supra-opto-paraventricular domain (Abellan, Vernier, Retaux, & Medina,
2010), while Lhx6 neurons of the MeA-pd are GABAergic cells originating from the caudo-
ventral medial ganglionic eminence, and Lhx9 cells of the MeA-pv originate from the
ventral pallium, and are consequently glutamatergic projection neurons (Choi et al., 2005).
Neurons of the MeA have also repeatedly been shown to regulate social behaviors (Li et al.,
2017; Yao, Bergan, Lanjuin, & Dulac, 2017) and GABAergic neurons of MeA-pd promote
social behaviors of both negative (e.g., aggression) and positive valence (e.g., mating and
social grooming) (Hong, Kim, & Anderson, 2014). Neurons in the MeA can also be
genetically identified by the unique marker laminin beta-3 (Zirlinger, Kreiman, & Anderson,
2001) and express numerous receptors including oxytocin receptors (Yao et al., 2017),
estrogen receptors, and corticotropin-releasing factor receptor 2 (CRFR2) (Frankiensztajn,
Gur-Pollack, & Wagner, 2018). MeA cells expressing CRFR2 receptor mRNA are active
during a social experience of negative valence (social defeat stress) (Fekete et al., 2009). In
addition, a subpopulation of MeA neurons expressing kisspeptin protein modulates anxiety
and sexual partner preference in male mice (Adekunbi et al., 2018), whereas neurons
expressing the estrogen receptor-alpha control body weight (Xu et al., 2015). The activity of
GABAergic SOM neurons, measured by cFos immunostaining, is increased in rats by
exposure of the animals to a predator odor (ferret odor) or to an anxiogenic environment
(elevated-plus-maze) (Butler et al., 2012). Interestingly, neurons expressing NPY were
shown to be activated only by the predator odor but not by exposure to the elevated-plus-
maze (Butler et al., 2012).

Noteworthy, stimulation of midbrain dopamine neurons induces the activation of the MeA
(Chung, Miller, Sun, Xu, & Zweifel, 2017) and MeA neurons express dopamine D1 receptor
(D1R), which are mainly localized in the MeA-pv in mice (Miller, Marcotulli, Shen, &
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Zweifel, 2019). Recently, it was shown that distinct subpopulations of MeApv-D1R neurons
differentially innervate the ventromedial hypothalamus (vmHPT) and BNST and that these
projections have opposing effects on investigation or avoidance of threatening stimuli
(Miller et al., 2019). Specifically, optogenetic activation of MeApv(D1R)-BNST neurons
decreases avoidance of predator stimuli, whereas activation of MeApv(p;r)-vmHPT
increases avoidance of those same stimuli (Miller et al., 2019).

The basomedial amygdala (BMA)

The BMA is located ventral to the BA (Fig. 1). In both the cat and the rat, the BMA is
composed of small- to medium-sized cells that are readily distinguished from those of the
BLA on the basis of their smaller size (Krettek & Price, 1978). The BMA is present in the
posterior two-thirds of the amygdaloid complex and throughout the greater part of its extent,
it is adjacent to the BA, dorsally, and the CoA, ventrally (Krettek & Price, 1978). According
to Pitk&nen (2000b), the BMA is also divided into an anterior magnocellular part and a
posterior parvicellular subdivision. Despite its prominent size and knowledge of its
delineation and cytoarchitecture, few functional studies have targeted the BMA. One study
in rats performed chemical inhibition of the BMA using the GABA, agonist muscimol,
which induced an increase in mean arterial pressure and heart rate, whereas the inhibition of
neighboring regions did not induce such cardiovascular changes (Mesquita et al., 2016). In
contrast, chemical activation through bilateral microinjection of a GABA antagonist
blocked the cardiovascular responses usually observed when an unknown rat is introduced
into the cage of a recorded rat. Consistently, direct optogenetic activation of the BMA
increases anxiety-like behaviors in mice, as does the optogenetic activation of the vmPFC
inputs to this nucleus (Adhikari et al., 2015). Finally, neurons of the BMA project to the
ventromedial nucleus of the hypothalamus (VMH) through direct glutamatergic projections
and indirect projections relayed in the anterior BNST (aBNST) (Martinez, Carvalho-Netto,
Ribeiro-Barbosa, Baldo, & Canteras, 2011; McDonald, Shammah-Lagnado, Shi, & Davis,
1999). Direct BMA-VMH projections do not contain GABAergic fibers (Yamamoto,
Ahmed, Ito, Gungor, & Pare, 2018). Within the VMH, BMA and aBNST, axons are
segregated, with the BMA axons terminating in the VMH glutamatergic core, while the
aBNST axons terminate in the GABAergic shell. Glutamatergic BMA-VMH inputs excite
most core neurons, without eliciting a response in shell neurons (Yamamoto et al., 2018). In
contrast, aBNST sent mostly GABAergic projections that inhibited both shell and core
neurons (Yamamoto et al., 2018). The dual regulation of VMH by BMA and aBNST might
provide flexibility to these downstream regions regulating defensive and social behaviors.

THE CENTRAL AMYGDALA (CeA)

The central nucleus of the amygdala (CeA) has three structurally distinct nuclei: the lateral
(Cel), capsular (CeC), and medial (CeM) nuclei of the amygdala (Cassell, Gray, & Kiss,
1986; McDonald, 1982; Petrovich, Scicli, Thompson, & Swanson, 2000) (Fig. 1). Following
Pavlovian fear conditioning, neuronal activity of the CeL is required for the fear acquisition,
whereas activity in the CeM is required for the expression of conditioned fear responses
(Ciocchi et al., 2010). The CeM is the main amygdala output structure to brainstem centers
that mediate autonomic and behavioral aspects of fear, including freezing behavior (Hopkins
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& Holstege, 1978; LeDoux et al., 1988; Rizvi, Ennis, Behbehani, & Shipley, 1991,
Schwaber, Kapp, Higgins, & Rapp, 1982). Activation of CeM is sufficient to induce freezing
responses, whereas inactivation of CeL alone produces unconditioned freezing, indicating
that CeM is under tonic inhibitory control from CeL interneurons (Ciocchi et al., 2010;
Gozzi et al., 2010; Pape, 2010). CeL also contains populations of projections neurons, some
of which control cortical activity via basal cholinergic neurons and can shift fear responses
from freezing behavior toward an active escape (Gozzi et al., 2010).

The CeA is a GABAergic structure (McDonald & Augustine, 1993; Pare & Smith, 1993),
which together with the bed nucleus of the stria terminalis (BNST) forms the extended
amygdala complex (Walker & Davis, 2008). GABAergic neurons in the CeA coexpress a
variety of neuropeptides including, but not limited to CRF, SOM, dynorphin (DYN),
enkephalin (ENK), neurotensin (NT), VIP, and CB (Cassell et al., 1986; Roberts,
Woodhams, Polak, & Crow, 1982; Shimada et al., 1989; Wray & Hoffman, 1983) (Fig. 1).
These peptidergic neurons also coexpress a variety of distinct markers, including cell-type
specific receptors, kinases, and phosphatases (Fig. 3). Neurons expressing markers like
protein kinase C 6 (PKC8) or tachykinin 2 (Tac2) have been implicated in the modulation of
CeA activity, modulation of CeM output, and behavioral outcomes (Andero et al., 2016;
Haubensak et al., 2010). Heterogeneity of the inhibitory peptidergic neurons in the CeL
allows multilevel gating of fear responses by tonic CeM inhibition (Ciocchi et al., 2010) or
disinhibition of cortical neurons (Gozzi et al., 2010). As a result, cell-type-specific plasticity
of inhibitory neurons within the CeL and CeM circuitry determines the final behavioral
output balanced between discrimination vs generalization of conditioned fear responses
(Ciocchi et al., 2010; Tye et al., 2011).

The peptidergic neurons are not entirely mutually exclusive. In the rat CeA, neurons
expressing CRF reside in CeL (Pomrenze et al., 2015) and approximately half of them are
immunoreactive for DYN (Marchant, Densmore, & Osborne, 2007) and SOM (Pomrenze et
al., 2015). To the contrary, neurons expressing ENK do not overlap with DYN (Marchant et
al., 2007) or CRF (Day, Curran, Watson, & Akil, 1999; Marchant et al., 2007; Veinante,
Stoeckel, & Freund-Mercier, 1997) but do overlap with NT (Day et al., 1999; Roberts et al.,
1982) and PKCS8 expressing neurons in the CeL (Haubensak et al., 2010). Accordingly,
PKCS& and CRF neurons belong to nonoverlapping neuronal populations (Pomrenze et al.,
2015), but nearly all CRF neurons in the CeL coexpress striatal-enriched protein tyrosine
phosphatase (STEP) (Dabrowska et al., 2013). In contrast to the BLA or LA, few calcium-
binding proteins are found in the CeA neurons. Although studies have shown CB-positive
immunoreactivity, no PV neurons have been found in the CeA (Pitkdnen & Amaral, 1993).

Fast amino acid neurotransmitters

CeA is a striatal-like structure, which contains GABAergic interneurons and GABAergic
projection neurons (McDonald & Augustine, 1993; Pare & Smith, 1993; Penzo, Robert, &
Li, 2014). GABAergic output neurons from CeM are under complex synaptic control from
CeL interneurons (Ciocchi et al., 2010; Pape, 2010). These CeL neurons also provide
inhibitory inputs to other CeL and CeC neurons (Pitkénen, Savander, & LeDoux, 1997). In
contrast to well-established CeM outputs, extrinsic projections from the CeL are more
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restricted (Petrovich & Swanson, 1997). In addition to dense inputs to the adjacent CeM,
CeL sends projections via the stria terminalis to the BNST, to the hindbrain parabrachial
nucleus (Petrovich et al., 2000), and to basal cholinergic neurons (Gozzi et al., 2010). As the
bundle of fibers composing stria terminalis contains variety of peptides, including VIP,
CCK, substance P (SP), NT, ENK, and SOM, they represent the major efferent peptidergic
system, which might modulate synaptic transmission in a peptide-specific manner in
addition to modulation by GABA (Roberts et al., 1982). Some of these peptides might be
excitatory in nature. For example, optogenetic stimulation of CRF neurons in rat CeL
produces cFos expression in non-CRF neurons in the CeL (Pomrenze et al., 2015), an effect
dependent on CRF receptor type 1 (CRFR1). CRF has been also shown to increase the
frequency of spontaneous excitatory postsynaptic currents (SEPSCs) in the rat (Ji, Fu,
Adwanikar, & Neugebauer, 2013) and mouse CeL (Silberman & Winder, 2013a) through its
action on CRFR1 and CRFR2.

Electrophysiological properties of CeA neurons

Originally, rat CeA neurons were categorized into two electrophysiological types depending
on the shape of spike afterhyperpolarizations (AHPs): (Schiess, Asprodini, Rainnie, &
Shinnick-Gallagher, 1993; Schiess, Callahan, & Zheng, 1999) type “A” non-adapting
neurons that fire repetitively and type “B” neurons that show complete spike-frequency
adaptation during sustained depolarization (Lopez de Armentia & Sah, 2004; Schiess et al.,
1999). Later studies further characterized at least four main physiological types of neurons
in the CeA, distinguished based on their responses to intracellular current injections. From
all four types, low threshold bursting (LTB) neurons constitute the majority of CeM neurons
(Dumont, Martina, Samson, Drolet, & Paree, 2002). They generate spike doublets or bursts
in response to hyperpolarizing current pulses, whereas depolarizing currents elicit trains of
action potentials with variable degrees of spike frequency accommodation. LTB neurons
typically also display inward rectification, reflecting activation of hyperpolarization-
activated cationic current (I4) (Dumont et al., 2002), mediated by hyperpolarization-
activated cyclic nucleotide-gated (HCN 1-4) channels (Benarroch, 2013). The opening of
HCN channels elicits membrane depolarization toward the threshold for action potential
generation and reduces membrane resistance and thus the magnitude of excitatory and
inhibitory postsynaptic potentials (Benarroch, 2013).

Regular spiking neurons (RS) constitute the majority of neurons in rat CeL. Like LTB
neurons, RS cells also display variable degrees of time-dependent inward rectification (/4
current). However, in contrast to LTB cells, these neurons do not show spike bursts in
response to hyperpolarizing current pulses (Dumont et al., 2002).

Although late firing (LF) neurons are very rare in rat CeL and CeM (Dumont et al., 2002),
nearly all neurons in rat CeC are classified as LF type (Chieng, Christie, & Osborne, 2006).
These neurons are characterized by a noticeable delay between the beginning of depolarizing
current injection and firing onset (Dumont et al., 2002). The fourth, fast-spiking (FS) neuron
type is also rare in rat CeA and is characterized by high firing rates with no spike frequency
adaptation (Dumont et al., 2002).
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Regulation of the activity of CeA outputs

The activity of CeA neurons has been investigated in great detail with respect to modulation
by oxytocin (OT) and vasopressin (VP) (Huber, Veinante, & Stoop, 2005). These
neuropeptides are extrinsic in nature to the CeA but have proven to be critical modulators of
CeA output (Huber et al., 2005). There are two groups of OT-responsive neurons in the CeA.
One group of interneurons is located in the CeL and is excited by OTR activation. These OT-
responsive neurons are putative Type 1l neurons (Gozzi et al., 2010) and partially overlap
with neurons expressing mRNA for PKC6 (Haubensak et al., 2010). Once excited by OT,
they enhance GABAergic transmission in the CeM projection neurons. Therefore, CeM
output neurons are inhibited by OTR activation but directly excited by vasopressin V1A
receptors (V1AR) (Huber et al., 2005). OT-responsive CeL neurons have been shown to play
an important role in mediating escape behavior to an imminent threat. Fear conditioning to
imminent yet escapable threat potentiates excitatory inputs from the BLA onto OT sensitive
CeL neurons, and this positively correlates with reduced freezing behavior and active escape
(Terburg et al., 2018) (Fig. 3).

From CeM, separate neuronal populations project to the ventrolateral periaqueductal gray
(V1IPAG), where they modulate freezing behavior, and to the dorsal vagal complex (DVC),
where they modulate cardiovascular responses (Viviani et al., 2011). These two populations
of CeM projection neurons also differ in their electrophysiological properties, CeM-PAG
projecting neurons are more depolarized at rest and have lower membrane resistance but
higher membrane capacitance in comparison to CeM-DVC projecting neurons. The average
spiking frequencies of CeM-PAG projecting neurons are also significantly higher than CeM-
DVC neurons. Notably, OT selectively inhibits CeM neurons projecting to PAG such as
activation of OTR increased GABA transmission in CeM-PAG but not in CeM-DVC
projecting neurons (Viviani et al., 2011).

An overlap between peptidergic phenotypes and the electrophysiological subtypes of CeA
neurons is largely unknown. Below we make an attempt to attribute electrophysiological
properties to defined subpopulations of CeA neurons when feasible. However, caution needs
to be applied regarding species differences, as a majority of the electrophysiological studies
originate from rat CeA, whereas the majority of studies on the role of neuropeptidergic
subpopulations in behavior emerge from transgenic mice models.

Peptidergic neuron types

Corticotropin-releasing factor (CRF)—Within rat and mouse CeA, CRF neurons are
mostly localized in the CeL (Fadok et al., 2017; Fellmann, Bugnon, & Gouget, 1982;
Swanson, Sawchenko, Rivier, & Vale, 1983). They share many common characteristics with
CRF neurons in dorsolateral BNST (BNSTpy ), including cellular morphology of medium
spiny neurons (Cassell & Gray, 1989; Phelix & Paull, 1990; Pomrenze et al., 2015; Sun &
Cassell, 1993), selective expression of neuron-specific phosphatase STEP (Dabrowska,
Hazra, Guo, Li, et al., 2013), production of GABA (Cassell, Freedman, & Shi, 1999;
Dabrowska, Hazra, Guo, Li, et al., 2013; Day et al., 1999), and efferent projections to
similar brain structures, including reciprocal projections to the BNST (Dabrowska,
Martinon, Moaddab, & Rainnie, 2016; Petrovich & Swanson, 1997; Pomrenze et al., 2015).
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In recent years, the development of animal models expressing Cre-recombinase (Cre) under
the control of specific peptidergic promoters allowed precise interrogation of the role of
peptidergic neurons in modulating behavior. Using an optogenetic strategy in fear-
conditioned Cre-CRF mice, activation of CRF neurons in the CeL promotes an active
defensive behavior (flight) in contrast to neighboring SOM neurons, which were shown to
mediate passive fear responses (freezing) (Fadok et al., 2017). Accordingly, selective
silencing of CRF, but not SOM or PKC&-expressing neurons in the CeL, completely
abolishes conditioned flight behavior. Notably, the resultant behavioral output was
dependent on the strength of mutual inhibitory connections between CRF and SOM neurons
in the CeL. Whereas CRF neurons provide GABAergic inhibitory input to both SOM and
PKCS neurons in the CeL, CRF neurons receive input mainly from SOM rather than PKC8&
neurons (Fig. 3) (Fadok et al., 2017). Notably, CRF and SOM cells also receive distinct
afferent inputs from the BLA and ventral hippocampus (VvHPC), respectively (Fadok et al.,
2017). Here, CRF and SOM neurons were identified as mutually exclusive neuronal
populations mediating distinct behavioral outcomes (Fadok et al., 2017). However, this is in
contrast with a more recent study showing high levels of co-localization between CRF and
SOM neurons in mouse CeL, but not CeM (McCullough, Morrison, Hartmann, Carlezon, &
Ressler, 2018). Substantial overlap was also found between CRF and SOM neurons in rat
CeL (Pomrenze et al., 2015). Although functional separation of these neuronal populations
might not be as apparent, CRF neurons are clearly distinct from neuronal populations
expressing PKCS in both mice (Fadok et al., 2017; McCullough et al., 2018) and rat CeL
(Pomrenze et al., 2015) (Table 1, Fig. 3).

CRF neurons and CRFR signaling in the CeL are important for proper fear discrimination
which is measured as the ability to preferentially respond to a discrete cue previously paired
with the unconditioned stimulus (US) vs un-paired cue. Following fear conditioning, CRF
neurons undergo plasticity, which allows them to selectively respond to threat-predictive
cues. CRF neurons then enhance the excitability of another population of neurons in the
CeA, via a CRFR1-dependent mechanism, and this process is critical for the proper
discrimination of threat-predictive cues (Sanford et al., 2017). As CeL also sends substantial
CRF projection to the BNST (Petrovich & Swanson, 1997), activation of the BNST-
projecting CRF neurons might affect sustained fear- and anxiety-related behaviors (Lee &
Davis, 1997). Indeed, selective optogenetic silencing of CRF release from the CeA to the
BNST during contextual fear acquisition disrupts sustained fear responses, measured as
freezing behavior (Asok et al., 2018) (Table 1). In mouse CeA, CRF neurons have also been
implicated in the modulation of anxiety (Paretkar & Dimitrov, 2018). For example,
chemogenetic activation of CRF neurons was sufficient to increase anxiety-like behavior
measured in the elevated plus-maze (EPM, Table 1). Specific activation of locus coeruleus
(LC)-projecting CeA CRF neurons had a similar anxiogenic effect (Table 1) (Paretkar &
Dimitrov, 2018).

In the intrinsic neuronal network of the CeA, CRF neurons serve as inhibitory interneurons
and provide inhibitory control of other CeL neurons, including SOM and PKC8& neurons
(Fadok et al., 2017) and, to a lesser extent, other CRF neurons (Partridge et al., 2016).
Chronic, unpredictable stress was shown to alter synaptic transmission and connectivity
between CRF neurons in mouse CeL (Partridge et al., 2016). Also, in rat CeL, optogenetic
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stimulation of CRF neurons evokes GABA receptor-dependent synaptic transmission in
approximately half of non-CRF neurons in the CeL (Pomrenze et al., 2015). However, after
optogenetic stimulation of CRF neurons, increased cFos expression was observed in non-
CRF neurons of rat CeL, an effect that could be prevented by blocking CRFR1. These
results suggest that CRF neurons provide both inhibitory (via GABA) and excitatory (via
CRFR1) information in the CeL (Pomrenze et al., 2015).

Notably, although hypothalamic CRF is associated with hypothalamic-pituitary-adrenal
(HPA) axis activation following acute stressors, these stressors or immunological challenges
do not readily activate CRF neurons in the CeA. Although systemic injection of
interleukin-1 beta (IL-1h) causes a robust activation of ENK neurons in rat CeL, and
moderate activation of NT neurons, very few neurons in the CeL (1%) coexpress cFos and
CRF mRNA (Day et al., 1999). In contrast, innate fear response induced by predator odor,
2,5-dihydro-2,4,5-trimethylthiazoline (TMT) exposure significantly elevated CRF, but not
ENK mRNA in the CeL (Asok, Ayers, Awoyemi, Schulkin, & Rosen, 2013).

Somatostatin (SOM)—SOM neurons constitute one of a major neuronal population in
mouse CeL. They display heterogeneous electrophysiological properties and belong to RS or
LF neuron types. SOM neurons have been crucially implicated in the positive modulation of
conditioned fear (Fear-ON neurons, Fig. 3) (Li et al., 2013). Selective silencing of SOM
neurons in SOM-IRES-Cre mice during fear conditioning markedly impairs fear memory,
measured as a reduction of freezing behavior. Activation of SOM neurons, on the other
hand, is sufficient to induce freezing in naive freely moving mice (Li et al., 2013). SOM
neurons are largely nonoverlapping with PKC6 neurons, which have been identified as Fear-
OFF neurons (Haubensak et al., 2010). LA input-specific and experience-dependent
strengthening of glutamatergic synapses onto SOM CeL neurons were shown to enable the
expression of conditioned fear, as suppression of the potentiation impairs fear memory.

SOM neurons provide potent inhibition to other neurons in the CeL. SOM neurons likely
overlap with the tonically inhibitory, Type I, serotonin receptor 1A (5-HT1a)-expressing
interneurons described by Fadok et al. (2017) and Gozzi et al. (2010). These Type | neurons
are distinguished from the Type I1, OT-responsive neurons by the presence of a prominent
depolarizing after-potential (Tsetsenis, Ma, Lo lacono, Beck, & Gross, 2007). Firing of Type
Il neurons can be enhanced by 5-HT-mediated inhibition of Type I neurons, consistent
with a direct inhibitory connection between Type | and Type 1l cells in the CeL (Gozzi et al.,
2010) (Fig. 3). Accordingly, 5-HTqa-receptor-mediated inhibition of Type | (putative SOM)
CeA neurons is sufficient to suppress conditioned freezing responses (Tsetsenis et al., 2007)
(Table 1, Fig. 3).

Enkephalin (ENK)—Separate neuronal populations in the CeA express CRF and ENK
peptides (Veinante et al., 1997). Similarly to other neurons in the CeA, ENK neurons are
GABAergic (Day et al., 1999; Petrovich & Swanson, 1997; Steiner & Gerfen, 1998). ENK
belongs to the family of endogenous opioid peptides and primarily acts via the delta and mu-
opioid receptors (MOPR) (Mansour, Hoversten, Taylor, Watson, & Akil, 1995). Opioid
transmission is crucial for pain perception and analgesia, which plays an important role
during a threat or predator confrontation (Helmstetter & Fanselow, 1987; Olson, Olson,
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Vaccarino, & Kastin, 1998). Accordingly, conditioned fear responses (Petrovich et al.,
2000), as well as innate fear responses (Wilson & Junor, 2008) upregulate opioid levels.
Chemogenetic activation of ENK neurons produces robust analgesia in mice with sciatic
nerve constriction as well as the reduction in anxiety-like behavior (Paretkar & Dimitrov,
2019) (Table 1). The CeA is part of the circuitry mediating hypoalgesia induced by
conditioned stimuli or systemic morphine administration (Chieng et al., 2006). In situ
hybridization studies demonstrated that mRNA levels of ENK (but not CRF) increase in
CeA neurons (CeL and CeC but not CeM) after rats are placed in an environment that was
previously associated with fear conditioning (Petrovich et al., 2000), providing an increased
opioid tone in a threatening environment (Chieng et al., 2006; Petrovich et al., 2000).
However, CeA can also mediate hyperalgesia during alcohol withdrawal (Avegno et al.,
2018). From CeL and CeC, ENK neurons, similarly to CRF neurons, send projections to the
CeM (Veening, Swanson, & Sawchenko, 1984) and the BNST (Arluison et al., 1994;
Roberts et al., 1982), which also expresses high levels of opioid receptors (Mansour et al.,
1995). In some CeA subregions, ENK innervation is coincident with high levels of tyrosine
hydroxylase (TH) fibers (Chieng et al., 2006).

Activation of MOPRs inhibits all electrophysiological types of CeL neurons via a direct, G
protein-coupled inwardly-rectifying potassium channel (GIRK)-dependent, the postsynaptic
mechanism (Chieng et al., 2006). Although the peptidergic profile of these neurons is
unknown, MOPR activation has a greater inhibitory impact on bipolar/fusiform neurons,
rather than triangular or multipolar neurons in the CeA. Opioids have been shown to directly
inhibit CeA output neurons projecting to the lateral parabrachial nucleus, the BNST, and
thalamic reticular nucleus (Chieng et al., 2006). In contrast to CeL, CeM neurons express
kappa opioid receptors (KOPR) rather than MOPR, hence might be more sensitive to
dynorphin release (Chieng et al., 2006).

Dynorphin—DYN also belongs to a class of opioid peptides, but fear conditioning does not
affect KOPR mRNA in the CeA or dynorphin levels. However, blocking KOPR in the CeA
reduces conditioned fear measured in the fear-potentiated (FPS) startle paradigm, but it does
not affect anxiety measured in the EPM (Knoll et al., 2011). CRF was shown to facilitate the
release of DYN in the CeA, whereas subsequent activation of KOPR modulates the
presynaptic effects of CRF (Kang-Park, Kieffer, Roberts, Siggins, & Moore, 2015). KOPRs
have also been shown to modulate GABAergic synaptic responses and ethanol effects in the
CeA (Kang-Park, Kieffer, Roberts, Siggins, & Moore, 2013; Van’t Veer & Carlezon, 2013).

Other molecular markers

Protein kinase C delta (PKCS)—Neurons expressing PKCS are localized in the CeL
and CeC (Haubensak et al., 2010). They are GABAergic and distinct from those expressing
CRF or DYN; almost half of the PKCS neurons express ENK and more than half express
OTR, which has been implicated in inhibitory gating of CeM (Huber et al., 2005; Viviani et
al., 2011). In fact, similarly to OTR-expressing neurons, PKC& neurons project to and inhibit
CeM output neurons to the brainstem that control freezing and make a connection with other
PKC&-negative neurons in the CeL. The great majority of PKC8& neurons were identified as
LF type, and a small fraction as RS neurons (Haubensak et al., 2010) (Fig. 3).
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PKC8 neurons appear to play a crucial role in the modulation of intrinsic CeA circuitry
involved in fear conditioning. After discriminatory fear conditioning, whereas a group of
CeL neurons acquires an excitatory response (Fear-ON neurons), another group of CeL
neurons displays a strong inhibitory response to the CS (Fear-OFF neurons). Notably, both
ON and OFF CeL neurons inhibit CeM output. Following cued fear conditioning, levels of
discrimination between paired vs un-paired cue could be predicted from tonic activity of
CeA neurons such as a decrease in tonic activity of CeM output neurons is associated with
generalization, whereas decreases in tonic activity of CeL OFF and ON neurons predicted
better discrimination, consistent with tonic inhibition of CeM output neurons by both CeL
ON and CeL OFF neurons (Haubensak et al., 2010). CeL Fear-OFF neurons largely overlap
with neurons expressing PKCS (Haubensak et al., 2010). Accordingly, optogenetic
stimulation of PKC8& neurons increases anxiety-like behavior and fear generalization, and
overall degree of fear generalization correlates with spontaneous activity of PKC8 neurons
(Botta et al., 2015) (Fig. 3, Table 1).

In addition to CeM output neurons (Haubensak et al., 2010), a subpopulation of CeL
neurons projects to cholinergic neurons in the basal forebrain (substantia innominata and
nucleus basalis of Meynert), which control cortical arousal (Gozzi et al., 2010). These two
parallel CeA outputs have been shown to control behavioral output balanced between
passive freezing (via CeM output to the brainstem) and active exploration (via CeL-mediated
disinhibition of cortical neurons). Under regular conditions (freezing ON), CeL projection
neurons are tonically inhibited by Type I neurons [putative SOM neurons (Gozzi et al.,
2010), which correspond to type B neurons described in rats (Lopez de Armentia & Sah,
2004; Sah & Lopez De Armentia, 2003; Schiess et al., 1999)]. Therefore, brainstem
projecting CeM neurons are disinhibited and induce freezing. However, when Type |
neurons are silenced (freezing OFF), Type 11, OTR-expressing CeL projection neurons
(Huber et al., 2005), putative PKC8 neurons (Haubensak et al., 2010), become active. This
leads to (1) inhibition of brainstem-projecting CeM output (freezing OFF), and (2)
disinhibition of cholinergic neurons, which increase cortical arousal and promote active
escape (Gozzi et al., 2010; Tsetsenis et al., 2007) (Fig. 3).

PKCS neurons are also sensitive to opioids such that 95% of morphine-induced cFos
activation in the CeL is found in PKC8 neurons (Xiu et al., 2014). Lastly, PKCS& neurons are
also activated by diverse anorexigenic signals in vivo and are required for the inhibition of
feeding by these signals. Activation of PKC8 neurons in the CeL suppresses food intake
(Cai et al., 2014).

Tachykinin 2 (Tac2)—In the CeA, neurons expressing the peptide tachykinin (Tac2) were
shown to play a significant role in fear memory consolidation (Andero et al., 2016). The
Tac2 pathway includes the peptide neurokinin B (NkB), encoded by the Tac2 gene, and its
specific receptor neurokinin 3 (Nk3R) (Severini, Improta, Falconieri-Erspamer, Salvadori, &
Erspamer, 2002). Tac2 and its receptor are highly expressed within the CeM (Andero, Dias,
& Ressler, 2014; Duarte, Schutz, & Zimmer, 2006). As determined in Tac2-GFP mice, Tac2
neurons do not overlap with neurons expressing PKCS8, but they do overlap considerably
with neurons expressing STEP in the CeM, and the great majority of neurons expressing
NK3R also express STEP. Notably, STEP extensively co-localizes with CRF neurons in rat

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyeler and Dabrowska Page 23

CeA (Dabrowska, Hazra, Guo, Li, et al., 2013). Optogenetic stimulation of Tac2 neurons in
transgenic mice during fear acquisition does not alter the locomotor activity or freezing
levels but it enhances fear memory consolidation (Andero et al., 2016).

THE BED NUCLEUS OF THE STRIA TERMINALIS (BNST)

The BNST is a forebrain structure and part of the extended amygdala complex, which
coordinates autonomic, neuroendocrine, and behavioral responses to stressors (Cullinan,
Herman, & Watson, 1993; Herman & Cullinan, 1997; Walker & Davis, 2008). Rodent BNST
is a heterogeneous structure, which contains at least 16 distinct subnuclei, making the BNST
one of the most complex structures of the mammalian brain (Larriva-Sahd, 2006). The
BNST translates stress into long-term changes in defensive behaviors, including anxiety-like
behavior (Dabrowska, Hazra, Guo, Dewitt, & Rainnie, 2013; Daniel & Rainnie, 2016; Davis
et al., 2010; Sparta, Jennings, Ung, & Stuber, 2013). BNST lesions in rats disrupt expression
of contextual fear (Sullivan et al., 2004), as well as conditioned fear responses to long-
lasting cues (Davis et al., 2010; Waddell, Morris, & Bouton, 2006), but not too short,
discrete cues (Gewirtz, McNish, & Davis, 1998; Hitchcock & Davis, 1991; LeDoux et al.,
1988). However, growing evidence suggests that, together with the CeA, the BNST also
modulates conditioned fear responses to discrete cue, and more specifically, level of fear
generalization vs fear discrimination (Goode & Maren, 2017; Gungor & Pare, 2016). For
example, BNST lesion has been shown to significantly improve rats’ ability to discriminate
between cue previously paired with foot-shock vs unpaired cue (Duvarci, Bauer, & Pare,
2009). Recent studies suggest the involvement of the BNST in learning to discriminate
between distinct stimuli representing safety vs threat (De Bundel et al., 2016), phasic vs
sustained fear (Lange et al., 2017), and signaled vs un-signaled threats (Goode & Maren,
2017; Moaddab & Dabrowska, 2017; Martinon et al., 2019) (for review see Goode & Maren,
2017; Gungor & Pare, 2016; Janecek & Dabrowska, 2019; Shackman & Fox, 2016).
Furthermore, the BNST is involved in the modulation of addictive behaviors, as it was
shown to be necessary for the stress-induced reinstatement of drug seeking (Erb, Salmaso,
Rodaros, and Stewart, 2001; Erb, Shaham, and Stewart, 2001). Moreover, together with the
CeA, the BNST has been suggested to mediate anxiety and dysphoria associated with
addiction withdrawal (Funk, O’Dell, Crawford, & Koaobh, 2006; Harris & Winder, 2018).

BNST subnuclei express a variety of neuronal populations, which can be categorized based
on their electrophysiological properties into at least three types (Types I-111) (Hammack,
Mania, & Rainnie, 2007). These types are accompanied by distinct patterns of mMRNA
expression of ion channel subunits (Hazra et al., 2011), neuropeptidergic profile (Ju & Han,
1989; Moga, Saper, & Gray, 1989; Shimada et al., 1989), as well as a myriad of cell-type-
specific receptors or enzymes, many of which respond to stress or anxiety-provoking stimuli
(Dabrowska, Hazra, Guo, Li, et al., 2013; De Bundel et al., 2016; Pelrine et al., 2016).
Notably, activation of distinct BNST subnuclei (Kim et al., 2013), or even distinct cell
populations (e.g., CRF vs NPY), often leads to contrasting physiological and behavioral
effects (Daniel & Rainnie, 2016).
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Fast amino acid neurotransmitters

The BNST is a largely GABAergic structure in the rat (Dabrowska, Hazra, Guo, Dewitt, &
Rainnie, 2013; Stefanova, Bozhilova-Pastirova, & Ovtscharoff, 1997; Sun & Cassell, 1993)
and mouse brain (Jennings et al., 2013; Nguyen, Dela Cruz, Sun, Holmes, & Xu, 2016). The
dorsolateral BNST (BNSTp, ), which contains oval nucleus (BNSToy) (Dabrowska, Hazra,
Guo, Dewitt, & Rainnie, 2013; Day et al., 1999; Ju & Han, 1989; Poulin, Arbour, Laforest,
& Drolet, 2009), and juxtacapsular nucleus (BNST ;xt) (Larriva-Sahd, 2004, 2006), is
populated exclusively with GABAergic neurons (Fig. 4). Rat BNST jxT contains two
morphological types of GABAergic projections neurons and two types of interneurons
(Larriva-Sahd, 2004), whereas the BNST\y includes at least 11 neuron types (Fig. 4).
BNSTqy contains both projection neurons as well as local interneurons, both GABAergic
(Larriva-Sahd, 2006), hence most of the axonal outputs from the BNSTp_ are inhibitory
(Cullinan et al., 1993; Esclapez, Tillakaratne, Tobin, & Houser, 1993). Glutamatergic
neurons account for a minority of BNST neurons (Jennings et al., 2013; Nguyen et al.,
2016). In rat BNST, putative glutamatergic neurons expressing vesicular glutamate
transporter 2 (VGLUT2) have been primarily found in the ventral part of anterior BNST
(BNSTygn), including the fusiform nucleus (BNSTgys) and in several divisions of posterior
BNST (BNSTposT), including the principal nucleus (Poulin et al., 2009). Presence of
glutamatergic neurons in mouse BNSTygn has been confirmed in VGLUT2-IRES-Cre
mouse (Georges & Aston-Jones, 2002; Gungor, Yamamoto, & Pare, 2018; Jennings et al.,
2013) and based on the expression of the excitatory amino acid carrier 1 (EAAC) (Nguyen et
al., 2016). In contrast, VGLUT3-labeled neurons were found in the anterior lateral group of
the BNST (Jalabert, Aston-Jones, Herzog, Manzoni, & Georges, 2009) (Fig. 4).

Electrophysiological properties of the BNST neurons

Neurons of the anterolateral cell group of the BNST (BNST 5| g) can be categorized into
three major neuron types (Type I—II1) based on electrophysiological phenotype alone
(Daniel, Guo, & Rainnie, 2017; Hammack et al., 2007) and/ or based on a single-cell mMRNA
expression of ion channel subunits (Hazra et al., 2011). In an unbiased cluster analysis, the
composition of ion channels subunits on a single neuron level could predict intrinsic
membrane properties and BNST a; g neuron Type and vice versa (Hazra et al., 2011). These
electrophysiological phenotypes were originally defined in rat BNST 5 g by Rainnie and
colleagues (Hammack et al., 2007) and described as three unique patterns of voltage
deflections in response to transient depolarizing and hyperpolarizing current injections. Type
I neurons are characterized by a depolarizing sag in response to hyperpolarizing current
injection, indicative of hyperpolarization-activated cation current (Iy,). Type | neurons show a
steady firing rate and do not exhibit burst-firing activity (Hazra et al., 2011). Type | neurons
were later defined as regular spiking by Pare and colleagues (Rodriguez-Sierra, Turesson, &
Pare, 2013). In contrast, Type Il neurons exhibit rebound firing after the hyperpolarizing
current steps, burst firing activity, and/or a prevalent low-threshold depolarizing wave
indicative of a prominent IT current (T-type), mediated by Ca2* channel encoded by the
Cav3 genes (CaV3.1-3.3) (Astori et al., 2011), in addition to prominent I}, current (Hazra et
al., 2011). Type Il neurons were later defined as low-threshold bursting (Rodriguez-Sierra et
al., 2013). Notably, Type Il neurons are the most abundant and heterogeneous population of
rat BNST neurons and can be further subdivided into three distinct subgroups based on their
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genetic makeup of ion channel subunits and cellular markers (Hazra et al., 2011). Finally,
Type 11 cells are classified based on the presence of a pronounced fast inward rectification
in response to hyperpolarizing current injection indicative of an inwardly rectifying
potassium current Ik g, encoded by Kir2.1-Kir2.4 genes (Hazra et al., 2011). Type 1l
neurons were defined as fast-inward rectifiers and found primarily in the anterolateral
portion of the BNST (Rodriguez-Sierra et al., 2013). In contrast to Type I, Type Il neurons
do not exhibit I current or prominent Iy, current (Daniel et al., 2017). Accordingly with
previous in situ hybridization studies (Cullinan et al., 1993), mRNA transcripts for GAD67
were detected in all types of BNST 5 g neurons (Hazra et al., 2011).

Although neurons that meet the description of Type I-I11 in rats were also found in both
mouse and primate BNST 5 g (Daniel et al., 2017), they occur in these species at different
proportions. Type Il cells are the most common cell type in the rat (Hazra et al., 2011) but
they are much less prevalent in mouse and rhesus macaque. Interestingly, in contrast to the
rat, Type Il cells are the most common cell type in both mouse and primate BNST |
(Daniel et al., 2017). Notably, whereas all three electrophysiological phenotypes were
observed in primate BNST p_g, only 75% of the cells could be classified in those types. For
example, a new group of macaque neurons displayed a unique stutter-firing pattern (Daniel
etal., 2017). Notably, specific neuropeptidergic profiles of Type I—II1 BNST | g neurons
have rarely been defined.

Peptidergic neuron types

GABAergic neurons, populated in rat and mouse BNST 5 g, contain high expression levels
of neuropeptides, including but not limited to CRF, ENK, NT, DYN, NPY, VIP, OT, CB,
vasopressin (AVP), galanin, and other (Dabrowska et al., 2011; Dabrowska, Hazra, Guo,
Dewitt, & Rainnie, 2013; Day et al., 1999; Larriva-Sahd, 2006; Miller, Vician, Clifton, &
Dorsa, 1989; Skofitsch & Jacobowitz, 1985) (Fig. 4).

Corticotropin-releasing factor (CRF)—BNST is one of the major sources of extra-
hypothalamic CRF synthesis in mouse and rat brain (Cummings, Elde, Ells, & Lindall,
1983; Gray & Magnuson, 1987; Veinante et al., 1997). In rat BNST 5| g, CRF neurons are
GABA-ergic and clustered in the BNST oy (Dabrowska, Hazra, Guo, Li, et al., 2013; Ju &
Han, 1989; Swanson et al., 1983), whereas CRF neurons in the BNSTy/gy, including the
BNSTgys, might be glutamatergic (Dabrowska, Hazra, Guo, Dewitt, & Rainnie, 2013;
Pomrenze et al., 2015) (Fig. 4). The great majority of Type 11l BNST | g heurons express
CRF mRNA on a single-cell level, although subpopulations of Type | and Type Il neurons
also express CRF mRNA (Dabrowska, Hazra, Guo, Li, et al., 2013). Notably, the CRF-
producing neurons from the BNST oy and BNSTgyg contribute to the BNST output to
hypothalamic, midbrain, and brainstem nuclei in mouse and rat brain (Dabrowska et al.,
2016; Gray & Magnuson, 1987; Pomrenze et al., 2015; Vranjkovic, Gasser, Gerndt, Baker,
& Mantsch, 2014). Moreover, in addition to local CRF-producing neurons, BNST 5 ¢ and
BNSTy/gn both receive substantial CRF/GABA inputs from the CeL (Erb, Shaham, &
Stewart, 2001; Pomrenze et al., 2015; Sakanaka, Shibasaki, & Lederis, 1986), which seem to
mostly target non-CRF neurons in the BNST (Jaferi & Pickel, 2009). Accordingly, the
application of CRF was shown to excite primarily non-CRF neurons in the BNST (Ide et al.,
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2013; Kash & Winder, 2006). However, a recent study using Cre-CRF transgenic rat showed
that CRF released from the CeL activates local CRF neurons in the BNSTp_ to promote
anxiety-like behavior (Pomrenze et al., 2019). The primary source of CRF release in the
BNST is still under dispute as in addition to CRF afferents from the CeL (Erb, Salmaso, et
al., 2001; Pomrenze et al., 2015), CRF might also be released from local CRF neurons
(Veinante et al., 1997) (Table 1).

The distribution of CRF neurons differs between rat and mouse BNST (Wang et al., 2011).
In rat BNST, CRF neurons are clustered in the BNSTqy and BNSTgys (Dabrowska, Hazra,
Guo, Li, et al., 2013; Swanson et al., 1983), which has been confirmed in Cre-CRF rat
(Pomrenze et al., 2015). In contrast, mouse CRF neurons appear more loosely scattered
throughout both dorsal and ventral BNST in CRF-tomato (Silberman, Matthews, & Winder,
2013), CRFp3.0CreCFP (Dabrowska et al., 2016; Martin et al., 2010) and in CRF-IRES-Cre
(Ai9) transgenic mice (Nguyen et al., 2016). Of note, considerable differences have also
been described between transgenic CRF reporter mouse lines (Chen, Molet, Gunn, Ressler,
& Baram, 2015).

These species differences in CRF neuron distribution and cellular organization suggest
potential differences in function. Whereas approximately 20% of CRF neurons in CRF-Cre
Ai9 mouse BNST show cFos expression in response to unpredictable foot-shocks exposure
(Linetal., 2018), in rat, CRF neurons do not coexpress cFos after acute stressors or
immunological challenges (Day et al., 1999; Kozicz, 2002; Wang et al., 2011). On the other
hand, CRF neurons in rat BNST oy seem sensitive to repeated or chronic stress exposure
(Dabrowska, Hazra, Guo, Li, et al., 2013). For instance, repeated restraint stress (RRS)
facilitates long-term potentiation (LTP) selectively in Type Il1, putative CRF neurons of the
BNSTaL g, but it does not affect LTP in other types of BNST neurons. Notably, this effect of
stress is associated with reduced expression of STEP protein in the BNST 5| g (Dabrowska,
Hazra, Guo, Li, et al., 2013). STEP is a key inhibitor of synaptic plasticity (Braithwaite,
Paul, Nairn, & Lombroso, 2006) and is expressed exclusively in Type Il neurons (MRNA)
and virtually all CRF neurons of the BNSTp_ (protein) (Dabrowska, Hazra, Guo, Li, et al.,
2013).

Although CRF neurons in the BNST are thought to mediate behavioral and autonomic
responses to stressors, including fear and anxiety-like behaviors (Dabrowska, Hazra, Guo,
Li, etal., 2013; Kim et al., 2006), their exact role in these processes still remains elusive.
Subpopulations of CRF neurons in the BNST gy, express 5-HT2C receptors (Marcinkiewcz
et al., 2016), which have been shown to mediate serotonin-induced enhancement of cued
fear (Pelrine et al., 2016; Ravinder et al., 2013). Chemogenetic inhibition of the CRF
neurons in the BNSTqy, prevents this effect (Marcinkiewcz et al., 2016). The role of CRFR
signaling in the BNSTp in the regulation of fear and anxiety is much better understood. For
example, infusion of exogenous CRF into the BNSTp, but not CeA, has been shown to
increase vigilance measured as increased startle amplitude, a phenomenon known as CRF-
potentiated startle (Lee & Davis, 1997; Walker et al., 2009). Similarly, a bright light-
potentiated startle is mediated by CRFR1 in the BNST (Walker et al., 2009). Similarly, intra-
BNST administration of CRF was shown to produce a CRFR1-dependent anxiety-like
behavior in the EPM as well as conditioned place aversion (Sahuque et al., 2006). Recently,
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inhibiting CRF release from the CeA to the BNST has been shown to disrupt anxiety-like
responses in mice (Asok et al., 2018) and rats (Pomrenze et al., 2019), an effect mediated by
CRFR1 in the BNST. However, overexpression of CRF in the BNSTp_ does not change
startle amplitude or anxiety-like behaviors in rats (Sink et al., 2013) or mice (Regev et al.,
2011) and affects sustained fear differently, depending on whether it is induced before or
after fear conditioning (Sink et al., 2013) (Table 1).

In contrast to the role of CRFR1 in the BNSTp_ in promoting anxiety, optogenetic
stimulation of GABA-ergic, CRFR2-expressing neurons in mouse BNSTpogT Was shown
anxiolytic in the EPM (Henckens et al., 2017). Optogenetic stimulation of CRFR2-
expressing neurons immediately following stress exposure attenuated stress-induced anxiety
and corticosterone levels, whereas their inhibition impaired stress recovery. From all
members of the CRF-peptide family, Urocortin 3 (Ucn3) showed the highest concentration
in the BNSTpgsT, emphasizing Ucn3 as a putative ligand for the CRFR2-expressing neurons
(Henckens et al., 2017) (Table 1). In contrast to the postsynaptic CRFR2 found in the
BNSTposT (Henckens et al., 2017), presynaptic CRFR2 have been found in the BNSTp
(Dabrowska et al., 2011), where they modulate OT release (Martinon & Dabrowska, 2018).

CRF neurons in the BNST have also been implicated in the regulation of binge alcohol
drinking and drug-seeking behavior. Indeed, chemogenetic inhibition of VTA-projecting
CRF neurons from the BNSTp,_ significantly reduces alcohol intake in CRF-IRES-Cre mice
(Pleil et al., 2015; Rinker et al., 2017). Conversely, VTA-projecting, CRF neurons from the
BNSTyen mediate stress-induced reinstatement of cocaine seeking (Silberman & Winder,
2013b; Vranjkovic et al., 2014). Accordingly, CRF signaling in the BNST is essential for
alcohol relapse (Funk et al., 2006) and stress-induced reinstatement of cocaine-seeking
behavior (Erb, Salmaso, et al., 2001; Erb & Stewart, 1999) (Table 1).

Both CRF and Ucnl (via CRFR1) have been shown to modulate inhibitory transmission in
the BNST by increasing amplitude of GABAaR-dependent inhibitory postsynaptic currents
(IPSC). Whereas CRF enhances postsynaptic responses to GABA in mouse BNSTygn
(Kash & Winder, 2006), NPY has been shown to decrease GABA release via NPY Y2
receptor (Y2R) activation, (Kash & Winder, 2006) suggesting opposing effects of CRF and
NPY on the regulation of GABA transmission in the BNSTygy.

Neuropeptide Y (NPY)—NPY-expressing neurons, as well as NPY-positive terminals,
were found in the BNST of rats, mice (Allen et al., 1983; Chronwall et al., 1985; Pleil et al.,
2015; Shen, 1987) and primates (Adrian et al., 1983; Gaspar, Berger, Lesur, Borsotti, &
Febvret, 1987; Walter, Mai, Lanta, & Gorcs, 1991). These NPY neurons produce GABA
(Pompolo, Ischenko, Pereira, Igbal, & Clarke, 2005) and were shown to coexpress SOM in
rodents (McDonald, 1989). NPY neurons fall into all three categories of Type I—III neurons
in mouse BNST with the highest prevalence of Type | neurons, in both BNST 5, and
BNSTygn- These NPY neurons show a state of higher synaptic excitability comparing to
NPY-negative neurons in mouse BNST (Walter et al., 2018). In addition, the BNST
expresses NPY receptors Y1R and Y2R in the anterodorsal BNST (Parker & Herzog, 1999),
but not in the BNSTqy (Nobis, Kash, Silberman, & Winder, 2011). NPY neurons from the
BNST have been shown to project to the hypothalamus, including the medial preoptic area
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(Pompolo et al., 2005), indicating that NPY neurons also contribute to the BNST output.
BNST also receives NPY innervation from the arcuate nucleus of the hypothalamus, and
activation of the projection increases feeding behavior (Betley, Cao, Ritola, & Sternson,
2013; Kash et al., 2015).

NPY signaling in the BNST has also been associated with stress coping. Greater behavioral
flexibility in response to chronic variable stressors has been associated with increased NPY
expression in the BNST (Hawley et al., 2010). An inversed correlation was detected between
numbers of NPY-positive neurons in the BNST and anxiety-like behavior measured in the
Light Dark box (Sharko, Kaigler, Fadel, & Wilson, 2016). Chronic restraint stress was
shown to increase NPY and Y2R expression in the BNST in a stress-susceptible but not a
stress-resilient mouse strain. In addition, stress increased basal GABA-ergic transmission but
decreased NPY ability to inhibit evoked GABA-ergic transmission in the BNSTp (Nobis et
al., 2011).

NPY has shown functional antagonism with CRF in the BNST. For example, CRF is
excitatory, whereas NPY is inhibitory toward rat Type 1l BNST neurons (lde et al., 2013).
Similarly, opposing effects were also observed in regard to the regulation of GABA
transmission in mouse BNST and the regulation of alcohol craving (Kash & Winder, 2006).
Y 1R agonist significantly reduces binge alcohol drinking (Pleil et al., 2012) by suppressing
the activation of CRF neurons. Infusion of Y1R antagonist has an opposite effect, suggesting
that a deficit in endogenous NPY signaling plays a role in the development of binge-like
drinking. In contrast to binge drinking, NPY neurons in rat BNST are not involved in the
effects of acute ethanol exposure (Sharko et al., 2016).

Enkephalin (ENK)—Nearly half of rat BNST gy neurons express detectable amounts of
ENK mRNA (Kozicz, 2002). Accordingly, ENK immunoreactivity was found in the
BNSTgy, BNST rhomboid nucleus, and to a lesser extent, the BNSTgys (Gray &
Magnuson, 1987; Veening et al., 1984; Veinante et al., 1997). In mouse anterior BNST,
almost all preproENK mRNA-expressing neurons also coexpress GAD67 mRNA. Notably,
ENK neurons do not co-localize with populations expressing CRF or NT (Day et al., 1999;
Veinante et al., 1997).

ENK neurons are primary stress-sensitive neurons of the BNSTqy. They are activated in
response to a novel environment, amphetamine/cocaine administration (Day et al., 2001), or
hyperosmotic stress in rats (Kozicz, 2002). Interestingly, lesion studies showed that DA
inputs are necessary for the stress-induced activation of ENK neurons in the BNSToy
(Kozicz, 2002). Following IL-~ injection, the great majority of cells activated in the
BNST oy were ENK-positive, whereas some NT-ir neurons and very few CRF neurons were
activated as well. Notably, all the activated neurons were GABA-ergic. Neurons expressing
ENK mRNA have been found in a population of electrophysiologically defined Type Il
BNST a_ g neurons (Daniel & Rainnie, 2016). Some of these Type Il neurons also express
PKC8 mRNA (Daniel & Rainnie, 2016). Dopamine D2 receptors on PKCS neurons in the
BNSTp, have been shown necessary for discriminative learning between stimuli
representing threat vs safety (De Bundel et al., 2016) (Table 1).
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In addition to the local ENK neurons, BNST also receives ENK inputs from the CeA (Rao,
Yamano, Shiosaka, Shinohara, & Tohyama, 1987). Similarly to the CeA, ENK has also been
shown to modulate GABA transmission in the BNST. For example, MOPR activation with
ENK analog DAMGO or morphine was shown to reduce GABA transmission in rat
ventrolateral BNST (Dumont & Williams, 2004). ENK/GABA neurons from mouse anterior
BNST synapse onto GABA-ergic neurons in the VTA, where they disinhibit DA neurons via
mu opioid-receptor dependent mechanism (Dumont & Williams, 2004). In contrast to ENK/
GABA neurons, a small amount of pre-proENK neurons expressing VGLUT2 mRNA was
found in mouse BNSTposT (Kudo et al., 2014).

Dynorphin (DYN)—DY N-positive neurons were found in mouse BNSTp, of PreproDYN-
IRES-Cre mice (Crowley et al., 2016). These GABA/DY N neurons release DYN, which acts
on presynaptic KOPRs, and inhibits glutamatergic input from the BLA to the BNST. This
projection is directly associated with anxiety-like behavior such as genetic deletion of
KOPRs from the BLA inputs leads to an anxiolytic effect measured in the EPM. DYN is a
potent modulator of both excitatory and inhibitory synaptic transmission in the brain
(Crowley et al., 2016). KOPRs have been shown to inhibit GABA-ergic transmission via
mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK)
signaling in mouse BNST (Li et al., 2012). In rat BNST, acute stress was shown to stimulate
the release of DYN (Bruchas, Land, & Chavkin, 2010; Morley, Elson, Levine, & Shafer,
1982), whereas early life stress exposure causes long-lasting changes in KOPRs function
(Karkhanis, Rose, Weiner, & Jones, 2016). KOPR transmission has also been associated
with stress-induced drug and alcohol seeking and withdrawal effects (Erikson, Wei, &
Walker, 2018; Le, Funk, Coen, Tamadon, & Shaham, 2018). Infusion of KOPR agonists into
the BNST was sufficient to induce drug-seeking behavior (Le et al., 2018).

Neurotensin (NT)—Similarly to ENK and CRF, the heaviest NT immunoreactivity was
found on cell bodies and fibers of BNSTp_ neurons of mouse and rat. In anterior BNST, NT
was found primarily in fibers and a substantial number of BNST gy, neurons showed
immunoreactivity for both CRF and NT (Ju & Han, 1989). A small percentage of these
CRF- and NT-ir neurons project to the nucleus of the solitary tract and the dorsal motor
nucleus of the vagus nerve, areas related to the regulation of cardiovascular function.
Systemic injection of interleukin-1 B, in addition to activating ENK neurons, was shown to
activate a population of NT neurons in the BNSTp (Day et al., 1999). Similarly to other
neuropeptides in the BNST, NT also modulates synaptic transmission in the BNST by
robustly potentiating GABAAR-mediated synaptic currents via presynaptic neurotensin
receptors (NTR) (Kash & Winder, 2006; Krawczyk et al., 2013). Under normal
physiological conditions, NT increases inhibitory transmission, acting synergistically with
the CRF in the BNST (Krawczyk et al., 2013). However, chronic unpredictable stress leads
to an enhanced contribution of NT over CRF. Notably, blockade of NTR in the BNSTy
prevents stress-induced anxiety-like behavior measured in the EPM (Normandeau et al.,
2018). NT also serves as a retrograde synaptic messenger. For instance, D1-mediated LTP in
the BNSTqy was positively correlated with motivation to self-administer cocaine, which
also required local NT release in rats (Krawczyk et al., 2013).

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyeler and Dabrowska Page 30

Oxytocin (OT)—Stress-sensitive neurons producing OT have been found in ventromedial
division of mouse BNST. These neurons are activated in response to a social defeat in
female, but not male, monogamous California mice (Steinman et al., 2016). In addition, OT
receptors (OTR) are distributed in the anteromedial BNST of California mice and mediate
vigilance responses in unfamiliar social contexts in females (Duque-Wilckens et al., 2018).
Although OT neurons have been found in ventromedial BNST of California mice, these
neurons have not been found in the rat brain. In rats and other species, BNST receives dense
OT innervation from the PVN (Dabrowska et al., 2011; Knobloch et al., 2012). The BNST
has also one of the highest levels of OTRs expression, the function of which has been related
to the regulation of social behaviors (Consiglio, Borsoi, Pereira, & Lucion, 2005; Dumais,
Bredewold, Mayer, & Veenema, 2013; Insel & Shapiro, 1992; Kalamatianos et al., 2010).
For example, OT content in BNSTpgsT correlates with social discrimination in rats
(Dumais, Alonso, Immormino, Bredewold, & Veenema, 2016). However, similarly to their
role in the CeL (Viviani et al., 2011), OTRs in the BNSTp_ are also involved in the
regulation of fear and anxiety. Specifically, OTRs in the BNSTp,_facilitate the acquisition of
cued fear in male rats as measured in the FPS (Martinon et al., 2019; Moaddab &
Dabrowska, 2017).

PACAP—In male rodents, chronic variable stress has been shown to increase pituitary
adenylate cyclase-activating polypeptide (PACAP)-expressing cells and transcripts and its
cognate PACL1 receptor transcript in the BNSToy (King et al., 2017). PACAP in the BNST
was shown to produce anorexia, weight loss, and reduce water intake in male and female rats
(Kocho-Schellenberg et al., 2014). Intra-BNST administration of PACAP or the PAC1
receptor-specific agonist facilitates a relapse of cocaine-seeking behavior. On the contrary, a
PACL1 receptor antagonist attenuated stress-induced reinstatement of cocaine-seeking,
implicating PACAP signaling as a critical component underlying stress-induced
reinstatement of drug-seeking behavior (Miles, May, & Hammack, 2019). The BNST also
receives extrinsic PACAP innervation (Koves, Arimura, Gorcs, & Somogyvari-Vigh, 1991;
Kozicz, Vigh, & Arimura, 1998a; Missig et al., 2014).

Vasoactive intestinal polypeptide (VIP)—VIP immunoreactivity (ir) has been found in
anterior BNST on both cell bodies as well as fibers, including the inputs from the amygdala
(Erikson et al., 2018; Kozicz et al., 1998a) and dorsal raphe (Petit, Luppi, Peyron, Rampon,
& Jouvet, 1995). Interestingly, VIP-ir axon terminals were shown to make synaptic
connections with CRF and ENK dendrites and cell bodies in the BNSTp, (Kozicz, Vigh, &
Arimura, 1998b).

Cholecystokinin (CCK)—CCK-ir is similar to that of VIP, especially in anterior BNST
(Giardino et al., 2018). CCK-expressing neurons in mouse BNST are found in the
anteromedial BNST (BNST ) and co-localize with GABA; these neurons provide sparse
input to the lateral hypothalamus (LH), where they innervate neurons expressing hypocretin
(orexin). Notably, these CCK neurons were shown to modulate emotional valence in a
manner opposite to CRF actions. Whereas activation of CRF BNST-LH projections produces
an aversive state, activation of the CCK BNST-LH projection has been shown to produce
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positive valence (Giardino et al., 2018). In addition to local CCK neurons, BNST also
receives an extrinsic CCK innervation (Seroogy & Fallon, 1989).

Substance P (SP)—The distribution of SP-ir is present in medial parts of the BNSTposT.
The distribution of SP in the BNST overlaps that of VIP to a large extent, but SP fibers are
generally found in more medial aspects. Substance P (SP) and its cognate neurokinin-1
receptor (NK1R) in the BNST were shown to be involved in alcohol-related addictive
behaviors (Schank et al., 2015).

Calcium-binding proteins and other neurotransmitters

Similarly to CeA, BNST neurons rarely express calcium-binding proteins. Although CR-
expressing neurons account for a small proportion of BNST cells (primarily found in the
BNSTqy), no PV expressing cells are found in the BNST (Nguyen et al., 2016). However,
the other calcium-binding protein including CB has been found in the principal nucleus of
mouse BNST (Morishita, Maejima, & Tsukahara, 2017), in a sexually dimorphic manner,
with a higher number of CB neurons in males than females (Morishita et al., 2017). Only a
few cholinergic neurons (stained for choline acetyltransferase, ChAT) (Bota, Sporns, &
Swanson, 2012) have been found in several BNST nuclei in both the anterior and posterior
divisions (Armstrong, Saper, Levey, Wainer, & Terry, 1983; Bota et al., 2012). In contrast,
the relatively strong presence of ChAT fibers has been shown in the BNST p) g, where
muscarinic M2 receptors were shown to modulate glutamatergic transmission (Guo et al.,
2012).

CONCLUDING REMARKS

Altogether, the amygdala complex and the BNST contain a wide range of neuronal
populations, which are each defined by a molecular marker, a synaptic input, or a projection
target, common to all individual neurons composing one population. At each of those three
levels of analysis, individual neurons can have divergent patterns beyond the one gene, one
input or one output experimentally targeted, adding collateral features to each population,
and therefore granting neurons to belong to multiple neuronal populations. In search of
features defining functional populations, multiple studies have identified populations defined
by either one molecular marker or one anatomical property. Only a few studies have
combined multiple features of one type (i.e., two or three genetic markers) (De Bundel et al.,
2016; Giardino et al., 2018), or across types (i.e., genetic markers and projection target)
(Carter et al., 2013; Han et al., 2015; Kim et al., 2017; Miller et al., 2019). How anatomical
and genetic features multiplexed to determine the functional role of neuronal populations
remains to be discovered in the amygdala and BNST neurons and integration of both
anatomical and molecular properties represent an ineluctable path to decipher the circuits
controlling emotional behaviors in healthy and pathological conditions.

References

Abellan A, Vernier B, Rétaux S, & Medina L (2010). Similarities and differences in the forebrain
expression of Lhx1 and Lhx5 between chicken and mouse: Insights for understanding telencephalic
development and evolution. Journal of Comparative Neurology, 518, 3512-3528. [PubMed:
20589911]

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyeler and Dabrowska Page 32

Adekunbi DA, Li XF, Lass G, Shetty K, Adegoke OA, Yeo SH, et al. (2018). Kisspeptin neurones in
the posterodorsal medial amygdala modulate sexual partner preference and anxiety in male mice.
Journal of Neuroendocrinology, 30, e12572. [PubMed: 29356147]

Adhikari A, Lerner TN, Finkelstein J, Pak S, Jennings JH, Davidson TJ, et al. (2015). Basomedial
amygdala mediates top-down control of anxiety and fear. Nature, 527, 179-185. [PubMed:
26536109]

Adolphs R, Tranel D, Damasio H, & Damasio A (1994). Impaired recognition of emotion in facial
expressions following bilateral damage to the human amygdala. Nature, 372, 669-672. [PubMed:
7990957]

Adolphs R, Tranel D, Damasio H, & Damasio AR (1995). Fear and the human amygdala. The Journal
of Neuroscience, 15, 5879-5891. [PubMed: 7666173]

Adrian TE, Allen JM, Bloom SR, Ghatei MA, Rossor MN, Roberts GW, et al. (1983). Neuropeptide Y
distribution in human brain. Nature, 306, 584-586. [PubMed: 6358901]

Alexander GE, & Crutcher MD (1990). Functional architecture of basal ganglia circuits: Neural
substrates of parallel processing. Trends in Neurosciences, 13, 266-271. [PubMed: 1695401]

Alheid GF (2003). Extended amygdala and basal forebrain. Annals of the New York Academy of
Sciences, 985, 185-205. [PubMed: 12724159]

Alheid GF, & 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. [PubMed: 3059226]

Allen YS, Adrian TE, Allen JM, Tatemoto K, Crow TJ, Bloom SR, & Polak JM (1983). Neuropeptide

Y distribution in the rat brain. Science, 221, 877-879. [PubMed: 6136091]

Allen Brain Atlas. (2016). Allen Brain Atlas: Mouse connectivity, projections.

Allsop SA, Wichmann R, Mills F, Burgos-Robles A, Chang C-J, Felix-Ortiz AC, et al. (2018).
Corticoamygdala transfer of socially derived information gates observational learning. Cell, 73(6),
1329-1342.e18.

Amir A, Amano T, & Pare D (2011). Physiological identification and infralimbic responsiveness of rat
intercalated amygdala neurons. Journal of Neurophysiology, 105, 3054-3066. [PubMed:
21471396]

Andero R, Daniel S, Guo J-D, Bruner RC, Seth S, Marvar PJ, et al. (2016). Amygdala-dependent
molecular mechanisms of the Tac2 pathway in fear learning. Neuropsychopharmacology, 41,
2714-2722. [PubMed: 27238620]

Andero R, Dias BG, & Ressler KJ (2014). A role for Tac2, NkB, and Nk3 receptor in normal and
dysregulated fear memory consolidation. Neuron, 83, 444-454. [PubMed: 24976214]

Andreatta M, Glotzbach-Schoon E, Muhlberger A, Schulz SM, Wiemer J, & Pauli P (2015). Initial and
sustained brain responses to contextual conditioned anxiety in humans. Cortex, 63, 352—-363.
[PubMed: 25460498]

Arluison M, Brochier G, Vankova M, Leviel V, Villalobos J, & Tramu G (1994). Demonstration of
peptidergic afferents to the bed nucleus of the stria terminalis using local injections of colchicine.
A combined immunohistochemical and retrograde tracing study. Brain Research Bulletin, 34, 319-
337. [PubMed: 7521777]

Armstrong DM, Saper CB, Levey Al, Wainer BH, & Terry RD (1983). Distribution of cholinergic
neurons in rat brain: Demonstrated by the immunocytochemical localization of choline
acetyltransferase. Journal of Comparative Neurology, 216, 53-68. [PubMed: 6345598]

Asede D, Bosch D, Luthi A, Ferraguti F, & Ehrlich | (2015). Sensory inputs to intercalated cells
provide fear-learning modulated inhibition to the basolateral amygdala. Neuron, 86, 541-554.
[PubMed: 25843406]

Asok A, Ayers LW, Awoyemi B, Schulkin J, & Rosen JB (2013). Immediate early gene and
neuropeptide expression following exposure to the predator odor 2,5-dihydro-2,4,5-
trimethylthiazoline (TMT). Behavioural Brain Research, 248, 85-93. [PubMed: 23583519]

Asok A, Draper A, Hoffman AF, Schulkin J, Lupica CR, & Rosen JB (2018). Optogenetic silencing of
a corticotropin-releasing factor pathway from the central amygdala to the bed nucleus of the stria
terminalis disrupts sustained fear. Molecular Psychiatry, 23, 914-922. [PubMed: 28439099]

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyeler and Dabrowska Page 33

Astori S, Wimmer RD, Prosser HM, Corti C, Corsi M, Liaudet N, et al. (2011). The Ca(V)3.3 calcium
channel is the major sleep spindle pacemaker in thalamus. Proceedings of the National Academy
of Sciences of the United States of America, 108, 13823-13828. [PubMed: 21808016]

Avegno EM, Lobell TD, Itoga CA, Baynes BB, Whitaker AM, Weera MM, et al. (2018). Central
amygdala circuits mediate hyperalgesia in alcohol-dependent rats. The Journal of Neuroscience,
38, 7761-7773. [PubMed: 30054393]

Baxter MG, & Murray EA (2002). The amygdala and reward. Nature Reviews Neuroscience, 3, 563—
573. [PubMed: 12094212]

Benarroch EE (2013). HCN channels: Function and clinical implications. Neurology, 80, 304-310.
[PubMed: 23319474]

Betley JN, Cao ZFH, Ritola KD, & Sternson SM (2013). Parallel, redundant circuit organization for
homeostatic control of feeding behavior. Cell, 155, 1337-1350. [PubMed: 24315102]

Beyeler A (2016). Parsing reward from aversion. Science, 354, 558.

Beyeler A, Chang C-J, Silvestre M, Lévéque C, Namburi P, Wildes CP, & Tye KM (2018).
Organization of valence-encoding and projection-defined neurons in the basolateral amygdala.
Cell Reports, 22, 905-918. [PubMed: 29386133]

Beyeler A, Namburi P, Glober GF, Simonnet C, Calhoon GG, Conyers GF, et al. (2016). Divergent
routing of positive and negative information from the amygdala during memory retrieval. Neuron,
90, 348-361. [PubMed: 27041499]

Bienvenu TCM, Busti D, Magill PJ, Ferraguti F, & Capogna M (2012). Cell-type-specific recruitment
of amygdala interneurons to hippocampal theta rhythm and noxious stimuli in vivo. Neuron, 74,
1059-1074. [PubMed: 22726836]

Bienvenu TCM, Busti D, Micklem BR, Mansouri M, Magill PJ, Ferraguti F, & Capogna M (2015).
Large intercalated neurons of amygdala relay noxious sensory information. The Journal of
Neuroscience, 35, 2044-2057. [PubMed: 25653362]

Blanchard DC, & Blanchard RJ (1972). Innate and conditioned reactions to threat in rats with
amygdaloid lesions. Journal of Comparative and Physiological Psychology, 81, 281-290.
[PubMed: 5084445]

Bota M, Sporns O, & Swanson LW (2012). Neuroinformatics analysis of molecular expression
patterns and neuron populations in gray matter regions: The rat BST as a rich exemplar. Brain
Research, 1450, 174-193. [PubMed: 22421015]

Botta P, Demmou L, Kasugai Y, Markovic M, Xu C, Fadok JP, et al. (2015). Regulating anxiety with
extrasynaptic inhibition. Nature Neuroscience, 18, 1493-1500. [PubMed: 26322928]

Braithwaite SP, Paul S, Nairn AC, & Lombroso PJ (2006). Synaptic plasticity: One STEP at a time.
Trends in Neurosciences, 29, 452-458. [PubMed: 16806510]

Britt JP, Benaliouad F, McDevitt RA, Stuber GD, Wise RA, & Bonci A (2012). Synaptic and
behavioral profile of multiple glutamatergic inputs to the nucleus accumbens. Neuron, 76, 790—
803. [PubMed: 23177963]

Bruchas MR, Land BB, & Chavkin C (2010). The dynorphin/kappa opioid system as a modulator of
stress-induced and pro-addictive behaviors. Brain Research, 1314, 44-55. [PubMed: 19716811]

Bucy PC, & Kliver H (1955). An anatomical investigation of the temporal lobe in the monkey
(Macaca mulatta). Journal of Comparative Neurology, 103, 151-251. [PubMed: 13271593]

Burdach KF (1819). Vom Baue und Leben des Gehirns Royal College of Physicians of London.
Leipzig: Dykschen Buchhandlung.

Burgos-Rables A, Kimchi EY, 1zadmehr EM, Porzenheim MJ, Ramos-Guasp WA, Nieh EH, et al.
(2017). Amygdala inputs to prefrontal cortex guide behavior amid conflicting cues of reward and
punishment. Nature Neuroscience, 20, 824-835. [PubMed: 28436980]

Butler RK, White LC, Frederick-Duus D, Kaigler KF, Fadel JR, & Wilson MA (2012). Comparison of
the activation of somatostatin- and neuropeptide Y-containing neuronal populations of the rat
amygdala following two different anxiogenic stressors. Experimental Neurology, 238, 52-63.
[PubMed: 22917777]

Cai H, Haubensak W, Anthony TE, & Anderson DJ (2014). Central amygdala PKC-6 neurons mediate
the influence of multiple anorexigenic signals. Nature Neuroscience, 17, 1240-1248. [PubMed:
25064852]

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyeler and Dabrowska Page 34

Canteras NS (2002). The medial hypothalamic defensive system: Hodological organization and
functional implications. Pharmacology, Biochemistry, and Behavior, 71, 481-491.

Canteras NS, Simerly RB, & Swanson LW (1995). Organization of projections from the medial
nucleus of the amygdala: A PHAL study in the rat. Journal of Comparative Neurology, 360, 213—
245, [PubMed: 8522644]

Carter ME, Soden ME, Zweifel LS, & Palmiter RD (2013). Genetic identification of a neural circuit
that suppresses appetite. Nature, 503, 111-114. [PubMed: 24121436]

Cassell MD, Freedman LJ, & Shi C (1999). The intrinsic organization of the central extended
amygdala. Annals of the New York Academy of Sciences, 877, 217-241. [PubMed: 10415652]

Cassell MD, & Gray TS (1989). Morphology of peptide-immunoreactive neurons in the rat central
nucleus of the amygdala. Journal of Comparative Neurology, 281, 320-333. [PubMed: 2468696]

Cassell MD, Gray TS, & Kiss JZ (1986). Neuronal architecture in the rat central nucleus of the
amygdala: A cytological, hodological, and immunocytochemical study. Journal of Comparative
Neurology, 246, 478-499. [PubMed: 2422231]

Chen 'Y, Molet J, Gunn BG, Ressler K, & Baram TZ (2015). Diversity of reporter expression patterns
in transgenic mouse lines targeting corticotropin-releasing hormone-expressing neurons.
Endocrinology, 156, 4769-4780. [PubMed: 26402844]

Chieng BCH, Christie MJ, & Osborne PB (2006). Characterization of neurons in the rat central
nucleus of the amygdala: Cellular physiology, morphology, and opioid sensitivity. Journal of
Comparative Neurology, 497, 910-927. [PubMed: 16802333]

Choi GB, Dong H-W, Murphy AJ, Valenzuela DM, Yancopoulos GD, Swanson LW, & Anderson DJ
(2005). Lhx6 delineates a pathway mediating innate reproductive behaviors from the amygdala to
the hypothalamus. Neuron, 46, 647-660. [PubMed: 15944132]

Chronwall BM, DiMaggio DA, Massari VJ, Pickel VM, Ruggiero DA, & O’Donohue TL (1985). The
anatomy of neuropeptide-Y-containing neurons in rat brain. Neuroscience, 15, 1159-1181.
[PubMed: 3900805]

Chung AS, Miller SM, Sun 'Y, Xu X, & Zweifel LS (2017). Sexual congruency in the connectome and
translatome of VTA dopamine neurons. Scientific Reports, 7, 11120. [PubMed: 28894175]

Ciocchi S, Herry C, Grenier F, Wolff SBE, Letzkus JJ, Vlachos I, et al. (2010). Encoding of
conditioned fear in central amygdala inhibitory circuits. Nature, 468, 277-282. [PubMed:
21068837]

Consiglio AR, Borsoi A, Pereira GAM, & Lucion AB (2005). Effects of oxytocin microinjected into
the central amygdaloid nucleus and bed nucleus of stria terminalis on maternal aggressive behavior
in rats. Physiology & Behavior, 85, 354-362. [PubMed: 15935410]

Cousens G, & Otto T (1998). Both pre- and posttraining excitotoxic lesions of the basolateral
amygdala abolish the expression of olfactory and contextual fear conditioning. Behavioral
Neuroscience, 112, 1092-1103. [PubMed: 9829787]

Covarrubias M, Bhattacharji A, De Santiago-Castillo JA, Dougherty K, Kaulin YA, Na-Phuket TR, &
Wang G (2008). The neuronal Kv4 channel complex. Neurochemical Research, 33, 1558-1567.
[PubMed: 18357523]

Crowley NA, Bloodgood DW, Hardaway JA, Kendra AM, McCall JG, Al-Hasani R, et al. (2016).
Dynorphin controls the gain of an amygdalar anxiety circuit. Cell Reports, 14, 2774-2783.
[PubMed: 26997280]

Cui Y, Lv G, Jin S, Peng J, Yuan J, He X, et al. (2017). A central amygdala-substantia innominata
neural circuitry encodes aversive reinforcement signals. Cell Reports, 21, 1770-1782. [PubMed:
29141212]

Cullinan WE, Herman JP, & Watson SJ (1993). Ventral subicular interaction with the hypothalamic
paraventricular nucleus: Evidence for a relay in the bed nucleus of the stria terminalis. Journal of
Comparative Neurology, 332, 1-20. [PubMed: 7685778]

Cummings S, Elde R, Ells J, & Lindall A (1983). Corticotropin-releasing factor immunoreactivity is
widely distributed within the central nervous system of the rat: An immunohistochemical study.
The Journal of Neuroscience, 3, 1355-1368. [PubMed: 6345725]

Dabrowska J, Hazra R, Ahern TH, Guo J-D, McDonald AJ, Mascagni F, et al. (2011).
Neuroanatomical evidence for reciprocal regulation of the corticotrophin-releasing factor and

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyeler and Dabrowska Page 35

oxytocin systems in the hypothalamus and the bed nucleus of the stria terminalis of the rat:
Implications for balancing stress and affect. Psychoneuroendocrinology, 36, 1312-1326. [PubMed:
21481539]

Dabrowska J, Hazra R, Guo J-D, Dewitt S, & Rainnie DG (2013). Central CRF neurons are not created
equal: Phenotypic differences in CRF-containing neurons of the rat paraventricular hypothalamus
and the bed nucleus of the stria terminalis. Frontiers in Neuroscience, 7, 156. [PubMed: 24009552]

Dabrowska J, Hazra R, Guo J-D, Li C, Dewitt S, Xu J, et al. (2013). Striatal-enriched protein tyrosine
phosphatase-STEPs toward understanding chronic stress-induced activation of corticotrophin
releasing factor neurons in the rat bed nucleus of the stria terminalis. Biological Psychiatry, 74,
817-826. [PubMed: 24012328]

Dabrowska J, Martinon D, Moaddab M, & Rainnie DG (2016). Targeting corticotropin-releasing factor
projections from the oval nucleus of the bed nucleus of the stria terminalis using cell-type specific
neuronal tracing studies in mouse and rat brain. Journal of Neuroendocrinology, 28(12).

Dabrowska J, & Rainnie DG (2010). Expression and distribution of Kv4 potassium channel subunits
and potassium channel interacting proteins in subpopulations of interneurons in the basolateral
amygdala. Neuroscience, 171, 721-733. [PubMed: 20849929]

Daniel SE, Guo J, & Rainnie DG (2017). A comparative analysis of the physiological properties of
neurons in the anterolateral bed nucleus of the stria terminalis in the Mus musculus, Rattus
norvegicus, and Macaca mulatta. Journal of Comparative Neurology, 525, 2235-2248. [PubMed:
28295315]

Daniel SE, & Rainnie DG (2016). Stress modulation of opposing circuits in the bed nucleus of the stria
terminalis. Neuropsychopharmacology, 41, 103-125. [PubMed: 26096838]

Davis M (1998). Are different parts of the extended amygdala involved in fear versus anxiety?
Biological Psychiatry, 44, 1239-1247. [PubMed: 9861467]

Davis M, Walker DL, Miles L, & Grillon C (2010). Phasic vs sustained fear in rats and humans: Role
of the extended amygdala in fear vs anxiety. Neuropsychopharmacology, 35, 105-135. [PubMed:
19693004]

Day HE, Badiani A, Uslaner JM, Oates MM, Vittoz NM, Robinson TE, et al. (2001). Environmental
novelty differentially affects c-fos mRNA expression induced by amphetamine or cocaine in
subregions of the bed nucleus of the stria terminalis and amygdala. The Journal of Neuroscience,
21, 732-740. [PubMed: 11160452]

Day HE, Curran EJ, Watson SJ, & Akil H (1999). Distinct neurochemical populations in the rat central
nucleus of the amygdala and bed nucleus of the stria terminalis: Evidence for their selective
activation by interleukin-1beta. Journal of Comparative Neurology, 413, 113-128. [PubMed:
10464374]

De Bundel D, Zussy C, Espallergues J, Gerfen CR, Girault J-A, & Valjent E (2016). Dopamine D2
receptors gate generalization of conditioned threat responses through mTORC1 signaling in the
extended amygdala. Molecular Psychiatry, 21, 1545-1553. [PubMed: 26782052]

Di Ciano P, & Everitt BJ (2004). Direct interactions between the basolateral amygdala and nucleus
accumbens core underlie cocaine-seeking behavior by rats. The Journal of Neuroscience, 24,
7167-7173. [PubMed: 15306650]

Dong HW, Petrovich GD, Watts AG, & Swanson LW (2001). Basic organization of projections from
the oval and fusiform nuclei of the bed nuclei of the stria terminalis in adult rat brain. Journal of
Comparative Neurology, 436, 430-455. [PubMed: 11447588]

Dong H-W, & Swanson LW (2004). Organization of axonal projections from the anterolateral area of
the bed nuclei of the stria terminalis. Journal of Comparative Neurology, 468, 277-298. [PubMed:
14648685]

Douglass AM, Kucukdereli H, Ponserre M, Markovic M, Grandemann J, Strobel C, et al. (2017).
Central amygdala circuits modulate food consumption through a positive-valence mechanism.
Nature Neuroscience, 20, 1384-1394. [PubMed: 28825719]

Duarte CR, Schutz B, & Zimmer A (2006). Incongruent pattern of neurokinin B expression in rat and
mouse brains. Cell and Tissue Research, 323, 43-51. [PubMed: 16160861]

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyeler and Dabrowska Page 36

Dumais KM, Alonso AG, Immormino MA, Bredewold R, & Veenema AH (2016). Involvement of the
oxytocin system in the bed nucleus of the stria terminalis in the sex-specific regulation of social
recognition. Psychoneuroendocrinology, 64, 79-88. [PubMed: 26630388]

Dumais KM, Bredewold R, Mayer TE, & Veenema AH (2013). Sex differences in oxytocin receptor
binding in forebrain regions: Correlations with social interest in brain region- and sex-specific
ways. Hormones and Behavior, 64, 693-701. [PubMed: 24055336]

Dumont EC, Martina M, Samson RD, Drolet G, & Pare D (2002). Physiological properties of central
amygdala neurons: Species differences. The European Journal of Neuroscience, 15, 545-552.
[PubMed: 11876782]

Dumont EC, & Williams JT (2004). Noradrenaline triggers GABAA inhibition of bed nucleus of the
stria terminalis neurons projecting to the ventral tegmental area. The Journal of Neuroscience, 24,
8198-8204. [PubMed: 15385602]

Duque-Wilckens N, Steinman MQ, Busnelli M, Chini B, Yokoyama S, Pham M, et al. (2018).
Oxytocin receptors in the anteromedial bed nucleus of the stria terminalis promote stress-induced
social avoidance in female California mice. Biological Psychiatry, 83, 203-213. [PubMed:
29066224]

Duvarci S, Bauer EP, & Pare D (2009). The bed nucleus of the stria terminalis mediates inter-
individual variations in anxiety and fear. The Journal of Neuroscience, 29, 10357-10361.
[PubMed: 19692610]

Erb S, Salmaso N, Rodaros D, & Stewart J (2001). A role for the CRF-containing pathway from
central nucleus of the amygdala to bed nucleus of the stria terminalis in the stress-induced
reinstatement of cocaine seeking in rats. Psychopharmacology, 158, 360-365. [PubMed:
11797056]

Erb S, Shaham Y, & Stewart J (2001). Stress-induced relapse to drug seeking in the rat: Role of the bed
nucleus of the stria terminalis and amygdala. Stress, 4, 289-303. [PubMed: 22432148]

Erb S, & Stewart J (1999). A role for the bed nucleus of the stria terminalis, but not the amygdala, in
the effects of corticotropin-releasing factor on stress-induced reinstatement of cocaine seeking.
The Journal of Neuroscience, 19, RC35. [PubMed: 10516337]

Erikson CM, Wei G, & Walker BM (2018). Maladaptive behavioral regulation in alcohol dependence:
Role of kappa-opioid receptors in the bed nucleus of the stria terminalis. Neuropharmacology, 140,
162-173. [PubMed: 30075159]

Erd C, Gewaltig M-O, Keller D, & Markram H (2018). A cell atlas for the mouse brain. Frontiers in
Neuroinformatics, 12, 84. [PubMed: 30546301]

Esclapez M, Tillakaratne NJ, Tobin AJ, & Houser CR (1993). Comparative localization of mMRNAS
encoding two forms of glutamic acid decarboxylase with nonradioactive in situ hybridization
methods. Journal of Comparative Neurology, 331, 339-362. [PubMed: 8514913]

Etkin A, Prater KE, Schatzberg AF, Menon V, & Greicius MD (2009). Disrupted amygdalar subregion
functional connectivity and evidence of a compensatory network in generalized anxiety disorder.
Archives of General Psychiatry, 66, 1361-1372. [PubMed: 19996041]

Etkin A, & Wager TD (2007). Functional neuroimaging of anxiety: A meta-analysis of emotional
processing in PTSD, social anxiety disorder, and specific phobia. The American Journal of
Psychiatry, 164, 1476-1488. [PubMed: 17898336]

Faber ESL, & Sah P (2002). Physiological role of calcium-activated potassium currents in the rat
lateral amygdala. The Journal of Neuroscience, 22, 1618-1628. [PubMed: 11880492]

Faber-Zuschratter H, Huttmann K, Steinhauser C, Becker A, Schramm J, Okafo U, et al. (2009).
Ultrastructural and functional characterization of satellitosis in the human lateral amygdala
associated with Ammon’s horn sclerosis. Acta Neuropathologica, 117, 545-555. [PubMed:
19247679]

Fadok JP, 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, 96-100. [PubMed:
28117439]

Feinstein JS, Adolphs R, Damasio A, & Tranel D (2011). The human amygdala and the induction and
experience of fear. Current Biology, 21, 34-38. [PubMed: 21167712]

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyeler and Dabrowska Page 37

Fekete EM, Zhao Y, Li C, Sabino V, Vale WW, & Zorilla EP (2009). Social defeat stress activates
medial amygdala cells that express type 2 CRF receptor mRNA. Neuroscience, 162, 5-13.
[PubMed: 19358876]

Felix-Ortiz AC, Beyeler A, Seo C, Leppla CA, Wildes CP, & Tye KM (2013). BLA to vHPC inputs
modulate anxiety-related behaviors. Neuron, 79, 658-664. [PubMed: 23972595]

Felix-Ortiz AC, Burgos-Robles A, Bhagat ND, Leppla CA, & Tye KM (2016). Bidirectional
modulation of anxiety-related and social behaviors by amygdala projections to the medial
prefrontal cortex. Neuroscience 321, 197-209. [PubMed: 26204817]

Felix-Ortiz AC, & Tye KM (2014). Amygdala inputs to the ventral hippocampus bidirectionally

modulate social behavior. The Journal of Neuroscience, 34, 586-595. [PubMed: 24403157]

Fellmann D, Bugnon C, & Gouget A (1982). Immunocytochemical demonstration of corticoliberin-
like immunoreactivity (CLI) in neurones of the rat amygdala central nucleus (ACN).
Neuroscience Letters, 34, 253-258. [PubMed: 6761609]

Frankiensztajn LM, Gur-Pollack R, & Wagner S (2018). A combinatorial modulation of synaptic
plasticity in the rat medial amygdala by oxytocin, urocortin3 and estrogen.
Psychoneuroendocrinology, 92, 95-102. [PubMed: 29674171]

Fritsch B, Qashu F, Figueiredo TH, Aroniadou-Anderjaska V, Rogawski MA, & Braga MFM (2009).
Pathological alterations in GABAergic interneurons and reduced tonic inhibition in the
basolateral amygdala during epileptogenesis. Neuroscience, 163, 415-429. [PubMed: 19540312]

Funk CK, O’Dell LE, Crawford EF, & Koob GF (2006). Corticotropin-releasing factor within the
central nucleus of the amygdala mediates enhanced ethanol self-administration in withdrawn,
ethanol-dependent rats. The Journal of Neuroscience, 26, 11324-11332. [PubMed: 17079660]

Fuster JM, & Uyeda AA (1971). Reactivity of limbic neurons of the monkey to appetitive and aversive
signals. Electroencephalography and Clinical Neurophysiology, 30, 281-293. [PubMed:
4103500]

Garcia-Amado M, & Prensa L (2012). Stereological analysis of neuron, glial and endothelial cell
numbers in the human amygdaloid complex. PLoS One, 7, €38692. [PubMed: 22719923]

Gaspar P, Berger B, Lesur A, Borsotti JP, & Febvret A (1987). Somatostatin 28 and neuropeptide Y
innervation in the septal area and related cortical and subcortical structures of the human brain.
Distribution, relationships and evidence for differential coexistence. Neuroscience, 22, 49-73.
[PubMed: 2888048]

Georges F, & Aston-Jones G (2002). Activation of ventral tegmental area cells by the bed nucleus of
the stria terminalis: A novel excitatory amino acid input to midbrain dopamine neurons. The
Journal of Neuroscience, 22, 5173-5187. [PubMed: 12077212]

Gewirtz JC, McNish KA, & Davis M (1998). Lesions of the bed nucleus of the stria terminalis block
sensitization of the acoustic startle reflex produced by repeated stress, but not fear-potentiated
startle. Progress in Neuro-Psychopharmacology & Biological Psychiatry, 22, 625-648.

Giardino WJ, Eban-Rothschild A, Christoffel DJ, Li S-B, Malenka RC, & de Lecea L (2018). Parallel
circuits from the bed nuclei of stria terminalis to the lateral hypothalamus drive opposing
emotional states. Nature Neuroscience, 21, 1084-1095. [PubMed: 30038273]

Goode TD, & Maren S (2017). Role of the bed nucleus of the stria terminalis in aversive learning and
memory. Learning & Memory, 24, 480-491. [PubMed: 28814474]

Goosens KA, & Maren S (2001). Contextual and auditory fear conditioning are mediated by the
lateral, basal, and central amygdaloid nuclei in rats. Learning & Memory, 8, 148-155. [PubMed:
11390634]

Gozzi A, Jain A, Giovannelli A, Giovanelli A, Bertollini C, Crestan V, et al. (2010). A neural switch
for active and passive fear. Neuron, 67, 656—-666. [PubMed: 20797541]

Gray TS, & Magnuson DJ (1987). Neuropeptide neuronal efferents from the bed nucleus of the stria
terminalis and central amygdaloid nucleus to the dorsal vagal complex in the rat. Journal of
Comparative Neurology, 262, 365-374. [PubMed: 3655018]

Gungor NZ, & Pare D (2016). Functional heterogeneity in the bed nucleus of the stria terminalis. The
Journal of Neuroscience, 36, 8038—-8049. [PubMed: 27488624]

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyeler and Dabrowska Page 38

Gungor NZ, Yamamoto R, & Pare D (2018). Glutamatergic and gabaergic ventral BNST neurons differ
in their physiological properties and responsiveness to noradrenaline.
Neuropsychopharmacology, 43, 2126-2133. [PubMed: 29704000]

Guo J-D, Hazra R, Dabrowska J, Muly EC, Wess J, & Rainnie DG (2012). Presynaptic muscarinic
M(2) receptors modulate glutamatergic transmission in the bed nucleus of the stria terminalis.
Neuropharmacology, 62, 1671-1683. [PubMed: 22166222]

Hale MW, Johnson PL, Westerman AM, Abrams JK, Shekhar A, & Lowry CA (2010). Multiple
anxiogenic drugs recruit a parvalbumin-containing subpopulation of GABAergic interneurons in
the basolateral amygdala. Progress in Neuro-Psychopharmacology & Biological Psychiatry, 34,
1285-1293. [PubMed: 20647026]

Hall E (1972). The amygdala of the cat: A Golgi study. Zeitschrift fur Zellforschung und
Mikroskopische Anatomie, 134, 439-458. [PubMed: 4638299]

Hammack SE, Mania |, & Rainnie DG (2007). Differential expression of intrinsic membrane currents
in defined cell types of the anterolateral bed nucleus of the stria terminalis. Journal of
Neurophysiology, 98, 638-656. [PubMed: 17537902]

Han S, Soleiman MT, Soden ME, Zweifel LS, & Palmiter RD (2015). Elucidating an affective pain
circuit that creates a threat memory. Cell, 162, 363—-374. [PubMed: 26186190]

Han W, Tellez LA, Rangel MJ, Motta SC, Zhang X, Perez 10, et al. (2017). Integrated control of
predatory hunting by the central nucleus of the amygdala. Cell, 168, 311-324.e18. [PubMed:
28086095]

Harris NA, & Winder DG (2018). Synaptic plasticity in the bed nucleus of the stria terminalis:
Underlying mechanisms and potential ramifications for reinstatement of drug- and alcohol-
seeking behaviors. ACS Chemical Neuroscience, 9, 2173-2187. [PubMed: 29851347]

Haubensak W, Kunwar PS, Cai H, Ciocchi S, Wall NR, Ponnusamy R, et al. (2010). Genetic dissection
of an amygdala microcircuit that gates conditioned fear. Nature, 468, 270-276. [PubMed:
21068836]

Hawley DF, Bardi M, Everette AM, Higgins TJ, Tu KM, Kinsley CH, & Lambert KG (2010).
Neurobiological constituents of active, passive, and variable coping strategies in rats: Integration
of regional brain neuropeptide Y levels and cardiovascular responses. Stress, 13, 172-183.
[PubMed: 20214438]

Hazra R, Guo J-D, Ryan SJ, Jasnow AM, Dabrowska J, & Rainnie DG (2011). A transcriptomic
analysis of type I-111 neurons in the bed nucleus of the stria terminalis. Molecular and Cellular
Neurosciences, 46, 699-709. [PubMed: 21310239]

Heilig M, McLeod S, Brot M, Heinrichs SC, Menzaghi F, Koob GF, & Britton KT (1993). Anxiolytic-
like action of neuropeptide Y: Mediation by Y1 receptors in amygdala, and dissociation from
food intake effects. Neuropsychopharmacology, 8, 357-363. [PubMed: 8099792]

Helmstetter FJ, & Fanselow MS (1987). Effects of naltrexone on learning and performance of
conditional fear-induced freezing and opioid analgesia. Physiology & Behavior, 39, 501-505.
[PubMed: 3575497]

Henckens MJAG, Printz Y, Shamgar U, Dine J, Lebow M, Drori Y, et al. (2017). CRF receptor type 2
neurons in the posterior bed nucleus of the stria terminalis critically contribute to stress recovery.
Molecular Psychiatry, 22,1691-1700. [PubMed: 27550842]

Herman JP, & Cullinan WE (1997). Neurocircuitry of stress: Central control of the hypothalamo-
pituitary-adrenocortical axis. Trends in Neurosciences, 20, 78-84. [PubMed: 9023876]

Herry C, Ciocchi S, Senn V, Demmou L, Muller C, & Luthi A (2008). Switching on and off fear by
distinct neuronal circuits. Nature, 454, 600-606. [PubMed: 18615015]

Hitchcock JM, & Davis M (1991). Efferent pathway of the amygdala involved in conditioned fear as
measured with the fear-potentiated startle paradigm. Behavioral Neuroscience, 105, 826-842.
[PubMed: 1663757]

Hong W, Kim D-W, & Anderson DJ (2014). Antagonistic control of social behaviors by inhibitory and
excitatory neurons in the medial amygdala. Cell, 158, 1348-1361. [PubMed: 25215491]

Hopkins DA, & Holstege G (1978). Amygdaloid projections to the mesencephalon, pons and medulla
oblongata in the cat. Experimental Brain Research, 32, 529-547. [PubMed: 689127]

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyeler and Dabrowska Page 39

Huber D, Veinante P, & Stoop R (2005). Vasopressin and oxytocin excite distinct neuronal populations
in the central amygdala. Science, 308, 245-248. [PubMed: 15821089]

Ide S, Hara T, Ohno A, Tamano R, Koseki K, Naka T, et al. (2013). Opposing roles of corticotropin-
releasing factor and neuropeptide Y within the dorsolateral bed nucleus of the stria terminalis in
the negative affective component of pain in rats. The Journal of Neuroscience, 33, 5881-5894.
[PubMed: 23554470]

Inman CS, Bijanki KR, Bass DI, Gross RE, Hamann S, & Willie JT (2018). Human amygdala
stimulation effects on emotion physiology and emotional experience. Neuropsychologia.
10.1016/j.neuropsychologia.2018.03.019.

Insel TR, & Shapiro LE (1992). Oxytocin receptor distribution reflects social organization in
monogamous and polygamous voles. Proceedings of the National Academy of Sciences of the
United States of America, 89, 5981-5985. [PubMed: 1321430]

Isosaka T, Matsuo T, Yamaguchi T, Funabiki K, Nakanishi S, Kobayakawa R, et al. (2015). Htr2a-
expressing cells in the central amygdala control the hierarchy between innate and learned fear.
Cell, 163, 1153-1164. [PubMed: 26590419]

lurilli G, & Datta SR (2017). Population coding in an innately relevant olfactory area. Neuron, 93,
1180-1197.e7. [PubMed: 28238549]

Jaferi A, & Pickel VM (2009). Mu-opioid and corticotropin-releasing-factor receptors show largely
postsynaptic co-expression, and separate presynaptic distributions, in the mouse central amygdala
and bed nucleus of the stria terminalis. Neuroscience, 159, 526-539. [PubMed: 19166913]

Jalabert M, Aston-Jones G, Herzog E, Manzoni O, & Georges F (2009). Role of the bed nucleus of the
stria terminalis in the control of ventral tegmental area dopamine neurons. Progress in Neuro-
Psychopharmacology & Biological Psychiatry, 33, 1336-1346. [PubMed: 19616054]

Janak PH, & Tye KM (2015). From circuits to behaviour in the amygdala. Nature, 517, 284-292.
[PubMed: 25592533]

JaneCek M, & Dabrowska J (2019). Oxytocin facilitates adaptive fear and attenuates anxiety responses
in animal models and human studies-potential interaction with the corticotropin-releasing factor
(CRF) system in the bed nucleus of the stria terminalis (BNST). Cell and Tissue Research, 375,
143-172. [PubMed: 30054732]

Jasnow AM, Ehrlich DE, Choi DC, Dabrowska J, Bowers ME, McCullough KM, et al. (2013). Thy1-
expressing neurons in the basolateral amygdala may mediate fear inhibition. The Journal of
Neuroscience, 33, 10396-10404. [PubMed: 23785152]

Jennings JH, Sparta DR, Stamatakis AM, Ung RL, Pleil KE, Kash TL, & Stuber GD (2013). Distinct
extended amygdala circuits for divergent motivational states. Nature, 496, 224-228. [PubMed:
23515155]

Ji G, Fu Y, Adwanikar H, & Neugebauer V (2013). Non-pain-related CRF1 activation in the amygdala
facilitates synaptic transmission and pain responses. Molecular Pain, 9, 2. [PubMed: 23410057]

Johansen JP, Hamanaka H, Monfils MH, Behnia R, Deisseroth K, Blair HT, & LeDoux JE (2010).
Optical activation of lateral amygdala pyramidal cells instructs associative fear learning.
Proceedings of the National Academy of Sciences of the United States of America, 107, 12692—
12697. [PubMed: 20615999]

Ju G, & Han ZS (1989). Coexistence of corticotropin releasing factor and neurotensin within oval
nucleus neurons in the bed nuclei of the stria terminalis in the rat. Neuroscience Letters, 99, 246—
250. [PubMed: 2657507]

Kalamatianos T, Faulkes CG, Oosthuizen MK, Poorun R, Bennett NC, & Coen CW (2010).
Telencephalic binding sites for oxytocin and social organization: A comparative study of eusocial
naked mole-rats and solitary cape mole-rats. Journal of Comparative Neurology, 518, 1792-1813.
[PubMed: 20235093]

Kang-Park M, Kieffer BL, Roberts AJ, Siggins GR, & Moore SD (2013). x-Opioid receptors in the
central amygdala regulate ethanol actions at presynaptic GABAergic sites. The Journal of
Pharmacology and Experimental Therapeutics, 346, 130-137. [PubMed: 23587526]

Kang-Park M, Kieffer BL, Roberts AJ, Siggins GR, & Moore SD (2015). Interaction of CRF and
kappa opioid systems on GABAergic neurotransmission in the mouse central amygdala. The
Journal of Pharmacology and Experimental Therapeutics, 355, 206-211. [PubMed: 26350161]

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyeler and Dabrowska Page 40

Kaoru T, Liu F-C, Ishida M, Oishi T, Hayashi M, Kitagawa M, et al. (2010). Molecular
characterization of the intercalated cell masses of the amygdala: Implications for the relationship
with the striatum. Neuroscience, 166, 220-230. [PubMed: 20004711]

Karkhanis AN, Rose JH, Weiner JL, & Jones SR (2016). Early-life social isolation stress increases
kappa opioid receptor responsiveness and downregulates the dopamine system.
Neuropsychopharmacology, 41, 2263-2274. [PubMed: 26860203]

Kash TL, Pleil KE, Marcinkiewcz CA, Lowery-Gionta EG, Crowley N, Mazzone C, et al. (2015).
Neuropeptide regulation of signaling and behavior in the BNST. Molecules and Cells, 38, 1-13.
[PubMed: 25475545]

Kash TL, & Winder DG (2006). Neuropeptide Y and corticotropin-releasing factor bi-directionally
modulate inhibitory synaptic transmission in the bed nucleus of the stria terminalis.
Neuropharmacology, 51, 1013-1022. [PubMed: 16904135]

Katona I, Rancz EA, Acsady L, Ledent C, Mackie K, Hajos N, & Freund TF (2001). Distribution of
CB1 cannabinoid receptors in the amygdala and their role in the control of GABAergic
transmission. The Journal of Neuroscience, 21, 9506-9518. [PubMed: 11717385]

Kemppainen S, & Pitk&nen A (2000). Distribution of parvalbumin, calretinin, and calbindin-D(28Kk)
immunoreactivity in the rat amygdaloid complex and colocalization with gamma-aminobutyric
acid. Journal of Comparative Neurology, 426, 441-467. [PubMed: 10992249]

Killgore WDS, & Yurgelun-Todd DA (2005). Social anxiety predicts amygdala activation in
adolescents viewing fearful faces. NeuroReport, 16, 1671-1675. [PubMed: 16189475]

Kim S-Y, Adhikari A, Lee SY, Marshel JH, Kim CK, Mallory CS, et al. (2013). Diverging neural
pathways assemble a behavioural state from separable features in anxiety. Nature, 496, 219-223.
[PubMed: 23515158]

Kim S-J, Park S-H, Choi S-H, Moon B-H, Lee K-J, Kang SW, et al. (2006). Effects of repeated
tianeptine treatment on CRF mRNA expression in non-stressed and chronic mild stress-exposed
rats. Neuropharmacology, 50, 824-833. [PubMed: 16504218]

Kim J, Pignatelli M, Xu S, Itohara S, & Tonegawa S (2016). Antagonistic negative and positive
neurons of the basolateral amygdala. Nature Neuroscience, 19, 1636-1646. [PubMed: 27749826]

Kim J, Zhang X, Muralidhar S, LeBlanc SA, & Tonegawa S (2017). Basolateral to central amygdala
neural circuits for appetitive behaviors. Neuron, 93, 1464-1479, e5. [PubMed: 28334609]

King SB, Lezak KR, O’Reilly M, Toufexis DJ, Falls WA, Braas K, et al. (2017). The effects of prior
stress on anxiety-like responding to intra-BNST pituitary adenylate cyclase activating
polypeptide in male and female rats. Neuropsychopharmacology, 42, 1679-1687. [PubMed:
28106040]

Klavir O, Prigge M, Sarel A, Paz R, & Yizhar O (2017). Manipulating fear associations via
optogenetic modulation of amygdala inputs to prefrontal cortex. Nature Neuroscience, 20, 836—
844. [PubMed: 28288126]

Kliver H, & Bucy PC (1937). “Psychic blindness” and other symptoms following bilateral temporal
lobectomy in Rhesus monkeys. (S.1.: s.n.).

Knobloch HS, Charlet A, Hoffmann LC, Eliava M, Khrulev S, Cetin AH, et al. (2012). Evoked axonal
oxytocin release in the central amygdala attenuates fear response. Neuron, 73, 553-566.
[PubMed: 22325206]

Knoll AT, Muschamp JW, Sillivan SE, Ferguson D, Dietz DM, Meloni EG, et al. (2011). Kappa opioid
receptor signaling in the basolateral amygdala regulates conditioned fear and anxiety in rats.
Biological Psychiatry, 70, 425-433. [PubMed: 21531393]

Kocho-Schellenberg M, Lezak KR, Harris OM, Roelke E, Gick N, Choi I, et al. (2014). PACAP in the
BNST produces anorexia and weight loss in male and female rats. Neuropsychopharmacology,
39, 1614-1623. [PubMed: 24434744]

Kdves K, Arimura A, Gércs TG, & Somogyvari-Vigh A (1991). Comparative distribution of
immunoreactive pituitary adenylate cyclase activating polypeptide and vasoactive intestinal
polypeptide in rat forebrain. Neuroendocrinology, 54, 159-169. [PubMed: 1766552]

Kozicz T (2002). Met-enkephalin immunoreactive neurons recruited by acute stress are innervated by
axon terminals immunopositive for tyrosine hydroxylase and dopamine-alpha-hydroxylase in the

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyeler and Dabrowska

Page 41

anterolateral division of bed nuclei of the stria terminalis in the rat. The European Journal of
Neuroscience, 16, 823-835. [PubMed: 12372018]

Kozicz T, Vigh S, & Arimura A (1998a). The source of origin of PACAP- and VIP-immunoreactive
fibers in the laterodorsal division of the bed nucleus of the stria terminalis in the rat. Brain
Research, 810, 211-219. [PubMed: 9813333]

Kozicz T, Vigh S, & Arimura A (1998b). Immunohistochemical evidence for PACAP and VIP
interaction with met-enkephalin and CRF containing neurons in the bed nucleus of the stria
terminalis. Annals of the New York Academy of Sciences, 865, 523-528. [PubMed: 9928062]

Krabbe S, Griindemann J, & Lithi A (2018). Amygdala inhibitory circuits regulate associative fear
conditioning. Biological Psychiatry, 83,800-809. [PubMed: 29174478]

Krawczyk M, Mason X, DeBacker J, Sharma R, Normandeau CP, Hawken ER, et al. (2013). D1
dopamine receptor-mediated LTP at GABA synapses encodes motivation to self-administer
cocaine in rats. The Journal of Neuroscience, 33, 11960-11971. [PubMed: 23864683]

Krettek JE, & Price JL (1978). A description of the amygdaloid complex in the rat and cat with
observations on intra-amygdaloid axonal connections. Journal of Comparative Neurology, 178,
255-280. [PubMed: 627626]

Kudo T, Konno K, Uchigashima M, Yanagawa Y, Sora I, Minami M, & Watanabe M (2014).
GABAergic neurons in the ventral tegmental area receive dual GABA/enkephalin-mediated
inhibitory inputs from the bed nucleus of the stria terminalis. The European Journal of
Neuroscience, 39, 1796-1809. [PubMed: 24580812]

Kuerbitz J, Arnett M, Ehrman S, Williams MT, Vorhees CV, Fisher SE, et al. (2018). Loss of
intercalated cells (ITCs) in the mouse amygdala of Tshz1 mutants correlates with fear,
depression, and social interaction phenotypes. The Journal of Neuroscience, 38, 1160-1177.
[PubMed: 29255003]

Kyriazi P, Headley DB, & Pare D (2018). Multi-dimensional coding by basolateral amygdala neurons.
Neuron, 99, 1315-1328, €5. [PubMed: 30146300]

Lange MD, Daldrup T, Remmers F, Szkudlarek HJ, Lesting J, Guggenhuber S, et al. (2017).
Cannabinoid CB1 receptors in distinct circuits of the extended amygdala determine fear
responsiveness to unpredictable threat. Molecular Psychiatry, 22, 1422-1430. [PubMed:
27698427]

Larriva-Sahd J (2004). Juxtacapsular nucleus of the stria terminalis of the adult rat: Extrinsic inputs,
cell types, and neuronal modules: A combined Golgi and electron microscopic study. Journal of
Comparative Neurology, 475, 220-237. [PubMed: 15211463]

Larriva-Sahd J (2006). Histological and cytological study of the bed nuclei of the stria terminalis in
adult rat. 11. Oval nucleus: Extrinsic inputs, cell types, neuropil, and neuronal modules. Journal of
Comparative Neurology, 497, 772-807. [PubMed: 16786552]

Lé AD, Funk D, Coen K, Tamadon S, & Shaham Y (2018). Role of x-opioid receptors in the bed
nucleus of stria terminalis in reinstatement of alcohol seeking. Neuropsychopharmacology, 43,
838-850. [PubMed: 28589966]

LeDoux J (2003). The emotional brain, fear, and the amygdala. Cellular and Molecular Neurobiology,
23, 727-738. [PubMed: 14514027]

LeDoux JE, Cicchetti P, Xagoraris A, & Romanski LM (1990). The lateral amygdaloid nucleus:
Sensory interface of the amygdala in fear conditioning. The Journal of Neuroscience, 10, 1062—
1069. [PubMed: 2329367]

LeDoux JE, Iwata J, Cicchetti P, & Reis D (1988). Different projections of the central amygdaloid
nucleus mediate autonomic and behavioral correlates of conditioned fear. The Journal of
Neuroscience, 8, 2517-2529. [PubMed: 2854842]

Lee S-C, Amir A, Haufler D, & Pare D (2017). Differential recruitment of competing valence-related
amygdala networks during anxiety. Neuron, 96, 81-88, e5. [PubMed: 28957678]

Lee Y, & Davis M (1997). Role of the hippocampus, the bed nucleus of the stria terminalis, and the
amygdala in the excitatory effect of corticotropin-releasing hormone on the acoustic startle
reflex. The Journal of Neuroscience, 17, 6434-6446. [PubMed: 9236251]

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyeler and Dabrowska Page 42

Leitermann RJ, Rostkowski AB, & Urban JH (2016). Neuropeptide Y input to the rat basolateral
amygdala complex and modulation by conditioned fear. Journal of Comparative Neurology, 524,
2418-2439. [PubMed: 26779765]

Leonard CM, & Scott JW (1971). Origin and distribution of the amygdalofugal pathways in the rat: An
experimental neuronatomical study. Journal of Comparative Neurology, 141, 313-329. [PubMed:
4101341]

Li Y, Mathis A, Grewe BF, Osterhout JA, Ahanonu B, Schnitzer MJ, et al. (2017). Neuronal
representation of social information in the medial amygdala of awake behaving mice. Cell, 171,
1176-1190, el7. [PubMed: 29107332]

Li H, Penzo MA, Taniguchi H, Kopec CD, Huang ZJ, & Li B (2013). Experience-dependent
modification of a central amygdala fear circuit. Nature Neuroscience, 16, 332-339. [PubMed:
23354330]

Li C, Pleil KE, Stamatakis AM, Busan S, Vong L, Lowell BB, et al. (2012). Presynaptic inhibition of
gamma-aminobutyric acid release in the bed nucleus of the stria terminalis by kappa opioid
receptor signaling. Biological Psychiatry, 71, 725-732. [PubMed: 22225848]

Lin X, Itoga CA, Taha S, Li MH, Chen R, Sami K, et al. (2018). c-Fos mapping of brain regions
activated by multi-modal and electric foot shock stress. Neurobiology of Stress, 8, 92-102.
[PubMed: 29560385]

Lopez de Armentia M, & Sah P (2004). Firing properties and connectivity of neurons in the rat lateral
central nucleus of the amygdala. Journal of Neurophysiology, 92, 1285-1294. [PubMed:
15128752]

Lowery-Gionta EG, Crowley NA, Bukalo O, Silverstein S, Holmes A, & Kash TL (2018). Chronic
stress dysregulates amygdalar output to the prefrontal cortex. Neuropharmacology, 139, 68-75.
[PubMed: 29959957]

Lukkes JL, Burke AR, Zelin NS, Hale MW, & Lowry CA (2012). Post-weaning social isolation
attenuates c-Fos expression in GABAergic interneurons in the basolateral amygdala of adult
female rats. Physiology & Behavior, 107, 719-725. [PubMed: 22583860]

Majak K, & Pitkdanen A (2003). Activation of the amygdalo-entorhinal pathway in fear-conditioning in
rat. The European Journal of Neuroscience, 18, 1652-1659. [PubMed: 14511344]

Mansour A, Hoversten MT, Taylor LP, Watson SJ, & Akil H (1995). The cloned mu, delta and kappa
receptors and their endogenous ligands: Evidence for two opioid peptide recognition cores. Brain
Research, 700, 89-98. [PubMed: 8624732]

Marchant NJ, Densmore VS, & Oshorne PB (2007). Coexpression of prodynorphin and corticotrophin-
releasing hormone in the rat central amygdala: Evidence of two distinct endogenous opioid
systems in the lateral division. Journal of Comparative Neurology, 504, 702-715. [PubMed:
17722034]

Marcinkiewcz CA, Mazzone CM, D’Agostino G, Halladay LR, Hardaway JA, DiBerto JF, et al.
(2016). Serotonin engages an anxiety and fear-promoting circuit in the extended amygdala.
Nature, 537, 97-101. [PubMed: 27556938]

Martin El, Ressler KJ, Jasnow AM, Dabrowska J, Hazra R, Rainnie DG, et al. (2010). A novel
transgenic mouse for gene-targeting within cells that express corticotropin-releasing factor.
Biological Psychiatry, 67, 1212-1216. [PubMed: 20303068]

Martinez RC, Carvalho-Netto EF, Ribeiro-Barbosa ER, Baldo MVC, & Canteras NS (2011).
Amygdalar roles during exposure to a live predator and to a predator-associated context.
Neuroscience, 172, 314-328. [PubMed: 20955766]

Martinez-Garcia F, Novejarque A, Gutiérrez-Castellanos N, & Lanuza E (2012). Piriform cortex and
amygdala In Watson C, Paxinos G, & Puelles L (Eds.), The mouse nervous system (pp. 140—
172). San Diego: Academic Press [Chapter 6].

Martinon D, & Dabrowska J (2018). Corticotropin-releasing factor receptors modulate oxytocin
release in the dorsolateral bed nucleus of the stria terminalis (BNST) in male rats. Frontiers in
Neuroscience, 12, 183. [PubMed: 29618970]

Martinon D, Lis P, Roman AN, Tornesi P, Applebey SV, Buechner G, et al. (2019). Oxytocin receptors
in the dorsolateral bed nucleus of the stria terminalis (BNST) bias fear learning toward
temporally predictable cued fear. Translational Psychiatry, 9, 140. [PubMed: 31000694]

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyeler and Dabrowska Page 43

Mascagni F, & McDonald AJ (2003). Immunohistochemical characterization of cholecystokinin
containing neurons in the rat basolateral amygdala. Brain Research, 976, 171-184. [PubMed:
12763251]

Mascagni F, Muly EC, Rainnie DG, & McDonald AJ (2009). Immunohistochemical characterization
of parvalbumin-containing interneurons in the monkey basolateral amygdala. Neuroscience, 158,
1541-1550. [PubMed: 19059310]

McCullough KM, Choi D, Guo J, Zimmerman K, Walton J, Rainnie DG, & Ressler KJ (2016).
Molecular characterization of Thy1l expressing fear-inhibiting neurons within the basolateral
amygdala. Nature Communications, 7, 13149.

McCullough KM, Morrison FG, Hartmann J, Carlezon WA, & Ressler KJ (2018). Quantified
coexpression analysis of central amygdala subpopulations. eNeuro, 5 10.1523/
ENEURO.0010-18.2018.

McDonald AJ (1982). Neurons of the lateral and basolateral amygdaloid nuclei: A Golgi study in the
rat. Journal of Comparative Neurology, 212, 293-312. [PubMed: 6185547]

McDonald AJ (1989). Coexistence of somatostatin with neuropeptide Y, but not with cholecystokinin
or vasoactive intestinal peptide, in neurons of the rat amygdala. Brain Research, 500, 37-45.
[PubMed: 2575006]

McDonald AJ (1991). Topographical organization of amygdaloid projections to the caudatoputamen,
nucleus accumbens, and related striatal-like areas of the rat brain. Neuroscience, 44, 15-33.
[PubMed: 1722890]

McDonald AJ, & Augustine JR (1993). Localization of GABA-like immunoreactivity in the monkey
amygdala. Neuroscience, 52, 281-294. [PubMed: 8450947]

McDonald AJ, & Betette RL (2001). Parvalbumin-containing neurons in the rat basolateral amygdala:
Morphology and co-localization of Calbindin-D(28k). Neuroscience, 102, 413-425. [PubMed:
11166127]

McDonald AJ, & Mascagni F (2001a). Colocalization of calcium-binding proteins and GABA in
neurons of the rat basolateral amygdala. Neuroscience, 105, 681-693. [PubMed: 11516833]

McDonald AJ, & Mascagni F (2001b). Localization of the CB1 type cannabinoid receptor in the rat
basolateral amygdala: High concentrations in a subpopulation of cholecystokinin-containing
interneurons. Neuroscience, 107, 641-652. [PubMed: 11720787]

McDonald AJ, & Mascagni F (2002). Immunohistochemical characterization of somatostatin
containing interneurons in the rat basolateral amygdala. Brain Research, 943, 237-244.
[PubMed: 12101046]

McDonald AJ, Mascagni F, & 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. Frontiers in Neural Circuits, 6, 46. [PubMed: 22837739]

McDonald AJ, Muller JF, & Mascagni F (2002). GABAergic innervation of alpha type Il calcium/
calmodulin-dependent protein kinase immunoreactive pyramidal neurons in the rat basolateral
amygdala. Journal of Comparative Neurology, 446, 199-218. [PubMed: 11932937]

McDonald AJ, Muller JF, & Mascagni F (2011). Postsynaptic targets of GABAergic basal forebrain
projections to the basolateral amygdala. Neuroscience, 183, 144-159. [PubMed: 21435381]

McDonald AJ, Payne DR, & Mascagni F (1993). Identification of putative nitric oxide producing
neurons in the rat amygdala using NADPH-diaphorase histochemistry. Neuroscience, 52, 97—
106. [PubMed: 8094545]

McDonald AJ, & Pearson JC (1989). Coexistence of GABA and peptide immunoreactivity in non-
pyramidal neurons of the basolateral amygdala. Neuroscience Letters, 100, 53-58. [PubMed:
2569703]

McDonald AJ, Shammah-Lagnado SJ, Shi C, & Davis M (1999). Cortical afferents to the extended
amygdala. Annals of the New York Academy of Sciences, 877, 309-338. [PubMed: 10415657]

McDonald AJ, & Zaric V (2015a). GABAergic somatostatin-immunoreactive neurons in the amygdala
project to the entorhinal cortex. Neuroscience, 290, 227-242. [PubMed: 25637800]

McDonald AJ, & Zaric V (2015b). Extrinsic origins of the somatostatin and neuropeptide Y
innervation of the rat basolateral amygdala. Neuroscience, 294, 82-100. [PubMed: 25769940]

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyeler and Dabrowska Page 44

McGarry LM, & Carter AG (2017). Prefrontal cortex drives distinct projection neurons in the
basolateral amygdala. Cell Reports, 21,1426-1433. [PubMed: 29117549]

Mesquita LT, Abreu AR, de Abreu AR, de Souza AA, de Noronha SR, Silva FC, et al. (2016). New
insights on amygdala: Basomedial amygdala regulates the physiological response to social
novelty. Neuroscience, 330, 181-190. [PubMed: 27261213]

Miles OW, May V, & Hammack SE (2019). Pituitary adenylate cyclase-activating peptide (PACAP)
signaling and the dark side of addiction. Journal of Molecular Neuroscience, 68, 453-464.
[PubMed: 30074172]

Miller SM, Marcotulli D, Shen A, & Zweifel LS (2019). Divergent medial amygdala projections
regulate approach—Avoidance conflict behavior. Nature Neuroscience, 1, 565-575.

Miller MA, Vician L, Clifton DK, & Dorsa DM (1989). Sex differences in vasopressin neurons in the
bed nucleus of the stria terminalis by in situ hybridization. Peptides, 10, 615-619. [PubMed:
2780420]

Millhouse OE (1986). The intercalated cells of the amygdala. Journal of Comparative Neurology, 247,
246-271. [PubMed: 2424941]

Missig G, Roman CW, Vizzard MA, Braas KM, Hammack SE, & May V (2014). Parabrachial nucleus
(PBn) pituitary adenylate cyclase activating polypeptide (PACAP) signaling in the amygdala:
Implication for the sensory and behavioral effects of pain. Neuropharmacology, 86, 38—48.
[PubMed: 24998751]

Moaddab M, & Dabrowska J (2017). Oxytocin receptor neurotransmission in the dorsolateral bed
nucleus of the stria terminalis facilitates the acquisition of cued fear in the fear-potentiated startle
paradigm in rats. Neuropharmacology, 121, 130-139. [PubMed: 28456687]

Mobbs D, Yu R, Rowe JB, Eich H, FeldmanHall O, & Dalgleish T (2010). Neural activity associated
with monitoring the oscillating threat value of a tarantula. Proceedings of the National Academy
of Sciences of the United States of America, 107, 20582-20586. [PubMed: 21059963]

Moga MM, Saper CB, & Gray TS (1989). Bed nucleus of the stria terminalis: Cytoarchitecture,
immunohistochemistry, and projection to the parabrachial nucleus in the rat. Journal of
Comparative Neurology, 283, 315-332. [PubMed: 2568370]

Mori S, Kageyama Y, Hou Z, Aggarwal M, Patel J, Brown T, et al. (2017). Elucidation of white matter
tracts of the human amygdala by detailed comparison between high-resolution postmortem
magnetic resonance imaging and histology. Frontiers in Neuroanatomy, 11.

Morishita M, Maejima S, & Tsukahara S (2017). Gonadal hormone-dependent sexual differentiation of
a female-biased sexually dimorphic cell group in the principal nucleus of the bed nucleus of the
stria terminalis in mice. Endocrinology, 158, 3512-3525. [PubMed: 28977609]

Morley JE, Elson MK, Levine AS, & Shafer RB (1982). The effects of stress on central nervous
system concentrations of the opioid peptide, dynorphin. Peptides, 3, 901-906. [PubMed:
6132364]

Muller JF, Mascagni F, & McDonald AJ (2007). Postsynaptic targets of somatostatin-containing
interneurons in the rat basolateral amygdala. Journal of Comparative Neurology, 500, 513-529.
[PubMed: 17120289]

Nakajima M, Inui A, Asakawa A, Momose K, Ueno N, Teranishi A, et al. (1998). Neuropeptide Y
produces anxiety via Y2-type receptors. Peptides, 19, 359-363. [PubMed: 9493869]

Namburi P, Beyeler A, Yorozu S, Calhoon GG, Halbert SA, Wichmann R, et al. (2015). A circuit
mechanism for differentiating positive and negative associations. Nature, 520, 675-678.
[PubMed: 25925480]

Nguyen AQ, Dela Cruz JAD, Sun Y, Holmes TC, & Xu X (2016). Genetic cell targeting uncovers
specific neuronal types and distinct subregions in the bed nucleus of the stria terminalis. Journal
of Comparative Neurology, 524, 2379-2399. [PubMed: 26718312]

Nitecka L, & Ben-Ari Y (1987). Distribution of GABA-like immunoreactivity in the rat amygdaloid
complex. Journal of Comparative Neurology, 266, 45-55. [PubMed: 3429715]

Nobis WP, Kash TL, Silberman Y, & Winder DG (2011). B-Adrenergic receptors enhance excitatory
transmission in the bed nucleus of the stria terminalis through a corticotrophin-releasing factor
receptor-dependent and cocaine-regulated mechanism. Biological Psychiatry, 69,1083-1090.
[PubMed: 21334600]

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyeler and Dabrowska Page 45

Normandeau CP, Ventura-Silva AP, Hawken ER, Angelis S, Sjaarda C, Liu X, et al. (2018). A key role
for neurotensin in chronic-stress-induced anxiety-like behavior in rats.
Neuropsychopharmacology, 43, 285-293. [PubMed: 28649992]

Olson GA, Olson RD, Vaccarino AL, & Kastin AJ (1998). Endogenous opiates: 1997. Peptides, 19,
1791-1843. [PubMed: 9880086]

Pape H-C (2010). Petrified or aroused with fear: The central amygdala takes the lead. Neuron, 67,
527-529. [PubMed: 20797530]

Pardo-Bellver C, Cadiz-Moretti B, Novejarque A, Martinez-Garcia F, & Lanuza E (2012). Differential
efferent projections of the anterior, poster-oventral, and posterodorsal subdivisions of the medial
amygdala in mice. Frontiers in Neuroanatomy, 6.

Paré D, Quirk GJ, & Ledoux JE (2004). New vistas on amygdala networks in conditioned fear. Journal
of Neurophysiology, 92, 1-9. [PubMed: 15212433]

Paré D, & Smith Y (1993). Distribution of GABA immunoreactivity in the amygdaloid complex of the
cat. Neuroscience, 57, 1061-1076. [PubMed: 8309543]

Paretkar T, & Dimitrov E (2018). The central amygdala corticotropin-releasing hormone (CRH)
neurons modulation of anxiety-like behavior and hippocampus-dependent memory in mice.
Neuroscience, 390, 187-197. [PubMed: 30170157]

Paretkar T, & Dimitrov E (2019). Activation of enkephalinergic (Enk) interneurons in the central
amygdala (CeA) buffers the behavioral effects of persistent pain. Neurobiology of Disease, 124,
364-372. [PubMed: 30572023]

Parker RM, & Herzog H (1999). Regional distribution of Y-receptor subtype mRNAs in rat brain. The
European Journal of Neuroscience, 11, 1431-1448. [PubMed: 10103138]

Partridge JG, Forcelli PA, Luo R, Cashdan JM, Schulkin J, Valentino RJ, & Vicini S (2016). Stress
increases GABAergic neurotransmission in CRF neurons of the central amygdala and bed
nucleus stria terminalis. Neuropharmacology, 107, 239-250. [PubMed: 27016019]

Paton JJ, Belova MA, Morrison SE, & Salzman CD (2006). The primate amygdala represents the
positive and negative value of visual stimuli during learning. Nature, 439, 865-870. [PubMed:
16482160]

Pejic T, Hermann A, Vaitl D, & Stark R (2013). Social anxiety modulates amygdala activation during
social conditioning. Social Cognitive and Affective Neuroscience, 8, 267-276. [PubMed:
22198970]

Pelrine E, Pasik SD, Bayat L, Goldschmiedt D, & Bauer EP (2016). 5-HT2C receptors in the BNST
are necessary for the enhancement of fear learning by selective serotonin reuptake inhibitors.
Neurobiology of Learning and Memory, 136, 189-195. [PubMed: 27773594]

Penzo MA, Robert V, & Li B (2014). Fear conditioning potentiates synaptic transmission onto long-
range projection neurons in the lateral subdivision of central amygdala. The Journal of
Neuroscience, 34, 2432-2437. [PubMed: 24523533]

Penzo MA, Robert V, Tucciarone J, De Bundel D, Wang M, Van Aelst L, et al. (2015). The
paraventricular thalamus controls a central amygdala fear circuit. Nature, 519, 455-459.
[PubMed: 25600269]

Petit JM, Luppi PH, Peyron C, Rampon C, & Jouvet M (1995). VIP-like immunoreactive projections
from the dorsal raphe and caudal linear raphe nuclei to the bed nucleus of the stria terminalis
demonstrated by a double immunohistochemical method in the rat. Neuroscience Letters, 193,
77-80. [PubMed: 7478163]

Petrovich GD, Scicli AP, Thompson RF, & Swanson LW (2000). Associative fear conditioning of
enkephalin mRNA levels in central amygdalar neurons. Behavioral Neuroscience, 114, 681-686.
[PubMed: 10959526]

Petrovich GD, & Swanson LW (1997). Projections from the lateral part of the central amygdalar
nucleus to the postulated fear conditioning circuit. Brain Research, 763, 247-254. [PubMed:
9296566]

Phelix CF, & Paull WK (1990). Demonstration of distinct corticotropin releasing factor-containing
neuron populations in the bed nucleus of the stria terminalis. A light and electron microscopic
immunocytochemical study in the rat. Histochemistry, 94, 345-364. [PubMed: 2228733]

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyeler and Dabrowska Page 46

Phillips RG, & LeDoux JE (1992). Differential contribution of amygdala and hippocampus to cued and
contextual fear conditioning. Behavioral Neuroscience, 106, 274-285. [PubMed: 1590953]

Pichon S, Miendlarzewska EA, Eryilmaz H, & Vuilleumier P (2015). Cumulative activation during
positive and negative events and state anxiety predicts subsequent inertia of amygdala reactivity.
Social Cognitive and Affective Neuroscience, 10, 180-190. [PubMed: 24603023]

Pitkdnen A (2000a). The amygdala: Afunctional analysis. Oxford, New York: Oxford University
Press).

Pitkénen A (2000b). Connectivity of the rat amygdaloid complex In The amygdala: Afunctional
analysis (pp. 31-118). New York: Oxford.

Pitkdnen A, & Amaral DG (1993). Distribution of calbindin-D28k immunoreactivity in the monkey
temporal lobe: The amygdaloid complex. Journal of Comparative Neurology, 331, 199-224.
[PubMed: 7685361]

Pitkdnen A, Savander V, & LeDoux JE (1997). Organization of intra-amygdaloid circuitries in the rat:
An emerging framework for understanding functions of the amygdala. Trends in Neurosciences,
20, 517-523. [PubMed: 9364666]

Pleil KE, Lopez A, McCall N, Jijon AM, Bravo JP, & Kash TL (2012). Chronic stress alters
neuropeptide Y signaling in the bed nucleus of the stria terminalis in DBA/2J but not C57BL/6J
mice. Neuropharmacology, 62, 1777-1786. [PubMed: 22182779]

Pleil KE, Rinker JA, Lowery-Gionta EG, Mazzone CM, McCall NM, Kendra AM, et al. (2015). NPY
signaling inhibits extended amygdala CRF neurons to suppress binge alcohol drinking. Nature
Neuroscience, 18, 545-552. [PubMed: 25751534]

Pompolo S, Ischenko O, Pereira A, Igbal J, & Clarke 1J (2005). Evidence that projections from the bed
nucleus of the stria terminalis and from the lateral and medial regions of the preoptic area provide
input to gonadotropin releasing hormone (GNRH) neurons in the female sheep brain.
Neuroscience, 132, 421-436. [PubMed: 15802194]

Pomrenze MB, Millan EZ, Hopf FW, Keiflin R, Maiya R, Blasio A, et al. (2015). A transgenic rat for
investigating the anatomy and function of corticotrophin releasing factor circuits. Frontiers in
Neuroscience, 9, 487. [PubMed: 26733798]

Pomrenze MB, Tovar-Diaz J, Blasio A, Maiya R, Giovanetti SM, Lei K, et al. (2019). A corticotrophin
releasing factor network in the extended amygdala for anxiety. The Journal of Neuroscience, 39,
1030-1043. [PubMed: 30530860]

Poulin J-F, Arbour D, Laforest S, & Drolet G (2009). Neuroanatomical characterization of endogenous
opioids in the bed nucleus of the stria terminalis. Progress in Neuro-Psychopharmacology &
Biological Psychiatry, 33, 1356-1365.

Poulin J-F, Castonguay-Lebel Z, Laforest S, & Drolet G (2008). Enkephalin co-expression with classic
neurotransmitters in the amygdaloid complex of the rat. Journal of Comparative Neurology, 506,
943-959. [PubMed: 18085591]

Price J, Russchen F, & Amaral D (1987). The limbic region. Il: The amygdaloid complex In Bjorklund
A, Hokfelt T, & Swanson LW (Eds.), Vol. 5 Integrated systems of the CNS, Part I: Handbook of
chemical neuroanatomy (pp. 279-388). Elsevier: Amsterdam, NY.

Quirk GJ, & Mueller D (2008). Neural mechanisms of extinction learning and retrieval.
Neuropsychopharmacology, 33, 56-72. [PubMed: 17882236]

Quirk GJ, Repa C, & LeDoux JE (1995). Fear conditioning enhances short-latency auditory responses
of lateral amygdala neurons: Parallel recordings in the freely behaving rat. Neuron, 15, 1029-
1039. [PubMed: 7576647]

Rainnie DG, Asprodini EK, & Shinnick-Gallagher P (1993). Intracellular recordings from
morphologically identified neurons of the basolateral amygdala. Journal of Neurophysiology, 69,
1350-1362. [PubMed: 8492168]

Rainnie DG, Mania I, Mascagni F, & McDonald AJ (2006). Physiological and morphological
characterization of parvalbumin-containing interneurons of the rat basolateral amygdala. Journal
of Comparative Neurology, 498, 142-161. [PubMed: 16856165]

Rao ZR, Yamano M, Shiosaka S, Shinohara A, & Tohyama M (1987). Origin of leucine-enkephalin
fibers and their two main afferent pathways in the bed nucleus of the stria terminalis in the rat.
Experimental Brain Research, 65, 411-420. [PubMed: 3549348]

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyeler and Dabrowska Page 47

Ravinder S, Burghardt NS, Brodsky R, Bauer EP, & Chattarji S (2013). A role for the extended
amygdala in the fear-enhancing effects of acute selective serotonin reuptake inhibitor treatment.
Translational Psychiatry, 3, €209. [PubMed: 23321806]

Regev L, Neufeld-Cohen A, Tsoory M, Kuperman Y, Getselter D, Gil S, & Chen A (2011). Prolonged
and site-specific over-expression of corticotropin-releasing factor reveals differential roles for
extended amygdala nuclei in emotional regulation. Molecular Psychiatry, 16, 714-728. [PubMed:
20548294]

Reppucci CJ, & Petrovich GD (2016). Organization of connections between the amygdala, medial
prefrontal cortex, and lateral hypothalamus: A single and double retrograde tracing study in rats.
Brain Structure & Function, 221, 2937-2962.

Rhomberg T, Rovira-Esteban L, Vikor A, Paradiso E, Kremser C, Nagy-Pal P, et al. (2018). Vasoactive
intestinal polypeptide-immunoreactive interneurons within circuits of the mouse basolateral
amygdala. The Journal of Neuroscience 38(31), 6983-7003. [PubMed: 29954847]

Rinker JA, Marshall SA, Mazzone CM, Lowery-Gionta EG, Gulati V, Pleil KE, et al. (2017). Extended
amygdala to ventral tegmental area corticotropin-releasing factor circuit controls binge ethanol
intake. Biological Psychiatry, 81, 930-940. [PubMed: 27113502]

Rizvi TA, Ennis M, Behbehani MM, & Shipley MT (1991). Connections between the central nucleus
of the amygdala and the midbrain periaqueductal gray: Topography and reciprocity. Journal of
Comparative Neurology, 303, 121-131. [PubMed: 1706363]

Roberts GW, Woodhams PL, Polak JM, & Crow TJ (1982). Distribution of neuropeptides in the limbic
system of the rat: The amygdaloid complex. Neuroscience, 7, 99-131. [PubMed: 6176906]

Rodriguez-Sierra OE, Turesson HK, & Pare D (2013). Contrasting distribution of physiological cell
types in different regions of the bed nucleus of the stria terminalis. Journal of Neurophysiology,
110, 2037-2049. [PubMed: 23926040]

Rogan MT, Staubli UV, & LeDoux JE (1997). Fear conditioning induces associative long-term
potentiation in the amygdala. Nature, 390, 604-607. [PubMed: 9403688]

Root CM, Denny CA, Hen R, & Axel R (2014). The participation of cortical amygdala in innate,
odour-driven behaviour. Nature, 515, 269-273. [PubMed: 25383519]

Réwniak M, Kolenkiewicz M, & Kozlowska A (2017). Parvalbumin, but not calretinin, neurons
express high levels of al-containing GABAA receptors, a7-containing nicotinic acetylcholine
receptors and D2-dopamine receptors in the basolateral amygdala of the rat. Journal of Chemical
Neuroanatomy, 86, 41-51. [PubMed: 28834708]

Rubinow MJ, Mahajan G, May W, Overholser JC, Jurjus GJ, Dieter L, et al. (2016). Basolateral
amygdala volume and cell numbers in major depressive disorder: A postmortem stereological
study. Brain Structure & Function, 221, 171-184. [PubMed: 25287512]

Rudy B, Chow A, Lau D, Amarillo Y, Ozaita A, Saganich M, et al. (1999). Contributions of Kv3
channels to neuronal excitability. Annals of the New York Academy of Sciences, 868, 304-343.
[PubMed: 10414303]

Rudy B, & McBain CJ (2001). Kv3 channels: Voltage-gated K+ channels designed for high-frequency
repetitive firing. Trends in Neurosciences, 24, 517-526. [PubMed: 11506885]

Sah P, Faber ESL, Lopez De Armentia M, & Power J (2003). The amygdaloid complex: Anatomy and
physiology. Physiological Reviews, 83, 803-834. [PubMed: 12843409]

Sah P, & Lopez De Armentia M (2003). Excitatory synaptic transmission in the lateral and central
amygdala. Annals of the New York Academy of Sciences, 985, 67—77. [PubMed: 12724149]

Sahuque LL, Kullberg EF, Mcgeehan AJ, Kinder JR, Hicks MP, Blanton MG, et al. (2006).
Anxiogenic and aversive effects of corticotropin-releasing factor (CRF) in the bed nucleus of the
stria terminalis in the rat: Role of CRF receptor subtypes. Psychopharmacology, 186, 122-132.
[PubMed: 16568282]

Sajdyk TJ, Vandergriff MG, & Gehlert DR (1999). Amygdalar neuropeptide Y Y1 receptors mediate
the anxiolytic-like actions of neuropeptide Y in the social interaction test. European Journal of
Pharmacology, 368, 143-147. [PubMed: 10193650]

Sakanaka M, Shibasaki T, & Lederis K (1986). Distribution and efferent projections of corticotropin-
releasing factor-like immunoreactivity in the rat amygdaloid complex. Brain Research, 382, 213-
238. [PubMed: 2428439]

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyeler and Dabrowska Page 48

Sanford CA, Soden ME, Baird MA, Miller SM, Schulkin J, Palmiter RD, et al. (2017). A central
amygdala CRF circuit facilitates learning about weak threats. Neuron, 93, 164-178. [PubMed:
28017470]

Santiago AN, Lim KY, Opendak M, Sullivan RM, & Aoki C (2018). Early life trauma increases threat
response of peri-weaning rats, reduction of axo-somatic synapses formed by parvalbumin cells
and perineuronal net in the basolateral nucleus of amygdala. Journal of Comparative Neurology,
526, 2647-2664. [PubMed: 30136731]

Savander V, Go CG, LeDoux JE, & Pitkdnen A (1995). Intrinsic connections of the rat amygdaloid
complex: Projections originating in the basal nucleus. Journal of Comparative Neurology, 361,
345-368. [PubMed: 8543667]

Schank JR, Nelson BS, Damadzic R, Tapocik JD, Yao M, King CE, et al. (2015). Neurokinin-1
receptor antagonism attenuates neuronal activity triggered by stress-induced reinstatement of
alcohol seeking. Neuropharmacology, 99, 106-114. [PubMed: 26188146]

Schiess MC, Asprodini EK, Rainnie DG, & Shinnick-Gallagher P (1993). The central nucleus of the
rat amygdala: In vitro intracellular recordings. Brain Research, 604, 283-297. [PubMed:
8457856]

Schiess MC, Callahan PM, & Zheng H (1999). Characterization of the electrophysiological and
morphological properties of rat central amygdala neurons in vitro. Journal of Neuroscience
Research, 58, 663-673. [PubMed: 10561694]

Schoenbaum G, Chiba AA, & Gallagher M (1999). Neural encoding in orbitofrontal cortex and
basolateral amygdala during olfactory discrimination learning. The Journal of Neuroscience, 19,
1876-1884. [PubMed: 10024371]

Schwaber JS, Kapp BS, Higgins GA, & Rapp PR (1982). Amygdaloid and basal forebrain direct
connections with the nucleus of the solitary tract and the dorsal motor nucleus. The Journal of
Neuroscience, 2, 1424-1438. [PubMed: 6181231]

Senn V, Wolff SBE, Herry C, Grenier F, Ehrlich I, Grundemann J, et al. (2014). Long-range
connectivity defines behavioral specificity of amygdala neurons. Neuron, 81, 428-437. [PubMed:
24462103]

Seroogy KB, & Fallon JH (1989). Forebrain projections from cholecystokininlike-immunoreactive
neurons in the rat midbrain. Journal of Comparative Neurology, 279, 415-435. [PubMed:
2918078]

Severini C, Improta G, Falconieri-Erspamer G, Salvadori S, & Erspamer V (2002). The tachykinin
peptide family. Pharmacological Reviews, 54, 285-322. [PubMed: 12037144]

Shabel SJ, & Janak PH (2009). Substantial similarity in amygdala neuronal activity during conditioned
appetitive and aversive emotional arousal. Proceedings of the National Academy of Sciences of
the United States of America, 106, 15031-15036. [PubMed: 19706473]

Shackman AJ, & Fox AS (2016). Contributions of the central extended amygdala to fear and anxiety.
The Journal of Neuroscience, 36, 8050—-8063. [PubMed: 27488625]

Sharko AC, Kaigler KF, Fadel JR, & Wilson MA (2016). Ethanol-induced anxiolysis and neuronal
activation in the amygdala and bed nucleus of the stria terminalis. Alcohol, 50, 19-25. [PubMed:
26775553]

Shen CL (1987). Distribution of neuropeptide Y immunoreactivity in the forebrain of the rat.
Proceedings of the National Science Council, Republic of China. Part B, 11, 115-127.

Shen C-J, Zheng D, Li K-X, Yang J-M, Pan H-Q, Yu X-D, et al. (2019). Cannabinoid CB1 receptors in
the amygdalar cholecystokinin glutamatergic afferents to nucleus accumbens modulate
depressive-like behavior. Nature Medicine, 25, 337-349.

Shimada S, Inagaki S, Kubota Y, Ogawa N, Shibasaki T, & 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.
[PubMed: 2473417]

Shinonaga Y, Takada M, & Mizuno N (1994). Topographic organization of collateral projections from
the basolateral amygdaloid nucleus to both the prefrontal cortex and nucleus accumbens in the
rat. Neuroscience, 58, 389-397. [PubMed: 8152545]

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyeler and Dabrowska Page 49

Silberman Y, Matthews RT, & Winder DG (2013). A corticotropin releasing factor pathway for ethanol
regulation of the ventral tegmental area in the bed nucleus of the stria terminalis. The Journal of
Neuroscience, 33, 950-960. [PubMed: 23325234]

Silberman Y, & Winder DG (2013a). Corticotropin releasing factor and catecholamines enhance
glutamatergic neurotransmission in the lateral subdivision of the central amygdala.
Neuropharmacology, 70, 316-323. [PubMed: 23470280]

Silberman Y, & Winder DG (2013b). Emerging role for corticotropin releasing factor signaling in the
bed nucleus of the stria terminalis at the intersection of stress and reward. Frontiers in Psychiatry,
4, 42. [PubMed: 23755023]

Sink KS, Walker DL, Freeman SM, Flandreau El, Ressler KJ, & Davis M (2013). Effects of
continuously enhanced corticotropin releasing factor expression within the bed nucleus of the
stria terminalis on conditioned and unconditioned anxiety. Molecular Psychiatry, 18, 308-319.
[PubMed: 22290119]

Skofitsch G, & Jacobowitz DM (1985). Quantitative distribution of calcitonin gene-related peptide in
the rat central nervous system. Peptides, 6, 1069-1073. [PubMed: 3879634]

Somerville LH, Kim H, Johnstone T, Alexander AL, & Whalen PJ (2004). Human amygdala responses
during presentation of happy and neutral faces: Correlations with state anxiety. Biological
Psychiatry, 55, 897-903. [PubMed: 15110733]

Sosulina L, Graebenitz S, & Pape H-C (2010). GABAergic interneurons in the mouse lateral
amygdala: A classification study. Journal of Neurophysiology, 104, 617-626. [PubMed:
20484532]

Sosulina L, Schwesig G, Seifert G, & Pape H-C (2008). Neuropeptide Y activates a G-protein-coupled
inwardly rectifying potassium current and dampens excitability in the lateral amygdala.
Molecular and Cellular Neurosciences, 39, 491-498. [PubMed: 18790060]

Sosulski DL, Bloom ML, Cutforth T, Axel R, & Datta SR (2011). Distinct representations of olfactory
information in different cortical centres. Nature, 472, 213-216. [PubMed: 21451525]

Spampanato J, Polepalli J, & Sah P (2011). Interneurons in the basolateral amygdala.
Neuropharmacology, 60, 765-773. [PubMed: 21093462]

Sparta DR, Jennings JH, Ung RL, & Stuber GD (2013). Optogenetic strategies to investigate neural
circuitry engaged by stress. Behavioural Brain Research, 255, 19-25. [PubMed: 23684554]

Sparta DR, Smithuis J, Stamatakis AM, Jennings JH, Kantak PA, Ung RL, & Stuber GD (2014).
Inhibition of projections from the basolateral amygdala to the entorhinal cortex disrupts the
acquisition of contextual fear. Frontiers in Behavioral Neuroscience, 8, 129. [PubMed:
24834031]

Stanic D, Brumovsky P, Fetissov S, Shuster S, Herzog H, & Hokfelt T (2006). Characterization of
neuropeptide Y2 receptor protein expression in the mouse brain. 1. Distribution in cell bodies and
nerve terminals. Journal of Comparative Neurology, 499, 357-390. [PubMed: 16998904]

Stefanova N, Bozhilova-Pastirova A, & Ovtscharoff W (1997). Distribution of GABA-immunoreactive
nerve cells in the bed nucleus of the stria terminalis in male and female rats. European Journal of
Histochemistry, 41, 23-28.

Steiner H, & Gerfen CR (1998). Role of dynorphin and enkephalin in the regulation of striatal output
pathways and behavior. Experimental Brain Research, 123, 60-76. [PubMed: 9835393]

Steinman MQ, Duque-Wilckens N, Greenberg GD, Hao R, Campi KL, Laredo SA, et al. (2016). Sex-
specific effects of stress on oxytocin neurons correspond with responses to intranasal oxytocin.
Biological Psychiatry, 80, 406—-414. [PubMed: 26620251]

Straube T, Mentzel H-J, & Miltner WHR (2007). Waiting for spiders: Brain activation during
anticipatory anxiety in spider phobics. Neurolmage, 37, 1427-1436. [PubMed: 17681799]

Strobel C, Marek R, Gooch HM, Sullivan RKP, & Sah P (2015). Prefrontal and auditory input to
intercalated neurons of the amygdala. Cell Reports 10(9), 1435-1442. [PubMed: 25753409]

Stuber GD, Sparta DR, Stamatakis AM, van Leeuwen WA, Hardjoprajitno JE, Cho S, et al. (2011).
Excitatory transmission from the amygdala to nucleus accumbens facilitates reward seeking.
Nature, 475, 377-380. [PubMed: 21716290]

Sullivan GM, Apergis J, Bush DEA, Johnson LR, Hou M, & Ledoux JE (2004). Lesions in the bed
nucleus of the stria terminalis disrupt corticosterone and freezing responses elicited by a

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyeler and Dabrowska Page 50

contextual but not by a specific cue-conditioned fear stimulus. Neuroscience, 128, 7-14.
[PubMed: 15450349]

Sun N, & Cassell MD (1993). Intrinsic GABAergic neurons in the rat central extended amygdala.
Journal of Comparative Neurology, 330, 381-404. [PubMed: 8385679]

Swanson LW, & Petrovich GD (1998). What is the amygdala? Trends in Neurosciences, 21, 323-331.
[PubMed: 9720596]

Swanson LW, Sawchenko PE, Rivier J, & Vale WW (1983). Organization of ovine corticotropin-
releasing factor immunoreactive cells and fibers in the rat brain: An immunohistochemical study.
Neuroendocrinology, 36, 165-186. [PubMed: 6601247]

Tasan RO, Verma D, Wood J, Lach G, Hormer B, de Lima TCM, et al. (2016). The role of
neuropeptide Y in fear conditioning and extinction. Neuropeptides, 55, 111-126. [PubMed:
26444585]

Terburg D, Scheggia D, Triana Del Rio R, Klumpers F, Ciobanu AC, Morgan B, et al. (2018). The
basolateral amygdala is essential for rapid escape: A human and rodent study. Cell, 175, 723—
735, €16. [PubMed: 30340041]

Terzian H, & Ore GD (1955). Syndrome of Kliiver and Bucy; reproduced in man by bilateral removal
of the temporal lobes. Neurology, 5,373-380. [PubMed: 14383941]

Tsetsenis T, Ma X-H, Lo lacono L, Beck SG, & Gross C (2007). Suppression of conditioning to
ambiguous cues by pharmacogenetic inhibition of the dentate gyrus. Nature Neuroscience, 10,
896-902. [PubMed: 17558402]

Tuunanen J, & Pitk&nen A (2000). Do seizures cause neuronal damage in rat amygdala kindling?
Epilepsy Research, 39, 171-176. [PubMed: 10759304]

Tye KM, Prakash R, Kim S-Y, Fenno LE, Grosenick L, Zarabi H, et al. (2011). Amygdala circuitry
mediating reversible and bidirectional control of anxiety. Nature, 471, 358-362. [PubMed:
21389985]

Tye KM, Stuber GD, de Ridder B, Bonci A, & Janak PH (2008). Rapid strengthening of thalamo-
amygdala synapses mediates cue-reward learning. Nature, 453, 1253-1257. [PubMed: 18469802]

Urakawa S, Takamoto K, Hori E, Sakai N, Ono T, & Nishijo H (2013). Rearing in enriched
environment increases parvalbumin-positive small neurons in the amygdala and decreases
anxiety-like behavior of male rats. BMC Neuroscience, 14, 13. [PubMed: 23347699]

Urbach E, & Wiethe C (1929). Lipidosis cutis et mucosae. Virchows Archiv Fur Pathologische
Anatomie Und Physiologie Undffur Klinische Medizin, 273, 285-319.

Van’t Veer A, & Carlezon WA (2013). Role of kappa-opioid receptors in stress and anxiety-related
behavior. Psychopharmacology, 229, 435-452. [PubMed: 23836029]

Veening JG, Swanson LW, & Sawchenko PE (1984). The organization of projections from the central
nucleus of the amygdala to brainstem sites involved in central autonomic regulation: A combined
retrograde transport-immunohistochemical study. Brain Research, 303, 337-357. [PubMed:
6204716]

Veinante P, Stoeckel ME, & Freund-Mercier MJ (1997). GABA- and peptide-immunoreactivities co-
localize in the rat central extended amygdala. NeuroReport, 8, 2985-2989. [PubMed: 9376543]

Veres JM, Nagy GA, & Hajos N (2017). Perisomatic GABAergic synapses of basket cells effectively
control principal neuron activity in amygdala networks. eL.ife, 6, 20721. [PubMed: 28060701]

Viinikainen M, Katsyri J, & Sams M (2012). Representation of perceived sound valence in the human
brain. Human Brain Mapping, 33, 2295-2305. [PubMed: 21826759]

Viviani D, Charlet A, van den Burg E, Robinet C, Hurni N, Abatis M, et al. (2011). Oxytocin
selectively gates fear responses through distinct outputs from the central amygdala. Science, 333,
104-107. [PubMed: 21719680]

Vogel E, Krabbe S, Gmndemann J, Wamsteeker Cusulin JI, & Luthi A (2016). Projection-specific
dynamic regulation of inhibition in amygdala micro-circuits. Neuron, 91, 644-651. [PubMed:
27497223]

Vranjkovic O, Gasser PJ, Gerndt CH, Baker DA, & Mantsch JR (2014). Stress-induced cocaine
seeking requires a beta-2 adrenergic receptor-regulated pathway from the ventral bed nucleus of
the stria terminalis that regulates CRF actions in the ventral tegmental area. The Journal of
Neuroscience, 34, 12504-12514. [PubMed: 25209288]

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beyeler and Dabrowska Page 51

Vrticka P, Sander D, & Vuilleumier P (2012). Lateralized interactive social content and valence
processing within the human amygdala. Frontiers in Human Neuroscience, 6, 358. [PubMed:
23346054]

Waddell J, Morris RW, & Bouton ME (2006). Effects of bed nucleus of the stria terminalis lesions on
conditioned anxiety: Aversive conditioning with long-duration conditional stimuli and
reinstatement of extinguished fear. Behavioral Neuroscience, 120, 324-336. [PubMed:
16719697]

Wahlestedt C, Pich EM, Koob GF, Yee F, & Heilig M (1993). Modulation of anxiety and neuropeptide
Y-Y1 receptors by antisense oligodeoxynucleotides. Science, 259, 528-531. [PubMed: 8380941]

Walker DL, & Davis M (2008). Role of the extended amygdala in short-duration versus sustained fear:
A tribute to Dr. Lennart Heimer. Brain Structure & Function, 213, 29-42. [PubMed: 18528706]

Walker D, Yang Y, Ratti E, Corsi M, Trist D, & Davis M (2009). Differential effects of the CRF-R1
antagonist GSK876008 on fear-potentiated, light- and CRF-enhanced startle suggest preferential
involvement in sustained vs phasic threat responses. Neuropsychopharmacology, 34, 1533-1542.
[PubMed: 19078950]

Walter AL, Bartsch JC, Datunashvili M, Blaesse P, Lange MD, & Pape H-C (2018). Physiological
profile of neuropeptide Y-expressing neurons in bed nucleus of stria terminalis in mice: State of
high excitability. Frontiers in Cellular Neuroscience, 12, 393. [PubMed: 30455634]

Walter A, Mai JK, Lanta L, & Gorcs T (1991). Differential distribution of immunohistochemical
markers in the bed nucleus of the stria terminalis in the human brain. Journal of Chemical
Neuroanatomy, 4, 281-298. [PubMed: 1718318]

Wang L, Gillis-Smith S, Peng Y, Zhang J, Chen X, Salzman CD, et al. (2018). The coding of valence
and identity in the mammalian taste system. Nature, 558, 127-131. [PubMed: 29849148]

Wang L, Goebel-Stengel M, Stengel A, Wu SV, Ohning G, & Tache Y (2011). Comparison of CRF-
immunoreactive neurons distribution in mouse and rat brains and selective induction of Fos in rat
hypothalamic CRF neurons by abdominal surgery. Brain Research, 1415, 34—-46. [PubMed:
21872218]

Wang X, Liu C, Wang X, Gao F, & Zhan R-Z (2017). Density and neurochemical profiles of neuronal
nitric oxide synthase-expressing interneuron in the mouse basolateral amygdala. Brain Research,
1663, 106-113. [PubMed: 28213154]

Weiskrantz L (1956). Behavioral changes associated with ablation of the amygdaloid complex in
monkeys. Journal of Comparative and Physiological Psychology, 49, 381-391. [PubMed:
13345917]

Wilson MA, & Junor L (2008). The role of amygdalar mu-opioid receptors in anxiety-related
responses in two rat models. Neuropsychopharmacology, 33, 2957-2968. [PubMed: 18216773]

Wolak ML, DeJoseph MR, Cator AD, Mokashi AS, Brownfield MS, & Urban JH (2003). Comparative
distribution of neuropeptide Y Y1 and Y5 receptors in the rat brain by using
immunohistochemistry. Journal of Comparative Neurology, 464, 285-311. [PubMed: 12900925]

Wolff SBE, Grindemann J, Tovote P, Krabbe S, Jacobson GA, Muller C, et al. (2014). Amygdala
interneuron subtypes control fear learning through disinhibition. Nature, 509, 453-458.
[PubMed: 24814341]

Wood J, Verma D, Lach G, Bonaventure P, Herzog H, Sperk G, & Tasan RO (2016). Structure and
function of the amygdaloid NPY system: NPY Y2 receptors regulate excitatory and inhibitory
synaptic transmission in the centromedial amygdala. Brain Structure & Function, 221, 3373-
3391. [PubMed: 26365505]

Wray S, & Hoffman GE (1983). Organization and interrelationship of neuropeptides in the central
amygdaloid nucleus of the rat. Peptides, 4, 525-541. [PubMed: 6196761]

Xiu J, Zhang Q, Zhou T, Zhou T, Chen Y, & Hu H (2014). Visualizing an emotional valence map in the
limbic forebrain by TAI-FISH. Nature Neuroscience, 17, 1552-1559. [PubMed: 25242305]

Xu P, Cao X, He Y, Zhu L, Yang Y, Saito K, et al. (2015). Estrogen receptor-a in medial amygdala
neurons regulates body weight. The Journal of Clinical Investigation, 125, 2861-2876. [PubMed:
26098212]

Yamamoto R, Ahmed N, Ito T, Gungor NZ, & Pare D (2018). Optogenetic study of anterior BNST and
basomedial amygdala projections to the ventromedial hypothalamus. eNeuro, 5(3).

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Beyeler and Dabrowska Page 52

Yao S, Bergan J, Lanjuin A, & Dulac C (2017). Oxytocin signaling in the medial amygdala is required
for sex discrimination of social cues. eLife, 6, €31373. [PubMed: 29231812]

Yassa MA, Hazlett RL, Stark CEL, & Hoehn-Saric R (2012). Functional MRI of the amygdala and bed
nucleus of the stria terminalis during conditions of uncertainty in generalized anxiety disorder.
Journal of Psychiatric Research, 46, 1045-1052. [PubMed: 22575329]

Yizhar O, & Klavir O (2018). Reciprocal amygdala-prefrontal interactions in learning. Current
Opinion in Neurobiology, 52, 149-155. [PubMed: 29982085]

Yu K, da Silva PG, Albeanu DF, & Li B (2016). Central amygdala somatostatin neurons gate passive
and active defensive behaviors. Journal of Neuroscience, 36, 6488—-6496. [PubMed: 27307236]

Zirlinger M, Kreiman G, & Anderson DJ (2001). Amygdala-enriched genes identified by microarray
technology are restricted to specific amygdaloid subnuclei. Proceedings of the National Academy
of Sciences of the United States of America, 98, 5270-5275. [PubMed: 11320257]

Zorrilla EP, & Koob GF (2013). Amygdalostriatal projections in the neurocircuitry for motivation: A
neuroanatomical thread through the career of Ann Kelley. Neuroscience and Biobehavioral
Reviews, 37, 1932-1945. [PubMed: 23220696]

Handb Behav Neurosci. Author manuscript; available in PMC 2020 August 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Beyeler and Dabrowska Page 53

[ striatal-like
| (mainly inhibitory)

[ cortical-like
E | (mainly excitatory)

Cortical CaMEs

Thy1
BLA: basolateral amygdala !
LA: lateral amygdala R5p02l.Ppp1
BA: basal amygdala GABQ?
BLV: ventral basolateral amygdala CB, CR; PV
BM: basomedial amygdala SOM CCK

GADer
CaMKlla

CoA: cortical amygdala

CeA: central amygdala Lhx5.6.9
CeC.: capsular-central amygdala CRF2, SOM
CelL.: centro-lateral amygdala

ERa, SM1

CeM: centro-medial amygdala
Laminin B3
MeA: medial amygdala
ITC: intercalated cells

FIG. 1.
The amygdala complex and genetically identified populations. (A) Atlas of a human brain

coronal section illustrating the different nuclei of the amygdala. (B) Detailed nuclei of the
human amygdala. (C) Atlas of coronal sections of the adult mouse brain highlighting the
different nuclei of the amygdala. (D) Schematic representation of the different amygdala
nuclei and identified genetic markers. Adapted from the Allen human brain atlas (modified
Brodmann) and the Paxinos mouse brain atlas (4th edition).
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FIG. 2.

Size, connectivity, and gene markers of BLA neurons. (A) Image of a frontal section of a cat
brain including magnocellular and parvocellular pyramidal cells of the BA. (B) Diagram of
the connectivity of pyramidal and inhibitory neurons in the BLA, and distribution of markers
in the inhibitory interneurons. (C) Microcircuit diagram of the postsynaptic target of five
types of inhibitory interneurons of the BLA. Adapted from Hall, E. (1972). The amygdala of
the cat: A Golgi study. Zeitschrift fiir Zellforschung und Mikroskopische Anatomie, 134,

439-456.
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FIG. 3.
Top-down control of CeA output and fear responses by a diverse population of CeA

interneurons. Type | neurons of the CeL (Fear ON neurons, serotonin 5-HT1 5 receptors
expressing, putative SOM neurons) provide tonic inhibition to other CeL interneurons,
including Type Il neurons. Type Il neurons express OTR and partially overlap with PKC8
neurons (Fear OFF neurons). Almost half of the PKC8 neurons express ENK. Type Il
neurons tonically inhibit CeM output neurons (V1AR-expressing), which project to VIPAG
and induce freezing responses. These Type Il neurons also project to basal forebrain (SI and
NM), where they dis-inhibit cholinergic neurons, which then promotes cortical arousal and
active escape to an imminent threat. Activation of CRF neurons in the CeL has also been
shown to promote an active defensive behavior (flight) in contrast to neighboring SOM
neurons, which were shown to mediate passive fear responses (freezing). CeA receives
neuron-specific glutamatergic inputs from the BLA, PFC, and LA.CRF and SOM neurons
receive distinct afferent inputs from the BLA and vHPC, respectively. CeL, lateral nucleus
of the central amygdala; CeM, medial nucleus of the central amygdala; BLA, basolateral
amygdala; LA, lateral amygdala; vHPC, ventral hippocampus; V/PAG, ventrolateral
periaqueductal gray; S/, substantia innominata; MV, nucleus basalis of Meynert; OTR,
oxytocin receptor; CRF, corticotropin-releasing factor; VZAR, vasopressin 1A receptor;
ENK; enkephalin; SOM, somatostatin; PKCS6, protein kinase C delta.
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FIG. 4.
Neuronal diversity of the dorsolateral BNST (BNSTp, ). BNSTp,_ contains a variety of

peptidergic neurons in the oval (BNSTqy), juxtacapsular (BNST ;xT) and ventral nucleus of
the BNST (BNSTygpn)- BNSToy and BNST ;xt contain exclusively GABA-ergic neurons,
whereas BNSTygn might also contain glutamatergic neurons. A substantial number of
BNSTqy neurons produce both CRF and NT, whereas all CRF neurons in the BNSTgy co-
express STEP. STEP is also present on BNST jxt neurons. In contrast, ENK neurons do not
overlap with populations expressing CRF or NT, but express PKC& mRNA. NPY neurons
were shown to co-express SOM in rodents. Dotted arrows—BNSTp neurons send neuron-
type specific outputs. BNST 4,4 anteromedial nucleus of the BNST; LV lateral ventricle;
CP, caudate putamen; N'7S, nucleus of the solitary tract; DMV, dorsal motor nucleus of the
vagus nerve; VTA, ventral tegmental area; PV, paraventricular nucleus of the
hypothalamus; DRN, dorsal raphe nucleus; MPOA, medial preoptic area; LH, lateral
hypothalamus; CRF, corticotropin-releasing factor; STEP, striatal enriched protein tyrosine
phosphatase; N7, neurotensin; ENK, enkephalin; SOM, somatostatin; APY, neuropeptide Y;
DYN, dynorphin; PKCS, protein kinase C delta; V/P, vasoactive intestinal polypeptide; SP,
substance P; CR, calretinin; GLUT, glutamate.
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Manipulations and recordings of gene-defined, input-defined and projection-defined populations.

Behavior or
recorded neural a
Feature Experiment response Valence Bidirectional Reference
Basolateral amygdala
(BLA)
Gene Rspo2 ChR2 Freezing - Yes Kim et al. (2016)
(anterior)
Pppl ChR2 Self-stimulation + Yes Kim et al. (2016)
(posterior)
Thy-1 ChR2 Enhanced extinction + Yes Jasnow (2013),
McCullough et al. (2016)
DREADDS-Gq Increase extinction + x McCullough et al. (2016)
retention
PV ChR2 Increase CS-shock - Yes Wolff et al. (2014)
freezing
Single-unit Excited to the CS- - x Wolff et al. (2014)
shock
SOM ChR2 Decrease CS-shock + Yes Wolff et al. (2014)
freezing
Single-unit Inhibited to the CS- + x Wolff et al. (2014)
shock
Input insula-BLA ChR2 Approach (RTPP) + x Wang et al. (2018)
ACC-BLA NpHR - - No Allsop et al. (2018)
Output BLA-NAc ChR2 Optogenetic self- + x Namburi et al. (2015),
stimulation Britt et al. (2012), Stuber
etal. (2011)
Single-unit Preferentially excited  + x Beyeler (2016)
to CS-sucrose
BLACck(+) ChR2 RTPA, decrease - x Shen et al. (2019)
NAcC sucrose consumption
BLACck (- ChR2 RTPP, optogenetic + x Shen et al. (2019)
NAc self-stimulation
BLARspo2-NAC ChR2 Freezing and - X Kim, Zhang, Muralidhar,
stimulation LeBlanc, and Tonegawa
avoidance (RTPA) (2017)
BLA-CeL ChR2 Anxiolytic + Yes Tye etal. (2011)
BLA-CeM ChR2 Place aversion - X Namburi et al. (2015)
BLA-CeA Single-unit Preferentially excited - x Beyeler (2016)
to CS-quinine
BLA-vHPC ChR2 Anxiogenic - Yes Felix-Ortiz et al. (2013)
Single-unit Unbiased + x Beyeler (2016)
BLA-mPFC ChR2 Anxiogenic Yes Felix-Ortiz, Burgos-
Robles, Bhagat, Leppla,
and Tye (2016), Lowery-
Gionta et al. (2018)
ChR2 Increase CS-shock - Yes Burgos-Robles et al.
freezing (2017)
Single-unit Preferentially excited - X Burgos-Robles et al.

to CS-shock
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Behavior or
recorded neural a
Feature Experiment response Valence Bidirectional Reference
BLA-PL Single-unit Active during CS- - x Senn et al. (2014)
shock (early
extinction)
BLA-IL Single unit Active during CS- + X Senn et al. (2014)
shock after extinction
BLA-adBNST ChR2 Anxiogenic - x Kim et al. (2013)
Central amygdala (CeA)
Gene PKCd CeL Single-unit Inhibited by CS- +? x Haubensak et al. (2010)
shock (CeLogg)
CeL ChR2 No valence-related + Yes Kim et al. (2017)
behavior
CeC ChR2 Freezing - Yes Kim et al. (2017)
CeL ChR2 Anxiogenic - Yes Botta et al. (2015)
CeL ChR2 Anxiolytic + x Cai, Haubensak, Anthony,
and Anderson (2014)
CeL ChR2 Food intake -? Yes Cai et al. (2014)
suppression
CeL-SI ChR2 Avoidance (CPA) - x Cui et al. (2017)
SOM CeL ChR2 Decrease CS + Yes Yu, da Silva, Albeanu, and
avoidance Li (2016)
CeL ChR2 Self-stimulation + Yes Kim et al. (2017)
CeM ChR2 Self-stimulation + Yes Kim et al. (2017)
CeL ChR2 Freezing - Yes Li et al. (2013)
CeL ChR2 Decrease CS-flight + No Fadok et al. (2017)
CeL ChR2 CS-freezing - No Fadok et al. (2017)
CeL Single-unit Excited during CS- - X Fadok et al. (2017)
shock and freezing
CRF CeL ChR2 CS flight - Yes Fadok et al. (2017)
CeL ChR2 Decrease CS- - No Fadok et al. (2017)
freezing
CeL Single-unit Excited during CS- - x Fadok et al. (2017)
flight
5HT2A CeA ChR2 Increase food intake + Yes Douglass et al. (2017)
CeA ChR2 Decrease freezing to - Yes Isosaka et al. (2015)
aversive US
CRF CeL DREADD-Gq Anxiogenic - x Pomrenze et al. (2019),
Paretkar and Dimitrov
(2018)
PKC8-D2 CeL Pharmacology Increased fear - x De Bundel et al. (2016)
discrimination
ENK CeL DREADDs-Gq  Anxiolytic, analgesia ~ + X Paretkar and Dimitrov
(2018)
Input insula-CeA ChR2 Avoidance (RTPA) - X Wang et al. (2018)
PBNCGRP-CeC/L ChR2 Appetite suppression - No Carter, Soden, Zweifel,
and Palmiter (2013)
PBNcgrp-CeC/L ChR2 Defensive behaviors - No Han, Soleiman, Soden,
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Behavior or
recorded neural a
Feature Experiment response Valence Bidirectional Reference
PVT-CelLsom ChR2 Inhibition decrease - No Penzo et al. (2015)
FC
BLARsp02-CeCpics ChR2 Defensive response - Yes Kim et al. (2017)
Output CeA-vIPAG ChR2 Hunting (prey + No Han et al. (2017)
approach)
CeL-SI PKCd ChR2 Avoidance (CPA) - x Cui et al. (2017)
Bed nucleus of the stria terminalis (BNST)
Gene CRF BNSTov DREADDs-Gi  5-HT induced - x Marcinkiewcz et al.
enhancement of cued (2016)
fear
OTR BNSTdI Pharmacology Increased cued fear - X Moaddab and Dabrowska
(2017), Martinon et al.
(2019)
PKC&-D2 BNSTov  Pharmacology Increased fear - X De Bundel et al. (2016)
discrimination
CRFR2 BNSTpt ChR2 Anxiolytic + x Henckens et al. (2017)
5-HT2C BNSTdI Pharmacology Increased cued fear - X Ravinder, Burghardt,
Brodsky, Bauer, and
Chattarji (2013), Pelrine,
Pasik, Bayat,
Goldschmiedt, and Bauer
(2016)
Input CeA-BNST CRF ArchT Anxiolytic + X Asok et al. (2018)
CeA-BNST CRF DREADDs-Gq  Anxiogenic - X Pomrenze et al. (2019)
Output BNST-VTA CFR DREADDs-Gi  Anxiolytic - x Marcinkiewcz et al.
(2016)
BNST-VTA CRF DREADDs-Gi Reduced alcohol - X Pleil et al. (2015), Rinker
intake etal. (2017)
BNST-LH CRF ChR2 Increased negative - x Giardino et al. (2018)
valence
BNDT-LH CCKS8 ChR2 Increased positive + X Giardino et al. (2018)

valence

x, not tested; RTPP/A, real-time place preference/avoidance; CPA, conditioned place avoidance; PL and IL, prelimbic and infralimbic prefrontal
cortex; PBN, parabrachial nucleus; PV/7, paraventricular nucleus of the thalamus; (7), debated.

aStudy reporting bidirectional manipulation of the tested behavior/s.
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