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INTRODUCTION

The amygdala is a nuclear complex found in the cerebral hemispheres of all vertebrates. It is
located in the temporal lobe of primates, and in the caudoventral forebrain of rodents and
other mammals that do not have a well-developed temporal lobe. It consists of over a dozen
nuclei, each of which exhibit several subdivisions. Each nuclear subdivision is characterized
by distinct connections (Pitkénen, 2000). The cortical and medial amygdalar nuclei are
distinguished by interconnections with the olfactory system and the hypothalamus. The
central nucleus is the only nucleus with extensive projections to the brainstem. The
basolateral nuclear complex (BNC), the subject of this chapter, is characterized by extensive
interconnections with higher order cortical areas in the prefrontal, temporal, insular, and
hippocampal cortices. The size of the BNC increases throughout phylogeny, in concert with
the increase in size and differentiation of the neocortices with which it has connections
(Janak & Tye, 2015).

Early studies demonstrated that bilateral lesions of the anterior temporal lobes that included
the amygdala make monkeys remarkably tame and hypoemotional (Brown & Schafer, 1888;
Kliver & Bucy, 1939). These animals exhibited “psychic blindness,” a specific type of
visual agnosia characterized by the inability to recognize the emotional or behavioral
significance of sensory stimuli. Subsequent studies indicated that lesions limited to the
amygdala could produce similar deficits (Aggleton & Passingham, 1981; Weiszkrantz,
1956). Weiskrantz famously stated that the effect of amygdalectomy “is to make it difficult
for reinforcing stimuli, whether positive or negative, to become established or recognized as
such.” Thus, the amygdala constitutes an essential link between brain regions that process
sensory stimuli, such as the cerebral cortex and thalamus, and brain regions responsible for
producing emational and motivational responses, such as the hypothalamus and brainstem. It
has thus been called the “sensory gateway to the emotions” (Aggleton & Mishkin, 1986).
The BNC is the main target of sensory inputs. It then projects to the central nucleus, bed
nucleus of the stria terminalis (BNST) and ventral striatum, which in turn activate the
hypothalamus, brainstem, and other regions to generate somatomotor, autonomic, and
endocrine components of emotional and motivational behavior.

Circuits involving the BNC are critical for aversive behavior, including fear conditioning,
fear extinction, and anxiety (Herry et al., 2010; LeDoux, 2000; Pape & Paré, 2010; Tovote,
Fadok, & Luthi, 2015). In addition, although largely overlooked until recently, the BNC is
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also important for appetitive conditioning (Janak & Tye, 2015). Understanding the
amygdalar circuitry underlying these functions, and how the activity of these circuits may be
disrupted in disease, will be critical for developing therapies for neurological and
neuropsychiatric disorders involving the amygdala, including anxiety disorders such as
posttraumatic stress disorder (PTSD), depression, Alzheimer disease, temporal lobe
epilepsy, and drug addiction. Most of the studies on basic systems neuroanatomy of the
amygdala were completed by the turn of the century (see reviews by McDonald, 1998;
Pitkanen, 2000). Over the last two decades, further details of amygdalar circuitry were
clarified at the neuronal and synaptic levels. This review discusses the functional
neuroanatomy of the BNC, and emphasizes the roles of individual cell types such as
interneuronal subpopulations and projection-specific principal neurons. While the focus is
on investigations in rodents, since these species have been heavily studied, the review also
provides information on nonhuman primates, since it is anticipated that finer details of these
connections in the latter species may more closely resemble those of humans. This
information should be useful for designing electrophysiological and behavioral
investigations using recently developed optogenetic techniques to selectively activate/
inactivate different components of amygdalar circuits in brain slices and conscious behaving
animals.

NUCLEI OF THE BASOLATERAL AMYGDALA

The cortical (Co) and medial nuclei (M) are located along the ventral and medial surfaces of
the amygdala in most mammals including rodents (Fig. 1A). The central amygdalar nucleus
(CM/CL; Fig. 1A) is located dorsolateral to the medial nucleus. The BNC is located deep
into the cortical and central nuclei. It consists of three main nuclei, the lateral (LA),
basolateral (BL), and basomedial nuclei (BM), arranged from dorsal to ventral, respectively.
Each nucleus has several subdivisions [LA: dorsolateral (Ldl), ventrolateral (Lvl), and
ventromedial (Lvm) subdivisions; BL: anterior (BLa), posterior (BLp), and ventral (BLv)
subdivisions; BM: anterior (Bma), and posterior (BMp) subdivisions of Paxinos & Watson,
1997] (Fig. 1A). Price and coworkers recognized these same nuclei in the rat but used an
alternative nomenclature (Price et al., 1987) (Table 1).

These same nuclei can also be recognized in primates (Table 1; Fig. 1B), but their spatial
relationships to each other are altered by the growth of the temporal lobe in these species
(Crosby & Humphrey, 1944; Price et al., 1987). Thus, the expansion of the temporal
neocortex along the inferolateral aspect of the hemisphere results in a medial rotation of the
BNC in the coronal plane so it lies ventral to the central nucleus, rather than lateral to it as in
rodents (Fig. 1B; also see Fig. 8 in Crosby & Humphrey, 1944). Likewise, the forward
expansion of the temporal cortex rotates the amygdala in the sagittal plane such that the
caudal parts of the BNC are pushed forward beneath the rest of the amygdala so they lie
ventral to nuclei that are more rostral in the rodent brain. Thus, for example, in primates, the
basal parvicellular nucleus (Bpc; homologous to the posterior subdivision of the basolateral
nucleus of rodents, BLp) is located ventral to the basal magnocellular nucleus (Bmg;
homologous to the anterior subdivision of the basolateral nucleus of rodents, BLa) rather
than caudal to it as in rodents.
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NEURONS OF THE BASOLATERAL AMYGDALA

There are two major cell classes in the BNC: pyramidal neurons (PNs) and nonpyramidal
neurons (NPNSs). Although these cells do not exhibit a laminar organization, their
morphology, synaptology, electrophysiology, and pharmacology are remarkably similar to
their counterparts in the cerebral cortex (Carlsen & Heimer, 1988; McDonald, 1992a;
Rainnie, Asprodini, & Shinnick-Gallagher, 1993; Sah, Faber, Lopez De Armentia, & Power,
2003; Washburn & Moises, 1992a) [see Olucha-Bordonau, Fortes-Marco, Otero-Garcia,
Lanuza, and Martinez-Garcia (2015) for a discussion of the developmental and genetic
similarities of the BNC and cortex]. PNs have pyramidal or semipyramidal somata, and
dendrites with a dense covering of spines (Hall, 1972; McDonald, 1982b; Millhouse &
DeOlmos, 1983) (Figs. 2 and 3). One or more of these dendrites is thick and resembles the
apical dendrites of cortical PNs, while others are thinner and resemble basal dendrites of
cortical PNs. Some BNC PNs have a marked pyramidal morphology, with a clear
differentiation of thicker apical dendrites from thinner basal dendrites, whereas others have a
semipyramidal or even stellate appearance. Unlike cortical PNs, the apical dendrites of BNC
PNs are not oriented in parallel. BNC PNs constitute about 80%—-90% of BNC neurons and
are the main projection neurons of the BNC (McDonald, 1992b). NPNs in the BNC have
aspiny or spine-sparse dendrites and closely resemble NPNs of the cortex (Hall, 1972;
McDonald, 1982b; Millhouse & DeOlmos, 1983) (Figs. 2 and 3). Most NPNs are
interneurons (INs).

Pyramidal neurons (PNSs)

Anatomical and electrophysiological studies have demonstrated that BNC PNs, like cortical
PNs, are glutamatergic (Christie, Summers, Stephenson, Cook, & Beart, 1987; Fuller,
Russchen, & Price, 1987; McDonald, Mascagni, & Guo, 1996; Sah et al., 2003; Smith &
Paré, 1994). Their axons course through the stria terminalis, ventral amygdalofugal pathway,
and external capsule to reach targets in the forebrain. In addition to projecting to extra-
amygdalar regions, their axons also exhibit a moderately dense local arborization that
remains in the nucleus of origin, or takes part in internuclear amygdalar connections
(McDonald, Mascagni, Mania, & Rainnie, 2005; Pitkanen, Savander, & LeDoux, 1997;
Pitkanen, Savander, Nurminen, & Ylinen, 2003). These local axonal collaterals innervate
dendritic spines and dendritic shafts of neighboring BNC PNs, as well as BNC GABAergic
NPNs (McDonald, 1982b; McDonald et al., 2005; Paré, Dong, & Gaudreau, 1995; Smith,
Paré, & Paré, 2000).

Electron microscopic (EM) studies of the BNC using alpha type Il calcium/calmodulin-
dependent protein kinase (CaMK) as a marker for pyramidal cells have demonstrated that
the synaptic organization of inputs to BLa PNs is similar to that of cortical PNs (McDonald,
Muller, & Mascagni, 2002; Muller, Mascagni, & McDonald, 2006). Thus, the somata and
axon initial segments of BLa PNs are only targeted by axons forming GABAergic
symmetrical synapses. Dendritic shafts of BLa PNs are innervated by axons forming
symmetrical (inhibitory or neuromodulatory) synapses and axons forming asymmetrical
(excitatory) synapses. The former are more common on proximal dendritic shafts versus
distal dendritic shafts (Muller et al., 2006). There are relatively few asymmetrical
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(excitatory) synapses with proximal dendrites. However, the majority of inputs to spines of
BNC PNs are excitatory (70%). Previous EM studies of the BNC indicate that axon
terminals forming asymmetrical synapses represent glutamatergic inputs from the cerebral
cortex, midline/intralaminar thalamus, and internuclear and intranuclear amygdalar
connections arising from BNC PNs, whereas many of the symmetrical synapses onto BNC
PNs are formed by several distinct subpopulations of GABAergic interneurons (see below).
However, monoaminergic projections from the brainstem and cholinergic projections from
the basal forebrain (BF) also form symmetrical synapses in the BNC, primarily with distal
dendritic shafts and spines (see below).

The perisomatic region of BNC PNs consists of the soma, axon initial segment (AlS), and
proximal dendrites. Recent studies indicate that proximal dendrites can be distinguished
from distal dendrites by the expression of the voltage-gated potassium channel subunit
Kv2.1, as well as by their robust innervation by GABAergic terminals (\ereczki et al.,
2016). PN somata also express Kv2.1. Since the perisomatic region is where sodium-
mediated action potentials are generated, the numerous inhibitory GABAergic inputs to this
region are important regulators of PN spiking (Freund & Katona, 2007). On the other hand,
inhibitory inputs to distal dendrites, which receive extensive excitatory inputs, can regulate
dendritic integration and synaptic plasticity, the generation of calcium-dependent action
potentials in dendrites, as well as back-propagation of action potentials from somatic to
dendritic compartments (Miles, Toth, Gulyas, Hajos, & Freund, 1996; Stuart, Spruston,
Sakmann, & Hausser, 1997).

Ensembles of PNs in LA are known to represent memory traces (engrams) in auditory fear
conditioning (Josselyn & Frankland, 2018). In this experimental paradigm foot shock (the
unconditioned stimulus, US) is paired with a neutral tone (the conditioned stimulus, CS).
Subsequent presentations of the CS produce the same fear response (conditioned response,
CR) produced by foot shock (e.g., freezing and autonomic changes) (LeDoux, 2000). At the
neuronal level fear conditioning involves convergence of nociceptive and auditory inputs
onto LA PNs, with subsequent potentiation of excitatory auditory inputs (Rogan, Staubli, &
LeDoux, 1997). Although the majority of PNs receive these convergent inputs, the engram is
represented by only 10%-30% of PNs, namely those that exhibit the highest excitability.
Similar ensembles of PNs are also known to represent the engram in appetitive conditioning
(Josselyn & Frankland, 2018).

Nonpyramidal neurons (NPNs)

Like their counterparts in the cortex, NPNs in the BNC are morphologically heterogenous
and have dendrites that are aspiny or spine-sparse (Figs. 2 and 3). Most NPNs have smaller
somata than PNs, and have 2—6 primary dendrites that branch sparingly. The axons of NPNs
arise from the soma or a primary dendrite and give rise to varicose collateral branches that
form a moderate to dense local axonal arborization (Fig. 2). As in the cortex,
immunohistochemical studies of the BNC of all species, including rodents (Carlsen, 1988;
McDonald, 1985) and primates (McDonald & Augustine, 1993; Pitkdnen & Amaral, 1994),
indicate that the great majority of NPNs are GABAergic. However, similar to the cortex
(Houser, Crawford, Salvaterra, & Vaughn, 1985; von Engelhardt, Eliava, Meyer, Rozov, &
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Monyer, 2007), some studies have reported the existence of a small number of small choline
acetyltransferase positive (ChAT+) bipolar interneurons in the BNC (Carlsen & Heimer,
1986; Nitecka & Frotscher, 1989). It has not been determined whether these putative
cholinergic BNC NPNs also express GABA. Bipolar cholinergic NPNs in the cortex are not
GABAergic, but other multipolar cholinergic NPNs are GABAergic (von Engelhardt et al.,
2007).

Immunohistochemical studies in the rat suggest that the BNC contains at least four distinct
subpopulations of NPNs that can be distinguished on the basis of their calcium-binding
protein and peptide contents (Fig. 4). These subpopulations are: (1) parvalbumin+/calbindin
+ (PV+/CB+) neurons, (2) somatostatin+/calbindin+ (SOM+/CB+) neurons, (3) large
multipolar cholecystokinin+ (CCK+) neurons that are often calbindin+, and (4) small bipolar
and bitufted interneurons that exhibit extensive colocalization of calretinin (CR), CCK, and
vasoactive intestinal peptide (VIP) (Kemppainen & Pitk&nen, 2000; Mascagni & McDonald,
2003; McDonald & Betette, 2001; McDonald & Mascagni, 2001a, 2002). In addition, a
subpopulation of SOM+ neurons, but not other NPN subpopulations, expresses neuropeptide
Y (NPY; Fig. 4) (McDonald, 1989). Interestingly, NPN subpopulations in the rat frontal
cortex closely resemble those in the BNC, including the two types of CCK+ neurons
(Kubota, Hattori, & Yui, 1994; Kubota & Kawaguchi, 1997). In the rat BLa, the approximate
contribution of each subpopulation to the total GABAergic population is: (1) PV+
neurons=41%; (2) SOM+ neurons=17%; (3) type L large CCK+ neurons=7%; and (4) the
small bipolar/bitufted (CR+/VIP+/CCK+) neuronal family=35% (Mascagni & McDonald,
2003). In the rat LA, the percentages are roughly the same with the exception of the PV+
neurons, which constitute only about 20% of GABA neurons. However, studies in the rat
and mouse using single-cell RT-PCR to classify BNC NPNs based on the expression of
mMRNAs for calcium-binding proteins and peptides are not congruent with the
immunohistochemical findings (Sosulina, Graebenitz, & Pape, 2010; Sosulina, Meis, Seifert,
Steinhauser, & Pape, 2006). This suggests that mRNAs for some of these neurochemicals
are not translated into protein, or are translated at levels below the level of
immunohistochemical detection, in certain NPN subpopulations. The ability to identify
specific NPN subpopulations using cell type-specific markers has permitted analysis of their
connections, electrophysiological properties, and behavioral significance (for reviews see
Ehrlich et al., 2009; Spampanato, Polepalli, & Sah, 2011; Capogna, 2014; Krabbe,
Griindemann, & Liithi, 2018). Similar NPN subpopulations appear to be present in the
primate BNC, but there is far less colocalization of PV with CB in NPNs in human and
nonhuman primates (Amaral, Avendafio, & Benoit, 1989; Mascagni, Muly, Rainnie, &
McDonald, 2009; McDonald, Mascagni, & Augustine, 1995; Pantazopoulos, Lange,
Hassinger, & Berretta, 2006; Schwartzberg, Unger, Weindl, & Lange, 1990).

Parvalbumin NPNs—PV NPNs are the predominant NPN subpopulation in the BNC
(McDonald & Mascagni, 2001a). With the exception of one type of PV NPN in the lateral
nucleus that projects to the adjacent amygdalostriatal transition area, all are interneurons
(INs) with locally arborizing axons (Bienvenu, Busti, Magill, Ferraguti, & Capogna, 2012;
Vereczki et al., 2016). As in cortical structures there appear to be three major types of PV
INs in both the rodent and the primate BNC: (1) axo-axonic cells (AACs) whose axons only
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target the axon initial segments of PNs, (2) basket cells whose axons mainly target the
somata and proximal dendrites of PNs, and (3) dendrite-targeting cells whose axons mainly
target distal dendrites and spines of PNs (rodents: McDonald & Betette, 2001; Rainnie,
Mania, Mascagni, & McDonald, 2006; Muller et al., 2006; Bienvenu et al., 2012; Vereczki et
al., 2016) (human and nonhuman primates: Pitkdnen & Amaral, 1993a; Sorvari, Miettinin,
Soininen, & Pitk&nen, 1996). In rodents, all PVV+ basket cells (PVBCs) also express CB,
whereas PV+ AACs do not (Andrési et al., 2017; Bienvenu et al., 2012). In primates, neither
PVBCs nor AACs express CB (Pitkanen & Amaral, 1993b; Sorvari, Soininen, Paljarvi,
Karkola, & Pitkénen, 1995), which may explain the lower percentages of PV+/CB+ INs in
primates compared to rodents (Mascagni et al., 2009). PV and CB have different calcium
binding rates and affinities (Schwaller, Meyer, & Schiffmann, 2002) and could therefore
differentially modulate presynaptic short-term plasticity in INs (Blatow, Caputi, Burnashev,
Monyer, & Rozov, 2003; Vreugdenhil, Jefferys, Celio, & Schwaller, 2003).

AACs in the BNC were first described in Golgi studies in opossum and rat (McDonald,
1982h; McDonald & Culberson, 1981). Axonal collaterals of Golgi-stained AACs branch to
form a local axonal arborization that is 300-400um in diameter. As in the cortex, axon
terminals of these collaterals are clustered to form axonal “cartridges” that contact axon
initial segments (AISs) of PNs (Fig. 5A). Cartridges formed by individual Golgi-stained
AACs consist of a variable number of axon terminals (4-15) and contact variable lengths of
the AIS (10-30um). Although the great majority of axon terminals formed by AACs are PV
+, some are not (Fig. 5B) (Muller et al., 2006). This suggests that other cell types, perhaps
belonging to other IN subpopulations in the BNC, also form synapses with PN AlSs.
Likewise, some PV - negative peptidergic INs in the neocortex form synapses with the AlISs
of cortical PNs (Gonchar, Turney, Price, & Burkhalter, 2002; Lewis & Lund, 1990).

Hajos and coworkers have conducted quantitative analyses of the innervation of individual
PN AISs by AACs in the mouse BL (Vereczki et al., 2016; Veres, Nagy, Vereczki, Andrasi,
& Hajos, 2014). It was found that each AAC formed an average of eight contacts with each
AIS targeted, and that the average total number of AAC synapses formed with each AIS was
52. AACs typically innervated about 20% of the PNs within their axonal arborization
(perhaps as many as 600-650 PNs), and each AIS was innervated by an average of 67
AACs. Although some PV+ basket cells (PVBCs) innervated the first 20um of the PN axon
(i.e., axon hillock), the density of AAC inputs to AISs was highest between 20pum and 40pm
from the soma, where the threshold for action potential generation was lowest, and where
10-12 AAC synapses, originating from 2 to 3 AACs could block PN firing (Veres et al.,
2014).

PVBCs exhibiting pericellular baskets of PV+ axon terminals encapsulating PN somata are
very common in the BNC of all species, including humans (McDonald & Betette, 2001;
Pitkdnen & Amaral, 1993a, 1993b; Sorvari, Miettinin, et al., 1996). However, EM studies
revealed that only about half of the synapses with PN somata are PV+, indicating that other
neuronal populations also innervate these somata (Muller et al., 2006). Recent studies have
shown that another BNC IN basket cell subpopulation consists of CCK+ INs (Vereczki et al.,
2016; Veres, Nagy, & Hajos, 2017). Hajos and coworkers recently conducted quantitative
analyses of the innervation of the perisomatic region of PNs by individual PVBCs in the
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mouse BL (Vereczki et al., 2016; Veres et al., 2017). It was found that each PVBC formed
an average of six contacts with the perisomatic region of each PN targeted and that the
average total number of synapses formed by PVBCs with the perisomatic region of each PN
was 93. Moreover, PVBCs typically innervated about 10% of the PNs within their axonal
arborization (perhaps as many as 800-900 PNs), and each PN was innervated by an average
of 15-16 PVBCs. In the mouse BL, it has been found that both PVBCs and CCKBCs (see
below) provided roughly equal regulation of PN firing (Veres et al., 2017). Although on
average only one-third of the synapses provided by both types of BCs are formed with the
perisomatic compartment of PNs, the number of synapses with this compartment determined
the inhibitory efficacy on PN firing (Veres et al., 2017).

A study of the targets of individual PVBCs in the rat BL surprisingly demonstrated that the
majority of the axon terminals of these cells do not contact somata, suggesting that dendrites
are also a major target of PVBCs (Rainnie et al., 2006). Likewise, a study of individual
PVBCs in the mouse BL has shown that 40% of PVBC terminals synapse with dendritic
shafts, especially the proximal dendrites of PNs (Vereczki et al., 2016) as well as with more
distal dendrites. PVBCs actually form a continuum, with each individual cell forming
varying proportions of perisomatic (somata and proximal dendrites) versus distal dendritic
synapses with PNs (Veres et al., 2017). Some of the PV INs studied by Hajos’ group only
targeted dendrites, and provided no inputs to the perisomatic compartment of PNs, although
these cells were also considered to be part of the PVBC continuum. A small number of CB
INs in the LA that only targeted thin distal CaMK+ dendrites of PNs were described in the
rat (Bienvenu et al., 2012). These neurons exhibited very light PV immunoreactivity, were
SOM- negative, and displayed a firing pattern in response to noxious stimuli that was
distinct from those of PVBCs and AACs. EM studies have demonstrated that about half of
the terminals forming symmetrical synapses with dendritic shafts and spines of BL PNs are
PV+ (Muller et al., 2006). Thus, in addition to the regulation of somatic signal integration
and PN spiking via innervation of the perisomatic region of PNs, synapses of PVBCs with
dendrites allow these cells to influence the effects of excitatory dendritic inputs involved in
synaptic plasticity.

Rainnie et al. (2006) found that PV INs in the rat BL exhibited burst-firing or stutter-firing
in response to transient depolarizing current injection. Both subpopulations of PV INs
included PVBCs (Fig. 5C-E). PV+ stutter-firing neurons fired high-frequency spike trains
that were interrupted by short periods of quiescence. PV+ burst-firing neurons fired
repetitive bursts of high-frequency discharges, followed by a regular pattern of firing. The
same patterns of high-frequency firing are also seen in cortical PV INs (Buhl et al., 1994;
Kawaguchi, 1995; Pawelzik, Hughes, & Thomson, 2002) where they appear to be due to the
expression of Kv3.1b and Kv3.2 potassium channel subunits (Toledo-Rodriguez et al.,
2004). Not surprisingly, it was found that about 95% of PV INs in the BNC were Kv3.1b+
and 75% were Kv3.2+ (McDonald & Mascagni, 2006). Moreover, Kv3.1b+ pericellular
baskets and axonal cartridges resembling those formed by PVBCs and PVAACS,
respectively, were also observed in the BL. Studies in mice reported that PV INs in the BL
exhibit four different firing patterns (Sosulina et al., 2010; Woodruff & Sah, 2007a).
Woodruff and Sah suggested that their accommodating neurons may correspond to the burst-
firing neurons mentioned by Rainnie et al. (2006), whereas their fast spiking, delayed firing,
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and stutter firing may correspond to the stutter-firing neurons mentioned by Rainnie and
coworkers. Although PV INs appear to be the main IN subtype in the BNC exhibiting high-
frequency firing, there is evidence that some VIP INs and SOM INs are fast-firing neurons
(Rainnie et al., 2006; Rhomberg et al., 2018; Sosulina et al., 2010).

EM studies have shown that the BL contains a network of PV INs interconnected by
chemical and electrical synapses (Muller, Mascagni, & McDonald, 2005). Twenty percent of
chemical synapses onto PV INs were formed by PV+ axons. Electrical synapses mediated
by gap junctions were mainly seen between dendrites, but also between axon terminals.
Interestingly, some of the axon terminals interconnected by gap junctions formed synapses
with PN somata and were from separate P\VBCs (Muller et al., 2005). The application of a
combination of optogenetics, electrophysiology, and high-resolution microscopy allowed
Andrasi et al. (2017) to demonstrate that PVBCs and CCKBCs form separate networks that
are interconnected by chemical synapses and gap junctions. However, both types of basket
cells synapse with PV AACs. Electrophysiological studies of PV INs have confirmed the
anatomical findings concerning PV IN networks in the BL (Woodruff & Sah, 2007a).
Moreover, it was found that electrical coupling preferentially occurs between pairs of INs
that have the same firing pattern, and that these IN pairs were also more likely to be
interconnected by GABAergic chemical synapses. Likewise, electrical synapses interconnect
INs of the same class in the neocortex (Hestrin & Galarreta, 2005). In addition to their
innervation of PV INs, PV INs also innervate SOM INs in the BNC. Interestingly, it has
been shown that conditioned stimuli (CS) activate PV INs during fear conditioning, which in
turn inhibit SOM INs, resulting in a disinhibition of PN dendrites which facilitates excitatory
synaptic plasticity (Wolff et al., 2014).

Because PV INs make up a large percentage of the GABAergic INs in the BNC, their
synaptic interactions with PNs are extremely important in determining neuronal activity in
this region. Excitatory inputs from the cortex and the thalamus mainly target the spines and
distal dendrites of PNs. In addition to projections to extrinsic regions, axons of BNC PNs
also provide a dense innervation of the dendritic spines of numerous surrounding PNs
(Smith et al., 2000) as well as a robust innervation of many neighboring PV INs (McDonald
et al., 2005; Morys et al., 1999; Smith et al., 2000). As in the cortex (Geiger et al., 1995),
excitatory drive from PNs onto PV INs in the BNC exhibits rapid Kinetics that appears to be
mediated primarily by GluA1 AMPA receptors (Mahanty & Sah, 1998; McDonald, 1996b).
As described above, the BNC, like the cortex, contains networks of PV INs interconnected
by gap junctions and GABAergic synapses (Muller et al., 2005). As in the cortex (Freund,
2003; Whittington & Traub, 2003; Whittington, Traub, & Jefferys, 1995), these networks of
PV INs in the BNC appear to be important for the generation of theta and gamma rhythms.
In response to PN excitation, PVVBCs and AACs provide robust perisomatic feedback
inhibition of PNs. The extensive divergence and convergence of the axons of BNC PVBCs
and AACs synapsing with the perisomatic domains of numerous surrounding PNs can
entrain the firing of these cells. Rebound firing of inhibited PNs results in the reactivation of
the PV IN network (Paré, Dong, et al., 1995; Woodruff & Sah, 2007b). The high speed and
temporal precision of these reciprocal PN-PV interconnections is critical for the generation
of rhythmic oscillations in the BNC (Ryan et al., 2012). This mechanism is consistent with
electrophysiological studies in the BNC which have demonstrated counterphase firing of
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PNs and fast-firing (presumptive PVV+) INs during delta and theta rhythms (Paré &
Gaudreau, 1996), similar to the hippocampus (Freund, 2003; Freund & Buzsaki, 1996).
Prominent theta and gamma oscillations occur in the BNC during emotional arousal (Oya,
Kawasaki, Howard 3rd, & Adolphs, 2002; Paré & Collins, 2000; Paré, Collins, & Pelletier,
2002; Seidenbecher, Laxmi, Stork, & Pape, 2003). These network rhythms, as well as
intrinsic oscillations in BNC PNs (Pape, Paré, & Driesang, 1998), are critical for synaptic
plasticity associated with the formation and retrieval of emotional memories (Bocchio,
Nabavi, & Capogna, 2017; Pape & Paré, 2010; Paré et al., 2002). In contrast, fear extinction
is associated with a decrease in the theta rhythm (Lesting et al., 2011).

Another characteristic linking PV INs to the formation and extinction of emotional
memories is their ensheathment by perineuronal nets (PNNs). PNNSs are specialized
condensations of extracellular matrix that ensheath particular neuronal subpopulations in the
brain and the spinal cord. PNNs regulate synaptic plasticity, including the encoding of fear
memories by the amygdala (Gogolla, Caroni, Liithi, & Herry, 2009). Numerous studies in
rodents and human/nonhuman primates have shown that PV INs are the main cell type
ensheathed by PNNs in the BNC (Hartig, Briickner, Brauer, Schmidt, & Bigl, 1995;
McDonald, Hamilton, & Barnstable, 2018; Pantazopoulos et al., 2006). The formation of
PNNs in the BLa during postnatal days 16—21 protects fear memories from erasure during
extinction training (Gogolla et al., 2009). Conditioned fear memories formed before this
critical postnatal period can be erased by extinction training whereas those formed after
PNNs are formed cannot be erased. Injections of chondroitinase to deplete PNNSs in the
basolateral amygdala restored the juvenile condition in which extinguished fear memories
cannot be restored by spontaneous recovery or context-dependent renewal training (Gogolla
et al., 2009). Although it is known that amygdalar PV INs are critical for inhibitory and
disinhibitory influences during conditioning and extinction (Trouche, Sasaki, Tu, &
Reijmers, 2013; Wolff et al., 2014), the exact mechanism by which PNNs surrounding these
interneurons prevent the erasure of memories has yet to be determined.

Recent studies have shown that there are anatomical and functional differences in PV INs in
the LA versus the BL (Lucas, Jegarl, Morishita, & Clem, 2016). PV INs in LA, but not BL,
receive potent excitation from auditory portions of the thalamus which results in
feedforward inhibition of LA PNs. Fear conditioning reduces this excitatory drive onto PV
INs and also reduces GABA release from PV INs, both of which serve to disinhibit LA PNs
and promote acquisition of fear learning (Lucas et al., 2016).

Somatostatin NPNs—Immunohistochemical studies in the 1980s found that GABAergic
SOM+ NPNs in the rat BNC were distinct from CCK+ and VIP+ GABAergic neurons, and
that many co-expressed neuropeptide Y (NPY) (McDonald, 1989; McDonald & Pearson,
1989). In fact, virtually all NPY+ NPNs were SOM+ (Fig. 4). Later investigations revealed
that most SOM+ NPNs express CB, but not calretinin (CR), and were distinct from two
other subpopulations of CB+ NPNs that express PV or CCK (McDonald & Mascagni, 2002)
(Fig. 4). Similar SOM+/NPY+ NPNs have been described in the monkey BNC (McDonald
et al., 1995). Recent immunohistochemical studies have indicated that SOM and NPY NPNs
are also the main BNC subpopulations expressing nitric oxide synthase (NOS; Wang, Liu,
Wang, Gao, & Zhan, 2017). Earlier studies in rat and monkey used NADPH-diaphorase
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histochemistry to identify NOS containing neurons, but did not attempt colocalization with
SOM (McDonald, Payne, & Mascagni, 1993; Pitkdnen & Amaral, 1991). Although many of
the SOM+ and SOM+/NPY+ axons in the BNC arise from BNC NPNs, it is noteworthy that
a small percentage of SOM+ and SOM+/NPY + neurons in the entorhinal cortex (ERC),
amygdalopiriform transition area, amygdalostriatal transition area, BNST, and amygdalar
intercalated nuclei have projections to the BNC (Leitermann, Rostkowski, & Urban, 2016;
McDonald & Zaric, 2015b).

EM studies have shown that SOM+ axon terminals mainly innervate the distal dendritic
compartment of PNs (78% of SOM+ terminals), with inputs to spines (45% of SOM+
terminals) outnumbering inputs to dendritic shafts (33% of SOM+ terminals) (Muller,
Mascagni, & McDonald, 2007a; Wolff et al., 2014). These inputs were often in close
proximity to excitatory inputs forming asymmetrical synapses. The close proximity of SOM
+ terminals to these excitatory terminals suggests that an important function of SOM+
inhibitory NPNs may be to shunt excitatory inputs to the distal dendritic domain of BNC
PNs, thus regulating synaptic plasticity involved in emotional learning. At least 15% of
SOM+ terminals innervate NPNs including PV+, VIP+, and other SOM+ NPNs. Although
most SOM+ NPNSs appear to be INs, a small percentage of SOM+ and SOM+/NPY+ NPNs
in the BNC are projection neurons that innervate the ERC or basal forebrain (McDonald,
Mascagni, & Zaric, 2012; McDonald & Zaric, 2015a).

Somatostatin and GABA released from SOM+ GABAergic INs in the BNC may act
synergistically to affect amygdalar LTP. Somatostatin is released from axon terminals during
high-frequency activity and acts via several G protein-coupled receptors (SST1-SST5;
Moller, Stidsen, Hartmann, & Holst, 2003). Somatostatin inhibits high-voltage-activated
calcium currents and dampens excitability in BNC PNs via SST2 receptors (Meis, Sosulina,
Schulz, Hollt, & Pape, 2005; Viana & Hille, 1996). A similar action of somatostatin was
seen in the hippocampus, where this mechanism was shown to block the induction of LTP in
this region (Baratta, Lamp, & Tallent, 2002). There is selective loss of SOM+ interneurons
in the BNC in animal models of temporal lobe epilepsy (TLE) (Tuunanen, Halonen, &
Pitkanen, 1996, 1997). These findings suggest that the loss of the dendritic hyperpolarization
produced by the release of both somatostatin and GABA by these SOM neurons may
produce hyperexcitability in the amygdala in TLE. These findings are in agreement with
computational modeling studies which suggest that loss of dendritic inhibition can drive
ictogenesis (Wendling, Bartolomei, Bellanger, & Chauvel, 2002).

Many SOM+ INs co-express NPY. NPY hyperpolarizes and dampens the excitability of
BNC PNs via postsynaptic Y1 receptors (Giesbrecht, Mackay, Silveira, Urban, & Colmers,
2010; Sosulina, Schwesig, Seifert, & Pape, 2008). These mechanisms may underlie the
decrease in anxiety-like behavior associated with NPY injections into the BNC (Sajdyk,
Vandergriff, & Gehlert, 1999). Long-term stress resilience produced by NPY injections into
the BNC appears to involve modulation of synaptic plasticity of excitatory inputs to PN
distal dendrites by SOM/NPY inputs (Leitermann, Sajdyk, & Urban, 2012; Sajdyk et al.,
2008; Silveira Villarroel et al., 2018). Moreover, selective ablation of BNC neurons
expressing the NK-1 substance P receptor by the toxin SSP-saporin increases anxiety-like
behaviors (Truitt, Johnson, Dietrich, Fitz, & Shekhar, 2009); about 40%-50% of these

Handb Behav Neurosci. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McDonald

Page 11

NK-1+ neurons are SOM+/NPY+ NPNs (including virtually all NPY+ NPNs) (Levita,
Mania, & Rainnie, 2003; Truitt et al., 2009). Importantly, the loss of NPY+ NPNs in the
BNC was correlated with anxiety-like behavior and reflects the loss of BNC NPY+ NPNs
rather than NPY+ inputs from regions outside of the BNC (Truitt et al., 2009).

The great majority of SOM/NPY INs in the BNC are medium-sized neurons with 34
primary dendrites (McDonald, 1989; McDonald et al., 1995). However, one subpopulation
of SOM/NPY INs are neurogliaform cells (NGFCs) with small somata, many primary
dendrites (as many as 10-12), and dense dendritic and axonal arborizations that are confined
to the region near the cell (Mariko, Bienvenu, Dalezios, & Capogna, 2012). Most axon
terminals of these cells form nonsynaptic appositions with dendrites, rather than synaptic
junctions, suggesting that GABA is released into the extracellular space and reaches
receptors via volume transmission. These cells evoked a slow IPSC in PNs that was most
likely due to a low concentration of GABA as a result of spillover from the nonsynaptic
terminals (Manko et al., 2012). The anatomy, neurochemistry, and electrophysiology of
BNC NGFCs closely resemble those of the neocortex and hippocampus (Armstrong, Krook-
Magnuson, & Soltesz, 2012; Overstreet-Wadiche & McBain, 2015).

BNC NGFCs were originally observed in Golgi preparations in a variety of species (Kamal
& Témbol, 1975; McDonald, 1982b; McDonald & Culberson, 1981; Témbol & Szafranska-
Kosmal, 1972). Dendrites and axons of Golgi-stained BNC NGFCs make frequent intimate
contacts with dendritic shafts and spines of PNs (McDonald, 1982b; McDonald &
Culberson, 1981). The dendrodendritic contacts could represent gap junctions since NGFCs
are connected with other NGFCs and non-NGFCs via gap junctions in the cortex (Simon,
Olah, Molnar, Szabadics, & Tamas, 2005).

CCK, VIP, and CR NPNs—CCK+ NPNs are GABAergic INs whose axons form dense
intranuclear arborizations (McDonald & Pearson, 1989; Vereczki et al., 2016). As in the rat
frontal cortex (Kubota & Kawaguchi, 1997) there are two major subpopulations of CCK INs
in the rat BNC that can be identified on the basis of morphological differences. Large CCK
INs (CCKy) are multipolar, bipolar, or bitufted neurons with thick dendrites and somata that
average 15-20pm in diameter, whereas small CCK INs (CCKg) are bipolar or bitufted
neurons with thin dendrites and somata that average 10um in diameter (Mascagni &
McDonald, 2003). There is evidence that these CCK+ subpopulations exhibit distinctive
electrophysiological properties (Jasnow, Ressler, Hammack, Chhatwal, & Rainnie, 2009).

In colchicine-injected rats, where colchicine interrupts axonal transport of CCK due to
microtubule disruption, light CCK immunoreactivity (CCK-ir) is also seen in PNs in the
BLa, but not in other BNC nuclei (Mascagni & McDonald, 2003). More intense CCK-ir was
observed in the initial portion of the axons of these PNs, suggesting that CCK, or a CCK-
like peptide, is normally transported to axon terminals for synaptic release. These findings
are consistent with in situ hybridization studies which have found that the BLa contains a
large number of PNs with moderate levels of CCK mRNA (Ingram, Krause, Baldino, Skeen,
& Lewis, 1989; Marsicano & Lutz, 1999), similar to the cortex (Ingram et al., 1989).
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CCK_ INs in the BNC are basket cells, and most also express either calbindin (CB) or type 3
vesicular glutamate transporter protein (VGLUT3), but rarely both (Mascagni & McDonald,
2003; Omiya et al., 2015; Rovira-Esteban et al., 2017; Yoshida et al., 2011). Like PV+
basket cells, CCK|_basket cells innervate both somata and dendrites of BNC PNs, with each
individual cell forming varying proportions of perisomatic versus distal dendritic synapses
with PNs (Veres et al., 2017). CCK|_ INs also express high levels of type 1 cannabinoid
receptors (CB1Rs) (Katona et al., 2001; McDonald & Mascagni, 2001b).

Hajos and coworkers recently conducted quantitative analyses of the innervation of the
perisomatic region of PNs by individual CCK+/CB1R+ basket cells (CCK/CB1RBCs) in the
mouse BLa at the light microscopic level (MVereczki et al., 2016; Veres et al., 2017). It was
found that each CCK/CB1RBC formed an average of four contacts with the perisomatic
region of each PN targeted, compared to six contacts for PVBCs. Like PVBCs, CCK/
CB1RBCs typically innervated about 10% of the PNs within their axonal arborization
(perhaps as many as 700-800 PNs for CCK/CB1RBCs), and each PN was innervated by an
average of 15-16 CCK/CB1RBCs.

EM studies have shown that in the BLa, but not the lateral nucleus, terminals of CCK/
CB1RBCs invaginate into PN somata when forming symmetrical axosomatic synapses
(Katona et al., 2001; Omiya et al., 2015; Yoshida et al., 2011). These synapses exhibit the
molecular machinery required for endocannabinoid signaling. Thus, the somatic region
apposed to these CCK+ axon terminals expresses diacylglyerol lipase (DGL), the enzyme
that synthesizes the endocannabinoid 2-arachidonoylglycerol (2-AG), whereas the CCK+
axon terminals express CB1Rs and monoacylglyerol lipase (MGL,; the enzyme that degrades
2-AG) (Omiya et al., 2015; Yoshida et al., 2011). There is evidence that GABA and CCK
released at axosomatic synapses activate GABAaa1-containing and CCK-2 receptors,
respectively (Omiya et al., 2015). In contrast to GABA, the activation of CCK-2 receptors at
these synapses increases neuronal excitability through membrane depolarization (Meis,
Munsch, Sosulina, & Pape, 2007). As at other cannabinergic synapses, depolarization of
postsynaptic PNs synthesizes and releases endocannabinoids which suppress GABA release
from presynaptic CCK+ terminals by activating presynaptic CB1Rs in a retrograde manner
(Katona et al., 2001; Yoshida et al., 2011).

Many of the small CCKg INs in the rat BNC also express VIP and/or calretinin (CR), but not
CB (Fig. 4) (Mascagni & McDonald, 2003). Although almost all CCK INs that express high
levels of somatic CB1Rs are CCK|_ INs in the rat, about 10% of CCKg INs express low
somatic levels of this receptor (Mascagni & McDonald, 2003). These findings are in
agreement with in situ hybridization studies showing that some BNC INs that express VIP
MRNA also have low levels of CB1IR mRNA (Omiya et al., 2015) and immunohistochemical
studies that have demonstrated that some VIP+ axon terminals in mouse are CB1R+ (18% in
LA, 3% in BL) and some contact PN somata (Rhomberg et al., 2018). These findings
suggest that a subset of CCK+ basket cells in the BNC are of the CCLg variety. Although
there have been no detailed studies of CCK INs or VIP INs in the primate BNC, the
morphology of most CR+ INs in the monkey (McDonald, 1994) and human BNC (Sorvari,
Soininen, & Pitk&nen, 1996) closely resemble those seen in the rat, and these neurons have
been shown to be GABAergic in the monkey (Mascagni et al., 2009).
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The innervation of PNs and INs by VIP+ terminals in the rat BLa was analyzed using a dual-
labeling EM technique to label VIP INs and CB INs (i.e., most non-VIP INs); unlabeled
neurons were considered presumptive PNs since they did not express either of the two major
IN markers (Muller, Mascagni, & McDonald, 2003). The main targets of VIP+ terminals,
via symmetrical synapses, were the somata and proximal dendrites of PNs (23%), the PN
distal dendritic compartment (47%), and the CB+ distal dendritic compartment (16%). Thus,
VIP INs, in addition to PV and CCK|_ INs, provide a significant innervation of the PN
perisomatic compartment, which, in part, explains why 33% of GABAergic synapses onto
the somata and proximal dendrites of PNs are not P\V+ or CB1R+ (Vereczki et al., 2016).
Interestingly, some of the VIP+ terminals innervating PN somata formed invaginating
synapses (Muller et al., 2003), typical of CCK+/CB1R+ terminals (see above).

VIP+ INs form twice as many synapses with INs (either VIP+ or CB+) as are formed by CB
terminals (Muller et al., 2003), suggesting that a subpopulation of VIP or VIP/CR INs may
selectively innervate INs, as in the hippocampus (Freund & Buzsaki, 1996). In the
hippocampus, these VIP+ and CR+ INs specialized to innervate other INs are CCK-negative
and CB1R-negative. Recent studies found that about 60%—-65% of VIP+/CB1R-negative
boutons in the mouse BNC innervate dendrites of GABAergic INs, and that all of the major
subpopulations of CB INs in the mouse BNC (PV, SOM, NPY, CCK) receive inputs from
these VIP INs (Krabbe et al., 2016; Rhomberg et al., 2018). Likewise, CR+ terminals
innervate CB+ somata and dendrites in the human LA (Sorvari et al., 1998). This inhibition
of INs results in a disinhibition of PNs.

One important role of CCK and endocannabinoids in the BNC is the regulation of anxiety
and fear expression/extinction (Chhatwal & Ressler, 2007). The anxiogenic properties of
CCK appear to be due to its excitation of PNs via CCK-2 receptors (CCK2Rs; Meis et al.,
2007). However, CCK also excites fast-firing GABAergic BNC INs, which are most likely
PV INs based on their firing pattern (see above) (Chung & Moore, 2009a). These
electrophysiological results are consistent with immunohistochemical studies demonstrating
expression of CCK2Rs in PNs, as well as in PV+ and CR+ INs (Bowers & Ressler, 2015).
The activation of PV+ INs may be critical for the ability of CCK to generate oscillatory
activity in the BNC (Chung & Moore, 2009b). It is well established that CB1R activation in
the BNC is essential for fear extinction (Marsicano et al., 2002), and studies by Ressler and
coworkers have shown that interactions of CCK and endocannabinoids are essential for fear
expression and extinction (Bowers & Ressler, 2015; Chhatwal et al., 2009). These
investigations by Ressler’s group indicate that endocannabinoids released from the activated
PNs and INs suppress CCK release from presynaptic CCK terminals by activating CB1Rs,
which in turn decreases the normal activation of these neurons via CCK2Rs. This weakening
of PN excitation, and possible disruption of oscillatory activity due to weakening of PV IN
excitation, appears to dampen fear behavior and enhance fear extinction (Bowers & Ressler,
2015).
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EXTRINSIC CONNECTIONS OF THE BASOLATERAL AMYGDALA

Sensory inputs from the cerebral cortex

In all mammals the cortical areas with the most robust sensory projections to the amygdala
are higher order sensory association areas. Sensory information reaches these higher order
cortical areas by a series of cortico-cortical projections (“cascades”) that originate from the
primary sensory cortex of each modality. The neuroanatomy of these sensory cascades was
elucidated in the 1980s and 1990s using tract-tracing techniques and was reviewed by this
author in the late 1990s (McDonald, 1998). Although the cascades appear to be similar in all
mammals, the following account of these cortical pathways to the amygdala will focus on
the rat, since most studies have been done in this species, and monkey, since the anatomy in
this species presumably more closely approximates that seen in humans (for additional
details see McDonald, 1998).

Visual and auditory cortical projections—Visual and auditory stimuli are the main
modalities used as conditioned stimuli in fear conditioning. The primary and secondary
visual cortices of the rat (Oc1 and Oc2, respectively) have no direct projections to the BNC,
but Oc2 does project to Te2 (a tertiary visual area) (Fig. 6A) (McDonald, 1998). Te2, which
is important for discriminating complex visual stimuli in the rat (Kolb, 1990), projects
mainly to the middle and caudal portions of LA, and adjacent portions of Bmg (i.e., BLa)
(Mascagni, McDonald, & Coleman, 1993; Shi & Cassell, 1997).

The primary auditory cortex in the rat (Tel) has little or no direct projection to the BNC, but
does project to secondary auditory areas surrounding it (auditory belt cortices: Te3, Te2D,
and Te3R) (Fig. 6A). The projections of the auditory belt cortices to the BNC mainly
terminate in the LA and Bmg (BLa) (Mascagni et al., 1993; Romanski & LeDoux, 1993; Shi
& Cassell, 1997). The LA and BL send projections back to the occipitotemporal region in
the rat, but these projections do not extend dorsally beyond the perirhinal cortices, and so do
not innervate secondary visual and auditory areas in Te2 or Te3 (Pitk&nen, 2000).

In the monkey, there are no projections from primary or secondary visual areas of the
occipital lobe to the amygdala. The ventral visual stream, concerned with object recognition
(Ungerleider & Mishkin, 1982), originates in V4 and cascades down the inferior temporal
cortex involving successively higher order visual areas TEO, TEp, and TEa (Fig. 7A). The
latter three areas have projections to the BNC that mainly target the dorsal portions of LA
and Bmg (Amaral, Price, Pitkanen, & Carmichael, 1992; McDonald, 1998). There are,
however, projections of the BNC back to the TEa, TEp, and TEO that arise mainly in the
basal and accessory basal nuclei, and generally exhibit a diminishing rostral to caudal
gradient. In contrast, the projection from the dorsal part of Bmg, which receives a robust
input from the inferior temporal lobe, has additional projections to primary, secondary, and
tertiary (\VV4) visual areas in the occipital lobe (Amaral & Price, 1984; Gattass, Galkin,
Desimone, & Ungerleider, 2014).

The superior temporal gyrus in the monkey contains a hierarchically organized auditory
cascade that is similar to the visual cascade in the inferior temporal lobe (Fig. 7A). The
anterior part of area TA (TAa) has projections to the BNC that target the ventrolateral
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portion of LA, thus avoiding the dorsal visual portion of the nucleus (Fig. 7A) (Amaral et
al., 1992; McDonald, 1998). Projections back to the superior temporal gyrus are very light
(Amaral & Price, 1984). Area TAa and visual area TEa have projections to the polymodal
temporal polar cortex (TG) which in turn projects to the entire LA and AB (Amaral et al.,
1992; McDonald, 1998). Another polymodal area in the depths of the superior temporal
sulcus (STS) separating the superior and inferior temporal gyri has a robust projection to the
lateral LA, and moderate projections to the Bmg and AB (Amaral, Insausti, & Cowan,
1983). PET studies in humans have demonstrated increased activity in both the amygdala
and STS cortex in response to expressive body movements (Bonda, Petrides, Ostry, &
Evans, 1996).

Somatosensory and gustatory/visceral cortical projections—The BNC receives
somatosensory and gustatory/visceral inputs from the posterior and anterior insular cortices,
respectively, in both rat and monkey (Figs. 6B and 7B). There is no direct projection from
the primary somatosensory cortex (SI) to the BNC in the rat (Fig. 6B). However, there is a
hierarchically organized somatosensory cascade that originates in Sl, and involves
successive projections to the secondary somatosensory cortex (Sll), parietal ventral area
(PaV), parietal rhinal area (PaRh), and adjacent posterior agranular insular cortex (Alp)
(McDonald, 1998; Shi & Cassell, 1998a). The latter three areas have significant projections
to the BNC. PaV mainly targets the lateral part of LA, whereas PaRh/Alp mainly targets
Bmg (BLa), Bpc (BLp), and the dorsal part of LA (Ld) (Fig. 6B) (McDonald, 1998; Shi &
Cassell, 1998a). The LA and basal nuclei send projections back to the posterior insular
region in the rat, but these projections do not extend dorsally beyond Alp, and so do not
innervate PaV or PaRh (Pitkanen, 2000).

In the rat, the BNC receives gustatory and general visceral inputs from the anterior insular
cortices (Fig. 6B). Within the BNC, the primary gustatory cortex (DIg) and primary visceral
(Dlv) cortices mainly project to the dorsal part of LA, Bpc (BLp), and the adjacent portion
of AB (BM) (McDonald, 1998; Shi & Cassell, 1998b; Yasui, Breder, Saper, & Cechetto,
1991). The primary gustatory and primary visceral cortices also project to adjacent portions
of Alp, which in turn has widespread projections to the BNC. The LA and BL send
projections back to the anterior insular region in the rat, but these projections do not extend
dorsally beyond Alp, and so do not innervate the primary gustatory and visceral cortices
(Pitkénen, 2000).

As in the rat, there is a somatosensory cascade in the monkey which traverses the posterior
insular region (Fig. 7B). Sl projects to Sll, which in turn projects to the granular and
dysgranular insular cortices (Gl and DI). The latter two regions project to the dorsomedial
LA and central portions of the basal nucleus of the BNC (Friedman, Murray, O’Neill, &
Mishkin, 1986; Mufson, Mesulam, & Pandya, 1981). In regard to gustatory/visceral inputs
to the monkey BNC, the precentral gustatory cortex (PGC) has direct projections to the
dorsomedial LA (Van Hoesen, 1981), whereas the opercular-insular gustatory cortex (OGC)
has indirect projections to BNC that are relayed via the dysgranular insular cortex (DI) and
agranular insular cortex (Al). A portion of the Al contains the primary visceral cortex
(Carmichael & Price, 1995). DI and Al have projections to the dorsomedial LA, medial
portions of the Bmg and Bpc, and AB (Mufson et al., 1981; Turner, Mishkin, & Knapp,
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1980). The BNC projections back to the monkey insula have widespread origins; in general
projections exhibit a diminishing gradient from rostral (Al) to caudal (GI) (Amaral & Price,
1984).

Olfactory projections—There are no direct projections from the olfactory bulb to the
BNC in either rodents or primates. In both species olfactory projections are confined to the
superficial amygdalar nuclei (e.g., cortical and medial). Projections from the main olfactory
bulb (MOB) in the rat mainly target the piriform cortex and medially adjacent portions of the
cortical nuclei, whereas the accessory olfactory bulb (AOB), which receives pheromonal
information from the vomeronasal organ, mainly projects to the medial and posteromedial
cortical nuclei (Scalia & Winans, 1975). The AOB is difficult to identify in humans and old
world monkeys, but is present in new world monkeys (Wysocki, 1979). The projections of
the MOB in primates mainly target the cortical nucleus and periamygdaloid cortex (PAC,
posterolateral cortical nucleus of rats) (McDonald, 1998). In both rats and monkeys
olfactory information from the piriform cortex, cortical nucleus, and medial nucleus is
transmitted to various BNC nuclei, especially the basomedial nucleus. In rodents, but not in
primates, the lateral nucleus receives robust inputs from the cortical nuclei (McDonald,
1998; Pitkanen, 2000). The BNC has projections back to the amygdalar olfactory nuclei as
well as portions of the piriform cortex (Majak, Ronkkd, Kemppainen, & Pitkénen, 2004;
Pitkanen, 2000).

Connections with the hippocampal region

The term hippocampal region (HR), as used in this review, consists of the hippocampal
formation (dentate gyrus [DG], cornu ammonis fields CA1-CA3, and subiculum [Sub]), as
well as the adjacent parahippocampal cortices, including the ERC, perirhinal cortex (PRh),
parasubiculum, and presubiculum (Fig. 8B). The HR consists of polymodal association areas
that integrate highly processed sensory information from all sensory modalities into complex
configurational representations such as context. In all mammals, sensory information is
transmitted through the HR by a series of connections that includes the so-called trisynaptic
circuit of the hippocampus (PRh—ERC—DG—CA3—CA1—SUB—ERC—PRh—
association cortices) (Witter, Groenewegen, Lopes da Silva, & Lohman, 1989). These
structures and circuits of the HR are critical for memory formation and constitute the medial
temporal lobe memory system (MTLMS; Squire & Zola-Morgan, 1991). The amygdala has
extensive, complex interconnections with the MTLMS that are important for emotional
memory.

Interconnections between the amygdala and the HR in the rat and monkey have been
discussed in detail in previous reviews (e.g., Amaral et al., 1992; McDonald, 1998;
McDonald & Mott, 2017; Petrovich, Canteras, & Swanson, 2001; Pitk&nen, 2000; Pitké&nen,
Pikkarainen, Nurminen, & Ylinen, 2000; Price et al., 1987; Witter et al., 1989). There are no
direct interconnections of the amygdala with the dorsal (septal) half of the hippocampal
formation; these regions interact with the amygdala via relays in the parahippocampal
cortices and other brain regions (McDonald & Mott, 2017). The interconnections in the rat
mainly involve the parahippocampal cortices and the ventral (temporal) half of the
hippocampal formation, with the exception of the dentate gyrus. This ventral portion of the
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rodent hippocampus, which corresponds to the anterior part of the primate hippocampus, is
mainly involved in stress, emotion, and affect, whereas the dorsal hippocampus, which
corresponds to the posterior part of the primate hippocampus, performs primarily cognitive
functions (Fanselow & Dong, 2010; Strange, Witter, Lein, & Moser, 2014). The connections
of the BNC and the HR in the rat are described below. The basic organization of
interconnections in primates is similar, but the relative contributions of individual BNC
nuclei appears to differ (Amaral et al., 1992).

The ventral subiculum (VSub) has widespread projections to the amygdala that target all
three nuclei of the BNC (Fig. 8B; McDonald, 1998). The ventral part of CA1 (VCAL1),
located adjacent to the VVSub, has projections to the BNC that are lighter than those of VSub.
EM studies have shown that the projections from the VSub/VCAL to the BNC mainly form
asymmetrical (excitatory) synapses with spines of PNs and thin distal dendrites, but
dendrites of GABAergic INs are also targeted (Bazelot et al., 2015; Miiller et al., 2012).
Neurobehavioral studies have shown that contextual information received by the BNC from
the VSub/VCAL, either directly or indirectly via the prelimbic area of the medial prefrontal
cortex (mPFC), mediates the contextual control of fear after extinction (Orsini, Kim,
Knapska, & Maren, 2011).

The lateral ERC and PRh have widespread and topographically organized projections to all
three nuclei of the BNC (McDonald, 1998; McDonald & Mascagni, 1997). Most of the
projections of the ERC to the amygdala arise from layers 5 and 6 (Fig. 8B). These deep
layers of the ERC do not have significant projections to the hippocampal formation, but
instead receive afferents from the hippocampus (Amaral & Witter, 1995). These inputs form
asymmetrical (excitatory) synapses that target PN spines, and to a lesser extent dendritic
shafts, in the BNC (Smith et al., 2000). Only 1% of the projections from the PRh target
dendritic shafts of PV+ INs, but 10% target dendritic shafts of other INs, half of which are
CB+ (Smith et al., 2000; Unal, Paré, Smith, & Paré, 2014). Since SOM+ INs are the main
subpopulation of CB+/PV— negative INs in the BNC, it is presumed that SOM+ neurons are
one of the main IN subpopulations providing feedforward inhibition of PNs related to PRh
inputs.

The projections from the BNC to the HR largely reciprocate the projections of the HR to the
BNC (McDonald & Mott, 2017). Although CA3 and CA2 do not have projections to the
BNC, the temporal parts of CA3 and CA2 receive projections from the BNC (Petrovich et
al., 2001; Pikkarainen, R6nkkd, Savander, Insausti, & Pitk&nen, 1999). The VVSub and VCA1
receive inputs from all three BNC nuclei (Petrovich et al., 2001). Optogenetic activation of
BNC inputs to the ventral hippocampus has been shown to increase anxiety-related
behaviors (Felix-Ortiz et al., 2013). The ERC and PRh also receive widespread projections
from all three of the BNC nuclei, especially LA and BMp (Fig. 8A), that mainly target
layers 1-3 (Petrovich et al., 2001). EM studies have shown that the projections from the
BNC to VVSub and PRh form asymmetrical (excitatory) synapses with dendritic spines of
PNs and thin dendrites (French, Hailstone, & Totterdell, 2003; Smith & Paré, 1994).

Both the BNC and the HR exhibit epochs of rhythmic, synchronized firing of large
populations of neurons. These rhythmic oscillations, which emerge from the intrinsic
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properties of constituent neurons as well as network properties, are often synchronized in the
BNC and HR because of their interconnections (Pape & Paré, 2010). These synchronous
oscillations create recurring “time windows” in which synaptic interactions between these
structures, including synaptic plasticity, is facilitated (Paré et al., 2002). These oscillations
are critical for synaptic plasticity associated with the formation and retrieval of emotional
memories (Bocchio et al., 2017; Pape & Paré, 2010; Paré et al., 2002).

Glutamatergic PNs are the main neuronal type associated with projections from the HR to
the BNC, and vice versa (Brothers & Finch, 1985; Finch et al., 1986; Lang & Paré, 1998;
Maren & Fanselow, 1995). However, there is a small number of GABAergic long-range
nonpyramidal projection neurons (LRNP neurons) in the HR that project to the BNC, and
vice versa (Ino et al., 1990; Kohler, Smialowska, Eriksson, Chanpalay, & Davies, 1986;
Muiller et al., 2012). Recent studies in the author’s lab have demonstrated that SOM+, NPY
+, and SOM+/NPY+ neurons in the ERC, but not in the hippocampal formation, project to
the rat BNC, and similar neurons in the BNC have projections back to the ERC (McDonald
& Zaric, 2015a, 2015b). In the BNC these neurons constitute 2% of all projection neurons. It
is also of interest that all major portions of the MTLMS are interconnected by small
numbers of LRNP neurons, in addition to the numerous PNs, including many LRNP neurons
that are SOM+ (see Jinno, 2009, for a review). These interconnections have been termed the
temporal lobe GABAergic “supernetwork” (Buzséaki & Chrobak, 1995). The finding of
reciprocal interconnections between the BNC and the HR involving GABAergic LRNP
neurons indicates that this temporal lobe GABAergic supernetwork includes the BNC. In
addition, for both the HR and the BNC, interconnections of these regions with the basal
forebrain also involve GABAergic neurons, thus extending the supernetwork (Fig. 9).
Determination of the functional significance of these BNC-HR LRNP neuronal
interconnections will require knowledge of the postsynaptic targets of these neurons. Either
PNs (Jinno et al., 2007; Pinto, Fuentes, & Paré, 2006) or NPNs (Melzer et al., 2012; Van
Haeften, Wouterlood, Jorritsma-Byham, & Witter, 1997) have been identified as targets of
LRNP neurons in different HR interconnections.

Prefrontal cortical connections

The prefrontal cortex (PFC) in the rat includes the mPFC, orbital PFC (oPFC), and lateral
PFC (IPFC). The projections of the rat mPFC and IPFC to the BNC as revealed by
anterograde tract tracing are shown in Fig. 10A (McDonald et al., 1996). Ventral portions of
the mPFC (infralimbic area, IL) and IPFC (ventral agranular insular area, Alv) mainly
project to BM (BA) and LA (Lv), whereas dorsal portions of the mPFC (prelimbic and
anterior cingulate areas, PL and AC) and IPFC (dorsal agranular insular area, Ald) mainly
project to BL (Bmg). Projections to the BNC from the oPFC mainly originate from its
medial portion, and target LA, BL, and BM (Hoover & Vertes, 2011). Projections from IL,
PL, AC, and Alv to the BNC mainly originate from superficial layers (layers 2 and 3) of the
PFC (Hurley, Herbert, Moga, & Saper, 1991; Ottersen, 1982). EM studies have shown that
PL projections to the BL target PN spines (93%) and thin dendritic shafts (7%) (Brinley-
Reed, Mascagni, & McDonald, 1995; Smith et al., 2000).
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Projections from the rat BNC to the PFC have been studied using tract-tracing techniques
(Hoover & Vertes, 2007; Krettek & Price, 1977; Petrovich, Risold, & Swanson, 1996;
Reppucci & Petrovich, 2016). These investigations revealed that the IL receives inputs from
LA, BLa, BLp, and BMp. The PL receives inputs from LA, BLa, and BLp. The AC receives
inputs mainly from BLa and BLp. The oPFC and Ald receive inputs from BLa. These BNC
inputs in the rat mainly target layers 5, 2, and the deep part of layer 1 (Krettek & Price,
1977). It is of interest that layer 2 projects to layer 5, which in turn gives rise to projections
to subcortical brain regions (Krettek & Price, 1977). A comparison of the inputs and outputs
of IL revealed that there are reciprocal connections of IL with LA and BM, but BL has
projections to IL that are not significantly reciprocated. The results of a recent
comprehensive study using both anterograde and retrograde tract tracing to analyze BNC-
PFC interconnections in the mouse are largely consistent with the findings described above
for the rat, although there are some apparent differences (Matyés, Lee, Shin, & Acsady,
2014).

In the monkey, the PFC projections to the BNC originate from the orbital PFC (areas 11-13)
and from the infralimbic (area 25), prelimbic (area 32), and anterior cingulate (area 24) areas
of the medial PFC (Aggleton, Burton, & Passingham, 1980) (Fig. 10B). The medial PFC
targets the dorsal portions of the Bmg and AB, whereas the orbital PFC targets these same
areas, but has additional projections to the dorsal part of the LA (Carmichael & Price, 1995;
Van Hoesen, 1981). Projections from these BNC nuclei back to the monkey PFC largely
reciprocate the corticoa-mygdalar projections (Aggleton, Wright, Rosene, & Saunders,
2015; Amaral & Price, 1984; Barbas & De Olmos, 1990; Carmichael & Price, 1995; Cho,
Ernst, & Fudge, 2013; Ghashghaei & Barbas, 2002).

Two distinct subpopulations of BLa PNs that project to the mPFC can be distinguished in
the mouse based on differences in function and connections. “Fear neurons” increase their
firing rate in response to a CS during fear conditioning and reduce their firing following
extinction, whereas “extinction neurons” increase their firing rate in response to a CS during
extinction (Herry et al., 2008). These two types of PNs are intermingled in the BLa.
Subsequent studies found that extinction neurons in the BLa mainly project to the IL of the
mPFC as well as to the central amygdalar nucleus, whereas fear neurons project mainly to
the PL, and have no projection to the central nucleus (Senn et al., 2014). The silencing of
fear neurons with extinction appears to be due to remodeling of inhibitory synaptic inputs to
these PNs from PV+ perisomatic INs (Trouche et al., 2013). Thus, after extinction there is
an increase in PV+ perisomatic terminals contacting silenced fear neurons, but not
contacting fear neurons that remained active, suggesting increased inhibition of silenced fear
neurons. Furthermore, there was no change in the number of CCK+ perisomatic terminals
contacting fear neurons, but an upregulation of CB1Rs in CCK+ terminals contacting fear
neurons that were still active after extinction. This suggests that increased suppression of
GABA release by CB1Rs contributes to the firing of these fear neurons after extinction
(Trouche et al., 2013).

PL-projecting PNs (PL-Ps, presumptive fear neurons) and IL-projecting PNs (IL-Ps;
presumptive extinction neurons) in the mouse BL are contacted by equal numbers of CCK+/
CB1R+ axon terminals, but the levels of the endocannabinoid synthesizing enzyme DGL are
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much greater in IL-Ps (Vogel, Krabbe, Griindemann, Wamsteeker Cusulin, & Liithi, 2016).
During fear extinction when IL-Ps are activated, the higher levels of 2-AG produced by
DGL in IL-Ps suppresses GABA release, thereby further activating IL-P activity through
disinhibition. This further enhances the contrast in activity between fear and extinction
neurons during extinction (Mogel et al., 2016).

Thalamic connections

The BNC has connections with thalamic sensory nuclei, thalamic midline/intralaminar
nuclei, and the mediodorsal thalamic nucleus. The posterior thalamic region, which consists
of several nuclei that are located medial to the ventral and dorsal divisions of the medial
geniculate nucleus (MGNv and MGN(d) including the medial division of the MGN
(MGNmMm), suprageniculate nucleus, and posterior intralaminar nuclei, projects to LA and
BM (LeDoux, Farb, & Ruggiero, 1990; Turner & Herkenham, 1991). These thalamic nuclei
receive inputs from the inferior colliculus and spinothalamic tracts and can therefore
transmit auditory and somatosensory (including nociceptive) information to the BNC
(LeDoux, Ruggiero, Forest, Stornetta, & Reis, 1987). The main targets of auditory thalamic
inputs to the LA are spines of PNs (LeDoux, Farb, & Milner, 1991). Interestingly, many
neurons in the posterior thalamic region project to both the LA and the auditory association
cortices that project to the LA (Doron & Ledoux, 2000). Lesions of the lateral nucleus
disrupt auditory fear conditioning (Campeau & Davis, 1995a; LeDoux et al., 1990). Lesions
of the MGNm or auditory association cortices do not disrupt auditory fear conditioning
when a simple tone is paired with footshock, but combined lesions of the MGNm and cortex
do block conditioning (Romanski & LeDoux, 1992). Thus, transmission of an auditory
stimulus to LA is necessary for fear conditioning, but either thalamo-amygdalar (via the
posterior thalamus) or thalamo-cortico-amygdalar pathways (via MGNvV) are sufficient for
fear learning.

There is evidence that the rat LA receives visual information from the lateral posterior (LP)
thalamic nucleus (Doron & Ledoux, 1999; Linke, De Lima, Schwegler, & Pape, 1999).
Likewise, there is a homologous projection from the medial pulvinar to the monkey LA
(Aggleton et al., 1980; Jones & Burton, 1976). Lesions of LA in the rat block fear
conditioning to a simple visual stimulus (Sananes & Davis, 1992). Large lesions of the
primary and secondary visual cortices do not block fear conditioning to visual stimuli
(LeDoux, Romanski, & Xagoraris, 1989; Rosen et al., 1992), suggesting that visual
information must reach the amygdala by some extra-geniculate route. However, lesions of
Te2/PRC, the cortical targets of LP, do not block visual fear conditioning whereas lesions of
Te3/PRC do (Campeau & Davis, 1995b; Rosen et al., 1992).

In the rat, the parvicellular part of the ventral posteromedial nucleus (VPMpc) transmits
gustatory/visceral information to the same part of LA that is the target of gustatory/visceral
cortical inputs (Turner & Herkenham, 1991; Yasui, Itoh, Sugimoto, Kaneko, & Mizuno,
1987). Thus, in general, thalamic nuclei relaying visual, auditory, somatosensory, and
gustatory/visceral information to the amygdala tend to target the same BNC regions that
receive inputs from the cortices associated with these modalities. However, the BNC does
not project back to any of these sensory thalamic nuclei.
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The BNC also has connections with the “limbic thalamus” (Vertes, Linley, & Hoover, 2015).
The limbic thalamus consists of several midline nuclei and two other nuclei that are close to
the midline, the centromedial (CM) and mediodorsal (MD) nuclei. The main midline nuclei,
from dorsal to ventral, are the paraventricular (PVT), paratenial (PT), rhomboid (RH), and
reuniens (RE). Unlike sensory thalamic nuclei, the limbic thalamic nuclei have extensive
interconnections with various portions of the limbic system and are mainly involved in
cognitive and affective functions (Vertes et al., 2015). The central and medial amygdalar
nuclei have reciprocal connections with the limbic nuclei, whereas, with the exception of
MD, the BNC receives inputs but does not send projections to these nuclei (Pitk&nen, 2000).
The rat BNC receives remarkably robust projections from CM that mainly target BLa, dense
projections from PVT that target BLa and BLp, moderate projections from RH that target
BLp, moderate projections from PT that target the medial parts of BL and LA, and light
projections from RE that target BLp (Turner & Herkenham, 1991; Vertes & Hoover, 2008;
Vertes, Hoover, Do Valle, Sherman, & Rodriguez, 2006; Vertes, Hoover, & Rodriguez,
2012). Similarly, the monkey BNC also receives inputs from the midline and intralaminar
nuclei (Mehler, 1980). The main targets of midline thalamic inputs to the BNC are spines of
PNs (Carlsen & Heimer, 1988).

MD, whose cortical targets traditionally define the PFC, has a distinct relationship with the
amygdala. Unlike other thalamic nuclei with amygdalar connections, there are very few
neurons in the MD that project to the amygdala (Kuroda & Price, 1991; Méatyés et al., 2014),
but there are many neurons in the amygdala that project to the medial part of MD (MDm).
The latter neurons are diffusely scattered at low density throughout all amygdalar nuclei,
including the BNC, and these neurons are part of an array of similar neurons scattered
throughout the ventral forebrain in both rat and monkey (Price & Slotnick, 1983; Russchen,
Amaral, & Price, 1987). Interestingly, these neurons in all regions, including the BNC, are
large polymorphic NPNs. In the BNC they are distinct from the PNs that project to the PFC
in both the rat and monkey (McDonald, 1987; Timbie & Barbas, 2015). The axon terminals
of these BNC NPNs form asymmetrical synapses in the MDm (Kuroda & Price, 1991) and
express VGLUT?2 in both rodents and primates, suggesting that they are glutamatergic
(Matyas et al., 2014; Timbie & Barbas, 2015). However, there is other evidence which
suggests that they are not glutamatergic (McDonald, 1996a; Ray, Russchen, Fuller, & Price,
1992).

Hypothalamic connections

The rat BNC has connections, both inputs and outputs, with many hypothalamic nuclei, but
most are light (Pitkdnen, 2000). However, BLp, BMa, and BMp do have significant
projections to the lateral hypothalamus (Reppucci & Petrovich, 2016) and BMp has a robust
projection to the ventromedial nucleus (VMN; Krettek & Price, 1978; Petrovich et al.,
1996). The VMN, posterior nucleus, and perifornical area mainly project to LA (Canteras,
Simerly, & Swanson, 1994; Risold, Canteras, & Swanson, 1994; Vertes, Crane, Colom, &
Bland, 1995). It is of interest that the main amygdalar target of the VMN (i.e., LA), and the
main source of amygdalar inputs to the VMN (i.e., BM) are strongly interconnected (see
below). This suggests that this triangular amygdalar network in the rat is involved, in part,
with hypothalamic mechanisms associated with VMN, including regulation of reproductive,
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agonistic, and ingestive behaviors (Swanson, 2000). In the monkey, the main targets of the
VMN in the BNC are the parvicellular portions of the basal and accessory basal nuclei
(Amaral, Veazey, & Cowan, 1982).

Intra-amygdalar connections

There are extensive internuclear, interdivisional, and intradivisional interconnections in the
rat amygdala (for details see Pitkanen et al., 1997). There is a cascade of reciprocal
interconnections involving LA, BL, BM (AB of Pitkanen), cortical nucleus (PAC of
Pitkanen), and medial nucleus (Fig. 11). Similar connectivity appears to be present in
primates but there are many more fibers directed from the lateral portions of the BNC to
more superficial amygdalar nuclei than in the other direction (Aggleton, 1985; Amaral et al.,
1992; Pitkanen & Amaral, 1998). Virtually all of these interconnections among BNC nuclei
involve PNs that form asymmetrical (excitatory) synapses with PN dendritic spines and thin
dendrites (Paré, Smith, & Paré, 1995; Smith et al., 2000; Smith & Paré, 1994; Stefanacci et
al., 1992). However, Stefanacci et al. (1992) reported that 10% of axon terminals of
projections from the LA to BL were symmetrical (to somata, dendrites, and spines),
suggesting involvement of some INs in these connections. In regard to sensory inputs, these
intra-amygdalar connections permit olfactory information from the cortical, medial, and BM
nuclei to be integrated with nonolfactory information from the LA and the BL. In a more
general manner, it allows representations of sensory stimuli to be distributed to various
nuclei in parallel, and modified by the unique functional systems providing inputs to each
nucleus (Pitkanen et al., 1997). Virtually all amygdalar nuclei, including all of the BNC
nuclei, have projections to the central amygdalar nucleus (CeA), which provides outputs to
subcortical regions involved in various components of fear behavior (Davis, 1992; LeDoux,
Iwata, Cicchetti, & Reis, 1988). The CeA does not have projections back to the BNC.

The BNC also has interconnections with the intercalated nuclei (ICNs) of the amygdala.
These nuclei are clusters of small spiny GABAergic neurons that surround LA and BL. The
lateral ICNSs, located near the external capsule, provide feedforward inhibition to BL PNs
from cortical regions (Marowsky, Yanagawa, Obata, & Vogt, 2005). The medial ICNs,
located between the BL and the CeA, have reciprocal connections with BL PNs, and project
to the central nucleus (Asede, Bosch, Luthi, Ferraguti, & Ehrlich, 2015; Marowsky et al.,
2005). The projections to BL provide feedforward inhibition of BL PNs for cortical and
thalamic inputs to the medial ICNs, whereas the feedforward inhibitory projections to the
CeA are important for fear extinction (Asede et al., 2015; Likhtik, Popa, Apergis-Schoute,
Fidacaro, & Paré, 2008; Marowsky et al., 2005). There are also subpopulations of large
neurons along the edges of the ICNs that innervate the BNC. One subpopulation is
GABAergic and innervates BL INs (Bienvenu et al., 2015), whereas the other subpopulation
is SOM+/NPY+ (McDonald & Zaric, 2015h).

Monoaminergic inputs

Monoaminergic inputs (serotonin [5-HT], norepinephrine [NE], and dopamine [DA]) as well
as cholinergic inputs arise from subcortical nuclei and are released into the BNC during
particular brain states (e.g., during stress and certain aspects of sleep). Despite the fact that
these transmitters are often co-released in response to stress, there are very few
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investigations that have studied interactions among these transmitters (Briand, Gritton,
Howe, Young, & Sarter, 2007). The main targets of all of these neuromodulatory inputs are
distal dendrites and spines of PNs, where they can regulate synaptic plasticity involved in
emotional learning. However, these neuromodulatory inputs also differentially target IN
subpopulations. The BNC has no direct projections to monoaminergic brainstem nuclei.
However, it can activate these nuclei via projections to the CeA, which has robust inputs to
monoaminergic nuclei that project to the BNC, including the dorsal raphe, locus ceruleus,
and ventral tegmental area (Pitkanen, 2000).

Serotoninergic inputs—The amygdala of rats and monkeys receives a robust
serotonergic innervation from the dorsal raphe nucleus that targets all amygdalar nuclei,
especially the BNC (Fig. 12, upper left) (Bauman & Amaral, 2005; Fallon & Ciofi, 1992;
Muller et al., 2007b; Sadikot & Parent, 1990). 5-HT release is increased in the BNC during
behavioral arousal and stress (Kawahara, Yoshida, Yokoo, Nishi, & Tanaka, 1993; Rueter &
Jacobs, 1996), which plays a critical role in anxiety and depression. The fact that chronic
administration of selective serotonin reuptake inhibitors (SSRIs) to depressed patients
normalizes the activity of the BNC and leads to clinical improvement along a time course
that is consistent with the delayed onset of clinical efficaciousness of SSRIs strongly
suggests that one of the main sites of the antidepressant actions of this drug class is the BNC
(Drevets, Bogers, & Raichle, 2002; Sheline et al., 2001).

The main targets of 5-HT+ terminals in the BNC are spines and distal dendrites of PNs, but
other targets include PV, VIP, SOM, NPY, and CR INs (Bonn, Schmitt, Lesch, Van
Bockstaele, & Asan, 2013; Muller et al., 2007b). The great majority of synapses are
symmetrical. Stutzmann and LeDoux (1999) have reported that the main action of 5-HT in
the BNC was to reduce pyramidal cell firing by activating GABAergic interneurons. This is
consistent with the expression of excitatory 5-HT receptors (5-HT,Rs and 5-HT3Rs) in BNC
INs. Thus, many PV and SOM INs in the BNC are 5-HT,aR+ (McDonald & Mascagni,
2007), and many NPY INs express 5-HTocR mRNA (Bonn et al., 2013), consistent with
findings that the main action of 5-HT is a direct activation of about 75% of INs via 5-HT,Rs
(Rainnie, 1999). Large CCK INs (CCK| s) are the main BNC IN subpopulation that is 5-
HT3aR+ (Mascagni & McDonald, 2007). This is in agreement with the coexpression of
MRNAs for 5-HT3aRs and CB1Rs in the BNC (Morales, Wang, Diaz-Ruiz, & Jho, 2004),
since CCK s are the main INs that express CB1Rs (Katona et al., 2001; McDonald &
Mascagni, 2001b).

Noradrenergic inputs—In both rats and monkeys the BNC receives a dense
noradrenergic innervation from the locus coeruleus (Fig. 12, upper right) (Asan, 1998;
Sadikot & Parent, 1990; Zhang et al., 2013), which is heavily involved in stress and stress-
related pathologies (Sved, Cano, Passerin, & Rabin, 2002). Stressful stimuli such as foot
shock induces NE release in the rat BNC (Galvez, Mesches, & McGaugh, 1996; Quirarte,
Galvez, Roozendaal, & McGaugh, 1998), and it is well documented that the NE system in
the human and rat BNC is involved in memory modulation by stressful events (Cahill,
Babinsky, Markowitsch, & McGaugh, 1995; McGaugh, 2004).

Handb Behav Neurosci. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McDonald

Page 24

There have been several EM studies of the noradrenergic innervation of the rat BNC (Asan,
1998; Farb, Chang, & LeDoux, 2010; Zhang et al., 2013). All of these studies found that the
synaptic incidence of NE terminals is low. A serial section analysis of NE terminals found
that only 46% of NE terminals formed synapses, mostly symmetrical (Zhang et al., 2013).
Using the same techniques, this same group demonstrated that other neuromodulators in the
BNC have a much higher synaptic incidence (serotonin: 76%; dopamine: 78%;
acetylcholine: 76%) (Muller et al., 2007b, 2009, 2011). These percentages provide low
estimates of synaptic incidence since symmetrical synapses are difficult to recognize when
the plane of section is not orthogonal to the synapse. Nevertheless, these comparisons
suggest that the NE system in the BNC is unique in its greater reliance on nonsynaptic
release of transmitter into the extracellular space to modulate neuronal activity (i.e., “volume
transmission”). In regard to synaptic contacts, 85% of NE axon terminals synapse with
CaMK+ PNs, primary with distal dendrites and spines, and 15% with CaMK-negative INs
(Zhang et al., 2013). These findings were consistent with previous single-labeling EM
studies which reported that most contacts were with thin dendritic shafts and spines (Asan,
1998; Farb et al., 2010).

Dopaminergic inputs—The BNC is one of the main targets of the mesolimbic DA
system (Fig. 12, lower right) (Fallon & Ciofi, 1992). These projections, which originate in
the ventral tegmental area and substantia nigra, play a major role in the generation of both
appetitive and aversive behaviors by the amygdala. Release of DA during stress is much
higher in the BNC than in other targets of the mesolimbic DA system (Coco, Kuhn, Ely, &
Kilts, 1992; Inglis & Moghaddam, 1999) and is critical for fear conditioning (Rosenkranz &
Grace, 2003). It is also involved in drug addiction since the administration of a dopamine D1
antagonist into the BLa profoundly attenuates conditioned-cue reinstatement of cocaine
seeking (Berglind, Case, Parker, Fuchs, & See, 2006).

Of note, 90% of DA axon terminals synapse with CaMK+ PNs, primarily on distal dendrites
and spines, and 10% with CaMK-negative INs (Muller et al., 2009). Most synapses are
symmetrical. These findings are consistent with a previous single-labeling EM study which
reported that most contacts were with thin dendritic shafts and spines (Asan, 1997).
Dopamine D1 receptors co-distribute with NMDA (N-methyl-p-aspartate) receptors in BNC
PNs, including in dendritic spines, and can modulate synaptically evoked NMDA currents,
suggesting a role in modulating synaptic plasticity involved in fear conditioning (Pickel,
Colago, Mania, Molosh, & Rainnie, 2006). PV INs are the main IN subpopulation targeted
by DA inputs (Brinley-Reed & McDonald, 1999; Pinard, Muller, Mascagni, & McDonald,
2008). The soma of some PV INs are innervated by up to 20 DA terminals, and their
dendrites also receive a dense innervation. These findings are in agreement with studies
which have shown that DA activates fast-spiking (presumptive PV) INs in the BNC
(Bissiere, Humeau, & Luthi, 2003; Kréner, Rosenkranz, Grace, & Barrionuevo, 2005;
Rosenkranz & Grace, 1999). In addition, DA activation of INs via D1 receptors induces
rhythmic oscillations in the BLC, perhaps mediated by networks of PV INs that synchronize
the outputs of PNs (Lorétan, Bissiére, & Liithi, 2004). Synchronized oscillations of BNC
neurons are associated with emotional arousal and the consolidation and retrieval of fear
memories (see section on PV INs above).
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Opioids
Opioids are also important modulators of BNC activity (see chapter by Wilson and
McDonald in this volume).

Basal forebrain connections

The BNC in rats, as well as in human and nonhuman primates, receives an especially dense
cholinergic (ACh—acetylcholine) innervation from the ventral pallidum and substantia
innominata of the basal forebrain (BF) that mainly targets the BL nucleus of the rat and
basal nucleus of primates (Fig. 12, lower left) (Amaral & Bassett, 1989; Carlsen & Heimer,
1986; Carlsen, Zaborszky, & Heimer, 1985; Kordower, Bartus, Marciano, & Gash, 1989).
The cholinergic innervation of the BNC is reduced by up to 40% in Alzheimer disease
(Emre, Heckers, Mash, Geula, & Mesulam, 1993), and impairments of emotional event
memory in Alzheimer patients are correlated with the extent of amygdalar degeneration
(Mori et al., 1999). Cholinergic afferents to the rat BL nucleus are primary mediators of
neuromodulation involved in memory consolidation of emotionally arousing experiences
(McGaugh, 2004), and have also been implicated in fear conditioning and extinction
(Boccia, Blake, Baratti, & McGaugh, 2009; Jiang et al., 2016; Vazdarjanova & McGaugh,
1999) and drug seeking behavior (See, McLaughlin, & Fuchs, 2003).

EM studies have shown that the main targets of ACh inputs to the rat BL are distal dendrites
and spines of PNs via symmetrical synapses (Carlsen & Heimer, 1986; Muller et al., 2011;
Nitecka & Frotscher, 1989). These inputs increase the excitability of PNs via both nicotinic
receptors (Klein & Yakel, 2006) and muscarinic receptors (Power & Sah, 2008; Washburn &
Moises, 1992b; Yajeya et al., 1997). About 10% of ACh inputs to the BL target INs, and
most of these are PV+ (Muller et al., 2011), consistent with the reports that both muscarinic
(Washburn & Moises, 1992b; Yajeya et al., 1997) and nicotinic (Zhu, Stewart, McIntosh, &
Weight, 2005) agonists increase the excitability of fast-spiking (presumptive PV+) INs in
BL. Moreover, preliminary studies indicate that muscarine depolarizes fast-firing PV+ INs
via M3Rs, generating theta frequency oscillations in the rat BL (Liu, McDonald, & Mott,
2014).

The rat BL has extremely high levels of muscarinic M1 and M2 receptors (M1Rs and M2Rs)
(McDonald & Mascagni, 2010, 2011). M1R immunoreactivity (M1R-ir) is mainly expressed
in PNs, where it is present in somata, dendrites, and spines (McDonald & Mascagni, 2010;
Muller, Mascagni, & McDonald, 2013). M2R-ir is also mainly expressed in PNs, where it is
found in dendrites and spines, but not in somata, except in the Golgi complex (Fajardo-
Serrano, Liu, Mott, & McDonald, 2017; McDonald & Mascagni, 2011; Muller, Mascagni,
Zaric, Mott, & McDonald, 2016). A small number of SOM and NPY NPNs in the LA, BLp,
and BM are also M2R+ (McDonald & Mascagni, 2011). EM studies demonstrated that some
M2R+ dendrites in the BNC have spines, suggesting that they belong to PNs, whereas others
belong to INs based on morphology or PV-ir (Fajardo-Serrano et al., 2017; Muller et al.,
2016). M1R-ir and M2R-ir are also seen in axon terminals, most of which form
asymmetrical synapses. The main targets of M1R+ and M2R+ terminals forming
asymmetrical synapses are dendritic spines, whereas the main targets of M1R+ and M2R+
terminals forming symmetrical synapses are somata and dendritic shafts (Fajardo-Serrano et
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al., 2017; Muller et al., 2013, 2016). About one-quarter of PVV+ axon terminals are M2R+,
which is in agreement with electrophysiological studies demonstrating M2R-mediated
suppression of GABA release (Fajardo-Serrano et al., 2017). The presence of M2R-ir in
cholinergic terminals supports a possible role as an autoreceptor (Muller et al., 2016).

In addition to cholinergic neurons, there are also BF noncholinergic neurons that project to
the BNC. Approximately 5% of amygdalopetal BF neurons in primates (Kordower et al.,
1989) and 20%-25% of these neurons in rodents (Carlsen et al., 1985; Zaborszky, Heimer,
Eckenstein, & Leranth, 1986) are noncholinergic. About 10% of amygdalopetal BF neurons
in the rat are PV+ GABAergic neurons (Fig. 9) (Mascagni & McDonald, 2009). The axon
terminals of these BF GABAergic inputs, which mainly target the BL, are much larger than
those of ACh neurons projecting to the BL, and provide a particularly robust innervation of
BL PV INs (McDonald et al., 2011). Unlike the innervation of the hippocampus by BF
GABAergic neurons, which only target INs (Freund & Buzsaki, 1996), there is also a
moderate innervation of BL PNs by GABAergic BF neurons (McDonald et al., 2011). These
data are in agreement with a study that observed short-latency inhibition of both PNs and
presumptive INs in BL upon stimulation of the BF (Mello, Tan, & Finch, 1992). It is
possible that both cholinergic and GABAergic inputs may contribute to the generation of
theta rhythms in the BL as in the hippocampus (Freund & Buzsaki, 1996). The finding that
ensembles of putative BF GABAergic neurons in the BF encode the motivational salience
and hedonic valence of sensory stimuli (Lin & Nicolelis, 2008), and that neurons encoding
these features are also found in the BNC (Belova, Paton, Morrison, & Salzman, 2007),
suggests that interconnections of GABAergic BF neurons with the BL are important for
emotional learning, attention, and arousal.

The BNC of the rat and monkey also have projections back to the BF (Grove, 1988;
Russchen, Amaral, & Price, 1985). There are projections from presumptive PNs that
innervate cholinergic neurons via asymmetrical synapses (Jolkkonen, Miettinen,
Pikkarainen, & Pitké&nen, 2002; Zaborszky, Léranth, & Heimer, 1984). There are also a small
number of SOM and NPY NPNs in the BL and BM that project to the BF (Fig. 9)
(McDonald et al., 2012).

BNC projections to the striatum and central extended amygdala

Like the cortex, the cortex-like BNC has projections to the striatum, but does not receive
inputs from this region. The CeA, which is located adjacent to caudomedial portions of the
striatum, contains GABAergic medium spiny projection neurons that are virtually identical
to those of the striatum (McDonald, 1982a). Columns of neurons extend anteriorly from the
central nucleus, through the stria terminalis and ventral amygdalofugal pathway, and merge
with the lateral part of the bed nucleus of the stria terminalis (BNST), which is caudally
adjacent to the nucleus accumbens (NAc). The CeA, BNST|, and the columns of neurons
between them constitute the “central extended amygdala” (Alheid & Heimer, 1988). Similar
to the CeA, the BNST_ contains GABAergic medium spiny projection neurons that are
virtually identical to those of the striatum (McDonald, 1983). Like the striatum, the striatal-
like CeA and BNST|_receive projections from the BNC, but do not project back to it.
However, a study using monosynaptic rabies tracing found that the striatum, CeA, and
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BNST_ can indirectly influence BNC activity by synapsing with amygdalopetal BF
cholinergic neurons (Gielow & Zaborszky, 2017).

BNC projections to the striatum—Anterograde and retrograde tract-tracing studies in
the rat indicate that projections to the striatum, including the olfactory tubercle, nucleus
accumbens (NAc), and caudatoputamen (CP), mainly originate in BL, with lesser
contributions from adjacent portions of LA and BM (Kelley, Domesick, & Nauta, 1982; Kita
& Kitai, 1990; Krettek & Price, 1978; McDonald, 1991a; Russchen, Bakst, Amaral, & Price,
1985; Russchen & Price, 1984). These studies demonstrate that BL projects to all portions of
the striatum, with the exception of the rostro-dorsolateral part of the CP, which receives
projections from the sensory/motor cortex (Kelley et al., 1982). Most studies have
demonstrated a reversed sagittal topography, such that the rostral pole of BL projects most
strongly to the caudal CP, moderately to the rostroventral CP and adjacent core of the NAc,
and not at all to the shell of the NAc, whereas the latter only receives projections from the
caudal BL. There is also evidence for a medial to lateral topography (McDonald, 1991a).
EM studies have shown that BNC projections to the striatum, which arise from BNC PNs,
form asymmetrical (excitatory) synapses mainly with spines of medium spiny neurons (Kita
& Kitai, 1990).

There are triangular relationships involving the BNC, cortex, and striatum. Thus, subregions
of the BNC that target specific cortical areas also innervate the same striatal regions targeted
by these same cortical areas, and many PNs in the BL that project to the medial and lateral
PFC also send collaterals to their striatal targets (McDonald, 1991a, 1991b). It is of interest
that amygdalocortical relationships with the striatum are reminiscent of corticocortical
relationships with the striatum. Thus, cortical areas that are interconnected have overlap in
their projections to the striatum (Yeterian & Van Hoesen, 1978). There is also evidence that
midline thalamic nuclei are part of this organization, including the organization of thalamic,
cortical, and BNC projections to distinct striatal compartments (e.g., cell clusters, patch, and
matrix). Thus, the prelimbic (PL) area, BLp (which projects to PL), and the paraventricular
thalamic nucleus (PVT, which projects to both BLp and PL) all target the NAc. BLp and PL
target the same compartments in the NAc shell (cell clusters) and core (patches), whereas
BLp and PVT projections to the NAc overlap in the core (patches) but are complementary in
the shell (Wright & Groenewegen, 1995). Moreover, different BNC nuclei have projections
to distinct compartments in the ventral striatum (Wright, Beijer, & Groenewegen, 1996). The
functional significance of these compartmentalized striatal projections is that different
compartments receive distinct inputs and have projections to distinct autonomic and
somatomotor nuclei in the brainstem.

As in the rat, there is a substantial projection of the monkey BNC to the striatum from the
Bmg (BLa of rat) and Bpc (BLp of rat) (Cho et al., 2013; Fudge, Kunishio, Walsh, Richard,
& Haber, 2002; Russchen, Bakst, et al., 1985). The projection from the ABmg (BM of rat) to
the striatum is significantly more robust in the monkey compared to the rat. The monkey
Bmg has a much stronger projection to the caudate nucleus than the Bpc or ABmg. Similar
to the rat, amygdalar projections in the monkey exhibit triangular relationships with different
cortical areas and have a patchy distribution in relation to distinct striatal compartments
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(Cho et al., 2013; Fudge et al., 2002; Fudge, Breitbart, & McClain, 2004; Russchen, Amaral,
& Price, 1985; Russchen, Bakst, et al., 1985).

BNC projections to the central amygdalar nucleus—The CeA of the rat has four
subdivisions arranged from medial to lateral: the medial (CM), intermediate (CI), lateral
(CL), and lateral capsular (CLC) (McDonald, 1982a; Barbier, Fellmann, & Risold, 2018).
The BNC nuclei project to all subdivisions with the exception of CI, but the projections to
CL are light (Pitkanen, 2000). The projections of LA are confined to the CLC (Pitkanen et
al., 1995). BL projects mainly to CM and CLC, and the projections from BLp are much
more robust than those from BLa (Savander, Go, LeDoux, & Pitké&nen, 1995). Both
subdivisions of BM have strong projections to CM and CLC (Petrovich et al., 1996;
Savander, Go, Ledoux, & Pitk&nen, 1996). EM studies in cat indicate that BNC projections
to the CeA mainly target spines and distal dendrites of spiny projection neurons (Paré,
Smith, et al., 1995; Smith & Paré, 1994).

The monkey LA has no significant projection to either of the two main subdivisions of the
central nucleus (CM, medial subdivision; CL, lateral subdivision) (Fudge & Tucker, 2009).
However, the Bmg, ABmg, and ABpc have strong projections to CM and light projections to
CL, whereas Bpc has robust projections to both CM and CL.

BNC projections to the BNST—The lateral subdivision of the BNST (BNST ), which
contains neurons that are very similar to those of the CeA, is the rostral component of the
central extended amygdala. Injections of retrograde tracers into the BNST| produce patterns
of retrograde labeling in the amygdala that are very similar to those seen with injections into
CeA (McDonald, 1991a). Thus, in addition to labeling in the CeA, there are numerous
retrogradely labeled neurons in BMa and the caudal BLp, fewer in BMp, and almost none in
LA and BLa with BNST)_injections. These results are consistent with anterograde tract-
tracing studies (Dong, Petrovich, & Swanson, 2001).

It is of interest that the retrograde labeling in the rat BL seen with BNST_ injections (i.e.,
caudal BLp) is virtually identical to that seen with injections into the rostrally adjacent NAc
shell (McDonald, 1991a). Likewise, in the monkey the same areas in the BNC that project to
the lateral BNST (Bpc and ABmg) also project to the rostrally adjacent NAc shell (deCampo
& Fudge, 2013). This suggests that the BST |, and also the CeA, could be considered as
highly modified caudomedial extensions of the striatum, and thus comprise parts of an
effector macrostructure that exhibits regional specializations for the production of different
types of responses. Since the BNC projections to this continuum are topographically
organized, different BNC domains could activate distinct portions to produce different
responses.

Functions of BNC projections to different components of the NAc/CeA/BNST_
complex—Most neurobehavioral studies indicate that BNC projections to the NAc are
involved in reward-related behavior (Ambroggi, Ishikawa, Fields, & Nicola, 2008; Cador,
Robbins, & Everitt, 1989; Stuber et al., 2011), whereas projections to the CeA (Davis, 1992;
LeDoux, 2000) and BNST, (Gungor & Paré, 2016; Walker, Miles, & Davis, 2009) are
involved in fear and anxiety-like behavior, respectively. These findings are consistent with

Handb Behav Neurosci. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McDonald

Page 29

evidence that there are PNs in the BNC that encode positive or negative valences in both
rodents (Beyeler et al., 2016; Namburi et al., 2015; Uwano, Nishijo, Ono, & Tamura, 1995)
and primates (Belova et al., 2007; Paton, Belova, Morrison, & Salzman, 2006). Using
optogenetics in mouse, it was found that photostimulation of BLa/LA PNs or their axon
terminals projecting to NAc is associated with positive reinforcement whereas
photostimulation of PNs or their axon terminals projecting to CM is associated with negative
reinforcement (Beyeler et al., 2016; Namburi et al., 2015). The PNs projecting to NAc or
CM are intermingled in the BLa and LA suggesting that they could interact with each other.
However, the results of another recent study suggest that positive valence PNs are located in
BLp, whereas negative valence PNs are located in BLa (Kim, Pignatelli, Xu, Itohara, &
Tonegawa, 2016). In addition, contrary to the findings of Namburi, Beyeler, and coworkers,
Kim et al. (2016) found that positive valence PNs, but not negative valence PNs, project to
CeA, and that many negative valence PNs project to NAc. While these results contradict
most behavioral studies, there is evidence that the CeA is involved in appetitive behavior, in
addition to its well established role in aversive behavior (Kim, Zhang, Muralidhar, LeBlanc,
& Tonegawa, 2017; Knapska et al., 2006; Parkinson, Robbins, & Everitt, 2000). The BNST_
is also involved in modulating emotional behavior. Thus, optogenetic studies indicate that
the activation of the dorsolateral nucleus of the BNST |, which receives projections from
BLa, produces anxiolysis, whereas the activation of the oval nucleus of the BNST |, which
does not receive inputs from BLa, produces anxiety-like behavior (Kim et al., 2013).

CONCLUDING REMARKS

The functional neuroanatomy of the BNC is exceedingly complex. Each nucleus has
connections with more than a dozen distinct cortical and subcortical brain regions.
Moreover, discrete cell types within each nucleus may play different functional roles. Thus,
individual nuclei may contain PNs with distinct functions and projections (e.g., fear neurons
vs. extinction neurons in BL) and INs that innervate distinct PN domains (e.g., PV and CCK
basket cells vs. SOM dendrite-targeting INs in the BNC). Knowledge of brain connections
obtained from neuroanatomical studies has always guided subsequent electrophysiological
and behavioral studies. Prior to 2010 most behavioral studies were at the nuclear level of
resolution (e.g., lesion studies attempted to confine damage to individual amygdalar nuclei),
whereas neuroanatomical and electrophysiological investigations were providing details of
circuitry at the neuronal and synaptic levels of resolution. However, with the advent of new
tools such as optogenetics, viral vectors, transgenic mice, and Designer Receptors
Exclusively Activated by Designer Drugs (DREADD)-based chemogenetic tools, it is now
possible to understand the behavioral circuity of the amygdala at the neuronal and synaptic
levels. These studies permit the selective activation/inactivation of different components of
amygdalar circuits in brain slices and conscious behaving animals. Most of these
investigations are being conducted in rodents, especially mice, but as this review has
demonstrated, the basic connections of BNC nuclei and neurons is very similar in rodents
and primates. This offers hope that the information about functional amygdalar circuits
obtained in rodents will also apply to primates, including humans, thus providing novel
therapeutic interventions for diseases involving the amygdala, including anxiety disorders
such as posttraumatic stress disorder (PTSD), depression, Alzheimer disease, temporal lobe
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epilepsy, and drug addiction. Of particular interest are the neuromodulatory systems; the
expression of distinct monoaminergic and cholinergic receptor subtypes in discrete BNC
neuronal populations, especially distinct IN subpopulations, suggests that the activity of the
BNC may be subtly modulated to treat neurological and neuropsychiatric diseases.
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FIG. 1.
Coronal Nissl-stained sections through the amygdala of the rat (A) and monkey (B). (A)

Nuclei of the rat amygdala (nomenclature of Paxinos & Watson, 1997): BLa, anterior
basolateral nucleus; BLp, posterior basolateral nucleus; BLv, ventral basolateral nucleus;
BMp, posterior basomedial nucleus; CL, lateral central nucleus; CM, medial central nucleus;
Copl, posterolateral cortical nucleus; /A, intercalated nucleus; Lad/, dorsolateral lateral
nucleus; Lvi/, ventrolateral lateral nucleus; Lvrm, ventromedial lateral nucleus; M, medial
nucleus. (B) Nuclei of the monkey amygdala (nomenclature of Price, Russchen, & Amaral,
1987): ABmg, magnocellular accessory basal nucleus; ABpc, parvicellular accessory basal
nucleus; ABvm, ventromedial accessory basal nucleus; Bmg, magnocellular basal nucleus;
Bpc, parvicellular basal nucleus; CL, lateral central nucleus; CM, medial central nucleus;
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Ldm, dorsomedial lateral nucleus; Lv/, ventrolateral lateral nucleus; LV, inferior horn of the
lateral ventricle; M, medial nucleus; PAC, periamygdaloid cortex. Scale bar (see A) =
250um for (A) and 750um for (B).
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Drawings of a Golgi-stained pyramidal neuron (7eft) and nonpyramidal neuron (right) in the
rat BNC. Note the dense local axonal arborization (thin processes) of the nonpyramidal
neuron. Scale bar=50um. Reproduced with permission from McDonald, A.J. (1982b).
Neurons of the lateral and basolateral amygdaloid nuclei: A Golgi study in the rat, The

Journal of Comparative Neurology, 212, 293-312.
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FIG. 3.
Drawings of Golgi-stained pyramidal neurons and nonpyramidal neurons in the rat BNC.

Only the initial portions of the axons were stained in these neurons. (A) Drawing of
pyramidal neurons (neurons 1-5) and nonpyramidal neurons (neurons A-D) in BLa and
BLp. Spines of pyramidal neurons are not illustrated. Neurons were drawn from a single
Golgi-stained horizontal section that was subsequently Nissl-counterstained to reveal
subdivisional boundaries (see inset for region depicted). Cross indicates orientation of
drawing: R, rostral; C, caudal; L, lateral; M, medial. (B) Drawings of Golgi-stained
nonpyramidal neurons in the rat BNC chosen to show their heterogeneous morphology. (A4)
Reproduced with permission from McDonald, A.J. (1984). Neuronal organization of the
lateral and basolateral amygaaloid nuclei in the rat. The Journal of Comparative Neurology,
222, 589-606. (B) Reproduced with permission from McDonald, A.J. (1982b). Neurons of
the lateral and basolateral amygdaloid nuclei: A Golgi study in the rat. The Journal of
Comparative Neurology, 212, 293-312.
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FIG. 4.
Left. Venn diagrams showing the overlap and relative proportions of nonpyramidal neuronal

populations containing calcium-binding proteins and neuropeptides in the rat BL and LA.
The relative sizes of the rectangles representing these subpopulations are depicted in relation
to the total population of GABA+ neurons in each nucleus. Thus, since CB+ neurons, which
are almost entirely GABAergic, comprise 55% of GABA+ neurons in the BLa and 41% of
the GABA+ neurons in the lateral nucleus, the rectangle representing the relative size of
these subpopulations is proportionately smaller in the latter nucleus. Note that there are two
separate subpopulations of CCK+ interneurons in both nuclei. The subpopulation exhibiting
partial overlap with CB are large CCK+ neurons (CCK ), whereas the subpopulation
exhibiting partial overlap with CR and VIP are small CCK+ neurons. Right.
Photomicrographs of representative NPN subpopulations in the rat. (A) Colocalization of PV
(green) and GABA (red) in BL NPNs (yellow indicates colocalization). (B) Colocalization
of SOM (green)and GABA (red)in a LA NPN (yellowindicates colocalization). (C) Lack
of colocalization of CR (green) with CB (red) in BL NPNs. (D) Colocalization of VIP (red)
with CCK (green) in small CCK+ NPNs (CCKS), but not in large CCK+ NPNs (CCKL), in
the BL. Asterisksin A and B indicate several of the GABA-negative PNs in these fields.
Scale bars=25um. (A) and (C) Reproduced with permission from McDonald A.J., &
Mascagni, F. (2001a). Colocalization of calcium-binding proteins and gamma-aminobutyric
acid in neurons of the rat basolateral amygdala. Neuroscience, 105, 681-693. (B)
Reproduced with permission from McDonald, A.J., & Mascagni, F. (2002).
Immunohistochemical characterization of somatostatin containing interneurons in the rat
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basolateral amygaala. Brain Research, 943, 237-244. (D) Reproduced with permission from
Mascagni, F., & McDonald, A.J. (2003). /mmunohistochemical characterization of
cholecystokinin containing neurons in the rat basolateral amygdala. Brain Research, 976,
171-184.
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FIG. 5.
Axo-axonic cells (AACs) and basket cells in the rat BLa. (A) Drawings of two AAC axons

whose axonal cartridges form multiple contacts with AISs of PNs (stippled). Asterisks
indicate points at which collaterals continue but are not drawn. Each axon also forms
additional axonal cartridges whose targets are not stained (arrows). (B) A CaMK+ axon
initial segment of a PN (Cais), exhibiting particulate labeling, receives symmetrical synaptic
inputs from densely stained PV+ axon terminals (arrows) and unstained PV- negative
terminals (arrowheads). The upper PV+ terminal (asterisk) is shown magnified in the inset.
(C) Merged confocal image of a biocytin-filled burst-firing PVBC. Biocytin is red. PV+
neurons are green. Yellow indicates double labeling (i.e., biocytin-filled structures that are
PV+). (D) Photomontage of a Nissl-stained section showing a portion of the axonal
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arborization of the neuron shown in (C), after processing for the avidin-biotin peroxidase
technique. Its biocytin-filled axonal collaterals (b/ack) form multiple contacts with the
somata of three presumptive PNs (arrows). The axon of this PV+ cell contacted the somata
of over 100 surrounding Nissl-stained cells. The cell on the right receives additional axonal
contacts along the proximal portion of a downwardly projecting process. This axon then
continues its downward course (arrowheads) forming a series of varicosities that do not
contact Nissl-stained structures. (E) Drawing of the burst-firing PVBC shown in (C) and
(D). Only the dendrites and axonal branches in the 75-um-thick section containing the cell
body are drawn. Additional axonal and dendritic branches extended into two adjacent 75-
pum-thick sections. Scale bars=10pm in (A), 1um in (B), 50um in (C), 20um in (D), 100um
in (E). (A) Reproduced with permission from McDonald, A.J. (1982b). Neurons of the
lateral and basolateral amygdaloid nuclei: A Golgi study in the rat. The Journal of
Comparative Neurology, 212, 293-312. (B) Reproaduced with permission from Muller JF,
Mascagni F, McDonald AJ (2006) Pyramidal cells of the rat basolateral amygdala.
Synaptology and innervation by parvalbumin-immunoreactive interneurons. The Journal of
Comparative Neurology, 494, 635-650. (C)—(E) Reproduced with permission from Rainnie
DG, Mania I, Mascagni F, McDonald AJ (2006) Physiological and morphological
characterization of parvalbumin-containing interneurons of the rat basolateral amygdala. The
Journal of Comparative Neurology, 498, 142-161.
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Rat i Rat
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Somatosensory Gustatory/Visc.

FIG. 6.
(A) Cortical cascades (above) and cortico-amygdalar projections (befow) associated with

transmission of visual and auditory information to the rat amygdala. (B) Cortical cascades
(above) and cortico-amygdalar projections (below) associated with transmission of
somatosensory and gustatory/visceral information to the rat amygdala. \ertical and
horizontal hatching is used to distinguish the targets of distinct cortical regions
(somatosensory: horizontal hatching shows targets of area PaV; vertical hatching shows
targets of areas PaRH and the caudal Alp) (gustatory/visceral: horizontal hatching shows
targets of areas DIv and Dlg; vertical hatching shows targets of the rostral Alp). Reproduced
with modification from McDonald, A.J. (1998). Cortical pathways to the mammalian
amygdala. Progress in Neurobiology, 55, 257-332.
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FIG.7.
(A) Cortical cascades (above) and cortico-amygdalar projections (below) associated with

transmission of visual, auditory, and polysensory information from the temporal lobe to the
monkey amygdala. Hatching is used to distinguish the targets of visual areas (horizontal
hatching) versus auditory areas (vertical hatching). (B) Cortical cascades (above) and
cortico-amygdalar projections (below) associated with transmission of somatosensory and
gustatory/visceral information from the parietal and insular lobes to the monkey amygdala.
The insula has been exposed by separating the apposed edges of the opercular cortices
(dotted lines). See text for details. Reproduced with modification from McDonald, A.J.
(1998). Cortical pathways to the mammalian amygadala. Progress in Neurobiology, 55, 257-
332.
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A VMEA

FIG. 8.
(A) Photomicrograph of retrogradely labeled neurons in the amygdala (b/ack) at the bregma

-3.1 level in a rat that received an injection of Fluorogold (FG) into the dorsolateral
entorhinal area (immunoperoxidase technique with pink pyronin Y Nissl counterstain). The
nomenclature used to denote the amygdalar nuclei is that used in the atlas by Paxinos and
Watson (1997) (see Table 1). Additional abbreviations: Mpd, posterodorsal medial nucleus;
Mpv, posteroventral medial nucleus; PC, piriform cortex. (B) Photomicrograph showing the
locations of FG+ retrogradely-labeled neurons (black) in the ventral hippocampus and
parahippocampal area at the bregma —6.3 level in a rat that received a large injection of FG
into the BNC that involved both LA and BL (immunoperoxidase technique with pink
pyronin Y Nissl counterstain). Note dense retrograde labeling in the perirhinal cortex (PRh),
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the deep layers (layers V and VI) of the dorsolateral and ventrolateral ERC (DLEA and
VLEA, respectively), and the ventral subiculum (VSub) and adjacent ventral part of CA1l
(VCAL), but not in the dentate gyrus (DG). Scale bars=500um. (A) and (B) Reproduced
with permission from McDonald, A.J., Zaric, V. (2015a). GABAergic somatostatin-
immunoreactive neurons in the amygdala project to the entorhinal cortex. Neuroscience,
290, 227-242.
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Medial temporal lobe GABAergic network
and its connections with the basal forebrain
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FIG. 9.

Schematic diagram illustrating interconnections between the BNC, hippocampal/
parahippocampal areas, and basal forebrain that are mediated in part by GABAergic
projection neurons, most of which also express SOM (shown in red). The series of
glutamatergic projections starting at the entorhinal cortex and extending through the
hippocampal formation, including the “trisynaptic circuit,” are indicated by black arrows (all
other glutamatergic projections are not shown). GABAergic projections from the basal
forebrain to the amygdala (from the substantia innominata and ventral pallidal regions;
SI/VP) and hippocampus (from the medial septum) are shown in b/ue; these neurons also
express PV. Numbers in the connections of the BNC refer to the following studies: (1)
McDonald and Zaric (2015a); (2) McDonald et al. (2012); (3) Mascagni and McDonald
(2009) and McDonald, Muller, and Mascagni (2011); (4) Mller et al. (2012); (5) McDonald
and Zaric (2015b). See reviews by Jinno (2009) and Caputi, Melzer, Michael, and Monyer
(2013) for the studies demonstrating the connections that are not designated by numbers.
Reproduced with modification from McDonald, A.J., Zaric, V. (2015b). Extrinsic origins of
the somatostatin and neuropeptide Y innervation of the rat basolateral amygaala.
Neuroscience, 294, 82-100.
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FIG. 10.
(A) Main projections from the PFC to the amygdala in the rat. (B) Main projections from the

PFC to the amygdala in the monkey (coronal sections). \ertical hatching indicates
projections from the orbital PFC, whereas horizontal hatching indicates projections from the
medial PFC. (A) Reproduced with modification from McDonald, A.J., Mascagni, F., & Guo,
L. (1996). Projections of the medial and lateral prefrontal cortices to the amygdala: A
Phaseolus vulgaris leucoagglutinin study in the rat. Neuroscience, 71, 55-75. (B)
Reproduced with modification from McDonald, A.J. (1998). Cortical pathways to the
mammalian amygdala. Progress in Neurobiology, 55, 257-332.

Handb Behav Neurosci. Author manuscript; available in PMC 2021 July 01.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

McDonald

Page 64

FIG. 11.
Reciprocal intra-amygdalar connections of the lateral, basal, accessory basal, PAC, and

medial nucleus. Projections to the central nucleus (Ce) are not illustrated. Reproauced with
modification from Pitkanen, A., Savander, V., LeDoux, J.E. (1997). Organization of intra-
amygadaloid circuitries in the rat: An emerging framework for understanding functions of the
amygdala. Trends in Neurosciences, 20, 517-523.
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VAChT

FIG. 12.
Innervation of the rostral BNC by 5-HT+ serotonergic axons (upper left), NET+

(norepinephrine transporter) noradrenergic axons (upper right), VAChT+ (vesicular
acetylcholine transporter) cholinergic axons (fower left), and TH+ (tyrosine hydroxylase)
dopaminergic axons (fower right). For each transmitter, the /eft photomicrograph (A) is at
low power (scale bars=200um for 5-HT, 100 um for NET, 150um for VAChT, and 200um for
TH) and the right photomicrograph (B) is at high power (scale bars=20pum for 5-HT, 10um
for NET, 10um for VAChT, and 20um for TH). Upper left: Reproduced with permission
from Muller, J.F., Mascagni, F., & McDonald, A.J. (2007b). Serotonin-immunoreactive axon
terminals innervate pyramidal cells and interneurons in the rat basolateral amygdala. The
Journal of Comparative Neurology, 505, 314-335. Upper right: Reproduced with permission
from Zhang, J., Muller, J.F., McDonald, A.J. (2013). Noradrenergic innervation of pyramidal
cells in the rat basolateral amygadala. Neuroscience, 228, 395-408. Lower left: Reproduced
with permission from Muller, J.F., Mascagni, F., & McDonald, A.J. (2011). Cholinergic
innervation of pyramidal cells and parvalbumin-immunoreactive interneurons in the rat
basolateral amygdala. The Journal of Comparative Neurology, 519, 790-805. Lower right:
Reproduced with permission from Muller, J.F., Mascagni, F., & McDonald, A.J. (2009).
Dopaminergic innervation of pyramidal cells in the rat basolateral amygdala. Brain Structure
& Function, 213, 275-288.
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The main nuclei of the rat amygdala in the atlas by Paxinos and Watson (1997), and the alternative
nomenclatures used by Price et al. (1987) in rat and monkey.

Nuclei in therat

Paxinos and Watson (1997)a

Nuclei in therat
Priceet al. (1987)°

Nuclei in the monkey
Priceet al. (1987)

Amygdalohippocampal area (AHiA)
Anterior basolateral (BLa)
Posterior basolateral (BLp)
Ventral basolateral (BLv)
Posterior basomedial (BMp)
Anterior basomedial (BMa)
Lateral central (CL)
Lateral capsular central (CLC)
Medial central (CM)
Anterior cortical (ACo)
Posterolateral cortical (PLCo)
Posteromedial cortical (PMCo)
Intercalated (1)
Lateral (LA)
Dorsolateral lateral (Ldl)
Ventrolateral lateral (Lvl)
Ventromedial lateral (Lvm)
Nucleus of the lateral olfactory tract (LOT)
Medial (M)

Amygdalohippocampal area (AHA)
Basal magnocellular (Bmg)
Basal parvicellular (Bpc)
Accessory basal, magnocellular (ABmc)
Accessory basal, parvicellular (ABpc)
Anterior cortical (Coa; deep part)
Lateral central (CL)
Not identified
Medial central (CM)
Anterior cortical (Coa; superficial part)
Periamygdaloid cortex (PAC)
Posterior cortical (Cop)
Intercalated (1)
Lateral (L)
Dorsolateral lateral (Ldl)
Ventrolateral lateral (Lvl)
Ventromedial lateral (Lvm)
Nucleus of the lateral olfactory tract (NLOT)
Medial (M)

Amygdalohippocampal area (AHA)
Basal magnocellular (Bmg)
Basal parvicellular (Bpc)
Accessory basal, magnocellular (ABmc)
Accessory basal, parvicellular (ABpc)
Anterior cortical (Coa)
Lateral central (CL)
Not identified
Medial central (CM)
Anterior cortical (Coa)
Periamygdaloid cortex (PAC)
Posterior cortical (Cop)
Intercalated (1)
Lateral (L)
Homolog not identified
Homolog not identified
Homolog not identified
Nucleus of the lateral olfactory tract (NLOT)
Medial (M)

aCentraI nuclei subdivided according to McDonald (1982a).

bAccessow basal nucleus and lateral nucleus subdivided according to Pitkdanen (2000).
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