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Abstract

The amygdala is a hub subcortical region that is crucial in a wide array of affective and motivation
related behaviors. While early research contributed significantly to our understanding of this
region’s extensive connections to other subcortical and cortical regions, recent methodological
advances have enabled researchers to better understand the details of these circuits and their
behavioral contributions. Much of this work has focused specifically on investigating the

role of amygdala circuits in social cognition. In this chapter, we review both longstanding
knowledge and novel research on the amygdala’s structure, function, and involvement in social
cognition. We focus specifically on the amygdala’s circuits with the medial prefrontal cortex,
the orbitofrontal cortex, and the hippocampus, as these regions share extensive anatomic and
functional connections with the amygdala. Furthermore, we discuss how dysfunction in the
amygdala may contribute to social deficits in clinical disorders including Autism Spectrum
Disorder, Social Anxiety Disorder, and Williams Syndrome. We conclude that social functions
mediated by the amygdala is orchestrated through multiple intricate interactions between the
amygdala and its interconnected brain regions, endorsing the importance of understanding the
amygdala from network perspectives.

Keywords

Amyagdala; social behavior; network; non-human primates; social dysfunction; anatomic
connectivity; functional connectivity

Introduction

The amygdala is a limbic structure consisting of a collection of nuclei and located in the
temporal lobe. It has extensive and reciprocal connections with a variety of cortical and
subcortical regions (Amaral and Price, 1984; Mcdonald, 1998; Sah et al., 2003) and is thus
involved in a wide diversity of behavioral processes.
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Across species, amygdala subregions each receive projections from and send projections to
distinct combinations of cortical and subcortical regions (Sah et al., 2003). The amygdala
consists of groups of nuclei, which are often clustered into two large subregions. These
subregions are the centromedial amygdala (CM), a more superficial cluster consisting of
the cortical, medial, and central nuclei, and the basolateral amygdala (BLA), a deeper
cluster consisting of the basal, lateral, and accessory basal nuclei (Mcdonald, 2014). Each
of these nuclei have distinct anatomic connections and, subsequently, distinct functions. For
instance, the central nucleus (Ce) is heavily connected to the periaqueductal gray and other
brainstem regions enabling it to play a large role in associative learning behaviors such

as fear conditioning (Cassell et al., 1986; Rizvi et al., 1991). By contrast, the BLA sends
far-reaching projections to a wide array of cortical and subcortical regions including the
prefrontal, ventral hippocampus, and nucleus accumbens (NAcc) (Mcdonald, 1998). This
structural connectivity enables this subdivision to coordinate adaptive behaviors in response
to both internal and external stimuli. Through its extensive connections with cortical and
subcortical regions, the BLA contributes to a variety of higher-level cognitive processes, and
thus is heavily studied in non-human primate research.

Much of the anatomic detail of the amygdala’s interareal connectivity was mapped out in
early anatomic studies using anterograde and retrograde tracers in rats, macaques, and other
mammals. However, the ability to uncover details of these structural connections was often
limited due to methodological constraints. Methodological advances including increased
efficacy and precision of tracer studies in animals and vastly improved neuroimaging
techniques in humans have allowed for better understanding of the anatomic connections

to and from the amygdala. An example of improved neuroimaging techniques is the

recent work conducted with high strength 7 Tesla MRI scans, which has been used to
demonstrate unique relationships between distinct amygdala nuclei volumes and Major
Depressive Disorder symptoms. Thus, in using this high- powered MRI scanner, the authors
demonstrated its suitability for conducting research of this type and also the importance

of appreciating the amygdala as a unit comprised of distinct and functionally different
subnuclei (Brown et al., 2019). In this chapter, we will discuss recent advances in our
understanding of the amygdala’s anatomic connections to select cortical and subcortical
regions.

Our understanding of the amygdala’s functional role in behavior was greatly informed

by early lesion studies in animal models. Lesions of the temporal lobes, including the
amygdala, brown (Brown and Sharpey-Schafer, 1888) resulted in changes in social behavior
in macaques. Further lesions, this time selectively of the amygdala, resulted in behavioral
changes including increased tameness in monkeys and alterations to association learning
(Weiskrantz, 1956). Investigations in rodents implicated the amygdala in fear conditioning, a
form of association learning in which an unconditioned stimulus, often a painful foot shock
in rodent studies, is paired with a conditioned stimulus such as a tone or light (Blanchard
and Blanchard, 1972; LeDoux et al., 1990). Studies of humans with damage to this area
found deficits in emotion perception and processing (Adolphs et al., 1994; Anderson and
Phelps, 2001). These early studies provided a foundational understanding of the amygdala’s
role in association learning and affective processes.
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This early foundational research enabled scientists to determine broad behavioral attributes
of the amygdala, yet difficulties in controlling the size and precision of lesions as well

as relatively limited knowledge about the subregions of the amygdala and connected
structures restricted the conclusions that could be drawn from these studies. Advances

in methodological techniques, such as optogenetic and chemogenetic manipulations, have
progressed research into the amygdala and extended our understanding of its functional
roles. These advancements have enabled a more specific understanding of the roles of the
distinct amygdala subregions and networks in processing stimuli and producing behaviors.
In this chapter, we will highlight early insights as well as recent advances in amygdala
structure and function in relation to key cortical and subcortical regions.

Recent research has also focused on better understanding the amygdala’s role in social
cognition. Initial lesion studies found that, across a variety of species, both neonatal and
adult amygdala lesions led to deficits in the development and expression of social behaviors,
demonstrating that the amygdala makes profound contributions to social cognition (Adolphs
et al., 1994; Diergaarde et al., 2004; Machado and Bachevalier, 2006; Prather et al.,

2001). Additionally, there has also been a focus on understanding the contributions of
specific amygdala circuits to social cognition. In particular, prefrontal-amygdala circuits
have been implicated in a variety of social behaviors including social perception, learning,
and decision-making (Gangopadhyay et al., 2021), and amygdala-hippocampal projections
have been linked to social memory and interaction behaviors (Hitti and Siegelbaum, 2014;
Okuyama et al., 2016; Ortiz et al., 2019). Thus, in this chapter we will highlight recent
advances in our understanding of the amygdala-mPFC, amygdala OFC, and amygdala-
hippocampus circuits in social cognition.

As stated above, the amygdala is ideally suited to play a role in a wide variety of social
processes, given its extensive and reciprocal connections across the brain (Amaral and Price,
1984; Mcdonald, 1998; Sah et al., 2003). Furthermore, it has been implicated in a wide
variety of behavioral processes, including fear-related processes (Cassell et al., 1986; Rizvi
etal., 1991) and social cognition (Adolphs et al., 1994; Diergaarde et al., 2004; Machado
and Bachevalier, 2006; Prather et al., 2001). It is therefore unsurprising that disruption of the
amygdala or the amygdala circuitry results in a variety of neuropsychiatric disorders.

Our initial understanding of the role of the amygdala came from patients with lesions of
their amygdala. These patients, often presenting with bilateral ablations of the amygdala,
showed impairments in social behavior that encompassed difficulties in recognizing and
responding appropriately to social stimuli (Adolphs et al., 1994; Broks et al., 1998; Calder,
1996; Young et al., 1995). Interestingly, there were also indications that these individuals
had some trouble with “theory of mind” when these lesions were acquired early in
development; that is, they showed impairments in ascribing or understanding the emotional
states and beliefs of others (Shaw et al., 2004). However, recent research in understanding
the clinical significance of the amygdala and its connectivity has moved away from lesion
studies. We will discuss several neuroimaging studies and what they tell us about the role of
the amygdala in certain neuropsychiatric disorders.
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Amygdala-Cortical Circuits

The extensive reach of the amygdala in a wide range of affective behavioral processes

is rooted in its vast structural connections to a variety of cortical and subcortical

regions. When examining amygdalo-cortical connections, the amygdala shows widespread
connections to the frontal, insular, temporal, and occipital cortices (Amaral and Price, 1984).
However, by far the densest projections exist between the amygdala and both the medial
prefrontal cortex (mPFC) and the orbitofrontal cortex (OFC) (Amaral and Price, 1984).

In particular, the BLA supplies dense projections to the prefrontal cortex (Carmichael

and Price, 1995a). These connections, conserved across mammalian evolution (Ongiir

and Price, 2000), are bidirectional and show distinct organizational patterns (Carmichael
and Price, 1995b; Ghashghaei and Barbas, 2002), suggesting that amygdala-mPFC and
amygdala-OFC networks make unique contributions to affective processing. This is further
supported by retrograde and anterograde tracer studies of macaque prefrontal cortex
networks demonstrating that the OFC and mPFC regions show distinct intra- and inter-areal
connectivity patterns from one another (Carmichael and Price, 1996).

Medial Prefrontal Cortex

Amygdala-mPFC Structure and Function—The mPFC is the cortical area with the
most pronounced amygdala and general limbic connections (Carmichael and Price, 1995a;
Kondo et al., 2005). Abundant evidence supports the functions of this region in decision-
making and affective processing (Etkin et al., 2011; Euston et al., 2012). Due to its extensive
outputs to regions critical to autonomic or visceral responses, including the hypothalamus
and periaqueductal gray, the mPFC has long been considered to have a role in modulating
autonomic responses related to emotions (Ongiir et al., 1998; Price and Drevets, 2010). This
is supported by vmPFC lesion studies in humans that result in deficits in typical autonomic
responses to emotional stimuli (Damasio et al., 1990).

This region’s coordinated interplay with the amygdala has more recently been implicated
in an array of social processes across humans, monkeys, and rodents (Gangopadhyay et
al., 2021). Structural connections from the mPFC to the amygdala project primarily to the
BLA (Mcdonald et al., 1996), and these BLA-mPFC projections have been implicated in
fear (Senn et al., 2014) and anxiety (Felix-Ortiz et al., 2016). Interestingly, recent advances
have helped delineate the topographical organization of these projections, some of which
remained unclear due to methodological constraints of the earlier studies.

Advances in Amygdala-mPFC Structural Connectivity—Recent improvements in
tracing methods have supplied researchers with more precise tools to dissect amygdala-
mPFC connectivity. In one 2016 study, researchers used smaller, simultaneous retrograde
tracer injections in rats to investigate the details of the structural organization of amygdalo-
cortical networks, such as the amygdala-mPFC-lateral hypothalamus (LHA) network that
is involved in cognitive control of motivated behaviors (Reppucci and Petrovich, 2016).
They injected retrograde tracers in the dorsal anterior cingulate, prelimbic (PL), infralimbic
area (ILA), or rostromedial orbital mPFC to determine the brain regions that projected to
them. In addition to confirming prior studies showing that the mPFC received projections
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from the BLA but not the CeA, they found that these projections are topographically
organized such that anterior BLA projected more strongly to the dorsal mPFC and posterior
BLA projected to the ventral mPFC. These findings provided novel information about the
topographical organization of these projections. Further, they found that the PL and ILA
subregions of the mPFC showed the densest projections to the amygdala, also supporting
prior studies (Hoover and Vertes, 2007). Importantly, these structural findings are consistent
with functional research demonstrating that BLA inputs to pyramidal mPFC neurons in the
PL and ILA influence reward and aversion based associative learning (Laviolette et al.,
2005; Sotres-Bayon et al., 2012) as well as research demonstrating that BLA influences
mPFC activity via inhibitory interneurons in associative learning (Chefer et al., 2011; Garcia
et al., 1999). The topographic specificity of the projections between the BLA and the mPFC
(Reppucci and Petrovich, 2016) implies the existence of distinct subnetworks driven by
distinct neuronal populations and, thus, reveal the need for further investigation into the
organization of the amygdala-mPFC projections and their associated functional roles.

Advances in Amygdala-mPFC Functional Connectivity—Much of the research
investigating the amygdala-mPFC network in humans has focused on the directional
dynamics of this network. Typically in adults, the extensive connections from the mPFC
exert inhibitory control on the amygdala serving to regulate emotional expression (Motzkin
etal., 2015; Quirk et al., 2003). However, as demonstrated in both humans and rodents,

in negative states such as under stress or anxiety, the regulatory mechanisms of the mPFC
become disrupted and amygdala output increases resulting in a shift towards a directional
influence from the amygdala to the mPFC, providing a potential mechanism for stress-
related increases in fear and anxiety behaviors (Correll et al., 2005; Rauch et al., 2006; Shin
etal., 2004).

The amygdala-mPFC circuit undergoes both structural and functional connectivity (FC)
changes during adolescence, at which point it matures into its adult-like state (Decety

et al., 2012; Swartz et al., 2014), suggesting that various stages of pre-adolescent and
adolescent development may be sensitive periods for the maturation of this circuit. This

is bolstered by work demonstrating that this circuit is particularly sensitive to early life
stressors (Gee et al., 2013; Yan et al., 2017). A recent study (Guadagno et al., 2018a) used
disrupted maternal care to investigate the effects of early life stress on the development of
amygdala-mPFC circuit FC in rats. Researchers limited mothers’ and their litter’s access

to bedding, a paradigm that has previously been demonstrated to disrupt maternal care and
has been validated as a chronic stressor (Guadagno et al., 2018b). When resting-state fMRI
scans on preweaning and adult rats exposed to this stressor were performed, they found that
chronic early life stress exerted distinct, lateralized effects on posterior and anterior BLA
networks. Both chronically stressed preweaning and adult rats showed greater FC changes
in the right than in the left BLA with the right anterior BLA showing reduced connectivity
to the ipsilateral and contralateral IL and PL mPFC. In preweaning pups, the posterior BLA
showed reduced FC to all of the mPFC except for increased FC to the contralateral IL.

In adults, the posterior BLA showed increased FC to ipsilateral IL and PL but decreased
FC to contralateral IL and PL. Chronically stressed adult rats also showed altered BLA FC
to a wide array of other brain regions including midbrain, deep gray, hypothalamic, and
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hippocampal regions. Behaviorally, chronically stressed pups and adults displayed enhanced
fear conditioning and reduced fear extinction. In summary, this study demonstrated that
chronic early-life stress results in lateralized reductions of anterior BLA FC with the mPFC
that appear in preweaning pups and persist into adulthood. These findings suggest that
reduced anterior BLA-mPFC resting-state functional connectivity may underlie increased
fear behaviors that result from exposure to chronic, early-life stress.

Amygdala-mPFC in Social Cognition—Recent research has focused on systems-level
investigations of the networks involved in social cognition and has largely implicated various
prefrontal-amygdala circuits (Gangopadhyay et al., 2021). In particular, the amygdala-mPFC
circuit has been connected to a wide range of social behaviors including, social learning and
decision-making, and specific subregions have been shown to contribute uniquely to these
behaviors (Allsop et al., 2018; Dal Monte et al., 2020; Gangopadhyay et al., 2021). One
such subregion, the anterior cingulate cortex (ACC), has been demonstrated to contribute to
a broad array of cognitive processes and social behavior, perhaps by estimating motivations
of others and updating those estimations based on incoming behavioral evidence (Apps et
al., 2016). It should also be noted that the rostral ACC exhibits unique cytoarchitectonic and
functional connectivity patterns compared to caudal ACC that supports more affective and
social functions (Apps et al., 2016).

Recently, researchers recorded neurons from the BLA and ACC gyrus (ACCg)
simultaneously in macaques as they performed a social reward allocation task with a partner
monkey (Dal Monte et al., 2020). The macaques were presented with two trial types:

1) “self-reward” trials in which monkeys preferred to choose to deliver a reward to just

to themselves over both themselves and the other monkey at the same time and 2) “other-
reward” trials in which they preferred to choose to deliver a reward to the other monkey
over disposing of the reward by having it dispensed into an empty bottle. The researchers
analyzed spike-field coherence between the ACCg and BLA as well as directionality of
information flow to investigate if there were specific interareal synchronization patterns
associated with either positive or negative other regarding preferences (ORP). The results
showed that positive ORP decisions — when the monkeys chose to deliver reward to the other
monkey — and negative ORP decisions — when monkeys chose to give themselves but not
the other monkey a reward — were associated with different interareal synchrony patterns
that were specific to certain frequency bands. In the beta frequency range, BLA spikes and
ACCg local field potentials (LFPs) showed enhanced coherence during positive ORP but
decreased coherence during negative ORP (Fig. 1A). Similarly, in the gamma frequency
range, ACCqg spikes and BLA LFPs showed enhanced coherence during positive ORP

and suppressed coherence during negative ORP (Fig. 1B). Additionally, a partial directed
coherence analysis, undertaken to investigate the direction of information flow between the
ACCg and BLA, revealed that the BLA generally influenced the ACCg for positive ORP
outcomes for both beta and gamma bands while the ACCg generally influenced the BLA
for negative ORP outcomes. These results suggest that the ACCg and BLA influence social
decision-making behaviors through frequency-specific and direction-selective coordination,
with the BLA engaging the ACCg specifically for positive ORP decisions. Further, these
results suggest that communication directionality in the amygdala-mPFC circuit may show
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differential behavioral effects across multiple domains including social, as shown here, and
stress-related, as previously discussed, processes.

Complementing the above results, Allsop and colleagues demonstrated that ACC neurons
projecting to the BLA are critical for observational social learning. They performed single-
unit electrophysiology recordings in the ACC or BLA of mice undergoing an observational
learning paradigm (Allsop et al., 2018) in which a mouse acquired fear conditioning by only
being exposed to a conspecific receiving a series of foot shocks paired with a predictive

cue. Not only did both ACC and BLA neurons respond to observational fear acquisition, but
ACC neurons that projected to the BLA showed a greater activity response to the predictive
cue. Further, inhibition of these ACC neurons affected the BLA neurons’ responses to the
predictive cue and impaired the mice’s ability to learn from observation but not their ability
to express behaviors related to formerly observed associations (Fig. 1C-D). Thus, the BLA-
projecting ACC neurons appear to play a crucial role in the acquisition of observation-based
learned associations by encoding and transmitting socially observed cue information. Lastly,
the researchers demonstrated that ACC inputs to the BLA are involved in more ethologically
relevant observation-based social behaviors thus strengthening the results. These results are
consistent with, and extend, former research implicating the ACC and amygdala in both
observational learning as well as broader social cognition (Basile et al., 2020; Chang et al.,
2015; Jeon et al., 2010; Olsson et al., 2007).

Orbitofrontal Cortex:

Amygdala-OFC Structure and Function—The OFC is well known to be involved

in computations for reward prediction error (Schultz et al., 1997), encoding value (Padoa-
Schioppa and Assad, 2006), and reinforcement learning (Rudebeck and Murray, 2008).
The OFC possesses dense connections with the amygdala (Amaral and Price, 1984) and
the OFC-amygdala circuit is believed to be critical for goal directed behaviors (Sharpe

and Schoenbaum, 2016). Macaque studies have demonstrated bidirectional projections
between the amygdala and the OFC (Ghashghaei and Barbas, 2002) with connections from
the amygdala to the medial, lateral, and posterior regions of the OFC (Carmichael and
Price, 1995a). Additionally, the amygdala-OFC circuit shows distinct connectivity patterns
between subregions. While the medial amygdala sends dense projections to the posterior
OFC, the basolateral amygdala sends its densest projections to both the posterior and medial
OFC (Carmichael and Price, 1995a). Studies demonstrating the involvement of different
amygdala nuclei in distinct behaviors suggest that the subregion-specific connectivity may
contribute uniquely to different behaviors yang (Yang and Wang, 2017).

Moreover, the existence of a the uncinate fasciculus (UF), a white matter tract connecting
the OFC and the medial temporal lobe, supports the importance of efficient communication
between these regions. While there has been disagreement regarding whether this tract
actually projects to the amygdala specifically, more recent studies in macaques have
demonstrated substantial connections between the OFC and the amygdala that are
considered to be part of the UF (Mon Der Heide et al., 2013). Further, recent studies

in macaques (Abivardi and Bach, 2017) have demonstrated that the dense projections
previously found between the OFC and BLA (Ghashghaei and Barbas, 2002) are part of
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the UF, providing additional support for the existence of direct connections between these
two regions. Additionally, there is research showing that the UF white matter tract is highly
conserved across macaques and humans (Thiebaut de Schotten et al., 2012). FC studies in
humans have shown distinct activity correlation patterns between the medial and lateral OFC
and the amygdala (Zald et al., 2014), supporting the existence of similar amygdala-OFC
connectivity as in macaques.

The amygdala-OFC circuit is involved in processes critical for processing sensory stimuli,
predicting outcomes, and conducting goal directed behaviors (Padoa-Schioppa and Assad,
2006; Rudebeck and Murray, 2008; Schultz et al., 1997; Sharpe and Schoenbaum, 2016).
The BLA and OFC both encode the relationship between cue and outcome during
associative learning, but they also make unique contributions to the process. BLA neurons
are tuned to the magnitude of reward or punishment predicted by a cue (Belova et al., 2008),
and to cue-predicted outcomes relative to background reward rates (Bermudez and Schultz,
2010). Furthermore, amygdala neurons show rapid reversal of cue preference related activity
in response to reward contingency reversal (Belova et al., 2008), suggesting that amygdala
encodes outcome value. OFC neurons encode a broad range of outcome-related variables,
including the predictive values of cues, the value of the offered options, and value that is
independent of the type and amount of reward (Padoa-Schioppa and Assad, 2006). These
studies and subsequent research in macaques and humans (Elliott et al., 2008; Hosokawa

et al., 2007) suggest that OFC neurons encode the relative rather than absolute values of
rewards. After reversal, the subset of OFC neurons that responded to the old contingencies
is replaced by a new populations of OFC neurons that respond to the new contingencies
(Sharpe and Schoenbaum, 2016). Additional research has also demonstrated that OFC
neurons strongly represent chosen option value, reward prediction error, past choices, and
outcomes across multiple trials (Sul et al., 2010). Thus, researchers have proposed that the
amygdala is critically involved in encoding and updating associations between predictive
cues and outcomes while the OFC, after receiving this information from the amygdala,

is able to form a broad network of associations based on experiences and under different
conditions (Sharpe and Schoenbaum, 2016). Building upon these findings, a recent focus has
been on better understanding the specific functional contributions of distinct OFC circuits,
including bidirectional projections between the amygdala and OFC.

Advances in Amygdala-OFC Structural Connectivity—As previously discussed,
research in animals has demonstrated that the distinct amygdala subregions show unique
structural connectivity patterns (Carmichael and Price, 1995a). As seen for the amygdala-
mPFC circuit, researchers have capitalized on methodological and technological advances
to conduct more precise investigations on the anatomic connectivity of the amygdala-OFC
circuit.

A recent study used probabilistic tractography to more precisely delineate reciprocal
connections between the OFC and the distinct subregions of the amygdala (Matyi and
Spielberg, 2020). Probabilistic tractography is a technique that enables researchers to infer
the orientation and distributions of white matter tracts by estimating their paths from voxels
as well as the probability that they pass through other voxels from neuroimaging. They
investigated connectivity between each OFC voxel and the four largest amygdala subregions:
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the lateral, basal, accessory basal, and cortico-amygdaloid transition area nuclei. They
also directly compared the connectivity patterns between the OFC and each of the four
amygdala nuclei to determine if any OFC subregions showed preferential connectivity to a
certain amygdala nucleus. The researchers found that all amygdala nuclei have structural
connections that spanned extensively across all regions of the OFC. Furthermore, the
amygdala nuclei had distinct OFC structural connectivity patterns: 1) the lateral nucleus
showed extensive connectivity in the right hemisphere and restricted connectivity to middle
and posterior OFC in the left hemisphere, 2) the cortico-amygdaloid transition area and
accessory basal nuclei were primarily connected to the anterior and lateral OFC, and 3)
the basal nucleus’ connections were restricted to the posterior-middle OFC (Matyi and
Spielberg, 2020).

Advances in Amygdala-OFC Functional Connectivity—A recent methodological
advance using viral ablation of the amygdala has enabled researchers to examine of the
functional roles of distinct OFC circuits in reinforcement learning. Researchers selectively
ablated amygdala-projecting OFC neurons, OFC-projecting amygdala neurons, and nucleus
accumbens (NAcc)-projecting OFC neurons, and looked at the effects of these ablations

on rats’ performance in a probabilistic reversal learning task (Groman et al., 2019). While
ablation of both NAcc-projecting OFC neurons and OFC-projecting amygdala neurons
reduced the number of correct choices following reversal, ablation of amygdala-projecting
OFC neurons increased the number of correct choices following reversal. By characterizing
the effects of the amygdala-projecting OFC neuronal ablation on decision-making, the
team determined that increased correct choices were driven by an impaired ability to

retain information about the values of prior unchosen outcomes. This suggests that
amygdala-projecting OFC neurons might reduce the influence of previous trial outcomes
on subsequent decisions thus increasing the rats’ ability to update preferences following

a reward contingency reversal. Further, while both OFC—NAcc and amygdala—OFC
neuronal ablation resulted in reduced performance following reversal, the researchers
determined that there were different underlying mechanisms in each situation. Ablating
OFC—NAcc neurons impaired rats’ ability to use negative outcomes to guide behavior,
but ablating amygdala—OFC neurons impaired rats’ ability to use positive outcomes

to guide behaviors. In summary, these three circuits demonstrate distinct functions: the
OFC—amygdala neurons maintain action values across previous choices, amygdala—OFC
neurons update action values in response to positive outcomes, and OFC—NAcc neurons
update action values in response to aversive outcomes. Future work investigating the
function of analogous circuits in non-human primates will help to create a more complete
understanding of the role of bidirectional projections between the OFC and amygdala.

Amygdala-OFC in Social Cognition—Research in humans has demonstrated that both
amygdala and OFC volume are positively correlated with social network size (Bickart et
al., 2011; Powell et al., 2012), and both of these areas have direct anatomic connections

to the superior temporal sulcus (STS) (Seltzer and Pandya, 1989; Stefanacci and Amaral,
2002), a key region in face processing in primates (Allison et al., 2000; Freiwald et

al., 2016; Tsao et al., 2008). Taken together, both these regions may be implicated

in encoding and/or integrating important social features needed for social interactions,
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such as the identities of conspecifics and values and emotions associated with individual
conspecifics. Much of the recent work in social cognition has focused on asking: is social
cognition driven by the “social brain,” or are these computations carried out by more
domain-general processes (Lockwood et al., 2020)? As a potential solution to this question,
Lockwood and colleagues proposed a need to examine the social specificity from the unique
perspectives of computational, algorithmic, and implementational levels. Previous research
has demonstrated that the OFC and ventromedial PFC (vmPFC), two regions implicated

in reward and decision-making, show increased BOLD activity when human subjects were
shown pictures of faces, suggesting that domain-general mechanisms may enable these
regions to contribute similarly to social and general reward-based situations levy (Levy and
Glimcher, 2012). However, follow-up work in macaques identified unique subpopulations of
OFC neurons that responded to social, but not non-social, rewards (Watson and Platt, 2012).
In rhesus macaques, OFC neural activity to reward cues differed based on the presence

of a conspecific, suggesting that social context modulates OFC value representation (Azzi
et al., 2012). Further, they also found that motivation to work for reward was affected

by the presence of a conspecific suggesting that the OFC may play a role in integrating
social context and motivational value. Further research is required to better understand the
relationships between social and non-social ensembles in the OFC. One hypothesis is that
the two ensembles might be in a regulatory relationship to promote one type of behavior
over another (Gangopadhyay et al., 2021; Jennings et al., 2019). Extending the role of the
OFC in value processing and the amygdala in affective processing, it is likely that the
amygdala-OFC circuit is involved in integrating emotional and value information to guide
social functions.

The ability to learn and assess social hierarchies is fundamental to primate social lives,
and it is a process that involves associating individuals with various values, similar to the
reinforcement learning processes that rely on the OFC in non-social situations. Therefore,
researchers set out to investigate the putative roles of the OFC and amygdala, among

other regions, in the coding of reward values associated with social hierarchy in macaque
monkeys (Munuera et al., 2018). To do so, they recorded from the amygdala, OFC, and ACC
neurons in macaques as they freely viewed images of either faces of in-group conspecifics
or non-social control fractals that were associated with specific reward amounts. They
found social rank-responsive neurons in all three regions with the proportion being highest
in the amygdala. 30.6% of amygdala neurons strongly represented hierarchical rank of
individuals in their social group. OFC and ACC neurons also showed neuronal selectivity
for hierarchical rank but at a much lower rate of 16.7% and 6.3% of neurons, respectively.
Importantly, given that neurons in all three regions represented reward values associated
with non-social stimuli, they then investigated whether neural representations of rewards
associated with both social and non-social images were encoded by overlapping or distinct
neuronal populations and found that the same amygdala neurons, but not the same OFC

or ACC neurons, that represented social rank also represented rewards associated with
non-social images (Fig. 2A-B). These results suggest that, rather than having neural
ensembles dedicated to social processing, the amygdala instead represents social and non-
social information through a shared neural coding mechanism. The results from this study
therefore informatively constrains the manner in which the amygdala contributes to the
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“social brain” at the algorithmic and implementational levels of processing (Lockwood
et al., 2020). Future work is needed to further investigate the specific contributions of
amygdala, OFC, and amygdala-OFC interactions in social valuation.

In humans, researchers have demonstrated a strong link between amygdala-OFC functional
and structural connectivity and social measures such as perceived social support and social
network size (Hampton et al., 2016; Sato et al., 2016; Sato et al., 2020). Following a

study demonstrating that left amygdala volume was positively correlated with perceived
social support (Sato et al., 2016) researchers sought to investigate the underlying neural
mechanisms of this link (Sato et al., 2020). To do so, they performed resting-state fMRI
scans and evaluated perceived social support using the Multidimensional Scale of Perceived
Social Support (MSPSS) in healthy subjects. They found that stronger left amygdala to right
OFC FC was associated with higher reported levels of perceived social support (Fig. 2C).
Additionally, they investigated associations between fractional amplitude of low-frequency
fluctuations (FALFF), a measure though to be indicative of spontaneous neural activity
levels, in the amygdala and MSPSS scores. They found that lower fALFF in the bilateral
amygdala was associated with higher MSPSS scores (Fig. 2D), and this relationship was
mediated by amygdala volume. Thus, it appears that resting-state amygdala activity and
amygdala-OFC network activity play a crucial role in perceived social support and may thus
contribute to downstream positive social behaviors. Conversely, FC between the amygdala
and OFC was shown to be reduced after stress and in patients with depression (Cheng

etal., 2018; Clewett et al., 2013). Taken together, the amygdala-OFC circuit seems to

be important for social function, and dysfunction in this circuit may be an underlying
mechanism/contributor to disorders in which positive social functions are disrupted.

Amygdala-Hippocampal Circuits

In addition to its dense connections to the mPFC and OFC, the amygdala also shows
extensive connections with other subcortical structures including hypothalamic, brain stem,
and other medial temporal lobe regions (Sah et al., 2003). Many of these amygdala-
subcortical connections facilitate coordinated autonomic, endocrine, and behavioral
responses related to basic biological drives such as motivational, social, and reproductive
behaviors (Mcdonald, 2014).

Hippocampus

Amygdala-Hippocampus Structure and Function—One such subcortical structure
that has been well studied in relation to the amygdala is the hippocampus. The hippocampus
(HPC), divided into the dentate gyrus, subiculum, and CA1-4 regions, is a core region for
episodic memory. Spatial subdivisions of the HPC also show distinct functions with the
dorsal HPC, or posterior in primates, being more involved in cognitive processes, and the
ventral HPC, or anterior in primates, being more involved in stress, emotion, and affect
processing (Fanselow and Dong, 2010). In both primates and rats, the amygdala is one

of only four structures that has direct, strong and reciprocal connections with the HPC
(Mcdonald, 1998; Pitkanen et al., 2000; Saunders et al., 1988). As demonstrated in rodents,
hippocampal projections to the amygdala largely originate from the subiculum and adjacent
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CA1 region and most strongly terminate in the posterior basomedial nucleus and more
weakly in other nuclei (Canteras and Swanson, 1992; Mcdonald, 1998; Pitkanen et al.,
2000). In the opposite direction, studies in rats show that all amygdala nuclei, except the
central, project across all subregions of the HPC (Pitkanen et al., 2000). While the BLA
sends strong projections to the medial temporal lobe, including the HPC (Petrovich et al.,
2001; Pitkanen et al., 2000), it does have very strong monosynaptic connections with the
ventral CA1 (Felix-Ortiz et al., 2013; Yang et al., 2016). Compared to rats, macaques
show some anatomic differences in amygdala-hippocampal circuitry with the accessory
basal, medial basal, and cortical nuclei sending discrete projections to HPC’s CA fields and
subiculum (Saunders et al., 1988). It is important to bear in mind this distinction between
rodent and primate amygdala-hippocampal structural connectivity when investigating the
function of the amygdala-HPC network.

While the HPC is the key region for episodic memory, the amygdala is strongly linked to
fear memory. In both humans and rodents, subjects with amygdala lesions do not show
behavioral responses in fear learning paradigms while those with hippocampal lesions
show behavioral reactivity to learned fear cues but no signs of declarative memory of

the association (Bechara et al., 1995; Desmedt et al., 1998; LaBar et al., 1995). Although
this early work suggests a dissociation of the two memory systems, research shows that
these two regions interact in significant ways during both the encoding and consolidation
of memories related to emotional events. For example, work showing increased amygdala
activity during presentation of emotional stimuli suggests that the amygdala may enhance
emotional memory encoding by increasing attention to these events (Phelps et al., 2004;
Vuilleumier et al., 2001). Additionally, the amygdala, specifically the BLA, has been shown
to modulate memory consolidation by mediating the effects of stress hormones on memory
and through projections to other brain regions including the caudate nucleus, nucleus
accumbens, and cortical regions (McGaugh, 2004).

Advances in Amygdala-Hippocampus Structural Connectivity—As seen with
amygdalo-cortical projections, early tracer studies identified broad amygdala-hippocampal
structural connectivity, but many details of this anatomy, particularly in primates, have
remained relatively unexplored. More specifically, where amygdala projections terminate

in the HPC has not been well studied. Because hippocampal subregions are functionally
distinct (Strange et al., 2014), a more precise understanding of the amygdala terminal
locations is critical for researchers’ ability to investigate amygdala-hippocampal circuit
functions. Recently, researchers sought to map out inhibitory neurons in the macaque HPC
as well as their innervation by the amygdala (Wang and Barbas, 2018). To do so, they first
labeled hippocampal neurons in macaques with calretinin, parvalbumin or calbindin, three
calcium-binding proteins that have been used to label neurochemical groups of inhibitory
neurons in rodents (DeFelipe, 1997). They found that calretinin and parvalbumin showed
laminated, regional labeling in the HPC. Next, they systematically injected tracers into the
amygdala and investigated the specific locations these neurons terminated in the HPC. They
showed that amygdala projections terminated along the longitudinal axis of the HPC but
most strongly innervated the anterior HPC and more weakly innervated the posterior HPC.
They also found distinct patterns of innervation in CA1 and CA3 with amygdala projections
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innervating calretinin inhibitory neurons in CAL but both calretinin and parvalbumin
inhibitory neurons in CA3. These results suggest that the amygdala projections to the HPC
may comprise distinct subcircuits that differentially influence behavioral processes specific
to these regions. Such detailed understanding of the neuronal and projection characteristics
of the amygdala-hippocampal circuit may be a critical component of improving our
understanding of disorders related to dysregulation in emotional fear memories processes
such as post-traumatic stress disorder.

Amygdala-Hippocampus Functional Connectivity Advances—Both the amygdala
and ventral hippocampus (VHPC) have long been implicated in fear and anxiety behaviors
(Kjelstrup et al., 2002; LaBar et al., 1995), and recent methodological advances have
enabled researchers to investigate the details of this functional relationship. To investigate
the functional projections of the ACC and vHPC to the amygdala during fear responses,
researchers used designer receptors exclusively activated by designer drugs or DREADDs
— a chemogenetic tool using a receptor exclusively activated by a synthetic ligand to target
particular populations of neurons — to inhibit glutamatergic projections from the ACC or
VHPC to the BLA in mice soon or long after they underwent fear conditioning (Ortiz et al.,
2019). They found that inhibiting either of these projections resulted in a reduction of fear
to fear-inducing novel situations but had no effect on fear responses in a fear conditioning
context. This suggests that ACC and vHPC projections to the BLA play a specific role

in expressing fear related to novel contexts and thus dysfunction in this circuit could
contribute to generalized fear related to anxiety disorders. Further work on amygdala-HPC
circuits related to novelty-based fear and anxiety behaviors sought to determine if there was
functional specificity of the subregional projections in this network (Pi et al., 2020), since
cells in the vCA1 specifically have recently been shown to be involved in anxiety behaviors
(Jimenez et al., 2018). Therefore, researchers, using optogenetics, probed the functional
distinctions between posterior BLA-ventral CA1l and anterior BLA-ventral CA1 circuits in
mediating anxiety behaviors in an exploratory task in mice. They found that stimulating

the posterior BLA-ventral CAL projections resulted in increased approaches (suggestive

of reduced anxiety) whereas stimulating anterior BLA-ventral CAL resulted in decreased
approaches (increased anxiety) (Pi et al., 2020). These results elucidate both structural

and functional distinctions of amygdala-hippocampus sub-circuits which will be integral to
gaining a better understanding of networks related to anxiety across a variety of disorders.
Further, this work highlights the importance of moving beyond simple attributions of whole
brain regions to certain behaviors, as these regions often consist of both anatomically and
functionally distinct sub-regions and -circuits.

Amygdala-Hippocampus in Social Cognition—While the amygdala has long been
considered an essential region for social behaviors, only recently has the hippocampus or the
amygdala-hippocampus network been shown to be important for social behaviors. In fact,
early work showed that vHPC lesions in adult rats did not lead to social deficits in adulthood
(Becker et al., 1999) indicating that this region was not necessary for the expression of
normal social behavior. However, recently, researchers have suggested that these lesions
may not have been specific to the vHPC, possibly affecting other hippocampal regions that
might have had opposite effects, thus challenging the effect of the lesion on behavior. The
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lesions were also performed 2 weeks before the behavioral tests, which may have allowed
time for compensatory mechanisms to take hold (Felix-Ortiz and Tye, 2014). Furthermore,
Felix-Ortiz and Tye recently found that, in mice, BLA inputs to the ventral hippocampus
modulate social behavior such that optogenetic inhibition of BLA-vHPC projections led
to increased social interactions in the home cage intruder test (a test commonly used to
probe fear and anxiety-like behaviors) as demonstrated by increased social exploration of
the intruder (Fig. 3A). Conversely, activation of the BLA-vHPC projections resulted in

a decrease in time spent exploring the intruder (Fig. 3B). Additionally, this BLA-vHPC
activation was also linked to increased self-grooming (Fig. 3C), indicative of anxiety-like
behaviors. These findings were the first to demonstrate a causal relationship between BLA
projections to the vHPC and social behaviors. Moreover, this circuit’s dual effect on both
social and anxiety behaviors may give insight into mechanistic explanations for the high
comorbidity rates seen between social deficit and anxiety disorders (Zaboski and Storch,
2018) and also shed light on the regulation of social and non-social behaviors in this circuit
(Gangopadhyay et al., 2021).

Building upon this work demonstrating the vHPC’s role in social behaviors, further research
has focused on understanding finer-level segmentations of hippocampal circuit functions. To
investigate the role of CA1 neurons in social behaviors, researchers first used optogenetics
to inhibit ventral CA1 or dorsal CA1 cell bodies (Okuyama et al., 2016). Inhibition of the
ventral CAL, but not dorsal CA1, resulted in social discrimination test deficits as seen by
increased sniffing of familiar conspecifics versus novel conspecifics in the resident-intruder
test (Fig. 3D-E). They then identified brain regions downstream of ventral CA1 that were
involved in social memory by labeling neurons activated by social interaction. With this
method, they identified that the BLA, along with the NAcc shell and olfactory bulb, were
the main targets of the social interaction specific ventral CA1 projections. However, when
they inhibited ventral CA1 terminals in these three regions as mice completed social
discrimination tasks, they determined that only vHPC-NAcc projections were essential

for social memory related behaviors (Fig. 3F-H) (Okuyama et al., 2016). In addition to
demonstrating a key role for ventral CA1-NAcc projections in social discrimination, these
results implicate ventral CA1-BLA projections in social interaction behaviors and highlight
a need for further investigation of the specific functional contribution of this circuit to social
cognition.

In addition to the CA1, CA2 neurons have also been implicated in social behaviors.

Using a transgenic mouse line, researchers demonstrated that selective inactivation of CA2
pyramidal neurons in adult mice resulted in social memory impairments as indicated by
reduced social recognition of familiar conspecifics in both the three-chamber social novelty
test and the direct interaction test, as well as lack of habituation during repeated exposure to
the same conspecific (Hitti and Siegelbaum, 2014). Inactivation of CA2 pyramidal neurons
did not affect the mice’s ability to detect and discriminate social and non-social odors,
indicating that this is a deficit in social memory. Additionally, the inactivation of CA2
pyramidal neuron did not cause spatial memory deficits, as measured by the Morris water
maze, nor did it cause contextual memory deficits, as measured by fear conditioning (Hitti
and Siegelbaum, 2014). While researchers have yet to investigate CA2-amygdala circuits
in relation to social cognition, these results, along with the strong reciprocal connections
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between the HPC and the amygdala, demonstrate the need to examine the role of the
amygdala-HPC circuit in mediating social behavior.

Amygdala Networks in Social Disorders

The amygdala has been consistently implicated in many neuropsychiatric disorders. Of
particular relevance to this chapter, human patients, presenting with lesions of the amygdala,
were found to display significant impairment in social behavior, including the recognition
and matching of face expression and gaze direction (Adolphs et al., 1994; Broks et al.,
1998; Calder, 1996; Young et al., 1995). Furthermore, lesions of the amygdala in rhesus
macaques similarly were shown to disrupt, though in a more muted fashion, social behavior.
Bilateral aspiration lesions, that encompass the amygdala and surrounding regions, including
parts of the piriform cortex and entorhinal cortex, were shown to result in monkeys that
show reduced initiation of social behaviors compared to controls (Bachevalier et al., 1999).
However, these animals also showed a more generalized reduction in activity, and, coupled
with the non-selective nature of the lesion, drawing a conclusion about amygdala function

is challenging. A more selective lesioning of the amygdala in neonatal animals (Bauman

et al., 2004) did produce deficits in fear processing, with animals showing increased

fear of conspecifics but decreased fear to normally aversive objects like snakes. A study
with more nuanced behavioral measures using eye-tracking showed impaired attention
capture by threatening face stimuli and reduced exploration of the eye region in lesioned
animals compared to control animals (Dal Monte et al., 2015). Taken together, these lesion
studies implicate the amygdala in social behavior and processing and attending to social
information.

It should be noted that there exist drawbacks to the use of lesion studies in trying to
delineate amygdala function. Unlike excitotoxic lesions, aspiration methods, which were
used in most earlier lesion studies, impact neighboring regions and white matter tracts, thus
throwing into question the specificity of the amygdala in the observed behavior (Murray
and Rudebeck, 2018). Furthermore, in human patients, lesion studies often occur years after
the initial damage, allowing for possible compensatory mechanisms to counteract the initial
loss of function. The small number of subjects further diminishes the utility of these studies.
However, these studies do suggest that the amygdala plays a causal role in social behavior,
and that the dysfunction of the amygdala would result in a variety of behavioral and social
deficits.

Autism Spectrum Disorder

Autism spectrum disorder (ASD) is a neurodevelopmental disorder presenting with a
heterogenous mixture of behavioral abnormalities of varying severity, first described by
Kanner (Kanner, 1943). The behavioral deficits are characterized by 1) deficits in social
interaction, communication and reciprocity, and by 2) the presence of restricted, repetitive
patterns of activity or movements (American Psychiatric Association, 2013). However, ASD
is considered a “spectrum” since the symptoms seen in people with ASD vary widely in
specificity and severity. This diversity in how ASD manifests also hints at the heterogeneity
in the underlying causes of ASD.
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About 2% of children are diagnosed with ASD (Baio et al., 2018). The development of
ASD is also heterogenous, with evidence to show the existence of an early-onset and a
late-onset ‘regressive’ phenotype (Werner and Dawson, 2005). Infants with the early-onset
phenotype displayed marked changes in social behavior, namely reduced joint attention and
babbling communicative behaviors, as early as 12 months of age. In contrast, infants with
regressive ASD demonstrated normal development until 18-24 months, at which point they
regressed developmentally to resemble the early-onset infants. Given the heterogeneity that
exists in ASD, in terms of its symptomatology, etiology, and ontogeny, it is unsurprising that
dissecting the neurobiological underpinnings of ASD has proven to be challenging.

Studies in infants with autism have found a larger volume and greater neuronal numbers

in the amygdala in ASD compared to neurotypically-developing controls (Avino et al.,
2018; Mosconi et al., 2009; Schumann et al., 2009; Schumann et al., 2004; Sparks et al.,
2002). However, in older adolescents and in adults with ASD, the amygdala is similar
(Haznedar et al., 2000) or reduced in volume (Nacewicz et al., 2006; Pierce et al., 2001;
Schumann and Amaral, 2006) and neuronal numbers (Avino et al., 2018). Given that the
amygdala in neurotypical individuals continues to grow in size throughout adolescence and
into adulthood, the initial increase in amygdala size followed by the subsequent reduction
seen in ASD would imply that it is the trajectory of amygdala development that might be
critically affected in ASD (Schumann et al., 2011; Schumann et al., 2004).

Beyond changes in morphology and development, there is also differential activation of
the amygdala in response to social stimuli seen in ASD. When shown faces of unfamiliar
individuals in a face perception task, individuals with ASD showed reduced activation in
the amygdala to these faces as compared to neurotypical individuals (Pierce et al., 2001).
Interestingly, Pierce and colleagues further extended this study (Pierce et al., 2004) by
showing individuals with ASD faces of personally relevant individuals (for example, a
mother or a coworker). In contrast to unfamiliar faces, these familiar faces did elicit an
activation of the amygdala in a manner similar to controls. Furthermore, in a study that
tracked the eye gaze position while individuals were presented with face stimuli, greater
activation of the right amygdala was seen in response to familiar and unfamiliar faces in
individuals with ASD compared to controls, while a greater activation of the left amygdala
was seen in response to emotional faces in ASD as compared to controls (Dalton et al.,
2005). Moreover, looking at the eye region of the presented faces elicited a proportionate
increase in amygdala activation in ASD individuals. In a task which relied on looking at
the eyes to make judgements about the gender or expression of the person in the presented
stimuli, individuals with ASD not only performed less accurately than neurotypical controls,
but also showed reduced activation in the amygdala during task performance (Baron-Cohen
et al., 1999). While the reasons underlying this pattern of amygdala activation are unclear,
some possibilities are that individuals with ASD find social stimuli aversive or that they
are less motivated to look at social stimuli (Chevallier et al., 2012; Schumann et al., 2011;
Sigman et al., 2006).

In addition to changes in amygdala activation to social stimuli, amygdala connectivity is
also disrupted in ASD. However, given the recency of this research, functional connectivity
studies exploring the amygdala circuitry in ASD remain few in number (Nomi and Uddin,
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2015). Furthermore, the different ASD profiles of the subject pools used, and the difference
in tasks and methodologies employed in these studies, make the results challenging to
interpret. However, there is research that demonstrates the importance of amygdala-cortical
circuits in ASD. For instance, studies indicate the disruption of the amygdala-mPFC
connectivity is important for ASD, as discussed below.

In preschool children diagnosed with ASD, with a mean age of 3.5 years, a decreased
resting state connectivity is seen between the amygdala and the frontal, including the mPFC,
and temporal lobes compared to typically-developing controls (Shen et al., 2016), and the
strength of this connectivity predicted the severity of observed symptoms. Similarly, in
older children of 7-12 years of age diagnosed with ASD (Li et al., 2020), the resting

state FC of the amygdala-mPFC appears to be weaker than in age-matched controls. These
children also had significantly weaker positive causal influence from the mPFC to the
amygdala (Granger Causality analysis) and the raw values of the Granger Causality strength
between the two also predicted the severity of observed symptoms. Interestingly, a similar
dysregulation of the amygdala-mPFC circuit was seen in a mouse model of autism, wherein
the researchers (Huang et al., 2016) used prert/~ heterozygous mice as a model for ASD.
PTEN (for phosphatase and tensin homolog), through its inhibitory actions on Akt signaling,
is important in regulating cell growth and survival, and a mutation of this gene has been
found in a subset of individuals with ASD (Busch et al., 2019). Huang and colleagues
observed a hypertrophic connectivity between the mPFC and the amygdala, specifically the
BLA, in these mice. The projections from the mPFC that terminate in the BLA showed
excessive synaptic branching (Fig. 4A) and boutons (Fig. 4B). Furthermore, along with this
increased connectivity, there was a concomitant hyperactivity in response to novel social
stimuli seen in the BLA, mPFC and in the BLA-projecting mPFC cells specifically, as seen
by cfos* reactivity. Furthermore, inhibiting the activity in these BLA-projecting mPFC cells,
using the chemogenetic DREADDs system (Fig. 4C), reduced activity within the mPFC and
the BLA, and also corrected behavioral deficits seen in these mice in the three-chamber test
of sociability (Fig. 4D). Thus, there appears to exist a dysregulation of the amygdala-cortical
circuit in ASD, and data from an animal model of ASD suggests that attenuating the
dysregulation also normalizes social behavior.

Given what we now know of the abnormal developmental trajectory of the amygdala in
ASD, and the presence of distinct patterns of projections from the amygdala nuclei (see
preceding section on amygdala structural and functional connectivity), it behooves us to
carefully examine the development and disruption of these individual amygdala nuclei and
subregions. Perhaps doing so will lead to a better understanding of the neurobiology of ASD
and explain some of its heterogeneity.

Social Anxiety Disorder

The Diagnostic and Statistical Manual of Mental Disorders (American Psychiatric
Association, 2013) characterizes social anxiety disorder (SAD) as a “marked fear or anxiety
about one or more social situations in which the individual is exposed to possible scrutiny
by others”. While apprehension of a social situation, for example public speaking, is normal,
SAD causes distress or anxiety in an amount that is disproportionate to the situation and
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leads to a clinically-relevant impairment in behavior and in the quality of life for an
individual. Furthermore, the symptoms are persistent, often lasting for many months and
beyond. In fact, this disorder has been called “a disorder of lost opportunities” (Stein and
Gorman, 2001), since individuals suffering from SAD often make decisions to minimize
exposure to social situations including school, work and personal relationships. It is a fairly
prevalent disorder with a lifetime prevalence of around 12-16% (Magee et al., 1996; Ruscio
et al., 2008), often presenting early in life (Kessler et al., 2012) and is more common

in women than men (Talepasand and Nokani, 2010). Similar to ASD, the etiology of

SAD is not well understood, though ASD and SAD often present as comorbid conditions
(Zaboski and Storch, 2018). However, given the role the amygdala plays in fear and anxiety
associated behaviors (Davis, 1992; LaBar et al., 1995), it makes for a highly-relevant region
of interest while evaluating the circuitry underlying SAD.

The amygdala is activated by negative facial expressions in humans (Morris et al., 1998;
Morris et al., 1996), even when the faces are not consciously perceived (Monk et al., 2008;
Whalen et al., 1998). Furthermore, patients with bilateral amygdala lesions were found to
display deficits in recognizing facial expressions for fearful (Adolphs et al., 1994; Calder,
1996) or “blended” expressions — expressions that consist of multiple distinct emotions

in a single facial expression (Adolphs et al., 1998). The amygdala is also important for
fear conditioning (Blanchard and Blanchard, 1972; Cassell et al., 1986; Rizvi et al., 1991,
LeDoux et al., 1990). Thus, given its central role in perception of fearful social stimuli and
in the acquisition of fear, it is unsurprisingly to find amygdala dysfunction in SAD.

When shown human facial stimuli, patients with SAD showed significantly greater BOLD
activation in the left allocortex, including the amygdala, for contemptuous and angry faces
compared to happy faces (Phan et al., 2006; Stein et al., 2002) and to emotional faces
(Hahn et al., 2011). Patients with SAD were shown to exhibit hyperactivation of the
amygdala to “fear-relevant stimuli” (Birbaumer et al., 1998); they showed greater activation
in the amygdala to neutral faces compared to controls when the presentation of faces was
interspersed with presentation of an aversive odor. In a study that paired aversive odor

with neutral faces in a fear conditioning paradigm, hyperactivation of the amygdala and
hippocampus was seen in patients with SAD compared to healthy controls (Schneider et al.,
1999). Similarly, pairing neutral faces with a painful pressure stimulus produced increased
activity to the faces in the amygdala and the OFC (\eit et al., 2002). Patients were also
found to display increased activation in several subcortical and limbic regions, including
the amygdala and the parahippocampus, prior to a socially challenging event (Lorberbaum
et al., 2004). Furthermore, they showed a decrease in activation of several cortical regions,
including the OFC and the PFC.

Beyond a hyperactivation to face expression stimuli, disrupted amygdala-cortical circuits are
also observed in SAD. The use of resting-state FC allows us to look at interactions between
brain regions when a task is not being performed. Resting-state FC is also indicative of
structural connectivity between the brain regions involved (Greicius et al., 2009). Alterations
in the resting FC between several cortical regions has been suggested in SAD (Liao et al.,
2010). Hahn and colleagues (Hahn et al., 2011) found reduced FC between the left amygdala
and the left mOFC, while no changes were observed for the right amygdala. Furthermore,
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changes in amygdala FC have also been observed in SAD in anticipation of a social
challenge. When looking at FC prior to a fearful social event (public speaking), patients with
SAD reported greater levels of stress compared to controls (Fig. 5A) along with a transient
decrease in negative FC between the amygdala and cortical regions compared to controls,
who showed a transient increase in negative FC (Fig. 5B), and these changes correlated with
the severity of observed symptoms (Cremers et al., 2015). Additional evidence for altered
amygdala-cortical FC underlying SAD comes from studies looking at cognitive behavioral
therapy (CBT) in moderating the symptoms of SAD. Bilateral amygdala-pregenual ACC
connectivity (Klumpp et al., 2014) and left amygdala-left dnPFC and dACC connectivity
(Yuan et al., 2016) served as predictors for the degree to which CBT could alleviate
symptoms in patients, suggesting a dysregulation of amygdala-cortical connectivity in SAD.

The challenge of studying the neural circuitry underlying SAD is further compounded by
the lack of a suitable animal model. The behaviors that characterize SAD are largely human
in nature, and most animal models show more generalized behavioral deficits (Reus et al.,
2014). However, a recent animal model developed by Toth and colleagues (Toth et al., 2013)
uses “social fear conditioning” in rats to induce social fear of a novel conspecific in a
manner that is specific to the social domain over the more generalized anxiety and novelty
aversion seen in other animal models. Based on operant conditioning, the researchers
delivered a mild electrical shock to animals whenever they investigated a conspecific. This
yielded a “socially fearful” phenotype with animals displaying a selective aversion to social
stimuli. It would be interesting to further dissect the amygdala circuitry in these animals,
given the various methodological advances that are currently available in rodents (and as
discussed in the preceding sections).

While research into the neural underpinnings of SAD is ongoing, it is clear that a
dysregulated amygdala is central to its neuropathology. Further research will not only
help elucidate the role of the amygdala and its network connections in SAD, but also
suggest potential therapeutic interventions to control or mitigate the deleterious effects of
this disorder.

Williams Syndrome

While the previous two disorders discussed involve an increase in anxiety or aversion to
social stimuli and situations, another fascinating disorder — Williams syndrome — offers

an alternative perspective on the dysregulation of social behavior. Williams syndrome is
caused by a deletion of about 26-28 genes in chromosome band 7q11.23 (Ewart et al.,
1993; Peoples et al., 2000) and is characterized by craniofacial deformities, general learning
disabilities, and visuospatial impairments (Bellugi et al., 2000; Martens et al., 2008; Morris
and Mervis, 2000). Individuals with Williams syndrome demonstrate remarkable affiliative
social behaviors (Bellugi et al., 1999). They are often hyperverbal, with their language
being more expressive and complex than age-matched controls, and are more likely to

give highly positive ratings on an approachability rating task that measures bias towards

or against unfamiliar individuals (Fig. 5C) (Bellugi et al., 1999; Jones et al., 2000). Given
this hypersociability, Williams syndrome could offer remarkable insight into what role the
amygdala and the amygdala-cortical circuits play in social behavior.
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Unfortunately, given low prevalence of this disorder, there exist only a handful of studies
looking at the neurobiological basis of Williams syndrome. One postmortem study did

find reduced amygdala volume in a single patient with Williams syndrome, with the most
pronounced difference in the lateral nucleus (Galaburda and Bellugi, 2000). Individuals with
Williams syndrome were also found to show a general reduction in cerebral volume (Jones
et al., 2002; Martens et al., 2008; Reiss et al., 2004; Reiss et al., 2000). However, an MRI
study has demonstrated that certain regions are spared from volume reduction. These regions
include the amygdala, OFC, mPFC and ACC (Reiss et al., 2004), which are important

for social behaviors as discussed in the earlier sections, and their volume appears to be
disproportionately increased compared to controls. However, these morphological results
have been inconsistently reported in the literature. For instance, Chiang and colleagues
(Chiang et al., 2007) found that the volume of the amygdala was preserved, but not
significantly larger, in Williams syndrome relative to controls.

There are also a few studies looking at abnormal amygdala activation in these patients.
There is reduced amygdala activation to faces but increased activation to threatening scenes
seen in Williams syndrome (Meyer-Lindenberg et al., 2005). Haas and colleagues (Haas et
al., 2009) have further demonstrated that the amygdala in patients with Williams syndrome
responds differently to positive and negative expressions, with increased activation being
observed for happy faces and diminished activity in response to fearful ones (Fig. 5D).

Given the paucity of studies looking at the amygdala in Williams syndrome, it is difficult
to theorize about the role for the amygdala and the amygdala-cortical circuits in driving
the unique social behaviors seen in Williams syndrome. However, it is clear that amygdala
dysregulation is observed in these patients, and that this dysregulation occurs in a manner
consistent with the hypersociability seen in these individuals. Further studies, elaborating
on the changes in amygdala function and connectivity, should be useful in predicting and
managing symptom severity in Williams syndrome.

Conclusion

In this chapter, we have highlighted both early and contemporary work on amygdala
functional and structural connectivity that have been fundamental to our understanding of
this structure. We have featured recent work demonstrating advances in our understanding of
the structural and functional connectivity of the amygdala, the critical role these amygdala
circuits have in social behavior, and their implications for social disorders. The recent
advances discussed here are by no means exhaustive. For example, the amygdala is highly
connected to a broad range of cortical and subcortical regions beyond those discussed here,
and these other circuits also make significant contributions to a wide array of affective

and motivational behaviors. However, we believe we have covered noteworthy discoveries
and trends in the field with discussing the amygdala circuits with respect to the mPFC,

OFC and HPC. As demonstrated by structural findings, technological advances in tracing
and neuroimaging methods have enabled us to shift towards a better understanding of

the specific anatomic connections of detailed amygdala subregions. Similarly, as seen in
research investigating amygdala’s role in affective and social behaviors, methods such as
optogenetics and DREADDs have enabled researchers to determine behavioral contributions

Handb Clin Neurol. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meisner et al.

Page 21

of specific subcircuits of the amygdala. Overall, our chapter emphasizes the importance of
understanding the network perspectives of amygdala function in order to better understand
its role in regulating complex behaviors, including those that are central to social
interactions, and to advance our knowledge toward implementing promising therapeutics
for individuals affected by social behavioral disorders.
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Figure 1. ACC-BLA Circuits in Social Cognition.
A-B: Dal Monte et al., 2020. A: Differences in BLA spike to ACCg LFP coherence

between positive and negative ORP over time. BLA spikes and ACCg LFPs showed
increased coherence in the beta frequency range for positive ORP and decreased coherence
in the beta frequency band for negative ORP. B: Differences in ACCg spike to BLA

LFP coherence between positive and negative ORP over time. ACCg spikes and BLA

LFPs showed increased coherence in the gamma frequency range for positive ORP and
decreased coherence in the gamma frequency range for negative ORP. C-D: Allsop et al.,
2018. ACC— BLA inhibition during observational fear acquisition. C: When ACC— BLA
neurons were inhibited with halorhodopsin (NpHR) during observational acquisition, NpHR
mice showed significantly decreased freezing to the cue compared to control mice (eYFP)
on test day. D: When ACC— BLA neurons were inhibited with NpHR during observational
fear expression, there was no significant difference between freezing behavior in control
(eYFP) and NpHR mice on test day.

Handb Clin Neurol. Author manuscript; available in PMC 2022 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Meisner et al.

o
©

0.6

0.4

Decoding
Performance

0.2

>

Adjusted
Functional Connectivity

C

Page 31

Average Decoding Performance for Each Brain Area
for Classifying Monkey (left) or Fractal (right) Images

Monkey
= Amygdala
s OFC
e ACC

L L L

Fractal

0.6

04

0 05 1 15
Time from image onset (s)

Amygdala-Orbitofrontal Cortex Functional
Connectivity Related to Percieved Social Support

3 4 5 6 7
Multidimensional Scale of
Perceived Social Support Score

D

Adjusted Fractional amplitude

Figure 2. OFC-Amygdala Circuits in Social Cognition.
A-B: Munuera et al., 2018. To determine if neural representations of hierarchical rank and

rewards associated with fractal images were encoded by overlapping neuronal populations,
the researchers trained a linear decoder to distinguish between fractal trials with either a
large reward or no reward. The decoder was then tested on held-out trials of the same type
and trials in which monkeys viewed two images of monkey faces. A: Depicts the average
decoding performance for Amygdala, OFC, and ACC for distinguishing between trials

in which hierarchical rank of the two monkey face images presented differed. Decoding
performance on monkey face trials was greater in the amygdala than in the OFC or ACC.

B: Depicts the average decoding performance for Amygdala, OFC, and ACC for classifying
fractal images. Decoding performance on held-out fractal trials was high for all three
regions. C-D: Sato et al., 2020 C: Left amygdala to right OFC functional connectivity was
positively correlated with Multidimensional Scale of Perceived Social Support (MSPSS)
scores. D: Bilateral amygdala fractional amplitude of low-frequency fluctuations (fALFF)
values were negatively correlated with MSPSS scores.
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Figure 3. Hippocampus-Amygdala Circuits in Social Cognition.
A-C: Felix-Ortiz & Tye, 2014 A: Inactivation of basolateral amygdala (BLA)—ventral

hippocampus (VHPC) neurons with halorhodopsin (NpHR) increased social interactions
in the resident intruder task in comparison to control (eYFP) mice. B: Activation of
BLA—VHPC neurons with channelrhodopsin-2 (ChR2) decreased social interactions in
the resident intruder task in comparison to control (eYFP) mice. C: Activation of
BLA—VHPC neurons with ChR2 also increased self-grooming behaviors in comparison
to eYFP control mice. D-H: Okyuama et al., 2016. Comparisons of social discrimination
scores when investigated brain regions were optogenetically inhibited (laser ON) versus
when they were not (laser OFF). D: Inhibition of vHPC neurons significantly decreased
social discrimination scores. E: Inhibition of dorsal hippocampus (dHPC) neurons did
not affect social discrimination scores. F: Inhibition of vYHPC—Nucleus Accumbens
(NAcc) projections significantly decreased social discrimination scores. G: Inhibition of
vHPC—Olfactory Bulb (OB) projections did not affect social discrimination scores. H:
Inhibition of vYHPC—BLA projections did not affect social discrimination scores.
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Figure 4: Amygdala-cortical circuit in animal model of ASD.
A-D: Huang et al., 2016. A: Quantification of increased branching of mPFC axon terminals

on the BLA in pter*’~ mice (vehicle), and this phenotype is not reversed by inhibiting

S6K1 in adults (PF-4708671) B: Quantification of increase in synaptic boutons on mPFC
axon terminals in the BLA in prer/~ mice (vehicle), and this phenotype is not reversed

by inhibiting S6K1 in adults (PF-4708671) C: Details of chemogenetic system used to
reduce activity in the mPFC projections to the BLA D: Reducing activity of the mPFC-BLA
projections rescues behavioral deficits in a three-chamber sociability task, prer*/~ mice show
no preference (pter'~) for social stimuli over non-social stimuli, and this phenotype is
rescued on inhibiting activity (hM4Di).
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Increased self-reported stress in Amygdala-cortical connectivity
individuals with social anxiety disorder in anticipation of giving a speech
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Figure 5: Amygdala activation in Social Anxiety Disorder and Williams Syndrome.
A-B: Cremers et al., 2015. A: Self-stress reported on 11-point Likert-scale by individuals

with social anxiety and controls during: baseline, when instructed they would be giving

a public speech (anticipation) and when they were informed that no speech would have

to be given (recovery) B: Amygdala-cortical connectivity during baseline, anticipation

and recovery periods showing transient decrease in negative functional connectivity in
individuals with social anxiety C: Jones et al., 2000. Individuals with Williams syndrome
(WMS) are more likely to approach unfamiliar individuals than age-matched normal
controls (NC (CA)) and approximately mental age-matched normal controls (NC (approx-
MA)). D: Haas et al., 2009. Amygdala activation to happy (left) and fearful (right) faces in
William syndrome (WS) and typically developing controls (TD)

Handb Clin Neurol. Author manuscript; available in PMC 2022 October 01.



	Abstract
	Introduction
	Amygdala-Cortical Circuits
	Medial Prefrontal Cortex
	Amygdala-mPFC Structure and Function
	Advances in Amygdala-mPFC Structural Connectivity
	Advances in Amygdala-mPFC Functional Connectivity
	Amygdala-mPFC in Social Cognition

	Orbitofrontal Cortex:
	Amygdala-OFC Structure and Function
	Advances in Amygdala-OFC Structural Connectivity
	Advances in Amygdala-OFC Functional Connectivity
	Amygdala-OFC in Social Cognition


	Amygdala-Hippocampal Circuits
	Hippocampus
	Amygdala-Hippocampus Structure and Function
	Advances in Amygdala-Hippocampus Structural Connectivity
	Amygdala-Hippocampus Functional Connectivity Advances
	Amygdala-Hippocampus in Social Cognition


	Amygdala Networks in Social Disorders
	Autism Spectrum Disorder
	Social Anxiety Disorder
	Williams Syndrome

	Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4:
	Figure 5:

