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Anxiety is experienced in response to threats that are distal or uncertain, involving changes in one’s subjective state, autonomic
responses, and behavior. Defensive and physiologic responses to threats that involve the amygdala and brainstem are conserved
across species. While anxiety responses typically serve an adaptive purpose, when excessive, unregulated, and generalized, they
can become maladaptive, leading to distress and avoidance of potentially threatening situations. In primates, anxiety can be
regulated by the prefrontal cortex (PFC), which has expanded in evolution. This prefrontal expansion is thought to underlie
primates’ increased capacity to engage high-level regulatory strategies aimed at coping with and modifying the experience of
anxiety. The specialized primate lateral, medial, and orbital PFC sectors are connected with association and limbic cortices, the latter
of which are connected with the amygdala and brainstem autonomic structures that underlie emotional and physiological arousal.
PFC pathways that interface with distinct inhibitory systems within the cortex, the amygdala, or the thalamus can regulate
responses by modulating neuronal output. Within the PFC, pathways connecting cortical regions are poised to reduce noise and
enhance signals for cognitive operations that regulate anxiety processing and autonomic drive. Specialized PFC pathways to the
inhibitory thalamic reticular nucleus suggest a mechanism to allow passage of relevant signals from thalamus to cortex, and in the
amygdala to modulate the output to autonomic structures. Disruption of specific nodes within the PFC that interface with inhibitory
systems can affect the negative bias, failure to regulate autonomic arousal, and avoidance that characterize anxiety disorders.
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INTRODUCTION
Anxiety is a state experienced in response to threats that are either
distal or uncertain, and involves changes in an individual’s subjective
state, behavior and physiology [1-3] that facilitate detection of a
potential threat within the environment. These behavioral and
physiological changes, which are collectively referred to as defensive
responses [4], are conserved across species [5, 6], facilitating the use of
translational models to characterize defensive circuitry. Decades of
work, both in humans and animal models, converges upon a
conserved set of brain regions necessary for executing adaptive
defensive responses. This circuit includes the amygdala and other
subcortical structures, which are necessary for identifying and
coordinating behavioral and physiological responses to threats [1, 31.
The human brain is characterized by the significant expansion
of association cortex, particularly the PFC. This expansion is
thought to underlie the rich and elaborate subjective experience
of anxiety in humans, as well as the capacity to engage in high-
level strategies to regulate anxiety-associated responses [7].
While these PFC-based capabilities increase an organism'’s
chance for adaptive success within the environment, they also
provide a more complex substrate upon which disordered
processes can emerge [8], as is the case in anxiety disorders.
Anxiety disorders are among the most prevalent psychiatric
disorders and, as they emerge relatively early in life [9-11], can

be chronic and recurrent across the lifespan, leading to a
significant disease burden [12, 13].

Clarifying the role of the PFC in anxiety disorders has proven
challenging, in part because the PFC is engaged across a broad range
of anxiety-related neural processes. Here, we propose that the human
PFC plays a role in predicting the likelihood of threats in the
environment, using information aggregated from a variety of cortical
and subcortical processing streams. Persistent biases towards threat
prediction, leading to over-engagement of defensive systems, states
of anxiety, and ultimately, avoidance, can create a self-reinforcing loop
that influences the way anxious individuals gather and process
information relevant to threat. First, we consider the organization of
the frontal lobe, with a particular focus on the significant expansion of
this lobe in primates. We discuss core symptoms associated with
anxiety disorders and link these symptoms to aberrant prefrontal
function. Finally, we consider how anatomical principles derived from
studies in nonhuman primates (NHPs) can provide insight into the
circuit basis for maladaptive cortical function in the context of anxiety.

ANXIETY AS AN EVOLUTIONARILY CONSERVED, ADAPTIVE
PROCESS

In general, the state of anxiety and the accompanying behavioral
and physiological alterations serve an adaptive function. For
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example, hypervigilant scanning of the environment increases the
likelihood of early threat detection, and can help an organism to
engage the appropriate defensive strategy based on the proximity
of the threat [14, 15]. However, when experienced in a manner
that is extreme, out of context, and distressing, these responses
can become maladaptive, interfering with an individual’s potential
to engage with the world in the desired way. Indeed, extreme and
inappropriate anxiety is a core feature of anxiety disorders. It is
worth noting, however, that the source of anxiety is often related
to an adaptive function (e.g., social interactions are critical for
maintaining status within a group, but are the focus of anxiety in
social phobia). A key challenge is understanding how and why
these adaptive processes become disordered, producing distress
and suffering. Central to this question is defining the boundaries
between adaptive and pathological anxiety (see Box 1).

Characterization of the neural substrates of anxiety disorders
can help guide the development of new treatments targeting
mechanisms and pathophysiology. Animal models are essential in
this regard, as they allow for specific manipulations of cells,
molecules, and pathways within brain regions linked to anxiety
[5, 16]. Much of the circuitry underlying defensive responses is
conserved within model organisms, albeit with specializations
unique to the environmental niche of the species [17], and has
been described in several recent reviews [17-20]. For example,
conserved across species, brainstem components of the defensive
circuit, such as the periaqueductal grey, participate in the
coordination of escape and freezing responses [21, 22]. These
brainstem regions can be regulated by the amygdala which can
respond to innate stimuli, and through associative learning
processes [1, 23], can influence the selection and expression of
defensive responses based on learned contingencies.

On the other hand, the structure and connections of frontal
regions are less conserved. The rodent PFC is composed of
agranular or dysgranular (limbic) cortex [24, 25]. From an
evolutionary perspective, it is clear that both mice and rats, the
most commonly used species, have a frontal cortical region that
serves analogous functions to that of the primate PFC, particularly
the agranular cortices within the cingulate gyrus [26-28]. Within
rodent PFC, there are differentiated subdivisions that are
specialized, preferentially supporting particular domains of func-
tions (i.e., attention, reinforcement learning, etc.) via connections
with subcortical structures, such as the amygdala and striatum
[29-31]. Rodent models have made invaluable contributions in
understanding how interactions among brains regions mediate
defensive responses (see [14, 23, 32]). However, it is important to
acknowledge the limitations of non-primate species in modeling
features of human pathological anxiety, particularly with respect
to functions subserved by the highly differentiated, granular
portions of the primate PFC [27], which have no clear homolog in
rodents.

In NHPs and humans, there is a marked expansion and
reorganization of the PFC (reviewed in [33]), particularly the
lateral and anterior granular portions [34], as well as within the
anterior and midcingulate cortices [26, 27]. This expansion is
thought to underlie the more complex regulatory strategies which
humans and NHPs can engage to modulate subcortical portions of
the defensive circuitry, as well as mediating components of the
subjective states associated with anxiety. This prefrontal expan-
sion, along with the existence of evolutionarily conserved, anxiety-
related temperaments [5, 6, 16, 35, 36], supports the use of NHPs
as a critical translational bridge between rodents and humans,
particularly with respect to understanding symptoms of stress-
related psychopathology linked to the PFC (for further discussion
see Preuss and Wise, this volume, Chapter 1).

Structure and function of the PFC in primates

The PFC is not a unitary entity. Functional specializations within
regions of the PFC, which are delineated based on anatomical
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Box 1. Diagnosis in anxiety disorders

The field of psychiatry has historically relied on categorical diagnoses (disordered
versus healthy) to define the boundaries of anxiety and other psychiatric disorders,
based on the combined presence of subsets of symptoms leading to functional
impairment. Codified within the Diagnostic and Statistical Manual (DSM), there are
several distinct diagnoses that comprise the Anxiety Disorder Category [284]. For
the purposes of the current review, we limit our discussion of prefrontal-related
dysfunction in relation to the major anxiety disorders defined within the DSM V:
separation anxiety disorder (SAD), social phobia/social anxiety disorders, specific
phobia, generalized anxiety disorder (GAD), and panic disorder (PD). These
disorders have shared and unique features, primarily differing in relation to
triggering stimuli, as well as the prominence and focus of different symptoms
[285].

Despite the different manifestations, comorbidity among anxiety disorders (and,
indeed, among all psychiatric disorders), is more of the rule than the exception
[10, 286, 287]. Rates of comorbidity between anxiety disorders and other
internalizing disorders, such as depression, are high across the lifespan [288] and
this comorbidity negatively influences the rate of successful treatment [289, 290].
Additionally, there is generally a high degree of overlap between the brain regions
implicated across diagnoses. A recent meta-analysis (see Fig. 1) combined scans
from over 2,000 patients with various anxiety disorder diagnoses (GAD, PD, specific
phobia, and social phobia). Hyperactivation in the insula and cingulate cortex,
among other regions, was evident when data were pooled across diagnoses [188], a
finding which is in line with previous meta-analyses [291]. Interestingly, some
diagnostic differences were present: when analyzed independently for each
diagnosis, deactivation was reported in the dACC for GAD, while hyperactivation
of this region was reported in specific phobia [188], suggesting that some of the
differences in symptoms displayed across disorders may be reflective of distinct
dysfunction within cortical regions.

By nature, findings from meta-analyses are reliable and may be broadly
applicable [292], but are constrained by several factors. Common task designs,
such as the viewing of emotional faces, facilitate the cross-study aggregation of
data necessary for meta-analyses. However, the utility and generalizability of these
relatively simple tasks in relation to understanding the more complicated symptoms
of psychopathology is unclear [293]. Smaller studies, which can use more involved
tasks to selectively probe for various neural correlates of psychological and
cognitive constructs, can reveal context-specific alterations in specific processes
that otherwise may not be reflected when data from numerous studies are
combined. Additionally, these smaller studies can be designed to capture anxiety
responses to disorder-specific stimuli, as in [294], where prompts specific to the
negative self-beliefs of individual participants were used to monitor emotion
regulation success in the scanner. These and other more complex tasks can be
useful in parsing symptom and disorder-specific neural correlates of anxiety
disorders.

The prevalence of diagnostic [295, 296] and brain-based [188, 291, 297] overlaps
suggest that the current diagnostic nosology may not reflect distinct underlying
pathophysiological processes. Because of this, the field of psychiatry has begun to
embrace dimensional approaches to complement diagnostic boundaries, which
frame constructs associated with psychiatric disorders as continuous variables that
span the population. This dimensional characterization is also in line with
understanding the symptoms of anxiety disorders as extreme representations of
adaptive traits. Perhaps the most prominent example is the Research Domain
Criteria (RDoC; [298, 299], a research framework that encourages the probing of
several core constructs related to mental illness at various levels of analysis (circuits,
molecules, etc.). Most relevant to anxiety disorders are RDoC constructs contained
within the Negative Valence Systems, including anxiety, fear, and sustained
threat.

Dimensional approaches have not been restricted to the RDoC framework: many
are moving beyond categorical approaches and incorporating dimensionality into
their study of anxiety disorders [300, 301]. Novel approaches, based on factor
analysis applied to transdiagnostic dimensional constructs have also become
popular in recent years. Prominent among them is the Hierarchical Taxonomy of
Psychopathology (HIiTOP), which attempts to derive a hierarchical structure of
psychopathology based on empirically derived clusters of disease features
[302, 303]. For example, in the framework of HiTOP, social anxiety is considered,
not as a disorder, but as a dimensional variable couched within the spectrum of
internalizing [304].

connectivity and laminar structure, make different contributions
to processing related to anxiety [37]. Broadly, the PFC can be
divided into lateral, orbital, and medial sectors, based on their
architecture, global patterns of connectivity, and participation in
functionally distinct networks (Fig. 1, reviewed in [38]). The
phylogenetically conserved limbic cortex, which in rodents is the
entirety of the PFC, in primates encompasses the anterior
cingulate cortex (ACC) and posterior orbitofrontal cortex (pOFC).
In primates, these regions are contiguous with the expanded
granular cortex.
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Parcellation and threat-related activation in nonhuman primates and humans. Top panel: Cytoarchitectonic parcellations of the

human and rhesus monkey PFC, adapted from [282] with permission. Although several other parcellations have been proposed, the
boundaries drawn here emphasize cross species homology. Overlaid on the human brain are the commonly used anatomical delineations (i.e.,
dorsolateral PFC), which are adapted from [37] with permission. Bottom panel: On the left, results from recent meta-analyses [188] show
differences in functional activation patterns, assessed using fMRI, between individuals with pathological anxiety (n = 2554) and controls (n =
2348) while viewing emotion-related stimuli. On the right, threat-related metabolism using '®fluoro-deoxyglucose, a radioactively labeled
analog of glucose, is visualized using positron emission tomography (FDG-PET). Individual differences in AT are associated with individual
differences in metabolism in a large sample of 592 preadolescent rhesus monkeys, adapted from [128] with permission. There is substantial
overlap in terms of the neural circuitry implicated across humans and rhesus monkeys in threat processing, as well as in the cytoarchitecture
of prefrontal regions. OFC orbitofrontal cortex, Al anterior insula, BST bed nucleus of the stria terminalis, PAG periaqueductal grey.

The basal (orbital) surface of the PFC, which includes the orbital
proisocortex (OPro), areas 13, 11, 47/12, and portions of areas 10
[39], is often referred to as the OFC. Through connections with
sensory cortices of all modalities, as well as with the amygdala and
the thalamus, the OFC is well poised to integrate information
about the external world with valence and internal processes,
such as homeostatic state [40]. The medial sector comprises both
the ACC (areas 25, 32, and 24) and the medial PFC (mPFC, medial
portions of areas 9 and 10). The ACC is specialized for
communication with effector regions [41], directly influencing
behavioral and autonomic expressions associated with anxiety
through connections with motor systems, as well as for
contextualization of threat, based on connections with the
hippocampal formation [42, 43]. The medial PFC, particularly its
ventral portion, is strongly linked to autonomic and interoceptive
centers, such as the anterior insula and brainstem (reviewed in
[44]). Together with the medial OFC, the ventral portions of the
medial PFC (vmPFC) have been extensively linked to affect and
emotion [45-47], while rostral and dorsal portions appear to be
specialized for explicit appraisal of threat [48]. Finally, the lateral
portion of the PFC (IPFC, areas 9/46 and lateral portions of areas 10
and 47/12) has been implicated in active emotion regulation
strategies, as well as in the direction of attention and in the
manipulation of task-relevant information in a way that is
consistent with achieving high-level goals [7].

Within the medial and orbital PFC sectors, there is a rostro-
caudal gradient: more posterior portions are composed of
agranular cortex, which lacks the granular layer IV, or dysgranular
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cortex, which is characterized by an ill-defined layer IV. Agranular
and dysgranular cortices are often referred to as limbic cortex
(reviewed in [39]). More rostral portions of the medial and orbital
PFC, as well as the entire IPFC, are composed of granular cortex, in
which layer IV is defined, as are the boundaries between layers II/1lI
and V/VI. In IPFC, the most differentiated cortices are found
posteriorly, and include caudal areas 46 and 8 [49]. In addition to a
gradient in lamination, anatomical connectivity also varies along
the rostro-caudal axis, with more posterior portions of medial and
orbital PFC sending and receiving more dense connections with
subcortical structures. Interestingly, the ACC, a region associated
with attention, a process that is often disrupted in anxiety
disorders, has the strongest connections within the PFC (reviewed
in [50]).

The complex interactions within and outside the PFC necessi-
tate selection from a large array of information for decision and
action, and this wealth of information increases uncertainty about
which components are relevant. An understanding of these
complex interactions begins with the phylogenetically ancient
limbic cortices, which form a ring at the base of the cortex, placing
them at the foot of each and every cortical system, but at the
center of influence through strong connections with the
expanded primate association system. The limbic pOFC and ACC
cortices, which process the most basic drives and emotions, have
strong connections with granular PFC [51, 52], the areas thought
to be at the pinnacle of functional specialization and intellectual
prowess. These pathways intricately link areas associated with
emotion and cognition [53]. At the cellular and molecular level,
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limbic cortices have features that endow them with flexibility [54],
enabling their engagement in functions that are in constant flux,
including learning, memory, and emotions. At the same time, the
malleable microarchitecture of limbic cortices renders them
vulnerable to disruption in several psychiatric illnesses, including
anxiety disorders. It is in this context that we highlight below how
circuits that link the PFC with other cortical and subcortical
structures may help explain how adaptive anxiety may cross into
an abnormal state.

PREFRONTAL BASIS FOR PATHOLOGICAL ANXIETY

Anxiety is a state that, when engaged adaptively, aids in the detection
and appropriate response to potential, distal threats, as opposed to
fear, which is experienced relative to a proximal, immediate threat. In
order to adaptively engage states of anxiety, one has to be able to
predict which contexts, cues, and sensations are likely to predict an
aversive outcome. These predictions are made based on information
gathered as one navigates the world, the extraction of which
becomes more challenging in the complex and changing environ-
ments humans inhabit. Individual differences in the neural circuitry
underlying these processes can bias an individual towards anxiety in
several ways: first, excessive attention to, and incorporation of
aversive information, can sway one’s perception of the likelihood of
encountering threats, biasing an individual towards persistent anxiety
in the absence of threat. Second, inability to downregulate the
physiological and cognitive correlates of the anxious state based on
the engagement of regulatory strategies further perpetuates the
notion that potential threats and the anxious state they produce are
uncontrollable and unavoidable. Finally, sensitivity to the uncertainty
inherent to predicting threats in dynamic environments biases
anxious individuals towards avoidance of situations that could
potentially elicit aversive outcomes, restricting the ability to learn
that the world is not as bad as was initially estimated. Here, we argue
that the PFC is essential for the prediction, regulation and learning of
threats, contributing to the pathological anxiety that characterizes
anxiety disorders. Because of the differences in PFC structure and
function between rodents and primates, we primarily focus on results
from humans and NHP studies (for more detailed consideration of
rodent models of pathological anxiety, see [55-57]).

Interpretation of the world: increased appraisal, learning, and
generalization of threat

One of the key features of anxiety disorders is overvaluation of
threat, which can manifest as increased resources dedicated to the
processing of aversive or threatening information [58]. Children,
adolescents, and adults with anxiety disorders have increased
attentional bias towards threat [59-63]. Individuals with anxiety
disorders also tend to have a negative bias in the interpretation of
ambiguous scenarios [64]. This negative bias extends to percep-
tion of the self, as individuals with anxiety disorders and
depression endorse more self-referential negative traits than
positive traits [65, 66]. A meta-analysis of highly anxious
individuals suggests that, in experimental paradigms involving
viewing a virtual environment, they are hypervigilant and spend
more time scanning for threat [67]. Studies in youth with anxiety
disorders show increased activation of the lateral PFC during tasks
that involve modulating attentional allocation (see [68] for a
review of common tasks), most often the ventrolateral portions
[69-72], but also the dorsolateral portions [73, 74], supporting a
role for this region in the attentional bias to threat that anxious
youths display.

In addition to increased attention towards threats, learning
about threats is also impacted in anxiety disorders. This
phenomenon is most often studied using fear conditioning
paradigms, where a previously neutral stimulus is paired with
aversive outcomes (unconditioned stimulus, US), eventually
yielding defensive responses in the presence of the conditioned
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stimulus (CS+). A control stimulus (CS—), which is never presented
with the aversive outcome, is used to test generalizability of the
threat association. A recent meta-analysis revealed differential
recruitment of a distributed cortical-subcortical network, which
includes the insula, dACC, vmPFC and dIPFC, in individuals with
anxiety disorders during fear conditioning [75]. Once negative
associations are formed, they are more resistant to extinction in
individuals with anxiety disorders [76-78] and the memory for
extinction can also be impaired [79]. Extinction is typically
achieved by repeated presentations of the CS+ in the absence
of the aversive outcome until the new contingencies associated
with the CS+ are learned. Acquisition of fear associations has been
linked to the amygdala [80, 81], while the regulation and
extinction of these associations rely on the medial PFC. Failure
to extinguish has been linked to decreased activation within the
vmPFC in anxiety disordered populations [81]. Fear conditioning
paradigms are particularly valuable from a translational perspec-
tive, as they have been extensively used in rodents to characterize
and manipulate the rodent analogs of these frontal regions across
time, context, and development [82-84].

Anxiety disorders are also characterized by generalization of
threat responses to non-threatening stimuli [85-89]. From a
learning perspective, generalization is adaptive because it allows
for the prediction of which unencountered stimuli are likely to be
linked to aversive outcomes. However, excessive generalization of
fear learning can lead to increased anxiety [90]. Parametrically
modulating features of the conditioned stimulus can reveal the
extent to which the fear association generalizes to stimuli with
similar sensory features. Relative to healthy controls, individuals
with panic disorder show broader generalization gradients, based
on measures of physiological arousal [91]. A similar tendency to
overgeneralize has been observed in generalized anxiety disorder
[87] and is linked to neural activity within the vmPFC [92], ACC
[93-95], and the hippocampal formation [96]. Generalization is not
necessarily limited to sensory features and can occur across the
concepts and contexts to which an initially phobogenic object is
linked. For example, an initial phobia of dogs could lead to anxiety
in places where an encounter with a dog could occur—parks,
sidewalks, etc. While these concepts share minimal sensory
features with a dog, their conceptual linkage, paired with the
aversive association, facilitates the generalization of the phobia
[97, 98]. The vmPFC/OFC has been linked to the encoding of
“cognitive maps” [99, 100], which describe the relationship
between linked objects in a conceptual space. With input from
subcortical structures, it is conceivable that these prefrontal
regions underlie the tendency for maladaptive generalization and
its subjective, symptomatic components, such as diffuse antici-
patory anxiety.

Together, this suggests that individuals with high anxiety attend
to threat more readily, are biased in learning related to aversive
outcomes, and tend to overgeneralize. Anxious states can also
increase the capacity to detect threats within the environment, by
priming and focusing attentional and sensory systems [101],
further reinforcing one’s view of the world as a threatening place.
These threat associations, once encoded, are more resistant to
extinction and generalize more easily. Together, these threat and
learning biases interact, providing a rationale for maintaining
sustained hypervigilant states.

Excessive physiological arousal—failure to regulate

It is not surprising that individuals with anxiety disorders
experience increased physiological arousal, as their ongoing
hypervigilant state leads to the activation of subcortical structures
that mediate threat-related autonomic and pituitary-adrenal
responses. While these physiological responses are directly
mediated by subcortical structures, such as the hypothalamus
and brainstem, the PFC has the capacity to modulate these
responses, by engaging a variety of regulatory strategies [102].
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Cognitive regulation confers the ability to use internally main-
tained goals and cognitive strategies to shape behavior and
emotion in response to a stressor [7, 103]. These goals and
strategies can be used to alter the course of emotional and
physiological responses. Anxiety and other internalizing disorders,
such as depression, are associated with a shift from adaptive to
maladaptive regulatory strategies in youth and adults [104-106].
As emotion regulation can lead to decreased physiological arousal
and decreased subjective anxiety [107], failure to successfully
regulate can sustain states of hyperarousal and anxiety.

Meta-analyses support the importance of prefrontal function in
emotion regulation, particularly the dI-, vl- and dmPFC (see Fig. 1
for parcellation, [108]), as well as interactions between the PFC
and amygdala [109-111]. A recent meta-analysis of emotion
regulation in anxiety disorders revealed that, relative to healthy
controls, individuals with anxiety disorders showed less activation
in the dmPFC and dACC during reappraisal, a form of directed
emotion regulation [112]. Studies in children with anxiety
disorders and NHPs with high levels of temperamental anxiety
demonstrate reduced functional coupling between dIFPC and
amygdala regions [113]. Thus, decreased prefrontal recruitment,
particularly of lateral and medial regions, can lead to unsuccessful
downregulation of the persistent arousal associated with anxiety.
This aberrant emotion regulation capacity would facilitate a shift
from adaptive to maladaptive behaviors and a lack of perceived
control over heightened states of physiological arousal and
anxiety [114, 115] in response to stressors.

The PFC, particularly its most laminate, lateral, and anterior
portions, develops its patterns of structural and functional
connectivity comparatively late [116-118]. In line with this, there
is a developmental shift in amygdala-dIPFC coupling from positive
functional connectivity in younger children to negative functional
connectivity later in childhood [119]. Similar developmental trends
are observed in amygdala-dIPFC connectivity occurring during
emotion regulation [120]. At a network level, trends towards
increased functional connectivity between the frontoparietal
network, which includes the dIPFC, and other brain networks,
reflect increased integration across networks of the brain with
maturation [121, 122]. Individual differences in hyperactivity of the
amygdala early in life, based on genetic and early-life factors,
paired with decreased regulatory capacity of the dIPFC through
altered functional connectivity, can bias children towards exces-
sive arousal [5].

Extreme behavioral inhibition (Bl) is an early temperament
characterized by marked inhibited responses in the face of novelty
and uncertainty, paired with increased levels of autonomic arousal
[123]. This phenotype, also referred to as anxious temperament
(AT), is associated with a greater than 3.5 fold increase in the
likelihood of developing a social anxiety disorder, as well as other
forms of stress-related psychopathology [124, 125]. Extreme AT,
and its accompanying activation of the anxiety circuit, early in life,
may provide the substrate for later alterations in regulatory
processes modulating emotional and autonomic reactivity [126].
Studies in NHP models of AT have shown that increased
metabolism within the ventral PFC, particularly the subgenual
ACC (sgACQ) and pOFC, as well as the extended amygdala and
periaqueductal grey (PAG), are associated with individual differ-
ences in AT [5, 127, 128]. Both AT and its neural substrates are
influenced by heritable factors [127, 129, 130], and it is likely that
individual differences in reactivity of the amygdala and other
components of the AT neural circuit influence the developmental
trajectory of this temperament and the transition to
psychopathology.

Uncertainty and worry converge on avoidance

As individuals navigate an environment, they gather the informa-
tion that allows them to facilitate their goals. Relevant information,
such as the magnitude of positive and negative outcomes and the

SPRINGER NATURE

likelihood of encountering those outcomes given the state of the
world, can be learned in order to maximize adaptive success
[131, 132]. Upon encounter with conditions that are predictive of a
potential threat, several decisions have to be made — what is the
appropriate strategy to engage? Should | continue to engage with
my current task to maximize reward (approach), despite this
salient cue, or should | initiate an escape (avoid)?

The dynamic nature of the world, however, often precludes a
straightforward mapping between predictors and outcomes,
aversive or otherwise, imbuing each prediction with a certain
degree of uncertainty. Computational modeling of value-based
reinforcement learning (RL, see [133-136] for a discussion of
various RL frameworks) has provided a formalism for describing
the uncertainty inherent to the cognitive operations underlying
value-based decision making. While RL frameworks have typically
been used to describe how individuals make choices relative to
positive outcomes, they can also be used to describe the
prediction of negative or aversive outcomes (as in [137, 138]).
High anxiety, both temperamental and induced, can affect the
way individuals learn from salient outcomes, particularly under
conditions of high uncertainty.

Uncertainty can be modulated at the level of predictor-outcome
relationships, with the volatility of the environment influencing the
optimal learning strategy. In stable environments, where the rules
change at a slow rate, slow learning rates are favored [139], as they
are resistant to updating adaptive strategies based on noise. When
the environment is volatile, more recent information is more
valuable, favoring a faster learning rate. Although healthy
individuals can update learning rates based on the degree of
uncertainty, individuals with high trait anxiety cannot do so as
readily [140]. This inability to adapt learning rates may be due to
difficulty in disambiguating signal (true changes in the hidden
rules) from noise [141]. While RL, particularly related to positive
outcomes, has typically been linked to corticostriatal circuits
[142, 143], recent work suggests that the amygdala, striatum and
OFC work together to guide decision making, both with respect to
appetitive and aversive outcomes [144-147]. The OFC has been
shown to interact with the amygdala and striatum during learning,
encoding complementary task-relevant information [146, 148-150]
that can guide choices during tasks [151] (for further discussion see
Murray and Fellows, this volume, Chapter 10).

Uncertainty can also be modulated outside of an RL framework.
For example, paradigms can leverage uncertainty about the
timing of the delivery of an aversive picture or shock to induce a
state of uncertain anticipation. Individuals with pathological
anxiety have great difficulty tolerating this kind of uncertainty
[152-155] and report subjective states of anxiety in these
paradigms [156]. Interestingly, while the subcortical neural
correlates of uncertain and certain anticipation of aversive events
seem to be largely overlapping [156], uncertain anticipation tends
to preferentially recruit frontal regions (dIPFC/frontal pole, dACC)
for sustained periods of time, potentially reflecting the additional
effort required to predict when the threat will occur.

Uncertainty about outcomes paired with bias towards threat
can combine to create a persistently aroused and hypervigilant
state, which can bias an individual towards avoidance. Avoidance
is a core feature of anxiety disorders [157]. When faced with
persistent hyperarousal and distress, as well as repeated
unsuccessful attempts to downregulate these responses, there is
a strong tendency to disengage from the source of aversive
sensations. While avoidance can be adaptive in the face of real
threats, excessive avoidance behavior can further reinforce
anxiety, as it obviates the ability to engage successfully with the
potential threat and resulting anxiety [114]. Avoidance is observed
in humans with agoraphobia as they navigate real-world and
virtual environments [158]. Under the threat of shock, individuals
with anxiety disorders tend to favor an avoidant strategy in a
decision-making paradigm [138]. Simulation experiments suggest
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that, given an overestimate of the likelihood of threat encounters,
avoidance is the most adaptive strategy, in the short term
[132, 159]. However, avoidance also decreases exposure to new
information, maintaining and/or reinforcing the link between a
situation and the physiological responses [160-162]. Avoidant
behavior can also be susceptible to generalization in highly
anxious individuals [90]. This can be the case with a variety of
triggers (e.g., open spaces, social interactions, phobogenic
objects), which in part correspond with extant diagnostic
boundaries (e.g., agoraphobia, social anxiety disorder, specific
phobia, respectively). Avoidance behavior is also translationally
relevant [163], as many of the strategies interpreted as anxious in
animal models involve some form of avoidance (e.g., avoidance of
the open arm on the elevated plus maze). While it appears that
the selection of avoidant strategies is linked to neural activity in
subcortical structures, such as the amygdala [164] and striatum
[165, 166], and implemented by the hypothalamus and brainstem
[167, 168], the OFC, ACC and vmPFC have been shown to interact
with these subcortical structures to flexibly regulate the selection
of appropriate avoidance behaviors [17, 169-171].

The evidence presented above suggests that interactions
between negative expectations and the failure to regulate
autonomic arousal form the basis for the core symptoms of
anxiety disorders, contributing to the preference of maladaptive
avoidant strategies. While effective in reducing anxiety and
distress in the short term, maladaptive avoidance leads to the
reinforcement of negative associations both through the acute
reduction in symptoms and also through the decreased sampling
of information that can be used to learn new associations and
strategies to cope with potential threat.

Prefrontal
Cortex

Mediodorsal N
Thalamus
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FROM SYMPTOMS TO CIRCUITS IN ANXIETY

Although neuroimaging has provided substantial insights into the
general location and functional alterations associated with anxiety,
these findings are limited by their correlational nature. The signals
interpreted are not direct measurements of brain activity per se
and constraints with respect to the low spatial and temporal
resolution of these methods do not allow for an understanding of
the functions of neurons and microcircuits. Characterizing the
distribution and strength of specific neuronal pathways can
provide insight at a mechanistic level into systems-level dysfunc-
tion within these circuits. Much of what we know about
anatomical connectivity within the human brain is based on tract
tracing studies in NHPs, which are particularly valuable models
given the considerable homology between NHPs and humans
with respect to the PFC [172-174]. Rodent studies directly
manipulating circuit function with physiological, chemo- and
optogenetic strategies provide critical insights that complement
work in NHPs [4, 175, 176], although the homology between
rodent and primate frontal regions is the subject of debate (see
[25-27, 31, 177]).

In this context, drawing on neuroanatomical studies from
primates, we highlight how connections within the PFC, as well as
connections between the PFC and subcortical structures, can help
inform the understanding of anxiety symptoms. We focus in
particular on cortical connections of cingulate and pOFC regions,
as well as connections between the PFC, amygdala and thalamus
(summarized in Figs. 2 and 3). We do not suggest that the neural
circuitry underlying anxiety is limited to these structures; indeed,
dysfunction across other cortical regions and other subcortical
structures has been linked to anxiety, the details of which are
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Fig. 2 Relationship of PFC with thalamic, amygdalar, and autonomic structures. Simplified schematic shows PFC bidirectional thalamic
(MD) and amygdalar connections; special output of the posterior orbitofrontal cortex (top right) to the inhibitory amygdalar IM (red, bottom
right); output from posterior medial (cingulate) areas (top, left) to hypothalamic and brainstem autonomic structures. The PFC and amygdala
also project to the inhibitory thalamic reticular nucleus (TRN), which gates signals between the thalamus and cortex. The density of
connections with the amygdala is shown for all prefrontal sectors, adapted from [197] with permission.
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Fig. 3 Prefrontal, thalamic, and amygdalar pathway interactions with inhibitory systems. a 3D reconstruction of the rhesus monkey
inhibitory TRN shows its extent from anterior (lower left) to posterior (top right) levels. The image shows three superimposed pathways on TRN:
Red dots, axon terminations from pOFC; green dots, axon terminations from the amygdala; brown shading, a map of projection neurons on TRN
directed to the thalamic MD nucleus. Most PFC projections terminate on the anterior sector of TRN, but projections from the above pathways and
some lateral PFC areas (not shown) project widely on TRN, suggesting that PFC and amygdala can gate thalamic inputs to cortex. Adapted from:
[221] with permission. b A strong pathway from pOFC innervates the entirely inhibitory IM of the amygdala, which is composed of three types of
inhibitory neurons. The circuit model shows predicted effects of high (large blue arrowhead) and low (small blue arrowhead) dopamine (DA) levels
on the D32 (DARPP-32) neurons on the amygdalar IM and its projection to Ce. Elevated DA levels (large blue arrowhead) in stressful states is
predicted to suppress D32 neurons and CB inhibitory neurons in IM, leading to disinhibition of the amygdalar Ce, and heightened autonomic
drive. In contrast, in the presence of low DA levels (small blue arrowhead) D32 neurons can be depolarized and inhibit Ce, regulating downstream
activity to autonomic structures. (Adapted from: [200, 207] with permission). ¢ Schematic shows the cortical microcircuit, where about 20-30% of
all neurons are inhibitory and show preferential laminar distributions. Pathways from the thalamic MDmc or the amygdala in pOFC terminate in
distinct microenvironments in the upper versus the deep layers, where they encounter distinct neurochemical types of inhibitory neurons that

express CR, CB, or PV, which innervate different elements of nearby neurons. Adapted from [232, 283] with permission.

reviewed above and in [17, 23, 178, 179]. Instead, we highlight
how anatomical connections can inform the understanding of the
functional relationships between brain regions mediating anxiety.

PFC connections and inhibitory systems

The specialized PFC sectors (medial, orbital, and lateral), discussed
above, are highly interconnected [49, 180], allowing the integra-
tion of information across a variety of cortical processing streams.
Goal-directed behavior by the PFC plays a major role in selecting
relevant and suppressing irrelevant signals, which depends on the
engagement of neurons and systems with opposing functions.

While most cortical neurons are excitatory, the fewer (20-30%)
inhibitory neurons have a key role in modulating the activity of
nearby neurons. The various inhibitory neurons can be character-
ized by unique physiology, neurochemistry, and morphology, as
well as the sites they innervate on a nearby pyramidal or other
inhibitory neurons. The differences in inhibitory neurons and their
connectivity provide the capacity to broadly influence cortical
activation, ranging from mild modulation to strong inhibition
(reviewed in [181, 182]). In primates, inhibitory neurons can be
classified by the expression of calcium-binding proteins (calbindin
(CB), calretinin (CR), or parvalbumin (PV)), which are largely non-
overlapping from the standpoint of their laminar distributions
(reviewed in [182]; Fig. 3c).

Cortico-cortical pathways in primates are excitatory, and can
affect the excitability of neurons at the site of termination by
innervating excitatory neurons or distinct types of inhibitory
neurons. For example, feedforward pathways from lateral PFC
primarily target neurons in the deep layers of the pregenual ACC
(pgACCQ), which in turn project to neurons in the sgACC. About
20% of synapses in the pgACC to sgACC pathway are on inhibitory
neurons [183]. Among these, axon terminals from the pgACC
innervate PV neurons in the deep layers of the sgACC, which can
exert strong perisomatic inhibition on local pyramidal neurons;
the latter project to downstream autonomic regions in the
hypothalamus and the brainstem [184, 185]. This serial pathway
helps explain how activity in IPFC and pgACC can help regulate
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autonomic drive through sgACC. Conversely, inactivity of IPFC or
in pgACC can remove powerful inhibition on sgACC and enhance
arousal-related autonomic drive, as occurs in anxiety disorders.

There is also a feedback pathway from pgACC to IPFC, where
targets on CB inhibitory neurons can exercise lateral inhibition on
local pyramidal neurons [186]. This pathway is thought to be
capable of silencing extraneous activity in neurons that flank
active columns that are engaged in cognitive operations by
increasing the signal-to-noise ratio [187]. In the deep layers, the
pgACC pathway innervates PV neurons in IPFC, which may help
change activity in a column of cortex when it is necessary to
suspend an ongoing goal and assume another goal [186]. The
pgACC has a key role in attentional mechanisms (reviewed in [50]),
and its disruption in anxiety disorders [188] can have conse-
quences for cognitive operations. Thus, in a laminar-specific
manner, disruption of the pgACC to the upper layers of IPFC can
increase noise and degrade attention to relevant stimuli for
cognitive tasks. In the deep layers, it may disrupt the reappraisal of
goals and the ability to reverse operations when needed, a
process that is also affected in anxiety disorders.

PREFRONTAL INTERACTIONS WITH SUBCORTICAL CIRCUITRY
The evidence presented above supports an important role for the
PFC in anxiety and its associated disorders, but the PFC does not
interpret nor generate anxiety alone. Indeed, the PFC is
interconnected with subcortical structures that are essential for
providing information about and effecting changes in physiology,
emotion, and behavior. Here, we discuss several key projection
patterns from the PFC to emotion-related subcortical regions,
focusing on pathways that may provide a neural basis for
disruptions associated with anxiety disorders (Figs. 2, 3).

Connections with medial temporal lobe structures

Several structures within the medial temporal lobe, most notably
the amygdala and hippocampus, participate extensively in
anxiety, in part through connections with the PFC. The ACC
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especially receives unidirectional projections from the anterior
hippocampus (ventral in rodents), which are strongest to
subgenual area 25 [189]. Projections from the anterior hippocam-
pus also reach the pOFC, but are comparatively sparser than to the
ACC [190-193]. The pathway from hippocampus to ACC is thought
to provide relevant information about the context of stimuli and
events [194, 195], which is critical for decision making and
selecting actions.

Among the temporal connections with PFC, the amygdala is the
most prominent, and most consistently implicated in anxiety
disorders. The amygdala projects to all PFC [196], but most robustly
to pOFC and sgACC, which also uniquely and strongly project back
to the amygdala [197, 198]. Moreover, the projections from the
pOFC to the amygdala show a distinct pattern. The pOFC has
bidirectional connections with all basal nuclei. In addition, the pOFC
sends a dense and solely unidirectional projection to the entirely
inhibitory neurons of the intercalated masses (IM) of the amygdala,
interposed at the perimeters of the basal and central nuclei
[199, 200] (Fig. 2).

In IM, the pOFC pathway targets strongly the class of inhibitory
neurons that express DARPP-32, whose activity is known to be
regulated dynamically by dopamine that originates from brain-
stem projections [201, 202]. Specifically, physiological studies have
shown that the level of dopamine regulates the activity of DARPP-
32 neurons via phosphorylation at distinct sites on the DARPP-32
protein [202]. In the presence of moderate levels of dopamine,
DARPP-32 neurons can be depolarized, which project to, and
inhibit the Ce, which activates downstream autonomic structures.
On the other hand, high levels of dopamine hyperpolarize DARPP-
32 neurons, effectively reducing the inhibitory input from IM
neurons to the Ce. This evidence suggests that dopamine may act
as a modulator of IM neurons: at optimal levels of dopamine
neurons in IM are depolarized and inhibit their targets in the
amygdalar Ce. On the other hand, at high levels of dopamine
neuronal input from the IM is hypothesized to be reduced, leaving
its Ce target unchecked, leading to upregulation of downstream
autonomic structures during high emotional arousal, as seen in
anxiety disorders. High dopamine levels accompanied by high
autonomic drive are correlated with weakened regulatory
influence by PFC [203-206].

It is noteworthy that the IM includes two other neurochemical
types of inhibitory neurons, forming an intra-IM microcircuit that
can have further consequences for Ce regulation. As shown in
Fig. 3 on the intrinsic connections within IM, DARPP32 neurons
project to and inhibit neighboring NOS neurons, which inhibit
nearby CB neurons [207]. Because the Ce projects downstream to
structures involved in threat-related physiological and autonomic
responses, input from the inhibitory IM neurons, or the lack
thereof, has the potential to modulate stress-related autonomic
drive and physiological arousal [200].

Direct evidence for the functions of the pOFC to IM in
regulating anxiety and autonomic arousal is challenging to
acquire, as IM neurons are difficult to target in animal models
and cannot be detected with neuroimaging methods in humans.
Interestingly, selective ablation of IM cells blocks extinction [208],
likely abolishing the increase in inhibition of Ce via IM connections
that occur during extinction [209]. Advances in the application of
opto- and chemogenetic methods to NHP models [210] could
provide substantial insight into the functional significance of
modulating these projections. Ultimately, specific targeting of this
pathway could facilitate optimal inhibitory communication
between the PFC and amygdala, therefore increasing the efficacy
of the regulatory interaction between the two structures.

Thalamic interactions with the PFC

The goal-directed functions of PFC are guided by bidirectional
signals with the dorsal thalamus, which includes the mediodorsal
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(MD) nucleus (e.g., [211]), and also other thalamic nuclei [212].
Goal-directed behavior requires attention to relevant stimuli and
suppression of irrelevant signals, which is enabled by the thalamic
reticular nucleus (TRN). Attentional mechanisms are affected in
anxiety disorders, with phobias characterized by excessive focus
on phobogenic objects or avoidance of conditions that evoke
anxiety, such as social interactions.

Can the circuits connecting the thalamus and cortex inform
what may be disrupted in anxiety? The features and connections
of TRN provide important clues about normal function and
disruption in anxiety. Topographically, the TRN envelops the
thalamus on the dorsal and lateral sides, but differs from the
dorsal thalamus by developmental origin and composition of
entirely inhibitory neurons [213, 214]. The TRN is considered to be
a hub for attentional regulation of signals passing through all of
the dorsal thalamus [215], and preventing distracting stimuli from
reaching the cortex ([216]; reviewed in [217]). This selective
modulation is facilitated by bidirectional connections between the
TRN and the dorsal thalamus, as well as unidirectional projections
from the entire cortex to the TRN. Cortical projections to TRN from
PFC, motor and sensory cortices, and their associated thalamic
nuclei map on sequential sectors from the front to the back of TRN
[218, 219]. Most projections from PFC terminate in the front sector
of TRN, with some remarkable and intriguing exceptions: some
lateral PFC areas, the pOFC, and the amygdala, innervate large
swaths of TRN (Fig. 3a), extending to sectors that are the province
of sensory or motor pathways [220, 221].

The inhibitory capacity of the TRN and distribution of
connections suggest that it gates thalamocortical communication.
What is the mechanism that confers specificity to this network?
Physiologic studies have provided evidence that when cortico-
thalamic firing by specific neurons is strong and persistent, there is
transient plasticity that weakens inhibition from TRN on the active
thalamic neurons and facilitates passage of their signals to the
cortex [222]. Thalamic neurons that are not active can be silenced
by TRN. In the sensory systems, neurons that respond to a specific
stimulus exhibit this behavior. What is the signal that is targeted
for passage in interactions between the thalamus and the PFC?
We suggest that focused attention on a goal is the stimulus that
initiates the physiological mechanism to select what is relevant for
the task at hand. The projection of the amygdala to TRN suggests
that stimuli with emotional import can activate MDmc for
transmission to cortex [221, 223].

Synthesis of PFC circuits, decisions and anxiety

The tightly interconnected pOFC, MDmc, and the amygdala, and
their broad projection onto the TRN have functional implications
for maintaining a homeostatic state and its disruption in anxiety
disorders. Computational modeling has shown that under normal
conditions, the PFC and the amygdala work cooperatively to
facilitate goal-directed behavior [224, 225]. Computational model-
ing reveals that in the face of uncertainty PFC input is necessary to
facilitate information processing through the amygdalar IM [224].
Specifically, the model demonstrates that the pathway from IL
cortex in rodents or pOFC in primates to the amygdalar IM can
flexibly gauge responses in ambiguous and changing environ-
ments, in a pattern that is also suggested from human fMRI
research [226].

In addition, through its strong projections to TRN [221], the
amygdala can have a major influence on what goes from medial
MD to cortex, and especially to its major target in pOFC. It is
conceivable that in states of anxiety, as in phobias, excessive focus
on phobogenic stimuli promotes their selective access to the PFC.
In addition to innervating TRN directly, the amygdala also has a
strong projection to MDmc. This pathway is highly unusual in
strength and pattern of perisomatic synapses and adhesions on
large dendritic segments that effectively isolate them from other
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inputs [227]. This pattern may ensure passage of amygdalar
signals from thalamus to cortex during times of high arousal.
Because individuals with anxiety disorders experience persistent
arousal and anxiety, this may facilitate passage of aversive stimuli
through thalamic gating to the cortex. Interestingly, the activity of
a subset of limbic-associated TRN neurons is modulated by arousal
[228]. Selective passage may account for the negative attentional
bias of individuals with anxiety disorders, as they have more
difficulty filtering out aversive stimuli relative to controls.

Thalamic nuclei that are connected with PFC receive
dopaminergic axons, in a remarkably unique specialization in
primates [229-231], reviewed in [232]). It is conceivable that
differences in dopamine levels may influence the excitability of
thalamic neurons as well. By extension of the thalamic
computational model [224], high levels of dopamine may excite
too many thalamic neurons associated with stimuli that must be
considered or choices to be made, so that no neurons fire above
others to gain selective access to cortex beyond those associated
with threat. The specialized dopaminergic innervation in
primates points to yet another way where high levels of
dopamine in anxiety disorders can disrupt the thalamocortical
motif that is critical for selection of information for decision and
action.

Dopaminergic systems (see also discussion by Arnsten and
Cools, this volume) have been implicated in many of the
symptoms discussed in relation to anxiety disorders, such as
value-based decision making [233, 234], the encoding of
uncertainty [235-238], and fear generalization [239, 240]. The
capability of dopamine to modulate these thalamocortical and
amygdalocortical systems may be impacted in anxiety disorders,
affecting both circuit function through PFC and contributing to
the symptoms experienced by those with anxiety disorders.
Continued work to characterize the influence of dopamine on
these circuits, facilitated by pharmacological and promoter-based
targeting of specific dopaminergic receptors (e.g. [241]) and
projections (e.g., [242]) will help to further understand the
complex and multifaceted role that dopamine and other
neurotransmitter systems play in anxiety disorders.

Interactions between the cortex, thalamus, and amygdala can
contribute to anxiety symptoms

The three major constructs discussed above, namely threat bias,
hyperarousal, and avoidance, are all influenced by the function of
the amygdala, thalamus, and PFC. Functional interactions among
these structures, an understanding of which is informed by
anatomy, can contribute to symptoms experienced by patients
with anxiety disorders. We speculate that the pathophysiology
underlying these symptom domains arises through recurrent
interactions among these structures, resulting in a positive
reinforcement loop. This idea is consistent with the strong
bidirectional connections of the amygdala and MDmc with pOFC
and ACC areas. For example, threat bias could be linked to
amygdala hyperactivity, which signals to the rest of the brain that
an imminent threat exists. Through bottom-up engagement of the
PFC, via anatomical links to its posterior orbital and medial
regions, the amygdala can bias the PFC to predict a higher
likelihood of threat and exaggerate its potential magnitude. This,
in turn, can influence top-down control of the brain by the PFC, as
it is more likely to engage anxiety-related circuitry to respond to
these altered perceptions of threat. Through interactions with the
PFC and amygdala, the thalamus can also contribute to threat
biases, favoring selective passage via filtering through TRN of
thalamocortical signals related to threat to the exclusion of other
relevant information. These subcortical regions, which have a
special relationship with the PFC, by over-representation of
aversive information can bias decisions and actions, and can lead
to avoidance of thoughts and situations linked to perceived
threats.
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TREATMENT IMPLICATIONS AND FUTURE DIRECTIONS

The evidence presented above demonstrates the importance of
the PFC in the complex expression of human anxiety, as well as in
mediating the transition between adaptive and pathological
anxiety. Anxiety, at its core, is an adaptive, protective state that
promotes survival. Because of the substantially expanded capacity
of the human PFC, there are far more opportunities for cognitive
and psychological processes involved in mediating adaptive
anxiety to become corrupted, resulting in PFC engagement of
subcortical defensive circuitry in a way that is maladaptive. Above,
we detail how exaggerated predictions about the magnitude and
likelihood of threat, paired with aberrant learning under uncertain
conditions, lead to persistent engagement of subcortical struc-
tures involved in anxiety. Avoidant strategies further reinforce
these exaggerated threat predictions by eliminating opportunities
to successfully learn from and cope with threat.

Currently available treatments for anxiety disorders can be
broadly divided into pharmacological and psychotherapeutic
interventions, which target the circuits described above via
differential initial mechanisms. For example, selective serotonin
reuptake inhibitors (SSRIs), effect changes via initial action upon
the serotonergic system, while cognitive-behavioral therapy (CBT)
focuses on altering cognitive patterns associated with anxiety.
Benzodiazepines, which are a highly effective pharmacological
intervention for acute anxiety, produce their anxiolytic effects by
facilitating inhibitory neurotransmission via their actions at GABA,
receptors [243]. Despite differences in the initial route, the neural
circuitry linked to successful treatment is largely overlapping
[244-247], with normalized activation in the amygdala, insula and
dACC associated with symptom amelioration.

Consistent with their convergent neural mechanisms, successful
interventions also result in overlapping changes in anxiety
symptoms. Treatments, both pharmacological and psychother-
apeutic, have been shown to reduce negative bias and affect. New
interventions, specifically centered around negative bias reduc-
tion, most notably Attention Bias Modification Treatment (ABMT),
have shown promise in treating anxiety disorders [248, 249].
Effective interventions can also bolster emotion regulation
capacities. For example, it has been demonstrated that CBT-
based interventions [250-252], particularly those involving
exposure-based methods, can lead to decreased autonomic
arousal and increased perceived control over emotional and
physiological states. Decreased avoidance behavior also accom-
panies successful treatment [253]. Novel research methods, such
as ecological momentary assessment (EMA), a tool that allows for
real-time tracking of patterns of movement [254, 255] and self-
reported subjective states, could be used to better understand the
inter-relation among negative cognition, associated arousal, and
avoidance; this tool is currently being investigated to promote
successful treatment [256, 257] for various psychiatric illnesses.

Despite the efficacy of current treatments, a considerable
number of patients with anxiety disorders either partially or
completely fail to respond [258, 259]. Additionally, ideal treat-
ments would fundamentally impact the underlying neural circuit
alterations in such a way as to reduce the ongoing vulnerabilities
that underlie the recurrence and chronicity of anxiety disorders.
Neuromodulation strategies, such as transcranial magnetic stimu-
lation (TMS) and deep brain stimulation (DBS), have the capacity
to more directly target and normalize activation within relevant
neural circuits [260]. While limited clinical trials have been
performed with rTMS in patients with anxiety disorders [261],
considerable work has shown efficacy in other internalizing
disorders, particularly depression [262, 263], and forms of stress-
related psychopathology, such as PTSD [264, 265]; (for further
discussion see Chapter 15, this volume). Specific targeting of
regions that exert control over anxiety-related cortical and
subcortical regions, such as the dIPFC [266] or the medial PFC/
ACC [267], could result in normalization of circuit function. For
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example, symptom reduction following TMS over the dIPFC in
PTSD was associated with normalization of connectivity between
the sgACC and various prefrontal regions, including the vIPFC and
dmPFC, as well as the insula [268]. More direct targeting of
subcortical structures could be potentially achieved via transcra-
nial focused ultrasound stimulation, which has been used to target
amygdala activity in primates in early studies [269], and by
advances in neurofeedback technology, which could pair inter-
ventions with closed-loop reinforcement of regulatory brain
activity [270]. Chemo- and optogenetic methods [271] using viral
vector delivery systems also provide opportunities to ‘fine tune’
the activity of specific neurons and circuits. These methods have
been extensively used in rodent models to modulate defensive
responses, and recent efforts in NHPs suggest that specific
targeting of amygdala neurons with chemogenetic methods
could prove useful in the treatment of refractory and severely ill
patients [272, 273], although significant progress will have to be
made to establish the safety and long-term efficacy of these
methods.

Because of the coordinated actions between key prefrontal and
subcortical regions in mediating anxiety, effective treatments
likely depend on the relative integrity of the anatomical and
functional connections between nodes of the anxiety circuit. This
is consistent with studies demonstrating that successful treat-
ments are linked to functional connectivity patterns that are more
similar to healthy controls [274-276]. From an anatomical
perspective, the integrity of various white matter tracts, particu-
larly the uncinate fasciculus, which contains the axons that convey
signals between the PFC and the medial temporal lobe [277, 278],
has been linked to pathological anxiety [279, 280]. It is interesting
to speculate that interventions, pharmacological and/or
experience-dependent [281] that modulate myelination within
these tracts could prove to be effective treatments by normalizing
prefrontal-subcortical connectivity.

CONCLUSION

Because of its importance in survival, anxiety and its underlying
neural circuitry have been evolutionarily conserved, with the capacity
to engage in more elaborate defensive and coping strategies
increasing as the PFC has expanded. This expanded regulatory
capacity, particularly evident in primates, depends on the interface
between specialized PFC sectors with limbic cortical regions, as well
as connectivity with subcortical structures involved in conveying
relevant information about threats in the environment. While
aberrant functioning within any of the components of the anxiety-
related circuit contributes to the expression of maladaptive anxiety,
the PFC is particularly relevant to human thoughts, feelings, disability,
and suffering that characterize anxiety disorders. It is important to
recognize that anxiety disorders commonly emerge during child-
hood and the pathophysiology related to anxiety disorders changes
with the development and chronicity of symptoms. It is likely that
over time, repeated and frequent activation of the anxiety circuit in
response to exaggerated perceptions of threat results in ingrained
and automatic activation of the cortical and subcortical structures
mediating pathological anxiety. A deeper understanding of the
developmental factors that influence the circuitry underlying
maladaptive anxiety will provide new ideas for targeted, early-life
interventions with the potential to obviate the recurrence and
chronicity of anxiety disorders.
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