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Chapter 2
Neurocircuitry of Anxiety Disorders

Carolina Daffre, Katelyn I. Oliver, and Edward F. Pace-Schott

Introduction

Although the Diagnostic and Statistical Manual of Mental Disorders — 5 (DSM-5)
has categorized each anxiety disorder based on its behavioral and subjective pre-
sentations, the neuroimaging literature suggests that biological mechanisms may
be shared among the disorders [1, 2]. Generally, the neural activation of anxiety
disorders can be categorized as either fear-driven activation or worry-driven acti-
vation [2, 3]. Fear-driven disorders are those that have a transient, fight-or-flight
reaction coupled with hyperarousal to a distinct and immediate threat [2]. For
example, specific phobia and social anxiety disorder (SAD) are fear-driven
responses due to the clearly identified stimulus (e.g., spiders, snakes, crowds, etc.)
accompanied by a disproportionately heightened state of arousal (e.g., racing
heart, increased sweating, etc.) which dissipates once the stimulus is no longer
present. On the other hand, worry- and stress-driven disorders are those which
have more extensive periods of apprehension, worry, and despair over future or
hypothetical situations that may not always be clearly defined [2]. In this chapter,
we will first discuss the main experimental paradigms used to explore the neural
mechanisms of anxiety disorders in both rodents and humans, discuss the basic
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functions of each structure implicated in these disorders, and then explore the role
each structure is currently believed to play in specific disorders.

There are several experimental paradigms used to observe neural activity in anxi-
ety disorders. Those paradigms usually fall under three categories: neutral-state
paradigms, symptom-induction paradigms, and cognitive-activation paradigms. In
neutral-state paradigms (e.g., resting-state fMRI), participants are often performing
a continuous, idle task (e.g., staring at a white cross). Such paradigms are able to
capture differences in brain activation between healthy individuals and individuals
suffering for anxiety and stress disorders in the absence of triggering stimuli.
Conversely, symptom-induced paradigms aim to measure brain function while an
individual’s symptoms have been purposefully induced (e.g., showing an image of
a spider to someone with arachnophobia). This allows for the comparison of healthy
and anxious individuals in order to determine physiological differences in the
induced state. Lastly, cognitive-activation paradigms aim to induce activation of a
specific neuropathway through carefully designed tasks. All three paradigm types
are used with neuroimaging techniques measuring blood flow or blood-glucose lev-
els as indices of brain activity such as positron emission tomography (PET), trace-
guided single-photon emission computed tomography (SPECT), and functional
magnetic resonance imaging (fMRI [4]).

One important distinction to bear in mind when reading fMRI studies is the dif-
ference between regional activation and resting-state functional connectivity.
“Activation” of a brain region indicates that this area is more (or less) active in one
condition (e.g., when viewing a stimulus) versus another (e.g., when viewing a
black screen). This is termed a “contrast,” and the quantity contrasted is the blood-
oxygen level-dependent (BOLD) MR response that is proportional to the relative
amounts of oxygenated and deoxygenated hemoglobin of the blood in that area.
Activation can then be compared between groups (e.g., panic disorder vs. controls)
by comparing their contrasts to the same pair of conditions. On the other hand,
resting-state functional connectivity (rsFC) refers to networks of two or more
regions of the brain whose BOLD signals fluctuate in synchrony at very low fre-
quencies (e.g., 0.01 and 0.1 Hz) when a research subject is lying quietly awake
looking at a fixation cross [5]. It is the degree of synchrony in such oscillations
between two or more regions that is being compared when rsFC differences between
different groups are being evaluated. Several studies have demonstrated that brain
areas that are highly correlated in function will also have highly correlated BOLD
signal changes during rsFC (for more details and clinical applications, see [5-7]).
Of note, differing from both of these methods is “psychophysiological interaction”
or PPI, an activational measure in which the degree to which different areas activate
together during a particular contrast is assessed.

The fear-conditioning and extinction paradigms are among the most commonly
used cognitive-activation paradigms in the neuroimaging of anxiety and stress dis-
orders (see [8—10] for reviews). These paradigms rely on Pavlovian conditioning
and extinction in order to experimentally mimic these processes. Fear conditioning
involves the repetitive presentation of a stimulus which does not elicit an inherent
fear response (e.g., a blue light), also known as the conditioned stimulus (CS), with
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an inherently fearful or unpleasant stimulus (e.g., electric shocks; an unconditioned
stimulus or US). Over time, the previously neutral stimulus alone is able to elicit a
fearful conditioned response (CR) from the subject (e.g., increased heart rate, skin
conductance response). Fear extinction, in turn, is when the CS is repeatedly pre-
sented without the US, signaling that the US will no longer follow the CS. Over
time, the CS will no longer elicit the CR. Of importance to the treatment of anxiety
disorders is the fact that extinction represents a new, inhibitory memory that com-
petes with the conditioned fear memory when the CS is again encountered [8, 11,
12]. Which memory prevails determines whether or not fear will be expressed [13,
14]. Fear-conditioning and extinction paradigms have demonstrated robust and reli-
able responses in laboratory settings and have been instrumental in mapping poten-
tial brain regions necessary for fear and extinction acquisition and memory in both
animals and in humans [8, 15]. Some of the structures implicated in the fear-
acquisition process are the amygdala, dorsal anterior cingulate cortex (dACC), insu-
lar cortex, and hippocampus [3, 16]. Extinction learning and memory on the other
hand involve the ventromedial prefrontal cortex (vmPFC) in addition to the hippo-
campus [3, 8, 11, 17]. Although these findings have served as a foundation for
exploring the neurocircuitry of anxiety disorders, the role of the aforementioned
structures in individual disorders is still under investigation (e.g., [18-20]).

In anxiety disorders and mood disorders with anxious features, stressors may
trigger an enhanced activation of the limbic-hypothalamic-pituitary-adrenal axis
(LHPA), the sympathetic nervous system, and other central stress mechanisms [3].
Studies suggest that activation and inhibition of stress responses are governed by the
same structures identified in fear-conditioning and extinction paradigms (e.g.,
vmPFC, dACC, dorsomedial prefrontal cortex, insular cortex, amygdala, and hip-
pocampus) [2, 21]. However, activation of the LHPA does not always occur during
fear conditioning, and fear is not normally reported at other times when the LHPA is
activated (e.g., when eating a meal or feeling nauseated [22, 23]). Therefore, overlap
in structural activation does not imply functional overlap, and it is important to note
that the same brain structures may have different functions in the manifestation of
different anxiety-related disorders [2, 3, 22]. In order to better understand how this
may happen, we will look at how the main structures implicated in anxiety disorders
(i.e., the amygdala, anterior cingulate cortex, insular cortex, hippocampus, and ven-
tromedial prefrontal cortex) may predispose individuals to anxiety disorders.

Brain Structures Implicated Across Anxiety Disorders

Amygdala

Several studies support the hypothesis that overactivation of the amygdala may be
the primary culprit in anxiety disorders. As seen in Fig. 2.1, the amygdalae are
located above the hippocampus in the ventromedial portion of the temporal lobe.
Generally, the amygdala is involved in the processing of emotionally valanced
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Fig. 2.1 Coronal
rendering of the right
amygdala

stimuli, especially aversive stimuli. The amygdala has been shown to reliably acti-
vate during tasks requiring the perception of fearful stimuli and cues predicting
aversive outcomes, as well as the encoding and expression of fear behaviors [22,
24]. This makes the amygdala not only critical for information processing but also
makes it one of the brain’s key relay stations for anticipatory, avoidant, and fear-
related behaviors. Several studies have shown that amygdala sensitivity to negative
stimuli may be affected by the specific alleles of the 5-HTT-linked polymorphic
region (5-HTTLPR) of the serotonin transporter gene carried by an individual [25].
The short and long alleles of 5-HTTLPR differentially affect amygdala sensitivity
to dangerous environmental stimuli with individuals carrying the short allele being
more reactive [26]. Another study found that those carrying at least one short allele
showed greater amygdala reactivity when faced with social provocation (i.e., giv-
ing a speech to a public and private audience of study staff), with those homozy-
gous for the short allele showing yet greater amygdala reactivity [27]. Interestingly,
another study found that the short form of 5S-HTTLPR is not only associated with
hyperactivation of the amygdala but those carrying it also showed increased activa-
tion of the entire pathway implicated with threat anticipation [28]. These findings
provide strong support for the genetic basis of psychopathology. Nonetheless, the
5-HTTLPR polymorphism may not be the only etiological factor leading to patho-
logical functioning of the amygdala. During adolescence, an emotionally critical
developmental period, the amygdala is naturally hypersensitive in order for humans
to learn the social rules and emotional consequences of their environments [22,
29-31]. Studies show that pathological anxiety may arise when this hyperactivity
fails to attenuate at the end of early adulthood [30]. Even individuals with non-
pathological levels of anxiety, such as those who report higher state anxiety, dem-
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onstrate increased amygdala activation to fearful facial expressions compared to
neutral facial expressions [32]. Together, these findings begin to elucidate how the
non-pathological functions of the amygdala may predispose some individuals to
the development of anxiety disorders.

Bed Nucleus of the Stria Terminalis (BNST)

The BNST, located just above the amygdala, is part of a neural circuit termed the
extended amygdala, and, like its neighbor, is implicated in the processing of nega-
tively valanced emotional stimuli [33, 34]. There is increasing evidence that this
structure is involved in the etiology and symptoms of anxiety disorders due to its
prominent role in sustained and anticipatory fear and anxiety states [35]. The BNST
projects directly to the hypothalamus and brainstem, mediating autonomic and
behavioral responses to stress [36]. Lesion studies suggest that fear conditioning
remains partially intact following bilateral damage to the amygdala suggesting a
role for the BNST as a compensatory circuitry for fear processing [37, 38]. From
these findings, researchers postulate that the BNST may be involved in anxious and
avoidant responses that are slower in onset and longer-lasting in duration, making
this structure a potentially key player in the maintenance of generalized anxiety
disorder (GAD) symptoms [36]. Its role is often contrasted with that of the amyg-
dala which generates acute fear responses, whereas the BNST generates sustained
anxiety and threat apprehension [35].

Anterior Cingulate Cortex (ACC)

Although literature on the ACC is not as extensive as that on the amygdala, early
research in cats and rodents has demonstrated that the ACC is involved in a large
array of cognitive emotional and behavioral processes, including error detection,
conflict monitoring, sensory and motor control, regulation of endocrine and auto-
nomic functioning, processing of nociceptive stimuli, assessment of emotional con-
tent and valence, emotion regulation, and social cognition [39-41]. As one might
expect, the anterior cingulate cortex is also strongly connected to the amygdala and
medial prefrontal cortex (mPFC [3, 40]). In fact, due to the large and heterogeneous
nature of the mPFC and the ACC, earlier studies may have characterized activation
in these regions simply as mPFC activity. One meta-analysis exploring this issue in
anatomical specificity indicated that most study results reporting PFC activation
converged into two, specific subregions of the ACC, suggesting that these regions
are also critical for emotion regulation [42]. The ACC can be divided into at least
three distinct regions: the dorsal anterior cingulate cortex (dACC), the rostral ante-
rior cingulate cortex (rACC), and the subgenual anterior cingulate cortex (SgACC).
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Dorsal Anterior Cingulate Cortex (dAACC)

Among its many functions, the dACC is involved in the modulation of attention (par-
ticularly to novel stimuli), sensory response selection, complex motor skills, and
anticipation of taxing activities and nociception [41]. It has been argued that the func-
tion of the dACC is, in most general terms, the perception and processing of both
physical and psychological distress in order to initiate survival-relevant behaviors
[43]. Interestingly, the dACC has been reported to coincidentally activate in fear-con-
ditioning studies designed to target the amygdala [44, 45]. Furthering these findings,
Milad et al. [46] showed that healthy (non-anxious) individuals with greater thickness
of the dACC had higher galvanic skin response (GSR) readings, during a fear-
conditioning task. Furthermore, dACC activation was greater during presentation of
the conditioned stimulus than of the innately fearful stimulus, suggesting that the
dACC may play a role in the expression of psychophysiological fear responses [46].
In resting-state studies, the dJACC is considered a major component of the “salience
network,” a group of structures also including the amygdala and insula that function
to direct attention toward goal-relevant and other salient stimuli, such as those that
evoke fear [47], that also contains central regulators of autonomic arousal [48].

Rostral Anterior Cingulate Cortex (rACC)

In contrast to the dACC, the rACC has been shown to be involved in regulation and
assessment of, as well as response to, emotionally valanced and motivational stim-
uli [41]. In two versions of a Stroop-type interference task, one with cognitive inter-
ference and the other with emotionally salient interference, greater activation of the
rACC was seen in the task containing the emotionally salient interference task [49].
The rACC has been shown to be involved in the suppression of emotional responses
(both pleasant and aversive [50]). As previously mentioned, activation of the ACC
has been strongly correlated with activation of the amygdala since the early days of
research in this region, which we now know is mostly accounted for by activation in
the rACC [40]. Moreover, Etkin et al. [51] demonstrated that the rACC may directly
inhibit amygdala activation, as shown by simultaneous decrease in amygdala action
as activation of the rACC increases during resolution in an emotional-conflict task.
Thus the rACC is considered a key structure participating in top-down control of
amygdala activity and accompanying emotional arousal [52, 53].

Subgenual Anterior Cingulate Cortex (sgACC)

The sgACC, a region of the ACC lying below the genu of the corpus callosum
(Fig. 2.4) and corresponding to Brodmann Area 25, plays a prominent role in ante-
rior cingulate control of autonomic and homeostatic processes [54]. The sgACC is
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Fig. 2.2 Sagittal rendering
of the dorsal anterior
cingulate cortex

best known in psychiatry for well-documented abnormalities of this region in major
depressive and bipolar disorders [55] and as a target for deep-brain stimulation to
treat major depression [56]. Nonetheless, it has also been linked to symptoms of
anxiety-related disorders [57] and anxious personality traits [58]. The sgACC is just
caudal to but probably not functionally similar to the vmPFC, a structure key to
extinction learning and memory (see below), although some studies have shown a
degree of overlap [59]. Mayberg [60] demonstrated that greater activity of the pos-
terior subgenual vimPFC is associated with greater MDD severity and where others
have shown that posttreatment MDD patients have decreased posterior, subgenual
vmPFC activity [60-63].

In summary, it appears the dACC (Fig. 2.2) may be implicated in fear acquisition
through appraisal of threatening stimuli and arousal, while the rACC (Fig. 2.3) is
implicated in regulation of fear through top-down inhibition of fear- and anxiety-
related responses (e.g., arousal, avoidance, etc.) [64]. These structures, together
with the vmPFC (and possibly portions of the sgACC; Fig. 2.4) are involved in the
degree to which anxiety- and fear-related responses are expressed or inhibited.

Insular Cortex

The insular cortex (Fig. 2.5) is believed to play a key role in interoception—the per-
ception of the internal state of the body from information conveyed to the cortex by
afferent pathways from the body via brainstem and thalamic intermediaries [65—68].
Abnormalities in the perception of interoceptive information are believed to contrib-
ute to symptoms of multiple psychiatric conditions including anxiety disorders [69—
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Fig. 2.3 Sagittal rendering
of the rostral anterior
cingulate cortex

Fig. 2.4 Sagittal rendering
of the subgenual anterior
cingulate cortex

71]. The insula shows a posteroanterior gradient in successive stages of interoceptive
processing [66, 68]. Posterior regions receive interoceptive information from ascend-
ing inputs, middle regions integrate this information with other sensory modalities,
and such integrated information is then re-represented in the anterior insula where it
contributes to subjective feeling states in concert with prefrontal areas [66, 68].
Laboratory studies have shown insula activation during a wide array of processes in
addition to interoception such as emotional and self-awareness, empathy and
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Fig. 2.5 Coronal rendering of the right and left insular cortex

empathic pain, and time perception [66, 72—74]. Of clinical interest, the insula is
implicated in threat anticipation and situational uncertainty [22, 66]. Studies with
healthy individuals have demonstrated greater activation of the insula upon the
presentation of an aversive stimulus when the stimulus followed an uncertain cue,
such that at times the cue was followed by a neutral stimulus and at times was
followed by the aversive stimulus [75]. Interestingly, almost 75% of this sample
overestimated the presence of an aversive stimulus following the uncertain cue, and
insular activation was positively correlated with this estimate. Considering its role in
threat detection, it should come to no surprise that activity in the insular cortex is
highly correlated with amygdala and rACC activation, such that rACC activation
caused by anticipation of an aversive stimulus was negatively correlated with
activation of the insula and amygdala [22, 66, 75]. In fMRI, comparisons between
anxiety-disordered and healthy individuals presented with [1] or anticipating [76—
79] aversive stimuli, greater insula activation in anxious individuals is ubiquitously
seen. Researchers hypothesize that the insula may play a role in pathological anxiety
by overestimating the frequency of aversive outcomes in ambiguous situations or by
incorrectly categorizing the situation as being predictive of an aversive outcome due
to hyperactivation of the amygdala [22, 80]. Notably, in PPI studies, co-activation of
the insula and dACC is often seen during processing of threat or pain [81], and, in
rsFC studies, the insula appears as a key node of the salience network [47].

Hippocampus

The hippocampus (Fig. 2.6) is most commonly known for its role in memory forma-
tion as seen in the famous case of the patient H.M., who was no longer able to
encode new declarative memories but who had perfect cognitive functioning other-
wise, including encoding of new procedural memories, following a lobectomy that
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Fig. 2.6 Coronal
rendering of the right and
left hippocampus

removed a sizable portion of his hippocampus. A key memory-related function of
the hippocampus, which may become impaired in anxiety and anxiety-related dis-
orders such as PTSD, is the provision of contextual information to disambiguate
whether a stimulus that could represent danger in fact does so [11, 82]. However, the
hippocampus is also involved in autonomic functions and is part of the negative-
feedback loop of the hypothalamic-adrenal-pituitary (HPA) axis stress-response
pathway [3, 83]. Functionally, the hippocampus can be split into two regions: (1) the
dorsal hippocampus, which has been historically implicated in the processing and
encoding of memories and learning, and (2) the ventral hippocampus, which is
implicated in anxiety and stress responses [84]. Although some have argued in favor
of the functional dichotomy of the hippocampus with findings that lesions to the
ventral hippocampus lead to inhibition of anxiety response (i.e., freezing) in contex-
tual conditioned-freezing paradigms, Bannerman et al. [84] propose that the ventral
hippocampus’ extensive and unique role in projection to the prefrontal cortex may
be the pathway through which the hippocampus is able to regulate encoding of
aversive and threatening memories [85, 86].

Inferior Prefrontal Cortex (PFC)

Broadly, the prefrontal cortex is involved in the processing and implementation of
executive functions such as planning, decision-making, personality expression,
behavioral inhibition, and emotion regulation. Here, we will take a closer look into
the role of the inferior PFC in response inhibition and emotion regulation. Early
research on the PFC demonstrated greater activation of the right inferior PFC (rIFC)
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during the inhibition phase of the go/no-go task (where participants are asked to
inhibit a prepotent response following a seldom-occurring cue) in healthy adults
[87, 88]. Further evidence in lesion studies demonstrate that damage to the right
inferior PFC is associated with poorer no-go trial performance in both humans and
primates [89]. Decreased activation in the rIFC may be the underlying cause for
response-inhibition difficulties in persons with attention-deficit hyperactivity disor-
der (ADHD) who demonstrate both poorer inhibition on no-go trials and decreased
right, inferior PFC activation [87]. Subsequently, the rIFG has been implicated in
domain-general inhibition (e.g., of action, cognition, emotion) [87, 88, 90, 91], and
impairment of its inhibitory function has been linked with anxiety-related syn-
dromes such as posttraumatic stress disorder (PTSD) [92, 93]. Notably, to engage
higher-level emotion-regulatory processes such as cognitive reappraisal, the lateral
PFC may recruit more primitive paralimbic regions along with their associated
functions such as fear extinction [94].

Ventromedial Prefrontal Cortex (vmPFC)

The vmPFC (Fig. 2.7) is often implicated in neuroimaging studies of anxiety disor-
ders [63] most often suggesting that the vmPFC suppresses negative affect through
the inhibition of amygdala activation [59, 95-97]. For example, studies have dem-
onstrated decreased activity in the vmPFC during trauma reminders as well as fear-
conditioning paradigms with PTSD patients compared to trauma-exposed controls
[97-100]. However, there also exist controversies. In a lesion study with war veter-
ans which suggested that veterans with damage to the vmPFC were actually less

Fig. 2.7 Sagittal rendering
of the left vmPFC
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likely to develop PTSD than those with intact vmPFC. [63, 101] note that several
other studies have found a negative relationship between vmPFC activity and
reported anxiety symptoms. Therefore, Myers-Schulz et al. [63] propose that the
vmPFC as a whole is involved in the general modulation of amygdala activity,
including both inhibitory and excitatory functions, and that each of these is modu-
lated by subregions of the vmPFC: the posterior vmPFC (corresponding to the
sgACC) and the perigenual PFC. Together, these studies suggest that the perigenual
area of the vmPFC may be modulating positive affect, while the posterior vmPFC/
sgACC may be modulating negative affect [63].

Integrative Models

As one can see, deviances from each of these structures’ non-pathological, and
often evolutionarily adaptive, functions may lead to exacerbated fear encoding,
anxiety, and excitatory responses. Basic research using animal models in combina-
tion with fear-acquisition paradigms have been able to identify some of the macro-
circuitry involved in anxiety disorders. Such models begin to elucidate the pathways
associated with threat interpretation, evaluation, and response loops. The literature
suggests that initial threat interpretation starts in the amygdala, projects to the
BNST, and then follows to the hippocampus and medial prefrontal cortex (mPFC
[102]). In this pathway, the amygdala’s major nucleus of information processing
(basolateral amygdala or BLA) not only assigns emotional valance to a stimulus but
also creates connections indicating the predictive value of a stimulus (Fig. 2.8 [102,
103]). In other words, this step determines whether neutral stimuli predict positive
or negative outcomes, in addition to evaluating the valence of the outcome itself.
The assigned valence to emotional content is then processed in the mPFC and hip-
pocampus, which determine whether or not it is worthy of enhanced vigilance based
on previous experiences, and then projects the signal back to the BNST and the
amygdala [102]. An interesting concomitant to more extended processing networks
LeDoux’s [104] concept of a “high” and “low” road to fear responses whereby sen-
sory cues indicative of danger can bypass more extensive processing in sensory
cortices and instead trigger motor responses via a low road proceeding from the
sensory thalamus directly to the BLA and, thence, via the central nucleus (CeA, the
main amygdala output nucleus) to rapid defensive responses mediated by the hypo-
thalamus, autonomic nervous system, and brainstem. In addition to sensory cues
alone, such responses in the amygdala can be modified by the evaluation of contex-
tual information in the hippocampus [104]. Considering how these structures are
some of the brain’s main information-processing and relay centers, it is no surprise
that changes in one region may trigger a cascade of events that go on to cause neu-
rochemical and anatomical deviances. Although each anxiety disorder may not
implicate all of these brain regions due to distinct features of their behavioral and
cognitive manifestations, these structures serve as the main foundation for fear
acquisition, extinction, and maintenance. Below, we will explore current hypotheses
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Fig. 2.8 Representative structures engaged in normal and pathological anxiety and the behavioral
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interconnections among structures depicted (e.g., BNST and vmPFC) and not depicted (e.g.,
sgACC, ventral striatum). BNST bed nucleus of the stria terminalis, dACC dorsal anterior cingu-
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tex, PAG periaqueductal gray, PVN paraventricular nucleus, vmPFC ventromedial prefrontal
cortex, Red structures: fear and anxiety promoting. Blue structures: fear and anxiety regulatory

for the neural mechanisms behind specific phobia, generalized anxiety disorders
(GAD), social anxiety disorder (SAD), panic disorder (PD), and posttraumatic
stress disorder (PTSD).

Neural Mechanisms Implicated in Specific Anxiety Disorders

Specific Phobia

Specific phobia is perhaps one of the disorders most closely modeled by the fear
paradigm due to having a clearly identified stimulus and a fear response that dis-
sipates upon the removal of the stimulus. There is also a clearer body of literature
detailing the neural pathway of specific phobias than that of other anxiety disorders.
Studies exploring the neurocircuitry of specific phobia have reported increased acti-
vation and connectivity of the amygdala, with the degree of amygdala hyperactiva-
tion predicting symptom severity [2, 3, 105]. However, findings are mixed, and
results consistently show hyperactivation of other fear-processing and fear-response
regions such as the insula and dACC suggesting an overall exacerbated fear response
throughout the salience network in individuals with specific phobia [2, 3]. Furthermore,
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other studies have also shown decreased activation of the vmPFC when participants
were presented with phobic stimuli, suggesting less regulation of the amygdala by
the PFC [106]. Cognitive behavioral therapy as well as the habituation and extinc-
tion resulting from exposure to phobic stimuli has been demonstrated to decrease
activation of the dACC and the insula in individuals with specific phobia, but not to
increase activation of the vmPFC [3]. These results suggest that there is a greater
dysfunction in the threat-processing and threat-response regions than in emotion-
regulatory regions for individuals with specific phobia. It is important to note, how-
ever, that neural activation in individuals with specific phobia will differ slightly
depending on the phobic stimuli. For example, Hilbert et al. [107] found increased
white matter volume in the left PFC in individuals with dental phobia, but not in
individuals with snake phobia. An interesting ongoing controversy is whether some
of the most common phobic stimuli (e.g., spiders, snakes, heights) are “biologically
prepared” or potentiated by brain mechanisms that evolved in response to environ-
mental threats in ancestral humans [108, 109]. Like specific phobia, we also see
unique patterns of activation in SAD, which are discussed next.

Social Anxiety Disorder (SAD)

The general pathophysiology of SAD is similar to that of other fear- and worry-
driven disorders in that there is an abnormality in the threat interpretation, evalua-
tion, and response circuits of the brain. However, as we mentioned in earlier sections,
the disorder’s hallmark feature of anxiety surrounding social situations leads to
somewhat different activation patterns than those of strictly fear- or worry-driven
disorders. SAD differs from other anxiety disorders as it encompasses worry, con-
stant self-evaluation, and out-of-proportion fear reactions to specific stimuli [110].
Much like in GAD, SAD neurobiology has implicated abnormalities in emotion-
regulation structures such as the amygdala, insula, ACC, hippocampus, and mPFC
[111]. Uniquely, studies with SAD patients have demonstrated elevated activity in
the fusiform gyrus’ face area and occipital lobe when patients were presented with
images of fearful faces (compared to healthy controls [112]). These findings suggest
greater processing of social stimuli for SAD patients than for healthy controls and
are convergent with literature verifying that the fusiform face area is dedicated
exclusively to the processing of facial features and face-like arrangements [113].
The fusiform face area also had greater connectivity to the amygdala in tasks where
participants were shown fearful faces, but not in tasks involving symptom provoca-
tion (e.g., anticipation of public speaking) [112, 114—117]. Further studies have
demonstrated greater rsFC of the amygdala with the rACC and insula [3, 117].
Although some studies report decreased activation in the mPFC and vmPFC in indi-
viduals with SAD, which would be consistent with findings suggesting decreased
top-down regulation of the amygdala by these prefrontal structures, other studies
have observed increased activation and connectivity between the amygdala and
these regions [2, 3]. According to Shin and Liberzon [3], the heterogeneity in the
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results could be explained by a study that found delayed responses of the mPFC in
SAD during the presentation of fearful faces. Nonetheless, cognitive behavioral
interventions targeting cognitive reframing, or reappraisal, of negative emotions and
events have demonstrated decreased activation of the amygdala following treatment
[118]. These studies have also demonstrated that differences in symptom severity
(namely, decreases) were negatively correlated with connectivity between the
amygdala and inferior PFC regions (i.e., vimPFC and ventrolateral PFC) [116, 118].
The discordance across these results could be due to the diverse functions associ-
ated with the different subregions of the vmPFC in threat processing. Further stud-
ies are needed in order to determine the exact connectivity between the prefrontal
cortex and the amygdala in SAD.

Generalized Anxiety Disorder (GAD)

There is somewhat of a dearth of literature on the neural pathways of GAD, despite
its high lifetime prevalence (5%) around the world [119, 120]. Currently, the litera-
ture proposes two models for the potential pathophysiology of GAD. The first is the
“emotional dysregulation model,” which proposes that individuals with GAD turn
to worry due to difficulties with emotion regulation [121]. Although there is com-
peting evidence, a large portion of studies supporting this model report hypoactiva-
tion of the mPFC and ACC in individuals diagnosed with GAD, suggesting that
there may be a lack top-down regulation of amygdala activity. For example, an rsFC
study showed reduced connectivity between the amygdala and frontal regions such
as the dorsolateral PFC [122]. The other is the “conditioned fear generalization
theory” which, as Mochcovitch et al. [121] point out, is only supported by a handful
of studies. This theory postulates that conditioned fear is overgeneralized to non-
threatening, perceptually similar cues, increasing the probability that those events
will also trigger fear- and anxiety-type responses [123]. Greenberg [124] found that
healthy individuals seemed to recruit the insula, rACC, vmPFC, and amygdala dur-
ing a fear generalization task, where we see increased activity in the insula, rACC,
and amygdala activation during initial stimuli presentation which decreases as the
brain determines the threat is specific to one stimulus. As this specificity occurs, we
see increases in vmPFC activation and decreases in the aforementioned areas, which
further supports the theory that vmPFC function is involved in amygdala regulation.
When the same task was conducted with GAD participants, there appeared to be a
lack of increased vmPFC activation during generalization and prolonged activation
of fear evaluation, interpretation, and response loops (e.g., amygdala, dACC, and
insula [124]). Although the two models propose different paths through which
symptoms may develop and be maintained in GAD, they both provide compelling
evidence for a deficit in regulation of responses to aversive stimuli. These findings
in functional connectivity are congruent with other findings suggesting generally
decreases in activation of emotion-modulation regions in GAD (i.e., hippocampus,
mPFC, rACC) and increases in activation of slow- and prolonged-onset fear-response
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structures such as the BNST [2, 125]. In GAD, we see decreased connectivity
between the amygdala and the mPFC, as well as decreased connectivity among the
inferior PFC, amygdala, and rACC [126]. A recent review found that PFC hypoac-
tivation with abnormal PFC-amygdala connectivity was the most typical finding in
fMRI studies of GAD [121]. Furthermore, some studies have also found increased
connectivity between the insula and the amygdala in GAD patients, suggesting
hyperactivity of the salience network [2]. However, in another rsFC study, amyg-
dala connectivity was reduced to areas of the salience network including the ante-
rior insula and dorsal anterior cingulate cortex (dACC) but increased to areas of the
central executive network—a finding interpreted as a compensatory effort to self-
regulate anxiety [127]. Despite their variability, these findings together suggest that
increasing emotion regulation in GAD patients may be an effective treatment target.
Fortunately, studies that collected rsFC data pre- and post-CBT treatment for GAD
have demonstrated not only attenuated activity of the amygdala, rACC, and mPFC
during exposure to negative stimuli, but also increased activation of those areas dur-
ing presentation of positively valanced stimuli (e.g., happy faces), as well as
increased connectivity between the amygdala and insula [128].

Panic Disorder (PD)

Panic disorder is marked by sudden or unexpected panic attacks, along with frequent
worrying about future attacks or changes in behavior related to the attacks including
agoraphobia [110]. Current literature supports a pathophysiological model of PD
suggesting hyperactivation of the amygdala, hippocampus, thalamus, and brainstem
structures [129]. In agreement with this model, studies have demonstrated greater
activation in fear network regions such as the striatum and the dACC [57, 130].
Heightened interoceptive sensitivity has also been widely documented in PD [131-
133], while interoceptive conditioning is implicated in its etiology [134] and intero-
ceptive exposure therapy is employed in its treatment [135]. Accordingly, in persons
with PD, there are reports of heightened reactivity of insular cortex to emotional
tasks [136, 137] as well as reduced numbers of insula benzodiazepine binding sites
[138]. Although the exact function of the dACC in PD has yet to be determined, case
studies reporting both immediate and delayed onset of panic attacks following surgi-
cal removal of the dACC in humans suggest it plays a key role in the disorder [139].
Unlike other anxiety disorders, there have been inconsistent findings regarding
amygdala activation in PD patients, with studies suggesting both hypo- and hyperac-
tivation of this structure [137, 140-142]. Despite the lack of evidence for amygdala
hyperactivation, several structural MRI studies have found volumetric deficits in the
amygdala of individuals with PD [141, 143—145]. Gorman et al.’s [129] model of PD
also points to the role of the hippocampus in contextualizing fearful situations.
Generally, phobic avoidance arises from people with PD associating their fearful
state (a panic attack) with the situation or scenes that were present at the time of their
panic. Even with successful treatment, patients may still avoid situations contextu-
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ally similar to those in which they had a panic attack due to this conditioning. Since
the hippocampus is necessary for contextualization, Gorman and colleagues sug-
gested that the hippocampus may be a treatment target for deconditioning contextual
fear learning. A review by Shin and Liberzon [3] has also implicated abnormal hip-
pocampal activity within PD. While there is little evidence from fMRI research,
structural MRI studies have found a decrease in hippocampal volumes and density
of persons with panic disorder, suggesting decreased consolidation of extinction and
generalization memories for these individuals [141, 144, 145].

Posttraumatic Stress Disorder (PTSD)

Although not a perfect model, fear-conditioning studies have also been used to study
PTSD and its neurocircuitry (see [146]). In general, it appears that individuals with
PTSD are better at fear learning (conditioning) and worse at learning extinction and
later recalling these extinction memories due to abnormalities in their fear network
[147, 148]. Imaging studies of PTSD tend to report hyperactivation in the amygdala
both at rest [149, 150] and during task-based experiments [99, 151] (reviewed in
[152]), which may lead to an exaggerated fear response. Individuals with PTSD
demonstrate exacerbated activation of the amygdala and dACC as well as increased
skin conductance response (SCR), suggesting increased processing of threatening
stimuli [153, 154]. Furthermore, several imaging studies have reported hypoactiva-
tion of the mPFC, vmPFC, and rACC in individuals with PTSD, suggesting deficits
in regulation of fear-processing structures, e.g., amygdala, insula, and dACC, as
seen in GAD, SAD, and PD [155, 156] (reviewed in [3]). Additionally, the vmPFC
and hippocampus are important for fear-conditioning generalization. Studies with
healthy controls demonstrate activation in both regions when subjects were pre-
sented with stimuli that only resembled the conditioned stimulus and successfully
generalized previous extinction learning [157]. Both increases and decreases in hip-
pocampal activity have been correlated with PTSD severity (reviewed in [3] and
[2]). While activation patterns are unclear, abnormal hippocampal function may play
a role in the tendency of PTSD patients to generalize their fear response to situ-
ations and contexts that differ from the trauma. Convergent with this hypothesis,
studies have shown decreased hippocampal and vmPFC volumes in patients with
PTSD [158-163]. Some researchers even suggest that smaller hippocampal volume
may be a precursor to PTSD development. In a twin study of combat-exposed indi-
viduals, the twin sibling of veterans with PTSD had smaller hippocampal volume
than that of twins of veterans without PTSD, independent of trauma exposure [164]
reviewed in [100]. Sleep deficiencies are also a potential precursor and target for
PTSD. Objective and subjective sleep abnormalities, including subjective insomnia
reports, either preceding or following traumatic experiences, predict later develop-
ment of PTSD (reviewed in [165-167]). Such findings suggest that sleep distur-
bances may be a precursor to, in addition to a consequence of, PTSD development
and may play a key role in the etiology of this disorder [165—174]
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Conclusion

In summary, the pathophysiology of anxiety disorders is marked by abnormali-
ties in emotion-processing structures, particularly the amygdala, BNST, rACC,
and insula as well as in emotion-regulation structures such as the vmPFC,
dACC, mPFC, and hippocampus. Although studies suggest that fear-driven dis-
orders (e.g., SAD and specific phobia) have greater deficits in emotion-process-
ing structures, while worry-driven disorders (e.g., GAD and PD) are categorized
by deficits in emotion-regulation pathways, disturbances occur across all points
of the threat interpretation, evaluation, and response loops which is more clearly
defined in the neurocircuitry of PTSD. Further studies and greater homogeneity
across study methodology are needed to advance greater understanding of these
disorders and avoid potential misunderstandings in anatomical specificity.
Studies exploring the effects of well-validated interventions for anxiety disor-
ders may be of particular benefit in untangling the connection between behavior,
cognition, and functional neuroimaging for the development of future treatment
targets.
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