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Abstract

Complex emotional, cognitive and self-reflective functions rely on the activation and connectivity 

of large-scale neural circuits. These circuits offer a relevant scale of focus for conceptualizing a 

taxonomy for depression and anxiety based on specific profiles (or biotypes) of neural circuit 

dysfunction. Here, the theoretical review first outlined the current consensus as to what constitutes 

the organization of large-scale circuits in the human brain identified using parcellation and meta-

analysis. The focus is on neural circuits implicated in resting reflection (“default mode”), detection 

of “salience”, affective processing (“threat” and “reward”), “attention” and “cognitive control”. 

Next, the current evidence regarding which type of dysfunctions in these circuits characterize 

depression and anxiety disorders was reviewed, with an emphasis on published meta-analyses and 

reviews of circuit dysfunctions that have been identified in at least two well-powered case:control 

studies. Grounded in the review of these topics, a conceptual framework is proposed for 

considering neural circuit-defined “biotypes”. In this framework, biotypes are defined by profiles 

of extent of dysfunction on each large-scale circuit. The clinical implications of a biotype 

approach for guiding classification and treatment of depression and anxiety is considered. Future 

research directions will develop the validity and clinical utility of a neural circuit biotype model 

that spans diagnostic categories and helps to translate neuroscience into clinical practice in the real 

world.

INTRODUCTION

We are experiencing a paradigm shift in psychiatry and the integration of psychiatry with the 

neurosciences. This integration is motivated by the search for a model that connects a 

neurobiological understanding of mental disorder with clinical phenomenology, in order to 

improve the precision of classification and treatment decisions. Major disorders of mood and 

anxiety impair the very functions that enable us to live productive and satisfying lives. Each 

year, an estimated 16 million American adults have at least one episode of major depressive 

disorder (MDD) and 40 million experience an anxiety disorder[1]. These disorders are the 
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leading causes of disability and lost productivity, with a staggering economic cost of $42-

$53 billion per year[2].

CONCEPTUALIZING DEPRESSION AND ANXIETY AS “NEURAL CIRCUIT” DISORDERS

“Brain disorder” is typically used to refer a neurological condition associated with a lesion 

or degenerative process in discrete brain regions. Mental disorders such as depression and 

anxiety may not typically have been considered “brain disorders” due to our limited 

understanding of the organization of human neural circuits and the way in which 

disorganization of these circuits may disrupt normal cognitive, emotional and self-reflective 

functions. Now that we have brain imaging techniques with sufficient spatial and temporal 

resolution to quantify such neural circuit organization in vivo, we have the opportunity to 

reformulate our neurobiological understanding of mental disorders. This vision is at the 

heart of NIMH’s goal to “map the connectomes for mental illness” (NIMH’s Strategic Plan, 

Strategy 1.3 under Objective 1). It is also consistent with the cross-cutting themes of the 

“Research Domain Criteria” (RDoC) project[3].

The term “neural circuit” has typically referred to how one neuron communicates with 

another through synaptic connections and transmission[4]. Here, the term “large-scale neural 

circuit” is used to refer to the macroscale of neural organization. At the macroscale, vast 

numbers of interconnected neurons constitute anatomical and functional circuits that make 

up the “connectome” of the brain[5,6]. These vast sets of neurons can be probed by 

noninvasive brain imaging to visualize the activation and structure of specific regions, the 

structural communication between regions and functionally correlated regions of activation 

at rest or during task-evoked situations[7–9]. In brain imaging studies, these macroscale 

circuits have commonly been referred to as “networks” (for example, the “default mode 

network”[10,11].

Neural circuits can be considered a pertinent scale of measurement from which to delineate 

a neurobiology of human mental disorder. Circuits integrate across different levels and 

measures of brain function, but still reflect the complexity of the brain. Circuits are engaged 

by specific human cognitive, emotional and self-reflective functions, and offer promise for 

defining appropriate animal homologues. It is likely that most of the human brain involves 

multiple parallel circuits that are interdigitated such that each cortical lobe contains 

components of multiple circuits[12,13]. This organization may have occurred with the 

expansion of the association cortex in humans relative to non-human primates[12]. Mood and 

anxiety disorders may be possible maladaptive consequences of this expansion.

METHODS

LITERATURE SEARCH

To search the literature we used PubMedR and PsycINFOR and combined three sets of 

search terms as follows:

1. Disorder class. The search was by classes that span the DSM-5 diagnoses of 

mood and anxiety disorders and also compatible with previous editions of DSM; 

Depressive Disorders (including Major Depressive Disorder, Disruptive Mood 
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Dysregulation Disorder); Anxiety Disorders (including Agoraphobia, 

Generalized Anxiety Disorder, Social Anxiety Disorder); Obsessive-Compulsive 

and Related Disorders; and Trauma-and-Stressor-Related Disorders (including 

Post-Traumatic Stress Disorder, Unspecified Trauma-and Stressor-Related 

Disorder). This trans-diagnostic approach also took into account the substantial 

comorbidity (at least 40%) of mood and anxiety disorders[14]. To consider future 

implications for the wider transdiagnostic relevance of the research we also 

included the term “bipolar disorder”.

2. Neural circuit terms and metrics. “Disorder class” terms were combined with the 

following neural circuit terms: “neural circuit”, “network”, “functional brain 

imaging”, “activation”, “connectivity”, “resting” and “task” and “grey matter” 

and “white matter”.

3. Specific neural circuits. The focus was on six large-scale circuits identified using 

the terms “default mode”, “salience”, “affective”, “positive emotion”, “negative 

emotion”, “threat”, “reward”, “attention”, “frontoparietal”, “cognitive control” 

and “central executive”.

Searches were restricted to articles written or translated into English from December 1990 to 

June 30, 2016, consistent with the period in which functional brain imaging has emerged for 

the study of psychiatric disorder. The focus of this review was on functional activation and 

connectivity, as reflected in the blood oxygen level-dependent (BOLD) signal of functional 

magnetic resonance imaging (fMRI) technology. However, studies involving the structural 

neuroanatomy and white matter connectivity of depression and anxiety were also included as 

a secondary focus. The reason for this secondary focus was to consider areas of evidence for 

which depression and/or anxiety are associated with both functional and structural 

impairments in the same circuit, which may be indicative of a more trait-like biotype,

NEURAL CIRCUIT SELECTION

Researchers have identified intrinsic neural circuits that support domain-general processes of 

self-reflection, salience perception and alertness (Figure 1; [15]) as well as conflict 

monitoring, attention, sensori-motor, visual and auditory processes (Supplemental Figure 

1)[16–24]. The intrinsic architecture has been demonstrated using large-scale functional 

connectivity analysis of hundreds of brain regions that have been identified using 

parcellation and meta-analysis and that define major brain systems at rest and across many 

task-evoked states (e.g., [25]). These circuits may be observed in the task-free state and 

during task-evoked conditions. During rest the default mode circuit tends to be up-regulated 

and other circuits, down-regulated[16,25]. Specific task states (such as those designed to 

probe reactivity to potential threat or reward) engage more specialized functional 

components of these circuits (e.g.[26–31]) (Figure 1).

Given the wide scope of the search and the theoretical nature of the review, the focus of 

interpretation was on areas in which there is a convergence of evidence. Thus, the emphasis 

was on reviews and meta-analyses and circuit dysfunctions that have been identified in at 

least two well-powered case:control studies. With this emphasis, we focused on six circuits 
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in particular: default mode, salience, negative affect, positive affect, attention and cognitive 

control.

RESULTS

The results of this theoretical review are organized as follows:

1. The current consensus as to what constitutes the organization of large-scale 

circuits in the human brain identified using parcellation and meta-analysis.

2. The current evidence regarding which type of dysfunctions in these circuits 

characterize depression and anxiety disorders was reviewed, with an emphasis on 

published meta-analyses and reviews of circuit dysfunctions that have been 

identified in at least two well-powered case:control studies.

Table 1 provides a complementary summary of the extant studies identified by these 

searches.

“Default Mode” circuit

The default mode circuit (more typically known as the “default mode network”) is defined 

by the anterior medial prefrontal cortex (amPFC), posterior cingulate cortex (PCC) and 

angular gyrus[11,32] (Figure 1; Table 1). This circuit is observed when the brain is at rest 

under task-free conditions and typically when participants are instructed to reflect on their 

own spontaneously generated thoughts (Table 1). Independent components analysis suggests 

that the anterior and posterior regions define sub-networks of the default mode circuit (for 

review;[33]). This circuit also has a basis in structural white matter connections between the 

same regions[34,35]. Evidence from a twins samples indicates that the default mode circuit is 

engaged even during “rest” periods that occur between task stimuli, and this circuit is 

genetically heritable[35]. The “default mode” is currently listed under the Arousal and 

Regulatory systems domain of RDoC1.

“Salience” circuit

The “salience” circuit is defined by core nodes in the anterior cingulate cortex (ACC), 

anterior insula (aI) and sublenticular extended amygdala[19,21] (Figure 1; Table 1). The 

salience network is implicated in the detection of salient changes in the environment, both 

interoceptive and external, and signals the need for cognitive control (Table 1, [21]). 

Increased functioning of this network may result in a maladaptively low threshold to alter 

cognitive control[36]. The salience circuit is consistent with the RDoC construct of “arousal” 

listed under the Arousal and Regulatory Systems domain[3]2.

1http://www.nimh.nih.gov/research-priorities/rdoc/arousal-and-regulatory-systems-workshop-proceedings.shtml
2In addition to the salience circuit, a distinct “cingulo-opercular” circuit has also been defined (Supplementary Figure 1). The circuit is 
defined by nodes in the amPFC, dorsal ACC, aI/frontal operculum and anterior thalamus37 and is involved in the detection of potential 
mismatches and conflict21. These regions and functions show overlap with the default mode and salience circuits even though the 
cingulo-opercular circuit is articulated as a distinct circuit21.ibid.

Williams Page 4

Depress Anxiety. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.nimh.nih.gov/research-priorities/rdoc/arousal-and-regulatory-systems-workshop-proceedings.shtml


Negative Affect circuit: “Threat”

Affective circuits are robustly activated by biologically salient stimuli such as facial 

expressions signaling potential threat (fear, anger) and social reward (happy). Affective 

circuits for processing threat and reward are consistent with the RDoC domains of Negative 

Valence and Positive Valence systems3.

Threat processing components of the affective circuits comprise the amygdala, 

hippocampus, insula, and both dorsal and ventral portions of the prefrontal cortex, including 

the dorsal medial prefrontal cortex (dmPFC) and its dorsal ACC connections, and the ventral 

mPFC (vMPFC) and its ventral (subgenual and pregenual)-rostral ACC connections ([38,39]; 

Figure 1; Table 1). The dorsal prefrontal sub-circuit has been preferentially implicated in 

appraisal and expression of emotion and may be considered an “aversive amplification” sub-

network[39] that serves to boost the processing of signals of potential threat [39]. 

Complementing this function, the ventral sub- circuit has been implicated in automatic 

regulation of negative emotion[38,40] (for review, [41]; for meta-analysis [38]). These 

components overlap with components of the salience circuit, and they may both be engaged 

by the arousal and valence properties of threat stimuli respectively.

These sub-networks may be engaged even in the absence of conscious sensory awareness[27] 

(for meta-analysis, [38]). In light of their commonly observed co-activation[38], the negative 

affect circuit might subserve the perception of negative emotion cues and the salience 

circuit, the arousal aspects of feeling these emotions.

Direct activation of the amygdala and prefrontal regions to which it projects may occur 

automatically even in the absence of explicit conscious evaluation ([27,42–44] for meta-

analysis, [38]). Similar bottom-up amygdala reactivity has been observed for masked 

presentations of other threat stimuli such as phobic-relevant cues[44].

Positive Affect circuit: “Reward”

Reward processing components of the affective circuits are defined by the striatal nucleus 

accumbens and ventral tegmental areas (collectively referred to as “the striatum”) and their 

projections to the orbitofrontal cortex (OFC) and mPFC ([45]; Table 1). These regional 

components are preferentially engaged by different types of reward processing, including 

sensitivity to the presence of salient reward stimuli and the anticipation of these stimuli 

(Table 1). There are also connections between the striatum and the amygdala, consistent 

with interactions between the processing of threat and reward and of significant stimuli that 

encompass multiple valences[28].

Attention circuit

The frontoparietal “attention” circuit is defined by nodes in the medial superior frontal 

cortices, anterior insula, anterior inferior parietal lobule and precuneus[46,47]; Table 1). This 

circuit is implicated in alertness, sustained attention and the support of recollection ([17,47]; 

3http://www.nimh.nih.gov/research-priorities/rdoc/negative-valence-systems-workshop-proceedings.shtml and http://
www.nimh.nih.gov/research-priorities/rdoc/positive-valence-systems-workshop-proceedings.shtml
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Table 1). It interacts closely with the default mode circuit to configure the switching from 

resting to task-context processing[47,48]. The attention circuit may be considered relevant to 

the attention construct listed under the RDoC Cognitive Systems domain4.

Cognitive Control circuit

The “cognitive control” circuit comprises the DLPFC, ACC, dorsal parietal cortex (DPC) 

and precentral gyrus (Table 1). Together these regions and their interconnectivity are 

implicated in the support of higher cognitive functions such as working memory and 

selective attention (for meta-analysis; [49], evidence from convergent neuroimaging 

methods; [50]). Under task-specific demands the cognitive control circuit is implicated in 

cognitive flexibility[51].

Types of neural circuit dysfunction underlying depression and anxiety

Three themes emerge from previous research on depression and anxiety. Previous research 

has focused mainly and appropriately on case:control comparisons of diagnostic groups of 

mood and anxiety disorder defined by traditional checklists of observed symptoms. These 

previous studies have also focused on activation within specific brain regions of interest and 

typically on one imaging modality at a time. While the emphasis has been on regional 

activation, there has been a recent escalation in structural and functional connectivity 

investigations of depression and anxiety. This escalating interest in connectivity in part 

reflects the advances in precision imaging and analysis techniques, including from the 

Human Connectome Project[7–9,17,52–54].

The findings from previous case:control studies of depression and anxiety tend to be 

inconsistent, revealing profiles of neural hypo-reactivity and hyper -reactivity, and both 

hypo-connectivity and hyper-connectivity, in people diagnosed with mood and anxiety 

disorders compared to their healthy peers.

Default Mode circuit disruptions in depression and anxiety

Several resting state studies have reported on functional over-activation and hyper-

connectivity of the default mode circuit in depression[22,55] (for review of meta-

analyses; [56]) (Table 1). Hyper-functioning of the default mode circuit in MDD has been 

associated with higher levels of maladaptive rumination about depressive thoughts and with 

lower levels of more adaptive self-reflection[56]. Hyper-activation of the frontal and anterior 

insula cortices in particular has been associated with maladaptive rumination[57]. 

Anatomical abnormalities might contribute to default mode circuit hyper-function. 

Structurally, MDD has been associated with decreased regional grey matter connectivity[58] 

and loss of white matter connectivity[59] within the default mode circuit, particularly within 

the posterior sub-network. Widespread reductions in grey matter have also been observed 

across regions of the default mode circuit and in nodes within interacting circuits[60]. 

Specifically, MDD patients show reduced grey matter volume in ACC and anterior medial 

regions of the prefrontal cortex and in parietooccpital regions consistent with components of 

4http://www.nimh.nih.gov/research-priorities/rdoc/constructs/attention.shtml
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the default mode circuit, as well as in striatal and limbic components of the affective 

circuits[61].

Other studies have reported evidence for hypo-connectivity of the default mode circuit in 

MDD that is correlated with clinical indicators of over-general autobiographical memory[61] 

and some suggestion of treatment sensitivity[62]. Hypo-connectivity of the default mode, 

specifically involving the MPFC and angular gyrus, has also been observed in social anxiety 

disorder[63]. This reduction in MPFC-angular gyrus connectivity has been interpreted as a 

possible neural basis for impairments in the perception of socially relevant emotional states 

and self-related mental representations[63].

Salience circuit disruptions in depression and anxiety

Studies of the salience circuit in depression and anxiety have focused on insula activation 

and connectivity in particular.

Insula hyper-reactivity has been observed in MDD under stimulus-evoked conditions of 

processing sadness and disgust[64,65] (for review[66]) (Table 1). Heightened insula reactivity 

is positively correlated with severity of depressive symptoms[67], suggesting a bias toward 

salient and mood-congruent stimuli. Individuals with generalized social anxiety disorder 

also show exaggerated insula reactivity when attending to salient emotional faces[68]. These 

functional activation differences might be due in part to structural deficits. For example, 

MDD patients show a loss of insula gray matter, which is negatively correlated with 

symptom severity[64].

In regard to functional connectivity, profiles of both hyper- and hypo-connectivity have been 

observed in depression and anxiety. Insula hypo-connectivity within the salience circuit has 

been observed in depression, social anxiety disorder and in panic disorder (for 

review, [33,69]) (Table 1). Insula hypo-connectivity has been inversely associated with 

symptom severity[33]. In generalized anxiety a weakening of the normal connectivity 

between the insula and the ACC has been observed, specifically when the patient is required 

to focus attention on salient emotional faces presented among neutral stimuli (such as 

shapes)[68].

Hypo-connectivity between the insula and amygdala has also been reported in MDD[55] and 

correlated with overall symptom severity[70] (for review, [33]; Table 1). Amygdala hypo-

connectivity has been more specifically correlated with avoidance symptoms in social 

anxiety disorder[71]. Correspondingly, hypo-connectivity between the amygdala and ACC 

has also been observed in social anxiety disorder[72].

Hyper-connectivity between the insula and anterior nodes of the default mode circuit has 

been positively correlated with symptoms of nervous apprehension[73] and reported in both 

depression (for review, [33]) and social anxiety disorder (for review, [69]). Dorsal nodes of the 

salience circuit show both hyper- and hypo-connectivity with the posterior precuneus node 

of the attention circuit (for meta-analysis, [74]; Figure 2 reflects a profile of hyper-

connectivity). The direction of altered connectivity between salience and other circuits may 

fluctuate with the nature of interoceptive or external events, consistent with the idea that the 
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salience circuit guides how attention is switched flexibly between rest and stimulus-evoked 

processing.

Affective circuit disruptions in depression and anxiety

Threat—Altered threat processing, involving amygdala-ACC activation and connectivity 

have been observed across multiple diagnostic categories (for review [41,75,76]). Amygdala 

over-reactivity elicited by implicit or non-conscious processing of threat-related stimuli has 

been reported in current depressive disorder[77–81] (for review, [82]), generalized anxiety 

disorder[83], generalized social phobia/anxiety disorder[83–85], specific phobia[86], and panic 

disorder[83,86]. Excessive amygdala activity elicited by masked threat faces has also been 

associated with a dimension of trait anxiety and with neuroticism in otherwise healthy 

people[87] consistent with a trait-like phenotype of hyper-reactivity to sources of threat 

(Table 1). Hypo-activation of the ACC has been observed in generalized anxiety 

disorder[40,88,89] and generalized social anxiety[89] (Table 1).

While it is commonly presumed that the amygdala is engaged by potential threat, it is also 

more generally engaged by biologically significant emotion. In addition to the findings for 

threat, MDD has also been associated with mood-congruent hyper-reactivity of the 

amygdala evoked by sad faces [90–92].

Alterations in activation may also reflect a reduction in connectivity between the amygdala 

and subgenual/ventral ACC, observed during implicit processing of threat-related faces in 

unmedicatd MDD [93,94], generalized social anxiety disorder[95] and generalized anxiety 

disorder[40]. A lack of connectivity elicited during the conscious evaluation of threat has also 

been observed between the amygdala and prefrontal regions including the ACC[96], OFC[97], 

mPFC[98] and [95] for social anxiety disorder (Table 1).

Disruptions in amygdala-ACC functional connectivity might also have a basis in disruptions 

to white matter connectivity. For example, MDD has been associated with reduction in the 

uncinate fasciculus white matter connections that support functional communication 

between the amygdala and ACC [99]. An ongoing state of poor emotion regulation might 

also contribute to the often-observed loss of hippocampal grey matter in depression and 

anxiety (for meta-analysis; [100]).

Reward circuit disruptions in depression and anxiety

Across studies hypo-activation of the striatum has been identified as a robust characteristic 

of at least some patients with depression, especially those who report experiences of 

anhedonia (for meta-analysis[101]; for review; [102]) (Table 1). Such hypo-activation in 

depression is elicited not only by primary signals of social reward (such as happy faces) but 

also by tasks that rely on reward-motivated decision-making [102]. Striatal hypo-activation 

also characterizes adolescents at risk of depression[103], suggesting that a trait-like 

disruption to reward circuits may contribute to the development of mood disorder. 

Consistent with the possibility of a trait-like biotype for altered reward circuitry and 

anhedonia, depression has also been associated with grey matter loss in the striatum [104,105]. 

In addition, depression has been associated with increased white matter connectivity in 
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bilateral corticospinal tracts, a structural alteration that might underlie some aspects of the 

striatal and motor functional disruptions in this disorder [106].

For social reward (happy faces) hypo-activation of the amygdala has also been observed in 

unmedicated MDD[77], generalized anxiety disorder[107], panic disorder[108] and obsessive 

compulsive disorder (OCD)[109], and may reflect a further neural characteristic of trans-

diagnostic anhedonia. Frontally, in remitted depression, hyper-activation of the OFC, medial 

prefrontal/midfrontal regions and ACC has also been observed in response to happy 

faces[110,111], reward outcomes[112] and reward anticipation (for meta-analysis)[113]. Frontal 

hyper-activation might reflect an adaption accompanying striatal hypo-activation. However, 

the opposing finding of medial frontal hypo-activation for positive valence processing in 

anhedonic female patients has also been observed [110,111]

Attention circuit disruptions in depression and anxiety

There has also been relatively little work on disruptions to the frontoparietal attention circuit 

in depression and anxiety. However, several studies have observed hypo-connectivity within 

the attention circuit in MDD and in social anxiety[55,63,71]. Such hypo-connectivity within 

the attention circuit has been correlated with a specific behavioral profile of false alarm 

errors (e.g., responding to “no go” stimuli as if they are “go” stimuli) in anxiety disorder[36], 

suggesting a biotype of poor sustained attention and vigilance.

Cognitive control circuit disruptions in depression and anxiety

Dysfunction of the cognitive control circuit may be elicited by tasks that require effortful 

selective processing of relevant stimuli and inhibition of irrelevant stimuli, such as in a 

working memory task. Hypo-activation of the DLPFC and dorsal anterior cingulate cortex 

(dACC) during cognitive tasks, and in stress-induced situations, has been found in depressed 

patients and in social anxiety [114–117] (Table 1). Induced anxious mood has also been 

related to persistent DLPFC hypo-activation during working memory performance[118]. 

Hypo-activity in defining nodes of the cognitive control circuit has been observed in 

adolescents with depression and found to persist after recovery in adult and later-life 

depression[117,119–121], suggesting that this type of dysfunction may have a trait-like status. 

This trait-like status is also suggested by the presence of reductions in grey matter volume of 

the same DLPFC and ACC regions in younger and older adults with MDD[60,122].

Cognitive control problems in depression may also involve problems suppressing default 

ruminative thoughts, reflected in positive correlations (rather than anti-correlation) between 

DLFPC cognitive control regions and posterior cingulate default mode regions[22,123].

Suggesting a second type of cognitive control circuit dysfunction, some depressed patients 

show hyper- (rather than hypo-) activation of the DLPFC during working memory and 

executive function tasks. DLPFC hyper-activation has been observed in depression during 

tasks with an increasing cognitive demand but in the absence of behavioral deficits in 

performing the task[121,124–129]. In this context, hyper-activation may reflect an attempt at 

compensation to retain normal cognitive behavior[121,129]. Over-activity in both the rostral 

and dorsal portions of the ACC[121,125,130]), as well as DLPFC-ACC hyper-connectivity, has 

also been observed in MDD when participants are performing similarly to controls. Hyper-
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activation in regions of the cognitive control circuitry has been observed in adolescents with 

depression[121] and in medicated[121,124,130] and unmedicated[126] individuals with MDD, 

and it persists in the ACC after remission[131]. Hyper-connectivity of the DLPFC and 

cingulate has also been observed in MDD during working memory tasks.

Considering clinical translatable profiles of neural circuit dysfunction

Based on the variability of existing findings we might envision a theoretical taxonomy of 

neural circuit biotypes, each of which may cut across the traditional diagnostic categories of 

mood and anxiety disorder. One possible explanation for the variability in the extant 

literature is that multiple types of dysfunction are conflated within the one group average in 

case: control studies. Because existing studies have understandably focused on particular 

diagnostic groups it is also unclear which particular types explain dysfunctions at the 

individual patient level both within and across diagnostic categories. Arguable, a taxonomy 

based on brain dysfunctions provides us with one cohesive way to identify neurobiologically 

valid types that may then be mapped onto the specific symptoms that are the expression of 

these dysfunctions.

In future clinical translational applications, we will likely continue to rely on a system for 

classifying individual patients. Yet, a classification system may also consider dysfunction 

(and symptoms) along dimension of severity. For example, based on the existing evidence 

we might conceptualize six types of circuit dysfunction that contribute to the variability in 

depression and anxiety (Figure 2). Each of these six types represents a profile of dysfunction 

defined by the extent of dysfunction on dimensions of activation and connectivity within 

each neural circuit.

Given evidence from multiple resting state studies that depression (in at least some patients) 

is characterized by default mode hyper-activation associated with excessive ruminative 

thought we might consider a “Rumination” type defined by over-engagement of the default 

mode circuit (Figure 2). The consistent findings regarding the salience circuit, in particular 

hypo-activation of the insula, suggest a complementary “Apprehension” type defined by 

over-engagement of the salience circuit and its clinical manifestations in anxious avoidance 

and stimulus overload (Figure 2). In the threat circuit dysfunctions defined by altered 

amygdala-ACC activation and connectivity suggest a “Threat Dysregulation” type that may 

contribute to arousal systems across depression and anxiety diagnoses (Figure 2). The 

consistent findings of striatal hypo-activation in the complementary reward circuit suggest 

an addition type characterized clinically by “Anhedonia” and a loss of sensitivity to reward 

stimuli (Figure 2). In the attention circuit, findings of general hypo-connectivity suggest an 

additional “Inattention” type that is expressed clinically as hypo-vigilance and loss of 

alertness such that false alarm errors may occur (Figure 2). Sixth, multiple studies reporting 

hypo-connectivity of the DLPFC and major regions of the cognitive control circuit suggest a 

phenotype in which cognitive control over concentration is weakened, suggestive of a 

“Cognitive Dyscontrol” (Figure 2).

The intention of this theoretical taxonomy is to suggest that a combination of such types is 

one possible explanation of the heterogeneity and mixed findings within our current 

knowledge base. This suggestion is certainly not the only possible explanation but it 
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suggests a direction for future research. In this theoretical taxonomy I have considered 

distinct profiles (or subtypes) of dysfunction without also considering how they might 

combine within an individual. Very few studies to date have considered multiple circuits and 

resting as well as task conditions within the same sample of patients, in order to delineate 

combinations of dysfunctions within and between circuits. To envision a taxonomy suitable 

for future clinically use we might consider how brain circuit information could guide 

classification. For example, within each circuit individual patients might be classified based 

on whether they are at the extremes of hypo- or hyper-activation and hypo- or hyper-

connectivity along dimensions of activation and connectivity. To combine information across 

circuits we might envision a profile taxonomy in which an individual patient is classified 

according to the degree to which they exhibit dysfunctions on each circuit (for example; 

Figure 3). Intriguing existing evidence from resting studies suggests that some regions may 

act as hubs for the combinatorial effect of circuit dysfunction. For example, depressed 

individuals have been found to show hyper-connectivity between default mode, threat and 

cognitive control circuits via the dorsal mPFC (“dorsal nexus”)[22]. This dorsal nexus is a 

potential mechanism by which these networks are “hotwired” and generate a phenotype of 

multiple symptoms that include rumination, emotional dysregulation and poor cognitive 

performance. Increasingly detailed information about how circuit dysfunctions map to 

behavior and symptoms, and ultimately to treatment outcomes, will be essential in testing 

the clinical utility of taxonomy based on these dysfunctions.

A mechanistic basis for conceptualizing depression and anxiety as neural circuit disorders

Given the weight of available evidence, this review has focused on types of neural circuit 

dysfunction that characterize the overt expression of depression and anxiety. An important 

future direction would be to investigate the mechanisms by which pathological neural circuit 

types develop. A dimensional framework is pertinent for conceptualizing these mechanisms.

Within a dimensional framework, we could consider neural circuit disorders of depression 

and anxiety as being analogous to systemic illness. Variables of neural activation and 

connectivity may be considered dimensionally distributed. These variables may also be 

considered to serve a dual function. On the one hand they contribute to normal variation in 

brain capacities and on the other they also confer vulnerability to mental disorder. In 

systemic illness, an analogous variable would be blood pressure. Blood pressure has a fairly 

wide range of normal distribution. At higher levels, blood pressure may be expressed as 

hypertension and confer vulnerability to a pathological condition such as ischemic 

stroke[134]. Although this analogy does not capture the complexity of brain circuits and their 

interaction, it serves as an illustration for how extremes of hypo- or hyper-activation and 

activity can produce identifiable failures of function. Observable discontinuities in behavior 

may occur when neural trait vulnerabilities are coupled with other risk factors, such as 

environmental hazards (stress, etc.), and pushed to their extreme. To continue the cardiology 

analogy, observable discontinuities such as stroke may occur when high blood pressure 

(producing hypertension) is coupled with the effects of other risk factors (stress, obesity etc).

In our current classification system, the DSM, discontinuities in behavior (or function) are 

categorized according to diagnostic thresholds. To incorporate information on neural circuit 
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dysfunction it will be important to establish metrics as to what constitutes the normative 

distribution of neural circuit function in healthy individuals, and what thresholds constitute 

heightened vulnerability through overt disorder and failures of function.

FUTURE CLINICAL DIRECTIONS

As highlighted in this review, advances in brain imaging offer a paradigm shift in how we 

conceptualize depression and anxiety. Despite these advances, however, we still lack an 

integrated neural circuit understanding of depression and anxiety that is suited to clinical 

translation. Several areas of investigation might be pursued in order to accelerate our 

progress toward incorporating neural circuit information into a clinically viable taxonomy 

for depression and anxiety. First, it will be important to supplement diagnostically focused 

studies with trans-diagnostic investigations that consider a wider spectrum of disorders.

For example, additional anxiety disorders such as obsessive compulsive disorder (OCD), 

trauma disorders such as Post-traumatic Stress Disorder (PTSD) and emotion dysregulation 

disorders, such as bipolar disorder, share common neural circuit dysfunctions. OCD has 

been associated with hyper-activation of the default mode circuit (for review, [69,135]) and 

with altered connectivity of the reward circuit[136]. In PTSD several studies have highlighted 

disruptions to the resting activation and connectivity of intrinsic default mode, salience and 

attention (or central executive) circuits (for review, [137,138]). PTSD has also been associated 

specifically with ACC hypo-activation along with amygdala hyper-activation during task-

evoked threat processing, consistent with a threat dysregulation biotype (for review, [139], for 

meta analysis, [140–142]. The observation of amygdala hyper-activation is common across 

other disordered emotional states as reviewed above, although the combination of ACC and 

amygdala disturbances might be specific to trauma states (for meta-analysis, [141]). This 

profile in PTSD is observed for implicit processing of threat[143,144], and may extend to the 

salience circuit[144] (for meta-analysis, [140,141]). Threat dysregulation has also been found 

to characterize bipolar disorder[141]. Bipolar disorder has also been associated with 

alterations in the intrinsic default mode, salience and attention circuits at rest (for 

review, [145,146]) and with disruptions to both reward circuits (for review, [147]) and cognitive 

control circuits (for review, [148]) under task-evoked conditions.

A trans-diagnostic approach will help to characterize the neural circuit dysfunctions that cut 

across diagnostic boundaries, and define new types that are agnostic to these boundaries. 

Second, brain imaging studies will also need to consider multiple neural circuits within the 

same patient samples, the variance explained by between-circuit interactions 

(e.g., [22,70,72,149]) as well as within circuit dysfunctions, and the effect of resting versus 

task-evoked conditions. Such an undertaking is likely to be possible only if standardized 

imaging protocols are used. Standardization will also facilitate data sharing and the viability 

of future clinical translation[150]. Third, to test the fit of neural circuit taxonomies based on 

trans-diagnostic, multi-circuit datasets we will need to take advantage of modern 

computational tools that can handle such multi-dimensional information. The translational 

relevance of computationally-defined neural circuit types will depend on how well we 

determine which of these types are clinically (and not just statistically) meaningful. A useful 

taxonomy would enable us to classify the onset of a disorder, identify its biological cause 
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and select treatment accordingly. Existing evidence points to the likely utility of neural 

circuit dysfunctions for helping to guide treatment choice. For example, amygdala hyper-

reactivity to threat stimuli attenuates in responders to the selective serotonin reuptake 

inhibitors escitalopram and paroxetine[151,152], while hyper-reactivity to sad faces predicts 

non-response to venlafaxine[77]. In seminal prediction studies insula hyper-reactivity 

(assayed by positron emission tomography) has been identified as a differential biomarker of 

remission on citalopram (versus cognitive behavior therapy)[153,154]. Drugs that bind more 

selectively to dopamine receptors, such as pramipexole, have antidepressant 

efficacy [155–157] and modulate striatal function relevant to reward circuit 

dysfunction [158,159] and anhedonia[160,161]. Neural circuit dysfunctions are also viable 

biomarkers for guiding treatment selections for emerging new treatments such as 

neuromodulation. For example, resting state hyper-connectivity within the default mode 

circuit and hypo-connectivity within the parietofrontal attention circuit are predictive of 

response to repetitive Transcranial Magnetic Stimulation (for review[162]).

CONCLUSION

With advances in human neuroimaging we have the tools for in vivo quantification of large-

scale neural circuits that govern our core functions of self-reflection, emotional reactivity 

and regulation, attention and cognitive control. Research with patients experiencing a 

spectrum of mood and anxiety disorders has identified distinctive disruptions in the 

activation and connectivity of these circuits. Existing knowledge is based understandably on 

group average data within diagnostic categories, typically focusing on a particular circuit or 

on rest or task-evoked conditions. With a foundation in existing knowledge now is the right 

time to develop an integrative translational approach in which we recruit patients across 

multiple diagnoses (particularly commonly comorbid diagnoses), multiple circuits and both 

task-free and task-evoked conditions. By integrating these sources of information we will be 

in a position to parse the neural circuit dysfunctions that define distinct types of depression 

and anxiety within and across diagnostic boundaries. To be clinically useful a taxonomy of 

neural circuit dysfunctions will depend on our capacity to map dysfunctions onto profiles of 

observable symptoms, and to demonstrate the benefit of using neural circuit information to 

help guide treatment selections and to improve functional outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Large-scale intrinsic and task-evoked circuits identified in the extant literature

Abbreviations: ACC, Anterior Cingulate Cortex; AG, Angular Gyrus; aI, Anterior Insula, 

aIPL, Anterior Inferior Parietal Lobule; amPFC, Anterior Medial Prefrontal Cortex; dACC, 

Dorsal Anterior Cingulate Cortex; DLPFC*, Dorsolateral Prefrontal Cortex + Anterior 

Prefrontal Cortex + Inferior Frontal Cortex; DPC, Dorsal Parietal Cortex; Hipp, 

Hippocampus; LPFC, Lateral Prefrontal Cortex; mPFC, Medial Prefrontal Cortex; msPFC, 

Medial Superior Prefrontal Cortex; OFC, Orbitofrontal Cortex; PCC, Posterior Cingulate 
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Cortex; PCG, Precentral Gyrus; PCu, Precuneus; SLEA, Sublenticular Extended Amygdala; 

vMPFC, Ventromedial Prefrontal Cortex

Williams Page 24

Depress Anxiety. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Types of neural circuit dysfunction underlying phenotypes of depression and anxiety, based 

on current knowledge. These dysfunctions are described in terms of both the neural circuit 

involved (e.g., “reward”) and the clinical phenomenology (e.g., “anhedonia”) related to each 

dsyfunction.

Abbreviations: ACC, Anterior Cingulate Cortex; AG, Angular Gyrus; aI, Anterior Insula, 

aIPL, Anterior Inferior Parietal Lobule; amPFC, Anterior Medial Prefrontal Cortex; dACC, 

Dorsal Anterior Cingulate Cortex; DLPFC*, Dorsolateral Prefrontal Cortex + Anterior 
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Prefrontal Cortex + Inferior Frontal Cortex; DPC, Dorsal Parietal Cortex; Hipp, 

Hippocampus; LPFC, Lateral Prefrontal Cortex; mPFC, Medial Prefrontal Cortex; msPFC, 

Medial Superior Prefrontal Cortex; OFC, Orbitofrontal Cortex; PCC, Posterior Cingulate 

Cortex; PCG, Precentral Gyrus; PCu, Precuneus; SLEA, Sublenticular Extended Amygdala; 

vMPFC, Ventromedial Prefrontal Cortex
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Figure 3. 
An illustration of theoretical profiles envisioned for future clinical translation and use of 

neural circuit dsyfunctions at the individual patient level.
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Table 1

A summary of the current knowledge about large-scale neural circuits, their role in human brain organization, 

functional alterations in these circuits in depression and anxiety, and accompanying structural alterations in 

depression and anxiety.

Circuit Role Functional alterations in
depression and anxiety

Structural alterations
in
depression and anxiety

Default Mode
Anterior middle frontal
cortex (amPFC),
posterior cingulate cortex
(PCC) and angular gyrus
(AG) [11,32]

Self-
referential
thinking at
rest [163,164]

Hypo-connectivity
Posterior hypo-connectivity correlated with over-
general memory [61] and treatment sensitivity in
MDD (for review [62]).
mPFC-AG hypo-connectivity in SAD [63]

Hyper-connectivity
Anterior medial hyper-connectivity in MDD
[22,74,163], correlated with rumination in MDD [57,61]

and treatment resistance in MDD [62,166,167]

Hyper-connectivity of the Default Mode with the
Attention circuit in MDD for meta-analysis [74]

Grey matter
Reductions in MDD
[58,60]

White matter
Hypo-connectivity in
MDD [59,165]

Salience
Anterior cingulate cortex
(ACC), anterior insula
(aI) and sublenticular
extended amygdala
(SLEA) [21,168]

Detecting
salient
changes [21]

Hypo-connectivity
Amygdala-insula hypo-connectivity in MDD [55]

Insula hypo-connectivity in MDD correlated with
overall symptom severity [70];
Amygdala- ACC hypo-connectivity in SAD [72]

Amygdala hypo-connectivity correlated with
avoidance symptoms [71]

Hyper-connectivity
Hyper-connectivity of the Salience with the
Default Mode circuit in MDD [70], correlated with
severity of depressive rumination [57]

Threat
Amygdala, hippocampus
dorsal, rostral and
subgenual ACC, mPFC
and insula [21,168]

Threat
reactivity
and
regulation
[27]

Altered activation for threat
Amygdala hyper-activation for threat faces in
MDD, GAD, SAD [95,107] and anxiety traits [87,96]

ACC hypo-activation to threat faces in GAD and
SAD [40,88,89] and amygdala hypo-activation to
threat faces in MDD [77,94,169,170]

Hypo-connectivity for threat
Amygdala-ACC hypo- connectivity to fear in
MDD [94,171], SAD [95] and GAD [40,172]

Amygdala hypo-activation to fear/anger is a
general predictor of response to antidepressants,
and amygdala hyper-activation to sad is a
differential predictor of non-response to SNRI
antidepressants [77].

Grey matter
Reduced hippocampal
grey matter in MDD and
GAD [100,173–176]

White matter
connectivity
Reduced uncinate
fasciculus white matter
connections in MDD [99]

Reward
Ventral striatum,
orbitofrontal cortex
(OFC) and mPFC
regions [28,45]

Sensitivity
to and
anticipation
of reward
stimuli

Striatal hypo-activation
Anhedonic MDD: Striatal hypo-activation for
happy faces [110] (for review [102]; for meta-analysis
[113]) and monetary tasks [102] (for meta-analysis
[101]; mPFC hypo-activation for positively valenced
stimuli [111].
Altered frontal activation
ACC/MPFC/OFC/ hyper-activation for happy
faces [110,111,113,177], reward anticipation and reward
outcomes [112] in MDD.

Grey matter
Reduced striatal volume
in MDD [104,105]

White matter
Reduced white matter
connectivity in MDD
[106]

Attention
Medial superior frontal
cortices (msPFC), aI,
anterior inferior parietal
lobule (aIPL) and
precuneus (PCu) [46]

Alertness
and
sustained
attention [47]

Hypo-connectivity
Hypo-connectivity in MDD [55,63,71]

Hyper-connectivity
Frontoparietal hyper- connectivity with the striatal
node of the reward circuit in SAD [72]

White matter
Reduced frontoparietal
diffusion centrality in
MDD [165]
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Circuit Role Functional alterations in
depression and anxiety

Structural alterations
in
depression and anxiety

Cognitive Control
Dorsolateral prefrontal
cortex (DLPFC), ACC,
Precentral gyrus (PCG),
dorsal parietal cortex
(DPC) [49]

Working
memory and
selective
attention
[49,178]

Hypo-activation
DLPFC/ACC hypo-activation in MDD [114–

117,132,133,179] and in social anxiety [180] and induced
anxious mood [118]

Hypo-connectivity
DLPFC-ACC hypo- connectivity in MDD [132,133]

Hyper-activation
Hyper-activation in MDD, suggesting
compensation to achieve normal cognitive
performance [121,124,126,129]

Grey matter
Reduced DLPFC and
ACC grey matter in adult
MDD [60] and late-life
MDD [122].

Abbreviations: ACC, Anterior Cingulate Cortex; AG, Angular Gyrus; aI, Anterior Insula, aIPL, Anterior Inferior Parietal Lobule; amPFC, Anterior 
Medial Prefrontal Cortex; dACC, Dorsal Anterior Cingulate Cortex; DLPFC*, Dorsolateral Prefrontal Cortex + Anterior Prefrontal Cortex + 
Inferior Frontal Cortex; DPC, Dorsal Parietal Cortex; DSM, Diagnostic and Statistical Manual of Mental Disorders; GAD, Generalized Anxiety 
Disorder; Hipp, Hippocampus; LPFC, Lateral Prefrontal Cortex; MDD, Major Depressive Disorder; mPFC, Medial Prefrontal Cortex; msPFC, 
Medial Superior Prefrontal Cortex; OFC, Orbitofrontal Cortex; PCC, Posterior Cingulate Cortex; PCG, Precentral Gyrus; PCu, Precuneus; SAD, 
Social Anxiety Disorder; SLEA, Sublenticular Extended Amygdala; vMPFC, Ventromedial Prefrontal Cortex

Depress Anxiety. Author manuscript; available in PMC 2018 January 01.


	Abstract
	INTRODUCTION
	CONCEPTUALIZING DEPRESSION AND ANXIETY AS “NEURAL CIRCUIT” DISORDERS

	METHODS
	LITERATURE SEARCH
	NEURAL CIRCUIT SELECTION

	RESULTS
	“Default Mode” circuit
	“Salience” circuit
	Negative Affect circuit: “Threat”
	Positive Affect circuit: “Reward”
	Attention circuit
	Cognitive Control circuit
	Types of neural circuit dysfunction underlying depression and anxiety
	Default Mode circuit disruptions in depression and anxiety
	Salience circuit disruptions in depression and anxiety
	Affective circuit disruptions in depression and anxiety
	Threat

	Reward circuit disruptions in depression and anxiety
	Attention circuit disruptions in depression and anxiety
	Cognitive control circuit disruptions in depression and anxiety
	Considering clinical translatable profiles of neural circuit dysfunction
	A mechanistic basis for conceptualizing depression and anxiety as neural circuit disorders

	FUTURE CLINICAL DIRECTIONS
	CONCLUSION
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1

