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Short title: neurobiological basis of depression 

 

Abstract 

 

Understanding the neural substrates of depression is crucial for diagnosis and 

treatment. Here, we review recent studies of functional and effective connectivity in 

depression, in terms of functional integration in the brain. Findings from these studies, 

including our own, point to the involvement of at least four networks in patients with 

depression. Elevated connectivity of a ventral limbic affective network appears to be 

associated with excessive negative mood (dysphoria) in the patients; decreased 

connectivity of a frontal-striatal reward network has been suggested to account for 

loss of interest, motivation, and pleasure (anhedonia); enhanced default mode network 

connectivity seems to be associated with depressive rumination; and diminished 

connectivity of a dorsal cognitive control network is thought to underlie cognitive 

deficits especially ineffective top-down control of negative thoughts and emotions in 

depressed patients. Moreover, the restoration of connectivity of these networks-and 

corresponding symptom improvement-following antidepressant treatment (including 

medication, psychotherapy, and brain stimulation techniques) serves as evidence for 

the crucial role of these networks in the pathophysiology of depression.
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Introduction 

 

Over the years, depression has contributed to an increasing psychiatric burden on 

society; however, effective diagnosis, treatment and prevention of the disorder have 

remained elusive. The main challenge appears to be our limited understanding of the 

primary underlying mechanisms of depression. Recently, there has been a 

growing optimism that functional neuroimaging may help us answer key questions 

about the pathophysiology of disorder. For example, which brain systems are 

associated with affective and cognitive dysfunction in depression? How do distributed 

regions interact to produce the symptoms of depression? What is the neural 

mechanism underlying remission following antidepressant treatment? Why is the 

relapse rate so high in remitted depressed patients? Advances in neuroimaging 

techniques and brain connectivity analysis are now making it possible to address these 

questions, thereby tackling one of the greatest mysteries of the human mind. 

 

A growing literature supports the notion that the symptoms of depression are 

associated with widespread network dysconnectivity; rather than the aberrant 

responses of individual brain regions. Here, we review recent advances in functional 

magnetic resonance imaging (fMRI) studies that have tried to elucidate the 

neurobiological underpinnings of depression, from the perspective of functional 

integration. Depression – frequently seen as withdrawal from the prosocial 

environment – is characterized by excessive self-focus, aberrant emotional and 
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affective processing, and diminished cognitive control. To this end, we pay special 

attention to three core networks that have been implicated in these processes: the 

default mode network (DMN), the affective network (AN), and the cognitive control 

network (CCN), respectively. First, we briefly review brain connectivity. Detailed 

descriptions of the different methods we will refer to can be found in [1-8]. 

 

1. A brief summary of brain connectivity analysis methods 

 

Characterizations of brain connectivity include structural connectivity, functional 

connectivity and effective connectivity. For the most part, structural connectivity 

analysis relies on techniques such as diffusion magnetic resonance imaging (dMRI) 

and tractography,, which report the integrity of white matter fiber tracts. The 

remaining distinction between functional and effective connectivity is important to 

understand [1-3]. The former refers to (undirected) correlations between the activities 

of two brain regions, while the latter refers to (directed and usually reciprocal) causal 

influences among brain regions within a network.  

 

Specifically, functional connectivity corresponds to the temporal correlations (or 

statistical dependencies) among regional brain responses [2, 3]. It is a simple 

characterization of brain connectivity and can be measured directly from fMRI data 

using different methods. The easiest way to measure functional connectivity is to use 

a seed-based method. Usually, one extracts the mean time series of a region of interest 
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(ROI) and computes the correlation between the time series of the ROI and all other 

voxels (or regions) in the brain. The ensuing (thresholded) correlation map represents 

functional connectivity between the ROI and all other voxels (or regions). Lately, 

researchers have started to map whole-brain functional connectivity using fMRI. 

Usually, the brain is segmented into many (about 100) regions according to a template 

(e.g. the automated anatomical labeling atlas, AAL). Whole-brain functional 

connectivity can then be summarized with a correlation matrix. Finally, independent 

component analysis (ICA) is widely used to derive coherent patterns or modes of 

activity from neuroimaging data that correspond to functionally connected brain 

networks. This sort of characterization decomposes the correlation (or covariance) 

matrix into a series of spatial modes that are correlated or independent over regions or 

time. This represents a useful and compact summary of distributed brain activity. 

 

Unlike functional connectivity, effective connectivity infers directed (i.e., causal) 

interactions within a brain network. Effective connectivity is defined as the influence 

one neural system exerts on another [1, 3]. In the past decade, different approaches to 

measuring effective connectivity such as psychophysiological interaction (PPI) 

analysis, structural equation modeling (SEM), Granger causality modeling (GCM) 

and dynamic causal modeling (DCM) have been developed. GCM tries to infer 

directed connectivity from observed BOLD signals using autoregressive models [4]. 

Strictly speaking, GCM measures directed functional connectivity because it operates 

on observed haemodynamic (BOLD) responses. In contrast, DCM treats the brain as a 
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dynamic system of (unobserved or hidden) neuronal states, which are driven by 

experimental inputs or endogenous fluctuations to produce BOLD responses [5, 6]. 

DCM estimates neural interactions using state-space models based on (deterministic 

or random) differential equations. These equations describe neural dynamics and are 

supplemented with hemodynamic equations to transform regional neuronal activity to 

the observed BOLD response [5]. Both empirical and simulated data suggest DCM 

may be more robust than GCM, when estimating directed connectivity [9, 10].  

 

2. Impaired cortical networks in depression  

In this section, we examine three core networks affected in depression, the pattern of 

disruption within each – as related to the symptoms of depression – and their response 

to various treatments. 

2.1 Default mode network 

The default mode network (DMN) [11] consists of a specific set of regions including 

the midline cortical regions within the posterior cingulate cortex (PCC), precuneus, 

medial prefrontal cortex (mPFC) and lateral parietal regions, such as the inferior 

parietal cortex [11, 12]. These regions exhibit high metabolic activity at rest and 

during passive sensory processing tasks, while being deactivated during performance 

of goal-directed cognitive tasks [11, 13]. The DMN has been associated with 

self-referential processes [14, 15] and may be separable into anterior (ventromedial 

PFC) and posterior (PCC) components [16]. It has also been implicated in studies of 

depression. For example, we found that the DMN was among the most discriminating 
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networks classifying patients from healthy controls [17] 

 

2.1.1 Altered connectivity of the default mode network in depression 

Elevated functional connectivity of the DMN has been consistently reported in 

individuals with depression. Greicius et al. (2007) conducted one of the first studies to 

investigate resting-state functional connectivity of the DMN in MDD patients. Using 

independent component analysis (ICA), the authors found increased DMN 

connectivity in depressed subjects compared to healthy controls [18]. Gaffrey et al. 

investigated how a history of preschool depression may affect the developmental 

trajectory of the DMN. Using the PCC as a seed region, they examined the functional 

connectivity between the PCC and other brain regions. Children with a history of 

preschool depression exhibited increased PCC functional connectivity in the 

subgenual and anterior cingulate cortices [19]. Elevated DMN functional connectivity 

in depressed patients was also detected when subjects were instructed to engage in 

externally-focused thought [20]. Additionally, adolescents with MDD exhibited 

persistent and elevated DMN connectivity, both at rest and during an emotion 

identification task [21]. Elevated DMN functional connectivity thus appears to be a 

robust marker of MDD that is evident even in remitted depression: Zamoscik and 

colleagues found remitted depressed patients exhibit greater PCC connectivity with 

the parahippocampal gyri (PHG) during (sad) mood induction. In fact, stronger 

PCC-PHG connectivity – associated with more episodes of depression – and higher 

levels of rumination and sadness predicted depressive symptoms at follow-up [22]. 
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MDD patients are known to exhibit hyperconnectivity of the DMN during task 

performance even in a recovered-state [23]. A few studies, however, found reduced 

connectivity or no significant alterations in functional connectivity of the DMN [24, 

25].  

 

2.1.2 Symptoms, treatments and the DMN subnetworks in depression 

Previous brain connectivity studies on depression have also suggested that the DMN 

may consist of interacting sub-networks. Zhu et al. (2012) reported elevated 

functional connectivity in the anterior division of the DMN in MDD patients to be 

positively correlated with rumination score. Interestingly, they also found attenuated 

functional connectivity in the posterior division of the DMN in the patients to be 

negatively correlated with autobiographical memory scores [26]. In our study, using 

group ICA to investigate resting-state functional connectivity in MDD, we found 

evidence for two dissociable subnetworks in the DMN: an anterior subnetwork which 

had the highest amplitude in the mPFC, and a posterior subnetwork, which had the 

highest amplitude in the bilateral precuneus [27]. Unlike Zhu and colleagues, 

Sambataro et al. (2013) found increased functional connectivity within posterior, 

ventral and core DMN subsystems in patients with MDD. They also reported altered 

interactions between DMN subsystems in patients [28]. Marchetti and colleagues 

argued that an imbalance between the task positive and task negative components of 

the DMN may present as a risk factor for recurrent depression [29], thereby proposing 

a potential neurobiological model of functional dysconnectivity for depression. 
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As noted earlier, there is some evidence for a positive correlation between DMN 

connectivity and rumination score in MDD patients. In a study by Berman et al., 

resting state functional connectivity, between the posterior cingulate and the 

subgenual cingulate, correlated positively with rumination scores both in depressed 

and healthy subjects. However, when the depressed patients were engaged in a 

short-term memory task, the correlation between posterior cingulate-subgenual 

cingulate functional connectivity and rumination scores was not significant [30]. 

Moreover, although mood changed significantly from unconstrained resting-states to 

induced-ruminative states, healthy controls were able to maintain brain connectivity 

while MDD patients exhibited elevated DMN connectivity [31].  

 

Pharmacological treatment studies of depression have found antidepressants to 

normalize the increased DMN functional connectivity in subjects with dysthymic 

disorder, a mild but long-term form of depression [32]. Even in healthy controls, 

antidepressant drug treatment was found to reduce DMN connectivity within two 

weeks [33]. Studies of depression have reported decreased activation and restored 

functional connectivity of the DMN in the patients following antidepressant treatment 

[34-37]. Some studies have also found differences in DMN functional connectivity 

between those who responded to the treatment and treatment-resistant participants 

[38]. Specifically, abnormalities in the frontal cortex have been found to persist in 

remitted subjects [27, 36, 39]. In our previous work, we investigated changes in DMN 
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functional connectivity after 12 weeks of antidepressant treatment in MDD patients. 

Although depressed subjects exhibited increased functional connectivity in both 

anterior and posterior sub-networks, aberrant connectivity of the posterior 

sub-network was normalized with the remission of symptoms. In contrast, elevated 

functional connectivity of the anterior sub-network persisted in remitted subjects. This 

indicates that antidepressants may not modulate the functional connectivity of the 

mPFC [27]. This may have been due to the specific effects of antidepressants as seen 

in other studies [39]. In order to achieve enduring remission, one may need to 

combine antidepressants with cognitive behavior therapy, which has been shown to 

modulate mPFC connectivity [40]. These results suggest that persistent abnormalities 

in the mPFC in remitted subjects may also serve as a risk factor for relapse of 

depression: Farb et al. investigated this hypothesis in recurrent unipolar depression. 

They found that activity of the mPFC in remitted patients predicted relapse of the 

disease [41]. 

 

2.2 The affective network and depression 

Emerging neuroimaging findings suggest an involvement of the affective network 

(AN) in the pathophysiology of depression [42]. This network comprises the 

orbitofrontal cortex (OFC), the affective division of the anterior cingulate cortex 

(ACC), and limbic regions including the amygdala, hippocampus, nucleus accumbens, 

hypothalamus and insula [43] [44]. Crucially, the AN has been associated with 

emotional processing and regulation. Previous studies have found hyperactivation of 
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the amygdala and subgenual ACC, associated with dysfunctional emotional 

processing in depressed patients. In summary, functional neuroimaging points to 

aberrant connectivity within the AN, which may underlie emotion dysregulation, a 

hallmark of depression.  

 

2.2.1 Negative emotions and components of the affective network  

several studies have reported an attentional bias for sad faces in individuals with 

depression, when presented with sad and happy faces [45, 46]; whereas healthy 

controls show a positive bias toward happy faces [46]. Related to these findings, 

decreased amygdala connectivity was found in MDD patients during implicit 

processing of sad faces [47]. In addition, depressed patients also show increased 

memory sensitivity for negative information associated with increased 

amygdala-hippocampus and amygdala-caudate-putamen connectivity [48]. Tao et al. 

found that a brain ‘hate circuit’ that encompasses the superior frontal gyrus, insula and 

putamen was uncoupled in depression [49]. In a study of MDD, Admon et al (2014) 

found an increased susceptibility to negative stimuli in remitted patients compared to 

controls. The increases in cortisol and anxiety levels were higher in the remitted MDD 

individuals than the controls in a stress task. It is worth noting that only remitted 

subjects showed elevated caudate-amygdala and caudate-hippocampus connectivity, 

when responding to negative stimuli [50]. 

  

Anhedonia, a loss of pleasure, interest, or motivation is also a highly prevalent 
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symptom of depression [51] . Studies have found that – compared to healthy controls 

– depressed patients show reduced magnitude and duration of positive responses [52] 

and that this inability to sustain positive affect is associated with reduced 

fronto-striatal connectivity [53]. In a separate study, Admon and colleagues used PPI 

analyses to reveal decreased connectivity between the caudate and dACC in MDD 

patients in response to monetary gains [54].  

  

Studies of affective processing indicate a role for the orbitofrontal cortex (OFC) in 

emotional regulation in healthy subjects [55]. As such, the abnormal functional 

connectivity of this region in depression may explain the increased salience of 

negative stimuli and decreased salience of positive stimuli in depressed patients [56]. 

Frodl et al. reported decreased OFC connectivity in dorsal ACC, precuneus, and 

cerebellum and increased OFC connectivity in the dorsolateral prefrontal cortex 

(DLPFC), inferior frontal operculum, and motor areas in patients with MDD during a 

face-matching task [57]. Using structural equation modeling, Carballedo et al found 

lower bilateral effective connectivity from the amygdala to OFC in major depression 

[58]. Interestingly, remitted MDD patients showed reversed frontotemporal effective 

connectivity in a DCM study of emotional face processing. Specifically, happy faces 

modulated bidirectional OFC-amygdala and OFC-fusiform gyrus connectivity in 

depressed subjects. The same pattern of modulation was observed when healthy 

controls viewed sad faces [59]. Taken together, these results speak to a significant role 

for the OFC in the affective network. 
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Recent efforts to integrate functional and structural neuroimaging are shedding light 

on the neurobiology of depression. In a recent study, de Kwasssteniet and colleagues 

found that depression subjects exhibited greater subgenual ACC (sgACC) functional 

connectivity in the amygdala bilaterally and in right hippocampus; the increased 

connectivity being positively correlated with depression severity. Further analysis 

revealed that the functional abnormalities were associated with white matter integrity 

of the uncinate fasciculus, which connects the sgACC to the amygdala and 

hippocampus. Specifically, sgACC functional connectivity was more negatively 

correlated with uncinate fasciculus FA in MDD patients [60]. These results are in 

keeping with those of Davey and colleagues (2012) who found increased resting-state 

connectivity of both the subgenual and pregenual regions of the rostral cingulate 

cortex with the frontal cortex [61].  

 

In addition to be being widely reported in depressed adults, functional dysconnections 

of the affective network have also been found in early-childhood-onset MDD [62] and 

in adolescents with depression [63]. MDD adolescents exhibited attenuated 

amygdala-hippocampal/brainstem functional connectivity and elevated 

amygdala-precuneus functional connectivity at rest [64]. Hyperconnectivity between 

the sgACC and amygdala has also been consistently found in depressed adolescents 

both at rest [65] and during processing of negative stimuli [66]. Altered striatal 

functional connectivity has also been associated with MDD severity in depressed 
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adolescents [67]. Importantly, increase in connectivity between the amygdala and 

subgenual ACC in adolescents has been found to be associated with the onset of 

first-episode depression [68]. Taken together, these results support the importance of 

the subgenual ACC in the neurobiology of depression. 

 

2.2.2 Treatment  

 

A variety of treatments have targeted the affective network in depression. 

Improvements in positive affect following antidepressant treatment have been 

associated with increased fronto-striatal connectivity [69]. Results of repetitive 

transcranial magnetic stimulation (rTMS) appear to vary depending on the severity of 

pre-treatment anhedonia symptoms and connectivity of the reward network, thereby 

yielding responders and non-responders [70]. On a related note, pre-treatment 

functional connectivity of the OFC and insula has been shown to predict response to 

psychotherapy [71]. Deep brain stimulation（DBS）has been shown to be effective in 

treatment-resistant depression [72] – the therapeutic effects appearing to be mediated 

by subgenual ACC connections to the OFC and limbic system [73]. 

 

2.3 The cognitive control network and depression: Atypical connectivity 

In patients with depression, impaired emotion processing is often accompanied by 

cognitive impairments [74] [75]. These impairments can persist even after remission 

of affective symptoms. Related to these impairments, another brain network has been 
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implicated in the pathophysiology of depression, the so-called cognitive control 

network (CCN). This network mainly consists of functionally connected brain regions 

including the dorsolateral prefrontal cortex (DLPFC), the cognitive subdivision of 

ACC and the parietal cortex [76-79]. The CCN is thought to be an executive or 

control system, responsible for regulating thoughts and actions in accordance with 

internal goals [80, 81] . Neuroimaging studies have identified coactivation of the CCN 

during performance of different cognitive tasks. A failure of effective cognitive 

control over emotional processing is one of the central characteristics of depression 

[82, 83]. Neuroimaging studies seeking to elucidate the neural substrates of 

depression have identified prominent impairments of the CCN in depression. 

 

Dysconnectivity of regions involved in the CCN has been reported in patients with 

depression during performance of tasks involving working memory [84], Stroop 

effects[85], executive-control [86] and affective interference [87], as well as during 

rest [43, 88, 89]. However, the findings have been divergent. Vasic et al. (2009) 

observed increased functional connectivity in the left DLPFC during a working 

memory task in MDD [84]. Sheline et al. (2010), using the bilateral DLPFC as a seed 

region, reported increased resting-state functional connectivity in the bilateral 

dorsomedial prefrontal cortex (DMPFC) in depressed subjects [43]. However, 

Aizenstein et al. (2009) reported reduced DLPFC-dACC functional connectivity on an 

executive-control task in patients with late-life depression (LLD) [86]. Children with 

a parental history of depression are known to be at high risk to develop this disorder. 
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In a recent study, Clasen and the colleagues reported decreased resting-state 

functional connectivity within the CCN in depression-naive adolescent females with a 

parental history of depression. In addition, severity of the parents’ depression was 

associated with deficits in functional connectivity of the CCN in their children [90]. 

Neuroimaging studies thus support a link between impairments in the CCN and 

depression vulnerability even in healthy patients. 

 

2.3.1 Abnormal executive control and the CCN in depression 

Evidence over the years suggests that abnormal top-down cortical regulation of the 

limbic systems may also contribute to inefficient emotion regulation in depressed 

patients. In an early study, Anand and colleagues found that while regions in the 

affective network showed increased activation, functional connectivity between the 

anterior cingulate cortex (ACC) and limbic regions was decreased both at rest and 

during exposure to different stimuli (neutral, positive, and negative pictures) in 

depressed subjects. This finding may reflect an ineffective regulatory effect of the 

ACC on the hyperactivation of the limbic system [91]. Additionally, reduced 

functional connectivity between amygdala and the PFC found in depressed subjects 

both at rest and in response to fearful faces [92, 93], appears to further support a poor 

top-down emotional regulation view of depression. In a resting-state study of mood 

regulation in refractory and non-refractory major depression, Lui et al. (2011) found 

decreased functional connectivity in bilateral prefrontal-limbic-thalamic areas in both 

patient groups [94].  
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Studies of directed functional and effective connectivity have further confirmed a 

diminished top-down cortical control of the limbic systems in depressed patients. A 

recent study compared activity and effective connectivity in postpartum healthy and 

depressed mothers; when subjects responded to negative emotional faces [95]. Using 

Granger causality mapping, the authors studied the top-down regulation of the 

amygdala by the dorsomedial prefrontal cortex. They found a significant effective 

connection from the left dorsomedial prefrontal cortex to the left amygdala in healthy 

controls, but this connection was absent in depressed subjects [95]. In a separate study 

using PPI analysis, Erk and colleagues observed reduced amygdala-DLPFC 

connectivity in depressed patients during active emotion regulation [96]. In contrast, 

Schlosser et al. (2008) found increased effective connectivity with DCM, from the 

dorsal cognitive division of the ACC to the rostral affective division in patients with 

MDD during a Stroop imaging task [85]. However, a GCM study showed that only 

MDD subjects with a history of early life trauma (ELT) presented reduced 

mPFC–amygdala connectivity. In non-ELT exposed patients, mPFC inhibition of the 

amygdala was intact [97]. Amygdala-prefrontal effective connectivity has also been 

shown to distinguish bipolar disorder from major depressive disorder [98]. 

 

2.3.2 Remediation of cognitive control in depression 

 

Given the central role of the CCN in the neurobiology of depression, its response to 

antidepressant treatments have been studied frequently, revealing increased functional 
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connectivity between anterior cingulate cortex and limbic regions in unipolar 

depressed patients [99]. In addition, pre-treatment functional connectivity within the 

CCN has been found to predict the outcome of antidepressant treatment in depressed 

subjects, with low CCN functional connectivity being associated with low remission 

rate [89]. Increased ACC-DLPFC and ACC-PCC functional connectivity has been 

reported in patients with depression following ECT [100]. Furthermore, two 

resting-state networks centered in the dorsomedial prefrontal cortex and ACC have 

been found to predict the outcome of ECT in treatment-resistant patients [101], 

providing further evidence of the importance of the role of brain circuits and 

functional integration in the understanding of depression. 

 

Recent studies have demonstrated that the clinical efficacy of transcranial magnetic 

stimulation (TMS) – a noninvasive therapy alternative for refractory depression 

approved by the US Food and Drug Administration – appears to be associated with 

functional connectivity between brain regions implicated in the neurobiology of 

depression [102, 103]. In particular, higher connectivity between the frontal cortex 

and subgenual cingulate predicted better treatment outcome with repetitive TMS 

(rTMS) [104]. Treatment of depression with rTMS has generally targeted the left 

DLPFC, which has been reported to show hypometabolism in patients with depression 

[105]. In a recent study comparing functional connectivity between different DLPFC 

TMS targets and the subgenual cingulate cortex, Fox et al (2012) found that all the 

DLPFC TMS targets showed significantly negative functional connectivity with the 
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subgenual cingulate cortex; however, targets that demonstrated stronger 

anti-correlation were found to be more effective [102]. Fox and colleagues further 

reported that such differences in functional connectivity may be applied to identify 

individualized TMS targets [106].  

 

3. Connectivity between different brain networks: some concluding thoughts 

 

The findings above present an emerging picture of three aberrant networks in 

depression; namely, abnormal connectivity within the DMN, AN and CCN. However, 

the interactions between these different networks may be disrupted as well [107-110]. 

Recent meta-analysis studies have revealed increased functional connectivity between 

the AN (subgenual prefrontal cortex) [109] and the CCN [108, 109] with the DMN in 

MDD. In fact, Sheline et al. (2010) found a bilateral region in the dorsomedial 

prefrontal cortex, which they termed the dorsal nexus, consistently showing increased 

functional connectivity with each of the three networks implicated in depression [43]. 

Later, Perrin and the colleagues (2012) reported reduced connectivity of the dorsal 

nexus and an improvement in symptoms in depressed patients following treatment 

with electroconvulsive therapy [111]. There is further evidence showing that TMS 

targeting the DLPFC (a component of the CCN) modulated functional connectivity of 

the DMN [112]. These findings suggest that depression may not only be associated 

with interactions between different brain regions, but also interactions between 

distributed brain networks. Future studies may try to integrate the three core networks 
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(DMN, AN and CCN) and their contributions towards developing an extended model 

of depression for improved diagnosis, treatment and prevention of the disorder.  

 

In conclusion, we have reviewed an overwhelming amount of evidence based upon 

studies of functional and effective connectivity that implicate three key modes or 

intrinsic brain networks in depression. The functional anatomy of these modes fits 

comfortably with the psychopathology of depression; namely, depressive rumination, 

a failure of emotion regulation and difficulties with top-down or executive control. 

The fact that the implicit functional dysconnection shows systematic changes with 

therapeutic interventions lends further support to the notion that depression may a 

functional disintegration or dysconnection within and between these intrinsic brain 

networks. One might hope that future studies will reveal the synaptic basis of the 

implicit disintegration of distributed activity in these specific systems – and how they 

relate to modulatory mechanisms that contextualize neuronal coupling and 

computations in the depressed brain. 
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