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Abstract

BACKGROUND—The ventral striatum (VS) and striatal network supports goal motivated 

behavior. Identifying how depressed patients differ in their striatal network during the processing 

of emotionally salient events is a step towards uncovering biomarkers for diagnosis and treatment.

METHODS—38 depressed and 30 healthy adults completed a task that examined brain activation 

to the anticipation and receipt of monetary rewards and losses. Data were collected using a 3T 

Siemens Trio scanner. Functional connectivity differences were examined with seeds in the Left or 

Right VS. FC estimates were regressed on specific symptoms.

RESULTS—Depressed patients displayed higher functional connectivity between the VS and 

midline cortical areas during loss versus reward trials. Anhedonia and depressed mood were 

associated to fairly similar striatal circuits but suicidality was associated to a unique VS-midline 
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structures coupling, while depression severity was linked to higher VS to caudate and precuneus 

connectivity during loss versus reward trials.

CONCLUSIONS—Depression is characterized by excessive VS coupling to cognitive control 

and associative networks during losses versus rewards. High VS to midline cortical structures 

coupling may index suicidality.
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Background

Preferential processing of negative versus positive events, such as monetary losses and 

rewards, is a hallmark of depressive states. Theories of depression have posited that 

vulnerable and depressed individuals exhibit a cognitive triad comprised by rigid negative 

attributions regarding the self, one’s environment, and one’s future (Beck, 1972; Beck, 

Brown, Steer, Eidelson, & Riskind, 1987), including persistent cognitive elaboration 

regarding flaws, failures and negative events, i.e. rumination (Nolen-Hoeksema, 2000; 

Papageorgiou & Wells, 2003). These negative cognitive styles interact with stressful life 

events and uniquely contribute to clinical depression (Gotlib, Lewinsohn, Seeley, Rohde, & 

et al., 1993; Hankin, Abramson, Miller, & Haeffel, 2004), and are linked to increased 

depression severity (i.e., number of episodes), chronicity, and severity of individual 

episodes. However, some research also implicates neglect of positive information in the 

maintenance and onset of depression (Gotlib, 1981; Gotlib & Krasnoperova, 1998; Gotlib, 

Krasnoperova, Yue, & Joormann, 2004; Gotlib, et al., 1993; Papageorgiou & Wells, 2003; 

Papay & Hedl, 1978). Overall, these biases are notoriously difficult to change and they 

remain even after acute depressive symptoms elapse (Bouhuys, Geerts, & Gordijn, 1999; 

Dozois, 2007; Gotlib & Joormann, 2010). Critically, despite the wealth of psychological 

research regarding the presence of preferential processing of negative versus positive events 

in depression, the neurobiology and functional connection between neural areas underlying 

these cognitive biases is largely unknown.

The striatal network and processing of losses and rewards in depression

Aberrant reward processing and responses, commonly shown by patients with depression 

has drawn interest in the role of the striatal circuitry in neurobiological models of 

depression. The ventral striatum (VS) is dedicated to encoding and saliency of natural losses 

and rewards (Graybiel, 2005; O’Doherty, 2004; Zink, Pagnoni, Martin-Skurski, Chappelow, 

& Berns, 2004). To date, a number of fMRI studies have found reduced blood-oxygen-level 

dependent (BOLD) activity in the VS and other basal ganglia structures among depressed 

patients during processing of rewards (Delgado, 2007; Kelley, 2004; O’Doherty, Buchanan, 

Seymour, & Dolan, 2006) and abnormal recruitment of these substrates during the 

processing of positive and negative events (Canli et al., 2004; Epstein et al., 2006; 

Fitzgerald, Laird, Maller, & Daskalakis, 2008; Hamilton et al., 2012), highlighting its 

possible role in the negative affective biases associated with depression.
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The striatal circuitry, including the VS, involves connections with multiple regions, and each 

path has some distinct involvement in behavioral responses regarding rewards and losses. 

The VS receives input from dopaminergic (DA) neurons in the ventral tegmental area, where 

it also sends DA projections to indirectly reach the PFC, amygdala and hippocampus 

(Volman et al., 2013). Subsequently, the medial prefrontal cortex (mPFC: BA11, 10 and 32), 

the anterior cingulate cortex (ACC), the amygdala and hippocampus send excitatory 

glutamatergic projections to the VS (Haber & Knutson, 2010). Research indicates that the 

VS likely encodes both rewards and losses via the activity of GABAergic neurons into the 

VTA and the later direct DA projections to PFC and to mid-temporal areas such as the 

amygdala and the hippocampus (Carlezon & Thomas, 2009; Volman, et al., 2013). VS 

activation is in turn modulated by excitatory projections from both mid-temporal and 

prefrontal cortical structures. Given that the PFC is the central brain region for associative 

thinking, goal setting and planning (MacLeod & Salaminiou, 2001), and that mid-temporal 

structures such as amygdala and hippocampus support emotion processing and memory (J. 

E. LeDoux, 1993; Phan, Wager, Taylor, & Liberzon, 2002), both are hypothesized to have 

distinct yet valuable contribution to the reward deficits and facilitated loss processing 

observed in depressed individuals.

Distinctions between striatal to PFC versus striatal to mid-temporal pathways are important, 

as they are believed to support different psychological processes. Whereas associative 

thinking and flexible, planned goal-oriented behavior with regards to losses and rewards are 

associated to PFC activation and its connections to the VS (O’Doherty, 2004), the biased 

affective processing (enhance emotional memory, vigilance and saliency) of negative versus 

positive outcomes may be associated to abnormal connectivity between the VS and mid-

temporal areas, which are known to function abnormally among depressed patients (Drevets, 

2000; Drevets, Price, & Furey, 2008). These two potential pathways of striatal connectivity 

may in turn be linked to different manifestations of biased cognition and emotion in 

depression.

As noted, research suggests that rumination and self-attributions for negative versus positive 

events is involved in the emergence and persistence of depression. While there is little 

information about the neurobiology of these processes, there are some suggestions that they 

involve the striatal to PFC network. For example, individual differences in depressive traits 

and rumination correlate with activity of the striatum after positive events (e.g., situations 

that elicit gratification), but are associated with activity in the PFC after negative ones (i.e., 

events that evoke regret), during a gambling task (Eryilmaz, Van De Ville, Schwartz, & 

Vuilleumier, 2014). Furthermore, self-attributions and rumination in depressed patients have 

been found to be supported by altered function in structures, such as the posterior cingulate, 

precuneus and extended portions of the PFC (Lemogne et al., 2009; Schiller, Minkel, 

Smoski, & Dichter, 2013). It is thus possible that the functional connectivity between the VS 

and the PFC may underlie biased self-attributions and heightened rumination for negative vs. 

positive events.

With regards to preferential emotional memory and vigilance for negative versus positive 

stimuli, a review of the literature indicates that major depressive disorder show attentional 

biases toward negative emotional cues (e.g. sad faces) and away from positive emotional 
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cues such as happy faces (Leppanen, 2006). Some literature also show that depressed 

patients encode and remember negative stimuli more efficiently than positive ones, and have 

more difficulty forgetting them (Hamilton & Gotlib, 2008; Joormann, 2005; Joormann, 

Hertel, LeMoult, & Gotlib, 2009). This suggest possible altered connectivity between striatal 

areas and limbic structures within the mid-temporal lobe (i.e. hippocampus, amygdala), as 

the latter are involved in the encoding and remembrance of emotionally charged 

autobiographical events (LeDoux, 1993; Phan, Wager, Taylor, & Liberzon, 2002). For 

example, in a task where participants had to identify if the emotional expression (happy, sad, 

neutral) of a face matched that of another face shown two trials earlier, depressed adults 

struggled to disengage from sad faces but rapidly disengaged from happy ones based on 

reaction times (Levens & Gotlib, 2010). By contrast, patients without depression showed 

more difficulties disengaging from positive facial affect compared to neutral or negative 

expressions (Levens & Gotlib, 2010). In a similar vein, individuals with depression are less 

behaviorally driven by positive events (e.g., rewards) compared to those without depression 

(Levens & Gotlib, 2010). Notably, processing of faces among depressed patients is 

associated to hyperactivation to negative facial expressions but hypoactivity to positive facial 

expressions, particularly in the amygdala, insula, parahippocampal gyrus, fusiform and areas 

of the striatum (Stuhrmann, Suslow, & Dannlowski, 2011). It is thus possible that the 

functional connectivity between the VS and mid-temporal lobe areas may underlie enhanced 

emotional memory and vigilance for negative versus positive events.

Determining the specific circuits within the striatal network (e.g., VS – PFC vs. VS – mid-

temporal structures) that underpin cognitive and affective biases in reward processing of 

depressed patients may be important for guiding treatment strategies. For example, if the 

abnormal processing of negative versus positive events is supported primarily by VS – PFC 

connectivity, cognitive reframing of negative events and voluntary training of associative 

thinking toward positively valenced events may be an effective treatment strategy to modify 

biases in depression. By contrast, if VS to amygdala and hippocampus connectivity 

underlies such biases, emotionally charged strategies (e.g., behavioral activation or savoring 

of positively charged events) may be a key intervention method to change such biases 

(Cuijpers, van Straten, & Warmerdam, 2007; Sturmey, 2009). Consequently, the first 

research question addressed by this study is to determine which of the proposed circuits (VS 

– PFC vs. VS – mid-temporal connectivity) underlie processing biases toward negative 

versus positive events in depressed versus healthy adults.

Given accumulated psychological research regarding biased cognitive processing for 

negative vs. positive events (Beck, 2008; Disner, Beevers, Haigh, & Beck, 2011; Gotlib & 

Joormann, 2010; Joormann, 2009), our first hypothesis was that adult depressed patients 

would show greater VS – PFC connectivity during the processing of losses versus rewards 

compared to healthy controls, reflecting greater goal-based attention, planning, and 

associative thinking regarding losses. We also expected that connectivity between VS to 

mid-temporal structures (specifically amygdala and hippocampus) would underlie the 

preferential processing of negative versus positive events in depressed versus healthy adult 

patients.
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The striatal network and key depressive symptoms

Depressive syndromes are comprised by number of key symptoms used to determine the 

presence of the diagnosis. Prominently, a depression diagnosis involves presence of two key 

symptoms: anhedonia (loss of interest in pleasurable activity) or depressed mood (sadness 

and irritability). Additionally, suicidal ideation leading to suicide attempts is one of the most 

serious outcomes of severe and treatment resistant depression (K Lönnqvist, 2000; Nock et 

al., 2008). Notably, the presence and saliency of certain depressive symptoms have been 

differentially associated with clinical outcomes, including treatment resistant depression and 

risk of suicide attempts. For example, high anhedonia in particular is strongly linked to 

suicidality and poor response to treatment (Downar et al., 2014; Spijker, de Graaf, Ten Have, 

Nolen, & Speckens, 2010; Winer et al., 2014). Similarly, depressed mood, including feelings 

of guilt and unworthiness, has been linked to suicide attempts (Nrugham, Larsson, & Sund, 

2008; Oquendo et al., 2004) and completion (McGirr et al., 2007). As such, additional 

research on the circuitry underlying key symptoms of depression is paramount in clinical 

considerations of diagnosis, treatment, and prognosis.

Investigations have implicated certain aspects of the striatal network in specific depressive 

symptoms such as suicidality, anhedonia, and depressed mood (Der-Avakian & Markou, 

2012; Drevets, et al., 2008; Marchand et al., 2012; Schlaepfer et al., 2008). However, 

suicidality could be supported by different circuits within the striatal network than those 

contributing to altered emotionality including high depressive mood and anhedonia, as 

suggested by recent research (Marchand, et al., 2012). Recent clinical research found 

hypoactivity in brain circuits mediating reward, which in turn appears to be associated with 

proclivity for suicide (Elman, Borsook, & Volkow, 2013). Suicidality might stem from the 

disruption of PFC to VS connectivity, which enables executive function, associative 

thinking, cognitive control and goal-directed behaviors (Marchand et al., 2012). Indeed, a 

recent investigation found that the striatal to anterior PFC circuit is linked to depression 

severity, suicidal ideation, and history of self harm (Marchand, et al., 2012). Moreover, a 

recent review suggests that the PFC to striatum circuitry, particularly the circuits bridging 

frontal lobe, ACC, and striatum, is involved in the neurobiology of suicide in depressed 

patients uniquely rather than in other psychiatric disorders (Zhang, Chen, Jia, & Gong, 

2014). These authors further contend that among those with depression and suicide 

behaviors, the neural mechanisms for suicide behaviors may be distinct from depressed 

symptoms. By contrast, depressed mood and anhedonia might be more associated with 

disrupted mid-temporal to VS circuitry, as these structures have been associated with altered 

emotions and affective experiences (LeDoux, 2003). Specifically, the hippocampus and 

amygdala support cognitive and affective biases in depression, as shown by recent evidence 

indicating depressed relative to healthy adults yield longer and more intense amygdalar 

activation in response to negative stimuli (Fales et al., 2008; Siegle, Steinhauer, Thase, 

Stenger, & Carter, 2002) which in turn is related to self-reported rumination (Siegle, et al., 

2002). However, other evidence suggests that that top-down contributions (i.e., input from 

PFC to the striatum) may also underlie to these symptoms. For example, high subgenual 

ACC in depressed patients and increased PFC activity during rewarding stimuli has been 

linked to higher anhedonia (Harvey, Pruessner, Czechowska, & Lepage, 2007; Mies et al., 

2013). Notably, during a task that required depressed patients to reduce positive emotions, 
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lower levels of PFC activity were linked later to greater improvements in anhedonia (Light et 

al., 2011).

Currently, due to the paucity of symptom-specific investigations within depression, the 

striatal circuits that support these characteristics remain an enigma. Particularly, it is unclear 

whether symptoms are due to abnormal saliency of negative vs. positive stimuli (e.g. losing 

money vs. earning money) driven by mid-temporal limbic structures, or to negatively biased 

goal-directed behavior and executive function supported by inputs from the PFC (top-down 

contributions to the VS), or both. It should also be noted that much of the cited evidence 

stems from BOLD activity associations with symptoms rather than functional connectivity 
estimates, raising the importance of research that addresses this gap in the scientific 

literature. Towards this end, as our second and exploratory research aim, we propose to 

explore how estimates of the coupling between striatal, mid-temporal or/and PFC areas 

during processing of negative versus positive events might be associated with the two key 

self-reported symptoms of depression (anhedonia and depressed mood), as well as with 

suicidality and severity of depression.

Summary of goals and hypotheses

We aimed to first better identify the striatal circuitry involved in the abnormal processing of 

losses versus rewards in depression, and second, to determine how such striatal circuitry (or 

circuits involved in receipt of monetary losses versus rewards) might be associated with core 

depression symptoms (anhedonia, depressed mood, and suicidality). As noted, our 

hypotheses were: first, higher VS coupling with structures within the PFC (e.g. ACC, BA 9, 

10) would distinguish depressed versus healthy adults during receipt of monetary losses 

versus rewards, given past psychological research involving manifestations of associative 

thinking such as rumination and self-attributions during negative versus positive emotional 

stimuli. Second we also expected VS-mid-temporal connectivity given psychological 

findings regarding enhanced encoding and emotional memory for negative versus positive 

stimuli such as faces. Our second and exploratory goal was to test whether key diagnostic 

symptoms (anhedonia, depressed mood, suicidality) and depression severity would be a with 

specific circuits of aberrant connectivity during receipt of monetary losses versus rewards; 

but given the absence of prior research regarding these functional correlates, no hypotheses 

were posited.

Methods and Materials

Participants

Recruitment took place at the Western Psychiatric Institute and Clinic, Pittsburgh, and 

through advertisements. Subjects were evaluated with the Structured Clinical Interview for 

DSM-IV-Research-Version (SCID-P) (First, Spitzer, Gibbon, & Williams, 1995) and 

scanned in an MRI. Participants completed the Structured Clinical Interview for Mood 

Spectrum (SCI-MOODS) which yields continuous scale measures of mood symptoms such 

as depressed mood, anhedonia, and suicide thoughts (Rothwell & Stock, 1982), and the 

Hamilton Rating Scale for Depression (HAM-D) to measure severity of illness (Ho et al., 

2014). Anhedonia items included endorsement of lack of interest across a number of areas of 
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behavior such as friends, romantic relationships and previously enjoyed activities as well as 

loss of fun and pleasure. Depressed mood included endorsement of sadness, irritability, 

crying and feelings of despair. It contained also some items that overlapped with anhedonia. 

In the scanner, subjects completed a task paradigm (Figure 1) developed by Delgado and 

colleagues (2000). Participants reflected the demographics of Pittsburgh and the surrounding 

area (Table 1).

All participants were right-handed and native English speaking. Exclusion criteria included a 

history of head injury, systemic medical illness, cognitive impairment [score <24 Mini-

Mental State Examination (Folstein, Folstein, & McHugh, 1975)], premorbid IQ estimate 

[<85-National Adult Reading Test (Blair & Spreen, 1989)], and Axis-II borderline 

personality disorder. Depressed participants were symptomatic at the time of the scanning. 

Control participants had no previous personal or family history of psychiatric illness. 

Depressed participants were free from substance abuse disorders for a minimum of seven-

months prior to study participation and were in remission from alcohol/substance abuse or 

dependence for an average of 7.9 years prior to study participation.

Data Acquisition

Neuroimaging data were collected using a 3 Tesla Siemens TIM Trio MRI scanner 

(Erlangen, Germany) at the University of Pittsburgh Medical Center. Structural three-

dimensional axial MPRAGE images were acquired in the same session [echo time (TE) = 

3.29 msec; repetition time (TR) = 2200 msec; flip angle = 9°; field of view (FOV) = 256 × 

192 mm; slice thickness = 1 mm; matrix = 256 × 256; 192 continuous slices]. Mean blood 

oxygen level-dependent (BOLD) images were then acquired using a gradient echo EPI 

sequence with 39 axial slices (3.1 mm thick; TR/TE = 2000/28 msec; FOV = 205 × 205 mm; 

matrix 64 × 64; flip angle = 90°, 8 min).

Experiment

The fMRI paradigm (Figure 1) was an adaptation of a card guessing paradigm designed by 

Delgado et al. (2000) to test striatal response to feedback associated with monetary reward. 

Each trial consisted of an anticipation period and an outcome period followed by a win, loss, 

or no-change in money amount feedback. Participants were led to believe that their 

performance would determine the amount of money to be received after the scan. Trials were 

presented in pseudorandom order and had predetermined outcomes. Using a button 

response, participants guessed whether the value of a card (possible value of 1–9) would be 

greater or less than 5. During each 16 sec trial, participants had 4 sec to guess the card value 

(guess) followed by a visual presentation of the trial type (high likelihood of a win - 

indicated by an upward arrow, or loss - indicated by a downward arrow) for 6 sec 

(anticipation). After the anticipation, the actual card value was shown (500 msec) followed 

by the feedback (a green upward arrow for win, a red downward arrow for loss, or a yellow 

circle for neutral; 500 msec) and a crosshair presented for 9 sec allowed time to process the 

results (outcome; 6 sec) and provide baseline (3 sec).

Guessing incorrectly resulted in a loss of $0.50, guessing correctly lead to a win of $1.00, 

and neutral outcomes resulted in no change in earnings regardless of guess. During 
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anticipation the subjects believed the visual cue displayed indicated their likelihood of 

winning (anticipation win; 12 trials) or losing money (anticipation loss; 12 trials) based on 

their guess. For example, if they guessed the card value to be less than 5 and the anticipation 

showed high likelihood of winning, they expected the “actual” card number to be less than 5 

when revealed and to win $1.00. Four possible outcomes are classified as: “Win” 

(anticipated win + outcome win; 6 trials); “Loss” (anticipated loss + outcome loss; 6 trials); 

“Disappointment” (anticipated win + outcome neutral; 6 trials); or “Relief” (anticipated loss 

+ outcome neutral; 6 trials). Baseline between trials (3 sec) presented no task related efforts.

Data Analysis

Data were preprocessed and analyzed with Statistical Parametric Mapping software, 

Version-8 (SPM8:http://www.fil.ion.ucl.ac.uk/spm). Data for each participant were realigned 

to the first volume in the time series to correct for head motion. Realigned images were then 

coregistered with the subject’s anatomical image, segmented, normalized to a standard 

Montreal Neurological Institute (MNI) template, and spatially smoothed with a Gaussian 

kernel of 8mm full-width at half-maximum (FWE). A first-level fixed-effect model was 

constructed for each participant producing a statistical image for 4 contrasts reflecting each 

possible anticipation: “Anticipation Win”, “Anticipation Loss” and outcomes condition 

relative to baseline: “Win”, “Loss, “Disappointment”, and “Relief”. Loss and 

Disappointment were considered negative outcomes and Win and Relief were considered 

positive outcomes.

Not Significant BOLD Activation Differences

First level activation maps were submitted to 2nd level flexible random effects GLM 

analyses comparing depressed and healthy controls in BOLD activity, but no significant 

effects of group or group by condition (2 anticipations or 4 outcomes) interactions were 

found in both whole brain and region of interest analyses. However, there were effects of 

task conditions (for both anticipation and outcomes) across both depressed and control 

participants.

Region-of-Interest (ROI) Seed Definitions

The seed regions for connectivity analyses were 8 mm spheres placed in the left (−9, 9, −8) 

or right (9, 9, −8) VS. The coordinates for the seed regions were selected based on prior 

studies with this task as well as meta-analyses of the VS anatomy (Di Martino et al., 2008; 

Mooij, Smeets, & de Wit, 2011).

Functional Connectivity (FC) Analyses

Psychophysiological interaction (PPI) was employed to explain activity changes in a target 

region in terms of the interaction between a psychological condition (i.e. conditions of the 

task) and activity in the seed area (Cisler, Bush, & Steele, 2014); for example, to explain 

how brain activity in a target region changes during the processing of an expected monetary 

loss (Loss) versus been spared a monetary loss (Relief). Specifically, we tested task-

dependent contributions of the VS activity and functional coupling with brain regions that 

responded differentially between groups to outcomes in the task (Friston et al., 1997). The 
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PPI physiological variable was computed by extracting the signal time course in left or right 

VS ROI’s (Effects of Interest, p < 0.01) for each individual participant and convolving it 

with the six contrasts of interest (see Table 2), resulting in PPI activation maps for each 

participant. The six contrasts of interests employed (Table 2) reflected the contrasts for the 

four outcomes (Win, Loss, Disappointment, Relief).

The first level PPI activation maps for the 6 contrasts were then submitted to a 2nd level 

flexible random effects GLM with between group effects, 2 Group (Depressed vs. Controls) 

by within group effects represented by the 6 Contrasts (“Loss vs. Win”, “Loss vs. Relief”, 

“Disappointment vs. Win”, “Loss vs. Disappointment”, “Relief vs. Win”, “Disappointment 

vs. Relief”).

To clarify a significant omnibus group effect, follow-up separate 2nd level flexible random 

effects GLM analyses were conducted to investigate diagnostic group and VS differences in 

FC for each contrast, e.g. 2 Group (Depressed vs. Controls) by 1 within group effect contrast 

“Loss vs. Win”. The resulting significant brain activity would show neural areas with high or 

low neural activity coupled with the VS. PPI analyses were also conducted by contrasting 

the anticipation phases (anticipation win versus anticipation loss; see Figure 1) but no 

significant differences in FC were found between diagnostic groups for the anticipation 

condition.

FC estimates during positive versus negative outcomes were compared between depressed 

and controls. The areas of differential FC with the VS for controls versus depressed were the 

same as listed in Table 2 but significant in the opposite direction (i.e., control more than 

depressed). They are not presented for parsimonious reporting. Significant clusters or/and 

coordinates for which peak BOLD signal was statistically significant (p<0.05) are reported. 

Additionally, to correct for multiple comparisons, we calculated the whole-brain, voxel-wise 

and cluster extent thresholds via Monte Carlo simulations using the program 3dClustSim in 

AFNI with estimates of the smoothness of the noise from the groups analyses of 13.8323 

18.6951 17.0676 in AFNI v_16.3.08. For the 2 groups by 6 contrasts GLM, given a voxel-

wise threshold of p < 0.01 FWE corrected, a cluster-extent threshold of k = 183 was used as 

the cut off for all significant results. This joint magnitude-extent threshold was used in tables 

and figures, which show significant results.

Depression Symptoms and Functional Connectivity (FC) of the VS

To determine which striatal circuits supported key symptoms of depression, FC estimates 

centered in coordinates of activity for the main effect of group were extracted. See Table 2 

for the areas listed as significantly different between the groups across all contrasts. These 

extractions were 8 mm spheres of activity (p<0.05), which resulted in 6 independent 

variables corresponding to the 6 clusters listed in Table 2 for the main effect of group. These 

variables then were used as predictors in regressions. Note that these FC estimates were 

averaged across the 6 contrasts as this main effect of group was for averaged activity across 

contrasts.

First, the FC estimates for left and right VS coupled with each of the following clusters: 1. 

Right Middle and Superior Frontal Gyrus, 2. Left Caudate, and 3. Right Precuneus, yielded 
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by the main effect of group (Table 2) and entered in order of cluster size, were used in a 

hierarchical stepwise forward regression. Specifically these 3 clusters each had 2 FC 

estimates, one with the left and one with the right VS for a total of 6 variables entered in the 

regressions. These analyses were conducted with the whole sample to predict each symptom 

separately: anhedonia, depressive mood and suicidality reported via the SCI-MOODS, and 

depression severity measured by the HAM-D. These 4 regression models took place for the 

whole sample of both depressed and control participants (N= 68). Age, gender, IQ, and level 

of education were included in regressions conducted with the whole sample. However, 

illness factors had not enough variance to be included for the control participants so they 

were not predictors in these regressions. Results are reported in Table 3. Supplementary 

analyses were conducted just for the depressed participants to examine illness related 

variables. See Table 3.2 and online supplementary analyses and results. For all regression 

models, indexes of collinearity were within acceptable values.

Results

Corticostriatal Functional Connectivity in Depressed versus Healthy Adults

Table 2 and Figure 2 shows a main effect of group yielded by the 2 (group) by 6 (contrasts) 

GLM, which showed that compared to controls, depressed patients had large neural areas 

and significant peaks of BOLD signal coupled to the left and right VS during all negative 

versus all positive outcomes. These areas of increased coupling with the VS were primarily 

right midline cortical structures including the precuneus, and areas within the PFC (i.e., 

ACC and BA10). Increased VS to left caudate and mid-cingulate coupling for negative 

versus positive outcomes were also present in depressed relative to control participants.

When follow up analyses examined group differences for each of the 6 contrasts, they 

showed that the group effects observed in midline cortical structures were often bilateral and 

mostly due to the Loss versus Relief, Loss versus Win and Disappointment versus Win 

contrasts (Table 2, Figure 3, Panels A, B and C). During these contrasts, depressed patients 

showed high bilateral VS coupling with the anterior and mid cingulate cortices (BA24 and 

32) which extended into PFC areas including superior and mid frontal gyri, BA9 and 10 

(Figure 3, Panels A, B and C). Additionally, within positive outcomes such as relief or win 

(Figure 3, Panel E), depressed patients showed VS coupling with the bilateral caudate and 

left insula to Relief versus Win. This activity extended to a significant cluster that included 

the mid-cingulate, though the peaks of functional connectivity were at the caudate and 

insula. This suggests that the effects of group observed for the caudate, were due to higher 

connectivity between the VS and the caudate for depressed participants during Relief versus 

Win outcomes. Within negative outcomes such as disappointment or loss (Figure 3, Panel D) 

depressed showed greater VS coupling with high right insula activity and with the 

dorsolateral prefrontal cortex (BA47) during Loss versus Disappointment. While the main 

group effects in the dorsolateral prefrontal cortex (DLPFC) were not statistically significant, 

it is suggestive of greater connectivity between this area and the VS during negative 

outcomes. Note also, that regions of the DLPFC are also more active for the Loss versus 

Win contrast (Figure 3, Panel B), suggesting that depressed participants engage the VS to 

DLPFC circuitry predominantly for loss outcomes. Finally, controls showed low VS 
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coupling with the same areas during loss versus reward outcomes (See Figure 3 bar graphs). 

There were no effects due to hemisphere of VS seed or seed hemisphere by group 

interactions and the disappointment versus relief outcomes yielded no significant clusters. 

Illness factors (duration, number of depressive episodes) were not linked to FC estimates, 

and one of the contrasts (disappointment versus relief) yielded short of significant effects 

and is thus not reported.

Corticostriatal circuits of depression symptoms

Anhedonia was associated to higher connectivity within striatal structure, specifically with 

left VS to left caudate as well as to mid-cingulate for loss versus rewarding outcomes (Table 

3). This suggests that 15% of the variance in anhedonia may be due to connections within 

the striatum itself (i.e. VS- left caudate coupling) as well as with the mid-cingulate in the 

whole sample. However, in addition to left VS- left caudate-mid cingulate coupling, 25% of 

the depressed mood variance was predicted by a left VS- right precuneus coupling for losses 

versus rewards. Suicidality however, was predicted by a different circuitry. Specifically, 31% 

of the suicidality variance in the whole sample was associated to higher left VS to the right 

mid and superior PFC functional coupling, including the anterior cingulate cortex (ACC), as 

well as right VS coupling with the right precuneus. Finally, 29% of the variance in 

depression severity in the whole sample was associated to left VS to right precuneus and left 

caudate and mid-cingulate connectivity. Supplemental online figures 4.1–4.4 depict 

scatterplots that show associations between estimates of functional connectivity in the x axis 

(coupled with the VS during negative versus positive events) and symptoms in the y axis. A 

supplemental online table also shows that the connectivity of the left VS with the largest 

cluster that differed between depressed and controls (middle & superior frontal gyrus, ACC, 

BA8 that also predicted suicidality in the entire sample) explained 24% of the suicidality 

variance when examined only among depressed participants.

Effects of Medication

Table 1 shows that 73% of patients were taking antidepressants among other medications, 

yet their effects on the VS connectivity were modest. Comparisons of 28 medicated versus 

10 unmedicated depressed participants yielded no significant effects of medication on 

functional connectivity, Furthermore, regression analyses showed no modifications in the 

significant VS functional connectivity estimates when controlling for antidepressant use.

Discussion

This study compared the striatal network of depressed patients versus healthy control adults 

during the processing of positive and negative monetary outcomes. It also examined whether 

the strength of connectivity in the striatal network was associated with self-report ratings of 

anhedonia, depressed mood, suicidality and severity of depression.

Our first hypothesis, which predicted higher PFC-VS coupling for losses versus earnings 

among depressed participants, was confirmed. Our results (Figure 2, Table 2) show 

significant group effects, reflecting higher cortical to VS connectivity (particularly midline 

cortical structures to the VS) in depressed patients compared to healthy controls. Group 
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effects are chiefly due to higher mid-cortical to VS connectivity during processing of loss or 

disappointment versus relief or win. Additionally, higher VS connectivity to caudate and 

mid-cingulate is present in all depressed versus control adults.

The insular cortex is primarily coupled with the VS during the processing of distinct but 

negative valenced outcomes (i.e., loss versus disappointment), while higher caudate, mid-

cingulate gyrus and insula to VS coupling characterized group differences for distinct 

positive outcomes (i.e., relief versus win). Finally, our second hypothesis pertaining to 

higher VS to mid-temporal coupling for negative versus positive events in depressed 

compared to healthy individuals was not confirmed and no significant clusters were found 

for disappointment versus relief.

Our second goal was to explore associations between the striatal network and key depression 

symptoms. The results suggest that they are associated to higher left VS-caudate/mid 

cingulate coupling during monetary losses vs. rewards, an intra-striatal network that was 

present for all symptoms except for suicidality. Instead, for suicidality, there may be a 

distinct circuitry (i.e., bilateral VS-mid/superior frontal gyrus and precuneus coupling) for 

losses versus earnings, observed both in the whole sample and among depressed participants 

only.

Midline Cortical to VS Connectivity in Depression

As noted in the introduction, the VS receives excitatory projections from both PFC and mid-

temporal limbic areas such as the amygdala and the hippocampus, but it does not directly 

project to the PFC; instead its contribution to these areas takes place through the ventral 

tegmental area (VTA). Given our results, it is possible that experiences of loss alter the PFC 

inputs to the VS via the VTA (Friston, et al., 1997). However, it may be difficult to detect 

changes in VTA activity given its deep location in the brain. For now, our results suggest 

predominant midline cortical inputs to the VS in depressed versus healthy adults during 

processing of losses versus rewards, but no differences in mid-temporal inputs to the VS 

across groups. Further research is needed to determine the directionality of effects (e.g., 

output from PFC to VS versus input from VTA to PFC) that undergird key depressive 

symptoms.

With excitatory projections from both mid-temporal and PFC regions, the VS integrates 

information regarding emotional salience as well as executive/motor plans, in order to 

facilitate goal directed behavior. Previous literature suggests that limbic and PFC inputs to 

the VS compete to control behavioral outcomes (Sturup, Kristiansson, & Lindqvist, 2011). 

The behavioral outcomes during which the limbic areas coordinate with the VS appear to be 

distinct from PFC related events. Specifically, limbic-VS coupling supports learning of basic 

reward directed behaviors and memory of predictors of rewards (Wimmer, Daw, & 

Shohamy, 2012). In particular, signals of DA neurons during unexpected rewards (or stimuli 

that predict them) are used for learning simple behavioral response strategies, yet, such 

responses are relatively inflexible. By contrast, input from the PFC to the VS allows for 

behavioral flexibility of learned responses to adapt to changes in the value of reward cues or 

of internal motivational states (Sturup, et al., 2011). In other words, limbic-VS connections 
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facilitate learning of basic emotion guided behaviors, and PFC-VS connections allow for 

flexible deployment and adaptation of behavior to changing circumstances.

In the context of those competing roles, our results might mean that depressed patients show 

preponderant PFC inputs to the VS during losses, but similar VS coupling with mid-

temporal limbic structures (e.g., amygdala or hippocampus) relative to healthy controls 

given that VS coupling to these structures did not differ between the groups. Thus, the 

balance of limbic versus PFC input to the VS may be tilted toward VS-PFC coupling in 

depressed patients during losses to the detriment of rewards. Higher VS-PFC (BA9, 10) 

coupling suggests engagement of the executive control network during receipt of losses in 

depressed patients (Figure 3, Panels A, B, C). By contrast, healthy controls engage midline 

cortical structures-VS circuits more for rewards than for losses (Table 2). This might mean 

preferential planning and self-referential processing specifically for losses in depressed 

adults relative to healthy adults (Ehrensaft & Cohen, 2012; Sylvester et al., 2003). Finally, 

stronger VS-precuneus and to mid-cingulate coupling among depressed patients during 

disappointment versus win was observed. The precuneus, with direct connections to the 

basal ganglia (Cavanna, 2007), sustains visuo-spatial imagery, episodic memory retrieval 

and self-referential processing and consciousness (Dammann et al., 2011). Depressed 

individuals may engage in increased self-processing (Cavanna, 2007) during thwarted 

rewards, rather than attributing positive outcomes (win or relief) to the self. In a similar vein, 

depressed patients have been documented to show reduced activity in lingual gyri, cuneus, 

precuneus and PCC when processing positive valenced faces (Fu et al., 2007). Further, their 

altered functionality of midline cortical substrates has been associated with increased self-

focus and negative self-attribution (Grimm et al., 2008). Thus stronger VS-precuneus 

coupling during losses versus earning an expected gain might represent self-attribution of 

negative results, which might perpetuate dysfunctional self-cognitions. Comparing 

functional connectivity during planning versus self-attributions of negative and positive 

events would clarify what specific cognitive functions are associated with striatal-PFC or 

striatal-limbic networks among depressed patients.

Ventral Striatum Connectivity to Limbic Structures in Depression

During negative outcomes, we noted higher VS-insula and inferior frontal gyrus connectivity 

(Figure 3, Panel D, loss versus disappointment). The insula supports awareness of 

interoceptive states and processing of salient emotional events (Menon & Uddin, 2010). 

Depressed individuals might experience stronger negative interoceptive sensations during 

losses than healthy controls. Additionally, high ACC-VS coupling to loss versus relief in 

depressed patients (Figure 3, Panel A) may implicate motivational processes and/or higher 

engagement of cognitive effort regarding negative outcomes in depressed patients (Beer, 

Lombardo, & Bhanji, 2010; Gilbert et al., 2006; Leshikar & Duarte, 2012; Ramnani, Elliott, 

Athwal, & Passingham, 2004). Dorsal ACC inputs to the VS enable planning of responses to 

future losses (Downar, Crawley, Mikulis, & Davis, 2002) by predicting cognitive demands 

that optimize future behavioral responses (Shenhav, Botvinick, & Cohen, 2013; Sheth et al., 

2012). Thus planning future behavior might be exacerbated for negative events in depressed 

patients. However, as noted before, the ACC, insula and midline cortical structures enable a 
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variety of functions, therefore future research would need to delve into which of those 

functions is affected during processing of negative versus positive events.

Regarding positive outcomes (i.e. relief and win), depressed patients showed increased VS 

coupling with limbic areas including the caudate, insula, and mid-cingulate gyrus (Figure 3, 

Panel E: relief versus win). The caudate subserves goal-directed behavior (Delgado, et al., 

2000; Grahn, Parkinson, & Owen, 2008; Tricomi, Delgado, & Fiez, 2004). Given combined 

coupling between VS and these limbic and limbic cortex structures, it is possible that 

depressed patients experience relatively less positive outcomes as more salient, which in turn 

could either reduce behavioral preparedness (i.e. eliciting less planning) for positive 

outcomes or enhanced behavioral preparedness for potentially negative outcomes. Notably, 

VS-cortical coupling, which was strongly engaged during losses versus rewards among 

depressed patients, did not differ between depressed and control participants during receipt 

of positive outcomes, i.e., during relief or win. Thus, higher functions during receipt of good 

news might be comparable across healthy controls and depressed patients. However, 

heightened caudate and insula to VS connectivity for relief vs. win among depressed adults 

suggests that they may be more behaviorally prepared for relatively less positive outcomes.

Associations between abnormal corticostriatal network and depression symptoms

As Table 3 shows, suicidality was linked to stronger VS to middle and superior frontal gyrus 

coupling, including the ACC, and VS-precuneus coupling during losses versus rewards, with 

31% of the variance in suicidality accounted by the variables in the regression model. The 

middle and superior frontal gyrus and ACC are dedicated to working memory, self 

monitoring, error detection, and executive planning (Brandi, Wohlschlager, Sorg, & 

Hermsdorfer, 2014; Kim, 2013). The more dorsal ACC controls behavioral responses to 

stimuli that demand effortful cognitive control or that bear conflicting emotional information 

(Gasquoine, 2013). The latter region of the ACC is the one showing higher functional 

connectivity with the VS in depressed patients in the present study (Figure 3, Panels A and 

B), suggesting that predominant cognitive effort and planning dedicated to negative versus 

positive outcomes might be a risk factor for suicide thoughts or behaviors. VS connectivity 

with the precuneus also suggests the involvement of autobiographical memory and self-

referential processing in suicide thoughts.

Our results also show that high left VS-caudate and mid-cingulate regions coupling during 

negative versus positive outcomes predicted higher anhedonia and depressive mood 

symptoms (which also involved VS-precuneus coupling) across all participants. These 

findings again suggest that that behavioral planning and goal-oriented cognitions for 

negative outcomes may underlie these two key symptoms of depression. As noted, the 

caudate subserves goal-directed behavior (Grahn, et al., 2008), thus depressive mood and 

anhedonia might be associated to greater behavioral preparedness for negative versus 

positive outcomes. Finally, severity of depression in the whole sample was associated with 

greater VS coupling to caudate, mid cingulate and precuneus, similar to depressive mood. It 

is notable that with the exception of suicidality, the left VS seed was the predominant source 

of connectivity associated to symptoms of depression (Table 3). This might indicate that 
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predominant PFC and striatal inputs to the left VS are associated to more severe depression 

symptoms.

Conclusions

The striatal circuitry, which evolved to process natural rewards (Carlezon & Thomas, 2009; 

Volman, et al., 2013) shows abnormally heightened midline cortical input to the VS (with 

notable contributions of the cingulate, the PFC and insula) during processing of losses in 

depressed patients. Our results replicate reviews regarding the typical VS functional 

connectivity (Cardinal, Parkinson, Hall, & Everitt, 2002; Postuma & Dagher, 2006), while 

also showing biased stimuli representations that mediate choice behavior in depressed 

patients. Heightened connectivity between the VS and midline cortical areas in depressed 

patients, suggests biased executive function, monitoring, self-referential and attention 

processes toward losses and away from positive stimuli.

Depressed patients showed no difference in VS coupling with excitatory mid-temporal 

structures (amygdala, hippocampus) or with the VTA, compared to controls. Instead the 

striatal circuitry of depressed patients appears to be shifted toward higher cortical versus 

limbic contributions to the VS, indicating that depression, in this sample, is notable for 

exaggerated attention, greater allocation of cognitive resources, and/or increased self-

attributions for losses over rewards. Finally, while processing relief and win the striatal 

network of depressed patients is biased toward processing of relatively least positive among 

available outcomes, i.e. more for relief than for winning. In summary, during depressive 

episodes, the striatal circuitry might be exquisitely attuned toward preferential processing of 

punishments and losses even in the context of positive events.

Cardinal symptoms of depression (anhedonia, depressed mood and suicide thoughts) are 

partially explained by heightened VS coupling to the caudate, mid-cingulate, ACC and 

precuneus during negative versus positive events (Table 3). Treatments aimed at changing 

negatively biased corticostriatal circuitry may effectively alleviate several core symptoms of 

depression, given their shared neurobiology. Findings also suggest that diminished cortical 

input to the VS during negative stimuli may represent a prognostic marker for less 

suicidality.

Limitations

The participants in this study have had depressive episodes for several years, thus it is 

possible that biases in VS to cortical areas coupling represent the effects of chronicity, and 

not a signature of depression or of the symptoms investigated. However, length of illness 

was not a significant covariate or predictor of functional connectivity. Additionally, a 

number of participants had a prior history of substance use, which could also confound the 

results and increase the difficulty in discerning the specific effects of depression. The self-

report questionnaire employed to survey the scales symptoms of depression is a relatively 

new tool, it would be desirable to replicate the links between symptomatology and 

corticostriatal circuitry with better established questionnaires or structured interviews. The 

task employed had 6 trials per outcome condition, lasting 20 seconds each, although this 

task has been extensively used to detect BOLD activity differences; this is the first time that 
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is used to estimate functional connectivity with PPI. While, there is at least one paper that 

set 5 trials or less per condition as the limit to exclude participants from PPI analyses 

(Hutchinson, Uncapher, & Wagner, 2015) it will be important to replicate our findings with 

this task and in other populations to ensure that the length of the trials did not diminish the 

power to detect functional connectivity estimates. Finally, the analyses that explored how 

striatal circuitry supported self-reported symptoms (suicidality, anhedonia, depressive mood 

and severity of depression) were conducted without controlling for each of the other 

symptoms because symptom scales were derived from the same instrument and were highly 

correlated. In particular anhedonia and depressed mood were highly correlated and had some 

items that comprised the scales that were common to both. Thus it is possible that there was 

not enough divergent validity for these scales to differentiate these symptoms dimensions. 

As such, these results should be taken with caution and viewed as exploratory in nature. 

Future studies ought to conduct these analyses while controlling for symptoms derived from 

different instruments to increase the likelihood that circuits are specific and unique to 

symptoms such as suicidality, depressed mood or anhedonia. This would also confirm or 

disprove whether suicidality, anhedonia and depressive mood are in fact sustained by similar 

circuitry.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We examined the striatal network, which encodes natural rewards, in 

depressed and healthy adults.

• Depressed adults show high striatal connectivity with neocortical areas during 

losses versus rewards.

• Suicidality, anhedonia, and depressive mood are associated with higher VS 

connectivity to the Prefrontal Cortex.
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Figure 1. 
Card guessing task
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Figure 2. 
Areas of increased functional connectivity with the ventral striatum in depressed versus 

control participants across all negative versus positive outcomes
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Figure 3. 
Areas of increased functional connectivity with the ventral striatum (yellow spheres) in 

depressed versus control participants during the receipt of distinct negative versus positive 

outcomes.
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