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Abstract

Introduction—Major depressive disorder (MDD) is often precipitated by life stress and growing 

evidence suggests that stress-induced alterations in reward processing may contribute to such risk. 

However, no human imaging studies have examined how recent life stress exposure modulates the 

neural systems that underlie reward processing in depressed and healthy individuals.

Methods—In this proof-of-concept study, 12 MDD and 10 psychiatrically healthy individuals 

were interviewed using the Life Events and Difficulties Schedule (LEDS) to assess their perceived 

levels of recent acute and chronic life stress exposure. Additionally, each participant performed a 

monetary incentive delay task under baseline (no-stress) and stress (social-evaluative) conditions 

during functional MRI.

Results—Across groups, medial prefrontal cortex (mPFC) activation to reward feedback was 

greater during acute stress versus no-stress conditions in individuals with greater perceived 

stressor severity. Under acute stress, depressed individuals showed a positive correlation between 

perceived stressor severity levels and reward-related mPFC activation (r = 0.79, p = 0.004), 

whereas no effect was found in healthy controls. Moreover, for depressed (but not healthy) 

individuals, the correlations between the stress (r = 0.79) and no-stress (r = −0.48) conditions were 

significantly different. Finally, relative to controls, depressed participants showed significantly 

reduced mPFC grey matter, but functional findings remained when accounting for structural 

differences.

Limitation—Small sample size, which warrants replication.

Conclusion—Depressed individuals experiencing greater recent life stress recruited the mPFC 

more under stress when processing rewards. Our results represent an initial step toward 

elucidating mechanisms underlying stress sensitization and recurrence in depression.
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INTRODUCTION

Major Depressive Disorder (MDD) is a complex and heterogeneous illness with a lifetime 

prevalence of 16.6% in the US and a high relapse rate (Kessler et al., 2005). Stress is one of 

the strongest proximal risk factors for MDD (Slavich and Irwin, 2014), with up to 80% of 

first lifetime major depressive episodes (MDEs) being preceded by a stressful life event 

(Brown and Harris, 1989; Hammen, 2006). According to the stress sensitization models, 

stress plays a stronger role in the first lifetime MDE, but as the illness progresses, 

neurobiological changes that occur in response to depression and stress may sensitize 

individuals, thereby increasing risk of future episodes following less severe life stressors 

(Kendler et al., 1999; Kessler, 1997; Monroe and Harkness, 2005). Therefore, it is critical to 
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understand the mechanisms underlying the effects of stress on brain function and behavior in 

MDD.

Animal and human studies have shown that both acute and chronic stressors affect the 

dopaminergic system and reward mechanisms and can induce anhedonia (Cabib and Puglisi-

Allegra, 2012; Pizzagalli, 2014), which is a cardinal symptom of MDD (American 

Psychiatric Association, 2013). Two critical regions implicated in stress regulation that 

receive dense projections from dopamine (DA) pathways are the basal ganglia (including the 

nucleus accumbens (NAc), caudate and putamen) and medial prefrontal cortex (mPFC, 

Cabib & Puglisi-Allegra, 2012). Stress has distinct effects on the DA system and reward-

related behaviors depending on the phase of reward processing (anticipation/consumption; 

Kumar et al., 2014), nature of the stressor (acute/chronic or controllable/uncontrollable; 

Cabib and Puglisi-Allegra, 2012; Maier and Watkins, 2010; Maier et al., 2006), and 

susceptibility of the individual to stress (Wang et al., 2014). For example, pre-clinical 

studies have shown that acute stressors increase tonic DA release in the NAc, promoting 

escape/avoidance attempts, whereas uncontrollable stressors are associated with inhibition 

of NAc DA release, which has been linked to helplessness (Cabib and Puglisi-Allegra, 

2012). Consistent with this preclinical evidence, we recently found that an acute laboratory 

stressor increased basal ganglia activation during reward anticipation among healthy 

controls (Kumar et al., 2014). More specifically, under acute stress, basal ganglia activation 

was reduced during reward consumption among healthy controls, mirroring patterns we 

previously observed in MDD samples under baseline (no-stress) conditions (Pizzagalli et al., 

2009).

The mPFC is thought to play a critical role in regulating DA release, and its activation is 

affected by the perceived controllability of the stressor (Maier and Watkins, 2010; Maier et 

al., 2006). Accordingly, uncontrollable stressors result in a greater increase of mPFC tonic 

DA levels when compared to exposure to a controllable stressor of identical intensity and 

duration (Cuadra et al., 1999; Valenti et al., 2012). In contrast, bilateral mPFC DA depletion 

increased stress-induced activity in the NAc (Cabib and Puglisi-Allegra, 2012; Pascucci et 

al., 2007; Scornaiencki et al., 2009). However, both mPFC morphology and function are 

influenced by prior experiences of chronic stress, which can impair this regulatory function. 

For example, changes in catecholamine levels, retraction of dendritic morphology, gene 

expression, and local circuit remodeling in the mPFC have been reported after exposure to 

chronic stress (Amat et al., 2008; Arnsten, 2009; Cerqueira et al., 2007; Dias-Ferreira et al., 

2009; Radley et al., 2006; Wang et al., 2014). Similarly, prior experiences of stress have 

been shown to be associated with reduced mPFC activation during reward anticipation and 

consumption, reflecting poor encoding of rewards (Casement et al., 2014; Treadway et al., 

2013). These studies suggest that stressors can influence both the structure and function of 

the mPFC, thereby modulating its critical role in stress adaptation, control, and resilience.

It is possible that depression, particularly recurrent depression with ongoing chronic stress, 

can affect mPFC structure and function in a way that causes the DAergic reward system to 

respond to an acute stressor as if it were uncontrollable. Supporting this, preclinical studies 

have shown that pre-exposure to a chronic stressor amplifies the response of mesocortical 

DA neurons in response to a subsequent acute stressor (Cabib and Puglisi-Allegra, 2012) 
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and attenuates the ability of the stressor to activate NAc DA neurons (Valenti et al., 2012). 

This highlights sensitization effects consistent with the kindling hypothesis and maintenance 

of depressive-like behavior. These dynamics may explain why as the illness progresses, 

individuals with MDD develop depressive episodes following increasingly lower levels of 

stress over time. To date, however, no study has investigated how experiences of recent life 

stress predict neural responses to reward under acute stress and no-stress conditions in 

depressed and healthy individuals.

To address this critical question, we conducted a proof-of-concept study in which we 

recruited unmedicated depressed and psychiatrically healthy individuals, and assessed all of 

the acute and chronic life stressors that they experienced over the past 6 months using a 

state-of-the-art, interview-based measure of life stress. In addition, we characterized 

participants’ neural responses to a monetary incentive delay task with fMRI under acute 

stress and no-stress conditions, which enabled us to examine how recent life stress exposure 

predicts reward processing in depressed and healthy individuals. Consistent with 

sensitization effects in the mPFC emerging from animal studies and its involvement in 

reward consumption, we hypothesized that the mPFC activation in response to rewards 

would be influenced by the perceived severity of recent stressors that depressed and healthy 

individuals experienced. Owing to findings highlighting mPFC volume reduction with 

repeated stressors or depressive episodes (e.g., Treadway et al., 2014), fMRI analyses 

controlled for gray matter variability among groups.

METHODS

Participants

Twelve unmedicated individuals with current MDD (6 females, mean age: 35.8 ± 14.9) and 

10 psychiatrically healthy (8 females, mean age: 29.7 ± 10.1) individuals participated in this 

study. All participants provided written informed consent to a protocol approved by the 

Committee on the Use of Human Subjects in Research at Harvard University and the 

Partners Human Research Committee. Participants were right-handed, and reported no 

medical or neurological illnesses. Healthy controls had no current or past psychopathology 

(as assessed by the Structured Clinical Interview for the DSM-IV) (SCID; First et al., 2002), 

and no current or past use of psychotropic medications. Findings related to the effects of 

acute stress (i.e., without consideration of life stressors) in healthy controls have been 

recently published in Kumar et al. (2014).

Procedure

During the initial screening visit, after the SCID session, participants completed the Beck 

Depression Inventory (BDI-II; Beck et al., 1996) and Snaith Hamilton Pleasure Scale 

(SHPS; Snaith et al., 1995) to assess their depressive and anhedonic symptoms, respectively. 

Within approximately 2 weeks of the MRI session, participants were administered the 

interview-based Life Events and Difficulty Schedule (LEDS; Brown and Harris, 1989) to 

assess all of the stressors they experienced over the past 6 months. Participants later 

underwent a single imaging session, during which time they performed a monetary incentive 

delay task (Knutson et al., 2000; see below). There were four separate runs of the MID task: 
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two runs under no-stress conditions and two runs under stress conditions in the following 

order: (1) No-stress, (2) Stress, (3) Stress, and (4) No-stress. All reaction times associated 

with task performance were recorded. In addition, following each run, and prior to receiving 

performance evaluation, participants rated the degree to which they experienced 12 different 

emotions (e.g., tense, anxious, relaxed, incontrol) during the prior run on scales from 1 to 5 

(1 = not at all/very slightly, 3 = moderately, 5 = extremely). Participants were compensated 

$55 for their time, and earned between $10 and $60 from the task. Detailed description of 

the task and stress manipulation can be found in Kumar et al. (2014).

Life Stress Assessment

All of the stressors that participants experienced in the 6 months prior to the MRI scan were 

assessed using the Life Events and Difficulties Schedule (LEDS; Brown and Harris, 1989). 

The LEDS involves a 2-hour semi-structured interview in which a clinician systematically 

inquires about potential acute and chronic stressors occurring in ten domains of functioning 

(e.g., health, work, education, relationships, etc.). In addition to the standard LEDS 

procedure, in the present study, the interviewer summarized the acute life events and chronic 

difficulties that were extracted from the interview and asked participants to rate their 

perceived severity of those stressors on a 1 (None) to 5 (Severe) scale. A total subjective 

perceived stressor severity score was calculated by summing each participant’s severity 

scores for acute life events and chronic difficulties. As per LEDS definitions, acute life 

events unfold over a relatively short period of time (e.g., 2–15 days) and include stressors 

such as learning about an impending job loss or broken engagement. Chronic difficulties are 

present at least for 4 weeks and include difficulties such as ongoing marital, financial, work, 

or housing problems (Brown and Harris, 1989).

Functional MRI Task (Monetary Incentive Delay Task)

Briefly, participants were presented with a visual cue (1.5s) indicating the reinforcer type (+

$ or 0$), followed by a target (0.2s). This signaled the participants to press a button as 

quickly as possible. During reward trials, successful trials were rewarded by a monetary 

feedback if reaction times were within the 66th percentile of those from the previous run (for 

Run 1, a practice run was used for these calculations). Gains for successful reward trials 

were between $0.95 and $1.15 (mean: $1.05). For no-incentive trials, a “No change” 

feedback was presented regardless of RT. The task included 4 runs of 33 trials (~ 9 minutes 

each), with 22 reward and 11 no-incentive trials pseudo-randomized in each run. Subjects 

completed a brief practice before the first run. The practice run was identical to the design 

described above except that no feedback was provided.

Acute Stress Manipulation

An acute stress manipulation involving a social-evaluative component (i.e., negative 

feedback about task performance) and sudden $5 penalty deductions was built into the 

monetary incentive delay task. Participants received negative feedback immediately after 

completing runs 1 and 2, which was expected to induce stress during the completion of runs 

2 and 3 (“stress runs”). In contrast, participants received positive feedback about their 

performance following the practice, and the end of run 3, making runs 1 and 4 “no stress” 
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runs. To sustain the stress manipulation, a multicolored bar [with three different colored 

zones: red (“$5 Penalty), yellow (“neutral”), and green (“Penalty Not Possible”)] was visible 

at the bottom of the screen throughout the task. During the stress blocks, the pointer moved 

close to the red “$5 penalty” zone throughout the stress runs, with penalties occurring twice 

during run 2 and once during run 3. During the no-stress runs, the multicolored bar was 

shades of yellow, green, and blue (“safe”), and participants were informed that they could 

disregard the bar for those runs.

Imaging Data Acquisition

A 1.5-T Symphony/Sonata scanner (Siemens Medical Systems, Iselin, N.J.) was used to 

acquire the MRI data. High-resolution structural data were acquired using a T1-weighted 

magnetization-prepared rapid acquisition with gradient echo (MPRAGE) imaging sequence 

with the following acquisition parameters: repetition time = 2730 ms; echo time = 3.39 ms; 

field of view = 256 mm; voxel dimensions = 1 × 1 × 1.33 mm; 128 slices. Functional MRI 

data were acquired using a gradient echo T2*-weighted echoplanar imaging sequence with 

titled slice acquisition and z-shimming to recover signal in regions affected by susceptibility 

artifacts (Deichmann et al., 2003) with the following acquisition parameters: repetition time 

= 2500 ms; echo time = 35 ms; field of view = 200 mm; voxel dimensions = 3.125 × 3.125 × 

3 mm; 35 interleaved slices.

Behavioral Analyses

Perceived Stressor Severity Score—An independent t-test evaluated possible group 

differences in participants’ perceived stressor severity score.

Reaction Time—Responses shorter than 150 ms or greater than 1000 ms, and those 

exceeding three standard deviations from the mean for each participant, were deemed as 

outliers and removed. Next, a 2 × 2 × 2 repeated measures ANOVA with Incentive (Reward, 

No-Incentive) × Stress (Stress, No-stress) as within-subject factors and Group (HC, MDD) 

was run.

Affective Ratings—Positive and negative affect were calculated by averaging the scores 

obtained on 5 positive (in control, alert, energetic, relaxed and happy) and 7 negative (tense, 

anxious, powerless, defeated, challenged, stressed and out of control) emotions, 

respectively, after every run. These ratings were then analyzed using a 2 × 2 × 2 repeated 

measures ANOVA with Valence (Positive, Negative) × Stress (Stress, No-stress) as within-

subject factors and Group (HC, MDD).

fMRI Analyses

Functional MRI data were pre-processed and analyzed using FMRIB's FSL 4.1.5 (Smith et 

al., 2004) (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). After removal of non-brain structures using 

BET (Smith, 2002), fMRI data were corrected for movement (using MCFLIRT; Jenkinson 

et al., 2002) and slice timing artifacts. Images were then spatial smoothed (Gaussian kernel 

with 6 mm full width at half maximum), grand mean intensity normalized by a single 

multiplicative factor, and temporally highpass filtered (Gaussian-weighed least squares 

straight line fitting with σ = 60 s). Finally, functional data were registered to the high-
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resolution structural image using FLIRT and co-registered structural images were 

normalized to 2 mm MNI standard space template using FNIRT (Jenkinson et al., 2002).

A general linear model (GLM) with regressors corresponding to reward cue, no-incentive 

cue, successful reward feedback, unsuccessful reward feedback, no-change feedback (for 

no-incentive trials) was implemented for each subject. For each event, the onset times of the 

events were convolved with a hemodynamic response function (modeled using a gamma 

function). Covariates of no interest included the six rigid-body motion time courses from the 

motion correction, target onset, errors (i.e., trials in which the button was pressed before the 

target presentation) and penalties (only during stress runs, when $5 penalty was randomly 

presented). Contrast maps were constructed for reward anticipation (reward vs. no-incentive 

cue) and consumption (gain vs. no-change feedback).

As mentioned in Kumar et al. (2014), analyses were restricted to runs 1 and 2, as putative 

differences between these two runs may more strongly reflect the effects of “acute” stress 

and would eliminate possible carry-over effects of stress. To test the influence of recent 

perceived stress (as measured by LEDS) on reward processing during the acute stressor, a 

whole brain correlation was performed with perceived stressor severity score as a dependent 

variable and the change in brain activation (Run2: stress – Run1: no-stress) during reward 

consumption as an independent variable across all subjects. Due to a small sample size, the 

correlation was conducted across all subjects from both groups opting for a continuum 

approach. For follow-up analyses of clusters emerging from the whole brain correlation, 

parameter estimates were extracted from the consumption contrasts (from Run1: no stress 

and Run 2: stress) and correlation analyses were performed using SPSS.

Structural Analyses

VBM analyses were implemented using the VBM8 toolbox in conjunction with SPM8 

(http://dbm.neuro.uni-jena.de/author/admin/). To this end, T1 images were first normalized 

and segmented into gray matter, white matter and cerebrospinal fluid using the SPM8 

DARTEL segmentation procedure (Ashburner, 2007). In order to restore individual subject 

volume estimates that may have been altered following normalization, all images were 

modulated by the non-linear components derived from the spatial normalization. By using 

the non-linear components only, the resulting images are both aligned to the template while 

retaining their original gray matter volume. As a result of this step, inclusion of intracranial 

volume as a covariate in random-effects analysis is not required. After normalization, 

images were smoothed using a 12-mm FWHM kernel. As chronic stressors and depressive 

episodes have been associated with structural deficits in the mPFC (Amat et al., 2008; 

Arnsten, 2009; Cerqueira et al., 2007; Dias-Ferreira et al., 2009; Radley et al., 2006; Wang 

et al., 2014; Treadway et al., 2014), we aimed to control for structural deficits that could 

influence functional activity in this region. Therefore, gray matter estimates were extracted 

from the ROIs and correlation analyses were performed in SPSS, after controlling for the 

gray matter variability. Age and gender were also controlled for, as both these factors are 

known to influence structural morphology in humans (Taki et al., 2011).

Data were inspected for possible outliers in all analyses. Values that exceeded three times 

the inter-quartile range (the difference between the third and first quartile) of mean 
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parameter estimates were deemed to be outliers and were further investigated to identify if 

these were due to motion, registration error, or other sources of artifacts. If no problems 

could be identified and corrected, outlier data points were removed from the analyses.

RESULTS

Behavioral Results

Clinical and Demographics Data—Compared to healthy controls (HC), depressed 

participants reported higher BDI-II (t(20) = 7.56, p < 0.001) and SHPS (t(20) = 3.78, p < 

0.001) scores (Table 1). No differences in age, gender, job status and household income 

were observed (p > 0.1). However, healthy controls had a significantly greater number of 

years of education (t(20) = 2.39, p < 0.05).

LEDS Perceived Stressor Severity Score—An independent t-test revealed that MDD 

participants had a higher perceived stressor severity score than healthy controls [t(20) = 

−3.40, p < 0.005] – a difference that was driven by the severity of chronic difficulties 

[t(1,20) = −4.76, p < 0.001] rather than acute life events [t(1,20) = −0.99, p > 0.3; see Table 

1].

MID Task Results—To ensure consistency with the fMRI analyses, behavioral analyses 

were restricted to Runs 1 and 2. Overall, across all participants and runs, approximately 66% 

of reward trials (~15 trials) were successful (i.e., participants were faster than the set 

threshold of 66%), and 34% (~7 trials) were not successful (i.e., participants were slower 

than the 66% threshold), indicating that the RT calibration elicited the intended effects. 

There was no difference in the number of reward feedback delivered during the stress and 

no-stress runs (p > 0.05) across and within groups (Table 1).

Reaction Time—The 2 × 2 × 2 ANOVA revealed a significant main effect of Valence 

[F(1, 20) = 39.54, p < 0.001]. No effects involving Group or Stress emerged (p > 0.1), and 

both groups were faster to respond during reward than neutral trials under both stress and 

no-stress conditions (p < 0.05; Fig. 1A & 1B).

Affective Ratings—The 2 × 2 × 2 ANOVA revealed significant Valence × Group 

[F(1,20) = 10.98, p < 0.005] and Stress × Valence [F(1,20) = 34.40, p < 0.001] interactions. 

As hypothesized, relative to controls, MDD individuals had lower positive affect during Run 

1 [t(20) = 2.43, p < 0.05]. Posthoc analyses revealed that similar to HC, MDD individuals 

had a significant increase in negative affect with stress (MDD: t(12) = −3.52, p = 0.005; HC: 

t(10) = −3.67, p = 0.007). However, whilst HC had a significant reduction of positive affect 

with stress, MDD individuals showed only a trend, possibly due to a floor effect (MDD: 

t(12) = 1.81, p =0.09; HC: t(10) = 3.46, p = 0.005). Post-hoc tests for the significant Stress × 

Valence interaction indicated that both groups exhibited an increase in negative [t(22) = 

−4.77, p < 0.001] and decrease in positive affect [t(22) = 3.52, p < 0.005] in the no-stress 

versus stress condition, suggesting that the acute stress manipulation was successful (Fig. 1C 

& 1D). Finally, since we hypothesized that chronic stress would modulate neural responses 

to acute stress, correlations were performed between participants’ LEDS perceived stressor 
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severity scores and their affective responses to the fMRI-based stressor. For MDD 

individuals, the LEDS perceived stressor severity score predicted the change in negative 

affect with acute stress. Specifically, depressed individuals with higher levels of perceived 

stressor severity showed greater increases in negative affect during the stress versus no-

stress condition (r = −0.61, p = 0.035, Fig. 2). This effect was not observed in healthy 

controls (r = 0.34, p > 0.1). Although these two independent correlations were significantly 

different (Z = 2.11, p < 0.05), it is important to emphasize that the healthy controls had a 

truncated range in their change in negative affect and the correlation within the MDD group 

was influenced by an individual with the highest perceived stressor severity score.

Imaging Results

Across all participants, a significant negative correlation was observed between neural 

activation change in a frontal cluster (including the mPFC) in response to reward feedback 

under stress compared to no-stress (Run 2 – Run 1), and the LEDS perceived stressor 

severity score (x = 6, y = 56, z = 2, Z = 3.2, cluster size = 772 voxels; Fig. 3). Thus, mPFC 

activation to reward feedback was greater during acute stress than no-stress conditions in 

individuals with greater perceived stressor severity score (see Fig. 3). The beta weights were 

extracted from the mPFC ROI and entered into SPSS and investigated for outliers. An 

extreme outlier as listed by SPSS was identified in the depressed group. Careful inspection 

of the data revealed that this outlier was not due to motion, registration error, or other 

sources of artifact, thus the values for this participant were removed from further functional 

analyses.

As previous studies have observed structural deficits in the MDD group in similar mPFC 

regions, gray matter estimates were extracted from this region and tested for group 

difference. Relative to healthy controls, depressed individuals had significantly lower gray 

matter in this region (F(1,18) = 5.51, p = 0.031; Cohen’s d = 0.95), after controlling for 

gender and age. Critically, the correlation between LEDS subjective perceived stressor 

severity score and reward-related mPFC response under stress vs. no-stress conditions was 

confirmed after controlling for gray matter, age, and gender (r = −0.58, p = 0.006).

Follow-up analyses designed to further interrogate the data revealed several important 

findings. First, the correlation was mainly driven by the MDD group (MDD: r = −0.80, p = 

0.003; HC: r = −0.25, p = 0.49). Second, the correlations involving the stress and no-stress 

conditions were significantly different only in MDD individuals (Stress: r = 0.79, p = 0.004 

vs. No-stress: r = −0.48, p = 0.14; Z = 2.96, p = 0.003), but not in healthy controls (Stress: r 

= 0.56, p = 0.09 vs. No-stress: r = 0.43, p = 0.22; Z = −0.27, p > 0.5; Meng et al., 1992). 

Third, whole brain correlational analysis did not reveal any other brain regions.

Exploratory Analyses—As the NAc is often reported to be influenced by stress along 

with the mPFC, we conducted an exploratory Pearson correlation between participants’ 

LEDS perceived stress severity scores and parameter estimates extracted from an NAc 

functional ROI during reward consumption. The NAc ROI was created by drawing a 10mm 

sphere around the peak voxel (x = −8, y = 11, z = −15) from Pizzagalli et al. (2009), as this 

region showed reduced activation in MDD during reward consumption relative to healthy 
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participants. Across groups, a negative correlation emerged between LEDS perceived 

severity stress score and NAc activation in response to reward feedback under the stress 

relative to no-stress condition (Run 2 – Run 1; r = −0.46, p = 0.03). As in the mPFC, higher 

perceived stress severity scores were associated with potentiated reward-related NAc 

response in the stress condition. Further analysis revealed that this association was mainly 

driven by MDD participants’ NAc responses in the stress condition (MDD: r = 0.74, p = 

0.01; HC: r = 0.32, p = 0.36; Both groups: r = 0.64, p = 0.002).

DISCUSSION

In the present study, we investigated the influence of recent stressors (both acute and 

chronic) on reward processing under lab-induced acute stress and no-stress conditions in 

MDD and healthy individuals. Whole-brain correlation analyses across groups revealed that 

individuals with higher levels of perceived stress showed the greatest change in the mPFC 

activation to reward feedback during acute stress. This effect was mainly driven by the 

MDD group. Specifically, while under acute stress, depressed individuals with greater recent 

perceived stressor severity score showed potentiated reward-related mPFC activation, 

whereas under no-stress, the association was reversed. In contrast, no evidence of stress-

related mPFC modulation emerged among healthy individuals. Modulation of mPFC 

activation by both lab-induced acute stress and recent life stress experiences in depression is 

intriguing, especially in the context of animal studies highlighting the critical role of this 

region in stress adaptation, coping and resilience, particularly during reward processing 

(Horst and Laubach, 2013; Maier and Watkins, 2010; Ossewaarde et al., 2011). Finally, 

contrary to our hypotheses, whole-brain correlation analyses did not show a link between 

participants’ perceived stressor severity scores and their NAc responses to reward, although 

ROI analyses indicated that, as for the mPFC, increased perceived stressor severity scores 

were associated with potentiated reward-related NAc response during acute stress. In light of 

the null findings from the whole-brain analyses, the NAc findings are not further interpreted.

The mPFC has been reported to be functionally and structurally vulnerable to chronic stress. 

The current voxel-based morphometry analyses revealed that, relative to healthy controls, 

the MDD group had reduced gray matter within the mPFC region showing stress-related 

functional modulation. Importantly, animal studies have shown that chronic stress cause 

changes in dendritic morphology, an increase in glucocorticoid receptors, spine loss, and 

altered synaptic transmission in the mPFC (Amat et al., 2008; Arnsten, 2009; Cerqueira et 

al., 2007; Dias-Ferreira et al., 2009; Radley et al., 2006; Wang et al., 2014). Of note, non-

human primate studies have shown that interventions designed to decrease stress 

responsiveness (by learning of successful coping strategies) increase the volume of mPFC 

(Katz et al., 2009; Lyons et al., 2002). Critically, the functional findings in the present study 

were robust while controlling for individual differences in mPFC gray matter density.

Functionally, the most intriguing finding was that depressed participants showed 

significantly different correlations between the LEDS perceived stressor severity score and 

reward-related mPFC activation during acute stress versus no-stress condition. In particular, 

a significant correlation in the stress condition indicated that, during acute stress, depressed 

individuals with greater perceived stress exposure recruited the mPFC more strongly during 
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reward consumption. This result can be explained by two pieces of evidence from the animal 

literature: learned helplessness and uncontrollability.

With respect to learned helplessness, Wang and colleagues recently proposed that cellular 

changes within the mPFC underlie resilience or susceptibility to stress-induced maladaptive 

behavioral response (Wang et al., 2014). Specifically, they showed that helplessness was 

associated with enhanced, whereas resilience was associated with reduced, excitatory 

synaptic transmission onto mPFC neurons that are actively recruited during behavioral 

response. In addition, increasing the synaptic transmission in the mPFC made resilient rats 

become susceptible to the stressor. The critical component is that prior exposure to stress 

was shown to be a catalyst for the induction of these changes (Wang et al., 2014). Our 

results of increased mPFC activity in depressed individuals who experienced recent stress to 

be more severe are consistent with Wang et al. (2014), although the cross-sectional nature of 

the current study cannot directly support a causal interpretation.

In terms of stress controllability, abundant evidence indicates that the mPFC controls stress 

responses via its regulation of striatal DA transmission, especially when the behavior needs 

to be adapted to the controllability or uncontrollability of the experience (Amat et al., 2005; 

Cabib and Puglisi-Allegra, 2012; Maier and Watkins, 2010; Maier et al., 2006; Wang et al., 

2014). For example, both animal and human studies have shown that acute and chronic 

stressors increase DA levels substantially in the mPFC (Lataster et al., 2011; Nagano-Saito 

et al., 2013; Pruessner et al., 2008; Wang et al., 2005), with greater increases caused by 

uncontrollable stress (Bland et al., 2003). Furthermore, prior exposure to chronic stress 

amplifies this process, highlighting possible sensitization effects consistent with the kindling 

hypothesis (Post, 1992). Because DA exerts inhibitory effects on mPFC function, DA 

release in the mPFC in the face of uncontrollable stressors exerts a regulatory (inhibitory) 

control over DA activity in the NAc (e.g., Del Arco and Mora, 2008), and thereby expected 

to blunt DA release in mesolimbic pathways and maintain depressive-like behavior.

Limitations

Three main study limitations deserve mention. First, although the affective responses to the 

stress manipulation showed the expected patterns, no other (e.g., physiological) measures 

were used to evaluate stress responses. Second, although findings were consistent with a 

priori hypotheses concerning the effects of acute stress on neural processing, no findings 

emerged considering all four runs (data not shown), possibly due to habituation effects, 

limited statistical power, and/or the use of a mild stress manipulation. With respect to the 

latter point, monetary penalties like the ones employed here might not be particularly 

aversive, and more potent manipulations (e.g., threat-of-shock) might have triggered more 

reliable stress responses (Bogdan and Pizzagalli, 2006). A final limitation is that the sample 

size was small; hence, all results need to be considered with caution until replicated.

Conclusion

Although in need of replication, the present results provide initial evidence that experiences 

of recent life stress modulate neural correlates of reward processing under acute stress in 

depressed individuals. In particular, we found that perceived stressor severity scores 
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modulated the reward-related activation in the mPFC, a region critically implicated in stress 

adaptation and controllability. More specifically, depressed individuals with greater 

perceived stressor severity recruited this region more under stress when processing rewards 

– a finding consistent with sensitization effects reported in the pre-clinical literature. This 

may explain why as depression progresses over time, risk of developing subsequent MDEs 

increases, even in response to more mild forms of stress. The findings may thus provide 

initial clues as to why depression is a highly recurrent, chronic, and impairing disorder for 

some individuals.
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Fig. 1. 
Reaction times (A & B) and Affective ratings (C & D) across no-stress (Run 1) and stress 

(Run 2) runs. Error bars indicate standard errors.
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Fig. 2. 
Association between stress-induced change in negative affect and LEDS perceived stressor 

severity score across MDD and healthy individuals. Within the MDD group, the correlation 

was influenced by an individual with the highest perceived stressor severity score, who was, 

however, not identified as an outlier.
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Fig. 3. 
Correlations between LEDS perceived stressor severity score and the mPFC activation 

during no-stress (Run 1) condition (3A), stress (Run 2) condition (3B), and change between 

Runs 1 and 2 (3C), (unstandardized residuals corrected for grey matter variability, age and 

gender). (D) mPFC ROI from the correlation analysis (Peak voxel: x=6, y=56, z=2), Z = 3.2, 

Cluster size = 772 voxels.
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Table 1

Demographics and Task Performance Scores for MDD and Healthy Participants

Variables MDD Healthy Controls P value

Age 35.83±14.90 29.70±10.14 n.s

Gender 6f, 6m 8f, 2m n.s

Education 15.33±1.56 17±1.69 <0.05

BDI 25.25±9.07 1.90±3.87 <0.001

SHPS 5.42±4.07 0.40±0.96 <0.001

LEDS Perceived Stressor Severity Score 27.50±13.57 11.50±7.36 <0.005

LEDS Perceived Chronic Difficulty Severity Score 16.00±7.39 3.70±3.77 <0.001

LEDS Perceived Acute Event Severity Score 11.50±10.52 7.80±5.85 >0.1

FRs received during No-Stress 14.83±4.02 16.40±4.93 n.s

FRs received during Stress 13.0±3.72 14.60±3.17 n.s

Mean ± Standard Deviations; f-Females, m-Males; BDI–II, Beck Depression Inventory (Beck et al., 1996); SHPS, Snaith Hamilton Pleasure Scale 
(Snaith et al., 1995); FRs, Reward Feedbacks.
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