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ABSTRACT

Introduction: Anhedonia, a core symptom of Major Depressive Disorder (MDD), manifests as a lack or loss of
motivation as reflected by decreased reward responsiveness, at both behavioral and neural (i.e., striatum) levels.
Exposure to stressful life events is another important risk factor for MDD. However, the mechanisms linking
reward-deficit and stress to MDD remain poorly understood. Here, we explore whether the effects of stress
exposure on reward processing might differentiate between Healthy Vulnerable adults (HVul, i.e., positive fa-
milial MDD) from Healthy Controls (HCon). Furthermore, the well-described reduction in cognitive resources in
MDD might facilitate the stress-induced decrease in reward responsiveness in HVul individuals. Accordingly, this
study includes a manipulation of cognitive resources to address the latter possibility.

Methods: 16 HVul (12 females) and 16 gender- and age-matched HCon completed an fMRI study, during which
they performed a working memory reward task. Three factors were manipulated: reward (reward, no-reward),
cognitive resources (working memory at low and high load), and stress level (no-shock, unpredictable threat-of-
shock). Only the reward anticipation phase was analyzed. Imaging analyses focused on striatal function.
Results: Compared to HCon, HVul showed lower activation in the caudate nucleus across all conditions. The
HVul group also exhibited lower stress-related activation in the nucleus accumbens, but only in the low working
memory (WM) load condition. Moreover, while stress potentiated putamen reactivity to reward cues in HVul
when the task was more demanding (high WM load), stress blunted putamen reactivity in both groups when no
reward was at stake.

Conclusion: Findings suggest that HVul might be at increased risk of developing anhedonic symptoms due to
weaker encoding of reward value, higher difficulty to engage in goal-oriented behaviors and increased sensitivity
to negative feedback, particularly in stressful contexts. These findings open new avenues for a better under-
standing of the mechanisms underlying how the complex interaction between the systems of stress and reward
responsiveness contribute to the vulnerability to MDD, and how cognitive resources might modulate this in-
teraction.
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1. Introduction

Major Depressive Disorder (MDD) is a prevalent mental disorder
affecting worldwide more than 4.4% of the population (World Health
Organization, 2017). According to the Diagnostic and Statistical
Manual of Mental Disorders, Fifth Edition (American Psychiatric
Association, 2013), long-lasting depressed mood and anhedonia are
core symptoms of MDD. At the neural level, anhedonia is underpinned
by a dysfunction of the reward circuitry, which is thought to constitute
a major biological marker of MDD as well as a predisposition for in-
creased vulnerability to MDD (Hasler et al., 2004; Martin-Soelch et al.,
2009). The presence of anhedonic symptoms has been robustly asso-
ciated with a dysregulation of reward processing in healthy adults
(Chung and Barch, 2015; Harvey et al., 2007), in MDD patients
(Epstein et al., 2006; Pizzagalli et al., 2009), and in unaffected offspring
of MDD patients (Liu et al., 2016). Among MDD patients, a wealth of
data provides strong evidence for impaired reward processes during the
anticipation of a pleasurable event (Hégele et al., 2015; for a review
see: Zhang et al., 2013). With the aim of understanding how reduced
reward responsiveness might confer risk for major depression, recent
studies have explored reward processes in first-degree relatives of MDD
patients. Emerging findings show diminished striatal reactivity in un-
affected offspring of MDD patients during the anticipation of potential
rewards compared to healthy controls (Olino et al., 2014). With this in
mind, the purpose of our study is to explore how both stress exposure
and different levels of cognitive demands interact to modulate reward
processing in individuals at increased familial risk for MDD, i.e., off-
spring of parents with a history of MDD.

Extensive research has demonstrated that stressful life events are
intimately linked to depressive vulnerability by increasing the like-
lihood of the onset of the first depressive episode (Hammen, 2005;
Kendler and Gardner, 2016), as well as to relapse and recurrence of
MDD (Beshai et al., 2011; for a review see: Buckman et al., 2018).
Diathesis-stress models (Ingram and Luxton, 2005; Monroe and
Simons, 1991) propose that depressive symptoms result from an in-
teraction between premorbid risk factors (e.g., abnormal reward func-
tion) and exposure to stressors. These models are consistent with the
report of risk of developing a first depressive episode in individuals
with a recent significant life stressor increased by factors of between 4
and 6.5 (Paykel, 1978). In line with this notion, a disrupted reward
system (risk factor) combined with a strong stress response might
precipitate the emergence of MDD. In fact, findings have evidenced an
association between stress exposure (e.g., threat-of-shock, negative
performance feedback, or stressful life events) and both reward hypo-
responsivity (Berenbaum and Connelly, 1993; Bogdan and
Pizzagalli, 2006; Pizzagalli et al., 2007) and negative affect
(Bogdan and Pizzagalli, 2006).

Cognitive deficit, such as working memory, constitutes another
consistent symptom in depression (American Psychiatric Association,
2013; Beevers, 2005; Clark and Beck, 2010). Such deficit can involve a
reduction in cognitive resources or impaired inhibitory control over
negative information which might give rise to negative cognitive biases
underpinning subsequent depressive symptoms (Everaert et al., 2015,
2017; Gohier et al., 2009; Rose and Ebmeier, 2006). Of particular sig-
nificance, reward is known to modulate cognitive performance by en-
hancing motivation to engage in cognitive effort, resulting in higher
performance (Berridge, 2004; Niv et al., 2007; Pessoa, 2013). When
reward receipt is contingent upon instrumental performance, people are
more willing to work harder (e.g., Manohar et al., 2017; Savine et al.,
2010; Yee and Braver, 2018). Operationally, the amount of effort that
individuals are willing to exert reflects their motivation to achieve a
goal (Ernst, 2014). In other words, individuals’ willingness to increase
their attentional deployment to enhance performance exhibits their
degree of motivation to engage in the task (Ernst, 2014; Westbrook and
Braver, 2015; Yee and Braver, 2018). However, motivation that en-
ergizes behaviors is driven by a cost-benefit estimation, in which costs

NeuroImage: Clinical 26 (2020) 102193

such as effort and risk are weighted against benefits such as reward
(Apps et al.,, 2015). For instance, studies evidenced that a higher
amount of cognitive effort modulated by the difficulty of the task re-
duces the value attached to a reward, a principle also known as effort-
discounting effect (e.g., Botvinick et al., 2009; Krigolson et al., 2015).
Nevertheless, few data exists so far on how cognitive effort modulates
the effect of stress exposure on the reward function.

These three factors, reward dysfunction, hypersensitivity to stress,
and low cognitive resources, could have critical synergistic influences
on the development of MDD. To our knowledge, this question has not
yet been examined. The present work is a first step to start addressing
this possibility. To this goal, healthy vulnerable individuals with par-
ental history of major depression (HVul) and healthy controls (HCon)
will be compared on reward responsivity (neural and behavioral), while
manipulating stress (threat of electrical shocks) and cognitive re-
sources, i.e., low and high working memory (WM) load. Based on the
above background, the following two hypotheses are tested. (1) Stress
exposure will decrease striatal reactivity in response to reward in a
larger extent in HVul relative to HCon individuals (e.g., Choi et al.,
2014; Hanson et al., 2015; Kumar et al., 2014; Porcelli et al., 2012). (2)
High cognitive load, vs. low cognitive load, will further increase the gap
between HVul and HCon individuals regarding the effect of stress on
reward responses.

2. Methods and material
2.1. Participants

Thirty-two healthy, non-smoking, and right-handed participants
aged 20-36 years (M = 24.2; SE = 0.68) were recruited from the local
community through advertisements, and from psychology courses at
the University of Fribourg. General inclusion criteria encompassed
being aged between 18 and 40 years old, right-handed, non-smoking
and having a good command of French. Among the participants, 16
healthy adults (12 women) without any past or current mental disorder
presented increased familial vulnerability to MDD (healthy vulnerable,
HVul), characterized by having a biological parent with a history of
MDD. Sixteen healthy controls (12 women) without any past or current
mental disorder and without increased familial vulnerability to MDD
were age- and gender-matched (healthy control, HCon). As reported in
Table 1, groups did not significantly differ on age, gender, socio-de-
mographic status, and depressive symptomatology. Parental MDD was
evaluated with the family history method with the participant as an
informant (Andreasen et al., 1977) using the Family Interview for Ge-
netic Studies (FIGS; Maxwell, 1992). Eleven HVul reported having a
mother, 3 HVul a father, and 1 HVul both parents with a history of
MDD. Fifteen out of the 16 HVul cohabitated with their parents at the
time of parental MDD history, with length of cohabitation ranging from
1 to 19 years. General exclusion criteria comprised current or past
neurological disorder, brain injury, endocrinological condition, mental
disorder, and use of psychotropic drugs including alcohol, nicotine,
medicines. Among HCon, any individual who reported a first-degree
relative with a history of any psychiatric disorders was excluded.
Moreover, general exclusion criteria related to the participation in a
study including resonance imaging measures included pregnancy,
having a pacemaker, a mechanical heart valve or metal implant. With
the aim of estimating the minimal number of participants required to
detect small-sized (f = 0.15; eta® = 0.02), medium-sized (f = 0.25;
eta? = 0.06) and large-sized (f = 0.35; eta? = 0.11) effects
(Cohen, 1988), we performed an a-priori power analysis using the sta-
tistical package GPower (Faul et al., 2007) with alpha threshold set to
0.05, power to 0.95 and correlations among repeated measures to 0.50
(see Figure A.1 in Appendix). The projected sample size needed with a
repeated measures design including two (no-shock vs threat-of-shock)
by two (reward vs no-reward) by two (high vs low cognitive load)
within-subject variables and two groups was calculated as a function of
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Table 1
Group demographics and psychological measures of depressive symptoms.
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HCon (4 males, 12 females)

HVul (4 males, 12 females) Group difference

M SE SD Range M SE SD df T-value p-value Mann-Whitney U p-value
Age 24.1 0.9 3.7 - 24.3 1.0 4.1 30 -0.18 0.86 119.5 0.75
IPSE 57.1 4.0 15.9 - 58.2 4.3 17.1 30 -0.19 0.85 102.0 0.33
Age at parental MDD onset - - - 0 to 25 11.8 2.4 8.3 - - - - -
MADRS mean scores 4.3 1.1 4.4 - 3.8 0.7 2.8 30 0.39 0.70 121.5 0.81
BDI-II mean scores 5.1 1.4 5.4 - 6.8 1.7 6.8 30 —-0.74 0.46 107.5 0.43
Shock intensity level 102.8 9.9 39.5 - 99.6 6.1 24.4 30 0.28 0.79 - -
Length (years) of cohabitation with a depressed - - - 1to 19 7.6 1.9 6.5 - - - - -

parent

Note Healthy control individuals (HCon) without increased familial risk for major depressive disorder (MDD); healthy adults with increased familial risk for MDD
(HVul, healthy vulnerable individual); N, number; M, mean; SD, standard deviation; SE, standard error; df, degree of freedom; T-value, Student's t-test; IPSE, Index of
Economic Status Position according to the Swiss population; BDI-II, Beck Depression Inventory-I1I; MADRS, Montgomery-Asberg Depression Rating Scale; MDD, Major

Depressive Disorder.

effect size (Cohen, 1988), with a small-sized (N = 60), medium-sized
(N = 24) and large-sized effects (N = 12), respectively (Cohen, 1988).

2.2. Clinical measures

Presence and history of mental disorders among participants were
tested using the French version (Lecrubier et al., 1998) of the Mini-
International Neuropsychiatric Interview (M.LN.L; Sheehan et al.,
1998). None of the participants met criteria for past or current neuro-
logical, mental, or hormonal conditions. Additionally, depressive
symptoms among participants were assessed using the Montgomery-
Asberg Depression Rating Scale (MADRS; Montgomery and
Asberg, 1979; French version: Pellet et al., 1980) and the Beck De-
pression Inventory-II (BDI-II; Beck et al., 1996, French version: 1998).
The MADRS scale includes 10 items coded from 0 to 6, with a total
score ranging from 0 to 60. A score of 15 or above indicates the pre-
sence of a major depressive episode (Bouvard and Cottraux, 2010). The
BDI-II is a standardized and widely used scale to evaluate the intensity
and severity of depressive symptoms over the two weeks preceding the
measurements. Depressive symptoms are reported using 21 items rated
on a 4-point Likert-like scale ranging from 0 to 3. The total score for all
21 items ranges from 0 to 63. As guidance, thresholds for the French
version specify that total scores ranging from O to 11 correspond to the
absence of major depressive episode, from 12 to 19 to a mild depressive
episode, from 20 to 27 to a moderate depressive episode, and above 27
to a severe depressive episode (Bouvard and Cottraux, 2010). In our
sample, 2 HCon and 3 HVul reported BDI-II scores between 12 and 19
indicating mild depressive episode. Psychometric properties have been
widely validated with high reliability and internal consistency in clin-
ical samples and in the general population (Wang and
Gorenstein, 2013), as reported in a study including healthy young
adults (Cronbach's o = 0.89) (Whisman et al., 2000). In our sample
including 32 participants, the internal consistency was high with
Cronbach's a equal to 0.91.

2.3. General procedure

All recruitment and testing procedures were approved by the local
ethical review boards of Vaud and Fribourg region (Commission can-
tonale d’éthique de la recherche sur 1’étre humain (CER-VD), study
number 261/14) as well as Bern region (Kantonale Ethikkommission
Bern (KEK BE), study number 337/14). This study comprised an ex-
perimental task with fMRI measurements followed by the completion of
self-reported questionnaires. The fMRI session was performed at the
Department of Diagnostic and Interventional Neuroradiology of the
University Hospital of Bern, Switzerland. During scanning, participants
completed two blocks of the same experimental task, one without and
one with administration of experimental stress.

2.4. Fribourg reward task

Adapted by Gaillard et al. (2019), this event-related fMRI task was
used to assess how the neural responses to monetary reward is modu-
lated by stress exposure (unpredictable threat-of-shock) and by variable
levels of WM load (low and high) during the anticipation phase. Each of
the 96 trials, 48 in each block, started by a visual cue (1500 ms) to
inform the subjects of the level of cognitive effort to exert as a function
of the WM load (low and high) and the amount of monetary reward
associated with the performance (“blank screen” for no-reward trials;
“$$” for rewarded trials). Here, motivation is operationalized as the
amount of cognitive effort that the subjects are willing to exert to
perform the WM task as a function of the expected reward and WM load
required in the task. A fixation cross (500 ms) preceded the presenta-
tion of an array of yellow circles (3 or 7 circles, 1500 ms). A second
fixation cross (3000 ms) was displayed during memorization, followed
by the visual target (1500 ms). The visual target consisted in a green
circle presented at any position on the screen. The participant was in-
structed to indicate as quickly and accurately as possible whether this
green circle appeared at the same position as one of the yellow circles
previously presented. Afterwards, a variable jittered inter-stimulus-in-
terval (IS; O ms or 2000 ms) occurred, followed by two feedback
screens (2000 ms). A first feedback screen informed the participants of
the monetary gain (“blank screen” for no-reward trials; “1 CHF” for
rewarded trials; 1000 ms). It was followed by a second screen
(1000 ms) with the cumulative amount of monetary reward (rewarded
trials) or a blank screen (no-reward trials). At the end of every four
trials, participants rated their mood level (max. 20 s). Correct response
was associated with monetary gain (1 CHF) in the rewarded trials,
whereas correct response was not associated with monetary gain (0
CHF) in the no-reward trials. In this version of the Fribourg reward task,
participants performed the same reward task in two blocks of 20 min
each. The first block was devoid of experimental stressor (i.e. no-
shock), while the second block included stressor manipulation (i.e.
stress condition) consisting of the administration of unpredictable mild
electric shocks. All four types of trials (reward x load) were randomly
distributed within each block. Prior to the scanning session, each sub-
ject was trained on the task outside the scanner. Furthermore, partici-
pants were told that they would receive, in cash, the total amount of
earned money at the end of the scanning session. Fig. 1 details the
timing of a trial in the rewarded and no-reward trials. The task was
implemented using E-Prime Professional (Version 2.0.10.353, Psy-
chology Software Tools, Inc.). Stimuli were presented via goggles (Vi-
sualStimDigital MR-compatible video goggles; Resonance Technology
Inc., Northridge, CA, USA) with a visual angle of 60°, a resolution of
800 x 600 pixels and 60 Hz refresh rate.
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ooo
High cognitive load Correct
—_—— (+ 1 CHF)
0o0o00OOOO
How is your
) mood currently ?
+ Incorrect 8 CHF i "
&) ©
ooo
” No-reward
Low cognitive load
0000O0O0O
500 ms 1500 ms 500 ms 1500 ms 3000 ms 1500 ms 0 or 2000 ms 1000 ms 1000 ms Every 4 trials
Anticipation Stimulus “Yes” or “No” ITI Feedback Balance  Mood ratings
account

Fig. 1. Fribourg reward task. Illustration of the four types of trials (reward X load) randomly distributed in the no-shock and unpredictable threat-of-shock
conditions. The anticipation phase corresponds to the presentation of the reward-cue (1500 ms).

2.5. Experimental stress induction

Before entering the scanner, participants were informed that mild
electrical shocks would be delivered unpredictably during the second
block (stress condition) of the Fribourg reward task, while the first
block (no-shock) would be devoid of stressor. Shocks were delivered on
the external side of the participants’ non-dominant left hand via 6-mm
Ag/AgCl electrodes, using a non-ferromagnetic shock box (Psychlab
system, Contact Precision Instruments, London, UK) positioned on a
table next to the scanner. Prior to the MRI data acquisition, the in-
dividual shock intensity was titrated for each participant by adminis-
tering a standard shock work-up procedure to determine an intensity
rated as “ aversive, but not painful ” by the participant (Robinson et al.,
2011). During the standard workup procedure, intensity of the shock
could range from O to 5 mA with shock intensity characterized by a
number ranging from 0 to 255 (M = 101.2 *+ 5.7). The duration of the
mild electrical shock delivery was constantly set at 0.1 second. The
effectiveness of this experimental manipulation has been well-demon-
strated as a way to induce a stress response characterized by increased
arousal, cortisol concentrations, negative mood and state of anxiety (for
a review see: Grillon and Baas, 2003).

2.6. Effect of the experimental acute stressor on self-reported mood

At the end of every four trials of the Fribourg reward task, partici-
pants reported their mood using a Visual Analog Mood Scale presented
on the screen (scaled from 0 ‘very negative mood’ to 9 ‘very positive
mood’) adapted from Nyenhuis and colleagues (1997).

2.7. MR data acquisition

Scanning was performed on a Siemens TrioTim syngo 3.0-Tesla
whole-body scanner (Erlangen, Germany) equipped with a radio fre-
quency 32-channel head coil. MRI acquisition included 3D T1-weighted
(MPRAGE) images, collected with the following settings: sagittal slices:
176; slice thickness: 1 mm; FOV: 256 x 256 mm? matrix size:
256 x 256; voxel size: 1 x 1 x 1 mm?® TR: 1950 ms; TE: 2.2 ms; flip
angle: 9° The functional event-related task-based MRI acquisition was
collected using EPI pulse sequence with the following settings: inter-
leaved ascending slices: 38; slice thickness: 3 mm; FOV: 230 x 230
mm?; matrix size: 64 x 64; voxel size: 3.6 X 3.6 X 3 mm?> TR:
2000 ms; TE: 30 ms; flip angle: 90°

2.8. Behavioral data analyses

2.8.1. Working memory performance

A2 x 2 X 2 x 2repeated measures ANOVA with group (HCon vs
HVul) as between-subject factor, and stress (unpredictable threat-of-
shock vs no-shock), reward (reward vs no-reward), and WM load (high
vs low) as within-subject factors was conducted on response accuracy
scores and reaction times. Further,a 2 X 2 X 2 X 2 repeated measures
ANCOVA with the individuals’ BDI-II score (grand-mean centered) as
covariate was carried out in order to determine the effects of mild
subclinical depressive symptoms experienced by the participants at the
time of the study on response accuracy scores and reaction times. Both
analyses were performed using SPSS (IBM SPSS Statistics, Version 25.0,
Armonk, NY, USA). In order to correct for the multiple comparisons
conducted in the repeated measures ANOVA and ANCOVA, a
Bonferroni's approach was applied.

2.8.2. Self-reported mood ratings during the Fribourg reward task

A2 X 2 X 2 x 2 repeated measures ANOVA was conducted on
participants’ mood ratings during the Fribourg reward task, with group
(HCon vs HVul) as between-subject factor and stress (unpredictable
threat-of-shock vs no-shock), reward (reward vs no-reward), and WM
load (high vs low) as within-subject factors. Additionally, a
2 X 2 X 2 X 2 repeated measures ANCOVA with individuals’ BDI-II
score (grand-mean centered) as covariate was carried out in order to
determine the effects of mild subclinical depressive symptoms experi-
enced by the participants at the time of the study on participants’ mood
ratings. Both analyses were performed using SPSS (IBM SPSS Statistics,
Version 25.0, Armonk, NY, USA). In order to correct for the multiple
comparisons conducted in the repeated measures ANOVA and
ANCOVA, a Bonferroni's approach was applied. With the aim of further
examining the relationship between self-reported mood ratings and
mild subclinical depressive symptoms experienced by the participants
at the time of the study, a Spearman correlation was conducted between
self-reported mood ratings in both the no-shock and threat-of-shock
conditions and individuals’ BDI-II scores.

2.9. fMRI data analysis

The preprocessing and statistical analyses of the structural and
functional MRI data were performed with AFNI software package
(Cox, 1996).
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2.9.1. Task-based fMRI data preprocessing

T1-weighted (MPRAGE) images were first processed with the stan-
dard FreeSurfer (version 6.0.0.) pipeline (Fischl, 2004) to obtain seg-
mentation masks corresponding to the brain (skull-stripped), white
matter, and ventricles. The preprocessing was performed on the EPI
data using the AFNI afni proc.py script with the following steps: de-
spiking the time-series (despike), correcting for slice timing (tshift),
volume co-registering to the participants’ corresponding anatomical
(3D T1-weighted) image (align), volume registration across the time-
series (volreg), blurring within the whole-brain mask (blur), normal-
ization (scale), and regressors modeled (regress). The EPI data were
corrected for motion (averaged motion per volume: 0.049 mm = 0.015)
by censoring EPI volumes and their preceding volume where the deri-
vative of the motion regressors from 3dvolreg had a Euclidean norm
above 0.3 mm. Volumes with more than 10% voxel outliers were cen-
sored as well. Over the initial 32 age- and gender-matched participants
selected, none reached these exclusion criteria. The preprocessed EPI
timeseries were then warped to MNI space using the ICBM 2009a
Nonlinear Symmetric atlas (Fonov et al., 2009), and spatially smoothed
using an isotropic 6 mm FWHM Gaussian filter. Lastly, a group-level
gray matter mask was created by averaging and thresholding binary
masks at 0.95 overlap (Torrisi et al., 2018).

2.9.2. Task-based fMRI data analysis

Individual subject regressions were performed within the frame-
work of the general linear model (GLM) implemented in the AFNI
program 3dDeconvolve. Regressors of interest included in our model
comprised events modeling anticipation during the cue presentation
(1500 ms), working memory including the stimulus presentation, cross
fixation and target presentation (6000 ms), feedback delivery events
during the feedback and balance account presentation (2000 ms), and
self-reported ratings event including self-reported mood (variable
duration up to 20’000 ms). Anticipation, working memory, and feed-
back delivery events were modeled for the four conditions combining
reward and load modalities, that are (i) no-reward/low load, (ii) no-
reward/high load, (iii) reward/low load, (iv) reward/high load for both
blocks (i.e., the no-shock and unpredictable threat-of-shock conditions).
However, statistical analyses were exclusively focused on the antici-
pation phase during cue presentation. Further, six motion parameters
were modeled as nuisance variables for both blocks and consisted of
three rotational (roll, yaw, pitch) and three translational (%, y, z)
variables. All the events defined from the experimental design and the
six residual motion parameters for each block (no-shock and un-
predictable threat-of-shock conditions) were regressed on the processed
time series at the subject level. The events were coded by onset time. An
incomplete gamma function was convolved with a boxcar function
beginning at stimulus onset and having the duration of the corre-
sponding event.

For the group-level analyses, the GLM included group (HCon vs
HVul) as between-subject fixed factor, stress (unpredictable threat-of-
shock vs no-shock), reward (reward vs no-reward), and WM load (high
vs low) as within-subject fixed factors, and subjects as random factor. A
2 X 2 X 2 x 2 repeated measures ANOVA was run using 3dMVM
program implemented in AFNI to determine the effect of the (i) group,
(ii) unpredictable stressor, (iii) monetary reward, and (iv) WM load on
the BOLD signal. These analyses were focused on a-priori striatal regions
during the anticipation phase, i.e., on the bilateral NAcc, caudate nu-
cleus, and putamen. These striatal regions of interest (ROIs) were de-
fined using the Desai DKD maximum probability atlas implemented in
FreeSurfer (Desikan et al., 2006; Destrieux et al., 2010; Fischl, 2004).
From the three ROI contrast maps, individual parameter estimates were
extracted by averaging the activation of all voxels located in each ROI
for each participant and condition. Next, parameter estimates were
entered into SPSS. A 2 X 2 X 2 X 2 repeated measures ANOVA was
conducted for each of the three ROIs to evaluate the effects of the (i)
group, (ii) unpredictable stressor, (iii) monetary reward, and (iv) WM
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load on the brain activation in the three ROIs. Additionally, a
2 X 2 X 2 X 2repeated measures ANCOVA with the individuals’ BDI-II
score (grand-mean centered) as covariate was carried out in order to
determine the effects of mild subclinical depressive symptoms experi-
enced by the participants at the time of the study on the BOLD signal in
the three striatal ROIs. A Bonferroni's approach was applied to correct
for multiple comparisons conducted in each repeated measures ANOVA
and ANCOVA. Further, an additional correction using the Bonferroni-
Holm's approach was applied in order to correct for multiple compar-
isons performed on the three striatal ROIs.

3. Results
3.1. Behavioral results

3.1.1. Working memory performance: response accuracy

Response accuracy was analyzed using a 4-way repeated measures
ANOVA with group (HCon vs HVul), stress (unpredictable threat-of-
shock vs no-shock), reward (reward vs no-reward), and WM load (high
vs low) as factors. Group showed no main and interaction effects on
response accuracy as a function of stress, reward, cognitive load, and
their interactions. However, a trend toward increased response accu-
racy in rewarded trials (M = 82.1%; SE = 1.9%) compared to no-re-
ward trials (M = 79.8%; SE = 2.1%) emerged, F(1 30) = 3.2, Done-tailed <
0.05, n> = 0.10 (see Panel A in Fig. 2). Moreover, a significant main
effect of WM load indicated decreased response accuracy in the high
WM load condition (M = 74.1%; SE = 2.1%) compared to the low WM
load condition (M = 87.8%; SE = 1.9%), F1,30) = 78.5, Powo-tailed =
0.001, n> = 0.72, Bonferroni-corrected. Interestingly, a significant
main effect of stress indicated increased response accuracy in the un-
predictable threat-of-shock condition (M = 83.4%; SE =2.0%) com-
pared to the no-shock condition (M = 78.5%; SE = 2.0%),
F,30) = 8.0, Pawo-taitea = 0.01, n2 = 0.21, Bonferroni-corrected). Fur-
ther, a significant twofold interaction effect (reward x load) emerged
(Fa,30) = 5.1, Prwo-taitea < 0.05, n2 = 0.15, Bonferroni-corrected). Post-
hoc analyses showed diminished response accuracy in the no-reward
trials (M = 71.7%; SE = 2.3%) compared to the rewarded trials
M = 765%; SE = 2.3%) in the high WM load condition
(ti31y = —2.38, Powo-taitea < 0.05, Bonferroni-corrected), while response
accuracy did not differ significantly in the low WM load condition be-
tween the no-reward trials (M = 87.9%; SE = 2.2%) and the rewarded
trials (M = 87.7%; SE = 1.9%) (31 = 0.20, Pawo-taied > 0.05, Bon-
ferroni-corrected). The additional 4-way repeated measures ANCOVA
with individual's BDI-II scores included as covariate showed no sig-
nificant effect of the covariate and no interaction effect between the
covariate and any within-subject factors on response accuracy, in-
dicating that the mild subclinical depressive symptoms observed in our
sample did not influence significantly response accuracy.

3.1.2. Working memory performance: reaction times (RT)

The fourfold (group X stress x reward X load) repeated measures
ANOVA on RT showed no main and interaction effects of group on
reaction times as a function of stress, reward, cognitive load, and their
interactions. However, a significant main effect of load emerged, with
slower RT in the high WM load condition (M = 804.0 ms;
SE = 15.7 ms) compared to the low WM load condition (M = 711.6 ms;
SE = 16.0 ms), F(1 30) = 112.9, pavo-taitea < 0.001, n% = 0.79 (see Panel
B in Fig. 2). A significant main effect of stress indicated faster RT during
the unpredictable threat-of-shock condition (M = 730.7 ms;
SE = 16.7 ms) than during the no-shock condition (M = 784.8 ms;
SE = 16.4ms), F1 30) = 17.9, Prwo-taitea < 0.001, n2 = 0.37, Bonferroni-
corrected). Additionally, a significant twofold interaction effect
(stress x reward) occurred (F1,30) = 4.21, Prwo-taited < 0.05, 0% =0.12,
Bonferroni-corrected). Post-hoc analyses demonstrated that RTs were
faster in the rewarded trials (M = 773.1 ms; SE = 15.2 ms) compared
to the no-reward trials (M = 796.5 ms; SE = 18.4 ms) in the no-shock



C. Gaillard, et al.

NeuroImage: Clinical 26 (2020) 102193

%k k

100% - T 900 - ok .
—
800 - I = 9 e
X 80% 1 1 I 7 700 | t o
> e —
g =600 | B I 5
5 60% - 3 o 6 -
3 £ 500 - 1S
P = -
< 400 - Q
3 40% - S 5
g S 300 S 3.
o o} =
(2] Y—
& 20% - 02 200/ T
»
100 -
0% : 0 : 0 :

No-shock Threat-of-shock

No-reward M Reward

No-shock Threat-of-shock

No-reward

No-shock Threat-of-shock

M Reward No-reward B Reward

Fig. 2. Effect of stress induction and reward on the working memory performance and self-reported mood ratings during the Fribourg reward task across groups.
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***p < 0.001.

condition (t31) = 2.8, Pawo-taitea = 0.01, Bonferroni-corrected), whereas
this enhancing effect of reward disappeared in the unpredictable threat-
of-shock condition (t;31y = —0.5, Pawo-taiea = 0.05, Bonferroni-cor-
rected), in which RT did not differ between rewarded (M = 733.8 ms;
SE = 18.1 ms) and no-reward trials (M = 727.7 ms; SE = 17.6 ms).
Further, the additional 4-way repeated measures ANCOVA with in-
dividual's BDI-II scores included as covariate showed no significant
effect of the covariate and no interaction effect between the covariate
and any within-subject factors on reaction times, indicating that the
mild subclinical depressive symptoms observed in our sample did not
influence significantly reaction times. The panel A and panel B in Fig. 2
describe the main and interaction effects of stress and reinforcement on
response accuracy and reaction times, respectively.

3.1.3. Self-reported mood ratings during the Fribourg reward task

Next, we assessed whether self-reported mood ratings were influ-
enced by stress (unpredictable threat-of-shock vs no-shock), reward
(reward vs no-reward), and WM load (high vs low), and whether these
factors affected differently self-reported mood ratings in HVul com-
pared to HCon. In accordance with our hypotheses, the fourfold re-
peated measures ANOVA showed a trend effect induced by threat-of-
shock (F(1,30) = 3.3, Pone-taited < 0.05, n? = 0.10, Bonferroni-corrected),
with decreased positive mood in the unpredictable threat-of-shock
condition (M = 6.7; SE = 0.3) compared to the no-shock condition
(M = 6.9; SE = 0.3). As expected, a trend effect of reward occurred
(Fa,30) = 4.11, Pone-taitea < 0.05, n2 = 0.12, Bonferroni-corrected), with
increased positive mood in the rewarded trials (M = 6.9; SE = 0.3)
compared to the no-reward trials (M = 6.7; SE = 0.3) (see Panel C in
Fig. 2). However, neither threefold interaction effect
(group x stress X reward) nor fourfold interaction effect
(group X stress X reward X load) were detected on self-reported mood
ratings, suggesting that groups did not differ regarding regulation of
mood. Nevertheless, the additional 4-way repeated measures ANCOVA
with individual's BDI-II scores included as covariate showed an inter-
action effect between load and individual's BDI-II scores (F(1,29) = 5.3,
Powoutaied = 0.05, 12 = 0.16, Bonferroni-corrected) as well as a main
effect of individual's BDI-II scores (F(329) = 6.2, Puo-taited = 0.05,
n2 = 0.18, Bonferroni-corrected) on self-reported mood ratings. These
effects indicated that self-reported mood decreased in individuals with
higher BDI-II scores. This negative correlation between self-reported

mood ratings and the individual's BDI-II scores was stronger following
trials with high compared to low cognitive load (see Figure A.2 in
Appendix). Additionally, self-reported mood ratings during both the no-
shock (rs = —0.46, p < 0.01) and threat-of-shock (rs = —0.48,
p < 0.01) conditions were negatively associated with individual's BDI-II
scores.

3.2. fMRI results: activations in striatal ROIs

fMRI results presented here are focused on a-priori striatal regions
(i.e., bilateral NAcc, caudate nucleus, and putamen) during the anticipa-
tion phase.

3.2.1. Group differences in striatal reactivity

A significant main effect of group was found in the bilateral caudate
nucleus (Fi1.30) = 6.1, Pavoraiea = 0.05, n° = 0.17, Bonferroni-cor-
rected), indicating significantly lower recruitment of the bilateral nu-
cleus caudate in HVul compared to HCon, irrespective of unpredictable
threat-of-shock, reward or WM load (see Fig. 3). Also, a significant
threefold interaction effect (group X stress X load) emerged in the
bilateral NAcc (F1,30) = 7.1, Pawo-taiteda < 0.05, n? = 0.19, Bonferroni-
corrected). Post-hoc analyses demonstrated a significant reduction in
bilateral NAcc reactivity in the unpredictable threat-of-shock condition
compared to the no-shock condition in HVul, but only in the low WM
load condition (tgs)y = 2.89, Pwwo-taiea < 0.05, Bonferroni-corrected).
There was no difference in the high WM load, t15) = —0.3, Prwo-taited =
0.05, Bonferroni-corrected.

Moreover, a significant fourfold interaction effect (group X re-
ward X stress X load) was found in the bilateral putamen,
Fa30) = 4.7, Powo-taiea < 0.05, n2 = 0.13, Bonferroni-corrected (see
Fig. 4). In HCon, post-hoc analyses indicated a significant decrease in
the bilateral putamen activation in response to no-reward cues in the
unpredictable threat-of-shock compared to the no-shock conditions
(tasy = 2.33, Prwo-taiea = 0.05, Bonferroni-corrected), with this stress-
induced effect occurring exclusively in the low cognitive load condi-
tion. In HVul, stress heightened the reactivity of the bilateral putamen
in response to reward compared to no-reward cues, in particual when
the task involved higher cognitive load, t;s) = 4.26, Pawo-taiteda < 0.001,
Bonferroni-corrected. In the low cognitive load condition, the effect of
stress resulted in bilateral putamen deactivation in response to both
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(A) main effect of group in the bilateral caudate nucleus, and (B) threefold interaction effect (group x stress x load) in the bilateral nucleus
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with standard errors and ROI's masks from which parameter estimates were extracted are presented at the top of the figure. Statistical parametric maps corresponding
to the contrasts of interest are presented below. These whole-brain activations are corrected for multiple comparisons, but thresholded here at 0.05 for visualization

purpose. *p < 0.05.

reward and no-reward cues, with stronger deactivation in response to
no-reward than reward cues (t;15) = 2.84, Pawo-taiteda = 0.05, Bonferroni-
corrected).

3.2.2. Stress-induced effect in striatal reactivity across groups

Irrespective of groups, a significant twofold interaction effect
(stress x reward) was found in the bilateral putamen (F 30y = 13.6,
Puwo-taited < 0.001, n* = 0.31, Bonferroni-corrected). Post-hoc analyses
showed a stress-induced decrease of activation in the bilateral putamen
in response to no-reward compared to reward cues in the unpredictable
threat-of-shock condition (ti31) = 4.86, Pwo-taitea < 0.001, Bonferroni-
corrected), whereas no significant difference occurred in the no-shock
condition (t31y = 0.28, Puavo-raitea > 0.05, Bonferroni-corrected) (see
Fig. 5).

3.2.3. Reward-enhancing effect in striatal reactivity across groups
Irrespective of groups, a main effect of reward showed greater ac-
tivation in reward than no-reward trials in the bilateral NAcc
(Fa,300 = 23.2, Powo-taiea < 0.001, n? = 0.44, Bonferroni-corrected),
bilateral caudate nucleus (F,30) = 14.3, Pawo-taitea < 0.001, n? = 0.32,
Bonferroni-corrected), and bilateral putamen (F(; 30y = 11.8, Puwo-taited
< 0.01, nz = 0.28, nz = 0.28, Bonferroni-corrected) (see Fig. 5).
However, the additional 4-way repeated measures ANCOVA carried
out to examine the effect of individual's BDI-II scores included as cov-
ariate on a-priori striatal regions (i.e., bilateral NAcc, bilateral caudate
nucleus, and bilateral putamen) did not show any significant main ef-
fect of mild subclinical depressive symptoms or interaction effect with

stress induced by threat-of-shock, reward or cognitive load on striatal
reactivity during the anticipation phase. Table 2 presents a compre-
hensive overview of all main and interactions effects for the within- and
between-subject contrasts in the NAcc, caudate nucleus, and putamen.
The results of the repeated-measure ANCOVA carried out to explore the
main effect of mild subclinical depressive symptoms experienced by the
participants at the time of the study as well as their potential interac-
tion effect with threat-of-shock, reward and cognitive load on the BOLD
signal in the three striatal regions are presented in Table 2. Significant
whole-brain clusters for all contrasts (p < 0.05, cluster-wise corrected)
are presented in appendix (see Table A.1).

4. Discussion

This study investigated the effect of stress exposure on reward an-
ticipation as a potential vulnerability factor for MDD. Specifically, we
explored whether stress exposure differentially affects striatal reactivity
in HVul compared to HCon. Additionally, we examined, in an ex-
ploratory way, whether the level of cognitive effort required in the task
modulates differentially the effect of stress exposure on reward pro-
cessing in HVul compared to HCon. Of clinical importance, HVul pre-
sented a lower dorsal striatum recruitment compared to the HCon
across all experimental conditions, i.e. irrespective of stress, reward and
cognitive load. Stress reduced the ventral striatal responses in HVul,
regardless of the reward condition. This effect was modulated by cog-
nitive load, with stronger stress-induced effect on the ventral striatum
in the low compared to high cognitive load conditions. Furthermore,
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Fourfold interaction effect (group x stress x reward x load) in the bilateral putamen

Significant posthoc comparisons in (A) healthy control (HCon) individuals and (B) healthy individuals
with increased familial vulnerability to depression (HVul)
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Fig. 4. Illustration of the fourfold interaction effect (group x stress X reward x load) in the bilateral putamen. (A) Post-hoc comparisons evidenced a significant
stress-induced reduction in the bilateral putamen activation in response to no-reward cues in the unpredictable threat-of-shock compared to no-shock conditions in
healthy control (HCon) adults without increased familial risk for major depression, but exclusively in the low cognitive load condition. (B) In healthy adults with
increased familial risk for major depression (HVul, healthy vulnerable), threat-of-shock potentiated the bilateral putamen reactivity in response to reward compared
to no-reward cues, in particular when the task was more demanding (i.e., high working memory load). In turn, threat-of-shock resulted in a deactivation in response
to both reward and no-reward cues in the low cognitive load condition, with stronger deactivation in response to no-reward compared to reward cues. Parameter
estimates (feta weights) mean with standard errors and ROI's masks from which parameter estimates were extracted are presented at the top of the figure. Statistical
parametric map corresponding to the fourfold interaction effect (group x stress X reward X load) is presented below These whole-brain activations are corrected for
multiple comparisons, but thresholded here at 0.05 for visualization purpose. *p < 0.05, **p < 0.01, ***p < 0.001.

stress potentialized reward reactivity in the putamen among HVul,
specifically when the task was more demanding. Across groups, stress
blunted the activation of the putamen when no reward was at stake. At
the behavioral level, stress exposure was associated with enhanced
performance, with higher response accuracy and faster reaction times.
In line with fMRI findings, which evidenced significant activation to
reward cues (vs. no-reward cues) in the ventral and dorsal striatum in
both groups, both groups showed better performance in the rewarded
than no-reward trials. As expected, stress induction successfully am-
plified self-reported negative mood in participants (Bogdan and
Pizzagalli, 2006; Grillon and Ameli, 1998; Torrisi et al., 2016), while
rewarded trials were associated with significantly increased positive
mood and enhanced behavioral performance. Moreover, negative mood
was associated with mild subclinical depressive symptoms experienced
by the participants at the time of the study, such that individuals with
higher intensity and severity of mild subclinical depressive symptoms
experienced more negative mood during the experimental task. Sur-
prisingly, groups did not differ in reaction times or response accuracy as

a function of reward, stress exposure or cognitive load.

However, behavioral differences are far more difficult to detect in
the MRI context, more particularly in non-clinical samples (e.g.,
Dienes et al., 2013; Kumar et al., 2014; Lewis et al., 2014; Oei et al.,
2014; Ossewaarde et al., 2011; Treadway et al., 2013). Despite the lack
of group differences in behavioral measures, our study demonstrated
that individuals at increased familial risk for MDD differed significantly
from healthy controls at the neural level. One possible mechanistic
interpretation relies on the idea that, among at-risk individuals, a brain
compensatory process might take place to maintain homeostasis and
prevent behavioral changes. We now discuss in more detail the neural
changes that differentiated individuals at increased familial risk for
MDD from healthy controls.

4.1. Group differences in striatal reactivity

In MDD patients, behavioral and neuroimaging studies evidenced (i)
higher difficulty to evaluate potential gains (Eshel and Roiser, 2010;
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Effects of reward and stress in striatal ROIs irrespective of groups

Significant main effects of reward in the bilateral (A) nucleus accumbens, (B) caudate nucleus and (C) putamen, and (D) twofold interaction effect
(stress x reward) in the bilateral putamen.
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Pizzagalli, 2014), (ii) higher difficulty to modulate behaviors as a
function of reward magnitude and reinforcement history (Pechtel et al.,
2013; Pizzagalli et al., 2008; Treadway et al., 2012), (iii) lower will-
ingness to exert effort to obtain a predicted reward (Vrieze et al., 2013),
and (iv) blunted responsiveness of the ventral striatum to cues pre-
dicting rewards (Stringaris et al., 2015; Ubl et al., 2015). Partly con-
verging with evidences in both MDD patients and their offspring, our
study extends previous findings by showing how the effect of stress
exposure and its modulation by the amount of cognitive resources
available might increase the risk for the development of depressive
symptoms in individuals at increased familial vulnerability to MDD.

Supporting previous evidence indicating a diminished recruitment
of the caudate nucleus in MDD patients (for a review see: Dillon et al.,
2014), HVul showed reduced caudate nucleus activation compared to
HCon, irrespective of stress, reward or the cognitive effort to exert.
Accordingly, the existing literature has evidenced a reduced recruit-
ment of the caudate nucleus in depressed young adults during the an-
ticipation phase (Olino et al., 2011) and lower caudate reactivity to
reward cues in depressed patients (Pizzagalli et al., 2009; Stoy et al.,
2012; Tricomi and Fiez, 2012). This is in line with findings that de-
monstrated a diminished caudate volume in MDD patients, with a lower
volume associated with stronger anhedonic symptoms (Pizzagalli et al.,
2009). In humans, the caudate nucleus is notably involved in feedback-
driven contingency learning (Tricomi and Fiez, 2012) and in goal-di-
rected behaviors (Grahn et al., 2008; Schwabe and Wolf, 2010). A re-
duced reactivity in the caudate nucleus might give rise to an impaired
ability to learn action-reward and stimulus-reward associations, and
therefore might cause an increased difficulty to engage in motivated
behaviors (Dillon et al., 2014). However, contrary to our hypotheses
and to clinical data in MDD patients, HVul showed no difference in their
neural and behavioral reactivity to monetary rewards, nor in the stress-
induced effects on reward reactivity in the caudate nucleus.

Convergent with the pattern observed in MDD patients
(Berghorst et al., 2013; Bogdan and Pizzagalli, 2006), exposure to un-
predictable acute stress in our study reduced the ventral striatum ac-
tivation in HVul, irrespective of reward condition. Of primary im-
portance, cognitive load modulated the effect of stress on the ventral
striatal responses. When the cue indicated low cognitive load to exert,
stress exposure induced stronger decreased activation in the ventral
striatum of the HVul. This is in line with previous findings in healthy
adults showing that stress induced through threat-of-shock impairs WM
performance under low load, but is reduced when task performance
requires more cognitive engagement from the subjects (Vytal et al.,
2012, 2013). Based on these preceding results, one hypothesis that
might explain increased stress-induced effects preceding low-de-
manding cognitive effort in the ventral striatum in our study is that
under stress exposure, and in particular when less cognitive effort is
required during the task, attentional resources are more prone to be
captured by stress-related stimuli, decreasing therefore the striatal ac-
tivation in response to incentives. This might potentially generate in-
creased threat-related processing resulting in worries and physiological
arousal (for reviews see: Bourke et al., 2010; Peckham et al., 2010). The
ventral striatum is particularly implicated in encoding the valence of
incentives and in reward learning (Kable and Glimcher, 2007). Through
its projections, the ventral striatum informs the dorsal striatum about
the motivational value of potential outcomes (Hassan and
Benarroch, 2015). Therefore, individuals at increased vulnerability for
MDD might have a reduced ability to evaluate the motivational valence
of incentives, resulting in increased difficulty to implement and to
maintain motivated behaviors, specifically in contexts in which more
cognitive resources are available to process threat-related information
(O'Doherty et al., 2004; Schonberg et al., 2007).

The induction of stress strengthened the putamen reactivity to re-
ward cues in vulnerable individuals. Specifically, this stress-induced
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Table 2
Main and interaction effects for the within- and between-subject contrasts in the bilateral nucleus accumbens (NAcc), caudate nucleus, and putamen.
Within-subjects contrasts Stress Reward WM load NAcc Caudate nucleus Putamen
Fazoe P N Fasz0 P n Fasn P n

Stress Threat-of-shock vs No-shock 3.05 0.09 0.09 1.92 0.18 0.06 4.50 0.04 0.13
Stress x BDI-II Threat-of-shock vs No-shock 0.13 0.72  0.01 0.23 0.64 0.01 0.53 0.47  0.02
Reward R vs NR 23.15 0.00 0.44 14.3 0.00 0.32 11.80 0.00 0.28
Reward x BDI-II R vs NR 0.42 0.52 0.01 3.50 0.07 0.11 0.00 0.96 0.00
Load High vs Low 0.00 0.99 0.00 2.2 0.15 0.07 2.23 0.15 0.07
Load x BDI-II High vs Low 0.28 0.60 0.01 0.07 0.80 0.00 0.65 0.43 0.02
Stress x Group Threat-of-shock vs No-shock 0.21 0.65 0.00 27 0.11 0.08  0.77 0.39  0.03
Reward X Group R vs NR 0.00 0.96 0.00 0.02 0.88 0.00 0.003 0.96 0.00
Load X Group High vs Low 0.36 0.55 0.01 0.02 0.89 0.00 0.31 0.58 0.01
Stress x Reward Threat-of-shock vs No-shock R vs NR 0.15 0.70  0.01 0.43 0.52 0.01 13.63 0.00 0.31
Stress X Reward X BDI-II Threat-of-shock vs No-shock R vs NR 0.70 0.41 0.02 1.64 0.21 0.05 0.02 0.88  0.00
Stress x Load Threat-of-shock vs No-shock High vs Low  3.16 0.09 010 277 0.11 0.08 1.63 0.21  0.05
Stress x Load X BDI-II Threat-of-shock vs No-shock High vs Low  0.10 0.76  0.00 0.06 0.81 0.00 0.00 0.99  0.00
Reward x Load R vs NR High vs Low 0.32 0.58 0.01 0.13 0.72 0.00 0.02 0.90 0.00
Reward x Load x BDI-II R vs NR High vs Low 0.52 0.48 0.02 0.03 0.86 0.00 0.20 0.66 0.01
Stress X Reward X Group Threat-of-shock vs No-shock R vs NR 0.90 0.35 0.03 0.83 0.37 0.03 2.67 0.11 0.08
Stress x Load X Group Threat-of-shock vs No-shock High vs Low  7.09 0.01 019 0.10 0.75 0.00 0.01 0.92  0.00
Reward x Load x Group Rvs NR  High vs Low  0.00 1.00 0.00 0.03 0.86 0.00  0.48 0.49  0.02
Stress X Reward X Load Threat-of-shock vs No-shock R vs NR  High vs Low  0.96 0.33 0.03 523 0.03 0.15 0.30 0.59 0.01
Stress X Reward X Load X BDI-II Threat-of-shock vs No-shock R vs NR  High vs Low  0.12 0.73  0.00 0.78 0.38 0.03 0.47 0.50  0.02
Stress x Reward X Load x Group  Threat-of-shock vs No-shock R vs NR  High vs Low  1.12 0.30 0.04 0.65 0.43 0.02 4.68 0.04 0.14
Between-subjects contrasts

Group HCon vs HVul 0.98 .330 0.03 6.14 0.019 0.17 1.199 0.28 0.04
BDI-II scores 0.94 0.34 0.03 1.66 0.21 0.05 0.15 0.70 0.01

Note. A four-fold repeated measures ANOVA was conducted to determine the effect of group as between-subject factor as well as the effect of stress, reward and load
as the within-subject factors. Additionally, a four-fold repeated measures ANCOVA was conducted to evaluate the main effect of subclinical depressive symptoms
assessed with the scores at the Beck Depression inventory-II (BDI-II; Beck et al., 1996, French version: 1998) scores (grand-mean centered) as well as its interactions
with the within-subject factors. Four-fold repeated measures ANOVA and ANCOVA were corrected for multiple comparisons by applying a Bonferroni correction.
Further, the significant p-value was adjusted using the Bonferroni-Holm's approach in order to take into account the analyses performed on three different regions-of-
interest. Partial eta squared (n?) represents the proportion of total variance accounted for by the factor, while excluding other factors from the total explained
variance (i.e. nonerror variation) in the repeated measures ANOVA (Pierce et al., 2004). Partial eta squared (qz) values range from O to 1. Abbreviations: BDI-II, Beck
Depression Inventory-II, F, F-statistic with degrees of freedom for effect and error; HCon, healthy control; HVul, healthy vulnerable; nz, partial eta squared; NR, no-

reward; R, reward; WM, working memory.

potentiation was modulated by the cognitive load imposed by the task,
with higher stress-induced reactivity to reward cues when the task was
more demanding (i.e., when it was less likely to obtain the predicted
reward). Notably, the putamen has been implicated in the planning and
implementation of actions (Grahn et al., 2008; Schwabe and
Wolf, 2010). One hypothesis is that stress-induced increased activation
of the putamen in individuals at risk for MDD might reflect the ex-
pression of active coping strategies generated by stress exposure
(Cabib and Puglisi-Allegra, 2012), possibly to avoid punishment (i.e.,
not receiving a predicted reward). This assumption is in line with the
dysfunctional response to negative feedback evidenced in depressed
patients (for a review see: Martin-Soelch, 2009) as well as the presence
of elevated punishment sensitivity in depressed patients (Hevey et al.,
2017; for a review see: Starcke and Brand, 2012). In other words, stress
might trigger a stronger willingness to avoid negative feedback (i.e.,
failing to obtain a reward due to a wrong response) in individuals at
increased familial risk for MDD, notably due to the heightened sensi-
tization of the biological stress system in at-risk individuals compared
to healthy controls (Dienes et al., 2013). This hypothesis is also con-
vergent with a study demonstrating a stress-induced increase of pu-
tamen reactivity in response to conditioned stimuli predicting rewards
of higher magnitude, specifically in subjects exhibiting higher stress
sensitivity (Lewis et al., 2014). Altogether, our results suggest that
stress might amplify the propensity to engage in active strategies to
avoid penalties, in particular in individuals with increased familial risk
for MDD. Amplified stress-induced putamen reactivity in response to
rewards might constitute a neural signature of increased risk for the
development of maladaptive coping strategies, disrupted reward
learning and impaired decision making.
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4.2. Stress-induced effect in striatal reactivity across groups

In line with numerous studies showing an abnormal processing of
anticipated rewards among depressed patients (for a meta-analytic re-
view see: Keren et al., 2018), our study demonstrated a stress-induced
blunting effect on the putamen reactivity in both groups when no re-
ward was at stake. As discussed above, this effect might be more salient
in at-risk individuals. Stress is known as one of the most important
environmental risk factors for depression onset, in particular when it
interacts synergistically with existing vulnerability traits (e.g.,
Dienes et al., 2013; Hasler and Northoff, 2011). Based on the pre-
dominant role played by stress exposure in MDD, this blunting effect of
stress on the putamen responsiveness in absence of reward might
constitute a biological marker of increased risk for the emergence of
depressive symptoms. This is in accordance with previous findings de-
monstrating the unique role played by the putamen in the parental
transmission of reward learning and reward responsiveness
(Colich et al., 2017). Notably, offspring of parents with a history of
MDD exhibited smaller putamen volume which might increase risk for
MDD by altering reward learning processes (Pagliaccio et al., 2019). An
abnormal engagement of the putamen might be a critical factor un-
derpinning amotivation in MDD, as evidenced by a study showing the
relationship linking lower effort-related activation in the putamen to
the severity of amotivation in MDD (Park et al., 2017).

However, these findings are also consistent with prior research
pointing to the stress-induced amplification of “incentive-triggered
motivation” (Kumar et al., 2014; Pool et al., 2015). Accordingly, an
other hypothesis is that the heightened reward reactivity of the pu-
tamen under stress exposure might reflect a similar mechanism evi-
denced in the development of compulsive-like seeking behaviors
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toward rewards (Koob, 2013; Koob and Le Moal, 2001; Nikolova and
Hariri, 2012; Volkow and Morales, 2015). Stress exposure might in-
crease arousal and trigger a transition from voluntary to compulsive-
like seeking behaviors, indicated by a shift in the striatal regions en-
gaged in the processing of rewarding stimuli, from the ventral striatum
involved in reward valuation to the dorsal striatum implicated in the
implementation of actions and habit formation (Everitt and
Robbins, 2013; Malvaez and Wassum, 2018). Altogether, our findings
suggest that stress exposure might result in dysfunctional reward
seeking behaviors and reward learning processes. Stress-induced re-
duction in the putamen reactivity might reflect a critical biological
marker of increased risk for the development of amotivation.

4.3. Limitations

Several limitations are noted. First, although the negative mood
ratings in response to the stress manipulation were in line with ex-
pectations, no physiological measures supported the subjective reports
to confirm that the stress manipulation induced an increased reactivity
of the biological stress system. Second, due to our within-subject design
and to the completion of the two blocks (i.e., no-shock and un-
predictable threat-of-shock conditions) on the same day, the two blocks
were not randomized in order to avoid potential bleeding of the stress-
related negative affect into the no-shock condition. However, the
strength of this design relies on the within-subject manipulation of the
stressor with the avoidance of methodological concerns raised by
scanning on different days. Third, the small sample size is an important
limitation to take into account when interpreting the present results
and suggests that our study was possibly underpowered to detect small
effect sizes. Due to the unexpected replacement of the scanner used to
perform our fMRI measurements, we were forced to interrupt prema-
turely our study, before reaching the projected number of participants
(N = 60) necessary to detect small-sized effects. The power of our study
to detect smaller-sized effect is therefore a critical limitation to con-
sider. Due to the small sample size, an ultimate limitation was the in-
ability to assess how the offspring's age at the onset of parental MDD,
and the duration of the parent's depressive episodes might have a
moderation effect. Altogether, our results should be regarded as pre-
liminary, with a need for replication.

4.4. Conclusion

The results of this study indicate that stress exposure might have
adverse effects on the ability of individuals at increased risk for MDD to
evaluate the motivational value of incentives, to learn from rewards
and to make adaptive decisions. In particular, the effect of stress ex-
posure on reward valuation might be amplified when more cognitive
resources are at disposal to process threat-related informations. In turn,
at-risk individuals may exhibit increased propensity to avoid negative
feedback and penalties in threatening contexts, resulting in impaired
decision making and reward learning. In addition, caudate recruitment
across all conditions in HVul compared to HCon suggests that at-risk
individuals might be proner to have increased difficulties to engage in
goal-oriented behaviors. Altogether, higher difficulty to evaluate re-
ward value, to engage in motivated behaviors combined with increased
sensitivity to negative feedback might result in stronger risk for de-
veloping anhedonic symptoms. These findings may open new avenues
to build up a better understanding of the role played by stress exposure
in the vulnerability for major depression. Stress might precipitate re-
ward dysfunctions which manisfest as anhedonic symptoms. Further
investigation is needed to disentangle the complex relationship linking
reward processing to stress reactivity and cognitive processes in the
etiology of MDD.
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