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Abstract

Blunted activation in the reward circuitry has been associated with anhedonia, the inability to
experience pleasure in previously rewarding activities. In healthy individuals, reward-related
activation has been found to be modulated by acute contextual factors such as induced positive
mood. Accordingly, blunted reward response in anhedonia might involve a failure to appropriately
modulate reward-related activation as a function of context. To test this hypothesis, 29 participants
(19 females, mean age of 24.14 + 4.61, age range 18-34), with a wide range of anhedonic
symptoms, underwent functional MRI while anticipating and receiving monetary rewards, before
and after a positive mood induction. Change in neural activation from before to after mood
induction was quantified, and effects of anhedonia were investigated through whole-brain, ROI,
and functional connectivity analyses. Contrary to hypotheses, results indicated that during reward
anticipation (but not receipt), nucleus accumbens activation decreased while its connectivity with
the dorsolateral prefrontal cortex increased, following positive mood induction. Critically,
anhedonia modulated both effects. The unexpected finding of decreased activation to reward cues
following positive mood induction is compelling as it aligns with a prominent behavioral model of
the effect of positive mood on exploration of rewarding and neutral stimuli. Furthermore, the
modulation of this effect by anhedonia suggests that it may be a key process altered in anhedonia.
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1. INTRODUCTION

Anhedonia, the inability to experience pleasure from previously rewarding activities, is a
core clinical symptom of major depressive disorder (MDD), as well as of other
neuropsychiatric disorders (Whitton et al., 2015). The presence of anhedonia is associated
with greater illness severity and longer episode duration in depressed adolescents (Gabbay et
al., 2015), and poorer treatment outcome in depressed adults (Mclntyre et al., 2016; Spijker
et al., 2001). Furthermore, anhedonia shows considerable heritability: 46% of between-
individual variance in hedonic capacity is accounted for by genetic factors, and reduced
hedonic capacity predicts depression onset (Berenbaum & Connelly, 1993; Bogdan &
Pizzagalli, 2009; Rawal, Collishaw, Thapar, & Rice, 2013). As such, anhedonia has been
proposed as an “endophenotype” of depression, and is thought to have a distinct
neurobiological and behavioral profile (Pizzagalli, 2014). Therefore, investigating the neural
signature of anhedonia may enhance our understanding of MDD and elucidate pathways
toward development of therapeutic interventions.

Prior studies have described behavioral deficits in reward processing in individuals with
MDD (Arrondo et al., 2015; Pizzagalli et al., 2009; Pizzagalli et al., 2008; Smoski et al.,
2009; Steele et al., 2007). More recent evidence suggests that anhedonia might account for
the failure to learn appropriately from rewarding stimuli (Fletcher et al., 2015; Harlé et al.,
2017; Pizzagalli, 2014; Vrieze et al., 2013). Reward processing is mediated by the
corticostriatal circuit, with the nucleus accumbens (NAc) recognized as a core hub, and
anhedonia has been found to influence reward-related activation in this circuitry.
Specifically, anhedonia correlated negatively with NAc activation to positive stimuli
(Keedwell et al., 2005) and reward learning signals in the NAc (Gradin et al., 2011).
Anhedonia was also associated with increased activation to positive stimuli in the prefrontal
cortex, which may modulate (and potentially inhibit) activation in the NAc (Keedwell et al.,
2005). The NAc is thought to represent the relative rewarding value of cues (reward
anticipation) and stimuli (reward consumption), information that may guide adaptive
behavioral responses (Knutson, Adams, Fong, & Hommer, 2001; Segarra et al., 2016).
Decreased activation in this region in individuals with anhedonia may indicate aberrations in
neural encoding of rewarding stimuli (Segarra et al., 2016).

Notably, although the major input to the NAc is the midbrain ventral tegmental area, the
NAc is also extensively connected to areas involved in adapting behavior to a changing
internal and external environment, such as the prefrontal cortex (PFC), amygdala, and
hippocampus (Heshmati & Russo, 2015). This suggests that the reward-value NAc signal is
modifiable based on inputs from these other brain regions, due to changes in internal state
(e.g., mood, hunger status) or external state (e.g., noise, stimulation). Altered NAc activation
in anhedonia, therefore, could indicate not only a change in response to rewarding stimuli,
but also a change in state-based modulation of the NAc activity. Consistent with these
notions, recent evidence demonstrated that while participants engaged in a task designed to
put them in positive mood state, functional connectivity between the NAc and prefrontal
cortex changed significantly in healthy individuals, but individuals with anhedonia failed to
show such a change (Young et al., 2016). Another study similarly found that while healthy
controls showed a change in corticostriatal connectivity following positive mood induction,
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individuals with remitted depression, who may experience anhedonia, showed no such
change in connectivity (Admon & Pizzagalli, 2015). Interestingly, in the latter study, both
healthy individuals and those with remitted depression showed acute increases in mood, but
only healthy controls sustained this increase when tested after a delay. Therefore, individuals
with past MDD might be impaired in sustaining a positive mood state, and it is possible that
this failure to sustain mood is related to the observed failure to modulate brain connectivity
based on positive mood state.

One possible mechanism through which changes in corticostriatal connectivity due to
positive mood state could occur is a bottom-up shift in how the brain attends to rewarding
stimuli. This possibility is supported by behavioral studies, which have demonstrated that
positive mood induction changes how individuals respond to stimuli associated with
rewards. The direction of this change remains equivocal: one study found increased
orientation towards reward-related words following positive mood induction (Tamir &
Robinson, 2007), while other studies found that positive mood induction decreased selective
orientation towards rewarding stimuli, causing healthy individuals to “explore” other stimuli
more by engaging equally with neutral (putatively non-rewarding) and positively-valenced
(putatively rewarding) images (Wadlinger & Isaacowitz, 2006), and attending more to the
environment surrounding positively-valenced images (Grol & De Raedt, 2014).
Interestingly, the latter effect was not seen in individuals with high levels of depressive
symptoms (Grol & De Raedt, 2014). Recently, Young & Nusslock (2016) provided initial
evidence that such modulation of reward processing by positive mood induction occurs at a
neural level too. They found that, among healthy controls, anticipation of reward elicited
greater activation in reward-related regions such as the striatum and orbitofrontal cortex after
positive mood vs. neutral mood induction.

Although Young & Nusslock investigated the effects of positive mood induction on reward-
related brain activation acutely, and in healthy controls, no study has explored whether these
effects sustain past the acute post-induction period. Furthermore, no study has investigated
whether anhedonia affects the brain’s modulation of reward-related activation following
positive mood induction. This latter investigation could be important to the study and
treatment of anhedonia: if positive mood induction increases neural response to reward in
individuals with anhedonia, as it has been reported in healthy individuals, it could potentially
have therapeutic implications in individuals with anhedonia. Alternatively, positive mood
induction could have differential effects on the brain’s response to reward in individuals with
high anhedonia, compared to those with low anhedonia, suggesting an important neural
substrate of the blunting of positive experiences in individuals with high anhedonia. It is
further possible that the acute effects of positive mood induction on the brain’s response to
reward are equivalent in individuals with high and low anhedonia, but the sustained effect is
only observed in individuals with low anhedonia, dissipating quickly in individuals with
high anhedonia.

To investigate these important questions, the present study had two aims. The first aim was
to quantify acute and sustained effects of positive mood induction on neural correlates of

reward processing, expanding upon the work of Young & Nusslock (2016). The second aim
was to investigate whether anhedonia influenced neural activation post mood induction. To

Neuroimage. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Green et al.

Page 4

accomplish these aims, neural responses to rewarding vs. neutral stimuli were measured
using the Monetary Incentive Delay (MID) task, a well-validated probe of incentive
motivation. Positive mood induction was accomplished using a positive performance
feedback paradigm, adapted from Admon & Pizzagalli (2015; Figure 1). We were interested
in capturing both acute and sustained effects of mood induction, as individuals with high
anhedonia could differ either in the magnitude of their change in neural reward response
following positive mood induction, or in how long the change lasts. Therefore, the present
study probed neural responses to rewarding vs. neutral stimuli before (MID 1), immediately
following (MID 2 — acute), and after a delay (MID 3 — sustained) following positive mood
induction (Figure 2). To evaluate a sample with a wide range of depressive (including
anhedonic) symptoms, we initially recruited equal numbers of individuals with low and high
levels of depressive symptoms. We hypothesized that positive mood induction would
increase NAC activation to reward relative to neutral stimuli, and that this change would be
dampened by anhedonic symptoms. Specifically, we hypothesized that higher anhedonic
symptoms would be associated with a smaller increase in reward-related neural activation in
the NAc following positive mood induction, both immediately (acute effect) and after a
delay (sustained effect). Additionally, we analyzed whole-brain functional connectivity with
the nucleus accumbens at the same three time-points to explore potential alterations in
connectivity with the prefrontal cortex.

Findings revealed that positive mood induction indeed changed the brain’s response to
rewarding stimuli, and the magnitude of this response decreased with increasing anhedonic
symptoms. However, the direction of the change was opposite that anticipated, a surprising
outcome that aligns with a prominent theory of positive mood, the “Broaden and Build”
model (to be addressed in the Discussion). Changes in corticostriatal connectivity were also
seen following positive mood induction and were also modulated by anhedonic symptoms.

2 METHODS

2.1 Participants

To ensure enrollment of participants with varying degrees of depressive (including
anhedonic) symptoms, we recruited 23 individuals with low/no depressive symptoms (BDI-
Il score < 10) and no current or past psychiatric illness, and 17 individuals with elevated
depressive symptoms. Participants were recruited from the Harvard College Psychology
Department study pool and the community via the Craigslist website. Participants gave
informed written consent to a protocol approved by Harvard University’s Committee on the
Use of Human Subjects (CUHS) and were compensated with a $5 Amazon gift card for
questionnaire completion. Participants deemed to be eligible were then contacted via phone
call to confirm eligibility and set up a scanning session, which took place at Harvard
University’s Center for Brain Science. To be eligible, participants had to be fluent in
English, free of serious or unstable medical illnesses, right-handed, report no
contraindications to MRI, report no current or history of substance abuse and dependence,
and have normal or corrected to normal vision. Exclusion criteria for the group with low/no
depressive symptoms included current or past psychiatric illnesses (assessed by phone
screening). Exclusion criteria for the group with elevated depressive symptoms included use
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of any psychotropic medications in the past 2 weeks (6 months for dopaminergic drugs or
antipsychotics; 6 weeks for fluoxetine; 2 weeks for benzodiazepines). Participants could not
have smoked cannabis before the age of 14, or be regular users of nicotine or cannabis. All
participants were non-cigarette smokers, except one individual who reported smoking no
more than three cigarettes on any given day, but not smoking every day. Participants’
psychiatric status was assessed through an initial phone screening, which confirmed no
present or past psychiatric illness in the individuals recruited to the “low/no depressive
symptoms” group, and no present or past psychiatric illness other than depression in the
individuals recruited to the “high depressive symptoms” group. However, as structured
clinical interviews were not conducted, psychiatric diagnosis or lack thereof was not
clinically confirmed.

Data from 29 participants were available for analyses of MID 1 and MID 2 (15 individuals
with low/no depressive symptoms (11 females) and 14 individuals with high depressive
symptoms (8 females). Data from 28 participants were available for analyses of MID 3.
Rationale for participant exclusions are detailed in the results section. The age range for the
29 participants was 18 — 34, with a mean age of 24.14 + 4.61. There was a broad range of
anhedonia scores in the sample, from 14 (the lowest score possible) to 38 on the Snaith
Hamilton Pleasure Scale, with a mean score of 25.24 + 7.46. Importantly, although we
collected data for two groups based on BDI, we found that anhedonia, our main measure of
interest, was widely distributed within both the high depressive symptoms and the low/no
depressive symptoms group — anhedonia ranged from 14 to 27 in the low/no depressive
symptoms group (mean 20.47 + 4.91), and from 14 to 38 in the high depressive symptoms
group (mean 30.36 + 6.28). Given the wide range of anhedonia scores present in the sample
and the heterogeneity across both groups, all further analyses were conducted across the
entire sample using a dimensional approach.

2.2 Study Design

Participants completed a single imaging session (Figure 1) during which they performed a
monetary incentive delay task (Knutson et al., 2001; Supplementary Figure S1) before (MID
1) and immediately after (MID 2) a positive mood induction task (“humor intelligence test”;
see below), as well as following a delay (~10 min; MID 3; Figure 1). Participants also
completed a Visual Analog Mood Scale (VAMS) to assess their mood at baseline, and pre-
and post-mood induction to gauge mood changes over time. In addition, they completed the
Beck Depression Inventory-11 (BDI-II; Beck et al., 1988), the Snaith Hamilton Pleasure
Scale (SHPS; Snaith et al., 1995), Positive and Negative Affect Schedule (PANAS; Watson
et al., 1988), Mood and Anxiety Symptom Questionnaire (MASQ; Watson et al., 1995), and
Perceived Stress Scale (PSS; Cohen et al., 1983) to assess depressive, anhedonic, afffect and
perceived stress symptoms. They were compensated $50 for participation in the study, and
$30 in “bonus” earnings from the MID task.

2.2.1 Visual Analog Mood Scale (VAMS)—Affective states were repeatedly assessed
throughout the session using a visual analogue scale that asked participants to rate how they
felt in the moment ranging from “Very Negative” (0) to “Very Positive” (100), by moving a
slider bar to the appropriate distance along this scale.
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2.2.2 Monetary Incentive Delay Task (MID)—The MID task was designed to probe
reward anticipation and reward consumption, and has been extensively utilized and validated
(Supplementary Figure S1; Knutson et al., 2008; Kumar et al., 2015). Briefly, each trial
began with a visual cue (0.5s) indicating the potential outcome (reward: +$; no-incentive:
0%), associated with performance. After a variable inter-stimulus interval (2.4-3.9s), a red
target square was briefly presented (0.16s) to which participants responded by pressing a
button as quickly as possible. After a second variable delay (2.25-3.75s), visual feedback
indicated the trial outcome (reward or no change). A variable inter-trial interval (1.5-4.5s)
separated the trials. Participants were told that the outcome depended on their speed with
which they pressed the button after the presentation of the target. In the reward condition,
wins were associated with monetary gains, which were randomly selected values within the
range of $1.96-$2.33. There was no gain associated with reward trials in which participants’
reaction times fell out of the 70t percentile window (determined after the practice block) or
with no-incentive trials. The task included 16 reward and 16 no-incentive trials, divided into
two blocks. To obtain individual RT cutoffs, participants initially completed a practice task
identical to the design described above except no feedback was displayed.

2.2.3 Humor Intelligence Task (Positive Mood Induction)—The humor task used
in this study was a modified version of a mood manipulation recently developed (Figure 2;
Admon & Pizzagalli, 2015). The task was divided into one control and one humor block,
each with 18 trials. During both blocks, participants were shown a cartoon and three
captions underneath, with one of the captions randomly marked with a cursor. All cartoons
were taken from the New Yorker magazine Cartoon Caption Contest, a contest in which
readers are asked to submit their funniest caption and the public then votes on which of three
finalist captions should win.

Control block: During the control block, participants were shown one cartoon and three
descriptive sentences; they were instructed to choose the most accurate sentence that
described the cartoon. They were further informed that they would not receive any feedback
on their performance and the goal of this block was to become familiarized with the task.
Each cartoon and three sentences were presented until the participant made a selection (or
up to 18s in case no selection was made), and were then followed by an empty screen (null
feedback; 6s). The block (~15 min) was separated into two sections of 9 trials with a short
break in between. Participants completed a VAMS rating after this block, which was used as
their pre-induction mood rating.

Humor block: Participants then completed the humor block, in which they were again
shown sequential cartoons, but this time with the three finalist captions. Participants were
instructed to choose, for each cartoon, which one of the three captions they thought won the
New Yorker Caption Contest. The overall design of the humor block was identical to the
control block, only this time participants were told that they could receive feedback on their
performance. Regardless of their accuracy, on 14 of the 18 trials, participants were presented
with a screen indicating that their selection was correct (positive feedback). Positivity and
believability of the feedback was enforced by including participants’ actual response time in
the feedback screen, and indicating that they were faster than prior participants by a random
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number of seconds (1-3s). No feedback was given if no selection was made, and no feedback
on response time was given if slower than the participant’s mean+2SD until that trial.
Intensity of positive mood induction was further increased by explicit feedback in two
stages. Halfway through the humor block (at the end of the first 9 trials), the scan was
“paused” and study staff delivered positive feedback on their performance ( Study Staff
Feedback 1, exact text shown in Figure 2). Participants then completed another VAMS
rating. At the end of the second 9 trials, study staff delivered further positive feedback on
their performance (Study Staff Feedback 2, exact text shown in Figure 2). Participants
completed another VAMS rating at the end of the humor block. More information about
reliability of task stimuli and design can be found in Admon & Pizzagalli (2015). The final
design and believability of the mood induction was optimized by running three pilot versions
involving 62 independent participants (see Supplement).

2.3 fMRI Data Acquisition

Participants were scanned on a Siemens Magnetom Prisma 3T scanner at the Center for
Brain Science, Harvard University using a 64-channel phase arrayed coil. Structural images
were acquired using a T1 magnetized-prepared rapid acquisition with gradient echo
(MPRAGE) imaging sequence with the following acquisition parameters: 176 sagittal slices,
repetition time = 2530ms, echo time = 1.69ms, 7° flip angle, 1 x 1 x 1 mm voxels, field of
view = 256mm. Functional images were acquired using a T2*-weighted multiband EPI
sequence developed at the University of Minnesota Center for Magnetic Resonance
Research (Feinberg et al., 2010; Moeller et al., 2010; Xu et al., 2013). The sequence
included the following acquisition parameters: repetition time = 2000ms, echo time = 30ms,
80° flip angle, 1.5 x 1.5 x 1.5 mm voxels, field of view = 204mm, multiband factor = 3.

2.4 fMRI Data Preprocessing

Functional MRI data were preprocessed and analyzed using Statistical Parametric Mapping
software (SPM12; http://www.fil.ion.ucl.ac.uk/spm). Raw functional and structural images
were inspected for artifacts. Functional images were then realigned to the mean image of the
series, corrected for motion and slice timing related artifacts, and co-registered to an
anatomical image. Functional images were then normalized to the 2x2x2 MNI template, and
smoothed with a 4mm Gaussian kernel. Manual checks were performed following motion
correction, co-registration and segmentation. Following motion correction, motion
parameters were examined for each participant and the data of any participant showing >
3mm movement in any of the three assessed directions were discarded. Structural images
were segmented into white matter, gray matter, and CSF using SPM.

2.5 Data Analyses

Analyses for affective ratings, reaction times, and neural data focused on investigating acute
and sustained effects of positive mood induction on reward processing. Acute phase refers to
change from Time 1 (baseline) to Time 2 (immediate post-mood induction) and sustained
phase refers to change from Time 2 (immediate post-mood induction) to Time 3 (delayed
post-mood induction). To this end, two repeated measures ANOVA were run to investigate
acute and sustained effects separately.
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2.5.1 Behavioral Analyses—Change in mood from pre- to post-mood induction
(measured by the Visual Analog Mood Scale) was assessed using a paired t-test across the
whole cohort. Acute mood effects on reaction time during the MID task was analyzed with a
2 x 2 repeated measures ANOVA with /ncentive (Reward, Neutral) and 7ime (MID 1, MID
2) as within-subject factors. Similarly, sustained effects were analyzed with a repeated
measures /ncentive (Reward, Neutral) and 7ime (MID2, MID 3) ANOVA. Relationships
with Anhedonia were investigated for each of these measures.

2.5.2 fMRI Analyses—Statistical analyses of single-subject fMRI data were
implemented using a general linear model (GLM) with regressors corresponding to reward
cue, no-incentive (neutral) cue, successful reward feedback, unsuccessful reward feedback,
and no-change feedback (no-incentive condition). Each event was constructed with a
hemodynamic response function, modeled using a gamma function, convolved with onset
times of events and stimulus duration. The six rigid-body motion time courses from the
motion correction, target, errors (i.e., when the button was pressed before the target
presentation) and inter-stimulus intervals (I1SIs) were included as covariates of no interest,
with a total of 15 regressors in each single-subject design matrix. Contrast maps were
constructed for reward anticipation (reward vs. neutral cue) and consumption (gain vs. no-
change feedback) for each MID session: MID 1, MID 2 and MID 3. These contrast maps
were used in ROI-based statistical analyses to test a priori hypotheses as well as for whole-
brain main effects analysis evaluating brain regions affected by the task. To investigate the
neural correlates of reward anticipation and consumption at baseline (MID 1) and to validate
the task, a one-sample t-test was conducted across all subjects. Cluster correction at p < 0.05
family-wise error (FWE) with an initial voxel forming threshold of p < 0.001 was utilized.

2.5.3 ROI Analyses—To test a priori hypotheses that positive mood induction would
affect reward-related activation in the nucleus accumbens, we created left and right
anatomical NAc ROIs from the FSL Harvard-Oxford Subcortical Atlas using a 40%
probability threshold. For each MID run, parameter estimates from each of the two ROIs
(left and right NAc) were extracted from reward vs. no-incentive cue (hereby referred to as
“Anticipation”) and gain vs. no-change feedback (hereby referred to as “Consumption”)
contrast maps of each subject and were entered into SPSS (version 22). Throughout the
analyses, data were inspected for the presence of outliers. Values that exceeded three times
the inter-quartile range (the difference between the third and first quartile) of mean
parameter estimates were deemed to be outliers and were further investigated to identify if
they 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.

After inspection for outliers, a 2 x 2 repeated measures ANOVA with 7ime (MID 1, MID 2)
and Hemisphere (Right NAc, Left NAc) as within-subject factors was run to investigate
acute mood induction effects on both reward anticipation and consumption. A second 2 x 2
repeated measures ANOVA with 7ime (MID 2, MID 3) and Hemisphere (Right NAc, Left
NAC) as within-subject factors was run to investigate sustained mood induction effects on
both reward anticipation and consumption. As our primary aim was to investigate the
influence of anhedonia on the neural changes associated with positive mood induction,
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anhedonia was entered as a covariate in these ANOVAs. Post-hoc analyses proceeded based
on the results of the ANOVAS, using paired t-tests and Pearson correlations. Comparison of
correlations were conducted through Meng’s test, which was used to test for a significant
difference between two dependent correlation coefficients (Meng, Rosenthal, & Rubin,
1992).

2.5.4 Whole-Brain Analyses—An exploratory whole-brain analysis was also
performed to investigate brain regions beyond the NAc that were affected by positive mood
induction. To investigate the neural correlates of reward anticipation and consumption at
baseline (MID 1), as well as acute (MID 1 — MID 2) and sustained effects (MID 2 — MID 3)
of positive mood induction, one-sample and paired t-tests, respectively, were conducted
across all subjects. Cluster correction at p < 0.05 family-wise error (FWE) with an initial
voxel forming threshold of p < 0.001 was utilized.

2.5.5 PPI Connectivity Analyses—To assess potential alterations in connectivity
between the NAc and other reward-related brain regions following positive mood induction,
functional connectivity analyses were implemented via the gPPI toolbox (http://
www.nitrc.org/projects/gppi) using the left NAc and right NAc as seeds, separately.
Anhedonia score was entered as a covariate at the whole-brain level to assess the effects of
anhedonia on NAc connectivity change post-mood induction. Parameter estimates (i.e.,
mean connectivity values) were extracted from clusters that survived p < 0.05 family-wise
error (FWE) correction (initial voxel forming threshold of p < 0.001) and follow-up analyses
were conducted in SPSS.

3. RESULTS

3.1 Participant Exclusions

Of the 34 participants who completed the study, the full datasets from five participants were
excluded from the final analyses (two due to computer error, one due to excessive movement
> 3mm, and two due to task non-compliance). For one additional participant, data for MID 1
and MID 2 were included, but data were from MID 3 were excluded as they failed to
complete the task during this block. No participants were removed as outliers from the
statistical analyses, as no parameter values exceeded three times the interquartile range for
any participant.

3.2 Behavioral Results

3.2.1 Effectiveness of the Positive Mood Induction—The mood induction was
extensively piloted to ensure validity prior to the present study (see Supplementary Methods
for information regarding pilot studies). Full mood data from two participants were lost due
to technical errors, and these participants were not included in mood analyses. Four
additional participants were missing one mood score each and were included in mood
analyses. Consistent with prior work, baseline mood (collected just before the scan), as
measured by visual analog mood scale, correlated with anhedonia (r= -0.47, p=0.014). To
test the effects of the mood induction, mood data collected just after the control block
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(VAMS timepoint #4) were subtracted from mood data collected just after the second
positive feedback (VAMS timepoint #6; see Figure 3).

Acute: A paired t-test confirmed a significant increase in mood [#26) = 2.96, p= 0.006, d,
= 0.71] immediately following mood induction [from before positive mood induction
(VAMS timepoint #4) to after second positive feedback (VAMS timepoint #6); Figure 3].
Change in mood, however, was not correlated with anhedonia score (r=-0.07, p=0.73).

Sustained: A paired t-test demonstrated a significant decrease in mood [426) = 2.9, p=
0.006, d,=0.50] from immediately after mood induction [after second positive feedback
(VAMS timepoint #6) to the “sustained mood” time-point (before MID 3; VAMS timepoint
#7]. There was no correlation between change in mood from the acute to the sustained time-
point and anhedonia (r=0.32, p=0.10).

3.2.2 Reaction Time during MID tasks—Consistent with prior studies utilizing the
MID task (Supplementary Figure S1), faster reaction times in response to reward vs. neutral
cues were observed across all participants during MID 1 [429) =9.91, p< 0.001, d,= 1.75],
confirming that the task elicited the intended behavioral effects.

Acute: A 2 x 2 Incentive (Reward, Neutral) x 77me (MID 1, MID 2) repeated measures
ANOVA of reaction times during the MID task revealed a significant main effect of
Incentive [H1,28) = 101.20, p< 0.01, n?p = 0.78]. No main effect of 7ime or Incentive x
Time interaction emerged (all ps > 0.31). Paired t-tests confirmed that, similar to MID 1,
participants were faster to reward vs. neutral cues during MID 2 [£29) = 6.89, p< 0.001, d,
= 1.60]. There was no correlation between anhedonia and reaction time to reward or neutral
cues at MID 1 or MID 2 (all ps > 0.45).

Sustained: A 2 x 2 [ncentive (Reward, Neutral) x 7ime (MID 2, MID 3) repeated measures
ANOVA on reaction times during the MID task revealed a significant effect of /ncentive
[A1,27) = 65.62, p< 0.01, np = 0.71]. No main effect of 7imeor Incentivex Time
interaction emerged (all ps > 0.25). Paired t-tests confirmed significant differences between
reaction time to reward vs. neutral cues at MID 3 [427) = 6.83, p< 0.001, d,=1.40], in line
with results during MID 1 and MID 2. Similarly, there was no correlation between
anhedonia and reaction time to reward or neutral cues at MID 3 (all ps > 0.32).

Collectively, these findings indicate that the current version of the MID elicited the intended
behavioral effects, which were similar across blocks, and that such effects were not further
modulated by anhedonia.

3.3 Imaging Results

3.3.1 Whole Brain Analyses: MID Task Validation (MID 1)—Replicating prior
findings (Knutson et al., 2001), a whole-brain analysis across all subjects during MID 1
revealed significant clusters in the NAc, caudate and midcingulate during reward
anticipation (Figure 4A,; full cluster list in Supplementary Table 1). During reward
consumption, significant clusters emerged in an array of regions including the bilateral
insula, dorsolateral prefrontal and orbitofrontal cortices, in line with prior studies using the
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MID task (Kumar et al., 2014; Oldham et al., 2018) (Figure 4B; full cluster list in
Supplementary Table 2).

3.3.2 ROI Analyses: NAc Activation to Reward Anticipation Following Mood
Induction

Acute: A repeated measures 7ime (MID 1, MID 2) x Hemisphere (Left NAc, Right NAc)
ANOVA for reward anticipation with Anhedonia as covariate revealed a significant main
effect of 7Time [A1,27) = 11.94, p=0.002, np = 0.31] and a significant 7ime x Anhedonia
interaction [A(1,27) = 6.49, p=0.017, n%p = 0.19]. Given lack of an interaction with
Hemisphere, the left and right NAc were merged into a bilateral NAc ROI for further
analyses. Contrary to our hypothesis, a paired t-test demonstrated a significant decrease,
from before to after mood induction, in bilateral NAc activation during anticipation [{28) =
3.30, p=0.003, ds=0.80; Figure 5A]. Moreover, a Pearson correlation showed that this
change in activation was negatively associated with anhedonia (r=-0.44, p=0.017), in line
with the observed 7ime x Anhedonia interaction (Figure 5B). Follow-up analyses to further
interrogate the data revealed two important findings. First, even though the individual
correlations at MID 1 and MID 2 did not survive statistical significance, the correlation
between anhedonia and reward anticipation was significantly different between MID 1 (r=
-0.28, p=0.15) and MID 2 (r=0.29, p=0.12); Meng’s test: z=-2.27, p=0.002 (Meng et
al., 1992; Supplementary Figures S2A & S2B). This was driven by the fact that anhedonia
was associated with lower NAc activation to reward anticipation pre-mood induction, but
with higher NAc activation to reward anticipation post-mood induction. Specifically, and
unexpectedly, higher anhedonia was associated with a relative increase in NAc activation
during reward anticipation after the positive mood induction. Median split analyses
quantifying this difference in activation change in individuals with high vs. low anhedonia
are included in the Supplementary Methods for visualization of these results (Supplementary
Figure S3A). Second, follow-up analyses of valence-specific effects revealed that anhedonia
interacted differently in response to reward vs. neutral cues, from MID 1 to MID 2. Even
though the valence-specific individual correlations with anhedonia were not significant, the
correlation between anhedonia and NAc activation was significantly different during reward
(r=-0.17, p=0.39), and neutral cues (r=0.10, p=0.62) as shown by Meng’s test (z=
-2.25, p=0.02; Supplementary Figures S2C & S2D). Therefore, the NAc activation to
reward and neutral cues approached equalization following positive mood induction in
individuals with low anhedonia, but not in those with high anhedonia.

Sustained: A2 x 2 Time (MID 2, MID 3) x Hemisphere (Left, Right) ANOVA for reward
Anticipation with Anhedonia as a covariate of interest demonstrated no significant main
effects or interactions (Figure 5A, all ps > 0.12), suggesting that the effects of the positive
mood induction persisted from acute to the sustained time-point, independent of anhedonia.

3.3.3 ROI Analyses: NAc Activation to Reward Consumption Following Mood
Induction

Acute: A repeated measures 7ime (MID 1, MID 2) x Hemisphere (Left NAc, Right NAc)
ANOVA for reward consumption with Anhedonia as a covariate of interest revealed no
significant main effects or interactions (all gs > 0.20).
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Sustained: A repeated measures 77ime (MID 2, MID 3) x Hemisphere (Left NAc, Right
NAc) ANOVA for reward consumption with Anfedonia as a covariate of interest revealed no
significant main effects or interactions (all ps> 0.13).

3.3.4 Exploratory Whole Brain analyses: Change in Reward Anticipation
Following Mood Induction

Acute: A whole-brain paired t-test between reward anticipation during MID 1 (pre-mood)
vs. MID 2 (acute post-mood) confirmed a significant cluster in the right NAc (Figure 4C;
full cluster list in Supplementary Table 1), characterized by greater activity in the right NAc
for the reward anticipation contrast (reward cue vs. neutral cue) during MID 1 compared to
MID 2, consistent with results from the ROI analysis.

Sustained: A whole brain paired t-test between reward anticipation during MID 2 vs. MID
3 revealed no significant clusters.

3.3.5 Exploratory Whole Brain analyses: Change in Reward Consumption
following Mood Induction

Acute: A whole brain paired t-test between reward consumption during MID 1 vs. MID 2
revealed no significant clusters.

Sustained: A whole brain paired t-test between MID 2 vs MID 3 also revealed no
significant clusters.

3.3.6 Functional Connectivity (PPI) Analyses: Changes in NAc Connectivity
Following Mood Induction during Reward Anticipation

Acute (MID 1 - MID 2): As significant changes in NAc activation to reward anticipation,
but not reward consumption, were apparent immediately following mood induction,
functional connectivity analyses focused only on the effects of acute mood induction on
reward anticipation. The right and left NAc ROIs were used as seed regions and Anhedonia
as covariate of interest. A significant dorsolateral prefrontal (DLPFC) cluster emerged with
the right NAc seed (Figure 6A), whereas no significant clusters emerged with the left NAc
(initial voxel forming threshold of £ < 0.001 and p < 0.05 FEW cluster correction). Beta
weights were extracted from the DLPFC cluster to further evaluate these effects. As shown
in Figure 6B, there was a robust correlation between anhedonia and change in DLPFC-right
NAc connectivity during reward anticipation, from MID 1 to MID 2: specifically, higher
anhedonia predicted a smaller increase in the DLPFC-right NAc connectivity. Further, a
bivariate correlation demonstrated that the change in the DLPFC-NAc connectivity during
anticipation from MID 1 to MID 2 was negatively correlated with the change in anticipatory
right NAc activity from MID 1 to MID 2 (r=-0.47, p=0.001, n = 29).

This correlation was due to a reversal of the relationship between anhedonia and DLPFC-
right NAc connectivity, from MID 1 to MID 2 (Figure 7). At MID 1, anhedonia scores were
positively correlated with DLPFC-right NAc connectivity during anticipation (r=0.43, p=
0.02; Figure 7A) while at MID 2, they were negatively correlated with DLPFC-right NAc
connectivity during anticipation (r=—0.65, p< 0.001; Figure 7B) and these correlations
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were significantly different (Meng’s test z= 3.64, p< 0.001). To determine the valence-
specific effects on the relationship between anhedonia and connectivity change, we extracted
connectivity values during each condition separately, calculating a connectivity change value
as [connectivity MID 1 — connectivity MID 2]. From before to after positive mood
induction, anhedonia was positively correlated with DLPFC-right NAc connectivity change
from MID 1 to MID 2 during reward cues, indicating that lower anhedonia was associated
with an increase in connectivity strength during reward cues, while higher anhedonia was
associated with a decrease in connectivity strength during reward cues with positive mood
induction (r=0.46, p=0.012; Figure 7C). In contrast, anhedonia was negatively correlated
with DLPFC-right NAc connectivity change from MID 1 to MID 2 during neutral cues,
indicating that lower anhedonia was associated with a decrease in connectivity strength
during neutral cues, while higher anhedonia was associated with an increase in connectivity
strength during neutral cues (r=-0.60, p= 0.001; Figure 7D). A Meng’s test confirmed that
these correlations were significantly different (z= 3.86, p < 0.001). Median split analyses
quantifying these differences in connectivity change in individuals with high vs. low
anhedonia are included in the Supplementary Methods (Supplementary Figure S3B)

Sustained (MID 2 — MID 3): The whole brain connectivity analyses revealed no significant
clusters with both right and left NAc as seeds and Anfiedonia as a covariate of interest,
suggesting that the effects of the positive mood induction on the connectivity between NAc
and DLPFC, persisted from acute to the sustained time-point, independent of anhedonia.

4. DISCUSSION

Contrary to our hypothesis, this study demonstrated that, across all subjects, positive mood
induction led to a decrease in bilateral NAc activation during anticipation of rewarding vs.
neutral outcomes, a decrease which persisted at the sustained time-point. As hypothesized,
anhedonia modulated this effect, although in the opposite direction than envisioned.
Specifically, following a positive mood induction, lower anhedonia was associated with a
greater reduction in bilateral NAc activation during reward anticipation. Furthermore, after
positive mood induction, lower anhedonia was also associated with an increase in functional
connectivity between the DLPFC and right NAc during reward anticipation. Further analyses
revealed that this change was valence-specific: lower anhedonia was associated with an
increase in DLPFC-right NAc connectivity during reward cues and a decrease in DLPFC-
right NAc connectivity during neutral cues, pre- to post-mood induction. Critically, change
in mood did not correlate with anhedonia; individuals with high and low anhedonia alike
experienced an increase in mood due to the paradigm. Therefore, the neural differences
observed are unlikely to be simply due to decreased efficacy of the positive mood induction
paradigm in individuals with high anhedonia.

Although our findings contradict our initial hypotheses (informed by a recent study in
healthy individuals), they do align with prior accounts of the effects of positive mood in
healthy individuals. One of the most prominent models of the effect of positive mood is
Frederickson’s broaden-and-build model (Fredrickson, 2004), which proposes that when an
individual is in a positive emotional state, she/he will react to environmental cues in a
“broader” fashion, trying out ambiguous options rather than simply pursuing those
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guaranteed to be positive. This model is consistent with a rich animal literature
demonstrating that in more positive (enriched) environmental contexts, animals engage in
greater exploratory vs. exploitative reward-related behavior (Charnov, 1976; Widman &
Rosellini, 1990). Of note, recent research demonstrated this pattern of increased exploration
due to environmental richness during a foraging paradigm in humans (Constantino & Daw,
2015). Further, positive mood induction itself causes healthy individuals to visually explore
their environment more, sampling both neutral and positively-valenced images rather than
being biased towards positive images, and increasing visual attention to the environment
surrounding positive stimuli (Wadlinger & Isaacowitz, 2006; Grol & de Raedt, 2014).
Compellingly, recent evidence suggests that the choice between exploratory and exploitative
behavior may be mediated within dopaminergic corticostriatal circuits, in both animals and
humans. In human imaging studies, activation in the frontopolar cortex is maximized during
exploratory decisions, while activation in the striatum and ventromedial prefrontal cortex are
maximized during exploitative decisions (Daw, O’Doherty, Dayan, Seymour, & Dolan,
2006). Furthermore, tonic dopamine levels and genes encoding corticostriatal dopamine,
have been shown to influence an animal’s predilection for exploitative vs. exploratory
behavior (Beeler, Daw, Frazier, & Zhuang, 2010; Frank, Doll, Oas-Terpstra, & Moreno,
2009).

Our findings are thus in line with a rich animal and behavioral literature demonstrating a
tendency towards more exploratory cue sampling in a highly positive state, and provide
initial evidence for a neural correlate of this behavioral change, within the corticostriatal
circuit shown to be a central mediator of the explore/exploit trade-off.

Critically, this neural effect was modulated by anhedonia — as anhedonia increased, change
in neural response to reward vs. neutral cues became less evident. This is in line with the fact
that the broadening effect of positive mood attention to positive stimuli is not seen in
individuals with high levels of depressive symptoms (Grol & de Raedt, 2014). These results
suggest that the ability to adapt the brain’s reward response following positive mood
induction may be a key deficit in individuals with anhedonia. Importantly, this modulation
by anhedonia was seen immediately following positive mood induction, and was also
present at the sustained time-point. We initially had predicted that individuals with high
anhedonia might have intact change in reward response at the acute time-point, but show a
dissipation of the change in reward response at the sustained time point, indicating an
inability to sustain the effects of positive mood induction. However, the present results
suggest that while individuals with low anhedonia show an initial robust modulation of
reward response to positive mood induction, and sustain this modulation following a delay,
individuals with high anhedonia are incapable of modulation of reward response based on
positive mood induction even at the acute phase.

Interestingly, the decrease in selective activation to reward vs. neutral cues from before to
after the positive mood induction was accompanied by an increase in connectivity between
the DLPFC and right NAc. Like the change in activation to reward vs. neutral cues, the
change in functional connectivity scaled inversely with anhedonia; a greater change in
functional connectivity was seen in individuals with lower anhedonia. Functional
connectivity provides no information about directionality, so a causal role cannot be inferred
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for the DLPFC in the present study. However, a modulatory role of the DLPFC over the
striatum has been suggested repeatedly in reward paradigms. Specifically, a study modeling
prefrontal-striatal activity during reward anticipation utilizing effective connectivity methods
found that initial DLPFC responses to reward cues are followed by an increase in DLPFC-
NAc connectivity (Ballard et al., 2011). Further, an increase in DLPFC activation and a
decrease in striatal activation, as well as an increase in DLPLC-NAc connectivity, were
found during intentional reappraisal of reward-wanting (Delgado et al., 2008; Kober et al.,
2010; Staudinger et al., 2011) and neural response to food cues after satiation (Thomas et al.,
2015). Finally, disrupting activation in the DLPFC shifts behavior away from a “model-
based” strategy to a “model free” strategy of reinforcement learning (Smittenaar et al.,
2013). Model-based strategies of reinforcement learning attempt to build a model of future
reward probability, taking into account past and present environmental circumstances and
physical/mental state, whereas model-free strategies focus only on the history of rewards
delivered vs. missed without considering broader situational factors (Dayan & Berridge,
2014). A potential interpretation for our findings is, therefore, that positive mood induction,
which represents a key past occurrence, influences top-down regulation of the NAc by the
DLPFC. This alteration could result in a decreased NAc response to reward cues and an
increased NAc response to neutral cues, in line with the effects of positive context on
exploratory behavior and the broaden-and-build model of positive mood.

The observed differences in connectivity change between individuals with high vs. low
anhedonia are particularly interesting given an extant report of failure to update NAc-
prefrontal connectivity in a pleasant context, in individuals with anhedonia (Young et al.,
2016). Further, a recent study of the effects of accelerated intermittent theta-burst
stimulation over the left DLPFC of depressed individuals found that the treatment decreased
neural response to reward in individuals with low levels of anhedonia, but increased it in
individuals with high levels of anhedonia, suggesting different modulation of the striatal
circuitry by the DLPFC in high anhedonia (Duprat et al., 2017). Importantly, studies of
depression implicate striatal-DLPFC connectivity in predicting treatment response to
transcranial magnetic stimulation (TMS) to the DLPFC (Avissar et al., 2017), suggesting
that the aberrant connectivity seen in individuals with higher anhedonia may be clinically
relevant. The present study adds to the literature elucidating the brain basis of anhedonia by
demonstrating a context-specific alteration in brain activity and connectivity that scales with
severity of anhedonia.

4.1 Limitations

Several limitations of our study must be considered. First, although our data suggest the
importance of the clinical symptom of anhedonia, this symptom was assessed only through
self-report; an ideal assessment method would have involved a structured clinical interview.
Second, the mood induction may not have held the same meaning (or potency) for each
individual. It is possible that individuals with higher anhedonia experienced the positive
mood induction as less confidence-boosting and more stressful, although analysis of self-
report following debriefing did not indicate such a trend. Third, since causal analyses were
not performed on the data, direct modulation of the NAc by the DLPFC following positive
mood induction cannot be inferred from the present findings.
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4.2 Conclusion

Findings from the present study indicate that, positive mood induction significantly alters the
human brain’s response to reward; we found a significant decrease in the difference between
NACc activation to reward vs. neutral cues, from before to immediately after, and persistent
following a delay after, positive mood induction. This decrease in NAc activation to reward
cues was accompanied by an increase in DLPFC-NAc connectivity during reward cues, and
a decrease in DLPFC-NAc connectivity during neutral cues. These changes might indicate
that, while in a positive mood, individuals might react to environmental cues in a “broader”
fashion, consistent with Frederickson’s broaden-and-build model (Fredrickson, 2004).
Furthermore, these effects are relatively persistent, lasting into the “sustained” phase of our
experiment. Critically, anhedonia modulated these changes: higher anhedonia was associated
with a smaller magnitude of change in response to reward vs. neutral cues in the NAc,
following mood induction, as well as an opposite pattern of connectivity change. The present
study thus suggests that in addition to baseline differences in reward processing, anhedonia
is associated with key differences in how the brain adapts its response to reward following
induction of a positive mood. This, we believe, is a critical finding: while most studies have
investigated differences in the reward circuit in anhedonia in a single, static affective
environment, individuals with high anhedonia may also differ in how the reward circuit
responds to changing environmental conditions, with inadequate or inappropriate adaptation
contributing to pathology. Future studies should continue to probe the flexible adaptation of
the reward circuit based on contextual factors such as mood, in individuals with varying
levels of anhedonia. It may be that dynamic changes in connectivity and reward-circuit
activation are critical to appropriate experience of a given context or mood state, and that the
alterations demonstrated in high anhedonia in the present study hold significant relevance to
the lack of pleasure, and lack of motivation to pursue pleasurable activities, reported in
clinical populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Full imaging sequence.
The study commenced with a resting-state scan, followed by the first run of the MID task.

Next participants completed the control and humor runs of the positive mood induction,
followed by the second run of the MID task, structural (T1-weighted) and third run of the
MID task scans. Triangles indicate mood measurements (VAMS).

Neuroimage. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Green et al.

CONTROL BLOCK STRUCTURE

Page 21

(2 (34567085 O Cio{ 11 [ 2] 13 14 15 36 17 18| O

HUMOR BLOCK STRUCTURE

(2345 6] 78] 5) {“vfl'g E;Cfl‘;';

Study Staff Feedback 1:

“Hi, I don’t usually do this; but | just stopped the
task for a second to let you know that your
performance is really really good! Much better
than what we usually see. Have you seen these
cartons before? Do you usually read the New-
Yorker?”

Study Staff Feedback 2:

“Hi, again. I’'ve been monitoring your performance, and it’s still really
really good. I’'m wondering — would mind if | sent your data over to my
boss, back at the lab? | think he’d be really interested in it, since you’re
doing so well. We’ve just never seen anyone perform this well and he
may have a couple of questions he’d like me to ask you about how you
approach this task.”

Figure 2: Positive Mood Induction procedure.
Participants experience two sequential runs: one “control” run in which they become

accustomed to task design and receive no feedback, and one “humor” run in which they
receive highly positive on-screen performance feedback on majority of trials, and were also
given highly positive performance feedback from study staff twice (Study Staff Feedbacks 1
& 2). See Supplementary Methods for sample stimuli. See Admon & Pizzagalli (2015) for

additional task details.
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Average Mood Ratings Throughout Session
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Scanner MID 1 (#2) 1 (#3) Mood Positive  Positive MID 3 (#7) Scanner
Before Induction Feedback Feedback After Scan
Scan (#1) (#4) (#5) (#6) (#8)

Figure 3: Average mood change across study.
Each point represents an averaged measurement of mood ratings on a 0-100 scale. * denotes

p <.05.
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A) MID 1, Anticipation Contrast C) MID 1 - MID 2, Anticipation Contrast

Figure 4: Whole-brain main effects for whole group (n = 29).
A) MID 1 Anticipation (Cue Reward — Cue Neutral), B) MID 1 Consumption (Feedback

Reward — Feedback Neutral), and C) Change in reward anticipation (Cue Reward — Cue
Neutral) from MID 1 to MID 2. Clusters significant at FWE p < 0.05 with initial cluster
forming threshold p < 0.001. Significant clusters reported in Supplementary Methods.
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Figure 5: Bilateral NAc activation during reward anticipation and its relationship with
anhedonia.
A). Mean activation of bilateral NAc during reward anticipation (Cue Reward — Cue

Neutral) from MID 1, MID 2 and MID 3. B) Correlation between anhedonia and change in
NACc activity during reward anticipation (Cue Reward — Cue Neutral) from MID 1 (before
mood induction) to MID 2 (after mood induction). CR = Cue Reward, CN = Cue Neutral.
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Figure 6: DLPFC-Right NAc connectivity during reward anticipation and its relationship with
anhedonia.

A). The connectivity between the seed - right NAc (pink) and DLPFC (blue) from the whole
brain interaction with anhedonia. Peak voxel [32 56 14], 50 voxels, cluster significant at p =
0.05 (FWE), with p < 0.001 initial cluster forming threshold. B.) Scatterplot showing the
correlations between anhedonia and right NAc-DLPFC connectivity change during
Anticipation (Cue Reward — Cue Neutral) from MID 1 (before mood induction) and MID 2
(after mood induction).
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Figure 7: DLPFC-Right NAc connectivity and its relationship with anhedonia.
A). Correlations between anhedonia and DLPFC-right NAc connectivity during reward

anticipation (Cue Reward — Cue Neutral) of MID 1. B) Correlations between anhedonia and
DLPFC-right NAc connectivity during reward anticipation (Cue Reward — Cue Neutral) of
MID 2. C). Correlations between anhedonia and DLPFC-right NAc connectivity from MID
1 to MID 2 during reward cues (CR). D) Correlations between anhedonia and DLPFC-right
NAc connectivity from MID 1 to MID 2 during neutral cues (CN).
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