Reward Acts on the pFC to Enhance Distractor Resistance
of Working Memory Representations
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Abstract
■ Working memory and reward processing are often thought to

INTRODUCTION
Efficient working memory and reward processing are
both essential functions in everyday life. Most daily tasks
involve either actively integrating or segregating these
two types of information. For example, during decisionmaking, we need to maintain information and integrate it
with reward-related information. Conversely, we also
need to be able to perform cognitive tasks without letting
reward-related information impinge upon our performance. For example, good or bad news should not distract
us from performing our current task.
Frontostriatal circuitry has been implicated in both
reward processing and working memory (e.g., Aarts,
Holstein, & Cools, 2011; van Schouwenburg, Aarts, &
Cools, 2010; Rowe et al., 2008; Hazy, Frank, & OʼReilly,
2007; Lawrence, Sahakian, & Robbins, 1998). Specifically, reward processing is well known to implicate the
ventral striatum (Delgado, Nystrom, Fissell, Noll, & Fiez,
2000), whereas working memory has been shown to
involve, among other regions, the lateral pFC (Petrides,
1996; Chao & Knight, 1995; Funahashi, Bruce, & GoldmanRakic, 1993; Owen, Downes, Sahakian, Polkey, & Robbins,
1990) and the dorsal striatum (Baier et al., 2010; Collins,
Wilkinson, Everitt, Robbins, & Roberts, 2000). Despite this
apparent segregation, the anatomical organization of
frontostriatal circuitry affords several opportunities for
interaction between reward and working memory. These
points of interaction range from direct gating and/or
stabilization of prefrontal working memory represen-
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ciated not only with enhanced distractor resistance but also with
impairment in the ability to update working memory representations. Furthermore, the effect of reward on working memory was
accompanied by differential coupling between the ventral striatum and ignore-related regions in the pFC. Together, these data
demonstrate that reward-related signals modulate the balance
between cognitive stability and cognitive flexibility by altering
functional coupling between the ventral striatum and the pFC. ■

tations by midbrain reward signals (Braver & Cohen,
2000) to indirect modulation of prefrontal function by
reward via striatal go and no-go pathways (Moustafa,
Sherman, & Frank, 2008; Hazy et al., 2007; Frank,
2005). However, relatively few studies (Krawczyk &
DʼEsposito, 2013; Marquand et al., 2011; Kennerley &
Wallis, 2009a, 2009b; Krawczyk, Gazzaley, & DʼEsposito,
2007) have investigated the (neural) interaction between
reward and working memory. Here, we examine this
interaction and its underlying frontostriatal mechanisms
using fMRI in young healthy volunteers.
Everyday experience might suggest that people perform better on a cognitive task in the context of reward.
Thus, ostensibly, the relationship between reward and
working memory is simple: Reward enhances cognitive
performance. This intuition is supported by human and
animal work suggesting that reward enhances goaldirected behavior through increasing dopamine levels
(Wise, 2004; Robbins & Everitt, 1996; Dickinson &
Balleine, 1994). However, existing knowledge about
the dopaminergic basis of reward and working memory
points to a more complicated interaction. Specifically,
recent evidence suggests that dopamine has opposing
effects on distinct subcomponent processes of working
memory. Thus, reward, which is commonly associated
with dopamine release (Tobler, Fiorillo, & Schultz,
2005; Schultz, Dayan, & Montague, 1997), may affect
working memory in a task-selective manner (Cools &
DʼEsposito, 2011; Durstewitz & Seamans, 2008). We put
forward two hypotheses.
The first hypothesis is based on early insights that the
dopamine increase triggered by reward might act directly
in the pFC to modulate working memory by enhancing
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be separate, unrelated processes. However, most daily activities
involve integrating these two types of information, and the two
processes rarely, if ever, occur in isolation. Here, we show that
working memory and reward interact in a task-dependent manner
and that this task-dependent interaction involves modulation of
the pFC by the ventral striatum. Specifically, BOLD signal during
gains relative to losses in the ventral striatum and pFC was asso-

METHODS
Participants
Twenty-four healthy participants (11 men) were recruited
to take part in the fMRI study. Their mean age was 22 years
(range = 18–30). Data from four participants were
excluded from the analysis; two were excluded because
of computer failure, one was excluded because of technical problems with the fMRI scanner, and one withdrew
from the experiment after 10 min in the scanner. The
study conformed to the Helsinki Declaration of 1975 and
was approved by the local ethics committee (Commissie
Mensgebonden Onderzoek Arnhem-Nijmegen number
2001/095). The exclusion criteria for participation in the
study were as follows: uncorrected visual impairment
(e.g., color blindness), history of neurological or psychiatric disorder, history of medical treatment to head or
neck, history of asthma, history of disorder that may
affect metabolism or circulation (diabetes, hypertension,
cardiac arrhythmia), currently taking over-the-counter
medications, pregnancy, metallic implants, current
smoker, consumption of >20 units alcohol per week,
history of hard drug use (e.g., heroin or cocaine), nonnative Dutch speaking, left-handedness, tattoos, nonremovable body piercings, claustrophobia, and frequent
gambling (e.g., casino, slot machines).

Design and Procedure
Before entering the scanner, participants received standardized instructions, completed two practice blocks,
and confirmed to the experimenter that they fully understood the task. The task was designed to probe the
extent to which the experience of an unexpected gain
or unexpected loss (during the delay period) modulated
working memory performance and how this modulation
was modified according to task demands (ignoring vs.
updating information). To examine this, we modified
the standard delayed match-to-sample task to include
two extra components during the delay period. In a standard delayed match-to-sample design, participants have
to retain mnemonic material (the targets) over a delay
period until a probe phase in which participants have
to decide whether the probe matches (one of) the target(s). The two extra components included in this design
were (i) the presentation of either an unexpected financial gain, loss, or neutral outcome after initial encoding
(upon completion of a gamble task) and (ii) the presentation of new stimuli that had to be either ignored
(ignore condition) or encoded as targets, thus displacing
the original mnemonic information (update condition).
We also included control trials in which no intervening
stimuli were presented (no-interference condition).
Thus, we employed a 3 (gain/loss/neutral) × 3 (ignore/
update/no-interference) factorial design (Figure 1).
The task was programmed using the Matlab psychophysics toolbox version 3 (Kleiner, Brainard, & Pelli,
Fallon and Cools
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the signal-to-noise ratio of task-relevant representations
(Braver & Barch, 2002; Servan-Schreiber, Printz, & Cohen,
1990). These ideas have been worked out in biophysically
detailed computational models that have suggested
that dopamine levels in the pFC might have opposite
effects on the ability to ignore (cognitive stability) and
update (cognitive flexibility) items in working memory
(Durstewitz & Seamans, 2008). According to this modeling work, dopamine alters the degree to which working
memory representations are susceptible to interference
(distraction). This change in distractor resistance, however, is accompanied by a change in the degree to which
working memory representations can be updated, thus
leading to altered flexibility. Furthermore, the sparsity of
dopamine reuptake transporters in the pFC implies that
these phasic dopamine impulses can influence neuronal
processing over an extended period of time (Seamans &
Yang, 2004). Therefore, within the above framework, the
increase in dopamine that accompanies unexpected
reward (and the decrease in dopamine that accompanies
unexpected punishment) might alter the balance between distractor resistance and flexible updating of items
in working memory. These reward effects should be
accompanied by altered signaling in the pFC during distractor resistance versus updating and/or altered connectivity between reward-related regions such as the ventral
striatum and the pFC.
An alternative hypothesis is grounded in more recent
neurocomputational models that have highlighted a
common role for dopamine in the striatum in reinforcement learning and in working memory (Maia & Frank,
2011; Frank, 2005). According to this work, a division
of labor exists between the direct (go) pathway and the
indirect (no-go) pathway of the BG, with the former
allowing and the latter inhibiting items from entering
working memory (Hazy et al., 2007). Importantly, dopamine is thought to increase go but decrease no-go activity (Gerfen & Surmeier, 2011), thus influencing whether
items are gated into versus filtered out from working
memory. Therefore, within this framework, reward might
modulate the balance between updating and filtering
out new information from working memory by acting on
the striatum. According to this hypothesis reward effects
on working memory might be accompanied foremost by
altered signaling in the striatum during updating versus
distractor resistance.
To test these hypotheses, we modified a classic delayed match-to-sample test of working memory by including two additional phases in the delay between encoding
and probe. First, participants were presented with an unexpected financial gain or loss. After this, participants
were presented with intervening stimuli, that is, new
items that either had to be ignored or updated into working memory. This allowed us to selectively examine the
effects of unexpected gains and losses on subsequent
updating and ignoring of information without altering
how this initial information was encoded.

2007; Brainard, 1997). Participants completed 180 trials,
distributed across five sessions. Ignore and update trials
were blocked to reduce task-switching effects. Each of
the five sessions contained four blocks (two update and
two ignore blocks). Each block contained nine trials:
six update or ignore trials and three no-interference
trials. The no-interference trials ensured that participants
could not anticipate whether the initial encoding stimuli
had to be remembered. During each trial, participants
could gain or lose (or receive no) money during the delay
period (see below for more details). Within each block,
each outcome was delivered with equal frequency, that
is, for the nine trials within a block, there were three
gain, neutral, and loss outcomes.
Each trial consisted of four distinct phases separated
by three delay periods (Figure 1). Delay periods consisted of a blank screen and were randomly jittered to last
between 2000 and 6000 msec to improve the efficiency of
hemodynamic response estimation.

Encoding Phase
In this phase, participants were presented with the letter
“T” in the middle of the screen flanked by two computergenerated “spirographs,” which were composed of differ2814

Journal of Cognitive Neuroscience

ent RGB elements. These stimuli remained on the screen
for 2000 msec. Participants were instructed that the presence of a “T” in the center of the screen indicated that
the stimuli had to be remembered as the targets and that
those stimuli remained the target stimuli until they saw a
new set of target stimuli.

Outcome Phase
On the gain and loss trials, participants were presented
with a screen inviting them to guess the outcome of a
coin toss (Figure 1). They could make a head or tails
response with their index or middle finger, respectively.
After this, participants were presented with two possible
outcomes: a “LOSS” screen, which featured a sad face
flanked by the word “Lose” presented at the four corners
of the screen (Figure 1) and the presentation of a negative auditory tone (“horn”), or a “WIN” screen, which
featured a happy face flanked by four presentations of
the word “Win” in each corner of the screen accompanied by a positive auditory tone (cash register). Participants were told that a “LOSS” screen indicated that
they had lost A1 and a “WIN” screen indicated they
had won A1. It might be noted here that gains and losses
were not dependent on performance and equally frequent.
Volume 26, Number 12
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Figure 1. An illustration of the task. Participants were presented with two stimuli that had to be encoded (2000 msec). Then, after a variable
delay period (2000–6000 msec), they were presented with a response screen that led to the presentation of a gain, neutral, or loss outcome.
Then, after another variable delay period (2000–6000 msec), participants were presented with novel stimuli (1000 msec) that had to be ignored
or used for working memory updating (displacing the original targets). There was also a no-interference condition in which only a fixation cross
appeared (1000 msec). Finally, after another variable delay period (2000–6000 msec), participants were presented with a probe item, in which they
had a maximum of 2000 msec to respond.

Accordingly, there was no positive net gain or loss. In a
control condition, participants were not presented with a
gamble screen but were simply asked to make a left or
right response, after which they saw a neutral screen,
which featured a neutral face with “|||” presented at the
four corners of the screen. Each of the three outcomes
appeared on the screen for 1500 msec.
Interference Phase

Probe Phase
In this phase, participants were presented with a single
stimulus in the center of the screen. Participants had to
respond according to whether this probe was a target or
nontarget stimulus with their middle or index finger,
respectively. There was an equal probability of the probe
being a target or nontarget stimulus. Half of nontarget
stimuli were novel stimuli; the other half were stimuli
that featured, in the case of ignore blocks, as distractors
or, in the case of update blocks, as stimuli that were initially encoded as target stimuli but which were displaced
by targets in the intervening period.
Each trial was separated by an intertribal interval of
2000 msec, and at the end of each block, participants
were presented with a screen that informed them of their
accuracy during the previous block.
Our main indices of behavior were accuracy and RTs.
Accuracy scores were arcsine transformed (2 × arcsine
square root (x)) to conform to parametric assumptions
(Howell, 1997).

Image Acquisition
Participants were scanned at the Donders Centre for
Cognitive Neuroimaging on a Siemens Tim Trio 3T
Scanner using multiecho EPI (repetition time = 2.32,
echo times = 9, 19.3, 30, and 40 msec, flip angle =
90°). Each session consisted of 1360 (4 × 340 scans per
echo) scans of 38 slices (slice thickness: 2.5 mm, resolution: 3.3 mm × 3.3 mm × 2.5 mm). Thirty scans were
acquired at the beginning of the first session to use as
“weighing scans” (see fMRI Preprocessing section). Participants were scanned using a 32-channel head coil.
Movement was prevented by positioning two cushions
at either side of the participantʼs head and by placing tape
across the forehead. Participants completed five sessions

fMRI Preprocessing
Preprocessing and analysis were performed using SPM5.
In line with established optimal procedures for analyzing
multiecho data (Poser, Versluis, Hoogduin, & Norris,
2006), data from the first echo was used to estimate
six rigid body realignment parameters (x, y, z, roll, pitch,
yaw) needed to align the images. The estimated realignment parameters were then used to align data from
the other three echoes. Realignment was performed by
aligning the first image of all the subsequent sessions
to the first image of the first session and then realigning
each image in each session to the first image in that
session.
Images from the four echoes were then combined to
a single image as a weighted-sum of data from the four
echoes. Using data from the 30 weighing scans, a voxelspecific weighting between the four echoes was calculated using in-house software, which maximized the
contribution of each echo according to its contrast-tonoise ratio (see Poser et al., 2006). The combined images
were then slice-time corrected to the middle slice, coregistered with participantʼs structural MP-RAGE and then
normalized to a standard template (Montreal Neuroimaging Institute [MNI]) using the “unified segmentation”
procedure (Ashburner & Friston, 2005).

Image Data Analysis
Data were analyzed using the “summary statistics” approach
(Mumford & Nichols, 2009; Holmes & Friston, 1998), in
which contrast images from each participant are computed from running a separate general linear model (GLM)
for each participant and then submitted to a (second-level)
random effects analysis by running a second, group-level
GLM.
The first-level design matrix was composed of a block
diagonal matrix containing task-related and nuisance
regressors for each session. The task regressors were
formed from the onsets of initial encoding stimuli, “loss,”
“neutral,” “win” screen, to-be-ignored stimuli, fixation
cross (no-interference condition), to-be-updated stimuli
and probe event, and end of block accuracy screen. In
addition, parametric modulators (Buchel, Holmes, Rees,
& Friston, 1998), orthogonalized to the task regressor,
were also entered for the three working memory conditions (ignore, no-interference, and update) regressors.
These regressors corresponded to the valence of the
received outcome on the current trial (1 for loss, 2 for
neutral, and 3 for gain). This modeling approach was
adopted because we were interested in the linear effects
Fallon and Cools
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There were two experimental conditions: ignore and
update. In the ignore condition, participants were shown
a new set of stimuli that they had to ignore. Conversely,
in the update condition, participants were shown a new
set of stimuli that displaced the previous set of stimuli as
the target stimuli. There was also a control condition in
which only a fixation cross appeared on the screen (nointerference).

of the experimental task. A high-resolution structural
scan of the brain was also acquired (MP-RAGE: 192 scans,
repetition time = 2300 msec, echo time = 3.03 msec) to
aid with preprocessing.

i) Gain minus Loss (the “gain” screen regressor minus
the “lose” screen regressor).
ii) Update minus Ignore (the to-be-updated stimuli minus
the to-be-ignored stimuli).
iii) Outcome × Task interaction (the outcome-related
parametric modulator of the update condition minus
the outcome-related parametric modulator of the
ignore condition).
Connectivity Analysis
The main aim of this study was to examine how reward
signal in the ventral striatum affected working memory
task-related neural (BOLD) responses. This question
can most directly be addressed with a psychophysiological interaction (PPI) analysis (Friston et al., 1997). PPI can
be used to examine the extent to which the coupling
between a region (seed region) and other brain regions
vary as a function of task context (psychological regressor). Here, we used the ventral striatum as a seed region.
The ventral striatum was defined as comprising those
voxels that were revealed to be active ( puncorrected <
.001) by the group-level gain minus loss contrast with a
structural mask of the BG. The mask was generated using
FSL FIRST toolbox (Patenaude, Smith, Kennedy, & Jenkinson,
2011) to segment bilateral regions of participantsʼ BG
(nucleus accumbens, caudate nucleus, putamen, globus
pallidus). The images from each participant were then
combined by taking the sum of all voxels in each participant. To further specify the reward selectivity of these
2816
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voxels, we removed from this seed region those voxels
that were revealed to be also active ( puncorrected < .001)
by the update minus ignore contrast. The voxels selected
for the seed region were the same for all participants.
From this seed region, the first eigenvariate was extracted
from the BOLD signal time series for all voxels within that
region. Given that these interactions occur at the neural
level, the extracted BOLD signal was deconvolved into its
expected neural components (Gitelman, Penny, Ashburner,
& Friston, 2003). The estimated “neural” response was
then multiplied by a vector representing task context
(1 for updating and −1 for ignore) to form the PPI term.
This term was convolved with the canonical hemodynamic
response function in SPM and entered as a regressor in
the first-level GLM. The GLM also included the hemodynamic response function (HRF)-convolved “main
effects” of task (a boxcar function—onsets and durations,
as in the univariate analysis—with 1 for update events and
−1 for ignore events) and the time course of the ventral
striatum. Accordingly, the PPI focused on changes in
connectivity that occur during the processing of intervening stimuli. Similar to our other model, the GLM also
included 24 movement parameters as regressors of no
interest.
The estimated beta values for the interaction term
were passed to the second-level for random-effects analysis. Connectivity was assessed using a one-sample t test.
We examined two contrasts. First, we assessed regions
that showed significantly greater ventral striatal connectivity during update (relative to ignore) and, second, regions
that showed the reverse pattern (greater ventral striatal
connectivity during ignore than update trials).
We also examined whether regions that showed a significant PPI overlapped with the ignore- or update-related regions. To this end, for ignore-related regions, we made a
mask comprising regions that were significant ( puncorrected <
.001) for the ignore minus update contrast. Conversely, for
update-related regions, we made a mask comprising
regions that were significant ( puncorrected < .001) for the
update minus ignore contrast.
Brain–Behavior Correlations
Brain–behavior relationships were examined in two complementary ways: regressing neural responses extracted
from our ventral striatal ROI onto behavior and regressing our behavior of interest onto whole-brain neural
responses.
First, an ANCOVA was used to assess the relationship
between BOLD signal extracted from the ventral striatum,
for the gain minus loss contrast, and working memory
accuracy. For each participant, a beta value was extracted
for the gain minus loss contrast (using MarsBAR; Brett,
Anton, Valabregue, & Poline, 2002). The beta values for
each region were then z-scored before being entered as
a covariate in an ANCOVA. Task (update, ignore) and Outcome (loss, gain) were entered as within-subject factors.
Volume 26, Number 12
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of outcome valence on signal during subsequent intervening stimuli. Finally, a parametric regressor corresponding to the RT for the probe event was also
added. To efficiently model the BOLD response to the
above experimental manipulations, all task-related regressors were convolved with a canonical hemodynamic
response function.
Following Lund, Norgaard, Rostrup, Rowe, and Paulson
(2005), 24 nuisance regressors were also included in the
model: the six realignment parameters used to realign
each image, the square of these realignment parameters,
the first derivative of these realignment parameters, and
the realignment parameters used to realign the previous
volume (so as to account for spin-history effect, see
Friston, Williams, Howard, Frackowiak, & Turner, 1996).
Data were also high-pass filtered (128 sec) to remove
low-frequency signals from the data, and an AR(1) model
was applied to adjust for serial correlations in the data.
Microtime onsets were adjusted to take into account
the earlier slice-timing correction.
This study aimed to investigate the effect of reward
outcome, working memory demands, and their interaction. Accordingly, we generated the following contrast
images at the first level and then examined group-level
effects using separate one-sample t tests at the second
level.

Second, we entered our Outcome × Task interaction
term for working memory accuracy ([ignore gain − ignore
loss] − [update gain − update loss]) as a covariate into the
whole-brain gain minus loss one-sample t test (contrast (i)).
The results of this analysis should corroborate our first
brain–behavior analysis, but also extend it to other regions.
As with the connectivity data, we examined whether there
was overlap with ignore- and update-related regions.

Statistical Thresholds

RESULTS
Behavioral Results
For accuracy, there was a main effect of Task, F(2, 38) =
14.67, p < .001, but no main effect of Outcome, (F < 1), or
interaction between Task and Outcome, F(4, 76) = 1.25,
p = .29. Post hoc tests revealed that accuracy differed
between each pair of task conditions; participants were
more accurate on update relative to ignore trials, t(19) =
4.10, p < .001, and no-interference trials, t(19) = 4.46,
p < .001, but there was no difference between ignore and
no-interference trials, t(19) = .556, p = .556. See Table 1
for accuracy and RT data.

Imaging Data
Gain Minus Loss
Contrasting the receipt of an unexpected gain with that
of a loss revealed significant ( p < .05, whole-brain FWEcorrected) clusters of increased BOLD signal in the
ventral striatum (x = 14, y = 14, z = −6) and the ventromedial pFC (x = −14, y = 38, z = −12). No clusters
were significant for the reverse contrast. Thus, consistent

Table 1. Accuracy (%) and RTs (msec) for Ignore, No-interference (Ignore Block), No-interference (Update Block), and Update
Blocks According to the Valence of the Preceding Received Outcome
Gain

Neutral

Loss

Accuracy

RT

Accuracy

RT

Accuracy

RT

Ignore

77 (15)

1014 (202)

80 (12)

992 (195)

78 (11)

1033 (202)

No-interference (Ignore block)

80 (13)

1078 (193)

83 (13)

1063 (239)

79 (14)

1079 (250)

No-interference (Update block)

79 (15)

1078 (241)

82 (15)

1054 (210)

74 (16)

1043 (223)

Update

84 (12)

972 (202)

87 (7)

936 (192)

88 (8)

947 (174)

Standard deviations are presented in parentheses.

Fallon and Cools
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When no ROI was used, clusters of signal were declared
significant if the probability of obtaining a cluster of that
extent across the whole-brain by chance was below p <
.05 using Guassian random field theory to control for
family-wise error (FWE) rate (Friston, Worsley, Frackowiak,
Mazziotta, & Evans, 1994). An initial cluster-defining height
threshold of puncorrected < .001 was used. The coordinates
of the maxima of each cluster are reported in brackets.
Voxel-wise statistical tests for these maxima are also reported in the Table 2. For contrasts where ROIs were specified, inferences about significance were made according
to the intensity of each voxelʼs signal: Signals in voxels were
deemed significant if the probability of observing a voxel
at least as extreme as that observed was p < .05, corrected
for comparisons across the ROI using random field theory.
This was done to provide anatomical specificity and maintain sensitivity across small volumes.

A similar analysis of RTs revealed a main effect of Task,
F(2, 38) = 23.66, p < .05, no significant effect of Outcome, F(2, 38) = 1.63, p > .05, and no significant interaction between Task and Outcome, F(4, 76) = .58, p >
.05. Post hoc tests revealed that participants showed
higher RTs on ignore than on update trials ( p < .05)
as well as higher RTs on no-interference than on both
ignore ( p < .05) and update ( p < .05) trials.
Supplemental analyses of accuracy data confirmed that
participants performed the task as intended. First, participants processed the intervening information in both
the ignore and the update conditions. This was revealed
by accuracy being higher for novel probe items than for
distractor items, both in the ignore, t(19) = 2.37, p =
.028, and update conditions, t(19) = 2.76, p = .012. This
indicates that participants attended to the intervening
stimuli in both conditions.
Second, participants were encoding the items presented
initially at encoding in both conditions. Thus, there was
no significant difference between performance on nointerference trials in the ignore block and that in the
update block, t(19) = .90, p = .378. Furthermore, in
the update condition, there was no significant difference
in performance between trials with initially presented
items (nontargets) and trials with target items, t(19) = .62,
p = .54.
Finally, we also assessed whether the interaction between outcome and task varied as a function of Probe
Type (novel, distracter or target). There was no significant
two-way interaction between Task and Probe Type, F(2,
38) = 1.32, p = .278, or three-way interaction between
Task, Outcome, and Probe Type, F(4, 76) = .325, p =
.325. Thus reward did not induce a response bias.

with our predictions, the ventral striatum showed greater
BOLD signal during gain than loss (Figure 2). A full list of
significant voxels for the whole brain is presented in
Table 2.
Update Minus Ignore
Intervening stimuli that had to be used to update working memory relative to those that had to be ignored led
to significantly ( p < .05, whole-brain FWE-corrected) increased BOLD signal in the left and right dorsal putamen
(left: x = 20, y = 10, z = 4, right: x = 22, y = 14, z = 4),
the left SMA, the right inferior gyrus (x = 50, y = 6, z =
24), the right precentral gyrus (x = 50, y = 6, z = 24),
the left and right fusiform gyri (x = −36, y = −60, z =
−10), and a region near the left hippocampus (x = −24,
y = −24, z = 4). These regions are displayed in Figure 3.
The reverse contrast (ignore > update) revealed significant clusters of BOLD signal in the left inferior parietal
region (x = −50, y = −52, z = 40). Again, a full list of
significant voxels is presented in Table 2.
Outcome × Task Interaction
Contrasting the parametric effect of Outcome (gain, neutral, loss) in the update condition with that in the ignore
condition did not produce any significant ( p < .05
whole-brain FWE-corrected) clusters of increased or decreased BOLD signal.
Connectivity Analysis
Although there was no significant univariate modulation
of Task processing by Outcome, such effects may be
better captured by altered connectivity between rewardrelated and mnemonic areas. Accordingly, we conducted
2818
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a PPI analysis to examine how connectivity with the rewardrelated ventral striatum (seed region) varied as a function
of working memory task demands. No regions had significantly greater connectivity with the ventral striatum in
the update than the ignore conditions, even when the
statistical threshold was lowered to puncorrected < .001.
However, the reverse contrast, reflecting greater connectivity with the ventral striatum in the ignore than the
update conditions, revealed significant ( p < .05, wholebrain FWE-corrected) clusters in the left dorsolateral pFC
(x = −40, y = 6, z = 42), the right dorsolateral pFC
(x = 44, y = 20, z = 40), the dorsomedial pFC (x = 8,
y = 36, z = 44), the left anterior pFC (x = −42, y = 50,
z = 2), and the left TPJ (x = −56, y = −46, z = 28). These
regions are shown in Figure 4. Thus, BOLD signal in the
reward-related ventral striatum showed higher correlations with prefrontal and parietal regions during ignore
trials than update trials.
Next we examined overlap between regions showing
differential connectivity with the ventral striatum as function of task context and regions sensitive to the main
effect of task (ignore versus update; puncorrected = .001).
Five of the five regions identified in the PPI contrast were
present in the ignore > update contrast. All regions
except the dorsomedial pFC survived correction for
multiple comparisons with the entire search volume of
the ignore minus update contrast. None of the voxels
identified in the PPI contrast were significant ( p < .05,
FWE voxel-level small volume-corrected) within an inclusive mask of update-related ( puncorrected < .001, update >
ignore contrast) regions. This shows that there is a strong
correspondence between prefrontal and parietal regions
preferentially involved in ignoring irrelevant information
and those regions modulated by ventral striatal BOLD signal
in a task-dependent manner. Thus, signal in the rewardrelated ventral striatum was associated with signal in regions
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Figure 2. Left: Percent signal
change for the different
outcomes (loss, neutral, and
gain) in the ventral striatum
(extracted from the cluster
selected from the contrast gain
minus loss, puncorrected < .001).
Graph shows percent signal
change [%Signal Change (Beta
(task) × max (HRF) × 100)/
(Beta (constant))] for each
regressor calculated using
rfxplot (Glascher, 2009). The
error bar represents standard
error of the difference between
gains and losses. Right: An SPM
of significant ( p < .05 FWE
whole-brain cluster-corrected)
clusters for gains minus loss
contrast. Increased BOLD
signal was found in the ventral
striatum and the ventromedial
pFC for the receipt of gains
relative to losses.

Table 2. BOLD Signal Peaks ( Voxelwise p < .001, Cluster Extent > 15) for Main Contrasts of Interest, Shown at a More Liberal
Threshold for Illustrative Purposes

11.40

.000

.000

−36 −60 −10

3353

9.18

.000

.002

−20 10 4

Right inferior frontal

428

7.97

.000

.012

50 6 24

Left supplementary motor area

888

6.80

.000

.071

−4 2 66

Right putamen

353

6.44

.000

.122

22 14 4

Optic radiation tract

136

5.58

.05

.412

−24 −24 −4

Left precuneal white matter

96

5.24

.150

.607

−24 −40 32

Left paracentral gyrus

52

5.05

.510

.723

−12 −38 74

Left inferior gyrus

82

5.03

.223

.730

−46 34 12

Left superior orbital gyrus

28

4.93

.853

.791

−16 32 −14

198

4.83

.010

.841

36 −2 50

Left precentral gyrus

67

4.77

.340

.870

−20 −20 74

Right precuneal white matter

17

4.76

.964

.871

32 −48 20

Left Heschlʼs gyrus

22

4.55

.923

.944

−30 −30 14

Right ventral insula

37

4.46

.725

.966

42 −6 −20

Right superior temporal gyrus

16

4.39

.970

.977

66 −10 −2

Right supplementary motor area

19

4.31

.949

.987

10 −10 76

Left superior temporal gyrus

19

4.09

.949

.998

−58 −38 12

Right rolandic operculum

21

4.03

.932

.999

−52 8 2

Left superior frontal gyrus

15

3.99

.976

.999

−24 −4 54

Left angular gyrus

82

4.97

.223

.769

−38 −74 46

336

4.81

.001

.851

−50 −52 40

Left middle orbital gyrus

23

4.31

.913

.986

−40 46 −4

Left middle frontal gyrus

41

4.25

.666

.991

−36 20 44

Left superior medial gyrus

16

4.14

.970

.996

−4 36 46

460

7.28

.000

.029

−14 38 −12

1125

6.97

.0000

.047

14 14 −6

117

5.71

.113

.313

2 −34 38

left inferior parietal lobe

45

4.70

.646

.863

−52 −46 46

Left middle occipital gyrus

17

4.23

.963

.986

−28 −64 32

Left superior frontal gyrus

39

4.10

.726

.995

−16 14 62
12 2 −2

Left fusiform gyrus

BA 6

Left inferior parietal lobule

GAIN > LOSS

Left ventral striatum
Right ventral striatum
Posterior cingulate

LOSS > GAIN

No significant ( p < .001) activation

Parametric reward
effect UPDATE >
Parametric reward
effect IGNORE

Right globus pallidus

28

6.57

.831

.118

Left middle cingulate

36

4.67

.697

.940

−16 2 42

Parametric Reward
No significant activation
effect IGNORE >
Parametric Reward
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14700

Label

Left putamen

IGNORE > UPDATE

MNI
Coordinates
(x, y, z)

t

Contrast
UPDATE > IGNORE

p Value
p Values
(FWE Whole-brain (FWE Whole-brain,
Cluster-corrected)
Voxel Level)

Cluster
Extent

that support distractor resistance but not in regions that
support updating of working memory representations,
including the (dorsal) striatum.
Brain–Behavior Relationships
As stated above, there was no overall main effect of
reward on working memory performance. However, further analyses revealed significant brain–behavior correlations. Specifically, the effect of reward on distractor
resistance versus updating (in terms of accuracy) correlated with the effect of reward on BOLD signal, already
at the time of outcome. This was confirmed by two different analyses. First, we performed a repeated-measures
ANCOVA on participantʼs accuracy scores with Task (update and ignore) and Outcome (gain loss) as withinsubject factors and inserted reward-related Ventral Striatal
Signal (z-score beta values for the gain minus loss contrast) as a covariate. There was a significant three-way
interaction between Ventral Striatal Signal, Task, and Outcome, F(1, 18) = 9.44, p = .008. This indicates that the
effect of reward on working memory performance varied

according to the magnitude of gain-induced BOLD signal
in the ventral striatum. Regression analysis was used to
unpack this significant three-way interaction. This significant three-way interaction was the result of two strong
trends in the opposite direction: a near-significant trend
for a positive correlation between ventral striatal rewardrelated response and accuracy on gain minus loss ignore
trials (standardized beta = .44, p = .052), and a trend for a
negative correlation between ventral striatal rewardrelated response and accuracy on gain minus loss update
trials (standardized beta = −.42, p = .068). None of
the other two-way interactions were significant, and there
was no significant relationship between ventral striatal
BOLD signal and gain minus loss performance in the nointerference condition (r = .10, p = .66).
Second, the above analysis was corroborated by a
whole-brain analysis of outcome-related signal, in which
the effect of reward on working memory performance
(ignore vs. update accuracy) was used as a covariate of
interest. Given the above analysis, we examined the positive association between the covariate and BOLD signal,
that is, areas that were positively associated with higher

Figure 4. An SPM of voxels
that showed significantly
( p < 0.05 FWE whole-brain
cluster-corrected) higher
connectivity between the
ventral striatum during ignore,
relative to update trials.
Left = left hemisphere;
Right = right hemisphere.
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Figure 3. Left: An SPM of
significant ( p < .05 FWE wholebrain cluster-corrected) clusters
for update minus ignore trials.
Increased BOLD signal was
found in the left dorsal striatum
during update relative to ignore
trials. A complete list of regions
can be found in Table 2. Right:
Graph shows percent signal
change for the ignoring,
updating, and no-interference
conditions in the dorsal
striatum (extracted from the
cluster selected from the
contrast updating minus
ignoring, puncorrected < .001).
The error bar represents the
standard error of the difference
between updating and ignoring.

accuracy on gain minus loss trials for ignore relative to
the update conditions. As can be seen in Figure 5 and
consistent with the above-mentioned ANCOVA, clusters
of significant ( p < .05, whole-brain FWE-corrected) signal were observed in the left ventral striatum. In addition,
significant brain–behavior correlations were also found in
the right inferior frontal cortex (x = 56, y = 24, z = −2),
the left frontopolar cortex (x = −32, y = 50, z = −2),
and the left dorsolateral pFC (x = −36, y = 12, z = 52).
Follow-up analyses decomposed these interactions by
examining the brain–behavior correlations separately for
ignore and update conditions. The left ventral striatum, left
dorsolateral pFC, left frontopolar cortex, and right inferior
frontal cortex were correlated positively significantly ( p <
.05, small volume FWE-corrected) with the relative increase
in accuracy on gain relative to loss trials in the ignore
condition (Figure 5A). In contrast, the left frontopolar
cortex and right inferior frontal cortex correlated negatively
( p < .05, small volume FWE-corrected) with the relative
increase in accuracy on gain relative to loss trials in the
update condition (Figure 5B). There was a trend toward
a significant negative correlation with the left ventral striatum ( p = .07, FWE small volume voxel-level correction).
We also examined the overlap between regions modulated by accuracy on gain minus loss trials (those regions
shown in Figure 5A) and regions modulated by task
(ignore, update). The right inferior, left frontopolar,
and left dorsolateral pFC were all significant ( p < .05,
small volume FWE-corrected) when masked inclusively
by the ignore-related pFC regions. However, when
masked inclusively by the update-related regions (which
include the dorsal striatum), no regions were significant
( p < .05, small volume FWE-corrected). Together, these
results show that reward-related signal in the ventral

striatum and in pFC regions were associated with rewardinduced increases in accuracy on ignore relative to update
trials. Thus reward-induced increases in ventral striatal
and prefrontal BOLD signal were associated with taskspecific improvement in distractor resistance (relative to
updating). A summary of all the imaging results from this
study is presented in Figure 6.

DISCUSSION
This study provides evidence that reward-related signals
interact with the pFC to enhance distractor resistance of
working memory representations. This observation generally concurs with previous studies that have found that
reward and working memory interact in the frontal cortex
(Krawczyk & DʼEsposito, 2013; Marquand et al., 2011;
Dolcos, Diaz-Granados, Wang, & McCarthy, 2008; Krawczyk
et al., 2007) but critically extends this prior work by showing that the enhancing effect of reward on prefrontal
function is task specific, that is, reward-related signals have
opposite effects on distractor resistance and updating.
Consistent with previous studies, increased BOLD signal
was found in the ventral striatum for receipt of an unexpected financial gain relative to unexpected financial loss
(Elliott, Newman, Longe, & Deakin, 2003; Berns, McClure,
Pagnoni, & Montague, 2001; Delgado et al., 2000). Thus,
this study was successful in eliciting the ventral–striatal
reward response known to correlate with dopamine
release (Jenkins, 2012; Glimcher, 2011; Schott et al., 2008;
Knutson & Gibbs, 2007). Over all participants there was
no significant interaction between outcome and task
in terms of behavior. However, in line with hypotheses
generated from neurocomputational models (Durstewitz
& Seamans, 2008; Hazy et al., 2007), the magnitude of
Fallon and Cools
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Figure 5. (A) SPM showing
regions that showed a
significant (FWE < 0.05
whole-brain cluster-corrected)
relationship with the behavioral
interaction between outcome
and working memory for the
gain minus loss contrast. Higher
BOLD signal in these regions
was associated with a greater
interaction between outcome
and working memory. (B) A
breakdown of the association
between performance (accuracy
on gain relative to loss trials)
and BOLD signal for gain minus
loss events according to task.
Areas that correlate positively
with accuracy on gain relative
to loss trials on ignore blocks
are shown in red. For ignore
trials, the left ventral striatum, left dorsolateral pFC, left frontopolar cortex, and right inferior frontal cortex survived correction for multiple
comparisons (FWE < 0.05, small volume-corrected). Areas that correlative negatively with accuracy on gain relative to loss trials are shown in
green. On update trials, the left frontopolar cortex and right inferior frontal cortex survived correction for multiple comparisons (FWE < 0.05,
small volume-corrected). For illustrative purpose, the above images display significant areas at a more liberal threshold ( p < .001, uncorrected).

filtering out irrelevant information from working memory but detrimental for flexibly updating items in working memory.
Our univariate analysis failed to reveal any regions that
were differentially modulated by the preceding outcome
in a task-dependent manner. Rather, we found that the
interaction between outcome and task was accompanied
by differential coupling between the ventral striatum and
pFC. Thus the ventral striatum was found to be differentially connected with ignore- versus update-related regions of the pFC; connectivity was higher during ignore
trials than update trials. Accordingly, the ventral striatum
was coupled to regions of the pFC that were responsible
for filtering out irrelevant information from entering
mnemonic networks. Therefore, an increased response

Figure 6. A summary of the results presented in this study. The receipt of gains relative to losses led to increased BOLD signal in the ventral striatum.
The extent to which there was an interaction between working memory and reward was related to the magnitude of the BOLD signal changes in the
ventral striatum, left dorsolateral pFC, and left frontopolar cortex (Figure 5A). In addition there was increased connectivity between the ventral
striatum and the left dorsolateral pFC and frontopolar cortex during ignore relative to update trials. Both regions that showed a brain–behavior
interaction and regions that showed task-based connectivity with the VS were present within the distracter resistance network (Ignore > Update)
but not the update network (Update > Ignore).
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the response in the ventral striatum and pFC was related
to working memory accuracy in a task-dependent manner. We found that increased BOLD signal in the ventral
striatum and pFC during the receipt of gains relative to
losses had opposite effects on ignoring and updating
items in working memory; greater BOLD signal in the
ventral striatum and pFC was associated with enhanced
accuracy on ignore trials but reduced accuracy on update trials. In contrast, we found no evidence for any
such modulation in the dorsal striatum. Given the association between unexpected reward and dopamine
(Glimcher, 2011; Schott et al., 2008), it is likely that
the observed increase in BOLD reflects increased dopamine levels. Thus, the receipt of a gain, relative to a loss,
induced changes in the pFC that were conducive to

the direction of the relationship between the pFC and
ventral striatum.
The hypotheses for this experiment were leveraged
from knowledge about the role of dopamine in reward
and working memory. Of course, definitive evidence for
a role of dopamine in the effects observed here must
come from future psychopharmacological or quantitative
PET studies. More generally, our effects are consistent
with the known effects of reward on working memory
obtained using a variety of methodologies, indicating that
reward enhances the representation of relevant information across a variety of timescales (Murty & Adcock,
in press; Kennerley & Wallis, 2009b; Chumbley, Dolan, &
Friston, 2008; Krawczyk et al., 2007; Adcock, Thangavel,
Whitfield-Gabrieli, Knutson, & Gabrieli, 2006; Wittmann
et al., 2005; though see Krawczyk & DʼEsposito, 2013).
The novelty of this studyʼs finding is the task specificity
of the enhancing effects of reward-related signals in the
ventral striatum and pFC, which are associated with
enhanced distractor resistance but impaired updating.
In contrast to the ventral striatum, the dorsal striatum
had a purely mnemonic role. Numerous theoretical and
computational accounts of the striatum have argued that
this region plays a key role in controlling the contents of
working memory (Hazy et al., 2007; Gruber, Dayan, Gutkin,
& Solla, 2006). These contentions have been supported
by empirical work that has found that the striatum is necessary for ignoring distracting information (Baier et al.,
2010; Collins et al., 2000) as well as for updating mnemonic
representations (Murty et al., 2011; Roth, Serences, &
Courtney, 2006). The results of this study help us further
delineate and characterize the role of the dorsal striatum
in working memory. Mnemonic task demands preferentially modulated BOLD signal in the dorsal striatum.
Specifically, BOLD signal in the dorsal striatum was increased, relative to the no-interference condition, in both
the ignore and update conditions (Figure 3). However,
dorsal striatal BOLD signal was increased to a greater
extent when novel stimuli had to be encoded into working memory than when they had to be ignored. This finding extends our knowledge of the dorsal striatum by
demonstrating that its role in working memory can be
dichotomized according to whether new information
has to be allowed or prevented from entering mnemonic
networks.
Recent neurocomputational models have highlighted a
common role for dopamine in the striatum in, on the one
hand, reward versus punishment processing and, on the
other hand, updating and distractor resistance of working
memory (Maia & Frank, 2011; Frank, 2005). As such, it is
surprising that we did not observe any effects of rewardon task-related responses in the (update-related dorsal)
striatum. Similarly, there were no reward-induced changes
in working memory task-related connectivity between
the ventral and dorsal striatum, an observation that could
have been anticipated based on anatomical evidence for
dopamine-dependent connections between ventral and
Fallon and Cools
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to gains, relative to losses, in the ventral striatum was
associated with increased recruitment of the distractor
resistance network. Again, no such modulation of the
dorsal striatum was observed. Consistent with this hypothesis are the results from our brain–behavior analysis,
showing that signal in the distractor resistance network
is associated with different behavioral effects during
the two task conditions. During ignore trials, increased
signal within the distractor resistance network is associated with enhanced performance, whereas during updating, increased signal of this network is associated
with impaired performance (Figure 5). Therefore, it seems
that, in the context of this experiment, gains promote the
expression of the psychological and neural mechanisms
responsible for distractor resistance, leading to differential effects on ignoring and updating. Cumulatively,
therefore, it seems that both gains and gain-related ventral
striatum signal act on the pFC, possibly via corticostriatalthalamic loops, to promote distractor resistance but to
impair updating.
These results have implications of neurocomputational
models of cognitive control and our understanding of
psychiatric disorders. First, with regard to computational
theories, these results are generally consistent with the
predictions of recent computational theories of prefrontal dopamine (Durstewitz & Seamans, 2002, 2008;
Durstewitz, Seamans, & Sejnowski, 2000). According to
these models, dopamine modulates the gain of prefrontal
neurons through its actions on numerous different ion
(e.g., NMDA, Ca2+) channels (Seamans & Yang, 2004;
Servan-Schreiber et al., 1990). Aggregation of knowledge
about the effects of dopamine D1 and D2 receptor stimulation on these intracellular processes has led to the
proposal that they can give rise to two different states:
a D1 and a D2 state (Durstewitz & Seamans, 2002, 2008;
Durstewitz et al., 2000). The pFC is argued to occupy a
D2 state at either low or high dopamine levels. This
state supports neuronal ensembles with little differentiation between the activity of neurons that represent
relevant and irrelevant information. Thus, because relevant information is less robustly represented, flexibility
is enhanced (cognitive flexibility). However, at intermediate dopamine levels, a D1 state exists. In this state,
there is a sharp demarcation between the activity of neurons that represent relevant and irrelevant information.
This enables relevant information to be robustly maintained in the face of distraction (cognitive stability) but,
as a corollary, reduces the flexibility of these neuronal
ensembles. The putatively increased dopamine in the
ventral striatum and pFC after a gain, relative to a loss, in
this study may have shifted the pFC from a D2 into a D1
state (Durstewitz & Seamans, 2008), which manifested
itself as altered coupling between the ventral striatum
and ignore-related regions in the pFC. However, this
hypothesis remains to be tested in future work, not least
because the type of connectivity analyses employed here
does not allow us to draw definitive conclusions about
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conditions. It also allowed us to examine the effects of
putative dopamine release during the delay period, associated with unexpected reward, on mnemonic networks.
Our paradigm could be criticized on the grounds that it
is unnatural to receive a reward/loss during the performance of a specific task. However, in the modern world,
we are increasingly bombarded by reward-related information during cognitive processing. For example, when
performing some task on our computer, we may receive
some good or bad news by email (paper accepted/paper
rejected). The receipt of this news is likely to impact our
cognitive functioning irrespective of whether the email is
related to our current task. However, the results of this
study suggest that good (or bad) news will influence
subsequent neurocognitive processing in a task-specific
manner and may enhance or diminish those processes
according to the task being performed. Furthermore, the
interaction between reward processing and task is likely
to vary as a function of task difficulty and the perceived
magnitude of the reward. This question should be address
in future research.
The finding that unexpected rewards can impact working memory performance has important implications for
understanding cognitive dysfunction in disorders that are
accompanied by reward-related deficits. For example, the
present findings suggest that if reward-related signals are
attenuated, as might be the case in addiction (Goldstein
et al., 2007; Volkow et al., 2007), then this may account
for some of the working memory deficits observed in
these groups (Tomasi et al., 2007). Interestingly, because
impaired working memory is related to impaired decisionmaking in people with substance dependence (Bechara &
Martin, 2004), this may lead to cycles of dependence and
relapse that often characterize this disorder. Similarly,
Parkinsonʼs disease has also been associated with deficits
in reward processing and working memory, in particular
filtering out irrelevant information. Thus, given this studyʼs
finding that reward-related response guide working memory (Rowe et al., 2008; Cools, Altamirano, & DʼEsposito,
2006), working memory deficits in PD may be caused by
deficits in reward processing. Future experiments should
evaluate this hypothesis.
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dorsal striatum (Haber, 2003; Haber, Fudge, & McFarland,
2000). We believe that this failure to find reward modulation of striatal responses during working memory is
unlikely to reflect suboptimal task design or statistical
power, because we did observe highly significant rewardrelated signal in the ventral striatum as well as highly significant update-related signal in the dorsal striatum. By
contrast, there were no effects of reward on update-related
signal in the striatum, even at a lower statistical threshold.
Although the present results could be seen as evidence
against the computational models that give a prominent
role to the striatum in cognitive control (e.g., Hazy et al.,
2007; OʼReilly & Frank, 2006), several qualifications are
needed. First, it should be noted that the coupling between
ventral striatum and pFC is indeed consistent and could
have been anticipated by the OʼReilly and Frank (2006)
model, given that in this model the ventral striatum represents the reward value of items maintained in pFC that
contribute to task success. Therefore, in this respect the
present results support those models. Second, the failure
to find an interaction between some aspect of reward and
the dorsal striatum could reflect several factors, such as
the nature of the updating required by this task. In this
experiment, a total update design was employed, which
required nonselective updating of all items. A key feature
of computational models of the BGʼs role in working
memory is that they facilitate the selective updating of
mnemonic representations (Hazy et al., 2007), a distinction supported by empirical findings (Murty et al., 2011).
Therefore, effects of reward on the dorsal striatum may be
confined to instances where information has to be selectively updated, for example, only changing the color of the
remembered shapes. Alternatively, the failure to find a
modulation of dorsal striatal BOLD signal by reward during
updating may reflect the possibility that dopamine in the
dorsal striatum is only important for the ability to acquire
(learn) when to update, something which may only occur
in the first few trials.
Finally, an alternative mechanism by which reward might
have altered distractor resistance versus updating is by
reinforcement of the target cues being maintained and
could theoretically explain the pattern observed here. This
alternative reinforcement account seems less likely, however, because gains altered neural signals in the distractor
resistance but not updating network during subsequent
intervening stimuli. Nevertheless, in future studies, it will
be interesting to assess whether reward acts on the previously encoded information or the upcoming intervening
information, for example, by manipulating the delay periods between encoding and reward receipt and between
reward receipt and intervening stimuli.
An important feature of the paradigm used here is the
fact that the outcome was delivered during the delay
period. This had the dual benefit of enabling us to examine
the neurocognitive processes of interest and in removing
the potentially confounding effects of differential motivation at the point of encoding in the different outcome
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