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Abstract Dopamine has long been implicated in the online
maintenance of information across short delays. Specifically,
dopamine has been proposed to modulate the strength of
working memory representations in the face of intervening
distracters. This hypothesis has not been tested in humans. We
fill this gap using pharmacological neuroimaging. Healthy
young subjects were scanned after intake of the dopamine
receptor agonist bromocriptine or placebo (in a within-subject,
counterbalanced, and double-blind design). During scanning,
subjects performed a delayed match-to-sample task with face
stimuli. A face or scene distracter was presented during the
delay period (between the cue and the probe). Bromocriptine
altered distracter-resistance, such that it impaired performance
after face relative to scene distraction. Individual differences
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in the drug effect on distracter-resistance correlated negatively
with drug effects on delay period signal in the prefrontal
cortex, as well as on functional connectivity between the
prefrontal cortex and the fusiform face area. These results
provide evidence for the hypothesis that dopaminergic mod-
ulation of the prefrontal cortex alters resistance of working
memory representations to distraction. Moreover, we show
that the effects of dopamine on the distracter-resistance of
these representations are accompanied by modulation of the
functional strength of connections between the prefrontal
cortex and stimulus-specific posterior cortex.

Keywords Working memory - Distraction - Dopamine -
Prefrontal cortex - Connectivity - fMRI

Introduction

We live in a demanding, highly distracting environment. The
necessary increase in attentional demands can be a particular
problem for those who are already easily distracted. Indeed,
several psychiatric disorders, including schizophrenia and
Attention Deficit Hyperactivity Disorder, have been associated
with an inability to filter out distracting information. Recent
theoretical frameworks have suggested that dopamine might
play an important role in the resistance to distracters by stabi-
lizing task-relevant representations in prefrontal cortex and by
rendering them more resistant to new inputs (Durstewitz and
Seamans 2008). Here we aim to test this hypothesis in humans.

Studies in non-human primates have long highlighted the
importance of the prefrontal cortex (PFC) in working memory
and distracter-resistance (Jacobsen 1936; Malmo 1942).
These studies have focused primarily on cortex surrounding
the principal sulcus, corresponding to the dorsolateral PFC
(DLPFC) in humans. Neurons in this PFC region show
sustained signal during the delay period of a working memory
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delayed response task (Fuster and Alexander 1971; Miller
et al. 1996). Moreover, DLPFC lesions in humans as well as
ablation of analogue PFC regions in rhesus monkeys are
accompanied by reduced distracter-resistance (Jacobsen
1936; Chao and Knight 1995).

The PFC has been suggested to support working memory by
selectively enhancing the processing of task-relevant informa-
tion via excitatory top-down connections to the relevant sensory
regions (Miller and Cohen 2001; Feredoes et al. 2011). This
hypothesis is corroborated by functional MRI (fMRI) studies in
humans. For example, Gazzaley et al. (2004) have shown that
the online maintenance of face stimuli was accompanied by
significant connectivity between the DLPFC and the fusiform
face area (FFA), a region involved in processing of faces
(Kanwisher et al. 1997). Thus, DLPFC may support working
memory by increasing connectivity with brain regions that
process remembered information, thereby rendering this infor-
mation resistant to distraction.

Distracter-resistance during delayed response tasks of
working memory has been shown to depend on the similarity
between encoding cues and intervening stimuli. Thus,
distracter-resistance is particularly vulnerable when distracters
are very similar to the remembered information (Jha et al.
2004; Yoon et al. 20006). It was proposed that maintained
information and distracting information are represented by
independent patterns in the PFC and that the similarity be-
tween these patterns determines how well the PFC can disso-
ciate between them (Durstewitz et al. 1999). Indeed, Yoon
et al. (2006) showed that delayed match-to-sample perfor-
mance with face memoranda was disrupted by (congruent)
face distracter stimuli, but not (incongruent) scene distracter
stimuli. Moreover, signal in DLPFC and connectivity between
DLPFC and FFA were selectively perturbed after face
distracters (Yoon et al. 2000).

In the current study, we aimed to assess the role of dopamine
in distracter-resistance, using an adapted version of the para-
digm used by Yoon and colleagues. Pharmacological studies in
both animals and humans have assigned an important role for
dopamine in working memory (Brozoski et al. 1979;
Sawaguchi and Goldman-Rakic 1991; Luciana and Collins
1992; Collins et al. 2000; Gibbs and D’Esposito 2005;
Diamond 2007). However, the precise way in which dopamine
alters working memory is still unclear. Based on in vitro elec-
trophysiological and computational modeling work, it has been
suggested that the effects of dopamine on working memory
reflect dopamine-induced increases in the signal-to-noise ratio
of neuronal firing in the PFC (Servan-Schreiber et al. 1990),
leading to increased stabilization of representations of remem-
bered information and, importantly, increased robustness of
these representations in the face of intervening distracters
(Durstewitz et al. 2000; Seamans and Yang 2004; Durstewitz
and Seamans 2008). Here we test this hypothesis by assessing
the effects of dopaminergic drugs on working memory
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performance and neural working memory representations in
the face of distraction. We predicted that dopaminergic drugs
would alter distracter-resistance and, following Yoon et al.
(2006), that these effects would be accompanied by modulation
of delay period signal in the DLPFC as well as of delay period
connectivity between DLPFC and FFA.

Empirical data (Sawaguchi and Goldman-Rakic 1991;
Wang et al. 2004) and current theories (Seamans and Yang
2004; Durstewitz and Seamans 2008) suggest that the effects
of dopamine on working memory are receptor-specific, with
D1 and D2 modes of PFC corresponding with enhanced and
reduced distracter-resistance, respectively. To assess such
receptor-specific effects, we administered both the selective
D2-receptor agonist bromocriptine (Kvernmo et al. 2006) as
well as the (non-selective) dopamine precursor L-DOPA.

Methods
Subjects

Data analysis was performed on 16 healthy subjects (eight
men, mean age 19.8, SD 1.1). Twenty-four subjects were
recruited from the University of California Berkeley commu-
nity and screened following a similar procedure used previ-
ously (Cools et al. 2007). All subjects gave written informed
consent and were compensated for their participation. This
study was approved by the Committee for the Protection of
Human Subjects at the University of California Berkeley.
From the 24 subjects who participated in the study, eight were
excluded due to scanner problems, head movement, or abnormal
performance on the task, leading to our final sample of 16
subjects, included in the analysis (Supplementary Material).
Our original aim had been to assess dopaminergic drug
effects as a function of trait impulsivity, to certify prior find-
ings showing that dopaminergic drug effects are more pro-
nounced in high-impulsive subjects (Cools et al. 2007). For
that reason, subjects on both ends of the Barratt Impulsiveness
Scale (Patton et al. 1995) were selected; high-impulsive sub-
jects had a Barratt score between 77 and 87 and a mean score
of 81, and low impulsive subjects had a Barratt score between
44 and 54 and a mean score of 50. Unfortunately, the size of
our final sample (nine low and seven high-impulsive subjects)
did not allow us to assess impulsivity-dependent effects.
Accordingly, we report effects irrespective of trait impulsivity.

General procedure

Subjects were invited to visit the Helen Wills Neuroscience
Institute on four sessions. on the first screening session, they
were interviewed for suitability, administered background
neuropsychological tests, and explained the procedure. On
the remaining sessions, subjects were scanned, after oral
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intake of a lactose placebo, the dopamine receptor agonist
bromocriptine (1.25 mg), or the dopamine precursor L-
DOPA (100 mg with 25 mg carbidopa), according to a dou-
ble-blind, crossover design (Supplementary Material).

Experimental paradigm

Subjects performed a modified version of a three-item delayed
match-to-sample working memory task while being scanned
(Fig. 1). They were instructed to encode three face stimuli and
make a match/non-match discrimination on the probe stimu-
lus. The probe matched one of the cues 50 % of the time. In the
middle of the delay period, a distracter stimulus, either a face
or scene, was presented. Thus, the delay period was separated
into two components, pre- and post-distraction. When a
distracter stimulus was presented, subjects had to indicate
whether the distracter stimulus was one of two pre-learned
targets. This was the case on one out of three trials.

The design included two trial types of interest: cue/distracter
congruent (i.e., face distracter) and cue/distracter incongruent
(i.e., scene distracter) trials. Furthermore, the design included a
trial type of no interest. In this trial type, the images in the
encoding, distracter, and probe phase were scrambled images.
Subjects had to press any button during the “distracter” and the
“probe” phase to match conditions for motor demands. This
trial type was inserted to provide an interpretable baseline
condition. It was not included in our contrasts of interest, which
compared different working memory conditions with distinct
levels of distraction. Subjects were presented with an equal
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Fig 1 Schematic diagram of the delayed match-to-sample working
memory task. During the encoding phase (duration 2.9 s), subjects were
presented with three face stimuli (sequentially). After an 11.1-s delay
period, they were shown a face or scene distracter (duration 0.9 s).
Subjects pressed a right or left button to indicate whether this stimulus
matched a pre-learned target face or scene. After another delay period of

number of trials for each of the three conditions. The task was
scanned in six runs of 18 trials each.

Localizer task

In addition to the delayed match-to-sample task, subjects
performed a one-back task using alternating blocks of face,
scene, objects, and scrambled stimuli to localize the FFA
(Kanwisher et al. 1997) (Supplementary Material).

Behavioral data analysis

Reaction times and error rates were calculated for the face
distracter and scene distracter conditions separately. Subjects
who had (1) a response count less than 80 % or (2) had error
rates above 50 % on one of the conditions on either the
distracter or probe task were excluded from analysis (final
sample n=16). For the reaction time analysis, the first trial of
each run was excluded as well as trials with an incorrect
response on either the distracter or probe task. In addition,
trials following an incorrect probe trial were excluded to avoid
a potential bias across trial types in the reaction time data
owing to differential rates of “post-error slowing” (Rabbit
1966). A drug (3)xdistracter (2) repeated measures ANOVA
was performed on mean reaction times and error rates on the
probe task. The critical measure of interest, the distracter cost,
was defined as error rates on face distracter trials minus error
rates on scene distracter trials. Note that this measure reflects a
“relative” distracter cost that was chosen based on previous

900 ms

& ms 3100 ms
11.1s e

1 1 sec B s .

: - - i
QL‘S‘EL‘S‘ Pre-distraction - Fixation
_ = delay

Distractor Probe

Probe task

Target or non-target?

Is this picture in the
original set of three?

Sl A
scene target

11.1 s, the probe stimulus appeared and the subject made a left/right
button press to indicate whether this probe stimulus matched one of the
encoded stimuli. Thus, two responses were recorded per trial: one for the
delayed response task at probe and one for the distracter target detection
task
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literature showing that congruent distracters are more
distracting than incongruent distracters (e.g., Yoon et al.
2006). Next, we calculated the drug effect on the distracter
cost (distracter costgy,g—distracter costyjacebo) and used this
measure for brain—behavior correlations.

MRI data acquisition and analysis

Whole-brain functional images and a T1-weighted anatomical
scan were obtained on a Siemens 3-T MR scanner (for scan-
ning parameters, see Supplementary Material). fMRI prepro-
cessing was conducted using SPM8 (Statistical Parametric
Mapping, Wellcome Trust Centre for Cognitive
Neuroimaging, London, UK). Data was visually inspected
for spikes and signal stability. Slice timing correction was
performed using the first slice as a reference slice.
Anatomical images were spatially coregistered to the mean
of the functional images and normalized using a unified
segmentation approach. These normalization parameters were
then applied to the functional images that were spatially
smoothed using a Gaussian kernel (8 mm full-width at half-
maximum).

In a general linear model, we included 15 regressors of
interest, five for each of the three trial types: face distracter
trials, scene distracter trials, and scrambled trials. The five task
phases were modeled at the onset of stimulus (encoding,
distracter, and probe) or in the middle of the delay period
(pre-distraction and post-distraction delay periods). This ap-
proach minimizes the contamination of the delay period co-
variate by residual cue period signal and has been used to
successfully model delay period signal in numerous published
studies (Postle et al. 2000; Pessoa et al. 2002; Barde and
Thompson-Schill 2002; Druzgal and D’Esposito 2003;
Curtis et al. 2004; Ranganath et al. 2004). Thus, to minimize
collinearity between temporally adjacent regressors, the delay
period was not modeled as a boxcar function beginning im-
mediately after the offset of the cue stimulus and extending
until the onset of the probe stimulus. Rather, care was taken to
ensure that the onsets of temporally adjacent regressors were
spaced at least 4 s apart (Zarahn et al. 1997). All regressors of
interest were modeled as delta functions and convolved with a
canonical hemodynamic response function. In addition, the
six realignment parameters were modeled as regressors of no
interest. Time series were high-pass filtered using 128 s cut-
off. Parameter estimates for the regressors of interest, derived
from the mean least-squares fit of the model to the data, were
estimated at the (subject-specific) first level and were used in a
second-level random effects analysis.

This study aimed to find a link between dopaminergic drug
effects on behavioral distracter-resistance and concurrent ef-
fects on brain signal. We found no effect of L-DOPA on
behavior. Therefore, we decided to focus our fMRI analyses
on the bromocriptine versus placebo contrast, which revealed
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a behavioral effect. Nevertheless, for completeness, we con-
ducted supplementary analyses to compare the L-DOPA and
placebo sessions, from which we report analogous contrasts.
The effect of bromocriptine on BOLD signal was assessed at
the voxel level, corrected for multiple comparisons in our
search volumes (see below) (pgye<0.05). We predicted that
bromocriptine would alter the effect of face versus scene
distracters on delay period signal. Accordingly, we assessed
drug x distracter interaction effects on post-distraction delay
period signal. We assessed this interaction on a whole brain
level as well as within those regions that exhibited signal
during the pre-distraction delay. To select these regions, a
volume of interest (VOI) was selected from the second-level
contrast representing the pre-distraction delay period (aver-
aged across face distracter and scene distracter conditions and
placebo and bromocriptine drug sessions). A lenient threshold
was used to identify such delay period signal (height threshold
p<0.05 uncorrected for multiple comparisons, extent thresh-
old 25 voxels), but it should be noted that this procedure did
not bias our subsequent statistical test of interest (drug x
distraction on post-distraction delay signal). Specifically, it
should be noted that the VOI is independent because the
selection is based on a main effect (face distracter and scene
distracter conditions across drug sessions) and we test for an
interaction effect (drug x distracter). In addition, the VOI was
selected from a separate (independent) task phase. This selec-
tion procedure revealed 15 clusters across the brain, which
were combined into a single VOI (for a list of clusters and
graphical overview of the pre-distracter VOI see
Supplementary Material). In addition to assessing the drugx
distracter interaction across all subjects, we also assessed a
brain—behavior correlation for the same interaction.

For illustration purposes, we display for each phase of the
task the main effects of task (i.e., collapsed across face
distracter and scene distracter conditions and placebo and
bromocriptine drug sessions), at a threshold of p<0.001 or
p<0.05 uncorrected.

PPI analysis

Functional connectivity during the post-distraction delay pe-
riod was assessed using psycho-physiological interaction
(PPI) analysis. Individual DLPFC seed regions were based
on coordinates of the DLPFC cluster that exhibited a signifi-
cant brain—behavior correlation (see “Results” and
Supplementary Material). Time series were extracted from
these individual seed regions and multiplied by a vector
coding for the experimental conditions (face distracter condi-
tion minus scene distracter condition) to obtain the PPI. On the
subject level, we included the PPI as a regressor of interest in a
general linear model. The experimental condition and the
extracted time series were modeled as additional regressors
of no interest in order to assess the PPI estimates in the brain
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over and above shared functional activation and task-
independent correlations in BOLD signal between the seed
and other regions. This approach ensures that any obtained
PPI results are independent of univariate results. The extracted
time series (deconvolved in SPM) and experimental condition
regressors were convolved with a canonical hemodynamic
response function and high-pass filtered (128 s). In addition,
the six realignment parameters were modeled. The PPI anal-
ysis was performed for the drug sessions separately.

As described in the “Introduction”, we predicted that do-
paminergic drug effects on distracter-resistance would be
accompanied by drug effects on PFC-FFA connectivity.
Because of large individual variation in the anatomical loca-
tion of the FFA, it can be challenging to find whole brain
effects at the group level. Therefore, we defined VOIs for the
FFA individually using an independent localizer task conform
prior studies (Kanwisher et al. 1997; Gazzaley et al. 2004;
Yoon et al. 2006) (for details see Supplementary Material).
Beta values were extracted from these individual VOIs and
tested for bromocriptine-induced changes in PFC-FFA con-
nectivity using a paired ¢ test. This analysis effectively tests for
a drugx distracter interaction, similar to the univariate analy-
sis, because the contrast face minus scene distracter condition
was already included in the PPI analysis. In addition to the
VOI analysis, we performed an exploratory whole-brain PPI
analysis, again using the DLPFC as a seed.

Results
Behavioral results

An initial omnibus ANOVA of error rates with three
drug levels (L-DOPA, bromocriptine, and placebo)
failed to reveal the predicted interaction effect between
drug and distracter (F,30=1.52; p=0.24). Subsequent
ANOVA with two drug levels (bromocriptine and pla-
cebo), however, did reveal a significant interaction
effect between drug and distracter (F;,5=5.39; p=
0.04), which was due to bromocriptine significantly
increasing the face (vs. scene) distracter cost compared
with the placebo condition (¢;5)=2.3, p=0.04). There
was also a main effect of distracter (F;,5=6.62; p=
0.02). Across drug conditions, more errors were made
in the congruent (face) condition than in the incongru-
ent (scene) condition. Post hoc ¢ tests confirmed that
the face (vs. scene) distracter cost did not differ be-
tween placebo and L-DOPA (7,5=1.0, p=0.35) or
between L-DOPA and bromocriptine (#(;5,=0.64, p=
0.53) (Fig. 2, Table S1). An ANOVA of reaction times
did not reveal any effects.
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Fig 2 Distracter cost in error rate (face > scene distracters) for each drug
condition. Error bars represent standard errors of the difference between
face and scene distracter conditions

fMRI results

Inspection of the main effects of task (averaged across
face distracter and scene distracter conditions and across
bromocriptine and placebo drug sessions) revealed the
expected network during encoding, distraction, and
probe (Fig. 3). As is often reported, our group analyses
were somewhat less sensitive to detecting delay period
signal, presumably because such delay period signal is
more variable between individual subjects than is signal
during task periods that are accompanied by visual input
(e.g., Druzgal and D’Esposito 2003). As outlined above,
we had anticipated that the degree to which post-
distracter delay period signal is modulated after distrac-
tion would vary as a function of both the type of
distraction (face vs. scene) as well as drug. Testing this
hypothesis by means of a drugxdistracter ANOVA did
not reveal any such effects when all subjects were
collapsed into one group (whole brain prwg<0.05).
Restricting our search volume to the VOI of the pre-
distraction delay period also did not show such a drugx
distracter interaction. The lack of a drug effect across
the group as a whole concurs with many previous
studies showing individual differences in dopaminergic
drug effects (for review see Cools and D’Esposito 2011;
Mehta and Riedel 2006). In fact, regression analysis
within the pre-distracter VOI revealed a significant
brain—behavior correlation in the left DLPFC (pgy.=
0.04, T=5.57, MNI coordinates x, y, z=—24 40 26)
(Fig. 4a, encircled region). In this region, a decrease
in face- (> scene) related delay period signal after
administration of bromocriptine was associated with a
greater bromocriptine-induced distraction by faces>
scenes (Fig. 4b).
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Fig 3 Main effect of task for all task phases; encoding, pre-distraction
delay, distracter (face and scene), post-distraction delay, and probe. For all
task phases, T-maps are thresholded at p=0.001 uncorrected (smaller

Similar analyses for L-DOPA-induced effects showed no
results at the whole brain level or the VOI level.

Connectivity results

Psycho-physiological interaction analyses revealed, similar to
the univariate analyses, significant brain—behavior associations.
Specifically, there was a negative correlation between drug-
related changes in the distracter cost and drug-related changes
in post-distraction delay-related connectivity between the
DLPFC and the FFA (VOI analyses within the individually
defined FFA—r=—0.62; p=0.01). In other words, a decrease in
face- (> scene-) related DLPFC—FFA connectivity after admin-
istration of bromocriptine was accompanied by greater
bromocriptine-induced increases in the face (> scene) distracter
cost. Thus, the effect on connectivity resembled the effect on
DLPFC signal (Fig. 5a, bottom). Similar to the univariate
results, we found no main effect of drug on DLPFC-FFA
connectivity (individual VOIs), and there was no significant
DLPFC-FFA connectivity when the placebo or bromocriptine
sessions were assessed separately. Therefore, we conducted
exploratory whole-brain analyses. These did reveal an effect

Fig 4 Brain—behavior correlation. a Whole-brain results of a regression
analysis between drug effects on behavioral distracter cost and drug
effects on neural distracter cost. The bar indicates 7" values and figures
are thresholded for a 7' value of 3.79, corresponding to a p value of 0.001
uncorrected for multiple comparisons. b Data were extracted and plotted
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of bromocriptine on connectivity between the DLPFC and
the visual association cortex (Brodmann area 17) across
the group as a whole (Fig. 5b, top, p=0.001 uncorrected
for multiple comparison). Thus, bromocriptine increased
face- (> scene-) related connectivity between the DLPFC
and the visual association cortex. Simple effects analyses
revealed that there was no significant connectivity between
DLPFC and FFA under placebo or bromocriptine sepa-
rately. Critically, as in the individually localized FFA
ROlIs, a negative correlation (»=—0.69 p=0.005) was seen
between the drug effect on connectivity and the drug
effect on behavior (Fig. 5b, bottom).

Thus, both ROI and whole-brain analysis of brain—
behavior correlations confirmed that individual differ-
ences in the drug effect on behavior were associated
with individual differences in the drug effect on
DLPFC-FFA connectivity. Bromocriptine increased
face- (> scene-) related delay-period connectivity in
subjects who were not affected by bromocriptine behav-
iorally. Conversely, bromocriptine did not increase face-
(> scene-) related connectivity in subjects where bromo-
criptine increased distracter vulnerability.

% 20 25

2.5

Effect of bromocriptine (> placebo) on
delay-period signal in the DLPFC (face > scene)
L4

Effect of bromocriptine (> placebo) on
distractor cost (face > scene)

from the peak voxel in the DLPFC cluster that was found in the whole-
brain correlation analysis (encircled in a) for illustrative purposes. Only
the DLPFC cluster revealed a significant brain—behavior correlation when
correcting for multiple comparisons across the VOI (see “Methods™)
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a

Effect of bromocriptine (> placebo) on

Effect of bromocriptine (> placebo) on
distractor cost (face > scene)

Fig 5 a Top panel: localizer-based individual FFA VOIs (see Supple-
mentary Material); bottom panel: correlation between drug effects on
DLPFC and individual FFA VOI connectivity during the post-
distraction delay phase as a function of distracter (face > scene) and drug

Discussion

The present study provides empirical evidence for an impor-
tant role for dopamine in distracter-resistance in humans. The
dopamine D2 receptor agonist bromocriptine modulated be-
havioral distracter-resistance, and this was accompanied by
changes in prefrontal BOLD signal. This finding is in line with
experimental animal and human work showing that dopamine
acts on the PFC to modulate working memory (Brozoski et al.
1979; Sawaguchi and Goldman-Rakic 1991; Mattay and
Tessitore 2002; Cools et al. 2002; Gibbs and D’Esposito
2005). Here we significantly extend this prior work by show-
ing that distracter-resistance might be one mechanism by
which dopamine alters working memory.

Our finding concurs with theoretical models suggesting
that dopamine in the PFC modulates the stability of online
working memory representations by changing the signal-to-
noise ratio of neuronal firing (Seamans and Yang 2004;
Durstewitz and Seamans 2008). According to these models,
PFC networks can be in one of two alternative states: a closed
state with high neuronal firing in which representations are
robust and resistant to distraction, and an open state in which
there is a low signal-to-noise ratio with unstable neuronal
firing. In an open state, new information can easily interfere
with currently active representations, such that these active
representations are vulnerable to distraction. The particular state
of the PFC has been suggested to depend on the ratio by which
dopamine binds to prefrontal D1 versus D2 receptors. When
D2 receptor stimulation dominates the PFC, it is in an open

-1.5

Effect of bromocriptine (> placebo) on
DLPFC connectivity (face > scene)

2
Effect of bromocriptine (> placebo) on
distractor cost (face > scene)

effect on the behavioral distracter cost (face > scene). b Top panel: effect
of bromocriptine (> placebo) on connectivity (whole-brain) with the
DLPFC; bottom panel: brain—behavior correlation. Data extracted from
the encircled region (visual association cortex)

state, while a closed state is present when D1 receptor stimula-
tion dominates (Durstewitz and Seamans 2008). Our results are
consistent with this model: administration of the D2 receptor
agonist bromocriptine decreased distracter-resistance in our
subjects. Thus, across subjects, bromocriptine presumably
increased prefrontal D2 receptor stimulation, thereby
switching the PFC to an open state, in which representa-
tions are unstable and vulnerable to distraction. This model
might also explain why we did not find effects of the dopa-
mine precursor L-DOPA. An increase in dopamine levels
might increase overall dopamine receptor stimulation, but
not change the D1/D2 binding ratio, thereby leaving the
PFC state unchanged.

The effect of bromocriptine on distracter-resistance also
correlated negatively with drug effects on functional PFC—
FFA connectivity. Indeed, working memory representations
are thought to be maintained through simultaneous activation
of a network of regions, rather than activation of the PFC
alone. For instance, neuroimaging studies in humans have
shown delay period signal in parietal cortex, caudate nucleus,
thalamus, and visual cortex (Jha and McCarthy 2000;
Gazzaley et al. 2004). Here we focused analyses specifically
on the visual association cortex following previous studies
showing that connectivity between the PFC and this region
predicts behavioral working memory performance (Yoon et al.
20006; Clapp et al. 2010). Future studies might investigate how
the network as a whole interacts during working memory
maintenance and distraction using more advanced connectiv-
ity analyses such as dynamic causal modeling.
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The effect of bromocriptine on the behavioral distracter
cost, which was significant when analyzed across the whole
group of subjects, was not accompanied by supra-threshold
neural effects across the group as a whole. Instead, a signifi-
cant neural effect was revealed only when taking into account
individual differences in the behavioral drug effects. Indeed,
in some subjects, bromocriptine did not increase but rather
decreased the distracter cost (Figs. 4 and 5). In these subjects,
face- versus scene-distracter-related DLPFC signal and
connectivity was not decreased but rather enhanced by bro-
mocriptine. The presence of individual differences is perhaps
less surprising when considering accumulating evidence that
there is large individual variability in drug effects, which at
least in part reflects individual variability in baseline levels of
dopamine (Cools et al. 2007; Cools et al. 2009; Cools and
D’Esposito 2011; Floresco 2013). Thus, bromocriptine might
have opposite effects in subjects with sub- versus supra-
optimal baseline levels of dopamine, with bromocriptine act-
ing predominantly at post- versus presynaptic D2 receptors,
leading to a net increase versus decrease in receptor stimula-
tion, respectively. As such, bromocriptine might push perfor-
mance towards versus away from an optimal D2 state in
subjects with sub- versus supra-optimal baseline levels of
dopamine.

Exploratory whole-brain connectivity analyses strength-
ened our observation from the connectivity analyses within
the individually defined localizer FFAs that the correlation
between drug effects on connectivity and drug effects on
behavioral distractibility was negative. However, it also
highlighted that in most subjects bromocriptine in fact in-
creased connectivity. Bromocriptine increased face-related
connectivity to a greater extent in subjects who were less
affected by bromocriptine behaviorally. Conversely, bromo-
criptine did not increase face-related connectivity in subjects
where bromocriptine increased distracter-vulnerability.
Together, these findings suggest that drug-induced increases
in face-related BOLD signal in the DLPFC and in face-related
connectivity between the DLPFC and the FFA (more gener-
ally visual association cortex) protected against drug-induced
distraction by faces.

We had hypothesized that bromocriptine would increase
distracter vulnerability of working memory representations by
reducing the robustness of (and thus disrupting) delay-period
activity in prefrontal cortex. Our observation that bromocrip-
tine increased rather than decreased connectivity across the
group as a whole does not seem consistent with this hypoth-
esis. However, one possibility is that our univariate analysis
approach with its focus on persistent delay-period activity was
not appropriate for measuring neural patterns in prefrontal
cortex that encode stable working memory representations.
Indeed, recent work indicates that the neural patterns of stable
working memory representations might well be spatially dis-
tributed and varying across time, thus detectable only using
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multivariate pattern classification techniques (Sreenivasan
et al. 2014). Accordingly, any disruptive effect of bromocrip-
tine on prefrontal representations might have gone unnoticed.
Instead, our approach might have been more optimized for
measuring (effects of bromocriptine on) cognitive control
processes in prefrontal cortex that are key for protecting
against distraction. In future work, multivariate analysis tech-
niques might be employed to assess whether the observed
effects of bromocriptine on protective prefrontal control pro-
cesses are accompanied by disruptive effects on (multivariate)
prefrontal working memory representations.

A number of caveats should be noted. First, bromocriptine
increased the behavioral distracter cost by decreasing error
rate in the incongruent (scene) condition rather than by in-
creasing error rate in the congruent (face) condition
(Table S1). Here we would like to point out that task-
specific drug effects are best interpretable in terms of differ-
ence scores rather than absolute scores. Thus, it is well possi-
ble that the drug also had non-specific effects, for example on
vigilance or motivation, leading to an overall global perfor-
mance improvement. Such a global improvement could be
superimposed on a more task-selective (i.e., distracter-depen-
dent) impairment, which would then surface as a selective
improvement on the control trial type rather than a selective
impairment on the experimental trial type. For this reason, and
following many other studies, we here focused on drug effects
on the relative measure (i.e., face vs. scene, referred to as
distracter cost) which controls for such non-specific effects.
A second caveat of the present study is that we failed to
replicate previous research showing that dopaminergic drug
effects were most pronounced in high-impulsive subjects
(Cools et al. 2007). We were not able to replicate this finding
here, probably because our sample sizes for the low- and high-
impulsive groups were too small. In fact, supplementary anal-
yses revealed that the results presented in this paper were
mostly driven by subjects in the high-impulsive group, al-
though the full interaction did not reach significance.

In addition, in contrast to previous findings (Jha et al. 2004;
Yoon et al. 2006), we did not find a significant face (vs. scene)
distracter cost in the placebo condition. Thus, after placebo,
subjects showed no differences in performance between the
face and scene condition. Although we do not have a good
account of this lack of sensitivity in some of our subjects, we
speculate that this might reflect individual variability in the
existence of compensatory/complementary systems that can
help protect against distractibility.

Finally, we also note that we cannot make definitive claims
about the D2 receptor selectivity of the observed effect.
Although bromocriptine is a D2 receptor agonist, it also has
low affinity for D1, D3, D4, noradrenalin, and serotonin
receptors (Kvernmo et al. 2006). This means that bromocrip-
tine might have also exerted its effects via other receptor types.
Nevertheless, bromocriptine has the highest affinity for D2
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receptors (Seeman and van Tol 1994), and as such, our results
concur with theoretical predictions as described above. To
conclusively assess receptor specificity, future work might
assess whether D2 antagonists, e.g., sulpiride or haloperidol,
show opposite effects on distracter-resistance. A design in
which subjects are pre-treated with a D1 or D2 receptor
antagonist can also be used to assess effects of D2 receptors
specifically.

In conclusion, the present study supports the hypothesis
that dopamine-induced changes in working memory perfor-
mance reflect changes in distracter-resistance of working
memory representations. In addition, it establishes an impor-
tant role for the prefrontal cortex and its connectivity with
stimulus-specific visual regions in posterior cortex in this
effect of dopamine on distracter-resistance. Bromocriptine
modulated delay period PFC signal and connectivity with
visual areas possibly reflecting a compensatory and/or protec-
tive effect on prefrontal regions that are key for protection
against distraction.
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