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Abstract

It is often assumed that the promise of a monetary bonus improves cognitive control. We show

that in fact appetitive motivation can also impair cognitive control, depending on baseline levels of

dopamine synthesis capacity in the striatum. These data demonstrate not only that appetitive

motivation can have paradoxical detrimental effects for cognitive control, but also provide a

mechanistic account of these effects.
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Introduction

Cognitive performance is generally thought to benefit from a promised bonus (Pessoa &

Engelmann, 2010). In folk terms, being motivated implies being goal-driven, that is, having

purely beneficial consequences for our ability to direct our behavior at our cognitive goals.

In line with this intuition, appetitive motivation has been shown to improve a wide range of

cognitive control functions (Jimura, Locke, & Braver, 2010; Krawczyk, Gazzaley, &

D'Esposito, 2007; Pessoa & Engelmann, 2010), suggesting general enhancing effects on

cognition. Nevertheless, inconsistent results have been obtained in studies investigating the

effects of reward on cognitive control functions like focused attention (Braem, Verguts,

Roggeman, & Notebaert, 2012; Padmala & Pessoa, 2011; Sasaki, Nanez, & Watanabe,

2010; van Steenbergen, Band, & Hommel, 2009). Individual differences in levels of the

neurotransmitter dopamine have been speculated to play an important role in the effects of
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motivation on cognitive control (Pessoa & Engelmann, 2010; van Steenbergen et al., 2009).

Dopamine has long been known to play an important role in reward and motivation

(Berridge & Robinson, 1998; Robbins & Everitt, 1992). However, none of the studies above

have actually taken dopamine processing into account, which might explain the

inconsistencies observed.

Here, fourteen young healthy participants underwent positron emission tomography (PET)

to assess 6-[(18)F]-fluoro-L-m-tyrosine (FMT) binding, a stable measure of baseline

dopamine synthesis capacity (Jordan et al., 1997), in different striatal subregions (nucleus

accumbens, caudate nucleus and putamen) (Fig. 1a). Subsequently, participants performed a

Stroop-like task (Aarts, Roelofs, & van Turennout, 2008) following high and low monetary

reward cues to assess the effects of a promised reward on cognitive control; that is, the

ability to focus attention on currently relevant goals while ignoring irrelevant information

(Fig. 1b). The Stroop targets were either incongruent (i.e. a conflicting distractor), requiring

focusing of attention, or congruent (i.e. a non-conflicting irrelevant dimension), benefiting

from less focus. The reward cues were followed by cues informing the participants about the

upcoming Stroop target congruency.

Methods

Participants

Data from 14 participants (6 men) aged 24-34 years (mean=28, SD=2.7) are presented.

Thirty-three neurologically and psychiatrically healthy, right-handed participants who

previously participated in a PET-FMT study were invited to participate in this behavioral

study. Sixteen participants accepted, but two participants were excluded due to an inability

to perform the task (error rate: 34% and 40%; overall mean=18%, SD=9%). The time

between the PET scans and behavioral measurements was on average 2.3 years (SD=1.1;

range: 1.0-4.2), similar to previous studies with this stable PET ligand (Cools et al., 2009).

In the Results, we report an analysis that explicitly addresses the question whether our

results could be explained by this delay. All participants gave written informed consent and

were paid for participation according to institutional guidelines of the local ethics committee

(University of California Berkeley Committee for the Protection of Human Participants).

PET data acquisition

PET imaging and 6-[(18)F]-fluoro-L-m-tyrosine (FMT) synthesis were performed at

Lawrence Berkeley National Laboratory. FMT synthesis has been described previously

(VanBrocklin et al., 2004). FMT is comparable with [18F]fluorodopa, with the exception

that it is not a substrate for O-methylation in the periphery and therefore provides higher

signal-to-noise images (Jordan et al., 1997). FMT is a substrate of aromatic L-amino acid

decarboxylase (AADC), a dopamine-synthesizing enzyme whose activity provides an

estimate of the ability of dopaminergic neurons to synthesize dopamine when provided with

optimal substrate (DeJesus, 2003). AADC activity is shown to be stable in young healthy

adults (Kish, Zhong, Hornykiewicz, & Haycock, 1995), and its measurement with PET is

highly reproducible (Vingerhoets et al., 1994). FMT is metabolized by AADC to 6-

[18F]fluorometatyramine, which is oxidized to 6-[18F]fluorohydroxyphenylacetic acid
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(FPAC). FPAC remains in the dopaminergic terminals and is visible on PET-FMT scans.

Signal intensity on PET-FMT scans is thus indicative of pre-synaptic dopamine synthesis

capacity (Jordan et al., 1997).

PET scans were performed using the Siemens (Knoxville, TN) ECAT-HR PET camera, as

described elsewhere (Landau, Lal, O'Neil, Baker, & Jagust, 2009). Approximately 2.5 mCi

of high specific activity FMT was injected as a bolus into an antecubital vein and a dynamic

acquisition sequence in 3D mode was obtained for a total of 89 min scan time.

Structural MRI

Two high-resolution anatomical images (MPRAGE) were acquired in each participant on a

Siemens 1.5T Magnetom Avanto MRI system (Siemens, Erlangen, Germany), using a 12-

channel head coil (TE/TR = 3.58/2120 ms; voxel size = 1.0 × 1.0 × 1.0 mm, 160 axial slices;

FOV = 256 mm; scanning time ~9 minutes). The two MPRAGEs were averaged to obtain

one high-resolution structural image, which was used to generate individual striatal regions

of interest (ROI).

Regions of interest (ROIs)

Striatal sub-regions and the cerebellum were manually drawn on each participant's

anatomical MRI scan using FSLView (http://www.fmrib.ox.ac.uk/fsl/). The striatal ROIs

were drawn according to guidelines described previously(Mawlawi et al., 2001). Both inter-

and intra-rater reliability were above 95% (from ratings made by two lab members). We

used the cerebellum as the reference region for calculating FMT signal intensity. To avoid

contamination of FMT signal from the dopaminergic nuclei, only the posterior three-fourths

of the gray matter were included in the cerebellar reference region. After coregistration to

PET-FMT space, we only included the voxels with an above 50% chance to lie in a certain

ROI to ensure high grey matter probability. This procedure resulted in six participant-

specific striatal ROIs: left and right ventral striatum, dorsal caudate nucleus, and dorsal

putamen (Fig. 1a).

PET data analysis

FMT images were reconstructed with an ordered subset expectation maximization algorithm

with weighted attenuation, scatter corrected, and smoothed with a 4mm full width half

maximum kernel. To correct for motion during scanning, all FMT frames were realigned to

the middle (12th) frame using SPM8 (www.fil.ion.ucl.ac.uk/spm/). The anatomical MRI

scan was coregistered to the mean image of all realigned frames in the FMT scan using FSL-

FLIRT (http://www.fmrib.ox.ac.uk/fsl/, version 4.1.2). Using an in-house graphical analysis

program implementing Patlak plotting (Logan, 2000; Patlak & Blasberg, 1985), Ki images

were created representing the amount of tracer accumulated in the brain relative to the

reference region (cerebellum). We extracted average Ki values from the 6 ROIs and

computed associations between regional FMT binding (Ki values) and the measures on the

task described below.
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Rewarded Stroop paradigm

Behavioral responses were assessed with a Stroop-like conflict task with high and low

reward conditions. The task resembled a previously used Stroop paradigm (Aarts et al.,

2008), with in addition reward cues at the beginning of each trial and smaller inter-stimulus

intervals (1-2 sec). Participants responded with a left (right index finger) or right (right

middle finger) button press to the words “left” or “right” (relevant dimension) positioned in

a left or right pointing arrow (irrelevant dimension). The direction denoted by the word was

either congruent or incongruent with the direction indicated by the arrow (Fig. 1b). All trials

began with a cue predicting high or low reward for correct performance. Following the

reward cue, an information cue (100% valid) explicitly informed participants about the

congruency of the upcoming Stroop target (Aarts et al., 2008). Reward cues [1/15 cents],

information cues [informative: red cross (incongruent) or green circle (congruent) /

uninformative: gray question mark], and target congruency [incongruent/congruent] were

equally distributed across the 240 trials (~30min).

Three practice blocks (~15min in total) preceded the actual experiment: one to familiarize

the participants with the use of the information cues (12 trials; no reward cues); one to

familiarize the participants with the use of reward cues (32 trials, immediate feedback); and

one to set the initial response window (average correct RT per trial-type; 48 trials). In the

main experiment, reward was only obtained when an answer was correct and within an

individually determined response window. The response window was adapted per trial type

after correct responses on time (−25 ms) or too late responses (+25 ms). Hence, reward

receipt did not vary with difficulty and was similar across participants. Both errors and

misses were punished with no reward (0 cents). After every 30 trials, participants were

informed about the amount of a) reward obtained in the previous block, b) reward that could

have been obtained, c) total reward earned so far, d) misses and e) errors made in the

previous block. The bonus money (mean=9.33 USD, SD=0.67) was added to the

participants’ compensation.

Behavioral data analyses

Reaction times (RTs) and error rates were analyzed with IBM SPSS statistics version 19.

RTs of all correct trials were analyzed, including those of ‘too late’ responses. We ran six

different analyses of variance (ANOVA) with within-subjects factors REWARD (high,

low), CONGRUENCY (congruent, incongruent), and INFORMATION (informed,

uninformed), and one covariate of interest: FMT binding in the left or right ventral striatum,

caudate nucleus, or putamen. We corrected for multiple comparisons (Bonferroni corrected

alpha-value of .0042). Upon significant effects, we assessed the detrimental effects of

motivation (high > low anticipated reward) on Stroop performance (incongruent >

congruent) for informed and uninformed trials separately and, finally, the effects of

motivation on congruent and incongruent trials separately. Post-hoc simple Pearson's

correlations were calculated between FMT binding and these behavioral measures.

In a supplementary analysis, the six covariates were put together in one model to infer

unique contributions of FMT binding in each ROI, while correcting for the effects in the

other ROIs. Moreover, a multiple regression analysis was performed to demonstrate that the
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observed effects could not be attributed to the time between PET and behavioral

measurements or to age.

Results

Participants performed more poorly on incongruent than congruent Stroop trials

(CONGRUENCY, RT: (F(1,13)=66.47, p<.001; errors: F(1,13)=50.23, p<.001) and when

uninformed versus informed about the upcoming congruency (INFORMATION, RT:

F(1,13)=19.02, p=.001; errors: F(1,13)=3.95, p=.068) (Table 1).

The effects of promised reward on Stroop performance depended on individual differences

in dopamine synthesis capacity, specifically in the left caudate nucleus, as indexed by the

degree of FMT binding (REWARD × CONGRUENCY × INFORMATION × lCaud-FMT,

RT: F(1,12)=12.8, p=.004). This interaction in RTs was significant after Bonferroni

correction for multiple striatal subregions and was driven by the uninformed trials

(REWARD × CONGRUENCY × lCaud-FMT, F(1,12)=15.3, p=.002). Thus, greater

dopamine synthesis capacity was associated with enhanced Stroop interference (incongruent

> congruent trials) when anticipating high versus low reward (r=0.75; Fig. 2). This effect

was present only when participants were uninformed, that is, could not prepare for the type

of cognitive control (more versus less focusing) that was required by the (incongruent versus

congruent) target.

The nature of the relationship between the RT effects of reward and FMT binding in the left

caudate nucleus was different for the congruent and incongruent trials. Increased dopamine

synthesis capacity predicted beneficial effects of reward on congruent trials (reward ×

lCaud-FMT, F(1,12)=9.12, p=.011; r=−0.66), whereas it tended to predict detrimental

effects of reward on incongruent trials (reward × lCaud-FMT, F(1,12)=3.81, p=.075; r=.49).

No main effects of FMT binding on speed or accuracy, or interactions between FMT binding

and CONGRUENCY without the factor REWARD were observed. Moreover, no significant

FMT binding effects were obtained with other striatal ROIs or in error rates. The unique

effect of FMT binding in the left caudate nucleus was confirmed in a supplementary analysis

including FMT binding in all six ROIs as covariates (Table 2).

A multiple regression analysis confirmed a significant interaction between FMT binding in

the left caudate nucleus and the effect of reward on congruency (beta=.88, t(10)=3.34, p=.

008). Moreover, this analysis showed that the time between PET and behavioral

measurements did not explain our observed effect of reward on congruency (t(10)<1 and >

−1), and neither did age (beta=−.24, t(10)=−1.07, p=.31) .

Discussion

The present data demonstrate not only that appetitive motivation can have detrimental

effects for cognitive control depending on individual differences, but also provide a

mechanistic account of these effects. Specifically, in individuals with high baseline

dopamine synthesis capacity, a promised bonus might ‘overdose’ their dopaminergic

system, resulting in cognitive impairment rather than improvement (Cools & D'Esposito,
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2011). We speculate that this effect reflects motivation-induced increases in striatal

dopamine that amplify the direct Go-pathway and inhibit the indirect NoGo-pathway in the

striatum, resulting in an overall Go bias and a ‘gating in’ of cognitive representations (Hazy,

Frank, & O'Reilly, 2006). Such gating in of multiple representations would lead to

processing of both relevant and irrelevant features of a stimulus, hence causing unselective

attention and, thus, impaired Stroop performance in individuals with high dopamine

synthesis capacity. In contrast, increased dopamine processing by anticipated reward would

lead to more optimal cognitive control in low baseline dopamine individuals, in accordance

with inverted-U shaped dopamine action (Cools & D'Esposito, 2011).

Our effects were uniquely predicted by dopamine synthesis capacity in the left dorsal

caudate nucleus (see Table 2), which is in line with previously observed interactions

between motivation and cognition in the same region depending on variation in a

dopaminergic gene (Aarts et al., 2010). One important implication of the present observation

is that motivation does not necessarily contribute to greater cognitive control.

Our observation is remarkable in the context of the intuition that increased motivation

should help us attain our goals. However, psychologists have long recognized that behavior

is motivated not only by the goals that we set ourselves, but also by generalized drives that

do not necessarily contribute to adaptive, optimized behavior (Dayan, Niv, Seymour, &

Daw, 2006; Dickinson & Balleine, 2002). Stimuli that elicit motivation can modify behavior

without accessing goal representations, that is, in a manner that is not goal-directed (Aarts,

van Holstein, & Cools, 2011). This is illustrated most clearly by the role of reward-

predictive stimuli in the – dopamine-mediated – compulsive seeking and taking of drugs of

abuse or other targets of addiction, despite negative consequences (Everitt et al., 2008;

Robinson & Berridge, 2008; Volkow et al., 2006). In this context, it is perhaps not

surprising that there is large individual variability in the effects of appetitive motivation on

cognition as a function of striatal dopamine synthesis capacity.
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Figure 1.
Methods. (a) Left. Six striatal regions of interest (ROIs) were drawn on an anatomical MR

image: left and right dorsal caudate nucleus, ventral striatum, and dorsal putamen. The MR

image was subsequently coregistered to the PET images. Right. Averaged Ki values

extracted from the ROIs were associated with performance in the task described in b. (b) In

this example trial of the rewarded Stroop paradigm, the participant could earn a high reward

(i.e., 15 cents) for a correct and fast enough answer on the incongruent arrow-word Stroop

target. Participants were instructed to respond to the word of the targets (the correct response

was a left button press in this trial). In this example, the information cue did not provide any

information about the congruency of the upcoming target (i.e., uninformed trial).
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Figure 2.
Dopamine-dependent detrimental effects of reward on cognitive control. Dopamine

synthesis capacity in the left caudate nucleus (on x-axis) predicted a detrimental effect of

anticipated reward (high > low) on Stroop performance (RT: incongruent > congruent). Both

measures were normally distributed. The correlation is still significant (r=.57, t(11)=2.3, p=.

04) without the participant with the least FMT binding and the least detrimental effect of

reward (lower left data point). This participant's x- or y-values do not represent outliers

according to the Grubbs’ test (Barnett & Lewis, 1994), i.e. they do not differ more than

2.51*SD from the mean. The reported results are from uninformative trials only (see Fig.

1b).

RT = response time; inc = incongruent; con = congruent; FMT = 6-[(18)F]-fluoro-L-m-

tyrosine PET ligand; Ki = binding potential; r = Pearson's correlation coefficient.
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Aarts et al. Page 11

Table 1

Raw data on the rewarded Stroop paradigm.

low reward high reward

congruent incongruent congruent incongruent

Response times (ms)

uninformed 391.9 (9.4) 433.6 (9.6) 397.7 (9.5) 439.5 (9.9)

informed 370.3 (8.0) 403.1 (10.6) 369.8 (10.1) 401.1 (10.8)

Error rates (%)

uninformed 10.2 (2.7) 31.0 (3.4) 11.3 (3.0) 30.2 (4.3)

informed 10.0 (2.5) 24.6 (4.5) 7.7 (2.4) 20.0 (2.9)

Note. Values represent mean response times and mean proportion of incorrect responses (standard errors of the mean).
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Table 2

Interaction effects in response times obtained from the ANOVA with FMT binding in only the left caudate

nucleus ROI as single covariate (left) and from the ANOVA with FMT binding in all ROIs as six covariates

(right).

ANOVA, response times incl. only lCaud incl. all

ROI F(1,12) p ROIs F(1,7) p

REWARD x CONGRUENCY x INFORMATION x lCaud-FMT 12.8 0.004 10.4 0.015

uninformed: REWARD x CONGRUENCY x lCaud-FMT 15.3 0.002 9.8 0.017

informed: REWARD x CONGRUENCY x lCaud-FMT < 1 ns < 1 ns

uninformed

congruent: REWARD x lCaud-FMT 9.12 0.011 1.2 ns

incongruent: REWARD x lCaud-FMT 3.81 0.075 6.5 0.038

Note. The interaction effects in the ANOVA with a single covariate survived Bonferroni correction for multiple striatal subregions (corrected
alpha-value of .0042). The ANOVAs with the other striatal ROIs as single covariates did not reveal significant effects. In the ANOVA including all
striatal ROIs, effects only significantly co-varied with FMT binding in the left caudate nucleus. No significant effects were observed in terms of
error rates.

incl. = included as covariate(s); lCaud-FMT = FMT binding in the left caudate nucleus ROI.

Psychol Sci. Author manuscript; available in PMC 2015 April 01.


