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Abstract
The interplay of dopaminergic striatal D1–D2 circuits is thought to support working memory (WM) by selectively filtering
information that is to be remembered versus information to be ignored. To test this theory, we conducted an experiment in which
healthy participants performed a visuospatial working memory (VSWM) task after ingesting the D2-receptor agonist cabergoline
(or placebo), in a randomized, double-blinded, crossover design. Results showed greater interference from distractors under
cabergoline, particularly for individuals with higher baseline dopamine (indicated by WM span). These findings support com-
putational theories of striatal D1–D2 function during WM encoding and distractor-filtering, and provide new evidence for
interactive cortico-striatal systems that support VSWM capacity and their dependence on WM span.
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Working memory (WM) is a cognitive process for maintain-
ing and manipulating information over short time intervals in
the absence of perceptual input (Baddeley & Hitch, 1974).
WM integrity influences a range of cognitive control and ab-
stract problem-solving processes (Kane & Engle, 2002).
Cortico-striatal interactions involving the neurotransmitter do-
pamine (DA) have been proposed as key mechanisms under-
lying distinct aspects of WM, in particular, the control over
which information is updated to be maintained in WM (Bgo^)
and which should be ignored (Bno-go^; Cools, 2008, 2011;
Frank & Fossella, 2011; Frank, Loughry, & O’Reilly, 2001;
Frank & O’Reilly 2006).

In pursuit of goals, it is at times necessary to selectively
overwrite certain WM representations while robustly maintain-
ing others intact. This paradox has been resolved by the
prefrontal-basal ganglia working memory model (PBWM;
Frank et al., 2001; O’Reilly & Frank, 2006) via two striatal-
thalamo-cortical circuits associated with striatal D1 and D2

receptors, respectively. Computations by separate circuits allow
for dynamic updating andmaintenance ofWM, byD1-mediated
updating (Bgo^ signaling) and D2-mediated maintenance (Bno-
go^ signaling). This mechanism is proposed to resolve the di-
lemma between achieving stability versus flexibility in WM
(Cools, 2011; Cools, Miyakawa, Sheridan, & D’Esposito,
2010; Fallon, van der Schaaf, ter Huurne, & Cools, 2017;
Fallon, Zokaei, Norbury, Manohar, & Husain, 2017; Frank &
O’Reilly, 2006; Moustafa, Sherman, & Frank, 2008).

These ideas have received empirical support from lesion
studies (Baier et al., 2010), imaging work (Chatham, Frank
& Badre, 2014; McNab & Klingberg, 2008; Slagter et al.,
2012), gene studies (Colzato, Slagter, de Rover, & Hommel,
2011). and studies with Parkinson’s patients (Moustafa et al.,
2008). Pharmacological experiments have supported the in-
volvement of striatal DA in regulating the stability and flexi-
bility of WM in continuous-performance tasks, requiring se-
lective updating and maintenance of WM representations
(Fallon, van der Schaaf, et al. 2017; Fallon, Zokaei, et al.,
2017; Frank & O’Reilly, 2006). However, there is very little
pharmacological evidence that directly tests the PBWM theo-
ry of WM, particularly the role of D2 receptors in filtering
unwanted distractors.

The present work aimed to provide evidence in the context
of visuospatial working memory (VSWM) for a central pre-
diction of the PBWM model that agonistic D2 receptor
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stimulation should result in decreased no-go signaling to the
cortex. We reasoned that this prediction could be tested using
the DA agonist cabergoline, which at low doses has relatively
low affinity for D1 receptors and high affinity for D2 receptors
(Biller et al., 1996; Frank & O’Reilly, 2006; Gerlach et al.,
2003; Ichikawa & Kojima, 2001; Millan et al., 2002; Stocchi
et al., 2003).

To understand the counterintuitive prediction of reduced
no-go signaling due to a D2 agonist, it is important to note
that DA is inhibitory within striatal cells containing D2 recep-
tors, which are required to suppress unwanted actions (Frank
& O’Reilly, 2006). Thus, postsynaptic effects of cabergoline
should be such that the inhibitory D2 pathway is itself toni-
cally inhibited, thereby reducing no-go signaling to the cortex.
In the VSWM task, reduced no-go signaling should manifest
as enhanced encoding of distractor locations as well as target
locations (cf. Fallon, van der Schaaf, et al., 2017).

Experiment and predictions

We investigated effects on VSWM from ingesting a low dose
(1.25 mg) of cabergoline, in a randomized, double-blinded,
placebo-controlled, crossover experiment. VSWM is pro-
posed to have severe capacity limitations, capable of
representing an upper limit of approximately 4 + 1 items, or
chunks of information, for up to a few seconds (Cowan, 2001;
see also Awh, Barton, & Vogel, 2007; Fukuda, Awh, & Vogel,
2010; Luck & Vogel, 1997, 2013; Vogel, McCollough, &
Machizawa, 2005; Zhang & Luck, 2008). However, VSWM
capacity can be reduced by distraction (Vogel et al., 2005). In
the present VSWM experiment, participants performed a stan-
dard yes/no recognition task (see Fig. 1a). Participants were
required to remember the locations of three targets (Condition
3), three targets with two distractors (Condition 3+2), or five

targets (Condition 5; as in Baier et al., 2010). A VSWM ca-
pacity decrement, due to the presence of distractors in the
array, can be computed as a contrast between Condition 3+2
and Condition 3.

Due to inhibition of the inhibitory D2 pathway by DA
stimulation, we expected that cabergoline would interfere with
performance by reducing no-go signaling to the cortex (Frank
& O’Reilly, 2006; see their Table 1). This would manifest
under cabergoline as a diminished ability to selectively gate
interfering items, leading to increased encoding of distractor
locations as well as target locations. This would manifest un-
der cabergoline as a steeper decrement in VSWM capacity
when distractors were present in the array.

Individual differences and trait-state interactions It is becom-
ing increasingly clear that individual differences in baseline
DA can strongly moderate the effects of agonist/antagonist
drug agents (for a review, see Cools & D’Esposito, 2011).
We expected that effects of cabergoline would be strongly
moderated by preexisting individual differences in DA (as in
Cools et al., 2009; Frank & O’Reilly, 2006). To account for
such individual differences, we measured WM span, which is
positively related to baseline DA levels (Cools, Gibbs,
Miyakawa, Jagust, & D’Esposito, 2008; Landau, Lal,
O’Neil, Baker, & Jagust, 2009). We hypothesized that further
D2 stimulation by cabergoline would make these individuals
particularly susceptible to distractibility (cf. Cools &
D’Esposito, 2011).

Therefore, as part of the experimental design, participants
performed the operation span task, a state-of-the-art measure
of WM span (Ospan; Unsworth, Heitz, Schrock, & Engle,
2005). Ospan requires serial order memory for letters, with
an interleaved distractor task (solving arithmetic problems).
Ospan performance is thought to depend on domain-general
executive attention, considered a trait-like ability (Ilkowska &

Fig. 1 a Trial events and temporal parameters of the visuospatial working
memory (VSWM) task. Participants responded whether the square
currently occupied by the probe (?) had been occupied by a red dot (in
the preceding visual array). Participants were instructed to ignore yellow
dots. Visual arrays showed either 3 targets (Condition 3), 3 targets plus
two distractors (Condition 3+2; depicted in Fig.), or 5 targets (Condition
5). See main text for additional details. b Hypothetical inverted-U
function relating baseline DA to distractor-filtering ability. It was

predicted that cabergoline would push individuals with higher working
memory (WM) span out of an optimal position on the curve, resulting in a
greater VSWM capacity decrement for these individuals due to the
presence of distractors, compared to placebo. In contrast, cabergoline
would push individuals with lower WM span into the optimal position,
resulting in a smaller VSWM capacity decrement for these individuals
due to the presence of distractors, compared to placebo
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Engle, 2010) to maintain task-relevant information in WM in
the face of interference, in a goal-directed manner (Engle,
Tuholski, Laughlin, & Conway, 1999; Kane & Engle, 2002).
This makes Ospan a plausible candidate measure to account
for variance in possible drug effects on distractor filtering in
VSWM.

With respect to a hypothetical inverted-U shaped function
(see Cools & D’Esposito, 2011) relating baseline DA to
distractor-filtering ability (see Fig. 1b), we expected that
ingesting cabergoline would push individuals with lower
DA (using low WM span as a proxy) into a more optimal
position on the curve, compared with their usual level of
distractor-filtering ability under placebo. This shift in psycho-
pharmacological state would manifest behaviorally as a small-
er decrement in VSWM capacity due to the presence of
distractors, under cabergoline versus placebo (for individuals
with lower WM span).

In contrast, we expected that ingesting cabergoline would
push individuals with higher DA (higherWM span) into a less
optimal position on this function, relative to their usual level
of distractor-filtering ability under placebo. This shift in psy-
chopharmacological state would manifest as a larger decre-
ment in VSWM capacity, under cabergoline versus placebo
(for individuals with higher WM span).

Novelty Prior work has shown cognitive declines for individ-
uals with higher WM span, and improvements for individuals
with lower WM span, due to ingesting the D2-agonist bromo-
criptine (Gibbs & D’Esposito, 2005; Kimberg, D’Esposito, &
Farah, 1997). However the present study is novel in that these
counterintuitive predictions were motivated by an explicit the-
oretical framework (PBWM), specifically, concerning how
D1 and D2 circuits work together to gateWM representations.

Moreover, the present work makes a new contribution to the
study of DA and WM, by accounting for individual differ-
ences in reference to a published normative distribution of
an extensively validated measure of WM span (Redick et al.,
2012). We suggest that this is an important innovation for the
field of research into how individual differences interact with
pharmacological interventions, in particular, to facilitate com-
parisons across experiments.

Method

Ethics statement

The research was approved by the Institutional Review Board
of Brown University. Participants gave written informed con-
sent and were compensated for their participation.

Participants

A total of 30 individuals (12 female) participated, reporting
normal or corrected-to-normal vision and proficiency in writ-
ten and spoken English. Participants reported to be right-
handed with the exception of one left-handed individual. A
prior report has published data from the same participants in a
different task (Cavanagh, Masters, Bath, & Frank, 2014).

Three participants did not complete the study due to ad-
verse reactions to cabergoline. Also, as reported in more detail
below, two individuals were identified as outliers on Ospan,
and their data were excluded. This left a final sample ofN = 25
(age M = 20.56 years, SD = 2.256, range: 18–26 years, 12
female).

Procedure

Participants completed two experimental sessions at least 1
week apart, with randomized double-blinded administration
of either 1.25 mg of cabergoline or identical-looking placebo.
Cabergoline was chosen as the pharmacological agent to ma-
nipulate striatal DA, over alternatives such as, for example,
bromocriptine, for similar motivations as in previous work
(e.g., Cavanagh et al., 2014; Frank & O’Reilly, 2006).
Specifically, at lower doses, and with fewer negative side ef-
fects, cabergoline has relatively high affinity for D2 receptors
and low affinity for D1 receptors (for extensive and detailed
prior justification for using cabergoline to manipulate D2
function, please see Frank & O’Reilly, 2006, main article
and supplemental material; see also Biller et al., 1996;
Gerlach et al., 2003; Ichikawa & Kojima, 2001; Millan
et al., 2002; Stocchi et al., 2003).

Ospan This task measured WM span. The task was pro-
grammed in E-Prime (Schneider, Eschman, & Zuccolotto,

Table 1 Descriptive statistics for K, the measure of visuospatial
working memory capacity

K K w/covar

M (SE) M(SE)

3 2.482 (.065) 2.482 (.063)

3+2 2.338 (.076) 2.338 (.076)

5 3.356 (.151) 3.356 (.152)

M (SE) M (SE)

3P 2.410 (.092) 2.410 (.093)

3C 2.554 (.073) 2.554 (.066)

3+2P 2.285 (.127) 2.285 (.126)

3+2C 2.390 (.071) 2.390 (.072)

5P 3.256 (.214) 3.256 (.217)

5C 3.456 (.141) 3.456 (.141)

Note. ANOVA and ANCOVA results are reported in main text. 3, 3 + 2,
and 5 refer to task conditions (3 targets, 3 targets plus 2 distractors, 5
targets). P and C refer to drug conditions (placebo and cabergoline). The
covariate (covar) was z-score normalized Ospan. N = 25
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2002) and presented on a computer. To-be-remembered letters
were presented successively at fixation, for subsequent serial
order recall, in between performances of an interleaved
distractor task (solving arithmetic equations; for complete
details see Unsworth et al., 2005). Partial-credit scoring was
used, so that one point was assigned for each item recalled in
correct serial position for each trial (set sizes 3–7), regardless
of whether all items were correctly recalled. Scores could
range from zero to 75. Ospan was performed in the first ex-
perimental session, immediately after ingesting either placebo
or cabergoline (i.e., prior to the drug taking effect if
cabergoline was administered in the first session).

VSWM task This measured VSWM capacity. The task was
programmed in Psychophysics Toolbox (Brainerd, 1997)
and presented on a computer. Figure 1a depicts trial events
and temporal parameters (cf. Baier et al., 2010). After a vari-
able fixation of 1 to 1.5 seconds, participants were shown a
circular array of 16 squares, with some of the squares contain-
ing colored dots. Participants were instructed to remember the
locations of red dots (targets) but to ignore yellow dots
(distractors). Three red dots were presented as Condition 3.
Three red dots plus two yellow dots were presented as
Condition 3+2 (distractor condition). Five red dots were pre-
sented as Condition 5. The visual array was presented for
second, followed by a 2-second delay period (fixation).
Then, the circular array of 16 squares was shown again, but
with a memory probe (B?^) in one of the squares. Using a
joystick, participants responded yes/no, whether the square
containing the probe had just contained a red dot (left button
= yes, right button = no). There was a 4-second response
deadline. Condition for each trial was pseudorandomly deter-
mined, with the constraint that there were 50 trials for each
condition (150 trials total). Locations of targets, distractors
and probes for each trial were pseudorandomly determined,
with the constraint that positive and negative probes each oc-
curred on 50% of trials. The task was initiated 180 minutes
following ingestion on average and required an average of 20
minutes to complete.

Results

Ospan

As noted earlier, two individuals were identified as outliers,
with Ospan scores that were more than two standard devia-
tions below the sample mean (M = 64.963, SD = 11.315) and
corresponding to the fifth percentile of a published normative
distribution (Redick et al., 2012, their Table 4). Data from
these individuals were excluded, leaving a final sample of
25 (as noted earlier). Ospan scores in the final sample (N =
25) ranged from 54 to 75 (M = 67.760, SD = 5.348). This

range would correspond to the upper 50% of a published
normative distribution (Redick et al., 2012, their Table 4).
Indices of normality were adequate (−1.008 for skew and
.841 for kurtosis) in the final sample.

VSWM capacity

Our dependent measure was a widely used estimate of VSWM
capacity, K (Rouder, Morey, Morey, & Cowan, 2011; comput-
ed as K = N* [hit rate minus false alarm rate]), where N =
number of targets (results were qualitatively the same in all
respects using the signal detection measure d’). First, we
assessed basic experimental effects of condition and drug,
without taking into account individual differences in WM
span. In particular, we sought to confirm that there was a ca-
pacity decrement in Condition 3+2 (distractor condition) rela-
tive to condition 3. A 3 × 2 repeated-measures ANOVA was
conducted on K, with within-subjects factors of condition (3,
3+2, 5), and drug (placebo, cabergoline). ANOVA results
showed a significant main effect of condition, F(2, 23) =
44.346, p < .001, ηp

2 = .794. The main effect of drug was
not significant, F(1, 24) = 1.453, p = .240, ηp

2 = .057, and
the Condition × Drug interaction was not significant (F < 1).
Bonferroni-corrected post hoc tests confirmed that each pair-
wise comparison between conditions was significantly differ-
ent (p < .001; see Table 1 for descriptive statistics). Critically,
K was significantly lower in Condition 3+2 versus Condition
3. This means that there was a significant decrement in VSWM
capacity due to the presence of distractors in the visual array,
replicating an established finding (e.g., Vogel et al., 2005).

Next, to account for individual differences inWM span, a 3
× 2 repeated-measures ANCOVA was conducted on K, with
normalized Ospan scores entered as covariate. ANCOVA re-
sults showed a significant Condition × Drug interaction, F(2,
22) = 4.475, p = .023, ηp

2 = .289, and a significant Condition
× Drug × Ospan interaction, F(2, 22) = 4.607, p = .021, ηp

2 =
.291. No other effect was significant (p > .802). This finding
indicates that effects of cabergoline were moderated by
preexisting individual differences in WM span (serving as a
proxy measure of individual differences in baseline DA).

Distractor-filtering versus load To clarify the interactions ob-
served in the omnibus test, two separate ANCOVAs were
performed, each with two levels of condition. The first
ANCOVA assessed whether the Condition × Drug × Ospan
interaction in the omnibus test was related to the manipulation
of distractor filtering (i.e., Condition 3 vs. Condition 3+2).
Here the Condition × Drug interaction was not significant
(unlike the omnibus test), F < 1, but the Condition × Drug ×
Ospan interaction was again significant (like the omnibus
test), F(1, 23) = 9.631, p = .005, ηp

2 = .295.
The second ANCOVA assessed whether the Condition ×

Drug × Ospan interaction in the omnibus test was related to the

512 Cogn Affect Behav Neurosci (2018) 18:509–520



manipulation of load per se (i.e., Condition 3 vs. Condition 5).
Here the Condition ×Drug interactionwas not significant (unlike
the omnibus test), F < 1, and the Condition × Drug × Ospan
interaction was not significant (unlike the omnibus test), F < 1.

Together, these results indicate that the drug effect interacted
with themanipulation of distractor filtering (i.e., Condition 3 vs.
Condition 3+2) rather than with the manipulation of load per se
(i.e., Condition 3 vs. Condition 5). Incidentally, these results
also indicate that drug effects were not different for conditions
that were putatively Bsupracapacity^ (Condition 5) versus
Bsubcapacity^ (Condition 3).

Figure 2a shows K across experimental conditions separately
for low andhighOspan groups (median split;Mdn=68; high span
N = 13, low span N = 12). Paired t tests comparing cabergoline
versus placebo across conditions, separately for low and high
Ospan groups, showed no significant difference (p > .319).

Ospan was significantly positively correlated with K
Condition 3 under cabergoline, r(23) = .451, p = .024.
Correlations between Ospan and K in other cells of the exper-
imental design were consistently positive but not significant
(Table 2, left-most column). Testing for heterogeneity among
these correlations (Meng, Rosenthal, & Rubin, 1992) between
Ospan and K across the six Task × Drug conditions revealed
that there were not significant differences among magnitudes
of these correlations, χ2(5) = 5.194, p > .05.

Capacity decrement (KΔ) To specifically address our hypoth-
eses about distractor filtering, following Baier et al. (2010), a
capacity decrement index for K (KΔ) was computed for each

individual (Condition 3+2 minus Condition 3). One-way
ANCOVA on KΔ showed a significant effect of drug, F(1,
23) = 9.358, p = .006, ηp

2 =.289, and a significant Drug ×
Ospan interaction, F(1, 23) = 9.631, p = .005, ηp

2 = .295.
The main effect of drug was a greater decrement in VSWM

capacity (more negative KΔ scores) under cabergoline (M =
−.163, SE = .054) versus placebo (M = −.125, SE = .060).
However, the drug effect interacted with individual differences
in baseline WM span in a crossover manner (see Fig. 2b; Ospan
groups formed by median split as in Fig. 2a). Specifically, Fig.
2b shows that for higher Ospan individuals, KΔwas more neg-
ative under cabergoline (M = −.222, SE = .049) versus placebo
(M = −.046, SE = .105), but for lower Ospan individuals this
pattern was reversed, with KΔmore negative under placebo (M
= −.210, SE = .0218) versus cabergoline (M = −.100, SE = .406).
Consistent with these observations, the drug-difference score for
KΔ (cabergoline minus placebo; KΔDD) was positive for low-
er Ospan individuals (M = .110, SE = .140), but negative for
higher Ospan individuals (M = −.175, SE = .131). However,
these were not significantly different, t(23) = 1.485, p = .151.
Also, paired t tests comparing KΔ under placebo versus
cabergoline separately for high/low Ospan groups showed no
significant difference for higher Ospan, t(12) = 1.334, p = .207,
or lower Ospan, t(11) = −.783, p = .450.

Converging with these results, Ospan was not significantly cor-
relatedwithKΔ under placebo, r(23) = .357, p= .080 (Fig. 3a), but
was significantly negatively correlated with it under cabergoline
(Fig. 3b), r(23) = −.502, p = .011. Noting the opposite signs of
these relationships, we tested whether they were significantly

Fig. 2 Results for visuospatial working memory (VSWM) performance.
a K for low (left) and high (right) Ospan groups across Task × Drug
conditions (placebo = blue, cabergoline = red). 3, 3 + 2, and 5 refer to
task conditions (respectively, 3 targets, 3 targets plus 2 distractors, 5
targets). Error bars represent one standard error above and below the
mean. The Condition × Drug × Ospan interaction was significant in
ANCOVA, p = .02 (normalized Ospan as continuous covariate). Pair-
wise tests were not significant, p > .05. b KΔ, the VSWM capacity

decrement due to the presence of distractors, under placebo (blue) or
cabergoline (red), separately for low and high Ospan groups. The
hypothetical inverted-U function relating baseline DA to distractor-
filtering ability is superimposed. Error bars represent one standard error
above and below the mean. The Drug × Ospan interaction was significant
in ANCOVA, p < .01 (z-score normalized Ospan as continuous
covariate). High/low Ospan groups formed by median-split; (Mdn = 68;
high span N = 13, low span N = 12). (Color figure online)
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different from each other. Controlling for their intercorrelation,
r(23) = −.243, p = .243, these correlations were significantly differ-
ent from each other, Z = −2.657, p < .05, 95%CI for the difference
(−1.608, −.243) (Meng et al., 1992). Moreover, the drug-difference
score for KΔ (cabergolineminus placebo; KΔDD)was negatively
correlated with Ospan, r(23) = −.543, p = .005 (Fig. 3c).

Together, these results indicate that under placebo, individ-
uals with higher WM span were less impaired at filtering
distractors than were individuals with lower WM span. But
under cabergoline, individuals with higher WM span were
more impaired at filtering distractors than were individuals
with lower WM span.

Next, partial correlations were used to determine which cells
of the experimental design, among the four that were involved
in the computation of KΔDD, contributed the most predictive
variance to the relationship between Ospan and KΔDD
(scatterplots in Fig. 4). The zero-order correlation between
Ospan and KΔDD, r(23) = −.543, p = .005, was substantially
reduced after controlling for K Condition 3 cabergoline, partial-
r(22) = −.492, p = .015. And it was also reduced after control-
ling for K Condition 3+2 placebo, partial-r(22) = −.513, p =

.010. In contrast, the zero-order correlation between Ospan and
KΔDD was basically unaffected after controlling for K
Condition 3 placebo, partial-r(22) = −.542, p = .006, and was
even substantially increased by controlling for KCondition 3+2
cabergoline, partial-r(22) = −.606, p = .002.

These results indicate that among the four Condition × Drug
conditions that were involved in the computation of KΔDD,
the relationship between Ospan and KΔDD was most directly
related to variance in Condition 3 cabergoline and Condition 3+
2 placebo. This is because the relationship between Ospan and
KΔDD was reduced when controlling for variance in
Condition 3 cabergoline and in Condition 3+2 placebo, but
was unaffected or increased, respectively, by controlling for
variance in Condition 3 placebo and Condition 3+2 cabergoline
(Cohen, Cohen, West, & Aiken, 2003). This converges with
results reported earlier, namely, that Ospan was most strongly
correlated with K in Condition 3 cabergoline, as well as
Condition 3+2 placebo (see again Table 2).

Distractor-location encodingCommitting a false alarm when a
distractor had just occupied the location of the probe (FA-in

Table 2 Relationships among working memory span (Ospan) and visuospatial working memory capacity (K) across task and drug conditions

Ospan K3P K3+2P K5P K3C K3+2C K5C

Ospan –

K3P .058 –

K3+2P .220 .880** –

K5P .115 .665** .627** –

K3C .451* .235 .158 .445* –

K3+2C .028 .318 .112 .621** .634** –

K5C .196 .160 -.016 .430* .628** .663** –

Note. N = 25. Correlation coefficient is Pearson’s r. P indicates placebo, C indicates cabergoline. 3, 3+2, and 5 refer to task conditions (3 targets, 3 targets
plus 2 distractors, 5 targets). **p < .01, *p < .05

Fig. 3 Relationships between Ospan and KΔ, the visuospatial working
memory (VSWM) capacity decrement due to the presence of distractors,
under placebo (a), and cabergoline (b). Ospan was not significantly
correlated with KΔ under placebo, r(23) = .357, p = .080. Ospan was
significantly negatively correlated with KΔ cabergoline, r(23) = −.502, p
= .011. These correlations were significantly different from each other, Z
= −2.657, p < .05, 95%CI for the difference (−1.608, −.243) (Meng et al.,

1992). c Relationship between Ospan and KΔDD, the drug difference
(cabergoline minus placebo) for the VSWM capacity decrement (KΔ)
due to the presence of distractors. Scores below the zero point (negative
KΔDD) indicate the participant was more impaired at filtering distractors
under cabergoline versus placebo. KΔDD was significantly negatively
correlated with Ospan, r(23) = −.543, p = .005
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error) should be particularly diagnostic regarding the hypothe-
sis that cabergoline was associated with the increased encoding
of distractor locations. Therefore we next examined individual
differences in the tendency to commit FA-in errors. Out of 25
negative probe trials under Condition 3+2 there were only 13
trials in which a distractor had occupied the location of the
probe. Five individuals did not commit any FA-in errors under
either placebo or cabergoline. We therefore selected a subsam-
ple of individuals who committed at least one FA-in error un-
der placebo or cabergoline, or both (N = 20).

FA-in error rates did not differ between drug conditions,
t(19) = .418, p = .681 (placebo M = .171, SE = .032;
cabergoline M = .154, SE = .027). However, FA-in error
rates under cabergoline were negatively correlated with
KΔDD, the drug effect on the VSWM capacity decrement,
r(18) = −.535, p = .019 (see Table 3). This means that

individuals with a greater VSWM capacity decrement un-
der cabergoline committed more FA-in errors under
cabergoline. To further clarify these results, we tested
whether the magnitudes of the relationships between
KΔDD and FA-in errors (under cabergoline vs. placebo;
see Fig. 5a and b, respectively), were significantly different
from each other. Controlling for their intercorrelation, r(18)
= .107, p = .653, these correlations were significantly dif-
ferent from each other, Z = −3.224, p < .05, 95% CI for the
difference (−1.571, −.382) (Meng et al., 1992).

These results show that individuals with a greater
VSWM capacity decrement under cabergoline also com-
mitted more FA-in errors under cabergoline, while also
committing fewer FA-in errors under placebo. As reported
earlier, individuals with a greater capacity decrement un-
der cabergoline had higher WM span. However, Ospan

Fig. 4 Relationships between Ospan and K in the four Task × Drug conditions involved in the computation of KΔDD. Ospan was significantly
positively correlated with K in Condition 3 cabergoline, r(23) = .451, p < .05. Other relationships shown here were not significant (see Table 2)
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was not significantly correlated with FA-in errors under
cabergoline or placebo (see Table 3). Indeed, hierarchical
multiple regression analysis (see Table 4) showed that FA-
in errors under cabergoline accounted for significant
unique variance in KΔDD, over-and-above variance
accounted for by Ospan and FA-in errors under placebo
(yielding incremental prediction of approximately 18%–
22%), while FA-in errors under placebo did not account
for significant unique variance in KΔDD, while control-
ling for Ospan or FA-in errors under cabergoline. Results
suggest that individual differences in the drug effect on
the VSWM capacity decrement can be explained in part
by individual differences in the tendency to encode
distractors under cabergoline, over and above relation-
ships to WM span.

Discussion

We conclude from the results of the experiment that the D2-
receptor agonist cabergoline affected interference from
distractors, depending on individual differences in baseline
WM span (our proxy measure of individual differences in
baseline DA). These complex findings were predicted from
the PBWM computational theory (e.g., Hazy, Frank, &
O’Reilly, 2007) and are consistent with previous work impli-
cating D2 stimulation in reducing the threshold for updating
WM, with concomitant increase in distractibility (Colzato
et al., 2011; Cools et al., 2010; Frank & O’Reilly, 2006;
Moustafa et al., 2008; Slagter et al., 2012). Mechanistically,
within terms of the predictions of the PBWM, increased D2
stimulation indicates a lowered threshold for gating represen-
tations into WM due to suppression of no-go signaling to
cortex. The net result leads to enhanced updating of the con-
tents of WM (Fallon, Zokaei, et al., 2017; Frank & O’Reilly,
2006). For the ability to filter distractors, a lowered threshold
for gating representations would be expected to result in in-
creased encoding of distractor locations as well as better
encoding of target locations. Consistent with this reasoning,
cabergoline induced a larger decrement in VSWM capacity
due to the presence of distractors, again for individuals with
higher WM span (who presumably have higher baseline DA;
Cools et al., 2008; Landau et al., 2009).

Note that the claim regarding impaired distractor filtering
under cabergoline is not based on the effect of cabergoline on
K in Condition 3+2, the distractor condition, viewed in isola-
tion. Rather, the claim is based on the effect of cabergoline on

Table 3 Relationships among working memory span (Ospan), the
drug effect on the visuospatial working memory capacity decrement
(KΔDD ), and false-alarm errors under cabergoline (C) versus
placebo (P), when the probe appeared in a location that had been
occupied by a distractor (FA-in)

Ospan KΔDD FA-in P FA-in C

Ospan –

KΔDD −.519* –

FA-in P −.214 .363 –

FA-in C .245 −.535* .107 –

Note.Data were restricted to individuals who made at least one FA-in
error under placebo or cabergoline (N = 20). Coefficient is Pearson’s
r. *p < .05

Fig. 5 Relationships between KΔDD, the drug effect on the visuospatial
working memory (VSWM) capacity decrement due to the presence of
distractors , and FA-in errors under cabergoline (a) and under placebo (b).
Data were restricted to individuals who made at least one FA-in error
under placebo or cabergoline (N = 20). FA-in error rates under

cabergoline were significantly negatively correlated with KΔDD, r(18)
= −.535, p = .015 (a). FA-in errors under placebo were not significantly
correlated with KΔDD, r(18) = .363, p = .116 (b). These correlations
were significantly different from each other, Z = −3.224, p < .05, 95% CI
for the difference (−1.571, −.382) (Meng et al., 1992)
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the decrement in K, observed by comparing Condition 3 to
Condition 3+2. We interpret the interaction with individual
differences in WM span to indicate that, as predicted, the net
effect of cabergoline was to push individuals with higher WM
span out of the optimal position on the hypothetical inverted-
U function, and to push individuals with lower WM span into
it (see again Fig. 2b). As noted earlier, individuals with higher
WM span have higher baseline striatal DA levels (Cools et al.,
2008), and it appears that further D2-receptor stimulation by
cabergoline made these individuals susceptible to increased
distractibility. In contrast, subjects with lower overall DA
may benefit from dopaminergic stimulation in terms of
updating in a WM task with distractors, as in subjects with
ADHD (Frank, Santamaria, O’Reilly, & Wilcutt, 2007).

The present findings are consistent with previous pharma-
cological experiments showing cognitive impairments for in-
dividuals with higher WM span, and improvements for indi-
viduals with lower WM span, due to ingesting a D2-receptor
agonist (Frank & O’Reilly, 2006; Gibbs & D’Esposito, 2005;
Kimberg et al., 1997). Our results are similar to those from a
recent cabergoline experiment using a very different WM task
paradigm (Fallon, Zokaei, et al., 2017), yet they contain some
important differences. They found that cabergoline enhanced
the fidelity and precision of visual WM representations when
target stimuli were presented alone. However, they found no
evidence that participants had confused distractors for targets.
In contrast, here we found that cabergoline did cause individ-
uals to encode distractors—a direct prediction of the PBWM
model. While we think these differences are likely due to
aspects of task design, Fallon, Zokaei, et al. (2017) interpreted
these effects as due to Bindiscriminate generation of go

signals^ (p. 735), whereas the PBWM model suggests this is
also due to a failure to exert no-go signals to distractors.
Interestingly, in the Fallon, Zokaei, et al. (2017) study, the
effects of cabergoline were not moderated by individual dif-
ferences in WM span (digit span), unlike in the present work
(Ospan). We think this difference between results across stud-
ies may be attributed to the fact that, depending on details of
administration, digit span often shows inferior loading on the
WMconstruct compared toOspan (for a review, see Unsworth
& Engle, 2007).

Our results can be interpreted in terms of the traditional
Bslots^ model of VSWM capacity (Awh et al., 2007; Fukuda
et al., 2010; Luck & Vogel, 1997, 2013; Zhang & Luck,
2008), in which it is assumed that distractor locations would
exert their interference by occupying limited storage capacity
that would be better used for target locations. However, it is
also possible that updating of distractors can induce reciprocal
interference between targets and distractors, along the lines of
resource models (see, e.g., Nassar, Helmers, & Frank, 2017).
A competing theory invokes limited processing resources to
explain VSWM performance rather than limited storage space
(Fallon, Zokaei, & Husain, 2016; Ma, Husain, & Bays, 2014).
The present experiment was not designed to arbitrate between
these theories, and our results may be compatible with inter-
pretation within either framework. Indeed, recent work sug-
gests these frameworks represent extremes along a continuum
that can be modulated by reinforcement and incentives
(Nassar et al., 2017), and hence may also be subject to dopa-
minergic effects.

Most previous experiments motivated by the PBWM
framework have used various versions of AX-CPT, a

Table 4 Hierarchical regression models predicting the dependent variable KΔDD

Coefficients Model summary Change statistics

B t p R2 R2
adj F p df1, df2 R2

chng Fchng p df1, df2

1.1 zOspan −.26 −2.58 .02 .27 .23 6.63 .02 1, 18 .27 6.63 .02 1,18

1.2 zOspan −.23 −2.29 .04 .34 .26 4.30 .03 2, 17 .07 1.70 .21 1, 17

1.2 FA-in P .94 1.31 .21

1.3 zOspan −.16 −1.83 .09 .56 .48 6.73 <.01 3, 16 .22 8.03 .01 1, 16

1.3 FA-in P 1.24 2.01 .06

1.3 FA-in C −2.09 −2.83 .01

2.1 zOspan −.26 −2.58 .02 .27 .23 6.63 .02 1, 18 .27 6.63 .02 1,18

2.2 zOspan −.20 −2.13 .04 .45 .38 6.85 <.01 2, 17 .18 5.44 .03 1, 17

2.2 FA-in C −1.84 −2.33 .03

2.3 zOspan −.16 −1.83 .09 .56 .48 6.73 <.01 3, 16 .11 4.03 .06 1, 16

2.3 FA-in C −2.09 −2.83 .01

2.3 FA-in P 1.24 2.01 .06

Note.Abbreviations: FA-in refers to false-alarm errors when the probe appeared in a location that had been occupied by a distractor. P refers to placebo, C
refers to cabergoline. Data were restricted to individuals who made at least one FA-in error under placebo or cabergoline (N = 20). Ospan was z-score
normalized (zOspan)
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continuous performance task with sequentially presented
stimuli, or reinforcement learning tasks, to test model predic-
tions (e.g., Frank & O’Reilly, 2006). Thus, the present work is
a novel extension of PBWM theory, to predict and explain
how D1–D2 circuitry underlies VSWM distractor interfer-
ence. However, the present VSWM task likely taps into a
different set of WM processes than tasks which have been
more often used to operationally define WM updating, such
as AX-CPT. Specifically, we assessed visual WM for multiple
target locations over varied WM loads, while AX-CPT is ver-
bal task which does not vary load. Thus, we extended the
investigation of PBWM to a much simpler WM task para-
digm, assessing basic WM representation in a more direct
manner, focused specifically on distractor interference.

Limitations

We have assumed relative D2 selectivity for cabergoline in the
experiment, based on previous work suggesting that
cabergoline has relatively high D2 affinity and lowD1 affinity
(Biller et al., 1996; Frank & O’Reilly, 2006; Gerlach et al.,
2003; Ichikawa & Kojima, 2001; Millan et al., 2002; Stocchi
et al., 2003). However, some evidence exists that, at much
higher doses than in the present work, cabergoline may have
a more mixed affinity for D1 and D2 receptors (Brusa et al.,
2013; Fariello, 1998). Therefore, it cannot be ruled out that
cabergoline also stimulates D1 circuits to some extent and
these findings are due to an altered balance of D1–D2 activity,
rather than simply changes in go or no-go pathway in
isolation.

We have assumed that cabergoline would primarily affect
striatal DA, more so than cortical DA. The D2 receptor class is
predominantly expressed in striatum relative to prefrontal cor-
tex (Camps, Cortes, Gueye, Probst, & Palacios, 1989; Gee
et al., 2012; Jenni, Larkin, & Floresco, 2017; Trantham-
Davidson, Neely, Lavin, & Seamans, 2004), making striatal
influence more likely than cortical influence. However, both
D1 and D2 receptors are expressed in prefrontal cortex, and
they appear to underlie similar manifest functions as striatal
D1 and D2 pathways during active maintenance and selective
gating. The findings reported here are largely compatible with
the dual-state theory (Durstewitz & Seamans, 2008), which
suggests that the ratio of D1 and D2 activation in the prefron-
tal cortex (rather than in thalamo-striatal circuitry) modulates
the balance between stable and flexible representations.
Despite these broad similarities, striatal D2 functions are spe-
cifically dissociated from prefrontal cortex D2 by the selective
suppression of distractors (Frank, 2005), whereas cortical D2
effects may predict less stable WM states overall (Durstewitz
& Seamans, 2008). In sum, the PBWM model of striatal D2
effects on VSWM remains the most parsimonious account of
the findings reported here.

Implications

Disturbances of dopaminergic functioning underlay a variety
of disease states including attention-deficit/hyperactivity dis-
order (Dougherty et al., 1999), schizophrenia (Abi-Dargham
et al., 2000), addiction (Dalley, Everitt, & Robbins, 2011), and
Parkinson’s disease (Cools et al., 2010; Moustafa et al., 2008).
The PBWM framework extends to cognition earlier D1–D2
theories of motor function (Moustafa et al., 2008), while cog-
nitive difficulties for Parkinson’s patients are being increas-
ingly appreciated. The present work extends PBWM frame-
work to VSWM. Pharmacological experiments such as the
present work can advance our understanding of the dopami-
nergic bases for such disease states, especially when guided
by computational theories such as PBWM.

It has become clear that individual differences in baseline
DA synthesis must be taken into account to advance our un-
derstanding of how DA supports cognition, affect, and behav-
ior (Cools & D’Esposito, 2011). The current and previous
studies have demonstrated that WM span is a sensitive mea-
sure in this respect. However, comparisons across studies are
fraught with uncertainty, concerning precisely how high ver-
sus low span individuals react to a dopaminergic agent in a
particular task. This is because the high (low) span individuals
in a given study may not be truly high (low) span in the
population. For example, in the present study, we determined
that lower WM span individuals in the study sample really
corresponded to upper midspan individuals, in reference to a
published normative distribution (Redick et al., 2012).
Unfortunately, such information has been lacking in previous
D2-receptor agonist experiments which have taken individual
differences in WM span into account, introducing uncertainty
about where the individuals were located at the population-
level distribution. Therefore, to advance the field with respect
to accounting for individual differences, and to facilitate com-
parison across such studies, it would be advantageous if sam-
ple WM span distributions were described in reference to
published normative distributions (e.g., Redick et al., 2012),
as in the present work.

Conclusion

Through pharmacological manipulation, the present experi-
ment showed that VSWM distractor filtering is supported by
DA-driven striatal activation/inhibition of cortex, in line with
predictions from the PBWM computational theory. The D2-
receptor agonist affected interference from distractors, de-
pending on individual differences in baseline DA (WM span).
Thus the experiment makes novel contributions to better gen-
eral understanding the striatal mechanisms supporting WM,
both in health and disease.
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