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We investigated the role of dopamine in working memory by examining effects of withdrawing dopaminergic medication in

patients with Parkinson’s disease. Resistance to distraction during a delayed response task was abnormally enhanced in

Parkinson’s disease patients OFF medication relative to controls. Conversely, performance on a backward digit span test was

impaired in these same Parkinson’s disease patients OFF medication. Dopaminergic medication reinstated susceptibility to

distraction and backward digit span performance, so that performance of Parkinson’s disease patients ON medication did not

differ from that of controls. We hypothesize that the enhanced distractor resistance and impaired backward digit span in

Parkinson’s disease reflects low dopamine levels in the striatum, and perhaps upregulated frontal dopamine levels.

Dopaminergic medication may reinstate distractibility by normalizing the balance between striatal and prefrontal dopamine

transmission.
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Abbreviations: D = non-scrambled distractor; NS = non-switch trial; ScD = scrambled distractor; SW = switch trial; UPDRS = Unified
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Introduction
Brain dopamine has been implicated in cognitive processes such as

working memory and cognitive flexibility. The effects of dopamine

on these cognitive processes have been most commonly asso-

ciated with the prefrontal cortex. Thus, lesions in the prefrontal

cortex of monkeys impair performance on the classic delayed

response test of working memory, almost to the same extent as

do ablations of the prefrontal cortex. Furthermore, iontophoretic

application of dopamine receptor agents onto prefrontal cortex

neurons modulates delay-period activity in awake behaving mon-

keys (Sawaguchi and Goldman-Rakic, 1991). Such empirical data

are captured by biology-based theoretical models of prefrontal

cortex dopamine function, which suggest that dopamine in the

prefrontal cortex enhances the stability of task-relevant represen-

tations by promoting distractor resistance (Durstewitz et al., 2000;

Durstewitz and Seamans, 2008).

Although the role of the striatum in the dopaminergic modula-

tion of working memory and cognitive flexibility has not gener-

ally been emphasized, much evidence and theoretical work

indicates its key contribution to the cognitive effects of dopamine

(Frank, 2005; Gruber et al., 2006; Cools, 2008). For example,

working memory deficits and cognitive inflexibility have

been frequently observed in patients with Parkinson’s disease
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(Bowen et al., 1975; Lees and Smith, 1983; Cools et al., 1984,

2006; Owen et al., 1992; Lewis et al., 2005; Moustafa et al.,

2008). Such deficits are found even in the earliest stages of the

disease, when its characteristic dopamine depletion is still relatively

restricted to the striatum and does not yet extend to the prefrontal

cortex (Agid et al., 1993; Rakshi et al., 1999; Kaasinen et al.,

2001; Sawamoto et al., 2008). This is perhaps not surprising

given the strong anatomical connections between the prefrontal

cortex and the striatum. Indeed, the pattern of cognitive deficits

in mild Parkinson’s disease patients has been argued to resemble

that seen in patients with frontal lobe damage (Owen et al., 1992,

1995), perhaps reflecting disruption of striatal output to the

prefrontal cortex (Owen et al., 1998; Hazy et al., 2006;

Moustafa et al., 2008).

However, recent evidence indicates that the behavioural conse-

quences of the dopaminergic modulation of prefrontal cortex

output differ from those of the modulation of striatal output.

Such target region specificity is supported by work with marmo-

sets, which has revealed contrasting effects of 6-ODHA lesions in

the prefrontal cortex and in the striatum (Crofts et al., 2001).

Specifically, in keeping with the classic work on the role of pre-

frontal cortex dopamine in working memory, 6-hydroxydopamine

lesions of the prefrontal cortex impaired performance on a delayed

response task with high demands for the maintenance of informa-

tion (Collins et al., 1998). These lesions also impaired set mainte-

nance in a visual discrimination task, presumably by reducing

distractor resistance (Crofts et al., 2001). In contrast,

6-hydroxydopamine lesions in the striatum actually improved set

maintenance by enhancing resistance to distraction beyond that in

control marmosets (Crofts et al., 2001), thus inducing a form of

behavioural rigidity that can also be expressed as impaired set

shifting (Collins et al., 2000). This opposition between the beha-

vioural effects of 6-hydroxydopamine lesions in the prefrontal

cortex and in the striatum maps well onto the supposed neuro-

chemical reciprocity between dopamine in the prefrontal cortex

and dopamine in the striatum. Increases and decreases in prefron-

tal cortex dopamine lead to decreases and increases, respectively,

in striatal dopamine (Pycock et al., 1980; Roberts et al., 1994; Akil

et al., 2003; Meyer-Lindenberg et al., 2005). Furthermore, there

are also some reports of the reverse effect: dopamine levels in the

prefrontal cortex of Parkinson’s disease patients have been found

to be upregulated, possibly reflecting compensation of the severe

dopamine depletion in the striatum (Rakshi et al., 1999; Kaasinen

et al., 2001).

An intriguing implication of these observations is that mild

Parkinson’s disease, which is characterized primarily by striatal

dopamine depletion with relatively intact or even upregulated

dopamine levels in the prefrontal cortex, might be accompanied

by cognitive benefits as well as cognitive impairment. Specifically,

here we hypothesize that mild Parkinson’s disease patients show

abnormal increases in distractor resistance during working memory

performance, a process that has been associated primarily with

dopamine in the prefrontal cortex.

To test this counterintuitive hypothesis, we assessed perfor-

mance in a group of mild Parkinson’s disease patients and age-

and education-matched controls on a delayed response task,

which we had used previously in a pharmacological functional

MRI study (Cools et al., 2007). During the delay of this task,

subjects are presented with distractors, which they are instructed

to ignore. The data from our previous functional MRI study

revealed that administration of the mixed D1/D2 dopamine recep-

tor agonist bromocriptine modulated distractor-related neural

activity selectively in the prefrontal cortex but not in the striatum.

This finding concurred with the above-described literature on pre-

frontal cortex dopamine and working memory, and suggests that

the effects of dopaminergic drugs on distractor resistance, also in

this specific task, reflect modulation of the prefrontal cortex rather

than of the striatum. To investigate whether the predicted cogni-

tive benefits were dopamine dependent, we tested the Parkinson’s

disease patients on two occasions, once ON and once OFF their

dopaminergic medication.

In addition, to assess whether any changes reflect non-specific

effects, such as motivation, arousal or attention, we also assessed

performance on task manipulations that were predicted to induce

deficits rather than benefits. These included standard neuro-

psychological tests, such as the backward digit span test, as well

as a task-switching manipulation built into the task of interest itself

(Cools et al., 2001a, b, 2003).

Methods

Participants
Twenty-nine adults (15 Parkinson’s disease patients, 14 healthy control

subjects) consented and participated in the study. Patient participants

were recruited from the Movement Disorders Clinic at the University

of California San Francisco, as well as through community support

groups. All subjects were given a written informed consent form and

were paid for participation. Subjects were interviewed for psychiatric

and neurological history as well as current and past medication. The

study procedures were approved by the University of California

Berkeley Committee for the Protection of Human Subjects.

Patients with Parkinson’s disease
Fifteen early- to moderate-stage Parkinson’s disease patients (seven

males) aged between 54 and 77 years [mean (SD) 64.5 (8.5) years]

participated in and completed the study. All subjects were right-

handed, and were natives or fluent English speakers (two non-natives).

They had on average 16.3 (2.0) years of education. Duration of

Parkinson’s disease varied from 10 months to 22 years from the

time of initial diagnosis [mean (SD) 8.1 (6.1) years]. Patients were

on various regimens of anti-Parkinsonian medications; 13 subjects

were taking levodopa/carbidopa; 2 were receiving dopamine receptor

agonists only. Total daily dose of levodopa/carbidopa varied from 50/

200 mg to 225/500 mg [mean (SD) 121/423 (58/165) mg].

Medications are listed in Table 1.

Control group
Fourteen control subjects (five males) aged between 59 and 80 years

[mean (SD) 66.5 (6.2) years] with no current major health problems or

history of neurological/psychiatric illness participated in and completed

the study. All subjects were right-handed, and were natives or fluent

English speakers (two non-natives). They had on average (SD) 18 (2.7)
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years of education. Current medications included thyroid replacement

(two subjects), anti-hypertensive drugs (one subject) and statin (three

subjects) (Table 1).

General procedure
Both groups completed a computerized delayed response task, which

is discussed in detail below.

The study session consisted of a battery of neuropsychological tests,

which included (in the order given) (i) an attentional shifting task

(Cools et al., 2004, 2006) (data not reported); (ii) a paper and pen

version of the Stroop task (Stroop, 1935); (iii) the experimental task

of interest, i.e. an adapted delayed response task (Cools et al., 2007);

(iv) a letter fluency task (Benton, 1968); (v) the forward and back-

ward digit span; (vi) the Beck Depression Inventory (Beck et al., 1961);

(vii) the North American Adult Reading Test (Nelson, 1982); (viii) the

Mini Mental State Examination to assess cognitive impairment (Folstein

et al., 1975); and (ix) the Barratt Impulsiveness Scale (Patton et al.,

1995). In addition, the severity of clinical symptoms was assessed

in the Parkinson’s disease group according to the Hoehn and Yahr

(1967) five-point rating scale, and using the Unified Parkinson’s

Disease (44-point) Rating Scale (UPDRS) (Fahn et al., 1987).

Parkinson’s disease subjects completed two test sessions—once after

they had taken their regular dopaminergic medication, and once after

a minimum of 18 h withdrawal from all dopaminergic medication. The

session order was approximately counterbalanced across patients (eight

patients were tested first in their ON state) and the two sessions were

separated by at least 48 h. Control subjects completed one session.

UPDRS scores of the Parkinson’s disease patients are presented in

Table 2 and ranged between 16 and 72. The average Hoehn and

Yahr rating was 1.25 (SD = 1.0). Clinical symptoms were significantly

worsened after withdrawal of medication as measured with the

UPDRS at the time of testing (total UPDRS: T14 = 5.9; P50.001).

Demographics and performance on the background neuropsycholo-

gical battery are presented in Table 3. Parkinson’s disease patients and

controls were well matched in terms of age, education, pre-morbid IQ

(as measured with the North American Adult Reading Test), clinical

depression (on the Beck Depression Inventory) and dementia (on the

Mini Mental State Examination) ratings. Barratt Impulsiveness Scale

scores were significantly higher in the Parkinson’s disease group rela-

tive to the control group, as reported earlier (Lawrence et al., 2007).

There were no statistically significant differences between the ON and

OFF state in terms of background neuropsychological performance

(Stroop, letter fluency, forward digit span and backward digit span).

Similarly, in the ON medication state, Parkinson’s disease patients’

performance did not differ from that of controls on any of the back-

ground neuropsychological measures. However, in the OFF medication

state, Parkinson’s disease patients performed more poorly on the back-

ward digit span than did controls (T24 = 2.2; P = 0.04). This pattern of

mild neuropsychological impairment in Parkinson’s disease patients

OFF medication contrasted with, and thus cannot account for, their

cognitive benefits on the delayed response task reported below.

Delayed response task
For this patient study, we used the same paradigm that was employed

in our previous functional MRI study (Cools et al., 2007), apart from

three minor changes (see below).

Stimulus presentation and response recording were conducted using

E-prime 1.1 (Psychology Software Tools, Inc., Pittsburgh, PA, USA).

The computerized delayed response task was designed to measure

distractor resistance, i.e. the ability to retain encoded information

during a delay in the presence of a distractor, as well as attentional

switching, i.e. the ability to flexibly switch attention between task

relevant stimuli at encoding.

During the task, subjects had to encode, maintain and retrieve visual

stimuli. Four such stimuli (two faces and two scenes, positioned

around a coloured fixation cross in the centre of the screen; location

randomized) were presented during the encoding period (3000 ms),

Table 3 Neuropsychological data sets

Test Parkinson’s disease
ON/OFF (n = 15)

Control
(n = 14)

Age, years 64.5 (8.5) 66.5 (6.2)

Education, years 16.3 (2.0) 18.0 (2.7)

Stroop incongruent 38.3 (10.6)/36.8 (10.5) 38.5 (6.5)

Letter fluencya 86.1 (24.4)/83.8 (22.7) 89.3 (22.5)

Forward digit spana,b 10.1 (2.8)/9.2 (2.6) 9.9 (2.0)

Backward digit spana 7.4 (2.5)/7.0 (1.5)� 8.4 (2.0)

BDI 7.7 (3.5) 4.5 (5.2)

NAART error 5.3 (9.1) 4.5 (5.8)

MMSE 28.6 (1.8) 29.4 (1.2)

BIS 65.0 (9.4)� 55.0 (8.6)

Values represent mean (SD). BDI = Beck Depression Inventory; MMSE = Mini

Mental State Examination; BIS = Barratt Impulsiveness Scale; NAART = North
American Adult Reading Test.
a Twelve patients completed the letter fluency task on both sessions; missing
data from one or both session(s) for three patients due to fatigue.
b n = 11 for Parkinson’s disease subjects completing the digit span task in both
sessions; missing 12 data due to subject fatigue (6 ON, 6 OFF).
�Significantly different from controls at P50.05.

Table 1 Medication chart

Parkinson’s
disease
(n = 15)

Control
(n = 14)

Sinemet 13 0

Pramipexole (D3 receptor agonist) 9 0

Comtan (COMT inhibitor) 3 0

Selegiline 2 0

Amantadine 2 0

Ropinirole 2 0

Methylphenidate 1 0

Trihexyphenidyl 1 0

Thyroid replacement (levothyroxine) 4 2

Statin 6 3

Anti-hypertensive 6 1

Anti-depressant (SSRIs) 4 0

COMT = Catechol-O-methyltransferase; SSRI = selective serotonin reuptake
inhibitor.

Table 2 UPDRS scores for the Parkinson’s disease group

ON OFF

Mentation, behaviour and mood 1.5 (1.5) 1.9 (1.6)�

Activities of daily living 6.7 (4.2) 9.5 (4.2)�

Motor examination 13.2 (9.8) 20.1 (11.7)�

UPDRS total 21.3 (13.7) 31.8 (15.9)�

Values represent means (SDs).
�Significantly different from the ON state at P50.01.
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which was followed by a delay period (3000 ms, only the fixation cross

remained on the screen) when subjects had to maintain the relevant

stimuli (either the faces or the scenes) in memory. Following this initial

delay period, another stimulus was presented (for 2000 ms), which

subjects were instructed to ignore. This distractor was either a

scrambled image, the scrambled distractor (ScD), or a novel face or

scene, the non-scrambled distractor (D). Non-scrambled distractors

were always congruent with the trial-relevant stimulus category (i.e.

if subjects memorized faces, then the distractor was a novel face), and

was followed by a second delay (3000 ms), after which subjects were

probed to respond with the right or left finger, depending on whether

the probe stimulus (presented for 1000 ms) matched one of the two

task-relevant encoding stimuli (Fig. 1). Critically, the colour of the

fixation cue indicated to subjects whether to attend to the faces or

the scenes. If the fixation cross was blue they had to memorize the

faces; if it was green, then they had to memorize the scenes. The blue

face trials and the green scene trials were randomized within blocks,

enabling the measurement of the flexible switching of attention

between faces and scenes.

The details of the paradigm were identical to those used in our

previous study (Cools et al., 2007), apart from three minor changes.

First, we reduced the delay periods from 8000 ms to 3000 ms. Second,

we lengthened the encoding period from 1000 ms to 3000 ms. Third,

we used a different button box for collecting responses with larger

buttons (horizontally arranged, 3� 2 cm each; labelled with ‘match’

and ‘non-match’). These changes were made to ease the load on

the patients and make sure that they were able to complete the task.

Subjects completed 128 trials of the task, divided in four blocks of

32 trials. Subjects were instructed to place their right and left index

fingers on the buttons and encouraged to respond as quickly as pos-

sible; trials were self-paced. However, some subjects used a single

hand due to unilateral motor symptoms associated with Parkinson’s

disease (one subject used their non-dominant unaffected left hand,

and two subjects used their dominant unaffected right hand; the

same hand was used in the ON and OFF sessions).

Data analysis
There were three trial-types: (i) non-switch with a non-scrambled

distractor (D-NS: 36 trials); (ii) non-switch with a scrambled distractor

(ScD-NS: 40 trials) and (iii) switch with a scrambled distractor

(ScD-SW: 52 trials). Initially we focused our analyses on the effects

of Parkinson’s disease and dopaminergic medication on two separate

task measures: (i) distractor costs (performance after non-scrambled

distractors minus performance after scrambled distractors), represent-

ing the degree of distractor resistance (cognitive stability) during the

working memory delay, and (ii) switch costs, representing the degree

of cognitive flexibility during working memory encoding. The switch

cost was calculated by subtracting performance (measured at probe)

on non-switch trials (ScD-NS) from that on switch trials (ScD-SW). For

this calculation of switch costs we employed only trials with scrambled

distractors.

In contrast to our prediction, our healthy controls did not respond

significantly more slowly and did not make more errors on switch trials

than on non-switch trials (Table 4; Fig. 2). A repeated measures

ANOVA on reaction times and mean proportions of correct responses

on trials with scrambled distractors only, with switch and stimulus

category as within-subject factors, showed that there were no

main effects of switch [reaction time: F(1,13) = 1.0, ns; accuracy:

F(1,13) = 0.02, ns] or stimulus category [reaction time:

F(1,13) = 0.001, ns; F(1,13) = 0.005, ns] or a switch� stimulus cate-

gory interaction [reaction time: F(1,13) = 0.7, ns; accuracy:

F(1,13) = 0.9, ns]. These data from healthy controls indicate that,

unlike the version of the task employed in our previous study (Cools

et al., 2007), the current version of the task was not sufficiently sen-

sitive for detecting switch costs, perhaps as a result of the longer

encoding period employed here (see ‘Discussion’). Accordingly, to

test our primary hypothesis about distractor resistance, we collapsed

data across non-switch trials with scrambled distractors (ScD-NS) and

switch trials with non-scrambled distractors (ScD-SW) and focused

our further analyses of patient data on our primary measure of inter-

est, the distractor cost.

Table 4 Raw data on the delayed response task

Distractor accuracy Probe accuracy Probe reaction time

D-NS ScD-NS ScD-SW D-NS ScD-NS ScD-SW D-NS ScD-NS ScD-SW

Parkinson’s disease OFF

Face 0.73 (0.1) 0.99 (0.03) 1.00 (0.01) 0.76 (0.1) 0.78 (0.1) 0.74 (0.1) 1875 (233) 1848 (272) 1866 (288)

Scene 0.80 (0.1) 0.99 (0.03) 0.99 (0.02) 0.84 (0.1) 0.80 (0.1) 0.81 (0.1) 1655 (269) 1828 (402) 1840 (378)

Parkinson’s disease ON

Face 0.73 (0.1) 1.00 (0.01) 0.98 (0.03) 0.73 (0.1) 0.73 (0.1) 0.76 (0.1) 2218 (563) 1968 (393) 1986 (391)

Scene 0.80 (0.1) 0.98 (0.03) 0.99 (0.02) 0.81 (0.1) 0.79 (0.1) 0.79 (0.1) 1920 (352) 1956 (412) 1920 (397)

CS

Face 0.74 (0.1) 1.00 (0) 1.00 (0) 0.80 (0.1) 0.82 (0.1) 0.79 (0.1) 1815 (271) 1614 (263) 1549 (171)

Scene 0.76 (0.1) 1.00 (0) 1.00 (0) 0.85 (0.1) 0.79 (0.1) 0.81 (0.1) 1551 (249) 1599 (303) 1652 (266)

Values represent mean reaction times and mean proportion of correct responses (standard errors of the mean).

Figure 1 Schematic of the delayed response task. See text for

details.
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Reaction time and mean proportions of correct responses at the

probe and distractor periods were analysed with repeated measures

ANOVAs (using Statistical Package for the Social Sciences 15.0 Inc.,

Chicago, IL, USA). Details of within- and between-subject factors are

described in the ‘Results’ section.

For statistical purposes, a log10 transformation was applied to the

mean reaction times, to maximize homogeneity of variances between

groups. Levene’s test of homogeneity of variances revealed that this

transformation was successful in equalizing variance between groups

(all P’s40.1). The mean proportions of correct responses were not

transformed, because Levene’s test of homogeneity of variances

revealed no significant differences prior to transformation (all

P’s40.2). One-tailed P-values are reported for simple main effects

with clear directional hypotheses.

Results
In Table 4, we present the raw mean reaction times and accuracy

rates at the distractor and probe period of all groups as a function

of trial type (D-NS, ScD-NS, ScD-SW) and stimulus category

(faces, scenes).

Healthy control subjects

Distractor resistance during the distractor period

Healthy control subjects were significantly less successful in with-

holding responding during the non-scrambled distractor than

during the scrambled distractor [main effect of distractor:

F(1,13) = 5.7, Pone-tailed = 0.02]. Three subjects failed to inhibit

a (mostly ‘non-match) response for the majority (494%) of non-

scrambled distractors, suggesting that they had not processed the

instruction of not to respond during distraction. The mean per-

centage of responses to non-scrambled distractors in the remain-

ing 11 subjects was 56%. The main effect of distractor type on

distractor resistance (i.e. response withholding) during the distrac-

tor period remained significant after the exclusion of these three

subjects [main effect of distractor: F(1,10) = 15.7; Pone-

tailed = 0.002].

Distractor resistance at probe

Subjects responded more slowly at probe after a non-scrambled

distractor than after a scrambled distractor, but only for faces

[F(1,13) = 8.5; Pone-tailed = 0.01], and not for scenes [F(1,13) = 1.5,

ns]. A repeated measures ANOVA with distractor type

(non-scrambled versus scrambled) and stimulus category (face

versus scene) as within-subject factors confirmed a significant

distractor type� stimulus category interaction [F(1,13) = 34.0;

Ptwo-tailed50.0001]. Therefore, we focused further analyses on

patient data from the face trials only.

We considered the possibility that this distractor-related slowing

was driven by trials on which subjects failed to withhold respond-

ing during the distractor period. Thus, failure to withhold respond-

ing might reflect confusion about the order of (distractor and

Figure 2 Mean reaction time (RT) switch costs (A), error switch costs (B), reaction time distractor costs (C) and error distractor costs

(D) at probe for faces (grey bars) and scenes (white bars) for controls and Parkinson’s disease patients (OFF and ON medication

sessions plotted separately). Error bars represent (two times) the standard error of the difference.
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probe) events, inducing slowing owing to surprise when seeing the

actual probe rather than owing to distraction. To assess this, we

also calculated the distractor cost from only those trials on which

subjects successfully withheld responding and, in addition,

included accuracy during the distractor period as a covariate.

Data from subjects who failed to follow instructions and consis-

tently responded ‘non-match’ to almost all distractors were

included in this analysis, based on the assumption that they

were not surprised at probe but rather treated the task as

having two probes per trial. The effect of distractor type on sub-

sequent probe reaction time for faces was highly significant

[F(1,12) = 32.6; P50.001].

For accuracy data at probe, distractor costs were numerically

greater for face trials than for scene trials, suggesting that the

reaction time effect does not reflect a bias in the speed–accuracy

trade-off. However, these accuracy distractor costs were not sig-

nificant [main effect of distractor type: F(1,13) = 2.0, ns; distractor

type� stimulus category interaction: F(1,13) = 1.9, ns; effect of

distractor type for faces only: F(1,13) = 0.2, ns], and thus

we focus our further analyses on the reaction time costs. Note

that, for completeness, we have presented all accuracy and reac-

tion time data in Table 4.

Effect of Parkinson’s disease
To investigate the effects of Parkinson’s disease rather than of

dopaminergic medication, we focused this set of analyses on the

data from the OFF medication session and compared them with

the data from controls (see below for analyses of the ON session).

At probe, Parkinson’s disease patients responded more slowly

than did controls, with an overall mean reaction time of 1824 ms

for patients and 1626 ms for controls, although the difference did

not reach statistical significance [F(1,27) = 1.1, ns]. In addition,

overall accuracy was numerically but not significantly lower in

patients (79%) than in controls (81%) [F(1,27) = 0.3, ns].

Distractor resistance during the distractor period

The tendency to withhold responding did not differ significantly

between the Parkinson’s disease group (OFF medication) and the

control group. Two patients failed to follow instructions and

responded to 492% of non-scrambled distractors. The remaining

13 patients responded to512% of non-scrambled distractors. Like

control subjects, Parkinson’s disease patients failed to withhold

responding during the non-scrambled distractor to a significantly

greater extent than during the scrambled distractor [simple main

effect of distractor type: F(1,14) = 6.4; Pone-tailed = 0.01], and

this effect of distractor type did not differ between groups

[group� distractor-type interaction: F(1,27) = 0.5, ns].

Distractor resistance at probe

Unlike control subjects, Parkinson’s disease patients (OFF medica-

tion) did not respond more slowly after a non-scrambled distractor

than after a scrambled distractor (Fig. 2). Thus, they did not

exhibit a reaction time distractor cost and were more resistant

to distraction than controls [group�distractor-type interaction:

F(1,27) = 5.9; Ptwo-tailed = 0.02]. Although there was no difference

between patients and controls in terms of accuracy during the

distractor period (see above), we also performed a supplementary

analysis, as in controls, in which this distractor accuracy measure

was included as a covariate, and in which we included only

those trials on which subjects successfully withheld responding.

The group� distractor-type interaction remained significant

[F(1,26) = 5.2; Ptwo-tailed = 0.03]. There were no effects in terms

of accuracy.

Effect of dopaminergic medication in
Parkinson’s disease
To assess whether the enhanced distractor resistance in the OFF

medication state was affected by dopaminergic medication, we

compared data from the ON medication session with those from

healthy age- and education-matched controls. In addition, we also

compared data from the ON and OFF sessions directly.

At probe, Parkinson’s disease patients responded more slowly

when they were in the ON medication state (overall mean reac-

tion time: 1989 ms) than when they were in the OFF medication

state (overall mean reaction time: 1824 ms), although the differ-

ence did not reach statistical significance (T14 =�1.7; Ptwo-

tailed = 0.11). In addition, overall accuracy was numerically but

not significantly higher in the OFF medication state (79%) relative

to the ON medication state (77%) (T14 = 1.6; Ptwo-tailed = 0.12).

Distractor resistance during the distractor period

Two patients ON medication failed to follow instructions and

responded to 497% of non-scrambled distractors. The remaining

13 responded to 512% of non-scrambled distractors. Like control

subjects, Parkinson’s disease patients ON medication failed to

withhold responding during the non-scrambled distractor to a

greater extent than during the scrambled distractor [simple main

effect of distractor type: F(1,14) = 6.9; Pone-tailed = 0.01]. The effect

of distractor type during the distractor period did not differ from

that of controls [F(1,27) = 0.04, ns], or from that from the OFF

medication state [F(1,28)50.001, ns].

Distractor resistance at probe

Unlike the OFF state, Parkinson’s disease patients in the ON state

were equally vulnerable to distraction as controls (Fig. 2). There

was no group difference in reaction time costs after the non-

scrambled distractor relative to the scrambled distractor [group -

distractor type: F(1,27) = 0.15, ns]. However, their distractor cost

was not completely normalized and remained insignificant (simple

main effect of distractor type: T14 = 1.7, Pone-tailed = 0.1). A direct

comparison between data from the ON and OFF states revealed

that the medication� distractor-type interaction was not signifi-

cant for reaction time [F(1,14) = 1.6, ns] or accuracy

[F(1,14) = 0.1, ns].

Summary
Healthy elderly control subjects exhibited a significant distractor

cost in terms of probe reaction time when both task relevant

encoding stimuli and distractors were faces. As found previously,

there was no distractor cost for scenes (Yoon et al., 2006). This

distractor cost was abolished in Parkinson’s disease patients who
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were OFF their medication: their response speed was unaffected

by distraction. However, when these same patients were tested

ON medication, their distractor cost was reinstated and differed no

longer from that of controls. In contrast to their cognitive benefit

on the delayed response task, patients in the OFF state actually

exhibited impaired performance on the backward digit span test.

Discussion
The present data reveal significant vulnerability of working

memory performance to intervening distraction in healthy volun-

teers. Specifically, response was slowed during the probe period of

a delayed response task, when a face distractor was presented

during the delay relative to when a scrambled distractor was pre-

sented. This distractor-related slowing was absent in Parkinson’s

disease patients OFF medication, leading to relatively faster

responding after distraction than in controls. Thus, Parkinson’s

disease patients exhibited enhanced distractor resistance when

they were OFF their medication. Slowing was reinstated by

dopaminergic medication, as evidenced by the finding that

responding of the same patients in the ON medication state did

not differ from that of controls, although the direct comparison

between the ON and OFF medication states did not reach signif-

icance. The improved performance on the delayed response

task of patients OFF medication relative to controls contrasts

with their impairment on the backward digit span test. The finding

suggests that Parkinson’s disease can enhance or impair working

memory performance depending on task demands. Specifically,

in Parkinson’s disease patients, working memory representa-

tions were more resistant, not only to distraction, leading to

improvement on the delayed response task, but also to back-

ward reordering, leading to impairment on the backward digit

span test.

The finding that Parkinson’s disease patients exhibited enhanced

distractor resistance significantly refines our understanding of the

mechanisms of cognitive deficits in Parkinson’s disease. These

cognitive deficits have often been argued to resemble the conse-

quences of frontal lesions (Lees and Smith, 1983; Brown and

Marsden, 1988; Owen et al., 1992, 1993a, 1995; Dubois and

Pillon, 1997: but see Owen et al., 1993b), possibly reflecting dis-

ruption of striatal output (Owen et al., 1998). However, studies

with lateral frontal lesion patients have revealed disruption rather

than facilitation of distractor resistance during working memory

(Malmo, 1942; Chao and Knight, 1995). Thus, in contrast, the

current data suggest that some types of frontal function might

be enhanced even beyond normal function rather than reduced

in mild Parkinson’s disease.

The enhancement might reflect deficient dopamine levels in the

striatum, and/or upregulated dopamine levels in the prefrontal

cortex (Rakshi et al., 1999). A functional division has been pro-

posed to exist between dopamine-dependent striatal updating

processes and dopamine-dependent prefrontal maintenance pro-

cesses (Bilder et al., 2004). Poor striatum-dependent updating

might confer benefits in terms of distractor resistance, due to

reduced responsiveness to new input, and a striatal locus of mod-

ulation is suggested by recent imaging data showing transient

under-activation of the striatum during set shifting and updating

in working memory (an n-back task) (Monchi et al., 2007;

Marklund et al., 2009). It might be noted that our data are less

consistent with other recent theorizing, positing an important role

for the striatum in dopamine-induced increases in filtering and

distractor resistance in working memory (Gruber et al., 2006;

McNab and Klingberg, 2008).

Alternatively, the current finding might reflect indirect modula-

tion of prefrontal cortex output, rather than striatal output, given

recent models of dopamine function in the prefrontal cortex

(Seamans and Yang, 2004; Durstewitz and Seamans, 2008) and

known neurochemical reciprocity between dopamine in the pre-

frontal cortex and dopamine in the striatum. According to these

models, dopamine facilitates the stabilization of currently relevant

representation in the face of intervening distractors by directly

acting at the level of the prefrontal cortex. The hypothesis that

the enhanced distractor resistance reflects modulation of the pre-

frontal cortex is further strengthened by evidence from our recent

pharmacological functional MRI study, in which the same task was

employed. In this study distractor-related neural activity in healthy

young volunteers was modulated by dopaminergic drugs only in

the prefrontal cortex, and not in the striatum (Cools et al., 2007).

Our finding that Parkinson’s disease patients exhibit normal

delayed response performance in the absence of significant dis-

traction is consistent with previous reports, which have also shown

intact performance on delayed response tasks that do not require

complex processing (Fournet et al., 2000; Ketcham et al., 2003;

Lewis et al., 2003; Fern-Pollak et al., 2004; for review see Cools,

2006). On the other hand, the present finding differs from those

described in some other recent studies of working memory deficits

in Parkinson’s disease. For example, Moustafa et al. (2008)

recently reported that Parkinson’s disease patients were impaired

when ignoring distractors during the delay of an adapted version

of the AX-CPT (continuous performance task). However, this

deficit was found only in patients ON medication and not in

patients OFF medication. An important difference between the

present study and that previous study is that the previous effect

was obtained in a shifting phase of the task, when subjects had to

shift attention (and responding) away from previously relevant

stimuli (i.e. the current distractors) towards newly relevant stimuli.

The present data suggest that the deficit in Parkinson’s disease

patients ON medication, but not OFF medication, observed in

that study might reflect a combination of both a Parkinson’s

disease-related shifting impairment as well as a selective enhance-

ment of distractor resistance in patients OFF medication.

Significant distractor costs in healthy controls were observed

only for face trials, and not for scene trials. This observation repli-

cates previous findings (Yoon et al., 2006) and might reflect

disproportionate distractibility by biologically salient stimuli.

Although we refrain from emphasizing effects of disease or med-

ication on the scene distractor costs, which are difficult to inter-

pret, we report for completeness that such effects were not

significant (both P’s40.2).

The observation that distractor resistance was affected only in

terms of reaction times, and not in terms of accuracy, probably

reflects a lack of sensitivity of the current task to detecting error

distractor costs. Indeed the distractor cost surfaced only in terms
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of reaction times and not in terms of errors even in healthy con-

trols. The finding that Parkinson’s disease patients OFF medication

nevertheless exhibited enhanced distractor resistance, if only in

terms of reaction times, suggests that the disease potentiated

the robustness or strength of current task-relevant representations.

Future studies should employ tasks that are sensitive to error dis-

tractor costs to investigate whether Parkinson’s disease also pre-

vents the disruption of these representations qualitatively, which

should lead to higher relative accuracy as well as higher relative

reaction times after distraction. Such a more sensitive paradigm

might also be more adequate for definitively testing the hypothesis

that distractor vulnerability in Parkinson’s disease is sensitive to

restoration by dopaminergic medication.

The current study was designed to assess not only distractor

costs but also switch costs. Previous results indicate that healthy

subjects make more errors at probe when they had to switch

attention between faces and scenes than when they attended to

the same stimulus category on two consecutive (non-switch) trials

(Cools et al., 2007). In the current study no such switch costs

were obtained. On hindsight, this is perhaps not surprising,

because we increased the duration of the encoding period from

1000 ms to 3000 ms, in order to prevent presumed limits on

general cognitive speed in the patients. We argue that the short

duration of 1000 ms was in fact essential for these error switch

costs to surface at probe, presumably because the error costs

reflected incomplete reconfiguration of attentional set. The dura-

tion of 3000 ms in the current study must simply have been long

enough for all subjects to complete this reconfiguration process.

In conclusion, the present data demonstrate enhanced resis-

tance to distraction in Parkinson’s disease patients, but only

when they are OFF their medication. Thus, mild Parkinson’s

disease is accompanied not only by cognitive inflexibility, as evi-

denced by impaired backward digit span as well as deficient set

shifting and task switching observed in many previous studies

(Cools et al., 2001a, b, 2003), but also by aberrant cognitive

stability in the face of distraction. We hypothesize that this pattern

reflects deficient dopamine levels in the striatum, and/or upregu-

lated dopamine levels in the prefrontal cortex. Preliminary support

was obtained for this enhanced distractor resistance to be sensitive

to restoration by dopaminergic medication, perhaps reflecting a

restoration of the balance between dopamine in the striatum

and dopamine in the prefrontal cortex.
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