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In this study we examined the effect of dopaminergic modulation on learning and memory. Parkinson’s patients were tested ‘on’ versus
off’ dopaminergic medication, using a two-phase learning and transfer task. We found that dopaminergic medication was associated with
mpaired learning of an incrementally acquired concurrent discrimination task, while patients withdrawn from dopaminergic medication
erformed as well as controls. In addition, we found a dissociation of the effect of medication within a single two-phase task: patients tested
on’ medication were not impaired at the ability to generalize based on learned information. The deficit among medicated patients appeared
o be related specifically to the concurrent, incremental, feedback-based nature of the task: such a deficit was not found in a version of the
ask in which demands for concurrent error-processing learning were reduced. Taken together with a growing body of evidence emphasizing a
ole for midbrain dopamine in error-correcting, feedback-based learning processes, the present results suggest a framework for understanding
reviously conflicting results regarding the effect of medication on learning and memory in Parkinson’s disease.

2005 Published by Elsevier Ltd.
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. Introduction

Converging evidence suggests that the midbrain dopamine
ystem plays an important role in learning and memory. Elec-
rophysiological studies have shown that midbrain dopamine
eurons may contribute to reward-related or novelty-related
earning (Horvitz, 2000; Schultz, 2002; Schultz & Dickinson,
000; Schultz, Dayan, & Montague, 1997). Functional imag-
ng studies in humans have also indicated a role for midbrain
opamine regions in several aspects of incremental learning,
uch as in the processing of reward, of expectancy of reward,
nd of error-correcting feedback (Aron et al., 2004; Delgado,
ystrom, Fissell, Noll, & Fiez, 2000; Delgado, Stenger,
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& Fiez, 2004; Knutson, Fong, Adams, Varner, &
Hommer, 2001; Poldrack et al., 2001).

Neuropsychological studies of patients with dopamine
dysfunction have also shown that midbrain dopamine may
play an important role in particular types of learning and
memory. In Parkinson’s disease, there is a profound loss of
dopamine-containing neurons in the substantia nigra com-
pacta (SNc), leading to dopamine depletion in the stria-
tum. Studies have shown that the loss of dopamine that
occurs in Parkinson’s disease leads to a variety of learn-
ing and memory deficits, particularly on tasks that involve
incremental, feedback-based learning of cue-outcome asso-
ciations (Canavan et al., 1989; Cools, Barker, Sahakian, &
Robbins, 2001a; Cools, Barker, Sahakian, & Robbins, 2001b;
Gotham, Brown, & Marsden, 1998; Knowlton, Mangels, &
Squire, 1996; Myers et al., 2003; Shohamy et al., 2004a;
Shohamy, Myers, Onlaor, & Gluck, 2004b; Swainson et al.,

028-3932/$ – see front matter © 2005 Published by Elsevier Ltd.
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2000; Vriezen & Moscovitch, 1990). By contrast, Parkin-
son’s patients are generally not impaired on tasks which
involve declarative, non-feedback-based learning, or tasks
that require flexible use of knowledge (Knowlton et al., 1996;
Myers et al., 2003; Shohamy et al., 2004a)—functions which
are thought to rely on the medial temporal lobe (Eichenbaum,
2002; Gabrieli, 1998; Gluck & Myers, 1993; Robbins, 1996;
Squire & Zola, 1996). Taken together, these findings imply
that modulation of dopamine levels in Parkinson’s disease
should have selective effects on learning and memory func-
tion depending on the specific task demands.

Studies examining the effect of dopaminergic medication
on cognitive function in Parkinson’s disease are generally
consistent with this idea. Parkinson’s disease is most com-
monly treated with l-dopa, a dopamine precursor synthesized
into dopamine in the brain leading to increased dopamine
levels. Studies which specifically examined the effect of
l-dopa treatment on cognition suggest that the effect of l-
dopa depends on the specific task demands—with l-dopa
sometimes remediating, sometimes having no effect, and
sometimes impairing cognition (Cools et al., 2001a; Fournet,
Moreaud, Roulin, Naegele, & Pellat, 2000; Frank, Seeberger,
& O’Reilly, 2004; Gotham et al., 1988; Mattay et al., 2002;
Swainson et al., 2000). However, most of these prior stud-
ies focused on ‘frontal’-like executive function tasks (such
as working memory, planning, and set-shifting) and did not
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only from a clinical perspective, but could also potentially
provide important insights into the neural mechanisms under-
lying the role of dopamine in learning and memory. In partic-
ular, electrophysiological studies demonstrate that midbrain
dopamine neurons respond to behaviorally important stim-
uli in a temporally specific, stimulus-specific manner: the
signal occurs only in response to certain stimuli, and it is
rapid and brief (Horvitz, 2000; Schultz, 2002; Schultz et al.,
1997). These studies suggest that phasic dopamine signals (as
opposed to tonic, ongoing dopamine release) may be critical
for learning that involves incremental acquisition of stimulus-
outcome associations via error-correcting feedback.

l-dopa, however, is thought to cause global increases
in tonic dopamine levels in target areas, such as the neos-
triatum, consistent with recent pharmacological studies in
rodents suggesting that l-dopa acts via non-dopaminergic
neurons (Miller & Abercrombie, 1999; Tanaka et al., 1999;
Yamato, Kannari, Shen, Suda, & Matsunaga, 2001). If
midbrain dopamine signals are indeed critical for provid-
ing stimulus-specific, feedback-based information, enhanced
levels of dopamine in the striatum coming from the ‘wrong’
neurons at the ‘wrong’ time may disrupt or mask critical
stimulus-specific and temporally specific signals essential for
feedback-based error-correction learning.

The purpose of the present study was to examine the effect
of l-dopa on learning and memory in patients with mild to
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irectly examine learning and memory per se. For example,
arkinson’s patients are impaired on the Tower of London

ask and associated spatial working memory tests, and l-dopa
meliorates this deficit (Lange et al., 1992; Owen et al., 1992,
993). Overall, there is considerable evidence suggesting that
-dopa often improves cognitive performance on tasks that
epend on ‘frontal’ executive or working memory processes,
specially in mild to moderate Parkinson’s patients. By con-
rast, less is known of the impact of l-dopa on learning and

emory, and most studies reporting learning and memory
mpairments in Parkinson’s disease have tested only medi-
ated patients (e.g. Canavan et al., 1989; Knowlton et al.,
996; Myers et al., 2003; Shohamy et al., 2004a, 2004b).

Recent studies have begun to examine the effect of l-
opa on learning and memory. These have shown that l-dopa
ometimes improves and sometimes worsens performance,
epending on the specific task demands (Frank et al., 2004;
ools et al., 2001a, 2001b; Swainson et al., 2000; Czernecki
t al., 2001). For example, Cools et al. (2001a, 2001b) demon-
trated that l-dopa impaired performance on a probabilistic
eversal task, but facilitated task-switching performance in
he same patients. Frank et al. (2004) examined the effect
f l-dopa on a reinforcement based learning task, and found
hat l-dopa impaired learning that was based on negative
utcomes, but facilitated learning that was based on positive
utcomes. These findings emphasize the fact that the effects
f l-dopa can differ even within a single task, depending on
ighly specific modifications to task demands.

Understanding the circumstances under which l-dopa
acilitates or impairs learning and memory is important not
oderate Parkinson’s disease, using an incremental learning
ask. In this task, participants are presented with a series of
airs of objects, and are required to learn to respond to the
ewarded object in each pair. This task is similar to other
ncremental learning tasks previously shown to be impaired
n Parkinson’s patients (e.g. Canavan et al., 1989; Myers
t al., 2003). In addition, we sought to assess whether the
ffects of medication are specific to incremental learning. To
hat end, following acquisition, participants were tested on
transfer/generalization phase, in which they were required

o use what they have learned in the first phase to predict
ewarded objects among a new set of stimuli. This kind
f transfer has been shown to rely on the medial temporal
obe (Eichenbaum, Mathews, & Cohen, 1989; Myers et al.,
003; Preston, Shrager, Dudukovic, & Gabrieli, 2004), and
s expected to be intact in patients with Parkinson’s disease.
n addition, given that transfer is not based on trial-by-trial
eedback, rather presumably on representational changes that
ccur over time, performance on the transfer phase would not
e expected to be affected by l-dopa.

Finally, we sought to assess which specific aspects of
ncremental learning might be most critical in contributing
o learning deficits in Parkinson’s disease. Drawing on elec-
rophysiological, modeling and neuroimaging evidence for
he role of midbrain dopamine regions in error-correcting
eedback-based learning, we hypothesized that l-dopa would
mpair learning processes that rely on such error-correcting
eedback, but might spare learning that does not involve such
rocesses. To that end, in Experiment 2 we manipulated the
egree to which learning involved error-processing and com-
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Table 1
Demographic and disease information for patients (PD) and controls

Disease duration Hoehn and
Yahr (‘on’)

Hoehn and Yahr
(at test)

UPDRS (‘on’) UPDRS (at test) Age Education MMSE BDI

PD ‘on’ 6.1 (1.2) 2.3 (0.1) 2.3 (0.1) 26.4 (4.4) 26.4* (4.4) 64.5 (1.5) 16.0 (1.0) 29.6 (0.2) 6.8 (1.0)
PD ‘off’ 6.7 (1.2) 2.2 (0.2) 2. 6 (0.2) 27.5 (3.8) 46.1* (4.2) 62.1 (2.3) 16.8 (0.5) 29.4 (0.4) 6.7 (1.2)
Control – – – – – 65.0 (1.9) 15.7 (0.9) 28.9 (0.4) –

MMSE: mini mental state exam; UPDRS: unified Parkinson’s disease rating scale; BDI: Beck depression inventory; duration, age, and education in years. S.E.
in parentheses.

* Significantly different at p = 0.05 level.

pared learning under concurrent learning conditions, with
learning of the same task in a shaping (reduced error) con-
dition. We predicted that while the concurrent incremental
learning task might be impaired with l-dopa, the reduced-
error shaping version would be spared.

Overall, we expected this study to shed light on the effect
of l-dopa on incremental learning, on the degree to which this
effect is specific to incremental feedback-based learning, as
opposed to transfer, and the degree to which it is affected by
error-correction processes.

2. Experiment 1

2.1. Methods

2.1.1. Participants
Participants included 24 individuals with a diagnosis of

idiopathic Parkinson’s disease, randomly assigned to be
tested ‘on’ medication (n = 12; 7 men and 5 women), or ‘off’
medication (n = 12; 8 men and 4 women). Patients for this
study were recruited from the Parkinson’s disease clinic at
Columbia-Presbyterian Medical Center (New York) and from
the motor disorders clinic, Robert Wood Johnson Univer-
sity Hospital (New Jersey), having met diagnostic criteria for
Parkinson’s disease as assessed by a neurologist and having
g
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included in the study were treated with l-dopa, were stable
on their medication doses for at least 3 months, and were
responding well to the medication. Four participants were
also receiving treatment with dopamine agonists (two each
in the ‘off/on’ medication subgroups, either pramipexole or
ropinirole). None of the patients were being treated with anti-
cholinergic medication, nor with anti-depressants. Patients in
the ‘on’ medication group were tested within 2 h since their
last dose of medication. Patients tested ‘off’ medication had
refrained from taking medication for a minimum of 16 h.

An equivalent number of age-matched healthy controls
(n = 12; 5 males and 7 females) were recruited and were
screened for the presence of any neurological disorder or
history of psychiatric illness including depression. Patient
and control information is presented in Table 1. Controls
did not differ significantly from the Parkinson’s ‘on’ or ‘off’
groups on age, education, or mini-mental state exam (MMSE;
Folstein, Folstein, & McHugh, 1975) [ANOVA, group (‘on’,
‘off’, ‘control’) by age, education, or MMSE, p > 0.5].

All studies conformed to research guidelines established
by Rutgers University and the Federal Government.

2.1.2. Behavioral task
2.1.2.1. General description. The task consisted of two
phases. In phase 1 (acquisition) participants learned a concur-
rent discrimination. Participants were presented with a series
o
w
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t
t
c
b
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F crimina
p y face i
s n (here
n

iven informed consent to participate.
Parkinson’s patients were in the mild to moderate stages

f the disease, with scores on the Hoehn–Yahr scale of motor
unction (Hoehn & Yahr, 1967) that ranged from 1 to 3 (in
he ‘on’ state). All Parkinson’s patients were non-demented.
arkinson’s patients were also screened for clinical depres-
ion, as indicated by scores below 15 on the Beck depres-
ion inventory (Beck, Steer and Brown, 1996). All patients

ig. 1. (A) Screen events on a sample trial of phase 1. On each trial, the dis
articipant responds correctly, the chosen object is raised to reveal a smile
imilar to phase 1, but the objects are changed so that the relevant dimensio
ovel.
f pairs of objects, and on each trial were required to predict
hich of two objects was associated with reward. Each pair
f objects differed in either color or shape, but not both, so
hat there was one relevant and one irrelevant dimension to
he discrimination. In phase 2 (transfer), the pairs of objects
ontinued to differ along the previously relevant dimension,
ut the irrelevant dimension changed. Sample trial events are
hown in Fig. 1.

tion pair is presented in either left–right order and a prompt appears. If the
con underneath. (B) Screen events on a sample trial of phase 2: events are
the color) is the same, whereas the irrelevant dimension (here the shape) is
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Fig. 2. Stimulus set used for concurrent discrimination and transfer. Each
pair of objects differed either by color or by shape. For transfer, the relevant
dimension stayed the same, while the irrelevant dimension was changed.

2.1.2.2. Apparatus. Behavioral experiments were auto-
mated on an iBook computer programmed in the SuperCard
language (Allegiant Technologies, San Diego, CA). Testing
took place in a quiet room, with the participant seated in
front of the computer at a comfortable viewing distance. The
keyboard was masked except for two keys, labeled “LEFT”
and “RIGHT”, which the participant could press to record a
response.

2.1.2.3. Stimuli. The stimuli and procedures of Experiment
1 replicated those used in an earlier study (Myers et al.,
2002). Phase 1 of the experiment was a concurrent discrim-
ination. Stimuli consisted of 16 colored shapes, organized
into 8 discrimination pairs. Four of the pairs differed in color
(relevant feature) but not in shape (irrelevant feature); four
pairs differed in shape (relevant feature) but not color (irrel-
evant feature). Within each discrimination pair, one stimulus
was designated as rewarded. Assignments of particular color,
shape and reward to discrimination pairs were made accord-
ing to a pseudorandom procedure, but were held constant
across the experiment. The full stimulus set is shown in
Fig. 2.

Phase 2 of the experiment was a transfer test. Stimuli
consisted of sixteen colored shapes which were partial recom-
binations of the shape and color features in phase 1: each
o
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would not transfer well to the new feature combinations in
phase 2.

2.1.2.4. Procedure. At the start of the experiment, the fol-
lowing instructions appeared on the screen: “Welcome to the
experiment. You will see pairs of objects. Each time, there is
a smiley face hidden under one of the two objects. It looks
like this. Find as many as you can.” The experimenter read
these instructions aloud and then clicked the computer mouse
button to begin phase one of the experiment.

On each trial of phase 1, participants saw one of the
eight discrimination pairs. Trials were organized into blocks,
each containing 16 trials: one presentation of each discrim-
ination pair in each possible left–right ordering. Trials in a
block occurred in a pseudorandom but fixed order. Fig. 1A
shows screen events in a typical trial. Below the stimuli, a
prompt appeared: “Which object is the smiley face under?
Use the “LEFT” or “RIGHT” key to choose.” Participants
then responded by pressing one of the two-labeled keys. If it
was the rewarded stimulus, a smiley face icon was revealed
underneath and displayed for one second. The object then
returned to its original position, obscuring the smiley face
icon below. The objects were then removed and a new trial
initiated. There was no limit on response time. Phase 1 con-
tinued until the participant completed 16 consecutive trials
correctly, or for a maximum of 96 trials (6 blocks).
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f the eight discrimination pairs was organized around the
ame relevant features as in phase 1; only the irrelevant fea-
ures were novel. The features that were rewarded in phase 1
ere also rewarded in phase 2. Thus, a set of response rules

hat emphasized the relevant features in phase 1 would per-
ectly predict the rewarded stimuli in phase 2. Alternatively,

set of response rules that emphasized the entire stimu-
us (including relevant and irrelevant features) in phase 1
As soon as phase 1 terminated, phase 2 began without any
arning that task demands had shifted. The screen events
ere identical to phase 1 (Fig. 1B) except that the discrim-

nation pairs were altered as described above. Again, trials
ere organized into blocks of 16 trials, one with each dis-

rimination pair in each possible left–right ordering, in a
seudorandom but fixed order. Phase 2 continued until the
articipant completed 16 consecutive trials correctly, or to a
aximum of 48 trials (3 blocks).
The entire procedure, including phases 1 and 2, took

pproximately 15–20 min to complete.

.1.2.5. Data collection. On each trial, the computer
ecorded the discrimination pair, its left–right ordering, the
esired response, and the participant’s response. For both
hases, the total errors in each phase was recorded.

. Results

.1.1. Phase 1 (acquisition)

All healthy control participants, and all but one participant
n the ‘off’ medication group, reached performance criterion
f phase 1 within the 96 trial maximum. By contrast, seven
articipants in the ‘on’ medication group failed to reach the
erformance criterion in phase 1. Overall, this was a signifi-
ant difference [chi-square, χ2 (2) = 13.8, p < 0.001)].

Fig. 3A shows the mean total errors for each group in
hase 1. An analysis of variance (ANOVA) with phase 1
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Fig. 3. Performance on the incremental learning task described in Experiment 1; (A) mean total errors (±S.E.M.) on acquisition of the concurrent discriminations
(phase 1); patients tested ‘on’ l-dopa were impaired, but those tested ‘off’ l-dopa were not (B) all groups performed equally well and made few errors on the
transfer phase (phase 2).

errors as the dependent variable and group (Parkinson’s ‘on’
med, Parkinson’s ‘off’ med, controls) as the independent vari-
able revealed a significant difference in phase 1 performance
[F(2,33) = 9.3, p < 0.001]. Post hoc Tukey pairwise compar-
isons revealed that this effect was due to significantly more
errors in the Parkinson’s ‘on’ medication group compared
with either the Parkinson’s ‘off’ group (p < 0.01) or the con-
trol group (p < 0.001), while the Parkinson’s ‘off’ group did
not differ significantly from the control group (p = 0.7). There
was no effect of gender, age, or motor score on performance
(all p > 0.05).

Although too small a number of participants in the PD
‘on’ group reached criterion on phase 1 (n = 5) to allow
separate statistical analyses of phase 1 performance in this
subgroup, a comparison of the mean number of errors
among this group suggested that, similar to those par-
ticipants that failed to reach criterion performance, they
made more errors during acquisition than either the con-
trol or the PD ‘off’ group (mean number of errors 24.1,
S.E. = 4.9). This subgroup of non-learners also did not dif-
fer substantially on any demographic or medication mea-
sures (no differences in age, education, MMSE, stage of
disease, or years since onset; the distribution of gender and
of participants treated with agonists was the same in both
subgroups).
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Among the remaining participants (5 participants tested
‘on’, 11 participants tested ‘off’, 12 control participants), all
participants reached criterion performance in phase 2. Fig. 3B
shows that the mean phase 2 errors was similar among all
groups; an analysis of variance (ANOVA) with phase 2 errors
as the dependent variable found no significant effect of group
(F(2,25) = 0.56, p = 0.6), no effect of participants gender, age,
or motor score (all p > 0.05).

3.2. Experiment 1: discussion

Experiment 1 found that Parkinson’s patients tested ‘on’
l-dopa medication were significantly impaired on an incre-
mental learning task. This impairment was not found in a
group of matched patients who were tested while withdrawn
from dopaminergic medication for approximately 16 h; these
‘off’ medication patients learned the task as well as healthy
controls.

This effect does not appear to be due to any general effects
of l-dopa or l-dopa withdrawal on motor or cognitive func-
tioning. Withdrawing patients from their medication in this
manner does result in a temporary worsening of motor symp-
toms (as evidenced by the difference in motor scores, shown
in Table 1). However, the effects of l-dopa do not appear to
be due to general cognitive changes, since l-dopa has been
p
t
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d
t
t
t
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.1.2. Phase 2 (transfer)

Following prior studies (Myers et al., 2002), phase 2 data
rom those participants who failed to reach criterion perfor-
ance in phase 1 were excluded from phase 2 analysis. This

xclusion was necessary since any analysis of transfer phase
erformance is illogical for a participant who failed to learn
he associations in phase 1. Indeed, those participants who
ailed phase 1 also failed phase 2 (mean number of errors
mong non-learners was 37.0, S.E. = 6.04).
reviously shown to either enhance or impair cognitive func-
ion, depending on the task demands (e.g. Cools et al., 2001a,
001b; Frank et al., 2004).

Preliminary evidence suggests that the l-dopa related
eficit was selective to the incremental acquisition phase of
he task, and was not found for the transfer phase, where par-
icipants were required to generalize what they had learned
o a set of new stimuli. This result replicates previous find-
ngs on a similar task (Myers et al., 2003), which reported that
arkinson’s patients (medicated) were slow to learn, but those

hat did learn were able to transfer as well as control partic-
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ipants (while individuals with hippocampal atrophy showed
the opposite pattern). The present study extends these find-
ings and suggests that the patients’ deficit on acquisition is
associated specifically with the effects of medication, while
medication does not impair transfer. However, examining
transfer performance is dependent on the fact that partici-
pants were able to reach criterion learning in phase 1. Because
many medicated patients in the present study failed to reach
criterion performance in phase 1, any conclusions regarding
performance on the transfer phase are limited, given that it
is not clear to what degree the intact transfer performance
might be biased by the fact that only phase 1 learners were
included in the analysis.

Experiment 2 aimed to address this issue, as well to gain
a better understanding of the specific cognitive processes
affected by l-dopa in Experiment 1. In particular, we sought
to evaluate the extent to which the effect of l-dopa on learn-
ing is modulated by error-correcting feedback. To that end,
we reduced the error load by developing a version of the
task where participants are shown the correct outcome to
each pair, and then each discrimination pair is first trained
to criterion prior to the introduction of the next pair (Exper-
iment 2, shaping condition), and we compared performance
on this reduced-error version to a concurrent discrimination
version (as in Experiment 1; Experiment 2, concurrent con-
dition). In addition, with the aim of gaining better insight
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findings, we have shown recently that training Parkinson’s
patients on an ‘observational’ version of a probabilistic learn-
ing task remediates learning impairments, while having no
impact on performance among control participants (Shohamy
et al., 2004a). Therefore, we hypothesized that modifying the
present task by reducing demands for error-correcting feed-
back might alleviate the l-dopa related deficit.

To evaluate the extent to which the effect of l-dopa on
learning is modulated by the role of error-correcting feed-
back, we revised the concurrent discrimination task of Exper-
iment 1 as follows. On the first trial with a new discrimination
pair, the participants was shown the correct answer. Addition-
ally, initial training was done by shaping; instead of interleav-
ing all the discrimination pairs, subjects were trained on one
pair to criterion (several consecutive correct responses), then
a new pair was added and training continued until the par-
ticipants reached criterion on both, and so on until all the
pairs were learned. These changes were intended to reduce
the need for trial-and-error learning and also to reduce the
chances that participants would “guess” incorrectly on their
first trial with a new stimulus.

4.1. Methods

4.1.1. Participants
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T
D

UPDR

P 25.5 (
P 24.2 (
C –
C –

M score; B
i

nto performance on the generalization/transfer phase, we
educed the memory load of the task in both conditions, to
llow more participants to reach criterion performance on
hase 1.

. Experiment 2

As suggested by recent elecrophysiological, neuroimag-
ng and neuropsychological studies, one possible interpre-
ation of the l-dopa related impairment found in Experi-

ent 1 is that l-dopa selectively impairs error-correcting,
eedback-based learning processes. Prior neuroimaging stud-
es have shown that while incremental trial-and-error learn-
ng depends on midbrain dopaminergic regions, learning the
ame information without error-correcting feedback (i.e. by
imply observing stimuli and outcomes) relies on distinct
rain regions, particularly the medial temporal lobes (Aron
t al., 2004; Poldrack et al., 2001). Consistent with these

able 2
emographic and disease information for patients and controls

Disease duration Hoehn and Yahr

D concurrent 6.3 (1.1) 2.0 (0.2)
D shaping 5.9 (0.3) 2.1 (0.1)
ontrols concurrent – –
ontrols shaping – –

MSE: mini mental state exam; UPDRS: unified Parkinson’s disease rating
n parentheses.
Participants included 24 individuals with a diagnosis of
diopathic Parkinson’s disease tested ‘on’ medication and
n equivalent number of age-matched healthy controls, ran-
omly assigned to participate in the concurrent condition or
he shaping condition (n = 12 for each group, each condition).
atient recruitment and screening procedures were identical

o those described in Experiment 1, and participants were
aken from the same patient pool as Experiment 1. Because
he intention of Experiment 2 was to explore the basis of
he impairment found in Experiment 1 among Parkinson’s
atients tested ‘on’ medication, all patients in Experiment 2
ere tested ‘on’ medication. As in Experiment 1, all patients
ere being treated with l-dopa; a small number of patients
ere additionally treated with dopaminergic agonists (n = 3

n the concurrent condition; n = 2 in the shaping condition;
ither pramipexole or ropinirole).

Patient and control information is presented in Table 2.
here were no significant differences in age or education
etween the groups or the conditions [ANOVA with age or
ducation as dependent variables and condition (concurrent,

S Age Education MMSE BDI

3.9) 65.0 (3.0) 16.3 (0.9) 28.8 (0.4) 7.2 (1.5)
2.4) 63.4 (1.7) 16.3 (0.2) 28.5 (0.1) 7.1 (3.6)

61.0 (3.0) 15.6 (0.5) 29.7 (0.1) –
64.5 (3.3) 16.4 (0.7) 28.9 (0.4) –

DI: Beck depression inventory; duration, age, and education in years. S.E.
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shaping) and group (patients, controls) as independent vari-
ables, all p > 0.5].

4.2. Behavioral task

4.2.1. Apparatus and procedure
4.2.1.1. Concurrent condition. In this condition, partici-
pants were required to learn a concurrent discrimination
task identical to that described in Experiment 1, except that
this version required participants to learn a reduced num-
ber of stimulus-outcome associations—six object pairs in the
present experiment, compared to eight in Experiment 1. All
other procedures were identical to those described in Exper-
iment 1.

4.2.1.2. Shaping condition. In this condition, participants
were required to learn the same six stimulus-outcome associ-
ations as in the concurrent condition, but here the associations
were learned using a shaping paradigm: for each stimulus,
participants first observed a single trial where they saw a
pair of objects, and saw the correct answer revealed by the
computer (without making a response; “observational” trial).
Subsequently, the participants was presented with “standard”
response-based trials, for that particular pair (for each trial,
the participants responded “left” or “right” based on what
t
c
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e
i
l
t
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t
a
t

5. Results

5.1.1. Phase 1 (acquisition)

In the concurrent condition, one control and six of the
Parkinson’s patients failed to reach the performance criterion
in phase 1. This was a near-significant difference [chi-square,
χ2 (1) = 3.23, p < 0.07)]. By contrast, in the shaping condition,
all participants in both groups reached criterion performance
in phase 1.

Fig. 4A shows the mean errors for Parkinson’s patients
and controls on acquisition of the concurrent condition,
compared with the shaping condition. Consistent with our
prediction, Parkinson’s patients were impaired at learn-
ing the concurrent condition, but were not impaired at
learning the shaping condition. An ANOVA on number of
errors (dependent variable) by group and condition (inde-
pendent variables) revealed a significant main effect of con-
dition [F(1,44) = 25.52, p < 0.001], a main effect of group
[F(1,44) = 6.26, p < 0.05] and a significant group X condi-
tion interaction [F(1,44) = 13.12, p < 0.001]. Post hoc Tukey
analyses confirmed that this was due to a significant dif-
ference between Parkinson’s and controls on the concur-
rent condition (p < 0.001), but not on the shaping con-
dition (p = 0.8). Post hoc analyses of performance across
conditions showed that Parkinson’s patients were signif-
i
t
d
(
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c
2
p

F increm
i the shap
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hey thought the correct object was, followed by response-
ontingent feedback). After reaching a criterion of four cor-
ect consecutive responses (or a maximum of 12 trials) for
ach object pair, participants were presented with a new pair
ntroduced by a single observational trial, subsequently fol-
owed by response-feedback trials. For each sub-phase of this
ask, participants were tested on the new pair, as well as on
ll previously learned pairs, gradually building up towards
he full set of six pairs. Thus, importantly, the last phase of
cquisition on the shaping task was identical to all phases of
he concurrent task.

All other procedures were identical across conditions.

ig. 4. Total errors (±S.E.M.) on concurrent vs. shaping conditions of the
mpaired on the concurrent condition, but performed as well as controls on
f the task, for both the concurrent and the shaping conditions.
cantly worse on the concurrent condition compared to
he shaping condition (p < 0.001), whereas there was no
ifference between the conditions for control participants
p = 0.7).

.1.2. Phase 2 (transfer)

Phase 2 data from those participants who failed to reach
riterion performance in phase 1 were excluded from phase
analysis. Among the remaining participants (6 Parkinson’s
atients and 11 controls on the concurrent condition, 12

ental learning task: (A) Parkinson’s patients tested ‘on’ medication were
ing version; (B) both groups performed equally well on the transfer phase
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Parkinson’s patients and 12 controls on the shaping condi-
tion), all participants reached criterion performance in phase
2 for both conditions. Fig. 4B shows that the mean phase 2
errors were similar among patients and controls and across
conditions. An ANOVA on number of errors (dependent
variable) by group and condition (independent variables)
revealed no significant main effects or interactions [main
effect of group, F(1,37) = 2.0, p = 0.2; main effect of con-
dition, F(1,37) = 0.7, p = 0.4; group by condition interaction,
F(1,37) = 0.04, p = 0.8].

5.2. Experiment 2: discussion

In Experiment 2, we sought to evaluate the extent to
which l-dopa related impairments on a concurrent learn-
ing task are modulated by error-correction processes. The
findings from this experiment replicate those from Exper-
iment 1, showing that medicated Parkinson’s patients are
impaired at a concurrently trained incremental learning task
even when the task involves reduced memory load. More
importantly, we found that Parkinson’s patients were not
impaired on this task when they were trained on a ‘shap-
ing’ version designed to involve reduced error-correcting
processes.

It is important to note that in both versions participants
ultimately learn to make the correct responses to an identical
n
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6. General discussion

The present study found that Parkinson’s patients tested
in a dopamine replete state, shortly after receiving dopamin-
ergic medication, were impaired on an incremental learning
task, while patients tested ‘off’ medication, in a dopamine
deplete state, performed as well as controls on the same task.
These detrimental effects of dopaminergic medication were
not found when participants were required to learn the same
task in a ‘shaping’ version, which involved decreased error-
processing demands (while control participants performed
similarly under both conditions). Furthermore, the effects of
medication were specific to learning: when the same partic-
ipants were challenged to generalize what they had learned
to a novel context, Parkinson’s patients performed as well as
controls, regardless of whether they were tested ‘on’ or ‘off’
medication. These findings suggest that l-dopa is associated
with learning impairments, which are selective to concurrent,
feedback-based learning of incrementally acquired associa-
tions.

The results of the current study provide behavioral evi-
dence from humans that dopaminergic systems are critically
involved in incremental learning. The present findings con-
verge with recent electrophysiological, computational and
neuroimaging evidence for the role of midbrain dopamine
systems in error-correcting, feedback-based learning pro-
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umber of concurrent discriminations, with the final phases
f the shaping version identical to the concurrent version.
hus, the critical difference between the conditions lies in

he learning process, and the degree to which this process
elies on trial-by-trial error processing. It seems unlikely
hat the differences between Parkinson’s patients’ perfor-

ance on the two tasks are due to reduced loads in a general
earning mechanism, given that performance among controls
id not differ significantly between the two versions (and
iven that the errors among controls do not indicate a ceiling
ffect).

In contrast to the l-dopa related learning impairment on
cquisition, we found that both medicated and non-medicated
atients performed normally on the transfer phase of the task,
hen they were required to generalize what they had learned

o a novel context.
These findings are consistent with recent electrophys-

ological and neuroimaging studies implicating midbrain
opamine in error-correcting feedback processes (e.g. Aron
t al., 2004; Schultz & Dickinson, 2000). These results are
lso consistent with recent studies with Parkinson’s patients
emonstrating that while Parkinson’s patients are impaired
n a feedback-based incremental learning task, they are
ot impaired on a non-feedback ‘observational’ version of
he same task (Shohamy et al., 2004a). It is worth noting
hat in the prior study, the observational version eliminated
timulus-dependent responding, in addition to feedback; in
he present study, by contrast, participants were still required
o produce stimulus-related responses to learn the correct
utcome.
esses (Aron et al., 2004; Knutson et al., 2001; Poldrack et al.,
001; Schultz, 2002). Recent imaging studies have suggested
hat the dorsal striatum, in particular (which is particularly
ffected by early stages of Parkinson’s disease) is impor-
ant in reward and feedback-based learning (Delgado, Miller,
nati, & Phelps, 2005; Haruno et al., 2004; King-Casas et al.,
005). As such, our findings propose a framework for under-
tanding previously conflicting results regarding the effect
f l-dopa on learning and memory function in Parkinson’s
isease.

Specifically, based on the wealth of recent evidence
ndicating that the midbrain dopamine system plays an
mportant role in stimulus-specific, feedback-based learn-
ng, we have hypothesized that global increases in dopamine
ollowing l-dopa treatment may obstruct the learning-
elated temporally specific, stimulus-specific dopamine sig-
al in mild to moderately affected Parkinson’s patients,
y providing the ‘wrong’ signal at the ‘wrong’ time.
he results of the present study are consistent with this
ypothesis, demonstrating an l-dopa related impairment on
concurrent, incremental learning task, which is allevi-

ted when the error-processing, feedback-based demands
f the learning task are reduced (despite the fact that
oth tasks involve learning identical sets of associa-
ions, and despite the fact that control participants per-
orm similarly on both tasks). Further, the detrimental
ffects of l-dopa are selective to the learning phase of
he task, and do not appear when the same patients are
equired to transfer what they have learned to a novel
ontext.
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This pattern of impaired learning and spared transfer is
exactly opposite to the pattern of impairments observed in
individuals with damage to the hippocampal system on this
task (Myers et al., 2002) and other tasks (e.g. Myers et al.,
2003; Schacter, 1985). Thus, these findings fit in with recent
evidence suggesting that cortico–striatal and hippocampal
brain systems play distinct roles in learning and memory,
with the cortico–striatal system contributing to incremen-
tal, stimulus-response learning, and the hippocampal system
contributing to the formation of flexible, episodic, stimulus-
stimulus representations (e.g. Gabrieli, 1998; Myers et al.,
2003; Poldrack et al., 2001; Shohamy et al., 2004a; Squire &
Zola, 1996).

The present results further emphasize the role of dopamine
in modulating incremental learning, and suggest that the
incremental learning deficits found in Parkinson’s patients in
prior studies (e.g. Knowlton et al., 1996; Myers et al., 2003;
Shohamy et al., 2004a, 2004b) may be due, at least in part, to
disruption of dopaminergic transmission with l-dopa, rather
than the disruption of striatal function caused by the disease
itself.

The finding that l-dopa differentially impacts cognitive
function depending on task demands is consistent with recent
findings. Cools et al. have proposed that l-dopa mediated
dopamine “overdose” may account for the differential effects
of l-dopa on different attentional and executive function
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reward (Shohamy et al., 2005). The dissociation of the effect
of l-dopa on concurrent learning versus sequence learning
indicates that performance of these two tasks relies on disso-
ciable cognitive and neural processes. The present hypothesis
taken together with the Cools et al. (2001a, 2001b) hypothe-
ses regarding effects of l-dopa on frontal function suggest
that one reason for this dissociation may be that the sequence
learning task relies more heavily on frontal-based work-
ing memory and attention processes, as compared to the
present task. Future studies will examine potential interac-
tions between these two proposed consequences of l-dopa
medication, as well as how such interactions may explain
differences in the effect of l-dopa on different learning
tasks.

The present results are also generally consistent with
a more recent report demonstrating differential effects
of dopaminergic medication on positive versus negative
reinforcement-based learning (Frank, 2005; Frank et al.,
2004). This study used a different paradigm in which a series
of probabilistic competitions were held between two alter-
native stimuli, one of which was always the winner, allow-
ing separate analyses of positive versus negative outcome
based learning. This study found that Parkinson’s patients
tested ‘off’ medication were particularly impaired at learn-
ing from positive outcomes, compared to negative outcomes,
while dopaminergic medication reversed this effect: patients
t
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asks, with l-dopa alleviating deficits in dopamine-depleted
ircuits, but causing impairments in non-depleted circuits
Cools et al., 2001a). In support of this hypothesis, they
ound that l-dopa impaired probabilistic reversal learning
ut enhanced task-switching performance. It is interesting to
ote that in the Cools et al. study, the two tasks differ not
nly in the neural circuitry they are presumed to rely on, but
lso in the kinds of learning processes they involve. In partic-
lar, while the probabilistic reversal (impaired with l-dopa)
nvolves feedback-based learning that relies on temporally
pecific, stimulus-specific information, the task-switching
bility (remediated with l-dopa) does not. It is worth empha-
izing that these two hypotheses regarding the impact of
-dopa on cognitive function are not mutually exclusive and
ould both be factors in understanding how and where l-
opa improves or impairs cognitive function in Parkinson’s
isease. In fact, given that l-dopa is provided systemically,
ne would expect effects on cognition to be mediated at the
ynaptic level within the midbrain, as well as more globally in
idespread neural circuitry linking the striatum with frontal

ortex.
Examining the effects of l-dopa at both these levels will

e critical for fully understanding why l-dopa sometimes
mpairs and sometimes facilitates performance. Several stud-
es have reported positive effects of l-dopa on cognitive
erformance on varying tasks (e.g. Cools et al., 2001a, 2001b;
rank et al., 2004; Shohamy, Myers, Grossman, Sage,
Gluck, 2005). We have previously reported positive effects

f l-dopa on a sequence learning task, where participants
ere required to learn to predict chains of events leading to
ested ‘on’ medication were particularly impaired at learn-
ng based on negative outcomes compared to positive out-
omes. These findings are conceptually similar to those in
he present study, demonstrating that Parkinson’s disease and
opaminergic medication interfere with patients’ ability to
rocess feedback. Future studies are necessary to address
he degree to which differential positive versus negative
ased learning may contribute to the effects of medication
n the kind of incremental learning paradigms described
ere.

. Conclusions

The present results suggest that dopaminergic treatment
n Parkinson’s disease is associated with impairments to
earning and memory function. The detrimental effect of
opaminergic medication can be understood in the context
f the role of midbrain dopamine systems in reward-related,
rror-correcting incremental learning processes. As such, the
resent findings suggest a means by which to understand
he varied pattern of facilitated versus impaired learning pro-
esses in Parkinson’s patients following l-dopa treatment. In
ddition, the present results shed light on the differential con-
ributions of different brain systems to learning and memory
unction, with a dopaminergic modulated cortico–striatal sys-
em contributing to incremental, error-correcting feedback-
ased learning, and a medial temporal lobe system supporting
ormation of episodic, flexible, stimulus–stimulus represen-
ations.



D. Shohamy et al. / Neuropsychologia 44 (2006) 774–784 783

Acknowledgments

For his guidance and assistance with patient recruitment,
the authors wish to thank Dr. Lucien Cote of the Columbia
Presbyterian Medical Center.

References

Aron, A. R., Shohamy, D., Clark, J., Myers, C., Gluck, M. A., & Poldrack,
R. A. (2004). Human midbrain sensitivity to cognitive feedback and
uncertainty during classification learning. Journal of Neurophysiology,
92, 1144–1152.

Beck, A. T., Steer, R. A., & Brown, G. K. (1996). Manual for the beck
depression inventory. San Antonio: Psychological Corp.

Canavan, A. G., Passingham, R. E., Marsden, C. D., Quinn, N., Wyke,
M., & Polkey, C. E. (1989). The performance on learning tasks of
patients in the early stages of Parkinson’s disease. Neuropsychologia,
27, 141–156.

Cools, R., Barker, R. A., Sahakian, B. J., & Robbins, T. W. (2001a).
Enhanced or impaired cognitive function in Parkinson’s disease as
a function of dopaminergic medication and task demands. Cerebral
Cortex, 11, 1136–1143.

Cools, R., Barker, R. A., Sahakian, B. J., & Robbins, T. W. (2001b).
Mechanisms of cognitive set flexibility in Parkinson’s disease. Brain,
124, 2503–2512.

Delgado, M. R., Miller, M. M., Inati, S., & Phelps, E. A. (2005). An
fMRI study of reward-related probability learning. Neuroimage, 24,
862–873.

Delgado, M. R., Nystrom, L. E., Fissell, C., Noll, D. C., & Fiez, J. A.

D

E

E

F

F

F

F

G

G

G

H

Hoehn, M. M., & Yahr, M. D. (1967). Parkinsonism: Onset, progression
and mortality. Neurology, 17, 427–442.

Horvitz, J. C. (2000). Mesolimbocortical and nigrostriatal dopamine
responses to salient non-reward events. Neuroscience, 96, 651–656.

King-Casas, B., Tomlin, D., Anen, C., Camerer, C. F., Quartz, S. R., &
Montague, P. R. (2005). Getting to know you: Reputation and trust
in a two-person economic exchange. Science, 308, 78–83.

Knowlton, B. J., Mangels, J. A., & Squire, L. R. (1996). A neostriatal
habit learning system in humans. Science, 273, 1399–1402.

Knutson, B., Fong, G. W., Adams, C. M., Varner, J. L., & Hommer, D.
(2001). Dissociation of reward anticipation and outcome with event-
related fMRI. Neuroreport, 12, 3683–3687.

Lange, K. W., Robbins, T. W., Marsden, C. D., James, M., Owen, A.
M., & Paul, G. M. (1992). l-dopa withdrawal in Parkinson’s dis-
ease selectively impairs cognitive performance in tests sensitive to
frontal lobe dysfunction. Psychopharmacology (Berlin), 107, 394–
404.

Mattay, V. S., Tessitore, A., Callicott, J. H., Bertolino, A., Goldberg, T.
E., Chase, T. N., et al. (2002). Dopaminergic modulation of cortical
function in patients with Parkinson’s disease. Annals of Neurology,
51, 156–164.

Miller, D. W., & Abercrombie, E. D. (1999). Role of high-affinity
dopamine uptake and impulse activity in the appearance of extracellu-
lar dopamine in striatum after administration of exogenous l-DOPA:
Studies in intact and 6-hydroxydopamine-treated rats. Journal of Neu-
rochemistry, 72, 1516–1522.

Myers, C. E., Kluger, A., Golomb, J., Ferris, S., de Leon, M. J., Schnir-
man, G., et al. (2002). Hippocampal atrophy disrupts transfer gener-
alization in nondemented elderly. Journal of Geriatric Psychiatry and
Neurology, 15, 82–90.

Myers, C. E., Shohamy, D., Gluck, M. A., Grossman, S., Kluger, A., Fer-

O

O

P

P

R

S

S

S

S

S

S

(2000). Tracking the hemodynamic responses to reward and punish-
ment in the striatum. Journal of Neurophysiology, 84, 3072–3077.

elgado, M. R., Stenger, V. A., & Fiez, J. A. (2004). Motivation-
dependent responses in the human caudate nucleus. Cerebral Cortex,
14, 1022–1030.

ichenbaum, H. (2002). The cognitive neuroscience of memory. New
York: Oxford University Press.

ichenbaum, H., Mathews, P., & Cohen, N. J. (1989). Further studies
of hippocampal representation during odor discrimination learning.
Behavioral Neuroscience, 103, 1207–1216.

olstein, M. F., Folstein, S. E., & McHugh, P. R. (1975). “Mini-mental
state”. A practical method for grading the cognitive state of patients
for the clinician. Journal of Psychiatric Research, 12, 189–198.

ournet, N., Moreaud, O., Roulin, J. L., Naegele, B., & Pellat, J.
(2000). Working memory functioning in medicated Parkinson’s dis-
ease patients and the effect of withdrawal of dopaminergic medication.
Neuropsychology, 14, 247–253.

rank, M. J. (2005). Dynamic dopamine modulation in the basal gan-
glia: A neurocomputational account of cognitive deficits in medicated
and non-medicated Parkinsonism. Journal of Cognitive Neuroscience,
17(1), 51–72.

rank, M. J., Seeberger, L. C., & O’Reilly, R. C. (2004). By carrot or
by stick: Cognitive reinforcement learning in parkinsonism. Science,
306, 1940–1943.

abrieli, J. D. (1998). Cognitive neuroscience of human memory. Annual
Review of Psychology, 49, 87–115.

luck, M. A., & Myers, C. E. (1993). Hippocampal mediation of stimulus
representation: A computational theory. Hippocampus, 3, 491–516.

otham, A. M., Brown, R. G., & Marsden, C. D. (1988). ’Frontal’ cog-
nitive function in patients with Parkinson’s disease ‘on’ and ‘off’
levodopa. Brain, 111(Pt 2), 299–321.

aruno, M., Kuroda, T., Doya, K., Toyama, K., Kimura, M., Same-
jima, K., et al. (2004). A neural correlate of reward-based behavioral
learning in caudate nucleus: A functional magnetic resonance imag-
ing study of a stochastic decision task. Journal of Neuroscience, 24,
1660–1665.
ris, S., et al. (2003). Dissociating hippocampal versus basal ganglia
contributions to learning and transfer. Journal of Cognitive Neuro-
science, 15, 185–193.

wen, A. M., James, M., Leigh, P. N., Summers, B. A., Marsden,
C. D., Quinn, N. P., et al. (1992). Fronto–striatal cognitive deficits
at different stages of Parkinson’s disease. Brain, 115(Pt 6), 1727–
1751.

wen, A. M., Roberts, A. C., Hodges, J. R., Summers, B. A., Polkey,
C. E., & Robbins, T. W. (1993). Contrasting mechanisms of impaired
attentional set-shifting in patients with frontal lobe damage or Parkin-
son’s disease. Brain, 116(Pt 5), 1159–1175.

oldrack, R. A., Clark, J., Pare-Blagoev, E. J., Shohamy, D., Creso Moy-
ano, J., Myers, C., et al. (2001). Interactive memory systems in the
human brain. Nature, 414, 546–550.

reston, A. R., Shrager, Y., Dudukovic, N. M., & Gabrieli, J. D. (2004).
Hippocampal contribution to the novel use of relational information
in declarative memory. Hippocampus, 14, 148–152.

obbins, T. W. (1996). Refining the taxonomy of memory. Science, 273,
1353–1354.

chacter, D. L. (1985). Priming of old and new knowledge in amnesic
patients and normal subjects. Annals of the New York Academy of
Sciences, 444, 41–53.

chultz, W. (2002). Getting formal with dopamine and reward. Neuron,
36, 241–263.

chultz, W., Dayan, P., & Montague, P. R. (1997). A neural substrate of
prediction and reward. Science, 275, 1593–1599.

chultz, W., & Dickinson, A. (2000). Neuronal coding of prediction
errors. Annual Review of Neuroscience, 23, 473–500.

hohamy, D., Myers, C. E., Grossman, S., Sage, J., Gluck, M. A., & Pol-
drack, R. A. (2004). Cortico–striatal contributions to feedback-based
learning: Converging data from neuroimaging and neuropsychology.
Brain, 127, 851–859.

hohamy, D., Myers, C. E., Onlaor, S., & Gluck, M. A. (2004).
Role of the basal ganglia in category learning: How do patients
with Parkinson’s disease learn? Behavioral Neuroscience, 118, 676–
686.



784 D. Shohamy et al. / Neuropsychologia 44 (2006) 774–784

Shohamy, D., Myers, C. E., Grossman, S., Sage, J., & Gluck, M. A.
(2005). The role of dopamine in cognitive sequence learning: Evidence
from Parkinson’s disease. Behavioural Brain Research, 156, 191–199.

Squire, L. R., & Zola, S. M. (1996). Structure and function of
declarative and nondeclarative memory systems. Proceedings of the
National Academy of Sciences of the United States of America, 93,
13515–13522.

Swainson, R., Rogers, R. D., Sahakian, B. J., Summers, B. A., Polkey,
C. E., & Robbins, T. W. (2000). Probabilistic learning and reversal
deficits in patients with Parkinson’s disease or frontal or temporal
lobe lesions: Possible adverse effects of dopaminergic medication.
Neuropsychologia, 38, 596–612.

Tanaka, H., Kannari, K., Maeda, T., Tomiyama, M., Suda, T., & Mat-
sunaga, M. (1999). Role of serotonergic neurons in l-dopa-derived
extracellular dopamine in the striatum of 6-OHDA-lesioned rats. Neu-
roreport, 10, 631–634.

Vriezen, E. R., & Moscovitch, M. (1990). Memory for temporal order and
conditional associative-learning in patients with Parkinson’s disease.
Neuropsychologia, 28, 1283–1293.

Yamato, H., Kannari, K., Shen, H., Suda, T., & Matsunaga,
M. (2001). Fluoxetine reduces l-DOPA-derived extracellular DA
in the 6-OHDA-lesioned rat striatum. Neuroreport, 12, 1123–
1126.


	l-dopa impairs learning, but spares generalization, in Parkinsons disease
	Introduction
	Experiment 1
	Methods
	Participants
	Behavioral task
	General description
	Apparatus
	Stimuli
	Procedure
	Data collection



	Results
	Phase 1 (acquisition)
	Phase 2 (transfer)
	Experiment 1: discussion

	Experiment 2
	Methods
	Participants

	Behavioral task
	Apparatus and procedure
	Concurrent condition
	Shaping condition



	Results
	Phase 1 (acquisition)
	Phase 2 (transfer)
	Experiment 2: discussion

	General discussion
	Conclusions
	Acknowledgments
	References


