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Abstract

Electrophysiological and computational studies suggest that nigro-striatal dopamine may play an importantrole in learning about sequences
of environmentally important stimuli, particularly when this learning is based upon step-by-step associations between stimuli, such as in
second-order conditioning. If so, one would predict that disruption of the midbrain dopamine system — such as occurs in Parkinson’s disease
— may lead to deficits on tasks that rely upon such learning processes. This hypothesis was tested using a “chaining” task, in which each
additional link in a sequence of stimuli leading to reward is trained step-by-step, until a full sequence is learned. We further examined how
medication (L-dopa) affects this type of learning. As predicted, we found that Parkinson’s patients tested ‘off’ L-dopa performed as well as
controls during the first phase of this task, when required to learn a simple stimulus—response association, but were impaired at learning the
full sequence of stimuli. In contrast, we found that Parkinson’s patients tested ‘on’ L-dopa performed better than those tested ‘off’, and no
worse than controls, on all phases of the task. These findings suggest that the loss of dopamine that occurs in Parkinson’s disease can lead t
specific learning impairments that are predicted by electrophysiological and computational studies, and that enhancing dopamine levels with
L-dopa alleviates this deficit. This last result raises questions regarding the mechanisms by which midbrain dopamine modulates learning in
Parkinson’s disease, and how L-dopa affects these processes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The learning and memory deficits in PD are generally
characterized as deficits iprocedural or habit learning
In Parkinson’s disease (PD), patients suffer from a severe[6,39,24,13] For example, patients with PD are impaired on
loss of dopamine in the substantia nigra pars compacta (SNc) visuomotor sequence learnif@p,21], verbal serial reaction
leading to disrupted basal ganglia function and to a loss of [52], conditional association tasiist,54,27] and probabilis-
motor control[1]. Recent evidence suggests that PD is also tic classification learninf4] — all tasks which are thought
associated with learning and memory deficits, implicating the to rely upon procedural learning. However, a precise under-
basal ganglia and the midbrain dopamine system in specificstanding of the learning and memory deficits in PD remains
aspects of learning and memory functid®,33,24] elusive. In addition, there is currently no clear understanding
of how the procedural deficits in PD relate to the underlying
— _ . neuropathology of the disease.
* Corresponding author. Departmgnt of_ Psychology, Stanford University, Some insight into the neural bases of learning and mem-
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electrophysiological recording studies in animals suggestson cognitive function have led to inconsistent results, with
a role for these neurons in reward-related learning (for re- L-dopa sometimes helping, sometimes having no effect, and
view see[41,42)). These studies demonstrate that midbrain sometimes worsening cognitive functi¢iv,47,8] Follow-
dopamine neurons respond to reward-related stimuli in aing prior studies, we explored the effect of medication using
temporally-specific, stimulus-specific manner during learn- a between subject design, comparing patients tested ‘on’ or
ing. Specifically, SNc dopamine neurons respond with strong ‘off’ dopaminergic medication. Such an approach is partic-
phasic activity to unexpected rewards, and to cues that re-ularly critical in learning and memory studies, where there
liably predict reward25]. When an expected reward fails are significant test-retest effects when comparisons are made
to occur, a decrease in dopamine firing is obsefi&q. It within-subjects.
has been suggested that these characteristics of the midbrain The precise mechanism by which L-dopa elevates
dopamine response make it a good candidate for a learningdopamine levels is not known. One possibility is that L-dopa
algorithm that codes for reward predictip#8,50] leads to global increases in dopamine by inducing dopamine
Computational modeling has suggested that midbrain release from non-dopaminergic neurf2,48,55] If so, one
dopamine may code for a temporal-difference algorithm, might predict that L-dopa will not alleviate learning impair-
which is particularly important for phenomena such as ments on a “chaining” learning paradigm, since the impair-
second-order conditioning, or learning that is based on ments are presumed to be due to loss of temporally specific
‘chaining’ sequences of events leading to rewptd,46] dopamine release.
The key feature of these paradigms is that the organism is  Alternatively, other studies have suggested that L-dopa
able to learn to associate between stimuli and rewards that aranay enhance dopamine release from remaining neurons in
not contiguous with the stimuli. For example, as mentioned, SNc, for example by increasing spontaneous fifitf], or
SNc dopamine neurons show a phasic response when an unincreasing quantal release of dopamine from these neurons
expected reward is presented. When that reward is reliably[36]. If so, one might expect that L-dopa would remediate
predicted by a cue (such as a tone), the dopamine responseatients’ performance on a cognitive sequence learning task.
“shifts” to respond to the cue, and not to the reward. In addi-
tion, if now another cue is presented (e.g. a light) that reliably
predicts the tone, the animal will learn to respond to the light, 2. Methods
and the dopamine response will shift to occur in response to
presentation of the light. 2.1. Participants
These studies suggest that patients with PD should be im-
paired on tasks which involve this type of learning. Thisidea  Participants included 23 individuals with a diagnosis of
is generally consistent with findings of impaired motor se- idiopathic PD randomly assigned to the ‘on’£ 12) versus
quence learning in PD (e.f#,16,21). However, to date no  ‘off’ (n = 11) medication conditions, and 12 age-matched
study has directly examined performance of PD patients on healthy controls. Patients were recruited and diagnosed by
a cognitive task specifically designed to test this idea. a neurologist (J.S.) at the motor disorders clinic at Robert
The purpose of the present study was to test this predic-Wood Johnson University Hospital. All patients were in the
tion directly, using a ‘chaining’ task, in which subjects are mild to moderate stages of the disease, with scores on the
required to learn a sequence of events leading to reward. TheHoehn-Yahr scale of motor functida8] that ranged from
task is constructed such that learning the sequence is accomi to 3. All PD patients were non-demented, as indicated by
plished by chaining back associations. For example, if the scores greater than 24 on the Mini-Mental State EXBa.
full sequence to be learned isB C— B — A — reward, PD patients were also screened for clinical depression, as
then subjects are first trained to learn A -> reward; then, sub- indicated by scores below 15 on the Beck Depression In-
jects are trained that B> A which predicts reward, and so  ventory[3]. PD patients were also administered a short bat-
forth, until the full sequence leading to reward is learned in tery of neuropsychological tests. The North American Adult
this manner. Reading Test (NAART]5]) was used to index cognition;
Based on electrophysiological and computational studies, this test involves pronouncing a list of 61 orthographically-
we predicted that PD patients would show intact learning of irregular words, and the results provide a reliable estimate
a simple stimulus—response association{Areward). By of verbal IQ[5]. The controlled oral word association test
contrast, PD patients were expected to be impaired when(COWAT) was administered to index executive functioning.
required to learn longer chains. In this test, participants are given 1 min to generate as many
In addition, we sought to examine the effect of dopaminer- words as possible beginning with a particular letter; scores
gic medication on this type of learning by comparing patients are summed across trials with three letters (F, A, S). COWAT
tested ‘on’ or ‘off’ dopaminergic medication. Patients with performance has been shown to correlate with frontal func-
PD are most commonly treated with L-dopa, a dopamine pre- tion (e.g.[22]). The digit span subtest of the Wechsler Mem-
cursor which compensates for the loss of striatal dopamine ory Scale-Revised (WMS-B51]) was administered to index
that occurs in the diseafq and alleviates many of the motor  attention and working memory. In this test, participants are
symptoms. Prior studies examining the effect of medication required to repeat out loud a list of digits of increasing length,
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both forward and backward. There were no significant dif-
ferences between the ‘on’ and ‘off’ groups on any of these
measurest{tests, allP > 0.05).

All patients 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. Pa-
tients tested on medication were tested within 3h since
their last dose of medication. Patients tested off medi-
cation had refrained from taking medication for a min-
imum of 16h. PD patient information is presented in
Table 1

The control group averaged 66.3 years of age (S.D. =
5.3), and 17.1 years of education (S.D. = 2.0). These did
not differ significantly from the PD ‘on’ or PD ‘off’ groups
[ANOVA age x group,P > 0.1; educationx groupP >
0.1]. Controls were screened for the presence of any neu-
rological disorder or history of psychiatric illness including
depression. All participants were screened for color blind-
ness.

All participants signed statements of informed consent
before participating in behavioral testing. All studies con-
formed to research guidelines established by Rutgers Uni-
versity, Robert Wood Johnson University Hospital, and the
Federal Government.

2.2. Behavioral task

In this task, participants were required to learn the cor-
rect sequence of colored doors that lead through rooms,
with a treasure box hidden behind the last ddable 2de-
scribes the structure of the task. Example stimuli are shown in
Fig. 1

For each trial, the participanthad to choose the correct door
from among three colored doors. Initially, participants were
required to learn the correct colored door that leads directly
to the treasure box (room A). Once that was learned, the
participant was taken into room B and required to learn which
door leads to room A. Once inside room A, the participant
was prompted to choose the correct door that leads to reward.
The task thus chains backward learning from rooms A to D,
requiring the participant to learn an additional step in the
sequence for each phase. Reward was always presented only
after the last door (room A) was chosen correctly. When a
mistake was made, the participant was shown a brick wall,
and then shown the same three doors and prompted to choose
the correctdoor. Each doorwas uniquely colored, so thatthere
was no overlap in colors between the stimuli in the different
rooms (i.e. the same color never appeared in two rooms during
training).

Following acquisition of the sequence a probe phase was
presented. In the probe phase, the colors of the distracter
doors were switched such that for each room, in addition to
the correct door for that room, there also appeared a door
which was the correct door elsewhere in the sequence, and a
door that had never been correct. The purpose of this probe
phase was to verify that subjects had learned the series of

Clinical characteristics and demographic information for the Parkinson’s patients

Table 1

c
—®XX

UPDRS (at test) PD durat

UPDRS (on)

Hoehn—Yahr (at test)

Ed. MMSE NAART-VIQ Digit span COWAT Hoehn-Yahr (on)

Age

6.5(3.8)
8.45 (4.1)

26.4 (4.9)
40.6 (4.2)

26.4 (4.9)
27.6 (6.0)

MMSE: Mini Mental State Exam; NAART: North American Adult Reading Test; COWAT: Controlled Oral Word Association Test; UPDRS: Unified Parins@esRaiseg Scale; disease duration, age and

education (Ed.) in years. S.D. in parentheses.

2.2 (0.54)
2.59 (0.4)

2.2 (0.54)
2.1(0.6)

39.3 (11.4)
44.1 (11.0)

12.2 (2.6)
12.3(1.2)

115.2 (4.7)
117.8 (2.4)

17.1(2.0)  29.1(0.7)
29.4 (2.1)

17 (3.4)

65.5 (5.3)
61.8 (8.8)

PD ‘on’

PD ‘off’




DTD 5

4 D. Shohamy et al. / Behavioural Brain Research xxx (2004) XXXx—XXX
Table 2
A schematic description of all training phases
Phase Description Doors shown Correct response
Practice Cue-association 1BP; E; — $%$$
Chaining Chain step A MoA3 A1 — $$$
Chain step B BB,B3 B1 — A — $$$
Chain step C QCoC3 Ci— B1— A1 — $%%
Chain step D BRDoD3 D; — C; — B — A1 — $$%
Probe Example probe trial B1X1 D; - C; — B —> A1 — $$%
Retest Cue-association 1YoY3 Y1 — $$$

The phases were trained successively. For each phase, subjects reached criterion performance before moving to the next phase. During thseshaining ph
reward was always presented only after subjects completed the entire sequence successfully.

correct stimuli in a sequential manner (i.e. learned the correctlegiant Technologies, San Diego, CA). Testing took place in
door in its correct place in the sequence), rather than hav-a quiet room, with the participant seated in front of the com-
ing learned the correct stimuli in a non-sequential manner puter at a comfortable viewing distance. The mouse was used
(i.e. learned the correct stimuli but had no knowledge of throughout the entire experiment.

the chaining relationship between the stimuli). Learning the
task in a sequential manner would be expected to result in
few to no errors on the probe, since the sequence of cor-
rect stimuli had not changed. By contrast, if subjects had
learned the correct stimuli, but in a non-sequential man-
ner, they would be expected to make many errors, since in
the probe phase a subject had to choose between two stim
'tjrlzla\i:i]ﬁ; were both correct at some point in the course of On eachtrial, three different colored doors were presented.

Th be oh foll db traini h h For each step in the sequence, the same colored door was al-
€ probephase wastoliowed by aretraining phase, w ereways rewarded. Spatial location of the doors was arbitrary and
subjects were required to learn a new stimulus-rew#re-(

L . ._changed randomly between trials. Subjects chose the correct
reward) association with no sequence. The purpose of this

. ] . . door by clicking on it with the mouse, causing the door to
phase was to determine whether learning deficits during theO y ¢ g

sequence phase may be due to fatigue effects on learning
single associations.

2.4. Procedure

At the start of the experiment, subjects were told that they
would see rooms full of doors, that some of the doors would
lead to treasure, and that in each room they should click on
the door that they thought would lead to treasure.

For each of the training phases, subjects were required
to make five consecutive correct responses before the next
phase began. There was no limiton response time. If a subject
2.3. Apparatus went through more than 20 trials without learning the correct
response, training of the sequence was terminated, and the
Behavioral experiments were automated on a Macintosh subject was taken directly to the last ‘retraining’ phase of the
iBook computer programmed in the SuperCard language (Al- task.

(B)

B (s clicked on blue) A (s clicked on pink) REWARD

Fig. 1. (A) A schematic presentation of the sequence of doors (phases A-D) leading to the treasure (reward, room A). (B) Sample screen events from tw
successful trials (Greyscale in figure approximates actual color stimuli in the experiment).
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2.5. Practice phase 3. Results

Subjects were first taken through a practice phase, to fa-3.1. Phase A: single stimulus—response associations
miliarize them with the task demands and the mouse. Af-
ter reaching criterion of five consecutive correct responses, Allsubjectsinall groups reached criterion performance on
subjects were told that they had successfully finished prac-this phase of the task. Controls averaged 0.93 errors (S.E. =
tice, and that they would now see new doors and should click 0.23), PD ‘on’ patients averaged 1.53 errors (S.E. =0.63), and

on the door they thought would lead to treasure. PD ‘off’ patients averaged 1.54 errors (S.E. = 0.54). These
did not differ significantly T-test on number of errors, PD
2.6. Chaining ‘off’ versus controlst(21) = 1.23,P = 0.23); PD ‘on’ versus

controls t(22) = 1.14,P = 0.26].

Phase ASubjects were shown three doors and required to
click on the door they thought led to treasure. If the correct 3.2, Phase B-D: chaining
door was selected, the door opened to reveal the treasure.

Phase B—DAfter reaching criterion for phase A, subjects All control subjects and almost all PD patients in the ‘on’
were shown a new room, B, with three new colored doors. medication group were able to learn the full sequence of stim-
When the subject clicked on the correct door, the door openeduli. By contrast, PD patients ‘off’ medication were impaired
and the subject was taken into the previous room (room A) at learning the full sequence. Percent subjects who reached
and prompted to select the correct door to find the treasure.criterion for each group, for each phase of the sequence,
This procedure was replicated in each of the chaining phasesare presented iRig. 2. Analysis of number of subjects who
through phase D, with the correct response in each roomlearned the full sequence for each group revealed that there
leading to the next room, until room A, where the correct was a significantly higher failure rate among the PD ‘off’

door led to the treasure. group compared to the controls and to the PD ‘on’ group
[Chi-square with Yates correction for small cet&2) = 7.2,
2.7. Probe P < 0.05)]. Specific post hoc pairwise comparisons with al-

pha adjusted to 0.025 to protect significance levels indicated

After completing acquisition of the sequence, subjects be- that while the PD ‘off’ were significantly impaired compared
gan the probe phase without prior warning. The procedure to controls, (1) = 5.28,P < 0.025], the PD ‘on’ were not
for the probe phase was identical to that described for the[x2(1) = 1.1,P = 0.5].
chaining phase. The only difference was that in the probe  Analyses comparing those PD ‘off’ patients who failed at
phase the colors of the distracter doors for each step in theleast one phase (‘non-learners’) versus those that solved all
sequence changed (s&able 2: one distracter door was the  phases (‘learners’) indicated that these subgroups did not dif-
same color as the correct door in a different phase of the fer significantly in terms of age [learners 59.5 (S.D. = 6.1),
sequence, and the other door was a novel color which hadnon-learners 67.0 (S.D. = 11.5)], education [learners 17.0
not previously been shown. A total of six probe trials were (S.D.=2.2), non-learners 16.1 (S.D. =2.9)], digit span scores

presented. [learners 11.0 (S.D. = 1.4), non-learners 11.6 (S.D. = 0.6)],
NAART scores [learners 14.0 (S.D. = 1.4, non-learners11.0
2.8. Retraining (S.D.=5.8)], COWAT scores [learners 48.6 (S.D.=4.1), non-

learners 40.6 (S.D. = 15.0)], MMSE scores [learners 29.4

Prior to the retraining phase, subjects were told that they
would see a new room with new doors and they should try
to find the treasure. This phase was procedurally identical to
chaining phase A. 100+ #——#4 ¢ ¢

The entire procedure (including practice, training phases .
A-D, probes, and retraining), took approximately 15—-20 min
to complete.

©
o
i

80

& Controls
4 PD‘on’

On each trial, the computer recorded the selection of col- 60 ® PDoff
ored doors, their spatial ordering, the desired response, and
the participant’s response. An error was defined as any in- 50 . . . .
stance when the subject selected the incorrect door. Since
subjects were prompted to reselect the correct door after an
error, this meant that a subject could make multiple errors per gig. 2. percent subjects in each group who successfully reached criterion
trial. for each training phase (A-D).

2.9. Data collection 70

% subjects passing

Phase
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(S.D. =0.9), non-learners 29.3 (S.D. = 0.8)], or Hoehn and
Yahr stage [learners 2.0 (S.D. = 0.5), non-learners 2.3 (S.D.
= 0.4)] [independent-samplégests, allP > 0.10]. The dif- o
ference between the two groups in terms of disease duration
was not significant, but was near significan@)= 2.0,P =
0.07], with non-learners having had PD for more years [11.2
(S.D. =3.8)] than learners [6.8 (S.D. = 3.6)].

It is interesting to note that among the ‘non-learners’,

failure appeared to be due to difficulty with learning the " —_l_f—‘—\
0

Number of Errors

new stimulus added to that phase (83% of errors), while Controls PD‘on’  PD ‘off
very few errors were made on stimuli learned in previous
phases. Fig. 3. Mean number of errors for subjects in each group for the probe phase

Considering those subjects who successfully completed ©f the task.
the sequence (contral,= 12; PD ‘on’,n=11; PD ‘off’, n=
7), arepeated-measure ANOVA on number of errors by group
and phase indicated that there were no significant differences 7
betweenthe group&[2,27)=1.36P=0.274], no significant 6
change in number of errors by phds@, 54) = 1.083P =
0.346], and no interaction between phase and eR@r, [54)
=0.93,P = 0.45)].

Classifying errors by ‘old’ (previously learned stimuli)
versus ‘new’ (stimuli presented in the current phase) con- 2 - ]
firmed that for all three groups, the large majority of errors
were related to learning the new stimuli (PD off, 75% ‘new’;
PD on, 89% ‘new’; controls, 94% ‘new’). An ANOVA on 04 = e 1

. . Controls  PD ‘on PD ‘off
proportion of ‘new’ errors by group indicated that there was
no difference between the groups on this measki(, [32) Fig. 4. Mean number of errors for subjects in each group on the last ‘retrain-
=0.182,P= 0_4]_ ing’ phase of the task.

Number of Errors

3.3. Probe 4. Discussion

Successful probe performance was taken as evidence that

subjects had indeed learned the chain of stimuli and dISplayedmance of individuals with PD on a ‘chaining’ task, in which

sequential knowledge. By contrast, a large number of errorsa sequence of stimuli leading to a reward is trained back-

onthe probe phase indicated that subjects tended to respond to . . . ; !
i oo . wards, with a new stimulus added in each phase. This learning
the correct stimulus, butinits incorrect place in the sequence,

suggesting that they may have learned the series of stimuli inparad|gm |slanalpgo'us to thg kinds of paradigms that involve
. dopamine signaling in the midbraj42,46]
a non-sequential manner.

o . As expected, we found that patients with PD tested ‘off’
Defining successful probe performance as 1 error or less in : . . .
! -dopawere impaired atlearning the full sequence of stimuli.
the probe phase, 83.3% of control subjects showed successfu ! . . .
X . e n particular, a large proportion of PD patients failed to learn
probe performance. Among the subjects inthe PD ‘off’ group sequences longer than 2-3 links. This deficit appeared to be
that were able to learn the full sequence, 86% of subjects q 9 ' P

L selective to the ‘chaining’ aspect of the task, since the same
completed the probe phase successfully. Similarly, among ™~ : - . . .
o, . patients had no difficulty learning a simple stimulus—response
the PD ‘on’ group, 90% of subjects successfully completed o . - . )
: ssociation, either as the first link in the chain, or later in
the probe phase. Number of errors on the probe phase did no

. o - raining after having failed to learn the sequence. Further,
differ significantly between the groups [ANOVA(2, 32) = . - . .
0.182,P = 0.8]. Number of errors for the probe phase are this deficit was found only in the group of PD patients tested

—_— off medication, while among those tested on dopaminergic
shown inFig. 3. . . -
medication there was no evidence for such a deficit. Inter-
estingly, those PD patients (either ‘on’ or ‘off’ L-dopa) that
3.4. Retraining were able to learn the full sequence did so with few errors,
and in fact with no more errors than control subjects. Taken
All subjects in all groups reached criterion performance together, these findings suggest that PD leads to impairments
on this phaseFig. 4 shows number of retraining errors for inlearning a‘chaining’ task, that this impairmentis not found
all groups. These did not differ significantly [ANOVA group in patients tested on L-dopa, and that overall, this impairment
x errorsF(2, 32) = 0.183P = 0.83]. is bi-modal, with subjects either entirely failing to learn the

The purpose of the present study was to examine perfor-
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full length of the sequence, or learning it as well as control sequence in an associative manner by chaining between the
subjects. stimuli one by one, but instead that subjects learned the task

One difference between learners and non-learners in theby maintaining the correct sequence for each phase in work-
present data may be the extent of dopamine cell loss. In sup-ing memory. If so, PD subjects may have failed to learn the
port of this idea, the non-learners in our study showed a trendfull length of the task because the memory load increased as
towards having had PD for more years than the learners. In ad-the length of the sequence grew and because working mem-
dition, there is individual variability in the extent and topog- ory abilities are compromised in PD (e[49]).
raphy of cell loss in PD, even when motor scores are similar  However, the current data are generally not consistent with
[11]. In general, early in PD dopamine loss is most promi- a working memory impairment, for several reasons. First, if
nent in the SNc neurons projecting to the dorsal striatum. subjects were indeed learning this task by memorizing or
However, as the disease progresses, dopamine loss extendgeping in mind increasingly long sequences, one might pre-
more ventrally in the striatum, as well as to the mesolimbo- dict that the number of trials to criterion would increase for
cortical dopamine systef23,1]. It is interesting to note that  each additional phase of the sequence. However, if subjects
dopamine cellsin all of these areas — in the SNc, as well as inlearn this task by forming incremental stimulus—response as-
the ventral tegmental area (VTA) — display similar reward- sociations in each phase, one might expect that each phase
related responses during learnif®]. Therefore, it seems  should be learned in approximately the same number of tri-
plausible that early in PD the mesocorticolimbic dopamine als; this was is in fact what we found with control subjects
system is able to maintain learning despite severe cell loss inin the present study (sé€g. 3). Thus, the fact that control
SNc, but that with progression of the disease and extendedsubjects did not show any effect of length of sequence ar-
VTA dopamine cell loss, that ability is further compromised, gues against this interpretation. Moreover, working memory
resulting in failure to learn the sequence. This possibility is deficits in PD are generally found in more progressed pa-
particularly compelling given that the ventral striatum is im-  tients, and then primarily in spatial working memory, rather
plicated more directly in cognitive functid8], and therefore  than visual working memory which would be necessary for
may play a more critical role in learning to predict cognitive this task[31,32] In addition, we did not find any evidence
rewards. Given that we have no direct measure of the extentof a relationship between measures of frontal function (such
of cell loss in individual subjects, this possibility remains as scores on the COWAT, or digit span) and performance on
speculative. Future studies directly examining the effect of this task.
disease progression on learning, as well as animal models The finding that PD patients are impaired at learning se-
which can directly manipulate the extent and topography of quences of stimuli is consistent with a large literature of PD
cell loss, would be useful in testing this idea further. deficits on motor sequence learning tasks (E4,28])) and

An alternative view of the bi-modal findings may be re- motor serial reaction time tasks (e[45,17,10). Other stud-
lated to individual differences in learning strategies. Tasks ies indicate that PD patients may also be impaired on se-
like the one presented here can most likely be learned byquence learning tasks that do not rely heavily on a motor
multiple learning strategies (e.[g0]), some of which may  response. For example, PD patients were impaired on a ver-
be more or less sensitive to basal ganglia disruption. For ex-bal version of the serial reaction time t¢s2]. However, the
ample, instead of learning to chain the stimuli (i.e. learning PD-related impairment on non-motor sequence learning tasks
associations between the stimuli themselves), subjects couldappears to depend on the particular task demands, since other
learn the task by associating each stimulus with reward, sep-studies have found that PD patients show intact performance
arately (i.e. learn the correct stimuli, regardless of their place on a number of sequence learning tg8k%7,53] As with the
in the sequence). In the probe phase of the task, we sought tgresent study, this ambiguity may be related to the wealth of
distinguish between these possibilities by challenging sub- strategies with which human subjects can approach a learn-
jects with trials in which several of the correct stimuli were ing task. Here, we attempted to gauge the strategies subjects
presented in the wrong place in the sequence, arguing that aised with probe trials that were administered post-learning
subject who had learned the task in a non-sequential manneiand that were designed to gain insight into how subjects had
would make many errors, while a subject who had learned learned the task. An entirely different approach may be to
the sequence by ‘chaining’ between the stimuli would show design tasks that constrain as much as possible the strategies
near perfect performance. We found that 1-2 subjects in eachwith which subjects can learn. Either way, it seems important
group did in fact appear to learn the task in a non-sequentialto take into consideration the flexibility of learning strategies
manner, but this did not differ between the groups. Therefore, with cognitive learning tasks.
it does not appear to be the case that those PD subjects that Previous studies of the effect of dopaminergic medi-
were able to learn the sequence did so in a non-sequentiatation on learning in PD have been few and have led
manner. to relatively inconsistent results, with medication some-

This study aimed to test PD performance on a task which times helping, sometimes having no effect, and some-
relies on chaining back sequences of events leading to rewardtimes impairing learning—depending on the particular
in an associative manner. However, an alternative interpreta-task demands and the stage of HB1,47,8] Here,
tion of the present task may be that subjects did not learn thewe found that L-dopa medication was associated with
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substantially better performance on a cognitive sequenceare tested ‘on’ L-dopa. There are individuals with PD who
learning task. are able to successfully learn a chain of associations leading
The precise mechanisms of L-dopa action are not fully to reward (either ‘on’ or ‘off’ L-dopa) as well as controls,
understood. Evidence from several studies suggests that L-suggesting individual variability in learning strategies and/or
dopa enhances dopamine levels in the striatum by stimulat-the extent and topography of dopaminergic cell loss. PD pa-
ing dopamine release from non-dopaminergic neurons, mosttients that failed to learn the sequence had a tendency towards
likely via serotonergic-dependent mechanisf6,48,55] longer disease duration, suggesting that extensive dopamine
This possibility seems logical, particularly given the severe loss may contribute to this deficit, while the overall better
loss of SNc dopamine cells in late stages of the disease. How-performance of PD patients tested on L-dopa suggests the
ever, other studies have indicated that L-dopa may also mod-replenishment of dopamine with medication alleviates it.
ulate dopamine release from remaining dopamine neurons.
For example, L-dopa enhances spontaneous spike firing in
remaining dopamine neurons in a rat model of RB). L-
dopa also leads to increased quantal size of dopamine releas
from midbrain dopamine neurof36]. These studies suggest
a putative mechanism by which L-dopa may contribute to en-
hanced stimulus-specific signaling, at least in early stage PD.
Of particular importance given the present results, these find-
ings suggest that the effect of L-dopa may interact critically
with disease progression.
L-dopa has previously been shown to facilitate perfor- References

mance on a variety of tasks which involve attentional shifts,
including task switching and alternating flueriyL4]. These (1] Agid Y, Ruberg M, Javoy-Agid F, Hirsch E, Raisman-VozariR, Vyas S,

L. . . et al. Are dopaminergic neurons selectively vulnerable to Parkinson’s
cogn!tlve processes are generally associated with frontal ;.. occo Aqy Neurol 1093:60:148_64.
function, and can be viewed as modulatory processes, rather 2] alexander GE, DeLong MR, Strick PL. Parallel organization of func-
than stimulus-specific reward-based learning. One specula- tionally segregated circuits linking basal ganglia and cortex. Ann Rev
tion, therefore, may be that L-dopa leads to enhanced per-  Neurosci 1986;9:357-81.
formance on the present task by facilitating alternate, more [3] Beck AT, Steer RA, Brown GK. Manual for the Beck Depression In-
‘frontal’ strategies during learning. In other words, if we as- ventory. San Antonio TX: Psychological Corp.; 1996. :

. : o [4] Benecke R, Rothwell JC, Dick JP, Day BL, Marsden CD. Disturbance
sume that the loss of dopamine in PD does in fact lead to of sequential movements in patients with Parkinson’s disease. Brain
difficulty with ‘chaining’, then perhaps patients tested off L- 110:361-79.
dopa were more compromised in their ability to turn to other [5] Blair J, Spreen O. Predicting premorbid 1Q: a revision of the National
cognitive resources and learning strategies. Adult Reading Test. Clin Neuropsychol 1987,3:129-36.

Finally, an important issue is the extent to which a cogni- [6] fBrown RG,_ Marsden CD. Cognitive functhn in P_arklnsons disease:
. - 4 rom description to theory. Trends Neurosci 1990:21-9.
tive reinforcer can be expected to drive reward-related sys- [7] canavan A, Passingham RE, Marsden CD, Quinn N, Wyke M, Polkey
tems in the human brain. Clearly, one could argue that find- CE. The performance on learning tasks of patients in the early stages
ing a treasure in a computer game is not equivalent to a  of Parkinson’s disease. Neuropsychologia 1989;27:141-56.
food-deprived animal receiving juice. However, there is in- (8] C00ls R, Barker RA, Sahakian BJ, Robbins TW. Enhanced or impaired

. . . . . L cognitive function in Parkinson’s disease as a function of dopaminergic

creasing ev!dence from functlor_pl Imaging StUdle_S n humfans medication and task demands. Cerebral Cortex 2001;11:1136—43.
demonstrating that such cognitive rewards do in fact drive [9] pelgado MR, Nystrom LE, Fissell K, Noll DC, Fiez JA. Tracking the
reward-related responses in humans. This has been shown hemodynamic responses for reward and punishment in the striatum. J
with monetary and food rewards, as well as with more abstract ~ Neurophysiol 2000;84:3072—7.
positive feedbaclﬁ9,29,34] In addition, several researchers [10] Doyon J, Gaudreau D, Laforce RJ, Castonguay M, Bedard PJ, Bedard F,

have arqued that the role of SNc dopamine is not selective to et al. Role of the striatum, cerebellum, and frontal lobes in the learning
9 p of a visuomotor sequence. Brain Cognition 1997;34:218-45.

reward-related learnin@8]; rather, midbrain dopamine may  [11] Fearnley JM, Lees AJ. Ageing and Parkinson's disease: substantia nigra
play an important role in learning by responding to novel be- regional selectivity. Brain 1991;114:2283-301.

haviorally significant stimulf20]. If so, the rewarding prop- [12] Folstein M, Folstein S, McHugh P. Mini-mental state: a practical
erties of cognitive stimuli may be of less importance than the method for grading the cognitive state of patients for the clinician.

It d behavi I rel f the sti l J Psychiatric Res 1975;12(3):189-98.
novelty and behavioral relevance ot the stimul. [13] Gabrieli JD. Cognitive neuroscience of human memory. Ann Rev Psy-

chol 1998;49:87-115.
[14] Gotham AM, Brown RG, Marsden CD. ‘Frontal’ cognitive function
5. Conclusion in patients with Parkinson’s disease ‘on’ and ‘off’ levodopa. Brain
1988;111:299-321.

| USi ild t d te st PD patients sh [15] Harden DG, Grace AA. Activation of dopamine cell firing by repeated
n conclusion, mild to moaerate stage patients show L-dopa administration to dopamine depleted rats: its potential role in

impairments in learning a chain of associations leading to mediating the therapeutic response to L-dopa treatment. J Neurosci
a reward. This impairment is not found in PD patients who 1995;15:6157-66.

écknowledgements

The authors would like to thank Nathaniel Daw and Linda
Wilbrecht for their helpful comments on an earlier draft of
this manuscript.



DTD 5

D. Shohamy et al. / Behavioural Brain Research xxx (2004) XXX—XXX 9

[16] Harrington DL, Haaland KY. Sequencing in Parkinson’s disease. [35] Pascual Leone A, Grafman J, Clark K, Stewart M, Massaquoi S, Lou J,
Abnormalities in programming and controlling movement. Brain et al. Procedural learning in Parkinson’s disease and cerebellar degen-
1991;114:99-115. eration. Annal Neurol 1993;34:594—-602.

[17] Hellmuth LL, Mayr U, Daum I. Sequence learning in Parkinson’s [36] Pothos EN, Davilla V, Sulzer D. Presynaptic recording of quanta from
disease: a comparison of spatial-attention and number-response se- midbrain dopamine neurons and modulation of the quantal size. J Neu-

quences. Neuropsychologia 2000;38:1443-51. rosci 1998;18:4106-18.
[18] Hoehn MM, Yahr MD. Parkinsonism: onset progression and mortality. [38] Redgrave P, Prescott TJ, Gurney K. Is the short latency dopamine

Neurology 1967;17:427-42. burst too short to signal reinforcement error? Trends Neurosci
[19] Hollerman JR, Schultz W. Dopamine neurons report an error in the tem- 1999;22:146-51.

poral prediction of reward during learning. Nat Neurosci 1998;1:304-9. [39] Robbins TW. The taxonomy of memory. Science 1996;273:1353—
[20] Horvitz JC. Mesolimbocortical and nigrostriatal dopamine responses 4.

to salient non-reward events. Neuroscience 2000;96:651—6. [40] Saint-Cyr JA, Taylor AE, Lang AE. Procedural learning and neostriatal

[21] Jackson JM, Jackson SR, Harrison J, Henderson L, Kennard C. Serial dysfunction in man. Brain 1988;111:941-59.
reaction time learning and Parkinson’s disease: evidence for a proce-[41] Schultz W. Predictive reward signal of dopamine neurons. J Neuro-

dural learning deficit. Neuropsychologia 1995;33:577-93. physiol 1998;80:1-27.

[22] Janowsky J, Shimamura A, Kritchevsky M, Squire L. Cognitive im-  [42] Schultz W. Getting formal with dopamine and reward. Neuron
pairment following frontal lobe damage and its relevance to human 2002;36:241-63.
amnesia. Behavior Neurosci 1989;103:548-60. [43] Schultz W, Dayan P, Montague PR. A neural substrate of prediction

[23] Kish S, Shannak K, Hornykiewicz O. Uneven patterns of dopamine and reward. Science 1997;275:1593-9.
loss in the striatum of patients with idopathic Parkinson’s disease. N [45] Stefanova ED, Kostic VS, Ziropadja L, Markovic M, Ocic GG.
Eng J Med 1998;318:876—80. Visuomotor skill learning on serial reaction time task in patients

[24] Knowlton BJ, Mangels JA, Squire LR. A neostriatal habit learning with early Parkinson’s disease. Movement Disorders 2000;15:1095—
system in humans. Science 1996;273:1399-402. 103.

[25] Ljungberg T, Apicella P, Schultz W. Responses of monkey dopamine [46] Suri RE, Schultz W. Learning of sequential movements by a neural
neurons during learning of behavioral reactions. J Neurophysiol network model with dopamine-like reinforcement signal. Exp Brain
1992;67:145-63. Res 1998;121:350-4.

[26] Miller DW, Abercrombie ED. Role of high-affinity dopamine uptake  [47] Swainson R, Rogers RD, Sahakian BJ, Summers BA, Polkey CE,
activity in the appearance of extracellular dopamine in striatum af- Robbins TW. Probabilistic learning and reversal deficits in patients
ter administration of exogenous L-DOPA: studies in intact and 6- with Parkinson’s disease or frontal or temporal lobe lesions: possi-
hydroxydopamine-treated rats. J Neurochem 1999;72:1516-22. ble adverse effects of dopaminergic medication. Neuropsychologia

[27] Myers CE, Shohamy D, Gluck M, Grossman S, Kluger A, Ferris S, et 2000;38:596-612.
al. Dissociating hippocampal vs. basal ganglia contributions to learning [48] Tanaka H, Kannari K, Maeda T, Tomiyama M, Suda T, Matsunaga
and transfer. J Cognitive Neurosci 2003;15(2):185-93. M. Role of serotonergic neurons in L-DOPA-derived extracellular

[28] Nakamura T, Ghilardi MF, Mentis M, Dhawan V, Fukuda M, Hacking dopamine in the striatum of 6-OHDA-lesioned rats. Neuroreport
A, etal. Functional networks in motor sequence learning: abnormal to- 1999;10:631-4.

pographies in Parkinson’s disease. Human Brain Mapp 2001;12:42-60. [49] Taylor AE, Saint-Cyr JA. The neuropsychology of Parkinson’s disease.
[29] O’Doherty JP, DeichmannR, Crtichley HD, Dolan RJ. Neural responses Brain Cognition 1995;23:281-96.
during antiicpation of a primary taste reward. Neuron 2002;33:815-26. [50] Waelti P, Dickinson A, Schultz W. Dopamine responses comply with

[30] Orlov T, Yakovlev V, Hochstein S, Zohary E. Macaque monkeys cate- basic assumptions of formal learning theory. Nature 2001;412:43-8.
gorize images by their ordinal number. Nature 2000;404:77-80. [51] Wechsler D. Wechsler Memory Scale-Revised. San Antonio, TX: The
[31] Owen AM, Beksinka M, James M, Leigh PN, Summers BA, Marsden Psychological Corporation; 1987.
CD, etal. Visuospatial memory deficits at different stages of Parkinson’s [52] Westwater H, McDowall J, Siegert R, Mossman S, Abernathy D. Im-
disease. Neuropsychologia 1993;31:627—44. plicitlearning in Parkinson’s disease: evidence from a verbal version of
[32] Owen AM, lddon JL, Hodges JR, Summers BA, Robbins TW. Spa- the serial reaction time task. J Clin Exp Neuropsychol 1998;20:413-8.
tial and non-spatial working memory at different stages of Parkinson’s [53] Witt K, Nuhsman A, Deuschal G. Intact artificial grammar learning in
disease. Neuropsychologia 1997;35:519-32. patients with cerebellar degeneration and advanced Parkinson’s disease.
[33] Owen AM, Roberts AC, Hodges JR, Summers BA, Polkey CE, Rob- Neuropsychologia 2002;40:1534-40.
bins TW. Contrasting mechanisms of impaired attentional set-shifting [54] Vriezen ER, Moskovitch M. Memory for temporal order and condi-
in patients with frontal lobe damage or Parkinson’s disease. Brain tional associative-learning in patients with Parkinson’s disease. Neu-
1993;116:1159-75. ropsychologia 1990;28:1283-93.
[34] Pagnoni G, Zink CF, Montague PR, Berns GS. Activity in human [55] Yamato H, Kannari K, Shen H, Suda T, Matsunaga M. Fluoxetine re-
ventral striatum locked to errors of reward prediction. Nat Neurosci duces L-DOPA-derived extracellular DA in the 6-OHDA-lesioned rat

2002;5:97-8. striatum. Neuroreport 2001;12:1123-6.



	The role of dopamine in cognitive sequence learning: evidence from Parkinson's disease
	Introduction
	Methods
	Participants
	Behavioral task
	Apparatus
	Procedure
	Practice phase
	Chaining
	Probe
	Retraining
	Data collection

	Results
	Phase A: single stimulus-response associations
	Phase B-D: chaining
	Probe
	Retraining

	Discussion
	Conclusion
	Acknowledgements


