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Dopamine (DA) is a powerful neuromodulator for a wide variety of behaviors. Considerable evidence accumulated from rodent and
monkey experiments over the last two decades suggests that DA activity in the frontal cortex is reciprocally linked to that in functionally
related basal ganglia (BG) structures. However, the functional importance of this in humans is still unknown. To address this issue, we
measured endogenous DA release using positron emission tomography in 15 healthy subjects as they practiced the first training session
of a finger sequence learning task. Significant results were observed not only in striatal areas but also in extrastriatal “motor” regions,
bilaterally. Faster learning was specifically coupled to lower DA release in the sensorimotor part of the globus pallidus pars interna (GPi)
contralateral to the moving hand, which was paralleled by a higher increase in DA levels in the pre-supplementary motor area (pre-SMA).
This finding provides original evidence supporting a motor-learning-related interaction between DA release in left GPi and pre-SMA, a
mechanism that may also apply to other anatomically and functionally interconnected BG and frontal cortical areas as a function of
behavior.
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Introduction
Dopamine (DA), one of the major slow-acting brain neurotrans-
mitters in the mammalian brain, is a powerful modulator for
many behaviors. Dysfunctions of DA systems underlie aspects of
various neuropsychiatric and movement disorders such as
schizophrenia and Parkinson’s disease. A better knowledge of the
mechanisms by which behavior is modulated by DA in humans is
a prerequisite for improving treatment outcomes of these
disorders.

In primates, mesencephalic DA neurons project to both the
basal ganglia (BG) (Jan et al., 2000; Joel and Weiner, 2000) and
frontal cortex (Williams and Goldman-Rakic, 1998). Consid-
erable evidence accumulated from pharmacological and be-
havioral experiments over the last two decades suggests that
DA release in the former is reciprocally linked to that in the

latter (Pycock et al., 1980; Duvauchelle et al., 1992; Roberts et
al., 1994; Kolachana et al., 1995; Iwano et al., 1997; Wilkinson
et al., 1998). In humans, a regionally specific, long-lasting
increase in BG DA release was reported after nonphysiologic
frontal cortex magnetic stimulation (Strafella et al., 2001,
2003), although a concomitant change in DA levels in the
stimulated area was not assessed.

One critical aspect of behavior that is modulated by DA is
motor learning (Matsumoto et al., 1999; Reynolds et al.,
2001). Therefore, we measured motor-learning-related
changes in extracellular DA levels simultaneously in BG and
caudal frontal cortical areas compared with a baseline task and
investigated whether DA release in interconnected BG and
cortical areas shows an opposite relationship with behavior.
The difference in DA levels between tasks was estimated by
measuring inverse variations in 11C-raclopride (RAC) binding
potential (BP) to D2/D3 dopaminergic receptors using
positron emission tomography (PET) (Koepp et al., 1998; La-
ruelle, 2000).

From a behavioral point of view, learning is difficult to assess
per se. A change in knowledge (i.e., behavioral performance) at
the end of training is usually taken as evidence for learning. In-
stead, we assessed motor skill learning by measuring the rate of
performance improvement in the course of training, a feature
that may be critically sensitive to DA (Reynolds et al., 2001).
More precisely, motor learning speed was estimated by the rate of
reaction time (RT) improvement during the serial reaction time
task (SRTT) (Fig. 1a) (Nissen and Bullemer, 1987). Unbe-
knownst to the participants, the sequence (SEQ) of successive
visual stimuli was governed by the probabilistic rules of an arti-
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ficial grammar (Fig. 1b) (Jiménez et al., 1996). By randomly em-
bedding stimuli that violated the grammatical rules [random
(RAND) stimuli] with SEQ stimuli, we simultaneously moni-
tored the rate of changes in RT for SEQ compared with RAND
stimuli across practice blocks. Any RT improvement for RAND
stimuli presumably involved nonspecific processes, including
visuomotor adaptation within the limit of preexisting motor gain
mechanisms, or general learning effects unrelated to the specifics
of the sequential material. Hence, motor sequence learning speed
was computed as the difference in the rate of RT improvement
between RAND and SEQ stimuli (Fig. 1c). This difference (la-
beled as DIFF_SLOPE) was used as the dependent variable in the
correlation analysis with PET data.

Materials and Methods
Study design
Participants were told that the main goal of the experiment was to study
the cerebral effects of sustained practice on a simple choice reaction time
task over 2 consecutive days. On the first day, cerebral RAC BP was
measured in 15 healthy subjects (seven females; mean age, 59.2; range,
47–70 years) using a single 100 min PET scan under two consecutive
experimental conditions of 50 min duration each (Fig. 2): an oculomotor
sequence task (BASELINE) and the SRTT (LEARNING). A pilot behav-
ioral study conducted in six healthy subjects (two females, four males;
mean age, 55.3; range, 46 – 63 years) had previously indicated that signif-
icant task learning could be achieved within the time window imposed by
PET. The age range of our subjects was originally chosen in expectation
of another study involving a comparison with a patient group.

RAC BP was measured during the early learning stage, which is defined
by a large performance improvement within the first training session
compared with changes occurring at a slower rate later on (Karni et al.,
1998). This was verified here by comparing behavioral performance in
the PET scanner with that measured during a second training session on
the following day outside the PET scanner. Immediately after completing
the last learning block on the second learning day, subjects were de-
briefed about the SRTT, and then they practiced a GENERATION task to
assess the level of explicit knowledge about the material they had learned.

Subjects
All but one of the participants were right-handed according to the Edin-
burgh Inventory (Oldfield, 1970). None had any history of neurological
disorder, head trauma with loss of consciousness, epilepsy, brain surgery,
systemic illness, or excessive drug or alcohol consumption. Informed
verbal and written consent for this research protocol, which was ap-
proved by the National Institute of Neurological Disorders and Stroke
Institutional Review Board and the National Institutes of Health Radia-
tion Safety Committee, was obtained from all subjects. Participants were
instructed not to drink any beverages containing caffeine or alcohol
within 24 h before the experiment.

Task procedure
In all conditions, participants faced a computer screen, positioned �1 m
from their eyes, on which five permanent position white markers were
displayed horizontally on a black background throughout the experi-
ment. The dominant hand rested on an ergonomic five-button response
unit (MRI Devices Corporation, Waukesha, WI). There was a one-to-
one mapping between a marker and a response key.

In the BASELINE condition, subjects were asked to pay attention to

Figure 1. Motor learning task. a, The SRTT was designed as a five-alternative spatial choice
reaction time task involving individual finger motor responses with the dominant hand. Sub-
jects were instructed to respond to the appearance of a visual stimulus (star) below the marker
(cross) by pressing the spatially congruent key with the corresponding finger as fast and as
accurately as possible. One practice block equals 205 trials. b, Artificial grammar used to control
the sequence of successive stimuli in the probabilistic serial reaction time task [adapted from
Jiménez et al. (1996)]. Each label (A, B, C, D, and E) corresponds to a stimulus location on the
computer screen. At each node (#), one of the arrows is randomly selected. In this setting, the
appearance of any SEQ stimulus not only defines the expected finger move but also provides the
subject with contextual information that could be used in advance to prepare the next response
by weighing its probability of (non)occurrence (Lungu et al., 2004). Hence, the gradual im-
provement in response time over practice depends on improved rule-based selection of the
most likely forthcoming motor responses before the appearance of the upcoming stimulus (i.e.,
higher motor response anticipation). To assess learning-specific response time improvement,
15% of SEQ stimuli within a block of practice (205 trials) were randomly replaced by RAND
stimuli, which violated the rules of the grammar. c, Behavioral data collected during PET in a
representative subject. Block averaged RT for RAND (empty triangles) and SEQ (filled triangles)
stimuli are expressed as a function of the number of blocks performed during the RAC PET scan
(Fig. 2). The lines represent the linear regressions fitting the gradual decrease in RT for RAND
(top trace) and SEQ (bottom trace) stimuli. The slope for SEQ stimuli (linear change in RT, �12.2
ms per block) was steeper than that for RAND stimuli (linear change in RT, �7.1 ms per block).
Motor sequence learning speed (DIFF_SLOPE) was estimated by computing the difference in
the slopes between RAND and SEQ stimuli (for this individual, DIFF_SLOPE was equal to �7.1
� 12.2 � 5.1 ms per block). Following this convention, a higher, positive value for DIFF_SLOPE
indicated faster finger sequence learning.

Figure 2. PET scanning timeline. 11C-raclopride was administered for 100 min using a bolus-
plus-infusion protocol. PET scanning began at the start of tracer infusion and proceeded for 100
min. Parametric images of RAC BP during BASELINE and LEARNING conditions were created
using frames 14 –16 and 20 –27, respectively (see Materials and Methods).
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the appearance of a visual stimulus (white star) sequentially displayed for
300 ms 2 cm below one of the markers according to a pseudorandom
sequence. No hand movement was required. The interstimulus interval
(ISI) was kept constant at 700 ms so that the rate of presentation of the
successive stimuli was 1 Hz. After 205 trials, subjects rested for 30 s. The
BASELINE condition started �3 min before tracer injection and contin-
ued until 50 min after scanning onset.

In the LEARNING condition, the apparatus was the same as in the
BASELINE condition, but subjects were instructed to respond to the
appearance of the visual stimulus by pressing the spatially congruent key
with the corresponding finger as quickly and as accurately as possible.
The stimulus was displayed until the subject pressed a response key,
thereby minimizing working memory requirements. The interval be-
tween the subject response and the display of the following stimulus
[response-to-stimulus interval (RSI)] was held constant at 250 ms
throughout the experiment (Peigneux et al., 2000). If subjects pressed the
wrong key, the computer program registered an error, and a brief error
message was displayed on the screen. A single practice block consisted of
205 successive trials. After completing each block, subjects rested for 30 s,
during which the mean global reaction time and accuracy level during the
last performed block were displayed. Subjects were then encouraged to
improve their overall RT in the next block while keeping overall accuracy
at 95%. Because the overall visuomotor response speed is typically vari-
able across participants, and the RSI was held constant in the present task
(see above), the level of practice (i.e., number of blocks performed)
within the fixed 50 min PET scanning was expected to differ between
subjects.

Unbeknownst to the participants, the sequential structure of visual
stimuli in the LEARNING condition was manipulated by the experi-
menter. In brief, the SEQ of successive stimuli was controlled by a finite
state grammar adapted from Jiménez et al. (1996). To assess whether
participants were sensitive to the sequential structure of the material,
15% of SEQ stimuli were randomly replaced by RAND stimuli that vio-
lated the rules of the artificial grammar. Additional details on the proce-
dure were published previously (Peigneux et al., 2000). Before the PET
scan, all subjects were trained using a set of 60 unrecorded trials in which
the series of successive stimuli followed a pseudorandom sequence.

On the day after PET, 14 of 15 subjects further practiced the SRTT
outside the scanner for �60 min. After completing the last learning
block, subjects were then examined to assess the level of explicit knowl-
edge about the material they had learned. They were first asked whether
they had noticed anything about the sequence of stimuli. Thereafter, they
were told that a set of complicated rules had been used to determine the
sequence locations at which the successive stimuli occurred. Participants
were then exposed to a GENERATION task in which they faced the same
apparatus as that used for the SRTT, but in this case, they were instructed
to predict, without time constraint, the location of the next stimulus by
pressing on the corresponding key (Peigneux et al., 2000). A total of 205
prediction trials were recorded.

Visual stimuli were generated, and subjects’ responses were recorded
by a personal computer using COGENT cognitive interface software
(COGENT 2000; Wellcome Department of Imaging Neuroscience, Lon-
don, UK) implemented in Matlab 5.3 (MathWorks, Sherborn, MA).

Behavioral data analysis
Behavioral data were analyzed off-line using Matlab. In each trial, the
response time was defined as the interval between the display of a stim-
ulus on the computer screen and the hit of the response key. For each
block (205 trials) and subject, the mean accuracy and mean RT in the
context set by the previous stimulus were computed in parallel for RAND
and SEQ stimuli. Incorrect responses and extreme values falling outside
two SDs from the block mean were discarded from the RT data analysis.
The mean group rejection rate over blocks (�SD) was 5.6 � 0.9%.

To accommodate for within-subject RT variability for SEQ and RAND
stimuli across blocks (Peigneux et al., 2000) and methodological con-
straints inherent to RAC PET, the individual rate of changes in RT for
SEQ and RAND stimuli was fitted using linear regressions. Finger se-
quence learning speed was estimated as the difference in the linear slope

coefficients modeling the rate of change in RT across blocks between
RAND and SEQ stimuli and labeled DIFF_SLOPE.

In the generation task, the outcome measure was the prediction accu-
racy given the context set by the previous stimulus. The group mean
prediction accuracy was compared with that from 15 computerized sim-
ulations of continuous random prediction (Peigneux et al., 2000).

Imaging data acquisition
Subjects underwent a single dynamic PET acquisition using a GE advance
PET tomograph (General Electric Medical Systems, Milwaukee, WI) in
the 3D scanning mode (septa retracted) with a total axial field of view of
14.8 cm, producing a reconstructed resolution of 6 –7 mm in all
directions.

RAC was used as a tracer to examine task-related changes in DA (La-
ruelle, 2000). The injection time was between 11:00 A.M. and 2:00 P.M.
for all subjects; scanning began at the start of tracer infusion, generating
27 time frames of 30 s to 5 min epochs over 100 min (Fig. 2). Head
movements were minimized by using a thermoplastic mask molded
around the subject’s head. An 8 min transmission scan was obtained
before tracer injection for attenuation correction.

RAC was delivered in a 20 ml syringe and administered as a 1 min
bolus followed by a constant infusion [bolus-plus-infusion (B/I)] using a
computer-operated pump (Harvard Instruments, Natick, MA). In the
B/I paradigm for RAC administration, the ligand-receptor equilibrium
can be measured in the brain before and after an experimental manipu-
lation in a single scan (Carson, 2000). In the current experiment, the
bolus volume was 51% of the total volume injection in the syringe, as
previously recommended (Watabe et al., 2000). Because of radioactivity
decay, the bolus accounted for 79% of the radiation dose. Accounting for
the decay, the mean activity effectively injected was 17.1 mCi (range,
10.6 –20.8 mCi).

In addition to PET scanning, 13 of 15 participants underwent a high-
resolution volumetric anatomical magnetic resonance imaging (MRI) of
the brain on a 3.0 T GE Signa system (General Electric Medical Systems)
using a T1-weighted inversion recovery fast-spoiled gradient-echo se-
quence (repetition time, 8.2 ms; echo time, 3.3 ms; inversion time, 725
ms; flip angle, 6°; matrix size, 256 � 256; yielding 124 contiguous axial
slices with a thickness of 1.3 mm and in-plane resolution of 0.97 � 0.97
mm).

Imaging data preprocessing
Corrections for subject motion during the 100 min PET acquisition were
performed with a mutual information registration of each time frame to
a standard frame (10 –15 min after injection) before attenuation correc-
tion. Based on the calculated motion, the transmission images were
resliced and projected for final attenuation correction, reconstruction,
and realignment.

Subsequent off-line PET data preprocessing was performed using the
Statistical Parametric Mapping Software (SPM2; Wellcome Department
of Imaging Neuroscience; freely available at http://www.fil.ion.ucl.ac.uk/
spm) implemented within Matlab 6.1 (MathWorks). Image volumes
were initially checked for gross artifacts and manually reoriented to
grossly conform to the orientation of the interhemispheric fissure and
intercommissural plane of the canonical template image proposed as
default in SPM2. The center point was approximately placed on the
anterior commissure. Because visual inspection of data suggested resid-
ual frame misalignment despite the initial realignment procedure (see
above), individual time series were subsequently realigned to the corre-
sponding 10 –15 min postinjection frame using a mutual normalized
information algorithm implemented in SPM2. This SPM2 algorithm was
also used to anatomically coregister individual skull stripped MRI (cre-
ated using mricro, freely available at http://www.psychology.notting-
ham.ac.uk/staff/cr1/mricro.html) images with their respective image
time series using images of total summed tracer activity.

Imaging data analysis
The BP was determined from concentration ratios in regions with and
without specific binding (Carson, 2000). Under equilibrium, the
specific-to-nonspecific equilibrium partition can be obtained directly
from the radioactivity concentration of the receptor-target regions (C)
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and a receptor background region (C�) as the ratio BP � V3� � (C �
C�)/C. BP equals the equilibrium ratio of bound ligand to free plus non-
specifically bound tracer under the assumptions that nonspecific binding
is uniform throughout the brain.

In the present experiment, C� was calculated from volume-of-interest
(VOI) values averaged over a few scan frames in the cerebellum using a
commercially available software (PMOD; PMOD Technologies, Zürich,
Switzerland), whereas C was computed by pixel-by-pixel averaging over
several whole-brain image frames. Cerebellar activity was measured from
two elliptic VOIs (6.7 cm 3 each) placed over the cerebellar hemispheres.
After the optimization procedure proposed by Watabe et al. (2000), C
and C� in the BASELINE and LEARNING conditions were calculated by
averaging over three frames over 40 –50 min and over eight frames over
60 –100 min, respectively (Fig. 2). Thus, two condition-specific paramet-
ric images of RAC BP were created for each subject. These 30 images were
spatially normalized using a custom-made symmetrical RAC template in
Montreal Neurological Institute space (http://www.bic.mni.mcgill.ca) as
recommended previously (Meyer et al., 1999). Each spatially normalized,
condition-specific, parametric RAC BP image was resliced to a final voxel
size of 3 � 3 � 3 mm and smoothed using an 8 mm full-width at
half-maximum Gaussian kernel. Data from the left-handed subject who
performed the motor learning task with the left hand were right–left
flipped so that the hemisphere contralateral to the moving hand was on
the left in all subjects.

Voxel-by-voxel analysis. Processed RAC BP images were analyzed vox-
elwise using SPM2 in the framework of the general linear model.

A paired t test looking for a decreased RAC BP during LEARNING
compared with BASELINE (i.e., DA release) was initially performed. No
global BP normalization procedure was performed. Results were charac-
terized in terms of the probability that the difference in magnitude value
in intensity of a given voxel could occur by chance under the null
hypothesis.

For the voxel-by-voxel correlation analysis between brain imaging and
behavioral data across subjects using SPM2, a single image representing
the magnitude of the difference in RAC BP between conditions (BASE-
LINE minus LEARNING) was first created for each participant. The 15
resulting images were then entered into a single SPM2 design matrix
including DIFF_SLOPE and a constant term as the regressors. After
model estimation, brain areas in which RAC displacement showed a
positive association with DIFF_SLOPE were determined by applying a
t-contrast that was �1 (i.e., positive correlation between DA release and
learning speed). Brain areas showing a negative association between RAC
displacement and DIFF_SLOPE (i.e., negative correlation between DA
release and learning speed) were searched for using a t-contrast that was
�1. Results were characterized in terms of the probability that the cor-
relation between behavioral performance and the value in a given voxel
could occur by chance under the null hypothesis.

Significance level was set at p 	 0.05 after familywise error (FWE)
correction for multiple comparisons in the entire volume of analysis. The
correction was limited to a 5-mm-radius spherical volume [small volume
correction (SVC)] around regions in which an effect was hypothesized,
namely BG and cortical motor-learning-related areas (i.e., caudal frontal
cortex). This approach is commonly accepted in the neuroimaging com-
munity (Thieben et al., 2002). Anatomical localization was performed by
superimposing the maxima foci identified by the SPM{t} on the mean
spatially normalized MRI image (avMRI) from all study subjects for
whom an anatomical MRI was available (n � 13) and by reference to
proposed landmarks when appropriate (Picard and Strick, 1996). This
approach has obvious limitations, and the designation of the anatomical
structures should be viewed as tentative rather than definitive.

Post hoc VOI approach. In regions identified by the SPM analysis,
individual BP values were extracted from the 30 spatially normalized
unsmoothed parametric BP images using a unique set of VOIs created
within PMOD. Striatal VOIs were manually drawn on the avMRI using
the same procedure as that described by Mawlawi et al. (2001). Postcom-
missural globus pallidus pars interna (GPi) and premotor VOIs were
derived from the Wake Forest University PickAtlas (WFU_PickAtlas
freely available at http://www.fmri.wfubmc.edu/download.htm) and
manually edited using PMOD to fit the corresponding structure as de-

fined on the avMRI. The mean VOI size across regions was 1485 cm 3

(range, 597– 4063).

Results
Behavior
Pilot experiment
Results from the pilot behavioral experiment in six subjects dem-
onstrated that a significant improvement in RT could be achieved
within the first training session as shown by a significantly nega-
tive value for both mean group linear slope coefficients (RAND
stimuli: �6.95 � 5.24, p � 0.02; SEQ stimuli: �9.94 � 4.9, p �
0.004). In other words, using a linear model, the rate of improve-
ment in RT in this group was �3 ms higher per practice block for
SEQ compared with RAND stimuli. This corresponds to an av-
erage gain in the rate of RT improvement of �43% for SEQ
compared with RAND stimuli.

RAC PET study
Fifteen individuals naive to the SRTT were enrolled in the PET
experiment. As expected (see above), the number of blocks per-
formed within the fixed 50 min PET scanning differed between
subjects (group mean � SD � 13.3 � 2 blocks). The individual
accuracy averaged over blocks was 97% for both stimuli types in
all subjects.

RT for RAND and SEQ stimuli both improved with practice.
Nevertheless, the group mean slope fitting the gradual decrease in
RT across blocks was significantly steeper for SEQ compared with
RAND stimuli (mean slope coefficient, �15.0 � 19.1 vs �11.5 �
19.3). This difference was significant (paired t test, p � 0.0005)
and in the same range as that observed in the pilot experiment
(gain, �30.5%). Additional analyses indicated that DIFF_SLOPE
was not related with age in our sample (Pearson’s r � 0.16, p �
0.58), nor was it proportional to the level of practice within the
fixed PET scanning time (i.e., number of blocks performed dur-
ing the PET scan; Pearson’s r � �0.18; p � 0.54), which results
from inevitable variations in overall visuomotor response speed
across subjects (see above). This last result suggests that DIFF_S-
LOPE, the behavioral measure we have used for correlation with
imaging data, is not dependent on the number of finger move-
ments during PET scanning.

Follow-up
On the following day, 14 subjects further practiced on average 16
blocks of the motor sequence learning task outside the PET scan-
ner. Although the group mean RT for SEQ still gradually im-
proved on day 2, the rate of improvement was lower than on day
1 (Table 1). An ANOVA of learning slopes showed a significant
effect of the day of testing (steeper slopes on day 1 than on day 2;
F � 5.25; p � 0.03) and stimuli type (steeper slopes for SEQ than
RAND stimuli; F � 30; p � 0.0001) as well as an interaction
between these factors (F � 8.19; p � 0.01). This result suggests
that RAC PET measurements were obtained in a temporal win-
dow dominated by the early stage of motor learning characterized

Table 1. Comparison of learning performance between days 1 (PET) and 2

Slope RAND (SD) Slope SEQ (SD)
Motor sequence
learning speeda

Day 1 �11.84* (20) �15.77* (19.6) 3.93**
Day 2 �1.23 (3.9) �2.81* (3.6) 1.58***

The data represent group mean values (n � 14). *Slope significantly lower than zero (p 	 0.05). **p � 0.0001,
paired t test; ***p � 0.01, paired t test.
aDifference in RT improvement between RAND compared with SEQ stimuli expressed in milliseconds per practice
block (see Materials and Methods).
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by a relatively large improvement in per-
formance (Karni et al., 1998).

Afterward, subjects were made aware
that a set of complicated rules was used to
control the sequence of stimuli. They were
then administered a generation task in
which they had to predict the location of
the next stimulus by pressing on the corre-
sponding key (Peigneux et al., 2000). Gen-
eration performance was at chance level
( p � 0.19), indicating that participants
did not gain valuable explicit knowledge
about the sequential structure of the mate-
rial learned during task practice.

Analysis of parametric RAC BP images
Learning-related decrease in RAC BP
Parametric RAC BP images representing
BASELINE and LEARNING conditions
were compared using a voxelwise paired t
test. Given our a priori hypothesis in BG and caudal frontal cor-
tex, results in these regions were considered as significant at PSVC

	0.05 (after indicates FWE correction for multiple comparisons
in a 5-mm-radius spherical volume centered on the peak). At this
threshold, significant decreases in RAC BP during LEARNING
were observed in striatal and extrastriatal regions (Fig. 3) at both
subcortical (supplemental Table 1, available at www.jneurosci.
org as supplemental material) and cortical levels (supplemental
Table 2, available at www.jneurosci.org as supplemental
material).

We also tentatively report decreased RAC BP in the left medial
temporal cortex (x/y/z � �27/�6/�24 mm; Z score � 4.19) and
upper midbrain (x/y/z � 3/�30/�15 mm; Z score � 4.21), but
those results were not discussed because they were observed in
areas that were not specified a priori ( p 
 0.05, after correction
for multiple comparisons).

Correlation between behavioral and PET data
Next, a voxel-by-voxel correlation analysis was performed be-
tween DIFF_SLOPE and images representing the magnitude of
the difference in RAC BP between conditions (BASELINE minus
LEARNING). By applying the same procedure as that described
above, we found a significant negative association in the sensori-
motor part of the GPi (x/y/z � �18/�3/�6 mm; Z score � 3.54;
PSVC � 0.004) (Fig. 4a) in the hemisphere contralateral to the
moving fingers, meaning that faster learning was related to lower
DA release in this region. No positive correlation was observed in
any BG subdivisions (including ventral striatum) even at very
permissive statistical thresholds ( p 	 0.05, uncorrected). In
motor-related cortical regions, we found a significant positive
association with DIFF_SLOPE in the medial frontal gyrus [me-
dial premotor cortex � pre-supplementary motor area (pre-
SMA); x/y/z � 0/6/60 mm; Z score � 3.13, PSVC � 0.016] (Picard
and Strick, 1996). At p 	 0.001, uncorrected, a correlation was
observed in a few other cortical areas but those results are not
discussed because they were observed in areas that were not spec-
ified a priori.

Post hoc VOI analyses
PET data were analyzed post hoc using a VOI approach (supple-
mental Tables 3, 4, available at www.jneurosci.org as supplemen-
tal material).

Individual percentage changes in RAC BP between BASELINE

and LEARNING in specific VOIs were computed as follows
(Watabe et al., 2000): Delta_BP � [(BP BASELINE � BP LEARNING)/
BP BASELINE] � 100.

The group mean Delta_BP in pre-SMA was 7.4%, suggesting
that DA was released in this region although this did not reach
statistical significance because of the relatively large between-
subjects variability. We observed a positive correlation between
DIFF_SLOPE and Delta_BP in the pre-SMA VOI (r � 0.54; p �
0.04), whereas a negative correlation was found in the left GPi
VOI (Pearson’s r � �0.66; p � 0.007) (Fig. 4b). This post hoc
correlation analysis remains significant after discarding data
from the left-handed subject both for the pre-SMA VOI (r �
0.55, p � 0.04) and the left GPi VOI (Pearson’s r � �0.57, p �
0.03). A VOI analysis focused on the SMA proper, a motor-
related area caudal to pre-SMA that also receives dopaminergic
inputs, did not yield significant results (Pearson’s r � �0.34; p �
0.21). In addition, no significant result was observed for a VOI
centered on the left posterior putamen (Pearson’s r � 0.02; p �
0.94). This confirms the results of statistical parametric mapping
analyses.

The group mean absolute activity in cerebellum (�SD) after
normalization to the injected activity was 12.4 � 2.7 (nCi/ml/
mCi injected) during the BASELINE condition and 12.3 � 2.3
(nCi/ml/mCi injected) during the LEARNING condition. This
difference was not significant (paired t test, p � 0.49). Hence,
learning has no significant effect on the overall cerebellar cortex
activity, which was used as a reference for computing RAC BP
values.

We found no significant negative correlation between Delta
_BP and RAC BP values across subjects either during the BASE-
LINE or the LEARNING conditions. In another set of correlation
analyses, we found no significant positive relationship between
DIFF_SLOPE and BP values during LEARNING or BASELINE
conditions. In summary, smaller Delta_BP values and slower
learning were not associated with higher BP values (i.e., ceiling
effect) in the brain areas examined.

Discussion
We used RAC PET to measure changes in DA levels in striatal and
extrastriatal areas involved in motor control while 15 healthy
individuals performed an implicit motor learning task compared
with a baseline task. When LEARNING was compared with
BASELINE, a significant displacement of RAC (i.e., decrease in

Figure 3. Basal ganglia and frontal cortical areas showing RAC displacement (i.e., DA release) during learning. For illustration
purposes, only results projecting on BG (a) and frontal cortical motor areas (b) are shown (at p 	 0.001 and p 	 0.05, uncor-
rected, respectively). Results are displayed on axial (left and right panels) and coronal (middle panel) views of the mean PET-
coregistered MRI image. The pseudocolor scale represents T values (range, 0 – 8). Voxel peak coordinates are given in supplemen-
tal Tables 1 and 2, available at www.jneurosci.org as supplemental material. The figure was created using MASCOI, freely available
at http://homepages.uni-tuebingen.de/matthias.reimold/mascoi/. L, Left.
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RAC BP) was observed not only in the striatum as predicted by
previous reports (Goerendt et al., 2003) but also in extrastriatal
motor circuits, bilaterally, suggesting DA release in these regions
(Fig. 3). To increase the specificity of our results for finger move-
ments, the BASELINE condition was designed as an oculomotor
sequence task. However, perfect behavioral matching during the
two condition-specific PET measurements is obviously difficult
to achieve as a result of the difference in time required to perform
these measurements (Fig. 2). The estimated BP values were not
vulnerable to cerebral blood flow (CBF) variations, which inevi-
tably occurred between subjects (Peigneux et al., 2000) and ex-
perimental conditions. By using a bolus-plus-infusion paradigm
for RAC administration, CBF, among other factors, controls the
speed at which the RAC signal reaches its equilibrium level but
not the final activity level (Carson, 2000). Finally, as in previous
RAC PET studies, differences in condition-specific BP values are
related to an integral of extracellular DA over time so that rapid
DA releases are indistinguishable from small prolonged releases
(Endres et al., 1997; Endres and Carson, 1998).

RAC displacement in striatum agrees well with results from
previous experiments showing bilateral DA release in this region
during execution of sequential finger movements (Goerendt et
al., 2003). Percentage changes in RAC BP between experimental
conditions in these areas are in the same range as those previously
reported. The nonuniform pattern of DA release within BG is
consistent with previous human PET studies (Strafella et al.,
2001, 2003; Goerendt et al., 2003; Zald et al., 2004) as well as in
vivo microdialysis and voltammetry animal experiments (Iwano

et al., 1997; Cragg et al., 2002). In addition to
action potential occurrence (Westerink et
al., 1987), the amount of endogenous DA
released regionally is known to reflect the in-
fluence of several other factors including
presynaptic neuronal inputs (Cheramy et
al., 1986) and activation of glutamate re-
ceptors (Zhang and Sulzer, 2003).

Here, no correlation could be demon-
strated between RAC displacement in the
striatum and motor learning speed during
PET as indexed by DIFF_SLOPE. This dis-
crepancy, with a large number of previous
studies supporting a role for DA in motor
learning, may arise from differences in the
task paradigm and outcome measure of
learning. Striatal DA activity has been pre-
viously implicated in habit formation and
long-term storage and retrieval of well
learned movements, especially when
learning is associated with rewarding
stimuli (Koepp et al., 1998; Matsumoto et
al., 1999; Reynolds et al., 2001). Here, no
reward (i.e., monetary incentive) was
given to the participants as a function of
their performance level. Furthermore,
DIFF_SLOPE was related to high-order
aspects of skill acquisition (see Introduc-
tion), and motor learning was examined at
its early stage (Karni et al., 1998) as cor-
roborated by the large improvement in be-
havioral performance during PET com-
pared with that observed the day after
(Table 1). Thus, we cannot exclude the
possibility that RAC displacement we have

observed in different striatal territories is specifically linked to
motor learning but that this relationship is not well captured by
our experimental design.

An important contribution of this work is the observed RAC
displacement (i.e., DA release) in extrastriatal regions bilaterally
despite lower RAC BP and consequently lower signal-to-noise
ratio (SNR) in these areas compared with striatum. Anatomical
studies in primates showed that the involved areas, GPi and pre-
motor cortex, receive strong DA inputs from midbrain DA neu-
rons (Williams and Goldman-Rakic, 1998; Jan et al., 2000). In
humans, successful extrastriatal RAC BP measurements have
been previously reported including in rostral frontal areas (Pic-
cini et al., 2003), which are less densely innervated by DA than the
more caudal premotor regions (Gaspar et al., 1989). Spatial im-
age smoothing in voxel-based analyses, as in the present study,
may increase SNR and gives additional power to detect subtle
changes in regional RAC BP (Piccini et al., 2003). Furthermore,
there is also some evidence suggesting that the power to measure
RAC changes using a single-scan approach, as in the present
study, is higher than using the dual-scan approach (Marenco et
al., 2004).

As opposed to previous studies, our finding in extrastriatal
regions is further validated by showing a significant correlation
with behavioral data (Fig. 4). Whereas RAC displacement was
observed in GPi, bilaterally, a relationship with DIFF_SLOPE was
only observed with the sensorimotor region of the GPi contralat-
eral to the moving hand (by convention here, the left GPi), in
agreement with known organization of the motor system. Avail-

Figure 4. Results of the correlation analyses between behavioral and imaging data. a, Voxel-based analysis. Areas showing a
positive and a negative correlation between RAC displacement (i.e., DA release) and DIFF_SLOPE are shown in the top and bottom
row, respectively. For illustration purposes, only results projecting on BG and cortical motor areas are shown (at p 	 0.05,
uncorrected). The figure was created using MASCOI, freely available at http://homepages.uni-tuebingen.de/matthias.reimold/
mascoi/. L, Left. b, Post hoc VOI analysis. The relationship between percentage RAC BP decreases during LEARNING compared with
BASELINE (Delta_BP) and DIFF_SLOPE in VOIs centered on medial premotor cortex (pre-SMA, top row) and left GPi (bottom row).
High, positive values on the ordinate and abscissa axes indicate a higher RAC displacement (i.e., DA release) in the corresponding
brain area and faster learning, respectively. The regressions are shown with 95% confidence bands.
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able evidence suggests that the GPi is strongly involved in motor
control (Boecker et al., 1998) including motor skill learning
(Thompson et al., 1987; Carbon et al., 2003). Although innerva-
tion of GPi (or its equivalent in rodents, the nucleus entopedun-
cularis) by midbrain DA neurons is well established (Jan et al.,
2000), the functional role of this anatomical pathway has received
little attention to date (Whone et al., 2003).

Here, RAC displacement in left GPi was inversely correlated to
DIFF_SLOPE. In other words, in our group of healthy individu-
als, faster learning was associated with lower DA release in left
GPi. After our working hypothesis that DA release in intercon-
nected BG and cortical areas shows an opposite relationship with
behavior, we looked for a region in the caudal frontal cortex in
which DA levels increased as a function of better performance
levels. We found a significant result in the pre-SMA (Picard and
Strick, 1996), a cortical medial premotor area that has strong
anatomical (Sakai et al., 2000) and functional (Grafton et al.,
1995) connections with the GPi. This result supports current
theories suggesting that the medial premotor cortex is part of an
implicit sequence learning system (Keele et al., 2003). After the
proposal that DA may modulate functional cerebral connectivity
in a task-dependent manner (Williams et al., 2002), a high, sus-
tained, background dopaminergic tone in pre-SMA in subjects
showing faster learning of the probabilistic SRTT may have more
efficiently reshaped its functional interactions with other brain
areas engaged in the task such as those processing competing
action sets during rule-based stimulus-driven motor actions
(Bunge, 2004; Rushworth et al., 2004).

The functional significance of the inverse relationship be-
tween task-related DA release in interconnected BG and cortical
areas with behavior calls for further studies. A general hypothesis
about DA function suggests that it may control among compet-
ing inputs by locally enhancing the SNR, which may ultimately
enable synaptic plasticity in the form of long-term potentiation
(Reynolds et al., 2001; O’Donnell, 2003). By reference to an
emerging theory supporting competitive mechanisms between
cortical and subcortical systems for behavioral control (Fujii and
Graybiel, 2005), the present findings might suggest that higher
DA levels in pre-SMA may favor cortical as opposed to subcorti-
cal learning processes in a task-dependent manner. This interpre-
tation would be consistent with previous studies demonstrating a
prominent role of pre-SMA in the early stages of motor skill
learning (Grafton et al., 1992, 1994).

The observed interaction between BG and cortical DA systems
as a function of task performance may have important implica-
tions regarding our understanding of the mechanisms by which
behavior is modulated by DA. Although alternative explanations
are theoretically possible, these results agree with basic research,
which has provided strong support for the concept that DA sig-
naling in the BG is under the control of the frontal cortex. It has
been proposed that frontal areas exert a brake on DA signaling in
subcortical regions that, in functional terms, are linked to these
cortical areas (Carlsson et al., 2000; Sesack et al., 2003). This effect
may be modulated by cortical DA. In vivo experiments in rodents
and monkeys have demonstrated that pharmacologically or be-
haviorally induced increases in frontal DA are associated with
decreased BG DA release (Kolachana et al., 1995; Iwano et al.,
1997). However, an overall, simple reciprocal or inverse relation-
ship in DA release between subcortical and cortical regions has
not yet been reported (Wilkinson et al., 1998). This might be
caused by differences in the kinetics of DA release between BG
and cortical areas (Garris and Wightman, 1994). Nevertheless, we
speculate here that the activation of mesocortical neurons pro-

jecting to medial premotor cortex may have increased DA locally
as a function of improved performance levels, which in turn re-
sulted in an inhibitory influence on DA release in functionally
linked subcortical areas such as sensorimotor GPi. The underly-
ing mechanisms are undoubtedly complex and incompletely un-
derstood (Carr and Sesack, 2000; Jackson et al., 2001). This inter-
action may also apply to other anatomically and functionally
interconnected BG and frontal cortical areas as a function of
different task paradigms.
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