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Dopaminergic neurotransmission may be involved in learning,
reinforcement of behaviour, attention, and sensorimotor
integration1,2. Binding of the radioligand 11C-labelled raclopride
to dopamine D2 receptors is sensitive to levels of endogenous
dopamine, which can be released by pharmacological challenge3–8.
Here we use 11C-labelled raclopride and positron emission tomography scans to provide evidence that endogenous dopamine is
released in the human striatum during a goal-directed motor task,
namely a video game. Binding of raclopride to dopamine receptors in the striatum was significantly reduced during the video
game compared with baseline levels of binding, consistent with
increased release and binding of dopamine to its receptors. The
reduction in binding of raclopride in the striatum positively
correlated with the performance level during the task and was
greatest in the ventral striatum. These results show, to our
knowledge for the first time, behavioural conditions under
which dopamine is released in humans, and illustrate the ability
of positron emission tomography to detect neurotransmitter
fluxes in vivo during manipulations of behaviour.
We used 11C-labelled raclopride (RAC) to detect changes in levels
of extracellular dopamine induced by a behavioural task. During the
first 50 minutes of a [11C]RAC–PET scan, eight male volunteers
played a video game, which involved learning to navigate a tank for a
monetary incentive. This task is comparable to tasks in animal
studies in which dopamine is released during the anticipatory or
appetitive phase of motivated behaviour, where dopamine is
involved in learning which environmental stimuli or actions predict
rewarding or aversive outcomes2,9–11. During a second [11C]RAC–
PET scan, subjects looked at an empty screen. The scanning order
was randomized for each subject. Differences in [11C]RAC-binding
potential between scans were used to infer changes in levels of
extracellular dopamine12,13. Binding of [11C]RAC to dopamine D2

Figure 1 Mean time–activity curves for [11C]RAC uptake, normalized for
radioactivity injected, for the four striatal ROIs and the reference region
(cerebellum). Data are given from time of radioligand injection to the end of
scanning period (up to 90 min). R, right; L, left.

receptors was measured in the ventral and dorsal striata, which are
areas involved in goal-directed motor behaviour2,14–16.
Striatal [11C]RAC-binding potential was reduced (analysis of
variance (ANOVA) F ¼ 7:72, P , 0:01) during the video
game, particularly in the ventral striatum (Table 1). Our results
are compatible with a task-related increase in levels of extracellular dopamine reducing the number of D2-receptor sites available for binding to [11C]RAC. The magnitude of change of
[11C]RAC-binding potential (ventral striatum mean, −13%; range,
+8 to −42%) was considerably greater than the reported ‘within
subject test/retest variation’ in striatal [11C]RAC-binding potential
(mean, 4–6%)17,18, and was similar to that observed following
intravenous injection of amphetamine8 (striatum mean, −16%;
range, −3 to −24%) or methylphenidate6 (striatum mean, −23%;
range, +3 to −46%). Microdialysis studies of non-human primates

Table 1 [11C]RAC-binding potential, relative tracer delivery and size of the region of interest in striatal regions
LD
B

LD
T

DLD
(%)

RD
B

RD
T

DRD
(%)

LV
B

LV
T

DLV
(%)

RV
B

RV
T

DRV
(%)

BP
(s.d.)

2.47
(0.36)

2.23
(0.42)

−8.9
(16.4)

2.38
(0.34)

2.22
(0.41)

−6.1
(16.1)

2.22
(0.28)

1.93
(0.33)

−11.8
(18.8)

2.27
(0.31)

1.92
(0.35)

−13.9
(20.5)

RI
(s.d.)

0.98
(0.13)

0.88
(0.08)

−8.5
(13.8)

0.94
(0.12)

0.87
(0.07)

−6.5
(12.1)

0.98
(0.12)

0.89
(0.13)

−8.5
(14.4)

1.03
(0.11)

0.91
(0.12)

−10.5
(14.7)

ROI size
(s.d.)

8,151
(711)

8,300
(846)

1.9
(8.2)

7,600
(567)

8,188
(574)

7.9
(7.2)

4,747
(628)

4,280
(612)

−8.7
(16.2)

4,692
(680)

4,215
(691)

−9.3
(15.7)

...................................................................................................................................................................................................................................................................................................................................................................
...................................................................................................................................................................................................................................................................................................................................................................
...................................................................................................................................................................................................................................................................................................................................................................
...................................................................................................................................................................................................................................................................................................................................................................
BP, [11C]RAC-binding potential; RI, relative tracer delivery; ROI, region of interest (mm3); s.d., standard deviation; L, left; R, right; D, dorsal; V, ventral; B, baseline conditions; T, task conditions.
Changes in BP, RI and ROI size between conditions (D) are given as a percentage change from the baseline, calculated as: ðT 2 BÞ=B 3 100. RI was significantly decreased during the video
game (F ¼ 11:3, P ¼ 0:001), but reductions in RI were not correlated with reductions in BP (r2 ¼ 0:05, P ¼ 0:24). There was no difference in striatal ROI size across conditions (P ¼ 0:64) and no
correlation between changes of BP and ROI size (r2 ¼ 0:02, P ¼ 0:45), indicating that head movement probably did not contribute significantly to our results.
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Figure 3 Regions of the brain in which there was a statistically significant

0 1 2 3 4 5 6 7

correlation between reduced [11C]RAC-BP and task performance; such a
correlation was more pronounced in the ventral striatum. Upper row, the

Level of performance

transverse and coronal glass brain views show those voxels with a significant
inverse correlation of [11C]RAC-BP with the highest performance level reached

Figure 2 Percentage change in [11C]RAC-binding potential between task and

(threshold for display, P , 0:05). Lower row, three-dimensional SPM projections

baseline conditions, plotted against performance level. A significant inverse

superimposed on representative transaxial and coronal magnetic resonance

correlation is seen in all striatal regions (Spearman rank correlation coefficients

image brain slices (threshold for display, P , 0:05).

for left and right ventral and left dorsal striatum: r ¼ 2 0:86, P ¼ 0:017; right dorsal
striatum: r ¼ 2 0:83, P ¼ 0:020).

indicate that a 1% decrease in striatal [11C]RAC binding reflects at
least an 8% increase in extracellular endogenous dopamine levels8.
Thus, the 13% reduction in [11C]RAC-binding potential in the
ventral striatum reported here suggests at least a twofold increase in
levels of extracellular dopamine. Computer simulations have shown
that this magnitude of change should be detectable with [11C]RAC–
PET13.
After 50 min, the game ended, but the time–activity curves
(TACs) for [11C]RAC binding remained below the baseline curves
without convergence (Fig. 1). A similar effect has been reported
following pharmacological challenges4,19, and may simply reflect the
kinetic properties of [11C]RAC and the diffusion and re-uptake
kinetics of dopamine. Sustained alterations in dopamine concentrations after a period of behavioural manipulation have been
described in the rat20, providing a biological explanation for the
continued separation of the TACs for [11C]RAC binding after the
video game ended.
There was a significant correlation between performance level
achieved and reduced [11C]RAC-binding potential in all striatal
regions (Fig. 2); the significance of this correlation was confirmed by
an independent analysis using statistical parametric mapping
(SPM)21. SPM revealed that this significant correlation mainly
encompassed the ventral striatum, predominantly the left side
(Fig. 3). These results further validate the putative link between
the behavioural manipulation and dopamine release, and complement electrophysiological studies of behaviour in awake animals, in
which dopaminergic neurotransmission was associated with sensorimotor functions related to rewarding, aversive and stressful
stimuli1,22,23. In monkeys, most dopaminergic neurons in the ventral
tegmental area and pars compacta are activated by unexpected
primary appetitive rewards and reward-predicting cues1,9,15.
Here, regional differences in [11C]RAC displacement within the
NATURE | VOL 393 | 21 MAY 1998

striatum might correlate with the role of dopamine in the dorsal and
ventral striata2. The dorsal striatum receives inputs from motor,
sensory, premotor, and dorsal prefrontal cortices14,16, whereas the
ventral striatum receives afferent inputs from orbitofrontal cortex,
amygdala, hippocampus, and anterior cingulate14,16. On the basis of
these anatomical connections, we interpret changes in ventral
striatal [11C]RAC binding to be related to affective components of
the task, whereas dorsal striatal dopamine release may be related to
sensorimotor coordination and response selection2. This new
method of detecting neurotransmitter release during behavioural
manipulation extends the success of brain-perfusion mapping in
humans to the study of a true ‘cognitive neurochemistry of
M
behaviour’.
.........................................................................................................................

Methods

PET-scan acquisition. Eight healthy, male, right-handed volunteers (range

36–46 years of age) took part in the study (approved by the local Ethics
Committee). Informed consent was obtained for all subjects. Each received two
[11]RAC–PET scans (total injected dose of 16–20 mCi), one during the
behavioural task (video game) and one under baseline conditions (blank
screen). Subjects played the video game from 10 min before to 50 min after
[11C]RAC injection. PET scans were acquired on separate days using a 953BSiemens/CTI PET camera in three-dimensional mode. Head movement during
scanning was minimized by the use of a moulded head rest and external head
markings.
Behavioural task. The video game involved moving a ‘tank’ through a
‘battlefield’ on a screen using a mouse with the right hand. Subjects had to
collect ‘flags’ with the tank while destroying ‘enemy tanks’. Enemy tanks could
destroy the three ‘lives’ of the subjects’ tank. If subjects collected all flags, they
progressed to the next game level, which required more flags to be collected. A
reward of £7 was given per game level achieved.
11
Region-of-interest (ROI) analysis. TACs of [ C]RAC binding were derived
for ventral and dorsal striata and cerebellum. From these TACs, binding
potential (BP), and the relative rate of ligand delivery (RI) in the striatum

Nature © Macmillan Publishers Ltd 1998
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compared to the cerebellum were estimated using a simplified reference region
model24,25. The model derives BP from the ratio of the volumes of distribution
of the ligand in the striatum relative to the cerebellum. BP is a composite
function of parameters, as follows:
BP ¼

f 2 Bmax
K DTracer 1 þ

Fi
K Di

^
i

!

where Bmax is the total concentration of specific binding sites, KDTracer the
equilibrium dissociation constant of the ligand, f2 is the ‘free fraction’ of
unbound ligand in the tissue, and Fi and KDi are the concentrations and
equilibrium dissociation constants, respectively, of i competing endogenous
ligands. Changes in BP are attributed to changes in Fi for endogenous
dopamine. Striatal ROIs were outlined on an add-image of summated time
frames, using an edge-fitting algorithm set at a fixed threshold (40%) of the
image maximum. The ventral (comprising the ventral half of the putamen) and
dorsal (comprising the dorsal half of the putamen and the body of the caudate
nucleus) striata were operationally defined. The cerebellum was defined by
cluster analysis26. BP and RI values were calculated for the striatal ROIs using the
TACs for [11C]RAC binding up to 50 min after injection25. Differences in
[11C]RAC-BP at baseline and during the task were tested with repeatedmeasure ANOVA, with three ‘within-subject’ factors (task versus baseline,
left versus right hemisphere and dorsal versus ventral striatum). Spearman rank
correlation coefficients were calculated for the relationship between changes in
[11C]RAC-BP and the highest performance level during the game for each ROI.
11
SPM analysis. Parametric images of [ C]RAC-BP24 were analysed using
11
SPM96 (ref. 21). The [ C]RAC-RI images were used to define the stereotactic
transformation parameters for the [11C]RAC-BP images. Contrasts of the
condition effects at each voxel of the [11C]RAC-BP images were assessed
using the t-value, with the highest performance level entered as a covariate of
interest, giving a statistical image for each contrast.
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Coincidence-detector neurons in the auditory brainstem of mammals and birds use interaural time differences to localize
sounds1,2. Each neuron receives many narrow-band inputs from
both ears and compares the time of arrival of the inputs with an
accuracy of 10–100 ms (refs 3–6). Neurons that receive lowfrequency auditory inputs (up to about 2 kHz) have bipolar
dendrites, and each dendrite receives inputs from only one
ear7,8. Using a simple model that mimics the essence of the
known electrophysiology and geometry of these cells, we show
here that dendrites improve the coincidence-detection properties
of the cells. The biophysical mechanism for this improvement is
based on the nonlinear summation of excitatory inputs in each of
the dendrites and the use of each dendrite as a current sink for
inputs to the other dendrite. This is a rare case in which the
contribution of dendrites to the known computation of a neuron
may be understood. Our results show that, in these neurons, the
cell morphology and the spatial distribution of the inputs enrich
the computational power of these neurons beyond that expected
from ‘point neurons’ (model neurons lacking dendrites).
Over the past 40 years it has become widely accepted that
dendrites play a major role in neuronal computation9. Despite
intensive efforts to decipher this role10–16, however, the contribution
of the dendrites to the function of the single neuron remains elusive.
Nevertheless, the existence of different dendritic geometries and
their plausible effect on computation have been used as evidence for
dendritic computation11,12,17. As analysis of dendritic computation is
most powerful when the role of the neuron is understood, we used
brainstem auditory coincidence detectors to demonstrate the computational advantages of having synaptic inputs on the dendrites
rather than on the cell body.
Coincidence detectors of the auditory brainstem are binaural
neurons that respond maximally when they receive simultaneous
inputs from the two ears. This condition is met when delay line
inputs from each ear exactly compensate for a delay introduced by
an interaural time difference (ITD, the time difference between the
‡ Present address: New York University, Center for Neural Science and Courant Institute of Mathematical
Sciences, New York 10003, USA.
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