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Human Striatal Response to Salient Nonrewarding Stimuli

Caroline F. Zink,' Giuseppe Pagnoni,' Megan E. Martin,! Mukeshwar Dhamala,'> and Gregory S. Berns'>
'Department of Psychiatry and Behavioral Sciences, Emory University School of Medicine, Atlanta, Georgia 30322, and 2School of Physics and *Department
of Biomedical Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332

Although one proposed function of both the striatum and its major dopamine inputs is related to coding rewards and reward-related
stimuli, an alternative view suggests a more general role of the striatum in processing salient events, regardless of their reward value. Here
we define saliency as an event that both is unexpected and elicits an attentional-behavioral switch (i.e., arousing). In the present study,
human striatal responses to nonrewarding salient stimuli were investigated. Using functional magnetic resonance imaging (fMRI), the
blood oxygenation level-dependent signal was measured in response to flickering visual distractors presented in the background of an
ongoing task. Distractor salience was manipulated by altering the frequency of distractor occurrence. Infrequently presented distractors
were considered more salient than frequently presented distractors. We also investigated whether behavioral relevance of the distractors
was a necessary component of saliency for eliciting striatal responses. In the first experiment (19 subjects), the distractors were made
behaviorally relevant by defining a subset of them as targets requiring a button press. In the second experiment (17 subjects), the
distractors were not behaviorally relevant (i.e., they did not require any response). The fMRI results revealed increased activation in the
nucleus accumbens after infrequent (high salience) relative to frequent (low salience) presentation of distractors in both experiments.
Caudate activity increased only when the distractors were behaviorally relevant. These results demonstrate a role of the striatum in
coding nonrewarding salient events. In addition, a functional subdivision of the striatum according to the behavioral relevance of the

stimuli is suggested.
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Introduction

The striatum has been implicated in various functions, both mo-
tor and cognitive, but the exact nature of its functions remains
essentially unknown. Decades of animal research suggest that
both the striatum and its phasic dopaminergic input play an im-
portant role in coding rewards and reward-associated stimuli (for
review, see Schultz, 1998; Schultz et al., 2000). Recent neuroim-
aging studies in humans support these claims (Delgado et al,,
2000; Knutson et al., 2000, 2001a,b; Berns et al., 2001, Breiter et
al., 2001; Pagnoni et al., 2002; Elliott et al., 2003). An alternative
view contends that rather than specifically processing reward-
related stimuli, activity within the striatum (including its major
dopaminergic inputs) codes all salient events, including and ex-
tending beyond rewards. Salience here refers to any unexpected
stimuli or environmental changes that are either arousing or that
elicit an attentional-behavioral switch (Redgrave et al., 1999;
Horvitz, 2000). Evidence for this view comes from studies show-
ing that dorsal (Rolls et al., 1983; Caan et al., 1984; Hikosaka et al.,
1989; Ravel et al., 1999; Shimo and Hikosaka, 2001) and ventral
(Williams et al., 1993; Setlow et al., 2003) striatal neurons re-
spond to such salient stimuli, including arousing, aversive, novel,
and behaviorally relevant events, especially when unexpected.
Furthermore, the presentation of salient nonrewarding stimuli in
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several modalities increases dopamine levels in the striatum and
increases midbrain dopaminergic neuron firing (for review, see
Horvitz, 2000). These findings link the striatum with processing
salient events because nearly all striatal cells are innervated by
midbrain dopaminergic projections (Groves et al., 1995). Out-
side of a rewarding context, striatal processing of salient events is
mostly unexplored in humans. A few human neuroimaging stud-
ies have revealed increased striatal activity in response to both
punishment (Knutson et al., 2000, 2003) and aversive stimuli
(Becerra et al., 2001); however, not every investigation of punish-
ment in humans has found increased striatal activity (Delgado et
al.,, 2000). Such conflicting results suggest that either behavioral
context or stimulus magnitude plays an important role in mod-
ulating striatal function. To our knowledge, the role of the stria-
tum in processing neutral salient stimuli has not been investi-
gated specifically in humans.

Using functional magnetic resonance imaging (fMRI), we
sought to investigate how human striatal (caudate, putamen, and
nucleus accumbens) activity was modulated by neutral salient
events. In the present experiments, flickering visual distractors
were presented outside subjects’ focus of attention. Distractor
salience was manipulated by altering the frequency of distractor
occurrence. Less frequent events are more salient because their
occurrence is inherently less predictable than that of frequent
ones. We performed two experiments to determine whether the
stimuli had to be behaviorally relevant rather than just innately
arousing to elicit striatal activation. In the first experiment, the
distractors were behaviorally relevant in that they potentially re-
quired a response, whereas in the second experiment, the distrac-
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Figure 1. Schematic of tasks. Each stimulus appeared for 750 msec (ISI, 2000 msec). The
single-tailed arrows indicate a button 1 press; the double-tailed arrow indicates a button 2
press. A, Excerpt from experiment 1, behaviorally relevant distractors, frequent run. The white
distractors appear as circles or triangles flickering in the background of the ongoing task. Sub-
jects were instructed to press button 1 when a blue (shown here in gray) central triangle
appeared and button 2 when the white distractor in the background was a triangle. B, Excerpt
from experiment 2, behaviorally irrelevant distractors, frequent run. The white distractors ap-
peared as circles flickering in the background of the ongoing task. Subjects were instructed to
press button 1 when a blue (shown here in gray) central triangle appeared. No responses were
made to the distractors. In both experiments, the distractors appeared randomly in time and
space. Any patterns detected in the figure are purely coincidental. The infrequent runs of both
experiments (data not shown) were the same, except that the distractors occurred less often.

tors were behaviorally irrelevant by never requiring a response.
We hypothesized that a greater fMRI signal would be measured in
the striatum to the infrequent (high salience) relative to frequent
(low salience) distractors and that the striatal activity would be
modulated by behavioral relevance.

Materials and Methods

Subjects. Thirty-six right-handed, healthy adults (19 females, 17 males),
ages 19—44, were included in the study, 19 in experiment 1 and 17 in
experiment 2. Given the similarity of the two experiments, two separate
samples of subjects were recruited for the experiments to avoid test—
retest confounds. Subjects in both groups were sampled from the same
population (recruited from the Emory University community, demo-
graphically similar between groups, with no significant differences in
ages between groups). Subjects had no history of neurological or psychi-
atric disorders and gave informed consent for a protocol approved by the
Emory University Institutional Review Board.

Experimental tasks. All stimuli presentations and recordings of reac-
tion times were performed with Presentation software (Neurobehavioral
Systems, Inc., San Francisco, CA).

Experiment 1 is diagramed in Figure 1 A. While in the scanner, subjects
viewed one of four blue shapes (square, rectangle, circle, or triangle)
presented in random order in the center of a black screen for 750 msec
within a 2000 msec interstimulus interval (ISI). Subjects were told that
they would see blue shapes, one at a time, in the center of a screen. They
were instructed to press button 1 using their right index finger each time
a triangle (target stimuli) appeared. The other shapes were designated as
nontargets. In a subset of the nontargets, a salient distractor in the form
of a smaller, white, flickering (28 Hz) circle or triangle appeared in the
background (in one of four screen corner locations randomly). Subjects
were told that a flickering white shape would occasionally appear in the
background of the ongoing task and were instructed to press button 2
using their right middle finger only when the distractor was a triangle
(response distractor). They were not required to react to the circle dis-
tractors (nonresponse distractors). Both distractor types (response and
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nonresponse) were behaviorally relevant in that they potentially required
aresponse. As such, the distractors elicited a momentary attentional and
behavioral switch. A single experimental session consisted of four runs
lasting 240 sec each, with 116 stimuli presentations. In each run, the
central triangle target stimulus appeared 29 times.

The salience of the distractor stimuli was manipulated by changing
their frequency of occurrence; the greater the frequency, the more likely
that a given trial would contain a distractor, thus greater frequency was
associated with greater predictability on average and less salience. In one
run, a distractor stimulus appeared 25 times (frequent), with 1-4 (aver-
age, 2.9) stimuli between consecutive distractor stimuli. During the other
three runs, a distractor stimulus only occurred 4 times (infrequent), with
24-32 (average, 28.5) stimuli between consecutive distractor stimuli. By
having three infrequent runs, there were enough infrequent distractor
stimuli to perform a statistical analysis of adequate power. In all runs, the
distractor stimuli occurred irregularly in time and never at the same time
as a central triangle target. Subjects were not instructed to fixate and were
free to move their eyes. Run order was counterbalanced across subjects.

Experiment 2 is diagramed in Figure 1 B. A separate group of subjects
performed the same task as described above, except for the following
differences: the distractors were all circles and behaviorally irrelevant in
that they never required a response. Subjects were told that they would
see blue shapes, one at a time, in the center of a screen and were instructed
to press button 1 using their right index finger each time a triangle ap-
peared. In experiment 2, the distractors were not mentioned to the sub-
jects when instructions were given. Again, the salience of the distractors
was manipulated by changing their frequency of occurrence. Although
not behaviorally relevant, the infrequent distractors were considered sa-
lient by virtue of their innate arousing properties (i.e., stark color con-
trast and flickering).

fMRI imaging. Scanning was performed on a 1.5 Tesla Philips Intera
scanner (Eindhoven, The Netherlands). For each subject, a T1-weighted
structural image was acquired for anatomical reference, followed by four
whole-brain functional runs of 120 scans each to measure the T2*-
weighted blood oxygenation level-dependent (BOLD) effect (gradient-
recall echo-planar imaging; repetition time, 2000 msec; echo time, 40
msec; flip angle, 90° 64 X 64 matrix; field of view, 240 mm; 24 5 mm axial
slices acquired parallel to the anteroposterior commissural line). Head
movement was minimized with padding.

fMRI analysis. The data were analyzed using statistical parametric
mapping (SPM99) (Friston et al., 1995b). For each subject, the first 12
scans in each run were excluded from the analysis to discount artifacts
related to the transient phase of magnetization. Slice timing correction
was used to adjust for time differences resulting from multislice imaging
acquisition. Motion correction to the first functional scan was performed
within subjects using a six-parameter rigid-body transformation. Each
individual’s anatomical image was co-registered to the mean of their
functional images using a rigid-body transformation and then spatially
normalized to the Montreal Neurological Institute (MNI) template con-
forming to the Talairach orientation system (Talairach and Tournoux,
1988) by applying a 12-parameter affine transformation followed by
nonlinear warping using basis functions (Ashburner and Friston, 1999).
The computed transformation parameters were applied to all of the func-
tional images, interpolating to a final voxel size of 4 X 4 X 4 mm . Images
were subsequently spatially smoothed with an 8 mm isotropic Gaussian
kernel and temporally filtered with a synthetic hemodynamic response-
smoothing function to attenuate high-frequency components of the sig-
nal resulting from noise.

A random-effects, event-related statistical analysis was performed
with SPM99 (Friston etal., 1995a, 1999) in a two-level procedure for each
experiment. For experiment 1, at the first level, a separate general linear
model was specified for each subject. The BOLD responses to four event
types (nontargets, targets, response distractors, and nonresponse distrac-
tors) for each run were modeled with a basis function consisting of a
synthetic hemodynamic response function (consisting of two gamma
functions shifted 2 sec apart) and its first order temporal derivative. A
contrast image was calculated for each subject corresponding to the main
effect of distractor frequency: infrequent distractors greater than fre-
quent distractors (regardless of type). The individual contrast images
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were then entered into a second-level analysis
using a one-sample ¢ test. The resulting sum-
mary statistical map was thresholded at p <
0.05 (uncorrected for multiple comparisons),
and then a small volume correction (SVC) was
applied to six 6 mm radius spherical regions of
interest (ROIs). Because of the a priori hypoth-
esis concerning the striatum, the ROIs were
centered at the following locations (MNI coor-
dinates): right nucleus accumbens, 12, 8, —8;
left nucleus accumbens, —12, 8, —8; right cau-
date, 12, 8, 12; left caudate, —12, 8, 12; right
putamen, 24, 4, 4; and left putamen, —24, 4, 4
(Fig. 2). The coordinates corresponding to each
ROI were based on those specified by the Ta-
lairach Daemon database (Lancaster et al.,
2000), as implemented in AFNI software (Cox,
1996), which was also used to convert the Ta-
lairach coordinates to the corresponding MNI
coordinates. Small volume correction is a re-
stricted application of the random Gaussian
field theory to account for multiple comparisons when statistical infer-
ence is limited to an a priori specified region of interest (Worsley et al.,
1996). For each subject, the parameter estimates (i.e., effect size ex-
pressed as percentage of the global mean intensity of the scans) of each
distractor type (response and nonresponse) in the two conditions (fre-
quent and infrequent) were averaged across voxels within the specified
ROIs that survived pgy < 0.05 for the contrast, infrequent distractors
greater than frequent distractors. Because the infrequent distractors re-
sulted in greater activation than the frequent distractors, we performed a
post hoc assessment of the individual contributions of the response and
nonresponse distractors to the infrequent condition. This was tested with
a pairwise comparison on the parameter estimates for the nonresponse
versus response distractors in the infrequent condition. The same anal-
ysis for experiment 1 was conducted for experiment 2, except that be-
cause there was only one distractor type (nonresponse) in experiment 2,
three rather than four event types were modeled: nontargets, targets, and
distractors. The assessment of the individual contributions of response
and nonresponse distractors that was performed in experiment 1 did not
apply in this second experiment.

In a separate analysis, the first-level individual contrast images from
experiments 1 and 2 were entered into a second-level analysis using a
two-sample ¢ test to assess the interaction of behavioral relevance with
saliency. Because the subjects in each experiment were sampled from the
same population (i.e., two different groups of individuals from the same
population), any differences between these groups could be attributed to
differences in tasks (i.e., distractor behavioral relevance). For each inter-
action contrast, (1) (infrequent distractors — frequent distractors) X
(relevant — irrelevant) and (2) (infrequent distractors — frequent dis-
tractors) X (irrelevant — relevant), the summary statistical map was
thresholded at p < 0.05 and then an SVC was applied to the same six 6
mm radius spherical ROIs specified in the one-sample analyses above.

Results
In both experiments, subjects made an average of less than one error
per run. In experiment 1, the reaction times to the response distrac-
tors were significantly longer for the infrequently presented distrac-
tors (mean * SE = 683 = 27 msec) than for the frequently presented
distractors (mean = SE = 623 = 24 msec) ( p < 0.001; paired ¢ test).
Reaction times to the central triangle targets in the frequent run
(mean = SE = 598 = 20 msec) and infrequent runs (mean = SE =
579 = 19 msec) were also significantly different in experiment 1
(p = 0.008; paired ¢ test). In experiment 2, there was no significant
difference in reaction times to the central triangle targets between the
frequent run (mean * SE = 468 * 17 msec) and infrequent runs
(mean * SE = 456 * 14 msec) ( p = 0.132; paired ¢ test).

The fMRI ROI results for the contrast, infrequent distractors
greater than frequent distractors, in experiment 1 and
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The locations of the following bilateral ROIs: nucleus accumbens, putamen, and caudate. The ROls are shown on axial
sections of a structural template MRI.

experiment 2 are summarized in Table 1. In experiment 1 (be-
haviorally relevant distractors), of the six striatal ROIs investi-
gated, significant activations occurred bilaterally in the caudate
and nucleus accumbens. Subjects’ parameter estimates for each
distractor type in the bilateral caudate and nucleus accumbens
ROIs (putamen ROIs did not contain significantly activated vox-
els) revealed that in all four clusters, the greatest signal was mea-
sured for the infrequent nonresponse distractors compared with
the other distractor types, including the infrequent response dis-
tractors (Fig. 3). For experiment 2, only the left nucleus accum-
bens ROI contained significant activation.

The results of the fMRI analysis comparing behavioral rele-
vance between the two experiments are summarized in Table 2.
For the interaction (infrequent distractors — frequent distrac-
tors) X (relevant — irrelevant), significant activation occurred in
the caudate bilaterally. No other ROI had activations. The inter-
action (infrequent distractors — frequent distractors) X (irrele-
vant — relevant) did not result in any significantly activated ROIs.

Discussion
Using fMRI, the present study investigated how human striatal
activity was modulated by the saliency of nonrewarding stimuli.
Stimuli considered salient must be unexpected and arousing (i.e.,
draw attention). In the present study, the subjects performed an
ongoing continuous performance task designed to focus their
attention, but brain activity linked to performing this central task
was not of interest. The stimuli of interest were distractor stimuli
flickering in the background of some of the nontargets in the
central task. Saliency was manipulated across two dimensions:
frequency (more frequent, less salient) and behavioral relevance.
An important feature of our tasks was the manipulation of
distractor stimuli expectation through frequency. In each exper-
iment, the frequency of distractor occurrence was modulated be-
tween runs to alter distractor expectation and thus saliency.
When events occur more frequently, they become more expected
and less salient. Infrequent stimuli with long intervals between
consecutive events are unexpected and therefore more salient.
Conforming to accepted definitions of infrequency (McCarthy et
al., 1997; Clark et al., 2000; Kirino et al., 2000), infrequent dis-
tractors occurred in <10% of the trials. Within each experiment,
distractor properties, including location, exact timing, and type
of distractor, were pseudorandomized in each run so that the sole
manipulation of saliency came from relative frequency. In exper-
iment 1, the reaction times for infrequent distractors were signif-
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Table 1. Significantly activated (pg,, = 0.05) striatal ROIs in experiments 1and 2 for the contrast, infrequent distractors greater than frequent distractors

ROI center in MNI coordinates Cluster size Peak MNI coordinates

Brain regions xy2 (voxels) (xy2 Peak Z score
Experiment 1 (behaviorally relevant distractors)

Right caudate 12,8,12 14 12,12, 16 2.66

Left caudate —12,-8,12 n —12,12,16 3.02

Right nucleus accumbens 12,8, —8 5 8,12, —8 2.98

Left nucleus accumbens —12,8,—8 18 —8,8, —12 3.15
Experiment 2 (behaviorally irrelevant distractors)

Left nucleus accumbens —12,8,—8 9 —8,12, —8 3.01

ROI, Region of interest; MNI, Montreal Neurological Institute; SVC, small volume correction.
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Figure 3. In experiment 1, single subjects’ parameter estimates representing effect sizes

(percentage of global mean intensity) were averaged across significantly activated voxels
within the ROs for the contrast, infrequent distractors greater than frequent distractors. ROIs
with significant activations were bilateral nucleus accumbens and caudate. The contrast esti-
mates are plotted for infrequent distractors relative to frequent distractors, regardless of re-
sponse requirement (A). Infrequent distractors were subdivided by response requirement, and
contrast estimates for infrequent nonresponse distractors relative to infrequent response dis-
tractors are plotted ( B). Bar plots represent averages and SEs across subjects. *p << 0.05; **p <
0.005; ***p << 0.001.

icantly longer than for frequent distractors, demonstrating a be-
havioral correlate of predictability.

In addition to predictability, the ability to preferentially draw
attention contributes greatly to stimulus salience. This aspect of
saliency either can be dependent on the behavioral context (i.e.,
on the basis of stimulus behavioral relevancy) or independent of
behavioral context (i.e., on the basis of intrinsic stimulus traits)
(Downar et al., 2002). In our experiments, we manipulated the
behavioral context. In experiment 1, the distractors were behav-
iorally relevant by virtue of a potential response. In experiment 2,
the distractors were behaviorally irrelevant because the distrac-
tors were unimportant for the task, and subjects did not have to
respond to them. Subjects did report, however, that they “no-
ticed” the distractors. When the distractors in experiment 2 were
presented infrequently, they were still considered salient because
of features independent of behavioral context, including their
stark color contrast on the black background (as opposed to the
less contrasting blue shapes in the ongoing task) and their flick-
ering nature. In addition to the intrinsic properties of the stimuli,
distractors in experiment 1 had an added dimension to their
saliency as a result of their potential behavioral consequences.
Importantly, both of the distractor types (response and nonre-
sponse) in experiment 1 required subjects to momentarily inter-
rupt the ongoing task, divert resources to the distractor, and pos-
sibly respond to it, although the button press only occurred to the
response (triangle) distractors.

The results of the present study reveal that activity in the nu-
cleus accumbens increased in response to unexpected, arousing

changes in the visual environment (i.e., appearance of flickering
distractors), whereas the caudate was recruited only when such a
stimulus was behaviorally relevant. These patterns of activity are
consistent with previous animal studies. Caudate neurons re-
spond to cues and visual stimuli, but responses are not typically
seen when these stimuli are independent of the task (Rolls et al.,
1983). Aosaki et al. (1994) reported that neurons in the caudate
do not respond to a cue before training; however, they do re-
spond to the cue after learning that the cue signals upcoming
reward and thus initiates licking. On the other hand, the nucleus
accumbens responds to arousing visual stimuli, even when lack-
ing task relevance (Williams et al., 1993). We observed no signif-
icant modulations of activity in the putamen, which is consistent
with data suggesting that the putamen is most directly linked with
motor control (Alexander and Crutcher, 1990) rather than sa-
lience per se.

From our data, we conclude that the human striatum (caudate
and nucleus accumbens) plays a role in processing salient events,
other than rewards, but the response is not homogeneous
throughout the striatum. Redgrave et al. (1999) proposed that
activity in the striatum provides a signal to switch attentional or
behavioral resources, or both, to unexpected stimuli eliciting
such responses. In accordance with this theory, our results sug-
gest that the nucleus accumbens responds when an attentional
switch is elicited, whereas the caudate responds when a behav-
ioral switch is elicited.

An alternative interpretation may be that subjects found that
responding to the distractors in experiment 1 was more reward-
ing than not responding to distractors in experiment 2. In this
view, the differential striatal activation (caudate) would be
caused by a difference in internal reward state. However, this
interpretation is unlikely given that the infrequent nonresponse
distractors, rather than the response distractors, elicited the
greatest dorsal and ventral striatal activity. If the internal reward
hypothesis were true, then not responding would have to be more
rewarding than responding, a scenario that seems implausible.
The greatest signal after infrequent nonresponse distractors also
provides evidence that the striatal activity in experiment 1 was
not attributable to motor execution (although its involvement in
motor inhibition cannot be ruled out).

The interpretation of the present results relies on salience be-
ing manipulating through the alteration of distractor frequency.
However, it should be noted in experiment 1 that the effect of
frequency could be interpreted differently. Subjects had to switch
between two stimulus-response channels both frequently and
infrequently. The effect of frequency may therefore reflect differ-
ences in the rate of changing the response selection rather than
salience. To our knowledge, the striatum has not been implicated
in the coding rate of changing response selections, although fu-
ture studies manipulating stimulus saliency in ways other than
altering its frequency of occurrence could address this issue.
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Table 2. Striatal regions of interest differentially activated (p5y, < 0.05) by behavioral relevance between the two experiments for the contrast, infrequent distractor

greater than frequent distractors

ROI center in MNI coordinates Cluster size Peak MNI coordinates
Brain regions (x5 2 (voxels) Xy 2 Peak Z score
Behaviorally relevant (experiment 1) > behaviorally irrelevant (experiment 2)
Right caudate 12,8,12 6 12,12,16 3.26
Left caudate —12,8,12 7 —12,12,16 291

Behaviorally irrelevant (experiment 2) > behaviorally relevant (experiment 1)
No significant activations in regions of interest

ROI, Region of interest; MNI, Montreal Neurological Institute; SVC, small volume correction.

Brain responses to infrequent salient stimuli have been as-
sessed in other ways, such as oddball paradigms, but striatal ac-
tivity has not been reported in these studies (McCarthy et al.,
1997; Clark et al., 2000; Kirino et al., 2000; Casey et al., 2001). If
the striatum codes unexpected events that elicit a switch of atten-
tion or behavior, as our results suggest, then oddball paradigms
might not be effective for evoking striatal activations. In the
aforementioned oddball paradigms, each stimulus appeared in
the focus of attention so that no switch was elicited. By presenting
the stimuli in the focus of attention, the subjects expected a stim-
ulus to appear in a predictable location and typically at a predict-
able time. Although they were infrequent compared with other
stimuli in the task, the stimuli of interest were not unexpected, as
they would be if presented outside of the task. In the present
study, we avoided these confounds by presenting the distractors
outside of the focus of attention, thereby allowing us to modulate
both stimulus expectation and behavioral relevance.

It should be noted that the signal measured in fMRI is an
indirect measure of changes in cerebral blood flow, which tends
to be more correlated with presynaptic activity than postsynaptic
spiking (Logothetis et al., 2001). The BOLD signal cannot be
associated directly with activity in specific cell types and is not a
measurement of specific neurotransmitter release. We are unable
to link the present results to specific neurons in the striatum [e.g.,
tonically active interneurons (TANs) or medium spiny projec-
tion neurons] or direct changes in dopamine transmission. How-
ever, because the BOLD signal is more correlated with presynap-
tic activity, the observed activations within the striatum probably
do not represent spike rates of striatal projection neurons. TANs
comprise ~2% of all striatal cells (Pisani et al., 2001); therefore it
is unlikely that the TANs are solely responsible for the reported
changes in striatal activity. Dopaminergic inputs, which do re-
spond to salient events (Horvitz, 2000), may interact with con-
vergent glutamatergic cortical inputs in the striatum by amplify-
ing strong (salient related) cortical inputs and dampening weak
(nonsalient related) cortical inputs (Nicola et al., 2000; Horvitz,
2002). This interaction could be responsible for the signal
changes observed in the striatum in our experiments. In the
present study, although dopamine inputs innervate the entire
striatum, differential striatal activation between experiments
could have occurred as a result of the recruitment of different
cortical inputs coding for behavioral relevance. The current anal-
ysis was restricted to the striatum; however, it would be interest-
ing in future studies to examine which cortical areas are also
recruited under similar task conditions.

In conclusion, the results of the present study extend the role
of the striatum from reward processing to saliency processing.
Specifically, our data suggest that the nucleus accumbens plays a
role in coding unexpected arousing events, whereas caudate ac-
tivity is more closely linked to the behavioral relevance of stimuli.
This notion is not incompatible with the reward theory of the

striatum. Both unexpected rewards and reward-related stimuli
are salient by being behaviorally relevant, especially to a food-
deprived animal (as often is the case in the studies investigating
reward processing), and ongoing behaviors must be interrupted
to approach and consume rewards. The present study provides
evidence that activity in the human striatum codes more than
rewards or even stimuli potentially leading to rewards. Rather,
the striatal system may have evolved more generally to subserve
the processing of any salient stimulus.
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