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Research on the neural basis of working memory (WM) has generally
focused on neocortical regions; comparatively little is known about the
role of subcortical structures. There is growing evidence that the basal
ganglia are involved in WM, but their contribution to different
component processes of WM is poorly understood. We examined the
temporal dynamics of basal ganglia response and connectivity during
the encoding, maintenance and response phases of a Sternberg WM
task. During the encoding and maintenance phases, WM-load-
dependent activation was observed in the left anterior caudate, anterior
putamen and globus pallidus; activation in the right anterior caudate
was observed only during the maintenance phase. During the response
phase, the basal ganglia were equally active in both the high-load and
low-load WM conditions. Caudate and putamen activations were
primarily localized to the (rostral) associative parts of the basal ganglia,
consistent with the putative role of these regions in cognitive processing.
Effective connectivity analyses revealed increased WM-load-dependent
interaction of the left anterior caudate with the left posterior parietal
cortex during all three phases of the task; with the visual association
cortex, including the fusiform gyrus and inferior temporal gyrus, only
during the encoding phase; with the ventrolateral prefrontal cortex
during the encoding and maintenance phases; with the pre-supplemen-
tary motor area during the maintenance and response phases; and with
the dorsolateral prefrontal and anterior cingulate cortices only during
the response phase. Taken together with known neuroanatomy of the
basal ganglia, these results suggest that the anterior caudate helps to link
signals in distinct functional networks during different phases of the
WM task. Our study offers new insight into the integrative and adaptive
role of the basal ganglia in higher cognitive function.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

It is now well established that the basal ganglia (BG) play an
important role in motor control and sequencing (Alexander et al.,
1986; Aldridge and Berridge, 1998). Beyond this, there is growing
evidence that the BG are specifically involved in cognitive
operations (Alexander et al., 1986; Graybiel, 1997; Ravizza and
Ivry, 2001), such as working memory (WM), independent of motor
and sensory operations (Owen et al., 1997; Postle and D'Esposito,
1999a,b; Skeel et al., 2001; Lewis et al., 2004). WM, the ability to
maintain and manipulate information during a short interval
(Baddeley, 1997; Goldman-Rakic, 1999), is fundamental to many
cognitive functions, and its neural basis has been the subject of
numerous investigations (Baddeley, 2003). Most of these studies
have focused on the role of cortical regions, notably the
dorsolateral and ventrolateral prefrontal and posterior parietal
cortices (Owen et al., 1996; Fletcher and Henson, 2001). Much less
is known about the role of the BG, with which these cortical
regions are tightly linked (Alexander et al., 1986; Middleton and
Strick, 2002). The aim of our study is to investigate more
thoroughly the role of the BG in verbal WM using an event-related
functional magnetic resonance imaging (fMRI) task along with
network analysis of BG responses during different stages of WM.

BG involvement in WM has been demonstrated in animal
studies which found severe performance impairments following
striatal lesions (Rosvold and Delgado, 1956; Dean and Davis,
1959; Battig et al., 1960; Divac et al., 1967; Goldman and
Rosvold, 1972). Electrophysiological studies have also reported
enhanced neuronal firing in the BG during visuo-spatial WM tasks
(Stamm, 1969; Mordinov, 1981; Alexander et al., 1986; Hikosaka
et al., 1989; Apicella et al., 1992). Animal studies have almost
exclusively focused on visuo-spatial WM, and hence less
information is available concerning non-spatial forms of WM. In
patients with Parkinson's disease, reduced dopamine in the striatum
has been associated with selective impairments of visuo-spatial
WM (Morris et al., 1988; Bradley et al., 1989; Cooper et al., 1991;
Owen et al., 1998; Dagher et al., 2001; Lewis et al., 2003) as well
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as non-spatial or verbal WM (Owen et al., 1997). These studies
suggest that the BG are involved in both spatial and non-spatial
WM processing. However, they do not provide information about
the precise anatomical locus of BG deficits that impact specific
stages of WM operations, especially for the less well-studied non-
spatial forms of WM.

Consistent with animal lesion and human patient studies,
several human neuroimaging studies have found increased
activation in the BG during verbal WM. Activation of the caudate
has been reported in complex WM tasks, such as those in which
subjects are required to match a probe with a test item presented
two steps back (D'Esposito et al., 1998; Crottaz-Herbette et al.,
2004). However, the complexity of this task and the requirements
of maintaining as well as manipulating information in memory
have precluded determination of the precise role of the caudate in
WM. The Sternberg task (Sternberg, 1966) and its variants have
been used to more closely examine the role of different brain
regions in the different stages of WM. The Sternberg task consists
of an “encoding” phase, during which stimuli are presented and
must be committed to memory; a “maintenance” phase, during
which the information is held in short-term memory; and a
“response” or “probe” phase, during which the subject retrieves the
stored information, compares it with a probe and makes a response.
Here again, the focus of previous studies has primarily been on
cortical structures (Elliott and Dolan, 1999; Postle and D'Esposito,
1999a,b; Rypma et al., 1999; Chein and Fiez, 2001; Manoach et
al., 2003; Cairo et al., 2004).

Using a modified Sternberg task involving letters, Lewis et al.
(2004) showed that activation in the caudate was greater when
subjects had to manipulate, as opposed to simply maintain,
information in WM. This study did not specifically examine
activation during the encoding, maintenance and retrieval phases.
The use of a small sample size, and an older group of individuals
(50–70 years old) with an unspecified mean age, also raises
concerns regarding the generalizability of the findings because it is
not clear to what extent the findings were confounded by aging
effects. Two recent studies have used larger sample sizes to
investigate brain responses during all three phases of the Sternberg
task (Manoach et al., 2003; Cairo et al., 2004). Although the focus
of both these studies was predominantly cortical, they also reported
differential responses in the BG. Manoach et al. (2003) found
activation in the globus pallidus during the response phase only,
whereas Cairo et al. (2004) observed activation in the caudate,
putamen and globus pallidus during the encoding phase, and in the
putamen during the maintenance phase.

We used event-related fMRI, and a Sternberg task with visual
verbal stimuli, to investigate the temporal dynamics of BG
responses during the encoding, maintenance and response phases
of WM. We compared BG activation and effective connectivity
during a high-loadWM condition with those during a low-loadWM
condition. This allowed us to examine, for the first time, network
functions of the BG during WM after controlling for factors
including task context, low-level memory, and sensory and motor
processing. One aim of our study was to resolve contradictory
findings observed in previous studies. More importantly, we sought
to extend findings from previous studies in novel and important
ways by investigating the interactions of BG with the lateral
prefrontal and parietal cortices, the pre-supplementary motor area
(pre-SMA) and the anterior cingulate cortex (ACC)—brain areas
well known to be involved in manipulating and maintaining
information in WM, as well as in top–down attention control and
response preparation (Funahashi et al., 1989; Petrides et al., 1993;
Owen et al., 1996; Braver et al., 1997; Humberstone et al., 1997;
Rowe et al., 2000; Crottaz-Herbette and Menon, 2006) during
different stages of the WM task.

We modified the standard Sternberg task in a manner that is
particularly relevant to the study of BG function. One problem
with the standard task design (Manoach et al., 2003; Cairo et al.,
2004), particularly for interpreting findings of brain imaging
studies, is that even for explicitly non-spatial tasks, the stimuli to
be encoded into memory are presented simultaneously at multiple
spatial locations. This requires the subject to make multiple eye
movements to encode the stimulus set. The BG, in addition to their
well-known role in movement, also control purposive saccadic eye
movements (Hikosaka et al., 2000). Thus, a task requiring saccades
would confound a network analysis since basal ganglia pathophy-
siology can influence eye movement processing in the frontal
cortex (Armstrong et al., 2002). Our study eliminated these
problems by presenting the stimuli to be encoded one at a time, in
quick succession.

It is well known that the general linear model (GLM) analysis
of distinct phases of the Sternberg task is susceptible to
multicollinearity, as the events of interest are closely spaced and
cannot be temporally randomized to improve statistical efficiency.
We did not vary the length of the maintenance phase, as delays of
different lengths have been shown to elicit qualitatively different
patterns of brain activation (Elliott and Dolan, 1999). Introducing
small changes in delay-length may not result in significant
increases in statistical power, particularly at the group level. If
delays are varied over longer durations, however, brain processes
engaged by the task are likely to differ from trial to trial and there
would be no way of disentangling WM load effects resulting from
stimulus set size (as conceptualized in this study) from those
resulting from variable delays. Hence, the statistical power gained
from varying the duration of delay phase in the Sternberg task must
be weighed against changes in brain responses elicited by such
variable delays. To minimize collinearity, events corresponding to
each phase were modeled as impulses spaced 4 s apart.
Furthermore, to explore the detection power and rate of false
positives, we conducted simulations using AR(1) noise and signal-
to-noise ratio of 0.2 and higher. Our simulations sought to assess
the accuracy with which our GLM covariates could detect
activation specific to a particular phase of the Sternberg task, as
well as the rate of misattribution of activation to temporally
adjacent phases. The results demonstrate an ability to discern
activation specific to each phase.

We examined BG responses and effective connectivity (Friston
et al., 1997) to test the hypotheses that (1) WM-load-dependent
activation would be observed in the BG, especially the anterior
caudate during all three phases of the Sternberg WM task, (2) BG
responses would be more tightly coupled to the PFC and the PPC,
pre-SMA and ACC during the high-load, compared to the low-
load, WM condition, and (3) BG connectivity would reflect
integration of different cortical circuits during each of the three
phases.

Materials and methods

Subjects

Fourteen healthy right-handed adults (7 females, 7 males, ages:
18–32 years) participated in this study after giving written
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informed consent. Handedness was assessed using the Edinburgh
test (Oldfield, 1971). All protocols used in this study were approved
by the human subjects committee at Stanford University School of
Medicine.

Task

Subjects performed a variant of the Sternberg task (Sternberg,
1966). Each trial consisted of one of two conditions: a high-load or
a low-load WM condition (Fig. 1). In each trial, subjects were first
presented with a 500 ms fixation cross in the middle of the screen
followed by an encoding phase in which five target stimuli were
presented consecutively for 425 ms each, with a 75 ms interval
between consecutive stimuli. This was followed by a 5 s main-
tenance (delay) phase during which a fixation cross at the center of
a blank screen was displayed. Immediately following the
maintenance phase, a probe stimulus lasting 500 ms was presented.
Subjects were instructed to press a button with the right index
finger if the probe stimulus was part of the target set (a match), and
with the right middle finger if it was not. 50% of the trials were
matches. The inter-trial interval (onset to onset) was 20 s in order
to allow the hemodynamic response to return close to baseline
between trials. Stimuli were numbers (0–9) displayed in the center
of the screen. In the high-load WM condition, the target stimulus
set consisted of five different numbers (e.g. “4 2 7 3 9”), while in
the low-load WM condition, the same number (e.g. “2 2 2 2 2”)
comprised all five targets. Two sessions were used, with 24 trials
within each session. High- and low-load WM trials were randomly
intermixed within sessions. Each session began with a 30 s rest
interval to allow the fMRI signals to equilibrate. The task was
programmed using Psyscope (Cohen et al., 1993) on a Macintosh
(Sunnyvale, CA) computer.

Behavioral data analysis

Accuracy and reaction time (RT) were recorded for each trial.
Accuracy refers to the percentage of trials (match and non-match
trials) in which the subject responded correctly with an appropriate
button push. Performances in the high- and low-load WM
conditions were compared using t-tests for the accuracy and RT.

fMRI acquisition

Images were acquired on a 1.5 T GE Signa scanner with
Echospeed gradients using a standard whole head coil. A custom-
Fig. 1. Schematic diagram of the task showing stimuli and the timing of
high- and low-load WM trials. Each trial lasted 20 s and began with the
presentation of a fixation point for 500 ms followed by 5 successive numbers
for 2.5 s (425 ms per number, with a 75 ms interval between consecutive
stimuli) and a maintenance interval of 5 s. A probe was presented for 500 ms
at the end of the maintenance period. In the final 11.5 s of the trial, subjects
passively viewed a fixation point at the center of the screen.
built head holder was used to prevent head movement. 28 axial
slices (4 mm thick, 0.5 mm skip) parallel to the anterior and
posterior commissure covering the whole brain were imaged with a
temporal resolution of 2 s using a T2* weighted gradient echo
spiral pulse sequence (TR=2000 ms, TE=40 ms, flip angle=89°
and 1 interleave) (Glover and Lai, 1998). The field of view was
200 mm, and the acquisition voxel size was 3.75×3.75×4.5 mm.
To aid in localization of functional data, a high-resolution T1-
weighted spoiled grass gradient recalled (SPGR) 3D MRI sequence
with the following parameters was used: TR=35 ms; TE=6 ms;
flip angle=45°; 24 cm field of view; 124 slices in coronal plane;
256×192 matrix. Initiation of scan and task was synchronized
using a TTL pulse delivered to the scanner timing microprocessor
board from a “CMU Button Box” microprocessor (http://psyscope.
psy.cmu.edu) connected to the Macintosh. Visual stimuli were
presented at the center of a screen using a custom-built magnet
compatible projection system (Resonance Technology, CA).

Image preprocessing

Images were reconstructed, by inverse Fourier transforms, into
64×64×28 image matrices. fMRI data were pre-processed using
SPM2 (http://www.fil.ion.ucl.ac.uk/spm). Slice timing correction
was applied followed by motion correction using least squares
minimization and without higher-order corrections for spin history.
Images were then resampled every 2 mm using sinc interpolation,
normalized to stereotaxic Talairach coordinates (Talairach and
Tournoux, 1988) and smoothed with a 4 mm Gaussian kernel to
decrease spatial noise (post-processing voxel size: 2×2×2 mm).

fMRI statistical analysis

Statistical analysis at the individual subject level was performed
using the GLM, as implemented in SPM2. Separate regressors
were constructed for each phase of the Sternberg task (encoding,
maintenance, response) for each of the two conditions (low load
and high load). BOLD responses during the encoding, maintenance
and response phases were modeled as impulses of neural activity
convolved with the canonical HRF. Impulses were placed at the
onset of the encoding phase, 1.5 s after the onset of the delay phase
and 0.5 s after the onset of the response phase. This approach
separates the onsets of temporally adjacent covariates by 4 s in
order to minimize collinearity (Zarahn et al., 1997) and has been
used successfully in previous studies (Gazzaley et al., 2004). An
intercept term was included in the GLM to model the effect of
block. Low frequency noise was removed with a high pass filter
(cutoff period 120 s) applied to the fMRI time series at each voxel,
and an AR(1) model was fit to the residuals to account for intrinsic
temporal autocorrelations. No global scaling was performed.

To examine response differences between the high- and low-
load conditions across the trials as a whole – that is, without
separately modeling the encoding, maintenance and response
phases –we also performed a separate analysis using two regressors
(one modeling high-load trials, and one modeling low-load trials)
along with an intercept term. Here, the BOLD response for each
trial was modeled as a 10 s boxcar function convolved with the
canonical HRF.

Group analysis was performed using a random-effects model
with a two-stage hierarchical procedure. This model estimates the
error variance for each condition of interest across subjects, rather
than across scans, and therefore provides a stronger generalization
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to the population from which data are acquired (Friston et al.,
1995). In the first stage, t-contrast images for each subject were
first generated for all effects of interest: (i) encodinghigh-load–
encodinglow-load, (ii) maintenancehigh-load–maintenancelow-load and
(iii) probehigh-load–probelow-load when the three phases were
modeled separately, and (high-load–low-load) when the three
phases were not modeled separately. In the second stage, the
individual contrast images were analyzed with the GLM, and a
one-sample t-test was used to determine group activation for each
effect. The t-statistics were normalized to Z scores, and significant
clusters of activation were determined using the joint expected
probability distribution of height (Z>2.65, df=13; p<0.01) and
extent (p<0.01) thresholds of Z scores (Poline et al., 1997),
corrected for multiple comparisons.

Activation foci were superimposed on high-resolution T1-
weighted images, and the locations of the activation were
interpreted using known neuroanatomical landmarks (Mai et al.,
1997; Duvernoy et al., 1999). MNI coordinates were transformed
to Talairach coordinates using a non-linear transformation (Brett,
2000).

Simulations

We performed simulations to confirm that the covariates used in
our GLM could successfully detect activation corresponding to
individual task phases. We examined the ideal situation in which
there is no mismatch between the actual and modeled HRFs. We
simulated the hemodynamic response of a single voxel activated
under two different conditions: (i) the high-load encoding phase
alone, and (ii) both the high-load encoding and high-load
maintenance phases. In condition (i) we examined whether
activation would be detected during the maintenance phase when
in fact there was no true activation. In condition (ii) we examined
whether activation could be detected in both encoding and
maintenance phases.

The voxel-wise response was modeled by impulses convolved
with the canonical HRF, where impulses for the encoding and
maintenance phases were separated by 4 s. To this response we
added temporally autocorrelated noise (AR(1) parameter 0.2) with
signal-to-noise ratios ranging from 0.1 to 0.6. The resulting signal
was regressed against our model (see the section fMRI statistical
analysis), and a t-test was used to determine the significance of
activation during the encoding and maintenance phases. Five
hundred independent iterations were performed. Simulations were
implemented in MATLAB (The Mathworks Inc., Natick, MA).

Regions of interest

Regions of interest (ROIs) analyses were conducted for the BG
nuclei. First, ROIs encompassing the caudate, putamen and globus
pallidus (GP) were hand-drawn separately in each hemisphere on
the group averaged T1-weighted structural MRI image. ROIs were
drawn using MRIcro (www.mricro.com). The ROIs were then
drawn separately on the axial plane of the average brain image in
accordance with standard brain atlases (Duvernoy et al., 1999;
Talairach and Tournoux, 1988). Drawn ROIs were also examined
and corrected on the coronal and sagittal plane in order to
determine reliability of axial drawings.

Left and right caudate regions began at Talairach z-coordinate
of −10 and ended at +22. The anterior commissure (AC) and the
termination of the optic tract posterior to the caudate defined the
ventral extent of the ROI. The dorsal extent of the caudate was
marked by the closure of the anterior and posterior lateral
ventricles, and when the caudate could no longer be seen clearly
(Magnotta et al., 1999). The left and right putamen ROIs began at
Talairach z-coordinate of −10 and ended at +12. Tracing of the
putamen was defined by the ventral extent of the head of the
caudate while the joining of the anterior and posterior internal
capsule defined the dorsal extent of the ROI. The medial boundary
of the putamen was defined by the border of the GP; tracing
terminated when the putamen could no longer be defined
accurately (Magnotta et al., 1999). The left and right GP ROI
began at Talairach z-coordinate −4 and ended at +6. The ventral
extent of the GP ROI was defined by the joining of the AC across
the left and right hemispheres. The dorsal extent of the GP was
defined by the posterior internal capsule between the putamen and
thalamus, and the disappearance of gray matter between the
putamen and posterior internal capsule.

Effective connectivity

Effective connectivity analysis (Friston et al., 1997) was used to
examine the WM-load-dependent interaction of the BG with other
brain regions during the various stages of WM processing.
Effective connectivity is defined here as the influence of one
region upon another, after discounting the influence of task-related
effects as well as the effects of a common driving input.

A cluster in the left anterior caudate (center of mass: x=−16,
y=14, z=8) was selected as the seed region for the effective
connectivity analysis as it exhibited strong activation at the group
level during the maintenance phase. The anterior caudate is
unambiguously part of the associative, rather than the motor
aspects of the BG (Postuma and Dagher, 2006); furthermore, in our
task, movement was matched between the high-load and low-load
WM tasks. This ROI was defined by taking the intersection of the
thresholded (p<0.01, corrected for multiple comparisons) func-
tional activation during the maintenance phase with the anatomical
left anterior caudate ROI. For each subject, the average time series
were extracted from the seed region, and subsequently mean-
corrected, high-pass-filtered (f<1/120) and smoothed with the
canonical HRF kernel. No deconvolution or other transforms were
performed on the time series. We then constructed bilinear
regressors corresponding to the phase-dependent physiological
interaction (PI) of the seed region. For each of the three phases, we
constructed one PI regressor by taking the pointwise (Hadamard)
product between (a) the time series of the seed region and (b) the
difference between the high- and low-load task regressors for that
phase.

The GLM used in the effective connectivity analysis for each
subject included 11 regressors: the 3 PI regressors described in the
above paragraph, 1 regressor corresponding to the filtered time
series from the seed region, the 6 task- and phase-related regressors
described in the section fMRI statistical analysis, and 1 intercept
term. Our analysis of effective connectivity was thus specific for
BG-modulated influences that occurred over and above any task.

For each of the three phases, brain regions that showed
significant PPI effects were determined by testing for positive
slopes of the phase-specific PI regressor (i.e. by applying a t-contrast
that was 1 for the PPI regressor of the respective phase and 0 for all
other effects). Subject-specific contrast images were determined
and then entered into random effects group analyses. This second
level connectivity analysis allowed us to extend inferences to the
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population from which the data were acquired. An inclusive mask
was used to limit the analysis to voxels that showed task-related
activations (with a p<0.05 uncorrected height and extent thresh-
Fig. 2. True and false positive detection rates of simulated encoding and mainte
responses were simulated under various experimental conditions that mimicked ex
encoding-related responses as a function of SNR, when the simulated voxel was ac
encoding-related activation remains above 95% for p<0.05 (above 86% for p<0.01
function of SNR, when the simulated voxel was active only during the encoding ph
3% for p<0.01) and is relatively constant for the specified SNR range. (b) (Left) Tru
when the simulated voxel was active during both the encoding and maintenance pha
function of SNR, when the simulated voxel was active during both the encoding a
old) in the phase of interest. The significance of the results was
assessed at a p<0.05 uncorrected threshold, due to the reduced
size of the search volumes.
nance responses as a function of signal to noise ratio (SNR). Single-voxel
pected patterns of brain responses. (a) (Left) True positive detection rate of
tive only during the encoding phase. Note that the rate of correctly detected
). (Right) False positive detection rate of maintenance-related responses as a
ase. Note that the false positive rate remains below 10% for p<0.05 (under
e positive detection rate of encoding-related responses as a function of SNR,
ses. (Right) True positive detection rate of maintenance-related responses as a
nd maintenance phases.
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Results

Behavioral performance

Performance levels were high in both WM conditions. Accuracy
(mean±standard error) was 97.62%±0.84% in the low-load WM
condition and 96.43%±1.44% in the high-loadWM condition. RTs,
computed relative to the presentation of the probe stimulus, were
1030 ms±65.59 ms in the low-load WM condition and 1243 ms±
52.67ms in the high-loadWMcondition. Performances for the high-
and low-load WM conditions were compared using paired t-tests.
RTs were significantly shorter for the low-load WM condition
compared to the high-load WM condition (t(13)=4.72; p=0.0004).
Accuracy was not significantly different between the two conditions
(t(13)=0.84; p=0.41).

Simulations

In condition (i), wherein the simulated voxel was active during
the encoding phase only, the rate of correctly detected encoding-
related activation remained above 95% for p<0.05 (above 86% for
p<0.01) and rose sharply (Fig. 2a); the rate of misattribution to the
maintenance phase remained below 10% for p<0.05 (under 3% for
p<0.01) and was relatively constant for the specified SNR range
(Fig. 2b). In condition (ii), wherein the simulated voxel was active
during both the encoding and maintenance phases, successful
Fig. 3. Brain areas that showed significant WM-load-dependent activation (high-lo
significant after correction for multiple spatial comparisons (p<0.01). Activations a
structural images.
detection of both encoding- and maintenance-related activation
increased sharply as a function of SNR (Figs. 2c and d). Our
simulations treated the ideal scenario, in which no discrepancies
exist between the actual and modeled HRFs; however, we
acknowledge that mismatch between actual and modeled HRF with
respect to parameters such as latency, time-to-peak and dispersion
could affect the ability of the GLM to disambiguate responses to the
component phases. On the other hand, such mismatches are likely to
vary across subjects (Handwerker et al., 2004) thereby increasing
error variance and reducing detection power at the group level. This
is likely to increase Type II rather than Type I error. While some
previous studies using the Sternberg paradigm have introduced 1–2 s
jitter in the length of the maintenance phase (Manoach et al., 2003;
Cairo et al., 2004; Kirschen et al., 2005), the amount of increased
detection power is unclear. Jittering the length of the maintenance
phase beyond a couple of seconds, on the other hand, fundamentally
changes the nature of the memory task. Such design and analysis
issues are important and currently unresolved in the field, warranting
further investigation.

Overall WM-load-related activation

We first compared activation in the high-load versus low-load
WM conditions within the entire duration of each trial (i.e. without
separating responses to the encoding, maintenance and retrieval
phases of the task). As predicted, we found significant activation of
ad>low-load) averaged across all three phases of the task. Each cluster was
re shown superposed on group-averaged, spatially normalized, T1-weighted



Fig. 4. Specific basal ganglia nuclei that showed significant WM-load-dependent activation (high-load> low-load) during the encoding (top), maintenance
(middle) and response (bottom) phases of the WM task. Each cluster was significant after correction for multiple spatial comparisons (p<0.01). Activations are
shown superposed on group-averaged, spatially normalized, T1-weighted structural images. Both coronal (a) and axial (b) slices are shown. Significant WM-
load-dependent basal ganglia activation was observed during the encoding and maintenance phases, but not during the response phase.
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the BG, including the caudate, putamen and globus pallidus. These
responses were predominantly localized to the left hemisphere. We
also found significant activation in the VLPFC, DLPFC, pre-SMA,
fusiform gyrus/inferior temporal gyrus (FG/ITG), ACC and PPC
(Fig. 3).

WM-load-related activation in each phase

We then compared high- and low-load WM conditions in each
of the three phases of the task. This analysis revealed significant
Fig. 5. Time courses of the left putamen, left pallidum, left caudate and right caudat
for the high-load WM condition (left column), the low-load WM condition (center
(right column). The time courses for the encoding, maintenance and response events
(http://marsbar.sourceforge.org); they were then averaged and plotted with error b
activation during the high-load, compared to low-load, WM condition during the e
responses were strong but not load-dependent.
load-dependent BG activation during the encoding and main-
tenance phases. Activation of the left caudate, putamen and globus
pallidus was observed during both the encoding and maintenance
phases, and activation in the right caudate was observed during the
maintenance phase (Fig. 4). Activations within the caudate and
putamen were mainly anterior to the anterior commissure.

Event time courses for the left anterior caudate, anterior
putamen and pallidum and the right anterior caudate ROIs are
shown in Fig. 5. It is evident that all four of these ROIs exhibit
stronger responses in the high-load, compared to the low-load,
e during the encoding (blue), maintenance (red) and response (green) phases
column) and for the direct comparison high- minus low-load WM conditions
were computed separately for each of 14 subjects using the MarsBar toolbox
ars at each time point. The time courses of all four ROIs indicate stronger
ncoding and maintenance phases. During the response phase, basal ganglia

http://www.marsbar.sourceforge.org


Table 1A
Brain regions that showed significant WM-load-dependent activation during the encoding phase

Region Brodmann
area

Corrected
p value

# of
voxels

Peak
Z score

Peak MNI coordinates

x y z

Left hemisphere
L sup parietal 7 0.001 137 3.69 −28 −60 54
L sup/mid occipital 7/19 <0.001 161 3.87 −30 −74 30
L mid occipital/temporal 19/37 <0.001 418 4.57 −36 −86 −2

L fusiform/inf occipital 19/37 4.06 −42 −60 −14
L insula 47/48 0.003 124 3.22 −34 6 −6
L putamen/L caudate <0.001 228 3.87 −18 8 −10

L putamen 3.85 −18 8 4
L pallidum 3.17 −24 2 4

Right hemisphere
R angular/sup occipital 7 0.007 112 3.98 32 −74 44

R mid occipital 19 3.51 30 −82 34
R inf occipital, R fusiform 19 0.007 112 3.84 40 −80 −14
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condition during both the encoding and maintenance phases. The
left anterior putamen showed the strongest WM load effects during
the encoding phase, while those of the left and right caudate and
Table 1B
Brain regions that showed significant WM-load-dependent activation during the m

Region Brodmann
area

Corrected
p value

Left hemisphere
L/R SMA 6 <0.001
L mid frontal, L inf frontal

operc/tri, L precentral
45/44/48/6 <0.001

L inf frontal tri 48
L insula 48
L putamen
L pallidum
L caudate
L thalamus

L sup parietal 7 <0.001
L inf parietal 40
L mid occipital 19

L inf occipital 19 <0.001
L sup temporal pole 41 <0.001
L cerebellum crus1 18 <0.001

L cerebellum crus1 18
L lingual 17
L cerebellum crus2 0.005

Right hemisphere
R sup/mid frontal, precentral 6/8 <0.001
R inf frontal tri 45 <0.001

R frontal mid 45
R inf frontal operc, R precentral 44 <0.001
R inf orb frontal, R insula 47 0.001
R postcentral 3 <0.001

R supramarginal 2
R inf parietal 40

R parietal sup 7 <0.001
R angular 40
R occipital sup/mid 7

R cerebellum 8 <0.001
R cerebellum 6 19

R thalamus/r caudate <0.001
globus pallidus were strongest during the maintenance phase. No
WM-load-dependent activations were observed during the re-
sponse phase. Analysis of the time courses suggests that these
aintenance phase

# of
voxels

Peak
Z score

Peak MNI coordinates

x y z

1276 5.47 0 4 62
3188 4.91 −56 18 12

−42 20 18
−32 24 6
−20 10 −4
−18 −2 4
−18 −14 22
−16 −10 16

1327 4.77 −22 −66 44
−50 −42 56
−28 −64 30

191 4.77 −52 −70 −12
202 4.03 −42 −40 22
229 4.71 −16 −66 −30

−8 −78 −18
−4 −74 −6

113 4.04 −38 −60 −40

218 4.15 30 0 50
366 3.97 44 38 10

46 42 30
338 4.13 50 14 36
143 4.14 38 30 −6
295 4.25 44 −28 50

54 −30 48
52 −38 48

393 3.96 34 −72 52
30 −52 34
32 −66 40

207 4.08 24 −54 −42
28 −68 −26

288 3.83 10 −32 6



Table 1C
Brain regions that showed significant WM-load-dependent activation during the response phase

Region Brodmann
area

Corrected
p value

# of
voxels

Peak
Z score

Peak MNI coordinates

x y z

Left hemisphere
L occipital mid 40/7 <0.001 330 3.86 −30 −56 38

L inf parietal 40 3.85 −46 −50 42
L inf parietal 40 3.82 −36 −54 46

Right hemisphere
L/R frontal sup medial 8 <0.001 231 4.61 0 36 50

R frontal sup medial 8 3.38 4 30 58
L/R ant/mid
Cingulate 32 3.65 2 32 38

R angular 39 0.008 110 3.5 42 −60 38
R inf parietal 7 3.03 36 −54 44
R angular 7 3.02 40 −72 48
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regions were equally activated during the high-load and low-load
WM conditions.

Additionally, during the encoding phase, activation was
observed bilaterally in the PPC (BA 7) and lateral temporal–
occipital cortex (LOC; BA 19/37), as well as in the left FG (BA 37)
and left insula (BA 48). During the maintenance phase, activation
was observed bilaterally in the VLPFC (BA 44/45/47), PPC (BA
40/7), precentral (BA 6/44) and SMA (BA 6), as well as in the left
thalamus, left insula (BA 48), left middle/inferior occipital cortex
(BA 19), left cerebellum (crus1 and crus2) and right cerebellum
(Lars regions 6/8). During the response phase, activation was
Fig. 6. Brain areas that showed increased WM-load-dependent connectivity with
response (bottom) phases. Each cluster is significant at the p<0.05 uncorrected wit
group-averaged, spatially normalized, T1-weighted structural images. VLPFC: ven
supplementary motor area; ACC: anterior cingulate cortex; MTG: medial tempora
observed bilaterally in the PPC (BA 7/40), pre-SMA (BA 8), ACC
(BA 32) and in the left middle occipital cortex (BA 7/40). Table
1A–1C provides the localizations, peak MNI coordinates and
corresponding Brodmann areas of all significant (p<0.01,
corrected for multiple comparisons) activations during each of
the three phases.

WM-load-dependent effective connectivity of the basal ganglia

Enhanced load-dependent cortical connectivity with the left
anterior caudate seed region was apparent in all three phases of the
the anterior caudate during the encoding (top), maintenance (middle) and
h a minimum cluster size of 50 voxels. Activations are shown superposed on
tral lateral prefrontal cortex; DLPFC: dorsal lateral prefrontal cortex; SMA:
l gyrus; IPS: intraparietal sulcus; SFG: superior frontal gyrus.
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task (Fig. 6), with the strongest effects in the left hemisphere.
During the encoding phase, left-hemisphere connections were
observed with the left VLPFC (BA 47), motor cortex (BA 4), PPC
(BA 40/7), FG, MTG/ITG (BA 37), LOC (BA 19) and cerebellum.
In the right hemisphere, connections were observed with the motor
cortex (BA 4), caudate and thalamus, PPC (BA 40), MTG/ITG
(BA 37) and LOC (BA 19). During the maintenance phase,
connectivity was observed with the left VLPFC (BA 44/47), pre-
SMA (BA 6), SMA (BA 6), PPC (BA 40/7) and cerebellum (6/8).
In the right hemisphere, connections were observed with the
DLPFC (BA 46), VLPFC (BA 44/45), PPC (BA 7/19), cerebellum
(crus1), thalamus and posterior cingulate cortex. During the
response phase, connectivity was observed with the left SMA
(BA 6), DLPFC (BA 32), ACC (BA 24) and PPC (BA 40). In the
right, connectivity was observed with the PPC (BA 40) and
superior frontal gyrus (BA 8). Table 2A–2C provides the
localizations, peak MNI coordinates and corresponding Brodmann
areas for all significant (p<0.05, uncorrected due to the limited
search volumes) regions demonstrating load-dependent effective
connectivity with the seed ROI during each of the three phases.
Note that the inclusive masks for each phase encompass, and
extend beyond, the regions of significant activation reported at the
p<0.01 level in the section WM-load-related activation in each
phase.

Fig. 7 further illustrates the load-dependent increase in
connectivity between the caudate and the left DLPFC during the
response phase. For each subject, we extracted the mean time
series from both the left anterior caudate (seed ROI) and the left
DLPFC cluster exhibiting the strongest connectivity with the seed
region during the response phase (peak coordinate: (−42, 14, 40),
cluster size=88 voxels). The time series were de-meaned,
corrected for linear trends and smoothed with the canonical HRF
kernel. Samples corresponding to BOLD activity during the
response phase of each trial were extracted from both time series
and plotted against one another (Fig. 7a). Points corresponding to
low-load trials are shown in blue, and those corresponding to high-
load trials are shown in red. The linear regression line is
superimposed on the scatterplot. Slopes of the regression lines
Table 2A
Brain regions that showed significant WM-load-dependent effective connectivity

Regions Brodmann
areas

Uncorrected
p value

Left hemisphere
L inf frontal operc/tri 47/48 0.044
L postcentral 4 0.003
L mid/inf temporal 37 0.01
L inf parietal, L angular 40/7 0.025
L mid occipital 19 0.006
L sup/mid occipital, l cuneus 19 0.007
L pallidum/putamen 0.003
L cerebellum crus1, L fusiform <0.001

Right hemisphere
R mid temporal 37 0.014
R inf parietal, R angular 40 <0.001
R mid/inf occipital 19 0.01
R mid occipital, R cuneus 19 0.003
R precentral, R postcentral 6/4 0.004
R caudate/thalamus 0.037
from the low-load and high-load conditions were computed (Fig.
7b) and entered into a Wilcoxon sign-rank test, yielding a
significant difference (p<0.0001).

Discussion

To our knowledge, this is the first detailed analysis of BG
response and connectivity during the encoding, maintenance and
retrieval phases of the Sternberg WM task. Our study helps to
resolve inconsistencies regarding the role of the BG during WM
and, more importantly, provides new insight into the integrative
role of the associative regions of the BG.

By directly comparing fMRI responses to a high-load WM task
with a low-load WM task, rather than a simple sensorimotor task,
we have shown that the BG are specifically involved in verbal,
non-spatial, WM. In our modified version of the Sternberg task, the
stimuli to be encoded in WM were not presented at multiple spatial
locations; therefore, our results cannot be attributed to eye
movements or saccades that might have been induced during the
encoding phase (Hikosaka et al., 2000). Our control task also
allowed us to match for low level sensory and motor processing.
Importantly, both tasks required the same set of task rules, so
subjects did not have to switch to a non-WM type of control task.

As we discuss below, our analyses suggest load-dependent BG
activation and connectivity patterns that are consistent with known
human neuroanatomy (Postuma and Dagher, 2006) and animal
physiological studies and provide new insights into the dynamic
functions of the BG. We emphasize that our study tests for load-
dependent responses; that is, regions involved in WM that do not
show significant load-dependent activity will be subtracted out and
are not considered here. The load-dependent cortical activation
averaged across all phases is consistent with previous studies,
many of which have compared a WM condition with a non-
mnemonic condition (Gruber and von Cramon, 2003); however, as
shown in Fig. 3, the use of a tighter control condition in our study
ensures more focal responses in the DLPFC, VLPFC, PPC
(including the IPS), the fusiform gyrus and the cerebellum
(Kirschen et al., 2005).
with the left anterior caudate during the encoding phase

# of
voxels

Peak
Z score

Peak MNI coordinates

x y z

53 3.38 −46 16 12
140 3.43 −46 −8 28
94 2.83 −44 −52 6
68 2.98 −40 −58 56
113 3.34 −38 −88 2
106 3.16 −14 −70 24
135 3.1 −20 2 8
204 3.83 −28 −66 −20

85 3.26 −56 2 52
244 3.23 −52 48 44
94 3.31 −80 −2 42
139 3.42 −70 30 28
126 3.43 −2 30 52
58 1.91 12 −6 14



Table 2B
Brain regions that showed significant WM-load-dependent effective connectivity with the left anterior caudate during the maintenance phase

Regions Brodmann
areas

Uncorrected
p value

# of
voxels

Peak
Z score

Peak MNI coordinates

x y z

Left hemisphere
L/R SMA 6 0.004 131 3.24 0 −8 58
L precentral, L inf frontal operc 6/44/48 0.001 198 3.34 −50 10 14
L postcentral 48 0.033 63 3.13 −58 −14 26
L inf frontal tri 47 0.024 72 2.82 −46 28 0
L inf parietal, L angular 40/7 0.013 90 3.18 −40 −64 44
L mid temporal 20 0.049 52 2.88 −64 −30 −10
L mid/inf occipital, L inf temp, L fusiform 37 0.039 58 2.76 −46 −64 2
L cerebellum 8 0.047 53 2.93 −10 −66 −38
L cerebellum 6 0.047 53 2.44 −28 −50 −30
L caudate 0.038 59 2.94 −20 −8 24
L putamen 0.047 53 3.38 −28 −20 6

Right hemisphere
R angular, R sup/mid occipital 7/19 0.003 144 3.31 34 −72 38
R sup frontal 32 0.036 60 3.18 16 38 42
R mid frontal, R inf frontal tri 46/45 0.033 63 2.5 36 28 32
R inf frontal operc 44 0.01 98 2.89 54 18 32
R thalamus/R caudate 0.006 116 3.67 18 −18 18
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WM-load-dependent involvement of the caudate, putamen and
globus pallidus

Significant BG activations specific to WM load were detected
in the caudate, putamen and globus pallidus during both the
encoding and the maintenance phases, but not during the response
phase. Our findings are consistent with previous reports of BG
involvement in non-spatial WM tasks (Chein and Fiez, 2001;
Manoach et al., 2003; Cairo et al., 2004; Crottaz-Herbette et al.,
2004; Lewis et al., 2004) and extend previous findings of BG
activation during WM in four important ways.

First, we provide a more detailed quantification of WM-related
changes in specific BG nuclei. Converging evidence from voxel-
based and time series-based analyses confirmed different patterns
of BG responses during the three phases of the WM task. The left
and right caudate and globus pallidus exhibited the strongest load-
dependent activation during the maintenance phase, while the left
anterior putamen exhibited the strongest load-dependent activation
during the encoding phase. All four regions were equally active
during the high-load and low-load WM conditions during the
Table 2C
Brain regions that showed significant WM-load-dependent effective connectivity

Regions Brodmann
areas

Uncorrected
p value

Left hemisphere
L SMA, L sup frontal 32 <0.001
L mid frontal, L precentral 44/6 0.016
L ant cingulate 32 0.007
L inf parietal, L angular, L supramarg 40 0.004
L mid occipital 7 0.049

Right hemisphere
R sup frontal 8 0.015
R ant/mid cingulate 32 0.011
R angular, R supramarg, R sup temporal 40/42 0.017
response phase, consistent with the role of these regions in motor
planning.

Secondly, we have shown that encoding- and maintenance-
related activation occurs in the caudate, putamen and globus
pallidus. In a prior memory-guided motor task, Menon et al. (2000)
reported activation in the putamen and the globus pallidus, but it
was unclear how specifically the activations were related to WM
maintenance. Cairo et al. (2004) showed increased bilateral
activation in the caudate, putamen and globus pallidus with
increasing WM load during the encoding phase, and in the
putamen during the maintenance phase. Our results extend the
findings of Cairo et al. and demonstrate that activation in the
anterior caudate and globus pallidus, as well as the putamen,
reflects maintenance-related processes, a finding that is consistent
with monkey electrophysiological studies (Mushiake and Strick,
1995; Watanabe et al., 2003). Manoach et al. detected activation of
the globus pallidus during the response phase and no BG activation
during the encoding and maintenance phases. These discrepancies
may reflect differences in the HRF model and baseline conditions
used in the analysis, as well as differences in the timing parameters
with the left anterior caudate seed ROI during the response phase

# of voxels Peak
Z score

Peak MNI coordinates

x y z

235 3.45 −16 20 46
88 2.83 −42 14 40
117 3.32 −12 30 28
137 3.35 −48 28 36
55 3.46 −28 −54 32

91 3.92 20 32 56
100 2.93 6 36 34
87 2.96 54 −48 26



Fig. 7. (a) Illustration of anterior caudate–DLPFC interaction during the response phase as a function of WM load. Scatterplots for each of the 14 subjects, showing the relationship between response phase time
points from the anterior caudate seed ROI and response phase time points from a cluster in the left DLPFC (peak coordinate: (−42, 14, 40), cluster size=88 voxels). Data points corresponding to BOLD activity
during the response phase of each trial were extracted from both regions and plotted against one another (x-axis: caudate; y-axis: DLPFC). Linear regression lines for low-load (blue) and high-load (red) time
points are superimposed on the scatterplots. For each subject, the mean time series in both ROIs were de-meaned, corrected for linear trends and filtered (with the canonical HRF kernel) to remove high-
frequency noise. (b) Mean and standard error of the linear regression slopes in the low-load and high-load WM conditions during the response phase. The difference in slopes is highly significant (p<0.0001;
Wilcoxon sign-rank test) and further demonstrates the strong WM-dependent connectivity between the anterior caudate and DLPFC during the response phase.
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of the tasks, such as the length of the maintenance phase. Manoach
et al. used an FIR model of the HRF rather than a canonical
response shape. In addition, they did not examine load-dependent
increases in activation; rather, activation in the encoding phase was
compared to a fixation baseline interval, and activation during the
response phase was compared to activation during the maintenance
phase. Furthermore, Manoach et al. varied the delay phase between
0 and 4 s and did not vary the number of items (load).

Thirdly, in addition to the BG, WM-related responses were
detected in the thalamus during the maintenance phase. This may
reflect greater outflow from the BG to neocortical regions since the
thalamus is the main target site for signals from the globus pallidus
(Schell and Strick, 1984; Kayahara and Nakano, 1996).

Finally, putamen activations observed in our study mainly
cover the anterior putamen; very little activation was observed in
the posterior putamen, which receives projections primarily from
the motor cortex. Thus, when the motor and sensory aspects of the
task are controlled for, the most significant BG responses are in
fact seen in the associative parts of the striatum (Postuma and
Dagher, 2006). Taken together, our findings emphasize the critical
role of the anterior or associative parts of the BG in WM-load-
dependent encoding, maintenance and retrieval.

Anterior caudate interaction with the prefrontal cortex and
posterior parietal cortex

Another novel finding of our study is that the caudate
demonstrated strong WM-load-dependent interactions with the
neocortex. We used an effective connectivity analysis to examine
the interactions of the left anterior caudate in each of the three
phases of the WM task. By controlling for sensory and motor
control processes, as well as low level encoding and maintenance,
we could examine BG connectivity associated with increasing WM
load. It is important to reiterate that our connectivity analysis was
designed to determine which brain regions have a stronger
interaction with the anterior caudate during the high-load,
compared to the low-load, WM condition. More widespread
connectivity was observed in the ipsilateral (left) hemisphere,
consistent with known anatomical projections (Strafella et al.,
2001, 2003). Hence, we choose here to focus our discussion on key
regions in the left hemisphere with which the caudate demonstrated
strong WM-load-dependent interactions. We found that the left
anterior caudate showed strong WM-related interactions with the
left VLPFC, FG, ITG and the PPC during the encoding phase; with
the left VLPFC, pre-SMA, pre-motor cortex and PPC during the
maintenance phase; and with the left DLPFC, ACC, pre-SMA and
left PPC during the response phase. The key findings here are
summarized in Table 3.
Table 3
Effective connectivity of the left anterior caudate with key cortical regions in
the left hemisphere

Encoding Maintenance Response

VLPFC Yes Yes No
PPC Yes Yes Yes
FG/ITG Yes No No
Pre-SMA No Yes Yes
DLPFC No No Yes
ACC No No Yes
It is well known that there are at least five different BG–
thalamo–cortical loops which play important roles in sensorimotor,
associative, oculo-motor and limbic information processing
(Alexander et al., 1986, 1990). Of these loops, the sensorimotor
and associative circuits are relevant to our study. In particular,
electrophysiological and anatomic studies on non-human primates
have shown that the VLPFC and DLPFC project to the caudate and
to the anterior regions of the putamen and that the premotor and
motor cortices are the targets of BG output projections through the
globus pallidus and the thalamus (Selemon and Goldman-Rakic,
1985; Alexander et al., 1990; Parent and Hazrati, 1995; Middleton
and Strick, 2000). These cortico-subcortical loops involving BG
appear to be organized in a similar way in humans; indeed, recent
diffusion tensor imaging-based fiber tracking showed that the
anterior (associative), posterior (sensorimotor) and ventral (limbic)
compartments of the human striatum have specific connections
with the cortex, particularly the frontal lobes (Lehericy et al.,
2004).

Our results correspond well with the associative part of the BG
circuit described above (Postuma and Dagher, 2006) and are also
consistent with recent evidence regarding the dissociable roles of
the VLPFC and DLPFC in WM. The left caudate showed increased
WM-load-dependent connectivity with the left VLPFC during the
encoding and maintenance phases, but not during the response
phase of the task. On the other hand, strong connectivity with the
left DLPFC was present only during the response phase. The
VLPFC and DLPFC are thought to play an important role in WM,
although their precise role in the organization of information,
interference resolution and selective retrieval versus maintenance
and manipulation of information in WM is not entirely clear
(Duncan and Owen, 2000; Fletcher and Henson, 2001). One
emerging view is that the VLPFC is important for maintaining
information in WM, whereas the DLPFC is more critically
involved in manipulation of items that are active in WM (Petrides,
2000; Ranganath, 2006). Our data extend these results in new ways
by suggesting that caudate–DLPFC interactions are strongest when
the current stimulus set has to be matched with an incoming
stimulus and when the current stimulus set is more complex.
Ipsilateral caudate–DLPFC connectivity during the response phase
is consistent with a repetitive transcranial magnetic stimulation
study (Strafella et al., 2001) and may be related to decision-making
processes initiated by the probe, such as mentally scanning the
items maintained in WM, comparing them to the probe and
selecting the appropriate motor response (Manoach et al., 2003).
Furthermore, the ACC, which is another key region involved in
response selection and attentional control (Milham et al., 2003;
Crottaz-Herbette and Menon, 2006), also showed stronger
connectivity with anterior caudate only during the probe/response
phase. On the other hand, connectivity between the caudate and the
VLPFC appears to be primarily driven by the requirements of
encoding and maintenance in WM.

The anterior caudate also showed WM-load-dependent inter-
action with the PPC during all three phases of the task. The inferior
PPC is known to serve as a short-term visual buffer (Todd and
Marois, 2004), both as a graphemic buffer (presumably mediated
by the right PPC) and a phonological buffer (mediated by the left
PPC). It is notable that, during the maintenance phase, the WM-
load-related interaction effects were primarily localized to the left
PPC, a region that is involved in maintenance of WM information
in a phonological buffer (Shallice, 1988; Cohen, 1992; Paulesu et
al., 1993; Awh et al., 1996; Fiez et al., 1996; Jonides et al., 1998;
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Henson et al., 2000; Crottaz-Herbette et al., 2004). This suggests a
mechanism by which the caudate may help to encode information
into phonological representations.

During the maintenance and response phases, the anterior
caudate also showed increased connectivity with the left pre-SMA.
This finding is consistent with diffusion tensor imaging studies in
humans showing connectivity of the pre-SMA with rostral or
associative parts of the striatum, including the caudate head
(Lehericy et al., 2004); it is also consistent with fMRI studies
implicating the pre-SMA in visuo-motor associations, preparation
and motor sequencing (Hikosaka et al., 1996; Humberstone et al.,
1997; Sakai et al., 1999). The pre-SMA in turn is known to be
tightly coupled to the DLPFC (Picard and Strick, 2001; Hoshi and
Tanji, 2004), and their mutual interaction may facilitate cognitive
control over response selection.

Physiological and computational models suggest that one mode
of BG function is to serve as a “brake” on the thalamus, such that
neocortical excitation of the caudate nucleus (via either the PPC or
the PFC) may lead to disinhibition of the thalamus (Parent and
Hazrati, 1995; Middleton and Strick, 2000). This could facilitate
reverberant activation in fronto-parietal loops (Ashby et al., 2005)
thereby contributing to the maintenance of information in WM. In
this manner, the caudate may provide a dynamic gating
mechanism for controlling and updating WM (O'Reilly and Frank,
2006). Consistent with this view, our findings suggest that the
caudate may gate different functional circuits during the three
phases of the Sternberg WM task. Taken together, our findings
provide new evidence for a dynamic sequence of context-
dependent and regionally specific responses and interactions
involving the BG. More generally, our study further underscores
the important role played by the BG in adaptive processing of
distributed information in a manner that facilitates the transforma-
tion of sensory input and cognitive operations into behavior
(Graybiel, 2004).
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