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Abstract

The ventral striatum seems to play an important role during working memory (WM) tasks when irrelevant information needs to be
filtered out. However, the concrete neural mechanisms underlying this process are still unknown. In this study, we investigated
these mechanisms in detail. Eighteen healthy human participants were presented with multiple items consisting of faces or build-
ings. They either had to maintain two or four items from one category (low- and high-memory-load condition), or two from one
category and suppress (filter out) two items from the other category (distraction condition). Striatal activity was increased in the
distraction as compared with the high-load condition. Activity in category-specific regions in the inferior temporal cortex [fusiform
face area (FFA) and parahippocampal place area (PPA)] was reduced when items from the other category needed to be selec-
tively maintained. Furthermore, functional connectivity analysis showed significant reduction of striatal-PPA correlations during
selective maintenance of faces. However, striatal-FFA connectivity was not reduced during maintenance of buildings vs. faces,
possibly because face stimuli are more salient. Taken together, our results suggest that the ventral striatum supports selective
WM maintenance by reduced gating of task-irrelevant activity via attenuating functional connectivity without increasing task-rele-

vant activity correspondingly.

Introduction

Working memory (WM) depends both on regions exerting control
functions and on areas supporting the perceptual representation of
the information that needs to be maintained (Baddeley ef al., 1974).
During real-world situations, limited WM capacity requires one to
assign transient storage space to relevant pieces of information while
filtering out irrelevant ones. The basal ganglia, consisting of the stri-
atum (caudate nucleus and putamen), globus pallidus, nucleus ac-
cumbens and subthalamic nucleus, are implicated in such WM
processes (Owen et al., 1998; Packard & Knowlton, 2002; Cools,
2005; Frank, 2005; Baier et al., 2010). The striatum in particular is
hypothesized to act as a gateway for resolving interfering informa-
tion by increasing the likelihood of processing relevant information
whilst minimizing the influence of irrelevant information (Cools
et al., 2006; Dahlin ef al., 2008; McNab & Klingberg, 2008; Frank
& Fossella, 2011; Badre & Frank, 2012; Scimeca & Badre, 2012).
This especially applies for novel items (e.g. Bunzeck & Diizel,
2006; Guitart-Masip et al., 2010). However, the exact mechanisms
by which the striatum supports interference resolution during WM
maintenance are still unknown.
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Here, we investigated the role of the ventral striatum in filtering
of task-relevant and task-irrelevant complex representations of faces
and buildings during visual WM. Participants performed a modified
Sternberg WM task that manipulated target category (faces vs. build-
ings) and WM load (low, distraction, high) while being scanned.
Faces predominantly induce activation in the fusiform gyri [fusiform
face area (FFA); Kanwisher efal, 1997, 1999; Maguire
et al., 2001], while buildings elicit selective responses in the para-
hippocampal gyri [parahippocampal place area (PPA); Epstein &
Kanwisher, 1998; Maguire et al., 2001]. Thus, we hypothesize that
during selective maintenance of one of the two target categories (i.e.
during the distraction condition), the striatum acts as a gateway to
resolve interfering information by modulating activity in the FFA
and PPA.

These hypotheses extend previous work in two aspects. First, we
investigated an issue that yielded controversial results in the existing
literature, namely whether the striatum facilitates activity in task-rel-
evant regions (Egner & Hirsch, 2005; Gruber et al., 2006), sup-
presses activity in task-irrelevant regions (Maier et al., 2008), or
both (Gazzaley et al., 2005; O’Reilly & Frank, 2006). We addressed
this open question by using a novel design. In contrast to previous
studies, we chose an experimental task that allowed us to compare
maintenance in the presence of distraction with maintenance when
only items from a single category were presented, which is impor-
tant to isolate distraction-related effects. Second, we examined the
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changes in functional interregional connectivity during the different
WM conditions. Several studies have investigated functional connec-
tivity between prefrontal cortex (PFC) and category-specific areas
(e.g. Fiebach et al., 2006; Gazzaley et al., 2007), and also the mod-
ulation of neocortical connectivity by basal ganglia activity has
received attention (Den Ouden ef al, 2010; Van Schouwenburg
et al., 2010). By contrast, no previous study has analysed how inter-
ference resolution depends on task-dependent alterations of func-
tional connectivity between the striatum and category-specific areas.

Materials and methods
Subjects

Eighteen healthy subjects (13 females; mean age + SD, 24.9 £+
2.1 years, range 20-30 years) gave written informed consent to par-
ticipate in the functional magnetic resonance imaging (fMRI) study.
Exclusion criteria were claustrophobia, any history of neurological
or psychiatric disorders, and metallic implantations. Subjects were
recruited from the University of Bonn and via the Internet. The
study was approved by the local medical ethics committee at the
University Hospital in Bonn and performed in conformance with the
WMA Declaration of Helsinki.

Experimental paradigm

Subjects were presented with a modified Sternberg WM task
(Fig. 1) that manipulated ‘target category’ (faces, buildings) and
‘WM condition’ (low load, distraction, high load). The stimulus
consisted of a 2 x 2 array of pictures that were either:

(i)low-load condition: two target pictures (two faces or two build-
ings) and two scrambled pictures (for equal visual input compared
with the other conditions);

(ii)distraction condition: two target pictures (two faces or two build-
ings) and two distraction pictures (if the target pictures were faces,
the distraction pictures would be buildings, and vice versa);
(iii)high-load condition: four target pictures (four faces or four build-
ings).

Stimuli consisted of gray-scale images of emotionally neutral
faces or buildings from a large database. The stimulus was presented

= Stimulus
2s) ~ <
Visual cue

for 2 s and followed by a visual cue for 1.5 s that signaled whether
subjects should remember only faces or buildings. The visual cue
appeared in all conditions. Subjects had to maintain the relevant
information for 5.2 s, 8 s or 10.8 s. A probe was then presented for
2 s, and subjects had to judge whether the picture was ‘old’ or
‘new’. An ‘old’ response indicated that the probe picture had been
presented previously in the 2 x 2 array of pictures. The probability
that the probe matched one of the stimuli from the beginning of the
trial was 50%. The probe was always consistent to the cue category,
for example, if the cue indicated faces, then the probe would be a
face. Subjects did not get a feedback about the accuracy of their
response. A fixation crosshair was presented for 3.3 s until the next
trial. Subjects were given a short practice session outside the scan-
ner before the experiment. The order of the conditions was random-
ized in all six sessions, and 34 trials were presented in each session
(total, 204 trials). A fixation crosshair was presented for 1 min at
the end of each session, and the start of the next session was syn-
chronized to the onset of a repetition time (TR). To prevent habitua-
tion to the task, the same stimulus type or condition did not occur
more than three times in a row. The stimuli were presented through
goggles (NordicNeuroLab, Bergen, Norway) using PRESENTATION®
software (Version 0.70, www.neurobs.com).

Functional localizer

To create individual masks for the FFA and PPA, a functional local-
izer experiment was conducted after the end of the main experiment
(Berman et al., 2010). Subjects passively viewed blocks consisting
of 13 stimuli that were either faces, buildings or scrambled pictures.
All stimuli in each block were from the same category. Each picture
was shown for 1.5 s. The order of the stimulus blocks was random-
ized in two sessions, and 15 blocks were presented in each session
(total, 30 blocks). A fixation crosshair was presented for 20 s at the
end of each session.

fMRI data acquisition

A Siemens TRIO 3T MRI scanner (Siemens Medical, Erlangen, Ger-
many) was used to acquire both T1 structural volume images [repeti-
tion time (TR)/echo time (TE)/inversion time (TI), 1570/3.42/800 ms;
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~ Probe
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(3.359)
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FiG. 1. Experimental paradigm. Experimental paradigm (exemplary trial from the distraction condition with face as target). The stimuli are presented simulta-

neously and followed by a cue, a maintenance period, and a probe.
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160 slices; matrix 256 x 256 mm?, spatial resolution 1 x 1 x 1 mm?
voxels] and T2*-weighted axial echo-planar images (EPI) with blood-
oxygenation-level-dependent (BOLD) contrast [gradient echo; TR/TE,
2800/35 ms; 40 axial slices parallel to anterior commissure-posterior
commissure plane; acquired in ascending direction; matrix
64 x 64 mm?, field of view 210 mm, slice thickness 2.5 mm; inter-
slice gap 0.5 mm; spatial resolution 3.3 x 3.3 x 2.5 mm® voxels].
Two functional sessions were acquired, one for the main experiment
with a total of 1350 volume images, and one for the functional localiz-
er with a total of 232 volume images. The first three volumes were
discarded to achieve steady-state magnetization.

Behavioral analysis

Subjects’ ‘old’/’new’ responses and reaction times were recorded
during the experiment. Accuracy (percentage of correct responses)
and response times for the correct trials of each condition were com-
puted for each subject. Repeated-measures ANOVAS on mean accuracy
and response times (across subjects’ means) with ‘target category’
(faces, buildings) and ‘WM condition’ (low, distraction, high load)
as within-subjects variables were performed using spss (version
21.0). Results were reported after Greenhouse—Geisser correction.

fMRI data univariate analysis

Functional data were analysed with statistical parametric mapping
(SPM8; The Wellcome Center for Neuroimaging, London, UK,
http://www.fil.ion.ucl.ac.uk/spm). Scans for the 1-min fixation cross-
hair between sessions were removed manually, and the data were
pre-processed as separate sessions. Scans from each participant were
realigned using the first scan as a reference. The EPI images were
unwrapped, slice time corrected, spatially normalized into Montreal
Neurological Institute (MNI) standard space using parameters from
the segmentation of the T1 structural image (Ashburner & Friston,
2005), resampled to 2 x 2 x 2 mm? voxels and spatially smoothed
with a Gaussian kernel of 8 mm full-width at half-maximum. The
smoothed EPI images were then collapsed across sessions during
the 1st level analyses.

Main experiment

The main experiment was modeled in an event-related fashion with
regressors entered into the design matrix after convolving each event-
related unit impulse (indexing trial onset) with a canonical hemody-
namic response function and its first temporal derivative. The duration
of these regressors included the periods during presentation of pic-
tures, visual cue and maintenance phase (i.e. between 8.7 s and
14.3 s, depending on the duration of the maintenance phase). In addi-
tion to modeling only the correct trials of the six conditions in our
2 x 3 factorial design, the statistical model included two additional
regressors, modeling incorrect trials and the probe picture. Six realign-
ment parameters to account for residual motion artifacts, a linear drift
regressor and five session-specific regressors were also included as
nuisance covariates. Condition-specific effects for each subject were
estimated according to the general linear model and passed to a 2nd
level analysis as contrasts. This process involved creating contrast
images of the six conditions (depending on WM condition and cate-
gory) for each subject and entering them into a 2nd level anova. Infer-
ences were made at the 2nd level to allow for a random effects
analysis and inferences at the population level (Friston et al., 1994).
Unless otherwise stated, we report activations at P < 0.05 family-wise
error (FWE) corrected at the cluster level for multiple comparisons of
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the whole brain, and using an auxiliary (uncorrected) voxel threshold
of P < 0.001 at the whole-brain level and extent threshold of at least
10 voxels before FWE correction for multiple comparisons.

At the random effects level, we identified the neural network
involved in interference resolution during WM. We tested for neural
activation related to interference resolution by creating a T-contrast
of the comparison between the distraction and the high-memory-load
condition. In these two conditions, the number of presented items is
identical, but only in the distraction condition two of the four pre-
sented items can be suppressed during the maintenance period. In
addition, we tested for possible effects of the amount of relevant
information by contrasting between the high-load and the low-load
condition.

Subsequently, we also tested the effect of target category (faces
vs. buildings). More specifically, mean parameter estimates of all
conditions of each target category for each subject were extracted
from the individualized FFA and PPA masks. A repeated-measures
ANOVA on mean parameter estimates with ‘target category’ (faces,
buildings) and ‘WM condition’ (low, distraction, high) as within-
subjects variables was performed using spss.

Functional localizer

The functional localizer experiment was modeled in a block-design
fashion, with time duration of 19.5 s per block. In addition to model-
ing the three stimulus types (faces, buildings and scrambled pictures)
and their first temporal derivatives, the statistical model included eight
additional regressors (one for the 20 s break between the sessions, six
realignment parameters to account for residual motion artifacts and a
linear drift regressor). Condition-specific effects for each subject were
estimated according to the general linear model. Two contrast images
were created for each subject: (i) faces > buildings; and (ii) build-
ings > faces. Individualized masks of FFA and PPA were created from
these results (using an uncorrected threshold of P < 0.001) and inclu-
sively masked with a fusiform gyrus and a parahippocampal gyrus
mask from the wfu-pickatlas toolbox for spm (version 3.0.4; Maldjian
et al., 2003), respectively. For two subjects, the statistical threshold
for creating the FFA mask was lowered to P = 0.005 and P = 0.01
and, for one subject, the threshold for creating the PPA mask was low-
ered to P = 0.005 to have a sufficient number of activated voxels in
the subsequent analysis.

fMRI correlation analysis

To determine the functional connectivity of category-specific regions
(i.e. FFA and PPA) with the striatum, correlations between single-
trial parameter estimates were computed (Rissman ez al., 2004). We
made use of this method for connectivity analysis as, in comparison
to other techniques like dynamic causal modeling (Friston et al.,
2003), construction of a pre-model is not needed and analysis can
therefore be performed in a more data-driven manner. It does not
allow conclusions about directionality, though (see Discussion). The
bilateral striatum (showing activation in the distraction > high-load
contrast), FFA and PPA were selected as seed regions, and we aver-
aged the single-trial parameter estimates across all voxels in each of
these regions. Both for FFA and PPA, single-trial parameter estimates
were extracted in spherical masks with a radius of 8 mm centered at
the individual peak coordinates from our functional localizer. For
each subject, we modeled 204 covariates of interest (34 trials for
each of the six conditions), which were each convolved with a
canonical hemodynamic response function and its first temporal
derivative, thus resulting in 408 regressors. Six realignment parame-
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ters to account for residual motion artifacts, a linear drift regressor
and five session-specific regressors were also included as covariates
of no interest. Parameter estimates for each trial were estimated
according to the general linear model. Single trial-based Spearman’s
rank correlation analyses for each condition were used to determine
intra-individual correlations for striatum—FFA connectivity and stria-
tum—PPA connectivity. We did not calculate any correlations between
FFA and PPA as we did not have any specific hypotheses on this
connection. For statistical conclusion the individual correlation
coefficients that have a range between +1 and —1 were Fisher
z-transformed to approach a normal distribution (for details, see Riss-
man et al., 2004). The z-transformed values were then entered into a
repeated-measures ANova with “WM condition’ (low, distraction,
high) and ‘target category’ (faces, buildings) as within-subject vari-
ables (Greenhouse—Geisser corrected). Subsequent #-tests for compar-
ing the different conditions were performed using spss.

Results
Behavioral results

Figure 2A shows the mean (across subjects’ means) accuracy and
reaction times for correct trials in the different WM conditions. For
accuracy, a repeated-measures ANova with “WM condition” and ‘tar-
get category’ as within-subject variables revealed a main effect of
‘WM condition’ (F.963333 = 20.66, P < 0.001), but no effect of
‘target category’ (F ;7 =0.34, P=0.57) and no interaction
(F18531.48 = 0.092, P =0.90). Post hoc comparisons showed
greater accuracy in the low as compared with both the distraction
[low: 83.7 & 9.91% (across subjects’ mean £+ SD) vs. distraction:
76.9 + 9.47%; t;7 = 3.70, P = 0.002] and the high-load condition
(high: 71.1 £ 7.04%; t,7 = 6.39, P < 0.001), and greater accuracy
in the distraction vs. high-load condition (#,7 = 2.80, P = 0.012).
These results indicate that successful interference resolution is more
difficult than maintenance of two items, but less difficult than main-
tenance of four items, suggesting that participants are indeed capable
of filtering out irrelevant items in the distraction condition.

This conclusion is further supported by the reaction time data.
Again, we observed a main effect of ‘WM condition’
(Fr933281 = 11.77, P < 0.001), as well as an effect of ‘target cate-
gory’ (Fy 17 = 5.19, P = 0.036), but no interaction (F 412396 = 0.53,
P =0.54). Responses to buildings were generally slower than
responses to faces (see Fig. 2B). Post hoc comparisons for the differ-
ent WM conditions (collapsed across both categories) showed that
subjects took a shorter time to make a correct response for the low-
memory-load (1.077 £ 0.16; low > high: #,; = —4.72, P < 0.001)
and distraction (1.10 £ 0.18; distraction > high: #; = —2.99,
P = 0.0083) conditions, as compared with the high-memory-load con-
dition (1.16 £ 0.17). Because reaction times during WM retrieval
depend on set size, this suggests that indeed only two items were
maintained in the distraction conditions and the other two items were
filtered out. Reaction times for distraction and low-memory-load con-
ditions did not differ across subjects (#,; = 1.54, P = 0.11), indicating
that subjects were indeed successful in resolving interference.

fMRI results
Univariate analyses (at the whole-brain level)

First, we investigated effects of interference resolution by contrast-
ing activity during the distraction condition with activity during the
high-memory-load condition across the two different target

categories. This contrast was chosen because the number of pre-
sented items is equal in both conditions, but only in the distraction
condition is suppression of the irrelevant category demanded. This
contrast revealed significant activation predominantly in the right
striatum (caudate nucleus and putamen with its peak coordinates
located in the right hemisphere; Fig. 3) as well as in a network of
neocortical regions including the inferior parietal lobule and precu-
neus (a comprehensive list of all significantly activated brain regions
is given in Table 1). One may speculate that the predominant right-
hemispheric activation is related to a non-verbal strategy employed
during maintenance of face and building stimuli. Interestingly,
striatal activation was not related to the ‘amount’ of relevant infor-
mation, as the striatum did not show enhanced activation in the
high- compared with the low-memory-load condition, even when we
chose an unusually liberal threshold of P < 0.1, uncorrected. Fur-
thermore, the absence of any significant interaction between ‘target
category’ and ‘WM condition’ showed that faces and houses were
processed similarly. Figure 3 also shows that on average, there is
enhanced striatal activation in the low- as compared with the high-
load condition. We presume that this results from the scrambled pic-
tures that were presented together with the relevant items in the
low-load condition. The former were included for equalizing visual
input but might still induce some interference effect.

We further found in our whole-brain analysis that the PFC was
recruited in all WM conditions, but its activity was not modulated
by the amount of information (high load vs. low load) or the type
of relevant information (faces vs. buildings) to be maintained. In
contrast, activity in the parietal cortex was influenced by subjects’
selective attention to one of the two categories in the distraction
condition (Table 1).

Region of interest analyses

Next, we analysed effects of interference resolution in the FFA and
PPA (Fig. 4A). Mean parameter estimates (across voxels within each
individualized masks of FFA and PPA) were extracted for all WM
conditions for each target category. Then, we calculated a repeated-
measures ANOVA with ‘WM condition’ and ‘target category’ as
within-subject variables. For PPA (Fig. 4A), this analysis revealed a
main effect of ‘target category’ (F, ;7 = 72.88, P <0.001) with
increased activation during processing of buildings than faces. Fur-
thermore, we observed a significant ‘category’ x WM condition’
interaction (F 4224.06 = 7.24, P = 0.007), indicating different cate-
gory effects in the different WM conditions, but no main effect of
‘WM condition’ (Fj963331 = 0.24, P =10.78). In order to test
whether selective maintenance of items from one category was
rather related to downregulation of irrelevant representations or to
upregulation of relevant representations, we analysed category-spe-
cific effects in the distraction condition as compared with the low-
load and high-load condition. We observed reduced PPA activation
during selective maintenance of faces in the distraction condition
(i.e. when buildings had to be filtered out) as compared with mainte-
nance of two (¢;7 = 8.53, P < 0.001) or four buildings (t,; = 7.42,
P < 0.001; Fig. 4A). This result suggests that activity within the
PPA (i.e. activity related to processing of buildings) is reduced when
only faces need to be maintained and buildings need to be filtered
out. This effect cannot be explained by the number of buildings pre-
sented, because there was no significant difference during mainte-
nance of four as compared with two buildings (#,7 = 0.48,
P = 0.63). There was also significantly less activation in the distrac-
tion target buildings condition, compared with maintenance of two
(t;7 =2.51, P =0.022) or four buildings (#,; = 2.74, P = 0.014),
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F1G. 2. Behavioral results. (A) Behavioral data: Left, accuracy (% of correct hits). Right, reaction times for correct trials. (B) Behavioral data separated for cate-
gories: Left, accuracy (% of correct hits) for target faces (above) and buildings (below). Right, reaction times for correct trials for faces (above) and buildings
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FiG. 3. Striatal activation during selective processing of faces and buildings. Effect of interference resolution (distraction > high memory load) in bilateral stria-
tum, displayed on a coronal slice of a normalized structural image (averaged across participants). Height threshold for illustration, P < 0.001 uncorrected.
Parameter estimates (mean + SEM) for the different memory load conditions at the peak activation [x = 16, y = 4, z = 16] for faces and buildings.

indicating that activity was not increased during selective mainte-
nance of buildings, but was even reduced.

Results were similar for the FFA (Fig. 4A). As expected, this
region was more active during maintenance of faces as compared
with buildings (main effect of ‘target category’: F) 7 = 73.34,
P <0.001). There were no main effects of ‘WM condition’
(F1 542622 = 1.94, P =0.17) and no interaction (F} 732944 = 0.73,
P = 0.47). Again, we investigated whether selective maintenance of
items from one category was rather related to downregulation of

irrelevant representations or to upregulation of relevant representa-
tions. Corresponding to our PPA results, we found that FFA activity
was reduced during selective maintenance of buildings (i.e. in the
distraction condition with ‘buildings’ as targets) as compared with
maintenance of two (f;7 =8.98, P <0.001) or four faces
(t17 = 4.84, P < 0.001). Furthermore, activity during maintenance of
two and four faces did not differ (z;7 = 1.36, P = 0.19). This shows
that activity within the FFA is reduced during selective maintenance
of items from the other category (i.e. buildings). Again, there was
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TABLE 1. Significant activation in the contrast distraction vs. high memory load

MNI coordinates

Brain region Cluster size X y z Z-score (peak) P-value*
Distraction > High load
Inferior parietal lobule 649 48 —48 30 4.96 0.0019
50 —52 40 4.17
58 —52 22 3.34
Caudate nucleus 1340 16 20 8 4.77 < 0.001
16 4 16 4.68
14 18 -2 4.49
Precuneus 382 —10 —68 46 4.01 0.020
-26 —70 42 3.55
-30 —64 56 3.51
*P-value FWE-corrected at cluster level for multiple comparisons.
PPA FFA
A 54
22} . 4| (3 Target faces syl n.s. n.s. |
EZ Sl * — * | M Target buildings ; ‘5 | — Rk — |
g 8 ast
© F ©
£ 18 £ 46t
o 6| g aal
2 9] L
g 14 g 4.2
& & 4r
12 ¢
38r
1 - n - 36 "
Low load Distraction High load Low load Distraction High load
B - Correlation between striatum and PPA . Correlation between striatum and FFA
. * *% [ Target faces ’ n.s. ns.
. 06T n n.s. 1| ® Target buildings| ., 0©T ns s 7
4‘_:, E’ —NS.—
o5t == . L 05t
£ £
S o4t 1 g 04r
5 5
2 03} 1 2 03f
e °
8 0.2 E 8 0.2 +
0.1F E 0.1
0 0

Low load Distraction High load

Low load Distraction High load

FIG. 4. Activation in PPA and FFA and results from correlation analysis. (A) Parameter estimates (mean + SEM) for the different conditions (Low load, dis-
traction, high load, for target faces and buildings) for PPA (left) and FFA (right). (B) Correlation coefficients (mean £ SEM) for connectivity between striatum
and PPA (left) and between striatum and FFA (right) for the different conditions (Low load, distraction, high load, for target faces and buildings).
kP < 0.001, **P < 0.01 and *P < 0.05, ‘n.s.” is for ‘not significant’, resulting from paired t-tests.

no evidence for upregulation when comparing selective maintenance
of faces with maintenance of two (z;7 = 0.46, P = 0.65) or four
faces (t;7 = 0.81, P = 0.43).

Functional connectivity analyses

To investigate functional interactions between the striatum and cate-
gory-specific regions during selective maintenance of faces and
buildings (i.e. distraction condition), we assessed functional connec-
tivity between the striatum and FFA on the one hand, and the stria-
tum and PPA on the other hand (Fig. 4B).

For striatum—PPA connectivity, the repeated-measures ANOVA
revealed no main effects of ‘WM condition’ (F) 953319 = 2.26,
P =0.12) or ‘target category’ (F,,7 = 1.67, P=10.21), but a

significant interaction (£ 93246 = 3.70, P = 0.037), indicating dif-
ferent category effects in the different WM conditions. In order to
elucidate this interaction and as we were particularly interested in
results during the distraction condition, we performed paired z-tests
comparing striatum—PPA connectivity during selective maintenance
of buildings and faces. We observed higher striatum—PPA connec-
tivity during selective maintenance of buildings as compared with
selective maintenance of faces in the distraction condition
(t17 = 3.31, P =0.0042; Fig. 4B). By contrast, no category effects
were found in the high- (1,7 = 1.12, P = 0.28) and the low-load
(ty7 = 0.19, P =0.85) conditions, consistent with the specific
recruitment of the striatum in the distraction condition (Fig. 3).
Furthermore, we found that striatum—PPA connectivity was reduced
during selective maintenance of faces as compared with mainte-
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nance of two buildings in the low-load (¢;7 = 2.80, P = 0.012) or
four buildings in the high-load condition (7 = 2.97, P = 0.0086).
This suggests that striatum—PPA connectivity is reduced when
buildings need to be filtered out and faces need to be maintained
as targets. No increase of striatum—PPA connectivity was observed
during selective maintenance of buildings as compared with main-
tenance of two (¢;7 = 0.18, P = 0.86) or four buildings (z;7 = 0.29,
P =0.77).

For striatum—FFA connectivity, the aNova did not show an interac-
tion (Fy7730.06 = 2.48, P = 0.11). In contrast to the findings for stria-
tum—PPA connectivity, striatum—FFA connectivity did not differ
significantly during selective maintenance of buildings and faces
[t;7 = 1.43, P = 0.17; mean values of correlation coefficients were
even higher during selective maintenance of buildings (0.48 4 0.20)
than faces (0.41 £ 0.22); Fig. 3B]. No reduction was observed during
selective maintenance of buildings as compared with maintenance of
two (t;7 = 0.40, P = 0.70) or four faces (¢,7 = 0.61, P = 0.55), and
no increase during selective maintenance of faces as compared with
maintenance of two (¢;7 = 0.89, P = 0.39) or four faces (¢, = 1.84,
P = 0.084; in the latter case, connectivity was even in trend reduced
as compared with selective maintenance of faces).

These results show that striatum—PPA connectivity is attenuated
during selective maintenance of items from the ‘non-preferred’ cate-
gory (i.e. faces), whereas striatum—FFA connectivity is not.

Discussion

Here, we investigated the role of the ventral striatum in filtering of
task-relevant and task-irrelevant representations during visual WM.
Specifically, we examined the neural processes underlying selective
WM maintenance of faces or buildings in the presence of interfering
stimuli from the opposite category. We observed the following
results. (i) The ventral striatum (as well as regions in the parietal
lobe) was recruited during interference resolution in a WM task. (ii)
Gating of activity in category-specific regions (FFA and PPA) was
reduced when the corresponding type of information needs to be fil-
tered out. There was no evidence for upregulation of task-relevant
regions. (iii) Functional connectivity between PPA and striatum
decreased during selective maintenance of faces, while FFA—striatum
connectivity was unaffected during selective maintenance of build-
ings. Again, we did not find an increase of striatal connectivity with
task-relevant regions.

Functional role of the striatum for selective maintenance

Our results are in concordance with computational models of infor-
mation gating by the basal ganglia and selective WM representations
maintained by the PFC and parietal cortex (Frank et al., 2001; Hazy
et al., 2006; O’Reilly & Frank, 2006). Crucially, the striatum is
hypothesized to act as a gateway for resolving conflicting informa-
tion by increasing the likelihood of the relevant information whilst
minimizing the influence of irrelevant information (Cools et al.,
2006; Scimeca & Badre, 2012). The striatum supports this role by
acting as a filtering mechanism, i.e. by selectively gating task-rele-
vant information to frontal cortices (Frank, 2011) where this infor-
mation can be used to generate predictions to guide behavior
(Fuster, 1989; Miller & Cohen, 2001). In our study, however, we
further show this effect in the presence of complex stimuli like faces
and buildings, and how the category-specific regions are influenced
by confrontation with distraction.

We further found a significant activation of striatal regions in the
low-load condition. This could be due to the presence of scrambled
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pictures, which might also lead to moderate degrees of interference.
The scrambled pictures were included to equalize visual input and
therefore to allow a comparison among the different conditions.
Importantly, striatal activation was observed in the low-load condi-
tion only when contrasting it against the high-load condition (that
did not contain any irrelevant items). By contrast, we did not observe
any striatal activation when contrasting activity in the low-load con-
dition against activity during the distraction condition that also
required filtering of irrelevant items. However, as we did not include
a low-load condition without scrambled pictures, we cannot com-
pletely rule out alternative explanations. As mentioned in our Results
section, we found recruitment of the PFC in our whole-brain analysis
in all WM conditions and activity in the parietal cortex during selec-
tive processing. These results are consistent with previous studies on
attentional modulation showing that posterior parts of the parietal
lobe play a decisive role in the control of spatial attention (Vanden-
berghe et al., 2001; Simon et al., 2002; Yantis et al., 2002; Leung
& Zhang, 2004). In accordance with findings from other studies with
a focus on cue-driven shifting of attention (e.g. Lepsien & Nobre,
2007), we also observe in our paradigm a role of posterior parietal
regions (i.e. the precuneus) in cue-directed attention to objects during
WM. Activation of the intraparietal sulcus predominantly in the left
hemisphere is in concordance with studies on attention-deficits due
to lesions of the left parietal lobe (Egly et al., 1994).

Reduced gating of irrelevant information rather than increased
gating of relevant content

Our results move beyond previous findings by investigating
whether selective WM maintenance depends rather on increased
gating of relevant information or on reduced gating of irrelevant
content. They rather provide support for the latter hypothesis. WM
maintenance of items from one category in the presence of inter-
fering items from another category likely requires selective atten-
tion to the target category (Gazzaley & Nobre, 2012). We found
that selective WM maintenance of faces or buildings was associ-
ated with reduced activation in the region supporting processing of
distractor items, but not with increased activation in the area where
relevant items were maintained. Several previous studies support
the idea that the striatum supports selective processing by reduced
gating of activity in a region that is not demanded (e.g. Maier
et al., 2008). On the other hand, our results appear to contradict
previous findings showing both increased processing of target stim-
uli and reduced processing of distracting items (Gazzaley et al.,
2005; Lepsien & Nobre, 2007, Oh & Leung, 2009) or only
enhanced task-relevant activity (Egner & Hirsch, 2005). This
apparent discrepancy may be explained by baseline differences, i.e.
by the fact that we found reduced activity during selective mainte-
nance when compared with interference-free maintenance of infor-
mation from a single category, which was not investigated in
previous studies (e.g. Egner & Hirsch, 2005; Gazzaley et al.,
2005; Lepsien & Nobre, 2007; Oh & Leung, 2009).

Functional connectivity during selective maintenance

In addition to the reduced activation of the PPA during selective
maintenance of faces, we also observed that striatal-PPA connectiv-
ity was decreased when attention was selectively focused on faces.
Applying a similar approach, Gazzaley et al. (2007) observed
increased PPA—prefrontal correlations during selective maintenance
of buildings in the presence of interfering faces; again, this study
did not investigate maintenance of items from only one category,
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which we used as a baseline. Our results suggest that the striatum
supports selective WM processing by maintaining functional connec-
tivity to the category-relevant regions, whilst during interference it
attenuates its connectivity to the non-relevant region that results in a
reduced gating of irrelevant information.

Interestingly, this effect was not symmetrical for the two different
categories, but occurred only during selective maintenance of faces;
by contrast, striatum—FFA connectivity was unaffected during selec-
tive maintenance of buildings. Thus, although FFA activity was
reduced during selective maintenance of buildings as compared with
maintenance of two or four faces, this effect may not have been
mediated by a reduction of FFA-striatal interactions. We can only
speculate on the reasons for this discrepancy. It may be that faces
are generally more salient to humans, so that face processing cannot
be reduced by the striatum alone. Indeed, previous studies have
shown that striatal activation depends on stimulus saliency even in
the absence of an explicit reward (Zink et al., 2003, 20006).

Summary and conclusions

To summarize, our data show that the ventral striatum and parietal
regions contribute to WM operations involving the resolution of
interfering categories (faces vs. buildings). On the one hand, we
found that selective maintenance of faces is accompanied by a
decrease of distractor-related activity within the PPA and that this
reduced gating is probably mediated by a reduction of striatal-PPA
connectivity. On the other hand, selective maintenance of buildings
is associated with a reduction of distractor-related activity within
the FFA. What could be the neural basis of these effects observed
in our study? Striatal neurons are predominantly inhibitory and are
therefore likely to exert an inhibitory influence on connections with
other cortical regions when the striatum is activated. Indeed, find-
ings from recent electroencephalography (EEG; Sauseng ef al.,
2009) and magnetoencephalography studies (Bonnefond & Jensen,
2012, 2013) suggest that these distractor-related BOLD reductions
during selective WM maintenance may correspond to increased
(inhibition-related) alpha activity and decreased gamma activity.
However, these studies used distractors from the same category as
relevant stimuli. In our results, we observe a reduction of functional
connectivity from the striatum to the PPA when filtering of build-
ings is demanded. This suggests that while the striatum exerts a
positive influence on the PPA during maintenance of buildings, this
facilitating influence is reduced when buildings are irrelevant. In
general, the striatum is known to gate (via inhibition of output
structures of the basal ganglia, which in turn inhibit the thalamus)
processing in neocortical regions, and this is presumably reflected
in the positive correlations that we observe between striatum/FFA
and striatum/PPA. If one region is not required for the task at hand,
this facilitation is reduced, as is the case for striatum/PPA connec-
tivity during selective maintenance of faces in the presence of dis-
tracting buildings. By contrast, connectivity between striatum and
FFA remains similarly positive in all task conditions. This may
reflect a gating, by the striatum, of face information even if this
information is not required for the current task. Further studies
using electrophysiological recordings could test this interpretation
more directly. Therefore, in a follow-up study, our data have to be
complemented by electrophysiological and/or combined EEG/fMRI
studies addressing resolution of interference between different cate-
gories in WM. Future investigations may furthermore answer
whether the observed effects also hold for higher WM loads, and
whether the suppressed category is still available to some degree at
WM retrieval or not.
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