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Behavioral/Cognitive

Dopamine Modulates the Functional Organization of the
Orbitofrontal Cortex

Thorsten Kahnt! and Philippe N. Tobler?
'Department of Neurology, Northwestern University Feinberg School of Medicine, Chicago, Illinois 60611, and 2Department of Economics, Laboratory for
Social and Neural Systems Research, University of Ziirich, 8006 Ziirich, Switzerland

Neuromodulators such as dopamine can alter the intrinsic firing properties of neurons and may thereby change the configuration of
larger functional circuits. The primate orbitofrontal cortex (OFC) receives dopaminergic input from midbrain nuclei, but the role of
dopamine in the OFC is still unclear. Here we tested the idea that dopaminergic activity changes the pattern of connectivity between the
OFC and the rest of the brain and thereby reconfigures functional networks in the OFC. To this end, we combined double-blind, placebo-
controlled pharmacology [D, receptor (D2R) antagonist amisulpride] in humans with resting-state functional magnetic resonance
imaging and clustering methods. In the placebo group, we replicated previously observed parcellations of the OFC into two and six
subregions based on connectivity patterns with the rest of the brain. Most importantly, while the twofold clustering did not differ
significantly between groups, blocking D2Rs significantly changed the composition of the sixfold parcellation, suggesting a dopamine-
dependent reconfiguration of functional OFC subregions. Moreover, multivariate decoding analyses revealed that amisulpride changed
the whole-brain connectivity patterns of individual OFC subregions. In particular, D2R blockade shifted the balance of OFC connectivity
from associative areas in the temporal and parietal lobe toward functional connectivity with the frontal cortex. In summary, our results
suggest that dopamine alters the composition of functional OFC circuits, possibly indicating a broader role for neuromodulators in the
dynamic reconfiguration of functional brain networks.
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A key role of any neuromodulator may be the reconfiguration of functional brain circuits. Here we test this idea with regard to
dopamine and the organization of functional networks in the orbitofrontal cortex (OFC). We show that blockade of dopamine D,
receptors has profound effects on the functional connectivity patterns of the OFC, yielding altered connectivity-based subdivisions
of this region. Our results suggest that dopamine changes the connectional configuration of the OFC, possibly leading to transi-
tions between different operating modes that favor either sensory input or recurrent processing in the prefrontal cortex. More
generally, our findings support a broader role for neuromodulators in the dynamic reconfiguration of functional brain networks
and may have clinical implications for understanding the actions of antipsychotic agents. j

/Signiﬁcance Statement

Introduction changing the intrinsic properties of neurons, neuromodulators

Akey function of any neuromodulator may be to alter the dynamics ~ can differentially affect the strength of individual synapses and may

and composition of functional brain circuits (Marder, 2012). By thereby bias neurons to j[ransition between, and participate in,
different functional circuits (Harris-Warrick and Marder, 1991;

Weimann and Marder, 1994). Importantly, such network recon-
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such as the striatum, amygdala, hippocampus, and hypothala-
mus (Morecraft et al., 1992; Cavada et al., 2000). This dense
connectome suggests that functional interactions with other
brain regions are key to the processes that are performed by the
OFC.

Important progress has been made in understanding how the
OFC contributes to reward expectation, valuation, and decision-
making (Sescousse et al., 2010; Padoa-Schioppa, 2011; Rush-
worth et al., 2012; Rudebeck and Murray, 2014; Howard et al.,
2015; Stalnaker et al., 2015). However, although the frontal lobes
receive strong projections from dopaminergic [dopamine (DA)]
neurons in the midbrain (Swanson, 1982; Goldman-Rakic et al.,
1992), and DA in the prefrontal cortex (PFC) has been associated
with specific cognitive functions such as working memory and
cognitive control (Miller and Cohen, 2001; Cools, 2016), charac-
terizations of the role of DA in the OFC have remained relatively
vague. Specifically, DA in the OFC has been linked to associative
reward processing (Walker et al., 2009), reward-related instru-
mental behavior (Cetin et al., 2004), and, even more generally, to
attention, motivation, and impulsive responding (Winstanley et
al., 2010). Interestingly, systemic modulations of DA have been
shown to alter long-range functional connections (Nagano-Saito et
al., 2008; Cole et al., 2013a; Cole et al., 2013b), and DA in the OFC
has been linked to dopaminergic neurotransmission in the striatum
(Clarke et al., 2014), suggesting that DA may alter the functional
connectivity between the OFC and remote brain regions.

Here we tested the idea that DA modulates the configuration
of functional OFC networks. To this end, we combined DA phar-
macology [using the specific D,/D; receptor (D2R) antagonist
amisulpride] with resting-state functional magnetic resonance
imaging (fMRI) and connectivity-based clustering approaches.
We parcellated the OFC into homogeneous subregions based on
their functional connectivity patterns with the rest of the brain. In
the placebo group, we replicated a previously observed parcella-
tion into two and six subdivisions (Kahnt et al., 2012). Impor-
tantly, while the twofold clustering did not differ between groups,
the sixfold parcellation differed significantly between groups,
suggesting that blocking D2R reconfigured functional networks
in the OFC. Moreover, multivariate decoding analyses revealed
that whole-brain connectivity patterns of individual OFC subre-
gions were modulated by amisulpride, such that functional con-
nectivity with frontal cortex was enhanced, whereas connections
with higher sensory areas were reduced by D2R blockade. These
results suggest that monoamines play an important role for the
composition of functional OFC circuits, possibly indicating a
broader role of neuromodulators in the dynamic reconfiguration
of functional brain networks.

Materials and Methods

Participants. A total of 78 healthy male subjects (mean = SEM, 22.56 *
0.27 years) participated in a resting-state fMRI session. Subjects received
no visual stimulation and were asked to rest but to stay awake during the
6 min of scanning. One and one-half hours before the start of the resting-
state scan (mean, 97.5 = 0.35 min), subjects received either a pill con-
taining placebo (n = 53) or 400 mg of the D2R blocker amisulpride
(n = 25) in a double-blind, pseudorandomized fashion (ratio of placebo
to amisulpride, 2:1). Groups did not differ significantly in age (placebo
group, 22.62 * 0.05 years; amisulpride group, 22.52 * 0.08 years; t,,4) =
0.18, p = 0.86) and weight (placebo group, 75.06 = 0.21 kg; amisulpride
group, 75.08 = 0.36 kg; £,y = —0.01, p = 0.99), and subjects were not
aware of whether they received placebo or amisulpride, as assessed by a
postexperimental questionnaire (x> = 0.001, p = 0.99). The study was
approved by the Cantonal Ethics Review Board of Zurich, and subjects
provided informed consent to participate.
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fMRI acquisition. Functional imaging was performed on a Philips
Achieva 3 T scanner equipped with an eight-channel head coil. A total of
180 T2*-weighted whole-brain echoplanar images with 37 transverse
slices were acquired with a repetition time (TR) of 2000 ms. Imaging
parameters were as follows: slice thickness, 3 mm; in-plane resolution,
2.75 X 2.75 mm; echo time (TE), 30 ms; flip angle, 90°. Temporal signal-
to-noise ratio in the OFC did not differ between groups (¢,5) = —1.07,
p = 0.28). For normalization purposes, a T1-weighted high-resolution
(I X 1 X 1 mm) structural image was acquired using the following
imaging parameters: matrix size, 256 X 256; field of view, 256 X 256 mm;
181 slices; flip angle, 8% TR, 8.2 ms; TE, 3.8 ms.

Preprocessing of fMRI images. Preprocessing of functional images was
performed using SPM12 (Wellcome Department of Imaging Neurosci-
ence, Institute of Neurology, London, UK) and consisted of slice-time
correction, realignment, and coregistration of structural and functional
images. Spatial normalization to the standard template of the Montreal
Neurological Institute (MNI) was performed by estimating deformation
fields based on the anatomical image. Deformation fields were used to
write the following two sets of normalized functional images: one with a
voxel size of 4 X 4 X 4 mm (4 mm set); and one with a voxel size of 3 X
3 X 3 mm (3 mm set). Both sets were spatially smoothed with a Gaussian
kernel of 6 mm full-width at half-maximum.

Filtering of fMRI time series. Individual fMRI time series were filtered
(Fox et al., 2009; Van Dijk et al., 2010) using a general linear model
(GLM). The GLM contained the following: 1-6, six regressors related
to between-scan head movements from the realignment procedure; 7, a
constant term; 8, a linear trend; 9, the average signal from a white-matter
mask; 10, the average signal from a CSF mask; and 11, the average signal
from a gray-matter mask. The time series in each voxel was predicted
using this set of 11 regressors, and the resulting residuals were high-pass
filtered (cutoff, 128 s) and used for all subsequent analyses.

Orbitofrontal cortex and rest-of-brain mask. The OFC mask was defined
using the following Automated Anatomical Labeling map labels: left and
right superior orbital gyrus (2111, 2112); left and right middle orbital
gyrus (2211, 2212); left and right inferior orbital gyrus (2321, 2322); left
and right medial orbital gyrus (2611, 2612); and left and right rectal gyrus
(2701, 2702). The resulting OFC mask combined voxels in the left and
right medial and lateral orbitofrontal cortex. This OFC mask was sub-
tracted from a whole-brain gray-matter mask, and the resulting voxels
were defined as the rest-of-brain mask. Thus, there was no overlap be-
tween the rest-of-brain mask and the OFC mask.

Connectivity-based parcellation. We subdivided the OFC using a pre-
viously published method (Kahnt et al., 2012). In brief, for each OFC
voxel, the time series correlation with every other voxel in the rest-of-
brain mask was computed. The resulting connectivity vectors (one per
OFC voxel) were then used to group together OFC voxels that have a
similar connectivity profile with the rest of the brain. Similar methods
have been used to subdivide brain regions using different measures of
connectivity such as diffusion tractography (Johansen-Berg et al., 2004),
resting-state fMRI (Kelly et al., 2010), and coactivations (Eickhoftf et al.,
2011).

We first computed the Pearson correlation coefficient between the
time series in each OFC voxel (from the 3 mm set) and the time series in
every other voxel in the rest-of-brain mask (from the 4 mm set) for each
subject. Different voxel sizes were used to maintain high spatial resolu-
tion in the OFC while accommodating computational and memory lim-
itations. This resulted in a 2-D correlation matrix (N = 2771 OFC voxels;
M = 12,724 rest-of-brain voxels), where each row reflects the 1-by-M
whole-brain connectivity pattern of one OFC voxel. Importantly, be-
cause voxels were in MNI space, each voxel has approximately the same
anatomical position across subjects allowing averaging of connectivity
matrices. Accordingly, individual matrices were averaged across subjects
after transforming the correlation coefficients into Fisher’s z-scores. The
resulting N-by-M matrix was back-transformed into Pearson correlation
coefficients and contained the average whole-brain connectivity patterns
of all OFC voxels.

The parcellation was performed using the K-means clustering algo-
rithm (kmeans as implemented in MATLAB, using the “correlation”
option; i.e., one minus the correlation between the connectivity patterns
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of OFC voxels as distance measure). Based on our previous study (Kahnt
etal.,, 2012), we computed cluster solutions with K = 2 (K2) and K = 6
(K6) clusters. For each K, the parcellation was performed three times:
once for the placebo group, once for the amisulpride group, and once for
all subjects together (using a weighted average to account for the unequal
group sizes). The parcellation was performed for all voxels in both hemi-
spheres simultaneously. That is, for each K, the connectivity patterns
from all OFC voxels were subjected to a single parcellation, regardless
of the anatomical position (i.e., hemisphere) of a given voxel. For
each K, we used the best solution from 100 repetitions with different
initial centroids.

Note that the nominal labels assigned to the clusters are arbitrary and
do not measure anything beyond cluster identity. To aid visual inspec-
tion and visual comparison between groupwise parcellations, and as a
requirement for comparing the number of voxels per cluster between
groups, the groupwise parcellations were relabeled to objectively match a
template-labeling scheme taken from our previous study (Kahnt et al.,
2012). For this, we permuted all K! possible cluster label assignments and
counted the number of voxels for which the cluster labels matched the
template. We then relabeled the parcellation with the assignment that
maximized this number. Voxelwise cluster maps in MNI space can be
obtained from the corresponding author.

Between-group comparison of parcellations. We compared the parcella-
tions between the placebo and amisulpride group using the variation of
information (VI) metric (Meila, 2007), which has previously been ap-
plied to fMRI connectivity-based parcellations (Kelly et al., 2010; Kahnt
etal., 2012). The VI metric is based on mutual information and measures
the distance between two cluster solutions (C and C’):

VI(C, C") = H(C) + H(C") — 2I(C, C"),
where H(C) and H(C') are the entropies of cluster solutions C and C’,
respectively, and I(C, C") is the mutual information between C and C'.
H(C) and I(C, C") are computed according to the following:

Plk, k
I(C, C') = E S Pk, k) log (P(IE)P(k))>

=1k'=1

K
H(C) = =2, P(k) log (P(K),
=1
where P(k) is the probability that a voxel in cluster solution K belongs
to cluster k and P(k, k') is the probability that a voxel belongs to
cluster k in C and cluster k" in C'. Following the definition by Meila
(2007), P(k) and P(k, k") are computed according to the following:

Pk =
()—ﬁ

. lanc
P(k,k)—T>

where N is the number of voxels in cluster k and N is the total number of
OFC voxels. Low values of VI indicate high similarity between the two
cluster solutions, whereas high VI values indicate large differences.

For statistical inference, we used a permutation test using the parcel-
lations obtained from »n = 1000 random group assignments. We
compared the VI of the two empirical groupwise parcellations with the
distribution of the VI of pairs of parcellations obtained from randomly
assigned groups. For each permutation, we randomly assigned subjects
to two groups (keeping the original group sizes), computed the group-
wise parcellations for these new groups, and computed the VI between
the two parcellations. The empirically observed VI was considered sig-
nificant if larger VI values were found in <5% of the 1000 random
parcellation pairs (p < 0.05).

Hemispheric symmetry. To quantify the hemispheric symmetry of the
obtained parcellations, we computed a symmetry index (SI; Kahnt et al.,
2012). This measure reflects the overlap in cluster labels between hemi-
spheres, if one hemisphere is mirrored at the midline, as follows:
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1 i Lif x; = x}
SI= N ~ | 0 otherwise

where N is the number of voxels in one hemisphere and x and x" are the
cluster labels of voxel i in the original and mirrored parcellation, respec-
tively. Because this measure requires that each voxel exists in both hemi-
spheres, we included only voxels that are present in both hemispheres
and discarded all voxels that are present on one side only. Differences in
hemispheric symmetry were compared between groups, and statistical
inference was performed using a permutation test with n = 1000 random
group assignments (see Between-group comparison of parcellations).

Connectivity-based decoding of drug condition. To test whether D2R
blockade altered the functional connectivity profile of OFC subregions,
we used a between-subject multivariate decoding approach. We aimed to
decode the drug condition (amisulpride vs placebo) based on the whole-
brain connectivity patterns of individual OFC subregions in the K2 and
K6 parcellations. To avoid biases, we used the K2 and K6 parcellations
computed from all subjects. In contrast to conventional multivoxel pat-
tern analysis approaches that use multivoxel patterns of activity, here we
used multivoxel patterns of functional connectivity of individual OFC
subregions. For each subject, we computed the functional connectivity
(Pearson correlation) between the time series in each OFC subregion
(averaged across voxels) and every other voxel in the rest-of-brain mask,
resulting in two and six 1-by-M connectivity patterns, for K2 and K6,
respectively. For each k in K, the subjectwise 1-by-M connectivity pat-
terns were mean normalized across voxels (resulting in zero-mean vec-
tors) and used as feature vectors in a support vector machine (SVM)
classifier (http://www.csie.ntu.edu.tw/~cjlin/libsvim/) with a linear ker-
nel, and 500 random leave-two-subjects-out cross-validation steps. For
each cross-validation step, we randomly drew 25 subjects from each
group for obtaining training data, and from this subset randomly left out
1 subject per group for use as the test data. We then used the training data
(excluding the two left-out test subjects) to train the SVM to distinguish
between subjects from the two groups, based on the whole-brain connec-
tivity pattern of the kth OFC subregion. The classifier was then tested on
the two subjects who were left out, and the procedure was repeated for
the next cross-validation step. Decoding accuracy (i.e., the percentage
correct classification in the test data) was averaged across the 500 cross-
validation steps.

For statistical inference, we performed a permutation test (n = 1000),
in which we compared the empirical decoding accuracy to the distribu-
tion of decoding accuracies resulting from random permutations of
group labels. Specifically, we repeated the identical 500-step cross-
validation procedure described above with the exception that after ran-
domly drawing 25 subjects and assigning 2 subjects for obtaining test
data, we randomly shuffled the group labels in the training and the test
data. This was repeated 1000 times to generate a distribution of accura-
cies. The empirically observed decoding accuracy was considered signif-
icant if larger decoding accuracies were found in <5% of the 1000
random permutations (p < 0.05).

Mapping of informative voxels. To illustrate the rest-of-brain voxels for
which functional connections with OFC subregions were modulated by
DA, we examined the weight vector of the SVM classifier. However,
rather than directly using the weight vectors from the SVM decoding
(i.e., backward) model, we first constructed an encoding (i.e., forward)
model based on these weights according to the definition by Haufe et al.
(2014) as follows:

A=SWS, ",

where W is the weight vector of the SVM decoder, and S, and S are the
covariance matrices of the training features and labels, respectlvely

In contrast to the weights of backward models, the weights of forward
models can be interpreted as reflecting the contribution of individual
voxels to the separation between the two groups. We averaged the vox-
elwise forward weights across the 500 cross-validation steps and divided
each weight average by the corresponding SD. This resulted in z-scores
that, for a given OFC subregion, reflect the contribution of voxelwise
connectivity to the separation between groups. We report connections
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Figure 1.
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that exceed a threshold of p < 0.05, Bonferroni corrected for the number of
rest-of-brain voxels (z > 4.47) and that exceed a cluster extent of 2 voxels.
For illustration purposes, we display the connectivity maps at a threshold of
p < 0.001, uncorrected (z > 3.72) with a cluster size of >5 voxels.

Results
Connectivity-based parcellation of the OFC
Based on our previous findings (Kahnt et al., 2012), we subdi-
vided the OFC into K2 and K6 subregions by grouping together
voxels that have a similar pattern of connectivity with the rest of
the brain. In a first step, we focused on the placebo group to reveal
the functional organization when neuromodulatory activity is
undisturbed. The K2 parcellation separated each hemisphere into
(1) a medial subregion and (2) an anterior lateral subregion (Fig.
1A). The ventromedial wall (areas 14m and 10; Mackey and
Petrides, 2010), the gyrus rectus (areas 11m, 14r, and 14c), pos-
terior (area 13), and posterior lateral (area 47/120) areas formed
anetwork, whereas the remainder of the OFC, that is, central area
(11), anterior area (10), and anterior lateral area (47/12m)
formed another network with cohesive connectivity patterns.

In line with our previous findings (Kahnt et al., 2012), the K6
parcellation revealed (1) a medial, (2) a posterior-medial, (3) a

central, and three (4-6) lateral clusters spanning the anterior-
posterior gradient (Fig. 2A). In terms of cytoarchitecture, the
medial cluster occupied most of the ventromedial wall (areas
14m, 10, and 11m) in addition to a small focal part of the lateral
posterior OFC (area 13). The posterior—medial cluster consisted
of large parts of the gyrus rectus (areas 11m, 14r, 14c), as well as
parts of more lateral posterior (area 13) areas. Regions at the
intersection of the transverse and medial orbital sulcus (area 11)
formed a central cluster. Finally, the three lateral clusters occu-
pied the posterior-lateral area (47/120), midlateral area (47/
12m), and anterior-lateral area (10, 11) surface. Overall, both the
K2 and K6 parcellations in the placebo group were highly similar
to our previous findings (Kahnt et al., 2012).

Dopamine changes the connectivity-based parcellation of

the OFC

We next examined how altering dopaminergic neurotransmis-
sion through D2R blockade modulated the connectivity-based
parcellations described above. Similar to the placebo group,
the K2 solution in the amisulpride group revealed (1) a medial
cluster and (2) an anterior-lateral cluster (Fig. 1B). Compared
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with the placebo group, the anterior-lateral cluster appeared
narrower and more stretched along the anterior—posterior
axis, dividing the medial cluster into a medial and posterior-lateral
segment. However, despite these qualitative differences, a quantita-
tive statistical comparison of the parcellations between the two
groups using the VI metric revealed that the differences in the K2
parcellation are within the range of what can be expected by chance
(p = 0.278; Fig. 1C). In line with this, there were no significant
differences between groups in hemispheric symmetry (placebo, SI =
0.93; amisulpride, SI = 0.84; p = 0.08, permutation test; Fig. 3A), or
cluster sizes (p = 0.169; Fig. 3C). These findings may indicate that
the two-cluster organization of the OFC was not substantially altered
by changes in dopaminergic neurotransmission.

In contrast, D2R blockade appeared to have caused more
pronounced changes in the K6 parcellation (Fig. 2B). Indeed, a
permutation test using the VI metric revealed that the K6 parcel-
lations were significantly different between the two groups (p =
0.013; Fig. 2C). Qualitatively, while the medial cluster (1) and
posterior-medial cluster (2) appeared relatively similar to the pla-
cebo group, no clearly defined central cluster (3) could be ob-
served in the amisulpride group. Instead, a fourth cluster was
revealed on the lateral surface between the anterior lateral and
mid-lateral clusters. In line with this, the number of voxels as-
signed to the central cluster (3) was significantly larger in the
amisulpride group compared with the placebo group (amisul-
pride, N = 491; placebo, N = 234; p = 0.004; Fig. 3D), while the
size of the other clusters did not differ significantly (all p >
0.235). In addition, the hemispheric symmetry was significantly

K6: pla. > amisulp. *

K6: pla. > amisulp.

# voxel clust. 5

Comparison of groupwise parcellations. 4, Histogram of the difference in hemispheric symmetry between the pairs of
K2 parcellations from randomly assigned groups. Red vertical line depicts the empirical difference in hemispheric symmetry
between the placebo group and the amisulpride group. B, Same as in A, but for the K6 parcellation. €, Each histogram depicts the
differencein the cluster size (number of voxels) between two randomly assigned groups in clusters 1 (top) and 2 (bottom) of the K2
parcellation. Red vertical lines depict the empirical difference in cluster size between the placebo and amisulpride groups. D, Same
asin €, but for the K6 parcellation. Asterisks indicate significant differences from zero at p < 0.05.
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larger in the placebo group (placebo
group, SI = 0.87; amisulpride group, SI =
0.69; p = 0.009; Fig. 3B), suggesting that
D2R blockade disturbed the symmetry
of the functional OFC networks. Together,
these results demonstrate that the connec-
tivity-based parcellation of the OFC was
changed by D2R blockade, suggesting
that DA reconfigures functional OFC
networks.

0 0.2

hemispheric symmetry

Dopamine alters connectivity patterns
of individual OFC subregions

The results reported above suggest that
the functional connectivity between indi-
vidual OFC voxels and the rest of the
brain was systematically altered by D2R
blockade, indicating a DA-dependent re-
configuration of functional OFC net-
works. In principle, DA-induced changes
in the functional connectivity of the OFC
could be localized to specific parts of the
brain, or could involve the simultaneous
modulation of distributed long-range
connections. To directly test for such
changes in the connectivity patterns of
OFC subregions, we used a multivariate
decoding approach. Specifically, for each
subregion in the K2 and K6 parcellation,
we used its whole-brain connectivity
pattern to decode whether subjects had
received placebo or amisulpride before
scanning. To avoid biases, we used a par-
cellation that was based on all subjects
(Fig. 4A,B; however, comparable results
were obtained when using the parcellation based on the placebo
group only).

Decoding of group membership from the whole-brain con-
nectivity patterns of both clusters in the K2 parcellation was sig-
nificantly above chance [medial cluster (1): accuracy = 58.5%,
p < 0.001; anterior lateral cluster (2): accuracy = 55.2%, p =
0.001; Fig. 4C]. In the K6 parcellation, we found that drug con-
dition could be decoded significantly above chance from the con-
nectivity patterns of all but two OFC subregions. Significant
decoding accuracies were found in the medial cluster (1, accu-
racy = 54.8%, p = 0.001), posterior-medial cluster (2, accu-
racy = 60.2%, p < 0.001), central cluster (3, accuracy = 60.0%,
p <0.001), and anterior-lateral cluster (6, accuracy = 57.6%, p <
0.001). The decoding accuracies in the posterior-lateral cluster
(4, accuracy = 50.4%, p = 0.415) and mid-lateral cluster (5,
accuracy = 51.7%, p = 0.145) were not significantly different
from chance. In summary, D2R blockade modulated the whole-
brain connectivity patterns of medial and central OFC sectors,
while leaving the connectivity of the posterior-lateral clusters
unaffected.

To reveal the brain regions in which the connectivity to indi-
vidual OFC subregions was modulated by D2R blockade, we used
the weights of the SVM classifier to estimate voxelwise connec-
tivity patterns that distinguished between groups (Haufe et al.,
2014). For the K2 parcellation, D2R blockade enhanced the con-
nectivity of the medial OFC cluster (1) with the amygdala/hip-
pocampus, the superior frontal gyrus, the anterior cingulate
cortex, the posterior insula, and the anterior inferior and middle

# voxel clust. 6
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Figure4. Decoding drug condition from connectivity patterns of individual OFC subregions. A, K2 parcellation based on all subjects. B, K6 parcellation based on all subjects. €, Decoding accuracy
(percentage correct group classifications of placebo vs amisulpride) for each of the two OFC subregions of the K2 parcellation. D, Decoding the accuracy for each of the six OFC subregions of the K6

parcellation. Error bars indicate 95% confidence intervals around the level of empirical chance (~50%) based on 1000 random permutations. Asterisks indicate significant above-chance classifi-
cation at p << 0.05, corrected.

K2 - cluster 1

-

amisulpride > placebo Z=3.72 I 7 = 4.72

Figure5.

K2 - cluster 2

placebo > amisulpride Z=3.72

Effects of D2R blockade on voxelwise OFC connectivity of K2 subregions. A, B, Maps depict the contribution of the voxelwise connectivity of the medial (4) and lateral (B) OFC subregion

of the K2 parcellation to the separation between the amisulpride and placebo groups. Connectivity patterns are estimated based on SVM weight vectors and then converted into z-scores. For
illustration purposes, maps are thresholded at p << 0.001, uncorrected (z > 3.72) with a voxel extent threshold of 5.

temporal gyrus (Fig. 5A, Table 1). Conversely, amisulpride re-
duced the connectivity of the medial OFC cluster with posterior
inferior temporal gyrus, fusiform gyrus, precuneus, and inferior
and superior parietal lobes. In the anterior-lateral cluster (2),
D2R blockade enhanced connectivity with the medial and middle
frontal gyri and the posterior insula, and reduced connectivity
with the midbrain, the fusiform gyrus, the precuneus, and the
superior parietal lobe (Fig. 5B, Table 1).

In the K6 parcellation, D2R blockade enhanced connectivity
between the medial OFC cluster (1) and the superior and middle

frontal gyri, the anterior cingulate cortex, and the inferior and
middle temporal gyri. In contrast, subjects in the amisulpride
group showed reduced medial OFC connectivity with the fusi-
form gyrus and superior parietal lobe (Fig. 6A, Table 2). In turn,
D2R blockade enhanced connectivity of the posterior-medial
OEFC cluster (2) with the left amygdala/hippocampus and the
middle frontal gyrus, while connectivity with the anterior insula
and the precuneus was reduced (Fig. 6B, Table 2). For the central
cluster (3), D2R blockade enhanced connectivity with the middle
temporal lobe and the fusiform gyrus. However, the most pro-
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Table 1. Dopamine-dependent connectivity of subregions in the K2 parcellation
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MNI coordinates

Side Anatomical label X y z Nvoxel z-score
Cluster 1: amisulpride > placebo
L Amygdala/hippocampus —14 —4 —18 5 6.09
L Superior frontal gyrus —26 56 6 49 6.9
R Superior frontal gyrus 26 68 10 16 5.29
L Anterior cingulate cortex —6 48 14 14 6.69
L Superior frontal gyrus —18 44 38 4 5.99
L Middle frontal gyrus —42 44 38 6 5.02
L Insula —38 —16 14 12 543
R Insula 38 12 10 5 6.09
L Middle temporal gyrus —54 —36 —6 22 5.51
R Middle temporal gyrus 70 —32 —6 12 5.45
L Middle temporal gyrus —66 —16 =22 3 533
L Inferior temporal cortex —50 —4 —34 3 4.83
R Inferior temporal cortex 54 —4 —34 3 5.56
L Precuneus -2 —52 18 3 5.03
L Inferior parietal lobe -4 —64 34 17 5.70
Cluster 1: placebo > amisulpride
R Middle frontal gyrus 4 0 58 3 461
R Superior frontal gyrus 14 0 70 3 5.14
R Precentral gyrus 38 —32 66 3 5.48
L Postcentral gyrus =10 —36 78 5 5.67
L Middle temporal gyrus —54 —64 —6 3 4.98
L Fusiform gyrus =50 —44 —26 33 717
R Fusiform gyrus 50 —44 =30 14 6.27
L Precuneus =10 —52 46 36 6.65
R Precuneus 6 —52 46 6.48
R Superior parietal lobe 18 —60 66 21 534
L Inferior parietal lobe —26 -5 4 6 5.96
R Inferior parietal lobe 66 —32 30 15 6.21
R Occipital cortex 2 —84 2 8 5.07
Cluster 3: amisulpride > placebo
L Medial frontal gyrus —6 68 14 4 5.43
L Middle frontal gyrus -4 28 34 3 4.69
L Insula —46 —24 14 3 4.77
Cluster 2: placebo > amisulpride
R Midbrain 14 —24 —14 4 6.76
L Fusiform gyrus —50 —52 —26 3 493
L Precuneus —6 —80 46 10 5.76
L Superior parietal lobe —18 —40 74 3 5.02

Anatomical labels, MNI coordinates (x, y, z), z-scores, and cluster size (number of voxels) for whole-brain connectivity of individual OFC subregions in the K2 parcellation contributing to the separation between groups,

thresholded at p < 0.05, Bonferroni corrected (z > 4.47) and k > 2., Left; R, right.

found change was a marked reduction in connectivity to the mid-
brain and the superior temporal gyrus/posterior insula (Fig. 6C,
Table 2). Finally, for the anterior-lateral OFC cluster (6), D2R
blockade enhanced connectivity with lateral and medial areas of
the PFC, the anterior cingulate cortex, and the middle temporal
gyrus. In contrast, amisulpride reduced connectivity of the
anterior-lateral OFC with the entorhinal cortex, the posterior
hippocampus, and the precuneus (Fig. 6D, Table 2). We did not
examine dopamine-dependent modulation of connectivity in the
posterior-lateral (4) and mid-lateral (5) OFC clusters because the
decoding analyses reported above indicated that the connectivity
patterns of these OFC subregions were not significantly modu-
lated by D2R blockade.

Discussion

In the current study, we used resting-state fMRI connectivity and
K-means clustering, and demonstrated that the systemic admin-
istration of amisulpride, a dopaminergic D2R antagonist, altered
the configuration of connectional and presumably functional
subregions in the OFC. Moreover, D2R blockade had specific
effects on voxelwise connectivity patterns of individual OFC sub-
regions, as indicated by significant decoding of group member-

ship (amisulpride vs placebo) from these patterns. Amisulpride
decreased the connectivity between OFC and associative parietal
and temporal regions, and enhanced the connectivity of OFC
subregions with the medial and superior-lateral frontal cortex.

Previous studies have examined the effects of dopaminergic neu-
rotransmission on large-scale fMRI connectivity during rest (Cole et
al., 2013a,b) and task performance (Honey et al., 2003; Nagano-
Saito et al., 2008). The results of these earlier studies indicate that DA
has profound effects on long-range connectivity among frontal,
parietal, and subcortical brain regions. However, these studies com-
pared connectivity within predefined regions of interest or “resting-
state networks” (e.g., the so-called “default mode” network) and
were therefore not suitable to examine the effects of DA on the con-
figuration of functional circuits themselves.

In contrast, here we used a data-driven method to define func-
tional OFC subregions based on whole-brain connectivity pat-
terns of individual OFC voxels. Based on our earlier study (Kahnt
et al., 2012), anatomical tracing work in primates (Carmichael
and Price, 1996; Ongtir and Price, 2000), and the results of a
meta-analytic connectivity modeling study (Zald et al., 2014), we
focused on the parcellations with 2 and 6 subdivisions. The par-
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K6 - cluster 1

amisulpride > placebo Z=3.72 I 7 = 4.72

Kahnt and Tobler  Reconfiguration of OFC Networks by Dopamine

K6 - cluster 2

Figure6. Effects of D2R blockade on voxelwise OFC connectivity of K6 subregions. A—D, Maps depict the contribution of the voxelwise connectivity of the medial (A), posterior-medial (B), central
(€), and anterior-lateral (D) OFC subregions of the K6 parcellation to the separation between the amisulpride and placebo groups. Connectivity patterns are estimated based on SVM weight vectors
and then converted into z-scores. For illustration purposes, maps are thresholded at p << 0.001, uncorrected (z > 3.72) with a voxel extent threshold of 5.

cellations obtained in the placebo group were highly similar to
those found in our previous study (Kahnt et al., 2012), wher-
eas the parcellation in the amisulpride group revealed specific
changes in the organization of functional OFC subregions. Spe-

cifically, whereas the K2 parcellation did not differ between
groups, the organization of the K6 parcellation differed funda-
mentally, particularly with regard to the central OFC cluster.
Follow-up analyses indicated that D2R blockade was associated
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Table 2. Dopamine-dependent connectivity of subregions in the K6 parcellation
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MNI coordinates

Side Region X y z Nvoxel z-score
Cluster 1: amisulpride > placebo
L Superior frontal gyrus —26 56 6 4 7.84
L Superior frontal gyrus —6 52 30 4 5.23
L Superior frontal gyrus —18 44 38 5 5.16
R Superior frontal gyrus 18 56 26 4 511
L Middle frontal gyrus —42 16 38 10 5.52
L Anterior cingulate cortex —6 48 14 8 6.67
L Insula —38 —16 14 8 5.29
R Insula 38 —12 10 3 5.84
L Middle temporal gyrus —46 —28 —6 22 6.07
R Middle temporal gyrus 66 —28 -2 22 5.34
L Inferior temporal gyrus —58 —16 —34 3 4.90
R Inferior temporal gyrus 46 —12 —42 14 6.16
L Inferior parietal lobe —46 —64 38 8 513
Cluster 1: placebo > amisulpride
R Superior frontal gyrus 14 —4 70 3 5.14
R Middle frontal gyrus 46 0 54 3 491
L Postcentral gyrus —10 —40 78 3 4.90
R Postcentral gyrus 38 -32 66 6 5.68
L Inferior temporal gyrus =50 —40 —26 31 6.94
R Inferior temporal gyrus 50 —48 —26 16 5.75
L Inferior temporal gyrus —54 —60 —6 3 4.66
R Superior parietal gyrus 18 —60 66 23 6.31
R Precuneus 6 —52 46 28 6.26
L Precuneus —14 —68 50 4 5.19
L Inferior parietal lobe —26 =52 4 3 529
R Inferior parietal lobe 66 —28 26 5 5.20
R Occipital cortex 6 —80 2 4 461
Cluster 2: amisulpride > placebo
L Amygdala/hippocampus —18 —4 —18 8 6.32
R Middle frontal gyrus 38 60 14 3 512
R Postcentral gyrus 38 —24 50 3 522
Cluster 2: placebo > amisulpride
L Insula —38 12 —6 3 4.69
L Middle frontal gyrus —38 0 54 3 4.73
R Superior temporal gyrus 46 —12 -2 3 5.55
L Precuneus -22 —56 66 7 4.96
L Precuneus —18 —68 26 3 5.82
Cluster 3: amisulpride > placebo
R Middle temporal gyrus 58 12 —14 8 5.1
L Middle temporal gyrus —54 —60 -2 6 5.46
R Middle temporal gyrus 58 —56 -2 4 5.12
R Middle temporal gyrus 46 —60 18 3 4.88
L Fusiform gyrus —26 —64 —10 8 5.54
R Fusiform gyrus 26 —56 =10 4 5.14
Cluster 3: placebo > amisulpride
R Midbrain 10 —16 —14 5.10
R Superior temporal gyrus Ly} —12 -2 5.76
Cluster 6: amisulpride > placebo
R Superior frontal gyrus 2 56 30 4 5.00
R Medial frontal gyrus 6 60 6 5 4.84
R Anterior cingulate cortex 2 40 6 5 5.07
R Anterior cingulate cortex 10 40 18 6 5.17
R Superior frontal gyrus 30 60 18 5 4.95
L Middle temporal gyrus —46 —28 —6 4 5.90
R Middle temporal gyrus 58 —16 —10 4 5.48
Cluster 6: placebo > amisulpride
R Entorhinal cortex 22 0 —38 6 5.52
R Hippocampus 22 —36 6 4 513
L Inferior temporal gyrus =50 =52 —26 4 491
L Precuneus —6 —80 46 5 572

Anatomical labels, MNI coordinates (x, y, z), z-scores, and cluster size (number of voxels) for whole-brain connectivity of individual OFC subregions in the K6 parcellation contributing to the separation between groups,
thresholded at p << 0.05, Bonferroni corrected (z > 4.47) and k > 2. L, Left; R, right.

with a marked reduction in the connectivity between the central
OFC and the midbrain, suggesting that, relative to other parts of
OFC, central OFC receives the strongest DA projections from the

midbrain.

While null results should be interpreted with caution, the ab-
sence of significant DA-dependent changes in the K2 subdivision
may imply that this subdivision scheme is not modulated by DA

and that DA-dependent modulations occur only at a finer scale.
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Subregions in the K2 parcellation are well in line with anatomical
boundaries defined cytoarchitectonically and based on anatomi-
cal connections. The medial cluster corresponds to the agranular
and dysgranular (i.e., nonisocortical) part of OFC and receives
substantial input from the hippocampus and the amygdala. In
contrast, the lateral-anterior cluster corresponds closely to the
granular (i.e., isocortical) OFC and receives strong projections
from the PFC, the insula, the temporal cortex, and the medial
dorsal thalamus (Morecraft et al., 1992). This twofold parcella-
tion scheme is also consistent with subdivisions based on intrin-
sic anatomical connections of the primate OFC (Carmichael and
Price, 1994; Kahntetal., 2012). However, although D2R blockade
did not alter the outlines of the K2 subdivision, it did modulate
the functional connectivity patterns of these subregions, suggest-
ing that while the configuration of the coarse functional network
was not affected by DA, the specific balance of connections within
the network was changed.

The reconfiguration observed in the K6 parcellation is likely to
be driven by a DA-dependent modulation of the connections
between individual OFC voxels and remote brain regions. At the
cellular level, amisulpride acts as an antagonist on D, and D,
receptors, and reduces the postsynaptic effects of DA on neurons
(Rosenzweigetal.,2002). In addition, amisulpride blocks presyn-
aptic autoreceptors, effectively increasing the availability of DA in
the synaptic cleft. Accordingly, any combination of presynaptic
and postsynaptic receptor blockade will therefore increase the
ratio of D, to D, receptor activation. By modulating the intrinsic
firing properties of individual neurons, DA may change the
strength of specific synapses and thereby the connectivity to other
neurons, effectively altering the role of individual neurons in its
larger circuit (Kloppenburg et al., 1999; Harris-Warrick and
Johnson, 2010). Such changes are not necessarily binary switches
(i.e., on—off) between connections, but could involve smooth
transitions in the composition of interconnected networks. In-
terestingly, neuromodulator-induced changes in connectivity
may be associated with different modes of operation responsible
for different behaviors (Harris-Warrick and Marder, 1991;
Weimann and Marder, 1994). The hard-wired anatomical con-
nections between brain regions may therefore provide only the
structure in which several possible functional networks, each as-
sociated with specific processing modes and behaviors, can be
initialized depending on the current neuromodulatory environ-
ment (Brezina, 2010; Marder, 2012).

Our results show that connections between individual OFC
subregions and higher-order sensory and multimodal associ-
ation areas in the parietal and temporal lobes were dampened
by D2R blockade. In contrast, connectivity between the OFC
and the medial and superior PFC was upregulated by amisul-
pride. This suggests that DA activity on D2R switches the OFC
between two distinct connectional configurations that may be
associated with different processing modes. The first configu-
ration, induced by high levels of D2R activity, is characterized
by enhanced connectivity to higher sensory and associative
areas, and may help sensory information to access the OFC. A
second configuration, induced by low D2R activity, is charac-
terized by enhanced short-range functional connections with
the frontal lobes and may facilitate local information process-
ing in the frontal cortex.

This proposal is in line with the effects of receptor-specific
DA activity in a biophysically inspired dual-state model of DA
in the PFC (Durstewitz et al., 2000; Seamans et al., 2001).
Specifically, in this model, the ratio of D, and D, receptor
activity modulates local GABAergic inhibition and thereby
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controls the balance between the stability and flexibility of
PFC representations. Reduced D2R activity facilitates recur-
rent excitation in the network and stabilizes PFC representa-
tions, whereas enhanced D2R activity inhibits recurrent
excitation and increases the flexibility of PFC representations
(Seamans and Yang, 2004). Supporting this model, we have
previously shown that D2R blockade enhances the decoding of
reward information from OFC activity patterns, suggesting
that corresponding network representations were strength-
ened (Kahnt et al., 2015).

Importantly, switches between the two OFC network con-
figurations could be implemented solely by changes in local
DA concentrations. Specifically, DA has a higher affinity for
D, receptors than for D, receptors (Creese et al., 1983), and
therefore low levels of DA may lead to stronger D, activity
versus D, activity, whereas robust activity of D, receptors is
achieved only with high levels of DA (Goto and Grace, 2005).
Thus, bursts of DA, like those elicited by unexpected rewards
or reward-predictive stimuli (Schultz et al., 1997; Schultz,
2016), may drive the OFC into a D,-dominated state with
enhanced connectivity to frontal brain regions and reduced
connectivity to sensory areas, promoting local information
processing and representational stability. Conversely, low lev-
els of DA, like those observed when expected rewards are
omitted (Bayer and Glimcher, 2005; Takahashi et al., 2009),
may preferentially activate D, receptors, which may reduce
connections to the PFC, enhance sensory input to the OFC,
and facilitate reorientation, representational updating, and
behavioral flexibility. Interestingly, a recent model of OFC
functioning proposes that OFC contributes to goal-directed
behavior by representing a cognitive map, or associative struc-
ture, for reinforcement learning (Wilson et al., 2014; Howard
etal,, 2015; Schuck et al., 2016; Wikenheiser and Schoenbaum,
2016). Our results indicate that DA may play a critical role in
the updating of OFC state representations.

It is important to note that although amisulpride is one of
the few relatively selective drugs affecting DA transmission, it
also has high affinity for serotonin receptors 5-HT2B and
5-HT7. Accordingly, the effects observed here may not be the
result of DA alone. However, insofar as serotonin and DA are
both monoamines, we can conclude that our results are driven
by monoaminergic neuromodulators. We also note that con-
nectivity changes between the OFC and any other brain region
may be caused indirectly through connectivity changes be-
tween this region and a third region whose connectivity to
OFC is modulated by DA. Thus, OFC connectivity changes
with individual areas need to be interpreted with caution be-
cause indirect modulations cannot be ruled out. Finally, in the
current study, we examined the effects of D2R blockade on
connectivity during rest. It is possible that OFC networks are
differentially modulated during the performance of specific
tasks. Functional connectivity between areas partially depends
on task-dependent activity levels, which may result in differ-
ent parcellation schemes. Future studies are needed to exam-
ine OFC network configurations as a function of different
tasks.

In summary, here we have shown that D2R blockade
changes the functional organization of the OFC. We speculate
that midbrain DA may alter the connectional configuration of
the OFC, leading to transitions between different operating
modes that favor either sensory input or recurrent processing.
Finally, the results obtained here for DA could exemplify a
more general role of neuromodulators in altering the connec-
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tivity patterns of brain regions. This change in connectivity
may lead to the reconfiguration of specific functional circuits
that may be associated with different modes of information
processing and ultimately with distinct behaviors.
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