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Abstract

Visual attentional bias forms for rewarding and punishing stimuli in the environment. While this
attentional bias is adaptive in healthy situations, it is maladaptive in disorders such as drug
addiction or PTSD. In both these disorders, the ability to exert control over this attentional bias is
associated with drug abstinence rates or reduced PTSD symptoms, indicating the interaction of
visual attention, cognitive control, and stimulus association. The inferior parietal lobule (IPL) is
central to attention, while the prefrontal cortex (PFC) is critical for reward, cognitive control, and
attention. Importantly, regions of the IPL and PFC commonly project to the rostral dorsal caudate
(rdCaud) of the striatum. We propose an anatomical network architecture in which IPL projections
converge with PFC projections in a connectional hub in the rdCaud, providing an anatomical
substrate for the interaction of these projections and their competitive influence on striatal
processing. To investigate this, we mapped the dense projections from the caudal IPL and
prefrontal (dIPFC, vIPFC, OFC, dACC, and dmPFC) regions that project to the medial rdCaud
with anatomical tract-tracing tracer injections in monkeys. These inputs converge in a precise site
in the medial rdCaud, rostral to the anterior commissure. Small retrograde tracer injections
confirmed these inputs to the medial rdCaud and showed that a proximal ventral striatal location
has a very different pattern of cortical inputs. We next used human resting-state functional
connectivity MRI (fcMRI) to examine whether a striatal hub exists in the human medial rdCaud.
Seed regions in the human medial rdCaud revealed cortical correlation maps similar to the monkey
retrograde injection results. A subsequent analysis of these correlated cortical regions showed that
their peak correlation within the striatum is in the medial rdCaud, indicating that this is a
connectional hub. In contrast, this peak striatal correlation was not found in the ventral striatal
location, suggesting that this site is not a connectional hub of cortical regions. Taken together, this
work uses the precision of monkey anatomy to identify a connectional hub of IPL and PFC
projections in the medial rdCaud. It also translates this anatomical precision to humans,
demonstrating that, guided by anatomy, connectional hubs can be identified in humans with
fcMRI. These connectional hubs provide more specific treatment targets for drug addiction, PTSD,
and other neurological and psychiatric disorders involving the striatum.
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1. Introduction

Visual attentional bias develops during incentive-based learning in response to positively or
negatively reinforced stimuli (Anderson et al., 2011a, 2011b; Hickey et al., 2010; Koster et
al., 2005; Schmidt et al., 2015). This attentional bias is adaptive in healthy situations; it
allows us to quickly procure rewards or avoid punishments in the environment. However,
attentional bias can also be maladaptive and strengthen stimulus-outcome associations,
leading to the formation of harmful habits such as drug addiction (Field and Cox, 2008;
Franken, 2003; Robinson and Berridge, 1993) or nonproductive responses as in post-
traumatic stress disorder (PTSD) (Block and Liberzon, 2016; Hayes et al., 2012). In these
situations, cognitive control is limited in its ability to mediate between attentional bias and
action. Indeed, addiction studies have shown that the degree to which control can be exerted
over attentional drug bias correlates with improved abstinence rates (Fadardi and Cox, 2009;
Ziaee et al., 2016). Similarly in PTSD, training in keeping one’s attention away from
threatening stimuli leads to reduced PTSD symptoms (Badura-Brack et al., 2015; Kuckertz
et al., 2014; Schoorl et al., 2013). Together, these observations indicate an interaction of
visual attention, cognitive control, and stimulus-outcome associations leading to habit
development.

The striatum has a well-established, central role in the development of stimuli salience,
reinforcement conditioning, and the habitualization of behavior (Everitt et al., 2008; Everitt
and Robbins, 2005; Robinson and Berridge, 2001; Yin and Knowlton, 2006). Prior
anatomical tract-tracing and human neuroimaging studies have shown that cortical regions
processing visual attention, stimulus association, and cognitive control connect with the
dorsal caudate of the striatum. Monkey tract-tracing cases show that the orbitofrontal cortex
(OFC), ventrolateral prefrontal cortex (VIPFC), dorsolateral prefrontal cortex (dIPFC),
dorsomedial prefrontal cortex (dmPFC), and dorsal anterior cingulate cortex (dACC) all
project to the dorsal caudate. Interestingly, the inferior parietal lobule (IPL), which is central
to visual attention, also projects to the dorsal caudate (Cavada and Goldman-Rakic, 1991;
Yeterian and Pandya, 1993). The IPL is involved specifically in attention spontaneously
drawn towards behaviorally relevant stimuli (bottom-up or ventral attention) (Corbetta et al.,
2008; Corbetta and Shulman, 2002; Steinmetz and Constantinidis, 1995), such as drugs of
abuse. Indeed, the IPL, as well as parts of the PFC, shows increased activity during the
presentation of drug-related visual stimuli in addiction (e.g., drug paraphernalia) (Garavan et
al., 2000; Grant et al., 1996; Kilts et al., 2014; Kihn and Gallinat, 2011; Maas et al., 1998)
or viewing emotional stimuli in PTSD (Mazza et al., 2013; Mueller-Pfeiffer et al., 2013).

Human resting-state functional connectivity MRI (fcMRI) and diffusion MRI (dMRI) have
indicated the convergence of parietal and PFC connections in the human dorsal caudate.
fcMRI has revealed that there is a longitudinal zone involving the rdCaud that is functionally
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linked with distributed caudal IPL and prefrontal regions in the dIPFC, vIPFC, and dACC
(Barnes et al., 2010; Choi et al., 2012; Di Martino et al., 2008). Importantly, Jarbo and
Verstynen (2015) linked these fcMRI findings to dMRI structural connectivity. This study
clearly demonstrated that structural connections of the parietal, OFC, and dIPFC converge in
a longitudinal zone encompassing the rdCaud. Together, neuroimaging studies reveal an
overlap of parietal and PFC connections in the dorsal caudate. However, the specific
prefrontal and parietal areas that converge in the dorsal caudate, nor the precise extent and
location of this convergence, are not well defined.

Here, using the precision of monkey anatomical tract-tracing, we build upon the prior
monkey and human studies by examining whether there is anatomic convergence within the
dorsal caudate of the terminal fields of projections from the caudal IPL and the VIPFC,
dIPFC, dmPFC, dACC, and OFC, regions involved in visual attention, stimulus-outcome
association, and cognitive control (Bush et al., 2000; Fuster, 2008; Levy and Wagner, 2011;
Rolls, 2002; Venkatraman and Huettel, 2012). In particular, based on our prior
demonstration of a connectional hub of prefrontal projections in the medial caudate
(Averbeck et al., 2014), we hypothesized that caudal IPL projections converge with vIPFC,
dIPFC, dmPFC, dACC, and OFC projections in a specific connectional hub within the
rostral dorsal caudate (rdCaud). This connectional hub would be a unique region within the
longitudinal zone identified from fcMRI and dMRI studies that receives the greatest
convergence of inputs from multiple regions of parietal cortex, OFC, and dIPFC, as well as
of vIPFC, dmPFC, and dACC, which are important for switching behaviors and context-
dependent action selection (Bunge, 2004; Rushworth et al., 2002; Toni et al., 1999;
Woodward et al., 2006).

To investigate this, we first identified the precise site of convergence in the rdCaud by
charting the projections from caudal IPL with those from the vIPFC, dIPFC, dmPFC, dACC,
and OFC. To confirm this convergence, we placed retrograde tracer injections in the area of
convergence in the medial rdCaud and, using unbiased stereology, identified and quantified
the inputs from the caudal IPL and PFC. We also charted the cortical inputs to a proximal
ventral caudate location (vCaud) with retrograde tracer injections, which resulted in a very
different pattern of cortical inputs. We next used fcMRI in healthy human subjects to
examine whether a similar striatal hub architecture of convergent PFC and IPL connections
exists in the human rdCaud. The results show that a site in the human medial rdCaud
contains converging inputs from the caudal IPL, vIPFC, dIPFC, dmPFC, dACC, and OFC. In
contrast, a different set of cortical areas input to the human vCaud. These results provide
anatomical evidence for the convergence and interaction of caudal IPL and five prefrontal
areas within a connectional hub in the medial rdCaud. Moreover, there is a homologous
region or hub within the human caudate with a similar set of convergent inputs. As such, this
striatal hub is likely to be central for the influence of visual attention and control on striatal
processing.
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2. Materials and methods

2.1. Overview

The present study consists of three levels of analyses. First, we identified the location of
convergence of caudal IPL and PFC projections in the striatum of monkeys. We placed
anterograde tracer injections in input regions to the rdCaud in the caudal IPL, vIPFC, dIPFC,
dmPFC, dACC, and caudal OFC, and traced dense terminal projections in the striatum. To
compare the labeled anatomy between cases from different monkeys, each case was merged
onto a standard monkey brain model. Convergence of projections was assessed and
quantified with a heatmap of overlapping projections from each case.

Having identified the medial rdCaud as a connectional hub of the caudal IPL and the above
PFC projections, we confirmed and characterized this convergence using small retrograde
tracer injections in the medial rdCaud. The pattern of labeled cells in 2 rdCaud cases was
compared to those from 2 cases with injections in a proximal ventral caudate location, the
vCaud. One case each of the rdCaud and vCaud cases was charted and the density of labeled
cells in each cortical area was quantified to determine the strengths of those inputs.

Finally, we examined human fcMRI for evidence of a similar connectional hub in the human
rdCaud. The position of the center of the convergence in the monkey rdCaud was
determined, and the corresponding human location was identified with the proportionally
same spatial location in the human striatum. Using a single 2 mm3 voxel seed region at this
human rdCaud site, a whole brain fcMRI map (N=500) was generated to identify
functionally connected cortical regions to the rdCaud and then compared with the monkey
anatomy. To confirm that the human medial rdCaud is the major striatal hub of connectivity
with these cortical regions, a striatal fcMRI map was created using a seed region of cortical
regions with correlations of 1.5 standard deviations or greater above the mean with the
medial rdCaud seed region. These results were compared with those of the vCaud, which
were obtained with the same process using a single 2 mms3 voxel seed region at the human
vCaud location corresponding to the monkey vCaud injection site.

2.2. Injection sites

6 anterograde cortical injections were placed in prefrontal and parietal regions previously
shown to project to the dorsal caudate (Haber et al., 2006; Kiinzle, 1978; Selemon and
Goldman-Rakic, 1985; Yeterian and Van Hoesen, 1978). These were 5 functionally diverse
regions of the dIPFC in the dorsal bank of the principal sulcus (area 46), dmPFC (area 9),
VIPFC in the ventral limb of the arcuate sulcus (area 45), dACC (area 24), and OFC in the
lateral bank of the medial orbital sulcus (area 13). The caudal IPL injection was in the
ventral lip of the caudal intraparietal sulcus (areas 7a/PG and 7a/Opt). 4 retrograde striatal
injections were placed in the medial rdCaud or vCaud. All injection cases had labeling
throughout the cortex and no contamination (tracer leakage into an adjacent cortical area,
structure, or white matter).
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2.3. Surgery and tissue preparation

10 adult macaque monkeys (3 Macaca nemestrina, 4 Macaca fascicularis, and 3 Macaca
mulatta) were used for these tracing studies. All experiments and animal care were
conducted in accordance with the Guide for the Care and Use of Laboratory Animals
(Institute of Laboratory Animal Resources, 1996) and were approved by the University of
Rochester’s University Committee on Animal Resources. For a subset of experiments, a
presurgical T1 (0.5 mmx0.5 mmx0.5 mm) or T2 turbo spin echo MRI scan (0.5 mmx0.5
mmx1.42 mm) was acquired on a 3T Siemens Tim Trio scanner (Siemans, Erlangen,
Germany) to aid with stereotactic tracer placement during surgery. For the remaining
experiments, serial electrode penetrations were made to locate the anterior commissure and
calculate the stereotactic position of target injection sites, as described previously (Haber et
al., 1993). Surgical procedures were conducted as previously described (Heilbronner, 2014).
Tracers were Lucifer Yellow (LY), Fluororuby (FR), or Fluorescein (FS) conjugated to
dextran amine (Invitrogen), wheat germ agglutinin conjugated with horseradish peroxidase
(WGA) (Sigma-Aldrich), or tritiated amino acids (AA) (100 nl, 1:1 solution of [3H]-leucine
and [3H]-proline in dH,0, 200 mCi/ml; NEN). 12—14 days post-surgery, animals were
deeply anaesthetized with pentobarbital and perfused with saline followed by a 4%
paraformaldehyde/1.5% sucrose solution. Brains were postfixed overnight and cryoprotected
in increasing gradients of sucrose. Immunocytochemistry was performed on one in eight
free-floating 50 um sections to visualize LY, FR, FS, or WGA tracers, as previously
described (Heilbronner, 2014). For autoradiography, one in eight sections were mounted on
chrome-alum gel-coated slides and defatted in xylene overnight. Slides were dipped in
Kodak NTB2 photographic emulsion and exposed for 4-6 months at 4 °C in a light-tight
box. Sections were developed in Kodak D19, fixed, washed, and counterstained with cresyl
violet.

2.4. Anterograde cortical projection analysis

For the prefrontal and parietal anterograde injection cases, dark field light microscopy under
1.6x, 4x, and 10x objectives was used with Neurolucida software (MicroBrightField) to
trace outlines of dense, focal projection patches in the striatum in one in eight sections from
the rostral end of the striatum to at least the level of the anterior commissure. Dense
projections were defined as terminal fields visible at 1.6x with discernible boundaries.
Tracings of striatal focal projections from each case were merged onto a 3-D global
reference brain model developed from one animal, as described previously (Haber et al.,
2006) in the following manner. 2-D tracings of each section created in Neurolucida were
imported as a stack into IMOD, a 3-D rendering program (Boulder Laboratory for 3D
Electron Microscopy of Cells, University of Colorado, Boulder, CO) (Kremer et al., 1996).
Merging of each case to the standard brain was done with a linear transformation in IMOD
using anatomical landmarks (e.g., gyri, sulci, white and gray matter structures) and then
checked and adjusted by hand. Cases were rendered in 3-D and checked with the tracings in
the original brain to have the same anterior-posterior, dorsal-ventral, and medial-lateral
placement and relative size. Each case was merged onto the global reference brain
independently of one another. To quantify the overlap of prefrontal and parietal focal
projections in the striatum, we created a heatmap of the overlap as follows. For each case,
the 3-D rendered dense projections were used to obtain dense projection contours on
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consecutive sections of the standard monkey striatum using the IMOD functions imodfillin
and /modmaop. These dense projection patterns were spatially summed to create a heatmap in
which the values of the map indicate the number of cases contributing to the overlapping
projections. This heatmap allowed us to identify the site of greatest convergence in the
striatum.

2.5. Retrograde striatal injection analysis

For striatal injection cases, dark and light field light microscopy under 20X objective was
used to identify retrogradely labeled input cells. For 1 case each of the rdCaud and vCaud
injections, labeled cells were counted throughout the cerebral cortex in one in twenty-four
sections. Stereolnvestigator software (MicroBrightField) was used to stereologically count
labeled cells with an even sampling (64%) and then multiplied by 1.5625 to estimate the
total number of cells. The total cell number was divided by the total area sampled to obtain
the density of input cells in each brain area. To estimate cytoarchitectonic areal boundaries,
we used the atlas by Paxinos et al. (2000) in conjunction with detailed anatomical
descriptions (Pandya and Seltzer, 1982; Preuss and Goldman-Rakic, 1991; Vogt, 1993; Vogt,
2009). Identified areas of input were confirmed in the second rdCaud and vCaud injection
cases. 3-D IMOD models were created with the same procedure as described above for
Neurolucida tracings. The statistical difference in the rdCaud and vCaud inputs for the 13
cortical areas in Fig. 5 was assessed using a chi-square test to determine the goodness-of-fit
of the distribution of cell densities for the vCaud versus that for the rdCaud. Due to the
different total sums of cell densities in the rdCaud and vCaud cases, the test was performed
on the percent cell densities for each case.

2.6. Resting-state functional connectivity MRI analysis

All fcMRI analyses were conducted on 500 healthy adult subjects (mean age =21.3 yr, 18—
35 yr; 42.6% male; 91% right handed) from a publicly available, fully preprocessed dataset
(Brain Genomics Superstruct Project, http://neuroinformatics.harvard.edu/gsp). This cohort
of subjects was examined as the Discovery sample in prior studies (Choi et al., 2012; Yeo et
al., 2011). To test whether the findings reported here could be seen in smaller groups,
subsets of n=10, 20, 30, 40, 50, 100, or 150 were created from this dataset of 500 subjects.
These groups were matched for mean age, gender, race, ethnicity, and handedness to the
larger dataset of N=500.

Briefly, data were acquired on a 3T Siemens Tim Trio MRI scanner (3 mmx3 mmx3 mm).
One or two resting-state (eyes open, no fixation) runs were obtained per subject (each 6 min
12 s, mean=1.7 runs). Data were preprocessed using SPM2 (Wellcome Department of
Cogpnitive Neurology, London, UK) and FSL (Jenkinson et al., 2012; Smith et al., 2004) and
included slice time correction, atlas normalization, motion correction, global mean
regression, regression of ventricle and white matter signal, and low-pass filtering at 0.08 Hz.
Structural and functional data were processed into the fsaverage5 volume (2 mm isotropic
resolution) and cortical surface using FreeSurfer 4.5.0 (http://surfer.nmr.mgh.harvard.edu)
and Gaussian smoothing was applied (6 mm FWHM kernel). Data that did not undergo
Gaussian smoothing were used for the nonsmoothed data analysis. See Choi et al. (2012),
Holmes et al. (2015) and Yeo et al. (2011) for further details. An additional striatal
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regression was performed of the signal from cortical voxels within 4.5 mm of the putamen to
remove signal contamination between the striatum and adjacent cortex, as previously
described (Choi et al., 2012).

fcMRI analyses were conducted as previously described (Choi et al., 2012). For each
subject, Pearson’s product-moment correlations were computed between the FreeSurfer
fsaverageb striatal volume and cortical surface. These individual maps were converted to z
maps with Fisher’s r~to-z transformation and combined to create group mean zmaps,
correcting for multiple comparisons with the Bonferroni correction. Cortical correlations
were projected onto the Caret surface for display purposes. Due to the very large number of
subjects in the dataset (N=500), even the weakest correlations were highly significant (1
sample #test) and passed a Bonferroni correction. Thus, statistically based thresholding of
fcMRI maps was not useful here. Instead, we examined the strongest correlations in each
map at a threshold (greater than 1.5 standard deviations above the mean correlation) that
highlighted the topographical differences between the rdCaud and vCaud maps. The
threshold of group mean fcMRI maps displayed in Caret was set at r(z)=0.1 or r(z)=0.07 for
the smoothed and nonsmoothed data, respectively, a cut-off value that corresponded
approximately to 1.5 standard deviations of the mean for both rdCaud and vCaud maps.

Seed regions were selected as follows. The center of the greatest overlap of prefrontal and
parietal projections was identified in the monkey rdCaud from the heatmap of anterograde
projections. The convergence site’s relative anterior-posterior, dorsal-ventral, and medial-
lateral position was determined between the rostral end of the caudate and the start of the
anterior commissure and within a rectangular area parallel to the midline and boxing the
caudate and adjacent nucleus accumbens on that section (Fig. 6). The spatially proportionate
human rdCaud location (=10, 10, 14) was identified within a proportionally sized box placed
in the same way in a 1 mm3 FSL MNI152 template in Montreal Neurological Institute
(MNI) space (available for download https://surfer.nmr.mgh.harvard.edu/fswiki/
StriatumParcellation_Choi2012). Similarly, the relative position of the center of the vCaud
injection was used to find the spatially proportionate human vCaud location (-9, 9, 5).
Single voxel 2 mm3 striatal seed regions were created centered on the corresponding
FreeSurfer coordinates. Cortical seed regions were obtained by creating masks of all cortical
surface vertices with group mean z(r) correlations greater than 1.5 standard deviations above
the mean correlation within these striatal seed region-derived fcMRI maps.

3.1. Striatal projections from the prefrontal cortex

We examined dense corticostriatal projection patterns from prefrontal regions involved in
visual attention, reward, and cognitive control (Fig. 1). Surrounding diffuse projections were
present, providing broad light innervation, but were not included in the analysis due to
inaccuracies in outlining their relatively indistinct borders. In general, dense projections
from the dIPFC, dmPFC, and vIPFC project primarily to the dorsal caudate with smaller
patches in the putamen. Within this pattern, projections from the dIPFC and dmPFC to the
putamen primarily terminate medially, while those from vIPFC terminate both medially and
laterally in the putamen. Inputs from the dACC and OFC generally terminate in a broad
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territory covering both the dorsal and ventral caudate and putamen, with OFC projections
terminating more ventrally into the nucleus accumbens. Despite the variations in these
projection patterns, as well as the functional diversity of their cortical origins, all of these
projections target the rdCaud and, to a lesser extent, the medial putamen. As such, the
rdCaud was the prime candidate for a site of integration across visual attention, reward, and
cognitive control.

3.2. Striatal projections from the caudal IPL

To pinpoint where in the rdCaud the projections from caudal IPL converged with prefrontal
projections described above, we charted the projections from the caudal IPL to the striatum.
An injection in the caudal IPL (area 7a/PG) resulted in projections terminating in the dorsal
caudate, particularly along the dorsal edge of the caudate and extending ventrally (Fig. 2).
These projections terminated longitudinally in the head and body of the caudate until the
level of the anterior commissure. Like prefrontal projections, caudal IPL projections
terminated in dense patches with a broader, surrounding area of diffuse innervation. In
addition to these projections to the dorsal caudate, small dense patches were seen in the tail
of the caudate (not shown). The putamen contained few dense projection patches, which
were located along the dorsomedial edge of the rostral putamen and in the mid and ventral
caudal putamen (not shown). This topography of projections is similar to those from a prior
study using a tritiated amino acid anterograde tracer injection in approximately the same
location in the caudal IPL (Fig. 2) (Selemon and Goldman-Rakic, 1985). Consistent with its
larger injection size, this previously reported case showed wider spread but topographically
similar label in the rdCaud, including along the dorsal edge, and the body of the caudate.

3.3. Convergence of caudal IPL and prefrontal projections in the rostral dorsal caudate

Dense projections from the prefrontal and caudal parietal cases were merged onto a standard
brain to examine overlap between cases. Overall, caudal IPL projections were located more
dorsolaterally in the rdCaud, primarily along its dorsal borders (Fig. 3B). Overlap occurred
between prefrontal and the ventral-most IPL projections in the rdCaud. A heatmap
quantifying the overlap of these prefrontal and parietal cases showed that these projections
form a longitudinal zone of convergence throughout the rostro-caudal extent of the caudate.
Within this longitudinal convergence zone, the greatest overlap was located medially in the
rdCaud, approximately 2 mm rostral to the anterior commissure (Fig. 3C). Here, the ventral-
most caudal IPL projections directly converged with those from the dIPFC, vIPFC, dmPFC,
and the caudal OFC (Fig. 3B) and were proximal to those from the dACC. Taken together,
these results show that caudal IPL projections converge in the medial rdCaud with those
from visual attention, cognitive control, and reward-related PFC regions.

3.4. Retrogradely labeled cortical inputs to the rostral dorsal caudate and ventral caudate

In order to verify the convergence of prefrontal and parietal inputs to the medial rdCaud, a
small retrograde tracer injection was placed at approximately the site of the convergence
area in the medial rdCaud. Retrogradely labeled cortical input cells were charted (Fig. 4A;
Fig. 7A) and quantified (Fig. 5). The injection resulted in labeled cells in the dIPFC,
dmPFC, VIPFC, dACC, OFC, and the caudal IPL. The primary input was from area 9/46d, as
well as additional inputs from areas 9 and 8. Inputs also came from other dIPFC regions in
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areas 46 and 10, as well as from area 44/45 in the vIPFC and area 24 in the dACC. While not
as numerous as for the PFC, the parietal cortex also sent dense inputs from a small, localized
part of the caudal IPL in area Opt that continued into the caudal end of area PG. Few inputs
were seen from ventral PFC regions, including areas 9/46v, 47, 11/13 in the OFC, and 14,
25, and 32 in the mPFC and vmPFC. Although not the focus of this study, labeled cells were
also seen in posteromedial and temporal regions. These cases confirmed that dIPFC,

dmPFC, VIPFC, dACC, OFC, and caudal IPL projections converge in a restricted location of
the medial rdCaud.

As a comparison to the rdCaud inputs, we examined the labeled cortical inputs from a small
retrograde tracer injection in a proximal ventral location in the vCaud. Retrogradely labeled
cortical input cells were charted (Fig. 4B; Fig. 7C) and quantified (Fig. 5). Overall, there
were fewer labeled cells across the cortex than in the rdCaud cases, which is likely due to
differences in tracer uptake and transport. Nonetheless, these vCaud cases showed a different
set of cortical inputs to the vCaud primarily from ventral PFC regions and none from the IPL
(X2(12,100)=1560, p < 0.0001). These inputs were primarily from area 47 in the vIPFC, area
11/13 in the OFC, and area 9/46v in the ventral lip of the principle sulcus. Labeled cells
were also seen in area 44/45 in the vIPFC, areas 25 and 14 in the vmPFC, area 9 in the
rostral dIPFC, and area 24 in the dACC. Lighter label was seen in areas 10, 8, 9/46d, and 46
of the dIPFC. No labeled cells were seen in the caudal IPL. Labeled cells were also observed
in posteromedial and temporal regions. Overall, the rdCaud and vCaud receive considerably
different patterns of cortical inputs, indicating the specificity of the information integrated in
each striatal region.

3.5. A connectional hub in the human rostral dorsal caudate

A human fcMRI map was generated from 500 healthy human subjects using a single 2 mm3
voxel seed region in the rdCaud and underwent a Bonferroni correction for multiple
comparisons. The seed region was placed at the spatially proportionate location in the
human rdCaud (=10, 10, 14) as the center of the greatest convergence of IPL and PFC
projections in the monkey rdCaud (Fig. 6A). Seed region placement in neighboring voxels of
the medial rdCaud yielded qualitatively similar cortical fcMRI maps. Overall, the broad
pattern of the strongest correlations was consistent with the monkey anatomical connections
(Fig. 7A). The strongest correlations with the human rdCaud were seen with parts of the
IPL, dIPFC, VIPFC, dACC, and dmPFC (Fig. 7B; negative correlations in Supplementary
Fig. 1A). Weaker correlations below the threshold were seen in the vmPFC and OFC,
consistent with the weak or absent projections from the monkey vmPFC and OFC to the
monkey rdCaud. In contrast, the human vCaud had a distinctly different fcMRI correlation
map from the human rdCaud map (Fig. 7D; negative correlations in Supplementary Fig. 1B)
that resembled the pattern of cortical projections to the monkey vCaud (Fig. 7C). This
fcMRI map was generated with a single 2 mm3 voxel seed region placed in the human
vCaud at the spatially proportionate location (-9, 9, 5) as the center of the monkey vCaud
injection site (Fig. 6B) and underwent a Bonferroni correction for multiple comparisons.
Seed region placement in neighboring voxels of the vCaud yielded qualitatively similar
cortical fcMRI maps. As with the monkey anatomy, the strongest correlations with the
human vCaud were seen with ventral PFC regions, specifically the inferior frontal and
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rostral middle frontal gyri, as well as the JACC and dmPFC. Unlike the human rdCaud map,
weak or no correlations were seen with the IPL and caudal regions of the dIPFC (i.e., caudal
superior and middle frontal gyri), consistent with the monkey anatomy.

To confirm that the medial rdCaud is indeed the connectional hub of visual attention, reward,
and cognitive control cortical inputs to the human striatum, we computed the striatal fcMRI
correlations of the cortical regions identified from the rdCaud map above to identify whether
they are indeed most strongly correlated with the medial rdCaud or elsewhere in the
striatum. This striatal fcMRI analysis was performed in the same dataset used to derive the
rdCaud fcMRI map in order to answer whether the medial rdCaud is the connectional hub
for its specific set of cortical input regions. Using a single large seed region composed of all
cortical regions with z(r) correlations greater than 1.5 standard deviations above the mean
(z(r) > 0.1308) with the rdCaud seed region, we found that the medial rdCaud is indeed the
site in the human striatum that is most strongly functionally connected to these cortical
regions (Fig. 8A; negative correlations in Supplementary Fig. 2A). The peak correlation was
located (-11, 10, 15) proximal to the rdCaud seed region. In contrast, the same analysis for
the vCaud seed region showed that the strongest correlations did not occur in the vCaud
(Fig. 8B; negative correlations in Supplementary Fig. 2B). A striatal fcMRI map generated
from cortical regions with z(r) correlations greater than 1.5 standard deviations above the
mean (z(r) > 0.1013) with the vCaud seed region revealed correlations that were strongest in
a more dorso-lateral location in the caudate (=13, 10, 10), indicating that the vCaud is not
the connectional hub of interactions for these cortical regions. Together, these results
indicate that the human medial rdCaud is the site of a critical striatal hub linked to the
human IPL, vIPFC, dIPFC, dmPFC, and dACC.

3.6. Corticostriatal connectivity in nonsmoothed data and smaller subject groups

In order to check whether the smoothing kernel used here (6 mm FWHM) had an effect on
the results, we repeated the analyses with the same data, but nonsmoothed. Overall,
correlation values were lower, as expected from nonsmoothed data. The results were similar
to those of the smoothed data for the rdCaud seed region’s correlations to the cortex
(Supplementary Fig. 3A) and their correlations to the striatum (cortical seed region threshold
set at z(r)=0.0674; peak coordinate was unchanged at —11, 10, 15) (Supplementary Fig. 4A).
The results differed somewhat for the vCaud from those of the smoothed data. The vCaud
seed region was correlated more strongly with a larger extent of the caudal middle frontal
gyrus and parietal lobe (negative correlations shown in Supplementary Fig. 3B) and their
peak correlation in the striatum was located more caudally (=14, 3, 16) than in the smoothed
data (-13, 10, 10) (cortical seed region threshold set at z(r) =0.0603) (Supplementary Fig.
4B). Nonetheless, these data are consistent with our conclusion that the rdCaud is a
connectional hub, while the vCaud is not.

We also tested whether the findings from N=500 can be seen in smaller groups of n=10, 20,
30, 40, 50, 100, and 150 subjects drawn from the original dataset (N=500). For the rdCaud,
results from groups of n=30 and greater replicated those of N=500 (see Supplementary Table
1 for a comparison of striatal coordinates of peak correlation). However, consistent with the
greater ventral striatal variability detected above with the nonsmoothed data, results with the
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vCaud were similar, but showed some non-specific variability in the cortical fcMRI maps for
the groups of n=10 through n=100 compared to N=500. This was also seen in the peak
striatal correlations of these groups, which were located with seemingly random variability
around the peak correlation coordinate (=13, 10, 10) for N=500 (Supplementary Table 1).
Replication of the N=500 results was seen with the n=150 group, which included the same
peak correlation coordinate.

4. Discussion

4.1. Convergence of parietal and prefrontal projections in a connectional hub in the medial
rostral dorsal caudate

Behavioral observations of attentional bias indicate the interaction of visual attention,
stimulus association, and cognitive control. We hypothesized that anatomical projections
from parietal and prefrontal regions converge in a connectional hub in the striatum,
providing an anatomical substrate that may underlie this functional interaction. Our results
show that caudal IPL projections converge with those from prefrontal cortex (dIPFC, vIPFC,
OFC, dACC, and dmPFC) most strongly in a precise site within the striatum, forming a
connectional hub of interaction. This site is located in the medial half of the rdCaud at an
intermediate coronal level in the caudate, rostral to the anterior commissure. The site
specifically avoids the area immediately adjacent to the medial wall of the caudate, which is
targeted by vmPFC projections. In contrast to the rdCaud, the vCaud receives projections
primarily from ventral lateral prefrontal cortex, JACC, and dmPFC, but does not receive
parietal projections. This highlights that the medial rdCaud is a unique hub in the caudate in
which visual attention, cognitive control, and reward information are integrated and
positioned to affect downstream striatal processing. We note that important hubs mediating
these functional interactions may also exist in other brain structures we have not examined,
including, but not limited to, the thalamus. Guided by the precision of these monkey
anatomical results, we used fcMRI to identify this striatal connectional hub in humans. We
found that the human medial rdCaud contains a region with the strongest convergent inputs
from the IPL, dIPFC, VIPFC, dACC, and dmPFC regions, identifying a likely homologous
human connectional hub. In contrast, as seen with the monkey vCaud anatomy, the human
vCaud region is most strongly functionally connected to ventral lateral regions such as the
rostral middle and inferior frontal gyri, as well as the dACC and dmPFC. Taken together,
these results identify a multi-modal connectional hub of caudal IPL and vIPFC, dIPFC,
dmPFC, dACC, and caudal OFC projections in the medial rdCaud that provides an
anatomical substrate for the interaction of visual attention, stimulus association, and
cognitive control.

4.2. Multiple connectional hubs in the striatum

Early anatomical studies, later supported by viral vector studies, placing relatively large
injections in broad cortical functional regions demonstrated the topography of connections
between the cortex, basal ganglia, and thalamus (Heimer and Wilson, 1975; Kelly and
Strick, 2004; for review, see Alexander et al. (1986) and Haber et al. (2012)). This
maintenance of a broad functional topography served as the basis for the parallel circuits
model in which there are segregated corticobasal ganglia-thalamic loops dedicated to
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different functions (Alexander et al., 1986; DelLong and Georgopoulos, 1981). Later studies
using small, specific injections in a number of different prefrontal areas discovered that
within this broad functional topography, corticostriatal projections highly overlap with one
another, indicating a high degree of integration across functional territories (Calzavara et al.,
2007; Haber et al., 2006). Importantly, this convergence is not simply overlap at the
boundaries of projection terminal fields. Rather, a hub architecture exists such that there are
regions within the striatum that receive a high convergence of inputs from diverse functional
regions, forming connectional hubs of integration. Previously, we showed an area within the
medial caudate that receives a combination of inputs from prefrontal cognitive areas
mediating different aspects of reinforcement learning (Averbeck et al., 2014). The present
study demonstrates a connectional hub located further dorsally in the medial rdCaud
pertinent to the control of attentional bias. This hub involves the interaction of connections
from visual attention, stimulus-outcome association, and cognitive control cortical regions.
Furthermore, there are likely to be multiple connectional hubs in the striatum associated
with different functional interactions. Indeed, Gerbella et al. (2015) showed that projections
from hand-related regions in the premotor cortex, vIPFC, and IPL have high convergence in
the striatum that may be the possible site of a connectional hub for hand-related functions.

4.3. Implications for human neuroimaging studies of corticostriatal connectivity

Resting-state fcMRI and dMRI studies of human corticostriatal connectivity generally have
found results that broadly replicate the motor-association-limbic functional gradient in the
striatum (Barnes et al., 2010; Di Martino et al., 2008; Draganski et al., 2008; Leh et al.,
2007; Lehéricy et al., 2004; Verstynen et al., 2012). In addition, previous fcMRI studies have
demonstrated the functional convergence of distributed parietal and prefrontal connections
within the rdCaud (Barnes et al., 2010; Choi et al., 2012; Di Martino et al., 2008). Jarbo and
Verstynen (2015) provided the first clear evidence in humans that the underlying structural
connections from distributed prefrontal and parietal regions also converge in the rdCaud.
However, the inability to do invasive tract-tracing leads to some limitations in investigating
the topography in humans. Monkey anatomy, while subject to species differences,
complements the knowledge provided by human neuroimaging. The present anatomical
results confirm the convergence of prefrontal and parietal connections in the rdCaud, but
also more precisely pinpoint the location of the hub. Moreover, it provides key information
about the specific cortical areas that constitute the hub. Guided by these anatomical results,
our fcMRI analyses showed that the spatially proportionate site in the human medial rdCaud
is linked to a similar distributed set of regions in the IPL and the dIPFC, vIPFC, dACC, and
dmPFC. This site is the most strongly correlated striatal location with these cortical regions,
suggesting that it is the homologous human connectional hub. This human rdCaud hub is
consistent with parcellations of the striatum based on corticostriatal fcMRI (Barnes et al.,
2010; Choi et al., 2012), suggesting that these parcellations predict the locations of other
connectional hubs within the striatum.

4.4. fMRI signal variability in the ventral striatum

Prior studies have shown that smoothing, while improving the signal-to-noise ratio, can
produce artifactual shifting of activity (Geissler et al., 2005; Jo et al., 2008; Jo et al., 2007;
White et al., 2001). In particular, Sacchet and Knutson (2013) reported that larger smoothing
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kernels systematically bias the localization of task-based fMRI activity in the nucleus
accumbens in a caudal direction. We found that smoothing did not affect the peak of
correlation for the rdCaud-based analysis. As with the smoothed data, the nonsmoothed data
showed that the cortical regions derived from the rdCaud seed region are most strongly
correlated with the medial rdCaud, suggesting that this is a connectional hub in the striatum.
However, consistent with a significant role for smoothing noted by Sacchet and Knutson, we
observed that smoothing for the vCaud leads to more spatially specific correlations in the
cortex and a primarily rostral shift in the peak striatal correlation of the cortical regions
derived from the vCaud (Note: this shift is in the opposite direction of the effect seen by
Sacchet and Knutson and may be driven primarily by the lack of smoothing on the selection
of the most strongly correlated regions for the cortical seed region, i.e., the inclusion of more
caudal cortical regions.). These results do not change the present conclusion that the medial
rdCaud is a connectional hub, while the vCaud is not. However, these results and those of
Sacchet and Knutson indicate an important consideration of striatal fMRI: the greater signal
variability in the ventral striatum (referring to the ventral caudate, ventral putamen, and the
nucleus accumbens) in comparison to the dorsal striatum and the impact of smoothing on
task-based and resting-state fMRI. The greater signal variability in the ventral striatum was
also observable in the analysis with subsets of subjects, which is particularly relevant for
clinical studies with limited numbers of subjects. The peak striatal correlation from the
rdCaud-derived cortical regions of the larger dataset was replicated with as few as 30
subjects. However, the peak coordinates for the vCaud showed seemingly non-specific
variability around the peak coordinate from N=500 subjects, which was replicated only in
the group of n=150. This signal variability in the ventral striatum may be due to technical
and/or biological reasons. Technically, the ventral striatum is more susceptible than the
dorsal striatum to the signal dropout from the nasal cavities, which would result in greater
noise-related random variation in the signal. Biologically, the vCaud seed region is located
next to the internal capsule, while the rdCaud seed region is located farther away along the
medial edge of the caudate. In addition to the main bulk of white matter, the internal capsule
has adjacent islands of fibers in different locations across individuals that could increase the
variability of the fMRI signal near the boundaries of the internal capsule. In practice, at
lower sample sizes, setting higher thresholds may be necessary to replicate the findings from
larger datasets. These results underscore the consideration needed when comparing between
datasets, particularly for the ventral striatum. A systematic examination of the variability of
the fMRI signal in the striatum is needed to clarify this issue.

4.5. Implications of a hub architecture for psychiatric disorders

Addiction involves a complex interplay of various processes involved in forming and
controlling the drug habit, including the development of an attentional bias for drugs that
promotes drug intake and hinders abstinence (Field and Cox, 2008; Robinson and Berridge,
1993). Similarly in PTSD, excessive trauma leads to an exaggerated, inflexible fear response
and attentional bias for associated stimuli (Block and Liberzon, 2016; Hayes et al., 2012).
The present results show that the cortical regions underlying these various processes send
projections that converge in a connectional hub of the rdCaud. This connectional hub
provides a single site within the striatum in which these cortical regions can interact and
directly modulate striatal processing. More broadly, identifying connectional hubs is key for
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probing both normal behaviors and neurological and psychiatric disorders. These may
particularly include disorders that, like addiction and PTSD, involve sensory cues that
trigger an automated response. This may include, for example, obsessive-compulsive
disorder (OCD) in which environmental cues can trigger highly repetitive rituals in patients,
such as repeated hand washing to remove contamination (American Psychiatric Association,
2013; Graybiel and Rauch, 2000). There may be abnormally functioning striatal hubs
specific to different disorders. Here, we have demonstrated that a human region with similar
connectivity as the rdCaud hub in monkey can be identified using non-invasive fcMRI.
Guided by anatomy and identified with neuroimaging, this hub architecture of corticostriatal
projections provides new, more specific treatment targets for striatum-related disorders.

4.6. Conclusions

We have used the precision of anatomy to identify the precise prefrontal and parietal cortical
regions that converge in the medial rdCaud to form a connectional hub. These cortical areas
underlie visual attention, stimulus association, and cognitive control, suggesting a striatal
location that may be central to mediating control of attention. We note that there may be
hubs in other brain structures we have not examined that also play a role in this interaction.
Importantly, the human medial rdCaud contains a similar connectional hub in the medial
rdCaud. Together, these results link the precision of an animal tracing study with fcMRI to
demonstrate, that in addition to a broad functional gradient, cortical projections have a hub
architecture. These connectional hubs provide more specific targets for functional
investigation and for probing abnormalities in addiction, PTSD, OCD, and other
neurological and psychiatric disorders involving the striatum.
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vIPFC dmPFC dACC OFC

Fig. 1.
Prefrontal projections to the striatum. Coronal slices are shown of projections from 6

functionally diverse prefrontal regions to the striatum. Dense projection fields are outlined
and shaded black. Surrounding diffuse projection fibers are not shown. Injection sites are
shaded black in smaller adjacent coronal sections of the cortex. Note that all of these
functionally diverse prefrontal projections terminate in the rdCaud, indicated by red arrows.
Cd=caudate. Pu=putamen. dIPFC=dorsolateral prefrontal cortex. vIPFC=ventrolateral PFC.
dmPFC=dorsomedial PFC. dACC=dorsal anterior cingulate cortex. OFC=orbitofrontal
cortex. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Selemon &
Goldman-Rakic 1985

Fig. 2.
Caudal IPL projections to the striatum. (A) An anterograde tracer injection (green) was

placed in area PG of the caudal IPL. Coronal sections show dense projection patches
(shaded black) through the striatum. Black line through cortex indicates a coronal slice of
the injection site shown to the left with an inset 2x microphotograph. Below, a 10x
microphotograph of a dense fiber patch in the rdCaud. (B) Coronal striatal sections from a
larger, tritiated amino acid tracer injection (modeled in 3-D) in the caudal IPL reported in
the literature. Note that in both cases caudal IPL projections terminate in the rdCaud,
indicated by red arrows. Cd=caudate. Pu=putamen. NAc=nucleus accumbens. ic=internal
capsule. Images adapted and republished with permission of Society for Neuroscience, from
Selemon and Goldman-Rakic (1985); permission conveyed through Copyright Clearance
Center, Inc. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3.

O\Q/]erlay of prefrontal and parietal dense projections in the striatum. (A) 3-D rendering of
cortical injection sites in the prefrontal and parietal cortices. Injections shown on opaque
white matter and translucent gray matter. (B) A coronal section of the striatum at an area of
greatest convergence of dense projections. Dense projection patches are outlined in the same
colors as their cortical injections. (C) Heatmap showing overlap of dense projections in the
same coronal section. IPL projections are highlighted in green. Note the area of convergence
in the medial rdCaud with the caudal IPL projections. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4.

Cgrtical inputs to the rdCaud and vCaud. Labeled input neurons (red dots) following
retrograde tracer injections in the (A) rdCaud or (B) vCaud. Injection sites (black) shown at
top. (a—f) Rostral to caudal coronal sections through the brain. Numbers refer to cortical
areas; dashed lines indicate approximate areal boundaries. Scale bar, 5 mm.
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Quantification of cortical inputs to the rdCaud and vCaud. Densities of cortical input
neurons by area revealed by retrograde tracer injections in the rdCaud (black bars) and
vCaud (white bars). X2(12,100)=1560, p < 0.0001.
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Fig. 6.
Human striatal seed region selection. Human striatal seed regions were placed in the

spatially proportionate locations to (A) the greatest convergence of prefrontal and caudal IPL
projections in the monkey medial rdCaud or (B) the monkey vCaud injection site. Red boxes
parallel to the midline are drawn around the caudate and adjacent nucleus accumbens. Cross
hairs indicate the regions of interest in the monkey and the spatially proportionate locations
in the human striatum. Numbers refer to lengths of cross hair arms in an arbitrary unit.
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Fig. 7.
Monkey and human corticostriatal connectivity with the rdCaud and vCaud. Whole brain 3-

D renderings of the retrogradely labeled cells (red dots) from the (A) rdCaud or (C) vCaud
injections in monkeys. Human fcMRI maps correlating with (B) a human medial rdCaud
region (-10, 10, 14) corresponding to the site of greatest convergence in the monkey medial
rdCaud or (D) a human vCaud region (-9, 9, 5) corresponding to the monkey vCaud
injection site. fcMRI maps were created with single 2 mm?3 voxel seed regions using data
from 500 human subjects. Negative correlations are shown in Supplementary Fig. 1. Monkey
injection sites and human seed regions are shown to the left. Black circles are centered on
coordinates of voxel seed regions. Subcortical structures are masked medially.
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Fig. 8.
Cortical resting-state correlations in the human striatum. Striatal fcMRI maps were

generated in 500 healthy human subjects with a single seed region composed of all cortical
regions correlated at 1.5 standard deviations above the mean with the (A) rdCaud or (B)
vCaud seed regions (see Fig. 7). Cortical seed regions are shown above in red; inset shows
original striatal seed regions used to identify cortical seed regions. Coronal and sagittal
sections below show the site of the peak correlation in the striatum. Peak correlations were
located at —11, 10, 15 and —13, 10, 10 for rdCaud and vCaud, respectively. Negative
correlations in Supplementary Fig. 2. Note that for the medial rdCaud, the peak correlation
is also located in the medial rdCaud, while for the vCaud, the peak correlation is located
elsewhere in the striatum.
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