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Summary

Basal ganglia work in concert with the cortex to orchestrate cognitive functions, emotional behaviors, and movements'.
The striatum, an input station in the basal ganglia, receives information mainly from the cerebral cortex via cortico-
striatal connections?, and striatal dysfunctions are closely related to psychiatric and movement disorders. However,
knowledge of cortico-striatal connectivity has been collected exclusively in macaque by axonal tracing methods®™*.
Here, we show connectivity patterns between cortex and striatum both in human and macaque using the non-invasive
method of diffusion-weighted magnetic resonance imaging (DWI). DWI-based striatal connectivity of Brodmann’s area
9 yielded similar results as tracer (MnCl,) tractography in the macaque. In both species, evaluation of the striatal
connectivity of ventro-mesial frontal cortex allowed us to isolate a region of the ventral striatum which corresponds to
the ‘shell’ region. By investigating global cortical connectivity, we confirmed the species homology in topography of
cortical connections, but found that the human striatum had intensive connectivity to the dorsal frontal cortex as

compared to macaque, suggesting a capacity of human striatum to processes a large volume of prefrontal information.

This study provides insights into evolution of the prefronto-striatal network in primates.
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Main Text
The functional properties of a brain region are determined by its connectivity pattern*. The striatum, located deep in the
brain, consists of neurons with a relatively homogenous cytoarchitectonics and has been classified into territories linked

15-17

to specific functions, based on the connectivity pattern " ". The cortical projection to the striatum has been intensively

studied in macaque by techniques that trace axons which have degenerated after destruction of cortical neurons’, or have
been labeled by antero- or retro-grade tracers pre-injected into the cortex or striatum™® > B,

The axonal tracing studies in macaque have suggested two apparently conflicting patterns of cortico-striatal
connectivity. One connectivity pattern is a ‘proximity rule’, in which cortical inputs topographically terminate in the

3,5,7,12,17

nearest region of the striatum , while the other is ‘overlapping’, in which different cortical territories projects to

4,5,9 17,18

the similar region of the striatum was focused on because the rostro-dorsal

. Interests in the ‘overlapping’ pattern
striatum (caudate and rostro-dorsal part of the putamen) received longitudinally-arranged projections from different
association cortices (i.e. prefrontal, parietal, temporal association cortices) in tracer studies™*. Thus, this area is termed
the ‘associative’ striatum, while the rostro-ventral region is the ‘limbic’; and the caudal region is the ‘somatosensory’,
all based on the specific cortical connectivities'.

In human, a few studies have examined cortico-striatal connectivity by post-mortem histology™. A recent study using
diffusion-weighted magnetic resonance imaging (DWT) evaluated fronto-striatal fibers and found a similar organization
to that in macaque tracing studies®. However, the sensitivity of DWI relative to axonal tracing is not known, and the
species homology can only be addressed by using the same method of observation in human and macaque.

We probed the pattern of cortico-striatal connectivity using DWI for both human and macaque. The DWI data in the
macaque was obtained using an echo planner imaging (EPI) sequence with sub-millimeter spatial resolution (0.89 mm)
and high angular resolution (55 directions) of diffusion sensitizing gradients to probe diffusion motion (MPG). Despite
the inherent vulnerability of EPI images to susceptibility-related distortions, our protocol successfully generated images
free from significant distortion (Figure 1a), and diffusion anisotropy calculated from DWI data took higher values in
regions corresponding to the white matter in histological section (Supplementary Figure S1).

A probabilistic algorithm was applied to the DWI data in order to express connectivity as a confidence of the
streamline®"> * built upon the statistical probability distribution of the principal eigenvector of the diffusion tensor®.
Note that connectivity refers here not to the packing density of neuronal fibers, but to the probability on the location of
the true tract. Fiber density, the degree of myelination, or the diameter of fibers, cannot be distinguished by the current
technique.

We investigated whether this technique yields similar results to the tracer methods for determining cortico-striatal
connections. In one animal, we tracked the DWI connectivity seeding from 27 voxels (5.83 pL) in the left superior
medial frontal cortex (a part of prefrontal cortex, corresponding to Brodmann’s area 9, BA9), and subsequently, injected
into the same site the MRI-visible tracer manganese chloride (MnCl,), which traces neuronal fiber connections trans-

synap’[ically13 . The MRI signal was followed for 7 days (168 h) post injection.
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We found significant signal enhancement by manganese in several regions over different time scales (Figure 2a). The
rostral striatum (caudate head), known to receive projections from BA9®, showed a gradual increase in normalized MRI
signals, up to 13% at 72 h post injection, and then declined (Figure 2b, Supplementary Figures S3). Importantly, by
expressing the probability of the DWI connection as a relative value scaled by the total connectivity to the whole
cerebral cortex, we found a close co-localization of Mn and DWI connectivity in the pallidum, substantia nigra,
thalamus, white matter (corpus callosum) (Figure 2a), and the rostral striatum (Figure 2b). In striatum, the highest
connectivity seeded from BA9 was located at X, Y, Z = -11, 6, 3.5mm (in AC-PC space), close to the highest Mn
enhancement (Figure 2b, Supplementary Table S1). The intra-striatal location of the BA9 connectivity was largely the
same whether the striatum or BA9 was used as the seed (starting point of ’cracking)24 (Supplementary Table S1).

We then acquired DWI data from 10 hemispheres of 5 healthy human subjects at a spatial resolution of 2 mm using
81 angles of MPG fields. The calculated FA displayed an image quality and spatial resolution relative to brain size
(Figure 1b), and quantitative values (Supplementary Figure S2), which were very close to the macaque images. We
probed the striatal connectivity of the human BA9 by using a seed of the left striatum and two targets of the population-
based BA9 (left side)25 and the rest of cerebral cortex (the cerebral cortex of left hemisphere except the BA9). We found
that the highest connectivity passing through BA9 was located in the rostral striatum (putamen) at a more caudal
location than in the macaque (coordinates of X, Y, Z =-23, 4, 11 mm). The relative locations in the putamen along an
anterior-posterior axis were 0.45 and 0.24 (from the anterior end of the putamen) in the human and macaque,
respectively (Figure 2b, ¢, Supplementary Table S1). This result led us to infer that the frontal cortex rostral to BA9
(corresponding to the majority of the ‘prefrontal’ cortex) sends projections in a wider area in the rostral human striatum
than in macaque26.

We then probed the striatal connectivity of the ventro-mesial frontal cortex. Macaque tracing suggests that this area is
tightly connected to the ‘shell’ division of nucleus accumbens’, the only area that is histochemically distinguished from
the rest of the striatum in either specie327. By estimating which of the two complementary frontal cortical targets (the
ventro-mesial vs. the lateral-outer frontal cortices) had the greatest connectivity to the ventral striatum (VS), we could
reproducibly isolate the ‘shell’ region from the rest of the V'S in both species (Figure 3a), corresponding to the
immunohistochemical pattern of calbindin D28K, a member of the calmodulin superfamily of calcium binding
pro’[eins27 (Figure 3b).

These results suggest that the lateral-outer prefrontal cortex, but not the ventro-mesial cortex, projects more
dominantly to the rostro-dorsal striatum in human than in macaque. This hypothesis was further tested by probing
striatal connectivity for each of nine a priori subdivisions of the cerebral cortex (Figure 4a, Supplementary Methods).
Importantly, using such complementary cortical targets, we are able to quantitate the probability of connection at each
voxel in the striatum, analogous to the method by which we verified the correspondence to Mn-based connectivity.

By analyzing every cortico-striatal connection, we detected the species commonality in the intra-striatal topology of

the cortico-striatal connectivity (Figure 4a and Supplementary Table S4). In both species, the putamen disclosed the
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proximity rule in the location of the connectivity to frontal, occipital, temporal, and parietal sectors reproducing

. . 3.6 . .
5.7 17, postero-inferior putamen™°, rostral and infero-posterior

previous tracing studies (most of rostal part of putamen
striatum'®, and dorsal and posterior striatum®, respectively) (see also, Supplementary Figure S4a). The caudate showed a
longitudinal pattern’ in the connectivity to ventro-mesial, prefrontal, and parietal areas (Supplementary Figure S4b) as
suggested in tracing studies. The proximity pattern in human agrees with the fronto-striatal connectivity studied
previously by DWI®,

However, looking at the quantitative connectivity pattern, we found significant differences between species in striatal
connectivity (F(5.589)=16.946, P<0.001). The human striatum had a higher probability of connection to the dorsal
frontal areas (P<0.01, AFC, MFC, PMC, and SM1 in Figure 4b) but fewer connections to the extra-frontal cortices
(P<0.01, OCC, TEM, and INS in Figure 4b) than in macaque. This was also true when looking at the associative
striatum (defined as the caudate body plus a part of the putamen and the caudate head rostral and dorsal to the AC). In
human, the associative striatum had a higher connectivity to the prefrontal sectors than in macaque (F(1.862)=7.133,
P=0.004 in repeated ANOVA, P<0.05 in post-hoc comparison, Figure 4¢, Supplementary Table S6).

These differences between species were explained neither by the difference in the relative size of the cortical sectors
(Supplementary Table S2, 4 and 5), nor by a difference in the data acquisition (including resolution and number of
direction of MPQG) between species (Supplementary Methods, and Table S6). Considering that the white matter is
macroscopically homogenous in the degree of myelination (including density and the diameter of myelin) in macaque
(Supplementary Figure S1) and in human®, the differences in large-scale connectivity must arise from differences in the
amount of axonal fibers.

The higher connectivity between human striatum and dorsal frontal cortex found in this study supports the current
knowledge of the evolution of the primate frontal lobe. Human prefrontal white matter”’, not cortex*’, was most
disproportionately enlarged compared to other primates, stressing the importance of the frontal interconnectivity in the
human. Our results emphasize the increase in human striatal connections from the dorsal frontal rather than from the
ventro-mesial cortex.

Our results indicate that the topological patterns are similarly represented in both species, but their quantities are
distinct between the two species. This study provides an evolutionary insight into the connectivity pattern, and stresses

the importance of the dorsal prefrontal cortex in cortico-basal ganglia-thalamo-cortical loops in humans.
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Methods

Magnetic Resonance Imaging: In the macaque study, we collected diffusion-weighted data from 8 hemispheres from 4
monkeys (Macaca mulatta) weighing from 5.2 to 7 kg, after keeping animals under deep anesthesia (see Supplementary
Methods). All procedures were approved by the National Cardiovascular Center Committee for Animal Welfare, and
conformed to National Institutes of Health guidelines for the humane care and use of laboratory animals. Images were
acquired with a 3-Tesla Signa Horizon Lx VH3 MRI scanner (General Electric Healthcare, Milwaukee, WI, USA) that
provides a maximum gradient strength of 40 mT m’' rising in 268 ps with a standard 280 mm diameter birdcage coil.
DWI data were collected with a multi-shot spin-echo type EPI sequence (TR=2800 ms; TE=58.6 ms; number of
shots=4; b-VaIue=IOOOs/mm2; matrix size=192 x 192; field of view (FOV)=17 cm; interleaved gapless acquisition of 51
slices; slice thickness=0.9mm; averaged for 6 continuing repeated scans) applied with motion probing gradient (MPG)
pulses in 55 evenly spaced angular directions. We also obtained six non-DWI images (b-value=0) before, during, and
after DWI. The total time to acquire DWI and non-DWI images was 6 h 30 min. For structural reference, we also
obtained high-resolution T1- and T2-weighted images.

In the human study, we collected MRI data from 10 hemispheres from 5 healthy subjects (4 male, 1, female, aged 27-
38 years) who gave informed written consent approved by the Kyoto University Ethics Committee. Images were
acquired with a 3-Tesla Trio MRI scanner (Siemens, Erlangen, Germany) that provides a maximum gradient strength of
40 mT m™ at 200 us, and an eight-channel phased-array resonator with an inner diameter of 240 mm. We collected
diffusion-weighted data by a twice-refocused single-shot spin echo EPI sequence (TR=7800ms; TE=79ms; FOV=192
mm; matrix size=96x96; interleaved acquisition of 68 gapless slices; slice thickness=2.0mm; b-value=700 s/mmz;‘81
evenly spaced angular directions of MPG). We also obtained 9 non-DWI (b-value=0) images intermittently during the
diffusion-weighted sequence. The total time for the DWI protocol was 15 min. High-resolution T1- and T2-weighted
images and a B field-map were also obtained for registration and correction of susceptibility-related distortions.
Analysis of DWI data: After correction for motion and distortion, we calculated from the DWI data, fractional
anisotropy (FA) based on a model of diffusion tensor”, and estimated the probabilistic density function (pdf) of the
principal eigenvector of the diffusion tensor®’. Based on the pdf, the connection path sample was traced from the seed
point and integrated at any voxel in the brain®!. By setting another region of interest (target), we chose a part of samples
passing through this region. When comparing Mn and DWI connectivity, we tested both directions of connectivity paths
analysis (seeding from BA9 to a target in the striatum or seeding from the striatum to BA9) and also tested the
connectivity of the complementary cortex other than BA9 (the rest of cortex). The rest of the tractography was
performed with striatal voxels as seeds and multiple complementary cortical sectors as targets. Note here that by using
the complementary cortical targets or seeds, we could express the probability of connection to any of targets (or from
any of seeds) scaled by the total connectivity to targets (or from seeds) which is equivalent to the connectivity to {or
from) the whole cerebral cortex.

The results of connectivity were analyzed in the anterior/posterior commissure (AC/PC) space in each species. For
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statistics of the connectivity pattern, a repeated measures analysis of variance was performed with an inter-hemispheric
factor (species), and intra-hemispheric dependent variables of connectivity pattern (probabilities of each striatal
connection to the cortical target). Huyhn-Feldt adjustments were applied when the assumption of sphericity was violated
in Mauchly’s sphericity test. When an interaction (species x connectivity pattern) was significant, a post-hoc analysis
was performed using Student’s t-test to compare each connectivity between species. The two-tailed significance level
was P<0.05.

For data analysis, we used the Software Library (FSL, www.finrib.ox.ac.uk/~fsl/) from the Oxford Center for
Functional Magnetic Resonance Imaging of the Brain; PyBLD (homepage?2.nifty.com/peco/pybld/pybld.html) built
upon the Python environment; and SPSS (version 12.0).

Histology: The histology of white matter was assessed in one animal (case 1: mon0016) by staining with Luxol Fast
Blue (LFB) which has a specific affinity to the lipoprotein and choline bases contained in myelin.

Manganese Tractography in the Macaque: After performing DWI-based tractography, we evaluated manganese (Mn)
tractography in the same animal (case 2, mon1006). Fourteen days after the DWI imaging session, the animal was
anesthetized and received a stereotaxic injection of 1.0 pl of 0.8 M MnCl, at the position corresponding to the seedmask
in DWI, and repeated scans of T1-weighted MRI were conducted before, and at 24, 48, 72, 96, and 168 h after the

injection.
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