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Estimates of Projection Overlap and Zones of Convergence
within Frontal-Striatal Circuits
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Frontal-striatal circuits underlie important decision processes, and pathology in these circuits is implicated in many psychiatric disorders. Studies have shown a topographic organization of cortical projections into the striatum. However, work has also shown that there
is considerable overlap in the striatal projection zones of nearby cortical regions. To characterize this in detail, we quantified the complete
striatal projection zones from 34 cortical injection locations in rhesus monkeys. We first fit a statistical model that showed that the
projection zone of a cortical injection site could be predicted with considerable accuracy using a cross-validated model estimated on only
the other injection sites. We then examined the fraction of overlap in striatal projection zones as a function of distance between cortical
injection sites, and found that there was a highly regular relationship. Specifically, nearby cortical locations had as much as 80% overlap,
and the amount of overlap decayed exponentially as a function of distance between the cortical injection sites. Finally, we found that some
portions of the striatum received inputs from all the prefrontal regions, making these striatal zones candidates as information-processing
hubs. Thus, the striatum is a site of convergence that allows integration of information spread across diverse prefrontal cortical areas.

Introduction
Corticostriatal connections, the front end of the cortical-basal
ganglia-thalamocortical loops, play a central role in decision
making. For example, object and action values are represented
across frontal cortical regions (Padoa-Schioppa and Assad, 2006;
Roesch and Olson, 2007; Kennerley and Walton, 2011; Kennerley
et al., 2011; Wallis and Kennerley, 2011) and their striatal targets
(Takikawa et al., 2002; Schultz et al., 2003; O’Doherty et al.,
2004). Further, pathology in this circuit is implicated in a wide
range of psychiatric disorders, including schizophrenia, obsessive
compulsive disorder, addiction, and impulse control disorders
(Davis et al., 1991; Weinberger et al., 1992; Goodman et al., 2010;
Kegeles et al., 2010; van den Heuvel et al., 2010; Cilia et al., 2011;
Ersche et al., 2012). Thus, these circuits appear to play an important role in decision processes, and pathology in these circuits can
lead to psychiatric disorders. Therefore, understanding the detailed architecture of frontal-striatal projections will provide an
important foundation for understanding their physiology in relation to behavior.
There has been growing interest in broad cortical networks,
which feature nodes (or connections hubs) that integrate and
distribute information across multiple regions (Buckner et al.,
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striatal pathways has been well described (Alexander et al., 1986;
Middleton and Strick, 2000; Kelly and Strick, 2004; Bostan et al.,
2013), recent evidence has shown that fibers from functionally
diverse cortical areas also overlap within the striatum (Haber et
al., 2006; Draganski et al., 2008). These regions of overlap may be
the striatal equivalents of cortical hub connections for integrating
information from diverse cortical areas that represent different
components of decision processes or for associating values to
actions and stimuli (Seo et al., 2012). Thus, for example, each
prefrontal region seems to be enriched with signals related to
different aspects of the decision process (Kennerley et al., 2011).
However, collectively these areas work together in developing an
action plan, likely in conjunction with the striatum.
In this manuscript we quantified corticostriatal projections
using statistical models to address four questions: (1) Were the
patterns of striatal projections consistent across animals? (2)
What was the extent of the overlap between terminal fields from
different cortical regions in the striatum, and to what extent did
this overlap depend on the distance between cortical injection
sites within the frontal cortex? (3) Did any frontal subregions
show more overlap than the others? (4) Could we identify specific
striatal regions that were enriched with a convergence of inputs
from the different prefrontal cortical areas? Given that general
projection patterns are likely to be similar between human and
nonhuman primates (Draganski et al., 2008), these data will also
help guide striatal segmentation in human imaging studies.

Materials and Methods
All injection were done on male, macaque monkeys. To examine the
organization of frontal corticostriatal connections, we injected anterograde or bidirectional tracers (Fig. 1, Table 1) into the dorsal anterior
cingulate cortex (dACC, area 24), the ventral medial prefrontal cortex
(vmPFC, areas 24/14, part of 10), the orbital cortex (areas, 11, 13, 14, 12),
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Figure 1. Cortical injection sites.

Table 1. Injection locations in cortex

Location
vmPFC
Area 14/25
Area 14/25
Area 25
Area 14 PAI
Area 14
Area 32⫹
OFC
Area 11
Area 11
Area 11/12
Area 11/13
Area 13
Area OP
Area 10
dACC
Area 24b
Area 24b, c
Area 24c
Area 32/24
24c
dPFC
Area 9
Area 9
Area 10/9
Areas 9 – 46
Areas 9 and 46
Areas 9 – 46
Area 46
Area 9 and 8a, d (9⫹)
Frontal eye field
(supplementary eye
field) areas
8 and 9/46
vlPFC
Area 47
Area 45
Area 44/47
Premotor cortex
Area 6 (anterior)
F7, Area 6
Area 6 (dorsal anterior)
Premotor (rostral)

Injection
Distance
A-P
Injection distance from dorsal volume Cortical
peak (mm) (mm 3) circumference
(mm)
ID
Vm46LY
vm47LY
vm83PH
6AA
182LY
115FS

7.20
9.60
6.00
8.40
10.80
12.00

66.40
64.83
72.08
63.30
62.69
65.68

1.13
1.36
0.70
4.64
14.17
4.44

88.97
88.58
93.08
89.30
90.33
89.55

131AA
133FR
124AA
191FR
O115AA
115LY
243LY

15.00
12.00
12.00
12.00
7.20
6.00

35.34
51.74
44.01
47.09
59.93
55.76
17.36

5.49
4.93
0.41
1.22
5.57

73.81
89.55
89.55
89.55
88.97
93.08

180FR
C 36LY
C 33AA
124FR
C 62AA

12.60
12.00
12.00
13.20
4.80

⫺14.07
⫺15.89
⫺14.48
⫺15.83
⫺10.74

4.94
7.08
0.86
10.69
1.88

86.02
89.55
89.55
83.41
104.11

9 78LY
123FR
184LY
166FR
121FR
131LY
98AA
161FS
478AA

13.20
16.80
18.60
15.00
17.40
11.40
16.80
13.80
7.80

⫺5.57
⫺2.32
⫺1.07
12.04
5.66
8.45
9.89
4.86
18.70

3.58

2.53
5.23

83.41
62.64
49.99
73.81
57.50
92.27
62.64
80.87
90.11

243FS
126AA
196FS

73
79

36.28
⫺8.40
⫺7.20

23.94
29.21

94.94
89.3
88.97

96AA
161FR
166LY
184FR

7.20
6.60
4.80
7.20

⫺1.48
2.87
10.44
0.66

12.58
13.38
3.03

5.23
3.18

88.97
92.28
104.11
88.97

the dorsolateral prefrontal cortex (dlPFC, areas 10, 9 and 46), the frontal
eye fields (area 8), and the premotor cortex (area 6), as described previously in detail (Haber et al., 2006; Calzavara et al., 2007). No injections
were placed in the motor cortex (area 4). Corticocortical labeling was
used to verify the specificity of the injection sites. We charted the entire
projection field throughout the striatum for each case. In addition to the
traditional charting of individual fibers, we outlined the dense (or focal)
projection fields for each case to create 3-D maps of the fields. These 3-D
maps were then compiled to delineate the entire striatal region that receives the primary input from prefrontal and premotor areas. We used
the data from the individual animals collected from these previous studies (a total of 34 injection sites; Fig. 1, Table 1) to create our model.
Surgery and tissue preparation. Twenty-eight adult macaque monkeys
(20 Macaca nemestrina and 8 Macaca fascicularis) were used for the tracing studies. All experiments were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals (National Research
Council, 1996) and were approved by the University of Rochester’s University Committee on Animal Resources. Intramuscular injection of ketamine (10 mg/kg) was used for initial tranquilization, and maintained by
isoflurane. Temperature, heart rate, and respiration were monitored
throughout the surgery. Monkeys were placed in a David Kopf Instruments stereotax, and a craniotomy (2–3 cm) was made over the region of
interest. Small dural incisions were then made at injection sites. Lucifer
yellow (LY), Fluororuby (FR), or fluorescein (FS) conjugated to dextran
amine [40 –50 nl, 10% in 0.1 M phosphate buffer (PB), pH 7.4; Invitrogen] were pressure injected over 10 min using a 0.5 l Hamilton syringe.
Twelve to 14 d later, monkeys were again deeply anesthetized and perfused with saline, followed by a 4% paraformaldehyde/1.5% sucrose solution in 0.1 M PB, pH 7.4. Brains were postfixed overnight and
cryoprotected in increasing gradients of sucrose (10, 20, and 30%; Haber
et al., 2006).
Immunocytochemistry was performed on 50 m, free-floating sections (one in eight for each tracer). Tissue was treated with 10% methanol and 3% hydrogen peroxide in 0.1 M PB to inhibit endogenous
peroxidase activity, rinsed 1–2 h in PB with 0.3% Triton X-100 (TX;
Sigma-Aldrich), and were preincubated in 10% normal goat serum and
0.3% TX in PB for 30 min. Tissue was then placed in the primary anti-LY
(1:3000 dilution; Invitrogen), anti-FS (1:1000; Invitrogen), or anti-FR
(1:1000; Invitrogen), and after rinsing was incubated in biotinylated secondary antibody, followed by incubation with the avidin-biotin complex
solution (Vectastain ABC kit, Vector Laboratories) with visualization
using standard DAB procedures. Staining was intensified by incubating the
tissue for 5–15 min in a solution of 0.05% 3,3-diaminobenzidine tetrahydrochloride, 0.025% cobalt chloride, 0.02% nickel ammonium sulfate,
and 0.01% H2O2 to yield a black reaction product. Sections were mounted,
dehydrated, defatted in xylenes, and coverslipped with Permount.
Typically, the injection site was centered in superficial cortical layers.
Tracers spread some distance from the center and typically include all the
layers. We centered the injections a bit more dorsal as we did not want to
risk spread into the underlying white matter and therefore involve pass-
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Predicted (heat map) and actual (black dots) projections into the striatum from four different cortical injections.

ing fibers. We eliminated injection sites that did not include layer 5 and
did not show robust labeling in the striatum. Fiber distributions for each
case were charted throughout the rostrocaudal striatum. The general
corticocortical labeling in each case was consistent with expected results
from on-target injections (Barbas and Pandya, 1989; Carmichael and
Price, 1996). For the anatomical boundaries of the ACC, the orbitofrontal cortex (OFC), and the dlPFC, we used the atlas by Paxinos et al. (2000)
in conjunction with detailed anatomical descriptions (Barbas and Pandya, 1989; Petrides and Pandya, 2002).
Three-dimensional reconstructions. We have developed a method to
reconstruct the dense terminal fields in 3-D to address where each projection is located within the striatum and to develop a 3-D global atlas
that combines different projections to compare terminal fields across
multiple cases. We first determined each area of dense projection using a
1.6⫻ objective and Neurolucida software (MicroBrightfield) to directly
outline the region. Boundaries for each dense projection field were
checked for accuracy with the chartings that were performed at higher
magnification (10⫻ objective). For each case, a stack of 2-D coronal
sections was created from Neurolucida chartings and Nissl images. This
stack was imported into IMOD, a 3-D rendering program (Boulder Laboratory for 3D Electron Microscopy of Cells, University of Colorado,
Boulder, CO; Kremer et al., 1996), and a 3-D reconstruction for each
dense projection field was created for each case separately.
To merge several cases together, we developed a reference atlas of the
striatum from one animal by sampling one in four sections (at 200 m
intervals) throughout the striatum, of which two were photographs taken
of the block face while sectioning and four were Nissl-stained sections.
Data from each case were then transposed into the reference striatum
using landmarks of key internal structures surrounding the striatum.
After the transposition of the contours surrounding the dense projection
fields from each case, every contour in the reference model was compared
with that in the individual case to ensure that the medial–lateral (M-L),
dorsal-ventral (D-V), and anterior–posterior (A-P) placements and relative size were accurate. For this study, we used only the dense projection

fields outlined on the photographs of the block faces (every 600 m) to
decrease any distortion created by processing the tissue.
To generate data for model fitting, a grid was placed on each scanned
striatal section, with the V-D and M-L location of the grid aligned across
sections of the striatum. The grid had 600 m squares, and adjacent
tissue sections were separated by 600 m, such that each grid location
defined a 600 m isotropic voxel. For each cortical injection, all grid
locations that received a dense projection from that cortical injection
were given a value of 1 and all grid locations that did not receive a
projection were given a value of 0. Thus, the projection zone of each
cortical injection was defined in a 3-D coordinate system with 600 m
voxels. For example, in Figure 2, the black dots indicate grid locations
that were in that A-P slice and that received a projection from the corresponding cortical injection location. The locations of cortical injection
sites were also defined on a 2-D map of cortex, with coordinates given by
distance from the cortical crown (dorsal peak of the cortex) and A-P
location.
Data analysis. Cortical projections into the striatum were modeled
using binary logistic regression (Christensen, 1997; Menard, 2002) and
kernel density estimation (Hastie et al., 2001). All analyses were carried
out with Matlab, including the Statistics Toolbox (Mathworks). The
analysis proceeded in two steps. First, the probability that a single voxel in
the striatum received a projection from a given location in the cortex was
modeled as follows in Equation 1: px,y,z ⫽ g(a0 ⫹ dca1 ⫹ dapa2), where dc
was the distance of an injection from the cortical crown, dap was the A-P
position of the injection, and x,y,z was the location of the voxel in the
striatum. The variables a0, a1, a2 were the regression coefficients that were
fit to the data. The a0 term is the model intercept. The a1 term characterizes the effect of the distance to the cortical crown and the a2 term models
the effect of the A-P distance on the probability of a projection. The x
value of each voxel was its M-L location, y was its D-V location, and z was
its A-P (slice) location. The link function g(x) was the logistic function.
We also examined models that allowed for an interaction between dc and
dap, but the addition of this parameter failed to improve the fit. This
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model was fit separately for each voxel in the striatum. Following this, the
projection probabilities px,y,z were smoothed using a Gaussian kernel as
follows:
s
P x,y,z
⫽

冘

冘

x⬘,y⬘,z⬘

H 共 0,Q 兲 P x⬘,y⬘,z⬘

x⬘,y⬘,z⬘

(2)

H 共 0,Q 兲

with H共0,Q兲 ⫽ exp共⫺⌬vT Q⫺1 ⌬v兲

(3)

x ⫺ x⬘
0.9 0 0
The variable ⌬v ⫽ y ⫺ y⬘ and the matrix Q ⫽ 0 3.2 0 .
z ⫺ z⬘
0 0 5.7
The values in Q define the width of the Gaussian kernel in x,y,z coordinates. These values were optimized using a grid search followed by
gradient descent on the likelihood function. We also examined models
that allowed off-diagonal elements to be nonzero, but the addition of
these free parameters did not improve the fit of the model. The loglikelihood function for the overall model was as follows:
ll ⫽

冘

i, x,y,z

s
s
log 共li, x,y,z px,y,z
⫹ 共1 ⫺ li, x,y,z 兲共1 ⫺ px,y,z
兲兲

where li,x,y,z indicated whether there was a projection to that location
from a given injection, i, in cortex.
All modeling was done using leave-one-injection-out cross-validation.
Thus, one of the 34 injections was removed from the data, and then Equation
1 was fit and the projection probabilities were smoothed using Equation 2.
This estimate was then used to compute the likelihood on the single injection
not used to fit the model. All estimated projections shown in the manuscript
are also derived from a model fit without using the corresponding injection.
Thus, the model provides an estimate of how well an injection location that
the model has never seen can be predicted.
For calculation of the fraction of overlapping voxels as a function of
distance, we first computed the distance between injection sites using the
following equation:

d 共 i, j 兲 ⫽

冑共 d c共 i 兲 ⫺ d c共 j 兲兲 2 ⫹ 共 d ap共 i 兲 ⫺ d ap共 j 兲兲 2

We took into account that the distance from the crown was periodic and
found the actual distance between injections in periodic coordinates. We
then calculated the fraction of overlap in the striatal projection according
to the following equation:

冘
冉冘

x,y,z

O 共 i, j 兲 ⫽
min

共 l i, x,y,z & l j, x,y,z 兲
l

x,y,z i, x,y,z

,

冘

l

x,y,z j, x,y,z

冊

where the & operator returns 1 if both injection sites, i and j projected to
the striatal voxel, x,y,z, and zero otherwise. The numerator was normalized by the projection, which had minimum volume.

Results
The model was based on striatal projection zones from 34 well
placed injection sites that were confined to specific frontal regions. First we developed a model to predict the striatal projection zones for arbitrary frontal cortical injection locations to
establish the consistency of the striatal projection zones across
individual cases, given that injections were placed in different
animals. This also demonstrated the reliability for predicting projection fields for cortical regions for which we do not have tracer
injections. The model created a highly statistically significant ( 23
⫽ 18,880, p ⬍ 0.001) result that correctly predicted the projection locations with 72% accuracy. That is, the prediction of
whether a single isotropic 600 m voxel did or did not receive a
projection from a given cortical location across all injections. The
predicted striatal projection zones consistently showed an accurate placement compared with the actual projection zones (Fig.
2). The prediction for injection 24 is slightly more dorsal than the

Figure 3. Deviation between predicted and measured centroid of striatal projection zone.

actual projection, which illustrates a case where the model misses
somewhat. We also found that the center of the predicted projection zone (the centroid) was on average within 2 mm of the actual
projection centroid (Fig. 3). This was consistent across injections
sites even though this was not the specific metric for which the
model was optimized.
The optimized fit of the model also provided insight into the
distribution of corticostriatal projection zones in 3-D space
(M-L, D-V, and A-P). Specifically, the optimal 3-D Gaussian
smoothing window had SDs of 0.95, 1.79, and 2.39 mm in the x
(M-L), y (D-V), and z (A-P) directions. Overall, we found that
PFC projection fields were distributed over longer distances in
the A-P direction compared with the M-L or D-V directions.
Interestingly, the M-L spread of terminals from a given cortical
area within the striatum was the most limited. This consistent
finding suggests that the frontal cortical projections are generally
elongated through the A-P coordinate, as shown previously for a
few cases (Selemon and Goldman-Rakic, 1985). In summary,
striatal projection zones of individual frontal cortical injection
sites showed considerable reliability across animals and followed
a statistically predictable pattern.
Second, the model also predicted that distance between cortical injection sites might be related to the amount of overlap in
striatal projections. We examined the fraction of overlap of striatal projection zones, as a function of distance between cortical
injection sites (Fig. 4). The results demonstrated that the distance
between two injected areas is related to the extent of terminal
zone overlap in the striatum from those areas. Injection sites that
are within 2 mm have ⬃80% overlap, while those separated by
20 –30 mm have ⬃20% overlap. For example, a pair of injections in
vmPFC (areas 25/14 and 32) was 2.4 mm apart and their terminal
zones overlapped 80% within the striatum (Fig. 5A). By comparison,
the overlap between an injection in vmPFC (32) and dorsal PFC
(dPFC; 9/46) injection was 21% with a separation of 28.5 mm. The
overlap between another pair of vmPFC (25/14) and dPFC (9/46)
injections was 5% with the injection sites separated by 29 mm (Fig.
5A). A pair of injections (Fig. 5B), one in OFC (11) and one in dPFC
(9), separated by 38 mm, overlapped by 4%. The overlap between an
injection in OFC (11) and one in dACC (24) was 37% at a distance of
22 mm. Finally, the overlap between an injection in dACC (24) and
dPFC (9) was 26% at a distance of 21 mm. Thus, the relationship
between distance and overlap in the striatum, on average, was well
captured by an exponential relationship (Fig. 4).
However, as also can be seen (Figs. 4, 5), there was variability
around the mean estimate. Some pairs of injections showed more
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relative to the data. Following this, we examined the overlap in the striatal projection zones for pairs of cortical injection
sites and found that there was an exponential decay in overlap as a function of
distance. Overlap in striatal projections of
sites separated by ⬍5 mm was ⬎50%. The
overlap decreased to ⬃20% at sites separated by 30 mm. We further found that
orbital injection sites tended to have more
overlap with injection sites from other
cortical areas than would be expected
Figure 4. Measured fraction of overlap in striatal projection volume as a function of distance between cortical injection sites. based only on distance between sites, alBlack line given by the following: overlap equals 0.04e 3.2d ⫺0.2. Blue line given by average in each of 20 bins with an equal number
though this additional overlap was only
of points in each. Right, Proportion of the sample (red dots) that have the indicated overlap. This is calculated by summing the
⬃4%. In a final analysis we identified a
number of red dots in each overlap bin (bar on the bar graph) and dividing by the total number of dots.
region of the striatum in the anterior caudate that received projections from across
the prefrontal cortical regions. This area
and some less overlap than would be expected, given the model,
of the striatum likely functions as a hub, integrating information
and the distance between the injection sites. Therefore, we next
from diverse sources. In contrast to this, some striatal regions,
examined whether any of this remaining variability might be conparticularly posterior and lateral portions, receive inputs from
sistently related to the frontal region—i.e., orbital, ventral meonly a few prefrontal regions, and therefore they may serve more
dial, etc.— of the injection sites. We first examined the striatal
specialized computational roles.
projection volume of injections in each frontal region for the
subset of injection for which we had injection volume informaCortical surface location predicts projection zones
tion (N ⫽ 23; Fig. 6A). We found that vmPFC sites had the
Given the putative role of frontal-striatal circuits in many psychismallest striatal projection volumes, followed by dPFC, dACC,
atric conditions (Pantelis et al., 1997; van den Heuvel et al., 2010),
and OFC. However these differences were not statistically signifthe ability to further our understanding of corticostriatal connecicant (F(3,16) ⫽ 2.34, p ⫽ 0.112). We next examined the fraction of
tions is an important goal. Our statistical model shows that there
overlap for all pairs in which each pair had one site in each of the
is a highly regular organization of the projection zones, with recorresponding regions (Fig. 6B). This analysis was performed on
spect to location on the cortical surface. Specifically, knowing
the overlap, after controlling for the overlap expected based upon
only the location of a cortical injection site in A-P and D-V coorthe distance between the injections, by using the residual from the
dinates allows one to predict, with a high degree of accuracy,
regression fit. We found that orbital injection sites had more
where it will project in the striatum. Moreover, these predictions
overlap than would be expected based only upon the distance
were possible despite the fact that injections were done in differbetween injection sites, followed by dACC, lateral PFC, and then
ent animals, demonstrating a high degree of consistency across
vmPFC (Fig. 6B). These differences were statistically significant
monkeys.
(F(3,213) ⫽ 10.58, p ⬍ 0.001). Post hoc comparisons (Bonferroni
corrected) showed that OFC had significantly more overlap than
Terminal field convergence between adjacent and distant
vmPFC ( p ⬍ 0.05) and OFC had significantly more overlap than
cortical areas
dPFC ( p ⬍ 0.05) but none of the other pairs were significantly
Much of the thinking about the corticostriatal system has been
different ( p ⬎ 0.05).
driven by the idea that cortical inputs through the basal ganglia
In the final analysis, we calculated the number of cortical refollow independent paths (Alexander et al., 1986). Convergence
gions that projected to each voxel within the striatum. That is, we
of connections in the striatum from distant cortical areas that
used the data to determine not only that inputs from different
themselves are interconnected has been shown (Yeterian and Van
functional cortical areas converged, but where that convergence
Hoesen, 1978). In addition, recent data in both monkeys and
occurred and between how many cortical regions (Fig. 7). This
humans suggest that different frontal-cortical areas have overlapanalysis showed that the medial caudate nucleus, primarily rosping projection zones (Haber et al., 2006; Draganski et al., 2008).
tral to the anterior commissure, receives convergent input from
The extent and nature of this overlap has, however, not been
the OFC, dACC, vmPFC, dPFC, and ventrolateral PFC (vlPFC;
analyzed directly. The present results show that terminal fields
Fig. 7, yellow). The area is limited by the vlPFC projections. Thus
from neighboring locations in cortex project to overlapping rethe region with convergent projections from the vmPFC, OFC,
gions in the striatum. Importantly, given the size of the projection
dACC, and dPFC is more extensive (indicated in dark red). In
zone from individual cortical injection sites in the striatum, only
contrast, the ventral striatum and the posterior and lateral striacortical sites separated by relatively large distances will lead to
tum receive projections from fewer prefrontal cortical regions.
completely nonoverlapping striatal projection zones. This is conDiscussion
sistent with previous reports that have shown that projections
We used a computational model to characterize the consistency
from medial, lateral, and orbitofrontal cortex are topographically
of cortical projection zones into the striatum between individual
organized and have relatively minimal overlap (Kemp and Powell, 1970; Yeterian and Pandya, 1991).
cases and found that they followed a highly regular pattern. SpeWe further characterized the amount of overlap in the striacifically, we were able to predict the locations in the striatum that
tum for pairs of injection sites. Our analysis showed a regular
received inputs from a given cortical location. The location of
relationship, such that the fraction of overlap dropped exponenprojection centroids (i.e., the mean location in 3-D coordinates)
tially with distance between injection sites. Neighboring sites had
were also estimated by the model with an average of 2 mm error
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Figure 5. Examples of overlap. Each plot shows a heat map (color bar as in Fig. 2, where saturated red is a probability of 1). The black dots are the voxels that actually received a projection. A,
Striatal projection zones of an injection in area 25/14 (top row), area 32 (middle row), and area 9/46 (bottom row). B, Striatal projection zones of injections in areas 11 (top row), 9 (middle row), and
24 (bottom row).

up to 80% overlap. Importantly, however,
even sites separated by 3 cm overlapped by
⬃15%. While one might expect that terminals from adjacent cortical regions
(and therefore, likely functionally related
ones) would overlap within the striatum,
the idea that terminals from distant cortical regions would also overlap, albeit to a
lesser extent, is less expected. This indicates that the cortical connections from
distant regions, but not necessarily functionally similar areas, converge within the
monkey striatum. These overlaps may be
important for integrating information
across diverse functional domains. For
example, terminals from regions of Figure 6. Properties of striatal projections examined separately for frontal regions. A, Total projection volume of each injection
vmPFC and dPFC, showed an overlap of by frontal region. B, Residual fraction of overlap, after accounting for distance between injections.
21%, indicating that the striatum may
play some role in modulating information
example, this overlap may allow integration of motivational and
across reward processing and executive
reward-related information, enriched in orbital and ventralfunction. Thus, the data support the idea that, although the striamedial prefrontal areas, with information relevant to executive
tum may be functionally organized, each area does not operate in
and motor processes, enriched in lateral-prefrontal and motor
complete isolation from other regions.
cortex.
Finally we identified regions within the striatum that receive
Our results quantify previous observations on frontal corticoconvergent inputs from multiple cortical regions. Most notably,
striate organization. These studies have shown that neighboring
there appears to be a region within the medial, rostral caudate
areas of cortex project to neighboring regions of the striatum, and
nucleus to which axons terminate from all prefrontal regions.
that the head of the caudate is a site of convergence for prefrontal
These vlPFC fibers, which also terminate in the rostral, ventral
projections (Kemp and Powell, 1970; Yeterian and Pandya,
putamen, travel long distances through the lateral parts of the
1991). Our analysis does not include data from parietal cortex.
striatum to reach the medial caudate nucleus. These areas of
However, previous studies show that neighboring parietal areas
overlap in striatal projection zones provide a substrate for inteproject to neighboring striatal areas (Kemp and Powell, 1970;
gration of information from relatively distant cortical areas. For
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Figure 7. Areas of convergence in the striatum. Color on each section indicates voxels that receive projections from 0 to 5
prefrontal cortical regions (i.e., vmPFC, OFC, dACC, dPFC, vlPFC). Numbers indicate distance in millimeters anterior to anterior
commissure.

Yeterian and Van Hoesen, 1978; Selemon and Goldman-Rakic,
1988; Yeterian and Pandya, 1993), similar to what has been found
in frontal cortex. In addition, parietal-frontal areas that share a
corticocortical connection project to overlapping zones in the striatum (Yeterian and Van Hoesen, 1978; Selemon and GoldmanRakic, 1988). It does seem that parietal projections tend to be more
limited, particularly in their anterior striatal projections, than frontal
projections (Kemp and Powell, 1970; Yeterian and Van Hoesen,
1978).

Functional considerations
There are many hypotheses implicating
frontal-striatal networks in specific computations. Specific hypotheses include reinforcement learning (Doya, 2000; Frank,
2005; Dayan and Daw, 2008; Parush et al.,
2011), habit formation (Graybiel, 2008),
response vigor (Turner and Desmurget,
2010), action selection (Denny-Brown
and Yanagisawa, 1976; Mink, 1996; Redgrave et al., 1999; Hikosaka et al., 2000;
Hazy et al., 2007), the trade-off between
attention demanding and automatically
executed actions (Norman and Shallice,
1986; Isoda and Hikosaka, 2007), inhibitory control (Dalley et al., 2011; Jahfari et
al., 2011), and the trade-off between habitual and goal-directed actions (Daw et
al., 2005). Many of these hypotheses are related and share certain core features. Recent
physiological studies suggest that the striatum contains a relatively enriched representation of action value across tasks in which
decisions are based either on learning or
perceptual inference (Seo et al., 2012). These
value representations could underlie most
of the other hypotheses, giving rise to action
selection or response vigor (toward the most
valuable action) and habit formation or motor learning (of an action that was repeatedly reinforced).
There has been growing interest in the
idea of broad associative cortical networks, which feature nodes (or connection hubs) that integrate and distribute
information across multiple systems
(Buckner et al., 2008; Power et al., 2013).
These studies indicate that there are specific regions that receive inputs from multiple cortical areas that cross-link between
functional systems. Our results suggest
that these hubs exist in the striatum as well
as the cortex. In particular, the medial,
rostral caudate nucleus may serve as a hub
for vmPFC, OFC, and dACC to connect
with dPFC regions that mediate cognitive
control. It is possible that this convergence of cortical areas on specific locations in the striatum may facilitate value
computations across diverse domains
into a common currency.

Conclusion
We have shown that the organization of
cortical inputs to the striatum is highly regular and can be accounted for by a statistical model that predicts striatal projection
zones on the basis of the location of cortical injection sites on a
2-D map. Further, the overlap in striatal projections follows an
exponential function with large (⬎50%) overlap in striatal projection zones for cortical injection sites separated by ⬍5 mm.
Sites separated by up to 3 cm, however, still have up to 20%
overlap. In addition, although not specifically considered in our
dataset, parietal and frontal cortex have considerable overlap in
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their striatal projection territories, despite being quite distant on
the cortical surface (Selemon and Goldman-Rakic, 1985). Finally, we identified a region in the anterior striatum that receives
inputs from across the full extent of prefrontal cortex, making
this a candidate hub region that can integrate diverse information.
Thus, the striatum is a site of convergence for disparate signals arising in cortex. This convergence may facilitate aspects of reinforcement learning that underlie many of the putative functions of the
basal ganglia, including habit learning, response vigor, and inhibitory control, as well as providing a unified value representation,
across domains.
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