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ABSTRACT 

 

The cortico-basal ganglia-thalamic loop is one of the fundamental network motifs in 

the brain. Revealing its structural and functional organization is critical to 

understanding cognition, sensorimotor behavior, and the natural history of many 

neurological and neuropsychiatric diseases. Classically, the basal ganglia is 

conceptualized to contain three primary information output channels: motor, limbic, 

and associative. However, given the roughly 65 cortical areas and two dozen 

thalamic nuclei that feed into the dorsal striatum, a three-channel view is overly 

simplistic for explaining the myriad functions of the basal ganglia. Recent works 

from our lab and others have subdivided the dorsal striatum into numerous 

functional domains based on convergent and divergent inputs from the cortex and 

thalamus. To complete this work, we generated a comprehensive data pool of ~700 

injections placed across the striatum, external globus pallidus (GPe), substantia 

nigra pars reticulata (SNr), thalamic nuclei, and cortex. We identify 14 domains of 

SNr, 36 in the GPe, and 6 in the parafascicular and ventromedial thalamic nuclei. 

Subsequently, we identify 6 parallel cortico-basal ganglia-thalamic subnetworks 

that sequentially transduce specific subsets of cortical information with complex 

patterns of convergence and divergence through every elemental node of the entire 

cortico-basal ganglia loop. These experiments reveal multiple important novel 

features of the cortico-basal ganglia network motif. The prototypical sub-network 

structure is characterized by a highly interconnected nature, with cortical 

information processing through one or more striatal nodes, which send a 

convergent output to the SNr and a more parallelized output to the GPe; the GPe 

output then converges with the SNr. A domain of the thalamus receives the nigral 

output, and is interconnected with both the striatal domains and the cortical areas 

that filter into its nigral input source. This study provides conceptual advancement 

of our understanding of the structural and functional organization of the classic 

cortico-basal ganglia network. 
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INTRODUCTION 

 

 The basal ganglia is a collection of interconnected cerebral nuclei that receive 

major projections from all parts of the cortex (Oh et al. 2014, Hintiryan, Foster et al. 

2016; Hunnicutt et al. 2016), making it the chief subcortical array for processing 

cortical information. The principal components of the basal ganglia are the striatum, 

pallidum, and substantia nigra, and they have been associated with functions as 

diverse as ramp movements (DeLong & Strick, 1974), reinforcement learning 

(Balleine & O’Doherty, 2010), executive function (Dirnberger & Jahanshahi, 2013; 

Harrington et al. 2014), visual processing (Ding & Gold, 2013), and perception of 

passage of time (Lusk & Buonomano, 2016; Bakhurin et al. 2017). Aberrant basal 

ganglia functions are implicated in movement disorders (Gittis & Kreitzer, 2012), 

neuropsychiatric disorders (Graybiel & Rauch, 2000; Levy & Dubois, 2006; 

Gunaydin & Kreitzer, 2016; Haroon et al. 2016; Vaghi et al. 2017), and drug 

addiction (Koob & Volkow, 2016; Everitt & Robbins, 2016). Now-classic works have 

revealed that the basal ganglia is one stage in a serial circuit from cortex to basal 

ganglia to thalamus and back up to cortex, or the cortico-basal ganglia-thalamo-

cortical loop (Nauta & Mehler, 1961; Szabo, 1962; Gerfen, 1984, 1985; Deniau & 

Chevalier, 1985; Alexander, et al. 1986; Gimenez-Amaya & Graybiel, 1990; Hedreen 

& DeLong, 1991; Hoover & Strick, 1993; Parent & Hazrati, 1994). This recurrent 

network is one of the most important structural motifs in the mammalian brain, 

with nearly half of the brain participating in its elements.  

 

Identification of the specific subnetworks within this archetypal model is 

crucial to understanding how the multitude of functions and pathologies ascribed to 

the basal ganglia is governed. The consensus view that has emerged from both 

connectional and functional studies is that there are three parallel channels of 

information flow through the basal ganglia: associative, limbic, and sensorimotor 

(Alexander et al. 1986; Parent & Hazrati, 1995; Haber, 2003; Wallace et al. 2017; 

Mandelbaum et al. 2019; Aoki et al. 2019) in roughly the dorsomedial, ventromedial, 

and lateral two quadrants, respectively, of the commissural level of the 
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caudoputamen (CP; Figure 1A). We recently described a multi-scale network 

organization of the mouse corticostriatal projectome (Hintiryan, Foster et al. 2016), 

which partitioned the territory of the CP into fine-scale subnetworks (termed 

domains) nested within intermediate-scale networks (termed communities) nested 

within large-scale networks (termed divisions) (Figure 1A,B). Our community-scale 

network appears to correspond well with the quadrant layout of the three major 

channels in the CP. However, each community comprises domains that each receive 

a unique set of cortical inputs, a finding that strongly suggests there must be a more 

refined, granular level of organization than the classic associative, limbic, and 

sensorimotor networks (Figure 1C). Previous work has attempted to identify more 

specific subnetworks. A meta-analytic-style approach combining results of 

transsynaptic retrograde tracing, classical neuronal tracing, and electrophysiology 

experiments obtained in primate models has been used to postulate a number of 

specific parallel cortico-basal ganglia subnetworks or “output channels” (Alexander 

et al. 1986; Alexander et al. 1990; Hoover & Strick, 1993; Middleton & Strick, 2001). 

However, accurate assessment of the number of pathways has been limited by an 

inadequate knowledge of the organization of the striatum, which has at best been 

alternately conceptualized according to the caudate/putamen divisions or the 

quadrant schema. 

 

Our description of the domain-level organization of the corticostriatal 

projectome presents an entry point to parsing the entire subnetwork organization 

of the mouse cortico-basal ganglia loop. By following the efferent pathways of the CP 

domains, we identify the major output channels of the mouse globus pallidus and 

substantia nigra, finding 14 domains through the substantia nigra pars reticulata 

(SNr) and 36 domains through the globus pallidus external (GPe). Further following 

the efferents of some of the domains of the SNr through the thalamus reveals 6 

output channels traversing the parafascicular nucleus (PF) and 6 through the 

ventromedial nucleus (VM) with different thalamocortical innervation patterns 

between the two nuclei. We characterize the dendritic morphology of SNr neurons, 

as a further index of how striatal inputs may be converging in the nigra. Using the 
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double co-injection technique, we for the first time definitively demonstrate entire 

continuous loops (the “loop” structure) of two of the anatomical subnetworks, 

which until now had only been inferred by combining experimental results 

demonstrating segments of loops. Using channelrhodopsin-assisted circuit mapping, 

we demonstrate for the first time that the thalamic feedback up to the cortex 

synapses directly onto the corticostriatal neurons that feed into that subnetwork 

loop, forming a true closed-circuit loop. We also demonstrate a direct corticonigral 

pathway using Cre-dependent neuronal tracing and specific visualization of 

corticonigral terminal boutons. Collectively, these various approaches make clear 

the exquisite specificity and interconnectedness within the cortico-basal ganglia-

thalamo-cortical subnetworks, and provide conceptual advancement for us to 

understand the structural and functional organization of the entire central nervous 

system. 

 

RESULTS  

 

 Injections of anterograde tracers were made into each of the domains of the 

CP (Hintiryan, Foster et al. 2016) as well as the core, medial, and lateral shell of the 

nucleus accumbens, for a total of 33 injections (Figure 1D). Coronal sections 

containing the SNr and GPe were photographed and images were registered to a 

common anatomic atlas, the Allen Reference Atlas (Dong, 2007), using our in-house 

registration software Connection Lens (Hintiryan, Foster et al. 2016). The axonal 

labeling was segmented and digitally reconstructed into a binary threshold image 

(Figure 1E-G). The axonal reconstructions falling within the basal ganglia nuclei 

were quantified using a quadrat method, wherein the area of the SNr and GPe were 

subdivided into a square grid space, and the axons falling within each grid box were 

quantified (Figure 1H). This permitted an analysis not just of the density of axonal 

terminations in each target nucleus, but also of the subregional localization of those 

terminations within each nucleus. These data were then subjected to network 

structure analysis using the Louvain community detection algorithm (see Methods 

for a detailed description), which partitioned the CP domains and their terminal 
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zones into communities, i.e., subnetworks or output channels. CP domains that 

projected to the same set of boxes were grouped together as a subnetwork (Figure 

1I), and the set of boxes comprising the terminal zone for that subnetwork were 

demarcated as a new domain of the nigra or pallidum (Figure 1J). Finally, the 

thresholded axonal reconstruction images were re-colored with unique colors 

corresponding to their striatal domains of origin and collectively projected onto 

atlas maps to make projection maps that demonstrate the underlying axonal data 

that make up each new domain (Figure 1K). All of these procedures are described in 

more detail in Methods.  

 

Complex convergence and divergence of the striatonigral pathway 

 

 Striatonigral projections from each CP domain and accumbens terminate in 

discrete terminal zones within the SNr that are restricted mediolaterally and 

dorsoventrally, but most (75%) span the entire rostrocaudal extent of the SNr, 

forming longitudinal columns of terminal axons (Figure 2B,G,H; Supplementary 

Figure 1A,B; Table 1). The gross topographical organization of the striatonigral 

pathway is that the efferent projections along the rostrocaudal (CPr-CPi-CPc) axis of 

the striatum project to the medial-central-lateral SNr, respectively (Figure 2A,C, 

Supplementary Figure 2A), while the dorsoventral axis of the striatum is inverted in 

its nigral terminations (Figure 2C). These general topographic trends align well with 

those seen in rat and monkey (Gerfen, 1985; Hedreen & DeLong, 1991; Parent & 

Hazrati, 1994). Axons from CPr converge with axons from the other striatal 

divisions along the whole extent of the medial SNr: some CPi axons project medially 

and converge with CPr axons at levels 81-87, and both CPi and CPc send some axons 

to medial SNr at levels 89 and 91 (Figure 2A; Supplementary Figure 2A). Efferents 

from the CPc remain mostly segregated from the other striatal efferents, converging 

primarily with axons from the caudal extreme (CPext, also known as the tail) 

(Supplementary Figure 2C). At the community level within each striatal division, the 

mediolateral axis is maintained, with medial CP projecting to more medial SNr, and 

lateral CP to more lateral SNr, while the dorsoventral axis is inverted, with dorsal CP 
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projecting to ventral SNr (Figure 2C,D). Consequently, we observe that axons arising 

from the sensory associative and limbic regions of the CPi (the communities 

CPi.dorsomedial (CPi.dm) and CPi.ventromedial (CPi.vm), respectively) are 

intermingled with axons arising from the CPr within the medial domains of the SNr, 

while the axons arising from the sensorimotor regions of the CPi (CPi.dorsolateral 

(CPi.dl) and CPi.ventrolateral CPi.vl)) remain more segregated in the middle of the 

SNr, forming a somatotopic map there (Figure 2F). Triple retrograde injections in 

the SNr precisely back-label the three communities of the CPc, confirming the 

specificity and discreteness of the community-level striatonigral projections (Figure 

2D). Importantly, those 3 communities of the CPc were originally defined by cortical 

inputs (Hintiryan, Foster et al. 2016), while the labeling in Figure 2D is produced by 

striatal output patterns, affirming the community structure we previously described 

and extending that higher-order organizational scheme further through the basal 

ganglia.  

 

Convergent terminal fields in the striatonigral pathway define a nigral domain 

structure. At a finer scale of resolution, many of the individual striatal projection 

pathways show confluence and overlap in their nigral terminal fields, such that a 

domain structure of multiple convergent terminal zones is imposed upon the SNr by 

the striatonigral projectome. Computational analysis of the entire striatonigral 

dataset at each level of the SNr revealed 14 domains across the whole SNr (Figure 

2G-I, 3A; Supplementary Figure 1, 3). Most of the CP domains generate axonal 

projections along the entire rostrocaudal extent of the SNr (Supplementary Figures 

1B, 2, 3; Table 1) (Gerfen, 1985), a property we observed even at the single-cell level 

using fluorescence micro-optical sectioning tomography (fMOST) (Figure 3B), and 

which others have seen using biocytin injections or palmitoylated-GFP expression 

(Levesque & Parent, 2005; Fujiyama et al. 2011). As a result, many of the domains in 

the SNr formed by these inputs span multiple levels of the SNr, i.e., the SNr domains 

have a three-dimensional shape.  
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 At the same time, the nigral terminations of a particular CP domain 

frequently shift in their mediolateral or dorsoventral position in the SNr at different 

rostrocaudal levels. Consequently, a single CP domain may contribute projections to 

multiple SNr domains, such as inputting a dorsal domain at one level and a medial 

domain at another. Most community detection algorithms impose a unitary 

structure on an information network such that each node belongs to one and only 

one community. This simplified network structure makes it easier to interpret, but 

may not be reflective of the complex nature of real world networks, wherein a single 

node may participate in multiple subnetwork structures, as is likely true in brain 

networks. We analyzed the striatonigral projection data level-by-level, and detected 

different network structures at each level of the SNr. We then manually joined 

similar communities across levels of the SNr, by grouping together communities 

that had similar input constituencies across levels of the SNr. For example, the 

striatal inputs to the medial region of the SNr are similar enough when comparing 

adjacent levels (mean Jaccard index comparing all adjacent levels=.61) that we 

determine them to form one continuous domain, the medial domain 

(Supplementary Figure 3, Supplementary Table 1).  This approach resulted in 14 

nigral domains, a number of which have 3-dimensional, cross-level structure (Figure 

3A; Supplementary Figure 3). At the single neuron resolution (Figure 3B), we also 

demonstrated that axons arising from individual striatal projection neurons extend 

throughout the rostrocaudal length of the SNr and generate axonal branches.  

 

There are several major domains that run the entire length of the SNr. The 

medial domain (SNr.m, see Figure 2I; Supplementary Figure 1B) is a highly 

integrative domain occupying the medial edge of the SNr, running its entire 

rostrocaudal length (Supplementary Figures 1B, 3). The SNr.m agglomerates inputs 

from most of the rostrocaudal axis of the CP: the CPr (CPr.m, CPr.imd, CPr.imv, 

CPr.l.ls, CPr.l.vm), most of the CPi.dm (CPi.dm.dm, CPi.dm.im, CPi.dm.d, and 

CPi.dm.dl) and even from the CPc (CPc.d.dm). Caudally at ARA 91 the SNr.m also 

incorporates inputs from the striatal trunk region (CPi.dl.d (tr)) as well as ACBsh.l. 

Although the roster of inputs to the SNr.m varies from level to level, the CPr.m, 
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CPi.dm.im, and CPi.dm.d are inputs at every level (Figure 2E,G,H; Supplementary 

Figure 3; Supplementary Table 1). 

 

The dorsal domain (SNr.d, see Figure 2I; Supplementary Figure 1B) receives 

inputs from many of the limbic domains of the CP: the CPi.vm.vm, CPi.vm.v, 

CPi.vm.cvm, CPc.v.vm, and CPr.l.vm, along with the lateral accumbens shell, ACBsh.l, 

and at caudal levels the core (ACBc) and medial accumbens shell (ACBsh.m) (Figure 

2E,G,H; Supplementary Figure 3). The analysis grouped the CPi.dm.cd in the SNr.d at 

ARA 89, but we manually removed it because its terminations appeared too diffuse 

to properly characterize its location. The dorsomedial domain (SNr.dm) is a small 

region that receives a dense, concentrated input from the medial ACB, specifically 

the ACBc and ACBsh.m. It spans only the rostral half of the SNr, ARA 81-85, and at 

ARA 87 merges with the SNr.d (Figure 3A; Supplementary Figure 3). These 

contributory ACB and CP domains receive different combinations of inputs from the 

lateral cortico-cortical subnetworks (Hintiryan, Foster et al. 2016) whose 

component cortical regions are classically associated with the limbic system and 

emotion, specifically AId, AIp, AIv, PERI, PIR, VISC, ILA, PL, and TEa, as well as lBLAa, 

and all of that information converges in the SNr.d (Figure 3A).  

 

The oro-brachial domain (SNr.ob) is the largest of the motor domains, and 

mainly integrates inputs from the mouth areas of the CP (CPi.vl.v (m/i), CPi.vl.vt 

(m/o), CPc.v.vl), the upper limb area (CPi.vl.imv (ul)), along with the CPi.vl.cvl and 

several limbic- and motor-related regions of the rostral and caudal CP (CPr.l.vm, 

CPc.i.d, CPc.i.vl, CPc.v.vl, CPc.v.vm) (Figure 2E,G-I; Supplementary Figure 3; Table 1). 

The terminal fields from CPi.vl.imv (ul) and CPi.vl.v (m/i) overlap extensively at 

every level of the SNr.orb except the rostral-most level, which receives only upper 

limb input. 

 

The lateral domain (SNr.l) receives a mix of inputs from the domains of the 

CPc and the CPext. The ventral domain (SNr.v) gets the most consistent input from 

the trunk area CPi.dl.d (tr) and CPc.d.dl, and spans every level except ARA 91. The 
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remaining domains span fewer levels (Supplementary Figure 3; Table 1). All 

together, the cortico-striato-nigral pathways form 14 output channels. 

 

The nigral neurons within a domain project to the same thalamic target. Next, we 

investigated whether all neurons within the same newly defined SNr domain project 

to the same target as a validation of the accuracy of their delineations. This is 

demonstrated with an injection of anterograde tracer in the striatal domain 

CPi.dm.d and retrograde tracer dG-rabies-GFP (glycoprotein-deleted rabies, 

incapable of transsynaptic spread) in the associative sub-region of the 

parafascicular thalamic nucleus PF.a (see section Thalamic connectivity below). It 

shows that the striatal domain CPi.dm.d projects throughout the entire rostrocaudal 

extent of the SNr.m, and GFP-labeled PF.a-projecting nigral neurons are likewise 

observed throughout the rostrocaudal extent of the SNr.m (Figure 3D,E). Thus the 

matching structure of the inputs and the outputs of the SNr support the notion of 

longitudinal domains as a functional unit. 

 

Dendritic arbors of nigral neurons conform to the size of their domain in dorsoventral 

and mediolateral dimensions. We observe the dendritic structure of nigral neurons 

with an injection of dG-rabies virus into the parafascicular thalamus, one of the 

principal efferent targets of the SNr. SHIELD-clearing (Park et al. 2019) and 

lightsheet imaging of the intact brain reveals the structure of a subset of nigral 

neurons in the coronal, horizontal, and sagittal planes (Figure 3C). Reimaging at 

high resolution permits reconstruction and visualization of those neurons in situ 

(Figure 3C, inset). In the horizontal plane (Figure 3C, inset, middle panel) their 

dendrites can be seen spreading partway into adjacent rostral and caudal levels, but 

they do not span the entire rostrocaudal length of the SNr. Quantification of the 

morphological features of these neurons support this (Figure 3C, bottom). The 

neurons have an average of 4 primary dendrites (mean: 3.89; range: 3-5). The 

dendrites of each neuron have a mean Euclidean length of 335±27.24 µm (mean±SE, 

from soma to distal tip, ignoring tortuosity), and the longest dendrite of each neuron 
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averages 639±58.63 µm; this gives the neurons a ‘radius’ capable of extending at 

least a couple of atlas levels rostral and caudal to the soma. Many of these neurons’ 

primary dendrites are angled in asymmetric geometries, rather than in a maximally 

extended tetrahedral form. Collectively these data suggest an input integration 

capacity roughly on par with the dorsoventral and mediolateral dimensions of the 

nigral domains, i.e., these neurons appear capable of integrating most inputs to their 

domain at a given coronal level. However, their dendrites are not long enough to 

integrate inputs across the entire rostrocaudal length of the large domains, meaning 

that the small changes in striatal input structure across a domain at different 

rostrocaudal levels could result in neurons with slightly different integration 

profiles along the length of an SNr domain.  

 

Neurons within a nigral domain are capable of integrating all inputs contributing to 

that domain at a given coronal level. In Figure 3H, manually traced graphic 

reconstructions of rabies-labeled SNr.m neurons projecting to the PF.a are shown 

overlaid atop a composite projection map of four of the striatal direct pathway 

inputs to that nigral domain. Those striatal terminal fields topographically innervate 

separate but overlapping subregions within the SNr.m, while the dendrites of most 

of the postsynaptic SNr.m neurons extend sufficiently that they can receive contacts 

from all of the striatal terminal fields. Furthermore, even though recipient neurons 

within the domain are physically capable of integrating all inputs, they likely have 

heavier inputs from one input source based on the differing densities of axonal 

terminals within their dendritic arbors. This could have important functional 

implications for the nigral neurons, because the structure of this pathway appears to 

permit both a convergence of many striatal inputs onto individual nigral neurons, as 

well as a bias toward one or a few particular inputs over the others. Also, it can be 

seen that dendrites of neurons near the margins of a domain often (though not 

always) extend into adjacent domains, indicating that they could participate in a 

functional crossover at domain borders; this kind of overlap at the margins of 

functional domains is seen elsewhere in the basal ganglia (Hintiryan, Foster et al. 
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2016; Haber, 2016), and may be an important property to allow integration across 

information streams.  

 

Organizational principles of the striatopallidal pathway 

 

Three additional striatal injection sites were included in the GPe analysis (see 

Methods). These three were from a level of the CP in between the CPr and CPi. They 

were included because they labeled zones in the GPe that were not targeted by any 

other injection site’s terminals. This is remarkable because it reveals that the GPe 

has a much more faithful topography of the CP than does the SNr (elaborated 

below).  

 

The striatopallidal projectome is typified by a high degree of parallelism. The 

striatopallidal indirect pathway is characterized by a higher degree of parallelism 

than the striatonigral pathway, with far less convergence of inputs arising from 

different regions of the striatum. In general, most domains of the CP project to their 

own unique area in the GPe with little overlap between adjacent terminal fields. The 

largely parallelized striatopallidal topography is evident at the division, community, 

and domain level in the reconstruction maps. At the division level, the CPr projects 

to rostral GPe, the CPi to intermediate levels of the GPe, the CPc to caudal levels of 

the GPe, and the CPext to the most caudal levels of GPe, a topography similar to the 

primate striatopallidal pathway (Hazrati & Parent, 1992) (Figure 4A, 

Supplementary Figure 2B). The community-level projections illustrate that the 

pallidal terminal fields maintain the dorsoventral and mediolateral topographic 

relationships of their striatal origins (Figure 4B). In the domain-level reconstruction 

maps, each striatal terminal field is colored according to its striatal source domain 

(Figure 4C). Many more individual colors can be seen compared to the nigral 

domain-level reconstruction maps (Figure 2E), an indication of the parallelization of 

the striatopallidal pathway compared to the striatonigral pathway, which shows 

more overlap and blending of the colored terminal fields. The pallidal somatotopic 

body map runs along the lateral edge of the GPe at ARA 60 and 62 (Figure 4D) and 
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follows the same tail up, head down orientation of the striatal body map (GPe 

domains 6, 9, 15-17, and 25, see next section).  

 

Striatopallidal terminal patterns define a pallidal domain structure. Computational 

analysis of the striatopallidal axonal data reveals a high dimension, variegated 

domain structure in GPe (Figure 4E,F, Supplementary Figure 4, Supplementary 

Table 2). In all, the striatopallidal projectome partitions the GPe into 36 domains 

(Figure 4F). The majority of domains (64%) have only one or two inputs, and most 

domains (69%) only span one coronal level of the GPe. This reflects the specificity 

and parallelization of the striatopallidal pathway compared to the striatonigral 

pathway, and indicates a higher degree of faithful transposition of striatal 

information into the GPe, with less convergence and funneling of that information. 

Further, even though about one-third of GPe domains receive 3 or more inputs, 

most of these domains tend to have 1-2 dominant inputs, with the remaining inputs 

contributing substantially fewer axons.  

 

One of the notable exceptions to these parallelization trends is the domain 

GPe.3 (Figure 4F). This domain is one of the few GPe domains that receives multiple 

inputs and extends through several of the rostrocaudal levels of the GPe. 

Interestingly, it is similar to the SNr.m in that all of the inputs that group together in 

GPe.3 (i.e., CPi.dm.dm, CPi.dm.im, CPi.dm.d, CPr.m, and CPc.d.dm) also group 

together in SNr.m, and in fact are among the densest and most consistent inputs to 

SNr.m. These striatal regions comprise the dorsomedial corner of the CP adjacent to 

the lateral ventricular wall all along its rostrocaudal length (Figure 4C). They 

collectively receive a highly similar set of cortical inputs as well (Hintiryan, Foster et 

al. 2016), cortical areas that themselves form the two medial sensory associative 

cortico-cortical sub-networks (Zingg, Hintiryan et al. 2014). Thus the two sensory 

associative cortical sub-networks project to a small set of striatal domains, which in 

turn send convergent projections to domains in the GPe and SNr. 
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The direct and indirect pathways do not have topographic differences in GPe. The 

direct (striatonigral) and indirect (striatopallidal) pathways differ anatomically in 

that the indirect pathway projects only to GPe while the direct pathway is assumed 

to project only to the SNr/GPi. However, single neuron tracing studies have shown 

that nearly all direct pathway neurons send a collateral axon to the GPe as they 

course to the SNr/GPi (Kawaguchi et al. 1990; Wu et al. 2000; Levesque & Parent, 

2005; Fujiyama et al. 2011), an offshoot termed a bridging collateral (Cazorla et al. 

2014). Although the direct and indirect pathway populations are intermingled in the 

CP (Flaherty & Graybiel, 1993) it is unknown if their topography differs. A rich 

knowledge of the topography of these two pathways is critical for assembling 

detailed network schematics and understanding their functionality. Thus we 

injected adenovirus expressing Cre-dependent GFP or RFP into the CPi.dm and 

CPi.dl of D1-Cre (for direct pathway) and A2A-Cre (for indirect pathway) strains of 

mice. The results reveal that both direct and indirect pathway neurons originating 

in the same region of the CP target the same terminal region of the GPe (Figure 5A). 

Although not quantified, the density of the indirect pathway terminations in GPe 

appears denser than the direct pathway. Tracing data using the fMOST technique 

(Figure 5B) also shows at a single-neuron level that indirect pathway neurons (red, 

orange) have a denser pallidal terminal field than the bridging collateral terminal 

fields of the direct pathway (blue, green, aqua), though they do have similar 

topography. Additionally, the results confirm that the indirect pathway projects to 

GPe only while the direct pathway projects to both GPe and SNr/GPi (Cre-dependent 

data not shown).  

 

The pallidonigral pathway projects along the entire rostrocaudal length of the nigra, 

and it converges with the striatonigral pathway in a homotypic fashion. The GPe 

completes the indirect pathway by projecting to the SNr (and subthalamic nucleus, 

not discussed here) (Smith & Bolam, 1989). Even though striatal projections to the 

GPe innervate only a restricted rostrocaudal range of the pallidum (Figure 4A, 5B), 

projections from GPe to nigra innervate its entire rostrocaudal length in a 

topographic fashion (Figure 5C), similar to the striatonigral pathway (Figure 2A,B).  
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 Moreover, the pallidonigral projections from a GPe domain converge with 

striatonigral axons arising from the same CP domain that serves as input source to 

both nuclei. Direct and indirect pathway neurons are intermingled in the striatum, 

such that one domain of the CP projects to specific domains of the GPe and SNr 

(Figures 2-4). We find that the GPe domain targeted by the indirect pathway 

projects to the nigral domain targeted by the direct pathway, forming a specific 

indirect pathway subnetwork. For example, an anterograde tracer injection in the 

limbic GPe domains 18 and 20 (Figure 5D) labels projections to the nigral limbic 

domain SNr.d (Figure 5C, SNr.d is highlighted green). Both the GPe.18 and 20 and 

the SNr.d receive inputs from striatal domains CPi.vm.v, CPi.vm.vm, and CPi.vm.cvm. 

Thus the direct and indirect pathways arising from a common striatal source 

converge in the SNr. In accord with this, a previous electron microscopy experiment 

found synaptic terminals from both pathways on individual SNr neurons (Smith & 

Bolam, 1991). It has also been found that during behavioral performance both the 

direct and indirect pathways must be activated for appropriate behavioral 

responding (Cui et al. 2013; Tecuapetla et al. 2016). Our data describes an 

anatomical substrate for the coordination of those two pathways during behavior. 

 

The pallidostriatal pathway projects topographically back to the CP domains that 

innervate it. The pallidofugal pathway contains an ascending portion that projects 

back to the striatum. Many prototypic pallidal neurons that project downstream to 

the SNr, STN, and/or GPi also send a collateral up to the CP, and a unique population 

of neurons called arkypallidal neurons richly project back to the CP and to no other 

target (Sato, et al. 2000; Mallet et al. 2012; Mastro, et al. 2014; Abdi, et al. 2015; 

Simmons, et al., 2020). However, no specific topography has been described for this 

pathway. We find that the pallidostriatal projection from a GPe domain largely 

projects back to the same CP domains that provide input to that GPe domain. From 

the same injection in pallidal domains GPe.18 and 20 used to demonstrate the 

pallidonigral pathway (Figure 5D), pallidal axons can be seen terminating in CPr.l.ls, 

CPi.vm.v, CPi.vm.vm, CPi.vm.cvm, and CPc.i.vm (Figure 5E, relevant domains are 
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highlighted green), all of which are striatal domains that generate inputs to GPe.18 

and 20 (Figure 4F).  

 

The pallidothalamic pathway projects directly to PF and VM with topographic 

specificity. The GPe projects directly to the thalamic nodes of the cortico-basal 

ganglia loop, bypassing the traditional basal ganglia output nuclei of the SNr/GPi. 

From the same injection demonstrating the pallidonigral and pallidostriatal 

projections (Figure 5D), labeled pallidal axons can be clearly seen terminating in the 

dorsomedial zone of the VM and the ventromedial zone of the PF (Figure 5F), both 

of which are the limbic sub-regions of those nuclei (see next section, Thalamic 

connectivity). Those thalamic regions both receive input from the nigral limbic 

domain SNr.d (ibid.). Previous work demonstrated projections from GPe to PF 

(Mastro et al. 2014; Saunders et al. 2015), but we present the first demonstration of 

GPe projections to VM, as well as the topographic specificity of both pallidothalamic 

pathways. Thus the GPe is itself a striatal output region and it is specifically 

interconnected with all other homotypic subregions in the basal ganglia-thalamic 

subnetwork (Figure 5G).  

 

Thalamic connectivity 

 

The output nuclei of the basal ganglia, the SNr and GPi, send projections to a number 

of thalamic nuclei, such as parafascicular (PF), ventromedial (VM), mediodorsal, and 

the ventral anterior-lateral complex, which in turn project back to cortex to 

complete the cortico-basal ganglia-thalamocortical loop. Some of the densest 

nigrothalamic projections are to the PF and VM, and here we reveal novel 

organizational principles of these nuclei as output channels for basal ganglia 

outflow. 

 

Output channels of the PF. In the PF we examined the distribution patterns of 

corticothalamic and nigrothalamic axonal terminations, as well as patterns of 

thalamocortical and thalamostriatal cell groups. Remarkably, cortical areas, striatal 
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domains, and nigral domains that are interconnected all have convergent 

input/output connectivity patterns with discrete zones of the PF, forming a unique 

subnetwork (Figure 6C), similar to patterns described for cortico-thalamo-striatal 

networks (Mandelbaum, et al., 2019). Based on these patterns, we identify 6 

subdivisions of the PF which serve as parallel output channels for integrating basal 

ganglia efferent signals with cortical inputs, and conveying that computation to 

striatum and cortex (Figure 6A). Radiating out around the fasciculus retroflexus, 

these 6 regions correspond to associative (PF.a), trunk/lower limb (PF.tr/ll), upper 

limb (PF.ul), mouth (PF.m), limbic (PF.lim), and ventral striatal (PF.vs) channels. As 

an example, the associative subnetwork (Figure 6D,E, top) contains the dorsal 

prelimbic and frontal eye field cortical regions, which project to the CPi.dm.im and 

CPi.dm.d, respectively, and also to the PF.a; those striatal domains both receive 

input from the PF.a, and they both project to the SNr.m, which in turn projects to the 

PF.a; the PF.a projects back up to those cortical regions, closing the circuit. The 6 PF 

regions exhibit a gross topographical relationship with the major community-level 

regions of the striatum (Figure 6B). Collectively, the 6 output channels in the PF are 

organized with specific cortical, thalamic, and nigral subregions into 6 parallel 

cortico-basal ganglia subnetworks (Figure 6E).  

 

 To show the actual synaptic specificity of one of these pathways, the ACB-

SNr.dm-PF.vs pathway of the ventral striatal subnetwork (Figure 6E, bottom), we 

used the anterograde transsynaptic tracing technique (Zingg et al. 2017). This 

method leverages the fact that when AAV1 is injected at sufficiently high 

concentration into a neuronal population, viral particles will travel down the axons 

and be released from the terminals where they can infect postsynaptic neurons 

(Zingg et al. 2020). Transsynaptic infection is an inefficient process and the 

postsynaptic viral load is comparatively low; but when paired with a highly 

sensitive technique like the Cre-Lox system, where very little Cre is required to 

unlock a Floxed gene like Flex.RFP, the transsynaptic infectivity rate is sufficient for 

tracing pathways. Not only does this combinatorial approach demonstrate synaptic 

specificity in the pathway traced, it can also be utilized to precisely label small 
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targets like the SNr.dm. We injected AAV1.hSyn.Cre.WPRE.hGH into the ACBc and 

the Cre-dependent tracer AAV1.CAG.Flex.tdTomato.WPRE into the medial SNr at 

ARA 81-85. Labeled neurons are seen specifically in the SNr.dm at those levels 

(Supplementary Figure 7), and the axonal labeling from this nigral domain 

terminates precisely in the predicted regions of the PF and VM where the other 

nodes of the ventral striatal subnetwork connect, the PF.vs (Figure 6D, bottom) and 

VM.vs (Figure 6G, right). While neurons in the SNc and VTA were also labeled in this 

experiment, they do not contribute to the labeling seen in either the PF or VM, 

because staining for tyrosine hydroxylase reveals little to no catecholaminergic 

neurites in either thalamic nucleus (data not shown).  

 

The VM thalamic nucleus has a different input-output organization than PF. The SNr 

also projects to the VM and adjacent submedial nucleus of the thalamus (SMT), and 

its outputs to that region are even denser than to the PF. Like the PF, the VM also 

appears to host at least 6 output channels (Figure 6F,G), but with a different 

organizational principle than the PF. Unlike the PF, with its separated homunculus 

of output channels for the body sub-regions, the VM has one output channel 

projecting to secondary motor cortex (VM.s) and one projecting to primary motor 

and primary somatosensory cortex (VM.p). The VM.s output channel projects to all 

somatic subregions (i.e., ul, ll, and tr) within the secondary motor cortex (MOs), 

while the VM.p projects to all somatic subregions (ibid.) within the primary motor 

(MOp) and primary somatosensory (SSp) cortex (Figure 6G,H). A separate output 

channel for the mouth pathways, VM.m, projects specifically to the mouth and head 

regions of MOp, SSp, and MOs, an arrangement similar to the PF mouth output 

channel. The sensory associative (VM.a), limbic (VM.lim), and ventral striatal 

(VM.vs) channels are similar in structure to the homologous regions of the PF. The 

boundaries of each of these output channels are established by the position of the 

thalamocortical neuron groups (Figure 6G). Each of these VM domains receives a 

specific nigral input from at least one of the SNr domains, and that nigrothalamic 

input conforms to the VM domain boundaries established by the thalamocortical 

output channels (Figure 6G). 
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The direct corticonigral projection 

 

The most recent major modification to the classical model of basal ganglia network 

structure was the incorporation of the hyperdirect pathway (Nambu et al. 1996), a 

glutamatergic cortical input to the subthalamic nucleus (Nambu et al. 2000), which 

in turn sends its own glutamatergic input to the SNr/GPi (Robledo & Feger, 1990). 

This excitatory disynaptic pathway bypasses the direct and indirect pathways of the 

striatum and GPe, and was thought to be the shortest route for cortical information 

to reach the SNr (Nambu et al. 1996, 2002), causing an early excitatory response in 

SNr neurons that precedes the inhibitory response mediated by the striatal direct 

pathway (Maurice et al. 1999). In fact we find that a limited number of cortical areas 

send axon collaterals directly to the SNr where they make synaptic terminations. 

 

Cortical areas of the oro-brachial subnetwork project directly to SNr. Cortical 

injections of anterograde tracers reveal fine axonal fibers within the SNr (Figure 

7A). These corticonigral axons have the highly branched, irregular appearance of an 

axonal terminal field, compared to the more uniform, unbranched, fasciculated 

arrangement of fibers of passage. Only a subset of cortical areas participate in this 

pathway: the inner mouth, outer mouth, and upper limb cortical subnetworks that 

feed into the oro-brachial output channel preferentially target the caudal levels of 

the SNr.orb. Most other cortical regions lack direct nigral projections (data not 

shown). Additionally, not every cortical area participating in the oro-brachial 

network sends direct projections: we see projections from MOp-m/i, SSp-m/i, SSs 

rostral, MOp-m/o, MOs-m/o, SSs caudal, and MOs-ul; but not from MOs-m/i, SSp-

m/o, MOp-ul, SSp-ul, or SSp-bfd. Thus each cortical subnetwork has a unique pattern 

of corticonigral projections.  

 

Cre-dependent tracing confirms corticonigral pathway. It remains possible that these 

corticonigral collaterals are nonetheless non-terminating fibers of passage, so we 

implemented an intersectional approach to label them. First, we injected the SNr.orb 
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with AAVretro.Cre, which retrogradely infects cortical neurons and induces Cre 

expression in them, while simultaneously injecting a Cre-dependent anterograde 

tracer (AAV1.FLEX.tdtomato) into the MOp-m/i cortex (Figure 7B). Again, we see 

labeled cortical axons impinge deeply into the SNr, and again we see a topographic 

specificity: the MOp-m/i projects directly to and terminates within the SNr.orb 

(Figure 7B). Axon collaterals from this injection also terminate within the STN, 

indicating that at least some of these fibers constitute part of the hyperdirect 

pathway (Figure 7B). Importantly, these corticofugal axons also send collaterals to 

the orofacial regions of every other important node of the orobrachial sub-network, 

specifically the CPi.vl.v (m/i), the GPe.17, and the PF.m (Figure 7B,D), as well as the 

VM.m (data not shown).  

 

Corticonigral axons have terminal boutons in the SNr. To ascertain whether these 

corticonigral axons are genuinely making synaptic terminations in the SNr, we 

injected an AAV inducing expression of GFP-tagged synaptophysin and cytoplasmic 

RFP (AAV1.syp-GFP.mRuby). Since synaptophysin is an abundant integral 

membrane component of synaptic vesicles (Wiedenmann & Franke, 1985; Navone et 

al. 1986), its presence in the corticonigral collaterals would be strongly indicative of 

synaptic connectivity. Accordingly, injection of this virus into MOp-m/i labels red 

corticonigral axons in the SNr.orb bearing green terminal boutons (Figure 7C). This 

definitive demonstration and characterization of the corticonigral pathway suggests 

that the cortex can simultaneously activate virtually all components of the oro-

brachial cortico-basal ganglia-thalamic subnetwork (Figure 7D). 

 

The cortico-basal ganglia-thalamo-cortical “loop” 

 

The cortico-basal ganglia-thalamo-cortical loop has long been proposed as the core 

architectural form of neural networks involving the striatum, pallidum, and nigra 

(Alexander et al. 1986; Alexander et al. 1990; Parent & Hazrati, 1995; Swanson, 

2000). However, calling the network a “loop” begs the question: Is it in fact a closed-

circuit loop? The notion of the loop is supported by piecemeal electrophysiological 
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and anatomical experiments that have demonstrated segments of these networks 

(Deniau et al. 1976; Deniau & Chevalier, 1985; Nambu et al. 1988, 1991; Hedreen & 

DeLong, 1991; Hoover & Strick, 1993; Rouiller et al. 1994; Kitano et al. 1998; 

Middleton & Strick, 2002; Tanaka et al. 2018). Yet entire intact circuitous loops have 

not been demonstrated within a single animal using any methodology. Nor has it 

been shown that the thalamocortical output actually feeds back onto the 

corticostriatal input neurons of that loop in a closed-circuit manner.  

 

Anatomical demonstration of the complete oro-brachial subnetwork loop. Using the 

double co-injection technique for mapping interconnected network structures 

(Thompson & Swanson, 2010; Zingg, Hintiryan et al. 2014), we injected two 

anterograde/retrograde tracer pairs into two non-adjacent nodes of the oro-

brachial cortico-basal ganglia subnetwork (i.e., either CP and PF, or CTX and SNr). In 

a serially connected 4-node loop, the labeling from the two injection pairs will 

converge and appose in the non-injected nodes (Figure 8A, injection strategy). 

Injections into the striatal and thalamic orofacial regions (CPi.vl.v (m/i) and PF.m, 

respectively) reveal overlapping labeling in the nigral domain SNr.orb and a cortical 

column in MOp-m/i (Figure 8A, cortical labeling). The same strategy also 

demonstrates the associative subnetwork loop (Supplementary Figure 6).  

 

The thalamocortical pathway feeds back into cortical layer 4. The likeliest closed-

circuit portion of this subnetwork occurs in the primary motor region MOp-m/i, 

where thalamocortical axons terminate in the same cortical column as the 

corticostriatal neurons providing input to the CPi.vl.v (m/i) (Figure 8A). To better 

visualize the confluence of information from the output of this cortico-basal ganglia 

subnetwork rising from the thalamus back into the cortex, we injected cell-filling 

rabies viruses into the CPi.vl.v (m/i) (green glycoprotein-deleted rabies) and PF.m 

(red glycoprotein-deleted rabies) to label the corticostriatal and corticothalamic 

neurons, respectively, along with anterograde tracer (PHAL) in the PF.m to see the 

ascending thalamocortical innervation. The ascending thalamocortical axons 

terminate densely in layer 4 and moderately in layer 6 of the MOp-m/i (Figure 8B, 
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Supplemental Video 1). The corticothalamic neurons reside primarily in layer 6 with 

a few scattered in layer 5 (red neurons). The apical dendrites of these 

corticothalamic neurons extend up to layer 4 where they branch prodigiously 

(Figure 8B, insets) and do not extend above this layer (although the few layer 5 

labeled corticothalamic neurons have dendrites that reach layer 1). The 

corticostriatal neurons primarily populate layer 5 with a few in layer 2/3 (green 

neurons). They have thick, sparely branched apical dendritic shafts that reach to 

layer 1 where they branch in finer rami (Figure 8B, insets). While these thick apical 

dendrites pass through the dense field of thalamocortical axon terminals in layer 4, 

it is unclear from these images if they receive direct synaptic input from this 

feedback pathway, closing the loop.  

 

Cortico-basal ganglia output directly innervates cortico-basal ganglia input neurons 

in a closed subnetwork loop. To unambiguously determine whether the cortico-basal 

ganglia subnetwork is truly recurrent, we employed channelrhodopsin-assisted 

circuit mapping (Petreanu et al. 2007) in the thalamo-corticostriatal segment of the 

oro-brachial subnetwork. Mice (n=2) were injected with AAV1.hSyn.hChR2.EYFP 

into the PF.m to label thalamocortical axons with channelrhodopsin and 

fluorophore-tagged retrobeads into the CPi.vl.v (m/i) to retrogradely label 

corticostriatal neurons (Figure 8C, experimental preparation). Retrobead-labeled 

cortical neurons were patch-clamped and recorded in an acute slice preparation 

during blue light stimulation. The bath solution contained tetrodotoxin (1 µM) and 

4-aminopyridine (1 mM) to suppress polysynaptic neuronal activity, ensuring only 

monosynaptic connections could be stimulated and recorded. Recording from layer 

5 neurons only (n=13), the majority (9/13) showed an excitatory postsynaptic 

current to stimulation when clamped at -70 mV (mean±SE, 44.89±14.25 pA; Figure 

8C). When clamped at 0 mV, none (0/13) showed an inhibitory postsynaptic current 

(Figure 8C), as expected since the thalamocortical pathway is a well-known 

glutamatergic pathway. With 69% of recorded neurons exhibiting a specific 

monosynaptic excitatory response to thalamocortical stimulation, the cortico-basal 
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ganglia-thalamocortical loop contains a substantial recurrent, closed-circuit 

component (Figure 8D).  

 

DISCUSSION 

 

 We present for the first time a comprehensive mouse cortico-basal ganglia-

thalamic circuit model, with 6 parallel subnetworks (Figure 9A). Previously, we 

demonstrated that at least fifty-five distinct cortical areas form interconnected 

cortico-cortical subnetworks: two medial associative subnetworks of exteroceptive 

visual, auditory, and spatial information, two lateral associative subnetworks of 

interoceptive limbic areas, and five somatic sensorimotor subnetworks of body 

regions (Zingg, Hintiryan et al. 2014; Hintiryan, Foster et al. 2016). Each cortico-

cortical subnetwork sends largely convergent corticostriatal projections to one (or 

sometimes several) of ~30 striatal domains. In this study, we show that the domains 

of the CP and zones of the ventral striatum project to 14 newly defined SNr domains 

and 36 GPe domains with complex convergent and divergent projection patterns. 

Each striatal domain has two efferent streams: the direct pathway to one (or 

sometimes several) of the nigral domains, with projections from multiple striatal 

domains converging in a single nigral domain; and the indirect pathway to one or 

two of the pallidal domains, with far less convergence with other striatal domain 

outputs. The pallidal domains send projections to the corresponding nigral domain 

where they re-merge with the matching direct pathway stream from their common 

striatal source. In turn, the nigral domains project to discrete regions in the PF (and 

also the VM, Figure 6G-I). Those thalamic output channels project back to cortex, 

feeding directly back onto corticostriatal neurons in the originating cortical regions 

in a true closed loop (Figure 8). In a landmark theoretical paper, Alexander and 

colleagues (1986) postulated multiple parallel networks in monkey, but here we 

demonstrate them all in one cohesive data set at a much finer resolution using a 

uniform methodological approach.  
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Therefore, our work reveals that the canonical cortico-basal ganglia-thalamic 

system is composed of a number of parallel subnetworks, each of which is organized 

by a number of newly identified nodes that are precisely and richly interconnected 

with each other. A model of the oro-brachial subnetwork (Figure 9B) exemplifies 

this interconnectvity. This subnetwork integrates upper limb and inner mouth 

sensorimotor information. The upper limb-specific regions of this subnetwork are 

interconnected at every node throughout the subnetwork: all of the upper limb 

cortical areas are heavily connected with each other and all project to the upper 

limb domain of the CP (Zingg, Hintiryan et al. 2014; Hintiryan, Foster et al. 2016), 

which in turn projects to the pallidal upper limb domain GPe.16 and the nigral 

domain SNr.orb; the SNr.orb also receives input from GPe.16 and MOs-ul, and in 

turn projects to the PF.ul; the PF.ul shares reciprocal connections with the upper 

limb corticocortical subnetwork and also projects to the upper limb domain of the 

CP. The inner mouth-specific regions show the same degree of interconnectedness. 

The upper limb and inner mouth subnetworks are distinctly parallel at every 

nucleus, except in the corticothalamic projections which show some cross-modality 

connectivity (Figure 9B, Cortex) and in the SNr where the two information streams 

converge (Figure 9B, SNr.orb). Where they merge in the SNr.orb there is the 

possibility both of neuronal processing of more individual upper limb or inner 

mouth information, or more integrative information processing as described above 

(Figure 3D). This may give the SNr the ability to allow the upper limb and inner 

mouth areas to work separately or coordinate together as need be. Accordingly, in 

monkey SNr a sample of neurons were recorded during a go/no-go task to 

correspond to mouth movements, forelimb movements, or both (Schultz, 1986). Our 

perspective is not intended to deny any functional interactivity between distinct 

subnetworks, as anatomical evidence (including that presented here) has shown 

crossover between streams of information flow through the basal ganglia (Haber, 

2016; Hintiryan, Foster et al. 2016; Aoki et al. 2019). But here we demonstrate that 

these parallel circuits have the necessary physical structure to operate 

independently from one another and to coordinate heavily within each subnetwork. 
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This principle applies to the entire cortico-basal ganglia-thalamic loop as shown in 

this study.  

 

Another remarkable feature we describe is the topographical difference 

between the direct and indirect pathways. The indirect (striatopallidal) pathway 

conveys much more of a parallel, point-to-point topography from the CP to the GPe, 

whereas the direct (striatonigral) pathway exhibits much more convergence of CP 

efferents (Figure 9C). Note that the points in the diagram in Figure 9C represent the 

actual topographic patterns of the striatofugal pathways for the source and target 

domains in the levels depicted. In line with this finding, Kitano and colleagues 

(1998) recorded neurons in primate SNr that responded to multiple cortical regions 

with reliable response patterns, such that neurons responsive to the same 2 or 3 

particular cortical regions were recorded along much of the rostrocaudal axis of the 

SNr, suggestive of integration along the length of a nigral domain. On the other hand 

in GPe, DeLong (1971) recorded from arm- and leg- movement-responsive neurons, 

and despite finding a partial overlap in their somatotopic representations in the 

palludim, neuronal responses were associated with either arm or leg movement, 

never both, indicative of a distinct parallelism. Moreover, in our pallidal analysis, we 

included a few striatal injections from the intervening region between CPr and CPi; 

these injections label axons projecting to unique zones of the GPe that no other CP 

domain projects to, even though these injections have very similar nigral terminal 

patterns to some of the domains of CPi. Thus we see a highly parallelized 

striatopallidal topography. While the direct and indirect pathways receive largely 

similar (though somewhat differently proportioned) cortical inputs (Wall et al. 

2013), their output differences suggest differential processing capabilities 

subserved by the GPe and SNr. However, we noted one important similarity 

between the two pathways: direct pathway neurons do emit a bridging collateral to 

the GPe, and this collateral has the same striatopallidal topography as the indirect 

pathway neurons in the same striatal domain (Figure 5A). The bridging collaterals 

however have less dense and less extensive terminal fields.  
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 We also revealed direct cortico-nigral projections, which suggest cortical 

neurons are able to bypass the direct, indirect, and hyperdirect pathways and 

directly control motor outputs arising from SNr neurons. Several previous 

anatomical and electrophysiological studies investigated this tract and most failed 

to find supporting evidence (Rinvik & Walberg, 1969; Goswell & Sedgwick, 1973; 

Kunzle, 1978; Kitano et al. 1998), although at least one axonal tracing study 

identified a potential corticofugal terminal field in the SNr (Naito & Kita, 1994). One 

reason for the mixed findings may be that this direct corticonigral projection 

pathway appears to be specific to the oro-brachial subnetwork. Its functional 

significance still remains unclear.  

 

 The new pathways we describe here could help to advance investigations of 

the functions of the basal ganglia. The basal ganglia engages in two main types of 

reinforcement-related learning, action-outcome and stimulus-response. Action-

outcome (A-O) is a goal-directed form of learning wherein an animal associates a 

behavioral response with a positive or negative consequence; the behavior is 

performed as a function of the motivational value and obtainability of that outcome 

(Balleine & O’Doherty, 2010; Smith & Graybiel, 2014). Stimulus-response (S-R) or 

habit learning is where a reward-associated stimulus can reflexively trigger or 

motivate a behavioral response that had reliably obtained the reward in the past, 

even when reward contingency or reward value is degraded (Smith & Graybiel, 

2014; O’Hare et al. 2018). Studies in rodents and humans indicate that A-O learning 

involves the dorsomedial striatum (Yin et al. 2004, 2005; Tanaka et al. 2008), and in 

rodents it appears that the key region encompasses the domains within CPi.dm and 

CPc.d (Yin et al. 2005, cf. Hintiryan, Foster et al. 2016). On the other hand, S-R 

learning involves the dorsolateral striatum (Yin et al. 2004; Tricomi et al. 2009), in 

what appears to be the domains of the CPi.dl in mouse. While it is known that both 

A-O and S-R associations are expressed through direct pathway activity (O’Hare et 

al. 2018), it is not yet known how these two striatal regions interact to resolve 

behavior. Our findings suggest that one possible locus where direct pathway 

information streams from both of these striatal regions converge is the SNr.ventral 
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domain. This domain receives convergent inputs from a number of the domains of 

CPi.dm, CPc.d, and CPi.dl, as well as other somatomotor domains of the CP (Table 1). 

 

 Understanding how brain networks change in neuropsychiatric disorders 

fills in a critical knowledge gap between cellular and molecular pathophysiology on 

the one end and clinical phenotype on the other, since network dysfunction drives 

the clinical phenotype (Deisseroth, 2014). A number of neuropsychiatric disorders, 

such as obsessive-compulsive disorder (Graybiel & Rauch, 2000; Whiteside et al. 

2004; Gunaydin & Kreitzer, 2016), major depressive disorder (Nestler et al. 2002), 

and drug addiction (i.e., Everitt & Robbins, 2016), likely involve alterations in 

specific subnetworks of the cortico-basal ganglia-thalamic circuit. All together, these 

studies suggest that a limited number of cortico-basal ganglia-thalamic subnetworks 

perform specific neurocognitive and neurobehavioral functions, and the specific 

combination of malfunctions in these circuits underpin complex disorders. Thus a 

detailed knowledge of the structure and function of these underlying subnetworks is 

essential.  

 

 Finally, a host of neurodegenerative diseases show within-network patterns 

of degeneration in specific functional and anatomical subnetworks across disease 

progression (Seeley et al. 2009; Pievani et al. 2011; Fornito et al. 2015). 

Huntington’s disease (HD) is an example where cortico-basal ganglia-thalamic 

networks are particularly vulnerable. In HD, an expansion mutation in exon 1 of the 

Huntingtin (Htt) gene results in a dominant toxic gain-of-function, resulting in 

motor, cognitive, and psychiatric symptoms that start subtly in midlife and 

progressively worsen as the neurodegeneration proceeds. Although the striatum is 

preferentially and profoundly vulnerable to mutant Htt-induced pathology, 

degeneration and progressive pathological changes are seen in the frontal cortex 

(Rosas et al. 2006; Harrington et al. 2015), thalamus, including the PF (Heinsen et al. 

1999; Kassubek et al. 2005; Tabrizi et al. 2011), and globus pallidus (Rosas et al. 

2003, 2006). In later stages of HD, the SNr is degenerated as well (Oyanagi et al. 

1989; Vonsattel & DiFiglia, 1998; Douaud et al. 2006; Kiferle et al. 2013).  Thus these 
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networked brain regions appear to degenerate in a coordinated, sequential order in 

HD. Yet there is reason to suspect an even finer pattern of dysfunction and 

degeneration within the cortico-basal ganglia-thalamic network in HD. Cognitive 

impairments are among the first measurable signs, appearing years before overt 

motor signs (Paulsen et al. 2017). Many of the deficits in specific cognitive domains 

have correlations with unique patterns of morphometric changes in subregions of 

striatum and cortex, suggesting specific subnetworks are dysfunctional (Harrington 

et al. 2014). Following cognitive impairment, motor signs then gradually appear and 

worsen over time, beginning with subtle oculomotor dysfunction and followed by 

chorea. The chorea can affect the lower limbs, upper limbs, trunk, eye, face, brow, 

mouth, tongue, and oropharyngeal musculature involved in deglutition (Heemskerk 

& Roos, 2011; Jankovic & Roos, 2014). As we demonstrated in this study, each of 

these specific body regions, as well as cognitive function, are regulated by specific 

subnetworks through the entire cortico-basal ganaglia-thalamo-cortical loop. 

Dysfunction within each of these subnetworks may prove tractable to 

experimentation in mouse models of disease. Our new domain maps and 

subnetwork wiring diagrams provide a structural framework allowing investigation 

of specific symptom categories, the targeting of interventions to those symptoms, 

and assessment in alleviating them. 

 

METHODS 

 

Subjects and surgeries. Subjects (a total of 249 male 2-month-old wild-type C57Bl6 

mice, Jackson Laboratories) were anesthetized with 2% isoflurane in oxygen. 

Buprenorphine SR (1mg/kg) was administered at the beginning of the surgery as an 

analgesic. Glass micropipettes (10-30 µm diameter tip) filled with tracer were 

lowered into the target region and delivered a localized, domain-specific injection 

(Figure 1D) either by pressure (50 nL volume) or iontophoresis (1-10 min. infusion 

time, 5 µA, 7 s current pulses). The tracers used were: Phaseolus vulgaris 

leucoagglutinin (PHAL, 2.5%; Vector Laboratories, #L-1110); AAV-GFP 
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(AAV1.hSyn.EGFP.WPRE.bGH, Addgene); AAV-RFP 

(AAV1.CAG.tdTomato.WPRE.SV40, Addgene); red and green glycoprotein-deleted 

rabies (Gdel.RV.4tdTomato and Gdel.RV.4eGFP, Wickersham laboratory); AAV1.Syp-

GFP.mRuby (Lim laboratory); AAV-Cre (AAV.hSyn.Cre.WPRE.hGH, Addgene); 

AAVretro-Cre (AAVretro.EF1a.Cre, Salk Institute); Cre-dependent GFP 

(AAV1.CAG.Flex.eGFP.WPRE.bGH, Addgene); Cre-dependent RFP 

(AAV1.CAG.Flex.tdTomato.WPRE.bGH, Addgene); fluorogold (FG, 1%; 

Fluorochrome); and cholera toxin subunit B-AlexaFluor 647 conjugate (CTB, 0.25%; 

Invitrogen). Animals were monitored daily after surgery until their body weight was 

on an increasing trajectory. All methods were approved by the Institutional Animal 

Care and Use Committee of the University of Southern California.  

 

Roster of injections for striatofugal analyses. All together, 36 anterograde tracer 

injections were selected and analyzed as representative injections from a data pool 

of 138 mice with triple anterograde injections (PHAL/AAV-GFP/AAV-RFP) or 

double coinjections (AAV-GFP/CTB, AAV-RFP/FG), collectively constituting over 

300 injections. Three injections were chosen for the nucleus accumbens (ACB), one 

in the core (ACBc) and two in the shell, medial (ACBsh.m) and lateral (ACBsh.l). The 

core, medial, and lateral shell have divergent connectivity patterns, and although 

they mainly connect with a ventral BG network (ventral pallidum, substantia 

innominata, ventral tegmental area), they also send limited projections to restricted 

regions of the classical dorsal BG network. We selected injections for 30 domains of 

the CP, the 29 domains described in Hintiryan, Foster et al. (2016), plus a new 

subdivision in the caudal extreme (CPext). The CPext previously had a dorsal 

(CPext.d) and ventral domain, but based on differing input and output patterns, the 

ventral domain here was split into the rostral ventral (CPext.rv) and caudal ventral 

(CPext.cv) domains. Additionally, three CP injections were chosen from a level 

intermediate to CPr and CPi, with projections to regions of the GPe not targeted by 

any of the other injections included in this experiment. Based on their relative 

position in the lateral CP, these injection sites appeared to be rostral associations of 

the somatomotor domains CPi.dl.d (tr), CPi.vl.imv (ul), and CPi.vl.v (m/i); 
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furthermore, their striatonigral projections were highly similar to those three 

domains (data not shown). Because their striatopallidal projections terminated in 

regions in the GPe that were targeted by no other CP domains, they were included in 

the analysis of the GPe data. However, since their projections to the SNr and GPi 

were homologous to the CPi-level injections’ projections patterns, they were 

excluded from the analyses of SNr data.  

 

Histology and imaging. Animal subjects were deeply anesthetized with an overdose 

bolus of sodium pentobarbital (Euthasol, 2 mg/kg, ip), and cardiac perfused with 

normal saline followed by 4% boric acid-buffered paraformaldehyde. Brains were 

post-fixed overnight, embedded in 4% agarose, and sectioned on a vibratome at 50 

µm thickness (50-150 µm for rabies-labeled tissues), collected in a 1-in-4 manner 

into 4 equivalent series, and stored in cryoprotectant at -20°C until staining. Tissue 

series were stained with rabbit polyclonal anti-PHAL antibody (Vector Labs #AS-

2300) at 1:5k and donkey anti-rabbit AlexaFluor 647 (Jackson ImmunoResearch, 

#711-605-152). Nissl substance was stained with NeuroTrace 435/455 

(ThermoFisher, #N21479) at 1:500 to reveal cytoarchitecture. Sections were 

scanned on an Olympus VS120 epifluorescence microscope with a 10X lens (Plan 

Apochromat) to capture the Nissl, fluorogold, GFP, RFP, and far red tracers in 

multichannel photomicrographs; these images were processed for the striatofugal 

network analysis. High resolution images of some tissue samples (including the 

rabies labeled tissue from Figures 3D and 8B) were captured with an Andor 

Dragonfly spinning disk confocal microscope with a 60X lens with a z step of 1 µm.  

 

Image processing. Captured epifluorescence images were exported as large (14k x 

11k pixel) multichannel tiff files (Figure 1E), and subsequently imported into image 

processing software developed at CIC known as Connection Lens. After an initial 

atlas matching step, where each section was manually matched to its corresponding 

level of the Allen Reference Atlas (ARA; Dong, 2007), images containing the 

pallidum and nigra were registered to the mouse brain atlas (Figure 1F). This work 
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exclusively references levels of the ARA (e.g., ARA 81 refers to Level 81 of the ARA, 

Bregma=-2.78 mm). Our 1-in-4 series of 50 μm tissue sections gives us a view of the 

brain that is every-other level in the ARA, itself based on a 1-in-2 series of 100 μm 

sections. Therefore we registered our tissue sections onto every-other atlas level of 

the pallidum and nigra, and for this purpose we chose the even levels of the 

pallidum (i.e., ARA 58-68, even) and odd levels of the nigra (ARA 81-91, odd). All 

tissue sections were registered to their closest ARA level (i.e., a section containing 

GPe at ARA 61 was mapped onto either ARA 60 or ARA 62). The determination of 

which level a given section was assigned to was made by an experienced 

neuroanatomist. The process of registering to a standardized set of atlas levels 

provided a uniform dataset that was amenable to computational analysis. After 

registration, Connection Lens guided users through an interactive segmentation 

step, creating a binary output image of axons (black) and background (white). Since 

the images were previously registered, the resulting segmentations were projected 

onto the atlas frame (Figure 1G). Finally Connection Lens applied an overlap 

algorithm to quantify the segmented axonal labeling by region (GPe and SNr). Each 

level of the GPe and SNr in the atlas depicts a single unitary region, yet we knew 

from the labeling patterns that the striatofugal axonal termination patterns project 

to a sub-region of each nucleus. We subsequently applied the grid quantification 

method used previously in our corticostriatal analysis (Hintiryan, Foster et al. 

2016), subdividing each nucleus at each atlas level into a square grid space (105 px2 

per box, equivalent to 63 μm2), and quantified the axons per grid box (Figure 1H). 

Any injection that contributed less than 1500 px to a given level was excluded from 

the community analysis for that level. A small number of cases had labeling that 

slightly exceeded the 1500 px threshold for a given level but the labeling was judged 

too diffuse to be a meaningful terminal field, and were likewise excluded. The 

surviving grid box data were subjected to network analysis to determine 

striatonigral and striatopallidal community structure (see next section) (Figure 1I). 

The derived communities were visualized by recoloring the grid boxes according to 

community identity (Figure 1J). And finally, projection maps of striatofugal axon 
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terminals were created by aggregating the registered segmented axonal images onto 

maps of SNr and GPe (Figure 1K). 
 

Network analysis. The network structure of the dataset was assessed with the 

Louvain community detection algorithm (Blondel et al. 2008) (Figure 1I), obtained 

from the Brain Connectivity Toolbox (https://sites.google.com/site/bctnet). 

Louvain is a greedy, non-deterministic algorithm, with multiple runs producing 

differing returns of maximized modularity. Importantly, a gamma variable 

modulates the number of communities detected in a dataset, with smaller gamma 

values leading to low dimension network structures (fewer nodes, larger 

communities) and larger gamma values leading to high dimension network 

structures (more nodes, smaller communities). While the default gamma value of 1 

is used commonly (and useful for communicating a frame of reference, as it is a de 

facto standard), choosing the optimal gamma value is a non-trivial problem. 
 

In an attempt to obtain the most descriptive network partition among this 

parameterization and variability, we performed a survey of community structures 

across different gamma values. The Louvain algorithm was run 100 times per each 

gamma value, over a gamma range of 0 to 2 at 0.05 increments for every nucleus-

level. A consensus community structure (conceptually, the “average” community 

structure; Lancichinetti & Fortunato, 2012) was calculated from each batch of 100 

runs at every gamma. The resultant 41 consensus community structures were 

compiled into a frequency histogram, to determine the most common community 

structures to arise over the range of gammas for a nucleus-level. The true network 

structure of the underlying data should act as a ‘magnet’ or attractor for a stable 

community structure over multiple gammas; therefore an accurately characterized 

community structure should be obtained across multiple gamma values (Betzel & 

Bassett, 2017), represented by peaks in the graph (Supplementary Figure 5L,M).  
 

We applied different analytical parameters to the direct (striatonigral) and 

indirect (striatopallidal) pathway data. The domains in the SNr and GPe exist in 3 
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dimensions, and for the SNr in particular likely extend across multiple levels of the 

nucleus. Our goal was to balance across-level similarity with high dimension domain 

structure, as the input data (i.e., the striatofugal terminal fields) is verified higher 

dimensional. Moreover, we sought to parse the pallidum and nigra into more than 

the 3 classically recognized output channels. 
 

For the direct pathway, most of the striatal domains send projections in 

longitudinal columns along the entire rostrocaudal extent of the SNr. This suggests 

there is a relatively high degree of consistency in the community structures across 

adjacent levels of the SNr. However, caudally the SNr becomes physically smaller in 

cross-sectional area and the axonal terminal fields exhibit a higher degree of 

convergence than in rostral levels (Supplementary Figure 2A, 5B,C; also see 

Hedreen & DeLong, 1991). We quantitatively characterized this convergence to 

describe the degree of integration, and utilized these data to inform our selection of 

gamma values. Using the quantified grid box data, we created frequency 

distributions of the boxes categorized by how many different striatal inputs they 

received (only boxes receiving input were included in this analysis) (Supplementary 

Figure 5A). We applied a minimum threshold such that inputs contributing less than 

5% overlap to a box (551 px in a 105 px2 box) were excluded from that box’s tally of 

inputs. When graphed together, the histograms show that the rostral SNr levels 81-

85 have negatively skewed distributions, while the caudal levels 87-91 have more 

platykurtic distributions with relatively fatter tails in the 10-15 inputs per box range 

(Supplementary Figure 5B), a trait that becomes more apparent when the rostral 

levels and caudal levels are averaged (Supplementary Figure 5C). There is no 

significant correlation of mode (peak value) of each histogram with rostrocaudal 

level as assessed by linear regression (r=.4252; P=.4006; Supplementary Figure 5E), 

and there is no significant difference in mode between the rostral (mean±SE: 

7.0±.577) and caudal (7.3±1.856) groups (P=.8796; t=.1715; df=4; 2-tailed Welch’s t 

test), verifying that the graphs have similar central tendencies (Supplementary 

Figure 5C). Two-way ANOVA of the rostral and caudal groups (SNr level x amount of 

integration) finds a significant main effect of integration (P<.0001; df=14; F=12.46) 
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and a significant interaction of integration and SNr level (P=.0219; df=14 ; F=2.136). 

Post hoc Bonferroni tests reveal the caudal group has a significantly greater 

proportion of boxes receiving 11 inputs (P<.0033; t=3.385) and a nearly significant 

difference for 10-input boxes (.05>P>.025, familywise-adjusted α=.0033; t=2.278). 

Thus the caudal 3 levels of the SNr have a significantly greater proportion of their 

area devoted to high integration (10 or more inputs per box) (Supplementary Figure 

5D,F), indicating that the rostral and caudal SNr should be analyzed with different 

parameters since there is likely a different, more integrative domain structure 

caudally.  

 

Since the integration analysis indicates that the rostral and caudal halves of 

the SNr form two groups, we selected community structures that were most 

common through the rostral and caudal groups (Supplementary Figure 5L). By 

stacking the histograms of the component levels, the peaks in the graphs reveal the 

most stable community structures common to all constituent levels. For the rostral 

SNr group, there were two clear peaks, for a 6-domain and a 10-domain structure 

(Supplementary Figure 5L, SNr rostral group). We have selected to present the 10-

domain structure, because we sought to subdivide the SNr into as fine a coherent 

partition as possible, although the 6-d structure may also be a valid way to interpret 

the striatonigral data as well, since it is possible there is a nested multi-scale 

network architecture to the striatonigral pathway as with the corticostriatal 

pathway. For the caudal group, there was a clear peak for the 7-domain structure 

(Supplementary Figure 5L, SNr caudal group). All gamma values returning the 

chosen domain structure for each nucleus-level were pooled and the consensus 

community structure of that pool was the final network output. After determining 

the community structure for each level of the SNr, we joined together communities 

on adjacent levels based on continuity and similarity of inputs (Table 1). 

 

 Each indirect pathway input tends to densely innervate just a few levels of 

the GPe. GPe boxes integrate at most 9 inputs, much more restricted than the SNr 

(up to 15), and mean mode of the GPe (3.33±.558 [mean±SE]; n=6) is significantly 
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smaller than mean mode of SNr (7.17±.872; n=6), indicating less integration and 

more segregated relaying of striatal activity through the indirect pathway (P=.0060; 

t=3.702; df=8; 2-tailed Welch’s t test). The frequency distributions of inputs per box 

show similarly shaped histograms across GPe levels, with decreasing mode value 

from rostral to caudal (Supplementary Figure 5G,H). Linear regression of the 

histogram modes shows a significant correlation with GPe level (r=.8607; P=.0278), 

with mode decreasing towards caudal levels (Supplementary Figure 5J), indicating 

that caudal GPe integrates progressively fewer inputs per box (Supplementary 

Figure 5I,K). Given that the graphs vary continuously along the rostrocaudal axis, 

and the lower degree of continuity of striatopallidal projections along that axis, we 

evaluated each level of the GPe independently (Supplementary Figure 5M).  

 

Whole brain 3D imaging and reconstruction of neuronal morphology. Intact brains 

were SHIELD-cleared as described by Park and colleagues (2019), placed in 

refractive index matching solution (EasyIndex, LifeCanvas), and imaged on a 

LifeCanvas lightsheet microscope at 4X and 10X magnification. These images as well 

as z stack images captured with the DragonFly confocal microscope were viewed 

within Aivia reconstruction software (v8.8.2. DRVision) and neurons were manually 

reconstructed. Geometric processing of the reconstructions was performed using 

the Quantitative Imaging Toolkit (http://cabeen.io/qitwiki), and morphometric data 

were obtained from the reconstructions with NeuTube (v1.0z). Descriptive statistics 

of the morphological features of these neurons were generated by NeuTube. 

  

Channelrhodopsin-assisted circuit mapping. Wild-type mice (n=2) were injected with 

AAV expressing channelrhodopsin (pAAV.hSyn.hChR2(H134R).EYFP, Addgene 

26973, titer 2.5e13) into the PF thalamic nucleus, and rhodamine-conjugated 

retrobeads (Lumfluor) into the CPi.vl.v (m/i). Three weeks following the injections, 

acute brain slices containing MOp were prepared for recording. Following 

anesthesia, the animal was decapitated, and the brain was quickly removed and 

immersed in ice-cold dissection buffer (composition: 60 mM NaCl, 3 mM KCl, 1.25 

mM NaH2PO4, 25 mM NaHCO3, 115 mM sucrose, 10 mM glucose, 7 mM MgCl2, 0.5 
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mM CaCl2; saturated with 95% O2 and 5% CO2; pH = 7.4). Brain slices of 300 μm 

thickness containing the MOp were cut in a coronal plane using a vibrating 

microtome (Leica VT1000s). Slices were allowed to recover for 30 min in a 

submersion chamber filled with warmed (35°C) ACSF and then cooled gradually to 

room temperature until recording. The presence of retrobead (RFP) and hChR2 

(YFP) labeling in the frontal cortex was examined under green and blue 

fluorescence bulbs in the corresponding slices before recording. Red-labeled MOp 

layer V neurons were visualized under a fluorescence microscope (Olympus BX51 

WI). Patch pipettes (Kimax) with ~6-7 MΩ impedance were used for whole-cell 

recordings. Recording pipettes contained: 130 mM K-gluconate, 4 mM KCl, 2 mM 

NaCl, 10 mM HEPES, 0.2 mM EGTA, 4 mM ATP, 0.3 mM GTP, and 14 mM 

phosphocreatine (pH, 7.25; 290 mOsm). Signals were recorded with a MultiClamp 

700B amplifier (Molecular Devices) under voltage clamp mode at a holding voltage 

of –70 mV for excitatory currents and 0 mV for inhibitory currents, filtered at 2 kHz 

and sampled at 10 kHz. 1 μM tetrodotoxin (TTX) and 1 mM 4-aminopyridine (4-AP) 

was added to the external solution for isolation and recording of monosynaptic 

responses to blue light stimulation (5 ms pulse, 3 mW power, 5 trials, delivered via a 

mercury Arc lamp gated with an electronic shutter). 

 

Anterograde transsynaptic tracing. Detailed methodology can be found in Zingg and 

colleages (2017, 2020). In brief, anesthetized mice were iontophoretically injected 

with Cre-dependent AAV-tdTomato (pAAV.CAG.Flex.tdTomato.WPRE, Addgene) in 

the rostral medial SNr, and then pressure injected (50 nL) with AAV-Cre 

(AAV.hSyn.Cre.WPRE.hGH, Addgene) in the medial ACB. The AAV-Cre is transported 

anterogradely down the axons and is released from the terminals, where it infects 

postsynaptic cells that have been infected with high concentrations of Cre-

dependent AAV-tdTomato, unlocking strong fluorophore expression in those 

downstream neurons. After a 3-week post-operative recovery, animals were 

pentobarbital-anesthetized and perfused as above. The Cre injection site was 

verified by staining with mouse anti-Cre recombinase monoclonal antibody 
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(Millipore Sigma, MAB3120) and donkey anti-mouse AlexaFluor 647 (Jackson 

ImmunoResearch, #715-605-150). 

 

Fluorescence micro-optical sectioning tomography (fMOST). All fMOST experiments 

were conducted in accordance with the Institutional Animal Ethics Committee of 

Huazhong University of Science and Technology. For sparse labeling of striatal 

neurons, we created a single pAAV co-package of DNA cassettes of CMV.Cre and Cre-

dependent EF1a.DIO.GFP at a ratio of 1:1,000,000, respectively, so that the final viral 

admixture contained one virus with both cassettes for every 1,000,000 viruses that 

contained only the EF1a.DIO.GFP cassette (total viral concentration 8e12 gc/ml, 

from BrainVTA Co., Ltd., Wuhan, China). This admixture was pressure injected (100 

nL) into CPi.dm (M-L, A-P, D-V: 0.14,-1.3,-2.6), allowing high viral load for the 

fluorophore gene with low frequency of co-expression of Cre, resulting in sparse yet 

bright GFP expression. A detailed protocol has been previously described (Sun, et al., 

2019). After 5 weeks, mice were anesthetized, perfused with 0.01M PBS and 4% 

paraformaldehyde, and brains were post-fixed overnight. For whole brain imaging, 

brains were rinsed in 0.01M PBS solution and dehydrated in a graded ethanol series 

(50, 70 and 95% ethanol), submerged in gradient series of Lowicryl HM20 resin, 

and polymerized at a gradient temperature in a vacuum oven.  

 

 The resin-embedded whole brain samples were imaged using fMOST, a 

three-dimensional dual-wavelength microscope-microtome combination 

instrument (see Gong et al. 2016 for a detailed description). Block imaging mode 

was used to slice and scan layer by layer through the whole sample in the coronal 

plane. GFP-labeled neurons and propidium iodide-stained cytoarchitecture were 

acquired at a voxel resolution of 0.32×0.32×1 μm3. The raw images were first 

preprocessed for intensity correction, and then the image sequence was converted 

to TDat, an efficient 3D file format for large volume images, to facilitate the 

computing of terabyte- and petabyte-scale brain-wide datasets (Li et al. 2017). We 

employed GTree for semi-automated, manually-assisted reconstruction of neuronal 

morphology in 3D (Zhou et al. 2018). Subsequently, neuronal morphological data 
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were mapped to the Allen CCFv3 using BrainsMapi, a robust image registration 

interface for large volume brain images (Ni et al. 2020). Because the contours of 

brain regions on the propidium iodide-stained images can be more clearly 

identified, this greatly reduces the difficulty of accurate registration.  

 

D1 and A2A cell type specific tracing. For labeling D1 and D2  dopamine receptor-

expressing medium spiny neurons (MSNs), adult Adora2a-cre (GENSAT 036158-

UCD, for labeling D2-MSNs) and Drd1a-cre (GENSAT 017264-UCD, for D1-MSNs) 

congenic mice on a C57BL6/JL background were obtained from GENSAT and 

backcrossed with wild type C57BL mice (Jackson Laboratories) for several 

generations. Surgeries were performed between 10-12 weeks of age. Subjects were 

anesthetized with 2% isoflurane in oxygen. Buprenorphine SR (1mg/kg) was 

administered at the beginning of the surgery as an analgesic. Glass micropipettes 

(10-30 µm diameter tip) filled with AAV-DIO-EGFP (AAV-DJ.hSyn-DIO-

EGFP.WPRE.bGH, Lim lab) were lowered into the target region and delivered a 

localized injection by pressure (50-150 nL volume) at a rate of 100 nL/min. After 3 

weeks, animals were deeply anesthetized and perfused. Tissue sections were 

stained with DAPI and imaged on an Olympus VS120 epifluorescence microscope 

with a 10X objective lens. All procedures to maintain and use mice were approved 

by the Institutional Animal Care and Use Committee (IACUC) at the University of 

California, San Diego. 

 

Code availability. The code for Connection Lens software is not currently available 

due to pending preparation of a manuscript describing it in detail. 
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Figure 1. Overview and workflow. A) General topography of the 3 classic 

corticostriatal macrocircuits: motor, limbic, and associative. B) Map of the multi-

scale subdivisions of the caudoputamen at rostral (CPr), intermediate (CPi), and 

caudal (CPc) levels. C) Dendrogram of the multi-scale, hierarchical structure of the 

CP, depicting how each division is composed of smaller communities and even 

smaller domains, each with a unique set of cortical inputs. The topography of the 

striatofugal pathway is unknown. The data production workflow starts with D) 

discrete injection of anterograde tracer into one of the striatal domains. Tissue 

sections are E) imaged and imported into F) Connection Lens where fiducial points 

in the nissl channel are matched to the atlas template; G) images are deformably 

warped and the tracer channel is segmented into a binary threshold image. H) The 

software subdivides all brain regions into a square grid space and quantifies the 

pixels of axon labeling in each grid box. I) The quantified axonal terminals from all 

injections to all grid boxes at each nucleus-level is visually summarized in a matrix 

(darker shading indicates denser termination; colors correspond to particular 

domains). Statistical analysis reveals the subnetworks, groups of striatal domains 

that project to a common set of grid boxes. Those grid boxes in the SNr maps are 

then (J) colored to visualize the new input-defined pallidal or nigral domain. (K) 

Composite projection maps of the colored axonal terminals illustrate the striatofugal 

terminal pattern, with color matching the striatal source. 
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Figure 2. Projection trends of the striatonigral pathway at different scales and novel 

SNr domain map. A) Axonal reconstructions originating from all striatal domains of 

each CP division are colored red, green, or blue, accordingly. The rostrocaudal axis 

of the CP terminates in a mediolateral pattern in the SNr, respectively. B) Triple 

anterograde injection experiment shows labeling from rostral, intermediate, and 

caudal CP in a single brain. C) Community-level view of striatal terminations reveals 

that the dorsoventral axis of the CP terminates in an inverted pattern in the SNr. D) 

Triple retrograde injection experiment precisely back-labels the 3 communities of 

the CPc. E) Domain-level striatonigral terminations are colored according to their CP 

source domain. F) Triple anterograde experiment shows the lower limb (ll), upper 

limb (ul), and inner mouth (m/i) terminal fields in the SNr, as well as a composite 

reconstruction map of the full somatotopy (with trunk (tr) and outer mouth (m/o) 

regions as well). G) The striatonigral matrix for ARA 87 shows the density of 

terminations from each striatal input domain to every grid box in SNr at Atlas Level 

87 (arrow points to its map in I). H) A 3D matrix represents the relationships 

between striatal source domains, SNr target domains, and Atlas Level of the SNr (see 

Supplementary Figure 1B). I) The novel SNr domain map, defined by striatonigral 

input topography (see Supplementary Figure 3). Scalebars = 200 µm. 
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Figure 3. Convergent structure of the striatonigral pathway. A) Cortical limbic 

regions are networked together and they project to a common set of striatal 

domains; those domains project in complex convergent/divergent patterns to the 

SNr.dorsal (SNr.d) and SNr.dorsomedial (SNr.dm), forming the limbic cortico-

striatonigral pathways. Raw axonal images, pseudocolored to match their striatal 

source domain, are shown individually and in composite (bottom panels). B) 

Individual striatal neurons were labeled with GFP and imaged with the fluorescence 

micro-optical sectioning tomography (fMOST) system, and many of them send axons 

that project through the rostrocaudal extent of the SNr. In total, 30 striatal neurons 

were reconstructed (Supplementary Figure 8), although only 5 are shown here for 

clarity. C) The dendritic morphology of SNr neurons was labeled with an injection of 

glycoprotein-deleted rabies in the parafascicular thalamus and digitally 

reconstructed. The whole-brain images show the labeling in different planes of view, 

and the SNr is outlined (dashed lines). The inset panel shows the SNr at high 

resolution, with the reconstructed neurons overlaid atop the images and alone on 

the right. The numbers beside the horizontal plane image indicate the approximate 

Atlas Level. The box plots at the bottom indicate some of the geometric features of 

the neurons (n=9), with boxes indicating 1st and 3rd quartiles and whiskers 

indicating min/max. D) The striato-nigro-thalamic pathway was labeled with an 

anterograde tracer injection in the CPi.dm.d and a retrograde tracer injection in the 

associative region of the PF (PF.a), and E) the labeling from both injections is seen in 

the SNr.medial (SNr.m) throughout its entire rostocaudal extent (scalebar = 30 µm). 

The nigrothalamic neurons at ARA 85 (bottom image) are shown in grayscale in (F). 

A sample of these neurons are reconstructed and shown in different colors in (G), 

while in (H) the same reconstructions are all colored green to differentiate them 

from the 4 axonal reconstructions of dorsomedial striatal inputs that terminate in 

the SNr.m (enlarged in the bottom image). This sample of neurons is reconstructed 

from a tissue slice 150 µm thick meaning that some dendrites were truncated, and 

thus the reconstructions best represent dendritic extent in the coronal plane. I) A 

wiring diagram of the associative subnetwork targeted in this experiment (not all 

connections are shown). 
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Figure 4. Projection trends of the striatopallidal pathway at different scales and 

novel GPe domain map. A) Axonal reconstructions originating from all striatal 

domains of each CP division are colored red, green, or blue, accordingly. The 

rostrocaudal axis of the CP terminates in a rostrocaudal pattern in the GPe, 

respectively. B) Community-level view of striatopallidal terminations depicts axons 

of all CP domains colored to match their parent community (e.g., axons of injections 

in CPi.dl.d and CPi.dl.imd are colored blue for community CPi.dl), revealing that the 

dorsoventral and mediolateral topography of the CP is generally maintained in the 

GPe. C) Domain-level striatopallidal terminations are colored according to their CP 

source domain. D) The somatotopic map in the GPe is revealed by striatopallidal 

terminations from body region-specific striatal source domains. E) The 

striatopallidal matrix for GPe at ARA 62. Note how each domain has fewer inputs 

than the nigral domains (Figure 2G, Supplementary Figures 1, 4), and even the 

pallidal domains with 4 or 5 inputs tend to be densely innervated by only 1 or 2 of 

those inputs. The arrow points to its map in (F). F) The novel GPe domain map: 

domains are input-defined by the striatopallidal projectome (see figure legend). 
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Figure 5. Striatopallidal and pallidofugal connectivity. A) Direct and indirect 

pathway striatopallidal topography was compared by Cre-dependent tracing of D1 

dopamine receptor-expressing (direct) and A2A adenosine receptor-expressing 

(indirect) medium spiny neurons. Injections of AAV-DIO-EGFP were made into the 

same region of dorsomedial (CPi.dm) or dorsolateral (CPi.dl) striatum in both 

mouse lines (n=2 each). Direct and indirect pathway terminals from the same 

striatal region had the same topography in the GPe. The indirect pathway terminal 

fields were consistently denser than those of direct pathway, even though in one 

case (CPi.dl), the direct pathway injection was clearly larger. These properties are 

also borne out at the single-cell resolution as seen in the fMOST data in (B), where 2 

indirect pathway neurons (red and orange) terminate more extensively than 3 

direct pathway neurons (blue, green, and aqua), while they all terminate in the same 

general region (also see Supplementary Figure 8). C) The GPe in turn projects 

densely to the SNr with a homotypic topography. In this case, an injection in two of 

the GPe limbic domains (D, GPe.18 and 20, highlighted green) labels axonal 

terminals in the nigral limbic domain SNr.dorsal (highlighted green in [C]). The 

SNr.dorsal, GPe.18, and GPe.20 are all innervated by the same striatal domains. The 

same pallidal injection also labels axons that project: E) back into the striatum, 

reciprocally innervating the input striatal domains (highlighted green); and F) to the 

limbic domains of the ventromedial (VM) and parafascicular (PF) thalamic nuclei.  

G) All of this connectivity is summarized in the limbic subnetwork and prototypical 

wiring diagrams.  
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Figure 6. Thalamic connectivity. A) The parafascicular thalamus (PF) has 6 output 

channels, territories that are interconnected with domains in the basal ganglia and 

cortical regions that are themselves interconnected; the colored maps in (B) depict 

the general PF-striatal connectivity relationships. C) The prototypical network 

model illustrates the basic connectivity scheme of the cortico-basal ganglia-

thalamocortical circuit. D) The connectivity of each of the 6 PF output channels with 

every other major node of the cortico-basal ganglia network (except GPe) is shown. 

The labeling for each pathway is pseudocolored to match the color scheme in (C). 

The nigrothalamic pathway data in the ventral striatal subnetwork (i.e., the image 

labeled ‘SNr.dm’) was generated using anterograde transsynaptic tracing, and thus 

represents synapse-specific pathway tracing from ACBc to SNr.dm to PF.vs (see 

main text for details). In (E) the specific subnetwork models are shown to the right 

of each corresponding image series. F) The ventromedial thalamic nucleus (VM) also 

has 6 output channels, but in VM the motor output pathways to cortex are not 

organized somatotopically by body subregion, as they are in PF, but rather the 

VM.primary (VM.p) projects to all body regions of primary motor and primary 

somatosensory cortex, and the VM.secondary (VM.s) projects to all body regions of 

secondary motor cortex. The limbic (lim), ventral striatal (vs), associative, and 

mouth (m) output channels are similar to the corresponding channels in PF. G) 

Nigrothalamic and thalamocortical tracing data supports the 6 channel model of VM. 

Note that the same transsynaptic tracing experiment described for (D) also resulted 

in the ventral striatal data in (G) (i.e., the image labeled ‘SNr.dm’). H) A summary 

diagram illustrating the thalamocortical projection differences and similarities 

between VM (shapes) and PF (colors). The tr and ll zones are separated in this PF 

model because tr and ll exhibit a partially overlapping, partially separable 

thalamocortical connectivity pattern (data not shown), and emphasizing them 

separately underscores the somatotopic features of this pathway. Scalebar = 50 µm. 
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Figure 7. The cortico-nigral pathway. A) Some but not all cortical regions of the 

inner mouth (m/i), outer mouth (m/o), and upper limb (ul) somatomotor 

subnetworks send direct axonal projections to the SNr.oro-brachial domain, as 

demonstrated by PHAL injection. B) The pathway from m/i primary motor cortex 

(MOp-m/i) was validated using Cre-dependent labeling, by infecting cortical axons 

in the nigra with AAVretro.Cre, which unlocked fluorophore expression in MOp-m/i 

neurons injected with AAV.Flex.RFP. The labeled MOp-m/i axons are seen in the 

SNr.orb, as well as the mouth domains of the CP, GPe, and PF, as well as a restricted 

region of the STN, indicating that at least some of these cortical neurons comprise 

the hyperdirect pathway. C) To visualize bona fide synaptic terminations in the SNr, 

the MOp-m/i was injected with AAV.Syp-GFP.mRuby, which labeled axons with red 

fluorescence and synaptic boutons with green fluorescence (arrowheads). D) The 

corticonigral pathway appears to be a unique feature of the oro-brachial 

subnetwork, contacting all mouth regions in it and suggesting that cortex can 

simultaneously activate all other nodes.  
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Figure 8. The cortico-basal ganglia-thalamo-cortical loop. A) The double co-injection 

technique was used to demonstrate complete cortico-striato-nigro-thalamocortical 

subnetwork loops, by injecting one co-injection (anterograde+retrograde tracer 

mix) into the striatal node and another co-injection into the thalamic node of a 

subnetwork. The transported tracers co-label precise subregions of the non-injected 

nodes (i.e., cortex and nigra). The photomicrographs demonstrate the oro-brachial 

subnetwork loop. B) To investigate how the thalamic output feeds back into cortex, 

dG-rabies-GFP was injected into striatal mouth domain CPi.vl.v, and dG-rabies-RFP 

and PHAL were injected into thalamic mouth domain PF.m. Thalamocortical axons 

in the MOp-m/i terminate heavily in layer 4 and also in layer 6, overlapping with 

corticostriatal and corticothalamic neuron dendrites (inset panels). C) For 

unambiguous demonstration that thalamocortical axons feed back onto 

corticostriatal input neurons in the oro-brachial subnetwork, closing the loop, we 

implemented channelrhodopsin-assisted circuit mapping. The PF.m was injected 

with AAV.ChR2 and CPi.vl.v (m/i) was injected with retrobeads. Retrobead-labeled 

m/i corticostriatal neurons (n=13) were patch clamped and recorded in MOp-m/i 

during optical stimulation, and the majority (9) responded with an EPSC, while none 

responded with an IPSC. D) The closed loop schematic.  
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Figure 9. Summary models. A) Cortico-basal ganglia loop model. The corticocortical 

subnetworks (Zingg, Hintiryan et al. 2014) project into largely distinct striatal 

subnetworks (Hintiryan, Foster et al. 2016), whose outputs form the parallel 

indirect (striatopallidal) pathway and the convergent direct (striatonigral) pathway. 

The pallidal domains send convergent projections to the same nigral domains 

targeted by their input striatal domains. The nigral domains then project to six 

regions of the parafascicular thalamus, which in turn are interconnected with the 

originating cortical regions. Note that (i) only part of the striatum is depicted—the 

cortical areas have different convergence/divergence patterns in the CPr and CPc 

domains (ibid.); and (ii) connections between thalamus and cortex may be 

unidirectional (thalamocortical or corticothalamic) or bidirectional (see Figure 6E 

for more detail). B) The oro-brachial subnetwork model highlights the precise 

separation between parallel pathways, the rich interconnectivity within pathways, 

and the full complexity of the cortico-basal ganglia circuit. C) The striatofugal 

topography model illustrates the convergence in the direct pathway and parallelism 

in the indirect pathway. Note that the small and large points represent the true 

topographic patterns of source and target zones, respectively.  
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Supplementary Figure 1. SNr matrices. A) Ordered matrices depict the community 

structure determined by the Louvain algorithm. The striatal input domains (rows) 

terminate in a common set of nigral grid boxes (columns) at each nucleus-level. The 

new nigral domains lie along the diagonal and are colored to match the SNr domain 

map (shown below in (B), right). The matrix for SNr 87 is shown in Figure 2G. B) 

The 3D matrix shows the striatal input domains on the vertical axis, identifying to 

which SNr domains they contribute (lefthand plane);  and to which level of the SNr 

they provide input (righthand plane), color-coded to indicate the domain they 

contribute to, with white cells indicating no contribution at that level. Each SNr 

domain is also plotted according to which SNr levels it is present at (bottom plane). 

The SNr domain map is presented at right for reference.  
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Supplementary Figure 2. Division-level striatofugal projection maps, blended-color 

style. Similar to the division-level maps presented in Figures 2A and 4A, the maps 

here present the division-level termination patterns, but when axons from different 

divisions overlap, the pixel color is a blended RGB value of the constituent axons 

(color overlap key). The maps in Figures 2A and 4A were made with opaque layers 

(CPr>CPi>CPc, top to bottom) such that pixels of axon in the upper layers occlude 

any other axons in lower layers in the same pixel; those maps were meant to 

emphasize more of the differences in division-level terminal patterns, whereas the 

maps in this figure emphasize the areas of overlap within SNr (A) and GPe (B). The 

terminations of the ACB and CPext (also known as the tail of the caudate) are shown 

in grayscale in (C).   
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Supplementary Figure 3. SNr input map. At each level of the SNr, the striatal inputs 

to each nigral domain are listed in the boxes.  
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Supplementary Figure 4. GPe matrices. A) Ordered matrices depicting the 

community structure determined by the Louvain algorithm. The striatal input 

domains (rows) terminate in a common set of pallidal grid boxes (columns) at each 

nucleus-level. The new pallidal domains lie along the diagonal and are colored to 

match the GPe domain map (shown in Figure 4F). The domain numbers are listed 

along the top. The matrix for GPe 62 is shown in Figure 4E.  
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Supplementary Figure 5. Box grid data describes integration trends in the pallidum 

and nigra and informs the community analysis. The example in (A) illustrates how 

the box grid analysis works using 3 inputs (pink, purple, and orange; left panel). 

Each whole and partial box in the ROI receives 1-3 inputs (center panel); the number 

of boxes of each input category is tallied (right panel) and plotted in a frequency 

distribution (histogram). B) Frequency distributions for each level of the SNr are 

shown rostral to caudal (front to back in the graph). The caudal 3 levels have a 

greater proportion of boxes devoted to integrating high numbers of inputs, as seen 

by the tails of their distributions sticking out in that range. This was validated 

statistically by comparing the caudal 3 and the rostral 3 distributions with ANOVA 

(* P<0.0033, ‡ 0.05>P>0.025), which are averaged and summarized in (C). The 

proportion of boxes integrating various numbers of inputs at each level is 

represented in the stacked bar charts: (D) shows a categorized graph, with low-to-

moderate integration (1-9 inputs) in black and high integration (10-15 inputs) in 

gray; (F) shows the same data with each bin in a different color (the bars from left to 

right correspond to the legend from top to bottom), and the numbers in parentheses 

at the end of each bar are the total number of boxes at each level. E) Regression 

analysis of the peak of each histogram from (B) with SNr level shows no correlation 

(r=0.4252, P=0.4006). G) Frequency distributions for each level of GPe are shown 

caudal to rostral (front to back in the graph). The distributions are fairly similar in 

shape and exhibit a linear trend, from rostral GPe integrating higher numbers of 

inputs per box and shifting to successively lower integration with each caudal level. 

Smoothing of the histograms and plotting them in a single plane in (H) highlights 

this stepwise trend from higher to lower integration, rostral to caudal, respectively 

(inset). J) This trend was found to be significant when assessed by regression 

analysis (r=0.8607, P=0.0278). Stacked bar graphs in (I) and (K) are as in (D) and 

(F). L,M) The Louvain community detection algorithm was run multiple times over a 

range of gamma values, with gamma modulating the number of communities (i.e., 

domains) detected in the nigra or pallidum. The bar graphs show the different 

community structures detected and how many times they were detected; each 

integral increment on the x axis means one gamma detected that community 
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structure, so the peaks represent the most commonly detected community 

structures. These survey analyses were run for each nucleus-level, and results for 

SNr 81-85 can be seen individually and stacked together (SNr rostral group), along 

with the stacked graph for the SNr caudal group (SNr 87-91, individual graphs not 

shown). The individual graphs for GPe are shown in (M). 
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Supplementary Figure 6. Double co-injection demonstrating the associative 

subnetwork. A) One co-injection was placed in the striatum (CPi.dm.d, injected with 

AAV-GFP and CTB) and the other co-injection was made in the thalamus (PF.a, 

injected with AAV-RFP and fluorogold). The transported tracers overlap in the 

cortex (ACAd) and nigra (SNr.m), revealing the discrete, closed-loop nature of the 

subnetwork. Note that the RFP-labeled axons in the striatum and CTB-labeled 

somata in the PF indicate the direct thalamostriatal pathway between those two 

nodes. The injection strategy and prototypical circuit schematic are shown in (B). 
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Supplementary Figure 7. Anterograde transsynaptic tracing. A) AAV.Cre was 

injected into the nucleus accumbens core (left panel). Cre is visualized with anti-Cre 

recombinase antibody (pink labeling). Anterograde transsynaptic transduction of 

neurons can be seen in SNr.dorsomedial (center panel). Cre expression in neurons in 

substantia nigra pars compacta (SNc) and ventral tegmental area (VTA) may be due 

to either anterograde transsynaptic transduction or retrograde transduction, since 

both areas are reciprocally connected and AAV can infect retrogradely at low 

efficiency (unpublished observation). But the ACB to SNr pathway is unidirectional, 

and so this labeling is due to anterograde transmission. Cre-dependent fluorophore 

expression (orange labeling) is seen in the transduced Cre-expressing neurons of 

the SNr, SNc, and VTA (right panel). Only the SNr labeling accounts for the axons 

labeled in PF.vs and VM.vs (Figure 6D,G, images labeled ‘SNr.dm’), because the 

catecholaminergic neurons of SNc and VTA do not project to either thalamic 

nucleus. Scalebar = 200 µm. 
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Supplementary Figure 8. fMOST data. A) GFP expression was sparsely induced in 30 

striatal neurons, imaged with the fMOST system, reconstructed, and registered to 

the Allen Common Coordinate Framework version 3. This sagittal view of the data 

shows striatofugal axons in pallidum and nigra.  
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