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Abstract

Dysregulation of the nucleus accumbens (NAc) is implicated in numerous neuropsychiatric 

disorders. Treatments targeting this area directly (e.g. deep brain stimulation) demonstrate variable 

efficacy, perhaps owing to non-specific targeting of a functionally heterogeneous nucleus. Here we 

provide support for this notion, first observing disparate behavioral effects in response to direct 

simulation of different locations within the NAc in a human patient. These observations motivate a 

segmentation of the NAc into subregions, which we produce from a diffusion-tractography based 

analysis of 245 young, unrelated healthy subjects. We further explore the mechanism of these 

stimulation-induced behavioral responses by identifying the most probable subset of axons 

activated using a patient-specific computational model. We validate our diffusion-based 

segmentation using evidence from several modalities, including MRI-based measures of function 

and microstructure, human post-mortem immunohistochemical staining, and cross-species 

comparison of cortical-NAc projections that are known to be conserved. Finally, we visualize the 
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passage of individual axon bundles through one NAc subregion in a post-mortem human sample 

using CLARITY 3D histology corroborated by 7T tractography. Collectively, these findings 

extensively characterize human NAc subregions and provide insight into their structural and 

functional distinctions with implications for stereotactic treatments targeting this region.
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Background

Ample evidence across species has demonstrated the critical role played by the nucleus 

accumbens (NAc) in mediating reward processing (Haber and Knutson, 2010; Lobo et al., 

2010; Thomas et al., 2001). Dysregulation of the NAc is thought to contribute to reward 

hypersensitivity that is present in many disorders of the brain (Wu et al., 2018). 

Consequently, the NAc and local region (ventral capsule/ventral striatum) have received 

considerable attention as therapeutic targets in refractory neuropsychiatric disease 

(Greenberg et al., 2010; Halpern et al., 2013; Kalivas and Volkow, 2005; Neuner et al., 

2009). Nonetheless, substantial variation in clinical outcome exists among patients who 

undergo neuromodulatory interventions (e.g. deep brain stimulation) of this region (Bergfeld 

et al., 2016; Denys et al., 2010; Dougherty et al., 2015; Goodman et al., 2010). Even among 

trials considered to be successful, a substantial fraction of subjects are ‘non-responders’. 

While the source of this variation is multifactorial and may reflect the range of clinical 

indications for which these treatments are performed, the significance of functional 

heterogeneity within the NAc itself remains largely unexplored.

There is considerable evidence from studies of rodents and non-human primates to support 

the notion of distinct functional and structural territories within the NAc. Two primary 

subregions occupying the dorsolateral and ventromedial portions of the NAc, respectively 

known as the core and shell, have been identified. These regions are characterized by distinct 

roles in appetitive behavior (Ambroggi et al., 2011; Ito et al., 2004; Kelley, 2004), patterns 

of axonal tracer-determined structural connectivity (Groenewegen et al., 1999; Haber et al., 

2006; Zahm, 1999), and immunohistochemical reactivity (Meredith et al., 1996; Voorn et al., 

1994). Among differences between rodent NAc core and shell fiber pathways are projections 

from infralimbic cortex (ILC), homologous to the human Brodmann Area 25/subcallosal 

gyrus (SCG) (Heilbronner et al., 2016), and ventral agranular insula, both of which are 

largely biased to the shell (Groenewegen et al., 1999; Hamani et al., 2011; Zahm, 1999). 

These cortico-striatal circuits have strong homology across species, including primates 

(Fudge et al., 2005; Heilbronner et al., 2016; Jbabdi et al., 2013), whose NAc subregions can 

also be histochemically differentiated (Meredith et al., 1996; Voorn et al., 1996; Voorn et al., 

1994).

Moreover, neuromodulatory interventions in rodent models of neuropsychiatric disease have 

demonstrated that targeting individual NAc subregions produces dissociable behavioral 

effects. For instance, deep brain stimulation (DBS) of the NAc shell, but not core, attenuates 
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binge eating (Halpern et al., 2013) as well as cocaine-related locomotor sensitization(Creed 

et al., 2015) and reinstatement of drug seeking behavior (Vassoler et al., 2013). Collectively, 

these studies suggest that some of the observed variability in patient response may be due to 

non-specific targeting and highlight the need to delineate NAc subregions in humans. 

However, conventional structural (T1/ T2 weighted) imaging used for stereotactic planning 

cannot reliably localize NAc subregions (Lucas-Neto et al., 2015). Better characterization of 

this anatomy would further understanding of NAc subregion involvement with existing 

neuromodulatory targets, permit more precise surgical targeting, improve computational 

modeling (Gunalan et al., 2018), and bridge preclinical findings specific to these subregions 

to human neuromodulatory trials.

In the current study, we first motivate the creation of a definitive human NAc segmentation 

by reporting that the behavioral response to electrical stimulation differs by location within 

the NAc, whereby greater current is required to produce similar changes in mood and 

anxiety in a human patient. To achieve our segmentation, we leverage the dissimilar 

structural connectivity of NAc subregions to cluster the NAc into presumed core and shell 

using probabilistic tractography, which utilizes diffusion-weighted MRI (dMRI)-based 

measurements of the movement of water molecules to reconstruct white matter fiber 

pathways (Behrens et al., 2007; Conturo et al., 1999). We show our segmentation is 

consistent with the original acute stimulation results, and we explore which white matter 

pathways may mediate acute effects of DBS stimulation by building a patient-specific model 

of axonal activation. Using state-of-the-art data from the Human Connectome Project (HCP) 

(Glasser et al., 2016; Sotiropoulos et al., 2013; Ugurbil et al., 2013), we create an atlas of 

NAc subregions from the results of 245 subjects’ segmentations. We validate our results 

using a multi-modal approach that includes: (i) comparison against immunohistochemical 

maps of NAc cytoarchitecture, (ii) dMRI neurite orientation and density imaging measures 

of tissue microstructure, (iii) functional MRI (fMRI) responses to a gambling task, (iv) 

comparison to homologous tracts using murine CLARITY 3D histology. We assess the 

clinical viability of this approach by applying tractography-based segmentation to standard 

diffusion data, including clinical data acquired as part of routine preoperative stereotactic 

planning. Finally, we present detailed visualizations of axon bundles projecting through the 

NAc shell via novel CLARITY-based techniques and highlight the potential applications of 

these methods.

Methods and Materials

As highlighted in the introduction, several methodological approaches were adopted to 

explore NAc subregions. These approaches are described in detail below; however, given the 

range of techniques employed, a brief overview of these methods and their relationship to 

each other is provided here. First, behavioral responses to acute stimulation of the NAc are 

reported. Second, a patient-specific computational model of axonal activation in response to 

stimulation is generated to identify the likely white matter tracts mediating the observed 

behavioral responses. Third, probabilistic tractography was performed between the NAc and 

every other gray matter region, and NAc voxels were grouped according their pattern of 

whole-brain connectivity, yielding 2 distinct subregions (i.e. segmentation). This procedure 

was performed in several datasets, including a cohort of 245 unrelated healthy subjects from 
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the HCP whose results were aggregated into a probabilistic atlas that we make available. In 

the patient who underwent electrical stimulation, this procedure permits localization of 

subregions relative to active contacts. Fourth, these tractography-defined subregions were 

validated through a variety of modalities. These modalities include comparison to 

postmortem immunohistochemistry, MRI measures of structure and function from the HCP 

dataset, cross-species comparison of subregion-specific NAc-Cortical projections drawn 

from probabilistic tractography (in humans) and CLARITY-based tractography (in mice). 

Finally, through a combination of traditional tractography and CLARITY-based techniques 

we present a unique visualization of axon bundles in a portion of a human postmortem NAc 

shell.

Response of Human Subject to Acute Monopolar DBS

With IRB approval and patient consent, the effects of acute stimulation of individual DBS 

lead contacts on self-reported anxiety and mood during initial monopolar testing were 

assessed on a patient with Tourette Syndrome and co-morbid Obsessive-Compulsive 

Disorder. The model 3387 lead (Medtronic, Inc., Minneapolis, MN) implanted in this patient 

off-label contains 4 electrode contacts. The 2 most inferior contacts were located in the NAc 

bilaterally. The contacts, which are 1.5mm in length, are situated 1.5mm apart along the 

distal end of the lead. During placement of the leads, consistent with routine clinical 

practice, the NAc was initially targeted indirectly based on its distance from an anatomical 

landmark (anterior commissure). The lead trajectories and target were then adjusted to avoid 

vessels and critical structures.

Anxiety and mood were quantified using a Likert scale with lower scores indicating low 

anxiety and depressed mood. High scores indicated high anxiety and elevated mood. 

Individual contacts were tested serially at 0.5V increments, with 1-minute intervals between 

assessments, and a minimum of 3-minute intervals between testing of each contact to permit 

restoration of baseline levels of anxiety and mood. The human subject, DBS lead 

programmer, and data recorder were blinded to the NAc subregion being stimulated.

To assess position of NAc leads and DBS contacts relative to each tractography-defined NAc 

subregion, postoperative CT images were rigidly co-registered to the patient’s structural and 

diffusion-weighted images using a mutual-information cost function.

Patient-Specific Model of Axon Activation

A two component modeling approach – including a finite element model of the electric field 

coupled to cable models of myelinated axons - was used to generate a patient-specific model 

of the most probable subset of axons activated by the implanted DBS leads. First, a model of 

the electric field was generated using the finite element method implemented in COMSOL 

Multiphysics v5.3 (COMSOL Inc., Burlington, MA). The skin, skull, and brain layers were 

segmented from T1-weighted images using FMRIB Software Library (FSL, https://

fsl.fmrib.ox.ac.uk) and imported as the base geometry of the finite element model. 

Conductivity tensors were defined using the load preservation technique (Howell and 

McIntyre, 2016) and interpolated onto mesh nodes generated by COMSOL within the 

modeled brain. This yielded anisotropic white matter, isotropic gray matter, and isotropic 
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cerebrospinal fluid (CSF) conductivities. All tissues outside the brain were modeled as 

isotropic (Gunalan et al., 2017). A Medtronic 3387 lead was represented in the model 

consistent with the patient’s post-operative CT registered to T1 space using a rigid 

transformation with a mutual information cost function (Maes et al., 1997). A boundary 

current source of 1 mA was imposed on the active contacts, and since the volume conductor 

was linear, all potentials scaled directly with the applied current (Pelot et al., 2018). The 

base of the model was set to zero potential to represent distant current return to the IPG in 

the chest, the internal boundaries within the model were set to continuity, and the outer 

boundary was set to a zero current condition. The final mesh had 1,018,746 elements with an 

average element size of 3.5 mm3. The highest density of elements was near the 4 electrode 

contacts where the electric field gradients were the highest. The active contacts were 

imposed with a boundary current source and the electric potentials were solved throughout 

the modeled brain. The location of axon tracts originating from the NAc and terminating in 

brain regions segmented by FreeSurfer software (https://surfer.nmr.mgh.harvard.edu/) was 

estimated using tractography. Each probabilistic fiber generated using the probtrackx2 

command in FSL with the –savepaths flag was defined as a potential model axon. To ensure 

that the probabilistic fibers best represented realistic axons, the generated streamlines were 

constrained to project only through known white matter tracts by placing FreeSurfer-defined 

exclusion masks corresponding to subcortical nuclei between the seeded NAc and the 

termination brain regions. The probabilistic fibers that remained after this exclusion were 

subsampled to one hundred fibers for each known fiber bundle associated with the NAc. The 

electric potentials along the paths of these fibers were determined from the finite element 

model, and the threshold currents to excite myelinated 2, 3, 4, and 5μm diameter model 

axons at each fiber location were determined using cable models (McIntyre et al., 2002) 

implemented in NEURON v7.4.

MRI Data

HCP State-of-the-Art Data: Preprocessed diffusion (from the minimal preprocessing 

pipeline) and T1-weighted 3T data from 245 unrelated subjects (55.9% female) were 

obtained from the publicly available S900 WashU-Minn-Ox HCP dataset (Glasser et al., 

2016; Glasser et al., 2013; Sotiropoulos et al., 2013; Van Essen et al., 2012). Additionally, 

preprocessed and fully analyzed gambling task-related functional data from 850 subjects 

were obtained. The details of the functional preprocessing and analysis are described in 

(Barch et al., 2013; Glasser et al., 2013). Briefly, the preprocessing pipeline removes spatial 

distortions, realigns volumes to compensate for subject motion, registers the fMRI data to 

the structural, reduces the bias field, normalizes the 4D image to a global mean, and masks 

the data with the final brain mask. The functional images were then spatially smoothed 

(FWHM=4mm) and GLM-based analysis was implemented using FSL’s FILM. Predictors 

were convolved with a double gamma HRF and slice-time corrected. A highpass filter was 

applied and the timeseries was corrected for autocorrelations. Subcortical volumes in 

MNI152 space were extracted to investigate NAc activity.

Standard Data.—Diffusion and T1-weighted 3T data were acquired from 2 healthy 

subjects with Institutional Review Board (IRB) approval and written informed consent.

Cartmell et al. Page 5

Neuroimage. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://surfer.nmr.mgh.harvard.edu/


Patient Data.—Clinical quality diffusion and T1-weighted 3T data were acquired from a 

patient suffering from medically intractable TS with co-morbid OCD preoperatively prior to 

the placement of bilateral NAc DBS leads with IRB approval (IRB-33146) and written 

informed consent (Medtronic, Inc, Minneapolis, MN, Model 3387, off-label).

A detailed summary of all MRI data is provided in Table 1.

MRI Data Preprocessing

Standard and Patient Data.—For both datasets, the susceptibility-induced off-resonance 

field and EPI distortion were corrected using FMRIB Software Library’s (FSL) ‘topup’ and 

‘eddy’ functions (Andersson et al., 2003; Smith et al., 2004). The patient’s dataset was then 

upsampled to the resolution of the HCP data (i.e. 1.25 mm isotropic) to facilitate direct 

comparison and provide finer anatomical detail for subsequent DBS lead localization (Dyrby 

et al., 2014).

Diffusion MRI Tractography

Given the dissimilar structural connectivity of the NAc subregions, a tractography-based 

approach is well suited to distinguishing the human core and shell (Lammel et al., 2011). 

Building a map of tractography-defined fiber pathways between individual voxels within the 

NAc and the rest of the brain permits characterization of NAc territories with similar 

structural connectivity (i.e. subregions) (Eickhoff et al., 2015).

The Human Connectome Project (HCP) provides publicly available, state-of-the-art, 

multimodal MRI data on a large number of subjects (Glasser et al., 2016). Given the NAc’s 

relatively small size (~500–700 mm3) and the ubiquity of intra-voxel crossing-fibers 

throughout subcortical white matter, the HCP provides gold-standard dMRI data for 

mapping NAc structural connectivity and testing functional differences between subregions 

using functional MRI (fMRI) (Glasser et al., 2013; Jeurissen et al., 2013; Sotiropoulos et al., 

2013; Ugurbil et al., 2013).

Tractography Procedure.—All T1-weighted structural images were processed with 

Freesurfer (https://surfer.nmr.mgh.harvard.edu/) (Fischl, 2012). Cortical gray matter regions 

of interest (ROIs) were identified from the Desikan Killiany atlas on based on FreeSurfer’s 

parcellation (Desikan et al., 2006); subcortical gray matter ROIs were drawn from (Fischl et 

al., 2002). A detailed description of the procedure used to generate the NAc ROI in the 

Freesurfer subcortical atlas is provided in Supplemental Section 1.1. Voxel-wise fiber 

orientation distributions were estimated using the ‘bedpostx’ model (fitted with two sticks) 

from the FMRIB Software Library’s (FSL) ‘bedpostx’ algorithm (Behrens et al., 2007). 

Probabilistic tractography was performed between the NAc ROI and every ipsilateral 

cortical and subcortical gray matter ROI defined on the Desikan-Killiany and Freesurfer 

subcortical atlas using FSL’s ‘probtrackx2’ (Jenkinson et al., 2012). For every target ROI, 

5000 streamlines were generated from each voxel in the NAc and only those streamlines that 

intersected the target ROI were kept. Probabilistic tractography was also performed in the 

same fashion between NAc voxels and the SCG ROI from Freesurfer’s Destrieux atlas 

(Fischl et al., 2004).
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Segmentation

Tractography produced counts of streamlines between each NAc voxel and every ROI. 

Results from intra-striatal connections were discarded because prior anatomical literature 

indicates that the caudate and putamen should not be the primary targets that differentiate 

subregions of the NAc (Groenewegen et al., 1999; Haber and Knutson, 2010; Zahm, 1999), 

and their close proximity to the NAc potentially confounds tractography-defined 

connectivity profiles for each subregion. To account for the bias introduced to the tracking 

algorithm by the differences in distance between the NAc and each ROI, a distance bias 

correction was implemented (Supplemental Section 1.2). Streamline counts were normalized 

for each voxel such that the total number of streamlines originating from that voxel was 

equal to one. Separately for each hemisphere, NAc voxels from all subjects were 

concatenated and clustered using k-means. Clustering was performed entirely on the basis of 

each NAc voxel’s normalized streamline profile, with no constraints imposed on the spatial 

contiguity of clusters and no spatial information other than that implicit in the streamlines.

To test the a priori hypothesis of two subregions, k-means clustering was performed with 

k=2, 3…10 subregions, and the appropriateness of the clustering was evaluated using three 

metrics: the Silhouette criterion, Calinski-Harabasz criterion and elbow plot (Supplemental 

Section 1.3, Figure S1).

To confirm that segmentation results accurately reflect established fiber pathways, the ratio 

of streamlines between each NAc subregion and the SCG ROI was computed. This ratio 

metric additionally permitted comparison of diffusion MRI and CLARITY-based 

tractography results.

Probabilistic Atlases

Individual HCP subjects’ NAc segmentations were non-linearly warped (Supplemental 

Section 1.4) to a group space (MNI152 NLIN 6th generation) (Grabner et al., 2006)and 

averaged to create a probabilistic atlas of each NAc subregion (provided in the 

supplementary materials). The probabilistic atlas permits analysis and visualization of 

population results. In practice, the atlas can also be co-registered to an individual subject’s 

images to facilitate preoperative target localization in subjects without adequate diffusion 

data, or to evaluate the location of contacts postoperatively.

An atlas depicting the proportion of subjects who had the same cluster assignment at each 

voxel was created for each subregion, thus indicating the likelihood of a specific subregion 

at each NAc voxel (note that to facilitate efficient visualization, Figure 2A shows disjoint 

results, but these maps are overlapping).

dMRI Microstructure Characterization within Tractography-Defined NAc Subregions

The neurite orientation dispersion and density imaging (NODDI) model (Zhang et al., 2012) 

was fit to the diffusion MRI data of 245 HCP subjects to assess differences in measures of 

tissue microstructure between tractography-defined NAc subregions. NODDI models signals 

from the intracellular compartment, extracellular compartment, and CSF and estimates the 

fraction of the total volume occupied by neurites (neurite density, ND), the fraction occupied 
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by CSF (isotropic diffusion, CSF), and the distribution of neurite orientations (orientation 

dispersion index, ODI). ODI quantifies angular variation of neurite orientation on a scale 

from zero to one.

fMRI Responses within Tractography-Defined NAc Subregions

Gambling task fMRI data from 850 HCP subjects were used to assess differences in 

functional responses between tractography-defined NAc subregions. Given that numerous 

fMRI studies have implicated the NAc in reward-related processing (Cartmell et al., 2014; 

Knutson et al., 2007), and further that the shell is thought to be preferentially involved in 

motivational and incentive-related processes (Kelley, 1999; Wyvell and Berridge, 2000), 

NAc subregion activity was investigated during trials in which subjects won money (Reward 

versus Baseline). Details of the task design are described in Barch et al (2013) (Barch et al., 

2013). Briefly, participants play a card guessing game where they are asked to guess the 

number on a mystery card in order to win or lose money. Subregion activation in the Reward 

versus Baseline task contrast was examined by averaging the z-scores of each NAc voxel 

weighted by the probability of membership to either region (determined by the probabilistic 

atlas) across hemispheres.

Murine CLARITY 3D Histology of NAc Connectivity

Given the well-described input from the SCG to the NAc shell (Haber et al., 2006; Hamani 

et al., 2011), the infralimbic cortex (ILC, homologous to Brodmann Area 25/SCG in 

humans) was injected with 0.5 μl of 5×1012 genome copies/ml of adeno-associated viral 

vector at 100nl/min (n=4). This injection induced anterograde expression of green 

fluorescent protein driven by the CaMKIIa promoter along ILC projection neurons. After 4 

weeks, mice were sacrificed with transcardiac perfusion and whole brains were extracted 

and fixed. The brain tissue was then clarified. Specifics of CLARITY tissue processing 

methods are detailed in Ye et al (Ye et al., 2016).

Microscopic images were acquired with the Ultramicroscope II (LavisionBiotec). Samples 

were mounted to a custom 3D-printed holder using RapidClear Mounting Gel. Brains were 

mounted with the ventral side on top. Samples were securely mounted to the holder after the 

mounting gel solidified (~5 minute at 4°C). Mounted samples were imaged inside an 

imaging chamber filled with 150ml of RapidClear (reusable by periodical filtering). Samples 

were left in an imaging chamber for 20–40min before imaging to allow the equilibrium of 

imaging liquid. Brains were imaged using a 2×/0.5NA objective at 0.6× zoom. All raw 

images were acquired as 16-bit TIFF files. All experimental protocols were approved by the 

Stanford Institutional Animal Care and Use Committee and were in accordance with the 

guidelines from the NIH.

Murine CLARITY Tractography

Fiber pathways between ILC and striatum were evaluated in the mouse using CLARITY-

based tractography (http://capture-clarity.org) (Ye et al., 2016). Specifically, 3-dimensional 

structure tensors were first constructed from CLARITY image intensity gradients. 

Deterministic tractography streamlines were then generated using the TrackVis software 

(30˚ angle threshold) from a seed region (defined by stereotaxic injection site, in this case 

Cartmell et al. Page 8

Neuroimage. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://capture-clarity.org/


the ILC). The relative connectivity between the seed site and a given NAc subregion was 

assessed by computing the ratio of streamlines intersecting each subregion.

Human Postmortem Sample – CLARITY and 7T MRI

Tissue Preparation.—A fresh 2×1×1 cm3 tissue cuboid was procured from the NAc and 

embedded it in a 4% acrylamide, 4% PFA hydrogel solution for 1 week. The samples were 

degased and polymerized at 37°C for 2.5 hours. Excess hydrogel was removed. 7T diffusion 

and structural MRI data was acquired as described in Table 1. The sample was then cut in 

half separating the anterior and posterior portions of the NAc. The posterior portion was then 

cut along a sagittal orientation approximately into thirds, and the middle third containing the 

internal capsule and portions of the surrounding gray matter was kept. This was further 

divided along a coronal orientation yielding a sample that was approximately 12 × 8 × 

0.5mm. This sample was then passively cleared in a 4% SBC solution for 5 weeks (Tomer et 

al., 2014). The SBC solution was exchanged every 2 days for the first week and every week 

thereafter.

Staining.—The SWITCH protocol(Murray et al., 2015) was employed for staining. The 

sample was stained with Calbindin (ab11426) antibody at a dilution of 1:1000. As a first step 

we immersed the sample for 20 days into a PBST antibody solution with 1mM SDS and 

then washed the sample for 4 days in a PBST-antibody solution at 37°C. This was followed 

by several washing steps in PBST for 10min, 30min, 1h and 3 days. For the secondary 

antibody we used Alexa Fluor 647 at a dilution of 1:500. We first immersed the samples in a 

solution containing PBST + secondary antibody = 1mM SDS for 20 days followed by 4 days 

immersion in a solution containing only PBST + secondary antibody. The secondary 

antibody was washed off 10min, 30min, 1h and 2days in a PBST solution at 37°C. After 

clearing the samples were incubated in focusclear for 1 day, mounted on a cover slide and 

imaged with a confocal microscope with 5x objective.

Registration and Tractography.—The clarified sample was manually coregistered to 

the 7T structural and diffusion data using a thin plate spline algorithm from the landmark-

based registration utility of the MIPAV software package (McAuliffe et al., 2001). The 7T 

data was then manually registered to the MNI152 brain in the same fashion, permitting 

evaluation of the location of the sample relative to the probabilistic atlas. Diffusion tensors 

of the MR acquisition were then computed, and a seed mask for tractography was created in 

diffusion space based on the 3D extent of the internal capsule in the CLARITY image. 

Deterministic tractography was then performed using the Diffusion Toolkit software package 

(45˚ angle threshold) and results were visualized with TrackVis.

Data and Code Availability

All HCP data used in analyses are publically available at https://

www.humanconnectome.org. Patient MR data and human and murine CLARITY data and 

code used to analyze these data are available upon request.
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Results

Monopolar DBS and Patient-Specific Modeling of Axon Activation

Analyses focused on the most ventral contacts, both of which were located in the NAc 

bilaterally after rigid co-registration of the postoperative CT using a mutual-information cost 

function. Contacts were present in both NAc subregions on the left, but in only the presumed 

shell (subregions labeled as described in subsequent results section) on the right (Figure 

1A,D). Only standard conventional imaging and stereotactic coordinates based off of the 

boundaries of this patient’s third ventricle were used for preoperative targeting. 

Tractography results did not inform how this region was targeted surgically. On the left, 

monopolar stimulation of the contact in the presumed core subregion yielded acute changes 

in anxiety and mood at currents as low as 1.6 mA, whereas larger currents were required to 

produce changes in anxiety (3.7 mA) and mood (2.6 mA) following stimulation of the 

contact in the presumed shell (Figure 1B). No substantial differences were seen between the 

behavioral responses to stimulation of the two ventral contacts on the right side (Figure 1E).

Computational modeling of the most probable axons activated by stimulation established 

that at the current threshold required to produce behavioral changes, only axons associated 

with 3 regions showed at least 50% activation of fibers: the insula, subcallosal gyrus, and the 

amygdala (Figure 1C,F; Figure S2C,D,E). All other tracts examined required 

supraphysiologic currents to achieve similar levels of model nerve fiber activation. 

Furthermore, behavioral trends for stimulation as a function of current amplitude on both 

sides of the brain best matched input-output curves of model nerve fiber activation for 

projections from the insula. On the right side, both active contacts had similar insular axon 

activation profiles. On the left side, significantly more insular axons were activated at lower 

currents with the anterosuperior contact (located in the presumed core) than with the 

posteroinferior contact (located in the presumed shell) (Figure 1C,F) consistent with the 

behavioral data. No other tract tested exhibited a similar asymmetric pattern of activation.

Clustering Results and Probabilistic Atlas

The clustering procedure consistently produced subregions occupying ventral posteromedial 

and dorsal anterolateral portions of the NAc across subjects. These subregions are evident in 

the probabilistic atlas (Figure 2A) and in a representative HCP subject (Figure 2B). Where 

overlap between subjects is maximal, each subregion has a clear locus. Agreement between 

subjects at these loci was ≥91% for all subregions. The size of cluster assignments was 

distributed relatively evenly across all 245 subjects, with the left ventral posteromedial NAc 

subregion occupying a mean of 60% (Coefficient of variation=0.27) of left whole NAc 

volume and the right ventral posteromedial subregion occupying an average of 66% 

(Coefficient of variation=0.24) of right NAc volume. Tractography-based segmentation of 

conventional and clinical datasets yielded a similar subregion pattern (Fig. 2C,D).

Dorsal anterolateral and ventral posteromedial subregions from this atlas showed strong 

agreement with studies of non-human primates and previously published human histological 

sections that demarcated putative core and shell territories (Figure 2E,F) (Meredith et al., 

1996; Voorn et al., 1996). For concision, subsequently the tractography-defined dorsal 
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anterolateral and ventral posteromedial subregions are referred to as presumed core and 

shell, respectively.

Connections of the Human Nucleus Accumbens

The connectivity between the whole NAc and cortical and subcortical ROIs was considered 

first. The results of this analysis, averaged across hemispheres (Figure 3A), revealed that the 

medial orbitofrontal cortex (mOFC) provides the largest proportion of streamlines to the 

NAc, followed by the insula, ventral diencephalon (a region which in the Freesurfer 

ontology includes hypothalamus and ventral tegmental area), lateral OFC, and thalamus, 

consistent with known tracts involving the NAc (Fischl et al., 2002; Haber and Knutson, 

2010). When separated by hemisphere, connectivity of the left and right NAc was virtually 

identical with two notable exceptions: mOFC-NAc fiber projections made up a larger 

proportion of the total number of streamlines on the left as compared to the right. The 

opposite pattern was observed for pathways involving the NAc and insula, where the 

probability of a fiber pathway between the right NAc and insula was greater than that of the 

left, suggesting hemispheric laterality differences (Figure 3B).

Pathways associated with each tractography-defined NAc subregion were examined next. 

The insula and temporal pole had a greater proportion of streamlines intersecting the 

presumed shell, whereas the thalamus, lateral OFC, and dorsal prefrontal regions (rostral 

middle frontal gyrus and frontal pole) had greater proportions of streamlines from presumed 

core (Figure 3C,D). While pathways from each subregion to the rest of the brain were 

largely similar across hemispheres, asymmetry was also present. Specifically, the mOFC 

was the only region with robust connectivity to the NAc (i.e. streamlines constituting >5% of 

the total bilaterally) that demonstrated asymmetric connectivity to subregions—mOFC fibers 

projected preferentially to the presumed shell on the left, but to the presumed core on the 

right.

At its posterior aspect, the mOFC FreeSurfer ROI includes a large fraction of voxels that 

belong to the SCG, which, along with the homologous region known as the infralimbic 

cortex (ILC) in rodents, is known to project specifically the shell (Haber et al., 2006; 

Hamani et al., 2011). To ensure that the observed relationship between the right mOFC and 

presumed core was not spurious, the ratio of streamlines from the SCG to each subregion 

was computed for both hemispheres. This demonstrated highly biased input from SCG to 

presumed shell bilaterally (Figure 3E). Moreover, these findings confirmed that 

segmentation results are consistent with prior understanding of this circuitry, and suggested 

observed asymmetries are driven by streamlines from regions of mOFC anterior to SCG 

(Haber et al., 2006; Hamani et al., 2011).

Diffusion MRI Microstructure and Functional MRI Within Tractography-Defined NAc 
Subregions

Diffusion MRI Microstructure.—Subregions designated by cluster output differed in 

every measure of tissue microstructure calculated by the NODDI model. The absolute 

differences were small but extremely consistent across subjects and statistically robust. 

Specifically, differences were observed in neurite density (ND) (presumed shell mean ND = 
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0.4899, presumed core mean ND = 0.4967, t(1,244) = 6.013, p < 0.0001); orientation 

dispersion index (ODI), which quantifies angular variation of neurite orientation (mean 

presumed shell ODI = 0.4967, mean presumed core ODI = 0.5178, t(1,244) = 10.63, p < 

0.0001); and CSF volume fraction (mean presumed shell CSF fraction = 0.0865, mean 

presumed core CSF fraction = 0.07389, t(1,244) = 7.598, p < 0.0001).

Functional MRI.—Presumed shell and core subregions had significantly different 

responses to reward as measured by fMRI responses during the gambling task. Consistent 

with the hypothesis that the shell is preferentially involved in reward anticipation and 

incentive motivation (Kelley, 2004), activity in the presumed shell was greater during the 

experience of reward than at baseline (mean z-scores, presumed shell = 0.04, presumed core 

= 0.02, t(1,849) = 2.87, p < 0.005).

Murine CLARITY Tractography

In all mice, a large projection from the ILC to the ventromedial NAc (well-defined in the 

mouse brain as the shell subregion) was identified as expected(Haber et al., 2006), and 

confirmed the homology of the biased projection profile of the ILC and the human SCG. A 

smaller tract traveled to the core subregion in the dorsal portion of the NAc immediately 

adjacent to the anterior commissure (Figure 4B–E) (Paxinos and Franklin, 2004). Evaluation 

of the ratio of streamlines passing through NAc shell and core in mice (4.56:1) revealed a 

qualitatively similar bias as that present in streamlines from the SCG to the presumed shell 

and presumed core NAc in humans (11.7:1, Figure 3E).

Human Postmortem Sample

CLARITY.—The 500μm sample was successfully cleared and stained with calbindin and 

secondary antibodies. Registration with the probabilistic atlas indicated the clarified tissue 

came primarily from the presumed shell, which is relatively calbindin-poor, consistent with 

the staining pattern. Conversely, the internal capsule and other presumed white matter fibers 

present in the clarified tissue displayed strong autofluorescence, permitting the visualization 

of axon bundles (Figure 5C; Video 1). Using autofluoresence to identify myelin-rich 

structures after fixation is consistent with previous reports taking advantage of this property 

to study axon morphology (Christensen et al., 2014). This projection permits direct visual 

confirmation of fibers defined indirectly by tractography, including both those caught in 

cross-section and those oriented horizontally in the clarified sample.

Tractography.—Using a seed mask corresponding to the volume of white matter (i.e 

internal capsule) present in the clarified sample, a robust set of fibers can be visualized. 

Consistent with visual inspection of the clarified sample, fiber bundles can be seen in transit 

to and from the adjacent internal capsule. Several fibers can be seen traversing in a medial-

to-lateral and inferior-superior orientation, in contrast to the primarily anterior-posterior 

orientation of the bulk of the capsule fibers.
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Discussion

Extending the considerable evidence for distinct subregions in rodents and non-human 

primates, the current study first demonstrated that the different locations within the NAc 

require differing levels of electrical stimulation to produce similar affective changes in a 

human patient. Motivated by these findings, we established that connectivity profiles of 

individual voxels can be used to reliably segment the NAc into dorsal anterolateral 

(presumed core) and ventral posteromedial (presumed shell) subregions across datasets. 

These tractography-defined subregions closely match postmortem immunohistochemical 

staining data demarcating putative core and shell in humans (Haber and Knutson, 2010; 

Meredith et al., 1996; Voorn et al., 1996), can account for the observed behavioral responses 

to monopolar DBS, and are further supported by MRI-based measures of function during a 

gambling task and diffusion microstructure (NODDI). Given the prominence of the NAc 

shell in reward-related behavior, these results are important because they support the notion 

that this segmentation is accurate and functionally relevant. Moreover, the observed 

structural differences raise the possibility that structural imaging may be able to resolve 

these subregions directly without the need for tractography in the future. To further validate 

our results, we examine cortical-NAc projections that are known to be conserved across 

species through a novel comparison of human diffusion and murine CLARITY-based 

tractography and find the degree of subregion selectivity to be highly concordant. These 

findings allow us to more confidently define our segmentation as accurately reflecting the 

human core and shell subregions. Finally, we visualize and characterize fibers traversing the 

shell through novel methods, including one of the first applications of CLARITY in human 

tissue.

Our results underscore the prominence of connections between the NAc and cortical areas, 

in particular between both the mOFC and insula—a tract that was only recently described 

(Leong et al., 2016). Both cortical areas have been strongly implicated in reward-related 

behavior and decision-making (Bossaerts, 2010; Gottfried et al., 2003; O’Doherty et al., 

2001). The existence of robust structural connectivity (indexed by large relative streamline 

probabilities) itself indicates the importance of the NAc, and in particular the NAc shell, in 

mediating these processes. The functional importance of these connections is supported by 

the results of the patient-specific model of axonal activation, which suggests recruitment of 

insular fibers mediates acute changes in affect following monopolar NAc DBS. Nonetheless, 

these findings also raise questions with regard to the observed asymmetries in streamline 

probabilities from the insula and mOFC to the NAc as a whole. NAc-mOFC asymmetries, in 

particular between the NAc and anteriorly-located regions of mOFC, may also extend to 

individual NAc subregions. The significance of these previously unreported asymmetries is 

currently uncertain, but they suggest that lateralization may extend to deep structures 

involved with fundamental processes such as those related to reward. Moreover, a better 

understanding of the circuit involved in these processes may lead to improved interventional 

treatments of diseases involving these circuits.

Prior studies have used diffusion tractography to distinguish subregions of the NAc. 

However, early attempts were limited by small sample sizes, low spatial resolution, 

acquisition parameters that are not suited to model crossing fibers, or results that are 
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incongruent with reported structural anatomy (Baliki et al., 2013; Lucas-Neto et al., 2015). 

We circumvent these issues by using data from a large HCP cohort. Our results demonstrate 

robust agreement with known fiber pathways and concordance with immunohistochemical 

results, especially in the anterior, lateral, and ventral extension of the shell. A recent study 

by Xia et al. used HCP data from fewer subjects to subdivide the NAc (Xia et al., 2017). 

However, in contrast to the Xia study, we leverage the very large number of subjects in our 

dataset by pooling all subjects’ data prior to performing the clustering procedure, thus 

minimizing uncertainty generated during the acquisition and processing pipeline to produce 

greater signal. Their results demonstrated a similar topographical distribution to our own, 

providing convergent evidence for the existence and location of this division. However, we 

report novel asymmetries in the connectivity profiles of the NAc and its subregions (Figure 

3), and furnish evidence that adding more subjects meaningfully affects subregion 

assignment (Figure S3). Furthermore, the success of performing clustering at the group level 

itself provides evidence, not directly apparent from averaging individual results, that NAc 

subregion structural connectivity profiles are similar across subjects. Meanwhile, the high 

degree of spatial concordance across subjects indicates NAc subregions are also highly 

similar in location between individuals. In addition, we produce a probabilistic atlas based 

on all 245 subjects’ results that can facilitate stereotactic targeting to optimize surgical 

outcomes in future trials.

These results have implications for neurosurgical therapies such as DBS. The DBS 

experience in movement disorders suggests that even 2 mm of targeting error can negatively 

affect outcome, and tractography exhibits promise in ameliorating this error by identification 

of relevant fiber pathways (Anheim et al., 2008; Henderson, 2012; Richardson et al., 2009). 

Our approach represents an additional step in tractography image guidance, and our findings 

provisionally suggest ways in which efficacy may be improved over DBS studies targeting 

the NAc region (Dougherty et al., 2015). Further, through our clarified human NAc sample 

and corroborating 7T tractography, we provide a novel and direct visualization of fibers as 

they traverse the NAc shell and join the ventral internal capsule. These fibers likely represent 

efferents travelling dorsally from the portion of ventromedial prefrontal cortex situated 

inferiorly to the NAc. Tracer studies have established the presence of these efferents in 

macaques but prior human in-vivo tractography has been unable to model these small fibers, 

which are embedded relatively isotropic gray matter (Jbabdi et al., 2013).

Given the interest in using DBS to target the NAc, results from the clarified human tissue 

represent meaningful steps to characterize important anatomical features of this region, such 

as the precise location and orientation of axon bundles. Since such features are crucial to the 

electrical properties of the tissue, and thus the response to DBS, (Grill, 1999) it will be 

important to incorporate these results in future models, particularly as the ability to clarify 

larger volumes of tissue is achieved. Future work in clinical trials will be required to develop 

rigorously electrodes best tailored to NAc subregions, investigate subregion-specific, long-

term stimulatory effects in a larger cohort, and confirm the tracts involved in mediating 

behavioral effects of DBS (Howell et al., 2015).

Inferences regarding reported fiber pathways involving the NAc are dependent on the 

accuracy and consistency of FreeSurfer’s automated parcellation. For instance, should 
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FreeSurfer mOFC estimation be systematically different between hemispheres, this could 

drive the asymmetries reported above. Nonetheless, suspicion for such a cause is low, as 

mOFC and insula volumes are similar between hemispheres (Figure S4), and to the authors’ 

knowledge such systematic asymmetries have not been reported in the period since 

FreeSurfer’s release over a decade ago (Dale et al., 1999). Indeed, because identical analyses 

were conducted in each hemisphere, results from the contralateral side effectively serve as 

an internal control. Relatedly, imprecision in the boundaries of the NAc ROI could result in 

partial volume effects that distort the fMRI and dMRI microstructure results.

Aside from hemispheric differences in streamline probabilities, segmentation itself may be 

affected by the choice of atlas. The Desikan-Killiany atlas used in this analysis is based on 

anatomy and thus may miss important distinctions based on function that may be reflected in 

other atlases. Moreover, although we readily observed streamlines targeting the presumed 

shell from the SCG in a similar pattern to NAc-ILC fibers observed in the rodent, several 

exclusive connections known to exist between the shell and other regions (e.g. medial 

subdivision of the central nucleus of amygdala) (Groenewegen et al., 1999; Haber and 

Knutson, 2010) were not specifically visualized, nor did the amygdala or hippocampus seem 

to play a large role in segmentation. This may reflect that FreeSurfer does not currently 

segment individual nuclei of the amygdala or that additional, non-subregion-specific 

pathways emanate from nearby territories within the same structures. Nonetheless, despite 

concerns related to the use of an anatomy-based atlas that lacks hippocampal and amygdalar 

sub-nuclei that may enjoy special connections to NAc subregions, we achieve excellent 

concordance with immunohistochemical results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Volume-based representation of DBS contacts’ locations relative to NAc subregions and 
associated affective changes.
Analyses focus on 2 most ventral contacts, which were found to be located in NAc 

bilaterally. A Left NAc subregions computed from clinical dataset shown (presumed core in 

blue, shell in red) relative to DBS lead (grey) and location of electrical contacts (yellow). 

Left presumed core overlaps with superior contact (contact 1), and left presumed shell 

subregion overlaps with inferior contact (contact 0). AP view. B The acute effects of 

stimulation of each contact in the left NAc on self-reported anxiety and mood. C 
Recruitment curves of left NAc-insula fibers derived from patient-specific computational 

model of axonal activation in response to monopolar stimulation. D As in A, right NAc 

subregions shown (presumed core in blue, presumed shell in red) relative to DBS lead (grey) 

and location of electrical contacts (yellow). Two most ventral contacts (contact 0, labeled 

‘inferior contact’, and contact 1, labeled ‘superior contact’) are in the right presumed shell 

subregion. PA view. E. The acute effects of stimulation of each contact on self-reported 

anxiety and mood in the right NAc. F As in C, recruitment curves of right NAc-insula fibers 

derived from patient-specific computational model of axonal activation in response to 

monopolar stimulation
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Figure 2. Visualization of cluster output across datasets (A-D) and comparison to histology (EF).
A Coronal, axial, and sagittal views of the probabilistic atlas created from registering all 

HCP subjects’ cluster output to common space (MNI152). Intensity values indicate strength 

of evidence for the presence of a given subregion. B Coronal, axial, and sagittal views of 

cluster output for a single subject from the HCP dataset. C Coronal, axial, and sagittal views 

of output from application of clustering procedure to a separate, lower quality dataset with 

~20 minute acquisition time. D Coronal, axial, and sagittal views of cluster output from a 

third, clinically-acquired dataset from a human patient with a 5 minute acquisition time. E 
Serial coronal views of left NAc subregions from probabilistic atlas for comparison with F, 

histological sections from human NAc depicting core-like (blue dashed line) and shell-like 

(red dashed line) divisions of left NAc, adapted with permission from Voorn et al (1996).
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Sld = shell-like division, cld = core-like-division, ic = internal capsule, Tz = transitional 

zone, Put = Putamen, GPe = Globus Pallidus external division, dac = dorsal anterior 

commissure terminology taken from Voorn et al
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Figure 3. Connectivity of the NAc and connectivity-defined subregions.
A,B Distance along each spoke of radial plots indicates proportion of streamlines 

intersecting that region of interest. A Streamline proportions of whole NAc averaged across 

hemispheres demonstrates mOFC has most robust connectivity to NAc. B Streamline 

probability of whole NAc separated by hemisphere. C,D (top) Connectivity profiles of 

tractography-defined shell (red) and core (blue) subregions of left (C) and right (D) NAc 

paired with visualization of principal tracts. C (bottom) Oblique view of tract (red) 

connecting the mOFC (blue) with the left NAc (green). D (bottom) View of tract (red) 

connecting the insula (blue) with the right NAc (green). Tract visualizations created by 

thresholding the probabilistic streamline map at 25% of the peak value. E Comparison of the 

number of streamlines intersecting tractography-defined presumed shell and core subregions 
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from SCG. NAc, nucleus accumbens, mOFC, medial orbitofrontal cortex, SCG, subcallosal 

gyrus.
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Figure 4. CLARITY Tractography demonstrates separate tracts connecting murine infralimbic 
cortex (ILC) and NAc core and shell.
A Raw oblique three-dimensional CLARITY image showing virally-induced florescence of 

projections from ILC. Borders of ILC, NAc core and shell outlined in white. B Comparison 

of the mean number of streamlines in each tract averaged across mice. C Tractography 

results with a representative coronal slice from a mouse brain. Both tracts emanate from 

injection site in ILC and descend toward the NAc. The larger tract (red) projects through the 

NAc shell subregion, while the other tract (blue) passes immediately adjacent to the anterior 

commissure (green oval) in the NAc core. D-F Tractography results from 3 additional mice. 

As in C, injection sites and NAc subregions are outlined and ensembles projecting to core 

and shell are colored blue and red, respectively.
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Figure 5. CLARITY and tractography of human post-mortem sample visualize fibers during 
passage to and from the ventral internal capsule.
A Top: Medial oblique (left), frontal (center), and lateral oblique (right) views of volume 

rendering post-mortem tissue sample (yellow) merged to probabilistic atlas NAc subregions 

(core-blue, shell-red). Bottom panel: Close-up medial oblique view showing NAc subregions 

(core-blue wireframe, shell-red wireframe) and post-mortem tissue sample (yellow) with 

volume of clarified tissue (green) from shell. Red dotted line indicates contour of seed mask 

used for tractography in panel E. B Maximum intensity projection of clarified human tissue. 

Nerve fibers can be seen transiting to and from the ventral internal capsule as a result of their 

strong autofluorescence (yellow) against the weakly calbindin-staining shell (red). Red 

dotted line indicates contour of ventral internal capsule used as seed mask used for 

tractography in panels E. C,D Frontal and medial oblique volumetric views of 

autofluorescence channel of clarified human NAc sample (see Video 1 for further 

perspectives). E Medial oblique (left), frontal (center), and lateral oblique (right) views of 

Cartmell et al. Page 27

Neuroimage. Author manuscript; available in PMC 2020 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tractography results from 7T acquisition of post-mortem sample. Seed mask indicated in red 

and depth represents approximate thickness of clarified sample. In addition to robust bundle 

of fibers from internal capsule, vertically and horizontally oriented fibers are visualized on 

either side. IC = Internal Capsule.
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Table 1.

Summary of all MRI Data. All HCP data were acquired on a customized 3T Siemens Skyra capable of 

achieving 100 mT/m gradients using a 32-channel head coil.

HCP Data Standard Data Patient Data Postmortem Data

Data Type
Diffusion

Functional 
(Gambling 

Task)

Structural 
(T1w) Diffusion Structural 

(T1w) Diffusion Structural 
(T1w) Diffusion Structural 

(T1w)

Sequence
Spin Echo 

EPI
Gradient 
Echo EPI

3D 
MPRAGE

Spin Echo 
Single 

Shot EPI
MPRAGE

Spin 
Echo 
Single 

Shot EPI

BRAVO
Spin Echo 

Single Shot 
EPI

FLASH 
3D

TE / TR 
(ms) 89.5 / 

5520 33.1 / 720
2.14 / 
2400 / 

1000 (TI)
74 / 8397

2.3 / 
2530 / 

1100 (TI)

72.1 / 
13000

3.724 / 
9.472 / 

400 (TI)
27.4 / 500 20 / 58.6 / 

20 (TI)

Flip 
Angle (o) 78 52 8 90 7 90 13 90 22

Field-of- 
View 
(mm2)

210×180 208×180 224×224 220×220 200×200 256×256 256×256 11 × 30 11 × 30

Matrix 
Size 168×144 104×90 320×320 110×110 200×200 96×96 256×256 55 × 150 110 × 300

In-plane 
Res. 
(mm2)

1.25×1.25 2×2 0.7×0.7 2×2 1×1 2.7×2.7 1×1 0.2×0.2 0.1×0.1

Slice 
Thick. 
(mm)

1.25 2 0.7 2 1 2.5 1 0.2 0.1

Number 
of Slices 111 Axial 72 Axial 256 

Sagittal 66 Axial 176 
Sagittal 69 Axial 176 Axial 60 Axial 120 Axial

Runs 6 2 2 1 1 1 1 6 1

Acq. Time 
(min) 9:50 (59 

total)
3:12 (6:24 

total)

7:40 
(15:20 
total)

20:58 7:25 6:43 4:00 1:00:00 (6hrs 
total) 13:58

Diffusion 
Encoding 
(s/mm2)

6×b=0 90 
dir. × 

b=1,000, 
2,000, 
3000

╲ ╲

10×b=0 
60 dir. × 
b=1000, 
80 dir. × 
b=2500

╲
1 ×b=0 
30 dir. × 
b=1000

╲

6 ×b=0 125 
dir × b=1000, 
2000; 250 dir 

× 
b=4000,8000

╲
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