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An important challenge in Parkinsons disease (PD) based neuroscience and neuroimaging is mapping the neuronal connectivity of the basal

ganglia to understand how the disease affects brain circuitry. However, a majority of diffusion tractography studies have shown difficulties in re-

vealing connections between distant anatomic brain regions and visualizing basal ganglia connectome. In this current study, we investigated the

differences in basal ganglia connectivity between 6-OHDA induced ex-vivo PD mouse model and normal ex-vivo mouse model by using diffusion

tensor imaging tractography from diffusion-weighted images obtained with a high resolution 9.4 T MR scanner. Connectivity pattern of the basal

ganglia were compared between five 6-OHDA and five control ex-vivo mouse brains using results of probabilistic tractography generated with

PROBTRACKX. When compared with control mouse, 6-OHDA mouse showed significant enhancements to motor territory-related subthalamo-

pallidal and pallido-subthalamic connectivity. Multi-fiber tractography combined with diffusion MRI data has the potential to help recognize the

abnormalities found in connectivity of psychiatric and neurologic disease models.
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INTRODUCTION

Parkinsons disease (PD) is a common neurodegenerative dis-
ease of the central nervous system that primarily affects the mo-
tor system [1]. The most distinct motor symptoms of PD are gait
impairments, tremor, muscular rigidity, slowness of movement as
well as non-motor dysfunctions such as behavioral and cognitive
impairments [2]. These symptoms of PD are caused by progres-
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sive loss of dopamine-producing cells in the substantia nigra pars
compacta (SNc), one of five nuclei in the basal ganglia that plays a
key role in voluntary movement [2, 3]. As a result, dopamine levels
are lowered, inhibiting innervation of basal ganglia output and
dysfunction within the cortico-basal ganglia thalamic pathway [4].

The basal ganglia is a network of subcortical nuclei, consisting
of the striatum, internal and external globus pallidus (GPi/GPe),
subthalamic nucleus (STN), substantia nigra compacta (SNc) and
substantia nigra reticulata (SNr) [5]. Neural projections of the stri-
atum involved in the motor system are segregated into direct and
indirect pathways. It is believed that dopamine secreted from SNc
activates striatal D1 neurons in the direct pathway and inhibits
the striatal D2 neurons in the indirect pathway. In PD, dopamine
depletion leads to diminished inhibitory direct pathway output
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and increased excitatory indirect pathway output onto GPi/SNr [6].
However, such connections influencing the motor system are not
completely analyzed in normal and disease state mouse models.
Diftusion tensor imaging (DTI) measures the diffusion of water
molecule protons which are then used to analyze the changes in
microstructure within brain regions of both animals and humans
[7]. Developments in diffusion MRI (dMRI) and tractography
techniques have offered the possibility of non-invasively mapping
neural connections in animal and human brain by reconstructing
fiber pathway through each voxel containing directional diffu-
sion information [8, 9]. Table 1 shows diffusion MR studies that
have been used to investigate connectivity between brain regions,

including basal ganglia, and identify neurodegeneration in myelin
or other indicators [8, 10-16]. Using dMRI-based tractography,
several studies have generated connectivity matrices representing
connectivity strength by counting the number of fibers connect-
ing each brain region [10, 17]. Therefore, diffusion MRI analysis is
considered to be a very useful technique in identifying brain con-
nectome through the calculation of structural connectivity.
Despite such benefits, previous diffusion tractography studies
have shown difficulties in revealing connections between brain
regions in humans (Table 1). A study regarding human brain con-
nectivity showed connectivity between the cerebellum and the
GPi as well as the SN; however, the study showed that it was dif-

Table 1. List of previously reported studies associated with diffusion MR imaging

Authors Secies Year Scanner Data/ Analysis program Finding

Calabrese etal. [10]  2-Wild type (C57BL/6) 2015 94T  Diffusion MR image Ipsilateral connectivity was higher than

Mice Program: ANTX/FSL contralateral connectivity. Significant
correlation was detected between ABA
neuronal tracer data and diffusion
tractography data.

Congetal. [11] 6 MitoPark Mice (Par- 2016 7T Diffusion MR image/ T2* map/ T2* of the MitoPark group showed sig-
kinson disease)/ 9 wild- Cerebral blood flow MRimages nificant reductions in the striatum and
type (C57BL/6) Mice Program: Matlab substantia nigra compared with control

groups. ADC values of the MitoPark
group showed significant reductions
in the SN compared with the control
group.

Hibneretal. [12]  Cuprizone treated 2017 7T rstMRI data/ T2-weighted im- CUPR induced pathology decreases
(CUPR) C57BL/6N age/ Diffusion MR images average functional connectivity strength
mice within the whole functional connectiv-

ity matrix.

Perlbargetal. [13] 15 Sprague Dawley rats 2018 11.7T  T2-weighted image/Multi-slice There was increased FA value in the

(10 rats: 6-OHDA injec- echo-planar image/ Diffusion ipsilateral and contralateral striatum.
tion. 5 rats: physiologi- MR image
cal solution injection) Program: MRtrix3 package
Lenglet etal. [14] 4 healthy humans 2012 7T T1-weighted images/T2- Connections of STN to GP were higher
weighted images/Susceptibility- for GPi than for GPe. STN-striatum
weighted images/Diffusion MR connections were weak.
image
Program: FSL
Milardi etal. [15] 15 human subjects 2016 3T 3DT1-weighted image/3DT2- This study found the presence of direct
weighted image/Diffusion MR connections between SN and Dentate
image nucleus. Dentate was widely projected
Program: FLIRT of FSL to the GP.
Plantingaetal. [16] A formalin fixed human 2016 7T Diffusion MR image Direct connections within the basal gan-
brain specimen Program: FSL/ITK-SNAP soft- glia (STN, STN-GP, STN-SN, SNr-SNc¢
ware/MRtrix etc.) were shown in this study. STN-GPi
connections were fewer than the STN-
SNr connections, that reflect a relatively
important role for the STN-SNr connec-
tion in human.
Pujol et al. [8] 5 healthy subjects 2017 3T T1-weighted image/T2-weighted  This study investigated the white matter

image/ Diffusion MR image
Program: FSL/MRtrix

connectivity between the STN and GP.
A number of fibers interconnecting GPi
arose from the ventral-medial STN.
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ficult to distinguish between the SNc and SNr on the basis of MRI
signal [15]. In another study, certain pathways (such as the STN-
thalamus) could not be visualized because of the proximity of the
brain regions [14]. Although experimental neurologic connectivity
methods still represent a gold-standard for neuroanatomical tract-
tracing studies of basal ganglia, such methods generally have limi-
tations with low signal-to-noise ratio (SNR) and low resolution of
diffusion MRI, resulting in difficulties with accurately fitting com-
plex fibers in voxels [18]. Furthermore, there are many challenges
with human in vivo MRI data acquisition including susceptibility
artifacts and motion [19, 20].

We used three distinct technologies to improve these limitations:
1) high-field animal MR scanners such as 9.4 T are equipped with
strong imaging gradients, allowing strong diffusion gradient pulse
and high spatial resolution [21]; 2) imaging of ex-vivo mouse
brain can be treated with MR contrast agents. The present view
of neuroscience is largely based on MRI data from rodents and
non-human primates using various tracing methods. Many mouse
DWI studies have obtained higher quality images with less mo-
tion artifacts by using ex-vivo mouse brain treated with contrast
agents [22, 23]; 3) diffusion MR-based probabilistic tractography
can offer increased susceptibility for detecting indistinctive fi-
ber pathways in disease and/or normal state models [24]. Using
probabilistic tractography to calculate structural connectivity over
deterministic tractography can help account for uncertainty or
distributed connectivity [25].

Mouse PD acute toxin models such as 6-hydroxydopamine (6-
OHDA) and 1-methyl-4-phenyl-1,2,3,6-tertrahydropyridine
(MPTP) can mimic features of PD humans [26]. The 6-OHDA
mouse model has proven to be especially valuable for understand-
ing the mechanisms underlying PD symptoms due to the model
being able to emulate the changes in basal ganglia circuit and
pharmacology observed in PD patients [27].

The neuronal connectivity of the mouse brain has been explored
more thoroughly than any other mammalian disease model. The
Allen Brain Atlas (ABA), which contains the mesoscale neuronal
tracer connectome of the mouse brain, is one of the most quanti-
tative and comprehensive reference for mouse brain connectome
[10]. This connectivity atlas includes a database of nearly 500 an-
terograde viral neuronal tracer projections in wild-type C57BL/6
mouse brains representing axonal injection projections [10, 28].
Therefore, the ABA neural tracer maps can be used as important
information in examining the similarities as well as differences
between diffusion-based tractography and ABA-based neuronal
tracer data in the mouse brain.

Here, our aim was to investigate the tractography of basal ganglia
(caudoputamen (CP), STN, SN¢, SNr, GPe, GPi) and thalamus
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using dMRI of 5 ex-vivo PD mouse brains and 5 control mouse
brains. The current study provides new information regarding 1)
segmentation and visualization of basal ganglia pathway, 2) recon-
struction of fiber tractography pathways connecting 6 regions, 3)
quantification of the probabilistic tractography connectivity of
each pathway, 4) comparison of diffusion tractography with ABA
neuronal tracer data in basal ganglia regions of mouse brain. Data
presented in this study can serve as a reference database for future

brain connectivity studies in the mouse brain.
MATERIALS AND METHODS

Animal preparation

All animal experiments and procedures were performed in
compliance with the Lee Gil Ya Cancer and Diabetes Institutional
Center of Animal Care and Use. Ten male C57BL/6N mice (The
Jackson Laboratory, Bar Harbor, ME, USA, 8 weeks old) were
chosen for this study. Under surgical anesthesia (2~3%, Forane;
JW Pharmaceutical, Republic of Korea), five C57BL/6N mouse
(8 weeks old) were anesthetized by intramuscular injection of
10 pL of 5% zoletil 50 (Virbac, Carros, France) and 2% Rompun
(Bayer, Leverkusen, Germany) solution (2:1). The head of mouse
was fixed using ear bars in a stereotaxic frame apparatus (David
Kopf, CA, USA). The scalp was sterilized using povidone solution.
Bregma was exposed through vertical incision and 6-OHDA (Sig-
ma of 3 mg/mL saline with 0.2% ascorbic acid) was injected into
the right striatum in five C57BL/6N mouse [anteroposterior (AP)
0.4 mm, mediolateral (ML) 1.8 mm, dorsoventral (DV) 3.5 mm
from bregma] at a rate of 0.5 pL/min (total volume 2.5 uL) using a
Hamilton syringe (26 G). The scalp was sutured using 6-0 surgical
suture. The control group was injected with an equal volume of
phosphate-buffered saline (PBS) at the same coordinates.

3 weeks after injection, ten mice were perfused with 10% su-
crose solution and fixed with 4% paraformaldehyde (PFA, Sigma-
Aldrich, St Louis, MO, USA) and 0.1% Magnevist® (Bondrone,
Dongkook, Republic of Korea) in Phosphate-buffered saline (PBS,
LB004-01, Welgene Inc., Republic of Korea). After perfusion, mice
were decapitated and had skin/muscle removed from the skull.
The brains with the intact skull were stored in 4% PFA and 0.1%
Magnevist® in PBS at 4°C for 16 hours. Then, the brain samples
were incubated in 0.1% Magnevist” in PBS for 24 hours, the solu-
tion was replaced and the samples were incubated for 3 days. Prior
to ex-vivo scanning, all brain samples were placed in custom-made
tube for MRI compatibility and soaked in fomblin (Y25/6, Solvay,
Brussels, Belgium).

https://doi.org/10.5607/en.2020.29.1.80
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Data acquisition

The extracted brain samples were scanned with a 9.4T ani-
mal MR scanner (Bruker Biospin, Ettlingen, Germany) and a
four-channel receive-only phased array head coil for receiving.
The T2-weighted MR images were obtained using a 3D Turbo
RARE T2 sequence (repetition time (TR)=1,800 ms; echo time
(TE)=33.6 ms; flip angle=90°; field of view (FOV)=1.2x1.2x1.56
cm’; matrix=240x240x156; bandwidth=1,400 Hz, total imaging
scan time=1 hour 43 min) and the diffusion tensor images were
obtained using 2D EPI diftusion tensor sequence (TR=3,000 ms;
TE=30 ms; flip angle=90°% FOV=1.8x1.8 cm; matrix=90x90; band-
width=1,400 Hz, slice thickness=0.2 mm; b-value=3,003 s/mm’*
diffusion directions=30; total imaging scan time=2 hr 6 min).

Anatomic segmentation

The basal ganglia structures, including CP, GPe, GPi, SN¢, SNr
and STN were segmented using Atlas Normalization Toolbox us-
ing elastiX (ANTX) [29], a MATLAB (MathWorks, Natick, MA,
USA) toolbox and FSL (Version 6.0; www.fmrib.ox.ac.uk/fsl) [10].
The obtained T2 and DTI data were converted from DICOM to
Neuroimaging Informatics Technology Initiative (NIFTT) format
with ANTX. b0 images from the converted data were extracted for
structural segmentation using fs/roi command of FSL [30]. Next,
Allen mouse brain mask labels with left and right hemisphere
distinctions were generated using mask-generator in MATLAB
toolbox ANTX.

Data processing

Data processing steps are represented in Fig. 1. A binary mouse
brain mask was generated from the b0 image by linearly aligning
Allen mouse whole brain masks from Allen template space to
native DTT space with FMRIB's Linear Image Registration Tool
(FLIRT) [31, 32]. Registrations were visually inspected with FSIs
fsleyes. After registration, all basal ganglia masks were registered to
the Allen brain atlas template using FSIs FLIRT transformation.
Next, DWI denoising step to improve SNR of data was performed
to reduce the influence of thermal noise by applying redundancy
in the diffusion data in MRtrix [33]. The denoised DTI images
were corrected for eddy currents using FSIs eddycorrect, a tool for
correcting distortion and motion [34]. After eddy correction, DTI
images were corrected for B1 field inhomogeneities by using dwib-
iascorrect in MRtrix [35]. Fitting of diffusion tensor on corrected
DTI data was done using dtifit of FMRIB diffusion toolbox. FA
and ADC values of DTI data were calculated using FSIs fsimeants,
represented in Supplementary data. The volume of each 10 bilat-
eral registered brain masks was calculated with the volume func-
tion (-V) using FSIs fs/stats [36]. Bayesian Estimation of Diffusion

https://doi.org/10.5607/en.2020.29.1.80
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Fig. 1. Flowchart illustrating the DTT data processing pipeline.

Parameters Obtained using Sampling Techniques (BEDPOSTX)
[24] was used to model crossing fibers at each voxel of the DTI
data with a maximum of 3 fiber orientations per voxel. Fiber data
performed by BEDPOSTX were used to generate probabilistic
tractography between the previously segmented structures.

Probabilistic tractography

Probabilistic tractography analysis was performed using FSIs
PROBTRACKX on a Linux workstation [37]. PROBTRACKX cal-
culates tracking streamlines (in this case, 5,000 samples per voxel)
through fiber orientations of each voxel in the segmented regions,
then computes the probability of the created streamlines. The step
size and curvature parameters for PROBTRACKX were indepen-
dently optimized. To optimize suitable turning angles, step size
was set to 1/20 of the voxel size, and the curvature value was set in
the range of 0.02 to 0.3. For probabilistic tractography, step size of
0.05 and curvature of 0.1 were chosen. Probabilistic tractography
maps were obtained for each of the left and right halves of the 7
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anatomic labels. Streamline fibers were generated from seed struc-
tures and target label brain masks were used as target regions for
waypoint connectivity, excluding fibers that did not pass through
both seed and target regions. The number of fibers generated from
probabilistic tractography was used for statistical analysis.

Connectivity analysis

Probabilistic tractography streamlines stemming from 7 seed
regions passing each of the 7 target regions were used to generate
connectivity estimates. Streamline fibers connecting seed and tar-
get regions were summed then normalized by the seed region vol-
ume to adjust for differences in the total number of tractography
seeds per structure. The streamline fibers generated between left-
left, left-right, right-left and right-right hemisphere structures were
represented in a connectivity matrix, displayed with a log10 color

(A)

CONTROL

(B)

6-OHDA

A2

scale.

Comparison with Allen Brain Atlas neuronal tracer data
and our DTI data

To compare and visualize the differences between Allen neuro-
nal tracer data and our DTI connectivity data, we obtained tracer
injection and projection data of neuronal tracer experiments
between two specific regions (such as STN-GPi) from the Allen
Mouse Brain Connectivity Atlas database (http://connectivity.
brain-map.org/). The database did not contain neuronal tracer
data for certain region pairs such as GPe-STN. The average
template image, which is in ABA reference space, is transformed
into our native diffusion mouse data space using FSLs FLIRT
algorithm. The ABA injection/projection data were registered to
native diffusion space using the generated matrix data from the

. Caudoputamen

Globus pallidus external

. Globus pallidus internal

. Subthalamic nucleus

. Substantia nigra compact

- Substantia nigra reticular

. Caudoputamen

Globus pallidus external

. Globus pallidus internal

. Subthalamic nucleus

. Substantia nigra compact

. Substantia nigra reticular

Fig. 2. 3D representations of Segmented bilateral basal ganglia structure. (A) Segmented bilateral structures in control mouse brain. (B) Segmented
bilateral mouse brain in 6-OHDA-induced PD mouse model. Color code: green: caudoputamen, yellow: globus pallidus exteral, red: globus pallidus in-
ternal, pink=subthalamic nucleus, blue: substantia nigra compact, purple: substantia nigra reticular.

84 www.enjournal.org https://doi.org/10.5607/en.2020.29.1.80



en

Probabilistic Tractography of Basal Ganglia in Parkinson's Mouse

transformation of average template space to diffusion space. After
registration, probabilistic tractography were compared with ABA
neuronal tracer data using FSI's visualization tool.

Statistical analysis

Statistical analysis was performed using Statistical Package for
the Social Sciences (SPSS v 25.0, IBM Corporation, Armonk,
NY, USA) software. Tractography data were tested for normality
using Shapiro Wilk’s test. Group comparisons between controls
and 6-OHDA-induced PD mouse were done using independent
samples t-test for normally distributed data and Mann-Whitney
U test for data that were not normally distributed. A correction for
multiple comparisons was performed using the Benjamini and
Hochberg false discovery rate (FDR) correction with significance
at p values <0.05. Data are represented as mean and standard de-
viation (SD).

RESULTS

Atlas-based Segmentation

Basal-ganglia structures segmented using ANTx for both normal
(Fig.2A) and 6-OHDA-induced PD mouse (Fig. 2B) are presented
in 3D models for comparison. We segmented bilateral caudoputa-
men (CP), globus pallidus externa (GPe), globus pallidus interna
(GPi), subthalamic nucleus (STN), substantia nigra compact (SN¢)
and substantia nigra reticular (SNr) from diffusion images. Seg-
mented bilateral structures are represented within a 3D transpar-
ent mouse brain rendering.

Brain volume

Group-averaged segmented brain volumes from control and
6-OHDA groups in left hemisphere and right hemisphere are
shown in Table 2. Estimated basal ganglia volumes of all segment-

ed structures were derived from T2 data. No significant volumetric
differences between control and 6-OHDA groups were found in

right, as well as left hemispheres.

Probabilistic tractography

Probabilistic tractography was used to generate brain basal gan-
glia connectivity matrices in control (Fig. 3A) and PD-induced
mouse model (Fig. 3B). The number of fibers generated from
probabilistic tractography is affected by the volume of each seed
region used in PROBTRACTX, which results in different levels of
fiber connectivity between seed region A, target region B and seed
region B, target region A. Thus, we generated 4 different fiber con-
nectivity matrices- 1) left seed structures to left target structures,
2) left seed structures to right target structures, 3) right seed struc-
tures to right target structures, 4) right seed structures to left target
structures. In both mouse models, the fiber connectivity of the
ipsilateral hemisphere was stronger than that of the contralateral
connectivity.

The percentage of direct fiber connectivity between each seg-
mented CP, GPe, GPi, SN¢, SNr and STN in control and 6-OHDA
groups is shown in Table 3. We averaged the number of fibers with
direct connections between segmentations of both hemispheres.
The percentages indicate the amount of fiber connections that
pass through the target regions from the seed regions. For example,
19.79% of all streamline fibers that run through STN are connect-
ed to GP in control group mice while 21.89% in 6-OHDA group
mice are connected to the GP. This table is asymmetric because
it indicates the percentage of connections to target brain regions
relative to the total number of fibers generated within each brain

region.

Table 2. Volumes of basal ganglia of the control and 6-OHDA groups in left and right hemisphere

Brain volume
Left hemisphere Right hemisphere
Control 6-OHDA value Control 6-OHDA value
n=5 n=5 P n=5 n=5 ’
CaudPu 19.25+0.65 19.4+0.6 0.723 19.31+0.62 19.53+0.69 0.610
GPe 2.93+0.09 2.92+0.12 0.828 2.88+0.15 2.9340.11 0.530
GPi 1.08+0.08 1.07+0.06 0.852 1.04+0.05 1.07+0.1 0.593
SNc 1.65+0.07 1.71+0.08 0.244 1.68+0.05 1.66+0.12 0.819
SNr 2.45+0.13 2.46+0.09 0.868 243+0.11 2.36+0.1 0.347
STN 1.08+0.05 1.07+0.04 0.855 1.03£0.04 1.02+0.04 0.589

CaudPu, caudoputamen; GPe, globus pallidus external; GPi, globus pallidus internal; SN¢, substantia nigra compact; SN, substantia nigra reticular; STN,

subthalamic nucleus.
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Fig. 3. A probabilistic tractogra-
phy connectivity matrix between
seven anatomic regions (CP,
STN, GPe, GPi, SN¢, SNr, STN)
displayed with a log10 scale color
map for control groups (A) and
6-OHDA groups (B). The seed
regions and the target regions
were anatomically located within
the 3D rendered mouse, with
the seed region on the left and
the target region on the top (CP:
green, GPe: yellow, GPi: red, SNc:
blue, SNr: purple, STN: pink).
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Table 3. Percentage of fiber paths directly connected from the seed structures to the target structures

Control group 6-OHDA group
Seed Target structures Target structures
structures  CaduPu  GPe GPi SNc SNr  STN CaduPu  GPe GPi SNc SNr STN
% (SD) %(SD) %(SD) % (SD) %(SD) %(SD) %(SD) %(SD) %(SD) % (SD) % (SD) % (SD)
CaudPu - 7036 2463 067 177 259 - 7098  23.65 0.65 2.04 27
(15.66)  (5.49) (0.17) (0.4) (0.58) (15.8) (5.29) (0.15) (0.46) (0.62)
GPe 62.11 - 3547 0.33 0.67 1.45 62.12 - 34.47 0.38 0.96 2.1
(26.96) (1543)  (0.15)  (0.29)  (0.69) (34.6) (1928)  (023)  (0.55)  (1.26)
GPi 38.31 43.08 - 2.05 35 13.09 37.66 41.64 - 23 3.89 14.54
(20.55)  (23.05) (11 (195  (7.03) (23.23)  (25.55) (1.48) (24) (9.0)
SNc 1.15 0.86 2.15 - 72.97 229 1.17 0.76 248 - 73.28 22.33
(0.59) (0.43) (1.09) (35.55) (11.46) (0.66) (0.44) (1.32) (37.15)  (11.67)
SNr 2.45 1.19 3.28 63.54 - 29.56 2.83 1.22 391 63.18 - 289
(1.41) (0.68) (1.86)  (34.96) (13.1) (1.56) 0.7) (2.16) (33.31) (15.81)
STN 6.83 3.79 16 31.74 41.66 7.16 391 17.98 30.68 40.29 -
(412)  (223)  (957) (1847) (2421) (454)  (247)  (113)  (1905)  (24.99)

CaudPu, caudoputamen; GPe, globus pallidus external; GPi, globus pallidus internal; SN¢, substantia nigra compact; SN, substantia nigra reticular; STN,
subthalamic nucleus.
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Fig. 4. Comparison graphs of direct connections between control and 6-OHDA groups in left STN-left GPi and right GPe-right STN connectivity.
Mean and standard deviation. *p<0.05 significant differences after adjusting for FDR correction (Blue: control group, Red: 6-OHDA group).

Significant direct probabilistic tractography within the
basal ganglia

We identitied basal ganglia connectivity with significant differ-
ences between the two groups through fiber path data obtained
through FSLs PROBTRACKX. After testing for normality and
differences between the two groups, we found that left STN - left
GPi (Fig. 4A) and right GPe - right STN (Fig. 4B) connectivity
showed significant differences between control and 6-OHDA
group. Group-averaged left STN - left GPi connection was higher
in 6-OHDA group than in control group (p=0.018). Moreover,
right GPe - right STN connection was also higher in 6-OHDA

https://doi.org/10.5607/en.2020.29.1.80

group (p=0.042) than in control group. However, there were no
obvious significant differences in fiber connectivity in other brain
structures that were analyzed.

Increased subthalamo-pallidal and pallido-subthalamic
connectivity in PD model

Waypoint probabilistic connectivity maps were generated by
PROBTRACKX. PROBTRACKX visualizes the streamline fibers
connecting seed and target structures in grey 3D meshes. We dis-
played detailed tracts connecting STN-GPi and GPe-STN of both
control and 6-OHDA-injected PD mouse group, shown in Fig. 5.
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Fig. 5. Detailed fiber connectivity between seed region and target region
in control and 6-OHDA groups. This figure represents a 3D dorsal view
of STN-GPi and GPe-STN tracts on an axial T2-weighted image. (A) and
(B) show tracts interconnecting the left STN and the left GPi in control
and 6-OHDA groups. (C) and (D) shows tracts interconnecting the right
GPe and right STN in control and 6-OHDA groups (Red: GPi, Pink: STN,
Gray: fiber path; (A) Left STN-left GPi in control, (B) Left STN-left GPi in
6-OHDA, (C) Right GPe-right STN in control, (D) Right GPe-right STN
in 6-OHDA).

In left STN - left GPi connectivity (Fig. 5A and 5B), most of the
fibers extend from the dorsal-medial aspect of the STN. However,
we found that dorsal-lateral and medial fibers of the STN are
denser in the 6-OHDA group than in the control group. In right
GPe - right STN connectivity (Fig. 5C and 5D), most fibers recon-
structed using PROBTRACKX emerged from the ventral-medial
region of GPe in both groups, whereas more fibers of dorsal-
lateral parts of STN were innervated by ventral-medial GPe in the
6-OHDA group.

Comparison of probabilistic tractography and Allen Brain
Atlas neuronal tracer data

Probabilistic tractography data was compared with ABA neuro-
nal tracer data. Diffusion-based probabilistic tractography were
obtained from ROIs corresponding to ABA tracer injection sites.
Probabilistic tractography data were used to investigate for the ac-
curacy of using diffusion probabilistic tractography for mapping
structural fiber connectivity between basal ganglia regions (Fig.
6A). We compared ABA fiber projections with our tractography
data that extends to GPi from STN as injection sites, shown in Fig,
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6B. The STN-GPi projection data from ABA was generated from
C57BL/6] mouse. Although probabilistic tractography data did
not correspond completely with ABA neuronal tracer data, we
found that more fibers in the 6-OHDA mouse model were distrib-
uted in a similar medial direction as neuronal tracer data.

DISCUSSION

In this work, we identified the differences in basal ganglia con-
nectome for ex-vivo mouse with 6-OHDA-induced PD model
versus normal groups. We presented that by using high-resolution
diffusion MRI data at 9.4 Tesla, we are able to detect complex
structural fiber connectivity and to reconstruct maps by using
the fiber information from the voxel neighborhood in the basal
ganglia. We previously structured the analysis pipeline on ex-vivo
mouse diffusion data for delineating well-known fiber connec-
tions involving Parkinsons disease [37]. To obtain a more refined
view of the diffusion orientations, we applied a further refined
fiber tracking algorithm with postprocessing steps; this allowed us
to generate higher resolution diffusion orientations. In addition,
we used probabilistic tractography to infer connectivity of the seed
and target regions and detect a larger number of fibers. This pro-
cess provides information on comparative mapping of the basal
ganglia connectivity in PD mouse model and wild-type mouse
model.

Brain volume

We detected no basal ganglia volume change between 6-OHDA
and control mouse models using FSL analysis methods. Our
findings support the results of previous studies that did not find
subcortical brain volume (including basal ganglia and thalamus)
changes [38-40]. Rektor et al. [40] study also did not detect sub-
cortical volumetric changes in early stage PD patents, suggest-
ing that alterations of brain volume may occur late stage in the
disease course. Indeed, a number of studies detected volumetric
abnormalities of part of subcortical structure (e.g. striatum and
thalamus) in advanced PD patients, indicating that subcortical
volumetric atrophy occurs later stage during the disease course [40,
41].

Tractography of the basal ganglia in ex-vivo PD mouse and
normal mouse

Using probabilistic tractography analysis, we obtained con-
nectivity matrix for the segmented basal ganglia. Furthermore,
direct fiber connections within the brain structures were found in
control and 6-OHDA groups. The overall number of fibers on the
contralateral hemisphere were lower than fibers on the ipsilateral
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hemisphere. The projections of ipsilateral and contralateral hemi-
spheres showed similar patterns. The pattern of contralateral con-
nectivity appears to be an attenuated version of the ipsilateral side
pattern. These findings are in line with previous human DTT study
which demonstrated a bilateral connectivity in cerebellum-basal
ganglia. The weaker projections observed for the contralateral
side connections may be due to the longer distance necessary for
probabilistic pathway to reach the final target region [22]. More-
over, these findings indicate that basic topological organization of
contralateral and ipsilateral connectivity is similar between human
and mouse.

As mentioned in the above results, the connectivity between
two short distance brain regions is higher because the tract can
be measured more easily than the longer distance connection.
For example, the STN-GPi connections (16% of all fibers through
the STN in control group, 17.98% of all fibers through the STN in
6-OHDA group) are higher than the STN-GPe connections (3.79%
in control, 3.91% in 6-OHDA group). This may suggest that the
STN-GPi connectivity could be overestimated because of distance
proximity [16]. Overall, we found reproducible connectivity esti-
mates across basal ganglia for both left and right hemispheres in

each individual mouse models.
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Fig. 6. Comparison between
ABA neuronal tracer and diffu-
sion tractography projection. (A)
The ABA neuronal projections
(colored in red) from the injec-
tion site were registered to ABA
mouse brain template. ABA brain
template (along with the neuro-
nal projections) was registered
to our native MR mouse image,
where probabilistic fiber data
(colored in green) were com-
pared with ABA neuronal tracer
projections. (B) Probabilistic
tractography (green) and ABA
neuronal projections of STN-
GPi in control and 6-OHDA
mouse model.

- Tractography

Subthalamo-pallidal and pallido-subthalamic pathway
We identified that left STN-left GPi and right GPe-right STN
connectivity are significantly increased in 6-OHDA group com-
pared to control. The STN and GPi are the main targets for the
treatment of movement disorder because of their effectiveness
post-surgical treatment [42]. After dopamine depletion in PD,
indirect pathway (GP and STN) excessively inhibits the motor
loop circuit, resulting in rigidity of movement [43]. In present
study, a large number of fibers extended from the dorsal-medial
region of the STN to GPi. This finding is in line with a previous
in-vivo human brain study using multi-fiber tractography [8].
However, in 6-OHDA mouse models, more fibers were distributed
in dorsal-lateral and medial regions of the STN to GPi. The large
dorsal-lateral area of STN is part of the motor territory; ventral-
medial area corresponds to the associative territory and medial
area corresponds to the limbic territory [44]. One functional MRI
study reported that increased alteration in STN fiber connectivity
is associated with changes to basal ganglia motor circuit in the PD
group. These results can be inferred that STN-related connectiv-
ity is increased as a compensatory response to control movement
during self-initiated movement [45]. Although functional connec-

tivity does not indicate direct structural connectivity, detection of
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overlapping regions in both structural and functional techniques
imply a strong indication of the reliability in the proposed model
[14].

Furthermore, we found that the GPe-STN connections displayed
significant increases in 6-OHDA group. The topologic distribu-
tion of this projection varies from species to species. In agreement
with previous rodent studies, we identified that dorsal-lateral STN
is innervated by the ventral-medial pallidum [46]. However, more
alterations in fibers between GPe and STN have been demonstrat-
ed in 6-OHDA mouse model. In PD models with dopaminergic
depletion, the pallido-subthalamic projections are enhanced by
an increase in the number of fiber synaptic connections from the
GPe terminals to the STN. Such increase in inhibition projections
from the GPe may induce hyperpolarization-mediated rebound
bursting of STN cells [47]. Thus, data on network alterations could
contribute to studying abnormal activity patterns of parkisonian
STN.

Allen neuronal tracer data

While probabilistic tractography can provide estimates of con-
nectivity between basal ganglia structures and cerebral cortex,
such results may have some limitations due to potential underes-
timates referred from prior studies on fiber tracts between mouse
basal ganglia [48]. Therefore, we compared our tractography data
with Allen mouse neuronal tracer data to evaluate the accuracy
of using diffusion probabilistic tractography for mapping basal
ganglia connectivity. Although the results presented here showed
that more fibers were distributed in the medial region of STN in
6-OHDA models than in controls, the data of both groups did not
completely agree with ABA tracer data. This is likely due to the
fundamental differences between tractography and neuronal trac-
er data. Calabrese study explained that this may be due to differ-
ences in the properties of the anterograde viral tracers that cannot
pass through synapses and restricted to moving unidirectionally
through individual axons, unlike that of tractography, which can
be generated in multiple-directions through bundles of axons and
in between synapses [10].

Limitations

We recognize that the present study has some limitations. The
direction of the connectivity cannot be inferred with probabilistic
tractography techniques. Therefore, it is important to know that
the generated tracts do not reflect the projection directionality. For
example, GPe-STN connections may also reflect STN-GPe con-
nections. Second, it cannot be inferred whether the obtained fiber
projections are inhibitory or excitatory. Finally, the biological in-

terpretation of results remains a challenge as connectivity derived

920 www.enjournal.org

diffusion neuronal tractography can only be inferred and may

require further studies with similar mouse models for verification.

Conclusion

In conclusion, the current study demonstrated that 6-OHDA-
injected PD mouse shows alterations on motor-related basal gan-
glia using probabilistic tractography. We found that subthalamo-
pallidal and pallido-subthalamic connectivity were strengthened
in PD mouse model. Abnormal fiber projections within the STN
are associated with motor territory, which remains an important
region of the basal ganglia in the treatment and pathophysiology
of Parkinsons disease. In this context, our ex-vivo mouse brain
connectivity can potentially be a crucial model for future mouse
brain studies in understanding mechanisms of several neurologic

and psychiatric diseases.
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