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Abstract

In recent years, tractography based on diffusion magnetic resonance imaging (dMRI) has become 

a popular tool for studying microstructural changes resulting from brain diseases like Parkinson’s 

Disease (PD). Quantitative anisotropy (QA) is a parameter that is used in deterministic fiber 

tracking as a measure of connection between brain regions. It remains unclear, however, if 
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microstructural changes caused by lesioning the median forebrain bundle (MFB) to create a 

Parkinsonian rat model can be resolved using tractography based on ex-vivo diffusion MRI. This 

study aims to fill this gap and enable future mechanistic research on structural changes of the 

whole brain network rodent models of PD. Specifically, it evaluated the ability of correlational 

tractography to detect structural changes in the MFB of 6-hydroxydopamine (6-OHDA) lesioned 

rats. The findings reveal that correlational tractography can detect structural changes in lesioned 

MFB and differentiate between the 6-OHDA and control groups. Imaging results are supported 

by behavioral and histological evidence demonstrating that 6-OHDA lesioned rats were indeed 

Parkinsonian. The results suggest that QA and correlational tractography is appropriate to examine 

local structural changes in rodent models of neurodegenerative disease. More broadly, we expect 

that similar techniques may provide insight on how disease alters structure throughout the brain, 

and as a tool to optimize therapeutic interventions.
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I. INTRODUCTION

Parkinson’s disease (PD) is caused by degeneration of neurons in the substantia nigra parts 

compacta (SNc) that leads to striatal dopamine deficiency [1]. Degeneration of SNc neurons 

trigger motor symptoms that include bradykinesia, resting tremor, rigidity, slowness of 

movement, freezing of gait and non-motor symptoms sleep problems, depression, anxiety, 

pain, and fatigue [2].

The 6-hydroxydopamine (6-OHDA) rat model is one of the most commonly used models 

to study PD because injection of the neurotoxin lesions nigro-striatal dopaminergic (DA) 

neurons [3]. Furthermore, rats with 6-OHDA lesions experience similar motor symptoms 

as those seen in patients with PD. While some studies have reported changes in measures 

of water diffusion using diffusion tensor imaging (DTI) after 6-OHDA lesions [4], [5], 

it remains unclear whether tractography based on diffusion magnetic resonance imaging 

(dMRI) can resolve changes in structural connectivity resulting from creation of the lesion.

In this study, we utilized tractography based on ex-vivo dMRI to assess microstructural 

changes in rats with unilateral lesions of the median forebrain bundle (MFB) caused by 

6-OHDA injection. We performed behavioral tests and qualitative histology to evaluate 6-

OHDA induced Parkinsonian phenotype. We then used dMRI and correlational tractography 

to evaluate differences in structural connectivity between lesioned and non-lesioned rats. 

Our work shows, via correlational tractography, significant structural changes in nigro 

striatal pathway consistent with toxin injection in the MFB. Furthermore, it suggests that 

connectomic measures may be appropriate tools to evaluate the effects of neurodegenerative 

disease and subsequent therapeutic interventions on structural connectivity across the whole 

brain network.
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II. METHODS

A. Surgical Procedures

Two groups of animals were used in the study: a 6-OHDA group (n=5) and a vehicle group 

(n=5). The experiments in the present study were performed on adult male Long-Evans 

rats (313-403g). All animal procedures were reviewed and approved by the Institutional 

Animal Care and Use Committee (IACUC) at the University of Wisconsin-Madison. Rats 

were housed on a 12-hour light/dark cycle with ad libitum access to food and water. The 

rats were anaesthetized with isoflurane. Also, the rats received an intraperitoneal injection 

of 20mg/kg desipramine HCL, governed 30 min before the 6-OHDA to prevent damage to 

noradrenergic neurons [6]. The animals received a 6-OHDA (n=5) injection (8 μg in 4 μL 

of saline with 0.02% ascorbate over 8 min) into the left medial forebrain bundle (MFB). 

Based on the atlas [7], stereotactic injections were placed anterior-posterior (AP) − 4.3 mm, 

−1.6 mm lateral to the midline (ML) and − 8.6 mm (bregma) ventral to the surface of the 

skull (DV). After each injection, the needle was left in place for 5 min and then withdrawn 

slowly to prevent backtracking of the drug. Heart rate and blood oxygen saturation and 

body temperature were monitored throughout the surgery (PhysioSuite, Kent Scientific). A 

heating blanket was implemented to regulate body temperature.

B. Behavioral Tests

The forelimb use asymmetry (cylinder test) and apomorphine (APO) rotational behavior 

tests were performed on day 19 and 20 for the vehicle and 6-OHDA group to confirm the 

6-OHDA model. A cylinder test was used for the assessment of forelimb use asymmetry for 

weight shifting, induced by unilateral 6-OHDA lesion, during vertical exploration [8]. This 

behavioral test is a commonly used for evaluating pathologic behavior in the 6-OHDA rat 

model. Rats were placed in a glass cylinder (160 mm in diameter and 395 mm in height) 

without prior acclimatization and videorecorded for 5 min. The number of wall touches 

during a full rear of the ipsilateral and contralateral to the 6-OHDA lesioned hemisphere, 

and simultaneous use of both forelimbs for contacting the wall were counted during slow-

motion replay in VLC media player. Touches were quantified as a percentage of ipsilateral, 

contralateral, and both computed as: (ipsilateral touches)/(ipsilateral touches + contralateral 

touches + both)*100; (contralateral touches)/(ipsilateral touches + contralateral touches + 

both)*100, both/(ipsilateral touches + contralateral touches +both)*100.

The apomorphine rotational behavior test is a predictive test that is used to confirm the PD in 

the rat model [9],[10],[11]. During this test, it is expected that after APO injection 6-OHDA 

lesioned rats rotate away from the lesion side (contralateral rotations). After injection of 

APO or saline, rats were placed in a plexiglass open arena (303x303x303 mm), and video 

recorded for 30 min. The number of full ipsilateral and contralateral rotations was counted 

manually for each minute during slow-motion replay in VLC media player by an observer.

C. Perfusion and Histology

Perfusions were completed on the 21st day following the injection surgery. The rats were 

anaesthetized with isoflurane (2-5%) and sequential transcardial perfusion was made with 

ice-cold PBS and 4% paraformaldehyde (PFA). After fixation in 4% PFA for 48 hours, 
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brains were washed and transferred to 1x PBS. For assessment of the 6-OHDA lesion, 

tyrosine hydroxylase (TH) positive expression was implemented. Tissue was cryoprotected 

then sectioned on a freezing microtome. Sections were washed in 1X TBS followed by 

antigen retrieval at 80°C in Tris-EDTA pH 9.0 and endogenous peroxidase quenching in 

TBS with 3% H2O2 and 10% Methanol. Sections were blocked in TBS with 0.05% Triton 

X-100 (TBST; Sigma-Aldrich, Burlington, MA) with 5% normal goat serum, incubated 

overnight in TBST with 1% bovine serum albumin (BSA; Calbiochem by Millipore Sigma, 

St. Louis, MO) and primary antiserum (Millipore Sigma MAB318; 1:5,000). After washes 

in TBST, sections were incubated in Alexa Fluor 594 secondary IgG (Invitrogen A11032; 

1:750), followed by TBS rinses, mounted on gelatin coated slides and coverslipped with 

Prolong Gold antifade reagent with DAPI (Invitrogen by Thermo Fisher Scientific, Waltham, 

MA). Coronal slices were imaged using the Axio Imager Z2 microscope and ZEN 3.3 

software (Carl Zeiss).

D. Diffusion Tensor Imaging and Connectomic Analysis

To assess the white matter degeneration, multi-slice, diffusion-weighted, spin echo images 

were obtained in the 6-OHDA lesioned and the vehicle animal brains. Brains were scanned 

with a 4.7 T Agilent MRI system and a 3.5-cm diameter quadrature volume RF coil. These 

scanning parameters were used: TR= 2500 ms, TE = 28 ms, acquisition matrix size = 

128x128, FOV= 32x32, voxel size 250 microns in-plane, section thickness = 0.35 mm, 

NEX = 2, two shell acquisition with 10 directions at b=0 s/mm2, 25 directions at b=816 

s/mm2, and 50 directions at b=2,041 s/mm2. Matrix = 128 × 128 reconstructed to 256 × 

256 for an isotropic voxel size of 0.25 mm over two signal averages (Δ=12.20 ms, δ=6 

ms). All imaging was performed in a temperature-controlled room with imaging performed 

between 20-21°C. Raw data files were converted to NIFTY(Neuroimaging Informatics 

Technology Initiative) format for use with the DTI-TK software package and eddy currents 

were calculated for image correction.

A connectomety database was created from the diffusion MRI scans of each animal in DSI 

Studio. The diffusion data were reconstructed using generalized q-sampling imaging [12] 

with a diffusion sampling length ratio of 0.2. QA was extracted as the local connectome 

fingerprint [13] and used in the connectometry analysis. A nonparametric Spearman 

correlation was used to derive the correlation between the two groups. A T-score threshold 

of 2.5 was assigned and tracked using a deterministic fiber tracking algorithm [14] to 

obtain correlational tractography. A seeding region was placed at whole brain (36,69,24). 

The tracks were filtered by topology-informed pruning [15] with 4 iteration(s). An FDR 

threshold of 0.05 was used to select tracks. To estimate the false discovery rate, a total of 

4000 randomized permutations were applied to the group label to obtain the null distribution 

of the track length.

III. RESULTS

Here we focus on quantifying the effects on structural brain networks resulting from 

the creation of a Parkinsonian animal model. Two behavioral assays and histological 

examination of the brain were used to verify creation of the Parkinsonian model. Limb 
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use changed significantly in the 6-OHDA lesioned cohort compared to the vehicle cohort. 

Figure 1A demonstrates that 6-OHDA lesioned animals had a significant decrease in the 

proportion of contralateral and both forelimb use ( *p<0.005 - two-sided Wilcoxon rank 

sum test), and a significant increase in the proportion of ipsilateral forelimb use (*p 

<0.005- two-sided Wilcoxon rank sum test) compared to vehicle. Similarly, in the PO test, 

contralateral rotations per minute were plotted against time (Fig 1B). The peak rotational 

rate was compared in 10 min interval between 15-25 min (Fig 1C). The APO test indicates 

significantly higher rotational speed in the 6-OHDA group (Fig 1C; p < 0.005, Two-sample 

t-test) compared to the vehicle group (apomorphine dose 0.1 mg/kg). Differences in 

behavior were corroborated by qualitative histology. Sections through the striatum and SNc 

from 6-OHDA lesioned and vehicle groups were examined for the presence of dopaminergic 

neurons via TH staining (see Fig 2 for representative sample). The number of neurons 

stained by TH were drastically reduced in the 6-OHDA group compared to vehicle.

Diffusion MRI connectometry [16] was used to derive the local connectome fingerprint for 

each group. Correlational tractography found a significant negative correlation (FDR < 0.05, 

preserving a P < 0.05 significance threshold) between the 6-OHDA and vehicle cohorts in 

the QA of fibers (Fig3, blue fibers) that directly connect the SNc and striatum (Fig 3, yellow 

and red regions). This is consistent with the location of the lesioned MFB.

IV. DISCUSSION

This work demonstrates the ability of correlational tractography to detect structural changes 

in the basal ganglia following disruption of the MFB via injection of 6-OHDA. Estimation 

of local structural connectivity via QA and correlational tractography showed differences in 

QA between the 6-OHDA and vehicle groups. This finding was corroborated using standard 

behavioral and histological assays suggesting that 6-OHDA injection caused perturbation 

consistent with a > 96% depletion of DA neurons of ipsilateral MFB [8]. Taken together, 

these results highlight the ability of tractography to sense the perturbation of local brain 

networks resulting from creation of a lesion. More broadly, we expect that these techniques 

could be expanded to examine changes in structural connectivity throughout the brain. 

Importantly, similar techniques have been employed in human subjects on readily available 

3T MRI scanners [13, 16] making this a potentially translatable methodology that could be 

used as an early biomarker of neurodegenerative disease or as a tool to select and optimize 

therapeutic interventions.
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Fig. 1. 
Behavioral Tests. A) Forelimb use asymmetry test. Percentage ipsilateral, contralateral, and 

both paw touches for the vehicle and the 6-OHDA groups. Data represented as median, 

lower/upper quartiles, and extremities, repeated measures of two-sided Wilcoxon rank sum 

test, indicating greater ipsilateral limb-use in the 6-OHDA group (p<0.005), and less use 

contralateral and both limbs in the 6-OHDA lesioned animals (p<0.005). B) Rotation curves 

for the vehicle (Veh) and the 6-OHDA group after receiving 0.1mg/kg apomorphine (APO). 

Each curve represents the mean rotational speed and standard error of mean (+/− SEM) per 

minute for 30 min period. C) The peak rotational rate comparison demonstrating greater 

contralateral rotations per minute in the 6-OHDA group (*p<0.005).
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Fig. 2. 
Coronal slices of the striatum (top) and SNc (bottom). Histology results show substantial 

reduction of DA neurons in the striatum and SNc of the 6-OHDA group based on TH 

positive representation (red fluorescence).
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Fig. 3. 
Tracks (blue lines) with QA negatively correlated with group variable (FDR <= 0.05). A and 

B) Slices through the averaged brain showing location of negatively correlated tracks with 

respect to the striatum (red region) and substantia nigra pars compacta (yellow region).
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