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Abstract
Clinical diagnosis of Parkinson's disease (PD) occurs typically when a substantial 
proportion of dopaminergic neurons in the substantia nigra (SN) already died, and 
the first motor symptoms appear. Therefore, tools enabling the early diagnosis of 
PD are essential to identify early-stage PD patients in which neuroprotective treat-
ments could have a significant impact. Here, we test the utility and sensitivity of the 
diffusion kurtosis imaging (DKI) in detecting progressive microstructural changes in 
several brain regions of mice exposed to chronic intragastric administration of rote-
none, a mouse model that mimics the spatiotemporal progression of PD-like pathol-
ogy from the ENS to the SN as described by Braak's staging. Our results show that 
DKI, especially kurtosis, can detect the progression of pathology-associated changes 
throughout the CNS. Increases in mean kurtosis were first observed in the dorsal 
motor nucleus of the vagus (DMV) after 2 months of exposure to rotenone and before 
the loss of dopaminergic neurons in the SN occurred. Remarkably, we also show that 
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1  | INTRODUC TION

Parkinson's disease (PD) is a progressive neurodegenerative disorder 
affecting more than 10 million people globally (Saeed et al., 2017). 
PD is a heterogeneous disease featuring a number of pathological 
hallmarks such as degeneration of neuromelanin containing dopa-
minergic neurons and the presence of Lewy body pathology con-
sisting mainly of alpha synuclein (α-Syn) (Segura-Aguilar et al., 2014). 
Despite a lot of ongoing research, the exact etiology of idiopathic PD 
remains unclear. Current treatment options for PD are symptomatic, 
and there is an urgent need to develop innovative disease-modifying 
(e.g., neuroprotective) therapies, which can slow down or halt the 
progression of PD pathology. Despite numerous efforts to develop 
such pharmacologic agents, most of these candidate drugs, which 
seemed to be effective in animal models, failed to show clinical effi-
cacy (Kalia et al., 2015; Khairnar et al., 2016; Oertel, 2017). This fail-
ure might be explained by administering the new drugs to patients 
suffering PD in the late stage, when these agents may not be able to 
affect the development of pathological process anymore. It has been 
shown that the pathological process in PD manifested by prodromal 
non-motor symptoms such as rapid eye movement sleep disorders, 
hyposmia, and gastrointestinal dysfunction develops decades be-
fore the development of motor symptoms (Braak et al., 2003; Pan-
Montojo et al., 2010; Rey et al., 2013). Since non-motor symptoms 
appear much earlier than motor symptoms, there is a wide time 
window to find subjects at the prodromal stage of the disease who 
are likely to develop motor symptoms of PD in the future (Heinzel 
et al., 2019). Therefore, there is an urgent need to develop a non-
invasive biomarker, which can diagnose PD in patients presenting 
these prodromal symptoms. This should also allow for neuroprotec-
tive treatments to have a better outcome. Neuroimaging methods 
might become a suitable tool to address this unmet medical need.

The early diagnosis of PD is challenging, as there is no conclusive 
blood test. Recently a novel real-time quaking-induced conversion 
assay was developed to detect α-syn aggregates in CSF and can dif-
ferentiate alpha synucleopathies from other forms of parkinsonism 
(van Rumund et al., 2019). However, the collection of CSF is invasive. 
Still, there is a lack of non-invasive biomarkers that might detect spa-
tial patterns of α-syn seeding and neurodegeneration with the dis-
ease progression. Neurologists generally diagnose PD patients based 
on clinical scoring of their motor symptoms (Postuma et al., 2015). 
Neuroimaging methods might become a suitable tool to address this 
unmet medical need. Several imaging approaches have potential as 
sensitive and specific markers of prodromal PD, including some pos-
itron emission tomography (PET) ligands such as 11C-donepezil PET/
CT (cholinergic gut innervation), 123I-metaiodobenzylguanidine scin-
tigraphy (cardiac sympathetic denervation), 11C-methylreboxetine 
PET (noradrenergic nerve terminals), or specific magnetic reso-
nance imaging (MRI) sequences depicting brain iron (susceptibility-
weighted MRI, quantitative susceptibility mapping) or neuromelanin 
(neuromelanin-sensitive MRI sequences). Structural connectivity 
and functional MRI have also been studied in this context; however, 
the results remain inconclusive, and there is no existing consensus 
on specific methods and analyses (Heinzel et al., 2019). Conventional 
MRI such as volumetric imaging, deformation-based imaging, or cor-
tical thickness measures is not used routinely for diagnosis of early 
PD as these methods show changes usually in later stages of dis-
ease pathology (Armstrong & Okun, 2020; Krajcovicova et al., 2019; 
Kunst et al., 2019).

Hence, a promising approach might focus on imaging α-Syn ac-
cumulation or neuroinflammation, which occurs much earlier than 
neurodegeneration. In 1997, α-Syn was found to be the main com-
ponent of Lewy bodies, one of the pathological hallmarks of PD 
(Spillantini et al., 1997). Several studies reported that mitochondrial 
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limited exposure to rotenone for 2 months is enough to trigger the progression of 
the disease in the absence of the environmental toxin, thus suggesting that once the 
first pathological changes in one region appear, they can self-perpetuate and progress 
within the CNS. Overall, our results show that DKI can be a useful radiological marker 
for the early detection and monitoring of PD pathology progression in patients with 
the potential to improve the clinical diagnosis and the development of neuroprotec-
tive treatments.
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dysfunction, oxidative stress, or neuroinflammation cause the 
formation of toxic oligomeric species of α-Syn or vice versa, which 
may lead to degeneration of neurons (DeMaagd & Philip,  2015). 
Recent studies have also provided evidence that aggregated α-Syn 
can act as a prion-like protein transferring from one neuron to an-
other and inducing α-Syn aggregation in the host cell (Li et al., 2008; 
Pan-Montojo et al., 2012). Detecting α-Syn pathology and neuroin-
flammation might represent the key for the early diagnosis of PD.

Diffusion kurtosis imaging (DKI), an extension of diffusion 
tensor imaging (DTI), is emerging as a new MRI imaging tool in 
the detection of early brain microstructural changes induced ei-
ther by protein accumulation or neuroinflammation (Braeckman 
et al., 2019; Khairnar et al., 2015, 2016, 2017; Praet et al., 2018). 
DKI provides information about tissue complexity or heterogeneity 
by considering the diffusion of water as non-Gaussian (Jensen & 
Helpern, 2010; Jensen et al., 2005). DKI provides both diffusivity 
and kurtosis metrics, one of being mean kurtosis (MK). It is a dimen-
sionless metric, which reflects the degree of diffusion hindrance 
arising from tissue heterogeneity. If there is a higher hindrance to 
the diffusion of water, there is an increase in kurtosis values. MK 
was found to be sensitive and specific for both anisotropic white 
matter and isotropic gray matter microstructural changes in many 
neurodegenerative disorders like multiple sclerosis, Huntington dis-
ease, Alzheimer's disease as well as PD (Arab et  al.,  2018; Coutu 
et al., 2014; Guglielmetti et al., 2016; Jensen et al., 2005; Rudrapatna 
et al., 2014). However, clinical trials using DKI in PD are very scarce. 
Wang and colleagues proposed the utility and sensitivity of MK 
in the early diagnosis of PD for the first time (Wang et al., 2011). 
Later, the results were confirmed by Zhang and colleagues on 72 PD 
patients (yet diagnosed with motor symptoms). The study found a 
positive correlation of MK with Hoehn-Yahr and UPDRS-III (Unified 
Parkinson's Disease Rating Scale) staging (Zhang et  al.,  2015). 
Furthermore, DKI was found to be effective in differentiating PD 
and detecting microstructural changes in both subcortical (basal 
ganglia) and cortical regions and in the white matter (Ito et al., 2015; 
Kamagata et al., 2017; Minsterova et al., 2020; Surova et al., 2018; 
Zhang et al., 2015). Despite these promising results, there are still 
no studies aiming to identify PD-related alterations in the high-
risk population at the pre-motor stage. This issue required down-
wards translation to animal models, where we are able to identify 
the underlying pathological processes responsible for the changes 
in the kurtosis signal. Therefore, our group initiated a large proj-
ect focused on the utility of MK in detecting α-Syn accumulation-
induced microstructural changes in transgenic mouse model of PD 
overexpressing α-Syn (TNWT-61). We observed that MK was able 
to capture the α-Syn accumulation (or α-Syn accumulation-induced 
changes) in striatum and thalamus in the very early stage of PD-like 
pathology in very young TNWT-61 mice (Khairnar et al., 2017) and 
continue providing the same result (higher MK) at later time-points 
in the same model (Khairnar et al., 2015, 2017).

In the present study, we aimed to deepen our knowledge on 
the utility and sensitivity of DKI in detecting the α-Syn-induced mi-
crostructural changes in the early stages of the diseases using the 

intragastric rotenone (ROT) mouse model of PD. The model is based 
on Braak's staging of the disease in which the α-Syn pathology is first 
found in the gut and the dorsal motor nucleus of the vagus (DMV) 
and progresses to the midbrain through the dorsal motor nucleus 
of vagus (Braak et  al.,  2003). To achieve this objective, we ana-
lyzed changes in the brain of a validated ROT model (Pan-Montojo 
et al., 2010) after different ROT exposure times to capture and track 
PD-like pathology in the DMV and later in the striatum, substantia 
nigra, and other brain regions (Study 1). Furthermore, we wanted 
to assess whether oral exposure to ROT for short periods of time 
could lead, even in the absence of the pesticide, to similar PD-like 
alterations with time. Hence, we expose the mice to oral ROT only 
for the time known to induce the first pathological changes in the 
DMV but not in basal ganglia (i.e., 2 months) and we checked for PD-
like pathology even after stopping ROT administration for 4 more 
months (Study 2).

2  | MATERIAL AND METHODS

2.1 | Animals

Male mice of the C57BL/6 strain were purchased from Charles River 
(Germany) at the age of 2 months and kept in the experimental animal 
facility of the Masaryk University (Brno, Czech Republic). The mice 
were group-housed in standard rodent polycarbonate cages (n = 10) 
per cage. At the age of 1 year, the animals were arbitrarily assigned to 
the ROT-treated and control groups treated by saline as a vehicle (VEH).

The experimental groups were exposed to VEH/ROT (5 days a 
week) in two experiments as follows and as depicted in Figure 1:

Study 1:

•	 time point 2  months (2  months followed by behavioral studies, 
MRI assessment, sacrifice, and sample harvest), VEH: n = 8, ROT: 
n = 7 mice;

•	 time point 3 months (exposure to ROT for 3 months followed by 
behavioral studies, MRI assessment, sacrifice, and sample har-
vest), VEH: n = 8, ROT: n = 9 mice;

•	 time point 4 months (exposure to ROT for 4 months followed by 
behavioral studies, MRI assessment, sacrifice, and sample har-
vest), VEH: n = 8, ROT: n = 7 mice.

Study 2:

•	 time point 6 months (exposure to ROT for 2 months long followed 
by 4 months of wash-out period, behavioral studies, MRI assess-
ment, sacrifice, and sample harvest), VEH: n = 8, ROT: n = 9 mice.

Environmental conditions during the whole study were con-
stant: relative humidity 50%–60%, room temperature 23℃ ± 1℃, 
regular 12-hr light–dark cycle (6 a.m. to 6 p.m. darkness). Food and 
water were available ad libitum. All procedures were performed fol-
lowing EU Directive no. 2010/63/EU and approved by the Animal 
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Care Committee of the Faculty of Medicine, Masaryk University, 
Czech Republic and Czech Governmental Animal Care Committee, 
in compliance with Czech Animal Protection Act No. 246/1992. The 
number of approval was MSMT-42554/2015-6. The study was not 
pre-registered.

2.2 | Drugs and treatments

ROT was obtained from Sigma-Aldrich spol. s.r.o., and dissolved 
in chloroform (50 mg in 1 ml). This solution was kept at −20℃ and 
used to prepare the final solutions for administration during the 
study. The final ROT solution was prepared fresh every third day 
before the administration as follows. One hundred microliters of 
the stored ROT solution (containing 5 mg of ROT) was added to 
8 ml of 2% carboxymethylcellulose solution to get 0.625 mg/ml 
of ROT solution. Oral gavage was used to administer 0.01 ml/g of 
animal weight of ROT solution. Carboxymethylcellulose solution 
2% with 1.25% chloroform was used as a VEH in control animals 
(Pan-Montojo et al., 2010). The ROT model was generated as pre-
viously described (Pan-Montojo et al., 2010, 2012) by administra-
tion via intragastric gavage 5 days/week for 2, 3, or 4 months in 
the Study 1. In the case of Study 2, animals were treated only for 
2 months in the same manner and used for the behavioral, MRI, 
and immunohistochemical study 6 months after initiation of ROT 
treatment.

2.3 | Behavioral profile

Behavioral tests were performed in morning hours and the order 
of performing behavioral studies is open field (OF) test, challeng-
ing beam walk test, square and round beam walk test, Grid Test, 
RotaRod test, and lastly Barnes maze test for each time point.

2.3.1 | OF test

In a brightly lit room, mice were individually tested for locomotor 
in OF using the Actitrack system (Panlab) as previously described 

(Ruda-Kucerova et al., 2017; Ruda-Kucerova, Amchova, et al., 2018; 
Ruda-Kucerova, Pistovcakova, et  al.,  2018). Each Plexiglas arena 
(45  ×  45  ×  30  cm) was surrounded by two frames equipped with 
photocells located one above another at 2 and 7 cm over the cage 
floor. Animals were placed individually in the center of the arena. The 
spontaneous horizontal (distance traveled in cm) and vertical (rearing 
behavior, the number of episodes) locomotor activity were tracked 
automatically for 20  min. At the end of the session, animals were 
returned to their home cage, and the arenas were cleaned to remove 
potential olfactory cues.

2.3.2 | Challenging beam traversal test

Motor performance was measured with a challenging beam tra-
versal test (Fleming et  al.,  2004, 2006; Schintu et  al.,  2009). 
Briefly, the mice were trained to traverse a 1-m non-reflective 
gray hardened polyvinyl chloride (PVC) beam consisting of four 
sections (25 cm each) with different widths (3.5–0.5 cm by 1-cm 
decrements) leading to the mice's home cage. After a day of train-
ing, a mesh grid (1-cm squares) of the corresponding width was 
placed over the beam surface, leaving approximately a 1-cm space 
between the grid and the beam surface. The mice were then vid-
eotaped while traversing the grid-surfaced beam for a total of 
three trials. Videotapes were manually scored in slow motion for 
the number of slips and the time to traverse across three trials 
by an experienced investigator blind to the experimental group. 
Scores were calculated across all three trials and averaged for 
each mouse.

2.3.3 | Square and round beam walk tests (SBW, 
RBW)

The beam walk tests were set up as previously described (Suidan 
et al., 2013). The mice traversed two 1-m long beams raised approxi-
mately 50 cm above the surface: the first beam was 10 mm wide and 
square, the second beam was 16 mm wide and round. To motivate 
the mice to cross the beam, the home cage was placed at the end of 
the beam. Each mouse was placed on the far end of the beam and 

F I G U R E  1   Timeline of the 
experiments. The schematic shows 
the timeline of both studies. Shaded 
boxes represent the time of rotenone 
administration (all 4 months in Study 1, 
month 1, and 2 in Study 2). The numbers 
of subjects show: n, number of mice 
included in the behavioral/DKI/IHC 
analyses; DKI, diffusion kurtosis imaging; 
IHC, immunohistochemistry, ROT, 
rotenone; VEH, vehicle
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allowed to cross to the home cage once. The time required to cross 
the beam and the number of slips were counted by the person who 
was blind to the treatment.

2.3.4 | Grid test

The inverted grid test was used to assess neuromuscular abnor-
malities (Kim et  al.,  2010). Mice were placed in the center of a 
horizontal square (12 × 12 cm) grid consisting of wire mesh (mesh 
loop of 0.5  cm2) surrounded by non-reflective gray hardened 
PVC walls. The grid was placed 20 cm above a table-top and was 
rotated upside down, allowing the mouse to move freely. The 
test was performed by inverting the grid. The latency to fall off 
the grid was recorded with a maximum cut-off duration of 60 s.

2.3.5 | RotaRod test

This test is performed on the RotaRod apparatus (Ugo Basile) and 
is used to detect motor coordination. The mice were trained for 
three consecutive trials in a gap of 30 min one day before the test 
at a speed of 4 RPM for a maximum period of 300 s. At the time of 
testing, the animals were placed on the rod with gradually increas-
ing the speed of RotaRod from 4 to 40 RPM in 5 min. The maximum 
cut-off time to stay on the rod was 5 min. After that time, the ani-
mals were moved back to their home cage. The animals received 
three trials with an interval of 30 min for each session. The time to 
fall from the rod was calculated as latency to fall in seconds.

2.3.6 | Barnes maze test

This test is used to detect spatial memory and cognition in rodents 
(Rosenfeld & Ferguson, 2014; Sunyer et al., 2007). Barnes maze con-
sists of a circular arena with 20 equally distributed holes on its pe-
riphery, with one hole serving as a target zone equipped with a small 
shelter cage. The animal can use proximal or distal visual cues and 
external cues to locate and remember the target zone. Time to reach 
the target zone and errors in selecting the target hole was recorded 
to get information about the learning and memory performance.

Mice received three training trials at an interval of 15 min before 
the test for learning starts. For the first training trial, the mouse was 
placed in the center, and after exploration of two holes, they were 
gently guided to the target hole and left in it for 90 s. The second and 
third training trial procedures were the same, but mice were guided 
to the target hole only if necessary. Mice were given three test trials 
each day for five consecutive days at an interval of 15 min.

After 5 days of learning, mice received a probe trial. During the 
probe trial, mice were subjected to one 90-s trial identical to learn-
ing test trials except that the shelter was removed, and it appeared 
equal to all other 19 holes of the maze. When 90 s were over, mice 
were removed from the maze.

2.4 | Diffusion-weighted MR data acquisition

DKI data were obtained with a Bruker Avance 9.4T MRI system 
equipped with a gradient system delivering up to 660 mT/m. All ex-
periments were performed using a quadrature volume transmit coil 
(inner diameter 86 mm), and a four-channel surface phased-array re-
ceive head coil. Mice were anesthetized using isoflurane inhalation 
(1.5%–2%) and monitored to maintain constant physiological param-
eters. Fast low-angle shot scout images were used to localize the 
bregma position. Reference T2-weighted brain scans were acquired 
using the 2D rapid acquisition with relaxation enhancement se-
quence with the following acquisition parameters: 24 × 24 mm field 
of view, 256 × 256 acquisition matrix size, and 15 adjacent slices of 
0.5-mm slice thickness. The echo-train length for each of the echoes 
was set to eight, and the repetition time was 2,500  ms with four 
averages for a total acquisition time of ~6 min. For the DKI acquisi-
tion, diffusion-weighted images were acquired with two-shot spin-
echo echo-planar imaging. Respiratory gating was used to prevent 
motion artifacts. The generalized autocalibrating partially parallel 
acquisitions with an acceleration factor of 2 was used to improve 
image quality by reducing sensitivity to motion and inhomogeneity 
of magnetic susceptibility. The DKI protocol included the acquisi-
tion of six b values (b = 0, 500, 1,000, 1,500, 2,000, and 2,500 s/
mm2) along with 30 non-collinear directions for non-zero b values 
and 7 acquisitions for b = 0 s/mm2, δ = 4 ms, Δ = 11 ms. The maximal 
b value of 2,500  s/mm2 was proved to be the optimal setting for 
the WM in the DKI model, but some authors claim that this b value 
may cause an underestimation in the calculation of DKI parameters 
in GM (Chuhutin et al., 2017b; Hansen et al., 2017). The spin-echo 
echo-planar imaging pulse sequence (field of view = 24 × 24 mm, ac-
quisition matrix = 98 × 128, echo time TE = 27 ms using 300-kHz 
bandwidth and repetition time ~5  s depending on the respiratory 
rate) was used to produce images of fifteen adjacent slices (0.5 mm 
thickness) within a total acquisition time of approximately 100 min. 
The maps in this study reflect DTI and DKI metrics: axial diffusivity 
(AD), radial diffusivity (RD), and mean diffusivity (MD), which reflect 
different diffusion directionality. AD measures the extent of diffu-
sion occurring in the direction parallel with the fiber. RD reflects the 
extent of diffusion occurring in directions perpendicular to the fiber 
(Alexander et al., 2000, 2007), and MD is a mean value of diffusion 
in all directions. Kurtosis metrics: axial kurtosis (AK), radial kurtosis 
(RK), and MK have similar meanings, respectively.

2.4.1 | Data analysis

The acquisition matrix of DKI images was 98 × 128, which was recon-
structed to 256 × 256 with the help of Paravision 5.1 software. MRI 
data were converted to NIfTI from the Bruker format with a Matlab 
script programmed locally. Diffusion data were corrected for eddy 
currents and motion artifacts to the first non-diffusion-weighted 
image (Jenkinson & Smith, 2001). The following parametric maps were 
calculated in ExploreDTI v4.8.4. Software (Leemans et al., 2009): MK, 
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AK, RK, MD, AD, RD, and fractional anisotropy (FA), using the robust 
estimation of tensors by outlier rejection fitting method. For further 
data analysis, two different approaches were applied:

ROI analysis
Averaged diffusion, FA, and kurtosis parameters were obtained from 
multiple regions: the DMV (average of four slices), substantia nigra 
(SN) (one slice), striatum (average of four slices), sensorimotor cortex 
(average of five slices), hippocampus (average of three slices), and 
thalamus (average of two slices). We chose these specific Region of 
interests (ROIs) based on published histology results showing a sub-
stantial accumulation of α-synuclein in these brain areas (Chesselet 
et al., 2012) and our previous studies with 9- and 14-month TNWT-
61 mice (Khairnar et  al.,  2015, 2016). The ROI selection in b  =  0 
images was drawn manually according to the mouse brain atlas 
(Franklin & Paxinos, 2013) with the help of FA maps using ImageJ® 
software for various brain regions.

Tract-based spatial statistics
White matter analysis was performed using the tract-based spatial 
statistics (TBSS) algorithm (Smith et  al.,  2006) in FMRIB software 
library. Automatic brain extraction was carried out with brain ex-
traction (Smith, 2002), brain-extracted maps were checked one by 
one visually, and the extraction was corrected manually. TBSS was 
implemented and modified according to the protocol for rodent 
brains (Sierra et  al., 2011). Then, the TBSS was used with the fol-
lowing steps: (a) co-registration of all individual FA maps and identi-
fication of the best registration target with the free-search method; 
(b) application of the best registration target as a template for final 
transformations; (c) calculation of the mean FA map and creation of 
the mean FA skeleton at the threshold of 0.2 that represents the 
core of all tracts; (d) projection of each mouse's FA data to this skel-
eton; (e) repetition of the previous steps for all DKI maps. A two-
sample unpaired t test design was set in a general linear model. A 
randomize tool  (Winkler et  al.,  2014) for permutation-based non-
parametric testing with 10,000 permutations, and Threshold-Free 
Cluster Enhancement was used for multiple comparison correction, 
and p < .01 was deemed significant (Winkler et al., 2014). The results 
of the TBSS analysis were identified according to the mouse brain 
atlas (Franklin & Paxinos, 2013).

2.4.2 | Tissue preparation for immunostaining

Mice were anesthetized after MRI acquisition intraperitoneally with 
Ketamine Hydrochloride (100  mg/kg, Narketan®) and Xylazine 
(10 mg/kg, Rometar®) and perfused transcardially with 4% paraform-
aldehyde in 0.1-M phosphate buffer (pH 7.4). The brain was removed 
and kept in 4% Paraformaldehyde for 24 hr. Tissues were transferred 
into 15% and then 30% sucrose, where they remained until equi-
librium. Brains were then frozen using a shock-freezing technique 
and stored at −80℃. Brain sections (40 µm) were transferred to a 
96 wells plate filled with a cryoprotectant solution containing 25% 

ethylene glycol and 25% glycerin in 0.05-M phosphate and stored at 
−20℃ until free-floating immunostaining was performed.

2.4.3 | Immunohistochemistry

Immunofluorescence was performed on 40-µm paraformaldehyde-
fixed frozen sections of the brain. Brain sections were stained 
using a free-floating immunostaining technique. Nonspecific back-
ground staining was blocked overnight at 4℃ in blocking solution 
(5% donkey serum [Jackson Immunoresearch Laboratories], 0.4% 
Triton-X-Phosphate buffer saline [PBS]). Sections were then incu-
bated with the primary antibody for 24 hr at 4℃, washed in PBS, 
incubated for one hour at RT with the fluorescent secondary anti-
bodies, washed in PBS again, and mounted using Mowiol mounting 
medium. The following polyclonal primary antibodies were used: 
goat anti-ChAT (1∶500, Catalog No. AB144P; Chemicon), sheep 
anti-tyrosine hydroxylase (TH) (1∶1,000, Pel-Freez, Catalog No. 
#P60101; Rogers), rabbit anti-alpha-synuclein (1∶400, Catalog 
No. sc-7011-R; Santa Cruz); chicken anti-glial fibrillary acidic pro-
tein (GFAP) (1∶1,000, Catalog No. ab4674; Abcam) and rat anti-
major histocompatibility complex II clone M5/114.15.2 (1∶200, 
Catalog No. 556999; BD Pharmigen). These were coupled with 
the following secondary antibodies: Alexa® 555 donkey anti-
rabbit (Catalog No. A-11058), anti-sheep Alexa 568 (Invitrogen, 
Catalog No. #A21099), Alexa® 488 anti-rabbit (Catalog No. 
A21206), and Alexa®594 donkey anti-sheep (Catalog No. A11016) 
and donkey anti-goat (Catalog No. A11058) (all 1∶500 and from 
Invitrogen, USA, Alexa® 488 anti-rat (Catalog No. A21208; Life 
Technologies), donkey Rhodamine anti chicken (Catalog No. 703-
296-155; Jackson Immunoresearch).

2.4.4 | Stereological procedures

Every sixth section was stained against TH or GFAP and major histo-
compatibility complex II clone M5/114.15.2 and used for stereologi-
cal analysis. The number of TH+ neurons in the SN or the number 
of GFAP+ and M5/114.15.2+ cells in the CI was estimated using 
the Optical Fractionator principle with StereoInvestigator software 
(MicroBrightField Inc.) on a Zeiss Axioplan microscope and using a 
20× objective. Total TH+ neuron number (N) was calculated using 
the formula N 1/4 SQ− (t/h) (1/asf) 1/ssf, where Q− 1/4 is the total 
number of cells counted, t 1/4 is the section thickness, h 1/4 is the 
height of optical dissector, asf 1/4 is the area of sampling fraction 
1/4 a(frame)/a(x,y step) and ssf 1/4 is the section sampling fraction.

2.5 | Statistical data analysis

All data were expressed as arithmetic mean  ±  SD. The number of 
subjects per group was based on previous studies of similar design 
by our team (Arab et al., 2019; Khairnar et al., 2015,2016,2017). The 
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experimenters were blinded during the behavioral scoring, but no 
other procedures.

The effect of the PD model (ROT vs. VEH) was tested in all 
parameters using either an unpaired two-tailed Student's t test 
when the data passed the Kolmogorov–Smirnov normality test 
(most of the results) or Mann–Whitney U test when the data were 
non-parametric. No outlier test was performed. Some MRI data 
were excluded due to the low quality (impossible to analyze). 
In the immunohistochemical data, only the necessary number 
of subjects to reach statistical significance was used. The exact 
numbers appear in the timeline (Figure  1). OF test was per-
formed over 20 min; therefore, analysis of variance (ANOVA) for 
repeated measures (factor: model, repeated factor: a minute of 
measurement) was used as appropriate. RotaRod test was ana-
lyzed in an analogous manner (factor: model, repeated factor: day 
of measurement). The analyses were calculated using Statistica 
13.5.0.17 (Tibco Software Inc). The level of statistical significance 
was set at p < .05.

This study is an exploratory experiment using a number of 
ROIs and all available DKI variables to reveal the most valuable 
metrics. However, this approach increases the number of compar-
isons. Therefore, in the statistical analysis, we decided to show 

non-corrected results together with CIs and accept a risk of type 
I error (false-positive results) to reveal potentially important differ-
ences in specific ROIs and DKI metrics similarly as in previous stud-
ies (Arab et al., 2019; Khairnar et al., 2015, 2016, 2017). The medical 
relevance of our data will need to be carefully tested by clinical stud-
ies in the future. Therefore, all CI and other statistical details are 
provided in the Tables S1–S4.

3  | RESULTS

3.1 | Study 1: time points 2–3–4  months

3.1.1 | Behavioral tests

The OF test assessed horizontal (distance traveled) and vertical 
(number of rearing episodes) locomotion. The data were analyzed in 
1-min bins, 5-min bins, and total values. None of the analyses in any 
time-point rendered any significant differences between the VEH 
and ROT groups (only total values are shown in Table 1).

TA B L E  1   Behavioral study results at 2-, 3-, and 4-month time point

SBW time SBW slips RBW time RBW slips CBW time CBW slips Grid test

2 months

VEH 6.1 ± 1.1 0.5 ± 0.5 7.8 ± 1.5 1.6 ± 1.4 20.9 ± 7.0 0.8 ± 0.5 53.7 ± 5.8

ROT 9.4 ± 2.2** 1.4 ± 1.0 9.6 ± 2.7 2.9 ± 2.7 25.5 ± 5.5 1.3 ± 0.6 49.1 ± 10.0

3 months

VEH 8.1 ± 1.2 3.3 ± 2.3 7.1 ± 1.0 5.0 ± 3.8 10.8 ± 2.1 0.8 ± 0.2 48.4 ± 9.0

ROT 8.0 ± 1.1 1.6 ± 1.2 6.9 ± 1.5 2.4 ± 1.7 9.9 ± 1.7 1.2 ± 0.6 43.2 ± 11.1

4 months

VEH 6.0 ± 1.3 1.6 ± 1.1 5.2 ± 0.9 1.6 ± 1.3 10.6 ± 1.4 0.6 ± 0.4 49.9 ± 9.5

ROT 6.1 ± 0.9 3.6 ± 3.0 9.4 ± 2.6** 10.4 ± 3.8*** 11.7 ± 1.4 1.4 ± 0.9* 25.3 ± 7.5***

RotaRod D1 RotaRod D2 RotaRod D3 B-maze time B-maze errors OF horizontal OF vertical

2 months

VEH 288.4 ± 16.6 294.5 ± 12.1 281.0 ± 47.8 6.7 ± 3.5 0.5 ± 0.5 3,454 ± 651 51 ± 20

ROT 272.3 ± 41.4 277.2 ± 36.2 290.2 ± 12.3 6.8 ± 1.9 1.0 ± 0.9 3,210 ± 355 38 ± 10

3 months

VEH 264.0 ± 34.0 273.7 ± 33.6 276.5 ± 29.3 2.5 ± 2.8 2.8 ± 3.3 2,663 ± 785 34 ± 20

ROT 262.9 ± 52.4 277.3 ± 33.3 278.2 ± 33.0 8.8 ± 4.2* 1.4 ± 2.2 2,502 ± 598 44 ± 18

4 months

VEH 247.7 ± 48.0 267.1 ± 33.7 252.9 ± 59.5 12.7 ± 4.6 2.5 ± 5.1 3,080 ± 266 43 ± 20

ROT 209.3 ± 66.5 197.3 ± 63.5 228.1 ± 52.3 4.7 ± 2.5** 1.7 ± 2.2 2,805 ± 553 28 ± 8

Note: The table summarizes the results of behavioral tests of motor performance and memory performed in time points 2–3–4 months (number of 
subjects was n = 7–9 per group). The results are mean values ± SD, results of t test in asterisk. Time in the beam walk tests, Barnes maze, grid test, 
and RotaRod is in seconds; distance in the OF is in cm; vertical episodes and slips are indicated as a number of episodes.
Abbreviations: B-maze, Barnes maze; CBW, challenging beam walk test; D1, Day 1; D2, Day 2; D3, Day 3; RBW, round beam walk; ROT, rotenone; 
SBW, square beam walk; VEH, vehicle.
*p < .05.; **p < .01.; ***p < .001.
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Tests of motor performance did detect a number of significant 
differences between the groups, particularly in the 4-month time 
point. Specifically, in 2 months, only time to transverse the square 
beam was longer in the ROT-treated mice (t test, p = .004), while no 
significant differences were detected in the 3-month time point. In 
the 4-month time-point, the ROT-treated animals exhibited a lon-
ger time to traverse the round beam (t test, p =  .001) as well as a 
higher number of slips (t test, p  <  .001). A higher number of slips 
was observed in the challenging beam as well (t test, p = .047). The 
grid test findings showed a shorter time to fall from the grid in the 
ROT-treated mice (t test, p < .001). RotaRod test did not detect any 
differences between the groups at any time-point.

Barnes maze assessed spatial memory performance and detected 
a significant difference at the 3-month time point, where the ROT-
treated mice spend more time exploring the correct hole (t test, 
p = .011). This is a surprising result potentially suggesting better mem-
ory retention in the ROT-treated group. However, the data are highly 
variable, and this result is likely a statistical artifact. As expected, an 
opposite finding was observed in the 4-month time point where the 
ROT-treated mice spend less time exploring the correct hole (t test, 
p = .002). All behavioral results of Study 1 are summarized in Table 1.

3.1.2 | DKI MRI in ROI

Analysis of DKI results in the ROI showed little significant results 
in the 2-month time point. Only MK was increased in the DMV of 
the ROT-treated animals (t test, p = .016). Interestingly, despite the 
various numbers of significant differences, their direction was equal 
in all ROIs and time points, i.e., kurtosis metrics were higher, and dif-
fusivity metrics were lower.

The 3-month time point was rich in statistically significant differ-
ences in all analyzed regions. The detailed results follow.

Dorsal motor nucleus of vagus nerve: MK (t test, p =  .005), AK  
(t test, p = .024), RK (t test, p = .004), MD (t test, p = .002), AD (t test, 
p = .021), and RD (t test, p = .003).

SN: MK (t test, p < .001), AK (t test, p = .007), RK (t test, p = .040), 
MD (t test, p < .001), AD (t test, p = .006), and RD (t test, p = .006).

Hippocampus: MK (t test, p  <  .001), AK (t test, p  =  .002), RK  
(t test, p < .001), MD (t test, p = .011), AD (t test, p = .047), and RD 
(t test, p = .008).

Sensorimotor cortex: MK (t test, p < .001), AK (t test, p = .003), 
and RK (t test, p < .001).

Thalamus: MK (t test, p = .001), AK (t test, p = .005), RK (t test, 
p = .009), MD (t test, p = .002), AD (t test, p = .004), and RD (t test, 
p =  .012). Striatum: MK (t test, p <  .001), AK (t test, p =  .009), RK  
(t test, p < .001), MD (t test, p = .005), and RD (t test, p = .007). FA 
did not render any significant results in this time point.

In the 4-month time point, only three ROIs were found to be 
affected by the ROT treatment. Specifically, hippocampus: AK (t 
test, p = .011) and AD (t test, p = .006), and sensorimotor cortex: FA  
(t test, p = .039).

The ROI results of Study 1 are summarized in Table 2.

3.1.3 | TBSS DKI MRI

The TBSS analysis did not reveal any significant results in 2- and 4-
month time points. However, in the 3-month time point, there were 
numerous significant differences in the ROT-treated animals.

There was a significant increase in DKI metrics (MK and AK) and 
decreased DTI metrics (MD, RD, AD) observed in the ROT group. No 
changes in FA were detected. Quality control revealed extreme out-
lying values in white matter in RK maps of five animals (3 VEH and 
2 ROT). This may lead to false significant results. In order to avoid 
reporting false results, RK was omitted from TBSS.

MK (t test, p < .01) was observed to be increased unilaterally in 
external capsule, internal capsule, cingulum, corpus callosum, ven-
tral spinocerebellar tract, mammillotegmental tract, mammillotha-
lamic tract, nigrostriatal tract, medial lemniscus, medial longitudinal 
fasciculus, facial nerve, dorsal fornix, primary and secondary visual 
cortex, primary and secondary auditory cortex, piriform cortex, tem-
poral association cortex, mesencephalic reticular formation, amyg-
dalohipocampal area, anterior and posterior hypothalamic area, SN 
(compact part), subcoreuleus nucleus (ventral part), median Raphe 
nucleus, and middle and superior cerebellar peduncle.

AK (t test, p < .01) was increased bilaterally in mammillothalamic 
tract, mammillotegmental tract, nigrostriatal tract, medial lemnis-
cus, medial longitudinal fasciculus, median and paramedian Raphe 
nucleus, fasciculus retroflexus and superior cerebellar peduncle, and 
unilaterally in external capsule, internal capsule, cingulum, ventral 
spinocerebellar tract, facial nerve, deep white layers of the superior 
colliculus, piriform cortex, mesencephalic reticular formation, poste-
rior hypothalamic area, SN (compact and reticular part), subcoreu-
leus nucleus (ventral part), cerebral peduncle, and middle cerebellar 
peduncle.

MD (t test, p  <  .01) was found to be decreased bilaterally in 
external capsule, cingulum, corpus callosum, commissure of in-
ferior colliculus, deep and intermediate white layers of the supe-
rior colliculus, mammillothalamic tract, mammillotegmental tract, 
nigrostriatal tract, medial longitudinal fasciculus, facial nerve, 
mesencephalic reticular formation, subcoreuleus nucleus (ventral 
part), median and paramedian Raphe nucleus, middle and superior 
cerebellar peduncle, and unilaterally in internal capsule, reticular 
nucleus, medial lemniscus, ventral spinocereberal tract, fasciculus 
retroflexus, retrosplenial dysgranular cortex, amygdalohipocampal 
area, posterior hypothalamic area, SN (compact part), and cerebral 
peduncle.

AD (t test, p < .01) was decreased bilaterally in deep and interme-
diate white layers of the superior colliculus, mammillothalamic tract, 
mammillotegmental tract, nigrostriatal tract, medial longitudinal fas-
ciculus, mesencephalic reticular formation, posterior hypothalamic 
area, median and paramedian Raphe nucleus, and superior cerebel-
lar peduncle, and unilaterally in external capsule, internal capsule, 
reticular nucleus, piriform cortex, SN (compact part), and cerebral 
peduncle.

RD (t test, p < .01) was decreased bilaterally in the external cap-
sule, cingulum, corpus callosum, central commissure of the interior 
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colliculus, dorsal and external cortex of the inferior colliculus, inter-
mediate and deep white layers of the inferior colliculus, perirhinal 
cortex, retrosplenial granular, and dysgranular cortex. The TBSS re-
sults of Study 1 are depicted in Figure 2.

3.1.4 | Immunohistochemistry

In the 2-month time point, the immunohistochemical staining was 
performed for GFAP in the SN and capsula interna and M5 in the SN. 
The M5 positive cell count was zero in all samples, but one (from the 
ROT-treated group) and its statistical analysis were impossible. The 
count of GFAP positive cells did not show any difference between 
the VEH and ROT groups in either brain region. While in our previ-
ously reported studies and present study, we found a significant in-
crease in α-Syn accumulation in choline acetyletransferase positive 
cells in the DMV (Figure 5a).

In the 3-month time point, the immunohistochemical staining 
was performed for TH in the SN showing a significant decrease 
of TH positive cells in the ROT-treated animals (t test, p  =  .015) 
(Figure 3 and 5b).

In the 4-month time point, the immunohistochemical staining 
was performed for GFAP, M5, and TH in the SN and GFAP in the 

capsula interna. The M5-positive cell count was zero in all samples, 
but three (one from the VEH- and two from the ROT-treated group) 
and its statistical analysis were not possible. The count of GFAP 
positive cells did not show any difference between the VEH and 
ROT groups in either brain region. The analysis of TH-positive cells 
in the SN showed a significant decrease in the ROT-treated animals 
(t test, p = .004). The results are summarized in Figure 3.

3.2 | Study 2: time point 6  months

3.2.1 | Behavioral tests

In this study, only tests of motor performance were performed. In this 
motor test, significant differences were observed in the square beam 
walk test in terms of both times to traverse (t test, p <  .001) and the 
number of slips (t test, p = .035), where the ROT-treated animals showed 
a slightly better performance. This finding is unlikely to be meaning-
ful, and we can conclude that beam walk tests are unable to sensitively 
detect potential motor impairment in this ROT protocol. Also, the mean 
number of slips was very low 1.3 in control animals and 0.4 in ROT mice. 
On the other hand, the grid test showed a shorter time to fall from the 
grid in the ROT-treated mice (t test, p < .001). The grid test was found 

F I G U R E  2   Tract-based spatial statistics (TBSS) results at 3-month time point (Study 1). Bar graphs represent averaged TBSS parameters 
under the altered regions; bregma position is −2.54 mm. Data are expressed as mean values ± SD. Kurtosis is a dimensionless variable; 
diffusivity (MD/RD/AD) unit is 10−3 mm2/s. All presented changes are significant with p < .01 on corrected data. The numbers of animals 
were n = 6 in the VEH group and n = 9 in the ROT group. ROT, rotenone; VEH, vehicle
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to be very sensitive in all of our behavioral studies (Arab et al., 2018; 
Khairnar et al., 2015, 2016, 2017). All behavioral results are summarized 
in Table 3.

3.2.2 | DKI MRI in ROI

In this study, only SN and thalamus were found to be affected by the 
ROT treatment. The direction of kurtosis and diffusivity differences 
was equal as in Study 1, i.e., kurtosis metrics were higher, and dif-
fusivity metrics were lower.

SN: MK (t test, p = .005), RK (t test, p = .003), RD (t test, p = .004), 
and FA (t test, p = .001).

Thalamus: MK (t test, p < .001), AK (t test, p = .006), RK (t test, p = .002), 
MD (t test, p = .004), AD (t test, p = .041), and RD (t test, p = .007).

The results are summarized in Table 4.

3.2.3 | TBSS MRI

The TBSS analysis did not render any significant results at this time point.

3.2.4 | Immunohistochemistry

In the 6-month time point, the immunohistochemical staining was 
performed for GFAP, M5, and TH in the SN and GFAP in the capsula 
interna. The count of GFAP positive cells showed a significant dif-
ference between the VEH and ROT groups in capsula interna (t test, 
p = .006). The analysis of TH positive cells in the SN show significant 
differences between the VEH and ROT groups in the SN (t test, p = 
.023). However, the analysis of M5 in the SN did not show difference 
between the groups (t test, p = .0240). Despite the count of GFAP 
positive cells in SN did not reach statistical significance, there was a 

F I G U R E  3   Immunohistochemical staining results in Study 1. The figure shows the results of immunohistochemical staining in time points 
2–3–4 months. The results are mean values ± SD, results of t test: *p < .05, **p < .01, results of MWU test: #p < .05. The number of samples 
(n) for the glial fibrillary acidic protein positive cell count was n = 5 SAL and n = 6–7 ROT, the number of samples for the tyrosine hydroxylase 
positive cell count was n = 4 per group. IC, internal capsule; ROT, rotenone; SN, substantia nigra; VEH, vehicle

TA B L E  3   Behavioral study results at 6-month time point

SBW time SBW slips RBW time RBW slips CBW time

VEH 7.8 ± 1.3 1.3 ± 0.8 7.6 ± 1.9 4.1 ± 2.6 13.3 ± 1.8

ROT 5.2 ± 0.9*** 0.4 ± 0.5* 6.1 ± 1.2 2.2 ± 0.6 12.1 ± 1.8

CBW slips Grid test RotaRod D1 RotaRod D2 RotaRod D3

VEH 1.0 ± 0.4 45.0 ± 7.2 222.1 ± 32.7 240.4 ± 47.9 252.5 ± 46.0

ROT 0.6 ± 0.5 29.5 ± 7.1*** 223.7 ± 45.6 220.9 ± 25.4 234.4 ± 31.3

Note: The table summarizes the results of behavioral tests of motor and memory performance in time point 6 months (number of subjects was VEH: 
n = 8, ROT: n = 9). The results are mean values ± SD, results of t test in asterisk (* p < .05; *** p < .001).
Abbreviations: CBW, challenging beam walk test; D1, Day 1; D2, Day 2; D3, Day 3; RBW, round beam walk; ROT, rotenone; SBW, square beam walk; 
VEH, vehicle.
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certain trend to increase in ROT mice (t test, p = .088). The results 
are summarized in Figure 4 .

4  | DISCUSSION

The current study investigated the potential utility of DKI to de-
tect the very early microstructural changes in the intragastric ROT 
mouse model of PD. We aimed to track the pathological changes 
induced by a validated protocol of the ROT model (Pan-Montojo 
et al., 2010, 2012) in Study 1, as well as to extend the current knowl-
edge of the ROT-induced pathology by using only the initial part of 
the protocol and assessing the brain microstructure later in time 
(Study 2). The ROT mouse model is based on Braak's pathological 
staging, which claims that the α-Syn-induced pathology starts in the 
enteric nervous system and later progresses to SN through DMV 
(Braak et al., 2003; Pan-Montojo et al., 2010, 2012) .

In Study 1, after 2 months of ROT administration which is sim-
ilar to Braak's Stage 1, ROI-based analysis showed a significant in-
crease in MK only in the DMV. To the best of our knowledge, this 
is the first study to report MK changes in DMV already in the pre-
motor stage. Importantly, no other brain regions showed any differ-
ences between groups, corroborating the previous findings (Guan 
et al., 2019; Wang et al., 2011; Zhang et al., 2015) that MK can sen-
sitively detect very subtle changes and might have the potential of 
translation as a diagnostic tool for early diagnosis of PD or identifi-
cation of high-risk subjects. An increase in MK is likely to reflect the 

increase in hindrance to diffusion of water molecules due to protein 
accumulation, neuroinflammation, or other pathology (Braeckman 
et al., 2019; Guglielmetti et al., 2016; Khairnar et al., 2017). A pre-
vious study in this mouse model of PD has clearly shown a signifi-
cant increase in α-Syn accumulation and glial cell activation in DMV 
at this time point (Pan-Montojo et al., 2012). Therefore, MK seems 
to have the capability to identify the α-Syn accumulation or α-Syn 
accumulation-induced changes in the brain. This finding goes in line 
with our research using TNWT-61 transgenic mice overexpressing α-
Syn, in which we found an increase in MK gradually spreading across 
brain regions with the age of the mice (Khairnar et al., 2015, 2016, 
2017). Behavioral studies for motor impairment did not show any 
changes except square beam walk time compared to VEH-treated 
mice supporting the α-Syn pathology did not reach the midbrain. In 
accordance, we did not observe α-Syn accumulation or MK changes 
in the SN at 2 months.

After 3 months of ROT administration, both DKI and DTI de-
rived metrics showed changes. These were more widespread 
rather than specific to one brain region, and we may conclude that 
the pathology had progressed from DMV to SN, representing ap-
proximately Braak's Stage 3 (Braak et al., 2003). Previous studies 
with an intragastric ROT mouse model found an increase in α-Syn 
accumulation in the SN at 3 months. In line with this, we found a 
significant increase in kurtosis and a decrease in diffusivity metrics 
representing higher structural complexity likely due to α-Syn accu-
mulation (Pan-Montojo et al., 2010, 2012). Notably, clinical studies 
in PD patients also found a significant increase in MK in SN (Surova 

F I G U R E  4   Immunohistochemical staining results in Study 2. The figure shows the results of immunohistochemical staining in time points 
6 months (number of subjects was VEH: n = 7, ROT: n = 9). The results are mean values ± SD, results of t test: *p < .05; **p < .01. IC, internal 
capsule; ROT, rotenone; SN, substantia nigra; VEH, vehicle

F I G U R E  5   Immunohistochemical staining representative image. Figure 5a shows alpha synuclein accumulation in the choline acetyl 
transferase positive neurons in dorsal motor nucleus of vagus in vehicle and rotenone group (scale bar 1 micrometer is 0.66 pixel). Figure 5b 
shows tyrosine hydroxylase positive neurons in substantia nigra pars compacta in control and 3 months rotenone treated mice (scale bar 
0.645 pixel per micrometer)
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et al., 2018; Wang et al., 2011; Zhang et al., 2017). Conversely, a 
very recent DKI study in both early-stage and advanced-stage PD 
patients reported a bilateral reduction in MK values in SN, which 
might be related to a decrease in structural complexity due to 
neuronal loss as well as the presence of iron (Guan et  al.,  2019). 
Besides the intrinsic limitations of animal models in reflecting the 
human pathology, the discrepancy in kurtosis results between our 
results and the findings of Guan et al.,  (2019) might be explained 
by the stage of the pathology, which was probably more advanced 
compared to our PD model (Guan et  al.,  2019). As we observed 
15%–17% of dopaminergic neuronal loss in SN at this time point, 
we did not observe a significant motor impairment. Surprisingly, 
we did not find any changes with FA in any region, which is found 
to be sensitive for the diagnosis of PD patients in several clinical 
studies (Cochrane & Ebmeier, 2013; Vaillancourt et al., 2009). This 
again strengthens the role of kurtosis in the diagnosis of early 
stages of PD and PD-like pathology (Cochrane & Ebmeier,  2013; 
Langley et al., 2016; Loane et al., 2016; Vaillancourt et al., 2009; 
Zhang et al., 2015). Besides SN, we found significant kurtosis and 
diffusivity changes in DMV, striatum, thalamus, hippocampus, and 
sensorimotor cortex after 3 months of ROT treatment.

Interestingly, after 4 months of ROT exposure, which is similar 
to Braak's Stages 4 and 5, we observed significant motor impair-
ment and decreased dopaminergic neurons count in SN, and we 
lost kurtosis changes in almost all ROIs except the hippocampus. 
The increase in kurtosis in the hippocampus goes in line with clin-
ical studies in which PD patients show cognitive impairment after 
motor symptoms (Yang et al., 2016) and Braak's staging, in which PD 
patients show memory impairment after motor impairment (Braak 
et  al.,  2003). The significant memory impairment supports this in 
ROT-treated mice present after 4 months of ROT treatment.

The explanation of no changes in kurtosis might be related to 
the presence of more pathological processes occurring simultane-
ously; specifically, the kurtosis signal arising from α-Syn accumula-
tion may be overcome by the presence of dopaminergic neuronal 
degeneration. α-Syn accumulation generally increases diffusional 
heterogeneity and ultimately increases kurtosis, whereas neurode-
generation is related to a decrease in diffusion heterogeneity, lead-
ing to a decrease in kurtosis (Arab et al., 2018; Guan et al., 2019). 
There is a large body of indirect evidence suggesting that at the 
early stage of neurodegenerative processes like AD and PD, the kur-
tosis values increase due to pathological protein accumulation and 
glial cell activation, while once the neurodegeneration occurs, it is 
represented by a decrease in kurtosis values (Khairnar et al., 2015, 
2016, 2017; Praet et al., 2018; Vanhoutte et al., 2013). Specifically, 
in APP/PS1 mice, a transgenic model expressing a chimeric mouse/
human amyloid precursor protein was observed an increase in kur-
tosis values due to amyloid-beta accumulation in the motor cortex 
at 8 months of age (Praet et al., 2018), while in 16-month-old APP/
PS1 mice, no such findings were reported (Vanhoutte et al., 2013). 
This situation closely resembles results of this study using an in-
tragastric ROT mouse model, where at 2 months, we did not found 
any changes in SN as there was no α-Syn pathology, at 3 months, 

we observed an increase in kurtosis in many ROIs due to the pres-
ence of α-Syn, and after 4  months of ROT treatment, there was 
decrease in diffusional heterogeneity due to dopaminergic neuro-
degeneration, which nullified the kurtosis effect due to α-Syn ac-
cumulation. However, from our results of this cross-sectional study 
of DKI imaging in intragastric ROT-treated mice, we can conclude 
that MK is sensitive for detection of both early as well as late mi-
crostructural changes in PD-like pathology. Results from our recent 
cross-sectional human DKI study in PD patients with various phe-
notypes (with and without cognitive impairment and gross cortical 
brain atrophy) are in accord with the current findings thus further 
supporting the utility of DKI measures as a translational biomarker. 
In that study, increases of DKI parameters were present in cortical 
and subcortical brain regions engaged in the motor basal ganglia 
circuitry in the PD motor subtype with no cognitive deterioration 
or brain atrophy as compared to age-matched healthy controls, 
whereas in the more malignant subtype with mild cognitive impair-
ment (MCI) and frontal lobe atrophy, the DKI measures were not 
significantly different from those in healthy age-matched controls 
(HC) (Minsterova et al., 2020).

TBSS, mainly used to study white matter changes, revealed 
similar changes as the ROI analysis. Specifically, the increase in 
kurtosis and decrease in diffusivity as observed in the gray mat-
ter after 3 months of ROT treatment. Conversely, it failed to de-
tect any changes at 2  months, strengthening the evidence that 
α-Syn accumulation-induced changes start in gray matter and 
later spread to white matter. Hence, kurtosis seems to be sensi-
tive for detecting the microstructural changes in the white mat-
ter too. Though the TBSS analysis showed significant changes at 
3 months of ROT treatment only, we found an increase in kurto-
sis and decreased diffusivity in cingulum, corpus callosum, and 
medial longitudinal fasciculus, external and internal capsule, and 
nigrostriatal tract. These results align with our previous TBSS 
findings from TNWT-61 mice, in which we observed higher kur-
tosis in similar regions.

Furthermore, a clinical study performed by Kamagata 
et al., (2014) also reported changes in MK in similar regions evidenc-
ing the role of these regions in the development of PD. However, 
the study also found opposite results, i.e., decrease in MK and FA 
in corpus callosum, cingulum, and inferior longitudinal fasciculus 
(Kamagata et al., 2014). Of note, Sejnoha-Minsterova et al.,  (2020) 
reported decreases in MK and FA and increases in MD throughout 
the whole white matter skeleton only in patients with the malig-
nant PD subtype with MCI and brain atrophy, while no differences 
were observed in the motor subtype as compared to HC (34). 
Unfortunately, we do not know much about white matter changes 
in our intragastric ROT mouse model. Therefore, we performed the 
immunofluorescence studies for GFAP in internal capsule but did not 
find any significant changes compared to the VEH.

In Study 2, we aimed to validate the extent of development of 
ROT-induced pathological process after 2 months of exposure and 
4 months of wash-out. As we observed in Study 1, the pathology is 
developed in DMV after 2  months without apparent spreading to 
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SN. So far, the ROT-induced pathology was believed to be induced 
by ongoing chronic ROT dosing. However, this is not the case of spo-
radic PD, which is believed to be only triggered by pesticide expo-
sure and seems to require a long time to develop without ongoing 
contact with the toxin. Hence, we based our innovative ROT model 
on this situation. When these animals were subjected to behavioral 
assessments and DKI imaging, we found a moderate (compared with 
4 months of ROT exposure) motor impairment and higher MK in SN 
and thalamus and higher FA in the SN. This pattern resembles the 3-
month time point, i.e., the zenith of the DKI signal changes observed 
in Study 1. The results of the Study 2 go in line with the clinical trial 
of Wang et al., (2011), reporting higher MK and FA in SN of PD pa-
tients as well as with the recent results of Sejnoha-Minsterova et al. 
showing increases particularly of MK in gray matter regions engaged 
in the motor basal ganglia circuitry in PD patients with a motor sub-
type (29,34). The pathological process responsible for increasing MK 
and FA might be due to α-Syn accumulation or glial cell activation as 
proposed by (Giannelli et al., 2012; Khairnar et al., 2016, 2017). We 
did perform the glial cell activation using GFAP and dopaminergic 
neurodegeneration using TH in SN by immunofluorescence studies. 
We found a significant decrease in TH positive neurons in the ROT-
treated mice compared to control animals suggesting that the new 
ROT paradigm may be a suitable tool for the investigation of subtle 
pathological PD-like features, which will be most likely age depen-
dent. It would be very interesting to track the DKI signal changes 
further in time.

In conclusion, the present study has two important findings: 
(a) MK has sensitively detected the α-Syn accumulation-induced 
microstructural changes already at the very prodromal stage of 
PD-like pathology in DMV and consistently reflected the spread-
ing of the pathological process to other brain regions in the later 
stage. (b) Even after a minimal exposure to ROT (2 months), which 
is known to induce α-Syn pathology only in DMV but not in SN, and 
a long wash-out period (4 months), the α-Syn pathology reached 
SN and thalamus as detected by MK. Hence, the present study fur-
ther supports the diagnostic utility of MK in detecting very early 
changes induced by α-Syn accumulation in the pre-motor stages 
of PD. Although the current animal model results cannot be di-
rectly compared to a human DKI cross-sectional study in various 
PD subtypes, the direction of DKI changes seems to be similar in 
presymptomatic and early symptomatic stages of the ROT-induced 
PD and human PD with solely motor subtype. DKI findings in a 
more malignant PD subtype with MCI and cross brain atrophy re-
semble those in the ROT model reaching the Braak's Stages 4 and 
5 with more pronounced brain degeneration. This means that DKI 
may become the first translational biomarker that has the poten-
tial for identifying α-Syn-related brain microstructural changes al-
ready in the prodromal and early motor stages of PD and track the 
disease progression as well as identify malignant disease subtypes 
with major brain degeneration. This would make DKI a suitable 
biomarker for future PD studies. DKI studies are warranted in pro-
dromal PD subjects with a longitudinal study design to confirm this 
assumption.
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