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Abstract

Methamphetamine (METH) abuse is known to increase the risk of Parkinson’s disease (PD) due to its dopaminergic
neurotoxicity. This is the rationale for the METH model of PD developed by toxic METH dosing (10 mg/kg four times
every 2 h) which features robust neurodegeneration and typical motor impairment in mice. In this study, we used
diffusion kurtosis imaging to reveal microstructural brain changes caused by METH-induced neurodegeneration. The
METH-treated mice and saline-treated controls underwent diffusion kurtosis imaging scanning using the Bruker Avance
9.4 Tesla MRI system at two time-points: 5 days and 1 month to capture both early and late changes induced by METH.
At 5 days, we found a decrease in kurtosis in substantia nigra, striatum and sensorimotor cortex, which is likely to
indicate loss of DAergic neurons. At 1 month, we found an increase of kurtosis in striatum and sensorimotor cortex and
hippocampus, which may reflect certain recovery processes. Furthermore, we performed tract-based spatial statistics
analysis in the white matter and at 1 month, we observed increased kurtosis in ventral nucleus of the lateral lemniscus
and some of the lateral thalamic nuclei. No changes were present at the early stage. This study confirms the ability of
diffusion kurtosis imaging to detect microstructural pathological processes in both grey and white matter in the METH
model of PD. The exact mechanisms underlying the kurtosis changes remain to be elucidated but kurtosis seems to be a
valuable biomarker for tracking microstructural brain changes in PD and potentially other neurodegenerative disorders.

Keywords Behaviour - Diffusion kurtosis imaging - Methamphetamine - Mice - MRI - Parkinson’s disease - Tract-based spatial
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Introduction
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Parkinson’s disease (PD) is one of the most common progres-
sive neurodegenerative disorders, characterized by the loss of
50-70% of dopaminergic (DAergic) neurons in substantia
nigra (SN). DAergic neurodegeneration leads to motor symp-
toms represented typically by bradykinesia, resting tremor,
muscle rigidity and gait problems (Chaudhuri and Martinez-
Martin 2008). Although the actiology of PD and the exact
mechanisms responsible for neuronal loss remain to be eluci-
dated, it has been postulated that many factors such as ageing,
environmental toxins, genetic predisposition and neuroinflam-
mation contribute to the development of PD (Costa and
Caltagirone 2015). Other mechanisms such as oxidative
stress, the rise of iron content and pathological protein accu-
mulation are also likely to play a role in the pathology
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(Prakash et al. 2016; Rizek et al. 2016). Neuroinflammation
is a reaction of the innate immune system within central
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nerves system to infections, trauma, toxins and other stimuli,
which leads to activation of resident immune cells (microglia
and astroglia) and release of pro-inflammatory mediators
(Kreutzberg 1996; Pan et al. 2010). This acute
neuroinflammatory response may trigger oxidative and
nitrosative stress, that is short-lived and unlikely to be detri-
mental to long-term neuronal survival (Frank-Cannon et al.
2009). In contrast, chronic neuroinflammation includes not
only longstanding activation of microglia and subsequent
sustained release of inflammatory mediators but also results
in increased oxidative and nitrosative stress, which may lead
to neurodegeneration (Tansey et al. 2007).

Methamphetamine (METH) abuse studies proved that
METH intake might lead to the development of neurodegen-
erative disorders, such as PD (Tavassoly and Lee 2012).
METH intoxication causes an elevation of intracellular inclu-
sions similar to Lewy bodies in PD, which feature the pres-
ence of ubiquitin and «-synuclein, and it also leads to accu-
mulation of a-synuclein in SN (Fornai et al. 2005). Post-
mortem human studies reported that neurotoxic processes
continue for more than 7 days up until 1 month after METH
administration, and induce reduction in the dopamine (DA)
content, tyrosine hydroxylase expression, and DA transporter
binding in the striatum of METH abusers (Lappin et al. 2018).
Similarly, preclinical studies showed that an acute exposure to
neurotoxic METH doses leads to decreases in DA content in
the cortex and striatum, hippocampus and amygdala (Achat-
Mendes et al. 2005; Bowyer et al. 2008; Fantegrossi et al.
2008). Furthermore, METH was shown to increase the neuro-
nal apoptosis in the striatum, frontal and parietal cortices, hip-
pocampus and olfactory bulb (Cadet et al. 2005; Cunha-
Oliveira et al. 2008). Importantly, METH plays a role in the
activation of astrocytosis and microgliosis, and it triggers the
release of pro-inflammatory cytokines leading to glial dys-
function and neuronal death (Thomas and Kuhn 2005; Zhu
et al. 2006; Bowyer et al. 2008; Fantegrossi et al. 2008;
Moratalla et al. 2017). These neurotoxic effects persist up to
1 month and induce time-dependent microstructural changes
of the brain tissue (Moratalla et al. 2017).

These changes may be tracked in vivo by structural
neuroimaging methods, such as diffusion tensor imaging
(DTI), which was recently applied in the diagnosis of
several neurodegenerative diseases (Rovaris and Filippi
2007; Rolheiser et al. 2011). DTI provides a unique infor-
mation in characterizing tissue microstructure (Basser
1995; Basser 1997). Using two main parameters: mean
diffusivity (MD), which is a directionally averaged mea-
sure of diffusion, and fractional anisotropy (FA), which is
a measure of the directionality of diffusion (Pierpaoli
et al. 1996). Several clinical studies have demonstrated
that DTI could detect the changes in white matter (WM)
of PD patients at both early and late stage of PD
(Vaillancourt et al. 2009; Schwarz et al. 2013; Knossalla

et al. 2018). However, the applicability of DTI is limited
by the inherent assumptions that the voxels are internally
homogeneous and that water diffusion in brain is suffi-
ciently characterized as Gaussian. Such a model of diffu-
sion is well-proven for bulk water but does not sufficient-
ly reflect the complexity of biological systems. This limits
the ability of DTI to accurately detect the diffusion pa-
rameters in heterogeneous biological tissues and their
change due to disease. For instance, DTI fails to detect
crossing or diverging WM fibres, in which diffusion may
appear as isotropic due to the model inability to describe
the overlay of several anisotropic diffusion components in
the same voxel. This restriction is based on the fact that
while neuron dimensions range mostly between 1 and
20 pum, the MRI voxel size is much larger, typically 50—
500 um. Moreover, DTI is also not able to map the non-
Gaussian diffusion found in spatially restricted compart-
ments. Whereas in white matter (WM), diffusion is highly
anisotropic and mostly properly reflected by DTI, DTI is
not truly effective in detecting changes in grey matter
(GM), which is nearly isotropic. On the other hand, it
may be significant how much diffusion is restricted, i.e.
non-Gaussian, in GM (Jensen and Helpern 2010; Arab
et al. 2018). Therefore, diffusion kurtosis imaging
(DKI), which is an extension of DTI, was developed to
assess non-Gaussian diffusion and characterize the diffu-
sional heterogeneity of the brain tissue. Moreover, both
the apparent diffusion coefficient and apparent diffusion
kurtosis can be obtained by DKI, which provides a
second-order approximation of water displacement distri-
bution. Kurtosis is a dimensionless measure of the degree
of diffusion hindrance or restriction and reflects the
changes in structural complexity (Jensen and Helpern
2010; Hansen and Jespersen 2017; Arab et al. 2018).
Recent clinical studies utilizing DKI proved its ability to
differentiate between PD patients and control subjects.
According to most of these studies, the increase or de-
crease in DKI can be caused by different factors, e.g.
the increase in DKI may be explained by pathological
protein accumulation or iron deposition while the de-
crease in DKI may indicate neuronal loss (Wang et al.
2011; Kamagata et al. 2014; Kamagata et al. 2017).

Despite the potential usefulness of DKI in PD research,
only a few preclinical studies have employed this method. In
our earlier studies, we observed kurtosis and diffusivity
changes using DKI in TNWT-61 transgenic mouse model of
PD (Khairnar et al. 2015; Khairnar et al. 2016; Khairnar et al.
2017). However, this animal model features a robust accumu-
lation of human o-synuclein, but it does not show any neuro-
degeneration (Delenclos et al. 2014).

Therefore, this study aimed to expand the knowledge about
DKI sensitivity to a different model of PD, which reflects the
neurodegenerative features of human PD. We employed a
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previously validated neurotoxic METH treatment and evalu-
ated the phenotype at 5 days and 1 month time-points after
METH dosing. In this PD-like model, METH administration
damages DAergic fibres in the striatum and their cell bodies in
the SN and it partially mimics the neurodegeneration pattern
observed in human patients (Sonsalla et al. 1996; Natale et al.
2008; Ares-Santos et al. 2012; Granado et al. 2013). To con-
firm the behavioural validity of the model, we also evaluated
motor impairment by standard behavioural tests.

Material and Methods
Animals

Seventy-one male C57BL/6 micel2—14 weeks old were
obtained from the Masaryk University breeding facility
(Brno, Czech Republic). The mice were group housed in
standard rodent polycarbonate cages, (n=10) per cage.
Then, the animals were randomly assigned to the metham-
phetamine (METH)-treated and control (saline—SAL-
treated) group. A behavioural study was performed with
METH (n =20) and SAL (n = 20) treated animals. One half
of each group was subjected to a battery of motor tests on
day 5 and the other half on day 30 in order to avoid habit-
uation effect in the tests. For the MRI study, METH (n =
20) and SAL (n=11) treated mice were transported to the
animal house of the Institute of Scientific Instruments of
the Czech Academy of Sciences, Brno, and maintained
under the same conditions as in the previous location.
Neuroimaging was performed on two separate groups of
METH and SAL at 5 days and 1 month time-point: at
5 days, METH (n=11) and SAL (n=5) and at 1 month,
METH (n=9) and SAL (n = 6). The behavioural and MRI
studies were performed in separate groups of animals, as
these methods could not be combined in one laboratory.
Environmental conditions during the whole study were
constant: relative humidity 50-60%, room temperature
23 °C+1 °C, regular 12-h light-dark cycle (6 a.m. to 6 p.m.
darkness). Food and water were available ad libitum. All pro-
cedures were performed in accordance with EU Directive no.
2010/63/EU and approved by the Animal Care Committee of
the Faculty of Medicine, Masaryk University, Czech Republic
and Czech Governmental Animal Care Committee, in com-
pliance with Czech Animal Protection Act No. 246/1992.

Drugs and Treatments

Methamphetamine (METH, Sigma Chemical, Co., St Louis,
MO, USA) was dissolved in sterile saline to a concentration of
10 mg in 10 ml. The solution was administered intraperitone-
ally at a dose of 10 mg/kg on day 1 of the study at 4 separate
doses every 2 h (Sonsalla et al. 1996).
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Behavioural Profile

Challenging Beam Traversal Test (CBW) Motor performance
was measured with a challenging beam traversal test
(Fleming et al. 2004, 2006; Schintu et al. 2009). Briefly,
the mice were trained to traverse a 1-m non-reflective
grey hardened polyvinyl chloride (PVC) beam consisting
of four sections (25 cm each) with different widths (3.5 to
0.5 cm by 1 cm decrements) leading to the mice’s home
cage. After a day of training, 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 videotaped
while traversing the grid-surfaced beam for 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 mouse geno-
type. Scores were calculated across all three trials and
averaged for each mouse.

Square and Round Beam Walk Tests (SBW, RBW) The beam
walk tests were set up as described in a previous study (Suidan
et al. 2013), the mice transversed two 1 m beams raised ap-
proximately 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 to the home
cage, which was placed at the end of the beam, each mouse
was placed on the far end of the beam and allowed to cross to
the home cage once.

Grid Test The inverted grid test was used to assess neuromus-
cular abnormalities. Mice were placed in the centre of a hor-
izontal square (12 x 12 cm) grid consisting of wire mesh
(mesh loop of 0.5 cm?) surrounded by non-reflective grey
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
cutoff duration of 60 s (Tillerson and Miller 2003; Fleming
et al. 2004; Sgado et al. 2011).

Pole Test The test has been used to assess basal ganglia-
related movement disorders in mice (Fleming et al. 2006;
Schintu et al. 2009). Briefly, the animals were placed
head-up on top of a vertical wooden pole covered by
mull (diameter 8 mm, height 55 cm). When placed on
the pole, animals turned downward and descended the
length of the pole back into the home cage. Mice were
subjected to training a day before the test, which
consisted of three trials. On the test day, animals had
three trials, and the total time to orient downward (t-
turn) and descend the pole was measured with a maxi-
mum cutoff duration of 120 s.
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Diffusion-Weighted MR Data Acquisition

DKI data were obtained with a Bruker Avance 9.4 T MRI
system equipped with a gradient system delivering up to
660 mT/m. All experiments were performed using a quadra-
ture volume transmit coil (inner diameter 86 mm) and a four-
channel surface phased array receive head coil. Mice were
anaesthetised using isoflurane inhalation (1.5-2%) and moni-
tored to maintain constant physiological parameters. Fast low
angle shot (FLASH) scout images were used to localize the
bregma position. Reference T2-weighted brain scans were
acquired using the 2D RARE (rapid acquisition with relaxa-
tion enhancement) sequence with the following acquisition
parameters: 24 x 24 mm field of view (FOV), 256 x 256 ac-
quisition matrix size, and 15 adjacent slices of 0.5-mm slice
thickness. RARE factor of 8§ was employed and the repetition
time (TR) was 2500 ms with four averages for a total acqui-
sition time of ~6 min. For the DKI acquisition, diffusion-
weighted images were acquired with two-shot spin-echo
echo-planar imaging (SE-EPI). Respiratory gating was used
to prevent motion artefacts. The generalized autocalibrating
partially parallel acquisitions (GRAPPA) 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 acquisition of
six b-values (b =0, 500, 1000, 1500, 2000 and 2500 s/mm?)
along with 30 non-collinear directions, 6 =4 ms, A =11 ms,
with seven averages used for b = 0 acquisition and four aver-
ages for each other 4 value. The maximal b value 2500 s/mm?
was proved to be the optimal setting for the WM in DKI
model, but some authors claim that this » value may cause
an underestimation in calculation of DKI parameters in GM
(Chuhutin et al. 2017). The SE-EPI pulse sequence (FOV =
24 x 24 mm, acquisition matrix =98 x 128, echo time TE =
25 ms using 300 kHz bandwidth and TR ~5 s depending on
respiratory rate) was used to produce images of 15 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 dif-
fusion directionality. AD measures the extent of diffusion oc-
curring in the direction parallel with the fibre. RD reflects the
extent of diffusion occurring in directions perpendicular to the
fibre (Alexander et al. 2000; Alexander et al. 2007) and MD is
a mean value of diffusion in all directions. Kurtosis metrics:
axial kurtosis (AK), radial kurtosis (RK) and mean kurtosis
(MK) have the similar meanings, respectively.

Data Analysis
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 artefacts to

the first non-diffusion-weighted image (Jenkinson and
Smith, 2001). The following parametric maps were calcu-
lated in ExploreDTI v4.8.4. Software (Leemans and Jones
2009): MK, AK, RK, MD, AD, RD and FA, using the
robust estimation of tensors by outlier rejection
(RESTORE) fitting method. For further data analysis,
two different approaches were applied:

A. Region of interest (ROI) analysis

Averaged diffusion, FA and kurtosis parameters were ob-
tained from multiple regions: the SN (one slice), striatum (av-
erage of four slices), sensorimotor cortex (average of five
slices), hippocampus (average of three slices) and thalamus
(average of two slices). We chose these specific ROIs based
on published histology results showing a substantial accumu-
lation of a-synuclein in these brain areas (Chesselet et al.
2012) and on our previous studies with 9 months and
14 months TNWT-61 mice (Khairnar et al. 2015; Khairnar
et al. 2016). The ROI selection in b=0 images was drawn
manually according to the mouse brain atlas (Franklin and
Paxinos 2013) with the help of FA maps using Image]® soft-
ware for various brain regions. The delineations of the ROIs
are shown in Fig. 1.

B. Tract-based spatial statistics (TBSS)

WM analysis was performed using the TBSS algorithm
(Smith et al. 2006) in FSL. Automatic brain extraction was
carried out with BET (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). All the data were firstly affine-registered into common
3D space in order to make the comparison of affected WM
tracts easier. Then the TBSS was used with following steps:
(1) co-registration of all individual FA maps and identification
of the best registration target with the free-search method, (2)
application of the best registration target as a template for final
transformations, (3) calculation of the mean FA map and cre-
ation of the mean FA skeleton at the threshold of 0.2 that
represents the core of all tracts, (4) projection of each mouse’s
FA data to this skeleton and (5) repetition of the previous steps
for all DKI maps. Since changes were expected only in well-
circumscribed regions of the WM, it would have been over-
conservative to correct for multiple correlations based on the
total number of voxels in the skeleton. Hence, we used the
non-corrected statistics threshold at the 1% significance level.
Only clusters larger than 4 voxels were considered for further
analysis and discussion (Csete et al. 2014). The results of the
TBSS analysis were identified according the mouse brain atlas
(Franklin and Paxinos 2013).
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Fig. 1 Delineation of ROIs: hippocampus, sensorimotor cortex, striatum,
substantia nigra and thalamus according to the Paxinos Mouse Brain
Atlas overlaid on mean kurtosis maps (slice thickness 500 um). In the
majority of the ROIs, more slices were analysed; the number is indicated

Statistical Data Analysis

Both behavioural and MRI data were expressed as arithmetic
mean = SEM. The effect of the PD model (METH vs. SAL)
was tested in all behavioural tasks, DKI and TBSS parameters
using either a two sample unpaired Student’s ¢ test when the
data passed the Kolmogorov—Smirnov normality test or
Mann—Whitney U test when the data were non-parametric
(non-parametric variables were the following: 5 days MK
and RK in substantia nigra, 1 month MK in hippocampus,
RD in substantia nigra and FA in striatum). The level of sta-
tistical significance was set at p <0.05, and the results are
supplemented with 95% confidence intervals for mean differ-
ences in all cases. This is by nature an exploratory study using
a several ROIs and numerous DKI variables to reveal the most
useful measures. However, this approach greatly increases the
number of comparisons. Therefore, in the statistical analysis,
we opted for presentation of non-corrected results and accept a
risk of potentially false positive results in order to reveal po-
tentially important differences in specific ROIs and DKI met-
rics. Medical relevance of our data will need to be carefully
confirmed by clinical studies in the future.

Results

5-Day Time-Point

Behavioural Tests

The results of the motor performance tests showed a trend of

motor impairment. METH-treated animals made significantly
more slips in RBW test [ test, p =0.026; CI (—4.418, —
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in brackets. Colour codes: substantia nigra: blue (1 slice), hippocampus:
green (3 slices), sensorimotor cortex: yellow (5 slices), striatum: red (4
slices), thalamus: orange (2 slices)

0.316)], CBW test [t test, p =0.040; CI (= 1.755, —0.045)]
and in the grid test, latency to fall showed a trend [7 test, p =
0.061, CI (—0.339, 13.509)] as compared to SAL. All 5-day
time-point behavioural data are summarized in Fig. 2.

ROI MRI

ROI analysis of the DKI variables showed lower of MK
and RK in SN (MWU test, p=0.007, p =0.009 respec-
tively), together with lower MK in the STR and cortex
[t test, p=0.006; CI (0.018, 0.009) and p=0.034; CI
(0.003, 0.056) respectively] in the METH-treated animals
as compared to SAL. In contrast, METH-treated animals
exhibited higher RD in SN [7 test, p = 0.045; CI (—0.0002,
—0.0000002)] and higher AD in the cortex [ test, p=
0.048; CI (—0.0002, —0.000001)] compared to SAL. All
5-day MRI data are summarized in Fig. 3.

TBSS MRI

The TBSS analysis was performed in the same animals in
order to examine changes in WM in METH- and SAL-
treated animals. There was no significant difference between
the two groups.

1-Month Time-Point

Behavioural Tests

The results of the motor performance tests showed a moderate
motor impairment in the METH-treated animals at 1-month

time-point. Specifically, METH-treated animals took more
time in SBW test [7 test, p =0.044; CI (—3.192, —0.044)],
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Fig. 2 Behaviour at 5-day time-point. The bar graphs represent motor performance in METH- and SAL-treated mice at 5-day time-point. Data are
expressed as mean values +£SEM, *p < 0.05. SBW square beam walk, RBW round beam walk, and CBW challenging beam walk test

CBW test [ test, p < 0.001; CI (— 8.626, — 5.234)] and in pole
test [time to rotate, ¢ test, p = 0.003; CI (—5.436, — 1.290)] as
compared to SAL. The latency to fall in the grid test was
significantly shorter in METH-treated animals [z test,
p<0.001; CI (5.123, 14.500)] as compared to SAL. All 1-
month behavioural data are summarized in Fig. 4.

ROI MRI

ROI analysis revealed that METH-treated animals showed
higher MK in STR, cortex and hippocampus [7 test, p =
0.038; CI (—0.076, — 0.003), # test, p =0.048; CI (— 0.048, —
0.0002), MWU test, p =0.013, respectively] and MK showed
a trend in SN [z test, p =0.052; CI (—0.075, 0.0004)] in
METH-treated animals as compared to SAL. In the DTI pa-
rameters, METH-treated animals showed lower MD in hippo-
campus and STR [#test, p = 0.044; C1(0.000003, 0.0002), p =
0.047; CI (0.000002, 0.0002) respectively], and lower RD in
SN [t test, p = 0.018; CI (0.00002, 0.0002)] in METH-treated
animals as compared to SAL. FA was found to be higher in the
cortex, hippocampus, SN and STR [# test, p =0.036; CI (—
0.028,—0.001), ¢ test, p = 0.034; CI (— 0.020, — 0.0009), 7 test,
p=0.011; CI (- 0.048, —0.007), and MWU test, p=0.0177

respectively] in METH-treated animals as compared to SAL.
All 1-month time-point MRI data are summarized in Fig. 5.

TBSS MRI

In the WM, there was a higher FA unilaterally in the
primary somatosensory cortex, fornix and ventral nucleus
of the lateral lemniscus [¢ test, p=0.0046; CI (0.283,
0.530)] in METH-treated animals. RK was also found to
be higher unilaterally in ventral nucleus of the lateral
lemniscus and some of the lateral thalamic nuclei [ test,
p=0.0031; CI (1.395, 1.901)]. On the contrary, the MD
was lower in METH-treated animals, in cingulum, exter-
nal capsule and some of the lateral thalamic nuclei [¢ test,
p<0.001; CI (0.002, 0.006)]. Lower AD was found in the
cingulate cortex and external capsule [¢ test, p =0.0031;
CI (0.002, 0.006)] in METH-treated animals.
Furthermore, lower RD was observed in cingulum, prima-
ry somatosensory cortex, external capsule, some of the
lateral thalamic nuclei and ventral nucleus of the lateral
lemniscus [ test, p=0.0031; CI (0.001, 0.003)] in
METH-treated animals. No differences were found in
MK and AK. The data are summarized in Fig. 6.
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Fig. 3 DKI ROI analysis at 5-day time-point. Bar graphs represent DKI
parameters in METH and SAL-treated mice at 5-day time-point. Data are
expressed as mean + SEM, *p < 0.05, **p < 0.01. Kurtosis and fractional
anisotropy are dimensionless units; diffusivity values are given in mm?s.

Discussion

In this study, METH-treated animals showed moderate motor
impairment at different behavioural traits assessing motor per-
formance. These behavioural results provide evidence of dys-
function of the nigrostriatal system and are in line with our
previous reports using a genetic model of PD (Khairnar et al.
2015; Khairnar et al. 2016; Khairnar et al. 2017). These data
support the validity of PD-like phenotype development of this
animal model in this study.

The primary aim of this study was to perform DKI imaging
to assess the microstructural changes induced by METH treat-
ment. We used ROI-based analysis to detect changes in the
GM,; the regions were selected based on our previous research
using TNWT-61 transgenic model of PD: sensorimotor cor-
tex, hippocampus, STR, SN and thalamus (Khairnar et al.
2015; Khairnar et al. 2016; Khairnar et al. 2017). TBSS anal-
ysis was also used to assess the WM at two different time-
points, at 5 days and 1 month after METH treatment. In both
types of analysis, we found significant changes in kurtosis and
diffusivity metrics in METH-treated animals as compared to
SAL-treated control groups.

It has been consistently reported that administration of
neurotoxic doses of METH in rodents induces selective
loss of DAergic axon terminals in STR along with decrease
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in level of DA and its metabolites as well as DAergic cell
body loss in SN (Granado et al. 2010; Ares-Santos et al.
2012). The loss of DA signalling in these areas underlie the
prompt development of PD-like behavioural phenotype
(Walsh and Wagner 1992; Tieu 2011). The ROI-based
analysis in this study revealed a decrease of MK at 5-day
time-point in SN, STR and sensorimotor cortex in METH-
treated animals. At this early time-point, MK was the most
sensitive readout of METH-induced changes.

There are not many reports regarding potential cortical
damage induced by METH in either clinical or animal studies.
Previous structural imaging studies in METH abusers reported
structural alterations in the cortico-striatal pathway. It has been
reported that METH users exhibit smaller cortical and larger
striatal volumes than non-users (Berman et al. 2008).
Furthermore, it has been reported that METH treatment in-
duces degeneration of cortical neurons both in clinical
(Kuehn 2011; Hsieh et al. 2014) and animal studies
(Commins and Seiden 1986). Our isolated findings in the
sensorimotor cortex may be in line with the evidence and
may reflect neurodegenerative changes in the cortex.

On the other hand, at the late 1-month time-point, both MK
and FA showed consistent results opposite to the 5-day time-
point. Specifically, both MK and FA values were increased in
sensorimotor cortex, hippocampus, SN and STR. Lower MD
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in hippocampus and STR may support the findings we ob-
served by MK and FA in the same regions. The axial and
radial variables (both kurtosis and diffusivity) did not show
any patterns at either time-point. An intriguing issue is the
opposite direction of the DKI metrics at the two time-points.
At 5 days, DKI metrics detected more isotropic tissue micro-
structure in the METH-treated mice while at 1-month, the data
indicate increased diffusion hindrance. This may be explained
either by potential recovery from the METH-induced insult, or
protein accumulation.

Specific recovery phenomenon for the striatal and SN DA
system has already been reported in animal studies after METH
neurotoxic doses treatment (Granado et al. 2013). This recovery
pattern has been attributed to the regeneration of nerve terminal
and/or compensatory collateral sprouting from residual termi-
nals (Harvey et al. 2000). Khan et al. 2016 recently reported
increase in MK and decrease in MD in amygdala of stressed
rats due to increase in neurite density in stressed rats as compare
to control rats. They also mentioned that increase in neurite
density may have increased non-Gaussanity in the extracellular
space of amygdala in stressed rats (Khan et al. 2016). Similarly,
in our METH model, we have found increase in MK and de-
crease in MD in the hippocampus and striatum, which might be
coming from neuronal sprouting as a recovery phenomenon.
Neurotoxic METH administration downregulates DA trans-
porters (DAT), which influence DA signalling in both human

abusers (Volkow et al. 2015) and animals (Fleckenstein et al.
1997). DAT number was shown to recover as soon as 24 h after
acute METH treatment in rats (Fleckenstein et al. 1997).
However, it is unclear if the loss of DAT after METH treatment
reflects the damage of DAergic neurons and whether normali-
zation of DAT number may indicate their regeneration (Volkow
et al. 2001; Volkow et al. 2015).

Protein accumulation may also explain the increased kur-
tosis metrics in the late time-points in this study. It was shown
that neurotoxic METH treatment in mice induces intracellular
inclusions similar to Lewy bodies in PD, which feature the
presence of ubiquitin and «-synuclein (Fornai et al. 2005).
Furthermore, an in vitro study in PC12 cells exposed to
METH has observed increased expression of o-synuclein
along with nitric oxide synthase and nitric oxide claiming
involvement of S-nitrosylation of protein disulphide isomer-
ase «-synuclein accumulation (Wu et al. 2014). Similarly,
another study on rats exposed to METH found an epigenetic
link in increasing expression of «-synuclein (Jiang et al.
2014). Therefore, the opposite DKI results observed here
might be due to the increased expression of «-synuclein and
other intracellular inclusions, which also supports the validity
of this animal model of PD.

In our previous studies, we have reported a robust effect of
o-synuclein accumulation on MK using the TNWT-61 trans-
genic model of PD in mice. This transgenic model allows
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discrete evaluation of effects caused by the x-synuclein pa-
thology. We have consistently observed increase of MK in
TNWT-61 mice in a growing number of ROIs: from STR
and thalamus at 3 months of age to STR, SN, sensorimotor
cortex, thalamus and hippocampus at 14 months of age
(Khairnar et al. 2015; Khairnar et al. 2016; Khairnar et al.
2017). Interestingly, there is a large agreement between MK
results observed in the late time-point of this study and the
data obtained in the TNWT-61 mice at 9 and 14 months of age
(Khairnar et al. 2015; Khairnar et al. 2016). Specifically, the
STR, SN and sensorimotor cortex exhibit increase of MK in
both models. This supports the pathological protein accumu-
lation as a critical underlying process leading to the increase of
MK observed in the late time-point of this study.

On the other hand, thalamus was unaffected in either time-
point in this study while our studies using TNWT-61 mice at
the age of 3 to 14 months reported thalamus as one of the first
ROIs showing changes in the DKI metrics (Khairnar et al.
2015; Khairnar et al. 2016; Khairnar et al. 2017). This discrep-
ancy between the two models of PD is likely due to a complete-
ly different nature of these models. The TNWT-61 mice lack
any neurodegeneration, and they feature mainly human o-
synuclein expression (Khairnar et al. 2015; Khairnar et al.
2016; Khairnar et al. 2017), while the METH treatment is
mainly neurotoxic and o«-synuclein inclusions are formed dur-
ing the neurodegenerative process (Fornai et al. 2005).

With the help of TBSS analysis, we were able to detect
significant differences of several WM regions in METH-
treated animals as compared to SAL-treated controls, only at
the 1-month time-point. The changes in the DKI metrics are
consistent throughout all WM regions, e.g. an increase of RK
and FA occurs together with a decrease of diffusivity variables
(MD, RD and RD), that is an indication of water-molecule
mobility restriction such as due to neuronal sprouting, glial
cell activation or protein accumulation (Khairnar et al. 2016;
Arab et al. 2018). This may indicate a consistent microstruc-
tural impairment in the WM due to the neurotoxic METH
exposure. Similarly, WM hypertrophy has been reported in
chronic METH abusers and it might be due to neuronal adap-
tation, cell death, adaptive glial proliferation or altered
myelination (London et al. 2004; Thompson et al. 2004).
Taken together, in our model the microstructure of WM seems
to be intact at the early time-point while in the late stage, it
seems to be widely affected.

Conclusion

In summary, this study shows the sensitivity of DKI in the
detection of microstructural changes triggered by neurotoxic
METH treatment in the GM. We have detected opposite results
in the early and late time-point of the study. This may be ex-
plained by a rapid neurodegenerative and neuroinflammatory

response at the beginning—reflected by a decrease of MK, and
protein accumulation following after] month—Ieading to an
increase of MK. The most sensitive readout of GM in this study
was MK, which was able to differentiate between METH-
treated animals and SAL. This goes in line with our previous
transgenic animal model studies, where MK was also the most
sensitive DKI parameter altered by alpha synuclein accumula-
tion (Khairnar et al. 2015; Khairnar et al. 2016; Khairnar et al.
2017). Therefore, DKI may become a biomarker able to selec-
tively detect different microstructural pathological processes in
the brain. However, additional experiments need to be per-
formed to elaborate and confirm the findings of this exploratory
study, more PD-like animal models should be tested, and the
exact nature of mechanisms underlying the MK changes should
be comprehensively evaluated.
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