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Abstract

Objective The goal of this work is to study the changes in white matter integrity in R6/2, a well-established animal model
of Huntington’s disease (HD) that are captured by ex vivo diffusion imaging (DTI) using a high field MRI (17.6 T).
Materials and methods DTI and continuous time random walk (CTRW) models were used to fit changes in the diffusion-
weighted signal intensity in the corpus callosum of controls and in R6/2 mice.

Results A significant 13% decrease in fractional anisotropy, a 7% increase in axial diffusion, and a 33% increase in radial dif-
fusion were observed between R6/2 and control mice. No change was observed in the CTRW beta parameter, but a significant
decrease in the alpha parameter (—21%) was measured. Histological analysis of the corpus callosum showed a decrease in
axonal organization, myelin alterations, and astrogliosis. Electron microscopy studies demonstrated ultrastructural changes
in degenerating axons, such as an increase in tortuosity in the R6/2 mice.

Conclusions DTI and CTRW diffusion models display quantitative changes associated with the microstructural alterations
observed in the corpus callosum of the R6/2 mice. The observed increase in the diffusivity and decrease in the alpha CTRW
parameter providing support for the use of these diffusion models for non-invasive detection of white matter alterations in HD.
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Introduction
Rodolfo G. Gatto and Allen Q. Ye contributed equally to this . . . . .
work. Huntington’s disease (HD) is a fatal, inherited neurodegen-
erative disorder affecting over 30,000 people in the United
Electronic supplementary material The online version of this States alone, with no effective therapeutic strategies avail-

article (https://doi.org/10.1007/s10334-019-00742-6) contains

supplementary material, which is available to authorized users. able to cure or slow disease progression at present [1, 2].

Major HD clinical symptoms include movement abnor-
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the pathogenic mechanisms of HD [6]. Among the various
rodent models available [6], the R6/2 mouse—expressing
mHTT from the human HTT gene—is the most widely used
[7]. The R6/2 mouse displays an early onset of the cogni-
tive, behavioral, and locomotor HD symptoms (day 80) in
the absence of overt cell death [8, 9]. Accordingly, patho-
logical and experimental data established HD as a dying
back neuropathy, where synaptic dysfunction and axonal
degeneration represent early pathogenic events [4]. Direct
evidence supporting this notion was obtained using YFP-
R6/2 reporter mice, which feature fluorescently labeled HD-
vulnerable cortical projection neurons in the corpus callo-
sum [10]. In addition, in this work, diffusion tensor imaging
(DTI) revealed a reduction in the fractional anisotropy (FA)
in the corpus callosum of R6/2 mice (P30 days) before the
onset of motor symptoms, an observation consistent with
results from magnetic resonance imaging (MRI) studies in
presymptomatic HD patients [11-14]. Collectively, these
findings highlight the need for additional brain imaging pro-
cedures that follow axonal degeneration in HD throughout
the entire time course of the disease.

A number of diffusion-weighted imaging approaches
(intra-voxel incoherent motion [15], kurtosis imaging [16],
and multi-shell DTI models [17]) have been used to evalu-
ate the sub-voxel structure of the microporous white and
gray matter of the brain. However, with the exception of
kurtosis imaging, these techniques use low-to-medium
amounts of diffusion-weighting (b values, typically less
than 1000 s/mm?) that investigate Gaussian or normal dif-
fusion. Recently, higher ranges of b values have been used
to examine non-Gaussian, so-called, anomalous diffusion
(AD) models. Here, we will focus on the continuous time
random walk (CTRW) model of diffusion that extends con-
ventional Brownian motion by allowing the water molecule
to be trapped (sub-diffusion) or released (super-diffusion),
as it explores its local environment [18]. The CTRW model
encodes this exploration in terms of the diffusion parameters
(a, B, D, ﬁ), which have been shown to exhibit contrast in
diffusion studies of normal [18, 19] and diseased [20-22]
brain tissue, e.g., they revealed sub-voxel changes in the
brain [23-25].

The CTRW model complements the standard DTI model
in two ways. First, while DTI describes diffusion anisotropy
by applying gradients in many directions at b values less than
1000 mm?/s, CTRW focuses on compartmental complexity
in a few gradient directions with b values typically greater
than 2000 mm?/s. DTI is excellent at describing orthotropic
tissues such as brain white matter and skeletal muscle, in sit-
uations, where the diffusion is generally Gaussian; CTRW is
sensitive to sub-voxel structure through a statistical assign-
ment of particle waiting times and jump displacements that
generalize normal Brownian motion to anomalous diffusion.
Biological tissue heterogeneity leads to restricted diffusion
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at intermediate length scales (micron-to-millimeter lengths),
where intra- and extra-cellular structures trap water in orga-
nelles, between membranes, and throughout the network of
fibers that organize cell molecular traffic. Local tissue per-
fusion in and around capillaries and active transport within
axons is captured in the CTRW model by the assignment of
rare, but large particle displacements.

In this study, we investigate the sensitivity of the CTRW
parameters as biomarkers for HD and use optical micros-
copy to identify the structural basis of the underlying tissue
changes. We first describe how we acquired ultra-high field
(17.6 T) diffusion-weighted images of fixed mouse brains
(ex vivo) from control (wild-type mice) and diseased (symp-
tomatic R6/2 HD mice) animals. Then, we outline how the
multi-directional, multiple b value images were analyzed
using the standard DTI diffusion model (diffusivity and frac-
tional anisotropy) and an anomalous diffusion non-Gauss-
ian model (fractional-order and diffusion biomarkers). We
next present results comparing DTI and anomalous diffu-
sion models in regions of the corpus callosum known to be
affected at the early stages of HD in R6/2 mice. Specifically,
we found changes in FA and the fractional-order a parameter
that were correlated with microstructural changes observed
using light and electron microscopy. The paper ends with
a discussion of the potential impact of these results on the
early diagnosis of axonal pathology in HD, and the conclu-
sion that the anomalous diffusion model should be included
in future clinical studies.

Theory (anomalous diffusion)

The model of anomalous diffusion used in this paper is
based on the CTRW extension of Brownian motion [26,
27]. Mathematically, the model is implemented by gener-
alizing both the space and the time derivatives in Fick’s
first and second laws of diffusion to non-integer powers
using fractional calculus [28]. Statistically, this approach
considers particle motion characterized by separate inverse
power law distributions of jump lengths and waiting times:
a non-Gaussian stochastic process that captures the complex
microenvironment in brain tissue [29-32]. The resulting dif-
fusion propagator, P(x,t), in one dimension is the solution
to the following fractional-order partial differential equation
version of Fick’s second law:

0P, 1)

aﬁP(x, 1)
ore %P '

o) (H

The operator on the left-hand side of Eq. (1) represents
the Caputo fractional derivative in time for 0<a <1, and
the operator on the right represents the symmetric Riesz
fractional derivative in space for 1 < <2, where D, s (mmﬂ/
s%) is the fractional-order diffusion coefficient [33]. In the
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case of a=1 and =2, Eq. (1) reverts to the classical integer
order form of Fick’s second law of diffusion [15]. For a point
source at the origin of an unbounded medium, the solution
to Eq. (1) can be obtained using the Laplace and Fourier
transforms [34], which in the Fourier domain of spatial fre-
quencies (k), gives

pk,t) = E, (=D, 4|k|’1™). )

InEq.(2),E,(z) = z:ozo 7"/ (an + 1), is the Mittag—Lef-
fler function and I'(an + 1) is the Gamma function [18]. The
Mittag—Leffler function interpolates between the stretched
exponential and power law decay over its domain [0, oo]
and converges to the exponential when a=1 and =2 [35].
Under the restriction of short diffusion, gradient pulses,
p(k,1), can be estimated in a diffusion-weighted MRI experi-
ment [27].

Materials and methods
Animals

Experiments were performed under protocols approved by
the Animal Care Committee at the University of Illinois in
Chicago. The R6/2 and control mice used in this experi-
ment were obtained by crossing wild type (WT) and ovary
transplanted R6/2 mice expressing a polyglutamine tract of
160+ 5 CAG repeats (B6CBA-R6/2, JAX #002810, The
Jackson Laboratories, Bar Harbor, ME, USA) [10]. These
animals were used for electron microscopy (Sect. 3.4). Lit-
termates derived from this cross were further crossed with
YFP(J16)** mice to produce YFP*'~ (henceforth, YFP) and
YFEP*/~ -R6/2 mice (henceforth YFP, R6/2 mice). These ani-
mals were used for MRI imaging and histology (Sects. 3.2
and 3.3). At the early symptomatic stage (P60), mice were
anesthetized and transcardially perfused with PBS contain-
ing 4% paraformaldehyde (PFA). Brains were stored in
PBS at 4 °C until MRI was performed. To evaluate brain
morphology using fluorescence microscopy-based meth-
ods, we crossed homozygous YFP (J16) male mice (Thy-1,
JAX #003709, The Jackson Laboratories, Bar Harbor, ME,
USA) with R6/2 females. Brain tissue from YFP and YFP,
R6/2 littermates was processed for fluorescence microscopic
analysis as described in our prior work [10]. A total of 14
animals were used to complete all the experiments.

Magnetic resonance imaging

All scans were performed at the Advanced Magnetic Reso-
nance Imaging and Spectroscopy (AMRIS) Facility (Gaines-
ville, FL, USA) of the National High Magnetic Field Lab
using a 750 MHz (17.6 T, 89-mm wide bore) Avance III

HD imager-spectrometer (Bruker BioSpin, Billerica, MA,
USA). Twenty-four hours before imaging, the fixed brains
(n=6 per experimental group) were washed in excess PBS
and blindly assigned to two different groups. Each group of
three brains (four MRI sessions) was stacked in a 20-mm
diameter NMR tube using a custom-built 3D printed plastic
holder to align three brains. The brains were then immersed
in Fluorinert™ (3M™, FC-770) to establish a proton-free
magnetic susceptibility matching environment. The NMR
tube was tightly fit into a 20 mm diameter birdcage RF coil
and inserted into the Micro-2.5 gradient set (1500 mT/m) of
the spectrometer. The temperature of the samples reflected
the cool bore temperature of the polarizing magnet (typi-
cally, 18-25 °C).

For acquiring data for the anomalous diffusion model,
a stimulated echo diffusion-weighted pulse sequence was
used with TR/TE values of 4000 ms/28 ms, four averages,
and for the 2 cm diameter field of view, an in-plane resolu-
tion of 100 pm X 100 pm, and a slice thickness of 400 pm.
The Stejskal-Tanner diffusion pulse sequence parameters
used had a pulsewidth, J, of 3.5 ms, a pulse separation, 4,
of 15.6 ms, and a gradient strength ranging from 183 to
1300 mT/m, corresponding to diffusion weighting b val-
ues of 400, 800, 1500, 3000, 5000, 7500, 10,000, 12,000,
15,000, and 20,000 s/mm?. Three orthogonal diffusion gra-
dient directions were acquired to generate a trace image for
CTRW analysis. Total scan time was approximately 15 h.

DTI was also performed using a stimulated echo diffu-
sion sequence, but with 200 pm isotropic resolution, two
averages, and TR/TE values of 3000 ms/25 ms. For the DTI
acquisition, we acquired two b =0 measurements and used
a Stejskal-Tanner pulse sequence applied in 12 gradient
directions with a 6 of 3.5 ms, a A of 15.6 ms, and a gradient
strength of 356 mT/m, for a b value of 1500 s/mm?. From
these data, we calculated the eigenvalues and eigenvectors
for the diffusion tensor. Following standard convention, the
data are presented as the fractional anisotropy (FA), axial
diffusivity (AD), radial diffusivity (RD), and mean diffusiv-
ity (MD) [15].

DTI data were analyzed using MRI Analysis Software
(MAS), available from http://marecilab.mbi.ufl.edu. To cal-
culate the CTRW parameters of Eq. (2), we wrote a dedi-
cated MATLAB™ fitting routine that used the normalized
trace data to fit @, f5, and D, 4 by applying a Levenberg Mar-
quadt minimization algorithm on a voxelwise basis. In this
fitting, we used Padé approximations to the Mittag—Leffler
function that was provided by C. Ingo and described in [18].
For the DTT and CTRW analyses, we centered our studies
in six consecutive frontal coronal slices using four regions
of interest (ROI) selected within the CC of WT and R6/2
symptomatic animals. In our previous work [18], we found
that A=17. 3 ms and 6=3.5 ms provided the best contrast in
normal and fixed rat brain tissue; hence, here, we used very
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similar parameters (A =15. 6 ms and 6=3.5 ms) to study
diffusion in the brains of mice with Huntington’s disease—
incrementing only the gradient strength to increase the b
values. The parameter extraction algorithm for a, f, and
D, 5 uses the stretched exponential function (which is the
asymptotic low b value form of the Mittag—Leffler function)
to select the initial values. The details of this decomposition
are described in the Appendix to [18]. Using this method,
the parameter fits for our data were reproducible and stable
(see Suppl. Fig. 2), and consistent with the values reported in
[18]. Additional information about approximating the Mit-
tag—Leffler function is provided in the recent paper by C.
Ingo and colleagues [36].

Quantitative fluorescence microscopy imaging
and immunohistochemistry

After MRI, brains were placed in PBS with progressively
increasing sucrose concentrations [5-30%] for an additional
24 h for cryo-protection. Following embedding in optical
cutting temperature (OCT) polymer compound (Tissue-Tek,
cat #4583 Sakura Finetek, Torrance, CA, USA), 50 um-thick
coronal brain sections were prepared using a Leica cryostat
CM 1850. Sections were mounted on Superfrost slides
(Fisher, Cat #12-550-15, Hampton, NH, USA), dried for
15 min and the OCT removed by washing three times with
Tris-based saline buffer (TBS). YFP and YFP-R6/2 brain
sections were mounted in Vecta-Shield mounting media
(Vector Laboratories, Burlingame, CA, USA) and images
acquired using a Leica LMS-710 confocal microscope. For
immunostaining experiments, brain sections were permeabi-
lized with TBS containing Triton-X100, 0.25% for 10 min,
and then blocked with TBS containing 5% goat serum for
an hour. Sections were incubated with TBS containing pri-
mary antibodies recognizing myelin basic protein (MBP;
PhosphoSolution, Cat #1120-MBP 1:500 Aurora, CO,
USA) or the astrocyte maker glial fibrillary acid protein
(GFAP; NeuroMab Cat #75-240 1:50, Davis, CA, USA).
Secondary anti-mouse IgG antibodies were from Invitrogen
(Alexa Fluor 647 nm, Cat #A-21446 1:500, Thermo Fisher
Scientific, Waltham, MA, USA). Quantitation of YFP and
antibody-derived fluorescence was performed as described
in our published work [10]. In parallel with the MRI data,
we selected six consecutive axial brain slides, and we cen-
tered our analysis in four regions of interests in the corpus
callosum.

Electron microscopy
Mice were anesthetized and intracardially perfused with
Karnovsky fixative [37, 38] (n=1 per experimental group).

Brains were dissected, post-fixed in 1% OsO,, dehydrated
through a graded series of alcohols and propylene oxide,
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infiltrated, and embedded in araldite, as described in [39].
Ultrathin sections were prepared using a diamond knife
(80-90 nm), collected in carbon-coated slot grids, and
viewed in a JEOL 1220 TEM (JEOL USA, Peabody, MA,
USA). Mouse brains were longitudinal sectioned, and one-
half of the brain was used for the transverse and longitudi-
nal sections of the CC. Four-to-five sections were obtained
from each mouse and four images were acquired from each
section. Additional analysis of axonal ultrastructure (axonal
density) in the CC regions showed a significant increase in
the HD mice group (see Suppl. Fig. 1).

Statistical analysis

The data were tabulated and analyzed using Graph Pad
Prism 6 software (La Jolla, CA, USA). For quantitative
analysis of diffusion coefficient values, un-paired Student ¢
tests were used to determine statistical differences between
experimental groups. Results were replicated by application
of non-parametric statistical tools (Mann—Whitney test). A
value of p <0.05 was used to demonstrate statistical signifi-
cance. Error bars in all the figures represent standard error
of the mean (SEM).

Results

Comparative analysis of DTl and CTRW parameters
to evaluate microstructural anomalies in the corpus
callosum of R6/2 mice

Progressive degeneration of axon-rich white matter tracts
in the corpus callosum (CC) represents a critical event in
HD pathogenesis [40]. The mono-exponential MRI diffu-
sion model (b values of 0 and 1500 s/mm?) was used to
fit the DTI data acquired from the brains of R6/2 mice.
We calculated the AD, MD, RD, and FA for four consecu-
tive coronal slices (stereotaxic coordinates from Praxi-
nos, Bregma 1.32 mm) using matched regions of interest
(ROI) selected within the CC of WT and R6/2 sympto-
matic animals (Fig. 1a). Consistent with the literature [41,
42], we found a 17% decrease in the FA for YFP, R6/2
brains (0.59 £+ 0.05), compared with the FA of YFP brains
(0.69 +£0.04) (p<0.01) in addition to an 11% increase in
AD (YFP, R6/2 mice=6.8 +0.06 x 10~* mm?%/s vs YFP
mice=6.1+0.07x 10~ mm%/s) (p <0.01), a 29% increase
in RD (YFP, R6/2 mice=3.1+0.05x 10~* mm?/s vs YFP
mice=2.2+0.04x 10~ mm%s) (p <0.01) as well as a 19%
increase in MD (YFP, R6/2 mice =4.3+0.05x 10™* mm?*/s
vs YFP mice =3.5+0.05 x 10~* mm?/s) (p <0.01) (Fig. 1b).

The same data set described in Fig. 1 was fit to the CTRW
model, and the derived fractional-order parameter maps
are shown in (Fig. 2a). Overall, the Da,ﬂ, a, and f values
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Fig. 1 Calculated diffusion ten-
sor imaging (DTI) parameters
from control and from Hun-
tington’s disease mouse brains.
a Representative T2-weighted
images (b=0) of coronal slices
(a'—f") from six consecutive
frontal lobe regions of a mouse
showing the four regions of
interest (ROIs) centered in the
corpus callosum (light blue cir-
cles) used in the DTI analysis. b
Compiled data from Hunting-
ton’s disease (YFP, R6/2) and
control (YFP) mice box plots of
the fractional anisotropy (FA),
axial diffusivity (AD), radial
diffusivity (RD), and mean
diffusivity (MD), (**p <0.01),
(n=3 mice per group). Scale
bar=1 mm

FA

were lower in the Huntington’s disease R6/2 mice than in
the WT controls (Fig. 2b). For example, the fractional dif-
fusion coefficient, Da!ﬂ, was reduced from 0.26 x 1073 to
0.23+ 107 mm?s (p <0.05). In addition, the & parameter
was reduced by 21% (indicating more tissue heterogeneity
[18]) from 0.39 +0.02 for the WT to 0.31 +0.01 for the R6/2
mice, a decrease that was significant at the p <0.001 level.
In contrast, only a small decrease in the /2 parameter was
measured (from 0.82 in the WT mice to 0.80 in the R6/2
mice), a change that was not statistically significance. In the
CTRW model, the  parameter corresponds to the tail of the
jump distribution, which in this study appears to be unaf-
fected by the disease process. The 2a/f parameter, which
is the exponent for the mean squared displacement in the
CTRW model and is 1.0 for Gaussian diffusion and 0.5 for
single file diffusion, was reduced by 14% from 0.49 in the
WT to 0.42 in the R6/2 mice (p <0.05) (Fig. 2b).

Microscopic analysis reveals axonal pathology
and cellular alterations in the corpus callosum
of R6/2 mice

After MRI, the fixed brains were sliced and processed for
quantitative fluorescence microscopy and for immunohis-
tochemistry (IHC). The YFP-derived fluorescence analy-
sis from selected ROIs in the corpus callosum (Fig. 3a)
revealed a reorganization of the axons in the R6/2 mice
characterized by a 26% decrease in overall YFP-derived
fluorescence signal intensity (Fig. 3b) compared to the WT
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mice in arbitrary units (AU), YFP (R6/2), 9.4+0.5 X 10°
AU vs YFP (WT) mice =6.9+0.4 x 10° AU (¥*¥p <0.001)
(Fig. 3c). This change appears from the slides to be asso-
ciated with a reduction in axonal mass. The IHC analysis
(Fig. 3b) showed a two—threefold increase in anti-glial fibril-
lary protein (GFAP) antibody immunoreactivity levels (R6/2
mice, 5.4+1.0x 10* AU vs WT mice, 20.4 +1.4x 10* AU
(Fig. 3c), (***p <0.001), a clear indication of astrogliosis
at this stage of the disease. Similarly, the levels of anti-MBP
immunoreactivity (Fig. 3b) were reduced by 71% in the R6/2
mice, (5.4+0.3x10° AU vs WT mice=1.5+0.3x10° AU
(Fig. 3¢), (***p <0.001), suggesting myelin and oligoden-
drocyte-related alterations. Additional calculations of axonal
tortuosity (z) in comparative CC regions used to calculate
MRI parameters showed a significant increase of tortuosity
index in the YFP, R6/2 mice group (see Suppl. Fig. 1).

Ultrastructural studies reveal structural changes
and increased tortuosity of degenerating callosal
axons in R6/2 mice corpus callosum

Ultrastructural examination using transmission elec-
tron microscopy (TEM) of longitudinal and axial axonal
sections from the corpus callosum (CC) showed axonal
degeneration. ImageJ-based analysis of the TEM images
revealed a significant increase in axonal density, consist-
ent with the marked reduction in CC volume detected by
MRI in human HD patients [11]. Specifically, in trans-
verse sections to the axons, we found a reduction in axonal
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Fig.2 Calculated anomalous
diffusion parameters from
control and from Hunting-

ton’s disease mouse brains. a
Coronal brain slices displaying
anomalous diffusion brain maps
for a and f/2 fractional order
parameters from Huntington’s
disease (YFP, R6/2, right) and
control (YFP, left) mice. Note
the reduced a values in the cor-
pus callosum (CC) of the YFP,
R6/2 mice. b Statistical analysis
of anomalous diffusion param-
eters based on selected CC
ROIs (circles in f/2 map). Data
showed significant differences
in D, 5 % and 2a/f between the
control and diseased animals
(*p <0.05). Note that the most
significant differences between
both groups were related to

the parameter a (***p <0.001)
(n=3 mice per group). Scale

YFP, R6/2

40.6

40.5

bar=1 mm
b 0.5- 0.9 1
**k%
— 1
0.41 0.8 1
3 —— g- 1
0] —— .
0.2 , r . .
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a 0.44
_1
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diameters (Fig. 4a) and myelin thickness and extra-axonal Discussion

space (Fig. 4a’). In addition, there is an apparent increase
in axonal packing density, and axonal tortuosity in corpus
callosum axons from the R6/2 mice compared with WT
controls (Fig. 4b). Thus, a quantitative analysis of axons
located in the CC region used to calculate CTRW param-
eters showed a significant increase in axonal density in
the HD mice group (see Suppl. Fig. 1).
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The goal of this work is to study the association of changes
in WM integrity captured by DTI and CTRW parameters
from a high field MRI (17.6 T) with cellular changes visu-
alized by fluorescence and electron microscopy applied a
well-established mouse model of HD (R6/2 mice). The
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Fig.3 Multi-cellular changes
in the corpus callosum of the
Huntington’s disease mice
reveals increased white matter
complexity. a Diagram showing
coronal sections and histologi-
cal regions of interest (ROIs in
light blue) centered in the cor-
pus callosum (CC) between the
cortex (CCX) and the striatum.
b Coronal sections centered in
the corpus callosum showing
changes in neuronal architec-
ture and axonal orientation by
endogenous expression. Yellow
fluorescent protein (YFP) can
be observed in the R6/2 mice
(YFP, R6/2). Note an increase
of axonal tortuosity in the R6/2
mice. Nuclear counterstaining
with DAPI (Blue). Astrocyte
proliferation is labeled by glial
fibrillary acid protein (GFAP)
and can be observed in white
matter (WM) in the HD mice.
The amount of myelin basic
protein (MBP)—a marker of
oligodendrocyte function—is
decreased in the HD mice.

¢ Quantitative fluorescence
analysis of white matter markers
(YFP, GFAP, and MBP) in the
corpus callosum of the R6/2 and
WT mice (***p <0.001) (n=6
mice per group). AU Arbitrary
Units. Scale bar=10 pm

GFAP

CTRW model is intermediate between a tissue compart-
mental analysis and a heuristic fit to the data. CTRW is a
stochastic model, like kurtosis, which interpolates between
the classical Gaussian description of diffusion and non-
Gaussian propagator models used in characterizing anoma-
lous diffusion [43]. The new idea in the CTRW model is to
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account for particle trapping, not by building models of the
tissue microstructure, but by introducing a ‘waiting’ time
into each step of the underlying Brownian motion, and to
account for particle displacement by introducing a ‘jump
increment’ after each rest [33]. Hence, the Brownian path
trajectory is a balance of competing factors, one which
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Fig.4 Transmission electron
microscopy shows complex
ultrastructural axonal changes a
in the corpus callosum of the
Huntington’s disease mice R6/2.
a Transmission electron micros-
copy (TEM) from white matter
(cross sections) centered in the
prefrontal region of the corpus
callosum in the wild-type (WT)
and Huntington’s mice (R6/2)
taken at X6000 magnifica-

tion. Scale bar=10 pm. Note
that axonal myelin sheets are
stained in black by osmium
tetroxide (OsO,). a’ Greater
magnification from Fig. 4a (dot-
ted white square) in WT and a’
R6/2 mice shows a decrease in
axonal diameters and a relative
increase in extra-axonal space
and axonal density in the R6/2
mice. Scale bar=1 pm. b TEM
from the corpus callosum

WM (longitudinal section)
showed an increase in axonal
tortuosity (curved double-
headed white arrow) compared
to similar regions in the control
mice (straight white double-
headed arrow). /A intra-axonal
compartment, EA extra-axonal
compartment. Scale bar=1 pm

YFP

YFP,R6/2

describes sub-diffusion, compared with Gaussian motion,
and the other, which describes super-diffusion [34]. For-
mally, the tendencies are introduced as separate inverse
power laws for the waiting times and jump displacements,
respectively [30]. Mathematically, the underlying statisti-
cal assumptions of the CTRW model generalize the order
of the governing time and space derivatives into a and f,
so that sharp fall offs in the likelihood of a long waiting
time or a large particle displacement only occur when a
and p are near the integer Gaussian case of a=1 and f=2
(where the respective probabilities are Dirac delta func-
tions) [32]. Physically, when a < 1 and > 2, the diffusion
process can be viewed as a distribution of sub-compart-
ments, each representing a fraction of particles that—com-
pared with the case of Gaussian Brownian motion—are

@ Springer

trapped or transiently tugged into a fast flowing eddy. For
example, CTRW models are used in the earth sciences [44]
to describe surface erosion due to wind and rain of a gully
or canyon, with small grains of sand moving slowly down
the slope via hindered and restricted diffusion, and small
rocks not moving as all, until all of a sudden the nearby
support wears away, and the stone rolls [44]. When applied
to brain tissue, the CTRW is used to capture aspects of the
tissue’s structural complexity, indirectly via the associa-
tion of D, 5 with hindered diffusion, a with trapped water
(restricted diffusion), and # with perfusion and membrane
permeability [18, 27].

MRI has proved to be a useful method for monitoring HD
progression by measuring volume loss within the striatum
[45]. As axonal pathology became increasingly recognized
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as an early and critical pathogenic event in HD [46], methods
that probe sub-voxel structure have been pursued. For exam-
ple, changes in diffusion parameters such as the fractional
anisotropy and the mean diffusivity have been reported in
HD patients long before loss of cerebral mass occurs [47,
48]. The parallel organization of axons within the CC makes
this major white matter brain structure particularly suitable
as a site to detect axonal changes at presymptomatic disease
stages [49]. DTI provides sub-voxel information from which
one can map the fiber pathways, and fiber density and fiber
track maps are used to distinguish changes in brain con-
nectivity, as fibers are lost, rearranged, or rerouted [50, 52].

Current DTT models use the Gaussian, mono-exponential
model for diffusion-weighed signal decay to express degen-
eration in WM microstructure in terms of changes in the
mean diffusivity and fractional anisotropy [52]. In this study,
we also fit the data—at high b values—to a CTRW model
that has been shown to capture brain tissue complexity [18].
We also used fluorescence microscopy and IHC techniques,
to confirm the microstructural imaging biomarkers sug-
gested by the DTI and CTRW models. The application of
these optical methods using a mouse model featuring mosaic
YFP expression [53] confirmed a marked disorganization
and partial loss of callosal axons, as well as astrogliosis and
myelin deficits [54-56]. Extending these findings, TEM
revealed increased geometrical complexity across degen-
erating axons in the R6/2 mice, a finding consistent with
observations of CC degeneration in HD patients [58, 59].

Our results indicate that both the DTT and CTRW diftu-
sion models provide evidence of microstructural alterations
in the corpus callosum of the R6/2 mice (Figs. 1 and 2).
Decreasing FA is correlated not only with increased clinical
severity in HD [59], but also with alterations in WM brain
microstructure [12] and demyelination [60]. In particular,
the FA is able to distinguish cuprizone-induced demyelina-
tion from remyelination [61], while MD is sensitive to glio-
sis and relative density or packing of axonal bundles [35]. In
this study, the DTT and CTRW analyses were confirmed by
histochemical and ultrastructural data (Figs. 3 and 4). From
the histological data (Fig. 3), astrocytes are significantly
increased in the brain regions studied, which could increase
cellularity, which in tumors is associated with an increase
in the diffusion coefficient [20-22] and a decrease in the o
value of the stretched exponential and the Mittag—Leffler
function. Hence, it is not surprising that we observed similar
changes in the MD and a in the afflicted animals. The CTRW
parameters (particularly «) appear to correlate with changes
in the TEM images (Fig. 4) that show a closer packing of
axons and greater extracellular tortuosity in Huntington’s
disease—consistent with the published literature [21, 63]—
and with the idea that waiting times increase (diffusion par-
ticle trapping) in step with greater tissue heterogeneity, as
described in our previous studies [63].

Thus, the CTRW parameters provide information on the
tortuosity of the tissue microenvironment [63, 64]. This
result is similar to decreases in a found by others to be
associated with increased tissue heterogeneity [64] and
complexity [65]. However, the utility of the fractional f
parameter as a biomarker of HD in our current experi-
ments remains unclear, as changes in this parameter were
not significant in this particular animal model or disease
stage; a finding that will be pursued in the future in vivo
experiments.

Conclusions

In this study, we present a histologically verified compari-
son of diffusion-weighted imaging (DTI) with the continu-
ous time random walk (CTRW) model of anomalous diffu-
sion in the case of developing pathology in the R6/2 mouse
model of Huntington’s disease. Changes in organization
were detected in WM tracts using both DTI and the CTRW
models, changes that histology showed correspond with
axonal reorganization, myelin content reduction, and glial
cell redistribution. The complex cellular changes in the
WM during the development of HD were not completely
described by the DTI model, and supplemental informa-
tion was provided by the CTRW parameters. Specifically,
the a parameter reduction appears to reflect the increased
axonal density and tortuosity, while demyelination in the
corpus callosum is in agreement with an increase in radial
diffusivity and the observed decrease in the fractional ani-
sotropy. The future directions for this work will focus on
confirming the connection between the early stages of
HD pathology and the observed changes in the CTRW
parameters and on improving the sensitivity of the high
b value diffusion-weighted MRI, so that in vivo studies
of HD in animal models and clinical MRI scanners can
be performed. Among the limitations to overcome before
applying CTRW measures in vivo are the long acquisition
time needed to collect data at multiple b values, and the
need for high spatial resolution and a high signal-to-noise
ratio.
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