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Diffusion tensor imaging as a tool
to detect presymptomatic axonal
degeneration in a preclinical spinal
cord model of amyotrophic lateral
sclerosis

The G93A-SOD1 mice model and MRI diffusion as a preclinical tool to
study amyotrophic lateral sclerosis (ALS): ALS is a progressive neurological
disease characterized primarily by the development of limb paralysis, which
eventually leads to lack of control on muscles under voluntary control and
death within 3-5 years. Genetic heterogeneity and environmental factors play
a critical role in the rate of disease progression and patients display faster de-
clines once the symptoms have manifested. Since its original discovery, ALS
has been associated with pathological alterations in motor neurons located
in the spinal cord (SC), where neuronal loss by a mutation in the protein
superoxide dismutase in parenthesis (mSOD1) and impairment in axonal
connectivity, have been linked to early functional impairments. In addition,
mechanisms of neuroinflammation, apoptosis, necroptosis and autophagy
have been also implicated in the development of this disease. Among different
animal models developed to study ALS, the transgenic G93A-SOD1 mouse
has become recognized as a benchmark model for preclinical screening of
ALS therapies. Furthermore, the progressive alterations in the locomotor phe-
notype expressed in this model closely resemble the progressive lower limb
dysfunction of ALS patients. Among other imaging tools, MR diffusion tensor
imaging (DTI) has emerged as a crucial, noninvasive and real time neuroim-
aging tool to gather information in ALS. One of the current concerns with the
use of DTT is the lack of biological validation of the microstructural informa-
tion given by this technique. Although clinical studies using DTI can provide
a remarkable insight on the targets of neurodegeneration and disease course,
they lack histological correlations. To address these shortcomings, preclinical
models can be designed to validate the microstructural information unveiled
by this particular MRI technique. Thus, the scope of this review is to describe
how MRI diffusion and optical microscopy evaluate axonal structural changes
at early stages of the disease in a preclinical model of ALS.

Use of DTI to study in vivo bioimaging markers in ALS: Considering the
short interval from symptoms to patient death, there is a need for an im-
aging technique that is able to detect the loss of axonal connectivity at the
earliest possible stage in order to preserve axonal function and improve pa-
tient outcomes. MRI is a useful tool to detect central nervous system (CNS)
damage and monitor neurological treatments in the experimental models of
neurological diseases (Gatto et al., 2015a). MRI techniques can not only look
at gray matter (GM) and white matter (WM) degeneration damage. using
macro-structural parameters (volume, cross-sectional areas) but also micro-
structural data by diffusion tensor imaging (DTI). In our current studies, an-
atomical imaging studies at early (presymptomatic) stages of the disease were
not able to capture significant macrostructural changes in WM regions. Re-
cently, DTI techniques have been well regarded by researchers to detect and
monitor early changes in axonal organization (Kim et al., 2011; Underwood
etal,, 2011). Recent improvements in MRI diffusion protocols and increasing
neurobiological research have increased our understanding of the underly-
ing biological implication of these signals in ALS mice (Caron et al., 2015;
Marcuzzo et al., 2017). However, research linking DTT and cellular changes
in initial stages of ALS is scarce. To fill this gap in knowledge, our current
investigations are focused on understanding the underlying microstructural
changes captured by DTI using specific molecular and structural cellular
markers. By the combined application of high MRI fields (9.4T) and optical
fluorescence microscopy techniques, our group has studied the early MM
changes in the G93A-SOD1 mice (Gatto et al., 2018). Results from our in
vivo studies have shown that early alterations in the axonal organization can
be revealed by DTI parameters such as fractional anisotropy (FA). However,
our histological work with neurofilament stainings could not offer the neces-
sary fine cellular details needed to proper evaluate individual axons (Figure
1a). In addition, little is known about the association between DTTI scalars
and changes in WM cellular structures and which of these parameters is the
most relevant in the detection of the early microstructural alterations in ALS.
In that regard, our results have demonstrated that the early changes in axial
diffusion (AD) and radial diffusion (RD) are similarly affected. For instance,

we have used changes in AD and RD to determine that mSODI simultane-
ously affects multiple cell populations across different WM compartments.
Results from our studies showed that specific histological markers were
related to changes of DTI-based parameters, some of them closely related to
changes in axonal organization (FA) and neuronal loss (AD) and other to the
presence of WM myelin anomalies (RD). Although the complex molecular
mechanisms producing the structural differences between axonal networks at
very early stages of ALS require further research (Morfini et al., 2013), neu-
ropathological and imaging reports have demonstrated that alterations in the
axonal connectivity is one of the key features in ALS.

DTI can evaluate presymptomatic alterations in ALS axonal connectivity:
The CNS is a complex network of structurally interconnected regions thriv-
ing on the continuous integration of information across different regions
of the brain and the SC. In our previous studies, tractography tractography
techniques have provided an estimate of the axonal bundles trajectories and
the complex biological rearrangement in WM architecture during early stag-
es of ALS. However, the reconstructions of fiber tracks to evaluate qualitative
changes in axonal organization have been restricted by biophysical factors,
like the limited intrinsic resolution of the MRI signals (voxel size) as well as
biological factors, such as variability and heterogeneity within CNS regions.
Recent developments in MRI methods obtained from diffusion path prob-
abilities provides estimates of quantitative connection strengths informa-
tion across different WM regions (nodes) and enables the reconstruction of
connectomes. Such elements display properties that are consistent with CNS
networks mapped with other imaging modalities and have been validated by
post-mortem brain studies. Additional quantitative metrics that reflect the
diffusion properties connecting along edges of nearby voxels (Edge Weights)
can be accounted as a method to reflect CNS connectivity strength (Colon-Pe-
rez et al,, 2015). Such new approaches have been greatly contributed to our
understanding of the impairment in SC connectivity centered in cervical and
lumbar regions, consistent with the characteristic motor phenotype observed
in mSODI mice as well as in the majority of ALS patients. Considering the
alterations in multiple molecular, cellular and structural processes governing
water diffusion across living tissues during the initial course of the disease,
current mathematical models of MRI diffusion attenuation curves are far too
simplistic to approximate the complex multi-cellular events occurring during
any neurodegenerative process. Even though the development of new MRI
methods to extract meaningful WM biomarkers to distinguish different forms
of ALS are gaining momentum in the scientific community (Kolind et al.,
2013), not many are focused towards revealing the significant heterogeneity in
the biological tissues (Magin et al., 2013; Liang et al., 2016).

Fluorescent transgenic mice as a tool to evaluate axonal morphology:
Although current immuno-histochemical (IHC) techniques can be used to
evaluate WM axons, this biochemical approach is limited in morphological
details. Since their development, the use of YFP mice reporters have gained
popularity due to its simplicity and practicality of imaging acquisition and
analysis. To enhance the visualization of sole axonal structures, we applied
novel in vivo genetic fluorescent imaging tools. Based on previous investi-
gations, the use of endogenously expressed fluorescent genes in transgenic
mouse models, such as yellow fluorescent proteins (YFP) has been our pre-
ferred approach to observe individual axonal changes in other neurodegener-
ative diseases (Gatto et al., 2015b). Using this live mosaic fluorescent expres-
sion driven by a neuron-specific gene promoter, axonal trajectories in the SC
can be visualized from their origins in specific layers of the cerebral cortex
to axonal populations within the WM (YFP, G93ASOD1 mice), retrieving
detailed information of anomalies in the axonal organization and validate the
microstructural changes (Figure 1b).

Biological and technical limitations in preclinical ALS studies: It is now
recognized that the SOD1 model has many problems with regards to devel-
oping new therapies and so far almost all drugs that were successful in ALS
mice models later failed in humans. Moreover, the transgenic G93A-SOD1
mouse has been used frequently for pre-clinical screening of ALS-therapies
but needs to be analyzed with care in regards to later translation of therapies.
From a technical standpoint, the application of MRI methods to examine
the SC in vivo presents multiple challenges. Due to the relative small size of
the SC, a higher spatial resolution is usually required to obtain proper signal
and contrast-to-noise ratios. Other factors are known to affect the quality
of the information gathered by DTT: (1) physiological motions (respiration,
heart beats) create ghosting artifacts and partial volume effects due to the
surrounding cerebrospinal fluid, (2) chemical shift artifacts arising from
the epidural fat and other nearby structures, and (3) geometric distortions
arising from magnetic field inhomogeneity in nearby intervertebral disks
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Figure 1 Diffusion tensor imaging (DTI) can detect early microstructural changes
in white matter (WM) organization in spinal cord (SC) of the SOD1 mice.

(a) High-field MR diffusion T2-weighted (T2,) imaging and in vivo fractional an-
isotropy (FA) maps from axial lumbar sections in control mice (WT) and ALS mice
(G93A-SOD1). Analysis of regions of interest (ROIs) were performed in the anterolat-
eral funiculi (ALF) of the ventral SC WM based on previous ex vivo studies. Compari-
son between both groups showed a significant early decrease (P < 0.001) of FA (index
of axonal organization) in the disease group. These results prove that presymptomatic
anomalies in WM microstructure can be detected in vivo by DTL. (b) Microscopy
analysis using immunohistochemistry (IHC) techniques from comparative WM ROIs
using a phosphorylated neurofilament marker (SMI-31) at early stages of the disease
demonstrated relative signs of WM structural anomalies in the ALS mice group. How-
ever, quantitative IHC methods, did not show significant differences of this marker
in the ALS mice. To improve axonal visualization, we bred a line of mice expressing
endogenous yellow fluorescence protein (YFP mouse) with ALS mice creating a fluo-
rescent mice reporter (YFP, G93A-SOD1 mice). Confocal fluorescence microscopy at
a higher magnification shows alteration in size and morphology of individual axons.
Further ALF quantitative confocal fluorescence analysis demonstrated a significant
reduction of the fluorescence levels in the YFP, G93A-SOD1 mice. Nuclear counter-
staining with DAPI (blue). Statistical analysis performed with unpaired t-test analysis
(n =5 animals per group). **P < 0.01, *#*P < 0.001. Scale bars: 1 cm in a, 10 pm in b.
This review was partially based on previous work from Gatto et al. (2018).

and lungs, among many others. In addition, in vivo studies require a short
scanning time, which also limits the achievable resolution. In terms of histo-
logical preparation, it is also possible that the fixation and processing of the
samples may alter the cellular structure and membrane of the nervous tissue
leading to histological damage. However, one of the advantages of the pre-
clinical models is the possibility to obtain littermates-control animals. Pro-
cessing samples simultaneously from both animal groups, we can investigate
the specific microstructural changes associated with the disease and exclude
the influence of other unknown variables and histological artifacts. Above all,
our approach has been dedicated to limit such shortcomings, including the
examination of comparable histological regions by optical microscopy tech-
niques with higher imaging and spatial resolutions.

Conclusions: Our current studies have demonstrated that MRI diffusion is
an ideal imaging tool to explore the early microstructural WM anomalies
in ALS. In combination with optical microscopy techniques, DTI enhances
our knowledge of the microstructural anomalies during early stages of the
disease. Interruption of axonal communications plays a key role in the func-
tional decay seen in ALS patients. Thus, understanding of the microstructural
changes is paramount to effectively detect and monitor disease progression.
MRI diffusion information obtained by simple diffusion models in preclinical
and clinical scenarios are still falling short in their ability to describe complex
multicellular changes in ALS. Our future prospects include the design of new
approaches to improve the detection of early microstructural WM changes
in other preclinical mice models. Ultimately, it is our hope that the under-
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standing and validation of this imaging technique will contribute towards the
development of novel therapeutic strategies in neural regeneration research.
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