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Abstract

Degeneration of motor neurons and their associated axons is a hallmark of Amyotrophic Lateral
Sclerosis (ALS), but reliable noninvasive modalities to detect this are lacking. In vivo diffusion
tensor imaging (DTI) was performed to evaluate neurodegeneration in the brain stem and cervical
spinal cord of wild type and G93A-SOD1 transgenic mice, an animal model of ALS. A
statistically significant reduction in ADC was observed in motor nuclei VI and XII compared to
wild type mice. No significant difference in diffusion anisotropy was observed in dorsal white or
gray matter in cervical and lumbar segments of the spinal cord. In contrast, statistically significant
decreases in axial diffusivity (the diffusivity parallel to the axis of the spinal cord) and ADC were
found in the ventrolateral white matter of G93A-SOD1 mice in both the cervical and lumbar spinal
cord. The reduction of axial diffusivity, suggestive of axonal injury, in the white matter of the
spinal cord of G93A-SOD1 mice was verified by immunostaining with non-phosphorylated
neurofilament. The present study demonstrates that in vivo DTI derived axial diffusivity may be
used to accurately evaluate axonal degeneration in an animal model of ALS.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder characterized by
motor neuron degeneration in the cortex, brain stem, and spinal cord (1). Diagnosis of ALS
is largely based on clinical history (progressive weakness) and electromyography, which
detects signs of upper and lower motor neuron degeneration. Recent observations suggest
that there may be several subtypes of ALS distinguished by the differential involvement of
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upper vs. upper and lower motor neurons (2). Magnetic resonance spectroscopy (MRS),
diffusion MRI, and functional MRI have been used for both clinical and preclinical
examinations of ALS revealing tissue alterations induced by neurodegeneration (2—6).
However, the specificity of these methods to detect the underlying pathology or to
distinguish subtypes has not been established.

SOD1 mutant mice have been widely used for studying ALS. The resemblance in the
underlying pathologies of SOD1 transgenic mice to human ALS has resulted in a wide range
of studies from fundamental pathogenesis of the disease to its therapeutic intervention. As
studies of ALS animal models reveal fundamental mechanisms and potential interventions, a
reliable and objective noninvasive diagnostic method is needed. SOD1 mutant mice have
been extensively characterized with behavioral phenotypes to evaluate disease progression
and efficacy of interventions (1). Although behavioral evaluations permit important
functional outcome measures, such characterization does not allow for evaluation of
underlying pathophysiology. Recent reports suggest that in vivo diffusion MR measurements
can detect disease in the cortex, and brainstem of ALS mice (7-9). However, a systematic
and quantitative study of degenerative changes in the brainstem and spinal cord is still
lacking. Recent in vivo diffusion tensor imaging of mouse cervical cord has reported highly
anisotropic tissue characteristics on white matter with the parallel water diffusion coefficient
to be four to six folds of the perpendicular diffusion coefficient (10,11).

In the current study, we employed indices derived from in vivo diffusion tensor imaging
(DTI), including fractional anisotropy (FA), axial (A||) diffusivity, radial (AL) diffusivity,
and apparent diffusion coefficient (ADC), to evaluate the progressive degeneration of motor
nuclei and axonal tracts in the brainstem and spinal cord in G93A -SOD1 mice. Our results
revealed an ADC decrease in brainstem motor nuclei VII and XII, reflecting motor neuron
degeneration. Decreased A|| in the ventrolateral white matter of the cervical and lumbar
spinal cord was suggestive of axonal degeneration, and this was confirmed with
immunohistochemical staining for nonphosphorylated neurofilaments.

Materials and Method

Animal Preparation for Magnetic Resonance Imaging

Twelve week-old female G93A-SOD1 (n = 5) and age-matched wild type mice (n = 5) were
employed for in vivo DTI. Animals were anesthetized using isofluorane/oxygen mixture
(7% for induction and 0.7 — 1.5% for maintenance). Circulating warm water was used to
maintain body temperature at 37 °C. An actively detuned Helmholtz volume coil (6 cm
diameter, 10 cm length) was employed for radiofrequency excitation. Two separate actively
detuned surface coils were used for imaging either the brainstem and cervical spinal cord or
lumbar spinal cord. Both were approximately 1 x 1.5 cm and were tailored to fit the shape of
the mouse at each anatomical location. For synchronization of MR data acquisition with
animal’s respiratory motion, a gated acquisition setup was employed as reported previously
(11,12) The entire animal setup was placed in an Oxford Instruments magnet (4.7 T, 40-cm
clear bore) equipped with a 10-cm inner diameter, actively shielded Oxford gradient coil
capable of producing linear magnetic field gradients up to 60 G/cm having 200 s rise time.
A Varian NMR systems (Palo Alto, CA) INOVA console controlled by a Sun Microsystems
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Blade 1500 workstation was used to interface magnet, gradient coil, and gradient power
supply.

In Vivo DTI for Brainstem and Spinal Cord

A conventional diffusion spin-echo imaging sequence (13) was used to collect transverse
images with respiratory gating. The acquisition parameters were: repetition time (TR) 1.2s
(varied according to the respiratory rate), spin echo time (TE) 36ms, time between
application of gradient pulses (A) 21 ms, diffusion gradient duration (&) 6 ms, slice thickness
0.5 mm, field of view 1.5 cm x 1.5 cm, data matrix 128 (phase encoding) x 256 (frequency
encoding) (zero filled to 256 x 256) producing in-plane resolution 117 pm x 59 um x 500
pum. Images were obtained with diffusion sensitizing gradients applied in six orientations:
(Gx,Gy,Gz) = (E,E,0), (E,0,E), (0,E,E), (E,E,0), (0,E,E), and (E,0,E) where E = 212, Two
diffusion-sensitizing factors, or b values, were used: 0 and 1.014 ms/um? (1014 s/mm2).
Four scans were averaged per k space line resulting in one hour for full DTI data acquisition
for each anatomical location. Following the DTI acquisition of the brainstem and cervical
spinal cord, the animal was repositioned inside the magnet and the lumbar spinal cord was
imaged at least 24hrs after the initial imaging session.

Data analyses

Using a weighted linear least-squares method (14), diffusion tensors were estimated
independently for each pixel from the diffusion-weighted images. Eigen decomposition was
applied to the tensor matrix, yielding a set of eigenvalues (A1 = A, = A3) and eigenvectors
for each pixel. Maps of diffusion indices, including ADC, axial diffusivity (A|)), radial
diffusivity (A L), and fractional anisotropy (FA), were generated in Matlab (Mathworks,
Natick, MA) by applying the following equations for each pixel:

ADC= <D>=(A1+A2+X3)/3  [1]

Al=A1 2]

AL =(\a+X3)/2 [3]

V3 \/(Al—<D>)2+()\2—<D>)2+(/\3—<D>)2
NORVOYEDTEDY: [4]

FA

DTI parameters were quantified using a region of interest (ROI) analysis for nuclei VIl and
XI1, spinal cord dorsal and ventrolateral white matter, and gray matter. A single transverse
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image is used for nuclei VII and XII where three and six transverse images were averaged
for cervical and lumbar cord.

Following in vivo DTI, all mice were perfusion fixed through the left ventricle under deep
anesthesia with at least 100 ml of 0.1M PBS (pH 7.4) followed by 100 ml of 0.1 M PBS
containing 4% paraformaldehyde (pH 7.4). Following fixation, the spine was harvested and
placed in fixative (4% paraformaldehyde) for 24 hrs. The C1-2 and lumbar enlargements
were excised in 2 mm segments, decalcified with the vertebral column intact, and embedded
in paraffin. The embedded tissue was sectioned on a sliding microtome at 5 um.
Immunohistochemistry was performed for non-phosphorylated neurofilament (SMI-32).
Briefly, deparaffinized and rehydrated sections were placed in 1 mM EDTA with 95-100°C
water bath. After rinsing with 0.01 M PBS and sections were incubated with 0.01 M PBS
containing a 2% blocking solution (Invitrogen, Carlsbad, CA) for 1 hour. Sections were then
incubated at 4°C overnight with monoclonal anti-SM132 (1: 5000, Sternberger Monoclonals,
Inc., Lutherville, MD) to label non-phosphorylated neurofilament. After rinsing with 0.01 M
PBS, sections were incubated with fluorescein isothiocyanate (FITC) — conjugated Fab’
fragments (goat anti-mouse or rabbit, 1:300, Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA). After washing with PBS, sections were cover-slipped using the
Vectashield Mounting Medium with DAPI (Vector Laboratories, CA). Digital images were
captured within 1 week following completion of immunohistochemistry. The SMI-32
positive stain were quantified using image J (15) and compared with DTI parameters

All statistical analysis was performed with Origin 7.5 SR2 v7.5817 (Origin Lab Co., MA,
USA). A Student’s t-test was performed to compare DTI parameters between wild type and
G93A-SOD1 mice. The correlation between DTI parameters and number of non-
phosphorylated neurofilament labeled axons was investigated using Pearson product-
moment correlation. Statistical significance was accepted as p < 0.05.

The anatomy of the brainstem and cervical and lumbar spinal cord was clearly delineated in
T2-weighted images (Fig. 1). In vivo DTI maps provided excellent contrast between gray
and white matter, and between brain parenchyma and cerebral spinal fluid (CSF) (Fig. 2).
Exploiting this contrast, five regions of interest (ROIs) were manually delineated, including
brainstem nuclei V11 and XII, spinal cord dorsal white matter, ventrolateral white matter, and
gray matter. Differences in ADC between the wild type and G93A-SOD1 were readily
apparent in nuclei VII and XII (Fig. 2a and b). FA and A_L maps of nuclei VII and XII are
not shown. Moreover, FA and A|| maps showed obvious differences in the ventrolateral white
matter of the spinal cord comparing wild type to G93A-SOD1 mice (Fig. 2c and d).

Quantification of DTI parameters from the five ROIs were summarized in Fig. 3. Both
nuclei VII and XII exhibited a statistically significant decrease in AL, A||, and ADC,
suggestive of significant neurodegeneration, in the absence of changes in FA. In the spinal
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cord, dorsal white and gray matter maintained normal DTI parameters, suggesting an intact
dorsal column. The ventrolateral white matter showed statistically significant decreases in
FA and A|| in both cervical and lumbar segments of the spinal cord and an approximately 5%
increase of A_L in lumbar segment of the cord, suggesting long tract pathology. Interestingly,
there were no significant differences in ADC values from all regions of the spinal cord. In
good agreement with MRI findings, immunohistochemistry showed dense SMI-32 positive
axons in the ventrolateral white matter of G93A -SOD transgenic mice (Fig. 4), but not in
wild-type mice. Moreover, the dorsal column did not demonstrate evidence of axonal injury
with SMI-32. Furthermore, both FA and A|| showed a statistically significant linear
correlation with the density of SMI-32 positive axons, but no significant correlation was
seen with either ADC or AL from both cervical and lumbar cord (Fig. 5).

Discussion

In the current study, we report that in vivo DTI-derived parameters could distinguish
neurodegeneration in both gray (nuclei VII and XII in brainstem) and white matter
(ventrolateral white matter of spinal cord) in G93A-SOD1 mice. ADC showed selective
sensitivity to gray matter neurodegeneration, while diffusion anisotropy (FA) and directional
diffusivity (A||) was sensitive to white matter degeneration. To the best of our knowledge,
this is the first in vivo DTI study on mouse cervical cord showing that full tensor derived
directional diffusivities (A|| and A L) could accurately detect neurodegenerative white matter
lesion at cervical cord.

ADC changes were used to quantitatively measure the progressive degeneration of nuclei V,
VII, and XII in the brainstem of G93A-SOD1 mice, as confirmed by multiple labs (16-18).
Recently, the use of quantitative in vivo T2 and ADC measurements to detect
neurodegeneration in G93A-SOD1 mice was expanded from brainstem to cervical cord (8).
T2 alterations were seen in brain stem nuclei and cervical cord, whereas ADC decreases
were seen in brainstem nuclei but not in cervical cord. This may suggest that spin-spin
relaxation (T2) may have high sensitivity to motor neuron integrity in mouse spinal cord.
Previous histological analysis has demonstrated motor neuron degeneration in the spinal
cord of G93A-SOD1 mice (19,20). To determine whether the full tensor analysis more
accurately reflects this underlying pathology, DTI derived parameters (FA, A||, and A L) of
brain stem and spinal cord were examined in the present study. Our findings are consistent
with those by Nissen et al. demonstrating alterations of ADC in brainstem but not in the
whole spinal cord (combining both gray and white matter) (Fig. 3). In the gray matter of
spinal cord, none of the measured DTI parameters showed a significant difference between
G93A-SOD1 and wild type mice (Fig. 3). In contrast, statistically significant changes in the
DTI parameters between G93A-SOD1 and wild type mice were observed in the spinal cord
white matter (Fig. 3), and these changes were validated with histological evaluation (Fig. 4).

We have previously found that both A|| and AL can detect axon and myelin pathology,
respectively, in the mouse brain (21,22). The use of A|| as a biomarker of axonal injury in
spinal cord has recently been reported in mouse models of multiple sclerosis (12,23) and
traumatic spinal cord injury (Kim et al., 2007; Loy et al., 2007) with histological validation.
In addition, ex vivo measurements of directional diffusivity correlated well with histological
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measures of axon and myelin integrity (24,25). Despite the controversy over whether G93A-
SOD1 accurately reflects human ALS, the motor neuron degeneration observed in G93A-
SOD1 mice is clearly evident as seen in humerous studies. It is widely believed that motor
neuron degeneration is accompanied by secondary axonal degeneration in the spinal cord.
This is consistent with our observed decrease in A|| in the ventrolateral white matter of
cervical and lumbar segments of the spinal cord from G93A-SOD1 mice (p < 0.001) (Fig 3).
This signature of axonal injury was confirmed by positive SMI-32 staining in the
ventrolateral white matter of spinal cords from G93A-SOD1 mice (Fig. 4). Similar
corticospinal tract degeneration has been observed in post-mortem analysis in spinal cords of
ALS patients (26). The significant linear correlation between A || and SMI-32 positive axonal
counts at ventrolateral white matter of cervical and lumbar cord further quantitatively
support the potential of A|| as biomarker for axon degeneration in the spinal cord of ALS
patients (Fig. 5). Our finding suggests that neurodegeneration may reach beyond the cervical
spinal cord and the selective loss of axon fibers in the spinal cord from G93A-SOD1mice.

In addition to selective sensitivity of DTI parameters to neurodegeneration in G93A-SOD1
mice, the differential changes in DTI parameters were selective for gray vs. white matter.
Both directional diffusivities (A|| and A L) in nuclei VII and XII of the brainstem from
G93A-SOD1 mice decreased compared with those of control mice. The statistically
significant reduction of both A || and AL resulted in a cumulative effect on ADC values.
However, there was no change in FA between wild type and G93A-SOD1 mice. In the
ventrolateral white matter of G93A-SOD1 mouse spinal cord, A|| significantly decreased
with a minimal (~8%) increase in AL compared to wild type mice. This also resulted in a
statistically significant FA reduction. The correlation between FA and A|| with the number of
SMI-31 positive axons supports the notion that A|| may be a potential biomarker of axon
injury in spinal cords of ALS mice and patients.

In conclusion, the current results suggest that in vivo DTI may be used to monitor the
progression of neurodegeneration in ALS separately in the brainstem and spinal cord, and
this may help to distinguish between ALS subtypes. Among the two widely used diffusion
indices, FA and ADC, the presented results suggest FA is sensitive to axonal degeneration in
white matter and ADC is sensitive to neuron degeneration in gray matter. As new treatments
are developed using G93A-SOD1 mice as a preclinical model, in vivo DTI combined with
conventional T1 and T2 MRI measurements could be more effective in quantifying the
underlying disease progression and treatment efficiency.
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Figurel.
Anatomical MR images of mouse brain and spinal cord. Transverse (a, c) and coronal (b, d)

images of the brain and spinal cord are shown clearly demonstrating the anatomy of the
brainstem (b, upper panel), cervical cord (b lower panel), and lumbar cord (d). Each image is
0.5 mm thick with a 1.0 mm gap between images.
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Figure2.
The /n vivo diffusion tensor parameter maps of wild type and G93A-SOD1 mice are shown

for brainstem (a & b), cervical (c), and lumbar spinal cord (d). Nuclei VII (a, circles) and
XI1 (b, circles) in the brainstem show distinct differences between wild type and G93A-
SOD1 mice in axial (A|) and ADC indicated by the arrows. In both cervical (c) and lumbar
(d) spinal cord, the difference between wild type and G93A-SOD1 mice is seen in FA and
A|| maps in the ventrolateral white matter (V), but not in dorsal white matter (D) or gray
matter (G). Image scales are as follows: FA, 0.0 — 1.0 (unitless); AL, 0.0 — 1.0 um?/ms; A,
0.0 — 3.0 pm?/ms; and ADC, 0.0 — 1.0 um?/ms. The white bars represent 2.0 mm
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Al

Nc VIl Nc Xl GMC DWC VWC GML DWL VWL

ADC

Nc VIl Nc Xl GMC DWC VWC GML DWL VWL

The quantified DTI parameters from brainstem and spinal cord of wild type (white) and
G93A-SODL1 (black) are shown with mean + standard deviation (n = 5 for each group).
Compared to wild type, G93A-SOD1 mice show statistically significant differences in A||,
AL, and ADC in both Nc VII and Nc XII. The ventrolateral white matter of cervical and
lumbar cord shows significant differences in A|| and RA map. Nc VII - brainstem nuclei VII,
Nc XII — brainstem nuclei XIl, GMC — cervical gray matter, DWC — cervical dorsal white
matter, VWC - cervical ventrolateral white matter GML — lumbar gray matter, DWL —
lumbar dorsal white matter, and VWL - lumbar ventrolateral white matter. * - p< 0.05; #- p

<0.001.
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Histopathological sections from spinal cord white matter stained for SMI1-32, non-
phosphorylated neurofilaments. For both cervical and lumbar cord, G93A-SOD1 mice have
significantly more SMI-32 positive axons in ventrolateral white matter compared to wild
type mice. In contrast, there is no discernable difference in SMI-32 staining in dorsal white
matter for either the cervical or lumbar white matter. White and black bar represents 1.0 mm

and 100 pm each.
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Correlations between DTI parameters and SMI-32 staining density from ventrolateral white
matter of cervical, and lumbar cord. Both A|| and RA show significant negative correlations
with SMI-32 density, reflecting their association with axonal damage. In contrast, A L and

ADC were not significantly correlated with SMI-32.
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