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Abstract
Recent studies have suggested that axonal damage, and not demyelination, is the primary cause of
long-term neurological impairment in Multiple Sclerosis (MS) and its animal model, experimental
autoimmune encephalomyelitis (EAE). The axial and radial diffusivities derived from diffusion
tensor imaging (DTI) have shown promise as noninvasive surrogate markers of axonal damage, and
demyelination, respectively. In the current study, in vivo DTI of the spinal cords from mice with
chronic EAE was performed to determine if axial diffusivity correlated with neurological disability
in EAE assessed by the commonly used clinical scoring system. Axial diffusivity in the ventrolateral
white matter had a significant negative correlation with EAE clinical score and was significantly
lower in mice with severe EAE than mice with moderate EAE. Furthermore, the greater decreases
in axial diffusivity were associated with greater amounts of axonal damage as confirmed by
quantitative staining for non-phosphorylated neurofilaments (SMI-32). Radial diffusivity and
relative anisotropy could not distinguish between the groups of mice with moderate EAE and those
with severe EAE. The results further the notion that axial diffusivity is a noninvasive marker of
axonal damage in white matter and could provide the necessary link between pathology and
neurological disability.
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Introduction
Magnetic resonance imaging (MRI) has become an indispensable tool for the diagnosis and
management of patients with multiple sclerosis (MS). The identification of lesions on T2-
weighted images is part of the criteria for the diagnosis of MS (1). In this regard, MRI has
revolutionized the diagnosis of MS. However, the relationship between brain abnormalities
identified with MRI and clinical impairment has not been as straightforward, and has led to
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the clinical-radiological paradox in MS. The MRI measures that have been used for diagnosis,
including T2-lesion load and number of contrast-enhanced T1-weighted lesions, have had only
modest correlations with clinical impairment. Because of the poor correlations, the use of MRI
as a surrogate outcome measure in clinical trials has come under intense scrutiny by both the
U.S. Food and Drug Administration and clinical researchers (2-4). A number of different
pathological processes (inflammation, demyelination, and axonal damage) may result in
abnormalities on conventional T1- and T2-weighted images. Recent work has advanced the
idea that axonal damage is a major component of MS and believed to be the cause of long-
term clinical impairment. However, conventional MR measures have been unable to provide
a link between pathology and clinical disability.

Diffusion tensor imaging (DTI) has shown promise as a non-invasive marker of specific
pathology. DTI measures the diffusion of water molecules, which reflect the microstructural
organization of the tissues of interest. The white matter of the central nervous system is highly
ordered and has a coherent structure in which water diffusion parallel to the fibers, axial
diffusivity (λ∥), is much greater than the diffusion of water perpendicular to the fibers, radial
diffusivity (λ⊥). These directional diffusivities derived from DTI have been shown to reflect
changes in white matter pathology in several animal models (5-7). Specifically, demyelination
is associated with an increase in radial diffusivity, presumably due to the loss of myelin
membrane integrity that hinders water diffusion perpendicular to their orientation (8). In
contrast, axonal damage is associated with a decrease in axial diffusivity. Although the
underlying mechanism is still unclear, the decreased axial diffusivity could result from the loss
of coherent organization of the axon (9) and many other structural and physiologic mechanisms
associated with axon damage and degeneration (6). Although measures of anisotropy derived
from DTI are commonly used as biomarkers of white matter pathology, an increase in radial
diffusivity or a decrease in axial diffusivity will both cause a decrease in anisotropy. Therefore,
while anisotropy is an exquisitely sensitive marker of pathology, it is not specific to either
axonal damage or demyelination. The available evidence suggests that axial and radial
diffusivities hold promise as specific biomarkers of white matter pathology.

It is hypothesized that the directional diffusivities derived from DTI, specifically those
reflecting axonal damage, could establish a link between imaging and neurological disability
that has escaped conventional MRI measures. The purpose of the current study is to use in
vivo DTI of the spinal cord of mice with experimental autoimmune encephalomyelitis (EAE),
a mouse model of MS, to determine if axial diffusivity, a marker of axonal damage, or radial
diffusivity, a marker of demyelination, correlate with the degree of neurological disability and
histological measures of axonal damage and demyelination.

Materials and Methods
Animals

All animal procedures were approved by the Washington University Animal Studies
Committee and conformed to the Policy on Animal Care. Two groups of 6-8 week old C57BL/
6 mice (Jackson Labs, Bar Harbor, ME) were employed in the present study. A cohort of six
male mice underwent adoptive transfer of ∼2×106 CD4 Thy1.1 MOG-activated T-cells as
previously described (10) for EAE induction. The second group of 10 female mice underwent
active immunization with 50ug MOG35-55 emulsified in incomplete Freund’s adjuvant with
50ug mycobacterium tuberculosis for EAE induction. A cohort of five female mice served as
controls. The selection of gender was arbitrary, and there are no known gender differences for
MOG-induced EAE mice (11). Mice were evaluated daily using a published 0-5 clinical scoring
system: 1 = limp tail; 2 = hind limb weakness sufficient to impair righting; 3 = one limb
paralyzed; 4 = two limbs paralyzed; 5 = more than 2 limbs paralyzed or the animal is moribund
(12).
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Diffusion Tensor Imaging
Mice with adoptively transferred EAE underwent imaging following the induction of the
disease at six time points selected according to the appearance of clinical signs. Mice were
imaged at baseline (day 0), before the onset of clinical impairment (∼days 3 and 6), the day of
onset of clinical signs (∼day 8), at the end of the acute period when recovery was commencing
(∼day 16), and in the chronic stable phase (∼day 26). The group of mice with EAE induced
by active immunization underwent imaging in the chronic phase of the disease (∼day 25).
These mice had maintained a stable EAE score that did not deviate by more than 1 in the 10
days prior to being imaged. Control mice were imaged at corresponding ages.

Mice were anesthetized using 5% isoflurane in oxygen, fitted with a custom nose cone to deliver
1% isoflurane in oxygen for maintenance, and placed in a custom holder designed to isolate
spinal cord motion (13). A 9-cm i.d. Helmholtz coil was employed as the RF transmitter. The
receiver coil consisted of an inductively-coupled surface coil constructed with a 9 × 16 mm
i.d. tailored to fit comfortably around the spine of the mouse (13). The entire preparation was
placed in an Oxford Instruments 200/330 magnet (4.7 T, 33-cm clear bore) equipped with a
15-cm inner diameter, actively shielded Oxford gradient coil (18 G/cm, 200-μs rise time). The
magnet, gradient coil, and Techron gradient power supply were interfaced with a Varian
UNITY-INOVA console controlled by a Sun Microsystems Ultra-60 Sparc workstation. Core
temperature was maintained at 37°C with circulating warm water. Coronal scout images were
acquired to identify the vertebral segments using the ilium as a reference. Six transverse slices
were collected covering segments T13 - L2 using a Stejskal-Tanner spin-echo diffusion
weighted sequence (14) with the following acquisition parameters: TR ≥ 1500 ms (determined
by respiratory rate), TE = 49 ms, NEX = 4, slice thickness = 1.0 mm, FOV = 1 cm2, data matrix
= 128 × 128 (zero filled to 256 × 256). Diffusion weighted images were collected utilizing
respiratory gating, and diffusion sensitizing gradients were applied in six orientations:
(Gx,Gy,Gz) = (1,1,0), (1,0,1), (0,1,1), (-1,1,0), (0,-1,1), and (1,0,-1) with a gradient strength =
11.25 G/cm, duration (δ) = 10 ms, and separation (Δ) = 25 ms, to obtain a b-value of 0.785 ms/
μm2. Acquisition time was approximately two hours. DTI parameter maps were calculated for
λ∥, λ⊥, and relative anisotropy (RA) as previously described (7,9).

Histological Analysis
Immediately following imaging, spinal cords were perfusion fixed with 0.01M phosphate
buffered saline (PBS) followed by 4% paraformaldehyde in PBS. Vertebral columns were
excised, fixed overnight, and decalcified for 48 hours. Fixed spinal cords were embedded in
paraffin and cut on a sliding microtome at a thickness of 3 μm. The vertebral segments were
used as a reference to ensure that the histological sections were from the DTI slice of interest.
Sections were deparaffinized and rehydrated, and antigen retrieval was performed with sections
in 1mM EDTA at 95-100°C water bath. Sections were then blocked in 2% blocking buffer
(invitrogen, Carsbad, CA) for one hour at room temperature and incubated with polyclonal
anti-myelin basic protein (1:1000, Sigma Chemical Company, St. Louis, MO) or monoclonal
anti-dephosphorylated neurofilament H (SMI32, 1: 5000, Sternberger Monoclonals, Inc.,
Lutherville, MD) at 4°C overnight. Following rinse, goat anti-mouse or rabbit IgG conjugated
with Cy3 (1:300, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) were applied
to visualize immunoreactive materials. After washing, sections were covered in
VECTASHIELD Mounting Medium with DAPI (Vector Laboratories, CA). Digital images
were acquired on a fluorescence microscope (Nikon USA). Sections stained with the same
primary antibody were acquired using identical settings for fluorescence light intensity and
exposure time. The digital images utilize identical intensity scales.

Axonal damage was quantified as the number of axons per unit area that were stained positive
for SMI32. Axons were manually counted on four images acquired at 20× magnification from
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the ventral and lateral white matter from both the left and right sides of the cord. Demyelination
was quantified as the percent of white matter area that exhibited abnormal or an absence of
myelin basic protein (MBP) staining. Histological quantification was performed on all 10 of
the active immunized EAE mice and 3 of the 5 control mice.

Statistical Analysis
Regions of interest encompassing the ventrolateral white matter were manually drawn on the
DTI parameter maps using ImageJ software (15). The boundary between white matter and CSF
was identified on the ADC maps, and the boundary between white matter and gray matter was
identified on the RA maps. The mean white matter axial diffusivity, radial diffusivity, RA, and
T2-weighted (b=0) signal-to-noise ratio (SNR) was calculated for each mouse at each imaging
time point. Statistical analysis was performed for the longitudinal data (n = 6) using a repeated-
measures ANOVA with an overall statistical significance of p < 0.01 and post-hoc tests
comparing baseline with each subsequent timepoint a significance level of p < 0.05 with a
Bonferroni correction for multiple comparisons. In the cross-sectional analysis (n = 15),
correlations that included EAE Score (a discrete scale) were performed with a Spearman’s rank
coefficient. All other correlations utilized continuous scales and were performed with a
Pearson’s correlation coefficient. Both tests were considered to be significant at p < 0.05. Mice
were also subsequently grouped according to EAE score, and groups with sufficient numbers
of mice were tested for significant differences in DTI parameters between each other and
between control mice using a one-way ANOVA at a significance level of p < 0.01 and one-
way post-hoc tests at a significance level of p < 0.05. All statistical analysis were performed
with SPSS version 15 (SPSS Inc, Chicago, IL).

Results
Longitudinal DTI of EAE

Mice with adoptive transfer EAE underwent DTI of the lumbar spinal cord at six time points
following induction of the disease based on the clinical scores. The disease course was similar
for all 6 mice (Fig. 1a). A decrease in axial diffusivity coincided with neurological impairment
can be seen in the images from an individual mouse (Fig. 2) and in the group averaged values
(Fig. 3a). Axial diffusivity was significantly different across time (F = 27.7, p < 0.001), with
post-hoc test revealing significant decreases on the day of onset, the end of the acute phase,
and the chronic phase compared to baseline (all p < 0.001). Radial diffusivity changes from
baseline are demonstrated in an individual animal (Fig. 2) and showed a significant effect across
time (F = 7.3, p = 0.002) in the group-averaged results (Fig. 3b). Post-hoc tests revealed that
compared to baseline, radial diffusivity was increased at the end of the acute phase (p = 0.036)
and the chronic phase (p = 0.001). RA decreased at the onset of clinical signs, showing an
apparent decrease in an individual animal (Fig. 2) as well as significant effects across time (F
= 38.5, p < 0.001) in the group-averaged results (Fig. 3c). Post-hoc test revealed that the
decrease in RA compared to baseline was significant at the day of onset, end of acute, and
chronic timepoints (all p < 0.001). T2-weighted SNR from white matter (Fig. 3d) was not
significant across time (F = 3.3, p < 0.023).

DTI Correlation with Clinical Score
A cohort of mice (n = 10) with different degrees of neurological disability as assessed by EAE
clinical scoring (Fig. 1b) underwent in vivo DTI in the chronic phase of the disease (mean
clinical score at time of imaging = 2.9, s.d. = 0.99). Maps of axial diffusivity from mice reveal
the decrease in axial diffusivity with the increased degree of neurological impairment (Fig. 4).
There was a strong negative correlation between axial diffusivity of white matter and EAE
score (Fig. 5a). Mice with EAE were subsequently grouped according to clinical score on the
day of imaging. The mice with clinical scores of 2 and 4 had sufficient numbers to perform
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group comparisons between each other and with control mice. Axial diffusivity had a
significant effect across disease status (F = 13.4, p < 0.001). Mice with clinical scores of 2 had
a significant decrease in axial diffusivity compared with the control mice (p = 0.030), as did
mice with clinical scores of 4 (p < 0.001). Furthermore, mice with clinical scores of 4 also had
a significant decrease in axial diffusivity compared to mice with clinical scores of 2 (p = 0.037).
Histological sections stained for axonal damage using SMI-32 demonstrate an overall increase
in positively stained axons in mice with severe EAE compared with those with moderate EAE
(Figs. 6 a-c). There was a significant correlation between EAE clinical score and the number
of axons staining positive for SMI-32 (Fig. 7a). The number of injured axons had a significant
effect across disease status (F = 15.3, p = 0.001), and was significantly different between control
mice and mice with clinical scores of 4 (p < 0.001), and between mice with clinical scores of
2 and those with clinical scores of 4 (p = 0.002). Furthermore, the number of injured axons
had a significant negative correlation with axial diffusivity (Fig. 7c).

Radial diffusivity increased in the spinal cord white matter of mice with EAE compared to
controls (Fig. 4). Radial diffusivity had a weak, but significant, correlation with EAE clinical
score (Fig. 5b). There was a significant effect of EAE clinical score on radial diffusivity
(F=18.8, p < 0.001). Compared to control mice, radial diffusivity significantly increased in
mice with a clinical score of 2 (p < 0.001) and mice with a clinical score of 4 (p = 0.003).
However, the radial diffusivity between mice with a clinical score of 2 and those with a clinical
score of 4 was not significantly different (p = 0.19). Histological sections stained for MBP
demonstrated a decrease in staining intensity in mice with EAE compared to controls (Fig. 6
d-f), as well as a loss of myelin integrity apparent at high magnification. The percent of
demyelinated white matter area was significantly correlated with EAE score (Fig. 7b), but did
not have a significant effect across EAE scores (F = 5.6, p = 0.021). The percent of demyelinated
area did not significantly correlate with radial diffusivity (Fig. 7d).

RA maps (Fig. 4) also demonstrate an obvious decrease in RA in mice with EAE compared to
control white matter. RA had a strong negative correlation with EAE clinical score (Fig. 5c),
but RA did not scale with EAE severity. An overall effect of clinical score on RA was
significant (F = 43.5, p < 0.001). Compared to control mice, RA decreased in mice with a
clinical score of 2 (p < 0.001) and mice with a clinical score of 4 (p < 0.001). However, RA in
mice with clinical scores of 2 and in those with clinical scores of 4 was nearly identical. T2-
weighted SNR was not correlated with clinical score (Fig. 5d) and did not have a significant
effect across EAE score (F = 0.3, p = 0.718).

None of the DTI parameters from dorsal white matter correlated with EAE scores (data not
shown).

Discussion
An increasing body of evidence from animal studies has shown that axial and radial diffusivities
derived from DTI hold promise as biomarkers of axonal damage and demyelination,
respectively (7-9,16,17). A decrease in axial diffusivity has been shown to be indicative of
axonal damage in EAE (13,18), whereas an increase in radial diffusivity has been shown to be
a noninvasive marker of demyelination or dysmyelination. In the current study, in vivo DTI of
the murine spinal cord was used to investigate the relationship between the directional
diffusivities and clinical impairment.

The adoptive transfer EAE model leads to a predictable and well-characterized time course
(Fig. 1a) of acute impairment attributable to inflammation, followed by chronic impairment
attributable to axonal damage (19). In the current study, mice with adoptive transfer EAE
underwent longitudinal DTI measurements. A decrease in axial diffusivity coincided with the
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onset of clinical signs and persisted into the chronic phase, whereas radial diffusivity was
significantly different from baseline only in the later stages (Fig. 3). Thus, it was hypothesized
that axial diffusivity is the primary correlate of clinical impairment in EAE.

Mice with EAE induced through active immunization display a greater heterogeneity of
neurological impairment compared to the adoptive transfer model (Fig. 1b). The degree of
axonal damage in chronic EAE has been shown to be the primary correlate of clinical scores
in chronic EAE (20,21). Mice with chronic EAE induced through active immunization
underwent in vivo DTI in order to determine whether axial or radial diffusivity correlated with
neurological disability. As hypothesized, axial diffusivity significantly correlated with EAE
score (Fig. 5a). Furthermore, decreases in axial diffusivity were associated with more severe
axonal damage (Fig. 6). The number of injured axons highly correlated with both EAE score
and axial diffusivity (Fig. 7). In contrast, radial diffusivity did not correlate with disability, and
the area of demyelinated white matter did not correlate with either EAE score or radial
diffusivity. RA was sensitive in differentiating mice with EAE from those without the disease,
but did not scale with increasing impairment. Axial diffusivity was a better indicator of the
degree of neurological disability than either RA or radial diffusivity.

Overall, these experiments demonstrate that axial diffusivity correlated with neurological
impairment and axonal damage in EAE. Changes in axial diffusivity could be an important
parameter linking axonal dysfunction and outward clinical impairment in CNS white matter
disorders. Axial diffusivity may be especially sensitive to pathology since injury to an axon is
likely to affect all levels distal to the injury. In contrast, demyelination can be more focal and
may span only a small portion of a single DTI slice. Further experiments are necessary, in both
animals and humans, to establish the utility and reliability of the directional diffusivities as
markers of damage in the CNS. Elucidating the early structural and metabolic events in EAE
and MS that cause the changes in diffusivities will add to the specificity of DTI as a noninvasive
marker of pathology.

Establishing a link between MRI and disability in MS has so far proven difficult. Many different
MRI parameters have been investigated, including brain atrophy (22-24), lesion location
(25), lesion load (26), magnetization transfer ratio (27), or a composite of several methods
(28). These imaging parameters have had only modest correlations with the most widely used
MS clinical assessments, the Kurtzke Expanded Disability Status Score (EDSS) or the Multiple
Sclerosis Functional Composite (MSFC). Although axonal integrity measured with magnetic
resonance spectroscopy (MRS) has had some success in correlating with disability, reports
have been conflicting (29-31).

Spinal cord lesions are a common finding in MS, being found in the majority of MS patients
(32). Lesions to the cord significantly impair motor functions. Not surprisingly, spinal cord
atrophy and ex vivo DTI of the cord have shown some of the strongest correlations with
impairment (33,34). Less work has focused on DTI of the human spinal cord in vivo, possibly
due to technical challenges caused by the bone/tissue interfaces and motion related artifacts
(16). However, its coherent arrangement of axonal fibers has potential for very accurate
measurements of axial and radial diffusivities. Future studies will determine whether the ability
of DTI to discriminate pathology in the spinal cord of animal models will carry over to the
human situation. If it does, the link could prove beneficial in the clinical management of MS
and as an outcome measure in clinical trials. The relationship between neurological disability
and axial diffusivity of the mouse spinal cord presented herein represents a critical step closer
to a noninvasive biomarker of axonal injury in MS.
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Figure 1.
Clinical course for EAE induced in mice using adoptive transfer (a) and active immunization
(b). Adoptive transfer EAE (n = 6) produces a more reproducible clinical course, whereas EAE
induced through active immunization (n = 10) produces a greater heterogeneity in clinical
course. Values are expressed as mean daily score ± s.d.

Budde et al. Page 10

NMR Biomed. Author manuscript; available in PMC 2008 December 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
The DTI parameter maps at vertebral segment L1 are shown from a single mouse imaged six
times in the month following induction of EAE through adoptive transfer. A decrease in white
matter axial diffusivity and RA is seen beginning at the onset of clinical signs.
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Figure 3.
The group-averaged (n = 6) DTI parameters show a decrease in axial diffusivity (a) occurring
at the onset of clinical signs that persists into the chronic phase of the disease. Radial diffusivity
(b) increases early in the time course but is not significant until after the acute phase of the
disease. RA (c) decreases throughout the disease course. T2-weighted SNR (d) was not
significantly different at any timepoint. Values are expressed as mean ± s.d. * = post-hoc test
significantly different from baseline, p < 0.05.
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Figure 4.
The DTI parameter maps from a control mouse (left), a mouse with clinical score of 2 (center),
and a mouse with a clinical score of 4 (right) one month after the induction of EAE through
active immunization. Increasing disease severity leads to an obvious loss of white matter
integrity depicted as a decrease in both axial diffusivity and RA and an increase in radial
diffusivity.
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Figure 5.
A Spearman’s rank correlation analysis demonstrates the correlation between EAE scores and
DTI parameters from ventrolateral white matter. See text for additional details. * - p < 0.05.
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Figure 6.
Spinal cord sections were stained for injured axons (SMI-32; top) and myelin (MBP, bottom).
No SMI32 positive axons are seen in the ventral white matter of the control cord (a), but the
number of positively stained axons increases in moderate EAE (b; clinical score = 2) and further
increases in severe EAE (c; clinical score = 4). Well-defined myelin rings are seen in the MBP
stain from a control cord (d). A loss of MBP staining is evidence of demyelination in mice
with moderate (e) and severe (f) EAE, and the myelin rings have lost their integrity in the EAE
cord (e & f, insets). Scale bar indicates 50 μm.
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Figure 7.
Correlations between quantitative histological parameters and EAE scores demonstrate a
strong relationship between axonal damage and EAE score (a), with the number of damaged
axons differentiating mice with moderate or severe EAE. Demyelination is moderately
correlated with EAE score (b), but does not differentiate mice with different EAE scores. Axial
diffusivity highly correlated with the number of injured axons (c). Radial diffusivity did not
correlate with the percent of demyelinated area (d). * - p < 0.05.
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