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Selective vulnerability of cerebral white matter in a murine model of
multiple sclerosis detected using diffusion tensor imaging
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In this study, axial (λ||) and radial (λ⊥) diffusivities derived from
diffusion tensor imaging (DTI) were used to evaluate white matter
injury in brains of mice affected by experimental autoimmune
encephalomyelitis (EAE). Sixteen female C57BL/6 mice were im-
munized with amino acids 35–55 of myelin oligodendrocyte glycopro-
tein (MOG35–55). Three months after immunization, optic nerve and
tract were severely affected with 19% and 18% decrease in λ||
respectively, suggesting the presence of axonal injury. In addition, a
156% and 86% increase in λ⊥ was observed in optic nerve and tract
respectively, suggestive of myelin injury. After in vivo DTI, mice were
perfusion fixed and immunohistochemistry for the identification of
myelin basic protein (MBP) and phosphorylated neurofilament (pNF)
was performed to verify the presence of axonal and myelin injury. The
present study demonstrated that the visual pathway is selectively
affected in MOG35–55 induced murine EAE and these injuries are non-
invasively detectable using λ|| and λ⊥.
© 2007 Elsevier Inc. All rights reserved.

Keywords: EAE; MOG; DTI; Visual pathway; Optic nerve; Optic tract;
Mouse brain; Axonal damage; Myelin damage; Directional diffusivity

Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating
disease of the central nervous system (CNS). It is the second
leading cause of neurological disability in young adults. Although
the prevailing consensus of the pathogenesis of MS is that it results
from a coordinated attack of the immune system against the
primary constituents of white matter (Whitney et al., 1999),
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increasing evidence suggests that axonal damage plays a
significant role in the neurological dysfunction suffered by MS
patients (Kornek and Lassmann, 2003; Kornek et al., 2000).
Axonal damage occurs in areas of demyelinating lesions (Ferguson
et al., 1997; Trapp et al., 1998) as well as white matter tracts distant
from demyelinated plaques (Davie et al., 1997; Fu et al., 1998;
Trapp et al., 1998). Identification and differentiation of myelin and
axonal damage in MS is crucial to understand these pathological
processes and to develop more effective therapies.

Experimental autoimmune encephalomyelitis (EAE) is a
widely used animal model of human MS. The EAE model mimics
many aspects of human MS (Conlon et al., 1999; Raine, 1984;
Raine and Traugott, 1984). For example, EAE induced by myelin
oligodendrocyte glycoprotein (MOG) reproduces the presumed
pathophysiological processes of MS including both the encepha-
litogenic T-cell response and the demyelinating autoantibody
response (Iglesias et al., 2001; Kornek et al., 2000; Linington et
al., 1993; Storch et al., 1998). Similarities between MOG-EAE and
MS of axonal pathologies, and phagocytosis by microglia and
macrophages have also been demonstrated (Craner et al., 2005;
Kornek et al., 2000).

Magnetic resonance imaging (MRI) has been used extensively
as a sensitive, objective, and quantifiable measure of pathology and
therapeutic responses in MS patient management. MS plaques are
typically multiple, localized predominantly to CNS white matter,
and bright on T2-weighted and Fluid Attenuated Inversion
Recovery (FLAIR) images. The abnormalities observed on brain
MRI are pathologically nonspecific, and may result from a
spectrum of potential pathology, including edema, demyelination,
gliosis, and inflammation (Guttmann et al., 1995). Improved
specificity has been achieved using contrast enhanced T1-weighted
imaging to identify active lesions of inflammation in EAE and MS
(Morrissey et al., 1996; Rovaris and Filippi, 2000; Yousry et al.,
2000). However, none of these MRI measures are capable of
differentiating axonal and myelin injury (Meier et al., 2004).

Recently, the directional diffusivities of water molecules in
white matter derived using MR diffusion tensor imaging (DTI)
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have been proposed and demonstrated that axonal injury in white
matter results in reduced axial diffusivity (λ||) while myelin damage
increases radial diffusivity (λ⊥) without changing λ|| (Kim et al.,
2006; Song et al., 2002, 2003, 2005; Sun et al., 2006a, b). In this
study, directional diffusivities derived from DTI were employed to
investigate the pattern of axonal and myelin injury in chronic EAE
induced by MOG35–55 peptide in mouse brain. Histology was
performed afterwards to validate the in vivo DTI findings. Our
results showed that the visual pathway is severely affected in
MOG35–55 peptide induced chronic EAE and directional diffusivi-
ties may be used to non-invasively identify and characterize these
lesions.

Methods

Animal preparation

Eight-week-old female C57BL/6 mice were randomly sepa-
rated into two groups: 16 in the experimental group and 16 in the
control group. Mice in the experimental group were immunized
with MOG35–55 peptide (M-E-V-G-W-Y-R-S-P-F-S-R-V-V-HL-Y-
R-N-G-K), synthesized by Peptide Synthesis Facility, Washington
University, St. Louis, MO) (Lyons et al., 1999). Active EAE was
induced by immunization of mice with 50 μg MOG35–55

emulsified (1:1) in complete Freund’s adjuvant (CFA). Pertussis
toxin (300 ng; PTX, List Laboratories, Campbell, CA) was
injected intravenously on the day of immunization and 3 days
later. Animals were graded daily for clinical disability on a scale
of 0–5 (Cross et al., 1994). At 3 months after immunization,
when the mice were chronically affected, in vivo DTI of brains
was performed on all mice of both experimental and control
groups.

In vivo DTI of mouse brains

Mice were anesthetized with a mixture of oxygen and iso-
flurane (Baxtor Healthcare Corporation, IL, USA) using an iso-
flurane vaporizer (D. R. C., Inc., KY, USA). Core body tem-
perature was maintained at 37 °C using warm water circulating
in a pad. Mice were placed in a holder to immobilize the head. A
9-cm inner diameter Helmoltz coil served as the RF transmitter. A
1.5-cm outer diameter circular surface coil was employed as the RF
receiver. The entire device 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-ìs 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 work-
station. A spin-echo, diffusion-weighted imaging sequence was
employed to acquire diffusion-weighted images. The acquisition
parameters were repetition time (TR) 1.7 s, spin echo time (TE) 45
ms, time between application of gradient pulses (Δ) 25 ms,
diffusion gradient duration (δ) 8 ms, 4 scans averaged per k space
line (3 h total), slice thickness 0.5 mm, field of view 3.0 cm, data
matrix 256×256 (zero filled to 512×512). Images were obtained
with diffusion sensitizing gradients applied in six directions: [Gx,
Gy,Gz]=[1,1,0], [1,0,1], [0,1,1], [−1,1,0], [0,−1,1], and [1,0,−1].
The b values used were 0 and 0.847 ms/μm2. On a pixel-by-pixel
basis, quantitative indices, including axial diffusivity (λ||), radial
diffusivity (λ⊥), relative anisotropy (RA), and trace of the diffu-
sion tensor (Tr), were derived using software written in Matlab
(MathWorks, Natick, MA, USA) defined by the following
equations (Basser and Pierpaoli, 1996; Song et al., 2005; Sun
et al., 2003):

Tr ¼ k1 þ k2 þ k3 ð1Þ

kt ¼ k1 ð2Þ

k8 ¼ 0:5� ðk2 þ k3Þ ð3Þ

RA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk1 � Tr=3Þ2 þ ðk2 � Tr=3Þ2 þ ðk3 � Tr=3Þ2

q
ffiffiffi
3

p ðTr=3Þ ð4Þ

Regions of interest (ROI) were manually defined using the
mouse brain atlas (Franklin and Paxinos, 1997) as the reference.
Taking the advantage that T2-weighted images (T2WI, the images
with no diffusion weighting) and DTI index maps were spatially
co-registered with same resolution in our data acquisition, the
combination of the image contrasts from T2WI and DTI could
provide informative anatomical landmarks to ensure the consis-
tency of ROI selection between animals. Thus, T2WI and
parametric maps of the DTI indices (RA, Tr(D), λ||, and λ⊥) were
displayed and used to guide the selection of the ROI from each
slice of the multi-slice data. Six white matter tracts were measured
including anterior commissure (AC), corpus callosum (CC),
cerebral peduncle (CP), external capsule (EC), optic nerve (ON),
and optic tract (OT) (Fig. 1). These ROI were then combined
across slices to yield a single volume-averaged value for each tract.
Although DTI indices changed in optic nerve and optic tract in
EAE-affected mice, these changes did not reduce the image
contrast necessary to delineate ROI. For example, λ⊥ provides
significant contrast against the cerebrospinal fluid (CSF) surround-
ing the ON from both EAE and control mice (Song et al., 2003;
Sun et al., 2006a). Similarly, T2WI offers superb contrast between
OT and surrounding tissues in both control and EAE mice. The
strategy of ROI analysis has proven reproducible in consistently
detecting neurological injury in our hands (Sun et al., 2003, 2005,
2006a). Data were presented as mean±standard deviation (N=6).
A two-tailed t-test was performed to compare the measurements
between control and experimental groups. Statistical significance
was accepted at Pb0.05.

Immunohistochemistry evaluation

Cross sectional examinations were performed to histologically
validate the in vivo DTI findings. At the conclusion of in vivo DTI
examinations, mice (N=7) were perfusion fixed through left
cardiac ventricle with phosphate buffered saline (PBS) followed by
4% paraformaldehyde in PBS. The intact brain was excised, placed
in 4% paraformaldehyde/PBS for 2 weeks and transferred to PBS
for storage at 4 °C until histological analysis (ca. 1 week).

A 4-mm-thick coronal section (−1 to +3 mm of bregma) was
obtained from each brain and embedded in paraffin. 3-μm-thick
slices matching the DTI images were cut and deparaffinized in
xylene for immunohistochemical examinations. Hematoxylin and
eosin (H&E) staining was performed. In addition, the integrity of
axons was evaluated using a primary antibody against phosphory-
lated neurofilament (pNF, SMI-31, 1:1000; Sternberger Mono-
clonals, Lutherville, Maryland) (Sun et al., 2006b) and myelin



Fig. 1. White matter tracts of interest in RA (A) and T2WI (B) maps. Six white matter tracts were examined, including anterior commissure (AC), corpus
callosum (CC), cerebral peduncle (CP), external capsule (EC), optic nerve (ON), and optic tract (OT). All white matter tracts exhibit bright in RA and dark in
T2WI. The regions of interest of each white matter track were shown on the T2WI maps.
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integrity was assessed with a primary antibody against myelin
basic protein (MBP, 1:250; Zymed Laboratories Inc., South San
Francisco, CA) at 4 °C overnight. Following 15 min wash in PBS,
sections were incubated in fluorescent secondary antibodies for
1 hr at room temperature (1:200, anti-mouse conjugated to Alexa
488 for SMI-31, 1:200, anti-rabbit conjugated to Texas Red for
Fig. 2. Daily clinical scoring of EAE-affected mice was performed
throughout the entire time course. Mice developed clinical signs
approximately 13 days after immunization. The averaged clinical scores
of all EAE-affected mice reached a plateau of 2.8±0.1 at approximately
83–99 days post immunization. Error bars represent standard deviations of
16 mice.
MBP; Molecular Probes). For every immunohistochemical exam-
inations, two adjacent tissue sections were mounted on the same
slide. One of the tissue sections went through the complete
immunohistochemical staining procedures while the other was
stained under the same conditions omitting the primary antibody to
serve as a negative control (Aboul-Enein et al., 2006). The
negative controls were performed on every immunohistochemical
staining for both control and EAE tissues.

Histological sections were examined with a Nikon Eclipse 80i
microscope equipped with a 60× oil objective, and digital images
were captured with a Photometrics CCD digital camera using
MetaMorph image acquisition software (Universal Imaging
Corporation, Downington, PA). The SMI-31 and MBP positive
axons were counted for each white matter tract in a blinded
fashion. Specifically, images captured from the center of each
white matter tract were displayed using MetaMorph. Both the
green SMI-31 positive staining dot representing the normal axon
and the red MBP positive staining ring representing the
myelinated-axon, were counted. The axon counting was conducted
through the entire captured image (150×110 μm2). In AC, CP, EC,
ON, and OT, the counts from left and right tracts were averaged to
represent the counts of each tract from each mouse. The counts
were presented as mean±standard deviation (N=7). A two-tailed
t-test was performed to compare the measurements between control
and experimental groups. The correlation coefficients of the SMI-



Fig. 3. Typical DTI index maps of control (A) and EAE-affected (B) optic nerves (indicated by the arrow). Expanded views of the rectangles in panels A and B
are shown in panel C demonstrating decreased λ|| and increased λ⊥ in EAE-affected optic nerves.
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31 positive counts vs. λ|| and the MBP positive counts vs. λ⊥ were
calculated using Matlab (MathWorks, Natick, MA, USA).
Statistical significance was accepted at Pb0.05.
Results

Daily clinical scoring revealed the development of clinical
signs of neurological disability approximately 13 days after im-
munization in the EAE group (Fig. 2, N=16). Three of them
Fig. 4. Typical DTI index maps of control and EAE-affected optic tracts. A control m
Magnified views of the rectangles in (A) comparing the control (B), and the EAE-a
EAE-affected optic tracts (arrow).
immediately developed severe clinical signs with scores up to 3–
4 within a month and remained at that state. The rest of the group
slowly and gradually deteriorated in the 3-month experimental
period. The averaged clinical scores of all EAE-affected mice
reached a plateau of 2.8±0.1 at approximately 83–99 days post
immunization.

Both the control and EAE-affected mouse brain white matter
tracts exhibited higher diffusion anisotropy comparing to that of
the gray matter as seen in RA maps (Figs. 3A and 4A). The
decreased λ|| and increased λ⊥ resulted in the reduced RA in EAE-
ouse RA map is shown in panel A, where the arrow indicates the optic tract.
ffected (C) mouse OT indicate decreased RA and λ||, and increased λ⊥ in the



Fig. 5. Quantitative analysis of λ|| and λ⊥were performed in six white matter
tracts. White bars represent the measurements from the control group
(control mice, N=16), and black bars represent the measurements from the
experimental group (EAE-affected mice, N=16). λ|| and λ⊥ are given as
μm2/ms±standard deviation. ∗ Indicates statistically significant differences
observed between the control and EAE mice (Pb0.05).

Fig. 6. Immunohistochemistry of pNF and MBP from EAE-affected and control mic
ON and OT from the EAE-affected mice. In contrast, no axonal or myelin damage w
in the bottom right of the figure represents 30 μm.
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affected ON (Fig. 3B) and OT (Fig. 4C) compared with that of the
control (Figs. 3A and 4B). In contrast, CC and EC did not show
significant changes in EAE-affected mice compared to controls
(Figs. 3A and B).

Quantitative analysis showed no significant differences in λ|| or
λ⊥ of AC, CC, CP, or EC in EAE-affected mice compared to
controls 3 months after immunization (Fig. 5). However, EAE-
affected ON and OT were altered with a 19% and 18% decrease in
λ|| (Pb0.05) respectively (Fig. 5), suggesting the presence of
axonal injury. A 156% and 86% increase in λ⊥ (Pb0.05) was also
observed in ON and OT, respectively (Fig. 5), suggestive of
myelin injury.

Immunohistochemistry of pNF and MBP was performed to
evaluate myelin and axonal damage, respectively. The pNF and
MBP staining of white matter tracts from representative EAE-
affected and control mice is presented (Fig. 6). In regions of CC,
AC, EC, and CP, no noticeable difference of immunohistochem-
istry was observed between control and EAE-affected mice. In
contrast, decreased pNF and MBP were apparent in the ON and OT
from EAE-affected mice suggestive of axonal and myelin damage
e. Axonal and myelin injury is seen as reduced pNF and MBP staining of the
as found in CC, AC, EC, and CP from the EAE-affected mice. The scale bar



Fig. 7. The counts of pNF- (A) and MBP-positive (B) axons in optic nerve
(ON), optic tract (OT), anterior commissure (AC), and cerebral peduncle
(CP) from control (white bars) and EAE-affected (black bars) mice (N=7).
The “⁎” indicates Pb0.05 for comparing measurements between control and
EAE-affected mice. Significant reductions of pNF and MBP counts found in
both ON and OT suggest axonal and myelin damage in both regions. In
contrast, no significant changes were observed in AC or CP. The scatter plots
between pNF counts vs. λ|| (r=0.642, P=0.002) (C) and MBP counts vs. λ⊥
(r=−0.762, P=0.0004) (D) from ON (filled symbols) and OT (opened
symbols) suggest significant correlations between immunohistochemistry
and DTI.

Fig. 9. The counts of microglia (A) in optic nerve (ON), optic tract (OT)
from control (white bars) and EAE-affected (black bars) mice (N=7) and the
scatter plots (B and C) between microglia counts vs. λ|| and λ⊥ respectively.
The “∗” indicates Pb0.05 for comparing measurements between control and
EAE-affected mice. Significantly increased number of microglia indicated
inflammation in ON but not in OT. In the scatter plots (B and C), filled and
opened symbols indicated measurements from ON and OT respectively.
There is no significant correlation (PN0.05) between DTI indices and
microglial counts.
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(Fig. 6). Quantitation of immunohistochemically demonstrable
pNF- and MBP-positive axons in AC, CP, ON, and OT was
performed. The axon counting was not performed on CC or EC
Fig. 8. H&E staining of ON and OT from control and EAE-affected mice. The infiltr
ON co-existing with the axonal and myelin damages. However, no obvious infiltr
because the sections were not oriented in cross section. As shown
in Fig. 7, no significant changes were observed in AC or CP. In
contrast, pNF-positive axon number decreased 50 and 42% in ON
and OT respectively (N=7, Pb0.05); MBP positive axon numbers
also decreased 62 and 58% in ON and OT respectively (N=7,
Pb0.05), consistent with the decreased λ|| and increased λ⊥.
Significant correlation of pNF-positive axon numbers vs. λ|| and
the correlation between MBP-positive axon numbers vs. λ⊥ are
also demonstrated in Fig. 7. Specifically, the correlation coefficient
(r) between pNF positive axon number and λ|| is 0.642 with
P=0.002, and the correlation coefficient between MBP positive
axons and λ⊥ is −0.762 with P=0.0004. The H&E staining of ON
and OT also demonstrated noticeable atrophy of the ON and OT
suggesting axonal damage (Fig. 8). Increased microglial infiltration
ation of microglia, indicated by arrows, suggested the inflammatory lesion in
ation was seen in OT.
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(indicated by arrows in Fig. 8) suggests inflammation, co-existent
with axonal, and myelin damages, in the ON. By counting the
microglia in ON and OT respectively (Fig. 9A), a significant
increase of microglia was demonstrated in ON but not in OT. The
scatter plots showing the relations between directional diffusivities
and microglia counts are presented in Figs. 9B and C. The
increased numbers of microglia did not show a significant
correlation with either λ|| or λ⊥. However, if ON and OT were
considered separately, only ON λ⊥ showed significant correlation
with the microglia counts (r=0.63 with P=0.016).

Discussion

Although MS is recognized as an inflammatory demyelinating
disease of the CNS with primary destruction of myelin sheaths, in
reality, both demyelination and axonal injury are present in CNS
white matter of MS patients. In principle, the functional deficit
induced by inflammation and demyelination may be reversible. In
contrast, damage to axons and neurons is likely to be irreversible
once the threshold of compensation is exceeded. Thus, it has been
widely speculated that axonal loss is the pathologic correlate of
irreversible neurological impairment in MS (Bitsch et al., 2000;
DeLuca et al., 2004; Ferguson et al., 1997; Guttmann et al., 1995;
Trapp et al., 1998). On the other hand, axonal loss is not always
evident in lesions from patients who are severely affected (Prineas
et al., 2001). The complexity and heterogeneity of the underlying
mechanisms of MS pathology require new para-clinical markers
for more accurate diagnosis.

Characterizing the demyelination and axonal injury in CNS
white matter is crucial for understanding MS and optimizing its
treatment in patients. Currently, axon and myelin injury can be
reliably distinguished only by using histological analyses (Kornek
and Lassmann, 2003; Ludwin, 2000; Meier et al., 2004). However,
imperfect lesion localization coupled with sampling errors and the
invasive nature of such techniques limit clinical applications of
histological analyses. A noninvasive method that can be used for
longitudinal analysis and is capable of quantifying and differ-
entiating axon and myelin integrity is needed and would improve
the understanding and care of patients with white matter diseases.
Using magnetic resonance DTI, water molecular movement along
and across white matter tracts can be quantitatively expressed as
axial (λ||) and radial diffusivities (λ⊥) respectively. Our previous
studies demonstrated that decreased λ|| and increased λ⊥ are
indicative of axon and myelin injury, respectively, in injury specific
models of mouse CNS white matter damage (Song et al., 2002,
2003, 2005; Sun et al., 2005). In this study, the feasibility of using
λ|| and λ⊥ to detect axonal and myelin damage in brain white
matter of EAE-affected mice was demonstrated. The decrease in λ||
and the increase in λ⊥ observed in the ON and OT of EAE-affected
mice suggested significant demyelination and axonal injury. The
corresponding histology performed on the same tissue specimens
validated the DTI findings, paving the way for using similar
methods in patients with MS.

In the chronic stage of EAE presented in this study, the
microglia noted in optic nerve suggests the co-existence of
inflammation with axonal and myelin damage (Gonzalez-Scarano
and Baltuch, 1999). Further investigations will be needed to
decipher how the presence of inflammation in EAE may cause
changes in the diffusion characteristics of water molecules.
Although increase of λ⊥ in EAE ON showed significant correlation
with the microglia counts, the increase of λ⊥ in EAE OT did not
show a correlation with microglia counts (r=0.18 with P=0.5).
The contradictory findings indicated that λ⊥ may not be a marker
attributing the elevated infiltration of microglia, although λ⊥ may
still possibly be affected by the significantly elevated infiltration of
microglia. In contrast, decreased λ|| correlated with the reduced
SMI-31 positive axon counts and increased λ⊥ correlated to the
reduced MBP positive axons in both ON and OT (Fig. 7). Thus, the
correlation between axonal and myelin damage with changes of λ||
and λ⊥ is more apparent than that of the microglia counts.

Optic neuritis is often the first clinical presentation of MS,
although it can also occur as a distinct entity without subsequent or
concurrent involvement of other areas of CNS myelin. A
significant proportion of patients with optic neuritis eventually
develop relapsing–remitting MS (Ghezzi et al., 1999; Soderstrom,
2001). Many of these patients later evolve into the secondary
progressive form of MS, a more permanently debilitating stage of
the disease. Animal studies could provide some insight into the
selective vulnerability of the visual pathway in MS (Ghezzi et al.,
1999; Guy et al., 1998; Soderstrom, 2001). The high susceptibility
of the optic nerve to autoimmune damage was suggested by the
distribution of the proinflammatory cytokine, tumor necrosis factor
α (TNFα), in EAE-affected Lewis rats (Villarroya et al., 1996).
Induction of optic neuritis in MOG-specific T cell receptor
transgenic mice was also recently demonstrated (Bettelli et al.,
2003). In the present study, using chronic murine EAE, in vivo DTI
demonstrated optic tract as well as optic nerve damage. The myelin
and axonal damage to the optic tract may be secondary to the
extensive degeneration of the optic nerve. Alternatively, it is also
possible that the optic tract itself is independently susceptible to
EAE induced injury.

In this study, diffusion weighting factor (b) of 0.847 ms/μm2

was used for DTI data acquisition. This is consistent with the
current practice in human brain DTI measurements where b is
commonly set ranging from 0.6 to 1 ms/μm2 (Mori et al., 2002;
Pierpaoli et al., 1996). The choice of a b value smaller than 1 ms/
μm2 was to minimize the estimation errors for fitting the data to the
mono-exponential diffusion tensor model in this study (Basser and
Pierpaoli, 1996; Clark et al., 2002; Jones, 2004). The use of
minimal diffusion weighting, 6-independent non-colinear direc-
tions (Basser and Pierpaoli, 1998; Ozcan, 2005), herein was to
minimize the acquisition time with sufficient image resolution and
quality (Song et al., 2002, 2003, 2005; Sun et al., 2003, 2005,
2006a,b).

Given the diffusion measurement sampling the motion of water
molecules in the order of 10 μm, the mouse respiratory motion
causing bulk movement in the order of mm would result in
insurmountable obstacles in tensor calculation. In this study, the
head holder developed in our lab was employed to immobilize the
mouse head eliminating the motion artifacts resulting from
respiration (Song et al., 2002, 2003, 2005; Sun et al., 2003,
2005, 2006a,b). In recent reports, pulsations of cerebral tissues
resulting from cardiac contraction have been reported to cause
errors in human brain DTI measurements (Conturo et al., 1995;
Enzmann and Pelc, 1992; Poncelet et al., 1992; Turner et al.,
1990). However, the pulsation effects seen in human brain has not
been observed in mouse brain or spinal cord as evident in that
comparable diffusion anisotropy was observed in mouse brain and
spinal cord in vivo and ex vivo after death and fixation (Kim et al.,
2007; Sun et al., 2003).

The slice thickness of 0.5 mm employed in this study represents
the highest in vivo DTI measurements from the mouse brains with
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the reported slice thickness ranging from 0.5 to 1 mm in the
literature (Ahmad et al., 2005; Boretius et al., 2007; Guilfoyle et
al., 2003; Harsan et al., 2006, 2007; Nair et al., 2005; Sow et al.,
2006). However, mouse optic tract measures roughly 0.6 mm thick
(Franklin and Paxinos, 1997) suggesting that 0.5-mm-thick DTI
maps will suffer the unavoidable partial volume effect. Never-
theless, the consistency between the DTI estimated injury and the
histology findings suggests that the partial volume effect may not
adversely affect our results. This may be partially due to the
carefully and reproducibly planed image slices using the exact
anatomical landmarks on the sagittal and axial scouts of each
mouse brain ensuring a consistent slice location of the tract from all
mice examined. Thus, the partial volume effect in the current study
may be quite comparable for both control and EAE mice. It is also
possible that the gray matter in EAE mice may not be significantly
affected in this model thus contributing insignificantly to the
observed DTI changes. It is apparent that the partial volume effect
did not diminish the capability of DTI to detect the damage caused
by EAE presented in this study although one has to keep the partial
volume effect into account in more detailed mechanistic studies.

Derived from diffusion tensor matrix, the largest eigenvalue and
the associated eigenvector (λ1 and v1) have been shown to
represent the diffusion magnitude and direction parallel to the
white matter tract and have been used in tractography in the CNS
of both human and animal models (Jones and Pierpaoli, 2005; Le
Bihan et al., 2001; Mori and van Zijl, 2002). Thus, λ|| and λ⊥ for
quantifying respectively diffusivities parallel and perpendicular to
the white matter tract is consistent with the current application of
DTI in the field. However, possibilities do exist that the loss of
integrity in the white matter tracts, such as severe axon and myelin
loss, or fiber crossing resulting in relatively isotropic water
diffusion. Consequently, λ1, λ2, and λ3 would become nearly
indistinguishable and the theoretical basis of the directional
diffusion and white matter structure will no longer hold. The
tissue disintegration seen as progressive equalization of λ|| and λ⊥
in longitudinal measurements may suggest that the proposed use of
differentiating axonal and myelin injury under such conditions
would be inappropriate.

However, such extreme case is not likely to reflect the EAE
pathology observed in the present study. Specifically, λ|| reduced
from a control value of 1.6 μm2/ms to 1.3 μm2/ms while λ⊥
increased from the control value of 0.15 μm2/ms to 0.35 μm2/ms in
the chronic EAE. In the chronic stage, where the axonal and myelin
damage is expected to be more severe than the one in acute state,
the visual pathway λ|| is still 3.7 times of λ⊥. This ratio between λ||
and λ⊥ is in agreement with previously reported results from in
vivo mouse brains (Song et al., 2002, 2003, 2005; Sun et al., 2003,
2005, 2006a,b).

Our group has employed various pathology specific mouse
models of white matter injury to test the utility of λ|| and λ⊥ for
detecting and differentiating axonal and myelin damages pre-
viously. Specifically, in the mouse models of axonal damage only
(the Wallerian degeneration of optic nerve at 3 days after retinal
ischemia) (Song et al., 2003; Sun et al., 2006a), myelin damage
only (cuprizone induced myelin damage in corpus callosum and
the dysmyelinated white matter of shiverer mice) (Song et al.,
2002, 2005; Sun et al., 2006b), and the coexistence of axonal and
myelin damage (the Wallerian degeneration in optic nerve at
14 days after retinal ischemia) (Song et al., 2003; Sun et al.,
2006a), decreased λ|| and increased λ⊥ proved to be capable of
accurately detecting and differentiating axonal and myelin
damages respectively. In this study, the application of λ|| and λ⊥
to detect the underlying axonal and myelin injury in white matter
from EAE-affected mice was attempted as the first test of the utility
of this proposed method in a more clinically relevant condition
where a mixed pathological situation is encountered. As a result, λ||
and λ⊥ clearly detected the axonal and myelin injury of the optic
nerve and tract from EAE-affected mice. The injured and uninjured
white matter tracts identified using λ|| and λ⊥ positively correlated
with findings of immunohistochemisty despite the complicated
EAE pathology.

In conclusion, this study demonstrated the feasibility of using
decreased λ|| and increased λ⊥ as biomarkers of axonal and myelin
injury respectively in a murine model of MS. Selective injury of
the optic nerve and tract in EAE-affected mice was demonstrated
non-invasively and is consistent with corresponding histology and
the literature findings. Use of directional diffusivities as applied in
the present study is readily applicable to human MS since DTI
technology has become widely available in most hospitals. These
methods could play a significant role in stratification and efficacy
assessment of intervention, and monitoring the progression of the
disease.
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