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Abstract

Background—Disability progression in multiple sclerosis (MS) remains incompletely
understood. Unlike lesional measures, CNS atrophy has a strong correlation with disability.
TMEV infection in SJL mice is an established model of progressive MS. We utilized in vivo MRI
to quantify brain and spinal cord atrophy in this model and analyzed the temporal relationship
between atrophy and disability.

Methods—Infected and control mice were followed for twelve months. Disability was assessed
periodically using rotarod assay. Volumetric MRI datasets were acquired at 7 Tesla. Ventricular
volume and C4-5 spinal cord cross-sectional area measurements were performed using Analyze

10.

Results—At three months, brain atrophy reached statistical significance (p=0.005). In contrast,
disability did not differ until four months post infection (p=0.0005). Cord atrophy reached
significance by nine months (p=0.009). By twelve months, brain atrophy resulted in 111.8%
increased ventricular volume (p=0.00003), while spinal cord cross-sectional area was 25.6%
reduced (p=0.001) among cases.

Conclusions—Our results suggest that significant brain atrophy precedes and predicts the
development of disability, while spinal cord atrophy occurs late and correlates with severe
disability. The observed temporal relationship establishes a framework for mechanisms of
disability progression and enables further investigations of their underlying substrate.
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INTRODUCTION

Multiple sclerosis is a multifocal disease of the central nervous system. Histopathology is
characterized by inflammatory demyelination, reactive gliosis, and axonal damage.l MRI
detected white matter lesions correspond to areas of demyelination and have been part of the
MS diagnostic criteria for the past decade. However, lesion based metrics generally correlate
poorly with clinical disability.2, 3 Axonal damage occurs early in disease and loss of axons,
dendrites and neurons correlates well with clinical disability. Cortical and central atrophy
have both been reported,4, ® but pathologic mechanisms and relationship to inflammatory
lesions remains unclear.

Theiler's Murine Encephalomyelitis Virus (TMEV) infection of mice is an established
model of multiple sclerosis.®, 7 Intracerebral injection of TMEV induces a biphasic disease
in susceptible strains of mice. Acute infection comprises a meningo-encephalomyelitis stage
in all strains with subsequent full recovery. In susceptible strains, this is followed by a late
stage of progressive demyelinating disease. TMEYV infected SJL mice develop slowly
progressive demyelination and disability over 9 to 12 months. Similar to experimental
autoimmune encephalomyelitis (EAE), mostly spinal cord lesions develop. Despite the
paucity of brain lesions, previous work from our laboratory demonstrated progressive
cerebral atrophy in this model that is strongly correlated with disability.® The study
presented here further characterizes the distribution of CNS atrophy and the timing of
development in relation to disability progression.

METHODS
TMEV model of MS

Progressive demyelinating disease was induced by intracerebral injection of TMEV into 6-
to 8-week old mice. Animals were anesthetized with 1.5% inhalational isoflurane and then
injected with 108 plaque-forming units of the Daniel’s strain of TMEV. Control animals
underwent intracerebral injection of an equivalent volume of culture medium (DMEM;
Mediatech, Manassas, VA). All experiments were approved by the Institutional Animal Care
and Use Committee.

Animals and Imaging

Eight TMEYV infected SIL mice and 4 controls were followed with MRI until mortality or 12
months post infection. Volume acquisition T1 and T2 weighted sequences were obtained
using a Bruker Biospec (7 Tesla; Billerica, MA) horizontal bore small animal MRI system.
Inhalational anesthesia (1.5% isoflurane) was used for the imaging procedure and vital
parameters were monitored continuously via SA Instruments gating and monitoring system
(SALI Inc, Stony Brook, NY). There was no animal loss during imaging. Four mice were lost
due to the natural course of this model after the 6 month time point, and one control mouse.

Image analysis was performed using Analyze 10.0 (Mayo Clinic BIR). Total brain and
ventricular volume measurements were performed using the coregistration, slice extraction,
and semi-automated 3D ROI tools. Spinal cord area measurements were performed using the
slice extraction and semi-automated 2D ROI tools. We used lateral ventricle volumes for
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determination of brain atrophy and cross-sectional area at the C4-5 interspace for
determination of spinal cord atrophy. The datasets were analyzed independently by two
investigators with excellent intra- and inter-rater agreement.

Disability Assessment

Disability was monitored by periodic rotarod assay. This assay determines the time the
animals are able to walk on a constantly accelerating rotating rod, and is a commonly used
measure of disability in mice, capturing motor, sensory and coordination/balance-related
components.8, @ Two attempts were given to each animal at each time point, and the better
score (the score suggestive of less disability) was used at each time point for data analysis.
To minimize effects of motor learning, animals were trained on the rotarod for one month
prior to the experiment.

Statistical Analysis

Intergroup differences were analyzed using Student's t-test and correlations were analyzed
using Pearson Product Moment Correlation. All analysis was performed in SigmaPlot 11
(Systat software, Chicago, IL).

RESULTS

Significant brain atrophy was present by two months post infection (figure 1). Lateral
ventricular volume was increased 32.4% by then (p=0.005) and plateaued at 111.8% by six
months post infection (p=0.00003)(figure 2). Significant spinal cord atrophy was present by
nine months post infection (figure 1). Spinal cord cross-sectional area was decreased 13.9%
(p=0.009) by then with continued decline to 25.6% at twelve months post infection
(p=0.001)(figure 2). Significant disability was present by four months post infection (72%
lower, p=0.0005) with continued worsening through twelve months (figure 2).

Brain atrophy showed a significant and strong negative correlation with functional disability
(r=-0.88, p=0.01) throughout the observation period (figure 3). Spinal cord atrophy showed
a strong correlation with functional disability trending toward significance (r=0.91, p=0.09)
from months six through twelve (figure 3). Brain atrophy from zero through six months
showed a strong correlation with spinal cord atrophy from six through twelve months (figure
3), also trending toward significance (r=—0.92, p=0.07).

DISCUSSION

We previously reported brain atrophy in correlation with neurologic function in this murine
model of multiple sclerosis.® In the study presented here, we demonstrate both brain and
spinal cord atrophy in this model. The progressive atrophy in these two CNS regions,
however, is temporally separated. Similarly, atrophy in these regions strongly correlates
with disability, but over separate observation periods of the study. Brain atrophy preceded,
and spinal cord atrophy followed, functionally detectable disability. As such, this study more
completely delineates the presence and timing of CNS atrophy in this model, providing
additional insight and avenues of investigation into pathologic mechanisms.
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We utilized increasing ventricular volume as a measure of worsening brain atrophy.
Although hydrocephalus is an alternate pathology that could cause increased ventricular
volume in the absence of brain atrophy, hydrocephalus has been reported only in a
neurovirulent experimentally modified TMEV strain and not in the wild-type Daniel’s strain
used here.10 Moreover, hydrocephalus from the altered virus occurs within one week of
infection, in contradistinction to the time course of ventricular enlargement reported here.
As such, increasing ventricular volume should reflect worsening brain atrophy in this study.
Importantly, the magnitude of ventricular enlargement observed in this model cannot be
accounted for by white matter atrophy alone, given the relative volumes of cerebral white
and gray matter, suggesting both cortical and subcortical atrophy contribute. This is
analogous to MRI measured cortical atrophy in experimental autoimmune
encephalomyelitis, another murine model of MS.11

Acute TMEV infection can lead to early neuronal loss in resistant strains of mice,12, 13 but
this has not been significant in susceptible strains of mice.14 Moreover, the subacute time
course of brain atrophy observed here should not be related to viral cytopathy, as both
resistant and susceptible strains of mice clear virus from brain within two weeks of
infection.1® Since lesions in the TMEV model primarily occur within the spinal cord and
few are seen within the brain, central atrophy is also not likely related directly to lesion-
associated mechanisms. Deep gray matter T2 hypointensity has been observed, which
correlates with disability in the TMEV modell6 and with gray matter atrophy in MS,17 but
cortical lesions have not been reported in the TMEV model. Central atrophy, therefore, is
most likely related to changes within the normal appearing white and gray matter (NAW
+GM). Although no gross inflammatory infiltrate is seen in NAW+GM, lymphocyte
numbers are increased compared to normal brain, with CD8+ cells being the most
numerous.1® Cerebral T1 hypointensities, which reflect axonal and neuronal loss in MS,19
are seen in the TMEV model and are due to the activity of CD8+ cells,29, 21 suggesting that
these lymphocytes directly contribute to axonal and neuronal damage.

We utilized spinal cord cross sectional area at the C4-5 interspace as a measure of spinal
cord atrophy, which was significant only at the chronic phase of disease. This time course is
suggestive of delayed axonal loss, but early decline in spinal cord cross sectional area may
have been masked by edema related to inflammatory lesions. However, delayed atrophy
would correlate well with pathologic studies showing axon loss with a similar time course
affecting the lower cervical and mid thoracic cord,?2, 23 which argues against a masking
effect of edema. Since TMEV is known to persist within the spinal cord of susceptible
mouse strains, viral cytopathy is an etiologic consideration for atrophy, but persistence is
predominantly within macrophages.24 Whether spinal cord atrophy is secondary to or
independent from brain atrophy is not clear. Since axon loss is predominantly seen within
the ventral and lateral funiculi, areas where inflammatory demyelinating lesions are found,
mechanisms associated with inflammatory cells and chronic loss of myelin have been
proposed to underlie spinal cord atrophy.22 In contrast, early axonal injury within the spinal
cord white matter has been reported in the absence of inflammatory cells and preceding
demyelination.?® Since demyelination occurs in the same areas where early axonal injury is
seen, apoptotic and Wallerian degeneration mechanisms triggered by cerebral TMEV
infection have been proposed to underlie spinal cord atrophy,28 with inflammatory
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demyelinating lesions arising secondarily?” and further contributing to axonal injury and
loss. The mechanisms of axonal injury mediated by inflammation are not entirely clear, but
may also be due to the activity of CD8+ cells within the spinal cord NAWM.28 Further
analysis of the mechanism of axonal injury mediated by inflammation needs to be performed
and will be the subject of future studies.

The observed temporal relationship between brain atrophy, disability and spinal cord
atrophy is informative. The demonstration that brain atrophy precedes disability onset
suggests this is proximate to initiating events of the pathologic cascade. That this atrophy
occurred in the absence of significant cerebral lesions implicates pathologic mechanisms
separate from inflammatory demyelination and underscores the need to further elucidate
pathology occurring in normal appearing white and gray matter. The fact that spinal cord
atrophy follows disability onset may suggest this is a marker of, and less likely causative of,
progressive functional decline. Spinal cord edema, however, may confound initial cross
sectional area decline. Importantly, this temporal relationship establishes a framework for
mechanisms of disability progression and informs further investigations of their underlying
substrate. The array of genetically distinct mouse strains should facilitate further delineation
of the pathologic mechanisms within the TMEV model, with MRI enabling in vivo
assessment of CNS atrophy. Better understanding of the initiating events and subsequent
pathologic cascade will provide insight into potential therapeutic interventions that could
impact disability progression in MS.
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month 1 4 6 9 12

Figure 1. MRI assessed CNS atrophy
Lateral ventricular volume increased from disease onset and peaked by six months post

infection in TMEYV infected SJL mice (A), but remained stable in controls (B). Spinal cord
atrophy worsened from six months through twelve months post infection (C), but remained
stable in controls (D).
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Figure 2. Disability and CNS atrophy
Brain and spinal cord atrophy were assessed by ventricular volume and spinal cord cross-

sectional area, respectively. Functional disability was assessed by rotarod assay. Comparing
TMEYV infected SIL mice to controls, brain atrophy increased from disease onset and peaked
by six months post infection (A). Spinal cord atrophy worsened from six months through
twelve months post infection (B). Functional disability was apparent by four months post
infection with continued worsening through twelve months (C).
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Pearson Product Moment Correlation was used to assess dependence. Brain atrophy showed

a significant and strong negative correlation with functional disability throughout the

observation period (A). Spinal cord atrophy showed a strong correlation with functional
disability from months six through twelve (B). Brain atrophy from zero through six months
showed a strong correlation with spinal cord atrophy from six through twelve months (C).
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