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Abstract

Introduction—Magnetic resonance imaging (MRI) was used to monitor changes in the
transverse relaxation time constant (T») in lower hindlimb muscles of mdx mice at different ages.

Methods—Young (5 wks), adult (44 wks), old mdx (96 wks), and age-matched control mice
were studied. Young mdx mice were imaged longitudinally, whereas adult and old mdx mice were
imaged at a single time point.

Results—Mean muscle T, and percent of pixels with elevated T, were significantly different
between mdx and control mice at all ages. In young mdx mice, mean muscle T, peaked at 7-8
weeks and declined at 9—11 weeks. In old mdx mice, mean muscle T, was decreased compared to
young and adult, which could be attributed to fibrosis.

Conclusions—MRI captured longitudinal changes in skeletal muscle integrity of mdx mice.
This information will be valuable for pre-clinical testing of potential therapeutic interventions for
muscular dystrophy.
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Introduction

Duchenne muscular dystrophy (DMD) is an X-linked recessive neuromuscular disease with
an incidence of 1 in 3,600 to 6,000 male birthsl. DMD is caused by a mutation in the
dystrophin gene, which encodes for dystrophin, a 427 KDa cytoskeletal protein2. Dystrophin
is hypothesized to participate in cytoskeletal organization, stability, and membrane
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integrity3. The mdx mouse, the most commonly used animal model of DMD, offers an
economical way for pre-clincial testing of possible therapeutic interventions. mdx mice are
similar to DMD patients in that they lack dystrophin and share some biochemical and
histopathological features*. Despite the similarities, the phenotype of mdx mice is less
severe than DMD patients. Skeletal muscles of mdx mice undergo repeated cycles of
degeneration and regeneration even during adult life®>6 whereas the regenerative capacity
appears to be exhausted at an early age in humans with DMD. Many histological studies
have confirmed that hindlimb muscles’ and diaphragm?8 of mdx mice show progressive
weakness and deterioration with age. Furthermore, the phenotype exhibited by old mdx mice
more closely resembles changes observed in DMD boys (i.e increased fibrosis and fatty
tissue deposition)?®.

Histological markers of muscle damage, such as Evans Blue dye!%11 and Procion orange
dyel? have been used extensively to measure efficacy of restoring sarcolemmal integrity in
pre-clinical trials. The major drawback of these ex vivo measurements is that they can be
done only at the end point or when mice are sacrificed. In addition to developing effective
therapeutic agents, there have been increasing efforts to develop non-invasive diagnostic
biomarkers to understand the progression of disease and effects of therapy314. One method,
magnetic resonance imaging (MRI), provides the ability to monitor disease progression non-
invasively and may provide valuable information on understanding the progression of the
disease in both animal models and humans.

Proton transverse relaxation time constant (T») is a quantitative MR measure used to detect
changes in healthy and pathological muscle. Previous studies have used muscle T, to
monitor muscle damage and repair in animal models of spinal cord injuryl®, cast
immobilization,16 and muscular dystrophy1’-19, Alterations in muscle T, have been
attributed to muscle damage??, edema?1.22, fatty tissue infiltration23, and fibrosis?4. In this
study we utilized T, MRI to monitor the pathological changes in mdx mice lower hindlimb
muscles with age. Furthermore, changes in muscle T, were compared to standard
histological markers of muscle damage and fibrosis.

C57BL/10ScSn-DMDmdx (mdx; n=18) and C57BL/10ScSn (Ctrl; n=12) male mice were
included in the study. mdx and Ctrl mice were obtained from Jackson laboratories (Bar
Harbor, ME), and were thereafter maintained in-house. Animals were housed in an
AAALAC approved facility with 12-hour light:dark cycle (72°F, 42% humidity) and free
access to food and water. The University’s Institutional Animal Care and Use Committee
approved the experimental protocol.

Experimental protocol

Three age groups of mdx and age-matched Ctrl mice were studied: 1) young mice aged 5
wks, mdx (n=6) and Ctrl (n=4); 2) adult mice aged 44 wks, mdx (n=6) and Ctrl (n=4); and 3)
old mice aged 96 wks, mdx (n=6) and Ctrl (n=4). Young Ctrl mice were imaged at a single
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time point, whereas young mdx mice were imaged longitudinally at the following time
points: 5, 6, 7, 8, 9, 10, 11, 13, 14, 17, 21, and 24 weeks of age. Adult and old mdx and age-
matched Ctrl mice were imaged at single time points (44 and 96 weeks of age, respectively,
see Figure 1).

Magnetic Resonance Imaging

MRI was performed in a 4.7 T horizontal bore magnet (Bruker Avance). The animals were
anesthetized using an oxygen and isoflurane mixture (3% isoflurane) and maintained under
0.5-1% isoflurane for the duration of the MR procedure. Respiratory rate of the mouse was
monitored throughout the scan. The lower hindlimbs of the mouse were inserted up to the
knee into a 2.0 cm internal diameter, custom-built solenoid *H coil (200 MHz). To-weighted
MR images were acquired with the following parameters: multiple slice, single spin-echo
images were acquired with repetition time (TR) =2,000ms, echo time (TE)=14ms and 40ms,
FOV 10-20mm, slice thickness 0.5-1mm, acquisition matrix = 128 x 256, and 2 signal
averagesl0. Diffusion weighting was fixed at both TEs (diffusion weighting 3 mm?/s at both
14 and 40 ms). Hahn spin echoes were implemented to avoid the contribution of stimulated
echoes in the T, measurement10-25, The T, decay was fit to a single exponential decay
curvel®. Based on our previous work, we find that calculating T, from 2 echoes is sufficient
to distinguish between healthy and damaged muscle. This method also has high between-day
reproducibility in control mice (n=10, coefficient of variation of 2.3 % for anterior and 3.4%
for posterior compartments). Signal-to-noise ratios were 25:1 at TE =14 msand 9:1 at TE =
40 ms.

Muscle T, Analysis from MRI

Histology

Muscle T, values of the middle 6-8 slices from anterior and posterior compartments of
hindlimbs (Figure 2) were computed and analyzed from T, maps created from 2 echo times
(TEs: 14 and 40 ms) using in-house software as described previously16. This was done in
order to improve the coverage and to increase the reliability. T, was calculated using the
following equation: T, = (26 ms)/In (Slq4/Sl4p), where SI 14 and SI 40 are the pixel
intensities at TE of 14 ms and 40 ms, respectively25. The percent of muscle damage detected
by MRI was defined as the percentage of pixels in a region of interest (ROI) which had T,
values over 2 standard deviations above the mean muscle T, found in control mice (> 29ms)
up to a maximum value of 100 ms.

We performed a qualitative histological evaluation of hind limb muscles in 24 weeks and
96-week old mdx (n = 3) and Ctrl (n = 3) mice. Different lower limb muscles, including
tibialis anterior (TA), extensor digitorum longus (EDL), gastrocnemius (Gastr), and soleus
(SOL) were dissected carefully from the hindlimbs, fixed at resting length, frozen
immediately in melting isopentane precooled in liquid nitrogen, and then stored at —80°C for
further analysis. Ten-micron slices of the samples were taken from the mid-belly region,
then stained with hematoxylin and eosin (H&E) and Trichrome. H&E stained cross sections
were evaluated visually for morphological characteristics, such as the presence of
inflammatory infiltrates and centrally nucleated fibers (CNFs). CNFs were quantified in mdx
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and Ctrl mice. The samples were also stained with Masson trichrome to determine collagen
tissue deposition (i.e. fibrotic area). Percent CNFs and fibrotic area was quantified using
ImageJ software (NIH, 1.47v), and the fibrosis index was defined as fibrotic area divided by
total area x 10027

Statistical Analysis

Results

All statistical analysis was performed using SPSS for Mac (version 20.0). The coefficient of
variance was computed to examine the variability between repeated measures in Ctrl mice.
Results were expressed as mean + standard deviation (SD) unless specified as mean +
standard error of the mean (SEM). Research hypotheses were tested at an alpha level of
0.05. One-way analysis of variance (ANOVA) for repeated measurements was performed to
monitor the changes in hindlimb muscles of young mdx mice. Independent-sample t-tests
were used to make comparisons between control and mdx groups at each time point («=0.05,
adjusted for multiple comparisons using a modified Bonferonni correction).

T, variability

MR T, values were measured in Ctrl mice and were found to be highly reproducible. The
average day-to-day reliability (CV) for the anterior compartment was 2.3% (25t percentile,
0.65%; 75t percentile, 3.8%), and for the posterior compartment it was 3.4%. (25t
percentile, 2.3%; 75! percentile 3.9%).

Comparisons among age groups of mdx mice and controls

Mean muscle T» in the anterior compartments of young (5 — 24 weeks), adult (44 weeks),
and old mdx mice (96 weeks) were significantly higher than age-matched control mice
(Figure 3). However, in the posterior compartment, significant differences were observed
only in the young and adult groups compared to controls. Old mdx mice showed lower To
compared to young and adult mdx mice (Figure 3).

The percentage of pixels with elevated T, in mdx mice, both in the anterior and posterior
compartments were significantly different from age-matched control mice (Figure 4). In

addition, the percentage of pixels with elevated T, in young mdx mice was significantly

higher than in adult and old mdx mice.

T, changes in hindlimb muscles of young mdx mice

Young mdx mice presented with asynchronous, cyclical changes in both anterior and
posterior compartments with age (Figure 5). In the anterior compartment, there was an
increase in the mean muscle T, from 5 to 7 weeks, followed by a significant decrease at 10
weeks. Muscle T, values were higher at 11, 13, 17, and 21 weeks as compared to the 10-
week time point (Figure 5A). The number of pixels with elevated T in the anterior
compartment was 3-fold higher at the 7-week time point than the 5-week time point and
remained elevated at the 8-week time point. Thereafter, the percentage of pixels with
elevated T significantly decreased at 9 weeks and remained below 4% until 11 weeks. The
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percent pixels with elevated T, values increased at the 13-week time point, thereafter
dropping down at 17, 21, and 24-weeks (Figure 5B).

Similar to the anterior compartment, the T, values in the posterior compartment showed
cyclical changes. Mean muscle T, values of the posterior compartment at 8 weeks were
significantly higher than at 10 weeks. Moreover, T, values at 10 weeks were reduced as
compared to 5, 7, 11, 13, 17, and 21 weeks (Figure 5C). Variation in the percent pixels with
elevated T, showed a similar cyclical pattern. There was a 2-fold increase in percent pixels
with elevated T, from 5 to 6 weeks. This increase continued at 7 and 8 weeks. Following the
8-week time point, there was a significant decrease in percent pixels with elevated T, at 9
weeks. It remained less than 7% until 11 weeks and thereafter increasing at the 13-week
time point. Furthermore, following 13 weeks, the percent pixels with elevated T, dropped to
6% at 17 and 18 weeks, respectively and increased at 21 weeks. However, at 24 weeks there
was a decline in percent pixels with elevated T, (Figure 5D).

Histological analyses

Histological analysis of anterior (TA and EDL) and posterior hindlimb muscles (Gastr and
SOL) of mdx mice showed a significant increase in number of CNFs compared to age-
matched controls (Figure 6A). In addition, Masson trichrome staining of hindlimb muscles
revealed greater fibrotic tissue accumulation in mdx mice at 96 weeks of age than at younger
ages and controls (Supplementary Material, Figure S1). Old mdx muscles showed
approximately 2-fold higher percentage of fibrotic area than adult mdx muscles (Figure 6B).

Discussion

These results show that Ty is highest in young mice followed by asynchronous, cyclical
alterations in muscle T, up to at least 6 months of age. Furthermore, we observed a decrease
in percent pixels with elevated T», indicative of less muscle edema, damage, and
inflammation, in adult and old mdx mice than in young mdx mice. Similar findings have
been reported by Pratt et al?8 in a case study of an mdx mouse using T,-weighted images. In
this study we extend those findings and compare quantitative T, MR measurements in a
group of mice with histological measurements.

mdx versus Controls

Muscle T, was higher in hindlimb muscles of mdx mice than in controls in all age groups.
Elevated muscle T, has been reported in canine models of muscular dystrophy and in
children with DMD?29:30, Although the exact mechanism for this T, change is not completely
understood, T, changes have been attributed to accumulation of fatty tissue39, edematous
tissue?2, and fibrotic tissue?4. Previous studies have demonstrated shifts in muscle T,
following muscle damage and regeneration in rats as well as in mdx micel®31:32. A study by
Cabello et al®2 observed changes in signal intensity on T,-weighted images after inducing
inflammatory processes using Candida albicans and confirming MR alterations by
histological measurements. Similar studies have been conducted by Does et al?2 using A-
carrageenan inducing edema in rat muscles. Furthermore, Mcintosh et al3! observed foci of
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high signal intensity in mdx muscles that corresponded to dystrophic lesions in histological

sections.

Changes in mdx muscle T, over lifespan

Young

Adult

Despite the absence of dystrophin protein, mdx mice show minimal functional signs of
dystrophic pathology during the majority of their lifespan. However, the mdx mouse model
has been shown to display signs of pathology during early and late stages of life. The disease
progression in mdx mice has been generally divided into 3 stages: young, adult, and old age.

Muscles of young mdx mice have been reported to undergo cycles of degeneration/
regeneration33:34, Although the cause of these cycles remains elusive, it has been suggested
that increased degeneration may occur due to increased exploratory behavior and locomotor
activity of young mice?. Correspondingly, in this study, T in young mdx mice was
significantly elevated as compared to old mdx mice. Furthermore, we found that there was
more variation in mean muscle T, in young mdx mice than in older mice. Although the
factors contributing to elevated T, are not well established, T, has also been correlated with
the size of the extracellular fluid in denervated muscle3®. Additionally, T, has also been
shown to be sensitive to fiber type and fiber size change36:37. In this study we observed that
madx mice at 24 weeks of age had increased extravascular space as compared to age-matched
controls as well as an increased number of fibers with central nuclei.

In young mdx mice, we found that mean muscle T is elevated between 5-8 weeks and
peaks at 7-8 weeks of age. Furthermore, it has been reported that muscle degeneration and
regeneration in mdx mice becomes more pronounced between 3-8 weeks of age, decreases
significantly thereafter, and is believed to continue at a lower rate after this period38-49, For
example, the tibialis anterior muscle has been shown to demonstrate signs of necrosis from 3
weeks after birth4142, Furthermore, Passaquin et al observed greater necrosis in the SOL
than the EDL at 3 weeks with greater muscle damage in SOL (~86%) than in EDL (~36%)
at about 5 weeks of age*3. On the other hand, satellite cell replication has been reported to
peak between weeks 4 and 8 and continues at a slower pace until at least 44 weeks of age0.
The reason for the acute onset of pathological changes and cyclical degeneration and
regeneration processes at this age is still unresolved. It has been postulated to be due to: 1)
an increase of in-cage locomotor activity; and 2) downregulation of various genes, including
utrophin4. In addition, Yokota et al 4> observed an increase in CNFs at 10 weeks of age,
which correlated well with the increase in revertant fibers. Similarly, we observed that
muscle T, and % pixels with elevated T starts increasing from 5 weeks and continue to
increase until 7-8 weeks of age. Thereafter, both parameters decreased significantly at 10
weeks of age. After the initial bout, hindlimb muscles displayed age-dependent cyclical
alterations, most prominent until 24 weeks of age.

During the adult lifespan, muscles of adult mdx mice, despite being bigger and heavier than
control mice, have reduced specific force. Skeletal muscles from mdx mice show low levels
of necrotic and regenerated myofibers*. Similarly, we observed the presence of central
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nuclei in young as well as adult mdx muscles. Furthermore, it has been reported that skeletal
muscles of adult mdx mice do not show extensive fibrosis, except of the diaphragm8. The
extent of involvement of different muscle groups varies and may be related to position or
use of a muscle group in the body20:46.47,

Old age

Older mdx mice show a more involved progressive dystrophic phenotype. Extensive fibrosis
has been reported in skeletal muscles of old mdx mice#84°. Furthermore, T has been shown
to decrease with accumulation of fibrous connective tissue in old mdx mice24. Similarly, we
observed a lower mean muscle T, in 96-week-old mdx mice compared to young mdx mice.
The decrease in muscle T, may be attributed to accumulation of fibrotic tissue in muscles of
old mdx mice as shown by an increase in collagenous tissue deposition. Previous studies
have shown a significant correlation between T, and histological measurements of fibrosis
in the diabetic heart®0. Furthermore, MRI studies have established a correlation between
shortened T, values with increasing degree of fibrosis®1:52,

It is important to consider the limitations of this study. First, the experiment may have
benefited from performing analysis on the individual muscles, but we were not able to do
this due to lack of resolution. Improvements would include analyzing individual muscles in
anterior and posterior compartments. Second, T, in muscle has been reported to be
multicomponent when using highly sampled echo trains?2:53-56_ |n our analysis we used
mono-exponential analysis based on the signal decay between 2 echo times. This dual-echo
approach has been used previously19.2057 phyt has limitations due to an inability to resolve
multiple components and poor performance at low SNR values. Conversely, using multi-
exponential analysis it might have been possible to differentiate between fibrosis, muscle
damage, and inflammation?2. However, obtaining images at multiple TEs during in vivo
experiments without the impact of simulated echoes on the primary echo decay can prove
quite challenging.

In summary, our findings suggest that: 1) the age of mdx mice is important when assessing
response to different therapeutic strategies; and 2) MR T, is a sensitive biomarker that can
be used to monitor age-related changes in skeletal muscles of mdx mice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative transaxial T, weighted images of lower hindlimb muscles at the mid-belly

region of mdx mice across time points.
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Figure 2.
Transaxial MR image taken at the mid-belly region of mdx lower hindlimb showing anterior

and posterior compartments for muscle T, analysis. The anterior compartment includes
tibilais anterior and extensor digitorum longus; the posterior compartment includes
gastrocnemius, soleus, and plantaris.
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Hl mdx
[ Ctrl

Muscle T, values in (A) anterior and (B) posterior compartments in young (5 — 24 weeks),
adult (44 weeks), and old mdx (96 weeks) and control mice. (A) In anterior compartment,
the mdx mice had higher T, values in all age groups than control mice (* P<0.05). T, values
in old mdx mice were significantly lower than young and adult mdx mice. (* P<0.05). (B) In
posterior compartment, the mdx mice had higher T, values in young and adult groups than
age-matched controls (*P<0.05). T, values of old mdx mice were significantly lower than

young and adult mdx mice.
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Figure4.

Percent elevated pixels in (A) anterior and (B) posterior compartments in young, adult, and

old mdx and control mice. In anterior and posterior compartments, the mdx mice had higher
T, values in all age groups than control mice (* P<0.05). Young mdx mice had significantly
higher % elevated pixels than adult and old mdx mice. (* P<0.05).
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Figureb5.
Mean muscle T, and % pixels with elevated T, in anterior (A, B) and posterior (C, D)

compartments of mdx mice (mean + SEM). Mean T, and % pixels with elevated T, of
anterior and posterior compartment are highest between 7-8 weeks and lowest at 10-weeks.
* represents significant difference from 10 week time point (P<0.05) and # represents
significant difference from 5 week time point (P<0.05).
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(A) Quantification of CNF of mdx and age-matched Ctrl mice. * represents significant
difference between Ctrl and mdx mice at age 24 weeks, ** represents significant difference
between Ctrl and mdx mice at age 96 weeks, # represents significant difference between
young and old mdx mice (P<0.05). (B) Quantification of percent fibrotic/necrotic tissue in
the hindlimb muscles of mdx mice at 24 and 96 weeks. Significant difference was found
between hindlimb muscles of mdx mice at the 24- and 96-week time points (* P<0.05).
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