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Abstract

Introduction: Our aim was to assess key muscle imaging and contractility parameters in the
Duchenne muscular dystrophy (DMD) rat model (Dmd-KO rat), which have not yet been
characterized sufficiently.

Methods: We performed in-vivo magnetic resonance imaging (MRI) for thigh and leg muscles,
and performed hematoxylin and eosin (H&E) staining and in-vivo muscle contractility testing in
specific hindlimb muscles.

Results: MRI prior to testing muscle contractility revealed multiple, unevenly distributed focal
hyperintensities in the Dmd-KO rat quadriceps and tibialis anterior muscles. H&E staining showed
corresponding areas of inflammation and ongoing regeneration. In-vivo contractile testing showed
maximal force generated by Dmd-KO muscles was significantly lower, and susceptibility to injury
was ~ two-fold greater in the Dmd-KO rats compared to wild-type (WT) rats.

Discussion: Together, the MRI findings, histological findings, and the low strength and high
susceptibility to injury in muscles support use of the Dmd-KO rat as an animal model of DMD.
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1| INTRODUCTION

Duchenne muscular dystrophy (DMD) is an X-linked muscle disorder caused by the absence
of dystrophin, a large membrane-associated protein expressed in striated muscle. DMD is
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characterized clinically by severe, progressive muscle degeneration and ongoing loss of
muscle function.13

Much of what is known about dystrophin’s functions is derived from studies of the max
mouse. Similar to patients with DMD, dystrophin is missing from all muscle tissues in the
max mouse. The max mouse has a peak in muscle weakness, necrosis, and regeneration
between the second and fifth week of life (“critical period”).4~" However, compared to the
clinical course of patients with DMD, the phenotype is mild in the max mouse, showing
some resolution of muscle damage after the critical period and a lifespan that is similar to
the healthy, wild-type (WT) mouse. Therefore, the validity of the max mouse as a model of
DMD is disputable.®

Recently, rat models of DMD have been generated.®10 These animals lack dystrophin, but
unlike max mice, the rat models of DMD show severe muscle fibrosis and fatty infiltration,
and have cardiac dysfunction and overall decreased activity. Thus, rat models of DMD could
be useful for DMD pre-clinical research.1 The larger size of the rat provides many
advantages over the mouse, and the patterns of progressive muscle degeneration with age
better mimic those observed in DMD than the max mouse. However, newly developed rat
models have yet to be sufficiently described, especially with regard to assessment of muscle
contractile function, making their use as experimental models uncertain.12 The primary
purpose here was to rigorously test in-vivo strength (maximal isometric torque) and
susceptibility to injury (loss of strength after injury) using established methods that do not
rely on behavior or volition in an awake animal. We also assessed in-vivo magnetic
resonance imaging (MRI) of lower extremity muscles.

METHODS

Animals

All protocols were approved by the University of Maryland Institutional Animal Care & Use
Committee (IACUC). The DMD rat model (Dmd-KO) was generated (by Cyagen
Biosciences, Santa Clara, CA) using a clustered regularly interspaced short palindromic
repeats (CRISPR)-based approach targeting exons 22—-26 of dystrophin (guide RNA pairs
GTCTAATAGTAGGTGATAAGAGG and CAGCT-CTTGTACCCGATTGCTGG) on the X
chromosome, resulting in an out of frame deletion of exons 22-26 and a ~ 1080 bp mutant
dystrophin mRNA. Four-week-old dystrophic (Dmd-KO, N =5, 218 + 15 g) and age-
matched littermate WT (N =5, 253 £ 17 g) male rats were used. Rats were anesthetized with
isoflurane (2% with oxygen flow rate of 0.8 L/min) for in-vivo MRI and muscle testing.

In-vivo MRI experiments

Prior to any muscle testing or injury, MRI studies were performed on a 7.0 Tesla 30-cm
horizontal bore scanner (Bruker Biospec, Billerica, MA) using Paravision 6.0 software
(Bruker Biospin MRI GmbH, Ettlingen, Germany). Anesthetized rats were placed supine on
a holder bed and moved into the center of the magnet. After system calibration, high
resolution To-weighted MRI images in the cross-sectional view between the hip and the
knee for the thigh muscles, and between the knee and the ankle for the leg muscles, were
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acquired using a rapid acquisition with relaxation enhancement (RARE) sequence with
repetition time (TR)/echo time (TE) = 5000/32 ms, RARE factor = 8, field of view = 30 x 30
mm?2, matrix size = 250 x 250, slice thickness = 0.5 mm without a gap, averages = 16,
number of slices = 32. Heterogeneity was quantified in bilateral thigh and leg muscles by
averaging mean intensities at 3 regions of interest (ROIs) in 3 slices using ImageJ (N = 3
Dmd-KO rats, N =2 WT rats).

In-vivo muscle testing

We tested the quadriceps and the tibialis anterior (TA) in the left hindlimbs using established
methods for testing strength and injury response (N = 5 Dmd-KO and WT rats).13-19
Strength was assessed with the muscle at optimal length, with maximal isometric torque
measured with the knee at 45° for the quadriceps and the ankle at 15° of plantarflexion for
the TA.

Maximal stimulation of the target muscle in-vivo was performed as described previously.
16.18.20 Briefly, with the animal placed in a supine position, the leg (dorsiflexors) or thigh
(for quadriceps) was stabilized. The axis of the ankle or knee joint, respectively, was aligned
with the axis of the stepper motor (model T8904, NMB Technologies, Chatsworth, CA) and
a torque sensor (QWFK-8 M, Sensotec, Columbus, OH). The fibular nerve (for dorsiflexors)
or femoral nerve (for quadriceps) was stimulated via subcutaneous needle electrodes (JO5
Needle Electrode Needles, 36BTP, Jari Electrode Supply, Gilroy, CA). With subcutaneous
electrodes, both fibular and femoral nerves are easily accessible at the neck of the fibula and
femoral triangle, respectively. Proper electrode position was determined by a series of
isometric twitches and by observing isolated muscle contraction in the anesthetized animal.
Maximal tetanic activation (300-ms train duration, 100 Hz) was used to assess strength.

To induce injury, we superimposed lengthening contractions onto maximal isometric
contractions, using 15 repetitions through a 60° arc at 900°/s while the muscle remained
stimulated, with each contraction spaced approximately 1 minute apart. A custom program
based on commercial software (LabVIEW version 8.5, National Instruments, Austin, Texas)
was used to synchronize contractile activation and the onset of forced joint rotation.
Maximal isometric torque was measured before lengthening contractions and 5 min after the
last lengthening contraction, and then used to calculate force deficits.

Histology

Following MRI and contractile testing, quadriceps and TA muscles were harvested, weighed,
snap frozen in liquid nitrogen, and stored at —80°C. Transverse sections were cut on a
cryostat (10 um thickness) and collected onto glass slides (Superfrost Plus; VWR, Radnor,
PA\). Sections were stained with hematoxylin and eosin (H&E), and immunolabeled with
dystrophin (1:200, PA5-16734, Thermo Fisher Scientific, Waltham, MA; secondary
antibody 1:100, 111-545-003, Jackson ImmunoResearch, West Grove, PA) for tissue
evaluation. Sections were imaged using Eclipse T2-E microscope (Nikon, Tokyo, Japan).
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2.5| Statistical analysis

Statistical analyses were performed using SigmasStat 3.5 (San Rafael, CA). Data are
presented as mean + SD. Statistical significance was assessed using Student’s t-test, with P
< .05. Scatter plots were produced using RStudio (RStudio: Integrated Development for R.
RStudio, PBC, Boston, MA) and open source ggplot2 3.1.0 package.?!

3| RESULTS

To-weighted images of thigh and leg muscles in the axial view of WT rats were
homogeneously dark with no focally hyperintense regions (Figure 1). Images of Dmd-KO
rats showed heterogeneous muscle intensity, with multiple, unevenly distributed focal
hyperintensities (Figure 1) typical of DMD. H&E staining from these muscles corresponded
to the MRI heterogeneity, showing inflammation, varied fiber sizes, and centrally located
nuclei, all markers expected in DMD muscle.

In-vivo muscle testing of the quadriceps and TA muscles showed weakness was present in
both muscles in the Dmd-KO rat compared to the WT rat. Susceptibility to injury was also
significantly greater in both muscles tested for the Dmd-KO rat, with loss of strength after
injury approximately double that of the WT rat (Figure 2A,B).

4| DISCUSSION

Similar to MRI outcomes in previous DMD animal models, Dmd-KO rat muscles also show
heterogeneous signal intensity on T,-weighted images. These high intensity foci, typically
found in DMD and max hindlimb muscles, are linked to muscle damage, inflammation, and
fatty infiltration.22-24

In previous studies, assessment of strength in DMD rats has been limited to whole body
tests, such as the wire-hang test? and grip strength,2° both of which incorporate central
drive, endurance, and other parameters beyond skeletal muscle health. Here, we rigorously
tested quadriceps and TA muscle function, eliminating effects of volition and behavior.
Muscles of the Dmd-KO rat are weak and much more susceptible to injury, hall-marks of
DMD. However, such findings will need to be assessed through-out the lifespan of the Dmd-
KO rat to ensure that the muscle physiology reflects the progressive nature of the
histological findings over time.

In conclusion, the Dmd-KO rat model is a suitable model for DMD, with increased T,
hyperintensities in both thigh and leg muscles, and increased weakness and susceptibility to
injury in both quadriceps and TA. The Dmd-KO rat will likely be a useful model to analyze
the effect of developing therapeutics for DMD and to assess efficacy in improving skeletal
muscle function. However, it must be noted that there are now several mouse and rat models
that mimic the DMD phenotype; thus, findings described here for the Dmd-KO rat may be
specific to this particular model.
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FIGURE 1.
To-weighted images show the thigh and leg muscles in cross-sections (axial, transverse

plane) in WT and Dmd-KO rats. As noted in the Methods, imaging was performed prior to
any contractile testing. Dmd-KO rat muscles have increased T, signal, heterogeneity, and
localized hyperintensities, which have been linked to muscle damage, inflammation, and
fatty infiltration. Bar graphs show heterogeneity quantification of the MRI. H&E
micrographs on the left show stitched images of the entire muscle for quadriceps and TA
(muscle shown are from the untested side to eliminate effects of contractile testing/injury).
H&E micrographs on the right show higher power representative images of muscle tissue in
cross section. WT muscles show congruent muscle fibers with relatively similar size, while
Dmd-KO muscle show variability in fiber size, inflammation (yellow arrows), and centrally
nucleated fibers (green arrows), a marker of ongoing muscle degeneration/regeneration. The
immunofluorescent micrographs show labeling for dystrophin (green) and nuclei (blue),
with absence of dystrophin in Dmd-KO muscles. A.U. = arbitrary units; * = significance at P
<.05
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A, The top panel shows representative curves of maximal isometric torque (200 ms in
duration) before injury (pre) and after injury (post) for quadriceps (QUAD) and TA muscle
of WT and Dmd-KO rats. The bottom panels show representative trace recordings of torque
from lengthening (eccentric) contractions. Muscles were stimulated for 200 ms to induce a
peak isometric contraction before lengthening by movement of knee (QUAD) or ankle (TA)
in the opposite direction of muscle’s action at that joint. B, Scatter plots describing muscle
mass, maximal isometric torque, and susceptibility to injury for TA (top) and Quad (bottom)
in WT and Dmd-KO rats. * = Significance at < .05
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