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Duchenne muscular dystrophy (DMD) is a severe childhood muscle disease primarily caused by the lack of
functional dystrophin at the muscle fiber membranes. Multiple therapeutic approaches are currently in
(pre)clinical development, aimed at restoring expression of (truncated) dystrophin. Key questions in this phase
relate to route of drug administration, dose regimen, and levels of dystrophin required to improve muscle
function. A series of studies applying antisense oligonucleotides (AONs) in the mdx mouse model for DMD has
been reported over the last two decades, claiming a variable range of exon skipping and increased dystrophin
levels correlated to some functional improvement. The aim of this study was to compare the efficacy of
subcutaneous (SC) versus intravenous (IV) dosing routes of an mdx-specific AON at both the molecular and
functional level, using state-of-the-art quantitative technologies, including digital droplet polymerase chain
reaction, capillary Western immunoassay, magnetic resonance imaging, and automated kinematic analysis. The
majority of all readouts we quantified, both molecular and functional, showed that IV dosing of the AON had a
more pronounced beneficial effect than SC dosing in mdx mice. Last, but not least, the more quantitative
molecular and functional data obtained in this study suggest that low levels of dystrophin protein of at least
2.5% of wild type may already have a beneficial effect on muscle leakiness and may improve motor perfor-
mance of mdx mice.
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Introduction

Duchenne muscular dystrophy (DMD) is a neuro-
muscular disease that affects 1 in 5,000–6,000 newborn

boys and is characterized by progressive weakness of the
skeletal and cardiac muscles, respiratory failure, and death in
early adulthood [1,2]. This X-chromosome linked disorder is
caused by mutations in the DMD gene, which codes for
dystrophin, a large 427 kDa protein critical for sarcolemmal
integrity and with an important role in intracellular signaling
[3]. The mutations in DMD disrupt the open reading frame
and therefore result in prematurely truncated and instable
dystrophin variants lacking the C-terminus, giving rise to
strongly reduced levels or complete absence of dystrophin.

Mutations in the DMD gene that conserve the reading frame
lead to a shorter, but (partially) functional, dystrophin protein
typically lacking part of the central rod domain region and
underlying the milder Becker muscular dystrophy (BMD)
[4,5].

Several potential therapies are being explored and devel-
oped to restore dystrophin expression in DMD patients, in-
cluding gene (construct) replacement, translational stop
codon read-through, splice modification (exon skipping), and
CRISPR/Cas9-mediated DNA correction [6,7]. To date, two
drugs, Exondys 51 and Translarna, have been approved by
the U.S. Food and Drug Administration (FDA) and European
Medicines Agency (EMA), respectively, but their efficiency in
restoring dystrophin in DMD patients appears modest [8,9].

1BioMarin Nederland BV, Leiden, the Netherlands.
2Charles River Discovery Research Services, Kuopio, Finland.
*Current affiliation: Vico Therapeutics BV, Leiden, the Netherlands.

ª Nicole A. Datson et al. 2019: Published by Mary Ann Liebert, Inc. This Open Access article is distributed under the terms of the
Creative Commons Attribution Noncommercial License (http://creativecommons.org/licenses/by-nc/4.0/) which permits any noncom-
mercial use, distribution, and reproduction in any medium, provided the original author(s) and the source are cited.

NUCLEIC ACID THERAPEUTICS
Volume 30, Number 1, 2020
Mary Ann Liebert, Inc.
DOI: 10.1089/nat.2019.0824

50

http://creativecommons.org/licenses/by-nc/4.0/


Quantifying absolute levels of increased dystrophin ex-
pression in patient muscle biopsies following treatment has
shown to be challenging, but remains an important biomarker
readout to validate DMD drug efficacy. Besides the non-
quantitative and less sensitive methods mostly applied over
the last two decades, dystrophin quantification is further
hampered by the limited availability of patient muscle bi-
opsies. It therefore still is not clearly defined precisely how
much dystrophin restoration is necessary to yield a functional
improvement. Although levels of (lifelong expression of)
dystrophin in BMD patients and transgenic mouse models
may provide useful information [10–12], these are likely not
obtainable when starting therapies in dystrophic muscle tis-
sue later in life.

Multiple mdx mouse studies applying different dystrophin-
restoring drug candidates have provided further insight. The
mdx mouse is the most widely used model for DMD and
carries a nonsense point mutation giving rise to a premature
stop codon in exon 23 of mouse dystrophin [13]. Conse-
quently, mdx mice lack functional dystrophin, although their
phenotype is considered mild relative to the severity of the
symptoms observed in DMD patients. The majority of these
mdx studies applied antisense oligonucleotides (AON) to
induce skipping of the mutated mouse exon 23 and thus re-
store the translational open reading frame.

A variable range of exon skipping and dystrophin levels
has been reported and claimed to be associated with some
functional improvement. However, these results were typi-
cally obtained using nonquantitative (nested) polymerase
chain reaction (PCR) methodology (overestimating exon skip
levels), nonquantitative Western blots to determine dystro-
phin levels and rather insensitive methods to measure func-
tionality [14–16]. In recent years, the methods to quantify
exon skip and dystrophin levels have significantly improved

with, for instance, the availability of digital droplet PCR
(ddPCR) [17], automated, sensitive and accurate immunoflu-
orescence analysis (IFA) [18], and capillary Western immu-
noassay (Wes) [10]. In addition, more sensitive methods for
quantification of functional endpoints have become available,
including magnetic resonance imaging (MRI) [19] and fully
automated kinematic analysis (ie, MotoRater analysis for
mouse models), with which 95 different parameters related to
fine motor capabilities and gait can be assessed [20–22].

Aim of this study was to apply these more quantitative and
sensitive state-of-the-art technologies to mdx mice to com-
pare the efficacy of subcutaneous (SC) versus intravenous
(IV) administration routes and different dosing regimens of
a 2¢-O-methylphosphorothioate (2OMePS) AON targeting
mdx exon 23, following its route from administration to tissue
uptake, from exon skipping to production of dystrophin, and
ultimately its therapeutic effect on muscle quality and motor
performance (Fig. 1A).

Materials and Methods

Antisense oligonucleotides

2OMePS-modified AONs were synthesized by BioMarin
Nederland B.V. (Leiden, The Netherlands). The previously
published 20-mer M23D(+2–18), targeting the last 2 bases of
mouse DMD exon 23 and the first 18 bases of intron 23 with
the sequence 5¢-GGCCAAACCUCGGCUUACCU-3¢ [23],
was used in this study as well as a scrambled (SCR) version of
it: M23D-scr 5¢-AGUCACCUGCUGACUCAGCC-3¢.

Mouse husbandry and ethical approval

Male mdx mice (C57BL/10ScSn-Dmdmdx/J) and wild-type
(WT) controls (C57BL/10ScSn) were obtained from Jax

FIG. 1. Route of AONs from administration to therapeutic effects in mdx muscle. Upon dosing of M23D, it is taken up in
muscle, where it induces exon 23 skipping of mouse dystrophin, resulting in production of dystrophin. The increase in
dystrophin gives rise to an improvement of muscle integrity, which can be assessed by quantifying several markers of
muscle leakiness and by MRI to assess hyperintense regions in muscle representing edemic damage. Ultimately, the
improved muscle integrity results in an improvement of muscle performance. (A) The used methods for each step are
indicated in italics below the corresponding arrow. (B) Study design. mdx mice (n = 15), 5 weeks of age at first dose,
received either twice weekly SC injections or once weekly IV injections of 100 mg/kg with M23D for a total of 12 weeks.
A scrambled M23D AON was taken along as a control for the SC dosing group. The total dose is indicated. Mice were
subjected to MotoRater analysis at 14 weeks of age and to MRI at 15 weeks of age. AON, antisense oligonucleotide; IV,
intravenous; MRI, magnetic resonance imaging; SC, subcutaneous.
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Labs. Animal experiments were carried out at Charles River
Laboratories in Kuopio, Finland, according to the National
Institute of Health (NIH) guidelines for the care and use of
laboratory animals and were approved by the Animal
Experiment Board in Finland. Animals were housed at a
standard temperature (22 – 1�C) and in a light-controlled
environment (lights on from 7 a.m. to 8 p.m.) with ad libitum
access to food and water.

Treatment of mice with different dosing regimens
of M23D

mdx mice were randomized into groups so that whole lit-
ters of mice did not end up in a single testing group and taking
the baseline T2 MRI data and body weight into account so
that there were no group differences at the start of first
treatment. Five -week-old male mdx mice were treated twice
weekly subcutaneously with 100 mg/kg M23D (n = 15) or
M23D-scr (n = 15). This SC dose of M23D and even higher
doses have been previously used in other mdx studies [24,25].
In addition, a group of mdx mice was treated intravenously
with M23D in the tail vein (n = 15). Since it is unfeasible to
perform twice weekly IV injections in the tail vein for an
extended period, we opted to dose once weekly with
100 mg/kg for a total of 12 weeks, resulting in a 50% lower
total dose than the SC dose group (Fig. 1B).

A group of 10 male WT mice (C57BL/10ScSn) of the same
age as the mdx mice was included as a control group for the
serum biomarkers, the MRI, and motor function testing, and
received twice weekly SC injections with vehicle (VEH)
(20 mM sodium phosphate buffer pH 7 with 0.7% w/v NaCl).
Before each dose, mice were weighed. Mice were sacrificed
in week 13, 4 days after the final injection, and at the age of 17
weeks by deep anesthetization with sodium pentobarbital
(60 mg/kg Mebunat; Orion Pharma, Finland), followed by
cardiac puncture. A blood sample was collected to measure
serum biomarkers, after which the mice were transcardially
perfused with phosphate-buffered saline (PBS). Skeletal
muscles (gastrocnemius and quadriceps), diaphragm, heart,
intestine, spleen, kidney, and liver were isolated and snap-
frozen by immersing in isopentane au bain marie in liquid
nitrogen, placed in cryovials prechilled on dry ice, and stored
at -80�C.

Quantification of hyperintense regions
in gastrocnemius using MRI

To quantify muscle volume and muscle damage, 10 ran-
domly selected mice per group were subjected to volumetric
MRI and absolute T2 mapping of gastrocnemius muscle at
baseline (5 weeks of age) and at 15 weeks of age. WT mice
(n = 10) were included as a reference to check if treatment
with M23D changed parameters in the expected direction,
that is, toward WT. MRI analysis was performed using a
horizontal 11.7T magnet with bore size 160 mm equipped
with a gradient set capable of max. gradient strength 750
mT/m and interfaced to a Bruker Avance III console (Bruker
Biospin GmbH, Ettlingen, Germany). A volume coil (Bruker
Biospin GmbH) was used for transmission and a surface
phased array coil for receiving (Rapid Biomedical GmbH,
Rimpar, Germany). Isoflurane-anesthetized mice were fixed
to a custom-built mouse lower body holder and positioned

in the magnet bore in a standard orientation relative to gra-
dient coils.

For determination of muscle volume, a 3D gradient echo
sequence was used with repetition time (TR)/echo time (TE)
ratio (TR/TE) = 25/5 ms, field-of-view (FOV) of 26 · 22 ·
36 mm3, and matrix of 320 · 256 · 96. Absolute T2 mapping
was achieved using multi-spin-multi-echo (MSME) sequence
with TR of 2,300 ms, seven echo times in 10.5 ms intervals
between range of 10.5–73.5 ms, 20 0.7 mm thick slices, and
FOV/matrix of 25.6 · 19.2 mm2/256 · 192 providing 100 mi-
crons in-plane resolution. Manual region-of-interest analysis
for muscle volumes and T2-hyperintensities was carried out in
MATLAB environment (Mathworks, Natick, MA) utilizing
aedes image-analysis toolbox (http://aedes.uef.fi/).

Fine motor and kinematic gait analysis

Fine motor skills and gait properties were assessed at the
age of 14 weeks in 10 randomly selected mice per group
using a high precision kinematic analysis method (Moto-
Rater; TSE Systems, Homburg, Germany) using the walk-
ing mode. Before the test sessions, the mice were marked
in appropriate anatomical landmark points to facilitate the
data analysis process. The movement data were captured
using a high-speed camera (300 frames/s) from three differ-
ent views, from below and both sides. A trial was considered
successful if the mouse performed five consecutive step cy-
cles. The captured videos of each mouse were first analyzed
using Simi Motion software (Simi Reality Motion Systems
GmbH, Unterschleissheim, Germany) by tracking the ana-
tomical landmark points from the three views.

Different gait patterns and movements were further ana-
lyzed using a custom-made automated analysis system. The
analyzed parameters included, for example, (1) general spa-
tiotemporal parameters (stride time and speed, step width,
stance and swing time during a stride, and interlimb coordi-
nation), (2) body posture and balance (toe clearance, iliac
crest and hip height, hind limb protraction and retraction, and
tail position and movement), and (3) fine motor skills (swing
speed during a stride, jerk metric during swing phase, angle
ranges and deviations of different joints, and vertical and
horizontal head movement). The analysis provided altogether
95 different parameters related to fine motor capabilities
and gait.

The correlation structure between these distinctive pa-
rameters was further assessed using principal component
analysis (PCA). A set of new uncorrelated parameters, the
Principal Components (PCs), was determined. In this study,
we transformed the PCs by using the orthogonality pre-
serving Varimax rotation procedure to simplify the PCs
into interpretable gait features such as ‘‘overall hip height’’ or
‘‘trotting step sequence.’’

Finally, an overall gait analysis score, Gait Discriminant
Score, based on Varimax-rotated PCs, was established and
determined. The score is based on differences between mdx
and WT groups using those PCs that demonstrate a large
effect size (Cohen’s d > 0.8). Essentially, the basis of the
score, the discriminant vector, is a disease model-specific
combination of original variables, which characterizes the
model in the best possible way. The Gait Discriminant Score
for each mouse was obtained by projecting the normalized
parameter data onto the discriminant vector.
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Clinical chemistry

Routine clinical chemistry was performed on unhemolyzed
serum samples on a Thermofisher Konelab Xti 20 chemistry
analyzer according to the manufacturer’s instructions. Measured
parameters included alanine aminotransferase (ALT), aspartate
aminotransferase (AST), creatine kinase (CK), and lactate
dehydrogenase (LDH).

ddPCR analysis of exon skip levels

Mouse dystrophin exon 23 skip was determined using
ddPCR [17]. Total RNA was isolated from different mdx
tissues homogenized in 1 mL RNA-Bee (no. CS-105B; Bio-
Connect) by grinding in a MagNa Lyser (two to four cycles
of 20 s at 7,000 rpm) using MagNA Lyser Green Beads (no.
03358941001; Roche). The RNA concentration was deter-
mined with Nanodrop. For cDNA synthesis, 1,000 ng of total
RNA was used as input. cDNA was generated in 20mL reactions
using random hexamer primers (no. 11034731001; Roche) and
Transcriptor Reverse transcriptase (no. 3531287001; Roche)
according to the manufacturer’s instructions, with the ex-
ception that incubation took place for 40 min at 50�C instead
of 30 min at 55�C.

Specific TaqMan assays were designed to detect the dys-
trophin exon 22–24 boundary (transcript with exon 23 skip-
ped) and the exon 22–23 boundary (transcript still containing
exon 23, referred to as nonskipped) (Table 1). ddPCR was
performed on 2mL 2–10 · diluted cDNA in a 20mL reaction
volume containing 1mL of the relevant TaqMan assay, 10mL
of ddPCR Supermix for probes (no. 186–3010; BioRad), and
7 mL of DNase/RNase-free H2O. Exon skip percentage was
calculated with the following formula:

% exon skip¼ skip copies=lL½ �
total dystrophin skipþ non-skipð Þ copies=lL½ � · 100%

Protein lysate preparation from mdx tissues

Protein lysates were prepared from snap-frozen skeletal
muscle biopsies, heart and diaphragm by sectioning or
cutting off small biopsy pieces of in total *5–10 mg, placing
them in a Magna Lyser vial (without beads), and adding
200 mL Protein Lysis Buffer (15% sodium dodecyl sulfate
[SDS], 75 mM Tris-HCl pH 6.8, 1 Protease Inhibitor
Cocktail tablet [no. 04693159001; Roche/Sigma]/8 mL;
5% b-Mercaptoethanol). After briefly spinning down, *15
ceramic beads (MagNA Lyser Green Beads; no.
03358941001; Roche) were added to each tube. The sam-
ples were then homogenized by two to four cycles (20 s;
7,000 rpm) in a MagNA Lyser (Roche) and spun down for
5 min at 13,000 rpm. The supernatant was supplemented with
glycerol (final concentration 20%) and then samples were
stored at -80�C until further use.

To measure total protein concentration, 20 · dilutions
of the lysates in H2O were measured using the Pierce
660nm Protein assay (no. 226607; Thermo Scientific)
with added Ionic Detergent Compatible Reagent (Thermo
Scientific; no. 22663), according to the manufacturer’s
instructions.

Wes procedure to quantify dystrophin

Wes analysis was performed as previously described [10] on
a Wes system (no. 004-600; ProteinSimple) according to the
manufacturer’s instructions using a 66–440 kDa Separation
Module (no. SM-W006 or no. SM-W008; ProteinSimple)
combined with the No secondary Detection Module (no. DM-
003; ProteinSimple). For dystrophin detection, a rabbit
monoclonal anti-dystrophin antibody (no. ab154168; Abcam;
dilution 1/1,000) was used. In addition, an antibody targeting
Vinculin (no. Vinculin E1E9V; Cell signaling 13901S; dilution
1/100) was used to control for sample loading. Both primary
antibodies were raised in rabbit, so an anti-rabbit secondary
antibody (no. 042-206; Protein Simple) was used. The lysed
tissue samples were subsequently diluted to 250mg/mL, re-
sulting in a loading amount of 1.25mg per well/capillary.

To control for differences in signal between experiments, a
6-point calibration curve of a WT C57BL6/10ScSn mouse
muscle sample, ranging from 0.008 to 0.25 mg, was routinely
included for dystrophin detection. This reference sample was
selected from a panel of C57BL6/10ScSn mice based on it
displaying average dystrophin levels. Wes runs were con-
sidered valid if the linearity of the calibration curve displayed
an R2 > 0.99, based on 4–6 points in a relevant concentration
range.

In addition, to correct for loading differences, vinculin
levels were also determined by Wes in the diluted samples.
Vinculin is commonly used for normalization and expressed
in most tissues, with high levels in muscle tissue. A vinculin
calibration curve of the same WT control mouse used for
dystrophin analysis was therefore included, ranging from
0.25 to 4.0 mg. Since vinculin abundance was too high to get
reliable chemiluminescence values (substrate depletion),
we spiked/diluted the standard ProteinSimple secondary
anti-rabbit-horseradish peroxidase antibody with 1/1,000
diluted unconjugated anti-rabbit antibody (no. ab6702;
Abcam) to reduce HRP activity.

The final vinculin-corrected dystrophin values were gen-
erated by first expressing both the dystrophin and vinculin
signals as percentage of control (% WT; using a calibration
curve) using the formula below and then dividing the dys-
trophin % WT value by the Vinculin % WT value:

%WT¼ sample protein equal to x lg=mL WT from cal:curveð Þ
x lg=mL sample loaded

Table 1. Primer and Probe Sequence TaqMan Assays for Exon Skip Quantification in mdx Mice

Probe Forward primer 5¢ > 3¢ Reverse primer 5¢ > 3¢ Probe 5¢ > 3¢

mDMD_
ex22–23

ACTGAATATGAAATAATGG
AGGAGAGACT

GCCATTTTGTTGCTCTTTCAAA AAATTACAGGCTCTGCAAAG

mDMD_
ex22–24

AGCAGTCAGAAAGCAAAC
TCTCTG

TTCAGCCATCCATTTCTG
TAAGGT

TGGAGGAGAGACTCGGGAA
ATTACAGAATCACAT
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IFA of dystrophin at the muscle membrane

IFA was performed as previously described [18]. Briefly,
cryosections (8 mm thick) prepared from quadriceps and
gastrocnemius were mounted on Superfrost Ultra Plus
microscopy slides (no. 10417002; Fisher Scientific) and
incubated with primary antibody rabbit polyclonal anti-
dystrophin (no ab15277; Abcam) in a dilution of 1/50 in a
double staining with goat anti-spectrin (no. 7467; Santa
Cruz biotechnology; dilution of 1/50). Slides were rinsed
and washed twice for 5 min in PBS and subsequently incubated
for 1 h with secondary antibodies donkey-anti-rabbit Alex-
aFluor488 (no. R37118; ThermoFisher) in a dilution of
1/150 (dystrophin) and donkey-anti-goat AlexaFluor594 (no.
A-11058; ThermoFisher) in a dilution of 1/500 (spectrin).

Imaging of slides (five images per slide) was performed on
the same day on a Zeiss LSM 710 confocal microscope using
a 25 · objective. The 488 laser was set optimal on 1% beads
(no. I-14785; ThermoFisher) for each individual experiment,
which was typically gain 600 and transmission 5%. Images
were analyzed using Definiens Architect software version
2.0 as previously described [18]. The average dystrophin
intensity on the membrane of all analyzed cells was given in
arbitrary units.

Hybridization-ligation assay for measuring
M23D concentration

The concentration of M23D was determined using a hy-
bridization/ligation enzyme-linked immunosorbent assay

method based on an assay previously published [26] fol-
lowing adaptations previously described [27]. Briefly, tissues
were homogenized in 100 mM Tris-HCl pH 8.5, 200 mM
NaCl, 0.2% SDS, 5 mM ethylenediamine tetraaceticacid (all
Sigma), and 2 mg/mL protK (ThermoFisher) using MagNA
Lyser Green Beads (no. 03358941001; Roche) in a MagNA
Lyser (Roche) (four cycles of 20 s at 7,000 rpm), followed by
a 4-h rotation-incubation at 55�C. Tissue samples (60 mg/mL)
were diluted 1/60 in PBS and further dilutions were made in
tissue matrix (1/60 diluted pooled control tissue (60 mg/mL)
in PBS). A signal probe (containing the peptide for antibody
recognition) and a biotinylated template (complementary to
M23D and the probe) were added to homogenized tissue
samples and incubated in streptavidin-coated plates at 37�C,
unbound AON and probe were washed off, and the bound
fraction signal was developed with an antibody against
the signal probe followed by an incubation with 3,3¢,5,5¢-
Tetramethylbenzidine Liquid Substrate (TMB) (no. T4444,
Sigma). Absorption at 450 nm was measured using a plate
reader after stopping the reaction with 345 mM maleic acid
(Sigma). Calibration curves of the analyzed M23D prepared
in tissue matrix were included. All analyses were performed
in duplicate.

Statistical analysis

All values are presented as mean – standard error of mean,
and differences were considered to be statistically significant
at the P < 0.05 level. Significance between mdx groups was

FIG. 2. M23D tissue levels in SC and IV dosed mdx mice. (A). M23D levels (nmol) per gram in quadriceps and
gastrocnemius tissue. (B) M23D levels (nmol) in several off-target tissues (per gram): liver (L), kidney (K), spleen (S), and
intestine (I). (C) Muscle/kidney and muscle/liver ratios for quadriceps and gastrocnemius. Values are presented as
mean – SEM. Dots represent values obtained in individual mice (n = 14–15). Significance was assessed using unpaired two-
tailed t-test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). SEM, standard error of mean.
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assessed by analysis of variance (ANOVA) and Tukey’s
multiple comparison test or by unpaired two-sided t-test
(*P < 0.05; **P < 0.01; ***P < 0.001).

Results

Muscle uptake of the M23D AON

Tissue levels of M23D were quantified by ELISA in
skeletal muscle and in several off-target tissues, including
intestine, spleen, kidney, and liver. As anticipated, based on
the differential total dose administered, M23D levels were
*1.3-fold (P < 0.05) and 2-fold (P < 0.001) higher in quad-
riceps and gastrocnemius, respectively, in the SC dosing
group compared to the IV group (Fig. 2A).

While absolute levels differed significantly between the
off-target tissues (liver, kidney, spleen and intestine), the
overall pattern was similar to what we observed in skeletal
muscle, with 1.8–3-fold higher levels after SC compared to
IV dosing depending on the tissue (Fig. 2B). Interestingly, the
IV-dosed mice displayed a more favorable muscle-to-kidney
ratio compared to mice dosed through the SC route (2.3-fold
and 1.6-fold higher in quadriceps and gastrocnemius, re-
spectively) (Fig. 2C). This effect was also observed, although
less pronounced (1.5-fold), for muscle-to-liver ratios in

quadriceps. It thus appears that, despite the lower total dose
received, M23D uptake in muscle is more efficient through
the IV dosing route, with relatively less uptake in off-target
tissues. This confirms earlier observations with this AON in
the mdx mouse [28].

IV dosing results in higher exon skip levels
in skeletal muscle

Mean mouse exon 23 skip levels determined by ddPCR
ranged between 2.5% and 5.0% of total dystrophin transcripts
in skeletal muscle of M23D-treated mdx mice, depending on
the muscle group and dosing regimen, and were close to zero
in the scrambled control group (Fig. 3). In both quadriceps
and gastrocnemius, mean exon skip levels were significantly
higher in the IV dose group compared to the SC group
(Fig. 3), despite the twofold lower dose received by mice in
the IV group.

Exon skip levels were also determined in cardiac and di-
aphragm muscle, tissues affected in DMD that would likely
positively contribute to overall functional improvement upon
successful restoration of dystrophin expression. Mean exon
skip levels in these tissues were lower compared to skeletal
muscle, in particular, in heart (up to 0.5%). In contrast to
skeletal muscle, in heart and diaphragm, exon skip levels

FIG. 3. Exon 23 skip levels
(% of total dystrophin tran-
scripts) in quadriceps, gastroc-
nemius, heart, and diaphragm
of SC and IV dosed mdx
mice. Values are presented as
mean – SEM. Dots represent
values obtained in individual
mice (n = 14–15). Significance
was assessed using ANOVA
and Tukey’s multiple com-
parison test (**P < 0.01,
****P < 0.0001). ANOVA,
analysis of variance.
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were highest in the SC dose group. Since we did not measure
tissue levels in heart and diaphragm, it is unclear whether this
is due to lower M23D uptake in these tissues compared to
skeletal muscle upon IV dosing (Fig. 3).

IV dosing results in higher dystrophin levels
in skeletal muscle

Dystrophin protein levels were determined in quadriceps,
gastrocnemius, diaphragm, and heart using Wes [10]. Mean
dystrophin levels in the M23D-treated groups were 2.5 and
3.8% of WT levels in quadriceps and 1.6 and 2.5% of WT
levels in gastrocnemius in the SC and IV groups, respectively
(Fig. 4A). Comparison of dose routes revealed 1.5-fold
higher mean dystrophin levels in both quadriceps and gas-
trocnemius in the IV group compared to the SC group, despite
the twofold lower total dose received by mice in the IV group.
No dystrophin was detectable by Wes in both diaphragm and
heart (data not shown), consistent with the lower exon 23 skip
in both these tissues.

We also performed IFA of dystrophin membrane signal on
cross-sections of quadriceps and gastrocnemius muscle using
Definiens Architect software for image analysis [18]. Mean
dystrophin intensity was 1.2-fold higher in the IV group than
in the SC group both in quadriceps and in gastrocnemius,
consistent with the Wes results obtained in muscle homog-
enates (Fig. 4B, C).

A small increase in dystrophin expression is sufficient
to reduce levels of biomarkers associated
with muscle damage

CK, LDH, AST, and ALT are serum enzymes that are
elevated in several muscular dystrophies, including DMD,
and are widely used in the diagnosis of skeletal muscle injury
and damage [29,30]. mdx mice are reported to also have el-
evated levels of these serum biomarkers compared to WT
controls [31,32]. We here confirmed that all four biomarkers
were indeed significantly increased in mdx mice treated with
the scrambled control compared to WT controls (P < 0.0001)
(Fig. 5). After treatment with M23D LDH, AST and ALT
levels were significantly reduced in both the SC and IV
M23D treatment groups compared to the scrambled control-
treated mice, with the IV group displaying the strongest re-
duction for all three serum biomarkers (67% [LDH], 48%
[AST], and 45% [ALT] reduction). Reductions in CK levels
did not reach significance using ANOVA, but levels in the
IV group were reduced by *40% when compared to the
scrambled control group (two-tailed t-test, P < 0.05).

The collective lowering of all four serum biomarkers
suggests that IV dosing for 12 weeks with M23D and a small
increase in dystrophin levels from 2.5% to 3.8% of WT levels
were sufficient to reduce the leakiness of muscle fibers in mdx
mice.

A small increase in dystrophin expression is sufficient
to reduce edemic damage in gastrocnemius muscle

To further confirm that M23D treatment improved muscle
quality, 10 randomly selected mdx mice from each group
were subjected to volumetric MRI and absolute T2 mapping
of gastrocnemius at baseline (5 weeks of age) and at 15 weeks
of age. While no differences in gastrocnemius volume were

observed with MRI at baseline or at 15 weeks in any of the
M23D treatment groups compared to the scrambled control
(data not shown), differences were revealed with the quan-
titative T2-MRI mapping of gastrocnemius muscle by visu-
alizing edemic damage as areas of hyperintensity [33] 2017).

At 5 weeks of age, before any treatment, mdx mice showed
a significantly higher % of hyperintensities (P < 0.0001) and
hyperintensity volume (P < 0.001) compared to WT controls,
in which these hyperintensity scores were close to zero
(Fig. 6). This baseline measurement also revealed that there
were no significant differences in hyperintensity % or volume
between any of the mdx treatment groups before treatment.

At the age of 15 weeks, both hyperintensity volume and
% in mdx mice were higher than observed at 5 weeks of age
and levels in the M23D SC group were very similar to those
observed in the scrambled control group. However, in the
M23D IV group, hyperintensity volume did not show a rise at
15 weeks of age and % hyperintensities even showed a sig-
nificant decline compared to the levels observed at 5 weeks
(Fig. 6). Moreover, mice in the IV group displayed a signif-
icant reduction of hyperintensity volume compared to the
M23D SC group, despite the twofold lower dose they re-
ceived compared to the M23D SC group. The difference in
hyperintensity volume compared to the scrambled control
group was just above the statistical threshold of 0.05 when
using ANOVA, but did reach statistical significance by t-test
(Fig. 6B). In the IV group, the mean hyperintensity volume
was reduced by 45% (t-test, P < 0.001) and 49% (t-test,
P < 0.05) relative to the scrambled control group and M23D
SC group, respectively. Similarly, a reduction of mean hy-
perintensity percentage of 47% (t-test, P < 0.01) and 49%
(t-test, P < 0.05) was observed relative to the scrambled
control group and M23D SC group, respectively (Fig. 6B),
This suggests a positive treatment effect leading to reduc-
tion of edemic damage in gastrocnemius muscle upon IV
administration of M23D.

A small increase in dystrophin levels may already
have a beneficial effect on motor performance

mdx mice, in particular in the original C57BL/10ScSn
genetic background, are known to have a relatively mild
motor phenotype [34]. In this study, we used the highly
sensitive MotoRater system to evaluate gait characteristics
and fine motor skills in walking mode of all treatment groups
at 14 weeks of age. Data were generated per individual pa-
rameter as well as by using PCA. Using this approach, a clear
phenotype of the mdx mice was apparent, with 37 motor and
gait parameters significantly differing between mdx mice
treated with the scrambled control compared to vehicle
(VEH)-treated WT mice (P < 0.05; Table 2).

A discriminant vector was established based on those gait
features, which demonstrated a large effect size (Fig. 7A).
The vector can be seen as overall kinematic fingerprint of
mdx mice, characterizing all relevant gait changes, including
lower overall speed and swing speed, increased overall hip
height, slightly decreased tail tip position, decreased hip
range of motion (ROM), increased hip, knee, and ankle
angles, decreased retraction (more forward direction) and
increased nose height and ROM. The corresponding gait
discriminant score displayed a highly significant (P < 0.0001)
differentiation between the mdx mice and WT controls and a
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FIG. 4. Dystrophin levels
(% of WT) in quadriceps and
gastrocnemius of SC and IV
dosed mdx mice, assessed us-
ing Wes (A) and IFA (B). For
Wes, rabbit monoclonal anti-
dystrophin antibody (no.
ab154168; Abcam), and for
IFA, rabbit polyclonal anti-
dystrophin antibody (no.
ab15277; Abcam) were used.
Values are presented as
mean – SEM. Dots represent
values obtained in individual
mice (n = 14–15). Significance
between the mdx groups was
assessed using ANOVA and
Tukey’s multiple comparison
test (*P < 0.05, **P < 0.01,
****P < 0.0001). (C) Rep-
resentative IFA images are
shown of quadriceps and gas-
trocnemius for M23D-treated
mdx mice in the SC and IV
groups in comparison to the
scrambled control group. IFA,
immunofluorescence analysis;
Wes, capillary Western im-
munoassay.
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significant shift toward WT in the SC and IV M23D treatment
groups compared to the scrambled control group (P < 0.05),
indicating an M23D treatment effect on overall motor per-
formance (Fig. 7B).

Principle component analysis revealed three principle
components (PCs), each reflecting different gait features (see
heatmap, Fig. 7C). PC1 reflected overall speed, PC2 overall
hip height and tail base, and PC3 ankle angles, tail tip height,
nose height, and trajectory profiles. The difference between
mdx mice treated with scrambled (SCR) M23D and WT
controls was significant for PCs 1 and 2 and displayed a trend
toward significance (P = 0.07) for PC3. The most character-
istic mdx phenotype was captured by PC2 (Hip height, con-
sisting of hip and tail base heights, explaining 8.2% of the
total variation of data). A significant treatment effect was
seen in PC2 for both the SC and IV groups compared to the
scrambled control group (P < 0.05), with a more pronounced
shift toward WT observed in the IV group, suggesting re-
covery in overall hip height toward WT (Fig. 7C).

Discussion

The mdx mouse is the most widely used animal model in
the preclinical phase of dystrophin-restoring therapeutics for
DMD, and numerous mdx studies have been performed to
explore different routes of drug administration and dose

regimens, but also to define what increase and/or absolute
level of dystrophin is required to obtain functional im-
provement of muscle. In BMD patients, dystrophin levels
have been reported to range between *5% and 90% of
healthy control, with levels below 10% typically associated
with a more severe disease progression [35,36,10]. A study
on transgenic mdx/utrn(-/-)/Xist(Dhs) mice has further sug-
gested that with dystrophin levels up to 4%, survival and
motor function may be improved, but that levels higher than
4% are required to ameliorate histopathology as well [12].

Although informative, data derived from BMD patients
and transgenic mouse studies are based on lifelong expres-
sion of (truncated) dystrophin and difficult to compare with
DMD patients starting (truncated) dystrophin expression
upon treatment later in life. Thus, although phenotypically
quite distinct from DMD patients, studies in DMD animal
models like the mdx mouse remain important to explore and
define the minimal requirements for therapeutic dystrophin
expression in a (mouse) dystrophic background. A series of
mdx studies applying AONs to correct dystrophin expression
has been published over the last two decades, claiming a
variable range of exon skipping and dystrophin levels cor-
related to some functional improvement.

More recently, several improved and more quantitative
methods for quantifying RNA and protein levels and tech-
nologies to measure functionality have become available.

FIG. 5. Levels of serum
biomarkers CK, LDH, AST,
and ALT in SC and IV dosed
mdx mice compared to VEH-
dosed WT mice. Values are
presented as mean – SEM.
Dots represent values obtained
in individual mice (n = 14–15).
Significance between the
scrambled control and WT
group was assessed using an
unpaired two-tailed t-test
(####P < 0.0001). Significance
between the mdx groups was
assessed using ANOVA and
Tukey’s multiple comparison
test (*P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001).
ALT, alanine aminotransfer-
ase; AST, aspartate amino-
transferase; CK, creatine kinase;
LDH, lactate dehydrogenase.

58 DATSON ET AL.



Therefore, one of the aims of this study was to perform an
mdx AON study using a state-of-the-art toolbox applying the
best quantitative technologies available today. We applied a
relatively large sample size per group (n = 10–15, depending
on the readout) to have sufficient statistical power, given the
natural variation between mice.

While the first clinical studies on AONs with a PS back-
bone applied SC administration to DMD patients due to the
chronic nature of the treatment, more recently it has become
clear that this route may induce local injection site reactions

[37,38]. To explore the possibility of future IV dosing in
clinical trials, a second aim of this study was to perform a
side-to-side comparison of the efficacy of SC versus IV
dosing routes of the mdx-specific M23D (with a PS back-
bone) at both the molecular and functional level, using the
latest methodologies.

Previous studies in mdx indicated that twice weekly SC
administration of 100 mg/kg M23D gave rise to optimal tis-
sue levels and exon skipping [24,25]. Therefore, this dosing
regimen was the starting point of this study, including both an

FIG. 6. Hyperintensities identified by MRI in gastrocnemius in SC and IV dosed mdx mice compared to VEH-dosed WT
mice. (A)Representative T2-weighted MRI images of gastrocnemius muscles of mice in the different mdx and WT treatment
groups at baseline before treatment at 5 weeks of age obtained by MRI showing hyperintense regions as white areas. The
arrows indicate some hyperintense regions. (B)Measurements of % and volume of hyperintense tissue at baseline (5 weeks
of age) before any treatment and after 10 weeks of treatment (15 weeks of age) in mdx mice treated with M23D or the
scrambled control compared to VEH-dosed WT mice. Values are presented as mean – SEM. Dots represent values obtained
in individual mice (n = 10). Significance between the scrambled control and WT group was assessed using an unpaired two-
tailed t-test (###P < 0.001; ####P < 0.0001). Significance between the mdx groups was assessed using ANOVA and Tukey’s
multiple comparison test or unpaired two-tailed t-test (*P < 0.05, **P < 0.01, ***P < 0.001).
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M23D and a scrambled control group, applying the same SC
dosing route and twice weekly dosing regimen. Ideally, to
allow comparison of SC and IV dosing routes, the IV group
should also have received a twice weekly administration of
100 mg/kg M23D. However, due to practical reasons, per-
forming twice weekly IV injections in the tail vein of mdx
mice turned out to not be practically feasible for a 12-week
study. Mouse tail veins are fragile and multiple IV injections
result in an increased risk of tail necrosis and/or scarring
around the puncture site, making repeated injections difficult
and limiting the total number of IV injections that can be
applied. Therefore, we chose to perform the IV dosing once
weekly, thus resulting in a 50% lower total dose. While this is
not an optimal experimental design for comparison of SC and
IV dosing routes, the majority of readouts we quantified, both
molecular and functional, showed that IV dosing of M23D
had a more pronounced beneficial effect than SC dosing,
despite the fact that dose levels were only half of those ap-
plied in the SC group.

Muscle/kidney and muscle/liver ratios were higher in the
IV group, indicating a more favorable target-to-off-target
ratio, which may be related to higher plasma Cmax levels
obtained upon IV dosing [39]. Exon skip levels were sig-
nificantly higher in skeletal muscle of the IV compared to the
SC group, despite that absolute tissue levels were lower in
skeletal muscle of the IV group. It must be noted that M23D
tissue levels were quantified in tissue homogenates, so do not
reflect potential differences in intracellular uptake or sub-
cellular distribution. Therefore, the higher exon skip levels in
the IV group may be caused by a better Cmax-driven uptake
into the nucleus, the site of action for splicing modulation by
AONs, which is not evident when assessing absolute tissue
levels.

Consistent with the higher exon skip levels observed in the
IV group, dystrophin levels were also higher as determined
by both Wes and IFA analysis. Mean absolute levels of
dystrophin were slightly lower in gastrocnemius (1.6% [SC]
and 2.5% [IV] of WT levels) than in quadriceps (2.5% [SC]
and 3.8% [IV] of WT levels). While dystrophin levels were
relatively low, some beneficial effects were observed on
markers of muscle leakiness, muscle quality, and motor
performance. In particular, in the IV-treated mice, there was a
40–67% reduction of serum biomarkers CK, LDH, AST, and
ALT, pointing toward a reduced muscle leakiness. In line
with this, IV-dosed mice displayed a significant reduction of
both hyperintensity percentage and volume in gastrocnemius.
In contrast, the lower mean dystrophin levels in the SC group
(1.6% of WT levels) were not sufficient to reduce these hy-
perintensity parameters.

Finally, motor performance was assessed using kinematic
gait analysis. Mice in both the SC and IV group displayed a
significant reduction of gait discriminant score and a signif-
icant shift toward WT for overall hip height and tail base
properties captured in PC2, with the shift being larger in the
IV group. Taking all these data together, the overall response
was stronger and more significant upon IV dosing at a two-
fold lower dose than in the SC dose group. This supports
implementation of IV dosing of 2OMePS AONs in future
clinical trials.

A second aim of this study was to make use of modern
cutting-edge quantitative and sensitive methods, some of
which can also be implemented in clinical trials. Since the
initial studies on induction of exon 23 skipping in mdx
myoblasts published over two decades ago [40,41], there
have been several technological advances allowing more
accurate quantification of the main molecular readouts of
efficacy: exon 23 skipping and dystrophin restoration. In
addition, there have been several innovations in imaging and
kinematic gait analysis, providing novel tools to better assess
on the one hand muscle condition and on the other hand
motor performance.

Some of the exon skip studies in mdx mice, including re-
cent publications, have reported on AON-induced exon 23
skipping data assessed using nonquantitative, sometimes
even nested, PCR with gel-based or densitometric assessment
of exon skip levels [42–45,25]. A disadvantage of this ap-
proach is that it has the propensity to overestimate exon skip
levels due to the PCR bias, favoring amplification of the
smaller exon skip product over the exon 23-containing non-
skipped amplicon, in particular, when using a large number
of PCR cycles or nested PCR [46,17]. A more valid way of

Table 2. List of 37 Motor and Gait Parameters

That Are Significantly Different Between

mdx and Wild-Type Mice

Parameter P

strideTime 0.0152
strideSpeed 0.0171
strideDistance 0.0281
stepWidhHind 0.00608
stanceTimeHind 0.0305
swingTimeHind 0.00295
stanceTimeFore 0.0213
swingTimeFore 0.0179
foreCoupling 0.0358
iliacCrestHeight 0.000443
tailBaseMean 0.0164
tailBaseMax 0.00431
tailBaseRange 0.0422
tailTipMin 0.00939
tailTipMean 0.0206
swingMeanSpeedHind 0.0095
swingMeanSpeedFore 0.018
swingPeakSpeedHind 0.00558
swingPeakSpeedFore 0.00515
swingMeanJerkFore 0.0325
angleRangeHip 0.00106
lengthNoseTail 0.000189
hipHeight 0.00148
tailTouchesGround 0.0244
tailTipOverHip 0.0222
tailTipDist2d 0.00617
tailTipDist3d 0.00117
toeLiftoffAngleHind 0.036
dutyCycleFore 0.0324
singleSupportFore 0.0426
doubleSupportFore 0.0318
supportLateral 0.00199
supportFour 0.0132
minAngleHip 0.0432
minAngleKnee 4.98e-06
maxAngleKnee 0.0156
minAngleAnkle 0.0453

The P-value (two-tailed t-test)is indicated.
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quantifying exon skip is quantitative PCR (qPCR), which is
an improvement compared to non-qPCR, but may require
preamplification of cDNA if exon skip levels are low [47,48].
The gold standard, however, is absolute quantification of
exon skip levels by ddPCR, which has been validated for its
linearity and range, repeatability, accuracy, detection, and
quantitation limits [17]. A recent multicenter comparison of
quantification methods for AON-induced DMD exon 51
skipping in DMD patient concluded that ddPCR was the most
precise and quantitative method and did not overestimate
exon skip levels [49]. Despite its advantages, ddPCR is still
not widely used and this study is one of the first to apply this
accurate and highly sensitive methodology to quantify AON-
induced exon skip in muscle tissue.

Western blotting (WB) is still the most widely used
method in the DMD field for quantification of dystrophin
levels. Limitations of WB are the relatively large amount of
protein required and the technical challenges related to the
large size of dystrophin, which make it notoriously difficult to
transfer efficiently onto membrane during blotting. Conse-
quently, reproducibility is poor and the procedure is not very
quantitative.

Recently, we demonstrated the use of Wes for quantifica-
tion of dystrophin in skeletal muscle biopsies of healthy
controls and individuals with BMD or DMD [10]. In Wes,
proteins are size separated in capillaries, where they are in-
cubated with primary and (HRP conjugated) secondary an-
tibodies and finally with Luminol/peroxidase. The produced
chemiluminescent signal is automatically quantified and is
displayed as an electropherogram showing automatically
detected intensity peaks that can be quantified by calculation
of the area under the curve. Besides quantification of the full-
length Dp427 dystrophin isoform, Wes can also be used to
quantify levels of shorter dystrophin isoforms, such as, for
example, the Dp71 isoform [10,50]. We validated this
method by assessing linearity of quantification for different
antibodies, reproducibility (interassay and intra-assay, in-
teroperator), and found the assay to be highly sensitive and
linear over a wide dynamic range and with a lower limit of
quantification (LLOQ) low enough to quantify trace dystro-
phin levels present in skeletal muscle of DMD patients. The
reproducibility of dystrophin quantification by Wes was in
line with the FDA/EMA regulations for quantitative bio-
chemical analysis [10]. Since it is a relatively new method, so
far only a few studies have been published making use of this
methodology [10,50]. In this study, we applied Wes, allowing
accurate quantification of the amount of dystrophin produced
by exon 23 skipping in the mdx mouse.

The Wes results were confirmed by quantifying dystrophin
signal intensity at the muscle membrane in muscle cross-
sections using IFA. We applied customized Definiens soft-
ware, which automatically identifies individual muscle fiber
membranes using their spectrin signal and measures the
membrane dystrophin intensity per muscle fiber [18]. This
method was previously shown to be an objective, sensitive,
reproducible, and standardized IFA method to assess dys-
trophin intensity levels per individual fiber in an entire fiber
population in a semiautomated manner [18].

The downstream effects of the observed dystrophin res-
toration on muscle quality were assessed using MRI of gas-
trocnemius muscle. mdx mice displayed hyperintense regions
in their skeletal muscle at both the baseline (5 weeks of age)

and endpoint measurements (15 weeks of age), indicating
that MRI is sensitive enough to clearly detect the dystrophic
phenotype in mdx from an early age onward. This is striking,
given that mdx mice on a C57BL/10ScSn genetic background
are known to have a mild skeletal muscle phenotype [13,34].
The hyperintense regions are thought to represent edemic
damage due to impaired membrane integrity arising from the
lack of dystrophin and were absent in WT controls. The IV-
dosed mdx mice showed a significant reduction of hyper-
intensities, suggesting a decrease of muscle leakiness. This
was backed up by the reduction of CK, LDH, AST, and ALT,
which are serum biomarkers of muscle damage. Similar to the
MRI analysis, a clear phenotype of mdx mice was evident
from the fine motor and kinematic gait analysis using the
MotoRater system in 15-week mdx mice. A total of 37 motor
and gait parameters significantly differed between mdx and
WT mice, resulting in an overall gait discriminant score that
significantly differed from WT. Together, these changes
signify a more upright gait and posture of mdx mice, sug-
gesting physiological changes in hind limb muscles poten-
tially due to increased stiffness/spasticity/rigidity in knee and
hip extensor muscles.

Mice in both the SC and IV group showed a clear shift in
normalized gait discriminant score toward WT. In addition,
overall hip height was significantly affected and displayed a
shift toward WT in both the SC and IV M23D treatment
groups, indicated by the gait PC score in PC2, with the
largest effect being observed in the IV-treated mice. Strik-
ingly, while the MotoRater analysis was sensitive enough to
clearly detect a muscle and motor phenotype with a sufficient
window to allow accurate monitoring of therapeutic effects in
mdx mice, in contrast to the majority of the other readouts,
it did not detect much difference between the SC and IV
dosing groups.

Last, but not least, the more quantitative molecular and
functional data obtained in this study suggest that low levels
of dystrophin of at least 2.5–3.8% of WT levels may already
be sufficient to reduce muscle leakiness and improve motor
performance in the mdx mouse model. This is considerably
lower than the 15–20% of normal levels of dystrophin that
have been postulated by others to be the lower threshold
required for restoration of functional deficits in dystrophic
mouse models [11, 51–54]. It cannot be excluded that dys-
trophin levels in these studies were overestimated, since
nonquantitative methods were used. In addition, the func-
tional improvement observed in this study should not be
overinterpreted, since we only applied a limited set of func-
tional tests and did not include electrophysiology or force
tests to directly quantify muscle function.

While it is encouraging that a relatively low amount of
dystrophin may already be sufficient to restore muscle leak-
iness and improve motor function in mdx mice, it remains to
be seen to what extent this can be extrapolated to the human
situation in DMD. So far, in clinical trials applying exon
skipping AONs, reported dystrophin levels have been low,
but in some patients a functional improvement was observed
[55,56]. However, in the absence of more robust dystrophin
levels and functional outcome, it is not justified to make an
accurate statement on how much dystrophin restoration in
DMD patients is necessary for a specific functional benefit.
Nonetheless, several lessons from this study can be im-
plemented in a clinical trial setting, including the better
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efficacy of IV compared to SC dosing and the use of inno-
vative methods to more sensitively and reliably quantify exon
skip, dystrophin, muscle quality, and motor function.
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