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Patients with myotonic dystrophy type 1 (DM1) identify
chronic fatigue as the most debilitating symptom, which man-
ifests in part as prolonged recovery after exercise. Clinical fea-
tures of DM1 result from pathogenic gain-of-function activity
of transcripts containing an expanded microsatellite CUG
repeat (CUGexp). In DM1 mice, therapies targeting the CUGexp

transcripts correct the molecular phenotype, reverse myotonia,
and improve muscle pathology. However, the effect of targeted
molecular therapies on fatigue in DM1 is unknown. Here, we
use two mouse models of DM1, age-matched wild-type con-
trols, an exercise-activity assay, electrical impedance myogra-
phy, and therapeutic antisense oligonucleotides (ASOs) to
show that exaggerated exercise-induced fatigue progresses
with age, is unrelated to muscle fiber size, and persists despite
correction of the molecular phenotype for 3 months. In old
DM1 mice, ASO treatment combined with an exercise training
regimen consisting of treadmill walking 30 min per day 6 days
per week for 3 months reverse all measures of fatigue. Exercise
training without ASO therapy improves some measures of
fatigue without correction of the molecular pathology. Our re-
sults highlight a key limitation of ASO monotherapy for this
clinically important feature and support the development of
moderate-intensity exercise as an adjuvant for targeted molec-
ular therapies of DM1.
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INTRODUCTION
Myotonic dystrophy (dystrophia myotonica [DM]) is the most com-
mon muscular dystrophy in adults, with a worldwide prevalence of
between 1:3,000 and 1:8,000.1,2 Characteristics of this multisystem
disorder include myotonia (delayed muscle relaxation due to repeti-
tive action potentials), chronic fatigue, progressive weakness, muscle
wasting, cardiac conduction disturbance, insulin resistance, neuro-
psychiatric symptoms, and gonadal atrophy. Inheritance is autosomal
dominant. DM type 1 (DM1) results from a CTG repeat expansion in
the 30 untranslated region of the DM protein kinase (DMPK) gene on
chromosome 19q.3 DM1 disease severity and rate of progression
correlate with allele length of the CTG repeat.4,5 Clinical manifesta-
tions of DM1 result from accumulation ofDMPK-CUGexp transcripts
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in skeletal muscle and other affected tissues. Thus far, no treatment
that alters the disease course in patients has been identified, although
targeted molecular therapies that neutralize the pathogenic CUGexp

transcripts have shown promise in DM1 mouse models.6–12

Fatigue affects more than 90% of DM1 patients and is the symptom
that has the greatest overall impact on their lives, even surpassing lim-
itations of mobility.13 In general terms, fatigue is a state of depressed
responsiveness resulting from protracted activity and requiring an
appreciable recovery time.14 Clinically, it manifests as difficulty initi-
ating or maintaining voluntary activities and is distinct from muscle
weakness or depressed mood.15 Fatigue can be divided into central
and peripheral components. The main features of central fatigue
are enhanced perception of effort and a limited ability to sustain
mental and physical activities.15 Peripheral fatigue is a reduction in
the force of muscle fiber contraction and follows repeated contraction
or direct stimulation of the muscle.14 Previous studies suggest that fa-
tigue in DM1 is more central than peripheral,15–21 is separate from
daytime sleepiness,22 and includes symptoms such as decreased en-
ergy, a sensation of tired muscles, and prolonged recovery after
exercise.13

More than 90% of patients with a second type of muscular dystrophy,
facioscapulohumeral muscular dystrophy (FSHD), also experience
fatigue.23 A recent study in FSHD patients found that either aerobic
exercise training or cognitive behavioral therapy can reduce chronic
fatigue.24 Exercise training also has been evaluated as a non-pharma-
cological therapy for chronic fatigue in patients with chronic fatigue
syndrome/myalgic encephalomyelitis25 and multiple sclerosis,26 and
in cancer survivors.27 The effect of exercise therapy on fatigue in
DM1 patients is unknown.28 In this study, we examined the effect
of a 3-month training program that consisted of treadmill walking
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combined with a therapeutic antisense oligonucleotide (ASO) on
post-exercise fatigue in DM1 transgenic mice.

RESULTS
Exaggerated fatigue in two DM1 mouse models

The human skeletal actin long repeat (HSALR) transgenic mouse
model of DM1 was designed to test the hypothesis that expanded
CUG repeat-bearing RNA is toxic for muscle cells.29 This model con-
tains an expanded CTG repeat in the 30 untranslated region of the
human skeletal actin (ACTA1) gene. The ACTA1 transgene restricts
expression of CUGexp transcripts to skeletal muscle tissue, which
accumulate in nuclear inclusions that resemble those found in skeletal
muscle of individuals with DM1. Similar to DM1 patients, the
CUGexp RNA in these mice initiates pathology by sequestering
RNA binding proteins in the muscleblind-like (MBNL) family, result-
ing in mis-regulation of alternative splicing of several dozen tran-
scripts. The pathogenic activity of CUGexp RNA leads to myotonia,
histopathologic signs of muscular dystrophy, and splicing patterns
that are similar to human DM1. Support for this RNA-dominant
disease process comes from observations that Mbnl1 knockout
(Mbnl1�/�) mice30 display multi-systemic features that resemble
DM1 and that defects of alternative splicing induced by expression
of CUGexp RNAs or by ablation of the Mbnl1 gene are very
similar.31,32

In the HSALR model, the restriction of CUGexp RNA to skeletal mus-
cle permits the study of the aspect of fatigue in DM1 that is due to
intrinsic muscle pathology. To test whether HSALR mice develop
fatigue, we used an exercise-activity assay. First, we placed 2- to
3-month-old HSALR, Mbnl1�/�, and wild-type (WT) control mice
on a treadmill for 10 min up a 15-degree incline at a speed of 20 m
per min. Immediately post-exercise, we monitored mouse movement
in the x, y, and z planes for 30 min using an acrylic cage and infrared
lasers (see Video S1). Quantitative activity measurements were
collected in 1-min intervals and included the number of single-rear-
ing events with 1 s between each event (vertical breaks), total counts
from the z-plane sensor (vertical counts), total distance traveled (cm),
ambulatory time in seconds (s), rest time (s), and the total time spent
on small rapid movements such as scratching, grooming, or other
stereotypic non-ambulatory movements (stereotypic time; s) during
the 30-min (1,800 s) monitoring period. In HSALRmice, post-exercise
fatigue was mild, with small deficits in vertical breaks, ambulatory
time, and distance traveled relative to age-matchedWT controls (Fig-
ure 1A). In Mbnl1�/� mice, post-exercise spontaneous activity was
significantly lower than in age-matched HSALR mice and less than
half of that in WT (Figure 1A). Stereotypic time was similar in all
groups (Figure S1).

To examine the relationship between exaggerated fatigue in DM1
mice and muscle structural abnormalities, we used electrical imped-
ance myography (EIM) to estimate myofiber size non-invasively.
EIM measures the flow of current through muscle tissue, focusing
on rate, speed, efficiency, frequency, and direction.34 Prior EIM
studies have found that the center frequency (fc), an index that is
394 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
inversely related to cell size, and the 50-kHz electric phase angle,
which refers to the time shift of electric current that occurs as a result
of its passage through tissue at a frequency of 50 kHz, are sensitive
measures of muscle fiber size in models of atrophy and hypertro-
phy.35,36 We found that the fc was significantly decreased and the
50-kHz electric phase angle significantly increased in gastrocnemius
muscles of young HSALR mice as compared to Mbnl1�/� mice or
age-matched WT controls (Figure 1B), both features consistent
with increased myofiber size. To evaluate whether EIM parameters
were accurate indicators of myofiber size in these models, we
measured minimum Feret’s diameter33 in muscle tissue sections. Fi-
ber diameter distribution appeared similar in Mbnl1�/� and WT
but shifted toward hypertrophy in young HSALR mice, with mean
values approximately 25% larger than in the other two groups (Fig-
ures 1C–1E).

Fatigue in DM1 transgenic mice progresses with age

In humans with DM1, symptoms of fatigue worsen with age.13 To
explore whether fatigue progresses in the HSALR model, we tested fa-
tigue in aged mice. In the absence of preceding exercise, spontaneous
activity in 15-month-old HSALR mice appeared similar to age-
matched WT controls (Figure 2A). Post-exercise, old HSALR mice
demonstrated exaggerated fatigue by several measures as compared
to age-matched WT controls, including less frequent vertical activity,
shorter distance traveled, and longer resting time (Figure 2A). Com-
parison of the pre- and post-exercise data for each individual mouse
found that post-exercise spontaneous activity in HSALR mice was less
than half that in WT for all measurements of fatigue (Figure 2B).
Post-exercise stereotypic time appeared similar in both groups (Fig-
ure S1). We were unable to test fatigue in oldMbnl1�/�mice because,
in our experience, these mice tend to die without warning sometime
between 2 and 6 months of age. To determine whether fatigue pro-
gressed with age, we performed head-to-head comparisons of post-
exercise activity in young and old mice. The differences in measure-
ments of vertical breaks, ambulatory time, and rest time between old
HSALR versus old WT were significantly greater (30%–50% change)
than the statistically non-significant differences between young
HSALR versus young WT. Spontaneous activity also was significantly
lower (30%–60% change) in old HSALR versus young HSALR, while
differences in these measures between young WT versus old WT
were statistically non-significant (Figure 2C).

Treatment effect on fatigue

If exaggerated fatigue in aged HSALR mice is due to pathogenic activ-
ity of CUGexp transcripts in muscle tissue, then correction of the un-
derlying molecular derangements may reduce fatigue. To date, ASOs
are the most promising therapeutic agents for DM1.6–8,11,37 We
treated 14-month-old HSALR mice for 3 months with saline or a ther-
apeutic ASO that targets the ACTA1-CUGexp transcripts for cleavage
via the RNase H pathway and reverses the molecular phenotype in
young HSALR mice.6,8 Surprisingly, all measures of fatigue appeared
similar in the saline- and ASO-treated groups (Figure 3A). In a third
group, a moderate-intensity exercise training regimen that consisted
of treadmill walking at a speed of 11.5 m/min, zero degree incline for



A

B

D E

C

Figure 1. Muscle fatigue in two mouse models of DM1 is independent of muscle fiber size

(A) We examined spontaneous x-, y-, and z-plane activity of untreated 2- to 3-month-old Mbnl1 knockout (�/�; N = 3), HSALR (N = 14), and WT (N = 13) mice for 30 min

immediately following treadmill exercise for 10 min uphill at a 15-degree angle (see Materials andMethods). The number of single-rearing events with 1 s between each event

(vertical breaks), total counts from the z sensor (vertical counts), ambulatory time (s), rest time (s), and total distance traveled (cm) during the 30-min (1,800 s) monitoring

period are shown. Individual data points represent the mean of three trials performed on separate days of each individual mouse. ***p < 0.001; **p < 0.01; *p < 0.05; one-way

ANOVA/Tukey. (B) Non-invasive EIM measurements of gastrocnemius muscles under general anesthesia as estimates of muscle fiber size and structural pathology. fc (left)

and phase angle (right) with current applied in a transverse direction with respect to muscle fiber orientation. ***p < 0.001; **p < 0.01; one-way ANOVA/Tukey. (C)

Representative hematoxylin and eosin (H&E) staining of transverse gastrocnemius muscle cryosections. Bars, 50 mm. (D) Minimum Feret’s muscle fiber diameter, defined as

the minimum distance between parallel tangents,33 in 8-mmcryosections of gastrocnemiusmuscles in each group shown in (B) and (C). (E) Mean fiber diameter in each group

using the data in (D). ***p < 0.001; one-way ANOVA/Tukey. Error bars indicate mean ± SEM.
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30 min per day 6 days per week for 15 weeks38 (see Video S2)
improved fatigue resistance in five of the seven mice, although results
for the entire group fell short of statistical significance (Figure 3A).
Mice treated with ASO combined with the exercise-training regimen
were the only group that showed a consistent improvement in all
measures of fatigue (Figure 3A). The EIM parameter fc appeared
similar regardless of treatment and was significantly reduced in all
groups as compared to age-matched WT controls, while electric
phase angle measurements in HSALR mice appeared similar regard-
less of treatment (Figure 3B). Histologic measurement of muscle fiber
diameter showed a size distribution in the training, ASO alone, and
training combined with ASO treatment groups that is intermediate
between that in the saline-treated group and WT controls (Figures
3C–3E; Figure S2).

The age-related progression of fatigue and its differential response in
the treatment groups suggested the possibility that intrinsic structural
abnormalities of skeletal muscle also differed between groups. We
found that capillary density was 38% greater in saline-treated old
HSALRmice than in youngHSALR orMbnl1�/�mice and 78% greater
than in age-matched WT (Figures 4A and 4B). Capillary density also
showed a non-significant reduction in the training group and a 20%
reduction in old mice treated with either ASO or ASO combined with
exercise training (Figures 4A and 4B). The percentage of fibers that
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 395
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Figure 2. Muscle fatigue as a progressive phenotype in DM1 transgenic mice

We examined spontaneous x-, y-, and z-plane activity of untreated 15-month-old HSALR (N = 12; orange circles) and WT (N = 10; black triangles) mice for 30 min without

preceding treadmill exercise (�) or immediately following treadmill exercise (+) for 10 min uphill at a 15-degree angle (see Materials and Methods). (A) Quantification of single-

rearing events with 1 s between each event (vertical breaks), total counts from the z sensor (vertical counts), ambulatory time (s), rest time (s), and total distance traveled (cm)

during the 30-min (1,800 s) monitoring period. Individual data points represent the mean of three trials performed on separate days of each individual mouse. ***p < 0.001,

**p < 0.01, *p < 0.05, all HSALR versus WT post-exercise; two-way ANOVA. (B) The difference (delta) between the pre- and post-exercise measurements of each individual

mouse shown in (A). **p = 0.003, delta vertical breaks and delta ambulatory time; and 0.002, delta vertical counts and delta rest time; *p = 0.011, delta distance traveled; two-

tailed t tests. (C) Post-exercise spontaneous activity measurements in 2- to 3-month-old (young) HSALR and WT and 15-month-old (old) HSALR and WT mice. ***p < 0.001,

p < 0.01, and *p < 0.05; one-way ANOVA/Tukey. Note that the differences between young HSALR and youngWT and between youngWT and oldWTwere non-significant for

vertical breaks, ambulatory time, and rest time. Error bars indicate mean ± SEM.
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contain internal nuclei was more than double in saline-treated
old HSALR mice as compared to saline-treated young HSALR or
Mbnl1�/� mice and was unchanged regardless of treatment (Fig-
ure 4C; Figure S3).

Molecular phenotype in mice with fatigue

The persistence of fatigue and myopathy despite drug treatment sug-
gested the possibility that ASOs may be ineffective in old HSALR

mice. To examine ASO drug target engagement, we quantified
ACTA1-CUGexp transcripts by droplet digital PCR (ddPCR).11

ACTA1-CUGexp transcript abundance appeared similar in muscles of
old mice treated with ASO alone or ASO combined with an exercise-
training regimen (Figure 5A; Figure S4). Unexpectedly, we found
that baseline ACTA1-CUGexp RNA levels were lower in saline-treated
396 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
old HSALR mice than in young HSALR mice (Figure 5A; Figure S4).
Muscles of old mice in the exercise-training group tended to have a
lower abundance of ACTA1-CUGexp transcripts than in saline-treated
old mice, although the difference was statistically non-significant.
Ribonuclear foci of CUGexp RNA and MBNL1 protein appeared
similar by quantitative imaging of muscle-tissue sections in groups
treated with saline or exercise training and were less intense in groups
treated with ASO or ASO + training (Figure S4). We next investigated
whether the small decrease of ACTA1 transcript abundance in muscles
of the exercise-alone group was due to reduced transcription of the
ACTA1 transgene or enhanced degradation of ACTA1 mRNA. Using
a ddPCR primer probe set targeting the ACTA1 intron 1-exon 2 splice
site, we found that pre-mRNA levels were reduced in old mice treated
with exercise alone to a similar degree as the mRNA and that the
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Figure 3. Effect of exercise training and targeted molecular therapy on muscle fatigue

We treated ~14 month-old HSALR mice with a 15-week course of saline, a moderate-exercise training program (see Materials and Methods), a therapeutic ASO, or a

combination of training + ASO and performed a post-treatment exercise-activity assay at 17.5–18 months of age. (A) Vertical breaks, ambulatory time (s), rest time (s), and

total distance traveled (cm) in each group. Individual data points represent the mean of three trials performed on separate days for each individual mouse. ***p < 0.001, **p =

0.01, and *p < 0.05; one-way ANOVA/Tukey. (B) Non-invasive EIMmeasurements of gastrocnemiusmuscles under general anesthesia as estimates of muscle-fiber size and

structural pathology. fc (left) and phase angle (right) with current applied in a transverse direction with respect to muscle-fiber orientation. **p < 0.01; *p < 0.05; one-way

ANOVA/Tukey. (C) Representative hematoxylin and eosin (H&E) staining of transverse gastrocnemius muscle cryosections. Bars, 50 mm. (D) Minimum Feret’s muscle-fiber

diameter, defined as the minimum distance between parallel tangents,33 in 8-mm cryosections of gastrocnemius muscles in each group shown in (B) and (C). (E) Mean fiber

diameter in each group using the data in (D). ***p < 0.001; one-way ANOVA/Tukey. Error bars indicate mean ± SEM.
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proportion of the total ACTA1-CUGexp transcripts that were mRNA
identical in all groups (Figure S4). We also explored whether exercise
training may lead to differences in expression of Dmpk, which is the
gene that carries the CUGexp in humans with DM1. Using ddPCR,
we found that Dmpk transcript levels were identical in mice that
were sedentary or received exercise training for 3 months (Figure S4).

Evaluation of alternative splice events enables a convenient measure-
ment of molecular disease status in DM1 patients39,40 or therapeutic
drug activity in DM1 mice.8,11 To examine the relationship between
fatigue and molecular phenotype, we used RT-PCR to measure alter-
native splicing of Atp2a1, Clasp1, Clcn1, and Ttn, transcripts that are
mis-regulated in DM1 patients and young HSALR mice.11,31,41–45 In
saline-treated old HSALRmice that feature significantly lower CUGexp

RNA levels than in untreated young mice, exon inclusion percentage
was intermediate between untreated young mice andWT (Figures 5B
and 5C; Figure S5). Splicing patterns of all four transcripts in mice
treated with ASO alone or ASO combined with exercise training
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 397
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appeared similar to those in WT. Mice in the training group also
showed mild improvement of splicing, consistent with the trend for
slightly lower ACTA1-CUGexp RNA levels.

CTG repeat length in aged muscle tissue

In human DM1, expanded CTG repeats are highly unstable, tending
to increase in an age- and tissue-dependent manner, and in muscle
tissue, somatic expansion of the CTG length can precede progression
of weakness.39,46–49 To test whether progression of fatigue or myop-
athy in HSALR mice may be explained by age-related somatic
expansion of the CTG repeat, we performed small-pool PCR and
Southern blotting50 of tail biopsy DNA obtained at weaning and
gastrocnemius muscle tissue DNA from the same mice at age
18 months. Using a left primer that amplifies 36 base pairs (bp) up-
stream of the CTG repeat insertion and a right primer that amplifies
59 bp downstream of the CTG repeat insertion, we identified a single
band of approximately 650 bp that appeared identical in young tail
DNA and aged gastrocnemius muscle tissue DNA (Figures 6A and
6B). The sequence amplified outside the CTG expansion is a total
of 36 + 59 = 95 bp. Therefore, the CTG repeat sequence is 650 �
95 = 555 bp, which corresponds to 555/3 = 185 CTG repeats (Fig-
ure S6), 26% shorter than the 250 CTG repeats originally reported
in this model.29

DISCUSSION
Fatigue is common in many neuromuscular disorders and is the
symptom that has the greatest overall impact on the lives of DM1 pa-
tients13. This is the first study to identify and rescue fatigue in a model
of DM1. We found that combining ASO therapy with a moderate-in-
tensity exercise-training regimen reversed both the molecular pheno-
type and all measures of in vivo post-exercise fatigue in old HSALR

mice. The failure of ASO monotherapy to improve fatigue in this
model suggests a key limitation of targeted molecular therapies for
the treatment of this clinically important feature. Moderate-intensity
exercise training, a non-pharmacological intervention that reduces
chronic fatigue in patients with FSHD,24 also showed a trend for
improvement in fatigue of old HSALR mice but without correction
of the molecular or histologic phenotype. Our results support the
development of moderate-intensity exercise training as both a
stand-alone therapy for fatigue and, eventually, an adjuvant for future
ASO and other molecular therapies in DM1 patients. Initiation of
therapy in young individuals with mild manifestations likely would
achieve optimal clinical benefit.

The moderate-intensity exercise regimen that we used for the mice
consisted of treadmill walking on a flat surface for 30 min per day
6 days per week, for a total of 180 min per week. This is comparable
to the physical activity guidelines issued by the US Department of
Health and Human Services, Canadian Society for Exercise Physi-
ology, the UK Department of Health and Social Care, and the Euro-
pean Union Sport Ministers that all recommend at least 150 min of
moderate-intensity aerobic activity, such as brisk walking, for adults
each week.51–54 Given that most DM1 patients are ambulatory, a
similar regimen should be clinically feasible.
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In individuals with classical adult-onset DM1, clinical manifesta-
tions such weakness and fatigue are progressive: they are absent
or unnoticeable in youth and gradually worsen with age. In this
study, we demonstrate that fatigue and myopathy in the HSALR

model also are progressive: they are mild in youth and gradually
worsen with age. The tissue specificity and expression stage of the
transgene in the HSALR model enabled determination that the cu-
mulative life-long effects of expanded CUG repeats in muscle tissue
are sufficient to cause post-exercise fatigue, independent of pathol-
ogy in non-muscle tissues. The substantially greater fatigue in
Mbnl1�/� mice, as compared to age-matched HSALR mice, suggests
the possibility that the combined absence of MBNL1 activity in the
skeletal muscle, peripheral nerves, motor neurons, and CNS, may be
an important determinant of fatigue severity in this model. In hu-
man DM1, CUGexp RNA sequesters MBNL proteins to form nuclear
foci in neurons of the CNS and spinal cord,55,56 suggesting that
MBNL loss of function in these tissues also may contribute to fa-
tigue in patients.

In the HSALR model, several lines of evidence suggest that progressive
fatigue and its response to exercise training are independent of
CUGexp transcript abundance or alternative splicing patterns: (1) fa-
tigue in saline-treated old HSALR mice was greater than in untreated
young HSALR mice, yet CUGexp RNA levels were significantly higher
and alternative splicing mis-regulated to a significantly greater degree
in young than in old mice, (2) fatigue persisted in mice treated with
ASOs alone but was eliminated in mice that received combined exer-
cise and ASO therapy, despite similar correction of the skeletal muscle
molecular and histopathologic phenotype in each group, and (3) the
molecular phenotype in muscle of the ASO-alone treatment group
improved to a significantly greater degree than in the group that
received exercise training alone, yet fatigue was worse in the ASO-
alone treatment group. Unexpectedly, chronic exercise in HSALR

mice reduces transcription of the ACTA1-CUGexp transgene by a
small degree, explaining the molecular observations in the exercise-
alone group. By contrast, the quantity of Dmpk, the transcripts that
carry the CUGexp in DM1 patients, is unchanged in response to exer-
cise, suggesting that translation of a potential benefit of exercise alone
in DM1 patients would be independent of its effect on DMPK-
CUGexp RNA abundance.

Non-invasive monitoring of muscle size and composition is a poten-
tially valuable tool for monitoring disease status, progression, and
eventually response to therapy in future clinical trials.57 EIM mea-
surements are highly dependent on the electrode size, spacing be-
tween electrodes, size of muscle, and thickness of skin and subcutane-
ous fat.58 In this study, we found that the EIM parameter transverse fc
was an accurate predictor of muscle fiber size in the HSALR and
Mbnl1�/� models of DM1 and in WT controls, with fc values
inversely related to fiber size. We suspect that the bimodal and
extended distribution of fc for old WT mice is an artifact caused by
thicker skin and/or the larger and more variable collection of adipose
tissue located between the skin and proximal gastrocnemius muscle in
some old mice as compared to young mice. Our results support the
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exploration of EIM as a non-invasive means to monitor disease status
and burden in muscle tissue of DM1 patients.

The ACTA1-CTG repeat length of approximately 185 that we
observed by Southern blotting is considerably shorter than the 250
that was reported at the time the model was originally published29

and suggests the possibility of germline contraction. In human
DM1 muscle tissue, the allele length of the DMPK-CTG repeat can
reach up to 3,000 to 5,000 by somatic expansion and is associated
with fatigue, muscle wasting, and histopathologic fiber atrophy.39

The stability of the CTG repeat that we observed in aged HSALR mus-
cle tissue suggests that fatigue can progress independently of somatic
expansion and may explain, in part, the absence of muscle wasting in
this model.

MATERIALS AND METHODS
Experimental mice

The Massachusetts General Hospital Institutional Animal Care and
Use Committee (IACUC) approved all mouse studies. The HSALR

transgenic and Mbnl1�/� mouse models of DM1, both on the FVB/
n background, were described previously.29,30 Friend Virus B NIH
Jackson (FVB/n) WT mice served as controls. Mice ranged from 2
to 18months of age and were chosen randomly by genotype and strat-
ified for sex to allow an approximately equal number of females and
males.

Exercise-activity monitoring assay

We tested all mice at night or synchronized to a reverse light cycle
(shifted 12-h:12-h dark:light) room so that at the time of testing,
the mice were behaviorally most active. Mice were acclimatized to
the test room, on the same light:dark cycle, for at least 1 h. We exer-
cised mice using an adjustable variable speed belt treadmill (Exer 3/6;
Columbus Instruments), up a 15-degree grade with acclimatization at
3 m/min for 2 min, acceleration from 3 m/min to 15 m/min
(18-month-old mice) or 20 m/min (young and 15-month-old mice)
over 1 min, followed by 15 m/min (old mice) or 20 m/min (young
mice) for 10 min and a 1-min cool-down period of the speed gradu-
ally slowing to a stop, for a total regimen of 14 min (modified from a
prior study59). We monitored mouse activity using individual cham-
bers in sets of two, for 30 � 1 min intervals pre- and/or immediately
post-treadmill exercise in an isolated room at the same time every day
and with the same handler (Opto-Varimex 4 activity meter; Colum-
bus Instruments). This system uses a grid of invisible infrared light
beams that traverse the animal chamber front to back and left to right
to monitor the position and movement of the mouse within an x-y-z
plane. The sensor pairs consist of an infrared emitter bar with eight
infrared beams and a matching detector bar. Every interruption of
one of the optimal beams is registered as a count. Vertical counts
are the total counts from the z-axis sensors. Vertical breaks are sin-
gle-rearing events with 1 s between each event. Ambulatory time is
the quantification of the total time spent making large ambulatory
movement (s). Rest time is defined as the combined period of time
without detection of movement (s). Stereotypic time is the quantifica-
tion of total time spent on small rapid movements such as scratching,
grooming, or other stereotypic non-ambulatory movements (s). The
total distance traveled during the interval is recorded in centimeters
(cm). For each parameter, we used average values of three separate tri-
als on three separate days for comparison between groups.
Moderate-intensity exercise training regimen

We exercised mice using an adjustable variable-speed belt treadmill
(Exer 3/6; Columbus Instruments) on a flat surface (no incline) at 3
m/min for 2 min, acceleration from 3 m/min to 11.5 m/min over
1 min, followed by 11.5 m/min for 30 min and a 1-min cool-down
period of the speed gradually slowing to a stop, for a total regimen
of 34 min, 6 days per week for 15 weeks.38 We prepared the mice
for the full regimen by using a 15-day acclimatization period at a
speed of 11.5 m/min for 3 min and increased the duration by 2 min
per day until reaching the target duration of 30 min per session at
full speed. HSALR mice started the acclimatization procedure at age
~14–14.5 months and completed the training regimen at age
~17.5–18 months.
EIM

Wemeasured electrical impedance at 41 frequencies from 1 kHz to 10
MHz in gastrocnemius muscles of mice in the prone position under
general anesthesia (inhaled isoflurane) using the EIM1103 System
(Myolex, San Francisco, CA, USA).35 The examiner (J.L.) was blinded
to treatment. After removal of hair (Nair), electrode gel and a tetrapo-
lar electrode array were placed on the outside of the skin in an orien-
tation to enable application of electric current parallel to the long axis
of the muscle and longitudinal with respect to muscle-fiber orienta-
tion. This four-electrode method applies current between two outer
electrodes and uses two inner electrodes to measure the impedance
to current flow as the overall resistance (R) encountered in combina-
tion with the reactance (X), which is a capacitive property of
temporary storage and release of electric current by muscle-fiber
membranes. Values for both resistance and reactance are measured
in ohms. The time shift of electric current that occurs as a result of
its passage through muscle tissue is known as the phase angle (q)
and is calculated using the formula q = arctangent (R/X).34 Following
data capture in the longitudinal orientation, the electrode array
was rotated 90� so that the electrodes were oriented to enable appli-
cation of current perpendicular to the long axis of the muscle and
transverse with respect to muscle-fiber orientation for capture of a
transverse dataset, then rotated an additional 90� (180� from dataset
#1) for capture of a second longitudinal dataset, and finally rotated
an additional 90� (270� from dataset #1) for capture of a second
transverse dataset. We sampled the left and right gastrocnemius mus-
cles with electrodes placed twice in the longitudinal direction and
twice in the transverse direction and averaged the longitudinal and
transverse sets for each muscle. To establish a relationship between
the impedance data and muscle fiber morphometry and physiology,
we used an empiric model proposed by Cole60 that summarizes the
frequency dependence of the measured resistance and reactance
values into four parameters that relate to the electrical and geomet-
rical properties of muscle fibers.58,61 One of these parameters, the
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Figure 4. Age-related progression of myopathy and response to ASO treatment in DM1 mice with muscle fatigue

We immunolabeled capillaries with anti-CD31 antibody, outlined muscle fibers with Alexa 647-wheat germ agglutinin (WGA), and highlighted nuclei with DAPI. (A) Repre-

sentative images of CD31, WGA+DAPI, and CD31+WGA+DAPI (merge) of gastrocnemius muscles from each group are shown. Fluorescence intensity range is 0–8,000

grayscale units. Bars, 50 mm. (B) Quantification of capillary density displayed as the number of capillaries per 100 muscle fibers. ***p < 0.001; **p < 0.01; *p < 0.05; one-way

ANOVA/Tukey. (C) Quantification of the percentage of gastrocnemius muscle fibers in each group that contain at least one internal nucleus. ***p < 0.001; one-way ANOVA/

Tukey. Error bars indicate mean ± SEM.
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fc, is the frequency of maximum reactance and is inversely related to
muscle fiber size.
ASO treatment

We used ASO 445236, a 20-mer RNase H-active gapmer that targets
ACTA1 transcripts 30 of the expanded CUG repeat region.8 The cen-
tral gap segment consists of ten 20-deoxyribonucleotides (underlined
in the sequence below) that are flanked on the 50 and 30 wings by five
20-O-methoxyethyl-modified nucleotides. The internucleotide link-
ages are phosphorothioate, and all cytosine residues are 50 methylcy-
tosines. We treated mice with a dose of 25 mg/kg by subcutaneous
injection twice weekly for 4 weeks (eight doses) and again once every
4 weeks (two additional doses for a total of ten doses). The ASO was a
gift from C. Frank Bennett (Ionis Pharmaceuticals, Carlsbad, CA,
USA). Treatment assignments of saline, ASO, or training regimen
combined with ASO were randomized.
400 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
The gapmer ASO #445236 sequence is as follows: 50-CCATT
TTCTTCCACAGGGCT-30 (published previously8).
Muscle fiber histology, immunolabeling, and morphometry

We stained 8-mm frozen sections with hematoxylinGill #2 (Sigma prod-
uct number GHS216) for 2 min, rinsed in running water until clear, 1�
Scott’s water (Sigma product number S5134) 1 min, and eosin Y (Sigma
product number HT-110116) 2 min, rinsed in distilled water until the
eosin stopped streaking, 50% ethanol for 1 min, 70% ethanol for
1 min, 95% ethanol for 1 min twice, 100% ethanol for 1 min twice,
and xylenes (Fisher product number HC700) 1 min. Slides were let to
dry and then mounted with Permount (Fisher product number SP15).
To identify capillaries, we fixed 8-mm muscle-tissue sections with 3%
paraformaldehyde (pH 7.3) for 10 min at room temperature, washed
with PBS, incubated in anti-CD31 rabbit monoclonal primary antibody
(5.5 mg/mL; Abcam product number EPR17260-263) overnight at 4�C,
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followed by a goat anti-rabbit Alexa 546 secondary antibody (1 mg/mL;
Invitrogen product number A11018) for 1 h at room temperature.11 To
highlight the muscle fibers for the measurement of minimum Feret’s
diameter, defined as the minimum distance between parallel tangents,33

and counterstain nuclei, we added Alexa 647-wheat germ agglutinin
(20 mg/mL; Invitrogen product number W32466) and DAPI (33 ng/
mL) together with the secondary antibody. We mounted slides using
anti-fade medium (Prolong Gold; Invitrogen product number P36930)
and No. 1 1/2 cover glasses (Zeiss product number 474030-9000-000),
as previously described.11 In the gastrocnemius muscles, quantification
of capillary density, internal nuclei, and fiber diameter was blinded to
treatment assignment. In the paraspinal muscles, which were examined
after the gastrocnemius, these measurements were unblinded.

To localize MBNL1 protein, we incubated muscle sections in anti-
MBNL1 rabbit polyclonal antibody (2 mg/mL in PBS; Abcam product
number ab45899) overnight at 4�C followed by goat anti-rabbit Alexa
546 secondary antibody (1 mg/mL in PBS) for 1 h at room temperature.
To highlight muscle fibers and nuclei, we added fluorescein isothiocya-
nate (FITC)-wheat germ agglutinin (10 mg/mL; Sigma product number
L4895) and DAPI (33 ng/mL) together with the secondary antibody.

Fluorescence in situ hybridization (FISH)

To identify CUGexp RNA foci, we modified a previously published pro-
tocol.62We fixed 8-mmmuscle cryosections with 3% paraformaldehyde
(pH7.3) in 1� PBS, washed in 1� PBS, permeabilized nuclei using 0.5%
Triton X-100 in 1� PBS for 5 min or 0.2% Triton X-100 in 1� PBS for
10 min at room temperature, and incubated in pre-hybridization solu-
tion (30% formamide/2� saline sodium citrate [SSC]) for 10 min at
roomtemperature.Hybridizationwas for 3h at 37�C in33%formamide,
2� SSC, 0.2 mg/mL bovine serum albumin (NEB product #B9001S),
70 mg/mL yeast tRNA (Invitrogen product #15401-011), 2 mM ribonu-
cleoside vanadyl complex (NEB product #S1402S), and 1 mg/mL 20-O-
methyl-modified RNA CAG repeat probe 50 labeled with Alexa 647.
Post-hybridization, we incubated sections in 30% formamide/2� SSC
for 30 min at 42�C followed by 1� SSC for 30min at room temperature
and three washes in 1� PBS at room temperature before proceeding to
labeling with primary anti-MBNL1 antibody, as described above.

Hybridization probe

The hybridization probe is as follows: 50-Alexa 647-mCmAmGmC
mAmGmCmAmGmCmAmGmCmAmGmCmAmGmCmA-30 (high-
performance liquid chromatography [HPLC] purified; “m” designates
that RNA bases have 20-O-methyl modifications; IDT).

Light and quantitative fluorescence microscopy

To capture single images or z series stacks, we used an AxioImager mi-
croscope (Zeiss), filters for DAPI (excitation/emission 365/445; Zeiss
filter set 49), GFP (excitation/emission 470/525; Zeiss filter set 38),
Cy3 (excitation/emission 550/605; Zeiss filter set 43 HE), and Cy5
(excitation/emission 640/690; Zeiss filter set 50), a Flash 4.0 LT sCMOS
camera (Hamamatsu), a MicroPublisher 3.3 RTV color CCD camera
(Q-Imaging), and Volocity image acquisition software (PerkinElmer).
Objectives were 5� EC Plan-NEOFLUAR NA 0.16, 10� EC Plan-
NEOFLUAR NA 0.3, 20� Plan-APOCHROMAT NA 0.8, 40� Plan-
APOCHROMAT NA 1.4, and 63� Plan-APOCHROMAT NA 1.4.
To quantitate fluorescence, we used Volocity quantitation and restora-
tion software modules (PerkinElmer), as described previously.11

RNA isolation

Wehomogenizedmuscle tissues in Trizol (Life Technologies), removed
DNA and protein using bromochloropropane, precipitated RNA with
isopropanol,washedpellets in 75% ethanol, anddissolvedpellets inmo-
lecular grade water according to manufacturer recommendations. To
determine RNA concentration and quality, we measured A260 and
A280 values (Nanodrop) and examined 18S and 28S ribosomal RNA
bands by agarose gel electrophoresis, as described previously.11

Quantification of gene expression by ddPCR

We used ddPCR supermix for probes (Bio-Rad product number 186-
3010), an automated droplet generator (Bio-Rad QX200), automated
droplet reader (Bio-Rad QX200), and PCR cycling conditions accord-
ing to manufacturer instructions, as previously published.40 To mea-
sure gene-expression level, we used a previously published primer
pair and Fam-labeled probe for human ACTA1 mRNA6 and used
Primer3 software51,52 to design a primer pair and Fam-labeled probe
targeting ACTA1 pre-mRNA at the intron 1-exon 2 splice site.
The primer pair and Fam-labeled probe that we used to measure
mouse Dmpk was published previously.8 The sequences are shown
in Table S1. For normalization controls, we used commercially avail-
able standard assays for mouse Acta1 (Hex-labeled probe; Bio-Rad
unique assay ID dMmuCPE5088325) and mouse general transcrip-
tion factor 2b (Gtf2b; FAM-MGB; Applied Biosciences assay ID
Mm00663250_m1).40 After PCR was complete, the plate was loaded
into the droplet reader, processed, and analyzed using QuantaSoft
software, and total events were quantitated using themean copy num-
ber per mL of duplicate 20-mL assays from individual samples.40

RT-PCR analysis of alternative splicing

We made cDNA using Superscript III reverse transcriptase (Life
Technologies) and random primers and performed PCR using Am-
plitaq Gold (Life Technologies) and gene-specific primers. We sepa-
rated PCR products using agarose gels, labeled DNA with 1� SYBR I
green nucleic acid gel stain (Life Technologies product number
S7567)/1� Tris-borate-EDTA (TBE) for 1 h, and quantitated band
intensities using a transilluminator, CCD camera, XcitaBlue conver-
sion screen, and Image Lab image acquisition and analysis software
(Bio-Rad), as previously described.40 Sequences for primers targeting
alternative splicing of Atp2a1, Clcn1, Clasp1, and Titin are shown in
Table S2 and have been published previously.11,31,44

Estimation of the ACTA1 transgene CTG repeat length

We digested 100 ng genomic DNA isolated from tail-biopsy DNA at
weaning (3 weeks of age) and from gastrocnemius or extensor digito-
rum brevis muscles collected at ~18 months of age with the restriction
enzyme HindIII-HF (NEB product number 3104) and used 10 ng of
digested DNA as template for PCR with primers spanning the CTG
repeat insertion (Figure S5; Table S2). To estimate size, we separated
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Figure 5. Muscle fatigue is independent of molecular disease activity in old DM1 mice

We treated old HSALRmice (~14months of age) with saline (N = 9), moderate-exercise training program (N = 7; training; seeMaterials andMethods), ASO 445236 (N = 5), or a

combination of training and ASO 445236 (N = 6) for 3.5months and analyzed at ~18months of age. Young HSALRmice (N = 8) served as controls. (A) ddPCR quantification of

ACTA1-CUGexp transcripts in gastrocnemius muscle normalized to endogenous mouse Acta1 transcripts. ***p < 0.001; one-way ANOVA/Tukey. (B) RT-PCR and agarose

gel electrophoresis analysis of alternative splicing of transcripts Atp2a1, Clasp1, Clcn1, and Ttn in gastrocnemius muscles of young and old HSALR mice. Gastrocnemius

muscles of young Mbnl1�/� and old WT mice served as controls. (C) Quantification of alternative splicing in gastrocnemius muscles. ***p < 0.001; **p < 0.01; one-way

ANOVA/Tukey. Error bars indicate mean ± SEM.
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PCR products by 1% agarose gel electrophoresis, stained gels using
1� SYBR I green, and imaged PCR products as described above.

Small-pool PCR and Southern blotting

We also examined CTG repeat length by small-pool PCR and South-
ern blotting,50,63 with modifications as follows. We used 2 ng of Hin-
402 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
dIII-HF-digested genomic DNA as template for PCR, separated prod-
ucts using 1% agarose gels, denatured using 0.5 M NaOH/1.5 M NaCl
for 60 min with gentle shaking at room temperature, neutralized with
10� SSC for 30 min with gentle shaking at room temperature, and
transferred DNA to nylon+ membranes overnight by capillary action
using 10� SSC buffer. The next day, we cross-linked the DNA to the
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Figure 6. Progressive fatigue occurs without somatic expansion of the CTG repeat length in muscle tissue

We examined CTG repeat length in tail biopsy DNA obtained from HSALR mice at 3 weeks of age (N = 5; left half of gel) and in gastrocnemius (gastroc) muscle DNA obtained

from the same mice at age 18 months using PCR and primers targeting the ACTA1 sequence spanning the CTG insertion site. (A) PCR using 10-ng template DNA, gel

electrophoresis, and staining with 1� SYBR green. bp, base pairs; L = 1 Kb Plus DNA ladder. CTG repeat length is estimated by subtracting the number of nucleotides

amplified by the primers upstream and downstream of the CTG repeat from the total amplicon size of ~650 bp and dividing by 3 (see Figure S6). (B) Southern blot using 2 ng

template DNA for PCR of the same samples in (A).
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membrane using ultraviolet light (Stratalinker 1800; Stratagene), pre-
hybridized membranes using ExpressHyb hybridization solution
(Clontech product number 8015-3) for 30 min at 42�C, hybridized
using a 50-digoxigenin-labeled CAG repeat probe (50 ng/mL) in Ex-
pressHyb for 1 h at 42�C, and washed in 2� SSC/0.1% sodium do-
decyl sulfate (SDS) for 30 min at room temperature followed by
0.1� SSC/0.1% SDS for 30 min at 42�C. A rotating hybridization
oven was used for the pre-hybridization, hybridization, and second
post-hybridization wash steps; an orbital shaker was used for the first
wash step. After the hybridization step, we washed membranes in 2�
SSC/0.1% SDS for 15 min � 2 followed by 0.1� SSC/0.1% SDS for
15 min � 2, blocked with 0.6% gelatin from cold water fish skin64

(Sigma product number G7041) in 1� PBS for 1 h at room temper-
ature, and placed in mouse monoclonal anti-digoxigenin primary
antibody immunoglobulin G (IgG)1kappa (clone 1.71.256; Sigma
product number 11333062910) stock concentration 100 mg/mL
(use concentration of 1:5,000 = 20 ng/mL PBS/0.05% Tween 20 for
1 h at room temperature in a rotating oven) and then overnight at
4�C. We used secondary antibody goat anti-mouse IRDye 680D
(75 ng/mL; LI-COR product number 926-68070) in PBS/0.05%
Tween 20 for 1 h at room temperature and imaged blots using a laser
scanner (LI-COR Odyssey Cxl) and ImageStudio software (LI-COR).

Hybridization probe

The hybridization probe is as follows: 50-DigN-mCmAmGmC-
mAmGmCmAmGmCmAmGmCmAmGmCmAmGmCmA-30

(HPLC purified; “m” designates that RNA bases have 20-O-methyl
modifications; IDT).
Sample size

Whether HSALR orMbnl1�/� mice had exaggerated fatigue or differ-
ential EIM parameters relative to WT was unknown. Therefore, we
were unable to choose a sample size ahead of time to ensure
adequate power to measure response to therapy. Instead, we chose
sample sizes based on previously reported differences of the molecu-
lar phenotype and/or response to ASO therapy in muscle tissue of
these models,8,11 combined with prior EIM experience using other
mouse models.35,65

Statistical analysis

For two-group and multi-group comparisons, we used unpaired two-
tailed t test or analysis of variance (ANOVA), respectively (Prism
software, GraphPad). Group data are presented as mean ± SEM. A
p value <0.05 was considered significant.

Data availability

All relevant data are available from the authors.
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Supplemental Information can be found online at https://doi.org/10.
1016/j.omtn.2020.11.014.
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