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Abstract Dynamin-2-related centronuclear myopathy
(DNM2-CNM) is a clinically heterogeneous muscle disor-
der characterized by muscle weakness and centralized nuclei
on biopsy. There is little known about the muscle dysfunc-
tion underlying this disorder, and there are currently no
treatments. In this study, we establish a novel zebrafish
model for DNM2-CNM by transiently overexpressing a
mutant version of DNM2 (DNM2-S619L) during develop-

ment. We show that overexpression of DNM2-S619L leads
to pathological changes in muscle and a severe motor phe-
notype. We further demonstrate that the muscle weakness
seen in these animals can be significantly alleviated by
treatment with an acetylcholinesterase inhibitor. Based on
these results, we reviewed the clinical history of five
patients with two different DNM2-CNM mutations (S619L
and E368K) and found electrophysiological evidence of
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abnormal neuromuscular transmission in two of the individuals.
All five patients showed improved muscle strength and motor
function, and/or reduced fatigability following acetylcholines-
terase inhibitor treatment. Together, our results suggest that
deficits at the neuromuscular junction may play an important
role in the pathogenesis of DNM2-CNM and that treatments
targeting this dysfunction can provide an effective therapy for
patients with this disorder.
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Introduction

Centronuclear myopathies (CNMs) are a clinically hetero-
geneous group of muscle disorders characterized by a high
proportion of centralized nuclei on muscle biopsy. CNMs
can have a wide spectrum of clinical presentations, ranging
from severe infantile to mild adult-onset forms. Common
features of the disease include generalized weakness, poor
muscle tone, ptosis, and ophthalmoparesis. Mutations in
four genes are known to cause CNM: myotubularin
(MTM1), amphiphysin 2 (BIN1), dynamin 2 (DNM2), and
the skeletal muscle ryanodine receptor (RYR1).

To date, 19 different mutations in DNM2 have been
shown to cause autosomal dominant forms of CNM
(Fig. 1a) [1]. While the relationship between mutation loca-
tion and phenotype is not entirely clear, patients with severe
early-onset DNM2-CNM often have mutations in the

pleckstrin homology (PH) domain. The PH domain is re-
sponsible for localizing DNM2 to the plasma membrane
during endocytosis, but this localization does not seem to
be disrupted by disease-associated mutations in the PH
domain [2, 3]. At the plasma membrane, DNM2 forms
rings around budding vesicles, where it contributes to
the release of newly formed endosomes. In addition to
endocytic function, DNM2 has been implicated in caveolae
internalization, trans-Golgi transport, and aspects of cytoskel-
etal regulation including lamellipodia extension, phagocyto-
sis, cell motility, cell division, and centrosome cohesion
[4–10].

Despite the well-characterized role of DNM2 in endocy-
tosis, little is known about DNM2 function in muscle or the
specific pathomechanisms that underlie DNM2-related
CNM. The purpose of this study is to examine the structure
and function of the neuromuscular junction (NMJ) in
DNM2-CNM using a novel zebrafish model combined with
clinical analysis of patients with DNM2-CNM. While NMJ
defects have not typically been associated with CNM pa-
thology, some patients with CNM exhibit symptoms consis-
tent with congenital myasthenic syndromes, a group of
disorders caused by defects in neuromuscular transmission.
Case studies have reported NMJ abnormalities in patients
with genetically uncharacterized CNM, including histopath-
ologic features that resemble the post-synaptic changes seen
in some myasthenic disorders [11–13]. Intriguingly, two
recent studies describe patients with CNM who responded
favorably to treatment with acetylcholinesterase inhibitors, a
finding consistent with NMJ deficits [14, 15]. Despite this

Fig. 1 Overexpression of DNM2-S619L causes a muscle-specific
phenotype. a CNM-causing mutations in human DNM2. The mutation
used in this study, DNM2-S619L, is highlighted in yellow. b DNM2-
WT and DNM2-S619L larvae at 2 dpf. Overexpression of DNM2-WT
or DNM2-S619L does not cause any gross morphological changes

during development. c RT-PCR of human DNM2 expression in
developing zebrafish injected with high (150 pg/injection) or low
(50 pg/injection) concentrations of DNM2-S619L RNA. All further
studies were performed on embryos injected with 50 pg RNA
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mounting evidence that CNM can present with myasthenic
features, there are no reports of NMJ dysfunction or acetylcho-
linesterase inhibitor treatment in patients with DNM2-CNM.

There are currently no stable transgenic DNM2-CNM
animal models that recapitulate the major features of the
disorder. Heterozygous knock-in mice carrying the R465W
mutation display some histologic changes and modest muscle
atrophy by 8 months, but exhibit no overt motor phenotype or
centralized nuclei [16, 17]. By contrast, viral overexpression
of DNM2-R465W in adult mouse muscle causes weakness
and muscle atrophy, and a significant increase in abnormally
localized nuclei by 4 weeks postinjection [18]. Both of these
mouse studies examined the DNM2-R465Wmutation, a com-
mon CNM-causing mutation. Most patients with the DNM2-
R463W mutation have a relatively mild disease course, with
symptom onset ranging from late childhood to the fourth
decade of life [19, 20]. In this study, we examine transient
overexpression of DNM2-S619L, a mutation associated with
severe neonatal weakness and hypotonia [21].

Zebrafish have been a successful model for many muscle
disorders, and our lab has previously characterized a zebra-
fish model for myotubular myopathy, an X-linked form of
CNM [22, 23]. In this study, we generate a novel model of
DNM2-CNM by transiently overexpressing DNM2-S619L
in developing zebrafish larvae. These animals exhibit severe
weakness and motor deficits. We demonstrate that NMJs are
disorganized in these animals and that motor dysfunction
can be rapidly alleviated by acetylcholinesterase inhibitor
treatment. We also show electrophysiological evidence for
NMJ deficits in two patients with DNM2-CNM and report
symptomatic improvement following acetylcholinesterase
inhibitor treatment in five patients. Taken together, these
results suggest that deficits in neuromuscular transmission
are a significant component of DNM2-CNM pathology and
that therapeutics targeting the NMJ may provide effective
treatment for this disorder.

Materials and methods

Animal care Zebrafish (AB strain) were bred and raised
according to established protocols, under the guidelines of
the University of Michigan Animal Care and Use protocols.
Experiments were performed on zebrafish embryos and
larvae between 1 and 3 days post fertilization (dpf). All
animals were handled in strict accordance with good animal
practice as defined by national and local animal welfare
bodies. All animal work was approved by the University
of Michigan Committee for the Use and Care of Animals
(UCUCA protocol no. 09835).

RNA synthesis and injection of zebrafish embryos Wild-
type human DNM2 plasmid was purchased from Invitrogen

(ORF Gateway® Entry IOH53617). The S619L point mu-
tation was introduced using the QuikChange Lightning Site-
Directed Mutagenesis Kit (Stratagene). Expression vectors
were generated by recombination of DNM2 entry clones
with p5E-CMV/SP6, p3E-polyA, and pDestTol2pA2 cas-
settes from the Tol2kit v1.2, a kind gift of Dr. Chi-Bin Chien
[24]. Gateway recombination reactions were performed us-
ing LR Clonase II Plus Enzyme Mix (Invitrogen). DNM2
expression constructs were linearized with NotI and tran-
scribed using the SP6 mMessage Machine kit (Ambion).

Fertilized eggs were collected after timed matings of
adult zebrafish and injected at the one- to two-cell stage
using a Nanoject II injector (Drummond Scientific). Embry-
os were injected with 50 or 150 pg of RNA (10.9 or
32.6 ng/μL in an injection volume of 4.6 nL) and raised in
E2 embryo culture media [25].

Analysis of motor behavior Larvae were photographed
using a Nikon AZ-100 microscope or a Leica MXIII stereo-
scope. For tail movement studies, larvae were embedded in
1 % low melting point agarose, and agarose surrounding the
tail was gently cut away. Tail extension measurements were
performed using ImageJ (NIH) and calculated as percent of
body length. For acetylcholinesterase inhibitor studies,
zebrafish larvae were bathed in 0.2 mg/mL edrophonium
(Enlon®, Bioniche Pharmaceuticals) diluted in E2 media.
Touch-evoked motor behaviors were elicited by touching
the tail with a pair of no. 5 forceps. Speed measurements and
video frame capture were performed using ImageJ (NIH).

Reverse transcription PCR RNA was isolated from embry-
os at 1, 2, or 3 dpf using the RNeasy kit (Qiagen). cDNA
was synthesized from RNA using the iScript cDNA Syn-
thesis kit (Bio-Rad). PCR was performed on a MyCycler
thermocycler (Bio-Rad) using GoTaq Green 2× Master Mix
(Promega) and primers to zebrafish EF1-alpha or human
DNM2. PCR primer sequences were as follows:

ef1α forward: 5′-TCACCCTGGGAGTGAAACAGC-3′
ef1α reverse: 5′-ACTTGCAGGCGATGTGAGCAG-3′
Human DNM2 forward: 5′-ACACGGAGCAGAGA
AACGTCTACA-3′
Human DNM2 reverse: 5′-GGTGCATGATGGTCT
TTGGCATGA-3′

Histopathologic analysis For semi-thin sections, zebrafish
were fixed overnight in Karnovsky’s fixative at 3 dpf and
then processed for embedding in Epon by the Microscopy
and Imaging Laboratory core facility at the University of
Michigan. Semi-thin sections were stained with toluidine
blue and photographed using an Olympus BX43 micro-
scope. Electron microscopy was performed using a Phillips
CM-100 transmission electron microscope. For fluorescent
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imaging, acetylcholine receptors were labeled with Alexa
Fluor 594 conjugated alpha-bungarotoxin (Invitrogen, 1:100
in phosphate-buffered Saline with Tween 20 (PBST)) and
photographed using a Nikon Microphot FXA microscope.
Total fluorescent intensity was measured using ImageJ
(NIH). For motor neuron staining, labeling was performed
as described previously, using 3-dpf larvae and a mouse
monoclonal antibody against SV2 (1:100, Developmental
Studies Hybridoma Bank) [26]. Terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining was
performed on 3-dpf larvae as previously described [27], and
cell death was evaluated by counting TUNEL-positive
nuclei in the larval trunk.

Myofiber cultures Myofiber preparations from 3-dpf larvae
were obtained as previously described [23]. Briefly, lar-
vae were dissociated in 10 mM collagenase type I
(Sigma) for 60–90 min at room temperature. Larvae were
triturated approximately every 30 min. Dissociated preps
were resuspended in CO2-independent media (Invitrogen),
passed through a 70-mm filter (Falcon), and plated onto
glass coverslips precoated with poly-L-lysine (Sigma).
Culture media were changed after 2 h, after which cells
were fixed for 15 min in 4 % paraformaldehyde. Cells
were stained using alpha-bungarotoxin (Invitrogen, 1:100
in PBST).

Statistical analysis Statistical analysis was performed on
data using the GraphPad Prism 5 software package. Where
relevant, significance was determined using a one-way
ANOVA, followed by Tukey’s multiple-comparison test.
For maximum tail extension measurements, a paired
Student’s t test was used to determine significance.

Case studies Case data were collected via institutional
review board (IRB-approved protocols HUM00032624
and HUM00030880) at the University of Michigan.

Results

Motor behavior is impaired in DNM2-S619L-injected
embryos

To examine the effect of DNM2-S619L overexpression in
zebrafish, embryos were injected with DNM2-WT or
DNM2-S619L capped mRNA at the one- to two-cell stage.
Injections with either construct did not cause an obvious
defect in general body morphology (Fig. 1b). Two RNA
concentrations were tested, 50 pg per injection and 150 pg
per injection. Reverse-transcriptase PCR was performed on
RNA extracted from injected embryos at 1, 2, and 3 dpf.
Although levels of injected DNM2 RNA decreased over

time, RNA was still present at 3 dpf (Fig. 1c). Since injec-
tions at the lower concentration of RNA resulted in a pro-
nounced motor phenotype, all measurements were
performed on larvae injected with 50 pg of RNA. No sig-
nificant increase in cell death was observed in the trunk of
DNM2-WT or DNM2-S619L larvae as compared to unin-
jected larvae (data not shown).

At 2 dpf, larvae expressing DNM2-S619L had notably
weaker swimming patterns and frequently exhibited a weak
“flutter” tail movement. When lightly tapped, most DNM2-
S619L larvae were unable to generate a substantial escape
response (Fig. 2a and Supplementary video 1). To further
quantitate this phenotype, we examined the escape response
at 3 dpf. Thirty-five percent of DNM2-S619L larvae failed
to respond to tactile stimulus, compared with 13 % of
DNM2-WT larvae and 5 % of uninjected larvae (Fig. 2b;
uninjected, n=401; DNM2-WT, n=386; DNM2-S619L, n=
398; data combined from ten trials). In addition to nonre-
sponsive larvae, many DNM2-S619L larvae responded to
touch with a light tail flutter or body coil, but did not swim
away from the stimulus. Thirty-nine percent of DNM2-S619
larvae responded with a flutter or coil, compared with 12 %
of DNM2-WT larvae and 1 % of uninjected larvae. Animals
that were able to swim away from the stimulus (regardless
of speed) were included in the “swim” category. Ninety-four
percent of uninjected and 74 % of DNM2-WT larvae were
able to swim away from the stimulus, while only 26 % of
DNM2-S619L larvae responded by swimming.

Histopathological and ultrastructural abnormalities
in DNM2-S619L zebrafish

To determine if there were structural abnormalities within
skeletal muscle that were associated with the impaired mo-
tor function, semi-thin sections from the injected control,
DNM2-WT, and DNM2-S619L embryos (2 dpf) were ana-
lyzed (n=3 per condition). As compared to control muscle,
no overt histopathologic changes were observed in the
DNM2-WT muscle. Conversely, abundant abnormalities
were observed in the muscle from DNM2-S619L embryos.
These changes included the presence of disorganized, amor-
phous cellular material in the perinuclear area (two black
dots in Fig. 3a) and additional areas of swollen intracellular
organelles (white arrow in Fig. 3b). Using the semi-thin
sections, we also measured the cross-section area of
DNM2-WT and DNM2-S619L muscle fibers. We found that
DNM2-S619L fibers were 44 % smaller than WTs (n=10,
p=0.0009). In addition, we further characterized larval mus-
cle using electron microscopy (Fig. 3c). Large irregular
membrane accumulations were seen between myonuclei
and myofibrils in the DNM2-S619L larval muscle,
which were not present in myonuclei from DNM2-WT
larval muscle. Together, these findings at the light and
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Fig. 2 DNM2-S619L larvae
exhibit impaired motor
function. a Video frames
showing tail tap stimulus of a
DNM2-WT larva (above) and a
DNM2-S619L larva (below).
(b) Response to tail tap stimulus
at 3 dpf (uninjected, n=401
larvae; DNM2-WT, n=386;
DNM2-S619L, n=398; re-
sponse scores combined from
ten different trials)

Fig. 3 Histopathological and
ultrastructural abnormalities in
DNM2-S619L zebrafish. a
Semi-thin sections of DNM2-
WT and DNM2-S619L muscle
at 3 dpf. Note myonuclei (black
arrow) with disorganized mate-
rial in the perinuclear area (two
black dots) in DNM2-S619L
muscle. b Higher-magnification
images of semi-thin sections.
Vacuole-like structures (white
arrow) are seen adjacent to
myonuclei in DNM2-S619L
larval muscle. c Comparison of
perinuclear ultrastructure from
DNM2-WT and DNM2-S619L
larval muscle (N nuclei).
Regions with swollen intracel-
lular organelles are seen adja-
cent to the DNM2-S619L
myonuclei. These regions likely
represent dilated sarcoplasmic
reticulum. Scale bar, 1 μm
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electron microscopic levels are consistent with those
reported for other models of CNM in zebrafish and
are in keeping with the predicted features of a centro-
nuclear myopathy [23].

To examine the organization of the developing
NMJs, we used alpha-bungarotoxin to stain for acetyl-
choline receptor clusters (Fig. 4). In 3-dpf DNM2-
S619L larvae, the clusters are weaker and more dis-
persed, although the general distribution appears nor-
mal and they localized with motor axon path. This
attenuated staining was seen in 18 of 21 DNM2-
S619L larvae and not observed in DNM2-WT larvae
(n=19). No abnormalities in motor neuron organization
were observed (Supplementary Fig. 1).

To quantify the intensity of alpha-bungarotoxin stain-
ing, total fluorescent intensity was measured in a re-
stricted region of the trunk. The total fluorescent
intensity was significantly reduced in the DNM2-
S619L larvae (DNM2-WT, n=10; DNM2-S619L, n=
11; p<0.0001, Student’s t test). To further examine the
organization of acetylcholine receptor clusters in the
DNM2-S619L muscle, we prepared dissociated myofiber
preparations from DNM2-WT and DNM2-S619L larvae
and stained the fibers with alpha-bungarotoxin. There
was a significant decrease in the number of acetylcho-
line clusters per myofiber in the DNM2-S619L (5.3±0.3
clusters in DNM2-WT larvae, 3.0±0.2 clusters in
DNM2-S619L larvae; p<0.0001, Student’s t test).

Acetylcholinesterase inhibitor treatment improves motor
behavior in zebrafish

To further examine the role of the NMJ in DNM2-
S619L larval swim defects, we examined the response
of DNM2-S619L and DNM2-WT larvae to treatment
with edrophonium, a short-acting acetylcholinesterase
inhibitor. Short treatments with 0.2 mg/mL edrophonium
(1–5 min) dramatically increased both spontaneous and
evoked movement in DNM2-S619L larvae. Following
treatment, DNM2-S619L larvae that had previously
exhibited little or no movement were able to swim away
from a tail tap stimulus (Fig. 5a and Supplementary
video 2).

To quantify the improvement seen in acetylcholinesterase
inhibitor-treated DNM2-S619L larvae, we measured the
distance swum in approximately 182 ms following a tail
tap stimulus (Fig. 5b, n=10 for all conditions). Only larvae
that exhibited a motor response prior to treatment were
included. In the measured time interval, uninjected larvae
swam an average distance of 53.8±4.5 mm. Before treat-
ment, DNM2-WT larvae swam 46.9±3.0 mm, and DNM2-
S619L larvae swam 21.4±4.9 mm. The distance swum by
the DNM2-S619L larvae was significantly smaller than the
uninjected or DNM2-WT groups (p<0.001). Following ace-
tylcholinesterase inhibitor treatment, the DNM2-S619L lar-
vae swam significantly further than before treatment (41.5±
3.8 mm, p<0.01). There was no significant difference

Fig. 4 Acetylcholine receptor
distribution is disrupted in
DNM2-S619L larvae. a At
3 dpf, DNM2-WT larvae ex-
hibit normal acetylcholine re-
ceptor clustering (above,
fluorescence inverted). DNM2-
S619L larvae exhibit fewer
puncta along the motor axon
path (below). b Total fluores-
cent intensity was measured in a
portion of the tail region in
DNM2-WT and DNM2-S619L
larvae (p<0.0001, Student’s
t test). c Number of acetylcho-
line clusters per dissociated
myofiber (p<0.0001, Student’s
t test)
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between the distance swum by the treated DNM2-S619L
group as compared to DNM2-WT larvae or to uninjected
controls. Of note, neither DNM2-WT nor uninjected control
larvae had a change in swim behavior following acetylcho-
linesterase inhibitor treatment.

To further examine the response to acetylcholinesterase
inhibitor treatment, DNM2-S619L larvae were embedded in
agarose with the tail and caudal portion of the fish free to
move (Fig. 5c). All larvae exhibited weak and restricted tail
beats during swim bouts (n=6). Following 2 min of acetyl-
cholinesterase inhibitor treatment, all larvae moved with
increased tail curvature and stronger muscle contractions
(Fig. 5c). The maximum tail extension of each larva was
measured before and after treatment and was found to in-
crease in all treated larvae (Fig. 5d). Prior to acetylcholin-
esterase inhibitor treatment, DNM2-S619L larvae had an
average maximum tail extension of 14.2 % of body length.
Following treatment, the average maximum tail extension
was 51.8 % of body length (p<0.0005).

Abnormal neuromuscular junction function and response
to acetylcholinesterase inhibitor in five individuals
with DNM2-related CNM

To understand the potential relevance of these findings in
zebrafish to human DNM2-related CNM, five cases (two
retrospective and three prospective) were analyzed.

Case 1 Case 1 is a 24-year-old male individual. He pre-
sented with weakness and respiratory failure shortly after
birth, and he has been wheelchair- and ventilator-dependent
for his entire life. In addition to severe extremity weakness,
he also has ptosis, ophthalmoparesis, and lower facial weak-
ness. Muscle biopsy performed in the first year of life was
consistent with a diagnosis of centronuclear myopathy (sig-
nificantly increased central nuclei, abnormal oxidative stain
pattern, and type I fiber predominance and atrophy). Genetic
testing was negative for mutations in MTM1 but revealed a
heterozygous mutation (S619L) in DNM2.

Fig. 5 Acetylcholinesterase
inhibitor (AChEI) treatment
improves motor behavior in
DNM2-S619L larvae. a Touch-
evoked response in a 3-dpf lar-
va. Tail tap prior to treatment
(above) and following 2-min
AChEI treatment (below, same
animal). b Average swim dis-
tances within 180 ms, with and
without AChEI treatment
(p<0.01, one-way ANOVA,
Tukey post hoc test). c
Agarose-embedded larvae at
3 dpf, video frame composite
over 340 ms. Swim bursts prior
to treatment (left) and following
2-min AChEI treatment (right,
same animal). d Maximum tail
extension of individual DNM2-
S619L larvae, with and without
AChEI treatment
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This individual had a relatively static course of illness
until approximately 1 year ago. In the past year, he has
experienced progressive fatigue as well as declining strength
that is manifested by decreased volume of speech and di-
minished ability to raise his distal upper extremity against
gravity. Clinical evaluation did not reveal any general med-
ical condition to account for his decline, and his cardiore-
spiratory status (including nocturnal ventilatory status) was
unchanged. Electrodiagnostic studies were performed, in-
cluding 3-Hz repetitive nerve stimulation and single-fiber
electromyography (SFEMG). A 6 to 12 % decrement was
observed with 2-Hz repetitive stimulation of the ulnar motor
compound muscle action potential. SFEMG of the right
extensor digitorum brevis revealed neuromuscular jitter (a
measure of neuromuscular transmission synchrony between
two motor units) in all motor unit pairs with a mean con-
secutive difference (MCD) from 88 to 300 μs (normal, 25 to
35 μs) with several motor unit pairs having >20 % blocking,
an indication of complete loss of neuromuscular synchrony.

Based on these findings, he was started on pyridostig-
mine therapy at a dose of 60 mg QID. Within 2 weeks of
treatment, he reported improvement in several areas. Spe-
cifically, his speech was higher in volume and easier to
understand, he had fewer complaints of fatigue, and, for
the first time since early childhood, he was able to bring
his hands to his mouth. He has been continued on this dose
of pyridostigmine and has maintained these improvements
in motor function. Of note, acetylcholine receptor antibody
testing was negative.

Case 2 Case 2 is a 28-year-old female who began to expe-
rience weakness at around 5 years of age. Her presenting
symptoms included frequent falls, an abnormal gait, diffi-
culties rising from a seated position, and impaired stair
climbing. A diagnostic muscle biopsy performed at age
8 revealed changes consistent with centronuclear myopathy
(excessive central nuclei, small type I fibers, and radial
stranding with NADH staining). Genetic testing (performed
at age 25) uncovered a heterozygous mutation (E368K) in
DNM2. The basic clinical details of this patient have been
reported previously [28].

She has had progressive decline in motor function, has
additionally developed severe ptosis and ophthalmoparesis,
and has, for the past 3 years, required a cane for ambulation
and, for the past year, required a walker. She has also
experienced worsening fatigue and exercise intolerance
and, at her worst, was able to take only a few steps with a
walker before needing to stop. Based on this increasing
fatigue and declining motor function, she underwent an
electrodiagnostic evaluation. Two-hertz repetitive stimula-
tion of the ulnar motor and spinal accessory motor com-
pound action potentials was normal with no decrement.
SFEMG of the triceps revealed neuromuscular jitter with a

MCD of 40 μs (normal, 25 to 35 μs). Of note, serum testing
for acetylcholine receptor antibody was negative.

She was subsequently started on pyridostigmine therapy
at a dose of 60 mg QID. She reported subjective improve-
ment with medication, stating she had much more energy
and improved ambulation with her walker. Her dose of
medication was reduced to 30 mg QID due to excessive
diarrhea, and with this dose, she continued to claim having
increased exercise tolerance and diminished fatigue. How-
ever, due to sustained difficulty with medication side effects,
she recently discontinued pyridostigmine.

Case 3 Case 3 is a 9-year-old girl who presented in infancy
with delayed motor milestones and feeding difficulties. She
first walked at age 3.5 years. Nocturnal noninvasive venti-
latory support was required from age 4 years, and she
developed progressive scoliosis from age 5 years, managed
with a spinal brace. Genetic testing revealed a de novo
heterozygous mutation (E368K) in DNM2. Basic clinical
details of this patient have been reported previously [28].

Current health concerns include marked dysphagia, poor
weight gain, fatigue, and moderate generalized weakness.
On examination at age 9 years, she weighed 19.5 kg (<1st
percentile), her height was 120 cm (<1st percentile), and her
head circumference was 48.4 cm (<1st percentile). There
was marked generalized muscle wasting, a severe C-shaped
scoliosis, markedly restricted neck movements, and mild
elbow, knee, and ankle contractures. She walked only short
distances inside the house with a marked pelvic tilt. She had
hypophonic speech, marked generalized facial weakness,
ptosis, poor eye closure, and limited mouth opening. There
was moderate limitation of eye movements of up and down-
ward gaze and mild limitation of horizontal gaze. Limb
muscle strength was 3/5 for shoulder abduction and 3+ to
4/5 for other muscle groups (Medical Research Council
scale).

Pyridostigmine was commenced at 10 mg three times
daily (TID) and slowly increased to a maximum dose of
30 mg TID, limited by the onset gastrointestinal symptoms.
At the highest dose, the family reported that she had more
energy and was less fatigued in the afternoons; she walked
more inside the house and was able to complete her home-
work more easily after school. She also appeared brighter,
was more interactive, and had less ptosis. There was no
subjective improvement in her dysphagia.

Strength testing while on pyridostigmine treatment
revealed sustained improvement in five out of seven muscle
groups (measured with a MicroFET handheld myometer;
Supplementary Fig. 2). Prior to treatment, a 6-min walk test
was not feasible; however, after 8 months of treatment, she
walked 40 m with the assistance of a wheeled frame over
6 min. There was also a small improvement in the Motor
Function Measure (MFM) scale from 60–61/95 at baseline
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to 62/95 at 3 months and 65/95 at 8 months. The greatest
gain was in the axial and proximal motor function domain
(Supplementary Fig. 2).

Repetitive nerve stimulation of the trapezius following
6 months of treatment showed no abnormal decrement. The
same result (no decrement) was obtained following a brief
cessation of treatment (48 h). Orbicularis oculi single-fiber
EMG was attempted but not tolerated.

Cases 4 and 5: 6-year-old identical twin boys

Case 4 Case 4 presented with severe intrauterine growth
retardation at 20 weeks gestation and premature birth at
34 weeks with a birth weight of 1,005 g. He required CPAP
for the first week of life and nasogastric feeds for the first
month. Motor delay and hypotonia were noted during in-
fancy. He sat at 1 year of age and walked just before his
second birthday. Bilateral ptosis and facial weakness were
present by age 2. By age 4, he could jump and run but was
slower and clumsier than his peers. He also has a history of
hypospadias, unilateral strabismus, and epilepsy. A brain
MRI at age 4 showed enlarged ventricular spaces and re-
duced white matter volume. A muscle biopsy performed at
age 6 showed features typical of a centronuclear myopathy.
Genetic testing identified a de novo heterozygous E368K
DNM2 mutation.

At age 6, case 4was ambulant, but tired after walking several
hundred meters, fell frequently, and fatigued easily. Muscle
strength was 4 to 4–/5 in most muscle groups. Repetitive nerve
stimulation (RNS) at 5, 10, and 20 Hz in the right abductor
pollicis brevis at age 4, and at 5 and 20 Hz in the abductor digiti
minimi at age 6, did not show a significant decrement. RNS of
the trapezius and SFEMG were not tolerated. Based on clinical
grounds, pyridostigmine treatment was initiated at 30 mg TID.
With therapy, his parents noted increased exercise tolerance and
reduced ptosis. MFMs improved modestly from 75–78/96
pre-treatment to 83/96 at 6 weeks of treatment and 80/96
after 9 weeks of treatment (Supplementary Fig. 2), mainly
due to improvements in standing and with transfers. In
addition, his 6-min walk distance improved from 325–
350 m pre-treatment to 475 and 450 m after 6 and 9 weeks
of treatment, respectively.

Case 5 Case 5 is case 4’s twin, and he shares the same de
novo E368K mutation in DNM2. His birth weight was
almost twice that of his twin (2,265 g). He required CPAP
for only 3 days after birth and only a short period of tube
feeding. Although his pattern of facial involvement and
weakness is the same, he has always been larger and stronger
than his twin, with better muscle bulk and more advanced
motor skills. Feeding and weight gain have also been less of a
concern. Of note, like his twin sibling, he also has a history of
epilepsy.

At age 6, case 5 was ambulant but with significant
fatigue. Repetitive nerve stimulation testing at ages 4 and
6 showed no abnormal decrement, and single-fiber EMG
was not tolerated. Pyridostigmine therapy was initiated at
30 mg TID, and improvements were noted in both exercise
tolerance and ptosis. MFM scores changed little following
treatment (Supplementary Fig. 2). However, the 6-min walk
distance improved from 401–412 m pre-treatment to 500 m
at 6 weeks and 450 m at 9 weeks of treatment.

Discussion

In this study, we demonstrate motor weakness and NMJ
defects in a novel zebrafish model of DNM2-CNM.
Larval fish overexpressing human DNM2-S619L have
disorganized acetylcholine receptor patterning and se-
vere motor deficits manifested in weak tail beats, slow
swimming, and partial paralysis. We show that motor
dysfunction in these animals can be rapidly alleviated
by treatment with an acetylcholinesterase inhibitor. Ad-
ditionally, we report clinical and electrophysiological
findings suggestive of an NMJ deficit in five patients
with DNM2-CNM. Each patient responded favorably to
acetylcholinesterase inhibitor therapy, providing further
evidence for a defect in neuromuscular transmission in
DNM2-related CNM.

This study provides the first evidence of an NMJ defect
in DNM2-related CNM. There are several previous reports
of abnormal histologic findings in NMJs from patients
with genetically unconfirmed CNM that support the rele-
vance of our findings. At least three studies have de-
scribed abnormal endplate elongation and irregular
acetylcholinesterase staining [11, 13, 29], and one ultra-
structural study reported post-synaptic junctional folds that
were irregular and unelaborated [12]. Two recent studies
provide clinical evidence for NMJ involvement in some
CNM patients. Liewluck et al. described a patient with
genetically uncharacterized CNM combined with clinical,
histological, and electrophysiological features of myasthe-
nia [14]. Similarly, Robb et al. reported three patients with
genetically uncharacterized CNM and one patient with a
mutation in MTM1 who exhibited fatigability and abnor-
mal jitter on EMG [15]. All four patients responded
favorably to acetylcholinesterase inhibitor treatment, and
two patients showed substantial improvement with sus-
tained therapy. In this same report, our lab demonstrated
that a zebrafish model of myotubular myopathy has ab-
normal acetylcholine receptor patterning and that motor
weakness in these animals can be partially alleviated by
acetylcholinesterase inhibitor treatment. These case reports
on myotubular myopathy and unconfirmed CNM thus
corroborate our findings in DNM2-CNM.
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Our data, when considered with these previous studies,
support a growing body of evidence that NMJ defects are a
clinical feature of many, if not all, subtypes of CNM. Neu-
romuscular transmission deficits have now been identified
in two genetically defined subsets of CNM, those associated
with mutations in MTM1 and DNM2. Together with previ-
ous reports of NMJ abnormalities in genetically uncharac-
terized patients, these findings underscore the importance of
examining NMJ function in all CNM patient populations.
While further study is needed to determine the prevalence of
neuromuscular transmission deficits, it is possible that they
are a common feature among all or most patients with CNM.
Since this aspect of the disease is therapeutically tractable,
this opens up new avenues for the treatment of CNM.

It is important to note the potential limitations of our study,
particularly as they relate to the case presentations. The cases
represent analyses of five individuals with DNM2 mutations,
two of whomwere analyzed only retrospectively. Each patient
was treated with pyridostigmine based on the judgment of the
clinician and his/her interpretation of neurodiagnostic evi-
dence. While all five patients responded subjectively to pyr-
idostigmine therapy, and objective measures of muscle
function improved in three children tested, only the two adult
cases had electrodiagnostic evidence of an NMJ defect. The
evidence was strongest in case 1, while case 2 had only
slightly increased jitter with single-fiber EMG. For the three
pediatric cases, because they could not tolerate the procedure,
it is obviously unknown whether changes would be observed
on single-fiber EMG. The question remains therefore whether
the positive response observed with pyridostigmine was due
to specific amelioration of defective NMJ signaling or instead
to nonpathomechanistic effects of the medication. Future pro-
spective investigations are therefore needed to definitively
establish a connection between DNM2-CNM, abnormalities
in neuromuscular transmission, and response to therapy.

Our work suggests that DNM2 may directly participate in
the establishment or regulation of the NMJ. Nothing is known
about the function of DNM2 at the post-synaptic NMJ; how-
ever, several factors make it an excellent candidate to consider
in the regulation of the post-synaptic NMJ. DNM2 is well
characterized as a membrane-trafficking protein, and it plays a
role in shaping and remodeling a variety of membrane struc-
tures in most cell types. In addition to functioning in mem-
brane deformation, DNM2 associates with many components
of the cytoskeleton, which is required for stabilization of NMJ
post-synaptic components [30, 31]. At neuronal synapses,
DNM2 has also been shown to interact with scaffolding
proteins that shape the post-synaptic density during develop-
ment [32]. In light of the evidence presented here, it will be
important for future studies to examine the specific function of
DNM2 at the NMJ.

In summary, we have shown that transient expression of
DNM2-S619L in zebrafish is a novel model for DNM2-

CNM. We have identified a new mechanism of disease
based on this model, which is supported by clinical evidence
from three patients with mutations in DNM2. These results
suggest that NMJ deficits are a significant component of
DNM2-CNM pathology and that acetylcholinesterase
inhibitors may be an effective therapy for patients with
this disorder. Our findings further show that zebrafish
are an excellent model for DNM2-CNM and can provide
important insight into the pathomechanisms of DNM2-CNM
and related disorders.

Acknowledgments The authors wish to thank Angela Busta and
Arden Trickey Glassman for technical help with the zebrafish experi-
mentation. They also thank Dr. Jim Teener for assistance with the
neurodiagnostic assessment of the patients. This work was supported
by funds from the Program for Neurological Research and Discovery
and the A. Alfred Taubman Medical Research Institute. EMG was
supported by a Walbridge Aldinger Graduate Fellowship. This work
was additionally supported by the National Institutes of Health
[1K08AR054835 to JJD] and the Australian National Health and
Medical Research Council [grants 1022707, 1031893 and 1035828 to
NFC].

Conflict of interest The authors declare no conflict of interest in
connection with the submitted material.

References

1. Bohm J, Biancalana V, Dechene ET, BitounM, Pierson CR, Schaefer
E, Karasoy H, Dempsey MA, Klein F, Dondaine N et al (2012)
Mutation spectrum in the large GTPase dynamin 2, and genotype-
phenotype correlation in autosomal dominant centronuclear myopa-
thy. Hum Mutat 33(6):949–959

2. Kenniston JA, Lemmon MA (2010) Dynamin GTPase regulation
is altered by PH domain mutations found in centronuclear myop-
athy patients. EMBO J 29:3054–3067

3. Liu YW, Lukiyanchuk V, Schmid SL (2011) Common membrane
trafficking defects of disease-associated dynamin 2 mutations.
Traffic 12:1620–1633

4. Achiriloaie M, Barylko B, Albanesi JP (1999) Essential role
of the dynamin pleckstrin homology domain in receptor-
mediated endocytosis. Mol Cell Biol 19:1410–1415

5. Gold ES, Underhill DM, Morrissette NS, Guo J, McNiven
MA, Aderem A (1999) Dynamin 2 is required for phagocy-
tosis in macrophages. The Journal of experimental medicine
190:1849–1856

6. Kruchten AE, McNiven MA (2006) Dynamin as a mover and
pincher during cell migration and invasion. Journal of cell science
119:1683–1690

7. Nicholson G, Myers S (2006) Intermediate forms of Charcot–
Marie–Tooth neuropathy: a review. Neuromolecular medicine
8:123–130

8. Orth JD, McNiven MA (2003) Dynamin at the actin-membrane
interface. Curr Opin Cell Biol 15:31–39

9. Schafer DA (2004) Regulating actin dynamics at membranes: a
focus on dynamin. Traffic 5:463–469

10. Thompson HM, Cao H, Chen J, Euteneuer U, McNiven MA
(2004) Dynamin 2 binds gamma-tubulin and participates in
centrosome cohesion. Nature cell biology 6:335–342

736 J Mol Med (2013) 91:727–737



11. Elder GB, Dean D, McComas AJ, Paes B, DeSa D (1983) Infantile
centronuclear myopathy. Evidence suggesting incomplete innervation.
J Neurol Sci 60:79–88

12. Fidzianska A, Goebel HH (1994) Aberrant arrested in maturation
neuromuscular junctions in centronuclear myopathy. J Neurol Sci
124:83–88

13. Sher JH, Rimalovski AB, Athanassiades TJ, Aronson SM (1967)
Familial centronuclear myopathy: a clinical and pathological study.
Neurology 17:727–742

14. Liewluck T, Shen XM, Milone M, Engel AG (2011) Endplate
structure and parameters of neuromuscular transmission in sporadic
centronuclear myopathy associated with myasthenia. Neuromuscul
Disord 21:387–395

15. Robb SA, Sewry CA, Dowling JJ, Feng L, Cullup T, Lillis S, Abbs
S, Lees MM, Laporte J, Manzur AY et al (2011) Impaired
neuromuscular transmission and response to acetylcholinesterase
inhibitors in centronuclear myopathies. Neuromuscul Disord
21:379–386

16. Durieux AC, Vignaud A, Prudhon B, Viou MT, Beuvin M,
Vassilopoulos S, Fraysse B, FerryA, Laine J, RomeroNB et al (2010)A
centronuclear myopathy-dynamin 2 mutation impairs skeletal muscle
structure and function in mice. Hum Mol Genet 19:4820–4836

17. Durieux AC, Vassilopoulos S, Laine J, Fraysse B, Brinas L,
Prudhon B, Castells J, Freyssenet D, Bonne G, Guicheney P et al
(2012) A centronuclear myopathy—dynamin 2 mutation impairs
autophagy in mice. Traffic 13:869–879

18. Cowling BS, Toussaint A, Amoasii L, Koebel P, Ferry A,
Davignon L, Nishino I, Mandel JL, Laporte J (2011) Increased
expression of wild-type or a centronuclear myopathy mutant of
dynamin 2 in skeletal muscle of adult mice leads to structural
defects and muscle weakness. Am J Pathol 178:2224–2235

19. Bitoun M, Maugenre S, Jeannet PY, Lacene E, Ferrer X, Laforet P,
Martin JJ, Laporte J, Lochmuller H, Beggs AH et al (2005)
Mutations in dynamin 2 cause dominant centronuclear myopathy.
Nat Genet 37:1207–1209

20. Jeub M, Bitoun M, Guicheney P, Kappes-Horn K, Strach K,
Druschky KF, Weis J, Fischer D (2008) Dynamin 2-related
centronuclear myopathy: clinical, histological and genetic
aspects of further patients and review of the literature. Clin
Neuropathol 27:430–438

21. Bitoun M, Bevilacqua JA, Prudhon B, Maugenre S, Taratuto AL,
Monges S, Lubieniecki F, Cances C, Uro-Coste E, Mayer M et al

(2007) Dynamin 2 mutations cause sporadic centronuclear
myopathy with neonatal onset. Ann Neurol 62:666–670

22. Dowling JJ, Low SE, Busta AS, Feldman EL (2010) Zebrafish
MTMR14 is required for excitation-contraction coupling, developmental
motor function and the regulation of autophagy. Hum Mol Genet
19:2668–2681

23. Dowling JJ, Vreede AP, Low SE, Gibbs EM, Kuwada JY, Bonnemann
CG, Feldman EL (2009) Loss of myotubularin function results in T-
tubule disorganization in zebrafish and human myotubular myopathy.
PLoS Genet 5:e1000372

24. Kwan KM, Fujimoto E, Grabher C, Mangum BD, Hardy ME,
Campbell DS, Parant JM, Yost HJ, Kanki JP, Chien CB (2007)
The Tol2kit: a multisite gateway-based construction kit for Tol2
transposon transgenesis constructs. Dev Dyn 236:3088–3099

25. Westerfield M (1993) The zebrafish book. A guide for the
laboratory use of zebrafish (Brachydanio rerio). Univ. of
Oregon Press, Eugene

26. Dowling JJ, Gibbs E, Russell M, Goldman D, Minarcik J, Golden
JA, Feldman EL (2008) Kindlin-2 is an essential component of
intercalated discs and is required for vertebrate cardiac structure
and function. Circ Res 102:423–431

27. Telfer WR, Busta AS, Bonnemann CG, Feldman EL, Dowling JJ
(2010) Zebrafish models of collagen VI-related myopathies. Hum
Mol Genet 19:2433–2444

28. Susman RD, Quijano-Roy S, Yang N, Webster R, Clarke NF,
Dowling J, Kennerson M, Nicholson G, Biancalana V, Ilkovski
B et al (2010) Expanding the clinical, pathological and MRI
phenotype of DNM2-related centronuclear myopathy. Neuromuscul
Disord 20:229–237

29. Harriman DG, Haleem MA (1972) Centronuclear myopathy in old
age. J Pathol 108:237–247

30. Cartaud A, Stetzkowski-Marden F, Maoui A, Cartaud J (2011)
Agrin triggers the clustering of raft-associated acetylcholine receptors
through actin cytoskeleton reorganization. Biol Cell 103:287–301

31. Moransard M, Borges LS, Willmann R, Marangi PA, Brenner HR,
Ferns MJ, Fuhrer C (2003) Agrin regulates rapsyn interaction with
surface acetylcholine receptors, and this underlies cytoskeletal
anchoring and clustering. J Biol Chem 278:7350–7359

32. Okamoto PM, Gamby C, Wells D, Fallon J, Vallee RB (2001)
Dynamin isoform-specific interaction with the shank/ProSAP
scaffolding proteins of the postsynaptic density and actin
cytoskeleton. J Biol Chem 276:48458–48465

J Mol Med (2013) 91:727–737 737


	Neuromuscular junction abnormalities in DNM2-related centronuclear myopathy
	Abstract
	Introduction
	Materials and methods
	Results
	Motor behavior is impaired in DNM2-S619L-injected embryos
	Histopathological and ultrastructural abnormalities in DNM2-S619L zebrafish
	Acetylcholinesterase inhibitor treatment improves motor behavior in zebrafish
	Abnormal neuromuscular junction function and response to acetylcholinesterase inhibitor in five individuals with DNM2-related CNM
	Cases 4 and 5: 6-year-old identical twin boys


	Discussion
	References


