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Summary

1. Evidence is accumulating for a role for Ca2+

signalling in the differentiation and development of
embryonic skeletal muscle.

2. Imaging of intact, normally developing transgenic
zebrafish that express the protein component of the
Ca2+-sensitive complex, aequorin, specifically in skeletal
muscle, show that two distinct periods of spontaneous
synchronized Ca2+ transients occur in the trunk: at∼17.5
hours post-fertilization (hpf)-19.5 hpf (termed signalling
period, SP1); and after∼23 hpf (termed SP2).These
periods of intense Ca2+ signalling activity are separated by a
quiet period.

3. Higher resolution confocal imaging of embryos
loaded with the fluorescent Ca2+ reporter, calcium green-1
dextran, show that the Ca2+ signals are generated almost
exclusively in the slow muscle cells, the first muscle cells to
differentiate, with distinct nuclear and cytoplasmic
components.

4. Here, we show that coincidental with the SP1 Ca2+

signals, dystrophin becomes localized to the vertical
myoseptae of the myotome. Introduction of admd
morpholino (dmd-MO) resulted in no dystrophin being
expressed in the vertical myoseptae, as well as a disruption
of myotome morphology and sarcomere organisation. In
addition, the Ca2+ signalling signatures ofdmd-MO-
injected embryos or homozygoussapje mutant embryos
were also abnormal such that the frequency, amplitude and
timing of the Ca2+ signals were altered, when compared
with controls.

5. Our new data suggest that in addition to a
structural role, dystrophin may function in the regulation of
[Ca2+] i during the early stages of slow muscle cell
differentiation when the Ca2+ signals generated in these
cells coincide with the first spontaneous contractions of the
trunk.

Introduction

Evidence is steadily accumulating to support the
proposition that Ca2+ signalling plays a necessary and
essential role in regulating embryonic muscle
differentiation and development.1-13 What is currently
lacking, however, is extensive direct visualization of the
spatial dynamics of the Ca2+ signals generated by

differentiating muscle cells, especially in intact systems.
Furthermore, the recent development and application of
reliable imaging techniques has begun to add an extra
dimension of complexity with regards to understanding the
roles played by Ca2+ signalling during muscle development.
For example, it is clear from imaging both isolated
myotubes and intact systems, that membrane-bound sub-
cellular compartments, such as the nucleus,14,15 may have
endogenous and distinct Ca2+ signalling activities, as do
specific cytoplasmic domains, such as the subsarcolemmal
space.8

In contrast to the growing body of data derived from
tissue culture cells, there is relatively little known about
Ca2+ signalling duringin vivo skeletal muscle development
in intact animal models, such as zebrafish. In zebrafish, the
different types of skeletal muscle are derived from the
myotome region of the trunk and their development is
regulated by the interaction of a number of complex
signalling networks.16-18 Slow muscle cells (or red muscle
cells) exhibit low force, long duration contractions.19 They
form from a population of muscle precursor cells, termed
adaxial cells, which initially lie adjacent to the notochord
prior to the start of segmentation when the somites begin to
form.20,21 Shortly after the segmentation process starts, the
majority of the adaxial cells, which are at first cuboidal in
shape, elongate to extend across the anterior-posterior axis
of the somite and then the majority migrate from the medial
to lateral region of the somite until they finally come to lie
at the periphery of the myotome as a superficial monolayer
of ∼20 cells.20,22 As the adaxial cells migrate, they
differentiate into slow muscle cells.20 The non-adaxial cells
in the myotome do not migrate and these differentiate into
the fast muscle cells (or white muscle cells),20 (Figure 1)
which in contrast to the slow muscle cells exhibit high
force, short duration contractions.19

When investigating myogenic Ca2+ signalling in
intact developing zebrafish, Brennanet al.7 used the
fluorescent Ca2+ reporter, Oregon green 488 BAPTA-
dextran (Kd = 265 nM) and reported spontaneous Ca2+

signals in differentiating slow muscle cells between∼17.25
and∼21.5 hours post-fertilization (hpf). This time period is
coincidental with the time when the first neuromuscular
contacts are known to form (i.e. between∼18 to 21 hpf)23

and the Ca2+ signals were shown to coincide with the first
spontaneous contractions of the trunk muscle at∼17
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Figure 1. A timeline of skeletal muscle development in zebrafish. The series starts at∼13 hpf when the muscle pioneer
cells can first be distinguished, localized adjacent to the notochord, to 26 hpf and the onset of swimming. Superimposed on
the developmental timeline are: A: A representative profile of aequorin-generated light from 17 hpf to 27 hpf (i.e. the
16-somite to Prim-8 stage). Datawere plotted every 10 s, each data point representing 60 s of accumulated luminescence
in a region of interest covering the entire embryo. A*: A representative example of an SP1 Ca2+ transient generated in the
anterior somites at∼17.5 hpf, which has been superimposed on a bright-field image of the embryo. Colour scale represents
luminescence flux in photons/s.B-D: The patterns of Ca2+ signals observed at∼17.5 hpf, ∼18.5 hpf and∼24 hpf when
embryos were loaded with calcium green-1 dextran and imaged via confocal microscopy. Colour scale indicates level of
fluorescence. Ca2+ signalling periods 1 and 2 (SP1 and SP2) and the Ca2+ signalling quiet period (QP) observed in slow
muscle cells during development15 are labeled. E-H: The localization of dystrophin in the vertical myoseptae. Embryos
were labeled at 17 hpf, 19 hpf, 22 hpf and 26 hpfvia immunohistochemistry with the MANDRA-1 anti-dystrophin antibody.
White arrowheads (E-H) show the localization of dystrophin in the vertical myoseptae. Scale bars, (A*) 200µm and (B-H)
50 µm. Ant.and Pos. are anterior and posterior. respectively.

hpf.24,25 Brennanet al.7 also demonstrated that the Ca2+

signals could be abolished, along with the contractions, by
treatment with the nicotinic acetylcholine receptor inhibitor,
α-bungarotoxin. Furthermore, treatment with
α-bungarotoxin or the ryanodine receptor (RyR) inhibitor,

ryanodine also disrupted the organization of slow muscle
cell myofibrils. They thus proposed a critical role for
spontaneous nerve-mediated myogenic Ca2+ signalling in
the differentiation of physiologically functional slow
muscle cells during zebrafish development. WhileBrennan
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et al.7 clearly observed Ca2+ signals being generated by the
slow muscle cells, they did not report any signals being
generated from fast muscle cells or associated primary
motor neurons during this period.On the other hand,
Horikawa et al.26 used a new family of Ca2+ reporters based
on Yellow Cameleons (YCs);i.e. YC3.60 (Kd = 215 nM)
and the ultra-sensitive YC-Nano50 (Kd = 50 nM), and
reported Ca2+ signals from all three cell types,i.e. slow
muscle cells, fast muscle cells and primary motor neurons,
from ∼20 hpf.

Most recently, we reported the successful generation
of a transgenic zebrafish line that expresses the apoprotein
portion of the Ca2+-sensitive bioluminescent complex
aequorin, targeted specifically to muscle using a muscle-
specificα-actin promoter.15 Using these fish, we identified
two distinct and highly reproducible periods of spontaneous
Ca2+ signalling, again generated exclusively by slow muscle
cells in the trunk musculature. These occur between∼17.5
and 19.5 hpf (Signalling Period 1: SP1) and from∼23 hpf
onward (Signalling Period 2: SP2), with a Ca2+ signalling
quiet period of around 3.5 h duration between the two.15 We
also confirmed that the SP1 Ca2+ signals were being
generated exclusively by the slow muscle cell population by
aequorin-based imaging of cyclopamine- or forskolin-
treated embryos andsmu-/- mutant embryos, in which slow
muscle cells do not form.27,28 Furthermore, we treated
embryos withα-bungarotoxin, ryanodine or antagonists of
the dihydropyridine receptor (i.e. nifedipine) and the
inositol 1,4,5-trisphosphate receptor (IP3R, i.e. 2-APB), and
our results indicated that the SP1 signals are mediated
through endogenous neuronal activation of acetylcholine
receptors, followed by stimulation of dihydropyridine
receptors, resulting in the spatially-restricted release of Ca2+

from intracellular storesvia both IP3Rs and RyRs.15

In summary, there is a growing body of data derived
mainly from tissue culture cells but that is supported by a
relatively small number of reports from whole embryos,
which suggest that Ca2+ signalling in a variety of forms
plays an essential role in skeletal muscle cell
differentiation.7,15,26 The new data reported in this paper,
serves to compare the Ca2+ signalling patterns generated by
embryos lacking (or induced to lack) the key muscle-
associated protein, dystrophin, with those that we have
previously reported in intact wild-type embryos.15

Much of our recent knowledge of dystrophin function
has been derived from studyingmdx mice that are null
mutants of theDuchenne muscular dystrophy (dmd)gene,
and which display some of the features that characterize
human Duchenne muscular dystrophy (DMD).29 In
zebrafish, the recessive lethal mutation sapje causes
progressive degeneration of skeletal muscle, and the
mutation has been shown to disrupt the zebrafish orthologue
of the humandmdgene. Inwild-type zebrafish at∼26 hpf,
dystrophin has been reported to be associated with the
sarcolemma, with particularly strong localization to the
vertical myoseptae.30,31 Sapje mutants, however, are
characterized by an absence of dystrophin; an associated
failure of muscle attachment at the myoseptae; and a
progressive loss of muscle integrity.31 Zebrafish treated with

morpholinos (MO) targeted to different regions of thedmd
gene also exhibit a lack of localization of dystrophin to the
myoseptae, and an associated disruption of muscle cell
morphology.31,32 Numerous reports indicate that resting
levels of [Ca2+] i might be abnormally high in dystrophin-
deficient cultured muscle cells, and it was suggested that
this might be an important cause of the pathophysiological
process leading to dysfunction and ultimately to cell
death.33-41 Very little, however, is known about the
consequence of an absence or deletion of dystrophin on
early myogenic Ca2+ signalling. Inthis paper, we present
some of the first evidence to suggest that the absence of
dystrophin has a significant effect on the early myogenic
Ca2+ signalling in zebrafish embryos. Our data also support
the view that intact zebrafish offer a very amenable system
for investigating muscle development at the Ca2+ signalling,
gene-expression, protein, cellular and whole system levels,
when compared with thein utero mouse or otherin vitro
systems.32,42

Methods

Embryo collection

We used the following strains of zebrafish (Danio
rerio): the wild-type AB strain (from the Zebrafish
International Resource Centre; University of Oregon,
Eugene, OR, USA); theα-actin-apoaequorin-IRES-EGFP
(α-actin-aeq) transgenic line,15 and thesapje mutant line
(obtained from the Tübingen stock collection at the Max-
Planck-Institut für Entwicklungsbiologie).They were all
maintained on a 14 h light/ 10 h dark cycle to stimulate
spawning,43 and their fertilized eggs were collected as
described elsewhere.44 Embryos were maintained in 30%
Danieau’s solution (17.4 mM NaCl, 0.21 mM KCl, 0.18
mM Ca(NO3)2, 0.12 mM MgSO4.7H2O, 1.5 mM Hepes, pH
7.2) at ∼28.5°C throughout development and during all
experiments.

Generation and luminescence Ca2+ imaging ofα-actin-aeq
transgenic zebrafish.

Preparation of the pα-KS-aeq-IRES-EGFP plasmid
and its subsequent use in the generation of theα-actin-aeq
transgenic zebrafish are described in detail in Cheunget
al.15 The α-actin-aeq transgenic embryos were
dechorionated manually with watchmaker’s forceps at the
8-cell stage and then incubated with 50µM f-coelenterazine
(Molecular Probes, Invitrogen Corp., Carlsbad, CA, USA)
in 30% Danieau’s solution to reconstitute the active
holoaequorin. f-coelenterazine was prepared as a stock
solution of 5 mM in 100% methanol and was diluted in
30% Danieau’s solution just prior to use. Embryos were
held in place in a custom-designed imaging chamber and
transferred to a custom-built Photon Imaging Microscope
System (PIMS; Science Wares, East Falmouth, MA, USA)
for data acquisition from∼16 to 24 hpf (i.e. the 15- to
30-somite stage) at∼28.5°C. Anoutline of the PIMS and
the photon acquisition procedure is described by Webb et
al.44
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Identification and luminescence Ca2+ imaging of sapje
mutant fish

DNA sequencing was applied to maintain thesapje
mutant line and to retrospectively identify the exact
genotype of the mutant embryos used for experiments.
Exon 4 of thedmdgene was amplified from genomic DNA
prepared from either the caudal fin of a single adult fish or a
single embryo at 3 days post-fertilization (dpf) using the
following oligonucleotide primers:
5′-tttggctctgctgtattctggtta-3′ and
5′-gccagtgaaatggataagtgtcatta-3′ (designed by Dr. Martial
D.A. Jaume, HKUST). ThePCR product was purified
using the QIAquick® PCR purification kit (Qiagen Ltd.,
NQ, UK) following the protocol recommended by the
manufacturer, and then sequenced to confirm the presence
of the point mutation (i.e. the A to T transversion) in exon 4
of thedmdgene that was reported by Bassettet al.31

In some experiments apoaequorin was transiently
expressed insapjemutant embryos by injecting∼1 nl aeq-
mRNA (at a concentration of∼500 pg/nl, prepared in
nuclease-free water) into the center of the yolk at the 1-cell
stage following protocols described by Cheunget al.45

Holoaequorin was then reconstituted in theaeq-mRNA
injected embryos by incubation in 50µM f-coelenterazine
solution and spatial and temporal luminescence data was
acquiredvia the PIMS, as described previously. Imaged
embryos were subsequently identified either by PCR at 3
dpf or phenotype at 4 dpf.

Luminescence Ca2+ imaging of dmd-morpholino-injected
embryos

In these experiments, approximately 2 nl off-
holoaequorin was microinjected into embryos at the 1-cell
stage as described in detail previously.44,46,47In order to be
able to compare aequorin-generated data from different
embryos in subsequent data analysis procedures, we
followed a strict experimental protocol where injection
volumes were calibrated before injection, and injection
micropipettes were broken and beveled to produce a
consistent tip shape and dimension.This results in each
embryo being loaded with the same volume of holoaequorin
injectate in addition to being subjected to similar injection
trauma. Furthermore,experimental embryos used for
comparison were injected with aequorin from the same
aliquot.44, 46,47

Embryos were then injected with∼3 ng of either
dmd- or control-morpholino (MO) at ∼35 min post
fertilization (i.e. when the first cleavage furrow just started
to form). The dmd-MO (5′-aaagcgaaagcacctgtggctgtgg-3′)
and control-MO (5′-cctcttacctcagttacaatttata-3′) were
purchased from GeneTools and 1 mM stock solutions were
prepared in milliQ water.

The temporal profile of luminescence generated by
these embryos between∼12 to ∼24 hpf was detected and
recorded using a custom-built photon-multiplier tube
(PMT) platform consisting of a P10PC PMT (Electron Tube
Limited) mounted in a dark box (supplied by Science Wares
Inc, East Falmouth, MA, USA).At the end of each

experiment, Triton X-100 was added to the embryo bathing
medium to “burn-out” all remaining aequorin and thus
determine whether the signals recorded had been aequorin-
limited. Bright-field images ofdmd-MO and control-MO-
injected embryos at 4 dpf were captured for morphometric
observations using a Nikon DXM 1200F camera mounted
on a Zeiss Axioskop microscope with a Zeiss Achroplan
40×/0.75 NA water-immersion objective lens.

Calcium green-1 dextran-based fluorescent confocal
imaging

The calcium green-1 dextran-based fluorescent
confocal imaging experiments were performed as described
by Cheunget al.15

Immunohistochemistry and phalloidin labeling

Embryos were microinjected with thedmd-MO or
control-MO as described previously. Embryos were
dechorionated manually using watchmaker’s forceps just
prior to fixation at 17 hpf, 19 hpf, 22 hpf and 26 hpf with
4% paraformaldehyde and 4% sucrose in phosphate-
buffered solution (PBS; 0.8% NaCl, 0.02% KCl, 0.02M
PO4 buffer; pH 7.3)43 at 4°C overnight. Embryoswere then
washed thoroughly with PBS, after which they were
incubated with PBS containing 1% Triton X-100 (PBT) for
5 min and then with PBT containing 1% DMSO (PBTD) at
room temperature for 1 h.The embryos were then
transferred to blocking buffer (10% goat serum and 1%
BSA in PBTD) and incubated for 2 h at room temperature
after which they were incubated with the anti-dystrophin
antibody, MANDRA-1 (Sigma; used at a dilution of 1:200
dilution in blocking buffer) overnight at 4°C. Embryos
were washed extensively with PBTD containing 1% BSA
before being transferred to Alexa Fluor 488-tagged goat
anti-mouse IgG (Invitrogen; used at 1:200 in blocking
buffer), and Alexa Fluor 568-phalloidin (Invitrogen; at
1:200 in blocking buffer) to label F-actin. Embryos were
incubated with the secondary antibody and the Alexa Fluor-
tagged phalloidin simultaneously for 2 h at room
temperature in the dark, followed by extensive washes with
PBT and then PBS.The embryonic yolk was then removed
manually using a tungsten needle and the embryos were
mounted under coverslips (No. 1.5H; Marienfeld GmbH &
Co. KG).

In some experiments, untreated wild-type embryos
were fixed at 3 dpf and incubated with the MANDRA-1
anti-dystrophin primary antibody as described previously.
They were then labeled with Atto647N-tagged goat anti-
mouse IgG (Active Motif; used at 1:10 in blocking buffer)
for subsequent STED imaging, and AlexaFluor
488-phalloidin (Invitrogen; at 1:100 in blocking buffer) to
visualize F-actin.

Laser scanning confocal microscopy and stimulated
emission depletion (STED) microscopy48 were carried out
using a Leica TCS SP5 STED super-resolution confocal
laser scanning system equipped with a Leica DMI 6000
motorized inverted microscope.Alexa Fluor 488 and Alexa
Fluor 568 fluorescence was visualized by excitation with
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argon 488 nm and DSPP 561 nm lasers, respectively. For
regular confocal imaging, Atto647N fluorescence was
visualized by excitation with a pulsed 635 nm diode laser.
For STED imaging, Atto647N was depleted using a Titan
Sapphire femtosecond infrared laser (Coherent, Chameleon
Ultra II), which was tuned to 765 nm and full power was
applied, and an avalanche photodiode (APD) was used for
detection. Allimages were acquired using a Leica HCX PL
APO CS 100×/1.40 NA oil-immersion objective lens.
STED images were acquired using a 5× zoom.

BODIPY FL C5-ceramide labeling of wild-type and sapje
mutant fish

BODIPY FL C5-ceramide (Molecular Probes) was
prepared as a 5 mM stock solution in DMSO and was
diluted to 100µM in 30% Danieau’s solution just prior to
use. Wild-type andsapjemutant embryos at 4 dpf, were
incubated in BODIPY FL C5-ceramide for∼60 min, after
which fluorescence was visualized with a Nikon C1 laser
scanning confocal system mounted on a Nikon Eclipse 90i
upright microscope.BODIPY FL C5-ceramide-generated
fluorescence was acquired using 488 nm excitation and
515-530 nm emission filters, and images were acquired
using a Nikon Fluor 40×/0.8 NA water-immersion objective
lens.

Results and Discussion

Visualizing and characterizing Ca2+ signals from
transgenic fish that express apoaequorin in the musculature,
and from wild-type fish injected with calcium green-1
dextran

We recently developed stable lines of transgenic
zebrafish that express apoaequorin specifically targeted to
skeletal muscle cells in order to improve the spatial
resolution (especially in 3-D) of our aequorin-based
imaging methodology.15 As described previously,
transgenic embryos were incubated inf-coelenterazine to
reconstitute active holoaequorin and the Ca2+ signals
generated between∼17 hpf and 27 hpf were visualized with
the PIMS (Figure 1A*).15 Using a region of interest
covering the whole embryo, temporal luminescent data was
plotted in photons/s against time (Figure 1A).Tw o distinct
periods of spontaneous, synchronized Ca2+ signals (with
characteristic frequencies and durations, as well as
locations), which we termed “Signalling Period 1” (SP1)
and “Signalling Period 2” (SP2), were visualized in the
trunk of intact embryos between∼17.5 to 19.5 hpf and after
∼23 hpf, respectively (Figure 1A).15

Each period had characteristic frequencies and
durations, as well as locations.With regards to SP1, the
frequencies ranged between∼0.02 – 0.03 Hz at the start (i.e.
∼17.5 – 18 hpf) and end (i.e. ∼19 – 19.5 hpf) of this
signalling period and∼0.13 Hz in the middle (i.e. ∼18.5 –
19 hpf) of SP1, while the duration of the Ca2+ signals
ranged between∼0.4 to 0.8 s for the entire SP1.With
regards to SP2, the frequencies were maintained at∼ 0.03
Hz for the entire period imaged (i.e. ∼23 – 24.5 hpf) and the

duration of the Ca2+ signals was∼0.6 s. With regards to the
location of the Ca2+ signals, at the start of the SP1 (i.e. at
∼17.5 hpf), Ca2+ signals were generated only between
somites 4 to 10 of the 17-somite stage embryo, whereas an
hour later (i.e. at ∼18.5 hpf) the signals arose in somites 2 to
12. Thesedata are described in further detail in Cheunget
al.15

In addition to this most recent report by Cheunget
al.,15 the generation of Ca2+ signals in the trunk between
∼17 hpf and∼24 hpf have also been reported previously
both with holoaequorin45,49,50and with the fluorescent Ca2+

reporter, Oregon green 488 BAPTA-dextran.7 In the case of
the latter, Brennanet al.7 characterized (from a temporal
perspective) what they described as a series of “nerve-
mediated Ca2+ signals” that were generated in the slow
muscle cells of zebrafish from∼17 to 22 hpf. In addition,
the appearance and duration of SP1 correlates well with the
first of three different types of zebrafish movement behavior
reported by Saint-Amant and Drapeau.25 This takes the
form of spontaneous, alternating left-to-right slow
contractions of the trunk and tail, which were reported to
begin suddenly at∼17 hpf.25

SP1 ends at∼20 hpf as the muscle cells enter into a
quiet period (QP in Figure 1A) with regards to Ca2+

signalling activity. This quiet period lasts for∼3.5 h (i.e.
from ∼20 to 23 hpf) and it appears to coincide with a period
of significant Ca2+ signalling activity in the developing
zebrafish spinal cord, which is reported to occur between
∼19 to∼23 hpf.51

Once the location and timing were establishedvia
aequorin-based imaging, individual Ca2+ signals were
further characterized with respect to their sub-cellular
spatial signatures by utilizing the fluorescent Ca2+ reporter,
calcium green-1 dextran (10 kDa), in conjunction with
higher resolution confocal microscopy (Figure 1B-D).15

The morphology and confocal location of the cells
generating the Ca2+ signals, revealed that these signals were
restricted to slow muscle cells. At ∼17.5 hpf, the Ca2+

signals appeared to be generated mainly in and around the
nucleus, with relatively little spread into the cytoplasm
(Figure 1B; see red arrowheads). At∼18.5 hpf, however, it
is clear that although nuclear signalling was still a
prominent feature, a second distinct set of Ca2+ signals also
propagated out into the cytosolic fraction of each slow
muscle cell (Figure 1C). Thus, the SP1 Ca2+ signals had
distinct nuclear and cytoplasmic components.In addition,
the SP1 signals were shown to be synchronous with respect
to consecutive groups of anterior somites (e.g.S7 to S10)15

and to coincide with the earliest, spontaneous contractions
of the embryonic trunk.24,25

The dual nature of the slow muscle cell Ca2+ signals
at ∼18 hpf bear a similarity to aspects of Ca2+ signals
induced by elevated K+ in cultured rat and mouse
myotubes.5,52 In these cultured muscle cells, two types of
Ca2+ transient, with different cellular domains and kinetics
were identified.One was a fast cytoplasmic Ca2+ transient,
which was associated with ryanodine receptors (RyRs) and
excitation-contraction coupling. Following this fast
transient was a slower nuclear Ca2+ transient, which
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resulted in an increase in nucleoplasmic Ca2+ (that lasted in
the range of 30-40 s), but not in muscle cell contraction.In
addition, it has been reported that treatment of rat and
mouse myotubes with nifedipine or 2-APB completely
blocked the slow nucleoplasmic transient, thus it was
suggested that dihydropyridine receptors might be the main
membrane voltage sensor that initiates this Ca2+ signal, and
that the main component of the signal is generated by Ca2+

release from internal storesvia IP3Rs.5,14 Furthermore, the
slow IP3R-mediated Ca2+ transient in rat and mouse
myotubes was reported to be linked to developmental gene
expression, where K+-induced depolarization of mouse
myotubes resulted in the rapid (i.e. within 30 s-10 min)
phosphorylation of the mitogen activated kinases, ERK 1/2
and the transcription factor, CREB, as well as the
expression (within 5 – 15 min) of various early
genes.5,14,53,54 Thus, we suggest that the early Ca2+

oscillations located in and around the nucleus of zebrafish
slow muscle cells at∼17.5 and 18.5 hpf (Figure 1B and C)
may play a role in gene expression, whereas the
cytoplasmic phase of the slow muscle cell-generated signals
at ∼18.5 hpf (Figure 1C) might play a role in the excitation-
contraction coupling of the trunk muscle, resulting in the
spontaneous slow contractions of the trunk and tail
described by Saint-Amant and Drapeau.25 In the case of the
SP2 Ca2+ signals, on the other hand, we did not visualize
any specific nuclear component, as the SP2 signals
consisted exclusively of cytoplasmic signals (Figure 1D).
Furthermore, their appearance correlated with that of a
second phase of stronger contractions of the trunk that were
reported by Saint-Amant and Drapeau.25 We suggest
therefore that the SP2 signals are largely involved in
excitation-contraction coupling of the trunk muscle.

Expression of dystrophin in normally developing embryos

Data acquired following the treatment of embryos
with specific Ca2+ channel antagonists suggest that the
signals generated by different Ca2+-release mechanisms
may have separate developmental functions within
differentiating slow muscle cells.15 For example, treatment
with ryanodine but not 2-APB caused severe disruption of
myofibres, often resulting in complete detachment of slow
muscle cells from the vertical myoseptae.15 This latter
observation is of particular interest as it suggests that
myogenic Ca2+ signalling may also play a key role in
myoseptal junction formation and maintenance in zebrafish.
Our preliminary data suggest that dystrophin becomes
localized at the vertical myosepta (Figure 1E,F) at the same
time as the SP1 transients are generated (i.e. at ∼17.5 hpf to
19 hpf), and the spontaneous slow muscle cell-generated
coiling contractions are initiated.25 Between 22 hpf and 26
hpf, the expression of dystrophin in the vertical myosepta
then becomes a lot more prominent (Figure 1G-H),i.e.
when the stronger contractions of the trunk are reported to
start.25
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Figure 2. Visualization of dystrophin in the vertical
myosepta of wild-type zebrafish embryos at 3 dpf.
Dystrophin was labeled with the MANDRA-1 anti-
dystrophin 1° antibody and an Atto647N-tagged 2°antibody,
and F-actin was labeled with AlexaFluor 488-tagged
phalloidin. AlexaFLuor 488 fluorescence was visualized at
(A) low and (B) high magnification via normal confocal
microscopy. Atto647N fluorescence was visualized (A) at
low magnification with normal confocal microscopy and (B)
at high magnification via STED microscopy. The region
within the white box in (A) is shown at higher magnification
in (B). C: Graph of the relative fluorescence intensity along
the region of interest shown by the black line in panel (B).
Scale bars, (A) 10µm and (B) 2 µm. Ant. and Pos are
anterior and posterior, respectively.

The localization of dystrophin was also visualized in
3 dpf embryosvia both regular confocal (Figure 2A) and
stimulated emission depletion (STED; Figure 2B)
microscopy. The latter, super-resolution imaging technique
clearly shows two distinct regions of dystrophin localization
of ∼100-150 nm width at the slow muscle cell/myoseptal
boundary in adjacent myotomes, that are separated by a
fluorescence-free region of∼190 nm (Figure 2C). Our data
indicate that we are able to achieve a degree of
subdiffraction resolution within the intact muscle of a fixed
zebrafish embryo. These are most encouraging results and
they serve to demonstrate the potential of applying this
powerful technique to intact embryos.

Disruption of dystrophin localization in dmd-morpholino
(dmd-MO)-injected wild-type embryos

When embryos were injected with the standard Gene
Tools control-MO, somewhat similar dystrophin
localization results were obtained (Figure 3) when
compared with those in wild-type embryos (Figure 1E-H).
Thus, dystrophin was diffusely localized throughout the
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Figure 3. Effect of dmd-MO on the localization of dystrophin, morphology of the slow muscle cells and organization of
the sarcomeres.Embryos were injected with either control-MO (A-C, C′) or dmd-MO (D-F, F′) at the single cell stage.
They were then fixed at 17 hpf (A, D) 19 hpf (B, E) or 22 hpf (C, C′, F, F′), after which dystrophin and F-actin were labeled
via immunolabeling with the MANDRA1 antibody (A-F) and phalloidin (C′,F′), respectively. The region bounded by the
white square in panels C′ and F′ are enlarged in panels C* and F*. White arrowheads in panels B and C indicate dys-
trophin localized in the vertical myoseptae. Ant. and Pos. are anterior and posterior, respectively. Scale bars, (A-F,C′,F′),
50 µm; (C*,F*) 10 µm.

myotome at∼17 hpf (Figure 3A) and then it became
concentrated in the vertical myoseptae at∼19 hpf (see white
arrowheads in Figure 3B and compare this with the onset of
dystrophin expression in the untreated control embryo in
Figure 1F).

Dystrophin expression was more prominent in the
vertical myoseptae at∼22 hpf (see white arrowheads in
Figure 3C). In addition, Alexa Fluor 568-phalloidin
labeling of F-actin revealed that the formation of the slow
muscle cells and sarcomeres was normal (see Figure 3C′
and 3C*). On the other hand, when embryos were injected
with a well-characterizeddmd-MO,31 there was no
localization of dystrophin in the vertical myoseptae at any
of the times analysed (Figure 3D-F).In addition, in the
dmd-MO-injected embryos, myotome morphology,
myofibre development and sarcomere formation, as
demonstrated by Alexa Fluor 568-phalloidin labeling, was
also disrupted when compared with the control-MO-
injected embryos (i.e. compare Figure 3F′ with 3C′ and

Figure 3F* with 3C*). In the representative images shown
here in Figure 3, the mean± S.E.M. myofibrelength of n =
10 regions in the control-MO-injected embryo was 60.88±
0.76µm, whereas that in thedmd-MO-injected embryo was
38.30 ± 2.47 µm; thus there was an approximate 2-fold
decrease in myofibre length in thedmd-MO-injected
embryo. Furthermore,the length of the inter-vertical
myoseptal gap in the control-MO-injected embryo was 0.21
± 0.01 µm, whereas that in thedmd-MO-injected embryo
was 7.11 ± 1.51µm; thus there was over a 30-fold increase
in this distance in thedmd-MO-injected embryo.These
results suggest that, as reported in other systems, dystrophin
may play a key role in linking the F-actin to the
extracellular matrixvia the dystroglycan complex, hence
the significant increase in the distance between the ends of
the adjacent myofibres in thedmd-MO-injected
embryos.32,55
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Figure 4. Effect of dmd-morpholino (MO) on the SP1 and SP2 Ca2+ signals and myotome morphology. A-D: Represen-
tative embryos were injected withf-holoaequorin and eitherdmd-MO (A and C; n=3) or control-MO (B and D; n=3).The
pattern of Ca2+ signals generated from 12 hpf to 24 hpf (A and B), and from 24 hpf to 29 hpf (C and D), are shown. The
Ca2+ signals generated in embryos injected with control-MO (B and D) were very similar to those reported from uninjected
wild-type embryos,15 i.e. with two well-definedCa2+ signalling periods (SP1 and SP2).On the other hand, when embryos
were injected withdmd-MO (A and C), the period of SP1 Ca2+ signal generation was far less well-defined than that
observed in the control-MO-injected embryos (compare A with B). In addition, the signals generated during both SP1 and
SP2 were at a higher frequency and a higher amplitude than those generated in the control-MO-injected embryos.The
dmd-MO-injected embryos also displayed a significant increase in the resting level of Ca2+ when compared with the con-
trols. E&F: Effect of thedmd-MO on myotome morphology. Representative bright-field images of the trunk of embryos at
4 dpf, following injection withdmd-MO (E) or control-MO (F). Ant.and Pos. are anterior and posterior, respectively.
Scale bar, 50 µm.

Disruption of Ca2+ signalling in dmd-MO-injected wild-
type embryos and in sapje mutant embryos

We also undertook a series of experiments to
characterize the myogenic Ca2+ signalling signatures in
dystrophin-deficient embryos.We adopted a 2-fold strategy
(i.e. both molecular and genetic) where we imaged: (1)
wild-type embryos injected withf-holoaequorin and either
thedmd-MO31 (n = 3) or the control-MO (n = 3; Figure 4);
and (2)sapjemutant embryos injected withaeq-mRNA (n
= 11 embryos, where two were subsequently shown to be
homozygous and one heterozygous for thesapjemutation;
Figure 5).

Figure 4A-D shows the Ca2+ imaging data acquired
between∼12-29 hpf of two representative embryos that
were injected with either (A and C)dmd-MO or (B and D)
control-MO (n=3 for each type of morpholino).Our
preliminary data indicate that the Ca2+ signalling signature

of thedmd-MO-injected embryos is altered with regards to
the number of transients generated as well as their
amplitude and timing, when compared with the control-
MO-injected embryos. This is especially obvious with
regards to the SP1 Ca2+ signals. Inthe example shown in
Figure 4, the resting level of Ca2+ in the dmd-MO-injected
embryos appears to be approximately double that in the
control-MO-injected embryos. As these traces were
obtained following injection of holoaequorin (protein) into
embryos at the one-cell stage (i.e. shortly after fertilization),
we suggest that the decline in luminescence background is
most probably related to aequorin utilization.45 In addition,
SP1 in the control-MO example shown here (Figure 4C)
occurs between∼16.5 and 18.5 hpf, which is somewhat
similar to that observed in wild-type embryos (see Figure
1A and Cheunget al.,15) and in this example there are∼20
Ca2+ transients. However, there appear to be more Ca2+
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Figure 5. An altered pattern of Ca2+ signalling and disruption of the normal myotome morphology is observed in
homozygoussapjeembryos. A&B:These are preliminary data from two embryos, (A) a homozygous and (B) a heterozy-
goussapjeembryo that were injected with aeq-mRNA at the single cell stage and then incubated withf-coelenterazine from
the 64-cell stage to reconstitute active aequorin in the embryo. The Ca2+ signals generated in the heterozygous embryo
between 12 hpf to 20 hpf were very similar to those reported from uninjected wild-type embryos,15 i.e. with a well-defined
Ca2+ signalling period (SP1), which started at∼17 hpf. In the homozygoussapjeembryo, however, the SP1 Ca2+ signals
were far less well-defined and were generated at a higher frequency and a higher amplitude than those generated in the
heterozygous embryo.C&D: Myotome morphology of (C) a representativesapjemutant and (D) wild-type (WT) embryos,
which were labeled with BODIPY FL C5-ceramide at 4 dpf. The myotomal lesions, which occur in thesapjemutants, are
indicated by white arrowheads in panel C. Ant. and Pos. are anterior and posterior, respectively. Scale bar, 50 µm.

signals (i.e. 30 Ca2+ transients in this example) generated in
the dmd-MO-injected embryos. In addition, the Ca2+

signals generated in thedmd-MO-injected embryos start
earlier (i.e. at ∼14.5 hpf) and end later (i.e. at ∼21-22 hpf)
than do the SP1 signals in the controls.Furthermore, the
amplitude of the Ca2+ signals in thedmd-MO-injected
embryo ranges between∼100 to∼2300 photons/s above the
background level of signal, with an average amplitude of
∼700 photons/s, whereas in the control, the amplitude
ranges between∼8 to ∼580 photons/s above background,
with an average of∼120 photons/s.With regards to the SP2
Ca2+ signals, again the number and amplitude of the
transients generated in thedmd-MO-injected embryo is
clearly higher than the control-MO-injected embryo.It
should be noted that we did not include the Ca2+ transient
generated at∼13 hpf in the control-MO-injected embryo in
our SP1 calculations as we suggest that this is one of the
stochastic Ca2+ signals that are reported to occur in the
somites and notochord during the early segmentation
period, when the somites are first forming.56 We do not yet
have any spatial Ca2+ imaging data to add to these temporal
traces, to show where the Ca2+ transients are generated in

the morpholino-injected embryos, these experiments will be
done in the near future.However, the increased Ca2+

signalling activity in thedmd-MO-injected embryos does
appear to coincide with altered morphology of the forming
muscles, as indicated by the dystrophin and F-actin-labeling
data acquired at 22 hpf (see Figure 2). The effect of the
dmd-MO and control-MO on the morphology of the
myotome is also shown at 4 dpf (Figure 4E,F).

Figure 5 shows examples of the Ca2+ signalling
signatures from one homozygous (Figure 5A) and one
heterozygous (Figure 5B)sapjemutant embryo.Sapjeis a
recessive lethal mutation such that homozygous individuals
do not survive beyond a few weeks and myotomal lesions
are apparent as early as 2 dpf.31 On the other hand, the
muscle cells of heterozygous fish develop normally, without
lesions.57 With regards to our preliminary data shown here,
the Ca2+ signalling signature of the homozygoussapje
mutant, which was retrospectively identified by the lesions
observed at 4 dpf (Figure 5C), was altered in a somewhat
similar manner (i.e. with respect to number of transients
generated, as well as their amplitude and timing) as the
embryos injected withdmd-MO (compare Figure 5A with
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Figure 4A). On the other hand, the Ca2+ signalling
signature of the heterozygoussapje mutant (Figure 5B),
which was identified by PCR, shows what appears to be a
clearly defined SP1, which is similar to that observed in
embryos injected with control-MO (Figure 4B) and in wild-
type embryos (Figure 1A).We suggest that the Ca2+

transients generated in the heterozygoussapje mutants
between∼12 and 14 hpf (Figure 5B;i.e. before the first
spontaneous trunk contractions are reported)25 might again
represent somite-generated stochastic Ca2+ signals that
occur during the early segmentation period.56

In summary, our new data provide the first evidence
that dystrophin may play an important role not just in
mature muscle function, but also in muscle differentiation,
myotube attachment and early sarcomeric contraction
within intact zebrafish. The detrimental effect of a lack of
dystrophin at later stages of zebrafish development (i.e. over
2 days post-fertilization) and in adult fish, where both slow
and fast skeletal muscles are fully developed, have been
widely reported.31,58,59Our new data, however, are the first
to suggest that dystrophin may function at the very earliest
stage of slow muscle cell differentiation when the
appearance of Ca2+ signals in these cells coincides with the
earliest spontaneous contractions of the zebrafish trunk (see
time-line in Figure 1).15,25
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