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The application of complementary luminescent and fluorescent imaging techniques
to visualize nuclear and cytoplasmic C&-signalling during the in vivo differentiation
of slow muscle cells in zebrafish embryos under normal and dystrophic conditions
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Summary differentiating muscle cells, especially in intact systems.
) ) ) Furthermore, the recent \d#opment and application of
1. Evidence is accumulating for a role for Ca rejiable imaging techniques hasgbe to add an ra
signalling in the differentiation and wgopment of gimension of complexity with gerds to understanding the
embryonic skeletal muscle. _ ~ roles played by (4 signalling during muscle g@elopment.

2. Imaging of intact, normally deloping transgenic ror example, it is clear from imaging both isolated
zebrafish that xpress the protein component of thenyomwbes and intact systems, that membrane-bound sub-
Ca*-sensitie omplex, aequorin, specifically in sletal  cejjylar compartments, such as the nucléd&may hae
muscle, she that two distinct periods of spontaneousegngogenous and distinct Casignalling activities, as do

synchronized C?é transients occur in the trunk: &17.5  gpecific cytoplasmic domains, such as the subsarcolemmal
hours post-fertilization (hpf)-19.5 hpf (termed S|gnall|ngspaces_

period, SP1); and after23 hpf (termed SP2).These In contrast to the growing body of data stedi from
pe_rlods qf intense CGasignalling activity are separated by ajsse culture cells, there is relay little known about
quiet period. Ca* signalling duringin vivo skeletal muscle delopment

3. Higher resolution confocal imaging of embryosi jntact animal models, such as zebrafish. In zebrafish, the
loaded with the fluorescent €areporter calcium green-1 jitferent types of sdetal muscle are desd from the
dextran, shav that the C#& signals are generated almOStmyotome region of the trunk and theirvelepment is
exclusively in the slav muscle cells, the first muscle cells toregulated by the interaction of a number of comple
differentiate, with distinct nuclear and yteplasmic signalling networks16-18 Slov muscle cells (or red muscle
components. o _ cells) exhibit lav force, long duration contractioh$They

4. Here, we shw that coincidental with the SP1€a {5 from a population of muscle precursor cells, termed
signals, dystrophin becomes localized to thertival ,4axial cells, which initially lie adjacent to the notochord
myoseptae of the myotome. Introduction of dd ior to the start of ggnentation when the somites begin to
morpholino mdMO) resulted in no dystrophin being form 2021 Shortly after the segmentation process starts, the
expressed in the vertical myoseptae, as well as a disruptigijority of the adaxial cells, which are at first cuboidal in
of myotome morphology and sarcomergjapisation. In  gshape "elongate todend across the anterior-posterior axis
addition,  the C# signalling signatures ofdmdMO- ot the somite and then the majority migrate from the medial
injected embryos or homozygoumpje mutant embryos 4 |ateral region of the somite until §éinally come to lie
were also abnormal such that the freqyeamplitude and  5; the periphery of the myotome as a superficial monolayer
timing of the C&" signals were altered, when comparegs o cells®2 As the adaxial cells migrate, the
with controls. _ N differentiate into skv muscle cell€° The non-adaxial cells

5. Our nev data suggest that in addition 10 &, the myotome do not migrate and these differentiate into
structural role, dystrophin may function in the regulation of,e st muscle cells (or white muscle ceP&)YFigure 1)

[C&]; during the early stages of slomuscle cell wpich in contrast to the sio muscle cells exhibit high
differentiation when the G& signals generated in thesefyrce, short duration contractiok.

cells coincide with the first spontaneous contractions of the  \ypen irvestigating myogenic CH signalling in

trunk. intact deeloping zebrafish, Brennaret al’ used the
fluorescent C# reporter Oregon green 488 BPTA-
dextran (K; = 265 nM) and reported spontaneous?Ca
Evidence is steadily accumulating to support thgignals in differentiating sl muscle cells between7.25
proposition that CH signalling plays a necessary and@nd[21.5 hours post-fertilization (hpf). This time period is
essential role in regulating embryonic musclgoincidental with the time when the first neuromuscular
differentiation and delopment!'® What is currently contacts are known to fornig. between18 to 21 hpf}®
lacking, hovever, is extensie drect visualization of the and the C# signals were shwn to coincide with the first
spatial dynamics of the €a signals generated by spontaneous contractions of the trunk muscle (a7
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Proceedings of the Australian Physiological Society (2@21) 29



Ca&* signalling & muscle differentiation

A

an

2 13 ( Muscle pioneer cells can be distinguished alongside
2 the notochord®
S60

Q.

= 14

840

<

3

$£20 15

£

Eo

- 21 23 16

Time (hpf)

~17.5 hpf

17 ( 1* contractions start at 17 hpf.
Onset of spontaneous side-to-side contractions.”

SP1 18 CaP motoneurons start to produce growth

cones.™

1
19 I( Peak of spontaneous contraction activity”

= 1
*:‘: : Adaxial cells differentiate into slow muscle
= 20! cells, which elongate and then undergo a
e : medial-to-lateral migration through the
& ' somites."*?
o [
"% 21 '( Onset of response-to-touch fast contractions.”
kot
2 | 22 The migration of the slow muscle cells
3 i induces a wave of fast muscle
& morphogenesis.”®
23
24 <
SP2
> 3 . 25
L High
26 ( Onset of swimming in response to touch
at 26-27 hpf.”
MUSCLE Ca® TRANSIENTS %Y(g;léggl'gx
STAGE OF STAGES OF MUSCLE FORMATION
DEVELOPMENT REPORTED
TIME
(hpf)

Figure 1. A timeline of skeletal muscle development irbrafish. The series starts afl3 hpf when the muscle pioneer
cells can first be distinguished, localized adjacent to the hotdcto 26 hpf and the onset of swimmirsyperimposed on
the developmental timelinearA: A representative profile of aequoriregeiated light from 17 hpf to 27 hpf.€. the
16-somite to Prim-8 stg). Datawere potted every 10 s, ehdata point epresenting 60 s of accumulated luminescence
in a regon of inteest covering the enéirenbryo. A*: A representative example of an SP1?Caiansient gneated in the
anterior somites aflL 7.5 hpf which has been superimposed on a bright-fieldgenda the embryo. Colour scalepresents
luminescence flux in photons/B-D: The patterns of Ca signals observed &fl7.5 hpf (118.5 hpf and24 hpf when
embryos wer loaded with calcium green-1 xtean and imged via confocal micoscopy Colour scale indicates level of
fluorescence Ca?* signalling periods 1 and 2 (SP1 and SP2) and th&" Gmnalling quiet period (QP) observed in slow
muscle cells during delopmen® are labeled. E-H: The localization of dystrophin in the vertical myosept&ebryos
were labeled at 17 hpfl9 Ipf, 22 hpf and 26 hpfia immunohistokemistry with the MANDRA-1 anti-dystrophin antibody
White arrowheads (E-H) show the localization of dysiin in the vertical myosepta&cale bars, (A*) 20Q:m and (B-H)

50 um. Ant.and Pos. a& anterior and posteriarrespectively.

hpf2425 Brennanet al” also demonstrated that the 2Ca ryanodine also disrupted theganization of slev muscle
signals could be abolished, along with the contractions, logll myofibrils. They thus proposed a critical role for
treatment with the nicotinic acetylcholine receptor inhibitoispontaneous neevmediated myogenic €asignalling in
a-bungarotoxin. Furthermore, treatment with the diferentiation of physiologically functional sio
a-bungarotoxin or the ryanodine receptor (RyR) inhihitormuscle cells during zebrafishvéopment. WhileBrennan
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et al” clearly observed Casignals being generated by themorpholinos (MO) targeted to &ent regions of themd
slow muscle cells, the did not report ap signals being gene alsoxhibit a lack of localization of dystrophin to the
generated from fast muscle cells or associated primamyoseptae, and an associated disruption of muscle cell
motor neurons during this periodOn the other hand, morphology?:32 Numerous reports indicate that resting
Horikawa et al?® used a ne family of C&* reporters based levels of [C&*], might be abnormally high in dystrophin-
on Yellow Cameleons (YCs)i.e. YC3.60 (K, = 215 nM) deficient cultured muscle cells, and iasvsuggested that
and the ultra-sensie YC-Nano50 (K = 50 rM), and this might be an important cause of the patlysiiogical
reported C#& signals from all three cell typesg. slow process leading to dysfunction and ultimately to cell
muscle cells, fast muscle cells and primary motor neurorggath334! Very little, however, is known about the
from (R0 hpf. consequence of an absence or deletion of dystrophin on
Most recently we reported the successful generatiorearly myogenic C# signalling. Inthis paperwe present
of a transgenic zebrafish line that expresses the apoproteime of the first\@dence to suggest that the absence of
portion of the C#-sensitve koluminescent comple dystrophin has a significantfeft on the early myogenic
aequorin, tageted specifically to muscle using a muscle€&* signalling in zebrafish embryos. Our data also support
specifica-actin promotet® Using these fish, we identified the viav that intact zebrafish offer a&ry amenable system
two distinct and highly reproducible periods of spontaneousr investigating muscle deslopment at the Ca signalling,
C&* signalling, again generatesiausively by slov muscle gene-g&pression, protein, cellular and whole systenelks
cells in the trunk musculature. These occur betwéeh5 when compared with thim utelo mouse or othem vitro
and 19.5 hpf (Signalling Period 1: SP1) and fra@8 hpf systems242
onward (Signalling Period 2: SP2), with a Xaignalling
quiet period of around 3.5 h duration between trefime Methods
also confirmed that the SP1 Lasignals were being
generated>@lusively by the slev muscle cell population by
aequorin-based imaging of cyclopamine- or fotsk We wed the following strains of zebrafisBanio
treated embryos arsmu” mutant embryos, in which slo  rerio): the wild-type AB strain (from the Zebrafish
muscle cells do not forff:?® Furthermore, we treated International Resource Centre; Marisity of Oregon,
embryos witha-bungarotoxin, ryanodine or antagonists ofEugene, OR, USA); the-actin-apoaequorin-IRES-EGFP
the dilydropyridine receptor i(e. nifedipine) and the (a-actin-aeq) transgenic lif€,and thesapje mutant line
inositol 1,4,5-trisphosphate receptor ffPi.e. 2-APB), and  (obtained from the Tiibingen stock collection at the Max-
our results indicated that the SP1 signals are mediatefhnck-Institut fiir Entwicklungsbiologie)They were all
through endogenous neuronal eation of acetylcholine maintained on a 14 h light/ 10 h dark cycle to stimulate
receptors, follwed by stimulation of didropyridine spawning® and their fertilized ggs were collected as
receptors, resulting in the spatially-restricted release #f Cajescribed elsehere® Embryos were maintained in 30%
from intracellular storesia both IP,Rs and RyR$&® Danieaus olution (17.4 mM NacCl, 0.21 mM KCI, 0.18
In summarythere is a gnving body of data dered mMm Ca(NQ),, 0.12 mM MgSQ.7H,0, 1.5 mM Hepes, pH

mainly from tissue culture cellsubthat is supported by a 7.2) at [28.5°C throughout delopment and during all
relatvely small number of reports from whole embryosexperiments.

which suggest that Gasignalling in a variety of forms
plays an essential role in elktal muscle cell Generationand luminescence C@maging ofa-actin-aeq
differentiation’-1>2% The nev data reported in this paper transgenic zebrafish.

senes to compare the €asignalling patterns generated by
embryos lacking (or induced to lack) theykmuscle-
associated protein, dystrophin, with those that weeha
previously reported in intact wild-type embryGs.

Much of our recent kneledge of dystrophin function
has been deréd from studyingmdx mice that are null
mutants of theDuchenne muscular dystphy (dmd)gene,
and which display some of the features that characteri
human Duchenne muscular dystrgph(DMD).?° In
zebrafish, the recessi lethal mutation sapje causes
progressie degeneration of siletal muscle, and the
mutation has been shown to disrupt the zebrafish ortholo
of the humardmdgene. Inwild-type zebrafish afR26 hpf,

dystrophin has been reported to be associated with tg
?or data acquisition fronillé to 24 hpf ice. the 15- to

sarcolemma, with particularly strong localization to th
i 0,31 H
vertical myoseptaé>® Sapje mutants, hwever, ae Odsomite stage) ai28.5°C. Anoutline of the PIMS and

characterized by an absence of dystrophin; an associa] o . )
failure of muscle attachment at the myoseptae; andt € photon acquisition procedure is described tgpbbiet

44
progressie loss of muscle intgity.3! Zebrafish treated with al.

Embryo collection

Preparation of the pKS-aeq-IRES-EGFP plasmid
and its subsequent use in the generation obithetin-aeq
transgenic zebrafish are described in detail in Chezing
al.’®> The oa-actin-aeq transgenic embryos were
dechorionated manually withatchmakes forceps at the
8-cell stage and then incubated with 8@ f-coelenterazine
%olecular Probes, Invitrogen Corp., Carlsbad, CA, USA)
in" 30% Danieals wlution to reconstitute the aed
holoaequorin. f-coelenterazine was prepared as a stock
solution of 5 mM in 100% methanol andasvdiluted in
%I % Danieals lution just prior to use. Embryos were

eld in place in a custom-designed imaging chamber and
%nsferred to a customuiit Photon Imaging Microscope
ystem (PIMS; Science Wares, Eaatnfouth, MA, USA)
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Identification and luminescence €amaging of sapje experiment, Triton X-100 ws added to the embryo bathing
mutant fish medium to “burn-out” all remaining aequorin and thus
) ) o ~ determine whether the signals recorded had been aequorin-
DNA sequencing was applied to maintain ®&pje |imijted. Bright-fieldimages ofdmdMO and control-MO-
mutant line and to retrospeatly identify the &act jpjected embryos at 4 dpf were captured for morphometric
genotype of the mutant embryos used fapegiments. qpsepations using a Nikon DXM 1200F camera mounted

Exon 4 of thedmdgene was amplified from genomic BN o, 4 7eiss Axiostp microscope with a Zeiss Achroplan
prepared from either the caudal fin of a single adult fish oy /0 75 NA water-immersion objeaté lens.
single embryo at 3 days post-fertilization (dpf) using the

following oligonucleotide primers: Calcium green-1 dextran-based fluorescent confocal
5'-tttggctctgctgtattctggtta3 and imaging

5'-gccagtgaaatggataagtgtcatta{@esigned by DrMartial .

D.A. Jaume, HKUST). ThePCR product was purified The calcium green-1 egan-based fluorescent

using the QIAquicR PCR purification kit (Qiagen Ltd., confocal imaging experiments were performed as described
NQ, UK) following the protocol recommended by thePy Cheunget al®
manufact_urerand _the_n sequenced to CO”f"F“ th_e presenﬁﬁwmunohistochemistry and phalloidin labeling
of the point mutationif.the A to T transversion) irken 4
of thedmdgene that was reported by Bass¢tl Embryos were microinjected with thémdMO or

In some &periments apoaequorin was transientlsontrol-MO as described preusly. Embryos were
expressed irsapjemutant embryos by injectingl nl aeg  dechorionated manually usingattchmakes forceps just
mRNA (at a concentration ofb00 pg/nl, prepared in prior to fixation at 17 hpf, 19 hpf, 22 hpf and 26 hpf with
nuclease-free ater) into the center of the yolk at the 1-celuo, paraformaldehyde and 4% sucrose in phosphate-
stage following protocols described by Cheueigal® puffered solution (PBS; 0.8% NaCl, 0.02% KCI, 0.02M
Holoaequorin was then reconstituted in thedmRNA PO, buffer; pH 7.3} at 4°C wernight. Embryoswvere then
injected embryos by incubation in $0/ f-coelenterazine washed thoroughly with PBS, after which yhavere
solution and spatial and temporal luminescence dais Wncubated with PBS containing 1%ifbn X-100 (PBT) for
acquiredvia the PIMS, as described pieusly. Imaged 5 min and then with PBT containing 1% DMSO (PBTD) at
embryos were subsequently identified either by PCR atr§om temperature for 1 h.The embryos were then
dpf or phenotype at 4 dpf. transferred to blocking uffer (10% goat serum and 1%
BSA in PBTD) and incubated for 2 h at room temperature
after which thg were incubated with the anti-dystrophin
embryos antibody MANDRA-1 (Sigma; used at a dilution of 1:200

In these Eperiments, approximately 2 nl of- dilution in blocking lmffer') overnight at 4°C Embryos
holoaequorin was microinjected into embryos at the 1-céliereé washedeensiely with PBTD containing 1% BSA
stage as described in detail yicrisly#44647In order to be befpre being transfgrred to A Fluor 488-te}gged gqat
able to compare aequorin-generated data frorferdift anti-mouse IgG (iitrogen; used at 1:200 in blocking
embryos in subsequent data analysis procedures, (ifer), and Alea Fluor 568-phalloidin (Invitrogen; at
followed a strict experimental protocol where injectiort:200 in blocking biffer) to label F-actin. Embryos were
volumes were calibrated before injection, and injectiofficubated with the secondary antibody and thexaeluor
micropipettes were broken and veled to produce a tagged pha[l0|d|n simultaneously for' 2 h at room
consistent tip shape and dimensiofis results in each {€mperature in the dark, folled by atensie washes with
embryo being loaded with the same volume of holoaequoffP T @nd then PBSThe embryonic yolk was then rewenl
injectate in addition to being subjected to similar injectio’@nually using a tungsten needle and the embryos were
trauma. Furthermoregxperimental embryos used for mounted under a@slips (No. 1.5H; Marienfeld GmbH &

comparison were injected with aequorin from the sanfe®: KG). ) ]
aliquot?4. 46.47 In some experiments, untreated wild-type embryos

Embryos were then injected with3 ng of dther Were fixed aF 3 dpf and inpubated with the MANDRA-l
dmd or control-morpholino (MO) at(B5 min post anti-dystrophin primary anybody as describedvjmesly. .
fertilization .e. when the first cleaage furrav just started 1h€&/ were then labeled with Atto647N-tagged goat anti-
to form). The dndMO (5-aaagcgaaagcacctgtggetgtgy-3 Mouse IgG (Actie Motif; useo! at ;:10 in blockinguiffer)
and control-MO  (5cctcttacctcagttacaatttatdy3 were Of  Subsequent STED  imaging, and Xd&luor
purchased from Gene®ls and 1 mM stock solutions were#88-phalloidin (Invitrogen; at 1:100 in blockingifter) to
prepared in milliQ water. visualize F-actin. , _

The temporal profile of luminescence generated by  La@ser scanning confocal microsgopnd stimulated
these embryos betwe€fl2 to (P4 hpf was detected and €Mission depletion (STED) microsgdp were carried out
recorded using a custom-built photon-multiplier tub&'Sing a Leica TCS SP5 STED supesolution confocal

(PMT) platform consisting of a PLOPC PMT (Electrarb@ aSer scanning system equipped with a Leica DMI 6000
Limited) mounted in a dark box (supplied by Sciencras motorized iwerted microscopeAlexa Fluor 488 and Ala
Inc, East Falmouth, MA, USA).At the end of each Fluor 568 fluorescence as visualized by excitation with

Luminescence Caimaging of dmd-morpholino-injected
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argon 488 nm and DSPP 561 nm lasers, resmheti For  duration of the C& signals vas[D.6 s. With regards to the
regular confocal imaging, Atto647N fluorescenceasw location of the C# signals, at the start of the SHk (at
visualized by excitation with a pulsed 635 nm diode lasem 7.5 hpf), C&" signals were generated only between
For STED imaging, Atto647N ws depleted using aitdn  somites 4 to 10 of the 17-somite stage embryo, whereas an
Sapphire femtosecond infrared laser (Coherent, Chamelewour later i(.e. at (118.5 hpf) the signals arose in somites 2 to
Ultra Il), which was tuned to 765 nm and full poweasv 12. Thesealata are described in further detail in Cheeng
applied, and anvalanche photodiode (APD) was used foral.1®

detection. Allimages were acquired using a Leica HCX PL In addition to this most recent report by Chewatg
APO CS 108/1.40 NA oil-immersion objectie lens. al.,'® the generation of G4 signals in the trunk between
STED images were acquired using>xazoom. (L7 hpf andR4 hpf hae dso been reported priously

_ _ _ ~ both with holoaequori?4%*°and with the fluorescent &a
BODIPY FL G-ceramide labeling of wild-type and sapje  yeporter Oregon green 488 BPTA-dextran’ In the case of
mutant fish the latter Brennanet al’ characterized (from a temporal

BODIPY FL G.-ceramide (Molecular Probes)aw perspectie) what thg described as a series of “nerv
prepared as a 5 mM stock solution in DMSO amiisWmediated C# signals” that were generated in thewvslo
diluted to 100uM in 30% Danieats lution just prior to muscle cells of zebrafish frofil7 to 22 hpf. In addition,
use. Wid-type andsapje mutant embryos at 4 dpf Werethe appearance and duration of SP1 correlates well with the
incu.bated in BODIPY FL Gceramide forl60 min, :after first of three d”efe”t types of zebrafish rvmn_ent behaior
which fluorescence was visualized with a &kC1 laser reported by Saint-Amant and DrapéauThis takes the

scanning confocal system mounted on a Nikon Eclipse gf&rm of spontaneous, altern_atlng_ left-to-right velo

upright microscope.BODIPY FL G.-ceramide-generated contractions of the trunk and tail, which were reported to
. . 25

fluorescence @as acquired using 488 nm excitation an&)eglnss;iden(ljy aggohﬁf'f th | I ter int

515-530 nm emission filters, and images were acquired, enas pras the muscie celis enter Into a

using a Nikon Fluor 4€¢/0.8 NA waterimmersion objectie q_wet period ..(QP in_ Figgre 1A) with gards to C&'
signalling actiity. This quiet period lasts farB.5 h (.e.

lens. from [0 to 23 hpf) and it appears to coincide with a period

Results and Discussion of significant C&" signalling activity in the desloping
zebrafish spinal cord, which is reported to occur between

Visualizing and characterizing Gasignals from 119 to[23 hpf>!

transgenic fish that express apoaequorin in the muscelatur Once the location and timing were establisivéal

and from wild-type fish injected with calcium green-1 aequorin-based imaging, individual asignals were

dextran further characterized with respect to their sub-cellular

spatial signatures by utilizing the fluorescent'Gaporter,
calcium green-1 dextran (10 kDa), in conjunction with
Pnigher resolution confocal microsgopFigure 1B-D)®

he morphology and confocal location of the cells
enerating the Casignals, reealed that these signals were
restricted to sy muscle cells. At [(17.5 hpf, the C&
signals appeared to be generated mainly in and around the
nucleus, with relatiely little spread into the ytoplasm
(Figure 1B; see red amteads). At118.5 hpf, havever, it
is clear that although nuclear signalling was still a
prominent feature, a second distinct set of*Gagnals also
propagted out into the cytosolic fraction of eachwslo
muscle cell (Figure 1C). Thus, the SP1%2Csignals had

stinct nuclear and cytoplasmic componernits.addition,

he SP1 signals were shkio to be synchronous with respect
% consecutie goups of anterior somiteg.g.S7 to S10%
and to coincide with the earliest, spontaneous contractions
n‘g the embryonic trunk?2>

The dual nature of the slomuscle cell C&" signals

at (118 hpf bear a similarity to aspects of 2Caignals
induced by eleated K" in cultured rat and mouse
myotubes>®2 In these cultured muscle cells,avypes of
C&* transient, with diierent cellular domains and kinetics
were identified.One was a fast cytoplasmic Laransient,
which was associated with ryanodine receptors (RyRs) and
excitation-contraction coupling. Fdlowing this fast
transient was a sher nuclear C&# transient, which

We recently deeloped stable lines of transgenic
zebrafish that@ress apoaequorin specifically targeted t
skeletal muscle cells in order to impm the spatial
resolution (especially in 3-D) of our aequorin-base
imaging methodologl® As described prdgously,
transgenic embryos were incubatedficoelenterazine to
reconstitute acte toloaequorin and the €4a signals
generated betweéerl7 hpf and 27 hpf were visualized with
the PIMS (Figure 1A*}> Using a rgion of interest
covering the whole embryo, temporal luminescent dada w
plotted in photons/s against time (Figure 1AWwo distinct
periods of spontaneous, synchronized*Csignals (with
characteristic frequencies and durations, as well
locations), which we termed “Signalling Period 1" (SP1
and “Signalling Period 2" (SP2), were visualized in th
trunk of intact embryos betweéil7.5 to 19.5 hpf and after
23 hpf, respeciely (Figure 1A)1°

Each period had characteristic frequencies a
durations, as well as location§Vith regads to SP1, the
frequencies ranged betweEd.02 — 0.03 Hz at the staite
(7.5 — 18 hpf) and end.€. (119 — 19.5 hpf) of this
signalling period andD.13 Hz in the middleig. [118.5 —
19 hpf) of SP1, while the duration of the “Casignals
ranged betweeriD.4 to 0.8 s for the entire SPMVith
regards to SP2, the frequencies were maintained @103
Hz for the entire period imagedd. (23 — 24.5 hpf) and the
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resulted in an increase in nucleoplasmié*Gtnat lasted in
the range of 30-40 s)ubnot in muscle cell contractiorin MANDRA1 (Atto647N) + phalloidin (AlexaFluor488)
addition, it has been reported that treatment of rat a§: dpf [

mouse myotubes with nifedipine or 2-APB completel
blocked the slaw nucleoplasmic transient, thus itas
suggested that dyidropyridine receptors might be the main
membrane voltage sensor that initiates this"Gmnal, and
that the main component of the signal is generated By C
release from internal storefa IP,Rs>** Furthermore, the
slov IP,R-mediated C# transient in rat and mouse 127C
myotubes was reported to be linked toa@mental gene
expression, where Kinduced depolarization of mouse
myotubes resulted in the rapide( within 30 s-10 min)
phosphorylation of the mitogen agied kinases, ERK 1/2
and the transcription attoy CREB, as well as the
expression (within 5 — 15 min) of various early
genesy145354 Thus, we suggest that the early ?Ca
oscillations located in and around the nucleus of zebrafish

slow muscle cells af117.5 and 18.5 hpf (Figure 1B and C) 0 200 400 600 800 1000 1200
may play a role in gene expression, whereas the Distance along line (nm)
cytoplasmic phase of the sianuscle cell-generated signals

at(18.5 hpf (Figure 1C) might play a role in thec#ation-  Figure 2. Visualization of dystrophin in the ertical
contraction coupling of the trunk muscle, resulting in thgyyosepta of wild-type beafish embryos at 3 dpf
spontaneous st contractions of the trunk and tail pystophin was labeled with the MANDRA-1 anti-
described by Saint-Amant and Drapéain the case of the dystiophin 1° antibody and an Atto647Ngged 2°antibody,
SP2 C&" signals, on the other hand, we did not visualizgng F-actin was labeled with AlexaFluor 488yt
ary specific nuclear component, as the SP2 signafhalloidin. AleaFLuor 488 fluorescence was visualized at
consisted xclusiely of cytoplasmic signals (Figure 1D). () Jow and B) high magnification via normal confocal
Furthermore, their appearance correlated with that of pgicroscopy Atto647N fluorescence was visualized (A) at
second phase of stronger contractions of the trunk that wesg, magnification with normal confocal microscopy and (B)
reported by Saint-Amant and DrapéauWe siggest at high manification via STED micoscopy The regon
therefore that the SP2 signals are largelyolired in  \yithin the white box in (A) is shown at highergnication
excitation-contraction coupling of the trunk muscle. in (B). C: Graph of the relative fluorescence intensity along
the regon of interest shown by the blatine in panel (B).
Scale bars, (A) 1@m and (B) 2 um. Ant. and Pos ar

Data acquired follwing the treatment of embryos anterior and posterigrespectively.
with specific C&" channel antagonists suggest that the
signals generated by different Taelease mechanisms The localization of dystrophin ag also visualized in
may hae eparate delopmental functions Within 3 o embryosvia both regular confocal (Figure 2A) and
differentiating slav muscle cells®> For example, treatment g4imulated ~ emission depletion (STED: Figure 2B)
with ryanodine bt not 2-APB caused eere disruption of ' icroscoy. The latter superresolution imaging technique
myofibres, often resulting in complete detachment of/slogearly shows tw distinct regions of dystrophin localization
muscle cells from the ertical myosepta& This latter ot 1100-150 nm width at the stomuscle cell/myoseptal
obseration is of particular interest as it suggests thajoyngary in adjacent myotomes, that are separated by a
myogenic C& signalling may also play aef ole in qrescence-free region G190 nm (Figure 2C). Our data
myoseptal junction formation and maintenance in zebrafiSigicate that we are able to aakée a @®gee of
Our preliminary data suggest that dystrophin becomegpifraction resolution within the intact muscle of aefix
localized at the ertical myosepta (Figure 1E,F) at the samgeprafish embryo. These are most encouraging results and
time as the SP1 transients are generatecaf [117.5 hpf to they serve to cemonstrate the potential of applying this
19 hpf), and the spontaneousvsluscle cell-generated powerful technique to intact embryos.
coiling contractions are initiatéd.Between 22 hpf and 26
hpf, the expression of dystrophin in thertical myosepta Disruption of dystrophin localization in dmd-morpholino
then becomes a lot more prominent (Figure 1G+t¢), (dmd-MO)-injected wild-type embryos

when the stronger contractions of the trunk are reported to o )
start2s When embryos were injected with the standard Gene

Tools control-MO, somshat 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

o
(-]
1

o
(=2
1

0.4 ~154 nm ~98 nm

Fluorescence Intensity
(Arb units)

Expression of dystrophin in normally developing embryos
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MANDRA1 (AlexaFluor488) + phalloidin (AlexaFluor568)
17 hpf 19 hpf 22 hpf

Control-MO

Dystrophin

Control-MO

F-actin

Control-MO dmd-MO dmd-MO

Figure 3. Effect of dmd-MO on the localization of dystrophin, morphology of the slanuscle cells and organization of
the sarcomeres Embryos wes injected with either comi-MO (A-C, C) or dmd-MO (D-F, F') at the single cell sige
They were then fixed at 17 hpf (A, D) 19 hpf (B, E) or 22 hpf (CHF'), after whid dystrophin and F-actin wer labeled
via immunolabeling with the MANDRAL antibody (A-F) and phalloidihnH{; respectively The regon bounded by the
white squae 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 myoseptaént. and Ps. ae anterior and posterigrrespectivelyScale bars, (A-FC',F'),

50 um; (C*,F*) 10 um.

myotome at[7 hpf (Figure 3A) and then it becameFigure 3F* with 3C*). In the representati images shon

concentrated in theevtical myoseptae &tl9 hpf (see white here in Figure 3, the meanS.E.M. myofibrdength of n =

arrovheads in Figure 3B and compare this with the onset #0 regions in the control-MO-injected embryo was 6&88

dystrophin &pression in the untreated control embryo .76 um, whereas that in trdmdMO-injected embryo was

Figure 1F). 38.30+ 2.47 um; thus there was an approximate 2-fold
Dystrophin expression was more prominent in thdecrease in myofibre length in theémdMO-injected

vertical myoseptae afR2 hpf (see white arrowheads inembryo. Furthermorethe length of the intevertical

Figure 3C). In addition, Aka Fluor 568-phalloidin myoseptal gap in the control-MO-injected embryasvd.21

labeling of F-actin reealed that the formation of the slo + 0.01 um, whereas that in themdMO-injected embryo

muscle cells and sarcomeregasvnormal (see Figure 3C was 7.11+ 1.51um; thus there wasver a 3-fold increase

and 3C*). On the other hand, when embryos were injectéd this distance in the@imdMO-injected embryo. These

with a well-characterizeddmdMO,3! there was no results suggest that, as reported in other systems, dystrophin

localization of dystrophin in theevtical myoseptae at yn may play a ky mle in linking the F-actin to the

of the times analysed (Figure 3D-Fhn addition, in the extracellular matrixvia the dystroglycan complex, hence

dmdMO-injected embryos, myotome morphologythe significant increase in the distance between the ends of

myofibre deelopment and sarcomere formation, aghe adjacent myofibres in thedmdMO-injected

demonstrated by Ala Fluor 568-phalloidin labeling, a8 embryos32:5°

also disrupted when compared with the control-MO-

injected embryosi.e. compare Figure 3Fwith 3C and
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Figure 4. Effect of dmd-morpholino (MO) on the SP1 and SP2 &asignals and myotome morphologyA-D: Represen-
tative embryos werinjected withf-holoaequorin and eithedmd-MO (A and C; n=3) or contl-MO (B and D; n=3).The
pattern of C&" signals g@neated fom 12 hpf to 24 hpf (A and B), and from 24 hpf to 29 hpf (C and ®fhawn. The
Ca?* signals g@neated in embryos injected with control-MO (B and D) evary similar to those reported from uninjected
wild-type embryo$? i.e. with two well-definedCa?* signalling periods (SP1 and SP2Qn the other hand, when embryos
were injected withdmdMO (A and C), the period of SP1 €asignal gneation was far less well-defined than that
observed in the control-MO-injected embryos (corepamith B). In addition, the signalseperted during both SP1 and
SP2 wee at a hgher frequency and a higher amplitude than thoseegated in the contl-MO-injected embryosThe
dmd-MO-injected embryos also displayed a significantéase in the resting level of €awhen compared with the con-
trols. E&F: Effect of thedmdMO on myotome morphalyg. Representative bright-field ingges of he trunk of embryos at
4 dpf, following injection withdmdMO (E) or contol-MO (F). Ant.and Pos. a& anterior and posterigrrespectively.
Scale bar50 ym.

Disruption of C&* signalling in dmd-MO-injected wild- of thedmdMO-injected embryos is altered withgeeds to
type embryos and in sapje mutant embryos the number of transients generated as well as their
_ ) amplitude and timing, when compared with the control-
We dso undertook a series of experiments tQ)o.injected embryos. This is especially vidus with
characterize the myogenic €asignalling signatures in regards to the SP1 Gasignals. Inthe example shown in
G!ystrophin—deficient embryosiVe _ajopted a 2—fo|<_j Stragy Figure 4, the resting Vel of Ca2* in the dmdMO-injected
(i.e. both molecular and genetic) where we imaged: (Bmpryos appears to be approximately double that in the
wild-type embryos injected witfrholoaequorin an_d either control-MO-injected embryos. As these traces were
the dmaMO3! (n = 3) or the control-MO (n = 3; Figure 4); ghtained follaving injection of holoaequorin (protein) into
and (2)sapjemutant embryos injected wigegmRNA (N empryos at the one-cell stage(shortly after fertilization),
= 11 anbryos, where ta were subsequently shown to beye gyggest that the decline in luminescence background is
homozygous and one heterozygous forgapjemutation;  mgst probably related to aequorin utilizatfrin addition,
Figure 5). o ~SP1 in the control-MO xample shown here (Figure 4C)
Figure 4A-D shws the C&" imaging data acquired oceyrs betweerill6.5 and 18.5 hpf, which is someat
between[12-29 hpf of tvo representaie embryos that gimilar to that observed in wild-type embryos (see Figure
were injected with either (A and @ndMO or (B and D) 1A and Cheungt al,15) and in this example there af@0

control-MO (n=3 for each type of morpholino)Our  cz+ transients. Haever, there appear to be more Ta
preliminary data indicate that the aignalling signature
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20007 A Homozygous sapje (Identified by phenotype at 4 dpf)
7 SP1?
®» 1000 -
0N .
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] .
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S 12 14 16 18 20
2000 - . -
§ | B Heterozygous sapje (Identified by PCR)
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S i
=
- . SP1
1000 .
Embryo reoriented

0 . BODIPY ceramide

16 18 20
Time (hpf)

Figure 5. An altered pattern of C4 signalling and disruption of the normal myotome morphology is observed in
homozygousapje embryos. A&B:These ag preliminary data from two embryos, (A) a homozygous and (B) adagter
goussapjeembryo that wex injected with aeq-mRAat the single cell stge and then incubated withicoelenteazine fom
the 64-cell stge b reconstitute active aequorin in the embryo. Thé*Gignals g@neated in the heterozygous embryo
between 12 hpf to 20 hpf weevery similar to those reported from uninjected wild-type emb¥as, with a well-defined
C&* signalling period (SP1), whitgtarted at[117 hpf In the homozygousapjeembryo, howeer, the SP1 C#& signals
were far less well-defined and weeneiated at a higher frequency and a higher amplitude than theserged in the
hetepzygous embrydC&D: Myotome morphology of (C) @presentativesapjemutant and (D) wild-type (WT) embryos,
which were labeled with BODIPY FL C5-camide at 4 dpf The myotomal lesions, wili@ccur in thesapjemutants, ag
indicated by white arrowheads in panel C. Ant. and Pasaaterior and posterigmespectivelyScale bar 50 um.

signals {.e. 30 C&* transients in thisyample) generated in the morpholino-injected embryos, thes@eriments will be

the dmdMO-injected embryos. In addition, the C& done in the near futureHowever, the increased Ca
signals generated in thémdMO-injected embryos start signalling activity in thedmdMO-injected embryos does
earlier {.e. at (114.5 hpf) and end later.€. at [(R1-22 hpf) appear to coincide with altered morphology of the forming
than do the SP1 signals in the controigirthermore, the muscles, as indicated by the dystrophin and F-actin-labeling
amplitude of the CH signals in thedmdMO-injected data acquired at 22 hpf (see Figure 2). The effect of the
embryo ranges betweéfi00 to[2300 photons/s abe he dmdMO and control-MO on the morphology of the
background leel of signal, with an serage amplitude of myotome is also shown at 4 dpf (Figure 4E,F).

700 photons/s, whereas in the control, the amplitude Figure 5 shows examples of the ?Casignalling
ranges betweenB to (680 photons/s abe background, signatures from one homozygous (Figure 5A) and one
with an arerage of(1120 photons/sWith regards to the SP2 heterozygous (Figure 5Bgapjemutant embryo.Sapjeis a
C&* signals, again the number and amplitude of theecessie lethal mutation such that homozygous vidiials
transients generated in trdmdMO-injected embryo is do not surwe keyond a fev weeks and myotomal lesions
clearly higher than the control-MO-injected embryti. are apparent as early as 2 &pfon the other hand, the
should be noted that we did not include thé*Geansient muscle cells of heterozygous fishvdlep normally without
generated afll3 hpf in the control-MO-injected embryo in lesions®” With regards to our preliminary data shown here,
our SP1 calculations as we suggest that this is one of the C&* signalling signature of the homozygosspje
stochastic C& signals that are reported to occur in thenutant, which was retrospeatly identified by the lesions
somites and notochord during the earlygrmentation obsered at 4 dpf (Figure 5C), as altered in a somdat
period, when the somites are first formiigVe o not yet similar manneri(e. with respect to number of transients
have any patial C&* imaging data to add to these temporatjenerated, as well as their amplitude and timing) as the
traces, to she where the C¥ transients are generated inembryos injected witldmdMO (compare Figure 5A with
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Figure 4A). On the other hand, the €asignaling 5. Pavell JA, Carrasco MA, Adams DS, Drouet B, Rios J,

signature of the heterozygowsspje mutant (Figure 5B),
which was identified by PCR, she what appears to be a
clearly defined SP1, which is similar to that obednn
embryos injected with control-MO (Figure 4B) and in wild-
type embryos (Figure 1A).We siggest that the Ga 6.
transients generated in the heterozygsapje mutants
between[2 and 14 hpf (Figure 5H;e. before the first
spontaneous trunk contractions are repoféenjght agin
represent somite-generated stochasti¢* Gsignals that 7.
occur during the early segmentation pefidd.

In summary our nev data preide the first gidence
that dystrophin may play an important role not just in
mature muscle function, but also in muscldedéntiation, 8.
myotube attachment and early sarcomeric contraction
within intact zebrafish. The detrimentafesft of a lack of
dystrophin at later stages of zebrafiskietlpment {.e. over
2 days post-fertilization) and in adult fish, where botlwslo
and fast skeletal muscles are fullyvdeped, hae keen 9.
widely reported?>%85°0ur nev data, havever, ae the first
to suggest that dystrophin may function at tbey\earliest
stage of sl muscle cell differentiation when the
appearance of Casignals in these cells coincides with thelO.
earliest spontaneous contractions of the zebrafish trunk (see
time-line in Figure 1}>25
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