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ABSTRACT  We have recently characterized essential inositol 1,4,5-trisphosphate receptor (IP3R) and 
ryanodine receptor (RyR)-mediated Ca2+ signals generated during the differentiation of slow muscle 
cells (SMCs) in intact zebrafish embryos. Here, we show that the lysosomal two-pore channel 2 
(TPC2) also plays a crucial role in generating, and perhaps triggering, these essential Ca2+ signals, 
and thus contributes to the regulation of skeletal muscle myogenesis. We used a transgenic line of 
zebrafish that expresses the bioluminescent Ca2+ reporter, aequorin, specifically in skeletal muscle, 
in conjunction with morpholino (MO)-based and pharmacological inhibition of TPC2, in both intact 
embryos and isolated SMCs. MO-based knock-down of  TPC2 resulted in a dramatic attenuation 
of the Ca2+ signals, whereas the introduction of TPCN2-MO and TPCN2  mRNA together partially 
rescued the Ca2+ signaling signature. Embryos treated with trans-ned-19 or bafilomycin A1, a specific 
NAADP receptor inhibitor and vacuolar-type H+ ATPase inhibitor, respectively, also displayed a simi-
lar disruption of SMC Ca2+ signaling. TPC2 and lysosomes were shown via immunohistochemistry 
and confocal laser scanning microscopy to be localized in perinuclear and striated cytoplasmic 
domains of SMCs, coincident with patterns of IP3R and RyR expression. These data together imply 
that TPC2-mediated Ca2+ release from lysosomes acts upstream from RyR- and IP3R-mediated Ca2+ 
release, suggesting that the former might act as a sensitive trigger to initiate the SR-mediated 
Ca2+-induced-Ca2+-release essential for SMC myogenesis and function. 
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Introduction

Ca2+ is a highly versatile intracellular messenger that regulates 
various cellular and developmental functions (Berridge, 2012). 
While its requirement during mature muscle contraction has 
long been known (Ringer, 1882), evidence is now accumulating 
to suggest that Ca2+ signaling also plays a critical role in many 
aspects of myogenesis. Most of these latter reports, however, 
result from experiments carried out on isolated muscle cells in 
culture (Jaimovich et al., 2000; Aley et al., 2010), with only a few 
experiments conducted in muscle cells differentiating in situ and 
thus subjected to multiple 3D signaling cues from the surrounding 
tissues and extracellular matrix. A limited number of in vivo studies 
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in zebrafish do, however, report that a series of highly reproducible 
Ca2+ signals generated in the developing skeletal myotome have a 
distinct pattern with respect to location, frequency, amplitude, and 
duration, and that they are essential for myofibrilogenesis (Brennan 
et al., 2005; Cheung et al., 2011). Using fluorescent Ca2+ reporters, 
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Brennan et al., (2005) reported that between ~17 to 22 hours post-
fertilization (hpf), acetylcholine (ACh) released from primary motor 
neurons triggers Ca2+-induced Ca2+ release (CICR) via ryanodine 
receptors (RyR), which then initiates spontaneous contractions 
of slow muscle cells (SMCs) in the developing myotome. In addi-
tion, myofibril organization, but not the number of SMCs, or their 
elongation and migration, was affected when the ACh receptor 
(AChR) or RyR were blocked using a-bungarotoxin or inhibitory 
concentrations of ryanodine, respectively. They proposed, therefore, 
that in intact zebrafish, Ca2+ signals generated in differentiating 
SMCs play a key role in regulating myofibrilogenesis (Brennan et 
al., 2005). Cheung et al., (2011) then extended this study, (using 
aequorin-based luminescence Ca2+ imaging), and reported that not 
one, but two distinct periods of Ca2+ signaling are found between 
~17.5 hpf and 24 hpf during SMC development. Furthermore, using 
complementary high-resolution fluorescence-based Ca2+ imaging, 
they also showed that distinct Ca2+ signals are generated in both 
the nucleus and cytoplasm of SMCs between ~17.5 hpf to 19.5 
hpf (Signaling Period, SP, 1), whereas cytoplasmic Ca2+ signals 
predominate after ~24 hpf (SP2; Cheung et al., 2011). Using a 
pharmacological approach, the early SP1 nuclear component was 
blocked by an appropriate concentration of 2-aminoethoxydiphenyl 
borate (2-APB) and was thus suggested to be mediated mainly 
via inositol 1,4,5-trisphosphate receptors (IP3Rs). Conversely, the 
cytoplasmic component of both SP1 and SP2 that was associated 
with SMC contraction was blocked by inhibitory concentrations of 
ryanodine, suggesting that it is mediated mainly by RyRs. As well 
as blocking the distinct patterns and frequencies of Ca2+ signals 
generated in SMCs, inhibition of IP3R and RyR activity also dis-
rupted SMC myofibrilogenesis (Brennan et al., 2005; Cheung et 
al., 2011), suggesting a critical role for the distinct Ca2+ signaling 
signatures generated during the development and differentiation 
of SMCs in intact zebrafish.

Currently, three major endogenous Ca2+ mobilizing messengers 
have been described: inositol-1,4,5-trisphosphate (IP3), cyclic ad-
enosine diphosphate ribose (cADPR), and nicotinic acid adenine 
dinucleotide diphosphate (NAADP; Bootman et al., 2002). While 
it has long been known that NAADP targets acidic Ca2+ stores, 
which are distinct from the SR/ER (Churchill et al., 2002; Galione 
and Ruas, 2005), the identity of the NAADP target channel has 
only recently been established. Accumulating evidence suggests 
that members of the two-pore channel (TPC) family, which are 
found on the membrane of endo-lysosomal vesicles, are targets 
for NAADP-induced Ca2+ release (Menteyne et al., 2006; Calcraft 
et al., 2009). In most vertebrates, including zebrafish, there are 
three distinct TPCs; TPC1 and TPC3 are localized in endosomes 
and other compartments of the endo-lysosomal system, whereas 
TPC2 is predominantly found in late endosomes and lysosomes 
(Ruas et al., 2014). Although two recent reports have challenged 
the proposal that TPC1 and TPC2 are NAADP-regulated chan-
nels (Wang et al., 2012; Cang et al., 2013), more recent work 
has confirmed that NAADP can indeed activate TPC2 at least to 
mediate Ca2+ release (Jha et al., 2014). These and other recent 
reports indicate that the regulation of TPC activity is likely to be 
more complex than was originally proposed (Morgan and Galione, 
2014; Jha et al., 2014).

Following the discovery of TPCs, several reports have indicated 
a role for TPC-mediated Ca2+ signaling in the differentiation (Par-
rington and Tunn, 2014) and function (Tugba Durlu-Kandilci et 

al., 2010) of different types of vertebrate muscle fibers. However, 
once again these experiments were conducted mainly in isolated 
cultured cells. Here, we present the first in vivo evidence that TPC2 
plays a key role in myogenesis in an intact vertebrate. Utilizing an 
a-actin-aequorin transgenic zebrafish line, where apoaequorin is 
expressed specifically in the trunk skeletal musculature (Cheung 
et al., 2011), we used MO-based knockdown and pharmacologi-
cal inhibition of TPC2 to determine its role in generating the SMC 
Ca2+ signals and in myogenesis. Rescue of the Ca2+ signaling 
signature of the morphants was also performed by co-injecting 
TPCN2-mRNA to validate the specificity of action of the TPCN2-
MO. Immunohistochemistry was used to determine the localiza-
tion of TPC2 in intact embryos at different developmental stages. 
In order to verify the fidelity of these results, the localization of 
TPC2 and lysosomes was then visualized in primary muscle cells 
cultured from embryos at ~17-somite stage. The spatial relation-
ship between TPC2, RyR, IP3R, sarcomeric organization, and the 
nucleus in cultured muscle cells was also determined. We suggest 
that the co-localization of these various Ca2+ release channels in 
the nuclear and cytoplasmic domains in cultured cells is recapitu-
lated in the intact myotome, where they may represent distinct 
trigger zones for generating the essential myogenic Ca2+ signals 
that are required for excitation-transcription (ET) coupling as well 
as excitation-contraction (EC) coupling.

Results

Effect of MO-based knockdown and mRNA rescue of TPC2 
on the SMC-generated Ca2+ signals

Endogenous Ca2+ signals generated in SMCs during normal 
embryogenesis between ~17 hpf and 30 hpf are shown in Fig. 1Ai 
and Fig. 1F, a representative example and the mean ± SEM of five 
experiments, respectively. The graphs confirm the occurrence of 
the SP1, a quiescent period (QP) and SP2 (Cheung et al., 2011), 
and demonstrate that SP2 extends beyond ~24.5 hpf as previously 
reported, to at least 30 hpf. When embryos were injected with a 
standard control-MO, a similar pattern of SP1, QP and SP2 Ca2+ 
signals was observed (Fig 1Bi, 1G). When embryos were injected 
with p53-MO, distinct SP1, QP and SP2 were again observed (Fig. 
1Ci, 1H). When embryos were injected with a mixture of TPCN2-
MO and p53-MO, however, the SP1 and SP2 Ca2+ signals were 
completely inhibited (Fig. 1Di, 1I). Addition of Triton X-100 at the 
end of the experiment indicates that the lack of luminescence signal 
observed (Fig. 1Di) was due to the Ca2+ signals being inhibited 
rather than from a lack of unreacted aequorin in embryos (Fig. 1Dii). 
When embryos were injected first with TPCN2-MO and p53-MO, 
and then with TPCN2-mRNA in order to attempt to rescue the effect 
of TPC2 inhibition, a partial rescue of both the SP1 and SP2 Ca2+ 
signals occurred (Fig. 1Ei, 1J). Again, Triton X-100 addition at the 
end of the rescue experiment (Fig. 1Eii) indicated that sufficient 
active aequorin was present during the imaging period and thus 
the partial rescue of the Ca2+ signals generated was a real effect 
and not due to a lack of unreacted aequorin. 

Effect of bafilomycin A1 and trans-ned-19 on the SMC-
generated Ca2+ signals

In addition to the inhibition of TPC2 via an MO-based methodol-
ogy, we also used a pharmacological approach, with bafilomycin A1 
(a vacuolar-type H+ ATPase inhibitor) and trans-ned-19 (a specific 
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Fig. 1. Effect of MO-based knockdown 
of TPC2 on the SMC-generated Ca2+ 
signals from 17 hpf to 30 hpf. Rep-
resentative temporal profiles of the 
luminescence generated by a-actin-aeq 
transgenic embryos that were (Ai) 
untreated, or injected at the 1-4-cell 
stage with: (Bi) standard control-MO; 
(Ci) p53-MO; (Di) TPCN2-MO plus p53-
MO; or (Ei) TPCN2-MO plus p53-MO, 
and  TPCN2-mRNA at the amounts 
shown. (Dii, Eii) Temporal profiles of 
the luminescence when Triton X-100 
was used at the end of each imaging 
experiment. (F-J) Histograms showing 
the mean ± SEM frequency of the Ca2+ 
signals generated every 30 min in the 
trunk musculature from 17 hpf to 30 
hpf in embryos treated as described in 
panels A-E, respectively. Calcium signal-
ing periods 1 and 2 (SP1 and SP2), and 
the signaling quiet period (QP; Cheung 
et al., 2011) are shown. 

NAADP receptor inhibitor), to determine the contribution made by 
NAADP and acidic stores to Ca2+ signaling during SMC formation. 
Untreated embryos were observed until the first SP1 Ca2+ signals 
were detected. At this point, embryos were removed from the pho-
tomultiplier tube (PMT); the tip of the tail was surgically removed; 
and the normal bathing medium changed to one containing either 
bafilomycin A1 or trans-ned-19. This procedure normally took ~15 
min after which data acquisition was resumed. The Ca2+ signals 
generated by an embryo treated with 1.25% DMSO between ~18 
hpf and 30 hpf are shown in Fig. 2Ai, 2D. When embryos were 
treated with 1 mM bafilomycin A1 from shortly after the SP1 signals 
were observed until 30 hpf, the remaining SP1 was inhibited, such 
that the normal high-frequency Ca2+ signals ended by ~18.5 hpf 

(Fig. 2Bi, 2E). A few small Ca2+ signals were generated between 
~19 hpf and ~21 hpf but the SP2 Ca2+ signals were completely 
inhibited (Fig. 2Bi, 2E). When embryos were treated with trans-
ned-19 from shortly after the SP1 signals were observed until 30 
hpf, the remaining SP1 as well as SP2 Ca2+ signals were inhibited 
(Fig. 2Ci, 2F). The addition of Triton X-100 at the end of these ex-
periments indicated once again that the absence of luminescence 
was due to the Ca2+ signals being inhibited rather than a lack of 
active aequorin (Fig. 2Bii, 2Cii). 

Localization of TPC2 in the SMCs of intact control, MO-
knockdown, and rescued embryos

Figure 3 A-E shows the development of TPC2 labeling between 
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16 hpf and 24 hpf in normal untreated embryos. In addition to label-
ing with the TPC2 antibody, embryos were co-labeled with the F59 
myosin heavy chain antibody, which can be used at these early 
stages to specifically identify the SMCs (Devoto et al., 1996). At 
16 hpf, the low level of myosin heavy chain labeling (Fig. 3Ai) was 
accompanied by an even lower level of expression of TPC2 (Fig. 
3Aii). This was confirmed by performing a line-scan analysis on 
the TPC2 image (Fig. 3Aiii), which showed a low and unchanging 
level of fluorescence intensity along the 20 mm length of the line 
(Fig. 3Aiv). The line was placed in a position on the TPC2 image 
where the equivalent myosin heavy chain image showed distinct 
(albeit a low level of) labeling. At 18 hpf, when the level of myosin 
heavy chain expression was more obvious along the length of 
a few individual SMCs (Fig. 3Bi), the expression of TPC2 was 
still relatively homogeneous although the level of fluorescence 
intensity appeared to be higher than at 16 hpf (compare Fig. 3Bii 
with 3Aii). These features were also shown in the line-scan graph 
(Fig. 3Biii, 3Biv). At 20 hpf, when prominent myosin heavy chain 
banding was observed (Fig. 3Ci), TPC2 expression in individual 
myofibers was more obvious (Fig. 3Cii), and hints of TPC2 band-
ing were observed both in the image itself (see blue arrowheads 
in Fig. 3Cii) and in the line-scan (Fig. 3Ciii,3Civ). At 22 hpf and 
24 hpf, when the banding pattern of myosin heavy chain was well 
formed along the length of each SMC (Fig. 3Di, 3Ei), clear TPC2 
banding was also observed in the myofibers of these cells (see 
blue arrowheads in Fig. 3Dii, 3Eii). This pattern of TPC2 banding 

is also clearly shown in the line-scans (Fig. 3Diii,3Div, 3Eiii,3Eiv).
The effect of injecting the TPCN2-MO (in conjunction with the 

p53-MO) on TPC2 expression was also tested (Fig. 3 F-H). Embryos 
injected with standard control-MO (Fig. 3F) or p53-MO (Fig. 3G) 
and then fixed at 24 hpf showed a similar pattern of expression of 
both the myosin heavy chain and TPC2 as the untreated control 
embryos at 24 hpf (compare Fig. 3Fi and 3Gi with Fig. 3Ei; and Fig. 
3Fii and 3Gii with Fig. 3Eii). The line-scan analyses performed also 
showed a similarity in TPC2 expression in the standard control-MO 
and p53-MO injected embryos when compared with the untreated 
controls (compare Fig. 3Fiv and 3Giv with Fig. 3Eiv). Embryos 
injected with both TPCN2-MO and p53-MO, however, exhibited a 
disruption in the expression of both myosin heavy chain (Fig. 3Hi) 
and TPC2 (Fig. 3Hii-3Hiv), but when embryos were injected first 
with TPCN2-MO and p53-MO, and then with TPCN2-mRNA, the 
normal pattern of expression of myosin heavy chain (Fig. 3Ii) and 
TPC2 (Fig. 3 Iii-Iiv) was rescued.

In normal untreated embryos, the organization of TPC2 at 
24 hpf in relation to the myosin heavy chain is shown at higher 
magnification in Fig. 3J. When the myosin heavy chain (Fig. 3Ji) 
and TPC2 (Fig. 3Jii) images were merged (Fig. 3Jiii) and a line-
scan analysis performed (Fig. 3Jiv), TPC2 appeared to be mainly 
intercalated between the myosin heavy chain-labeled A-bands in 
the I-band regions (blue arrowheads in Fig, 3Jiii, Jiv) and (in some 
cases but to a lesser extent) in the M-lines (see pink arrowheads 
in Fig. 3 Jiii-Jiv, and see Fig. 3K for a schematic of a sarcomere). 

Fig. 2. Effect of bafilomycin 
A1 and trans-ned-19 on the 
SMC-generated Ca2+ signals 
from 17 hpf to 30 hpf. Repre-
sentative temporal profiles of 
the luminescence generated 
by a-actin-aeq transgenic em-
bryos that were treated with 
(Ai) DMSO; (Bi) bafilomycin 
A1; or (Ci) trans-ned-19 at the 
concentrations shown, after 
the SP1 Ca2+ signals were 
first observed. To optimize the 
exposure of the muscles to the 
drugs, a small portion of the 
tail was removed from em-
bryos just prior to treatment. 
(Bii, Cii) Temporal profiles of 
the luminescence generated 
following the addition of Tri-
ton X-100. (D-F) Histograms 
showing the mean ± SEM 
frequency of the Ca2+ signals 
generated every 30 min in the 
trunk musculature from 17 hpf 
to 30 hpf in embryos treated 
as described in panels A-C, 
respectively. The time of the 
tail-cut and duration of drug 
incubation are shown by the 
dotted line and grey shading, 
respectively. SP1, SP2 and the 
QP (Cheung et al., 2011) for an 
untreated control embryo are 
also shown. 
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Fig. 3. Expression of TPC2 in the SMCs of intact embryos. Embryos were fixed between 16 hpf and 24 hpf and then dual immunolabelled with a 
(Ai-Ii) myosin heavy chain and (Aii–Iii) TPC2 antibody. (F-I) Some embryos were injected with (F) standard control-MO, (G) p53-MO, (H) TPCN2-MO + 
p53-MO or (I) TPCN2-MO + p53-MO + TPCN2-mRNA between the 1-4-cell stage and then fixed at 24 hpf prior to immunolabeling. (Aiii–Iiii) Line-scan 
analyses were performed along individual myofibers and (Aiv-Iiv) graphs were plotted to show the development of TPC2 expression over time. The 
regions bounded by the blue rectangles in panels Ei and Eii are shown at higher magnification in panels Ji and Jii. (Jiii) The myosin heavy chain and 
TPC2 images when merged. (Jiv) Line-scan analysis showing the localization of TPC2 in relation to that of the myosin heavy chain in more detail. (K) 
Schematic representation of two sarcomeres. (Li) End view of several myofibers showing the localization of TPC2 in relation to the myosin heavy chain. 
(Lii) Schematic transverse section through an embryo at 24 hpf showing the location of TPC2 in relation to the SMCs and other cell types (modified 
from Fig. 1B in Du et al., 1997). Scale bars, 10 mm (A-I); 5 mm (J, L).
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Fig. 4. Localization of TPC2 in 
the myofibers of primary cul-
tures of SMCs. (A) Schematic 
representations of two sarco-
meres showing the localization 
of (Aa) myosin in green and (Ab) 
TPC2 (in red), RyR (in green) and 
IP3R (diagonal shading). (B-E, 
panels a-f) Series of optical sec-
tions projected as single images 
to show the localization of TPC2 
with regards to other proteins in 
the myofibrils or SR. Cells were 
dual-immunolabeled with: (B) 
myosin heavy chain and TPC2 
antibodies; (C) myosin heavy 
chain and LAMP1 antibodies; 
(D) RyR and TPC2 antibodies; or 
(E) RyR and IP3R type III antibod-
ies. The pattern of localization is 
shown in cells cultured for either  
(B-E, panels a-c) ~24 h or  (B-E, 
panels d-f) ~48 h, and for each 
series of antibodies used, the 
pattern of localization of each 
protein is shown both alone 
(panels a,d and b,e) and when 
superimposed on the image of 
the other protein labeled (panels 
c,f). Scale bars, 1 mm. (B-E, panel 
g) Line-scan analyses. See key 
to symbols in Fig. 3 for explana-
tion of yellow dashed lines and 
the blue and pink arrowheads; 
white arrowheads indicate 
TPC2-exclusion zones around 
the sarcomeric z-line and yellow 
arrowheads indicate regions of 
TPC2 and myosin heavy chain 
overlap. (F,G) Side (panel a) and 
end (panel b) views of SMCs to 
show the localization of (F) TPC2 
and (G) LAMP1 in relation to the 
myosin heavy chain. (F,G, panel 
c) Schematics to illustrate the 
different views observed.
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The relationship between TPC2 and myosin heavy chain was 
investigated in intact embryos by rotating projected images of 
TPC2/myosin heavy chain labeling by 90° vertically to provide an 
end view (Fig. 3Li). This showed that more TPC2 labeling was on 
the lateral side of the myofibrils within the SMCs (i.e., closest to 
the skin) than on the medial side (i.e., closest to the neural tube/
notochord). 

Localization of TPC2 in the myofibers of SMCs in primary 
culture

The localization of TPC2 in relation to the myosin heavy chain 
was also investigated in SMC primary cultures, which do not 
have the high background level of fluorescence observed in the 
whole-mount labeling experiments. TPC2 expression was less 
well organized in myofibers cultured for 24 h (Fig. 4Bb) than for 48 
h (Fig. 4Be). However, when comparing the expression of TPC2 
(Fig. 4Bb,4Be) with that of the myosin heavy chain (Fig. 4Ba,4Bd) 
in cells at both time points, it is clear that TPC2 was expressed 
in regions of the SMC that correlate with the sarcomeric I-band 
region (see blue arrowheads in Fig. 4Bc,4Bf,4Bg). Cells cultured 
for 48 h exhibited a more complex pattern of TPC2 localization 
in myofibers such that it appeared to be excluded from regions 
correlating to the sarcomeric z-line (see white arrowheads in Fig. 
4Be), but there was some overlap with the A-band region (yel-
low arrowheads in Fig. 4 Bf). Furthermore, in some sarcomeres, 
TPC2 expression was also observed in the M-line region (pink 
arrowheads in Fig 4B f,g).

As TPC2 is reported to be localized to the lysosomes, the 
expression pattern of TPC2 in relation to lysosomal-associated 
membrane protein 1 (LAMP1) was also investigated (Fig. 4C). 
As both the LAMP1 and TPC2 antibodies were raised in rabbit, 
however, we could not directly immunolabel both proteins in the 
same cells. Thus, we again co-labeled cells with the F59 myosin 
heavy chain antibody (Fig. 4C a,d) and the LAMP1 antibody (Fig. 
4C b,e). After 24 h in culture the expression of LAMP1 was rela-
tively low and homogeneous (Fig. 4Cb) when compared with the 
expression of the myosin heavy chain where distinct sarcomeres 
were apparent (Fig. 4Ca). After 48 h in culture, however, LAMP1 
expression was more organized, with a relatively diffuse pattern 
of labeling in regions of myofibers adjacent to the I-band (see blue 
arrowheads in Fig. 4C e-g) with a small amount of overlap with the 
A-band (see yellow arrowheads in Fig. 4Cf). Thus, TPC2 appears 
to be expressed in approximately the same region of the myofibers 
as LAMP1 (compare Fig. 4Bg and 4Cg).

The relationship between TPC2 and RyR was also investigated 
(Fig. 4D). After 24 h in culture, TPC2 expression was low and its 
distribution was homogeneous (Fig. 4Db) while RyR appeared 
as puncta along the myofibers (Fig. 4Da). After 48 h in culture, 
however, the sarcomeric banding pattern of both RyR and TPC2 
was apparent; such that RyR were expressed adjacent to the z-line 
(Fig. 4D d,f,g) and TPC2 was expressed on either side of the RyR 
(Fig. 4D e-g). As the antibodies to TPC2 and IP3R type III were 
both raised in rabbit, a direct comparison was not possible, thus 
cells were labeled with antibodies for RyR and IP3R type III (Fig. 
4E). After 24 h in culture IP3R type III was expressed in a relatively 
uniform manner along the myofiber (Fig. 4Eb) while the RyR again 
showed a punctate labeling pattern (Fig. 4Ea). After 48 h in culture, 
IP3R type III had a more diffuse pattern of localization than RyR, 
being expressed in a larger region of the I-band (compare Fig. 4Ee 

with Fig. 4Ed,Ef,Eg). A comparison of all these immunolabeling 
data suggests that TPC2 and LAMP1 appear to be expressed in 
a similar region of the myofibers as IP3R type III.

The relationship between TPC2 or LAMP1 and the myosin heavy 
chain was investigated in further detail by rotating the projected 
images shown in Fig. 4Bf and 4Cf by 90° horizontally to provide a 
side view (Fig. 4Fa and 4Ga, respectively) and vertically to provide 
an end view (Fig. 4Fb and 4Ga, respectively). Both TPC2 and 
LAMP1 labeling were localized peripheral to the myosin heavy chain 
labeling but in an asymmetric manner such that both proteins were 
located on the side of the SMC furthest away from the coverslip. 
This is illustrated schematically in Fig. 4Fc and 4Gc.

Localization of TPC2 in the nucleus and peri-nuclear region 
of SMCs in primary culture

The localization of TPC2 and LAMP1 in relation to the nucleus 
was also investigated in primary SMCs cultured for 24 or 48 h (Fig. 
5 A-D). For comparison, the localization of RyR and IP3R type I, II 
and III was also determined (Fig. 5 E-H). All the images represent 
single optical sections acquired through a region of the cell where 
the nucleus was determined to be widest. In all the representative 
examples, images of the fluorescently labeled proteins are shown 
individually (panel a in Fig. 5 A-H and panel b in Fig. 5 E,F) and 
when merged into a single image with the DAPI-labeled nucleus 
(panel c in Fig. 5 A-D,G,H and panel d in Fig. 5 E,F). In addition, 
in each merged image, a yellow dashed line shows the position 
across the cell where the line-scan analysis was conducted. Figure 
5A and 5B show the localization of TPC2 at 24 h and 48 h, respec-
tively. At both time points, TPC2 was localized predominantly in 
the peri-nuclear region with a lower level of fluorescent labeling 
appearing in the nuclear region. The localization of LAMP1 at 24 
h and 48 h is shown in Fig. 5 C,D, respectively. At 24 h, LAMP1 
was localized entirely in the peri-nuclear region, with no expression 
being observed in the nucleus itself (Fig. 5C). On the other hand, 
at 48 h, LAMP1 was localized in both the nucleus and peri-nuclear 
region of the cell (Fig. 5D). Figure 5E and 5F show the localization 
of RyR and IP3R type III at 24 h and 48 h, respectively. At both 
time points, both IP3R type III and RyR were localized mainly in 
the peri-nuclear region, with relatively little labeling in the nucleus 
itself. In addition to IP3R type III, the localization of IP3R type I and 
IP3R type II was also determined at 48 h (Fig. 5 G,H, respectively). 
Whereas IP3R type I was localized within the nucleus alone (Fig. 
5G), IP3R type II was localized both in the nucleus and in the peri-
nuclear region of the cell, with a more intense level of fluorescence 
occurring in the latter area (Fig. 5H).

Discussion

Here we report that after MO-mediated TPC2-knockdown, all 
SMC-generated Ca2+ signals in zebrafish embryos from ~17 hpf 
to 30 hpf were abolished (Fig. 1Di). We also showed that the Ca2+ 
signals were partially rescued by injecting a TPCN2-mRNA that 
is not recognized by the TPCN2-MO (Fig. 1Ei), which suggests 
that the action of the TPCN2-MO is specific. The morphants also 
showed severe disruption in the organization of the myosin heavy 
chain and TPC2 in the SMCs (Fig. 3H). This is somewhat similar to 
previous reports describing the effect of inhibitory concentrations of 
ryanodine on the organization of the trunk musculature (Brennan 
et al., 2005; Cheung et al., 2011). The results from our TPCN2-MO 
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Fig. 5. Localization of TPC2 with respect to the nucleus and peri-nuclear region of SMCs. Single optical sections (taken at the widest part of the 
nucleus) to show the localization of TPC2 and other proteins in the nuclear region of SMCs. Cells were dual-immunolabeled with: (A,B) myosin heavy 
chain and TPC2 antibodies; (C,D) myosin heavy chain and LAMP1 antibodies; (E,F) RyR and IP3R type III antibodies, (G) myosin heavy chain and IP3R 
type I antibodies or (H) myosin heavy chain and IP3R type II antibodies, and then counterstained with DAPI to label the nucleus. In panels A-D, G and H 
the myosin heavy chain antibody was simply used to identify SMCs in the mixed cell culture (and is therefore not shown). In the case of TPC2, LAMP1, 
IP3R type I and IP3R type II, the localization pattern of these proteins was shown alone (A-D,G,H, panel a) and when superimposed on the image of the 
nucleus (A-D,G,H, panel c). In the case of RyR and IP3R, the localization pattern of each protein was shown alone (E,F panels a and b, respectively), and 
when superimposed together and with the image of the nucleus (E,F panel d). Scale bars, 5 mm. (Ad-Dd,Ee,Fe,Gd,Hd) Line-scan analyses. The 0 and 
18 in panel Ac indicate the start and end point of the line-scan, which makes up the x-axis of panel Ad.
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experiments suggest that TPC2 is necessary for triggering and/or 
partially generating both the SP1 and SP2 Ca2+ signals. 

The TPCN2-MO data were supported via a complementary 
pharmacological approach with bafilomycin A1 and trans-ned-19. 
In both cases, the drugs were applied after the start of the SP1, to 
ensure that the robust SP1 Ca2+ signaling signature was initiated 
normally before the experimental treatments in order to eliminate 
false negative results. In the bafilomycin A1 experiments, the 
Ca2+ signals generated at the end of SP1 and during the entire 
SP2 were largely eliminated, suggesting that Ca2+ release from 
the acidic stores might be crucial for the latter portion of the SP1 
signaling and for the initiation of SP2 Ca2+ signaling. Furthermore, 
as the Ca2+ ATPase from the SR membrane has been reported 
to be only moderately sensitive to bafilomycin A1 (Bowman et al., 
1988), this suggests that following bafilomycin A1 treatment, the 
SR should, therefore, still contain sufficient Ca2+ to generate a SR-
mediated signal. As no signal was detected following treatment, this 
indicates that the TPC2-generated Ca2+ signal maybe upstream of 
any Ca2+ signal generated by the SR, suggesting that the former 
might act as a trigger. The effects of treatment were only seen 
~30 min after the application of bafilomycin A1. This delay most 
likely represents the time required for the diffusion of bafilomycin 
A1 along the trunk, and thus for it to reach an effective inhibitory 
concentration in the anterior myotome. Furthermore, the decrease 
in SP1 Ca2+ signaling was observed to be gradual (Fig. 2 B,E). This 
may be due to the mode of action of bafilomycin A1, whereby the 
acidic stores are depleted in a progressive manner via the action 
of the drug on vacuolar-type H+-ATPases. The H+ gradient across 
the wall of the acidic organelles is thus disrupted, which results in 
the subsequent Ca2+ refilling processes being inhibited (Docampo 
and Moreno, 1999). Embryos were also treated with trans-ned-19 
(Naylor et al., 2009). This again led to an attenuation of the late 
SP1 and the entire SP2 Ca2+ signals (Fig. 2Ci). Furthermore, as the 
SR Ca2+ store is not affected by trans-Ned-19, there should still be 
sufficient Ca2+ to generate a signal. The fact that all the Ca2+ signals 
were inhibited in the trans-Ned-19-treated embryos (as they were 
following treatment with bafilomycin A1), once again suggests that 
the TPC2-generated Ca2+ signal might be an upstream trigger of 
the SR-generated Ca2+ signals. Treatment with trans-ned-19 led 
to an abrupt, rather than gradual, decrease in the SP1 Ca2+ signal 
frequency (Fig. 2C,2F), perhaps because trans-ned-19 blocks 
NAADP-mediated Ca2+ release directly by high affinity binding to 
NAADP binding sites (Naylor et al., 2009). This is in contrast to 
the indirect action of bafilomycin A1, where the acidic Ca2+ stores 
are gradually depleted (Morgan et al., 2011). 

Using a custom-made zebrafish anti-TPC2 antibody, we success-
fully established a temporal expression profile of TPC2 in SMCs 
in intact embryos (Fig. 3 Ai-Hii). Between ~16 hpf to 24 hpf, (i.e. 
the period when the adaxial cells (SMC progenitors) migrate and 
differentiate; Devoto et al., 1996); there was a gradual increase in 
the level of TPC2 expression in SMCs. In addition, over time there 
was a transition in the pattern of expression of TPC2; such that 
between ~16 hpf to 18 hpf, it was expressed in a homogeneous 
punctate pattern (Fig. 3 Aii, Bii, Aiv, Biv), and then between ~20 
hpf and 24 hpf a distinct banding pattern developed (Fig. 3 Cii-Eii, 
Civ-Eiv). The absence of TPC2 expression following MO-mediated 
TPC2-knockdown (Fig. 3H ii,iv) and the presence of TPC2 ex-
pression following TPC2 mRNA rescue (Fig. 3I ii,iv) confirms the 
antigen-specificity of the TPC2 antibody used. 

We also prepared cultures of primary zebrafish muscle cells 
to investigate the subcellular localization of TPC2 (Figs. 4, 5). In 
this system, we again showed that there was a transition from a 
homogeneous and punctate TPC2 labeling pattern in the forming 
myofibers after ~24 h in culture, to a far more organized pattern 
of localization characterized by distinct sarcomeric banding after 
~48 h in culture (Fig. 4Bb,4Be). We estimate, therefore, that the 
stage of myogenesis following ~24 h and ~48 h of primary culture 
is approximately equivalent to the early (i.e. ~18 hpf to 20 hpf) 
and late (i.e. ~20 hpf to 24 hpf) stages of SMC myogenesis in 
vivo, respectively. Such an in vitro to in vivo developmental stage 
comparison is also supported by the localization patterns of IP3R 
and RyR in SMCs (compare Fig. 4 D,E, with Fig. 13 of Cheung 
et al., 2011). Taken together, our immunolabeling studies suggest 
a changing pattern of TPC2 localization that might imply different 
signaling functions for TPC2 as the SMCs differentiate.

In muscle cell cultures, TPC2 labeling was localized adjacent 
to the sarcomeric I-band region, which contains the Z-disc (Fig. 
4B). The Z-disc contains a significant number of proteins, and is 
thought to serve as a nodal point for signal transduction (Frank et 
al., 2006), as well as being important for structural and mechanical 
stability (Luther, 2009). Several Ca2+-sensitive proteins are known 
to be associated with the Z-disc. These include calcineurin (Knӧll 
et al., 2002) and muscle lim protein (Arber et al., 1994). Such 
proteins may therefore act as potential targets of TPC2-mediated 
Ca2+ signaling during early myogenesis, and thus contribute to 
excitation-transcription (ET)-coupling, one of the proposed func-
tions of the early SP1 (Cheung et al., 2011). The tight correlation 
between the TPC2/LAMP1 banding and I-band location (Fig. 4 
B,C), also suggests a role for TPC2-mediated Ca2+ release in 
excitation-contraction (EC)-coupling, one of the major functions 
proposed for the later SP2 Ca2+ signals. 

Rotation of the dual-labeled confocal stacks of SMCs in intact 
embryos and in culture (Figs. 3L and 4 F,G), suggests that the 
TPC2 and LAMP1 labeling is superficial to the myosin labeling. 
When stacks from intact zebrafish were rotated (Fig. 3L), there 
was more TPC2 labeling on the lateral side (i.e., closest to the 
skin) than on the medial side (i.e., closest to the neural tube and 
notochord) of the myofibrils within the SMCs, which indicates a 
possible asymmetrical distribution of TPC2-bearing lysosomes in the 
intact myotome. In the case of SMCs cultured on coverslips, stack 
rotation also suggested an asymmetry in both the superficial TPC2 
and LAMP1 distribution with respect to the central myosin labeling 
(Fig. 4F, 4G). This again might reflect the asymmetry displayed 
in the intact zebrafish. What is also clear is the positioning of the 
TPC2/LAMP1 labeling adjacent to the I-band, and the close juxta-
positioning of the TPC2/LAMP1 labeling next to that of the myosin 
filaments. We suggest that these structures are separated by the 
SR, and that their close association supports the proposition that 
TPC2-mediated Ca2+ release might act as trigger for a combination 
of RyR/IP3R-mediated Ca2+ release from the SR that contributes to 
EC-coupling (Kinnear et al., 2004). Indeed, the close association 
between TPC2 and RyR shown by our immunolabeling data at 48 
h (Fig. 4Df, 4Dg), indicates that TPC2 might directly interact with 
RyR in some manner, as has been previously suggested (Kinnear 
et al., 2008). RyR-mediated Ca2+-induced Ca2+ release (CICR) may 
then propagate across the SMC SR, and in some cases perhaps 
also engage/recruit IP3R to help extend the spread of Ca2+ release. 
This latter suggestion is supported by our RyR and IP3R type III 
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dual labeling results, where the lateral boundaries of the IP3R type 
III striations extend beyond those of the RyR (Fig. 4Ef, 4Eg). The 
idea that NAADP-evoked Ca2+ release might act to trigger CICR 
via RyR and IP3R was first proposed by Cancela et al., (1999), 
when they demonstrated that mouse pancreatic acinar cells are 
more sensitive to NAADP than they are to either cADPR or IP3, and 
that NAADP stimulated the production of a series of Ca2+ spikes 
of both short and longer duration.

Evidence is accumulating to suggest that NAADP regulates Ca2+ 
release via TPCs located on acidic organelles during differentiation 
of skeletal muscle precursors and C2C12 cells (Aley et al., 2010). 
It has previously been shown that acidic organelles are located 
near the t-tubules at the level of the I-band in the skeletal muscle 
fibers of frog in vitro (Krolenko et al., 2006). In both frog and fish, 
the t-tubules are located approximately adjacent to the Z-disc in 
skeletal muscle fibers (Davis and Carson, 1995; Zhang et al., 
2009). This is consistent with our observation that TPC2/LAMP1 
labeling is localized adjacent to the I-band, which contains the Z-
disc. Furthermore, our labeling experiments show that in zebrafish 
SMCs, all three Ca2+ release channels, (i.e., TPC2, RyR and IP3R 
Type III) are localized adjacent to the I-band (Fig. 4B, 4D and 4E). 

Nuclear and peri-nuclear localization of TPC2 and LAMP1 was 
observed in ~24 h primary cultures, i.e., equivalent to SMCs in 
vivo at ~18 hpf (Fig. 5A a-c, C a-c). This indicates that lysosomes 
containing TPC2 are in close proximity to the nuclear region at the 
time of SMC differentiation. Furthermore, we have also shown that 
IP3R type III and RyR are both localized in the peri-nuclear regions 
in SMC primary cultures at around the same time (Fig. 5E). We 
have previously reported that in intact zebrafish, SMCs generate 
both nuclear and cytoplasmic Ca2+ signals at ~18.5 hpf (Cheung 
et al., 2011). Our new observations suggest that TPC2-mediated 
Ca2+ signaling might also trigger RyR and/or IP3R type III Ca2+ 
release in and around the nucleus during early myogenesis. It has 
been previously proposed that the low frequency, high amplitude 
component of the Ca2+ signaling signature seen during the early 
SP1 of zebrafish SMCs, are generated by IP3R located around 
the nucleus (Cheung et al., 2011). This proposition is supported 
by a number of reports from mammalian systems where IP3R are 
localized in the nuclear regions of SMCs (Jaimovich et al., 2000), 
and IP3R-mediated Ca2+ signals are generated during ET-coupling 
in cultured skeletal muscle cells via the activation of transcriptional 
activators such as cyclic-AMP response element-binding protein 
(CREB; Cárdenas et al., 2005). Our findings thus implicate a 
possible role for TPC2 in nuclear Ca2+ signaling, perhaps acting 
as an upstream trigger for IP3R-mediated Ca2+ signals during 
ET-coupling. The first evidence of NAADP-induced Ca2+ release 
from the nucleus was described in the isolated neurons of Aplysia 
(Bezin et al., 2008). More recently, TPCs have been reported to 
be associated with the peri-nuclear zone in mouse spermatids, 
where they play a role in Ca2+ release during the acrosome reac-
tion (Arndt et al., 2014).

It has been previously shown that during the early larval stage 
of zebrafish development, only a few SMCs in each somite are 
specifically innervated by primary motor neurons (Eisen et al., 
1986), yet all the SMCs in one somite, as well as those in adjacent 
somites, signal together (Cheung et al., 2011), supporting the sug-
gestion that they are electrically coupled in some manner (Luna 
and Brehm, 2006). This coupling might serve to propagate waves 
of depolarization that activate a component in the sarcolemma that 

stimulates the production of NAADP. This, therefore, might explain 
the preferential location of LAMP1/TPC2 labeling adjacent to the 
sarcomeric I-bands and their associated t-tubules. These regions 
might represent SMC trigger zones where NAADP-mediated Ca2+ 
release from TPC2 initiates CICR via RyR and perhaps also via 
IP3R type III located in the SR membrane, thus generating the 
crucial EC-coupled Ca2+ signal. 

Conclusions

Our study suggests a key role for TPC2-mediated Ca2+ release 
during the generation of distinct patterns of Ca2+ signaling associ-
ated with ET- and EC-coupling in SMCs during myogenesis in 
intact zebrafish embryos. It has been suggested that both forms 
of coupling are essential for SMC differentiation (Brennan et al., 
2005; Cheung et al., 2011). Our Ca2+ signaling and immunolabeling 
experiments suggest the establishment of trigger zones where TPC2 
is initially co-localized with RyR and IP3R type III in the nucleus 
and peri-nuclear domain to primarily trigger ET signals. They 
subsequently also become localized into distinct striated banding 
patterns along with RyR and IP3R adjacent to sarcomeric I-bands in 
the cytoplasmic domain of SMCs, forming additional trigger zones 
to regulate EC-coupling, what we suggest is the major function of 
SP2. Involving TPCs in the signal transduction pathway may take 
advantage of the potency of NAADP, which is effective at pM or low 
nM concentrations (Galione and Ruas, 2005). The precise signal 
transduction pathways that stimulate the contraction of SMCs during 
SP1 and SP2 are not yet fully understood due to the complexity 
of both muscle fiber and primary neuron development along with 
the formation of neuromuscular junctions (Flanagan-Steet et al., 
2005). We propose that the aforementioned potency of NAADP is a 
key element in ensuring that the essential ET-/EC-coupled signals 
are generated and perceived before the precise innervation of the 
myotome by primary and secondary motor neurons is completed 
(Eisen et al., 1986). This study thus suggests the operation of an 
essential developmental and functional Ca2+ signaling pathway 
that utilizes both acidic- and SR-located Ca2+ stores (as well as the 
interaction of three distinct intracellular Ca2+ mobilizing channels), 
with a primary role for NAADP-mediated Ca2+ release coordinat-
ing Ca2+ release from the SR, which operates during early SMC 
formation in intact zebrafish.

Materials and Methods

Zebrafish husbandry and embryo collection
Wild-type (AB strain) zebrafish (Danio rerio) and the a-actin-apoaequorin-

IRES-EGFP (a-actin-aeq) transgenic line (developed by Cheung et al., 2011) 
were held in system water maintained at ~28°C. The wild-type fish were 
obtained from the Zebrafish International Resource Centre (University of 
Oregon, Eugene, OR, USA). Fertilized eggs were collected and transferred 
to Danieau’s solution and then maintained at ~28°C during experiments.

In vivo reconstitution of aequorin and bioluminescence-based Ca2+ 

imaging
A 10 mM stock solution of f-coelenterazine (NanoLight® Technologies, 

Pinetop, AZ, USA) was prepared using a 1:3 ratio of 1,2-propanediol (Acros 
Organics, Thermo Fisher Scientific, Geel, Belgium) and (2-hydroxypropyl)-
b-cyclodextrin (Sigma-Aldrich Corp., MO, USA). f-coelenterazine was first 
dissolved in 1,2-propanediol after which (2-hydroxypropyl)-b-cyclodextrin 
was added, and the mixture was then sonicated for ~30 min at 4°C. The 
clear yellowish solution produced was stored at -80°C.
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To reconstitute active aequorin in vivo, a-actin-aeq transgenic em-
bryos were incubated in the dark at ~28°C with 50 mM f-coelenterazine in 
Danieau’s solution from the ~8-cell to 64-cell stage (i.e., 1.25 hpf to 2 hpf) 
until the ~16-somite stage (~17 hpf). Embryos were incubated while still 
in their chorions, then briefly washed with Danieau’s solution to remove 
residual f-coelenterazine prior to the start of the experiment. After washing, 
embryos were dechorionated manually as described previously (Cheung et 
al., 2011). Dechorionated embryos were placed in custom-designed imaging 
chambers as previously described (Webb and Miller, 2013) before being 
transferred to one of our PMT-based systems (Science Wares, Inc., East 
Falmouth, MA, USA; Webb et al., 2010) for luminescence detection. Fol-
lowing data collection, 1% Triton X-100 (Sigma-Aldrich Corp.) in Danieau’s 
solution was used to lyse the embryo and “burn-out” residual aequorin as 
described previously (Cheung et al., 2011).

Preparation of primary cell cultures
Intact embryos were maintained in Danieau’s solution until the ~16-somite 

stage. They were then sterilized by washing, first with ~0.07% bleach in 
water and then with ~75% ethanol, each for ~30 seconds. Sterilized embryos 
were then transferred to Danieau’s solution and dissected by removing the 
chorion and then separating the trunk from the rest of the embryo using a 
pair of micro-dissection scissors (World Precision Instruments, FL, USA). 
All the equipment was cleaned with ~75% ethanol prior to use. Dissected 
trunks were transferred to Custom ATV (aqueous trypsin and Versene®) 
solution (Andersen, 2002), containing 0.5 mM EDTA and 2% penicillin-
streptomycin and incubated for ~20 min to facilitate cell dissociation at 
room temperature. The custom ATV solution was then removed, and the 
trypsinized trunk tissue was suspended in muscle culture medium (50% 
L-15; Gibco, 48% 0.1X Ringer’s solution [116 mM NaCl, 2.9 mM KCl, 1.8 
mM CaCl2·2H2O, 5 mM HEPES], 1% fetal bovine serum and 1% penicillin-
streptomycin) and triturated to facilitate cell dissociation further. To remove 
any residual custom ATV solution, the cell suspension was centrifuged at 
1000 rpm for 5 min and the supernatant was discarded. The pellet was 
then re-suspended in muscle culture medium, after which the dissoci-
ated cells were plated onto glass coverslips (Precision cover glasses No. 
1.5H; Paul Marienfeld GmbH & Co. KG) contained in a Nunc Nunclon® 

Δ Surface 4-well plate (Thermo Fisher Scientific). Cells were cultured 
at ~28°C for ~24 h or ~48 h, after which they were fixed with phosphate 
buffered saline (PBS; 137 mM NaCl, 2.68 mM KCl, 16 mM Na2HPO4, 4 
mM NaH2PO4·2H2O, pH 7.3) containing 4% paraformaldehyde (PFA) for 
15 min at room temperature prior to immunolabeling.

Immunocytochemistry and whole-mount immunohistochemistry
Primary cell cultures that were fixed as described above, were washed 

thoroughly with PBS and then permeabilized with PBS containing 0.1% triton 
X-100 (PBST) for 10 min, after which they were incubated with blocking 
solution (PBST containing 10% goat serum and 1% bovine serum albumin; 
BSA) for 30 min. Cells were then incubated sequentially with the 2137A 
rabbit anti-TPC2 antibody (used at 1:10; custom-made by CovalAb UK 
Ltd., Cambridge, UK) and either the F59 mouse anti-myosin heavy chain 
antibody (used at 1:10; Developmental Studies Hybridoma Bank, Iowa, 
USA) or the 34C mouse anti-ryanodine receptor (RyR) antibody (used at 
1:500; Sigma-Aldrich Corp.). The F59 anti-myosin heavy chain antibody 
can be used to specifically identify SMCs in cells derived from early stage 
embryos (Devoto et al., 1996). In some experiments, cells were co-labeled 
with an anti-LAMP1 antibody (used at 1:100; Abcam, Cambridge, UK) and 
F59; with anti-IP3R type III antibody (used at 1:250; Sigma-Aldrich Corp) 
and the 34C anti-RyR antibody; or with F59 and either the anti-IP3R type I 
antibody (used at 1:10; Calbiochem, Merck KGaA, Darmstadt, Germany) 
or the anti-IP3R type II antibody (used at 1:10; Sigma-Aldrich Corp). TPC2, 
LAMP1 and IP3R types I-III were then visualized with the Atto 647N goat 
anti-rabbit IgG (used at 1:200; Active Motif, Inc., Carlsbad, CA, USA) while 
the myosin heavy chain and RyR were visualized with an Alexa Fluor 488 
goat anti-mouse IgG (H+L) antibody (used at 1:200; Molecular Probes Inc.). 
All antibody incubations were carried out for 1 h at room temperature and 

the secondary antibody incubations were performed in the dark. Between 
each antibody incubation step the cells were rinsed extensively with wash 
buffer (PBS-T containing 1% goat serum and 0.1% BSA) and following 
the final antibody incubation, cells were washed with PBST and then with 
Milli-Q water, after which they were mounted under ProLong Gold antifade 
reagent containing DAPI (Life Technologies).

For whole-mount immunolabeling, embryos at 24 hpf were dechorion-
ated manually and then fixed with 4% PFA in PBS either overnight at 4°C 
or for 4 h to 6 h at room temperature. Fixation was conducted following 
anesthetization with 0.02% MS-222 in Danieau’s solution. Embryos were 
labeled using well-established techniques (Cheung et al., 2011), using the 
anti-TPC2 antibody and the F59 mouse anti-myosin heavy chain antibody, 
followed by the Atto 647N goat anti-rabbit IgG and Alexa Fluor 488 goat 
anti-mouse IgG (H+L) antibodies, described previously. At the end of im-
munolabeling, the yolk and head of labeled embryos were excised and 
the trunk was mounted under AF1 mountant (Citifluor Ltd., Leicester, UK).

Imaging immunolabelled embryos and primary cultured cells
Fluorescently-labeled embryos and cells were imaged using a Leica 

TCS SP5 II confocal system. Images were acquired using both the multi-
photon mode as well as the normal confocal mode, using HCX PL APO 
63X/1.4-0.6 NA and HCX PL APO 100X/1.4 NA oil immersion objective 
lenses. Alexa Fluor 488 fluorescence was captured using 488 nm excitation 
and 519 nm detection; Atto 647 fluorescence was captured with 633 nm 
excitation and 669 nm detection; and DAPI fluorescence was captured via 
780 nm multi-photon excitation and 461 nm detection using a BP 460/50 
filter cube and a Hamamatsu/Leica non-descanned detector. 

To study the localization of antibody labeling, the fluorescence intensity 
profile of different channels of selected images was plotted using ImageJ. 
This software was also used to rotate stacks of optical sections by 90° 
horizontally and/or vertically in order to investigate the localization of TPC2 
and LAMP1 (in cultured muscle cells) and TPC2 (in intact embryos) with 
regards to the myosin heavy chain in more detail. Numerical data were 
exported from ImageJ to Microsoft Office Professional Plus Excel 2010 
for graph plotting and statistical analysis, and CorelDRAW X5 was used 
for figure preparation.

Pharmacological treatments
Stock solutions of the vacuolar-type H+ ATPase inhibitor, bafilomycin 

A1 (Calbiochem, Merck KGaA, Darmstadt, Germany), and the NAADP 
receptor inhibitor, trans-ned-19 (Enzo Life Sciences, Inc., Farmingdale, 
NY, USA; Naylor et al., 2009), were prepared at 500 mM or at 40 mM in 
DMSO, respectively, and stored at -20 °C. To facilitate drug diffusion into 
the muscle tissues of the later-stage (i.e., 16 hpf to 19 hpf) embryos, the 
terminal tail buds of the embryos were excised using a 27G ½ tungsten 
needle just prior to drug treatment (Liu and Westerfield, 1990; Cheung et 
al., 2011). Transgenic embryos were incubated in 1 mM of bafilomycin A1, 
~250 mM trans-ned-19 or 1.25% DMSO (control) in Danieau’s solution in 
the dark at ~28°C between ~18 hpf to ~18.5 hpf (i.e., shortly after the SMC 
Ca2+ signals have been reported to begin; Cheung et al., 2011) until the 
end of Ca2+ imaging (i.e., at ~30 hpf).

Design and injection of morpholino oligomers
All morpholino oligomers (MOs; prepared by Gene Tools LLC, Philomath, 

OR, USA) were prepared at a stock concentration of 1 mM in Milli-Q water 
and kept at room temperature. The expression of TPC2 was attenuated 
using a TPCN2-MO. As some MOs are known to induce p53 activity and 
thus result in non-specific apoptosis (Robu et al., 2007; Manning et al., 
2010; Klüver et al., 2011) the TPCN2-MO was co-injected with a previously 
characterized p53-MO (Robu et al., 2007) at a ratio of ~1:1.5. The p53-MO 
(injected alone) and a standard control-MO were also used as specificity 
controls. ~1.5 nL of the diluted MOs were injected into the yolk of embryos 
at the 1-cell to 4-cell stage. Embryos were microinjected using equipment 
and methods described previously (Webb and Miller, 2013). The sequences 
for the TPCN2-, p53- and standard control-MOs used, are as follows:
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TPCN2-MO(ATG): 5’-CAGCCAGCAGCGGTTCTTCTTCCAT-3’ 
p53(ATG)-MO: 5’-GCGCCATTGCTTTGCAAGAATTG-3’
Standard control-MO: 5’-CCTCTTACCTCAGTTACAATTTATA-3’

Cloning and design of mRNA rescue construct
The TPCN2  IMAGE clone (3816064) was purchased from Geneservice 

(Geneservice Ltd, Cambridge, UK) and was subcloned into the PCRIITOPO 
vector. The following primers were used:
Forward primer:

CAACGCTCTGTTTGGGATTT
Reverse primer:

GCCTACACAGACGTGATGGA
This vector served as a backbone for generating an mRNA rescue construct 
in which two silent mutations in the TPCN2 coding sequence were introduced 
using the QuickChange II Site-Directed Mutagenesis kit (Stratagene, La 
Jolla, CA, USA). The primers used for silent mutant cloning were as follows:
Forward primer:

TAGATGGAGGAGGAACCGCTGCTGGCTGGCAGCATTAAC
Reverse primer:

CGGTTCCTCCTCCATCTAAACGGCTGCAAGTGTCCTACA
The third base of the second and third codons was mutated. The sequence 
for the rescue construct is as follows (mutations are underlined):

TPCN2-mRNA: 5’-ATGGAGGAGGAACCGCTGCTGGCTG-3’
In order to generate the silent mutant mRNA sequence that still encodes 
a wild type protein but is unrecognizable by the TPCN2-MO, the modified 
TPCN2 cDNA clone was first incorporated into competent E. coli (cmk 
strain) via transformation. Subsequently, plasmids were isolated using a Mini 
Plus TM Plasmid DNA Extraction System (Viogene BioTek Corp., Taipei, 
Taiwan) and then linearized using a Kpn1 restriction enzyme (New England 
Biolabs Inc., MA, USA) prior to in vitro transcription using a mMESSAGE 
mMACHINE T7 transcription kit (Ambion, Invitrogen Corp.). The rescue 
construct generated was then diluted to ~250 ng/mL in Milli Q containing 
diethylpyrocarbonate (DEPC) and kept at -80 °C. During rescue experiments, 
a mixture of the TPCN2- and p53-MOs was first injected into the yolk of 
embryos at the 1-cell stage, after which ~50 pg to ~100 pg TPCN2-mRNA 
was immediately injected into the blastodisc, to reverse the knock-down 
effect of the TPCN2-MO. For Ca2+ measurements, a-actin-aeq transgenic 
embryos were then bathed in f-coelenterazine as described previously 
(Webb and Miller, 2013).
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