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Abstract
Various hypotheses have been proposed to explain the molecule processes of sarcomere assembly,
partially due to the lack of systematic genetic studies of sarcomeric genes in an in vivo model.
Towards the goal of developing zebrafish as a vertebrate model for this purpose, we characterized
myofibrillogenesis in a developing zebrafish heart and went on to examine the functions of cardiac
troponin T (tnnt2). We found that sarcomere assembly in zebrafish heart was initiated from a non-
striated actin filament network at the perimembrane region, whereas sarcomeric myosin is
independently assembled into thick filaments of variable length before integrating into the thin
filament network. Compared to Z-discs that are initially aligned to form shorter periodic dots and
expanded longitudinally at a later time, M-lines assemble later and have a constant length.
Depletion of full-length tnnt2 disrupted the striation of thin filaments and Z-bodies, which
sequentially affects the striation of thick filaments and M-lines. Conversely, truncation of a C-
terminal troponin complex-binding domain did not affect the striation of these sarcomere sub-
structures, but resulted in reduced cardiomyocyte size. In summary, our data indicates that
zebrafish are a valuable in vivo model for studying both myofibrillogenesis and sarcomere-based
cardiac diseases.
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Introduction
A sarcomere is the basic contractile unit in striated muscle. It is a highly organized structure
that, through the interaction between actin and myosin, ensures the generation of
coordinated force. The assembly of this elegant structure, which consists of Z-disc, M-line,
I-band and A-band, is a complicated process that has fascinated cell biologists as a basic
scientific question for more than 100 years. More recently, the question of
myofibrillogenesis gained clinical significance due to the discovery that mutations in many
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sarcomeric genes are linked to human patients with cardiomyopathies and/or muscular
dystrophies (Clark et al., 2002). Despite extensive studies, several models of
myofibrillogenesis co-exist and have not been unified (Boateng and Goldspink, 2008;
Sanger et al., 2005). The first model emphasizes on the existence of a stress fiber-like
structure (SFLS), which functions as the initial backbone for sarcomere assembly (Dlugosz
et al., 1984). The second model hypothesized that actin filaments and Z-discs form subunits
independently from A-band subunits, with the two subsequently joined together to form a
myofibril (Holtzer et al., 1997; Ojima et al., 1999; Schultheiss et al., 1990). The third model
emphasizes on the existence of premyofibril along the cell membrane, a short mini-
sarcomere structure that consists of Z-bodies composed of actin and α-actinin, and miniature
A-bands. The binding of titin N-terminus to the Z-bodies expands the premyofibrils to
longer nascent myofibrils (Dabiri et al.,1997; Du et al., 2003, 2008; Rhee et al., 1994).
Although seemingly independent of each other, these three models are not mutually
exclusive, because they emphasize on different assembly steps during myofibrillogenesis. In
contrast to these three models, the fourth model argues that sarcomere assembly is a
concurrent event without any intermediate structure (Ehler et al., 1999, 2004).

Early studies of myofibrillogenesis in the heart have been conducted using in vitro cell
culture; however, the limitations of this system have been recognized. The proper 3-D cell–
cell communication that might be essential for sarcomere assembly is disturbed and what
has been studied is a reassembly process of the de-assembled sarcomere components,
instead of de novo assembly process during the differentiation of cardiomyocytes (Gregorio
and Antin, 2000; Holtzer et al., 1997; Rudy et al., 2001; Sanger et al., 1984; Wang et al.,
1988; Wu et al., 1999). To address these concerns, in vivo animal models have recently been
adopted, including chicken, quail and mouse (Du et al., 2008; Ehler et al., 1999; Hirschy et
al., 2006; Tokuyasu and Maher, 1987). However, significant technical challenges in imaging
sarcomere assembly in these animal models have arisen, since the heart progenitor cells are
embedded deeply inside the embryos and are hard to access. Imaging is particularly tedious
and expensive in mouse models, since the embryos develop in utero. Compared to the
mouse, heart samples from stages of development where the heart is beating can be more
easily harvested from chicken and quail, as their embryos develop ex utero. Thanks to
improved imaging technology, the premyofibril structure, which cannot be detected in
chicken (Ehler et al., 1999), was recently detected in quail embryos (Du et al., 2008). The
disadvantage of the chicken/quail models, however, is the lack of knock-out and transgenic
techniques, which prevents the systematic genetic analysis of myofibrillogenesis.

The zebrafish is a vertebrate model that possesses a desirable balance between embryology
and genetics for the study of myofibrillogenesis. Zebrafish embryos are transparent and
develop ex utero. Myofibrillogenesis happens in a single layer of cardiomyocytes, which is
ideal for imaging and GFP technology. The zebrafish genome can be easily manipulated by
either gain-of-function experiments using mRNA injection or transgenic technology, or by
loss-of-function experiments using morpholino knockdown technology (Nasevicius and
Ekker, 2000). Large-scale mutagenesis screens have already identified several mutants in
sarcomere genes that affect myofibrillogenesis (Berdougo et al., 2003; Rottbauer et al.,
2006; Sehnert et al., 2002; Xu et al., 2002; Zhao et al., 2008). In these reports, conclusions
regarding gene function in myofibrillogenesis were mainly reached by transmission electron
microscopy (TEM) technology, which has been used to characterize the sarcomere assembly
process in the wild-type zebrafish heart (Wanga et al., 2001). Immunohistological studies
have not been routinely carried out, mainly due to the lack of a description of the baseline
process of myofibrillogenesis in a wild-type zebrafish heart. Since more antibodies have
been tested and found to react with zebrafish proteins (Costa et al., 2003; Hinits and Hughes,
2007), we have used some of these antibodies to re-examine pickwick and tel mutants that
have been previously characterized (Rottbauer et al., 2006; Xu et al., 2002). Interestingly,
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our antibody studies have revealed much detailed and novel information about the functions
of titin and cmlc2 in myofibrillogenesis (Chen et al., 2008; Seeley et al., 2007). Therefore, a
systematic immunohistological study of the sarcomere assembly process in a zebrafish heart
is justified, which should greatly facilitate the use of this animal model for studying
myofibrillogenesis.

Tnnt2 is a component of the troponin complex that regulates the interaction between myosin
and actin in response to the Ca2+ wave (Parmacek and Solaro, 2004). The N-terminus of
Tnnt2 binds tropomyosin (Tm), which sequentially anchors the troponin complex to the thin
filament, while a C-terminal domain of Tnnt2 binds troponin I and troponin C, the other two
components of the troponin complex (Pearlstone et al., 1986; Takeda et al., 2003; Zot and
Potter, 1987). Mutations in TNNT2 have been found to be responsible for 15% of
cardiomyopathies in humans (Watkins et al., 1995). In contrast to mutations in other
sarcomeric genes such as myosin heavy chain that typically lead to a hypertrophic response,
mutations in TNNT2 might result in mild hypertrophy but sudden cardiac death (Watkins et
al., 1995). Transgenic Tnnt2 mouse models recapitulated these phenotypes and exhibited a
small-heart phenotype (Tardiff et al., 1998, 1999). Depletion of tnnt2 in either zebrafish or
mouse led to a silent heart (Nishii et al., 2008; Sehnert et al., 2002), suggesting that it has an
important function in myofibrillogenesis. TEM studies also suggest a role for tnnt2 in thin
filament assembly (Nishii et al., 2008; Sehnert et al., 2002).

In this report, we first conducted a detailed immunohistochemical study of the
myofibrillogenesis process in the zebrafish heart. We then reveal in-depth mechanism
regarding the function of tnnt2 in the assembly of each sarcomere sub-structure.
Interestingly, we found that truncation of Tnnt2 at its C-terminus led to reduced
cardiomyocyte cell size, recapitulating the small-heart phenotype in a transgenic mouse
model. Our data underscore the value of zebrafish as a useful animal model for the genetic
analysis of sarcomere assembly and pave the way for systematic studies of sarcomeric genes
in this animal model.

Materials and methods
Zebrafish husbandry

The investigation conforms to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No. 85-23, revised
1996). All zebrafish (Danio rerio) and embryos were maintained at 28 °C and staged as
previously described (Westerfield, 1995). The sih mutant was kindly provided by Dr. Neil
Chi and Dr. Didier Stainier (Sehnert et al., 2002), University of California at San Francisco.

Immunofluorescence microscopy and image analysis
Whole-mount immunofluorescence staining was performed as previously described (Chen et
al., 2008; Seeley et al., 2007). To keep sarcomeres in a relaxed state, embryos were
incubated in relaxation buffer (20 mM imadazole, 5 mM EGTA, 7 mM MgCl2, 5 mM
creatine phosphate, 10 mM ATP, 100 mM KCl) for 1.5 h before flxation (Brixius et al.,
2000; Li et al., 2006). The following antibodies were used at the indicated dilutions: anti-
sarcomeric α-actinin (clone EA53, Sigma) at 1:1000, F59 (Developmental Studies
Hybridoma Bank, DSHB) at 1:10, MEF2 (C-21, Santa Cruz Biotechnology) at 1:50, anti-
myomesin (DSHB) at 1:100, anti-tropomyosin (CH1, Sigma) at 1:100, anti-troponin T
(Sigma) at 1:200, anti-cardiac and skeletal troponin I (ABR-Affinity BioReagents) at 1:200,
and Zn5 (ZIRC) at 1:500. Phalloidin was used at 1:10 (Molecular Probes). Alexa-conjugated
secondary antibodies were used (Molecular Probes). Following staining, embryos were
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dissected to expose the heart region and imaged using an AxioplanII Zeiss microscope
equipped with an ApoTome.

The length of myosin filaments and actin filaments was measured from the start to the end
of each filament (or each actin dot in morphants) by using Axiovision software. Sarcomere
length is defined as the distance between two neighbor α-actinin signals. Only α-actinin
signals that appeared to be periodic along the same filament were measured. As no
difference in sarcomere structure was detected between atrium and ventricle, we analyzed
images of sarcomeres from the whole heart before 26 S, and sarcomeres from ventricle only
at 48 hpf.

Bioinformatics
The sequence and exon–intron structure of zebrafish tnnt2 was determined using the
Ensembl Database, while the sequence of human cardiac tnnt2 comes from Genbank. The
nomenclature of human tnnt2 exons was based on(Farza et al., 1998). To confirm the in
silico prediction, we designed the following primer pair to clone the cDNA of zebrafish
tnnt2 by RT-PCR: Forward primer, 5′ ATGTCAGACAACGAAGAAGT 3′; Reverse primer,
5′ GCCTCAGAAAGTGAATGCTGTG 3′. The PCR product sequence was compared with
zebrafish tnnt2 and human tnnt2 using DS Gene software (Accelrys Inc.), which confirmed
all exons except exons 3, 16, and 17. Detailed information about zebrafish tnnt2 exon–intron
structure is summarized in Supplemental Table S1.

Injection of morpholinos
MO-ATG and MO-E13 antisense morpholinos that target tnnt2 were purchased from Gene
Tools LLC. Morpholinos were prepared and injected as previously described (Nasevicius
and Ekker, 2000). The sequences are as follows: MO-ATG, same as the tnnt2 morpholino
that was reported in Sehnert et al. (2002); and MO-E13, 5′
GAGACTTCATCTTACCTCATATTTC 3′.

Regular and real-time RT-PCR analysis of gene expression
Total RNA was extracted from 100 embryos at 48 hpf using the RNeasy Mini Kit (Qiagen)
and reverse transcribed with SuperScript III Reverse Transcriptase (Invitrogen). The
defective splicing event in MO-E13 morphants was detected using primer pair 1:

Forward primer: 5′ TAGAGAGACGGAGTGGAAAGAAACAGACTGAG 3′

Reverse primer: 5′ AATTTCTGATGGTCACTGACTCTGTTCCTC 3′

As a control, primer pair 2 targeting exon 8 was used to monitor the mRNA level of total
tnnt2 transcripts:

Forward primer: 5′ CGTAAGCGCATGGAGAAGGACCTGAATG 3′

Reverse primer: 5′ TGGCATCATCTTCTGCTCTCTTTTTGGC 3′.

Gene expression was measured using SYBR Green-based real-time PCR analysis on an
iCycler (Bio-Rad Laboratories). Primer sequences for measuring defective tnnt2 mRNA
levels are:

E13RealF: 5′ TTCGGCAAACAGAAATATGAGATCAATGTC 3′

E18RealR: 5′ CACAGCATTCACTTTCTGAGGC 3′.

The expression of 18 S rRNA was used to normalize RNA content. The knockdown
efficiency was calculated as previously described (Seeley et al., 2007).
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Rescue experiments
Full-length tnnt2 cDNA was amplified from total RNA extracted from 72 hpf zebrafish
embryos by RT-PCR using primers tnnt2-attB-F and tnnt2-attB-R1. The truncated tnnt2
cDNA fragment was amplified using primers tnnt2-attB-F and tnnt2-attB-R2. Their
sequences are tnnt2-attB-F:

5′
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATGTC
AGACAACGAAGAAGT 3′,

tnnt2-attB-R1:

5′
GGGGACCACTTTGTACAAGAAAGCTGGGTCCACAGCATTCACTTTCTGAGG
C 3′

and tnnt2-attB-R2:

5′
GGGGACCACTTTGTACAAGAAAGCTGGGTCTCACTGAGAGCAGATTCATTG
3′.

The PCR products were cloned into the pDONR221 plasmid (Invitrogen). Together with the
p5E-cmlc2 plasmid (a 5′ entry clone vector from the Tol2 Kit, (Kwan et al., 2007)), which
contains a cmlc2 enhancer, and a p3E-IRES-EGFPpA plasmid (a 3′ entry clone vector from
the Tol2 Kit, (Kwan et al., 2007)), which contains IRES EGFP, tnnt2 cDNAs were cloned
into pDestTol2pA plasmid (a destination vector from the Tol2 Kit, Kwan et al. (2007)) by a
recombination reaction. Linearized pCS2-TP plasmid (kindly provided by Koichi
Kawakami) was used as template to generate capped mRNA encoding Tol2 transposase by
in vitro transcription using SP6 polymerase (Message Machine, Ambion). Plasmids were co-
injected with mRNA encoding Tol2 transposase into embryos at the single cell stage; the
embryos were collected later at the proper stages for antibody staining. Since tnnt2 and egfp
are encoded by one mRNA driven by the cmlc2 enhancer, it is predicted that both EGFP and
tnnt2 are expressed in the same cardiomyocytes. Thus, fluorescent EGFP indicates the
individual cardiomyocytes with ectopic tnnt2 expression.

Measurement of shortening fraction (SF) of the ventricular chambers
Movies of beating hearts from embryos at 48 hpf were recorded using a Zeiss microscope
equipped with a Nikon camera. Images from movies were then used to measure the long
axis length (a) and short axis length (b) between the myocardial borders of ventricles at
diastole and systole, respectively. The percent shortening fraction (SF) was calculated using
the formula: SF=(length at diastole−length at systole)/(length at diastole)×100. End-systolic
or diastolic volumes of ventricle were calculated using the formula: volume=4/3πab2.

Quantification of ventricular cardiomyocyte cell size and cell number
The hearts of embryos at 48 hpf were double-stained to reveal the cell junctions of
cardiomyocytes by using Zn5, an antibody that recognizes neurolin/DM-GRASP, a surface
adhesin molecule (Fashena and Westerfield, 1999). Nuclei were stained by using a MEF2
antibody (Hinits and Hughes, 2007). The hearts were dissected out and images were
acquired as Z-stacks for each heart sample using an AxioplanII Zeiss microscope. After
processing the images using ‘extended focus,’ the surface area of individual cardiomyocytes
was measured. Only cells with clearly visible outlines after being rendered in the XY plane
were chosen for measurement. The cell number was considered to be the number of nuclei.
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Statistics
Means and standard deviations of means (s.d.) were calculated from individual values, and a
two-tailed t-test was used for comparison of two groups. Differences were considered
significant when p<0.05.

Results
Assembly of thin and thick filaments during myofibrillogenesis in a zebrafish heart

In zebrafish, cardiac progenitor cells are localized in the anterior lateral plate mesoderm
(ALPM) as two strips on both sides of zebrafish embryos at the 5 Somite (S) stage. These
two groups of cardiac progenitor cells migrate towards the midline and meet at 18 S, fuse
and reorganize to form a primitive heart tube that starts peristaltic contraction at 26 S, and
finally form two cardiac chambers, namely the ventricle and atrium, that contract in a much
stronger and coordinated fashion at 48 hpf. Therefore, it is predicted that functional
contractile machinery should exist at 26 S and becomes more organized at 48 hpf.

To test the above prediction and to characterize sarcomere assembly in a zebrafish heart, we
studied the process of thin filament assembly by immunostaining. An antibody that
recognizes tropomyosin, a thin filament component, reveals a filamentous network in the
heart field as early as 10 S, when the cardiac progenitor is still within ALPM. This
filamental network overlaps with and is part of the actin filamental network that also exists
in neighboring tissues, as revealed by co-staining with phalloidin (Fig. 1A). The actin
filamental network in cardiac progenitor cells is located in the cell membrane periphery
region, as suggested by co-staining with Zn5 antibody and phalloidin (Fig. 1B), and remains
non-striated until 26 S. The striation can first be detected at 26 S (Fig. 1C), when the heart
tube forms and the heart first starts to beat. The event of thin filament striation formation can
also be revealed by the anti-Tnnt2 antibody, which initially appears in the heart at 18 S (Fig.
1D, and Supplemental Fig. S2A). The thin filament continues the assembly process and
becomes more organized at 48 hours post-fertilization (hpf), as indicated by the laterally
broadened staining pattern of both tropomyosin and tnnt2 (Figs. 1C, D).

Compared to thin filament assembly, sarcomeric myosin filaments can be detected in the
heart later, at 12 S, by immunostaining with F59, an antibody that recognizes the sarcomeric
myosin heavy chain (MHC) (Fig. 2A). In contrast to a continuous thin filamental network,
thick filaments exhibit rodlet structures with variable lengths, ranging from 1 μm to 6.1 μm
(Fig. 2C). The pseudo H zone can be detected in shorter rodlets, suggesting their identity as
bipolar polymer structures derived from the self-assembled myosin molecules in a head–tail/
tail–head fashion. Similar rodlet structures of variable length were detected at the early
stages of somite formation (data not shown). Initially, these myosin rodlets did not overlap
with thin filaments, as indicated by two-color antibody staining at 15 S (Fig. 2B). These
myosin rodlets gradually attach to the thin filament network at the perimembrane region and
are organized into a periodic pattern at 24 S, just before the striation of thin filaments (Fig.
2A). Each preliminary sarcomeric unit consists of double rodlets separated by a pseudo H
zone. The length of these myosin double rodlets becomes shorter and more uniform, ranging
from 1.4 μm to 1.8 μm at 24 S, and from 1 μm to 1.4 μm at 48 hpf (Fig. 2C). The reduced
length and increased width of each rodlet at 48 hpf suggests that myosin molecules continue
to align with each other and register laterally to form mature A-bands.

Assembly of Z-discs and M-lines during myofibrillogenesis in a zebrafish heart
To investigate the assembly of the Z-disc, a sarcomeric structure that anchors thin filaments
at their barbed ends and defines the border of each sarcomere, we performed
immunostaining using an antibody that recognizes α-actinin (Fig. 3A). These α-actinin dots,
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which may represent Z-bodies, can be initially detected as irregular dots in the
perimembrane region at 18 S, become periodic at 22–26 S, and undergo lateral growth
between 26 S and 48 hpf to form mature Z-discs (Fig. 3A). The height of the Z-disc
increases from 0.8±0.2 μm at 26 S to 1.6±0.3 μm at 48 hpf. Interestingly, the distance
between the two neighboring Z-bodies expands from 1.4±0.4 μm at 22 S (Fig. 3C, and
Supplemental Fig. S2B) to 1.9±0.3 μm at 26 S. The distance stays the same thereafter at
least until 48 hpf (1.9±0.1 μm, Fig. 3C).

We then analyzed the assembly of the M-line, a structure that bundles the central part of
thick filaments and defines the middle point of a sarcomere, by immunostaining using an
antibody that recognizes myomesin. Myomesin immunoactivity can be first detected as
irregular dots in the cell periphery region at 22 S, becomes organized into periodic dots at 26
S, and then undergoes lateral growth to form broader mature M-lines at 48 hpf with the
height being increased from 0.7±0.3 μm to 1.9±0.3 μm (Fig. 3B). In contrast to the periodic
α-actinin dots, the distance between the two neighboring myomesin dots remains constant
(1.9±0.5 μm at 22 S; 1.8±0.5 μm at 24 S; 1.7±0.2 μm at 26 S; 1.8±0.1 μm at 48 hpf) (Fig.
3D). This finding suggests that M-line assembly is later than Z-disc assembly during cardiac
myofibrillogenesis.

MO-ATG and MO-E13 knock down tnnt2 function and exhibit different cardiac phenotypes
Having characterized the baseline of de novo sarcomere assembly in a zebrafish heart, we
set out to conduct systematic genetic studies of sarcomeric genes in this vertebrate model in
vivo. In this paper, we report our studies on cardiac troponin T (tnnt2) using the morpholino
antisense technology. Based on the current annotation of the zebrafish tnnt2 genomic region
and by comparing it to the peptide sequence encoded by human TNNT2 exons, we predict
that zebrafish tnnt2 consists of at least 18 exons (Fig. 4A, and Supplemental Table S1).
Previous biochemical and crystal structural studies suggested that exons 9–11 and 12–14
encode two domains that are needed to bind tropomyosin and thus attach the troponin
complex to the thin filament, while exons 12–14 encode a domain that binds both troponin i
(tnni) and troponin C (tnnc), the other two troponin complex components (Pearlstone et al.,
1986;Takeda et al., 2003;Zot and Potter, 1987). To dissect how tnnt2 functions in sarcomere
assembly, we designed MO-ATG, a morpholino that targets the translation start site of the
tnnt2 transcript. We optimized the dosage of injection by following the silent heart
phenotype, as suggested by sih, a null allele of tnnt2 in zebrafish (Sehnert et al., 2002).
Injection of 12 pg of MO-ATG resulted in the total silencing of the heart (Fig. 4B). The
expression of tnnt2 at the protein level was effectively reduced, as indicated by
immunofluorescence staining using an anti-troponin T antibody (Fig. 4C). Consistent with
the previous report with the sih mutant (Nishii et al., 2008;Sehnert et al., 2002), the
expression level of tropomyosin was mildly reduced and tnni was severely reduced (Fig.
4C).

We also designed MO-E13, a morpholino that targets the splicing donor site after exon 13 of
the tnnt2 gene. In contrast to the total silent heart phenotype observed in MO-ATG
morphants, residual contractions can always be detected in MO-E13 morphants (Fig. 4B),
even when injected at a dosage as high as 120 pg. The injection of 50 pg of MO-E13
resulted in 97% knockdown efficiency, as estimated by a real-time qRT-PCR-based assay.
The major end product of this morphant is a defective tnnt2 transcript that lacks exon 13 due
to an exon-skipping event, as suggested by RT-PCR followed by direct sequencing (Fig.
4D). At the protein level, it is predicted that a truncated Tnnt2 protein would be generated
that deletes 54 amino acids at the C-terminus with the addition of three non-Tnnt2 amino
acids. The truncated protein can be detected by immunostaining using our anti-tnnt2
antibody, although at a level somewhat lower than in wild-type (Fig. 4C). The reduced
protein level is likely due to translational regulation such as protein stability, rather than a
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change at the transcriptional level, since the total level of tnnt2 transcripts is increased in the
morphants (Fig. 4D). In contrast to MO-ATG morphants, neither the expression of
tropomyosin nor troponin I protein is disturbed in the hearts of MO-E13 morphants (Fig.
4C). In summary, the above data indicate that, compared to the depletion of full-length
tnnt2, the disruption of the C-terminal domain of tnnt2 resulted in different phenotypes in
terms of both cardiac function and thin filament protein expression.

Full-length tnnt2 is required for the striation of thin filament
To understand how tnnt2 functions in sarcomere assembly in zebrafish heart, we first
examined the effects of tnnt2 morpholinos on the assembly of the thin filaments. The
continuous thin filament network can still be detected in both MO-ATG and MO-E13
morphants before 24 S (Supplemental Fig. S3), suggesting that tnnt2 is not required for the
initial assembly of thin filaments. Later, the striation of the thin filament failed to happen in
MO-ATG morphants, as suggested by non-striated staining pattern of both Tm and
phalloidin at 30 S (Supplemental Fig. S3) and irregular dots at 48 hpf (Fig. 5A). In contrast,
the striation of thin filament can still happen in MO-E13 morphants, as indicated by periodic
dots of Tm and phalloidin (Fig. 5A, and Supplemental Fig. S3). The lateral growth of thin
filaments was prevented in both morphants. The average length of phalloidin dots in MO-
ATG morphants is around 0.71 μm, which is significantly shorter than those of the WT
control and MO-E13 morphants, which are around 0.91 μm (Fig. 5B). We reasoned that
more severely affected thin filament assembly in MO-ATG morphants might be due to
disrupted tropomyosinactin filament interaction. Consistent with this hypothesis,
tropomyosin immunoactivity appears partially disassociated from actin filaments in MO-
ATG morphants, but not in MO-E13 morphants (Fig. 5C).

In wild-type embryos, tnni immunoactivity exhibits a striated pattern at 48 hpf (Fig. 5D),
indicating the attachment of the troponin complex to the thin filaments. In contrast, in hearts
of MO-ATG morphants, tnni exhibits random dots that are dispersed throughout the
cytoplasm without any association to tropomyosin (Fig. 5D). A similarly dispersed tnni
staining pattern was also detected in MO-E13 morphants. These data confirm that a major
function of tnnt2 is to attach the troponin complex to the thin filament, as has been
previously suggested by both genetic studies in the tnnt2 knock-out mouse (Nishii et al.,
2008) and structural studies of the troponin complex (Takeda et al., 2003). Moreover, our
data indicate that the C-terminal domain of Tnnt2, encoded by exons 13 to 18, is needed for
this function.

To confirm the specificity of the thin filament phenotypes in MO-ATG and MO-E13
morphants, we performed rescue experiments by co-injection of a tnnt2 plasmid driven by a
cmlc2 cardiac-specific enhancer. We used either full-length Tnnt2 or a truncated version of
Tnnt2 that deletes the C-terminal 54 amino acids (Supplemental Fig. S5). Individual
cardiomyocytes with ectopic tnnt2 expression can be distinguished from the neighboring
cells by green fluorescence (see Materials and methods). The ectopic expression of a full-
length tnnt2 is able to rescue sarcomeric phenotypes in either MO-ATG or MO-E13
morphants, as indicated by the presence of mature sarcomere structures (Fig. 5E). On the
other hand, ectopic expression of a truncated version of tnnt2 is capable of rescuing thin
filament assembly in MO-ATG morphants to the degree of having a striated periodic pattern
(Fig. 5E), as was seen in MO-E13 morphants (Fig. 5A). The contractile function of these
EGFP+ cardiomyocytes is fully recovered upon co-injection of full-length tnnt2
(Supplemental Movies 2 and 4) and is partially restored upon co-injection of truncated tnnt2
(Supplemental Movie 5).

Taken together, the above data suggest that depletion of full-length Tnnt2 disrupts the
striation and reduces the length of thin filaments, probably by disrupting the expression level
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of tropomyosin and/or the interaction of tropomyosin with actin filaments. Since the C-
terminal domain of Tnnt2 is dispensable for this function, the tropomyosin interaction
domain located at the N-terminal part of Tnnt2 is likely responsible for this function.

Full-length tnnt2 is required for the striation of the Z-disc, M-line and thick filaments
To understand how tnnt2 functions in the assembly of other sarcomere structures, we
investigated the formation of Z-disc, M-line and thick filaments in tnnt2 morphants. Similar
to the irregular dotted patterns of phalloidin and Tm staining seen in MO-ATG morphants
(Fig. 5A), irregular α-actinin dots were detected in the region of the cell periphery at both 30
S and 48 hpf (Fig. 6A and Supplemental Fig. S4). Most of these random dots of α-actinin
immunoactivity co-localize with F-actin (Fig. 6B), suggesting their identity as Z-bodies that
fail to assemble any further. This irregular Z-body phenotype is a specific consequence of
depleting full-length tnnt2 because of the following observations. First, irregular α-actinin
dots were also noted in the sih mutant. However, in contrast, a regular periodic pattern can
be detected in MO-E13 morphants (Fig. 6A). Of note, the distance between two neighboring
α-actinin dots is shorter than that observed in the WT control (Fig. 6E).

Likely due to a sequential event of a disrupted thin filaments and/or Z-discs, the assembly of
M-lines is disturbed in tnnt2 morphants. Periodic dots of myomesin staining can be observed
in MO-E13 morphants at 48 hpf, but they failed to undergo lateral growth to form mature
M-lines (Fig. 6C). Most myomesin dots appear irregular in both MO-ATG morphants and
sih mutants, although periodic dots can occasionally be detected. The distance between these
regular dots in both morphants is shorter than that in wild-type embryos (Fig. 6F),
suggesting defective M-line/thick filament assembly.

As expected, the early step of myosin rodlet assembly was not disturbed in both MO-ATG
and MO-E13 morphants at 12 S (Supplemental Fig. S4). Although delayed slightly at 24 S,
these myosin rodlets can still align to form periodic striated fiber structures at 48 hpf in MO-
E13 morphants (Fig. 6D), although they fail to undergo further lateral growth to form
mature A-bands. In contrast, thick filaments can still integrate into the perimembrane thin
filament network in both MO-ATG morphants and sih mutants. However, these thick
filaments predominantly appear in a non-striated pattern (Fig. 6D). The striated pattern can
be occasionally detected in MO-ATG morphants.

Truncated tnnt2, but not full-length tnnt2, results in the reduced cell size of
cardiomyocytes

Visual inspection of tnnt2 morphants suggested that ventricular size in MO-E13 morphants
is smaller than that in both WT and MO-ATG morphants (Fig. 7A). Indeed, both mean end-
diastolic volume (mEDV) and the mean end-systolic volume (mESV) of ventricles in 48 hpf
MO-E13 morphant embryos are significantly smaller than those indices in either wild-type
or MO-ATG morphants (Fig. 7C). To reveal the mechanism of reduced heart size at the
cellular level, we measured the cell size and number of cardiomyocytes by antibody staining
(Fig. 7B, quantified in Figs. 7D and E). We found that the surface area of individual
cardiomyocytes is significantly reduced in MO-E13 morphants (78.5±19.9 μm2 in MO-E13
morphants vs. 125.4±45.4 μm2 in WT, Figs. 7B, D), while the number of cardiomyocytes
remains unchanged (122±21 in MO-E13 morphants vs. 125±7 in WT, Figs. 7B, E). As a
control, the surface area of individual cardiomyocytes in MO-ATG morphants remains
normal (130.5±42.8 μm2 in MO-ATG morphants vs. 125.4±45.4 μm2 in WT, Figs. 7B, D),
while the number of cardiomyocytes increases (149±11 in MO-ATG morphants vs. 125±7 in
WT, Figs. 7B, E). In summary, we conclude that the truncated tnnt2 results in the reduced
size of individual cardiomyocytes without disturbing cardiomyocyte number.
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Discussion
Myofibrillogenesis in the development of zebrafish heart

In this paper, we have characterized the process of sarcomere assembly in a wild-type
zebrafish heart. The accessible zebrafish embryology allows us to resolve at least five
different stages of myofibrillogenesis, as detailed below (Supplemental Fig. S1). Our data
support key perspectives of the first three models of myofibrillogenesis, while disagree with
the fourth model of myofibrillogenesis.

First, between 10 and 12 S, thin filaments, consist of both actin and tropomyosin, and form a
continuous non-striated network in the perimembrane region that correspond to the stress
fiber-like structure (SFLS). This observation in an in vivo animal model supported the
existence of SFLS, a key focus of the first model of myofibrillogenesis that was proposed
based on studies in cultured cardiomyocytes (Dlugosz et al., 1984). Our data also suggested
that the assembly of sarcomere in a zebrafish heart started from an actin filament network
that exists in many cells, including cardiomyocytes. The first molecular event that
distinguishes this filamental network in the heart from those in the neighboring tissues is the
expression and binding of Tropomyosin at 10 S. In contrast to the SFLS model, we cannot
detect the transition between striated and non-striated stretches between the center and the
cellular periphery of the cell (Messerli et al., 1993), as all filaments are perimembranous.
This situation is probably due to the limited volume of cytoplasm in cardiomyocytes at early
embryonic stages, which is in contrast to the increased cytoplasm in mature cardiomyocytes
after developmental hypertrophy.

At the same stage, we detected sarcomeric myosin rodlets assembled independently and did
not overlap with the thin filament network, which is consistent with the second model of
sarcomere assembly (Holtzer et al., 1997; Ojima et al., 1999; Schultheiss et al., 1990). This
discovery is also supported by a recent report in quail heart, where myosin initially appears
as short rodlets independently of thin filaments (Du et al., 2008). Together, however, these
in vivo data argue against the statement that defined 1.6 μm thick filaments in a mature A-
band are assembled before they are integrated into the sarcomere, an idea that was proposed
mainly on the basis of cell culture studies (Allen and Pepe, 1965; Holtzer et al., 1997; Kelly,
1969). Instead, thick filament length must be determined during the assembly process
between the thick and thin filaments. Interestingly, we found that the length of these myosin
rodlets initially varies from 1 μm to 6.1 μm in zebrafish, which is different from the short
rodlets detected in quail with a length of 0.75 μm (Du et al., 2008). The difference in rodlet
length between fish and quail is likely a species-specific difference.

Second, between 18 S and 22 S, α-actinin and myomesin start to be expressed and appear as
irregular dots in the periphery region of cardiomyocytes. Troponin T appears in thin
filaments.

Third, from 22 S to 24 S, irregular α-actinin dots become periodic with a distance of 1.2 μm
between the neighboring dots, which is shorter than that in mature sarcomere (1.9 μm). This
structure corresponds to the premyofibril structure of the third model for myofibrillogenesis
(Dabiri et al., 1997; Rhee et al., 1994). At the same time, thick filaments start to assemble
into the thin filament network and become striated. The mechanism of how irregular α-
actinin dots become periodic is still unclear. Our data showed that Z-bodies in tnnt2 MO-
ATG morphants and the sih mutant turned to be irregular, suggested that the formation of
the periodicity of the Z-bodies depends on properly assembled thin filaments. It also remains
to be determined whether non-muscle myosin IIB interacts with thin filament to assemble
premyofibrils before sarcomeric myosin is recruited to form thick filament, as predicted by
the premyofibril model.
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Fourth, at 26 S, the distance between the neighboring α-actinin dots expands to 1.9 μm and
is accompanied by the striation of the thin filaments and the formation of myomesin
periodicity. This stage of sarcomeric structure might correspond to the nascent striated
myofibril in the SFLS model or to the nascent myofibril in the premyofibril model (Dabiri et
al., 1997; Rhee et al., 1994). Of note, this is the time when the heart starts beating
peristaltically. The underlying mechanism of the expansion of α-actinin dots from 1.2 μm at
22–24 S to 1.9 μm at 26 S remains to be determined. It has been proposed that Titin plays an
important function in the expansion from premyofibril to nascent myofibril; however, the
direct genetic evidence is still lacking. In the future, zebrafish titin mutants will be examined
to test this hypothesis.

Fifth, from 26 S to 48 hpf, the primitive sarcomere structure further aligns and undergoes
lateral growth to form a mature sarcomere that is capable of supporting the much more
coordinated beating of a two-chambered heart.

The interaction between thin and thick filaments is important for the later stages of
sarcomere assembly

Although thin and thick filaments initially assemble independently, the interaction between
the two filament types is important for the later stages of sarcomere assembly, especially
when the sarcomere undergoes lateral growth. In this study, we show that disturbing thin
filament assembly by depleting tnnt2 affects the striation of thick filaments and sequentially
the lateral growth of the sarcomere. Conversely, disturbance of thick filament assembly by
depletion of either ELC or RLC affects the lateral growth of the sarcomere (Chen et al.,
2008). Furthermore, disruption of the interaction between thin and thick filaments without
disturbing thin or thick filament assembly per se, as seen in tnnt2 MO-E13 morphants, also
affects the lateral growth required for mature sarcomere formation. In addition, our data
raise an interesting possibility that the interaction between thin and thick filaments might
participate in determining sarcomere length. This prediction is derived from our observation
that the length of the sarcomere is shorter in tnnt2 MO-ATG morphants, MO-E13 morphants
and cmlc2 morphants, but longer in cmlc1 morphants (Chen et al., 2008). The prediction
needs to be further examined in the context of genetic studies of titin, a gigantic protein that
has been proposed as the template of the sarcomere.

Relationship between M-line and Z-disc assembly
Compared to α-actinin, myomesin dots become periodic at 26 S, which is co-incident with
the expansion of the α-actinin dots and the striation of the thin filaments. This striation
happens later than the striation of the thick filaments, which interdigitate with the thin
filaments and become periodic at 24 S. These observations in zebrafish heart support a
previously proposed concept that M-line assembly is a later step of sarcomere assembly that
happens after Z-disc assembly. Consistently, the disrupted M-line and thick filaments in
MO-ATG morphants and the sih mutant suggest that a properly assembled thin filament/Z-
disc is needed for the striation and periodicity of the thick filament/M-line. However, this
statement is not supported by the existence of residue striated M-line in these morphants and
the mutant. Instead, the latter observation might suggest that M-line assembly is regulated
by a mechanism independent of Z-disc assembly, as has been proposed by a study of
myofibrillogenesis in somites using the C2C12 cell culture system (Kontrogianni-
Konstantopoulos et al., 2006). To further understand the relationship between M-line and Z-
disc assembly, direct genetic studies of Z-disc and M-line proteins such as α-actinin and
myomesin are needed.
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Functions of tnnt2 in sarcomere assembly and cardiomyopathy
Based on our immunostaining results, it is clear that tnnt2 is not required for the initial
assembly of the actin filament at early stages, as has been suggested by a previous study of
tnnt2 knock-out mice (Nishii et al., 2008). This conclusion failed to be reached by the
previous TEM analysis in zebrafish (Sehnert et al., 2002), underscoring our statement that
immunostaining cannot be dismissed in analyzing sarcomere-related phenotypes. Partially
due to the more accessible zebrafish embryos, we have uncovered additional information
regarding the function of tnnt2 during the assembly of each substructure of the sarcomere.
Our data suggest that tnnt2 is required for striation of the thin filaments, which in turn
affects the periodicity of Z-bodies, M-lines and thick filaments. It is possible that tnnt2
regulates the assembly of thin filaments through a protein–protein interaction of its N-
terminal domain with tropomyosin, as suggested by the reduced length of thin filaments and
the disrupted co-localization between tropomyosin and actin filaments. In addition,
depletion of tnnt2 may indirectly affect thin filament assembly by reducing the
transcriptional levels of several thin filamental proteins such as tropomyosin and troponin I
(this study and Sehnert et al., 2002). Of note, this latter mechanism might exist only in
zebrafish, but not in mouse (Nishii et al., 2008; Sehnert et al., 2002).

In contrast to full-length Tnnt2, the C-terminal domain of Tnnt2 is not required for the
striation of thin filaments and periodicity of Z-discs or for the expression level of
tropomyosin transcripts. Periodic sarcomere-like structures still can assemble in tnnt2 MO-
E13 morphants, although they are shorter and fail to undergo lateral growth. The shorter
sarcomere length could be explained by the released inhibition of the troponin complex
towards the thin filament-thick filament interaction, which results in a hypercontractile state
that is irresponsive to either Calcium wave or relaxing solution treatment. Interestingly,
truncation of the Tnnt2 C-terminus results in a smaller cell size in cardiomyocytes. This
observation supports the statement that the reduced sarcomere length result in the reduced
cardiomyocyte size, as has been previously proposed by genetic studies of ELC and RLC
(Chen et al., 2008). Conversely, the disrupted interaction between thin and thick filaments is
not sufficient to cause the small-cell phenotype, as normal cell size was observed in tnnt2
MO-ATG morphants. Of note, we cannot exclude the possibility that reduced number of
sarcomeres per cardiomyocyte also contributes to the reduced cell size. A reliable method to
quantify sarcomere number in each cardiomyocyte is yet to be established.

Alternatively, it is possible that the truncated Tnnt2 protein activates a signaling pathway
that results in the reduction of cardiomyocyte size. This possibility is exciting since
transgenic mouse models that contain a C-terminal truncated version of Tnnt2 exhibit a
small-heart phenotype (Tardiff et al., 1998, 1999). To test this possibility, we have tried to
inject mRNA or cDNA encoding truncated tnnt2 into wild-type embryos. Although we did
not observe small-heart phenotypes, these negative results may simply due to the technical
limitation of the transient assays. We are raising up stable transgenic fish lines to examine
the potential dominant functions of the truncated tnnt2 in a zebrafish heart. Further studies
are warranted to investigate this unique form of human cardiomyopathy using zebrafish
models.

Our data highlight the value of zebrafish as a useful in vivo vertebrate model for the study of
de novo sarcomere assembly. Its accessible embryology and unique genetic features
complement the existing animal models such as chicken, quail and mouse. Our
characterization of myofibrillogenesis in zebrafish heart supports different perspectives of
the first three existing models of myofibrillogenesis, while disagrees with the fourth model.
Clearly, sarcomere assembly is a progressive and closely regulated process, instead of just
putting the sarcomeric proteins in the correct order. Our tnnt2 data further suggested that the
assembly of the thin filament protein occurs at different stages and imposes an impact on the
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overall assembly of the sarcomere. More investigations in zebrafish are warranted to further
reconcile different models of myofibrillogenesis. With the added possibility of generating a
large number of zebrafish mutants that affect myofibrillogenesis, zebrafish possess great
potential as a genomic model for systematic studies of both myofibrillogenesis and
sarcomere-based cardiac diseases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Assembly of thin filaments in the embryonic zebrafish heart. (A) Shown are images of 10 S
embryos after two-color immunostaining to label Tm (green) and F-actin (red). Tm and F-
actin networks are co-localized within the cardiac progenitor cells (outlined by dashed
lines), which are labeled by Tm staining. The F-actin network also extends to the
neighboring cells beyond the cardiac progenitor cells. (B) Shown are images of two-color
immunostaining using the Zn5 antibody to label cell membrane (green) and phalloidin to
label thin filaments (red). The thin filament network in the ventricle appears to associate
with the cell membrane at both 24 S and 48 hpf. (C and D) Shown are images of 24 S, 26 S,
and 48 hpf embryos after immunostaining using either anti-Tm (C) or anti-tnnt2 antibody
(D). Both anti-Tm and anti-tnnt2 antibodies revealed a continuous filament network at 24 S,
which becomes striated at 26 S, and lateral growth forming mature thin filaments at 48 hpf.
Insets in (A, C, D) are of the same image at higher magnification. Insets at top are of
networks, and insets at bottom are of myofibrils. Brackets, continuous thin filaments.
Arrowheads, periodic dots of thin filaments after striation. Arrows, mature thin filaments
after lateral growth. Scale bar=20 μm.
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Fig. 2.
Assembly of thick filaments in the embryonic zebrafish heart. (A) Thick filaments in
embryos at different developmental stages as revealed by immunostaining for myosin heavy
chain (MHC) using the F59 antibody. (B) Shown is the two-color immunostaining of 15 S
embryos to reveal myosin filaments with the F59 antibody (green) and the F-actin filament
network by phalloidin (red). Myosin rodlets and actin filaments do not overlap at this stage.
(C) The distribution of lengths of myosin rodlets at 12 S and 24 S, and A-bands at 48 hpf.
The myosin rodlets are of variable length until 24 S, when they turn uniform and become
shorter at 48 hpf. The x-axis represents the length of myosin rodlets, while the y-axis
represents the percentage of myosin rodlets with a particular length. N, total number of
myosin rodlets quantified at each stage. Open arrowheads, myosin rodlets of variable length.
Arrowheads, myosin rodlets of uniform length after assembling into the thin filament
network. Arrows, mature A-bands. Brackets, continuous thin filaments. Insets are same
images at higher magnification. Scale bar=20 μm.
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Fig. 3.
Assembly of α-actinin and myomesin in the embryonic zebrafish heart. Embryos at different
stages were stained for α-actinin (A) and myomesin (B) to indicate assembly of the Z-disc
and M-line. Before 22 S, α-actinin appears as irregular dot in the cell periphery region. The
α-actinin dots become periodic at 24 S and the distance between them expands at 26 S. In
contrast, myomesin dots are irregular before 24 S, and become periodic at 26 S. At 48 hpf,
both α-actinin and myomesin dots undergo lateral growth to form the mature Z-disc and M-
line. Open arrowheads, random dots of α-actinin (A) or myomesin (B). Indented
arrowheads, α-actinin dots having shorter periodicity. Arrowheads, α-actinin dots (A) or
myomesin (B) having longer periodicity. Arrows, mature Z-discs (A) or M-lines (B) after
lateral growth. Insets are same images at higher magnification. Scale bar=20 μm.
Distribution of the distance between two neighboring α-actinin or myomesin dots at
different developmental stages is illustrated in C and D, respectively. The x-axis represents
the length of sarcomere unit, while the y-axis shows the percentage of sarcomere units with
a particular length. N, total number of sarcomere units quantified at each stage.
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Fig. 4.
MO-ATG depletes full-length tnnt2, while MO-E13 generates truncated tnnt2. (A)
Schematic illustration of the zebrafish tnnt2 gene. Exons are indicated by black boxes, with
the alternatively spliced exons indicated by asterisks. The exons that encode an N-terminal
Tm binding domain and a C-terminal Tm/tnnc/tnni binding domain are underlined (Watkins
et al., 1995). The sites targeted by the MOs are indicated with arrows. For more detailed
annotation, see Supplemental Table S1. (B) Quantification of cardiac contractility in WT
and morphants. Shown are mean±s.d. of the shortening fraction of ventricular chambers. In
contrast to a silent heart in MO-ATG morphants, weak contractility still exists in MO-E13
morphants. For video, see the Supplemental Movies. *p<0.01, if compared with WT. N,
number of hearts quantified. (C) Shown are embryos of WT, morphants of MO-ATG or
MO-E13 at 48 hpf after immunostaining to reveal tnnt2, Tm, and tnni, respectively. Both
tnnt2 and tnni are severely reduced in MO-ATG morphants while Tm is weakly reduced.
tnnt2 is weakly reduced in the MO-E13 morphant while Tm and Tnni remain unchanged.
Arrows indicate the ventricular chambers. Scale bar=20 μm. (D) RT-PCR analysis of tnnt2
transcripts in MO-E13 morphants at 48 hpf. Primer pair 1 reveals a shorter product in the
MO-E13 morphant (indicated by a white arrow), indicating an exon-skipping event that
links exon 12 to exon 14. Primer pair 2 targeting at exon 8 detected an increased level of
tnnt2 mRNA in MO-E13 morphants. The specific PCR product that is amplified by primer
pair 2 is indicated by a black arrow. A primer pair targeting 18 S rDNA was used to
optimize the starting amount of PCR template.
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Fig. 5.
Thin filament striation was disrupted in MO-ATG morphants, but not in MO-E13
morphants. (A) Shown are images of 48 hpf embryos after immunostaining using either Tm
antibody or phalloidin staining to reveal the F-actin network. Irregular actin and Tm dots
were detected in MO-ATG morphants and sih mutants, while periodic dots of actin and Tm
dots were detected in MO-E13 morphants. Open arrowheads, random dots of F-actin or Tm.
Arrowheads, periodic F-actin or Tm dots. (B) Quantification of the length of F-actin
filaments in 48hpf embryos. Shown are mean±s.d. *p<0.01, if compared with WT. N,
number of hearts or sarcomere units quantified. (C) Shown are images of 48 hpf embryos
after two-color immunostaining to reveal Tm (green) and actin filament (red). Association of
Tm and F-actin was disrupted in MO-ATG morphants, but not in MO-E13 morphants. (D)
Shown are images of 48 hpf embryos after two-color immunostaining for Tm (green) and
Tnni (red). Assembly of Tnni into thin filaments and sarcomeres was disrupted in both
morphants. (E) Shown in the top panels are images of 48 hpf embryos after immunostaining
with CH1 antibody to reveal sarcomere assembly. Shown in the lower panels are individual
cardiomyocytes with EGFP signal, indicating the expression of ectopic tnnt2 transcripts.
Injection of full-length tnnt2 in either MO-ATG or MO-E13 morphants completely rescued
sarcomere assembly, while injection of C-terminal truncated tnnt2 in MO-ATG morphants
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partially rescued sarcomere assembly to achieve a striated pattern. Arrows, mature
sarcomeres. Arrowheads, partially rescued sarcomeres with striated pattern. Scale bar=5 μm.
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Fig. 6.
Disrupted assembly of the Z-disc, thick filaments and the M-line in morphants. (A) Shown
are images of 48 hpf embryos after immunostaining to reveal Z-disc assembly using α-
actinin antibody. Irregular dots were detected in both MO-ATG morphants and sih mutants,
whereas periodic dots were detected in MO-E13 morphants. Arrowheads, periodic α-actinin
dots. Open arrowheads, irregular α-actinin dots. (B) Shown are images of MO-ATG
morphant embryos at the 48 hpf stage after two-color immunostaining to reveal α-actinin
(green) and actin filament (red). α-actinin dots and the F-actin network are still co-localized.
(C) Shown are images of 48 hpf embryos after immunostaining to reveal M-line assembly
using the anti-myomesin antibody. Arrowheads, striated M-lines. Open arrowheads,
irregular myomesin dots. Indented arrowheads, periodic myomesin dots separated by a short
distance. (D) Shown are images of 48 hpf embryos after immunostaining to reveal thick
filaments using the F59 antibody. Arrowheads, striated thick filaments. Brackets, continuous
thick filaments. (E) Quantification of the distance between two neighboring α-actinin dots in
ventricles from WT and MO-E13 morphants at 48 hpf. Shown are mean±s. d. N, number of
heart and sarcomere units quantified. (F) Quantification of the distance between two
periodically neighboring myomesin dots in ventricles from WT and morphants at 48 hpf.
Shown are mean±s.d. N, number of heart and sarcomere units quantified. *p<0.01. Scale
bar=5 μm.

Huang et al. Page 22

Dev Biol. Author manuscript; available in PMC 2010 April 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
Injection of MO-ATG and MO-E13 results in different changes in the size and number of
ventricular cardiomyocytes. (A) Shown are lateral images of hearts in live WT and
morphant embryos, 48 hpf. Ventricle in MO-E13 morphants appears smaller than WT. V,
ventricle. A, atrium. (B) Shown are images of 48 hpf embryos after two-color
immunostaining using Zn5 to reveal cell borders of cardiomyocytes (green) and mef2c to
reveal nuclei of cardiomyocytes (red). V, ventricle. A, atrium. (C) Quantification of end-
systolic and diastolic ventricular volume (mESV and mEDV, respectively) at 48 hpf. Shown
are mean±s.d. N, number of hearts quantified. (D) Quantification of the surface area of
individual cardiomyocytes from a ventricular chamber at 48 hpf. Shown are mean±s.d. N,
number of hearts and cells quantified. (E) Quantification of ventricular cardiomyocyte
number at 48 hpf. N, number of hearts quantified. *p<0.01. Scale bar=40 μm.

Huang et al. Page 23

Dev Biol. Author manuscript; available in PMC 2010 April 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


