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PATTERNS & PHENOTYPES

Tbx1 is Required for Second Heart Field
Proliferation in Zebrafish
Kathleen Nevis,1,2 Pablo Obregon,1,2 Conor Walsh,1,2 Burcu Guner-Ataman,1,2 C. Geoffrey Burns,1,2,3*
and Caroline E. Burns1,2,3*

Background: The mammalian outflow tract (OFT) and primitive right ventricle arise by accretion of
newly differentiated cells to the arterial pole of the heart tube from multi-potent progenitor cells of the
second heart field (SHF). While mounting evidence suggests that the genetic pathways regulating SHF de-
velopment are highly conserved in zebrafish, this topic remains an active area of investigation. Results:
Here, we extend previous observations demonstrating that zebrafish tbx1 (van gogh, vgo) mutants show
ventricular and OFT defects consistent with a conserved role in SHF-mediated cardiogenesis. Surpris-
ingly, we reveal through double in situ analyses that tbx1 transcripts are excluded from cardiac progeni-
tor cells and differentiated cardiomyocytes, suggesting a non-autonomous role in SHF development.
Further, we find that the diminutive ventricle in vgo animals results from a 25% decrease in cardiomyo-
cyte number that occurs subsequent to heart tube stages. Lastly, we report that although SHF progenitors
are specified in the absence of Tbx1, they fail to be maintained due to compromised SHF progenitor cell
proliferation. Conclusions: These studies highlight conservation of Tbx1 function in zebrafish SHF biol-
ogy. Developmental Dynamics 242:550–559, 2013. VC 2013 Wiley Periodicals, Inc.
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Key Findings:
� Tbx1 is required for second heart field development in zebrafish.
� Tbx1 transcripts do not overlap with cardiac progenitor cells or differentiated cardiomyocytes during early

cardiogenesis in zebrafish.
� First heart field progenitors differentiate normally in tbx1 mutants.
� Second heart field progenitor specification is largely normal in tbx1 mutants.
� Second heart field proliferation is severely decreased in tbx1 mutants.
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INTRODUCTION

In higher vertebrates, cardiac cres-
cent cells of the first heart field (FHF)
generate the primitive heart tube,
which is elongated at both poles by
late differentiation of second heart
field (SHF) progenitors in pharyngeal

mesoderm (Vincent and Buckingham,
2010). At the arterial pole, SHF pre-
cursors give rise to new myocardial
segments that become the future
right ventricle and outflow tract
(OFT). Anomolies in OFT develop-
ment comprise �30% of congenital
heart defects (Srivastava and Olson,

2000) and often result from hemizy-
gous microdeletions in a 3 Mb region
on chromosome 22q11.2 (Jerome and
Papaioannou, 2001; Lindsay et al.,
2001; Merscher et al., 2001). This
genomic disruption results in a vari-
able constellation of congenital mal-
formations and cognitive impairments
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known collectively as DiGeorge Syn-
drome (DGS). Among the most life-
threatening phenotypes are cardio-
vascular (CV) anomolies, such as
Tetralogy of Fallot and Interrupted
Aortic Arch, that appear to arise from
reduced expression of TBX1, a gene in
the typically deleted region required
for cardiac neural crest and SHF de-
velopment (Jerome and Papaioannou,
2001; Lindsay et al., 2001; Merscher
et al., 2001; Yagi et al., 2003; Xu et
al., 2004). Despite the prevalence and
severity of CV malformations in the
DGS population, �20% of genetically
affected individuals lack any detecta-
ble cardiovascular pathology (Ryan
et al., 1997). This observation under-
scores the profound influence of
genetic and/or environmental modi-
fiers over the DGS phenotype and
reveals the complexity of the require-
ment for TBX1 in CV development. As
such, a more detailed understanding
of the molecular mechanisms by
which TBX1 influences OFT develop-
ment are essential.

Much of our understanding of how
TBX1 influences CV development
comes from gene expression and inac-
tivation studies in the mouse
(reviewed in Aggarwal and Morrow,
2008; Parisot et al., 2011; Scambler,
2010). Murine Tbx1 is expressed in
tissues that form the pharyngeal sys-
tem, including pharyngeal surface
ectoderm, pharyngeal endoderm, and
pharyngeal mesoderm, which con-
tains SHF progenitors (Chapman
et al., 1996; Garg et al., 2001; Jerome
and Papaioannou, 2001; Lindsay
et al., 2001; Merscher et al., 2001;
Vitelli et al., 2002a; Vincent and
Buckingham, 2010). In regards to the
heart, cre/loxP lineage tracing of
Tbx1þ cells showed substantial con-
tributions to the inferior myocardial
wall and endothelium of the OFT and
some contribution to right ventricular
myocardium, consistent with Tbx1
expression in a subset of SHF precur-
sors (Huynh et al., 2007; Xu et al.,
2004). Loss-of-function analyses
revealed that homozygous Tbx1 neo-
nates die at birth from severe cranio-
facial and CV malformations, the lat-
ter of which included the loss of the
pharyngeal apparatus (pharyngeal
arches, pouches, and clefts), OFT hy-
poplasia, and ventricular septal
defects (Jerome and Papaioannou,

2001; Lindsay et al., 2001; Merscher
et al., 2001). It has been proposed
that TBX1 provides a pro-prolifera-
tion signal to SHF progenitors (Chen
et al., 2009; Liao et al., 2008; Xu
et al., 2004; Zhang et al., 2006b),
which is likely mediated, at least in
part, by FGF8 (Abu-Issa et al., 2002;
Brown et al., 2004; Hu et al., 2004;
Park et al., 2006; Vitelli et al., 2010;
Vitelli et al., 2002b; Zhang et al.,
2006b). This idea is supported by the
ability of TBX1 to activate an Fgf8
enhancer in cell culture (Hu et al.,
2004) and by genetic interaction stud-
ies between Tbx1 and Fgf8 for OFT
development in vivo (Brown et al.,
2004; Vitelli et al., b,2010; Zhang
et al., 2006b).

Why only a fraction of patients
hemizygous for a deletion in the
TBX1-containing region present with
DGS while others have no observable
abnormalities is not understood.
Moreover, the spectrum of defects in
affected DGS individuals suggests the
existence of genetic or environmental
modifiers, most of which are not
known. The zebrafish model organism
offers distinct strategies for identify-
ing such modifiers, such as forward
genetic or small molecule–based
screening. Despite being comprised of
only two cardiac chambers, the zebra-
fish heart is partially derived from a
SHF population (de Pater et al., 2009;
Hami et al., 2011; Lazic and Scott,
2011; Zhou et al., 2011) that expresses
nkx2.5 (Lazic and Scott, 2011; Zhou
et al., 2011), mef2cb (Hinits et al.,
2012; Lazic and Scott, 2011), and
ltbp3 (Zhou et al., 2011). Cre/loxP lin-
eage tracing demonstrated that
approximately half of the single ven-
tricular chamber and entire OFT is
derived via late differentiation and
accretion from SHF progenitors fol-
lowing heart tube formation (Zhou
et al., 2011). Impairment of SHF-
mediated cardiogenesis results in loss
of ventricular cardiomyocytes that
normally comprise the distal portion
of the chamber and loss or diminution
of Elastin2þ (Eln2þ) smooth muscle
precursor cells of the OFT.

The genetic programs regulating
SHF biology in the zebrafish appear
largely conserved with that of higher
vertebrates. Using small molecule,
morpholino, or genetic means of inhi-
bition, FGF (de Pater et al., 2009;

Lazic and Scott, 2011; Marques et al.,
2008), BMP (Hami et al., 2011),
Hedgehog (Hami et al., 2011), and
TGFb (Zhou et al., 2011) signaling
have all been implicated as critical
SHF pathways in zebrafish. Islet1 is
arguably the best known SHF marker
in mice. Despite recent reports sug-
gesting conserved expression of isl1
in zebrafish SHF progenitors (Hami
et al., 2011; Witzel et al., 2012),
isl12/2 mutants show normal arte-
rial pole development (de Pater et al.,
2009). Thus, while evidence of gentic
conservation between zebrafish and
mammalian SHF-mediated cardio-
genesis is mounting, this topic is still
an active area of investigation.

In regards to tbx1, an initial study
in zebrafish showed that tbx1 null
embryos (van gogh, vgo) (Piotrowski
et al., 2003) have an undersized ven-
tricle, a small Eln2þ smooth muscle
component of the outflow tract, and
impaired migration of dye-labeled
pharyngeal cells into the heart tube
(Hami et al., 2011). Taken together,
these observations suggest that
zebrafish Tbx1 is required for SHF de-
velopment. However, a more compre-
hensive characterization of the vgo
cardiac phenotype is required to
determine the degree to which Tbx1
function is conserved. Thus, we
sought to confirm and extend initial
observations suggesting that Tbx1
function is required for zebrafish SHF
development as in mice and presum-
ably humans.

Here, we characterize tbx1 expres-
sion in relation to cardiac progenitors
and differentiated cardiomyocytes in
zebrafish and analyze tbx1/vgo null
embryos for molecular and morpho-
logical evidence of SHF perturbations.
Unexpectedly, we found that tbx1
expression appears non-overlapping
with cardiac progenitor cell (CPC)
markers of the first and second heart
fields or differentiated cardiomyo-
cytes that comprise the early zebra-
fish heart tube. However, vgo mutant
ventricles show a clear diminution in
size. We discovered that this reduc-
tion in ventricular chamber size is
due to an approximately 25%
decrease in cardiomyocyte number
that occurs subsequent to linear heart
tube establishment. This finding dem-
onstrates that FHF development pro-
ceeds normally in the absence of Tbx1
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function, but that SHF development
is specifically disrupted. Further, we
discovered that the SHF defect in vgo
mutants is caused by compromised
SHF progenitor cell proliferation.
Overall, our data suggest that Tbx1
function during SHF development is
conserved in zebrafish.

RESULTS

Although the developmental expres-
sion pattern of zebrafish tbx1 has
been reported previously (Kochilas
et al., 2003; Piotrowski et al., 2003;
Zhang et al., 2006a), we sought to
characterize the location of tbx1 tran-
scripts relative to cardiac markers
during zebrafish cardiogenesis. First,
we performed double in situ hybrid-
ization prior to early myocardial dif-
ferentiation with tbx1 and the con-

served cardiac progenitor marker
nkx2.5. At the 8 somites-stage [8ss; 13
hours post-fertilization (hpf)], tbx1
transcripts are located in regions both
medial (Fig. 1A–C) and dorsal (Fig.
1C,D) to nkx2.5þ CPCs. Interestingly,
fgf8a transcripts were reported to
have a similar dorsomedial relation-
ship with nkx2.5 at similar develop-
mental stages (Reifers et al., 2000).
Cross-section analysis provided fur-
ther evidence that tbx1 expression is
non-overlapping with nkx2.5 (Fig.
1C). Next, we examined the localiza-
tion of tbx1 transcripts relative to a
cardiomyocyte marker, cardiac myo-
sin light chain 2 (cmlc2; also called
myl7) (Yelon et al., 1999) and the SHF
marker latent TGF-b binding protein
3 (ltbp3) (Zhou et al., 2011). At 16ss
(17hpf), cmlc2 transcripts mark FHF-
derived myocardial cells in the ante-

rior lateral plate mesoderm (ALPM)
(de Pater et al., 2009; Lazic and Scott,
2011). At this stage, tbx1 transcripts
were observed lateral to the medially
migrating cmlc2þ cardiomyocytes of
the heart-forming region (Fig. 1E).
Similarly at 23ss (20.5hpf), tbx1 tran-
scripts were readily visible in the
developing pharyngeal arches (Pio-
trowski et al., 2003), but absent from
cmlc2þ cells that comprise the car-
diac cone (Fig. 1F), a precursor to the
linear heart tube in zebrafish. At the
same developmental stage, ltbp3
expression commenced in SHF pro-
genitors but failed to overlap spatially
with tbx1 (Fig. 1G). Finally, after
establishment of the linear heart tube
(24hpf), tbx1 transcripts were absent
from the heart tube proper (Fig. 1H)
and its arterial pole inhabited by SHF
progenitor cells (Fig. 1H, inset) (Hami

Fig. 1. tbx1 transcripts do not co-localize with CPCs or cardiomyocytes during early cardiogenesis in zebrafish. Whole-mount double in situ
hybridizations are shown. A–D: tbx1 (red) and nkx2.5 (blue) transcripts are non-overlapping at 8ss and 12ss. A: Flat mount, dorsal view, anterior
up, 10� maginification. B: 20� magnification of the ALPM (boxed region in A). C: Transverse cryo-section, through the left ALPM (location of sec-
tion shown by the solid line in A), 20� magnification, nt ¼ neural tube, nc ¼ notochord, Y ¼ yolk. D: Dorso-lateral view showing that tbx1-express-
ing cells reside dorsal to nkx2.5-expressing CPCs at 12ss. E,F: tbx11 cells are lateral to cmlc2þ cardiomyocytes at 16ss and 23ss. Dorsal view,
anterior up, 10� magnification. Inset is 20� magnification of the boxed region photographed from a more dorsolateral view. G: tbx11 cells are lat-
eral to ltbp3þ SHF progenitors at 20.5hpf/23ss. Dorsal view, anterior up, 10� magnification. H: At 24hpf, the linear heart tube resides dorsal to
the tbx1 expression domain in different planes of focus. Dorsal view, anterior up, 10� magnification. tbx1 is not expressed at the arterial pole of
the linear heart tube where SHF progenitors reside (red arrowhead). Inset is 20� magnification of boxed region.
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et al., 2011; Lazic and Scott, 2011;
Zhou et al., 2011). Taken together,
these data suggest that zebrafish tbx1
transcripts are non-overlapping with
CPC markers and differentiated car-
diomyocytes that comprise the early
zebrafish heart tube.

To determine if zebrafish embryos
devoid of tbx1 display evidence of de-
fective cardiogenesis, we analyzed
embryos homozygous for the tbx1 null
alleles, van goghtu285 (vgotu285) and
van goghtu208 (vgotu208), which pro-
duce indistinguishable embryonic
phenotypes (Piotrowski et al., 2003;
Piotrowski and Nusslein-Volhard,
2000). To visualize cardiogenesis in
the absence of tbx1, we crossed the

vgotu285 allele with a previously
described Tg(nkx2.5:ZsYellow)fb7

transgenic line that reports yellow
fluorescence in nkx2.5þ cells (hence-
forth called nkx2.5:ZsY) (Zhou et al.,
2011). Consistent with a previous
report (Hami et al., 2011), we
observed a diminuitive ventricle in
vgo mutants compared to controls at
72hpf (Fig. 2A–D), a timepoint follow-
ing SHF-mediated myocardial accre-
tion (de Pater et al., 2009; Hami et al.,
2011; Lazic and Scott, 2011; Zhou
et al., 2011). This size difference could
be due to a decrease in the number of
ventricular cardiomyocytes or equiva-
lent numbers of ventricular cells that
are smaller and more densely organ-

ized. To distinguish between these
alternatives, we quantified the num-
ber of cardiomyocytes in each cham-
ber of control and vgotu285 mutant
embryos at 72hpf using a transgenic
strain in which cardiomyocyte nuclei
express DsRed2 fluorescent protein
(Mably et al., 2003). From this analy-
sis, we learned that vgo embryos dis-
play no alterations in the number of
atrial cells but exhibit an approxi-
mately 25% decrease in the number of
ventricular cardiomyocytes compared
to controls (Fig. 2E–G). Moreover,
OFT smooth muscle precursors
marked by Elastin2 (Eln2) (Miao
et al., 2007; Grimes et al., 2006) were
severely diminished or absent in vgo

Fig. 2. tbx1 mutants display diminutive ventricles caused by decreased cardiomyocyte numbers and diminished OFT smooth muscle. A–D: Fluo-
rescence microscopy images of Tg(nkx2.5:ZsYellow) control (CTRL) and vgo embryos; 10� magnification. At 72 hpf, the ventricular chamber and
OFT appears small in vgo (C,D) compared to control (A,B). A,C: Lateral view, anterior right. B,D: Ventral view, anterior up. v ¼ ventricle, a ¼ atrium,
oft ¼ outflow tract. E,F: Flattened confocal images of cardiomyocyte (CM) nuclei in 72hpf Tg(cmlc2::DsRednuc) control (E) and vgo (F) hearts. G:
Graph depicting the average number of CMs at 72hpf in control (n¼4) and vgo (n¼4) embryos. Asterisks indicate statistical significance as deter-
mined using unpaired Student’s t-test. Error bars represent þ/� 1s.e.m. Atrial (A) CM numbers remain unchanged (P¼0.47), while ventricular (V)
and total (T) CM numbers are significantly lower in vgo mutants (P¼0.00008 and 0.0002, respectively). H,I: Flattened confocal images following
double immunofluorescence to visualize OFT smooth muscle precursors (Eln2; green) and chamber cardiomyocytes (MF20; red) in 72 hpf control
(n¼21; H) and vgo (n¼20; I) embryos. J: Graph depicting the percentages of control or vgo embryos with normal low, or absent Eln2 staining.
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embryos compared to control siblings
(Fig. 2H–J). Together, these data
demonstrate that the small ventricle
phenotype observed in vgo mutants
results from a ventricular cardiomyo-
cyte deficit and suggests that tbx1
function is essential for zebrafish
SHF development.

A decrease in the number of ven-
tricular cardiomyocytes could arise
from a defect in FHF-mediated car-
diogenesis. Therefore, we compared
the spatial and temporal expression
of cardiac markers at the cone stage
(23ss/20.5hpf), a timepoint prior to
SHF-mediated myocardial accretion,
between vgotu285 and sibling
embryos. At 23ss, nkx2.5:ZsY re-
porter fluorescence (Fig. 3A,B) and
ventricular myosin heavy chain
(vmhc) transcripts (Fig. 3C,D), which
together highlight differentiated
FHF-derived ventricular cardiomyo-
cytes and undifferentiated SHF pro-
genitors (Yelon at al., 1999; Schoen-
beck et al., 2007; Lazic and Scott,
2011; Zhou et al., 2011), appeared

grossly normal in vgo animals. Next,
we quantified the numbers of cardio-
myocytes in the FHF-derived linear
heart tubes of control and vgo
embryos. We found that although the
heart tube of vgo animals appeared
somewhat misshapen compared to
their sibling controls, the total num-
ber of cardiomyocytes was similar
(Fig. 3E–G). These data provide con-
clusive evidence that FHF-derived
cardiogenesis is unaffected in vgo
mutants, formally demonstrating
that the ventricular phenotype
observed is not due to compromised
FHF development.

Recently, we and others have dem-
onstrated that zebrafish cardiogenesis
relies on a second heart field (SHF)
that resides in pharyngeal mesoderm
and accretes myocardium to the arte-
rial pole of the linear heart tube (de
Pater et al., 2009; Hami et al., 2011;
Lazic and Scott, 2011; Zhou et al.,
2011). The molecular signature of the
zebrafish SHF to date is nkx2.5,
mef2cb, and ltbp3. ltbp3 is the most

specific marker spatiotemporally of
the SHF in zebrafish (Zhou et al.,
2011; Lazic and Scott, 2011). To deter-
mine if the ventricular deficit in
vgotu285 mutants is a result of pertur-
bations in ltbp3 expression, we per-
formed in situ hybridization using an
ltbp3 riboprobe at progressive devel-
opmental stages. At 23ss (20.5hpf),
when ltbp3 transcripts are first
visualized by in situ analyses, we
learned that ltbp3 expression was
properly initiated in vgo embryos
(Fig. 4A,B). However, at the linear
heart tube stage (24hpf), ltbp3 tran-
scripts were no longer detected in
SHF progenitors in vgo mutants (Fig.
4C,D). We confirmed the absence of
SHF precursors at heart tube stages
in vgotu208 embryos using a comple-
mentary approach that relies on the
fluorescent reporter transgenic
strains Tg(nkx2.5:ZsY) and
Tg(cmlc2:GFP). To distinguish the
two fluorophores by confocal micros-
copy, double fluorescent immunohisto-
chemistry was performed to highlight

Fig. 3. FIrst heart field development is unaffected in tbx1 mutants. A,B: Flattened confocal images of Tg(nkx2.5::ZsYellow) control (n¼37; A) and
vgo (n¼14; B) embryos at 20.5hpf/23ss. C,D: Whole-mount in situ hybridization of vmhc at 20.5hpf/23ss in both control (n¼16; C) and vgo (n¼16;
D) embryos. E,F: Flattened confocal images following immunofluorescence of cardiomyocyte nuclei comprising the linear heart tubes of 26 hpf
control (E) and vgo (F) Tg(cmlc2:dsRed2-nuc) embryos. Dorsal view, anterior up in all images. G: Graph depicting the average number of CMs at
26 hpf in control and vgo embryos.
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cmlc2þ differentiated cardiomyocytes
in green and nkx2.5þ SHF progeni-
tors and differentiated ventricular
cardiomyocytes in red. Although a
distinct nkx2.5þ population of SHF
progenitors could be easily visualized
at the arterial pole of the heart tube
at 24–26 hpf in control embryos, this
population was absent in vgo mutants
(Fig. 4E,F). Together, these data sug-

gest that SHF specification is largely
unperturbed in vgo embryos.

To elucidate the cellular mecha-
nisms underlying the vgo SHF pheno-
type, we evaluated mutants soon after
cardiac cone stages for cellular defects
in the extra-cardiac population of
nkx2.5þ SHF cells at the arterial
pole. First, we used TUNEL (terminal
deoxynucleotidyl transferase biotin-

dUTP nick end-labeling) labelling to
highlight apoptotic cells in control
and vgotu285 mutants carrying the
nkx2.5:ZsY transgene. Although
TUNELþ apoptotic cells were
observed throughout the bodies of
both control and vgo embryos, no
TUNELþ cells were detected in the
ZsYþ SHF domain (data not shown).
Next, we used the thymidine analog
EdU to examine proliferation of
nkx2.5:ZsYþ SHF cells at the arterial
pole. Specifically, embryos were
pulsed with 5-ethynyl-20deoxyuriding
(EdU) at 20ss (19 hpf) and collected at
26ss (22hpf) for double staining with
antibodies to detect EdU incorpora-
tion and ZsYellow. We detected exten-
sive proliferation throughout the
bodies of both vgotu285 and sibling con-
trols (Fig. 5A,B). Interestingly, we
observed abundant proliferative
ZsYþ cells that predominantly local-
ized to the arterial pole/SHF region of
the cardiac cone (Fig. 5C,E). However,
while the cardiac cone appeared simi-
lar between vgo and sibling controls
(Fig. 5A,B, insets), a significant
decrease in the number of prolifera-
tive EdUþ SHF progenitors was
observed in vgo mutants (Fig. 5C–E).
These findings support a model in
which Tbx1 stimulates proliferation
or self-renewal of ltpb3þ; nkx2.5þ
SHF progenitors to maintain the CPC
pool as new myocardium is accreted
to the linear heart tube. Based on this
model, we speculate that loss of Tbx1
results in a premature depletion of
undifferentiated CPCs from the SHF.

DISCUSSION

Because SHF perturbations are pre-
dicted to be common causes of cono-
truncal malformations in patients,
studies designed to decipher the mo-
lecular regulation of SHF biology are
significant. Specifically, any gene
implicated in SHF development
becomes a candidate that, when
mutated, may cause OFT-related con-
genital heart defects. Mounting evi-
dence suggests that the genetic path-
ways regulating SHF development
are highly conserved in zebrafish.
Here, we confirm and extend previous
findings (Hami et al., 2011) that tbx1
is required for SHF development in
zebrafish. These studies serve to fur-
ther solidify the use of the zebrafish

Fig. 4. Initial specification of SHF progenitors is not perturbed in vgo embryos. A,B: ltbp3 was
observed via whole-mount in situ hybridization at 20.5hpf/23ss in control (A) and vgo (B)
embryos (n>12). Dorsal view, anterior down. 20� magnification. C,D: Whole-mount double in
situ hybridization at 26 hpf shows ltbp31 (blue) cells at the arterial pole (arrowhead) of the
cmlc21 (red) heart tube in control embryos. ltbp3 expression is drastically reduced (21%) or
absent (79%) at the arterial pole of vgo hearts (n¼14). Asterisk indicates ltbp3 expression within
the notochord. E,F: At 26hpf, double transgenic Tg(nkx2.5::ZsYellow); Tg(cmlc2::GFP) control (E)
and vgo (F) embryos were co-immunostained with GFP antibody (anti-GFP, green) and ZsYellow
antibody (anti-RCFP, red). The future atrial segment of the linear heart tube (LHT, green arrow)
expresses cmlc2 alone (green), while the future proximal ventricular myocardium co-expresses
cmlc2 and nkx2.5 (yellow). Non-myocardial nkx2.5þ second heart field (SHF) progenitors (red
arrow) can be visualized in control animals (n¼8), but are lacking in vgo mutants (n¼7).
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model organism for discovery-based
approaches that may uncover new
and potentially clinically relevant
genes controlling arterial pole
development.

Deciphering the tissue-specific roles
of TBX1 in mammalian OFT morpho-
genesis has been extremely complex
due in part to the high degree of inter-
action between the Tbx1-expressing
pharyngeal endoderm and pharyn-
geal mesoderm, the latter of which
contains SHF progenitors. While con-
ditional loss-of-function studies have
yielded valuable information, the
interpretations have been clouded by
cre-mediated recombination in both
tissue compartments. For example,
although deletion of Tbx1 in the
Nkx2.5 expression domain results in
OFT hypoplasia, recombination
occurs in the pharyngeal endoderm,
pharyneal mesoderm, and SHF (Xu
et al., 2004, 2005). In another study,
Arnold et al. showed that deletion of
Tbx1 in the Foxg1þ pharyngeal endo-
derm results in severe OFT defects
that resemble those occurring in
Tbx12/2 nulls (Arnold et al., 2006).
Although Foxg1-mediated recombina-
tion was reported to be limited to pha-
ryngeal endoderm in this study
(Arnold et al., 2006), Zhang et al.
observed additional Foxg1-induced
cre activity in pharyngeal mesoderm
when examining recombination on a

different genetic background (Zhang

et al., 2005). Thus, the specific inter-

play between the pharyngeal endo-

derm and mesoderm in regards to

mouse TBX1 function remains

unclear.
The most compelling argument that

TBX1 functions cell non-autonomously
for SHF development in the mouse
comes from mosaic analyses (Xu et al.,
2004). Specifically, Tbx12/2 cells
were mixed with wild-type cells to
generate embryos of mixed genetic or-
igin. In these mice, Tbx12/2 cells
contributed to the SHF, showed no
proliferative disadvantage, and were
accreted at the same frequency as
wild-type cells to the developing OFT.
Interestingly, inactivation of Tbx1 in
Mesp1þ mesoderm results in severe
OFT defects that can be rescued by
mesodermal restoration of Tbx1
(Zhang et al., 2006b). Although these
data show a strict requirement for
Tbx1 in the mesoderm, Mesp1 is
expressed rather broadly leaving open
the possibility that Tbx1 is required in
a mesodermal population distinct
from the SHF. Thus, the outcome of
these lineage-specific inactivation/
reactivation experiments remains con-
sistent with those from the chimera
analyses that demonstrated a non-au-
tonomous role for TBX1 in SHF-medi-
ated OFT formation.

Our studies in zebrafish show that

Tbx1 is required for SHF proliferation

and, based on its expression pattern,

most likely acts cell non-autono-

mously. Although our in situ analyses

are unable to definitively exclude tbx1

expression in medial nkx2.5þ cells in

the heart-forming region, which may

represent SHF progenitors, the

domains appear separate. Moreover,

we failed to observe transcripts in the

region occupied by SHF progenitors

at cardiac cone or heart tube stages.

Our observations coupled with previ-

ous reports showing tbx1 transcripts

in the pharynx (Piotrowski et al.,

2003) makes it tempting to speculate

that perhaps the role of Tbx1 in pha-

ryngeal tissues has been conserved in

zebrafish for OFT development. How-

ever, chimera analyses to determine

autonomy in OFT development and

cre/loxP-mediated genetic lineage

tracing of tbx1-expressing cells in

zebrafish will be required to appreci-

ate the complete tbx1 expression pro-

file and tissue derivatives during car-

diac development.
Although tbx1 does not appear to be

expressed in SHF progenitors in
zebrafish, our data and that of Hami
et al. (2011) show that Tbx1 is
required for SHF development. Exper-
imental evidence garnered from ltbp3
cre/loxP lineage tracing (Zhou et al.,
2011) and a photoconversion assay
that measures the timing of cardiomy-

ocyte differentiation (Lazic and Scott,
2011) suggests that approximately 40–

50% of the ventricular chamber is
derived from SHF progenitors follow-

ing heart tube formation. However,
our ventricular cardiomyocyte counts

in tbx1 mutants revealed only a 25%
reduction. This outcome could be

explained several ways. It is possible

Fig. 5. SHF progenitor cells fail to proliferate in the absence of Tbx1. A–D: Click-iT EdU labeling in 23ss Tg(nkx2.5:ZsYellow) vgo and control sib-
lings. A,B: Flourescence microscopy images of EdUþ cells (red) in control (A) and vgo (B) embryos. 10� magnification, anterior up, dorsal right.
Insets show flattened confocal images of ZsYþ cells comprising the cardiac cone. C,D: Composites of two confocal sections showing EdUþ cells
(red) within the ZsYellowþ (green) SHF (white arrowheads). E: Graph depicting the average total numbers of EdUþ, ZsYellowþ cells in confocal
stacks of control (n¼4) and vgo (n¼4) embryos.
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that only 25% of the ventricle is

derived from SHF cells and that our
previous cre/loxP lineage tracing over-

estimated the contribution made by

the SHF as ltbp3 expression partially
overlaps with differentiated cardiomy-

ocytes at the end of the heart tube.
Alternatively, because ltbp3 expres-

sion is initiated in tbx1 null animals,
it is possible that there is only a par-

tial myocardial deficit in vgo animals.
Another explanation, which is consist-

ent with its role in the mouse (Parisot

et al., 2011), is that Tbx1 is required
for proper development of a sub-do-

main within a larger SHF. As new
SHF markers and lineage traces

emerge in zebrafish, a better under-
standing of the full complement of

cardiovascular derivatives of the SHF
will be revealed, ultimately aiding our

understanding of mutant phenotypes

and gene function.

EXPERIMENTAL

PROCEDURES

Zebrafish Lines and

Maintenance

Zebrafish embryos, larvae, and adults
were produced, grown, and main-
tained according to standard protocols
approved by the Institutional Animal
Care and Use Committees of Massa-
chusetts General Hospital. Ethical
approval was obtained from the Insti-
tutional Animal Care and Use Com-
mittees of Massachusetts General
Hospital. The previously published
vgotu285 and vgotu208 mutant tbx1 al-
leles were used in this study (Piotrow-
ski et al., 1996, 2003; Schilling et al.,
1996). The vgo285 and vgo208 alleles of
tbx1 contain a C ! T and an A ! T
transition at nucleotide positions 364
and 879, respectively, each creating
premature stop codons. Transgenic
strains Tg(cmlc2::DsRed-nuc) (Mably
et al., 2003), Tg(nkx2.5::ZsYellow)
(Zhou et al., 2011), and
Tg(cmlc2::GFP) (Burns et al., 2005)
were described previously.

Double In Situ Hybridization,

Immunohistochemistry, and

Cryosectioning

Single and double in situ hybridiza-
tions were performed as described

(Thisse et al., 1993), with digoxyge-
nin-labeled antisense RNA probes to
ltbp3 (EcoRI/Sp6), nkx2.5(EcoRI/T7),
tbx1 (EcoRI/T7), vmhc (EcoRI/T3),
and fluorescein-labeled antisense
RNA probes to cmlc2 (NotI/T7) and
tbx1. For cryo-sections, stained
embryos were washed in PBS and em-
bedded in 1.2% agarose in a 5% su-
crose solution. Embedded embryos
were placed in 30% sucrose solution
overnight at 4

�
C. Agarose blocks were

covered with Optimal Cutting Tem-
perature compound (OCT) (Tissue-
Tek, Torrance, CA) and 50-mm sec-
tions were taken using Leica CM
3050 S cryostat. Immunohistochemis-
try was performed as described (Zhou
et al., 2011), using primary antibodies
anti-GFP mouse mono-clonal (1:50;
Santa Cruz Biotechnology, Santa
Cruz, CA), anti-RCFP rabbit polyclo-
nal pan (1:50; Clontech, Mountain
View, CA), anti-dsRed rabbit polyclo-
nal (1:50; Clontech), muscle-specific
MF20 (1:50; University of Iowa, Iowa
City, IA), Elastin-2 (1:1,000; Fred
Keeley) and secondary antibodies
Alexa Fluor 555 goat anti-rabbit
IgG2b, Alexa Fluor 488 goat anti-
mouse IgG2b, and Alexa Fluor 546
goat anti-mouse IgG2b (all 1:200; Invi-
trogen, Carlsbad, CA).

Bright Field, Fluorescence,

and Confocal Microscopy

Confocal imaging was performed as
described previously (Zhou et al.,
2011) on a LS5 confocal microscope
(Zeiss, Thornwood, NY) using a 40�
water immersion objective. ImageJ
(v1.43U; National Institute of Health,
Bethesda, MD) software was used to
count cardiomyocyte (CM) nuclei in Z-
stack confocal images. Statistical sig-
nificance for CM counts was deter-
mined using unpaired Student’s t-
test. Bright field and fluorescent mi-
croscopy was performed with a 10�
objective on an Eclipse 80i microscope
(Nikon, Melville, NY) using a Retiga
2000R camera (Q-imaging, Surrey,
BC Canada) and NIS-Elements AR
3.00 imaging software (Nikon).

TUNEL and Click-iT EdU

Staining

TUNEL (terminal deoxynucleotidyl
transferase biotin-dUTP nick end-

labeling) was performed as described
previously (Zhou et al., 2011). Briefly,
Tg(nkx2.5:ZsYellow) vgo285 mutant
and control embryos were collected at
23ss and fixed overnight at 4

�
C in 4%

paraformaldehyde before being trans-
ferred to 100% methanol and stored
at �20

�
. Embryos were rehydrated in

methonol/PBST series, permeabilized
with proteinase K, and subjected to a
TUNEL assay via the In Situ Cell
Death Detection Kit, TMR red (Roche
Applied Science, Indianapolis, IN)
according to the manufacturer’s
instructions. Proliferation experi-
ments were performed as previously
described (Mahler et al., 2010) using
the Click-iT EdU imaging kit (Invitro-
gen, Carlsbad, CA). Briefly, embryos
were incubated on ice for 30 min in 10
mM 5-ethynyl-20deoxyuriding (EdU),
rinsed 3 times in embryo medium,
and chased for 3 hr at 28

�
C. Immuno-

fluorescent staining with anti-rCFP
(Alexa-488) and Click-iT-Alexa-555
was performed and embryos were an-
alyzed using confocal microscopy.
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