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Electrical cardiac forces have been previously hypothesized to play
a significant role in cardiac morphogenesis and remodeling. In
response to electrical forces, cultured cardiomyocytes rearrange
their cytoskeletal structure and modify their gene expression profile.
To translate such in vitro data to the intact heart, we used a collection
of zebrafish cardiac mutants and transgenics to investigate whether
cardiac conduction could influence in vivo cardiac morphogenesis
independent of contractile forces. We show that the cardiac mutant
dco*??6 develops heart failure and interrupted cardiac morphogene-
sis following uncoordinated ventricular contraction. Using in vivo
optical mapping/calcium imaging, we determined that the dco car-
diac phenotype was primarily due to aberrant ventricular conduc-
tion. Because cardiac contraction and intracardiac hemodynamic
forces can also influence cardiac development, we further analyzed
the dco phenotype in noncontractile hearts and observed that
disorganized ventricular conduction could affect cardiomyocyte
morphology and subsequent heart morphogenesis in the absence
of contraction or flow. By positional cloning, we found that dco
encodes Gja3/Cx46, a gap junction protein not previously implicated
in heart formation or function. Detailed analysis of the mouse Cx46
mutant revealed the presence of cardiac conduction defects fre-
quently associated with human heart failure. Overall, these in vivo
studies indicate that cardiac electrical forces are required to preserve
cardiac chamber morphology and may act as a key epigenetic factor
in cardiac remodeling.
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ardiac morphogenesis is a complex process that is mediated

by a coordinated set of cellular and molecular as well as en-
vironmental factors (1). Recent studies have shown that epige-
netic forces such as cardiomyocyte contractility (2, 3) and
intracardiac hemodynamic flow (4) regulate this process. Fur-
thermore, in vitro studies suggest that cardiomyocytes can realign
themselves according to electrical conduction directionality (5, 6).
However, because electrical cardiac conduction and mechanical
contractile forces are intimately coupled in the intact heart, it is
difficult to assess the individual contribution of these influences
to overall heart organogenesis. Here, we make use of several
zebrafish cardiac mutants (7, 8) to uncouple these two influences,
and find that electrical conduction exclusive of contractile influ-
ences can directly participate in remodeling and morphogenesis
of the vertebrate heart.

Results

From a recent ENU mutagenesis screen (8), we identified
a zebrafish cardiovascular mutant, dococ*>? (dco), which exhibits
asynchronous contraction of the ventricular chamber (compare
Movies S1 and S2). The dco mutants appear indistinguishable
from their WT siblings up to 36-40 h postfertilization (hpf), when
the heart is a functional tube. However, at 42-60 hpf, when car-
diac chambers are established, dco mutants display pericardial
edema (Fig. 14). This edema is likely due to dysynchronous
ventricular contraction (Fig. 1 B and C; compare Movies S1 and

14662-14667 | PNAS | August 17,2010 | vol. 107 | no. 33

S2) leading to overall decreased cardiac output and subsequent
heart failure. Decreased ventricular myocardial performance in
dco mutants was further quantified by measuring fractional
shortening (Fig. S1).

To understand the molecular nature of the dco phenotype, we
genetically mapped the dco*??® mutation to a 0.33cM region on
chromosome 9 and identified a mutation in the connexin48.5
(cx48.5) gene (9) (Fig. 1 D and E). Through protein sequence
alignment, phylogenetic and chromosomal synteny analyses, we
determined that cx48.5 is in fact the zebrafish ortholog of Gja3
(Cx46), and have thus renamed it zebrafish cx46 (Fig. S2). Se-
quence analysis of dco***° revealed a missense mutation resulting
in a Thr1651le substitution in a highly conserved amino acid that
resides at the pore-forming region in the gap junction M3 trans-
membrane domain of connexins and has been implicated as
a critical amino acid for the function of gap junction channels (10)
(Figs. 1 E and F and S2). In situ expression analysis revealed weak
cx46 expression in zebrafish hearts as early as 36 hpf and stronger
expression by 42 hpf (Fig. S3). At 48 and 72 hpf, cx46 expression
appears to be more restricted to the AV canal and ventricle (Fig.
S3), a pattern consistent with the observed ventricular conduction
phenotype in the mutants. RT-PCR revealed that, in the zebrafish
heart, cx46 is expressed primarily in the myocardium (Fig. S3).
Furthermore, knockdown of Cx46 by injection of 1 ng of mor-
pholino (MO) recapitulated the dco mutant phenotype (n = 177/
203, Fig. S3 and Movie S3). Injection of cx46 MO into dco mutants
results in no enhancement or alteration of the mutant phenotype,
thus suggesting that the dco*?? allele is a functional null mutation.
Overall, the strong genetic linkage, identification of a molecular
lesion in a highly conserved amino acid residue, expression
analysis, and MO phenocopy indicate that cx46 is the gene af-
fected by the dco mutation.

Given that gap junction proteins are involved in mediating
electrical forces between cardiomyocytes, thereby allowing for
coordinate beating of the heart, we hypothesized that the dysyn-
chronous contractions observed in the dco mutant hearts might be
due to aberrant cardiac conduction rather than a ;)rimary con-
tractile defect. Thus, using the Tg(cmlc2:gCaMP)*®”® line, which
expresses a calcium-sensitive GFP reporter specifically in the
myocardium (8), we performed optical mapping/calcium imaging
ondco mutant hearts to analyze their cardiac conduction. Because
the beating heart can interfere with imaging and analysis of car-
diac conduction, this analysis was carried out in the silent heart
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Fig. 1. dococ®??® Mutants exhibit pericardial edema and cardiac failure due
to dysynchronous contraction of the ventricle. (A) Brightfield micrographs of
48 hpf WT (WT) and dco®?2° mutant (dco ~~) embryos. Black arrow points to
pericardial edema. (B and C) Confocal micrographs of 60 hpf Tg(flk1:EGFP)***4
(B) WT and (C) dco*?2¢ mutant hearts (endothelium green) stained with rho-
damine phalloidin (myocardium red). dco Mutant ventricles fail to contract
coordinately and exhibit disorganized chamber walls. White arrowheads
point to atrioventricular canal; yellow arrows point to outflow tract; white
asterisk denotes aberrant ventricular wall contraction. (D) Genetic map of the
dco region. Numbers below SSLP markers indicate recombination events out
of 922 diploid embryos examined. (E) Sequencing of cx46 cDNA revealed
a C-to-T change at base pair 494 in the s226 mutant allele, resulting in
a Thr-to-lle substitution at residue 165. (F) Schematic diagram illustrating
modular structure of Cx46. A connexon consists of four transmembrane
domains (M1-M4). The M3 domain is the major pore-lining domain. Red
asterisk marks site affected by s226 mutation.

(sih®1%%) mutant background, which lacks a contracting heart be-

cause of a mutation in tnnt2 (7). Use of sih to limit cardiac con-
traction does not appear to affect the electrical conduction of the
heart in the first 4 d of development (7, 8, 11). Optical mapping/
calcium imaging of 60 hpf Tg(cmlc2:gCaMP)**”® dco;sih double
mutant hearts revealed abnormal conduction throughout the
ventricle (compare Fig. 2 4 and B), which is likely responsible for
the regional wall motion abnormalities observed in dco mutant
hearts (Fig. 1C; compare Movies S4 and S5).

To gain further insight into the cardiac conduction phenotype,
we generated mosaic hearts composed of WT and dco mutant
cells by transplantation. To facilitate the analysis of these mosaic
hearts, we transplanted mutant dsRed/gCaMP-expressing car-
diomyocytes into gCaMP-only expressing WT hearts (Fig. 2 D and
D). Optical mapping of these mosaic hearts revealed that the
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dco=~WT

Fig. 2. Optical mapping/calcium imaging of dococ??® mutants reveals dis-

rupted cardiac conduction. (A-C) Optical maps of calcium excitation during
a single cardiac cycle, represented by isochronal lines every 20 ms in 60 hpf
embryos carrying the Tg(cmlc2:gCaMP)*378 reporter and (A) WT at the dco
locus (WT), (B) dco™?2° homozygous mutant (dco), or (C) WT with dco™?2°
mutant cardiomyocytes carrying the Tg(cmlc2:dsRed)**’® reporter in the
ventricle (dco — WT). Black arrow shows normal direction of ventricular car-
diac conduction. Numbers indicate temporal sequence of calcium excitation.
Color bar chart fluorescence intensity changes on a scale of 0 to 100. Cardiac
conduction across the WT ventricle proceeds uniformly from the atrioven-
tricular canal (AV) to the outflow tract (OT), whereas cardiac conduction
travels aberrantly through the dco®??® mutant ventricle. Transplanted dco®?¢
mutant cardiomyocytes disrupt the organized AV to OT conduction in WT
ventricle. White asterisk marks location of transplanted dco mutant car-
diomyocytes in WT ventricle, as illustrated in D’ and D”. (D and D’’) Fluores-
cent micrographs of the dco — WT mosaic heart imaged in C. (D) Green
fluorescence shows the WT host ventricle; (D’) donor-derived dco®??® mutant
cardiomyocytes expressing Tg(cmlc2:dsRed)*®’°. (D"’) Overlay of green and red
fluorescence images reveals that the donor-derived dco®??® mutant car-
diomyocytes are located at the outer curvature of the ventricle near the AV
canal, where cardiac conduction is disrupted in the WT host ventricle (C).

presence of mutant dco cardiomyocytes disrupted the electrical
conduction in WT hearts (Fig. 2C; compare Movies S4 and S6).
Thus, dco mutant cardiomyocytes can affect the electrical con-
duction in a WT heart. Interestingly, the speed with which the
electrical impulse was transmitted through the ventricle (con—
duction velocny) was also significantly slower in both dco™~ and
WT/dco™~ mosaic ventricles (Fig. 2 A-C; compare Fig. 2 4 and
B). Given the important role of connexins in communication of
electrical signals between cardiomyocytes, it seems likely that lack
of Cx46 function leads to failed communication between mutant
cells leading to disrupted conduction and dysynchronous con-
tractions of the myocardium. Thus, failed communication be-
tween WT and dco cardiomyocytes would also lead to disruption
of cardiac conduction in the mosaic hearts.

To further investigate the etiology of the dysmorphic dco mutant
heart, we analyzed dco mutants in a combination of mutant and
transgenic backgrounds. The cardiac chambers can be divided into
three major regions whose morphogenesis is mediated by a multi-
tude of factors. These regions are the outer curvature/OC (the
greater, convex curvature of the cardiac chamber), the inner cur-
vature/IC (the lesser, concave curvature of the cardiac chamber),
and the atrioventricular canal/AV (the region between the atrial
and ventricular chambers) (2, 8) (Fig. 34, yellow-, orange-, and red-
outlined reg%lons of the heart, respectively). Using the Tg(cmlc2:
eGFP-ras)™> line (8, 12), which outlines individual cardiomyocytes
with membrane-bound GFP, we further analyzed the cellular
characteristics of WT and mutant hearts by confocal microscopy.

Examination of the surface of WT ventricular cardiomyocytes
revealed that OC and AV cardiomyocytes are elongated, whereas
IC cardiomyocytes are round (Fig. 3 A and F), as previously
reported (2, 8). However, the morphology of dco™~ ventricular
cardiomyocytes appeared significantly altered compared with WT
and was correlated with loss of AV canal constriction and a dys-
morphic ventricle (Fig. 3 B and F). Specifically, mutant OC and
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Fig. 3. Cardiac conduction, independent of hemodynamic flow or cardiac
contraction, is required for cardiomyocyte morphogenesis. (A-E) Confocal
images of 60 hpf embryos carrying the Tg(cmic2:ras-eGFP)**®? reporter and
(A) WT at the dco locus (WT), (B) dco*?? homozygous mutant (dco), (C) WT
with dco*??® mutant cardiomyocytes carrying the Tg(cmlc2:dsRed)®”° re-
porter in the ventricle (dco — WT), (D) sih homozygous mutant (sih), or (E)
dco;sih double homozygous mutant (dco;sih). Outer curvature (OC), inner
curvature (IC), and atrioventricular canal (AV) are outlined in yellow, orange,
and red dashed lines, respectively. Representative cardiomyocyte shapes for
each area are outlined with solid lines. Bar graphs represent (F) cell mor-
phology/circularity and (G) surface area measurements of Tg(cmlc2:ras-
eGFP)®® cardiomyocytes at 60 hpf from the outer and inner curvatures of
the ventricle as well as the AV canal. Bar height indicates mean for a dataset;
error bars indicate SE. *Statistically significant differences compared with
WT (P < 0.001). Defects in electrical conduction result in aberrant car-
diomyocyte morphogenesis.

AV cardiomyocytes appeared more round, whereas IC car-
diomyocytes were more elongated compared with WT (Fig. 3 B
and F). In addition, the average surface area of dco IC car-
diomyocytes was larger than that of WT (Fig. 3G).

To further elucidate how dco may influence cardiomyocyte
morphology, we generated mosaic hearts composed of WT and
dco mutant cells by transplantation. To facilitate the analysis of
these mosaic hearts, we transplanted mutant dsRed/eGFP-ras
expressing cardiomyocytes into WT hearts expressing eGFP-ras
only (Fig. 3C). Because transplanted dco™~ cardiomyocytes were
randomly distributed within the WT host ventricle, cardiomyocyte
morphologic phenotypes were more variable. Furthermore, the
disruption of organized ventricular conduction and wall contrac-
tion was dependent on the number of transplanted dco™~ car-
diomyocytes. For example, greater numbers of mutant donor
cardiomyocytes resulted in greater disruption of synchronized
ventricular conduction and wall contraction. Nevertheless, in
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mosaic hearts, both donor dco™~ and WT host OC cardiomyocytes
exhibited, on average, more circular shapes compared with car-
diomyocytes of WT-only hearts (Fig. 3F and compare Fig. 34 and
3C), whereas donor dco™~ and WT host IC cardiomyocytes
appeared less elongated compared with cardiomyocytes of dco™~
only hearts (Fig. 3F and compare Fig. 3B with 3C).

Because these cell shape changes might be due to un-
coordinated contractions of the ventricle as contractile forces can
influence cell morphology (2), we analyzed cardiac morphogenesis
in noncontracting dco mutant hearts to determine whether elec-
trical forces could independently affect cardiac morphogenesis.
We observed that sih ™~ ventricular cardiomyocytes, which exhibit
normal electrical conduction, were not significantly different from
WT (Fig. 3 D and F). However, in the absence of cardiac con-
traction in the dco;sih double mutant ventricles, we found that
disorganized ventricular conduction due to the dco mutation
resulted in deformed AV and OC cardiomyocytes (Fig. 3 E and F).
Interestingly, dco;sih double mutant IC cardiomyocytes did not
appear to be as affected as dco™'~ mutant IC cardiomyocytes. This
difference may be due to aberrant contractile forces having
a greater influence on the inner curvature of the ventricle than
aberrant conduction. Thus, these findings provide in vivo evidence
that electrical forces can have an impact on the morphology of
growing/elongating OC and AV cardiomyocytes, and may be
necessary for overall morphogenesis of the heart. Furthermore,
although AV canal and chamber formation begins at ~37-45 hpf
(13) and milder dco™~ cardiomyocyte phenotypes were observed
at 45-48 hpf, these defects were most pronounced by 60 hpf,
suggesting that the influence of electrical forces on cell morphol-
ogy may accrue over time.

To evaluate whether Cx46 could restore proper ventricular
conduction, we attempted to rescue the dco® 26 mutant cardiac
phenotype with injection of zebrafish and mouse Cx46 mRNA as
well as with cardiac specific expression of zebrafish cx46 (Fig. 4).
After injecting WT zebrafish cx46 mRNA, ~56% of dco*??° mutant
hearts exhibited complete rescue of ventricular conduction and
contraction (n = 35/62), whereas injections of zebrafish cx46°%%°
mRNA failed to rescue (n = 0/60) (Fig. 4C and Table S1). Myo-
cardial specific expression of a WT zebrafish cx46 transgene (7g
(cmlc2:cx46-eGFP*5)) rescued 100% of the dco®??° mutants (n =
74/742, whereas myocardial specific expression of a zebrafish
cx46°*% transgene [Tg(cmic2:cx46mt-eGFP***)] did not (n = 0/67)
(Fig. 4 A-C and Table S1). The ventricular conduction defects are
not likely caused by defects in cardiomyocyte Cx46 trafficking, as
mutant Cx46-GFP fusion protein localized to the cell membrane
similar to WT Cx46-GFP fusion protein (Fig. 4 A4 and B). In ad-
dition, injection of the murine Cx46 mRNA rescued ~25% of
dco**?® mutant hearts (n = 15/59), illustrating the functional
conservation of Cx46 (Fig. 4C and Table S1). However, injection of
zebrafish cx43 mRNA, which encodes a connexin highly abundant
in vertebrate hearts, did not rescue the dco conduction phenotype
(n = 0/55), illustrating the specificity of Cx46 in mediating cardiac
conduction (Fig. 4C and Table S1). Interestingly, mRNA injection
(n = 24/168) or myocardial specific expression (n = 16/188) of
a zebrafish cx46°%%° transgene (Tg(cmlc2:cx46mt-eGFP¥%)) in-
duced the dco thenotype in some WT hearts, suggesting that
zebrafish Cx46°°%° at high enough levels can act as a dominant
negative inhibitor of WT Cx46 (Fig. 4D and Table S1).

To test whether the functional role of CX46 is conserved be-
tween zebrafish and mammals, we analyzed mice carrying a Cx46
null allele created by replacing vital coding sequences with a lacZ
gene (Cx46“%) (14). In neonatal Cx46"“““’* mouse hearts, lacZ
positive cells were detected in the atrium, subendocardial region
of the ventricle, atrioventricular canal and the interventricular
septum where the His bundle branch fibers reside (Fig. 54 and B).
Furthermore, we found that by in situ hybridization, this lacZ
expression recapitulated that of the endogenous Cx46 gene (Fig.
5C). Interestingly, this expression pattern is similar to that ob-
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Fig. 4. dco Cardiac phenotype is rescued by RNA injection of Cx46 orthologs
as well as by myocardial specific expression of zebrafish cx46. (A and B)
Myocardial specific expression of WT [Tg(cmlc2:cx46-GFP**%?)] and mutant
[Tg(cmic2:cx46mt-GFP*?%)] zebrafish Cx46-GFP fusion proteins lead to cell
membrane enrichment. Outer curvature (OC), inner curvature (IC), and
atrioventricular canal (AV) are outlined by dashed lines. Atr, atrium; Ven,
ventricle. (C) Injection of WT zebrafish (WT zfcx46) or mouse Cx46
(mouseCx46) mMRNA as well as myocardial specific expression of WT zebrafish
Cx46-GFP fusion proteins [Tg(cmlc2:cx46-GFP®2)] rescued the dco cardiac
phenotype. On the other hand, injection of zebrafish cx46°22¢ (MT zfcx46) or
cx43 (zfcx43) mRNA as well as myocardial specific expression of zebrafish
Cx46°226-GFP [Tg(cmlc2:cx46mt-GFP*9?°)] failed to rescue the dco cardiac
phenotype. (D) However, injection of zebrafish cx46°2° mRNA or myocardial
specific expression of zebrafish Cx46%2%6-GFP [Tg(cmlc2:cx46mt-GFP?%)] in
WT embryos resulted in dco cardiac phenotypes. In addition, RNA over-
expression of WT murine Cx46 caused a dco cardiac phenotype in a small
percentage of WT embryos.

served for the cardiac conduction system (15). To determine
whether loss of Cx46 function affects cardiac conduction, we
performed surface electrocardiograms (ECGs) in WT and mutant
littermates gFi .5 D and E and Table S2). The average heart rate
in Cx46"““"*“ (null) mice was significantly lower than that of
their WT littermates (Fig. 5F). In addition, ventricular de-
polarization was significantly prolonged in the mutant hearts, as
manifested by a QRS and QT prolongation, increased width of the
S wave and the rsR’ complex (Fig. 5 D and E and Table S2).
Synchronous depolarization of the ventricular cardiomyocytes is
coordinated by rapid conduction through the atrioventricular
node/His-Purkinje system. The morphology and widening of the
QRS complex in the Cx46 mutants are typical of aberrant con-
duction along the His bundle branches (bundle branch block),
where Cx46 expression was detected. These electrical findings
observed in the Cx46"““%"““Z (null) mice are functionally similar to
those observed in the dco zebrafish mutant; that is, both mouse
and zebrafish Cx46 mutant hearts exhibit a similar defect in car-
diac conduction from the AV canal to the ventricle. Furthermore,
Cx46 appears to be expressed in the AV myocardium in both
mouse and zebrafish hearts. Although zebrafish hearts do not
possess an interventricular septum, cx46 appears to be expressed
within specific ventricular cardiomyocytes, which may be the
functional equivalent to the mammalian His-Purkinje where
mouse Cx46 is also expressed. In contrast to the dco mutant, the
Cx46'*“%"<Z (null) mice are viable and do not exhibit obvious
cardiac morphologic phenotypes. This difference in viability as

Chi et al.

well as cardiac morphology and function may be due to functional
redundancy with additional connexins (Cx40 and Cx45) expressed
in the mouse His bundle branches (16, 17). Interestingly, the
electrical phenotypes of the mouse Cx46 mutant are commonly
associated with adult human ventricular dyssynchrony and heart
failure, and thus it may become informative to examine more
closely the various SNPs present in the human CX46 gene.

Discussion

The direction of growth and orientation of various cell types in
tissue culture can be influenced by externally applied electric
fields (18, 19). Furthermore, endogenous electric currents exist
in a variety of tissues and have been hypothesized to influence
cell migration and shape (20). However, whether these natural
currents can generate electric fields sufficient to direct organo-
genesis in vivo remains unclear. Our in vivo results indicate that
physiologic electric currents can indeed have an impact on cell
morphology and overall cardiac organogenesis.

These electrical effects might be mediated through intracellular
calcium fluxes which can affect cell polarization (21, 22). Fur-
thermore, a number of cell surface receptors, including receptors
for Con A (23), Acetycholine (24), and Fc (25) can also be redis-
tributed in the cell membrane by electric fields. Cadherins, cell
surface adhesion molecules that mediate calcium-dependent
homophilic cell-cell contact, typically confer strong adhesion be-
tween cells when they are anchored to the cytoskeleton through
their cytoplasmic binding partners (26, 27). Previous studies have
revealed that the distribution of N-cadherin can be changed
through physiologic depolarization of synapses (28). In addition,
recent in vitro findings have shown the involvement of calcium and
integrins in directional responses of zebrafish keratocytes to
electric fields (29). Thus, it is possible that disrupted cardiac
conduction leading to changes in the intracellular calcium gra-
dients, as revealed by the optical mapping/calcium imaging of the
mutant zebrafish hearts (Fig. 2), results in redistribution of integ-
rins or N-cadherin, a cadherin specifically expressed in the myo-
cardium. As a result, mislocalization of these adhesion molecules
could lead to loss of cell—cell contact between cardiomyocytes and
could affect cell shapes and overall cardiac morphogenesis.

These results also suggest that primary cardiac conduction
disorders could directly lead to aberrant remodeling of the heart
and reduced cardiac systolic function. Thus, overall cardiac im-
provement from the resynchronization of the ventricles in heart
failure patients manifesting conduction disorders (30, 31) may be
due to beneficial realignment and improved remodeling of the
myocardium primarily from proper and synchronized electrical
signaling. Recent findings have also revealed a reduction in
postinfarct arrhythmias from electrical cell-cell communication
of engrafted embryonic cardiomyocytes and skeletal myoblasts to
injured myocardium (32). Given that previous cardiac cell-based
therapy has provided only a modest improvement in cardiac
function, electrical cell-cell communication and stimulation may
be required for optimal integration and alignment of engrafted
embryonic cardiomyocytes and skeletal myoblasts in the injured
myocardium to improve overall myocardial performance.

Materials and Methods

Zebrafish Strains. Embryos and adult fish were raised and maintained under
standard laboratory conditions. We used the following lines: dco*?%° (8), Tg
(cmlc2:gfp)*®3 (12), Tg(cmlc2:gCaMP)®78 (8), Tg(cmic2:dsRed)*” (8), Tg(cmlc2:
eGFP-ras)®? (8), Tg(cmlc2:cx46-eGFPY®2, Tg(kdrl:HsHRAS-mcherry)*®% (12),
and Tg(cmlc2:cx46mt-eGFPf9?°,

Mapping. We mapped the dco mutation to linkage group 9 using a set of
SSLP markers. For fine mapping, 922 mutant embryos were tested with SSLP
markers in the critical interval (Fig. 1D). cx46/gja3 cDNA was isolated, se-
quenced, and analyzed from s226 mutant embryos and their WT siblings.
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Fig. 5. Murine Cx46 is expressed in the fast cardiac conduction system, and its disruption results in cardiac conduction defects. (A) Whole-mount g-gal staining of
Cx462%+ postnatal mice (P3). Cx46"°%* cells are detected in the atrium, ventricle, atrioventricular canal (AVC), and interventricular septum (IVS). Red box outlines
the IVS and AVC regions. (B) Section analysis of region outlined by red box in A containing IVS and AVC reveals Cx46/2?* cells in subendocardium of IVS where His-
Purkinje fibers reside (black arrow). (C) Section RNA in situ hybridization of endogenous Cx46 expression in WT CD1 P3 mice is consistent with X-gal staining of
Cx46°“?"* cardiac tissue. (D) Representative three-lead electrocardiogram (ECG) recordings from WT and Cx46Z"2<Z (null) mice. Cx46 null ECGs exhibited pro-
longed QRS and QT intervals, suggesting an intraventricular conduction delay. Cx46 null ECGs also exhibited an rSR” morphology in lead V1 and a wide S wave in
leads Il and Ill, indicating uncoordinated ventricular activation. Bar graphs represent (E) ECG measurements (PR, QRS intervals, and QT), and (F) heart rate of Cx46
*, Cx46"°Z"*, and Cx46/2?"#<Z hearts. Bar height indicates mean for datasets; error bars indicate SE (Table S2). *Statistically significant differences between phe-
notypically WT (Cx46™+ and Cx46'°%"*) and mutant (Cx46/2?"22) hearts (P < 0.05). LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.

Immunohistochemistry, Confocal Microscopy, Cell Morphology, in Situ Analysis,
and RT-PCR. Whole-mountinsitu hybridization was performed on 24, 30, 36,42,
48, and 72 hpf zebrafish embryos as previously described (8), using the cx46
probe. The cx46 in situ probe was generated by PCR amplification from the 3’
end of the gene using the following primers: cx46 zebrafish F: atttcccggecta-
cagaaaagac; cx46 zebrafish R: gcaatctgcctctcacttectct. cx46 RT-PCR experiment
was performed from RNA obtained from FACS sorted myocardial (green
fluorescence) and endocardial (red fluorescence) cells of isolated Tg(cmlc2:
gfp); Tg(kdrl:HsHRAS-mcherry) 48 hpf hearts. Primer sequences used for RT-PCR
are the following: cx46 - F 5’ tgcctgaggcggacgaagctgage 3'; R 57 gctttgaggt-
gcagagccactaca 3’ and p-actin1-F 5’ cgtctggatctggctggtcgtgace 3’; and R 5
ctcatcgtactectgcttgctgat 3'. Immunohistochemistry, confocal microscopy, and
live imaging of zebrafish hearts were performed as previously described (8).
Cardiomyocyte surfaces and cross-sections were analyzed from hearts cap-
tured by live confocal imaging using ImageJ software (National Institutes of
Health; http:rsb.info.hin.gov/ij/) as described previously (2, 8). Only cells with
clearly visible outlines were measured in the xy plane of view. Because the
curvatures of some cardiomyocytes were distorted in mutant embryos, we

14666 | www.pnas.org/cgi/doi/10.1073/pnas.0909432107

processed images to focus these cardiomyocytes in the xy focal plane. Fur-
thermore, we compared pooled circularity and surface area data obtained
from outer curvature (OC), inner curvature (IC), and atrioventricular (AV) WT
and mutant ventricular cardiomyocytes. Cardiomyocytes were measured in 12
WT (149 OC, 981C, and 58 AV cells), 12 sih™'~ (155 OC, 106 IC, and 69 AV cells), 14
dco™= (171 0C, 1191C, and 78 AV cells), 16 dco™'~;sih™~ (203 OC, 1321C, and 97
AV cells), and 8 dco™~ to WT transplant (OC, 23 dco™/85 WT; IC, 14 dco™/57
WT; and AV, 10 dco™/39 WT cells) embryonic hearts. Circularity measurements
discriminate circular cells (circularity = 1) from elliptical cells (circularity <1).

Video Recording/Microscopy. Brightfield pictures and videos were taken using
a Stemi SV11 dissecting microscope (Zeiss). Videos were captured using
a standard CCD camera at 20 frames/s.

Physiology Analysis: Optical Mapping of Cardiac Conduction and Measurement
of Cardiac Output. Optical mapping/calcium imaging analysis was performed
on individual zebrafish between 48 and 72 hpf. Motion artifact was sup-
pressed in all optical mapping experiments using the sih mutant (7). Images
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were acquired and data analysis performed as previously described (8). To
calculate fractional shortening, end-diastolic (EDD) and end-systolic di-
ameter (ESD) were measured from time-lapse videos of a lateral view of
a beating heart. Fractional shortening = (EDD — ESD)/EDD. Cardiac output
was measured as previously described (33).

Morpholino Knockdown and mRNA/Transgenic Rescue Experiments. To knock
down the translation of zebrafish cx46, we used a morpholino oligonucleotide
targeted against an ATG upstream of the translational start site of cx46/gja3
with the following sequence: 5'-GCTTCACGATTTCTAGCCTAGAGAG-3'. Em-
bryos were injected at the one-cell stage with 1 ng cx46/gja3 morpholino and
assessed between 40 and 48 hpf. For mRNA rescue experiments, one-cell stage
embryos were injected with 50-150 pg zebrafish WT or mutant cx46/gja3,
mouse WT Cx46, or zebrafish cx43 mRNA. Zebrafish myocardial-specific cx46
rescue experiments were performed by crossing either Tg(cmic2:cx46-eGFP®2)
or Tg(cmlc2:cx46mt-eGFP??°) into the dco mutant background. Brightfield
microscopy was used to determine whether the experimental embryos
exhibited the dco aberrant or WT organized conduction and contraction.

Transplantations. Cell transplantations were performed at midblastula stages
as previously described (34). Twenty to 30 cells were transplanted from dco
embryos carrying either Tg(cmlc2:dsRed);Tg(cmic2:gCaMP) or Tg(cmlic2:
dsRed);Tg(cmlic2:eGFP-ras) into the margin of WT host embryos carrying Tg
(cmlic2:gCaMP) or Tg(cmlc2:eGFP-ras), respectively. In all, 22 of 163 (13.5%)
transplants successfully donated dco;Tg(cmlic2:dsRed);Tg(cmlc2:gCaMP)
myocardial cells into WT Tg(cmlc2:gCaMP) host embryos. Of 121 transplants,
17 (14.1%) transplants successfully donated dco;Tg(cmlc2:dsRed);Tg(cmlic2:
eGFP-ras) myocardial cells into WT Tg(cmlc2:eGFP-ras) host embryos.

Mouse Cx46 in Situ Hybridization. A mouse Cx46 probe was amplified from
2-d-old mouse heart cDNA using the following primers: Cx46 mouseF1: tga-
cgacagagcagaactggac; Cx46 mouseR1: ttcatcatgacagaatagtggagga. RNA in
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situ hybridization was performed according to standard protocols on paraffin-
embedded, 3-d-old WT hearts sectioned into 10-um-thick slices.

Connexind6'*?+ Stainings. Cx46'?* postnatal day 3 (P3) mice were used to
study the expression of the p-galactosidase reporter gene. Cx46'*%* hearts
were isolated and fixed for 1 h in PBS containing 2% formaldehyde and
0.05% glutaraldehyde on ice. The hearts then were extensively rinsed in PBS
containing 0.01% sodium desoxycholate, 0.02% Nonidet P-40, 2 mM MgCl,,
and 2 mM EGTA. X-gal staining was carried out in rinsing solution containing
0.5 mg/mL X-gal, 10 mM K3Fe(CN)g, and 10 mM K,4Fe(CN)g at 37 °C for at
least 24 h. For whole-mount expression analysis, the hearts were dehydrated
through an alcohol series and then cleared in benzyl aldehyde/benzyl ben-
zoate (BABB). X-Gal stained Cx46°““* hearts were also sectioned.

Electrocardiography. For surface electrocardiography, mice were anes-
thetized. Four-needle electrodes were placed subcutaneously in standard
limb lead configurations and one in the precordial V1 lead position. For each
mouse, 10-20 s of continuous signals were sampled in each lead configu-
ration. Data analysis was performed using electronic calipers on averaged
beats (Spike 2; Cambridge Electronic Design). The QRS interval was mea-
sured from the onset of the Q-wave to the isoelectric point preceding the
first, rapid repolarization wave. The QT interval was measured from the
onset of the Q-wave to the end of the second, slower repolarization wave.
The measured QT interval was corrected for heart rate.
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