
N-cadherin relocalization during cardiac trabeculation
Anoop V. Cheriana, Ryuichi Fukudaa, Sruthy Maria Augustinea, Hans-Martin Maischeina, and Didier Y. R. Stainiera,1

aDepartment of Developmental Genetics, Max Planck Institute for Heart and Lung Research, 61231 Bad Nauheim, Germany

Edited by Eric N. Olson, University of Texas Southwestern Medical Center, Dallas, TX, and approved May 16, 2016 (received for review April 29, 2016)

During cardiac trabeculation, cardiomyocytes delaminate from the
outermost (compact) layer to form complex muscular structures
known as trabeculae. As these cardiomyocytes delaminate, the
remodeling of adhesion junctions must be tightly coordinated so cells
can extrude from the compact layer while remaining in tight contact
with their neighbors. In this study, we examined the distribution of
N-cadherin (Cdh2) during cardiac trabeculation in zebrafish. By ana-
lyzing the localization of a Cdh2-EGFP fusion protein expressed under
the control of the zebrafish cdh2 promoter, we initially observed
Cdh2-EGFP expression along the lateral sides of embryonic cardio-
myocytes, in an evenly distributed pattern, and with the occasional
appearance of punctae. Within a few hours, Cdh2-EGFP distribution
on the lateral sides of cardiomyocytes evolves into a clear punctate
pattern as Cdh2-EGFP molecules outside the punctae cluster to in-
crease the size of these aggregates. In addition, Cdh2-EGFP molecules
also appear on the basal side of cardiomyocytes that remain in the
compact layer. Delaminating cardiomyocytes accumulate Cdh2-EGFP
on the surface facing the basal side of compact layer cardiomyocytes,
thereby allowing tight adhesion between these layers. Importantly,
we find that blood flow/cardiac contractility is required for the tran-
sition from an even distribution of Cdh2-EGFP to the formation of
punctae. Furthermore, using time-lapse imaging of beating hearts in
conjunction with a Cdh2 tandem fluorescent protein timer transgenic
line, we observed that Cdh2-EGFPmolecules appear tomove from the
lateral to the basal side of cardiomyocytes along the cell membrane,
and that Erb-b2 receptor tyrosine kinase 2 (Erbb2) function is required
for this relocalization.
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To maximize its function, the heart undergoes a series of
morphological changes during development, with trabecula-

tion being one of the main processes (1–5). Trabeculae initially
appear as myocardial ridges in the outer curvature of the ven-
tricle, and they are important for cardiac function, as evidenced
by studies of hypo- and hypertrabeculation models (3, 6–11).
Previous studies have shown that Erbb2 signaling is essential for
trabeculation (3, 6, 7, 10, 11). Moreover, disturbing blood flow or
cardiac contractility in the ventricle perturbs trabeculation (4, 12,
13), suggesting an important role for mechanical forces in this
process. Our understanding of the cellular mechanisms regulating
trabeculation remains fairly limited. Cardiomyocytes in the early
heart tube show an epithelium-like morphology (3, 14). During
trabeculation, some cardiomyocytes delaminate and enter the
trabecular layer, where they join other trabecular cardiomyocytes
to form ridge-like structures (3, 15). Previous studies have shown
that the most proximal cardiomyocytes in the trabecular layer
remain tightly attached to the basal side of compact layer car-
diomyocytes (3, 15). Some of the key molecules involved in cell–
cell adhesion belong to the cadherin family, and they also play
crucial roles in epithelial cell morphology and behavior, including
cell migration (16–18). Studies of epithelial cells in culture have
shown that changes in cell morphology are accompanied by the
extensive remodeling of cell–cell junctions; for example, cell–cell
adhesion can be remodeled by regulating the expression and/or
endocytic recycling of cadherin (19–23). Mechanical tension plays
a crucial role in regulating the size of cell–cell junctions, and local
tension generated by the actomyosin network may also modulate

cell–cell junction remodeling (24–26). These forces can activate
vinculin and stabilize E-cadherin/VE-cadherin-mediated cell–cell
adhesion (27–29). Additional studies have shown that cadherin
punctae formed by the clustering of E-cadherin along cell–cell
boundaries can increase in size during the maturation of cell–cell
junctions, and that they are important for cell–cell adhesion and
force transmission in vivo (26, 30). How E-cadherin molecules
come together and form these punctae has been under intense
investigation (31): Some studies have suggested that E-cadherin
molecules are able to move along lateral membranes (32, 33), and
one of the common themes emerging is the importance of the
cortical actin cytoskeleton in their formation (26, 31).
Cdh2 (N-cadherin) adhesive junctions play an important role

in mechanical coupling between cardiomyocytes (34, 35). De-
spite its potential importance, no detailed analysis has been
carried out on the organization of Cdh2 during heart develop-
ment. As it is amenable to high-resolution imaging during its
formation and maturation, the zebrafish heart is a good model to
study the reorganization of Cdh2 under the influence of me-
chanical forces and during cardiomyocyte delamination (15, 36).
Here we show that Cdh2 molecules first appear on the lateral
sides of cardiomyocytes, where they cluster to form punctae. As
trabeculation is initiated, Cdh2 molecules appear on the basal side
of compact layer cardiomyocytes, possibly by moving from the
lateral sides along the cell membrane. We also show that blood
flow and/or cardiac contractility play an essential role in the dis-
tribution of Cdh2, although one distinct from the role played by
Erbb2 signaling, a critical regulator of cardiac trabeculation.

Results
Dynamic Distribution of Cdh2-EGFP During Cardiac Trabeculation. To
investigate the question of cardiomyocyte adhesion during car-
diac trabeculation in zebrafish, we focused on Cdh2, a highly
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expressed adhesion protein in cardiomyocytes. To analyze the
localization of Cdh2, we used a BAC transgenic line expressing a
Cdh2-EGFP fusion protein under the control of the zebrafish
cdh2 promoter (37). Cdh2 localization in the heart was analyzed
at three different developmental stages: 52 hours post fertiliza-
tion (hpf) (before trabeculation has begun), 72 hpf (after the
onset of trabeculation), and 96 hpf (when pronounced trabeculae
have formed) (Fig. 1 A–C). At 52 hpf, Cdh2-EGFP molecules
appear to be fairly evenly distributed along the lateral sides of
cardiomyocytes with the occasional appearance of punctae (Fig.
1 A–A′′ and D and Movie S1). At 72 and 96 hpf, Cdh2-EGFP
punctae have become more pronounced and are present all

along the lateral sides (Fig. 1 B–B′′ and C–C′′ and Movies S2 and
S3). At 96 hpf, Cdh2-EGFP molecules have also started to ap-
pear on the basal side of compact layer cardiomyocytes (Fig. 1
C–C′′ and Movie S3). The cartoons in Fig. 1 depict the locali-
zation of Cdh2-EGFP at different stages of heart development.
We next examined in more detail the transition from even to
punctate distribution of Cdh2-EGFP along the lateral sides of
cardiomyocytes (Fig. S1 A–A′′ and C–C′′), and measurements of
fluorescence intensity show the progression into a clear punctate
pattern (Fig. S1 A′′–C′′). Cross-sectional area measurements of
Cdh2-EGFP punctae also revealed that their size at 96 hpf is
higher compared with their size at 72 hpf (Fig. S1D and Fig. S2),
suggesting that Cdh2-EGFP molecules outside the punctae have
joined them, causing an increase in size. A similar punctate
distribution of Cdh2-EGFP molecules could be observed in atrial
cardiomyocytes at 96 hpf, whereas at this stage, no Cdh2-EGFP
signal could be observed on their basal surface (Fig. S1 E and E′
and Movie S4).
We also examined in more detail the localization of Cdh2-

EGFP molecules as cardiomyocytes start to delaminate to form
the trabecular layer. With the help of high-resolution confocal
imaging, we observed that although Cdh2-EGFP molecules are
initially localized at cell–cell junctions of cardiomyocytes (Fig.
1D, white arrows), by 78 hpf, they start to appear on the basal
side of compact layer cardiomyocytes (Fig. 1D′, white arrows).
As cardiomyocyte delamination proceeds, Cdh2-EGFP mole-
cules begin to appear all around the surface of trabeculating
cardiomyocytes, including along the surface adjacent to the basal
side of compact layer cardiomyocytes (Fig. 1 D′′ and E–E′′, Fig.
S3, and Movie S5). To confirm these observations, we generated
mosaic hearts by transplanting Tg(myl7:cdh2-tdTomato) cells at
midblastula stages into TgBAC(cdh2:cdh2-EGFP) host embryos
of the same age. Analyzing such chimeric heart revealed the
close apposition of Cdh2-tdTomato molecules on trabecular
cardiomyocytes and Cdh2-EGFP molecules on adjacent compact
layer cardiomyocytes (Fig. S4).

Potential Movement of Cdh2-EGFP During Cardiac Trabeculation. To
investigate how Cdh2 becomes localized to the basal side of
compact layer cardiomyocytes at the onset of trabeculation, we
considered two different models: Cdh2 recruitment directly to
the basal side of cardiomyocytes through endocytic vesicles or
from newly generated molecules, and Cdh2 movement from
the lateral to the basal side along the cell membrane. High-
resolution imaging of cardiomyocytes in vivo did not reveal a
significant amount of Cdh2-EGFP in their cytoplasm, sug-
gesting an endocytic vesicle-independent recruitment of Cdh2-
EGFP to their basal side (Fig. 2 A–A′′ and Fig. S5 B and B′).
The first signs of cardiac trabeculation appear around 60 hpf
and become more pronounced by 80 hpf (3, 4). To capture
trabeculation processes in real time, we acquired time-lapse
movies of beating hearts starting at 76 hpf. For this analysis,
we imaged Tg(myl7:MKATE-CAAX);TgBAC(cdh2:cdh2-EGFP)
embryos in which the cardiomyocyte membrane is labeled by
MKATE, and Cdh2 by EGFP (Movie S6). From these data, it
appears that Cdh2-EGFP may be moving from the lateral to the
basal side of cardiomyocytes, along the cell membrane (Fig. 2 A–
A′′, Top). Line scan quantification of Cdh2-EGFP signal in the
cytoplasm and basal membranes of cardiomyocytes at several
points indicated that the Cdh2-EGFP signal was present only in
cell membranes (Fig. 2 A–A′′, Bottom and Fig. S5A), further
suggesting that Cdh2-EGFP molecules move from the lateral to
the basal side of cardiomyocytes along cell membranes, and not
through endocytic vesicles. To examine the movement of Cdh2
molecules during trabeculation more closely, we used a trans-
genic line in which Cdh2 is tagged with a tandem fluorescent
timer [tFT; TgBAC(cdh2:cdh2-sfGFP-TagRFP)] (37); this tFT
consists of superfolder GFP (sfGFP), which takes 5 min to fold,
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Fig. 1. Dynamic distribution of Cdh2-EGFP during cardiac trabeculation.
(A–C) 2D and (A′–C′) 3D views of TgBAC(cdh2:cdh2-EGFP) expression during
zebrafish heart development, focusing on the ventricular chamber. (A′′–C′′) 3D
views of single cardiomyocytes (see also Movies S1–S3); area outlined by yellow
dashed lines represents the basal surface of cardiomyocytes and area between
yellow and red dashed lines represents their lateral surface; illustration of
Cdh2-EGFP distribution in cardiomyocytes. At 52 hpf, Cdh2-EGFP expression
appears evenly distributed; by 72 hpf, punctae appear; and by 96 hpf, Cdh2-
EGFP expression appears on the basal side of cardiomyocytes. (D–D′′ and E–E′′)
TgBAC(cdh2:cdh2-EGFP);Tg(myl7:MKATE-CAAX) expression in developing hearts.
Cdh2-EGFP is initially localized at the lateral side of cardiomyocytes (D); it
is then also observed on the basal side of cardiomyocytes (D′); and after
cardiomyocytes delaminate, it can be observed between compact layer
cardiomyocytes and adjacent trabecular cardiomyocytes (D′′); white arrows
point to Cdh2-EGFP expression (cartoon representation is shown below). (E–E′′)
Redistribution of Cdh2-EGFP to the surface of compact layer cardiomyocytes
directly adjacent to trabecular cardiomyocytes. Arrows indicate the apparent
movement of Cdh2-EGFP (Movie S5). (Scale bars, 10 μm in A–C, A′–C′, A′′–C′′,
and D–D′′; 5 μm in E′′.)
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and tag red fluorescent protein (TagRFP), which takes 100 min
to fold (38). Use of this transgenic line allowed us to calculate
the intensity ratio of sfGFP and tagRFP (37, 39, 40) to determine
the age of Cdh2 molecules present in various parts of the car-
diomyocytes. We analyzed the expression of the tFT reporter in
cardiomyocytes in the compact layer either in the process of
delaminating or after delamination. sfGFP and tagRFP expression
could be observed simultaneously in all these cardiomyocytes (Fig. 2
B–B′′ and D–D′′, white arrows), indicating the presence of aged
Cdh2 and not a rapid turnover. Interestingly, in delaminating car-
diomyocytes, tagRFP expression was observed mostly at the baso-
lateral side (Fig. 2 C′ and E and Fig. S5), whereas sfGFP was
observed all along the lateral sides (Fig. 2 C and E and Fig. S5),

suggesting that Cdh2 molecules move toward the basal side. The tFT
intensity ratio in the basolateral side of delaminating cardiomyocytes
was higher than that on the apical–lateral side (Fig. 2 E and F),
further suggesting that Cdh2 molecules in the basolateral regions are
older than those in the apical–lateral regions. Taken together,
these data suggest that at these stages, Cdh2 molecules are first
delivered to the apical–lateral regions and then move to the basal
side of cardiomyocytes.

Cardiac Contraction Is Required for Cdh2-EGFP Clustering. Another
factor involved in the organization of cadherin molecules is me-
chanical force (32, 41). Our initial studies revealed the progressive
clustering of evenly distributed Cdh2-EGFP along the lateral sides
of cardiomyocytes during larval stages. We hypothesized that
the increasing mechanical force of the developing heart stimulates
the clustering of evenly distributed Cdh2-EGFP into punctae. To
test this hypothesis, we inhibited heart contractions by using a
tnnt2 morpholino (42) and then imaged Cdh2-EGFP localiza-
tion in cardiomyocytes. Surprisingly, in tnnt2 morphant hearts,
Cdh2-EGFP punctae failed to form, and Cdh2-EGFP molecules
remained evenly distributed at cell–cell junctions (Fig. 3B). To
examine whether mechanical forces are needed to maintain
Cdh2-EGFP localization in punctae, we stopped the beating
hearts between 72 and 96 hpf (by 72 hpf, a clear punctate pattern
is formed), using 20 mM 2,3-butanedione monoxime (BDM), a
myosin inhibitor. Interestingly, in the absence of mechanical
forces, Cdh2-EGFP punctae that were already formed at 72 hpf
turned into evenly distributed Cdh2-EGFP by 96 hpf (Fig. 3C).
These observations suggest that mechanical forces are essential
for both the formation and maintenance of Cdh2-EGFP punctae.
To further analyze the involvement of mechanical forces in the
clustering of Cdh2-EGFP molecules, we carried out time-lapse
imaging in the presence and after removal of BDM. After BDM
treatment for 100 min, Cdh2-EGFP punctae turned into evenly
distributed Cdh2-EGFP (Fig. 3 D–D′′, Fig. S6 A–A′′, and Movies
S7 and S8). To determine whether the effect of BDM on Cdh2-
EGFP distribution was transient or permanent, we treated the
larvae with BDM for 5 h and then washed out the BDM to re-
start the heart. Interestingly, as the larval heart started beating
again, Cdh2-EGFP molecules began reclustering (Fig. 3 E–E′′, Fig.
S6 B–B′′, and Movie S9). One of the main cytoskeletal components
attached to cadherin molecules is actin. With spinning disk confocal
imaging of Tg(myl7:LIFEACT-GFP);Tg(myl7:cdh2-tdTomato)
hearts, we found that actin bundles were strongly attached to Cdh2-
tdTomato punctae (Fig. 3 F–H and Fig. S7). We hypothesized that
the strong interactions between the actin bundles and Cdh2 mole-
cules limited their dynamic motion inside the punctae. To test this
hypothesis, we used fluorescence recovery after photobleaching
(FRAP) experiments to analyze the dynamics of Cdh2-EGFP in
punctae, as well as in regions of even distribution. Evenly distributed
Cdh2-EGFPmolecules at cardiomyocyte cell–cell junctions at 52 hpf
were able to recover after photobleaching (Fig. 3I′′ and Fig. S8).
However, Cdh2-EGFP punctae at 96 hpf did not reform after
photobleaching, even though some of the evenly distributed Cdh2-
EGFP molecules appeared to diffuse into the photobleached region
(Fig. 3J′′ and Fig. S8). In contrast, in 96 hpf BDM-treated larvae,
Cdh2-EGFP molecules were clearly able to diffuse after photo-
bleaching (Fig. 3K′′). The data from these FRAP experiments
suggest that evenly distributed Cdh2-EGFP molecules are able to
move along cell–cell junctions. However, once clustered in punctae,
their movements may become more restricted, possibly because of
their tight connections to actin fibers.
We also analyzed the organization of α-catenin in stopped

hearts and found that α-catenin molecules became evenly dis-
tributed after 20 mM BDM treatment and remained colocalized
with Cdh2 molecules (Fig. S9), suggesting the cadherin complex
does not dissociate when the heart stops beating. At 96 hpf, the
organization of the actin cytoskeleton in 20 mM BDM-treated
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Fig. 2. Potential movement of Cdh2-EGFP during cardiac trabeculation. (A–A′′)
Spinning disk confocal images of TgBAC(cdh2:cdh2-EGFP);Tg(myl7:MKATE-CAAX)
hearts. Cdh2-EGFP appears to relocalize from cell–cell junctions to the basal
region of cardiomyocytes, as seen in the single-plane images at different
points and depicted in the illustrations here (single-plane images taken from
Movie S6). (Bottom) Line scan quantification of Cdh2-EGFP signal in the cyto-
plasm (red) and basal membrane (green) of cardiomyocytes. (B–D′′) Spinning
disk confocal images of TgBAC(cdh2:cdh2-sfGFP-TagRFP);Tg(myl7:nlDsRedExpress)
hearts. (B–B′′) Compact layer cardiomyocytes, (C–C′′) delaminating car-
diomyocyte, and (D–D′′): delaminated cardiomyocyte; dotted line outlines
cardiomyocytes, and the intense red signal in the cytoplasm marks the nucleus.
cdh2:Cdh2-tFT expression analysis suggests Cdh2 recruitment to the apical–lateral
region of compact layer cardiomyocytes; red arrows in C–C′′ point to an apical–
lateral region with newly recruited Cdh2 displaying sfGFP signal without
TagRFP signal; white arrows in B–B′′ and D–D′′ point to a region with aged
Cdh2 displaying both sfGFP and TagRFP simultaneously. (E) Representative
fluorescence intensity distribution of TagRFP and sfGFP in the region depicted
by the dotted line in C′′. (F) Scatterplot showing quantification of Cdh2-tFT
intensity ratio on the basolateral (yellow arrow in C′′ and G) and apical–lateral
(red arrow in C′′ and G) sides of compact layer cardiomyocytes. (G) Diagram
depicting hypothetical Cdh2 recruitment to the basal side of the cardiomyocyte
plasma membrane from the apical end of cell–cell junctions; the two colors are
physically separated for easier visualization. (Scale bars, 5 μm.)
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cardiomyocytes resembled that seen in 52 hpf untreated car-
diomyocytes (Fig. 3H). During larval development, the increase in
cardiac contraction leads to increasing forces across cardiomyocyte
junctions and may help the clustering of Cdh2 molecules and the
bundling of actin fibers (Fig. 3 F–H and Fig. S7). Altogether, these
data indicate that the distribution of Cdh2 molecules at cardiomyocyte
cell–cell junctions is regulated by mechanical force.

Erbb2 Signaling Is Essential for Cdh2-EGFP Localization on the Basal
Side of Cardiomyocytes. Previous studies have shown that Erbb2
signaling is essential for cardiac trabeculation in mouse (6, 7) and
zebrafish (3, 4). To determine whether Erbb2 signaling was
necessary for the Cdh2 localization patterns described thus far, we

used an Erbb2 inhibitor as well as erbb2 mutant zebrafish. In both
erbb2 mutant and Erbb2 inhibitor-treated zebrafish, Cdh2-EGFP
molecules failed to appear on the basal side of cardiomyocytes
(Fig. 4 A′–A′′ and B′–B′′), suggesting Erbb2 signaling also plays a
role in Cdh2 reorganization during heart development. Further-
more, using the tFT [TgBAC(cdh2:cdh2-sfGFP-TagRFP)] fish in
combination with the Erbb2 inhibitor, we observed a higher value
of Cdh2-tFT intensity ratio on the lateral sides of cardiomyocytes,
suggesting that the hypothesized movements of Cdh2-EGFP from
cell–cell junctions stop when Erbb2 signaling is inhibited (Fig. 4 D,
E, and E′ and Fig. S10). Last, we measured the cross-sectional
area of Cdh2-EGFP punctae in Erbb2 inhibitor-treated zebrafish
and found no significant changes, suggesting Erbb2 signaling is not
involved in the size regulation of Cdh2-EGFP punctae (Fig. 4G).
Taken together, these data suggest Erbb2 signaling is essential
for the appearance of Cdh2 molecules to the basal side of car-
diomyocytes (Fig. 4H).

Discussion
Several studies have shown that cadherin molecules play a cen-
tral role in epithelial integrity and tissue morphogenesis (16, 17),
and moreover, that dysregulation of cadherin is linked to a
number of diseases, including cancer (23, 43, 44). The classical
cadherins represent the main cadherin family present in cell–cell
junctions and include E-cadherin, VE cadherin, and N-cadherin.
Within this family, E-cadherin has been most widely studied. In
epithelial cells, E-cadherin exhibits various patterns of localiza-
tion that are mainly categorized into two forms: even distribution
and punctae. These categories are based on the association of
adherens junctions with actin filaments (17), and each pattern of
E-cadherin localization has distinct functions in epithelial cells.
Our studies show that during cardiac development in zebrafish,
another cadherin, N-cadherin, also has distinct localization pat-
terns. At embryonic stages, N-cadherin molecules are distributed
mostly evenly along the lateral sides of cardiomyocytes, with the
occasional appearance of punctae. During larval stages, these
punctae become more distinct. Presumably, evenly distributed
N-cadherin joins nascent clusters, thereby increasing the size of
N-cadherin punctae. Studies with E-cadherin have revealed that
the size, distribution, and dynamics of E-cadherin clusters play an
essential role in local tensile force transmission and the strength
of adhesive junctions (30, 45–47). As cadherin molecules mostly
interact with the actin cytoskeleton, the clustering of N-cadherin
molecules at larval stages likely recruits more actin fibers and
helps organize the actin cytoskeleton in maturing cardiomyocytes.
We have previously shown that the actin cytoskeleton in car-
diomyocytes is substantially increased in larval stages compared
with in embryonic stages (48). Taken together with the present
data, these observations suggest that the clustering of N-cadherin
molecules may function to increase the mechanical stability of
cardiomyocytes and enable them to withstand the increasing
mechanical force. However, how this process is controlled mo-
lecularly remains to be investigated.
EMT (epithelial to mesenchymal transition) is one of the main

cellular events during development, as well as cancer progres-
sion, and the exact mechanisms of EMT in vivo remain unclear.
Studies in epithelial cells have shown that during EMT, they lose
apicobasal polarity, and E-cadherin disassociates and is sub-
sequently down-regulated (23, 43). To prevent the complete ex-
trusion of cells during their delamination from an epithelium, they
need to make strong cell–cell attachments with the epithelial sheet.
Our study reveals that N-cadherin molecules are able to localize
on the basal side of compact layer cardiomyocytes, where they
can interact with cadherins on the surface of delaminating car-
diomyocytes, and thereby prevent their complete extrusion. We
show that during trabeculation, N-cadherin appears to move to the
basal side of cardiomyocytes. This localization of N-cadherin re-
quires Erbb2 signaling, and our observations with the protein timer
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indicate that newly synthesized N-cadherin molecules are moving
from the lateral to the basal surface of cardiomyocytes. It will be
important to investigate exactly how N-cadherin molecules un-
dergo this movement, as well as how they are excluded from the
apical side.
Another factor involved in the organization of cadherin mole-

cules is mechanical force (24). Abnormal heart beats, a common
symptom of cardiac disease, lead to changes in the contractile
forces of the heart. Other studies have also shown that cadherin
clustering is essential to maintaining the mechanical integrity of
cells (30, 45, 46). However, whether mechanical forces also play a
role in clustering cadherin molecules through interaction with
alpha-catenin and vinculin remains unclear. A previous study has
shown that the size of adherens junctions is regulated by endo-
thelial cell–cell tugging forces (41), suggesting these forces can
regulate VE-cadherin and lead to an increase in its clustering.
During heart development, cell–cell tugging forces between car-
diomyocytes also increase as the heart contracts more vigorously.
Presumably, tugging forces may help N-cadherin to cluster in
cardiomyocytes, similar to what has been described for VE-cad-
herin in endothelial cells. Also, high mechanical forces allow
vinculin to bind alpha-catenin, and vinculin is able to recruit more
actin bundles (27). Thus, mechanical forces mediated clustering of
N-cadherin, and interaction of alpha-catenin and vinculin may
help the reorganization of the actin cytoskeleton during heart
development (Fig. S7). Attenuation of actomyosin-mediated me-
chanical forces using Latrunculin A and Rock inhibitors may not
affect the size of E-cadherin punctae (46). However, our studies

indicate that actomyosin-mediated mechanical forces play an es-
sential role in both the formation and maintenance of N-cadherin
punctae in cardiomyocytes, revealing a potential difference be-
tween N-cadherin and E-cadherin. It is well known that re-
organization of cadherin molecules in cell–cell junctions plays a
key role in modulating cell morphology. Thus, mechanical forces,
via their effect on N-cadherin distribution, might influence car-
diomyocyte hypertrophy and hyperplasia. How mechanical forces
modulate the reorganization of N-cadherin molecules is another
important area for future studies.

Materials and Methods
Zebrafish. All husbandry and experiments involving zebrafish (Danio rerio)
were carried out according to protocols approved by local authorities.
Transgenic zebrafish lines used in this study include TgBAC(cdh2:cdh2-EGFP,
crybb1:ECFP)zf517 (37), Tg(myl7:MKATE-CAAX)Sd11 (49), TgBAC(cdh2:cdh2-
sfGFP-TagRFP, crybb1:ECFP)zf516 (37), Tg(-0.8myl7:nlsDsRedExpress)hsc4 (50),
Tg(myl7:cdh2-tdTomato)bns78, Gt(Ctnna-citrine)ct3a (51), and Tg(myl7:LIFEACT-
GFP)s974 (48).

In Vivo Fluorescence Imaging and Image Processing of Stopped Hearts. Zebrafish
embryos and larvae were mounted in 1% low-melting agarose containing
0.2% (wt/vol) tricaine and imaged using a spinning disk confocal micro-
scope (CSU-X1 Yokogawa; Zeiss) or confocal microscope (LSM 780; Zeiss)
equipped with microscope objectives 40× (1.1 NA), 40× (1 NA), and 63×
(1.3 NA), and two Hamamatsu ORCA-Flash4.0 V2 Digital CMOS cameras.
Imaris (Bitplane) was used for 3D image processing, Fiji was used for 2D
image processing, and images were prepared with the help of Adobe Illus-
trator and Photoshop.
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Time-Lapse Imaging of Beating Hearts. Zebrafish embryos and larvae were
mounted in 1% low-melting agarose containing 0.01% (wt/vol) tricaine. The fish
were maintained at 28 °C in a temperature-controlled chamber. Time-lapse movies
of the larval hearts were taken using a spinning disk confocal microscope (CSU-X1
Yokogawa; Zeiss) using a 63× (1.3 NA) objective.Movieswere collected at 4 Z-position
0.2 μm apart at each developmental point, and the time between these develop-
mental points was 5–10 min for 4–5 h. The data were aligned and analyzed in Fiji.

Morpholino Oligonucleotides. tnnt2a morpholino (5′-CATGTTTGCTCTGATCT-
GACACGCA-3′; 0.25 ng) was injected into early-stage embryos to prevent
cardiac contractility (42).

Chemical Treatments. BDM (20 mM; Sigma) was used to stop the zebrafish
larval heart. We added 5–10 μM of the Erbb2 inhibitor PD168393 (Calbio-
chem) at 72 hpf and imaged the larvae at 96 hpf.

FRAP Experiments. FRAP on Cdh2-EGFP within the heart was performed on a
confocal microscope (LSM 780; Zeiss) equipped with a 40× 1.00 NA objective,
using a UV (405 nm) laser.

Cell Transplantation. Cells were taken from Tg(myl7:cdh2-tdTomato) donor
embryos at midblastula stages and transplanted into TgBAC(cdh2:cdh2-
EGFP,crybb1:ECFP) host embryos of the same age. Hosts were then im-
aged at 96 hpf.
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