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Garita B, Jenkins MW, Han M, Zhou C, VanAuker M, Rollins
AM, Watanabe M, Fujimoto JG, Linask KK. Blood flow dynamics
of one cardiac cycle and relationship to mechanotransduction and
trabeculation during heart looping. Am J Physiol Heart Circ Physiol
300: H879–H891, 2011. First published January 14, 2011;
doi:10.1152/ajpheart.00433.2010.—Analyses of form-function rela-
tionships during heart looping are directly related to technological
advances. Recent advances in four-dimensional optical coherence
tomography (OCT) permit observations of cardiac dynamics at high-
speed acquisition rates and high resolution. Real-time observation of
the avian stage 13 looping heart reveals that interactions between the
endocardial and myocardial compartments are more complex than
previously depicted. Here we applied four-dimensional OCT to elu-
cidate the relationships of the endocardium, myocardium, and cardiac
jelly compartments in a single cardiac cycle during looping. Six
cardiac levels along the longitudinal heart tube were each analyzed at
15 time points from diastole to systole. Using image analyses, the
organization of mechanotransducing molecules, fibronectin, tenascin
C, �-tubulin, and nonmuscle myosin II was correlated with specific
cardiac regions defined by OCT data. Optical coherence microscopy
helped to visualize details of cardiac architectural development in the
embryonic mouse heart. Throughout the cardiac cycle, the endocar-
dium was consistently oriented between the midline of the ventral
floor of the foregut and the outer curvature of the myocardial wall,
with multiple endocardial folds allowing high-volume capacities dur-
ing filling. The cardiac area fractional shortening is much higher than
previously published. The in vivo profile captured by OCT revealed
an interaction of the looping heart with the extra-embryonic splanch-
nopleural membrane providing outside-in information. In summary,
the combined dynamic and imaging data show the developing struc-
tural capacity to accommodate increasing flow and the mechanotrans-
ducing networks that organize to effectively facilitate formation of the
trabeculated four-chambered heart.

optical coherence tomography; optical coherence microscopy; endo-
cardium; cardiac jelly; trabeculation; mechanotransduction; cilia

A CRITICAL TRANSITION PERIOD in cardiogenesis relates to the
single-chambered, tubular heart undergoing dramatic morpho-
genesis by looping to become a four-chambered structure with
valve leaflets, ventricular trabeculae, and double parallel blood
flow. Integration of complex changes associated with looping,
starting with the relatively simple heart tube, has been the

subject of much study and speculation. The interplay between
form and function is hypothesized to be critical for heart
morphogenesis (19). Mechanotransduction of the physical
forces of blood flow, along with cardiac tube elongation, are
suggested to regulate looping to generate the four-chambered
heart (27, 30). Using genetic and surgical experiments to
compromise cardiovascular function in the zebrafish (19),
avian (15, 47, 54), and mouse models (32), investigators have
provided evidence supporting the deduction that fluid forces
are an important factor in cardiac morphogenesis. What re-
mains unknown is how cardiac function and mechanotransduc-
tion systems are coordinated to transduce the changing fluid
forces of blood across the cardiac jelly (CJ) compartment to the
myocardium.

Using high-frequency ultrasound, the chicken embryo heart
has been imaged from stages 9 to 39 (37). Whereas high-
frequency ultrasound is excellent at analyzing morphology and
function in embryos with four-chambered hearts, the limited
resolution becomes an issue for investigating tubular heart
development, especially before stage 20. An acoustic medium
also is needed to transmit the ultrasound signal, making the
process somewhat invasive and not ideal for longitudinal
studies. Confocal microscopy has the increased resolution for
observing the early stages of development (13), but the pene-
tration depth is lacking and makes confocal incapable of
imaging important animal models that develop four-chambered
hearts (murine and avian) under physiological conditions. Op-
tical coherence tomography (OCT) has both the resolution
(2–15 �m) and imaging depth (1–2 mm) to investigate the
tubular avian and murine heart under physiological conditions.
The present studies analyzing a single complete cardiac cycle
using four-dimensional (4D) OCT directed focus on specific
regions of the heart that appear to relate to areas of biophysical
significance in the development of form and function during
looping. Additionally, optical coherence microscopy (OCM) of
the looping murine heart, integrated with immunohistochemi-
cal analysis of mechanotransducing molecules, provides new
insights as to mechanisms involved in relation to the endocar-
dial, myocardial, and CJ compartments during looping and the
development of the trabeculated cytoarchitecture of the four-
chambered heart postlooping.

Our analysis of structure-function relationships of a single
cardiac cycle is presented in detail. The cardiac cycle is the
basic unit of function and, therefore, provides necessary infor-
mation on cardiac parameters that need to be considered for
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defining mechanisms of mechanotransduction, i.e., the conver-
sion of physical forces to biochemical cellular directives. The
reproducibility of the cardiac cycle among different embryonic
hearts for the specific stage analyzed was consistent. The
objectives of the described studies were to define, during one
cardiac filling (diastole) and ejection of blood (systole), the
relationships between the endocardium, myocardium, and CJ
in the living embryonic avian heart during mid-looping at
Hamburger and Hamilton (HH) stage 13. The results defined
several mechanotransducing pathways that coordinate blood
flow information with the morphogenetic process, looping.

MATERIALS AND METHODS

OCT and Image Processing

Three quail (Coturnix coturnix japonica), embryonic stage 13
hearts, �48–52 h (2), were monitored in ovo with the ultrahigh-speed
4D OCT system. This stage is comparable to HH stage 13 chick
embryos (17) with an intact circulatory system. At the stages reported
here, there is little developmental difference between chick and quail
embryos: both chick and quail embryos are the same size, and heart
development is similar. The quail embryo was used because it has a
smaller yolk and is thus easier to monitor underneath the microscope.
Using OCT, we recorded data for three quail embryos. Visual com-
parison of the recorded data demonstrated no differences in the
mechanics of the cardiac cycles of each embryo at this stage. There-
fore, one cardiac cycle pattern was selected for structural and func-
tional analyses that are described here. The stage 13 avian embryonic
heart corresponds to the human heart at �3–4 wk postconception.

As previously described, the ultrahigh-speed, 4D OCT system in an
environmental chamber was used to acquire in vivo data on the
embryonic heart (14). A Fourier domain mode locked laser enabled
ultrahigh-speed OCT data collection at 235 frames/s (24). By applying
an image-based retrospective gating algorithm to the data, the recon-
structed image set consisted of 90 volumes (equally spaced in time)
spanning a single heartbeat (14). Each three-dimensional (3D) data set
comprised the complete C-loop of the embryonic heart. Figure 1 is
provided for orientation of the heart analyses, including direction of
blood flow, the levels (L1–L6) of the heart analyzed, and depiction of
the cardiac compartments. For stage 13 avian hearts that cycle
between 2–3 beats/s, one cardiac cycle corresponded to 90 volumes.

We investigated the relationships that exist between the myocar-
dium, endocardium, and CJ at planes perpendicular to the axial
direction of the heart tube, and the blood flow path during systole and
diastole. Of the 90 volumes of data, we selected 15 for analysis at each
level of the heart tube. These 15 volumes were equally spaced in time,
30 ms apart from each other. The temporal resolution of this system
ensured that motion artifacts are negligible. The maximum displace-
ment error of the system due to motion artifact would be 10 �m,
whereas an OCT system imaging at 8 frames/s can have a motion
artifact as high as 250 �m during systole (24). 4D image processing
was essential in determining the location of an orthogonal cross
section. The 15 volumes were imported into Amira 5.1 (Visage
Imaging, San Diego, CA). This image processing program allows the
manipulation of the volumetric data, and any plane of view can be
selected. Because our interest is focused on defining the changes of
the myocardium and endocardium as the blood flows through the heart
tube, we acquired cross sections cut perpendicular to the direction of
blood flow and analyzed the images.

A midcoronal plane that divided the ventral and dorsal sides was
defined first (Fig. 1B), and its location was maintained for all volumes.
Onto this midcoronal plane, intersecting planes were carefully se-
lected at six different levels along the length of the heart and in
correspondence with the blood flow pattern. Levels 1 and 2 (L1 and
L2) correspond to cuts made through the outflow and outflow/right
ventricle (RV) boundary regions; levels 3, 4, and 5 (L3, L4, and L5)

are through the RV and left ventricular regions; and level 6 (L6) is
representative of the inflow region (Fig. 1C). This procedure resulted
in 90 two-dimensional cross sections (15 selected time points during
a cardiac cycle at 6 levels) showing the boundaries of the myocar-
dium, endocardium, and CJ areas. The endocardial lumen, the area
encompassing the inner myocardial wall, and the area encompassing
the outer myocardium were manually segmented for each image, and
their areas quantified in pixels using MetaMorph 6.1 (Molecular
Devices, Sunnyvale, CA) (Fig. 1D). From these segmentations, the
area of the CJ was derived by subtracting the endocardial lumen area
from the inner myocardial area, and the thickness of the myocardial
wall was calculated by subtracting the inner from the outer myocardial
areas.

At the time of OCT monitoring of heart wall motion during
looping, the splanchnopleural membrane was noted to be closely
apposed to the ventral side of the myocardial wall. As a result, we also
analyzed the relationship of the myocardial wall to the extracellular
splanchnopleural membrane, as this membrane was suggested to exert
a mechanical stress during heart looping and aid in directionality (40),
but it was not understood how this may occur. Our high-resolution
OCT observations on the relationship are included in Fig. 5.

Area Fractional Shortening Calculation

Area fractional shortening (AFS) is a measurement of the percent
change between areas of end relaxation to end contraction in cross
sections of the heart wall and endocardial lumen.

OCM

Three wild-type and two heterozygous (NMHC-IIB�/� C57Bl6)
mouse embryos on embryonic day (ED) 9.5 were isolated, fixed in
3.5% paraformaldehyde in PBS, rinsed in PBS, and were sent to Dr.

Fig. 1. The embryonic heart as captured in real time and under physiological
conditions with optical coherence tomography (OCT). A: the dashed white line
shows the direction of blood flow on a digitally reconstructed OCT radiograph.
B: for all 15 volumes analyzed, the placement of the midcoronal plane (white
line) was the same. C: three-dimensional (3D) reconstruction of Hamburger
and Hamilton (HH) stage 13 heart depicts endocardium (Endo) in dark gray,
and myocardium (Myo) is transparent in light gray. Six cross-sectional cuts
[levels 1–6 (L1–L6)] were defined perpendicular to blood flow. D: cross-
sectional area measurements of the outer Myo area, endocardial lumen area,
and cardiac jelly (CJ) area were performed with MetaMorph 6.1. The outlines
are shown in white. Number 18 on figure identifies frame that was used.
Magnification bars in all panels � 100 �m.
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Fujimoto’s laboratory at the Massachusetts Institute of Technology
(MIT) for OCM imaging. As was earlier reported, the heterozygous
embryos showed no morphological differences from the wild type
(57). The OCM image of a representative wild-type embryonic heart
is shown in Fig. 7 and in supplemental material (fly-through movie;
the online version of this article contains supplemental data). A
prototype OCM imaging system (1) was developed at MIT and
employed for imaging fixed ED 9.5 mouse hearts. OCM is another
optical imaging modality based on low-coherence interferometry (23).
Unlike confocal microscopy, OCM discriminates reflections in depth
by both a confocal and a coherence gate, which increases the signal-
to-noise ratio at greater depths (�2-fold increase in depth penetration)
and can provide cellular resolution with the lateral resolution ap-
proaching 1 �m (21). In this study, for comparison of the avian
embryonic heart structure to that of the mammalian mouse embryo at
comparable stages, we compared the OCT imaging and analysis of a
single heartbeat in the avian embryo with OCM imaging of the mouse
embryonic heart. Enhancement of the OCM images of fibrils and cell
extensions was done using both Matlab and Amira 5.2.

Immunohistochemistry

The high-resolution immunohistochemical localization protocol for
plastic sections that is routinely used in our laboratory has been
published (29). Specific extracellular matrix (ECM) and cytoskeletal-
related proteins reported to be involved in mechanotransduction were
localized in the HH stage 13 to stage 16 hearts during looping. The
antibodies used were against the ECM protein fibronectin (FN)
(Sigma, St. Louis, MO), ciliar acetylated �-tubulin (58), cytoskeletal
�-tubulin (Developmental Studies Hybridoma Bank, Iowa University,
IA), tenascin C (TN-C) (IBL, Takasaki-sh, Gunma, Japan), and
cytoskeletal nonmuscle myosin heavy chain (NMHC)-IIB (Covance,
Emeryville, CA). This is not an exhaustive list, and other molecules
could have been considered for analysis, as, for example, fibrillins-1
and -3 (44), fibulin-1 which our laboratory reported on earlier (28), or
fibulin-2 (61). To encompass different cellular aspects of mechano-
transduction (ECM, cytoskeletal, cilia), the listed subset of molecules
was analyzed in this study.

Fluorescence and Confocal Microscopy

Fluorescence microscopy was done using a Nikon Optiphot II
microscope. Optical serial sectioning was carried out using a Leica
TCS SP II laser scanning confocal microscope at the University of
South Florida College of Medicine Imaging Core Facility.

RESULTS

OCT Analysis: Multilevel Cross-sectional Analysis
and ECM Relationships

Multilevel cross-sectional analysis of the embryonic heart
was used to define tissue relationships of the myocardial,
endocardial, and CJ compartments during a single cardiac
cycle. The results of the analysis during a complete cardiac
cycle are shown in Fig. 2. This figure depicts cross sections
shown perpendicular to the blood flow at the above described
levels L1–L6 of the heart, passing from anterior to posterior, at
15 time points (t1–t15) during a cardiac cycle, and reading
from left to right. Each level represents 30 ms. There is no
precedent to define end-diastole and end-systole for regions of
the heart, as analyzed here, because these terms have been used
to define only the global relaxation-contraction states of the
heart. We describe the patterns of relaxation and contraction
throughout the cardiac cycle at a specific level of the heart.
Therefore, as the contraction wave was followed along the
heart tube, the time when the area of the lumen was largest was
defined as the end-relaxation for that specific level of the tube;
the time when the area of the lumen was smallest was defined
as the end-contraction. These sites of the end-relaxation/con-
traction states are shaded in red for each level in Fig. 2. For
example, at L2 in the RV region, end-relaxation occurred at t2,
and end-contraction (underlined) at t8. There were notable
cross-sectional area differences between the outflow, ventric-
ular, and inflow regions. In relation to the whole heart, the
outflow region (L2) was smallest; the largest regions were the
inflow (L6) and the midventricular region (L4). The myocar-
dium was thicker in the inflow region than at any other region
in the heart tube. The greatest amount of CJ was in the
ventricular region, and the least amount in the outflow region.

Shape analysis in the cross sections revealed that the looping
heart myocardium was elliptical in relaxation and more circular
during contraction. Throughout one cardiac cycle, the endo-
cardium was more irregularly shaped than any other compart-
ment and displayed multiple folds (Fig. 2), which were espe-
cially prominent in the ventricular region. These folds allowed

Fig. 2. Cross-sectional cuts are specified at 6
different levels along the length of the heart
tube for a HH stage 13 embryonic heart
during a cardiac cycle of 450-ms duration.
Cuts L1 and L2 are through the outflow
region. L3, L4, and L5 cuts are in the ven-
tricular region, and L6 is representative of the
inflow region. The red fillings represent end-
relaxation, and the underlined tracings indi-
cate end-contraction. All outlines are aligned
in a consistent orientation and in accordance
with the legend on the right corner. At
time point 15 (t15) and for all levels, the
blue line demonstrates the change in the
shape of the heart tube from inflow to
outflow during diastole. Orientation of the
heart tube relative to the whole embryo is
indicated. Magnification bar on bottom left of
figure � 300 �m.
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the cross-sectional area of the lumen to expand from a small
area into a relatively large area throughout the cardiac cycle.
On average, the inflow (L6) and the midventricular (L4)
regions had the largest lumen areas, whereas the outflow (L2)
region had the smallest. Figure 2 shows that, during both
contraction and relaxation in all cross sections, the endocar-
dium and myocardium remained positioned in this orientation.
There were consistent matrix-mediated associations that com-
partmentalized the CJ to the lateral sides of the heart tube (see
Fig. 3). During contraction, specifically in the ventricular
region, the endocardium also displayed folds or evaginations
(levels L4 and L5 at time t5–t7). For all levels at time period
t15, a blue line placed along the long axis of the elliptically
shaped heart, in relaxation phase, revealed changes in the axis
orientation from inflow to outflow and suggested a twisting
motion to the heart.

Immunohistochemical Analysis: ECM-mediated Endocardial
Attachment Regions

In all regions of the heart tube as observed above, the
endocardium was oriented in the direction of the ventral floor
of the foregut and the outermost convex part of the myocar-
dium during the cardiac cycle. This orientation was maintained
by ECM-mediated attachments (Fig. 3). To define the compo-
sition of the ECM-mediated attachment regions, we used
immunolocalization of specific proteins that are reported to be
involved in mechanotransduction. The focus was directed to
the attachment sites between the myocardium and endocardium
that were apparent within the specified six levels of the heart
tube within one cardiac cycle. Color encoding in this plate uses
green arrows to depict the ventral foregut attachment region,
and orange arrows point to the outer curvature. Due to these
ECM-mediated embryonic midline attachment sites, the endo-
cardium has a slitlike appearance during contraction of the
heart tube.

Sections were cut through a stage 13 (17) embryonic chick
heart. Segmentation of the cardiac compartments was done
manually using Amira software to create a 3D reconstruction
of the looping heart (Fig. 3, A–C). The endocardial luminal
surface (encoded blue) displayed numerous convolutions (Fig.
3B). Figure 3C shows surface renderings of the myocardium
(pink) and endocardium (blue), along with a cross-section
slice. The myocardium is rendered transparent to visualize the
endocardium (orange arrows). The specified midline attach-
ment regions (green and orange arrows) were consistently
observed. These regions localized proteins, cytoplasmic matrix
and ECM, which have been reported to be involved in the
transduction of mechanical forces, including FN that localized
along the whole length of the heart (Fig. 3, top panel, for
orientation of Fig. 3D at the foregut and Fig. 3E at the outer
curvature), �-tubulin (Fig. 3, F and G, at higher magnification),
and TN-C (Fig. 3, H and I, at higher magnification).

FN was highly expressed by the endocardium in both chick
and mouse looping hearts (for chick, see Fig. 3D; for mouse,
Fig. 7F, yellow arrows) and at the outer part of the elongated
endocardium at the outer curvature (Fig. 3E, orange arrows).
The FN-mediated attachment at the outer curvature was more
apparent in anterior regions of the heart tube during diastole,
where the endocardium is more closely associated with the
myocardium, than at posterior regions in systole. In cross
sections, FN (Fig. 3E, green signal, orange arrows) seemingly
“tethered” the endocardial endothelial cells to the myocardial
wall at the outer curvature region. FN also mediated an attach-
ment of endocardial endothelial cells at the anterior intestinal
portal region, as reported previously (28). Multiple FN fibrils
consistently extended from the ventral floor of the foregut
toward the endocardium, as reported earlier (28). TN-C (see
below) also colocalized with FN at the ventral foregut floor
attachment region. �-Tubulin localization is shown at low and
high magnification, respectively (Fig. 3, F and G). Evidence

Fig. 3. Mechanotransducing molecules at myocardial-endocardial attachment areas. On left, diagrams are tracings of the outlines of the Myo and Endo as captured
by OCT at the six levels (L1–L6) of the heart tube from anterior to posterior. The arrows are color-coded defining cardiac areas shown in the figures: orange
arrows define outer curvature; green arrows, the ventral midline at floor of the foregut (FG). A–C: from serial sections (A), a 3D reconstruction of endocardial
wall is shown in blue (B). C: endocardial wall is closely associated with the Myo (color-coded pink) in anterior regions (orange arrows). D and E: fibronectin
(FN) localization. Top panel is for orientation, with boxes indicating regions shown in D and E panels. In D, FN (bright red signal) localized at attachment area
at the FG, and in E (green signal), at the outer curvature where FN tethers the Endo (arrows) to the Myo. F: �-tubulin is present throughout Myo. G: at the outer
curvature region shown at higher magnification, �-tubulin is oriented in direction of strain exerted by the Endo at this site. H and I: tenascin-C (TN-C) localization
in myocardial basal lamina and within the Endo. I: 4 TN-C-mediated attachments (arrows) facilitate myocardial-endocardial communication at the outer
curvature. NT, neural tube; N, notochord; DM, dorsal mesocardium; Spl, splanchnopleural. Magnifications bars � 180 �m (A, B, and C), 100 �m (D and E),
76 �m (F and H), and 38 �m (G and I).
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indicates that both �-tubulin and TN-C are influenced by
mechanical stimuli (25, 46). �-Tubulin was present throughout
the myocardium. At the outer curvature (orange arrows; Fig. 3,
F and G), the cardiomyocyte microtubules were oriented in the
direction of strain that is exerted by the endocardium and
where the attachment is mediated by FN and TN-C. In Fig. 3,
H and I, four TN-C-mediated attachments extended to the same
outer curvature area, where the myocardium and endocardium
interacted and where �-tubulin localized (compare Fig. 3, F
and G with H and I). Therefore, both FN and TN-C localized
to the same attachment areas at the outer curvature of the heart
wall and to the ventral foregut in the HH stage 12–16 embryos.
These matrix-cytoskeletal-mediated interactions were consis-
tently maintained during looping. Because of these attachment
regions, the endocardium takes on the noted slitlike, elongated
appearance in end-systole leading into diastole. These attach-
ments also serve to compartmentalize the CJ into left and right
sides.

The endocardium displayed convolutions and did not have a
smooth central ellipsoid shape as often depicted. We observed
these lateral ridges related to fibrils radially connecting the
endocardium and myocardium, as also seen in Fig. 3H with
TN-C lateral fibril localization (white arrows). One part of a
lateral attachment was deeper in the CJ and hence out of plane
of focus shown here, but apparent in adjacent sections.

OCT Analysis: Wave of Contraction Map

A map of the wave of contraction at the six levels is shown
in Fig. 4A to demonstrate differences in relative time periods of
lumen closure and opening along the length of the heart tube.
Systole (defined by black squares) extended for 210 ms in the

outflow region (L1 and L2). This time period represents 46%
of the total cardiac cycle time. In the inflow region, systole
extended for 150 ms, which is 33% of the total cardiac cycle
time. These observations indicate that the inflow and outflow
regions remain in a state of relative contraction for a consid-
erable amount of time, with the outflow tract period remaining
in contraction the longest by 60 ms. The RV and left ventric-
ular regions (L3–L5) show synchronous contractions in lumen
area beginning at time t4, indicating a joint contribution to the
ejection of blood, as in the four-chambered fetal heart after
looping.

Changes in Area for Myocardium and Endocardium.

The AFS is a measurement of the changes in area from
end-diastole to end-systole (Fig. 4B). The mean AFS for the
myocardial wall and endocardium lumen was �46 � 2.4 and
�86 � 3.5%, respectively; values are negative because they
represent reductions in areas.

OCT of Myocardial Wall Dynamics and Constraints of the
Splanchopleural Membrane

The myocardial wall dynamics during contraction and re-
laxation described above were analyzed also in relation to the
extraembryonic splanchnopleural membrane apposed to the
myocardial wall (Fig. 5A, see arrows). Monocilia have been
reported in the myocardium (33, 50). We also identified myo-
cardial monocilia (Fig. 5B, white arrows) when using an
antibody against acetylated �-tubulin, as used previously to
define endocardial monocilia (blue arrow) (58). We show four
frames from an OCT movie clip for illustration (Fig. 5, C–F),
as the heart proceeds from diastole into systole in a peristaltic
wave of contraction discussed above. The movie clip is pro-
vided in the supplemental material (Splanchno movie). During
diastole with endocardial filling with blood, the myocardial
wall moved outwards and contacted the splanchnopleural
membrane (Sp; red arrows define regions of contact). With
continued filling (Fig. 5C), the myocardium continued to ex-
pand (Fig. 5D) and remained associated with the splanchno-
pleural membrane, as seen over several movie frames (red
arrows in Fig. 5, D and E). The myocardium moved along the
membrane for a period of time (in Fig. 5E remaining in contact
between the red arrows). During myocardial wall contraction
(Fig. 5F), it pulled away from the extraembryonic membrane.
The cycle repeated.

OCT Analysis: Behavior of CJ in One Cardiac Cycle

The behavior of the CJ was analyzed for a single cardiac
cycle and at the same previously specified levels along the
length of the heart tube. The analyses included changes in CJ
cross-sectional area. Each chart in Fig. 6A represents levels
L1–L6 through the heart. As expected, there was a consistent
decrease in endocardial lumen cross-sectional area (dashed
curve) as the heart cycle progressed from end-relaxation to
end-contraction. The behavior of the CJ is defined by the
dotted line curve and its overall trend in gray. The data were
normalized by subtracting the lumen area by the minimum
lumen area, and the result was divided by the maximum lumen
area. These graphs demonstrate that there was a progressive
increase in the cross-sectional area of the CJ compartment at
L1, L2, and L6, up to the time the endocardium had reached

Fig. 4. A: peristaltoid map. The S marks the location of end-contraction, and
the D of end-relaxation. Black blocks correspond to lumen areas within 25%
of end-contraction. Light gray and dark gray blocks correspond to lumen areas
that are 50 and 75% of end-contraction, respectively. White corresponds to
lumen areas within 25% of end-relaxation. B: area fractional shortening (AFS)
measurements depict the percent reductions in area from end-relaxation to
end-contraction for the heart and Endo lumen at the six heart levels analyzed.
The myocardial AFS averages �46 � 2.4%, and the AFS of the endocardial
lumen averages �86 � 3.5%.
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�50% of its end-contraction cross-sectional area; beyond this
point, the CJ cross-sectional area began to decrease in parallel
to that of the endocardium. The latter was in contrast to what
was observed in L3, L4, and L5 (ventricular regions), where
there was little change in the cross-sectional area of the CJ.

Figure 6B demonstrates that, at any one moment during the
cardiac cycle, the total amount of CJ in the regions of the heart
analyzed was relatively constant (mean � SD, 0.87 � 0.07).
There were, however, small changes in the amount of CJ
present at diastole (t1), compared with systole (t7). At diastole,
when the endocardial lumen was expanded, there was less CJ
(0.79), compared with when the heart was at systole (0.97).
There was a nearly linear increase in the CJ as the heart shifted
toward systole and a linear decrease as the heart shifted toward
diastole.

Immunohistochemical Analysis of the CJ at Looping Stages

During looping, the embryonic heart is compartmentalized
into left and right sides by the consistent attachment areas
described earlier. At this time, fine fibrillar networks and cell
networks are being organized within the CJ. These networks
exist within the proteoglycan-rich jelly that undergoes some
movement and redistribution described above, as the cells
maintain attachments with the myocardium and endocardium.
These mechanosensing networks, as a result, undergo cyclical
contracting and stretching, as the endocardium and myocar-
dium pass through the contractile cycle.

In addition to TN-C and FN described above, we analyzed
the mechanotransducing molecule NMHC-IIB. In the ventric-
ular part of the heart, long thin cell processes were observed in
the CJ, as defined by NMHC-II localization (Fig. 7). In Fig. 7A,
a plastic cross section of a looping avian heart immunostained
with NMHC-II antibody and serially cut at 4 �m along its
length is shown. Fig. 7B depicts NMHC-II-positive fine fibrils
or cell extensions color-coded in purple that were apparent
within the CJ chiefly in the ventricular region. These same
types of attachments and fine fibrils also were observed in a
fixed mouse heart on ED 9.5 of gestation, as visualized by
OCM and digitally enhanced (Fig. 7C and in 7D shown at
higher magnification). A fly-through movie of OCM images
through the mouse heart is provided in the supplemental
material. In Fig. 7E, an ED 9.5 embryonic mouse heart was
immunostained for NMHC-II (red signal), as well as for FN
(7F, green signal). NMHC-IIB is expressed by the endocardial
cells and by fibrillar-like extensions that connect with the
myocardium. NMHC-IIB localized within a fine fibrillar net-
work or cell processes within the CJ. FN also was associated
with the endocardium, localized to fibrils extending through
the CJ, and mediated attachments between the endocardial
evaginations and the myocardial wall (yellow arrows). FN is
also expressed by the splanchnopleural membrane. In Fig. 7F,
the avian endocardial lumen was 3D reconstructed from sec-
tions, segmented, and color encoded in blue. The endocardial
surface, as described above, was not smooth, but displayed
convolutions. The ridges are depicted as darker blue regions
that are closely apposed to the myocardial wall. The fine
NMHC-II extensions (purple) reconstructed from the sections,
when superimposed upon the endocardium, colocalized with
the endocardial ridges (yellow arrows in Fig. 7, F and G).
These appear as attachment areas to the myocardial wall. The
latter was further analyzed and described below.

CJ, Contractility, and Cardiomyocyte-derived Migrating
Cells Leading to Trabeculation

The changes in CJ area, as based on the OCT data, we
suggested reflected differential CJ movement and redistribu-
tion along the heart tube during the cardiac cycle. Classically,
the CJ compartment has been considered acellular. Recent
data, however, demonstrate this to be incorrect, because cells
begin to move into the CJ during looping with the initiation of
trabeculation (41). Thus the cyclical dynamics of each heart-
beat imply that any cells directionally migrating into the CJ and
that remain associated with the myocardial wall are also
subjected to cyclical strain and movement.

To investigate whether cells moving into the CJ remain
associated with the myocardial wall, we prepared CJ prepara-

Fig. 5. Looping heart and relationship to Spl membrane (SPM). A: looping
heart (HT) enclosed in SPM (arrows). B: acetylated �-tubulin antibody (bright
green signal) localized to monocilia in cardiomyocytes of a stage 17 chick Myo
(white arrows). Blue arrows point to a monocilium associated with the
endocardial endothelium cells. C–F: 4 frames of an OCT movie show the
myocardial surface touching the SPM (green arrows) during diastole (C; red
arrow indicates membrane contact area), then moving further along the
membrane (D and E; red arrows delineate contact region), and then Myo pulls
away from membrane during systole (F; contraction). Magnification bar in B �
76 �m. AIP, anterior intestinal portal.
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tions from HH stage 14–16 looping hearts, using a previously
published protocol (39). After isolation, pieces of myocardial
fragments and CJ were stained with Coomassie blue for gen-
eral protein localization (Fig. 8A, 8B at higher magnification).
The myocardial fragments were two cell layers thick, as
expected at this developmental stage, in contrast to the single
cell layer that is characteristic of the endocardium. At higher
magnification, cells and their thin cell processes are visible
extending away from the wall (Fig. 8B) of the myocardial
fragments. To confirm that these were indeed cells, we immu-
nostained the CJ preparations with NMHC-II antibody and
with nuclear 4,6-diamidino-2-phenylindole (DAPI) stain (see
inset in Fig. 8B). NMHC-II-expressing cells, a doublet shown
here in the inset panel, were detectable that also colocalized
with DAPI when superimposed. The nucleus of the right-hand
cell is easily seen in the inset, while most of the cell body is out
of plane of focus in this image, but was easily detectable when
focusing up and down. The analyses indicated that individual
cells directionally migrate from the inner aspect of the myo-
cardial wall into the CJ to initiate trabeculation, but remained
associated with myocardial wall cardiomyocytes via long, thin
cell processes. These cells also displayed a spatial periodicity.

The presence of doublets indicated that these cells generate
daughter myocytes that remain interconnected and eventually,
after multiple cell divisions, form a network of clonal cells, as
was reported by others (41). In Fig. 8C, a confocal micrograph
of an immunostained whole embryo, the myocardial wall
displays NMHC-II cell processes extending from the two-
layered myocardium into the CJ.

As based on a temporal study, the relationship between the
spatial organization of the migrating “pioneering cells” within
the jelly adjacent to the myocardium and trabeculation became
evident: in sections of the looping avian heart, initially only a
few cells were apparent near the myocardium in the CJ at chick
HH stage 12 (Fig. 8D). As reported earlier (56), cells also
begin to accumulate in the CJ adjacent to the endocardial side,
as seen in sections of HH stages 13/14 hearts (Fig. 8E). By HH
stage 24 (day 4), distinct trabeculae were present oriented
radially and extending into the CJ from both the myocardial
and endocardial compartments (Fig. 8F). The orientation of the
trabeculae was consistent with the radial arrangement of ECM
molecules and NMHC-II extensions, particularly in the ven-
tricular regions that were discernible in the OCM images and
in association with the endocardial ridges in the 3D reconstruc-

Fig. 6. A: multilevel analysis of the behavior of the CJ (dashed line with solid circles) as the Endo area (dotted line with triangles) changes from end-relaxation
to end-contraction. L1–L6 on top of each curve refer to the heart level, whereas T1, T2, T5, T6, T7, T8, T9, T14, and T15 represent time during the cardiac cycle
shown in Fig. 2. endRelax, end-relaxation; endCont, end-contraction. Gray lines represent trend lines for the behavior of the CJ. The data were normalized by
subtracting the lumen area by the minimum lumen area, and the result was divided by the maximum lumen area. B: normalized quantity of CJ in the heart at
the 15 time points during a cardiac cycle analyzed. The solid line is the average (0.87 � 0.07) for all time points.
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tion. By HH stage 36 (day 10) postlooping, in the four-
chambered heart the ventricular region was highly trabeculated
(Fig. 8G), and the trabeculae remain radially oriented. Direc-
tion of strain during the heart wall dynamics is indicated by
double-headed arrows in diagrams of a wedge of the heart at
the bottom of Fig. 8.

DISCUSSION

The avian and mouse embryonic hearts are reliable mod-
els of the human heart at early stages of development.
Imaging of the beating, looping, avian heart by 4D OCT
provided insights into the dynamic interrelationships that
exist between the three cardiac compartments at HH stage
13, i.e., between the myocardium, CJ, and endocardium. By
analyzing the behavior of these compartments perpendicular
to the flow of blood, we found evidence that cardiac func-
tion was coordinated closely with the assembly of an orga-
nizational cellular-ECM network that appears vital for loop-
ing and for transduction of biophysical forces to initiate
cellular biochemical signaling pathways for organogenesis.
A structural-functional relationship in cardiac growth and
remodeling has been described as based on conotruncal
measurements (26) and use of venous clips (52). We provide
new data on how the biophysical changes can be mechano-
transduced to affect morphogenesis.

Cardiac Compartment Changes and Relationships

The endocardium displays consistent attachment points dur-
ing looping. The shape of the endocardium along the length of
the tube is more complex than previously detected (34). As
shown in Fig. 2 (e.g., L4, t6), the endocardium forms folds that
extend toward the myocardium and attach to it at specific
regions. We suggest these endocardial folds allow for the

endocardial cavity to expand and to accommodate the increas-
ing volumes of blood that enter the heart during looping (20),
while also providing structural stability to the endocardial tube
via the FN- and TN-C-mediated attachments that form between
the endocardium, the myocardium, and the midline of the
ventral floor of the foregut. Without the structural stability
provided through attachments to the myocardium, the endocar-
dium tube could shift back and forth, preventing regularity in
the cardiac cycle.

Other investigators observing the shape of the endocardium
during the cardiac cycle at a similar developmental stage have
concluded that, during end-systole, the endocardium is slit-
shaped, and, during end-diastole, it is elliptical (12, 34). In
general, we agree with these conclusions. We extend the
previous observations, however, with identification of fibrous
attachments that extend from the endocardial wall to the
myocardium, providing a complex shape to the endocardium.
Presumably, the endocardium requires these attachments to
stabilize lumen orientation and to compartmentalize the CJ
laterally. We also suggest that these attachments provide a
form of structural communication, or mechano-communica-
tion, between the myocardium and endocardium at specific
sites that is critical for the developmental progression of the
early beating heart and for trabeculation (30, 35). The attach-
ments at the midline of the ventral floor of the foregut and at
the outermost region of the convex part of the heart are
consistently maintained. The endocardial folds and attach-
ments with the myocardium remain consistent, but patterning
of folds along the heart tube appears to vary among different
embryos. The difference may reflect developmental age differ-
ences among embryos and in the amount of blood flow. The
precise developmental timing of analysis from embryo to
embryo is not possible.

Fig. 7. Fine nonmuscle myosin heavy chain (NMHC)-IIB-expressing cell processes and fibrils extend between Myo and Endo (En). A and B: adjacent plastic
sections through the ventricular region of a looping avian HH stage 13 heart. A: cell processes/fibrils (green arrow) extend radially through CJ between the Myo
and Endo. Yellow arrow points to the undulating surface of the Endo. In B, the cell processes/fibrils were color-coded in purple. C and D: optical coherence
microscopy (OCM) images of the looping mouse heart (embryonic day 9.5). Endocardial folds are present (yellow arrows), as well as a fine fibrillar network
in the CJ. Boxed region in C is shown at a higher magnification in D (green arrows point to cell processes and fibrils in the CJ; yellow arrow, an attachment
of the Endo to the Myo). E: red Cy-3 immunostaining of NMHC-IIB shows localization to endocardial associations with the myocardial wall and in finer
fibrillar-like material in the CJ. F: endocardial evaginations associate with the mouse Myo via FN-mediated attachments (yellow arrows; green signal for FN).
G: 3D reconstruction of the endocardial tube from serial sections as in A and B. The undulating surface of the avian Endo during looping is evident. The ventral
FG wall is encoded in gray and white, here defining the embryonic midline. Dark blue denotes where endocardial wall has evaginated toward the Myo, forming
folds and outpocketings. H: superimposition of the segmented purple fibrils/processes with the Endo. The cell processes and fibrils colocalized at the endocardial
ridges. Magnification bars in A and for B � 100 �m; in C and for D � 150 �m. Sp, splanchnopleural membrane.
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The elliptical shape of the heart and chamber orientation. At
end-diastole, the myocardium has an elliptical shape, and at
end-systole it has more of a circular shape. This finding
conflicts with previous reports (34), in which the heart was
depicted as circular at end-diastole and elliptical at end-systole.
These differences in interpretation most likely are due to
differences in imaging resolution and/or to the fact that we
analyzed cross-sectional cuts perpendicular to the direction of
flow.

In observations of OCT movies and data from other hearts,
as well as the detailed analyses shown in this report, we note
that the long axis of the elliptically shaped heart during diastole
is not oriented consistently in the same direction along the
length of the tube, but rather the direction of the long axis
changes along the length of the tube (Fig. 2, t15). Therefore,
we suggest that, as the tube contracts and its shape changes
from elliptical to circular, it simulates a wringing motion,
which constitutes a more effective physical basis for moving
blood out of the heart. This early wringing motion is similar to
what has been described for torsion, described for the adult
beating heart (7, 48).

Differences in cardiac cross-sectional areas and wall
thickness. Different regions or segments of the heart arise
sequentially from the heart-forming fields. By stage 13, both
the RV and left ventricular regions and the future ventricular
inlet (atrioventricular canal) region, as well as part of the
outflow associated with the RV, are present (8, 36). The
posterior sinoatrial region (inflow) and the anterior conus and
truncus of the outflow region continue to develop during
looping into stages 14 and 17 (36). In the whole heart, the
ventricular region of the heart has the largest cross-sectional
area, while the ventricular-outflow boundary region has the
smallest. This finding is expected, because the ventricular
region is where the maximum amount of blood is maintained
before being expulsed through a narrower ventricular-outflow
boundary region. In addition, the inflow region has the largest
myocardial thickness, possibly because the myocardial con-
tractile strength needs to be strongest in this region to maintain
adequate cardiac output. The importance of the inflow region
for cardiac output during early heart development was noted in
our laboratory’s previous studies on the ED 11 mouse heart
using Doppler ultrasound (16) and subsequently by others
using the chick heart and OCT analysis (24, 53).

Peristaltoid time periods. The timing map shown in Fig. 4A
illustrates end-systole (S) and end-diastole (D) at different
levels along the length of the tube. This figure provides
information on the differential time intervals of relative con-
traction along the length of the tube. The outflow region
remains in a state of relative contraction (defined as the lumen
area being within 25% of the lumen area at end-systole) for 210
ms, or 46% of the total cardiac cycle time. Of note, 50% of this
time period takes place during the beginning of diastole. This
extended contraction state allows the ventricular region to fill
with blood. In turn, the ventricular region stays longer in a
relaxed state, possibly allowing for pressure to increase and
resulting in subsequent stronger ejection of blood. At time t4 in
Fig. 4A, the ventricular region (L3–L5) shows a synchronized
contraction that should contribute to the strong ejection of
blood. Other investigators have measured very high flow ve-
locities at these same stages (20). These blood flow velocities
could be explained by a synchronized contraction of the ven-
tricular regions of the early heart tube. These findings suggest
that, at these early stages in development, the heart needs to
achieve a high ejection velocity of blood flow, and the stretch-
activation response of the myocardium contributes to the per-
formance of a beating heart (59) to achieve this goal. Patten et
al. (43) described how the build-up of pressure in the ventric-
ular region leads to high flow velocity. Additionally, the
stretching of the cardiomyocytes as pressures build may be
necessary for development of the adult myofibrillar organiza-

Fig. 8. Initiation of trabeculation is associated with looping stages and
NMHC-II expressing cells. A and B: isolated myocardial fragments of HH
stage 13/14 hearts show a two-layered Myo with cells extending from the wall,
but remaining attached (yellow arrows). The cells in red boxed-in region in A
are shown at higher magnification in B. Superimposed images of immunolo-
calization of NMHC-II with nuclear 4,6-diamidino-2-phenylindole staining
(arrows pointing to such a doublet of cells in inset) demonstrate that these are
cell structures within the CJ. C: confocal micrograph of a chick looping heart
at stage 13 immunostained for NMHC-II shows fine cell extensions in CJ
extending from the Myo basal lamina toward the Endo. D–G: a cellular
organization characteristic of trabeculation becomes apparent between HH
stages 12 and 16. D: a cell is present in the CJ near Myo at HH stage 13 with
NMHC-IIB in CJ beginning to organize (arrows). E: similarly, cells are
observed in the CJ near Endo at HH stages 13/14. F: by day 4 postlooping,
distinct trabeculae (arrows) are apparent, showing similar periodicity as “pi-
oneer” cells in A. G: by day 10, the ventricular region is highly trabeculated
(arrows), maintaining the spacing that was evident earlier. Bottom row:
diagrams of a wedge through the ventricular region of a tubular heart shown at
different stages to illustrate our hypothesis: the initial pioneer cells lead to
cellular clones of cells, forming a network in the CJ that postlooping has
formed the trabeculae. The double-headed arrow depicts the expected direction
of strain within the CJ and cellular networks during systole and diastole.
Magnification bar in A and C � 100 �m; B � 33 �m.
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tion (11, 42, 55). This stretching also may be important for the
endocardial endothelial cell regulation of expression of key
genes (62). Indeed, the relationship between end-diastolic pres-
sure (or volume) and pressure at end systole, known as the
Frank-Starling mechanism in the adult heart, seems to be
present already at the 13-somite stage in cardiac development,
as was reported also for the later stages of 18, 24, and 29 chick
embryos (60).

It would be interesting to correlate our data on time intervals
of contraction with the activation sequence revealed by optical
mapping data regarding the differences in time spent in con-
traction via differential duration of action potential. However,
little is known about stage 13 in terms of conduction patterns,
as investigators analyzing stage 13 have not gotten good
signals and indicate only slow conduction of 0.9 cm/s at this
stage (9).

AFS. Alexander Barry’s conclusions (3) in his often-cited
paper on the functional significance of the CJ still holds true.
He, however, assumed the shortening of the myocardium was
20% (3). Based on our OCT analysis, we calculated that the
AFS for the myocardium is more than twofold higher, i.e.,
46%, along the length of the tube. If the myocardium and
endocardium tube were in direct contact with each other, they
would both have an AFS of 46%. We found that the AFS of the
endocardial lumen is �86% along the entire length of the tube.
This discrepancy in AFS between endocardium and myocar-
dium is attributable to the presence of the CJ, and thus it allows
for complete closure of the lumen at certain stages during the
cardiac cycle, as was suggested also by Barry. In addition,
results on modeling of strain patterns on the embryonic heart
wall revealed that strain is higher in the inner layer of the early
heart tube (6).

Myocardial Wall Dynamics and Constraints of the
Splanchnopleural Membrane

The existence of myocardial microcilia was initially reported
by Manasek in 1968 (33). Several mechanosensing mutants
have been generated in which the mutations affect ciliary
biogenesis or mechanosensing pathways. These mutants in-
clude the lrd�/� mutant with absent node cilia motility, the
Pkd2�/� mutant with defective ciliary mechanosensation, and
the Kif3a�/� mutant with complete absence of cilia (50). On
the basis of histological descriptive analyses of embryonic
hearts immunostained for monocilia in transgenic mouse em-
bryos with these mutations, it was concluded that a subset of
cilia, identified as cardiac cilia, is required in heart develop-
ment that is separate from earlier ciliary function in laterality
specification (50). The cited study, however, did not define a
role for the presence of cardiac cilia. In a separate analysis, it
was shown that, when the splanchnopleural membrane on the
ventral surface of the embryo was removed from the chick
embryo during looping, torsion was suppressed, a significant
increase in myocardial wall stiffness ensued, and looping was
affected (40). The source by which the myocardium detects
changes in the mechanical force exerted by the splanchnopleu-
ral membrane was not defined, but thought to be associated in
some manner with the myocardiocyte cytoskeleton.

Our OCT data suggests a mechanism that interconnects the
above-cited observations. The myocardial wall during looping
touches the splanchnopleural membrane and moves along it for

a distance with each heartbeat. As the myocardium rolls along
the membrane, the deformation of the myocardial wall along
with its microcilia can provide feedback on strains and posi-
tional information from the outside in during looping and
growth. As looping proceeds over time, the outside-in splanch-
nopleural membrane strain information would be continuously
relayed to the myocardium, positionally slightly changing, as
the loop elongates and deepens. As the heart grows, different
parts of the myocardium, micron by micron, push against the
splanchnopleural membrane with each cardiac cycle. As our
data would suggest, when ciliary mechanosensation is altered,
abnormal heart development would be observed, as was noted
also for the above-described knockout models. The constraint
of the extraembryonic membrane aids in maintaining myocar-
dial integrity, the direction of looping, as well as spatially
confining the deepening of the loop with cardiac growth, to
eventually result in the atria becoming situated cephalad to the
ventricles at the end of looping.

OCT Analysis of CJ Changes

As the heart contracts, the curve representing the behavior of
the CJ at levels L1, L2, and L6 is distinctive relative to the
other levels (Fig. 6A). At L2 and L6, the curves show a similar
peak in CJ cross-sectional area halfway through the contraction
period. This peak signifies that there is an increase in CJ
cross-sectional area that accompanies an endocardial decrease
in area during systole, but only up to a certain point in systole.
After this point, the cross-sectional area of the CJ declines in
parallel to that of the endocardial cross-sectional area. This
finding suggests that, during contraction, the CJ is recruited
into L2 and L6 regions to allow for isovolumetric contraction
and to prevent regurgitation. Figure 6B shows that the total
volume of CJ increases as the cardiac cycle progresses during
systole, further suggesting that there is a redistribution of CJ
during systole. Both figures, taken together, indicate that there
is a greater movement of the CJ in L2 and L6 relative to the
other regions we analyzed. Levels L2 and L6 correspond to
the valvelike regions of the tubular heart. We hypothesize
that these are the regions at which cardiac valves eventually
will develop and presage the ultimate fate of these regions
as blood-flow regulatory areas. In contrast, L3, L4, and L5
show small changes in CJ cross-sectional area as the endo-
cardial lumen is closing, indicating little change of CJ in the
ventricular areas, compared with the inflow and outflow
regions.

From projections of successive time-lapse film frames of a
live embryonic heart, Patten et al. (43) described the presence
of endocardial “mounds” of CJ at specific locations in a 48- to
50-h living embryo where the endocardial lumen is occluded:
1) between the atrium and the ventricle (atrioventricular canal);
and 2) at the ventricular conus to truncus arteriosus transition
area. The previous authors described that CJ mounds “heap up”
to obliterate the cardiac lumen and thereby prevent regurgita-
tion of blood. We did not observe heaping of CJ at these
locations: instead, closure occurs by actual contraction of the
heart (46% AFS). Thus the closure of the endocardium is due
to larger changes in myocardial shortening than previously
described, and the closure is accompanied by reduction of CJ
in these regions (Fig. 6A). Together, these structural changes
during the cardiac cycle prevent the back flow, regurgitation, of
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blood. Confirmatory evidence that heart function is important
for valve development is provided by the zebrafish model in
which it was shown that, in the homozygous silent heart
embryos, which lack a heartbeat due to a mutation of cardiac
troponin, the atrioventricular endocardial cushions did not
form (4). It would be of interest to analyze whether there is
compression of the CJ at the inflow and outflow regions or a
squeezing of the CJ into adjacent regions where the heart is
continuous with the vasculature.

NMHC-II-Expressing Cells, Mechanotension,
and Trabeculation

We report in this study that cells and long myocardial cell
processes within the CJ expressing NMHC-II are situated in a
radial orientation and were present in both chick and mouse
hearts. The OCM data on the mouse embryo confirmed that
myocardial-endocardial radial associations exist also in the
intact ED 9.5 looping mouse heart.

Our study adds new data for consideration in trabeculation
(Fig. 8). Individual cells begin to migrate directionally into the
CJ at HH stage 12 (day 2) and express NMHC-IIB, a molecule
that normally is part of the actomyosin cytoskeleton of the
myocardiocyte, has a role in myofibrillogenesis (10) and in cell
motility (31), and has an important role in mechanotransduc-
tion (5). As the myocardial wall transitions from an epithelium
to a trabeculated organ during looping, specific cardiomyo-
cytes, in response to signals from the endocardium, direction-
ally migrate toward the endocardium (51). Confirming our
observations, the individual cells were reported to undergo cell
divisions, forming a tight cluster or clone of cells that express
N-cadherin to maintain their homotypic interactions to even-
tually give rise to a single or, at most, two trabeculae (41). At
the same time as the myocardial side of trabeculation begins,
endothelial cells are similarly leaving the endocardium to move
into the CJ and have been shown to also play a role in the
formation of trabeculae. The migration of both populations
orient along the radially aligned matrix molecules that we,
using OCM, and others, using scanning electron microscopy,
have described in the looping heart (22, 38). During the cardiac
cycle, these cells and cellular networks that form continuously
experience cyclic strain and stretching (arrow, Fig. 8 diagrams)
associated with rhythmic contractions during each cell cycle.
Our data, taken together with the cited studies, suggest that
these cells undergo myogenesis in response to the cyclical
strain of each heartbeat. Cyclical movements of cardiomyo-
cytes can alter gene expression (5, 49, 62) and, with the
organization of the ECM, help to shape the characteristic cell
organization of the trabeculated ventricular architecture of the
four-chambered heart after looping. The importance of hemo-
dynamics in trabeculation is further suggested by a recent
report on testing the effects of hemodynamic unloading of the
embryonic chick heart: this resulted in disorganized trabecula-
tion and arrested growth (45).

Taken collectively, the cited descriptive studies of trans-
genic mouse embryo models, as well as avian experimental
manipulations, and our present OCT and immunohistochem-
ical data indicate ECM-mediated mechanotransduction of
blood flow forces exists in 3D organized mechanosensing
networks throughout the CJ associated with the myocardium
and endocardium along the length of the looping heart tube.

The described ECM and cellular networks form a vital part
of transducing physical forces from not only the endocar-
dium to the myocardium, but also external forces of the
splanchnopleural membrane to the myocardium, to coordi-
nate development of form with function with each cardiac
cycle.
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