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ABSTRACT  During early embryogenesis, the heart is a single, relatively straight tube which

bends and twists (loops) rightward to create the basic plan of the mature heart. Despite intensive

study for many decades, the biophysical mechanisms which drive and regulate cardiac looping

have remained poorly understood. This review discusses, from a historical perspective, studies of

looping mechanics and various theories which have been proposed for this complex process.

Then, based on recently acquired data, a new biomechanical hypothesis is proposed for the first

phase of looping (c-looping). Understanding morphogenetic mechanisms would facilitate re-

search devoted to preventing and treating congenital heart malformations caused by looping

abnormalities.
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Introduction

The heart is the first functioning organ in the embryo. In the
human embryo, cardiac contractions begin about 17 days post-
conception, when the heart is essentially a single, relatively
straight, muscle-wrapped tube. Soon after the initial contractions,
the heart tube bends and twists (loops) into a curved tube with its
convex surface normally directed toward the right side of the
embryo. Cardiac looping represents the first visible sign of left-
right asymmetry in vertebrate embryos. When looping is com-
plete, the heart has assumed the basic configuration necessary
for further development into a four-chambered pump.

Because abnormal looping often leads to congenital heart
defects, this process has received considerable attention over the
years. Most investigators agree that heart development depends
on both genetic and epigenetic factors, with the latter including the
mechanochemical environment. Rapid progress is being made in
defining the genetic and molecular factors that regulate looping
(Brand, 2003; Harvey, 1998; Mercola and Levin, 2001; Srivastava
and Olson, 1997), but the biophysical mechanisms that drive
looping remain poorly understood (Männer, 2000; Taber et al.,
1995). This review examines the role that biomechanics plays in
the looping process.

This paper is organized as follows. First, morphological as-
pects of early heart development are described. Second, experi-
mental results are summarized from studies that focus on looping
mechanisms and the causes of left-right directionality. Next,
various hypotheses that have been proposed for looping are
discussed from a historical perspective. Lastly, we examine a new
hypothesis in light of recent data.
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Early cardiac morphogenesis

The chick embryo is a popular experimental model for studies
of cardiac morphogenesis. Development of the chick heart paral-
lels that of the human heart (DeHaan, 1967). Based on external
characteristics of the developing embryo, the system of Ham-
burger and Hamilton (1951) divides the 21-day incubation period
of the chick into 46 stages.

Formation of the heart tube
The heart arises from the mesoderm, a layer of tissue that lies

between the endoderm and ectoderm in the early embryo (Linask,
2003; Yutzey and Kirby, 2002). In the chick at stage 5 (20 h),
precardiac cells are located in mesodermal regions (cardiogenic
plates) to the left and right sides of the embryo (Fig. 1A). Moving
individually at first, these cells migrate anteriorly and toward the
embryonic midline, possibly being guided by a spatially graded
network of fibronectin located between the mesoderm and endo-
derm (Linask and Lash, 1986).

As the precardiac mesodermal cells migrate, N-cadherin-
mediated cell junctions form, binding the cells into a pair of
bilateral epithelial sheets that take the form of an arch, with the
head fold forming near the anterior end of the arch (Fig. 1B) (de
la Cruz and Sanchez-Gomez, 1998; Linask, 2003; Trinh and
Stainier, 2004). With little cell rearrangement occurring thereaf-
ter, the branches of this arch-shaped region continue to move
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laterally toward the midline, where they meet and fuse to form the
heart tube (Fig. 1 C,D). As migration proceeds, the mesoderm
splits into two layers - the somatic and splanchnic mesoderm -
which enclose the coelomic cavity (Patten, 1951). The somatic
mesoderm and ectoderm comprise the somatopleure on the dorsal
side of the embryo, while the splanchnic mesoderm and endoderm
comprise the splanchnopleure (SPL) on the ventral side (Figs.
2,3A).

During stages 7-10 (24-36 h), the heart tube and primitive
foregut form via folding and merging of the bilateral regions of the
SPL in a cranial to caudal direction (Fig. 2). According to De Jong
et al. (1990), once the precardiac mesoderm moves into its proper
position on the dorsal side of the coelomic cavity, its component
cells secrete extracellular matrix (ECM), which inflates this epithe-
lium into a relatively straight but tapered tubular shape (about 200
µm in diameter) that is open along its dorsal side, i.e., the cross
section has a U-shape (6S and 10S in Fig. 2B). Initially, the heart

experiments (Fig. 4 A,B). Recently, Voronov et al. (2004) showed
that a relatively small amount of dextral bending also occurs. It is
important to note that, due to these deformations, the original
ventral surface of the straight heart tube becomes the outer
curvature (convex surface) of the looped heart, while the original
dorsal side becomes the inner curvature (concave surface). During
s-looping (stages 14-18, 52-68 h), the atrium moves superior to the
ventricle, creating the basic final form of the heart (Fig. 3B). Later,
during stages 21-36 (3.5-10 days), septation divides the tube into
four chambers.

External constraints play a role in shaping the heart during
looping. Initially, the heart tube is constrained by connections to the
omphalomesenteric veins (OVs) at its caudal end and the outflow
tract at its cranial end (Fig. 3B). In addition, a longitudinal structure
called the dorsal mesocardium (DM) attaches the entire length of
the heart to the embryo and the endodermal layer of the SPL lies
against the ventral surface of the heart (Patten, 1951; Romanoff,
1960) (Fig. 3A). The OVs are created by the bilateral folds in the
SPL as they continue to merge from head to foot, adding new
segments to the caudal end of the heart tube (de la Cruz and
Sanchez-Gomez, 1998). During looping, the dorsal side of the tube
closes and the DM ruptures (by stage 13-, 2 days), leaving the heart
attached to the embryo only at its ends. By stage 12, the heart tube
is composed of a series of segments representing the primitive
atrium, ventricle (future left and right ventricles) and conotruncus
(Fig. 3B). A peristaltic contractile wave forces blood from the atrium
through the ventricle and conotruncus.

Looping is a vital event during heart development, as even
relatively minor looping perturbations can lead to serious structural
defects. Clearly, bending and twisting the heart tube requires
mechanical forces and researchers have shown that altering
external and internally generated forces can affect looping (Itasaki
et al., 1991; Manasek, 1976; Voronov et al., 2004; Voronov and
Taber, 2002). Despite intensive study, however, many of the
fundamental mechanisms that drive and regulate looping remain
poorly understood.

Studies of looping mechanisms

Researchers have studied the biophysical mechanisms of loop-
ing for more than 80 years. In the following list, we summarize
principal results from these studies.

Characteristics of normal looping
1. Looping begins when the first myofibrils appear (Manasek et al.,
1978).
2. The DM always is located along the inner curvature of the looped
ventricle, regardless of looping direction (Butler, 1952; Itasaki et
al., 1991).
3. During c-looping, the MY thickens at the inner curvature of the
heart tube and thins at the outer curvature (Manasek et al., 1972).
4. Before looping, actin microfilaments in the outer MY cell layer are
arranged in a net-like pattern at cell borders (Itasaki et al., 1989),
while circumferentially oriented actin bundles and striated myofibrils
begin to form in the inner MY cell layer. During c-looping, circum-

Fig. 1. Heart-forming region in chick embryo. Dotted areas show
heart-forming region during stages 5-8 (from Linask and Lash, 1986). See
text for details.

tube is composed of three layers (Fig. 3A): an inner layer of
endocardium (EN), a relatively thick middle layer of ECM called
cardiac jelly (CJ) and an outer layer of myocardium (MY), with the
EN and MY being one-and two-cell-thick epithelia, respectively.
Soon, the first myofibrils appear (Manasek et al., 1978), the first
contractions occur (Hiruma and Hirakow, 1985) and looping begins
(Patten, 1922; Romanoff, 1960), but effective blood flow does not
start until stage 12 (1.9 days).

Cardiac looping
Looping begins at stage 10, as the relatively straight heart tube

bends and twists into a curved tube (Patten, 1922; Romanoff,
1960). Looping consists of two main phases: c-looping and s-
looping (Männer, 2000). During normal c-looping (stages 9-13, 30-
50 h), the heart transforms from a straight tube into a c-shaped tube
(Fig. 3B) via two main deformation components: ventral bending
and dextral (rightward) torsion 1.  This is seen clearly by labeling

 1 In the biology literature, “torsion” of the heart tube usually is referred to as “rotation.” The former term is more appropriate from an engineering
perspective, however, as “bending” and “torsion” describe deformation, whereas “rotation” describes a rigid-body motion. Because of the
constraints at the ends of the heart tube, any rotation of the tube must be accompanied by torsion  (twist).
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ferential actin remains near the inner curvature of the tube, but
randomly oriented bundles appear near the outer curvature (Itasaki
et al., 1989; Shiraishi et al., 1992). Changes in myocardial cell
shape also follow this pattern (Manasek et al., 1984a).
5. During looping, the ECM protein flectin is expressed in higher
concentrations on the left side of the tube and near the DM (Tsuda
et al., 1996; Tsuda et al., 1998). However, the mechanistic effects
of flectin are not yet known.
6. There are no clear patterns of differential cell division or cell
death in the looping heart (Stalsberg, 1969b; Stalsberg, 1970).

Effects of perturbing external loads and boundary conditions
7. The heart tube bends but does not twist when removed from the
embryo and grown in culture (Butler, 1952; Manning and McLachlan,
1990). Moreover, when the stage 12-13 chick heart is severed at
either end, the heart loops as it does when isolated in culture, i.e.,
bending only (Flynn et al., 1991).
8. Removing the splanchnopleure greatly decreases the magni-
tude of torsion (rotation) during early c-looping (Voronov et al.,
2004; Voronov and Taber, 2002).
9. Inhibiting cervical flexure of the embryo significantly affects the
form of the heart during s-looping, as the atrium remains below the
conotruncus (Männer et al., 1993).

Effects of perturbing cells and ECM
10. Inhibiting contractile protein synthesis with cycloheximide or
bromodeoxyuridine, or inhibiting myofibrillogenesis with cytocha-
lasin B prevents looping (Chacko and Joseph, 1974; Manasek,
1976; Manasek et al., 1978). Another study suggests, however,
that looping does not require the presence of organized myofibrils
(Koushik et al., 2001).
11. Globally disrupting actin filaments with high doses of cytocha-
lasin B prevents or stops looping (Itasaki et al., 1991; Manasek,
1976). Inhibiting actin polymerization with relatively low concentra-
tions of cytochalasin D or latrunculin A has similar effects (Latacha
et al., 2005).
12. Arresting myocardial contraction with high potassium (Manasek
and Monroe, 1972) or 2,3-butanedione monoxime (BDM) (unpub-
lished results) does not prevent looping.
13. Inhibiting cytoskeletal contraction with the non-muscle myosin
inhibitors Y-27632 and blebbistatin does not prevent looping in the

chick (unpublished results), but Wei et al. (2001) found that Y-
27632 inhibits looping in the mouse. The reason for the apparent
contradiction in these results is not clear.
14. Disrupting microtubules with colchicine causes MY cells to
round up but does not affect c-looping (Icardo and Ojeda, 1984;
Itasaki et al., 1991). However, the form of the heart is perturbed
during s-looping (Icardo and Ojeda, 1984).
15. Dissolving the CJ with hyaluronidase does not inhibit looping
(Baldwin and Solursh, 1989; Linask et al., 2003).

In summary, available data suggest that the bending compo-
nent of c-looping is intrinsic to the heart tube and independent of
function. In contrast, the torsional component of c-looping and the
process of s-looping are influenced by external loads. Among the
important structural elements in the heart tube are actin, flectin and
the DM, but CJ pressure, cytoskeletal contraction and differential
growth apparently have little or no effect.

Studies of looping directionality

Although vertebrates appear bilaterally symmetric on the out-
side, left-right asymmetry is the rule on the inside. The positioning
of internal organs on either the left or right side of the body, as well
as their orientation, is a highly conserved feature, with the normal
asymmetric arrangement (situs solitus) occurring in well over 99%
of humans. Interestingly, individuals who have all organs arranged
in a mirror-image pattern (situs inversus) generally face no adverse
physiological consequences. However, cardiac muscle fiber archi-
tecture in these people is reversed only in the basal region of the
left ventricle, leading to abnormal (not just reversed) torsion during
the cardiac cycle (Delhaas et al., 2004). In contrast, serious
malformations may result if the heart is the only organ that is
reversed (dextrocardia). For this reason, as well as to explore
fundamental morphogenetic mechanisms of bilateral asymmetry,
researchers long have been interested in the causes of left looping,
which can lead to dextrocardia.

It is now known that looping directionality correlates with asym-
metric expression of a number of genetic and molecular markers
(Brand, 2003; Harvey, 1998; Mercola and Levin, 2001; Srivastava
and Olson, 1997). However, as in other aspects of looping, the
biophysical mechanisms that cause the heart to loop left or right are
not well understood.

Fig. 2. Formation of heart tube. (A) 3D schematic of membrane folding to create the primitive foregut (GUT) in the chick embryo (from Bellairs, 1953).
(B) Cross section showing temporal formation of the foregut and heart tube (From De Jong F. et al., 1990). Abbreviations: AIP,  anterior intestinal portal;
CC, coelomic cavity; CP, cardiogenic plate; DM, dorsal mesocardium; end, endoderm; HT, heart tube; S, somite (4S, stage 8; 8S, stage 9; 10S, stage
10; 13S, stage 11);  SPL, splanchnopleure; VM, ventral mesocardium.
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Stalsberg (1970) used data from the literature to examine
looping directionality in considerable detail. She studied a number
of possibilities, including differential cell proliferation and death,
differences in cell numbers contributed from the left and right
cardiac primordia and other extrinsic and intrinsic asymmetries.
Although many of Stalsberg’s conclusions are valid, some of her
analyses are based on the incorrect assumption that looping
consists only of rightward bending (see next section). This
misperception likely has caused many researchers to misinterpret
some experimental results (Männer, 2000, 2004).

Intriguing experiments by Lepori (1967) and Itasaki et al. (1991)
have been cited often as demonstrating the influence of extrinsic
and intrinsic forces, respectively, on looping direction. In his study,
Lepori (1967) found that cutting the SPL on the left side of the chick
embryo does not change looping direction, but cutting it on the right
side results in abnormal looping to the left. Itasaki et al. (1991), on
the other hand, used crystals of cytochalasin B to disorganize actin
in limited regions of the myocardium. Whereas disturbing actin on
the left side of the heart had no apparent effect on looping direction,
disruption on the right side in stage 8-9 chick embryos caused left
looping in a significant number of hearts. Noting the circumferential
orientation of actin filaments in the prelooped heart (Itasaki et al.,
1989; Shiraishi et al., 1992), these investigators speculated that
circumferential cytoskeletal contractile forces, normally stronger
on the right side, pull the heart tube rightward, forcing it to rotate
about the dorsal mesocardium, which initially anchors the tube to
the embryo and acts as a pivot. If contraction on the right side is
disrupted, then the contraction on the left side pulls the heart
toward the left.

Although it seems clear that the SPL and actin microfilaments
play major roles in the looping process (see next section), more
recent work has questioned the results obtained by both Lepori
(1967) and Itasaki et al. (1991). In particular, Voronov and Taber
(2002; Voronov et al., 2004) have repeated both of these experi-
ments, with similar results, but they found that the surface tension
present in standard methods for culturing chick embryos can affect

2004). In addition, reversed left-right spatial distributions of the
protein flectin in the precardiac mesoderm correlate with abnormal
looping to the left (Linask et al., 2002; Linask et al., 2003; Tsuda et
al., 1996; Tsuda et al., 1998), but the role played by flectin has not
been determined.

Perhaps one of the most exciting findings in recent years is the
discovery of an array of rapidly rotating monocilia located in the
node (Nonaka et al., 1998), which is a signaling center in the early
embryo (Gilbert, 2003). Normally, these cilia rotate clockwise in a
vortical manner at approximately 600 rpm and this rotary motion
generates a flow directed toward the left (Nonaka et al., 1998;
Nonaka et al., 2002; Okada et al., 1999). Recently, Cartwright et al.
(2004) have analyzed this phenomenon using fluid mechanics.
Notably, knocking out the cilia or their motility results in randomized
looping direction (Nonaka et al., 1998; Okada et al., 1999) and
artificially inducing rightward flow produces left looping. Specula-
tion on the implications of these data includes the hypothesis that
the flow deposits a morphogen on the left side of the node that
initiates left-right asymmetry (Brueckner, 2001; Mercola, 2003;
Nonaka et al., 1998; Supp et al., 2000).

Previous hypotheses for looping

Researchers long have speculated about the biophysical mecha-
nisms that drive looping. Any valid hypothesis for looping must be
consistent with the observations listed in the previous section.

In early work, Patten (1922) suggested that the heart tube is
simply compelled to bend because its length grows faster than the
space in which it is contained. This idea was later contradicted,
however, by the finding that the heart tube bends when cultured in
isolation (Butler, 1952; Manning and McLachlan, 1990). In addi-
tion, Patten (1922) speculated that the heart is forced to bend either
leftward or rightward because of physical impediments supplied
dorsally by the body of the embryo and ventrally by the yolk. But he
could not explain why the heart almost always loops toward the
right.

Fig. 3. Looping chick heart. (A) Sche-
matic of cross section of stage 10 chick
heart (from Manasek, 1983). CJ, cardiac
jelly; DM, dorsal mesocardium; EN, en-
docardium; MY, myocardium; SPL,
splanchnopleure (B) Ventral views of
looping chick heart (from Männer, 2000).
a, atrium; c, conotruncus; OT, outflow
tract; OV, omphalomesenteric veins; V,
ventricle.

looping morphology. When they conducted these experiments
under a thin layer of fluid to eliminate surface tension, virtually no
left looping occurred. Thus, the results of Lepori (1967) and Itasaki
et al. (1991) may have been artifactual.

Much evidence suggests that the direction of looping is deter-
mined, at least in part, by events that occur prior to the formation
of the heart tube. Studies have shown, for example, that inhibiting
cell adhesion early in development can perturb looping direction.
Blocking the function of the adhesion molecule N-cadherin before
stage 5 randomizes looping direction (Garcia-Castro et al., 2000),
whereas degrading heparan sulfate to disrupt adhesion in the right
precardiac area during stages 7-8 leads to left looping (Yue et al.,

Some investigators have speculated that hemodynamic forces
mold the developing heart, with bending caused by blood imping-
ing against the wall at the outer curvature of the heart tube (Spitzer
and Lev, 1951). In fact, Hove et al. (2003) recently found that
zebrafish hearts do not loop when inflow or outflow is blocked. The
flow molding concept is contradicted, however, by three pieces of
evidence. First, little flow passes through the heart when it bends
in isolated culture. Second, looping progresses normally when the
heartbeat is arrested by high potassium (Manasek and Monroe,
1972). Third, c-looping is essentially complete before effective flow
begins at about stage 12 (Patten, 1951). The reasons for the results
of Hove et al. (2003) are unclear.
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e.g., from the inner to the outer curvature. Some evidence sug-
gests that the former mechanism contributes to looping, as rela-
tively more cells are contributed to the right side of the cranial
portion of the ventricle and to the left side of the caudal portion
(DeHaan, 1967; Stalsberg, 1969a; Stalsberg, 1970). These findings,
however, are more consistent with the relatively modest rightward
bending described by Voronov et al. (2004), rather than the more
pronounced ventral bending. Moreover, the myocardium is com-
posed of tightly coupled cells during looping (Stalsberg and DeHaan,
1969) and we are not aware of direct evidence supporting a
mechanism based on cell rearrangement. Therefore, available
data do not appear to support differential growth as a major player
in looping.

In a study of cell shape change in chick hearts, Manasek et al.
(1972) found that myocardial cells at the outer curvature flatten
during c-looping, while those near the inner curvature become
thicker radially and longer circumferentially. They postulated that
these cell shape changes are actively generated, possibly through
myofibrillogenesis, to force the heart tube to bend. Later, however,
they dropped this idea for unclear reasons in favor of a new
hypothesis.

The new hypothesis put forth by the Manasek group was based
on three main observations: (1) Cardiac jelly exerts an outward
pressure on the myocardium and changes volume in response to
changes in osmolarity of the surrounding media (Manasek et al.,
1984a; Nakamura and Manasek, 1978). (2) The structure of the
DM suggests that it provides a relatively stiff constraint along the
dorsal side of the heart tube (Manasek et al., 1984b; Manasek,
1983). In fact, direct mechanical measurements now have confirmed
that the inner curvature is much stiffer than other regions in the
stage 12 chick heart (Zamir et al., 2003). (3) Myofibrillogenesis
begins at about the same time that looping begins and inhibiting
this process prevents looping (Manasek, 1976; Manasek et al.,
1978). Integrating these observations, Manasek et al. (1984b)
postulated that bending is caused by CJ pressure inflating the
heart, with the DM constraining longitudinal extension and forcing
the tube to bend with the DM along the inner curvature (see
observation 2 above), while torsion is caused by wall stress being
redirected through a helical system of myofibrils. According to this

model, therefore, CJ pressure is the driving force for looping, with
developing cardiomyocytes playing a passive, rather than active,
role. Using a physical model constructed with a cylindrical latex
membrane (the MY), tape (the DM) and a helix of stiffer material
(myofibrils), these investigators showed that such a mechanism is
physically plausible. They also suggested that regional differences
in wall compliance can cause the observed bulging at the outer
curvature. Unfortunately, this clever idea apparently was put to rest
by Baldwin and Solursh (1989) and later by Linask et al. (2003),
who found that digesting the CJ with hyaluronidase does not
prevent looping.

So, by 1990, a number of hypotheses for looping had come and
gone and most interest in the field turned toward the genetic side
of the problem. However, even if the genetic and molecular factors
involved in looping are clearly defined, there would still be a need
to discover the link to specific morphogenetic mechanisms.

There are at least three difficulties that have compounded the
looping problem. First, many researchers have not fully appreci-
ated (or been aware of) the need to consider both ventral bending
and dextral rotation in interpreting experimental results. [As a
novice to looping, even this author was not immune to this (Taber
et al., 1995).] Although this characteristic of c-looping has been
known for many years (Butler, 1952), Männer (2000) felt a need to
reemphasize it. And recently, Männer (2004) showed that the
looped heart is actually a helix and that the sense of this helix in
three-dimensional space must be considered to accurately de-
scribe looping morphology. In this light, repeating some prior
experiments may be useful. Second, looping may involve a com-
bination of several different mechanisms, some of which may be
redundant and compensate when others fail (Stalsberg, 1970).
While such redundancy would be advantageous to the embryo, it
complicates matters considerably for the investigator. Third, visu-
alizing the behavior of such a complex three-dimensional structure
can be difficult (Männer, 2004) and physical intuition in such a
nonlinear problem may be misleading.

Bending and torsion of a tube clearly involves mechanical
forces. During the last decade, therefore, we have approached the
looping problem from the perspective of a biomechanical engi-
neer2.  Our work has involved experiments with chick embryos and

Fig. 4. Effect of splanchnopleure and omphalomesenteric veins on cardiac rotation (from Voronov
et al., 2004). (A) Intact stage-10 heart with fluorescent labels along left and right sides. (B) Same heart
at stage 11; as the heart rotates (twists), labels move toward dorsal and ventral sides of heart. (C)

Splanchnopleure is removed; most rotation disappears within 1 hour. (D) Omphalomesenteric veins are
severed; label positions indicate that remainder of torsion is lost, but heart remains bent slightly toward
the right.

Another possibility is that differen-
tial growth causes the heart to bend,
with cells at the outer curvature divid-
ing faster than those at the inner cur-
vature. However, Sissman (1966)
found that cell multiplication rates in
the looping heart show no consistent
spatial pattern and Stalsberg (1969b;
1970) concluded that regional differ-
ences in cell division and cell death
apparently are not great enough to
produce significant bending. On the
other hand, differential growth also
could be caused by myocardial cells
being added to opposite sides of the
heart at different rates, or by cells
moving from one region to another,

2  Actually, Frank Manasek took an engineering-like approach to the looping problem and did an excellent job, even though he had no obvious formal
engineering training.
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computational models based on the principles of continuum me-
chanics. As described below, we now believe that the bending and
torsional components of c-looping are driven by two different sets
of forces: while bending is primarily a process intrinsic to the heart
tube, torsion is driven by external loads.

A new hypothesis for C-looping

Hypothesis for cardiac bending
Currently, most investigators accept the view that bending is

primarily a process intrinsic to the heart tube. Identifying the source
of the force that drives cardiac bending, however, has remained
elusive. It would seem logical that actin is involved, as this cytosk-
eletal protein plays a role in many morphogenetic processes
(Alberts et al., 2002). Indeed, the cytochalasin B experiments of
Manasek (1976) and Itasaki et al. (1991) are consistent with this
idea. But what precisely is the role of actin? As discussed above,
early work on looping had effectively ruled out differential growth
and cell rearrangement. In 1990, two possibilities that remained
were cytoskeletal contraction and actin polymerization.

Focusing on cardiac torsion and looping directionality, Itasaki et
al. (1991) suggested that cytoskeletal contraction causes the heart
to loop toward the right, but their results were later questioned
(Voronov and Taber, 2002; Voronov et al., 2004). Recently, we
explored this potential mechanism further by inhibiting contractile
activity of non-muscle myosin II using ML-7, Y-27632 and
blebbistatin (unpublished results). None of these drugs had an
appreciable effect on overall looping morphology in whole embryo
culture and the results were similar when these experiments were
repeated on isolated hearts to focus on bending alone. The
influence of these drugs on contractility was confirmed using
regional stiffness measurements. Although the effects of ML-7
were relatively minor, hearts treated with Y-27632 and blebbistatin
exhibited greatly decreased stiffness relative to controls, indicating
loss of contractile force. Based on these results, we concluded that
cytoskeletal contraction plays no significant role in looping.

To study the effects of actin polymerization, stage 9-11 chick

hearts were exposed to cytochalasin D and latrunculin A (Latacha
et al., 2005), which are more specific drugs than cytochalasin B for
inhibiting actin polymerization (Fenteany and Zhu, 2003). In whole
embryo culture, both drugs inhibited looping in a dose and stage
dependent manner, similar to the results obtained by Manasek
(1976) for cytochalasin B. Similar results were obtained for isolated
hearts, but looping was affected at much lower doses. These data
indicate that ongoing actin polymerization is required for cardiac
bending during c-looping and, by process of elimination, we
speculate that it provides the driving force.

If it can be determined that actin polymerization does indeed
drive cardiac bending, we still must answer the following questions:
(1) What is the specific mechanism by which actin polymerization
causes the observed morphogenetic shape changes? (2) How are
the forces integrated to bend the heart tube? (3) How are the forces
regulated?

To answer the first question, we postulate that a growing
cytoskeletal actin network causes changes in cell shape by exert-
ing force against the cell membrane. In other words, we are
essentially reviving the active cell-shape change idea of Manasek
et al. (1972), which was subsequently dropped. This mechanism is
similar to that which drives pseudopod extension in crawling cells
(Alberts et al., 2002) and is supported by the prominent actin
bundles seen during looping around myocardial cell borders (Itasaki
et al., 1989).

To answer the second question, we examine the microstructural
details of the developing myocardium. At the onset of looping,
circumferentially aligned actin microfilaments are present in the
myocardium (Itasaki et al., 1991; Manasek et al., 1984b; Shiraishi
et al., 1992), but as the heart tube bends, actin fibers at the outer
curvature become more randomly organized, while fibers near the
inner curvature maintain their circumferential orientation (Itasaki et
al., 1989). Polymerization in these predominant fiber directions
(isotropic on the ventral side and circumferential on the dorsal side)
would cause cells near the outer curvature (ventral side) to become
flatter in the radial direction and longer in the circumferential and
longitudinal directions, whereas cells near the inner curvature
(dorsal side) would become longer circumferentially but shorter
longitudinally (to preserve cell volume). These changes in cell
shape are consistent with those observed by Manasek et al. (1972)
and, as discussed later, a computational model has shown that
they can cause the observed bending.

The third question is more difficult to answer. Developmental
genes likely play a role in regulating morphogenetic forces. In the
heart, they may dictate actin geometry, which then defines the
subsequent changes in cell shape. The signal to stop bending also
may be genetic, or it could be controlled by constraints such as the
gradual accumulation of longitudinally oriented myofilaments, which
would stiffen cells and make the heart tube harder to bend, as
suggested by Nakamura et al. (1980). Another possible regulatory
mechanism is mechanical feedback, which has been studied in
other developing systems by Beloussov (1998). Regulation of the
looping process remains an open question that warrants future
study.

To our knowledge, actin polymerization has not been suggested
previously as a cause of largescale morphogenetic shape changes.
Moreover, one may question whether growing actin filaments can
exert forces great enough to bend the heart tube. In fact, various
researchers have estimated that polymerization stresses can be

Fig. 5. Schematic of hypothesis for cardiac rotation. (courtesy Patrick
Alford. (A,B,C) Ventral view; (A’,B’,C’) cross sectional view. (A,A’)

Straight heart tube before looping. (B,B’) Cytoskeletal contraction and
cell migration cause compressive and tensile stresses along cranial and
caudal surfaces, respectively, of omphalomesenteric veins (OV). Rela-
tively greater force in left vein displaces caudal end of heart tube slightly
toward the right. (C,C’) The splanchnopleure (SPL) pushes the heart tube
dorsally, increasing rotation magnitude.

OV OV

SPL

A B

A' B'

C

C'
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as large as a few hundred pascals (Howard, 2001; Upadhyaya et
al., 2003). According to material property measurements of stage
12 chick hearts, such stresses can indeed produce myocardial
deformations large enough (> 50% strain) to cause significant
bending of the heart tube (Zamir and Taber, 2004a; Zamir and
Taber, 2004b).

Hypothesis for cardiac torsion
Some investigators have speculated that torsion, like bending,

is caused by internal forces (Itasaki et al., 1991; Manasek et al.,
1984b). Recent work has shown, however, that the SPL and OVs
influence torsion during early c-looping (Voronov et al., 2004;
Voronov and Taber, 2002). For example, when the SPL is removed
from a stage-11 chick embryo, the heart immediately springs back
partially toward the midline of the embryo and then slowly untwists
until most of the torsion is lost (Fig. 4 B,C). If the OVs then are
severed, the remainder of the twist disappears, with the ventricle
remaining bent slightly toward the right (Fig. 4D). In addition, when
the SPL is removed from stage 10 embryos, the heart bends
ventrally but rotates little when cultured for six hours (Voronov and
Taber, 2002). Hence, external forces supplied by the SPL and OVs
appear to play prominent roles in the torsional component of c-
looping. As described below, we speculate that the OVs force the
heart tube slightly rightward and then the SPL pushes it dorsally
and farther rightward as the tube rotates about the DM.

Integrated hypothesis for C-looping
Taken together, the results of these and other studies suggest

the following working hypothesis for the mechanism for c-looping
(see Fig. 5; Voronov et al., 2004):

1. Beginning at stage 10 (in the chick), precardiac cells in the
caudal regions of the OVs undergo longitudinal cytoskeletal
contraction. This generates tensile and compressive stresses in
the caudal and cranial parts of the veins, respectively, as found by
Voronov et al. (2004) (Fig. 5B). These stresses pull precardiac

mesoderm through the veins toward the caudal end of the heart,
possibly inducing additional influx of cells through active migra-
tion along lines of stress-aligned fibronectin (Linask and Lash,
1986; Linask and Lash, 1988a; Linask and Lash, 1988b; Toyoizumi
et al., 1991; Trinh and Stainier, 2004).

2. Incoming cells in both OVs push against the caudal end of
the heart tube and fuse to form the primitive left ventricle and
atrium. Due possibly to asymmetric vein geometry or contractile
strength, the left vein normally pushes with greater force, displac-
ing the heart slightly toward the right (Fig. 5B). The DM constrains
this displacement, converting it into a small rightward rotation
about the relatively fixed dorsal side of the heart (Fig. 5B’).

3. The heart bends ventrally via actin polymerization and the
SPL exerts a compressive force against the ventral surface of the
ventricle, pushing it farther toward the right (Fig. 5 C,C’). Further
bending and torsion causes the DM to rupture, allowing the heart
to deform into a c-shaped tube.

We also speculate that redundant asymmetries, besides that
supplied by the OV forces, bias the heart to loop toward the right
side. Rightward bending of the tube (Voronov et al., 2004) and the
rightward shifting of the conotruncus (Männer, 2000) are two
candidates. Thus, if one asymmetry is disrupted, others still can
induce normal dextral looping.

To test whether this hypothesis is physically plausible, Voronov
et al. (2004) developed a computational model for the stage 10
heart that includes the OVs and the DM (Fig. 6A). Consistent with
the morphology (Fig. 3B), the left vein had a larger diameter than
the right vein. And consistent with observed changes in actin
geometry and MY cell shape during c-looping (Itasaki et al., 1989;
Itasaki et al., 1991; Manasek et al., 1984b; Manasek et al., 1984a;
Manasek et al., 1972; Shiraishi et al., 1992), actin polymerization
was specified in the circumferential direction over the dorsal half
of the ventricle and in the circumferential-longitudinal directions
over the ventral half. In the OVs, longitudinal contraction was
prescribed for the lower halves of the veins, while the upper

Fig. 6. Finite element model

for looping heart (from Voronov
et al., 2004). (A) Oblique view of
undeformed model showing
specified morphogenetic forces
(DM, dorsal mesocardium; V1,
ventral half of ventricle - longitu-
dinal-circumferential actin poly-

merization; V2, dorsal half of ventricle - circumferential polymerization; OV1, cranial half of omphalomesenteric veins - longitudinal growth (cell influx);
OV2, caudal half of omphalomesenteric veins - longitudinal contraction). (B) Diagonal view showing ventral bending. (C) Ventral view showing
rightward rotation (colors indicate longitudinal stresses). (D) Stage-10+chick heart for comparison with (C) (from Männer, 2000).

Fig. 7. Effects on looping of removing

splanchnopleure and right ompha-

lomesenteric vein (from Voronov et
al., 2004). (A,D) Stage-10 heart and
idealized model. (B,E) Heart and model
immediately after removing vein. (C,F)

Heart and model 18 h later; in agree-
ment with observed geometry, the
model ventricle first jogs leftward (E)
and then deforms rightward (F).

D
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halves grew longitudinally to simulate the influx of cells into the
heart. When these forces were turned on, the heart tube bent
ventrally (Fig. 6B) and displaced and rotated slightly toward the
right (Fig. 6C). The resulting geometries of the heart and veins
resemble those of the stage 10+ chick embryo (Fig. 6D) and the
tensile and compressive stresses in the lower and upper parts of
the OVs, respectively, agree with measured stress data.

To test of the predictive capability of this model, Voronov et al.
(2004) removed the right OV in stage-10 embryos and observed
that the ventricle first moved slightly to the left and then was
pushed rightward by the remaining OV during the next 18 h in
culture (Fig. 7 A,B,C). With the right vein removed and the same
model parameters used for normal looping, the model predicted
morphology that is remarkably similar to the experimental heart
(Fig. 7 D,E,F). According to this model, tension in the left vein
initially pulls the heart to the left and then cell migration pushes the
heart slowly rightward. When the left vein was cut, the experimen-
tal and computed deformations were similar but opposite in
direction.

Finally, according to our hypothesis, reducing the force in the
left OV below that exerted by the right OV should result in looping
to the left. Indeed, when Voronov et al. (2004) removed a portion
of the left vein while leaving the SPL mostly intact, more than 25%
of these operations produced left looping, which rarely occurs
under normal culture conditions.

Future directions

While aspects of the mechanics of looping are now becoming
clear, much remains unsettled. For example, although some
mechanical forces involved in looping have been identified, it
remains to be established how these forces are regulated spa-
tially and temporally to produce a looped heart tube. Further
investigation is needed to determine whether the proposed actin
polymerization mechanism can produce the necessary changes
in tissue shape on a global scale. In addition, the possible roles
played by redundant mechanisms have not been elucidated.
Finally, the mechanisms of s-looping have received relatively little
attention, as have the mechanisms involved in the initial creation
of the heart tube. The latter may have implications in left-right
looping directionality.

In the long term, gaining a complete understanding of heart
development requires finding the link between gene expression
and morphomechanics (Brouzes and Farge, 2004). Reaching this
goal will require the combined expertise of developmental biolo-
gists and biomechanical engineers. Toward this end, the pioneer-
ing studies of Huang et al. (2001b; 2001a) may provide a valuable
roadmap.
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