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Abstract

Consistent laterality is a crucial aspect of embryonic development, physiology, and behavior.
While strides have been made in understanding unilaterally expressed genes and the asymmetries
of organogenesis, early mechanisms are still poorly understood. One popular model centers

on the structure and function of matile cilia and subsequent chiral extracellular fluid flow

during gastrulation. Alternative models focus on intracellular roles of the cytoskeleton in driving
asymmetries of physiological signals or asymmetric chromatid segregation, at much earlier stages.
All three models trace the origin of asymmetry back to the chirality of cytoskeletal organizing
centers, but significant controversy exists about how this intracellular chirality is amplified

onto cell fields. Analysis of specific predictions of each model and crucial recent data on new
mutants suggest that ciliary function may not be a broadly conserved, initiating event in left—
right patterning. Many questions about embryonic left-right asymmetry remain open, offering
fascinating avenues for further research in cell, developmental, and evolutionary biology.
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INTRODUCTION

Consistent left-right asymmetry of the internal organs and human behavior (i.e.,
handedness) has fascinated mankind for centuries if not millennia (McManus, 2002). In the
past 2 decades, significant progress has been made in understanding the genetic pathways
that result in the specific arrangement and morphogenesis of the heart, viscera, and brain of
vertebrate and invertebrate model systems (Levin, 2005; Speder et al., 2007). In particular,
extensive cascades of asymmetric gene expression have been described that ultimately

give the left and right side their unique morphology. However, genes are “agnosic” with
respect to laterality (Morgan, 1991); transcription does not know left from right, and a
most interesting aspect of this field concerns the biophysics of how the left-right (LR) axis
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first becomes oriented with respect to the anterior—posterior and dorsal-ventral axes of the
organism (Okumura et al., 2008; Vandenberg and Levin, 2009).

Other active areas of investigation include the asymmetric morphogenesis of the organs
(Kurpios et al., 2008), the asymmetry of the brain and central nervous system (Sun and
Walsh, 2006; Sagasti, 2007; Taylor et al., 2010), the conservation of asymmetry mechanisms
throughout phyla (Levin, 2006; Speder et al., 2007; Raya and Izpisua Belmonte, 2008), and
various curious presentations of asymmetry in the health and disease of human patients that
are not easily dissected in tractable model systems (Aw and Levin, 2008).

Despite the many questions that have significance not only for developmental biology

but also for biomedicine (Morelli et al., 2001; Ramsdell, 2005; Tabin, 2005; Peeters and
Devriendt, 2006), there is a belief outside of this field that the fundamental question is
solved. Most cell biology textbooks and reviews state as fact, in the chapter on motile cilia,
language to the effect of: “chiral ciliary motion, and the resulting leftward flow, initiates LR
asymmetry.” Both students and grant reviewers increasingly believe that the most important
issue in this area (the origin of LR asymmetry) has been resolved and that the movement of
cilia during neurulation is definitively a conserved, “first step” of asymmetry.

The ciliary model posits that asymmetry is initiated by a coordinated flow of extra-
embryonic fluid at the ciliated node during gastrulation (Tabin, 2006). This fluid flow is

net unidirectional because of the tilt and chiral nature of the cilia (Cartwright et al., 2004;
Nonaka et al., 2005). This motion generates asymmetric signaling at the node through
redistribution of extracellular morphogens or direct transduction of fluid flow by sensory
cilia (McGrath et al., 2003; Tabin and Vogan, 2003). The ciliary models were first derived
from data indicating that mutations in ciliary proteins that alter the motion, sensory abilities,
or assembly of cilia are accompanied by laterality disorders (Brueckner, 2001; Basu and
Brueckner, 2008).

Previously, we suggested alternative interpretations of existing data and presented a different
view on LR asymmetry (Levin and Nascone, 1997; Levin and Palmer, 2007), as have others
(Brown and Wolpert, 1990; Bock and Marsh, 1991; Yost, 1991). Since then, while papers
associating ciliary function with asymmetry continue to mount (see Basu and Brueckner,
2008, for an excellent review), several important studies now reveal additional crucial data
that require a reappraisal of the field. Here, we argue that, despite the popularity and
universal appeal of the ciliary paradigm, the community should be aware of competing
models and their relative fit to recent and classical data.

An alternative model (Fig. 1) derives consistent asymmetry from the orientation of a

chiral intracellular component, which distributes cytoplasmic ion transporter proteins in a
biased manner, thus driving a variety of physiological and biophysical asymmetries at very
early stages (i.e., during initial cleavages; Levin and Palmer, 2007). It is now known that
the cytoskeleton of some very early vertebrate embryos has inherent chirality (Danilchik
etal., 2006; Aw et al., 2008). In the frog embryo, the asymmetry of the cytoskeleton

drives differential localization of maternal protein cargo along the LR axis during the first
cleavages. These proteins include two potassium channels (Aw et al., 2008; Morokuma et
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al., 2008) and two proton pumps (Levin et al., 2002; Adams et al., 2006). The asymmetric
fluxes and transmembrane potential gradients resulting from the biased localization of these
transporters, together with a network of open gap junctions, allows LR morphogens such

as serotonin to be distributed to the right- and ventral-most blastomere (Fukumoto et al.,
2005a,b). All of these steps are required for asymmetry of subsequent gene expression and
organ situs (Levin, 2006). While this scheme has been studied in most detail in Xenopus
embryos, analysis of a wide variety of phyla reveals surprising conservation in the pathways
involved (Levin, 2006; Oviedo and Levin, 2007).

A third model proposes segregation of differentially-imprinted chromatids as the origin

of asymmetry during very early development (Klar, 1994; Armakolas and Klar, 2007;
Armakolas et al., 2010). Just as mMRNAs and proteins have been shown to be differentially
distributed to daughter cells, this model proposes that selective imprinting of chromosomes
is a means of achieving asymmetries on the left and right side. Differential chromatid
segregation is well-studied in yeast (Armakolas et al., 2010), and early cleavages in some
animals, such as snails, are determined by the asymmetric structure of a contractile ring
carrying out cytokinesis (Meshcheryakov and Beloussov, 1975). The discovery of a role for
the motor protein left—right Dynein in this process is also extremely suggestive (Armakolas
and Klar, 2007). Because the centrosome interacts with cortical membrane cues to achieve
biased DNA segregation (Carmena and Earnshaw, 2003; Tajbakhsh and Gonzalez, 2009),
this model is compatible with a variety of proposals about how the centrosomes orient
cytokinesis with respect to the other two axes to achieve consistent segregation bias along
the LR axis.

All three models rest fundamentally on the chirality of the microtubule organizing center
(MTOC)/centrosomes, which ultimately control the directionality of intracellular transport,
ciliary rotation, and chromatid segregation (Fig. 2). Thus, although it is rarely stated
explicitly, there appears to be fundamental agreement that centrioles are the ultimate

source of asymmetry (Beisson and Jerka-Dziadosz, 1999). However, there is vigorous
argument about how and when this intracellular chirality is amplified and transmitted across
multicellular fields, as well as the evolutionary conservation and relative importance of
downstream mechanisms. Table 1 summarizes the key features of each of the three major
models of LR asymmetry initiation.

It is crucial for the health of the field to examine tacit assumptions inherent in existing
work, and avoid giving students, workers in other fields, and funding bodies the idea that
everything fundamental about asymmetry has already been discovered. Below, we present a
comparative analysis of the existing models and highlight data that, we believe, suggests a
revision of the currently mainstream view of the origins and evolution of asymmetry. (Table
2 summarizes how well each model does with respect to matching its predictions to specific
findings.) The available data reveal many unresolved questions in this field, suggesting that
the puzzle of the origins of left—right asymmetry is far from solved.
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CILIA AND NODAL FLOW:A CLOSE LOOK AT THE DOMINANT MODEL

Does Ciliary Motion Per Se Determine LR Asymmetry?

PubMed contains approximately 100 papers describing ciliary proteins’ associations with
LR phenotypes, giving the impression of a solid causal link in the literature. However, only
a couple of these studies functionally tested ciliary motion itself (in the absence of genetic
perturbations that also affect intracellular functions) for a role in LR patterning. Direct
changes of viscosity in the interciliary space (Schweickert et al., 2007) and reversal/rescue
of nodal flow (Nonaka et al., 2002) suggest that ciliary motion can in fact control LR
patterning. In contrast, the majority of studies suggesting a role for cilia in LR asymmetry
have involved genetic deletions/mutations of proteins that possess nonciliary (intracellular)
functions that are never tested (reviewed in Levin, 2003; Levin and Palmer, 2007); even
“ciliary” dynein (i.e., LRD) is expressed outside of cilia, for instance in the limbs and
headfolds of the developing mouse (Supp et al., 1997), and plays a role in segregation of
differentially imprinted chromatids (Armakolas and Klar, 2007). Thus, the vast majority

of data does not actually distinguish between ciliary function and intracellular transport or
chromatid segregation models, as all three are consistent with a requirement for proteins
involved in cytoskeletal assembly, motor protein function, and planar polarity. We proposed
previously that alterations in proteins with pleiotropic roles in both intracellular transport
and ciliary structure/function cause LR phenotypes and ciliary defects (including kidney
cysts, etc.) as parallel downstream consequences (Levin, 2003, 2006). This model, in
contrast to the model that ciliary motion causes LR asymmetry, predicts that mutations
will be found that dissociate ciliary defects from errors of laterality.

Mutants That Do Not Show Expected Concordance Between Ciliary Defects and LR
Randomization

Crucially, recent analyses reveal that, as predicted by the cytoplasmic model, there are
mutants in which LR phenotypes and ciliary motion can be dissociated; these provide data
that are difficult to reconcile with ciliary motion as the primary cause of LR asymmetry.
One example is the knockdown of foxj1b, a ciliary gene, in zebrafish dorsal forerunner cells
(Tian et al., 2009), i.e., the cells that contribute to the ciliated nodelike structure—Kupffer’s
vesicle (KV)—in the fish. The loss of foxj1b in only this node-like structure has no effect on
LR patterning, but knockdown in a// cells induces randomization of the LR axis.

Another study, examining mutations in two alleles of the zebrafish gene seahorse, also
provides evidence that ciliary defects and laterality errors can be genetically separated
(Serluca et al., 2009). One mutant, sea'9238a-C produces LR defects in only 28% of the fish
examined, despite the 80% of fish with reduced or absent ciliary flow at the node. Another
mutant examined, Seaf@20-M21 produces only 2% with laterality defects, and 38% with
reduced or absent ciliary flow at the node. A second study of Seafiorse mutant zebrafish
found that 52% of seahorseNi3308 mutants have laterality defects, yet the cilia of these
mutants were found to be normal (Kishimoto et al., 2008).

Several other mutants identified in zebrafish genetic screens show little correlation between
alterations in cilia at the KV and LR phenotypes. For instance, the mutant /ocke has

Dev Dyn. Author manuscript; available in PMC 2023 August 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vandenberg and Levin

Page 5

abnormal cilia but a low incidence of laterality defects, whereas the mutant garbus has
normal KV cilia but a high incidence of laterality defects (Zhao and Malicki, 2007). Further
weakening the causal connection between ciliary function and LR asymmetry are studies

in the mouse model (where the cilia link is expected to be the strongest) on genes such as
Inturned, which regulate cilia formation but do not randomize asymmetry when disrupted
(Zeng et al., 2010). Mutations in TMEMZ216 also result in ciliopathies but no LR defects

in both mice and zebrafish (Valente et al., 2010). While it has been suggested that the
dissociation of ciliary mutants and LR phenotypes could be due to a maternal protein

that can somehow rescue early defects (Serluca et al., 2009), together these examples
demonstrate that ciliary defects can indeed be separated from LR patterning errors, and cast
considerable doubt on the idea that ciliary motion is a required component of vertebrate
asymmetry; these examples also confirm that LR phenotypes observed in genetic mutations
of “ciliary” genes do not establish a causal link.

Many Phyla Establish LR Asymmetry Without Ciliary Flows

Among single-celled invertebrates such as protozoa, it has long been known that chirality
can be established and maintained by means of an epigenetic inheritance mechanism
(Frankel, 1991; Shi et al., 1991) similarly to what occurs in plants (Doss, 1978; Nelsen et
al., 1989). Importantly, this is a true example of left-right asymmetry, not simply rotational
chirality: when mirror-image doublets of Tetrahymena are subjected to stressful conditions,
it is always the right half that is absorbed (Bell et al., 2008). Strikingly, a recent study
suggests that even single cells of vertebrate origin define a consistent LR axis (Xu et

al., 2007). In culture, unciliated neutrophil-like differentiated HL60 cells possess one axis
of polarization due to the fact that one surface is in contact with the coverslip while

the other is exposed to the free medium (similar to the dorsal-ventral axis of amniote
embryos’ blastodiscs, which have highly distinct environments facing their dorsal and
ventral surfaces). A second axis (similar to the anterior—posterior axis) can be drawn as

a line connecting the nucleus and centrosome. Remarkably, it was observed that the vast
majority of cells display leftward biased movements and pseudopodia formation in response
to exogenous attractants, revealing a third (LR) axis along which these cells display a
consistent asymmetry. In many cells, such directional movement is controlled by a biased
cytoskeleton, oriented by the centriole (Albrecht-Buehler and Bushnell, 1979; Albrecht-
Buehler, 1981). Similarly, cultured vertebrate neurites (Heacock and Agranoff, 1976) and
even bacteria (Mendelson, 1976) exhibit strong and consistent asymmetries of behavior
along the LR axis; in colonies of Bacillus mycoides, the asymmetry can be reversed by
ion-dependent signals (Mendelson and Karamata, 1982). Thus, consistent LR asymmetry
may be a fundamental property of most individual cells that requires neither nodes nor fluid
flows across multicellular structures.

LR asymmetry is established in some animals during early developmental stages, long
before cilia are present or in some cases, with no cilia present at all; these include snails
(Meshcheryakov and Beloussov, 1975; Shibazaki et al., 2004), sea urchin (Kitazawa and
Amemiya, 2007), Drosophila (Hozumi et al., 2006; Coutelis et al., 2008), Arabidopsis
(Hashimoto, 2002; Thitamadee et al., 2002; Abe et al., 2004), and C. elegans (Priess, 1994;
Hutter and Schnabel, 1995), for example. Other animals establish the LR axis later in
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development, when thousands of cells are present, but also without using cilia. For instance,
the chick node exists at the end of the primitive streak, i.e., a continuous sheet of cells where
no fluid flow is likely to be established (Manner, 2001); nor has any chiral fluid flow in
chick been described. Even though monociliated cells are present at the node (Essner et al.,
2002), they are not confined to this area, they are short and immotile, and they are found on
endodermal cells, not mesodermal cells (Gros et al., 2009). Additionally, the Talpid3 mutant
chick lacks cilia (Yin et al., 2009) yet has normal LR asymmetry (Cheryll Tickle, personal
communication), further indicating that cilia are not required to establish laterality in the
chick.

A recent study finds that, similar to the chick, the pig also does not require cilia for proper
LR asymmetry (Gros et al., 2009). In fact, the pig notochordal plate completely lacks cilia,
as well as a space where fluid flow could be generated. The pig and chick both have
morphologically asymmetric nodes that form following leftward biased cell movements,
and asymmetric gene expression domains form in both animals several hours before

the asymmetric appearance of Nodal, the first gene that is known to be asymmetrically
expressed in Xenopus, mice, and rabbits. Thus, many phyla, including some birds and
mammals, establish asymmetry without ciliary flow.

Do Cilia Initiate, or Transmit, LR Information?

In several vertebrates, consistent asymmetries exist long before formation of a ciliated node,
indicating that whatever the role of cilia, they cannot be the initial symmetry-breaking

steps in these animals. Such consistent asymmetries include expression of mRNAs such as
Syndecan-2 (Fukumoto and Levin, 2005) and activin receptors in chick (Stern et al., 1995;
Levin et al., 1997). At the protein level, mainly investigated in Xenopus, these include the
K* channel KCNQ1 (Morokuma et al., 2008), H*-V-ATPase (Adams et al., 2006), H*-K*-
ATPase (Levin et al., 2002; Aw et al., 2008), 14-3-3E polarity protein (Bunney et al., 2003),
and a series of “ciliary” proteins with intracellular roles like Kinesin 3B (Qiu et al., 2005).
At the level of physiology, the right ventral blastomere in the four-cell frog embryo pumps
twice as many protons out as does the left ventral blastomere (Adams et al., 2006), the L
and R blastomeres of ascidian embryos exhibit asymmetric calcium signaling (Albrieux and
Villaz, 2000), and left-sided depolarization is observed to the left of the early (prenode)
primitive streak in the chick (Levin et al., 2002). Early biophysical asymmetries include

the discovery that the Xengpus egg has consistently chiral microfilament organization
(Danilchik et al., 2006), as well as a cytoskeleton that has a net right-ward orientation

for the guidance of intracellular transport by means of kinesin motors (Aw et al., 2008).

At the level of protein modification, asymmetric syndecan phosphorylation occurs in
gastrulating Xengpus embryos before the time when the node has formed and motile

cilia are present (Kramer et al., 2002; Kramer and Yost, 2002); in a pathway controlled

by PKCy, syndecan-2 is phosphorylated in right, but not left, ectodermal cells. At the
cellular level, classical data describe asymmetric, centripetal, chiral, not mirror-symmetric
counterclockwise movement of cells in avian embryos during early (prenode) gastrulation
(Lepori, 1969). Functionally, it is known that sea urchin (Kitazawa and Amemiya, 2007) and
mouse (Gardner, 2010) blastomeres are not equivalent with respect to their LR identity from
very early cleavage stages. Together, these data further confirm that embryos of numerous
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phyla know their left from their right well before (or indeed, without) the appearance of
cilia.

The ciliary model predicts that ciliated organs with unperturbed nodal flow ought to be
sufficient for establishment of LR asymmetry ab /nitio. Two recent studies show that

this is in fact not the case. Newt blastomeres separated at early cleavage stages give

rise to animals with otherwise normal axial development and organogenesis, yet exhibit
reversals in heart laterality in one of the twins (Takano et al., 2007). Because it is a true
visceral laterality reversal, this phenotype is a more striking example than the long-known
bookending (mirroring) of hair whorls and craniofacial defects in human monozygotic twins
(Levin, 1999), and shows that in amphibia, later ciliary motions and nodal flow cannot
overcome the disruption of LR information at early cleavage stages. The second line of
evidence comes from recent work analyzing the ability of late-induced organizers to pattern
the LR axis in Xengpus (Vandenberg and Levin, 2010). When the endogenous organizer is
ablated and embryonic patterning is rescued by induction of an organizer as early as the
32-cell stage, embryos are normal except that their LR axis is destabilized, showing that an
organizer deprived of the orienting events occurring during the first few cleavages cannot
orient asymmetry properly, despite the lack of any disruption at the later ciliated node.
Furthermore, there are several examples from zebrafish studies indicating that molecular
genetic alterations in the cells contributing to the ciliated KV are not sufficient to induce
laterality defects (Yamauchi et al., 2009) or produce diminished LR phenotypes compared
with genetic knockdown of targets in all cells (Bisgrove et al., 2005).

Finally, it has been shown in the chick that LR identity is transferred to the sides of the
node from adjacent tissue (Pagan-Westphal and Tabin, 1998; Yuan and Schoenwolf, 1998;
Levin and Mercola, 1999), and does not arise de novo in the node as predicted by the

ciliary model; this lateral imprinting is, however, predicted by the gap-junction-mediated
morphogen gradient proposed to amplify cytoskeletal asymmetries in the intracellular model
(see Fig. 1; Levin and Mercola, 1999). Collectively, the data indicate that consistent LR
asymmetries are present in embryos of several vertebrate species before the time when the
node is formed. This suggests that nodal flow is not a broadly conserved mechanism used to
establish the LR axis; while no earlier mechanisms have been described in mice, it is seen
from the chick and pig data that even some amniotes can pattern asymmetry without nodal
flow, and Xernopus embryos establish asymmetry shortly after fertilization.

While cilia are involved in some aspects of patterning the LR axis in mouse and frog, and
could even be an originating element for asymmetry in the rodent bodyplan, which has a
very atypical architecture compared with other mammals, cilia may instead be useful as a
means of amplifying signals that are already present in earlier stages of most other types of
embryos. For example, in the mouse, cilia may be used to amplify signals downstream of
Shh (Huangfu et al., 2003; Corbit et al., 2005; Liu et al., 2005).
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INTRACELLULAR MECHANISMS

Origins and Evolution of Early Cytoplasmic Models of LR Asymmetry

Consistent with the classic F-molecule theory of Brown and Wolpert (Brown and Wolpert,
1990), we previously suggested a model in which consistent LR asymmetry is generated
when a chiral cytoskeletal component becomes tethered (oriented) with respect to the
anterior—posterior and dorsal-ventral axes during fertilization. Specifically, we proposed
that this component was the MTOC, which nucleates cytoskeletal assembly and thus can

set up asymmetric tracks for directed intracellular transport by means of cytoplasmic motor
proteins (Levin and Nascone, 1997; Levin and Mercola, 1998a), as it does in Drosophila
embryo cells (Theurkauf et al., 1992). This model was first proposed by Spemann as the
“microstructure hypothesis” (Spemman, 1906): “this structure surrounds the main axis of the
egg in a manner that would cause a primary difference between the right and left sides of the
ensuing embryo ... is probably formed before or during fertilization” (Wehrmaker, 1969).

A closely related proposal was made in the early 1990s by H. Joseph Yost, whose results
implicated rearrangements of the cytoplasm during the first cell cycle after fertilization in
asymmetry (Yost, 1991).

In the most modern formulation of the model, a chiral cytoskeleton results in the asymmetric
localization of maternal mMRNAS and proteins that subsequently amplify the asymmetry

and impose it on multicellular fields. This pathway has been most clearly elucidated

in Xenopus, and involves a system of ion transporters, gap junctions, and serotonergic
pathway elements that use electrophoresis to amplify intracellular chirality into multicellular
gradients of a small molecule morphogen (Levin and Palmer, 2007; Aw and Levin,

2009). While the MTOC has not yet been molecularly dissected in this role, the other
components (i.e., the asymmetric orientation and function of the cytoskeleton, transport
proteins, ion transporters, and LR morphogens) are known in significant detail (Fig. 1). The
specifics (e.g., spatial distribution, timing) differ among model species with divergent early
embryonic architectures, these and the other biophysical components elucidated in Xenopus
have now also been shown to be required for asymmetry in sea urchin (Duboc et al., 2005;
Hibino et al., 2006), Ciona (Shimeld and Levin, 2006), chick (Levin et al., 2002; Raya et al.,
2004; Adams et al., 2006), zebrafish (Adams et al., 2006), C. elegans (Chuang et al., 2007),
and snails (Shibazaki et al., 2004).

Amplification: Bioelectric Redistribution of Morphogens and Planar Cell Polarity

Once asymmetric pH and voltage gradients arise in blastomeres during early embryogenesis,
how are these signals propagated through the blastoderm and transduced into asymmetric
gene expression? Three non—mutually exclusive models have been proposed for how this
may occur in vertebrates. The first involves control of calcium signaling which activates
Notch (Raya et al., 2004; Raya and Belmonte, 2006). This appears to occur in chick,

but not Xenopus (Levin et al., 2002; Adams et al., 2006). In frog, the bioelectrical LR
gradient appears to redistribute serotonin, a small molecule morphogen, which subsequently
induces asymmetric gene expression (Fukumoto et al., 2005a,b; Adams et al., 2006;

Levin et al., 2006). The rapid redistribution of serotonin among blastomeres (Fukumoto

et al., 2005b) leads to stable, specific gene expression cascades on the left side; a similar
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situation occurs in C. elegans, where the NSY-5 gap junction protein establishes transient
connections for physiological signals that specify the permanent asymmetry in the structure
and function of the AWC olfactory neurons (Chuang et al., 2007). Similarly, as very early
cytoskeletal biases in Xengpus ultimately result in asymmetries of visceral organs (Aw et al.,
2008), the transduction of chiral cytoskeletal activity into asymmetric Nodal induction has
recently been demonstrated in snail embryos; alterations in spindle orientations by means of
mechanical manipulations in early cleavage stage embryos alter the Nodal signaling pathway
as well as handedness of shell coiling (Kuroda et al., 2009). Thus, while details of the early
steps by which physiological asymmetries result in consistently different genetic programs
on the left and right sides differ among phyla, a remarkably wide conservation is seen in the
logic and molecular nature of the control systems by which biophysical, epigenetic signals
are transformed into stable transcriptional states.

We recently proposed that the early blastoderm’s planar polarization (Wang and Nathans,
2007; Zallen, 2007) also plays a key role in coordinating LR asymmetry (Aw and Levin,
2009; Vandenberg and Levin, 2009). We note that planar cell polarity (PCP) and LR
orientation have many similarities, including the need to amplify a patterning signal across
large numbers of cells, and the ability of proteins to segregate and orient themselves with
respect to each other in a consistently biased manner, generating a large scale signal

that originates intracellularly. PCP also enables orientation of cell polarity within the
large-scale axes of a host; for example, when grafts of embryonic skin were transplanted
into adults, the skin cells realigned their planar hair polarity to match that of the hosts
(Devenport and Fuchs, 2008). PCP is an attractive mechanism for LR asymmetry because
it can impose the initial orientation of cells or small groups of blastomeres to entire cell
fields (Amonlirdviman et al., 2005), as was originally proposed in the “LR Coordinator”
model (Hyatt and Yost, 1998). A similar mechanism was recently proposed to explain the
instructive influence by means of which primary organizers (existing during the initial
cytoskeletal rearrangements) can impose correct asymmetry upon secondary organizers
induced later in development (which can otherwise correctly pattern all of their axes
except the LR; Vandenberg and Levin, 2010). Consistently, it is known that reversal of

the blastocoel roof can randomize asymmetry (Yost, 1992), as predicted by the proposal that
the embryonic blastoderm polarizes long before neurulation.

Several recent papers suggest a role for PCP in LR asymmetry (Ross et al., 2005; Antic
etal., 2010; Song et al., 2010). Not surprisingly, this has been suggested to be due to

the actions of PCP in setting up the positioning of cilia in the node (Okada et al., 2005;
Hashimoto et al., 2010). Our alternative proposal, of PCP as primary to the spread of LR
orientation throughout the blastoderm in a manner unrelated to nodal cilia, is supported
by the requirement for the PCP protein Vangl2 in the asymmetry of the chick embryo,
where cilia play no role in asymmetry (Zhang and Levin, 2009). PCP has also recently
been shown to be required for asymmetry in Xenopus embryos (Antic et al., 2010), but
the crucial experiment distinguishing between nodal cilia and early blastoderm roles has
not yet been done because only dorsal microinjection of Vang/ morpholino was reported.
One prediction distinguishing the ciliary model from the cytoplasmic— blastoderm model
concerns the outcome of ventral injections, because the frog ciliated organ (the GRP)
receives no contribution from ventral blastomeres (Schweickert et al., 2007; Blum et al.,
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2009). A LR phenotype arising from ventral microinjection of PCP-targeting morpholinos
would support a role for PCP in coordinating LR orientation throughout the blastoderm,
because a ciliary positioning function in the GRP would be ruled out. We are currently
testing this directly.

The proposal linking PCP to the elaboration of intracellular LR chirality makes another
prediction: that the physiological asymmetries observed in early blastomeres be associated
with cell polarity machinery. Indeed this is known not only in Xengpus (Bunney et al., 2003;
Qiu et al., 2005), but has recently been shown in Drosophila (Simons et al., 2009) and even
yeast (Minc and Chang, 2010), raising the possibility that the linkage between physiological
and anatomical polarity is truly fundamental and wide-spread, existing not only at the level
of embryos and cell sheets but also that of single cells. A similar mechanism is predicted

by the chromatid segregation model, as linking the axial orientation of cells at the earliest
cleavages to the mitotic machinery is required for differential chromatid segregation to be
consistently aligned with respect to the LR axis.

Data Gaps in the Early Models

The early physiological mechanisms are less well-known than the ciliary model for LR
patterning. One misconception that sometimes appears in the literature is that the data
implicating ion flows, gap junctions, and serotonergic signaling derive solely from drug-
based inhibition experiments, and thus are subject to all the usual caveats inherent in
pharmacological perturbation. Indeed, chemical genetic strategies (Smukste and Stockwell,
2005; Adams and Levin, 2006a,b; Wheeler and Brandli, 2009) are a rapid and inexpensive
method for initially implicating targets for further characterization, as well as allowing
dissection of the timing of different mechanisms (which is often impossible with genetic
manipulations). However, it is crucial to note that the drug screens that first suggested

the involvement of physiological early signals and helped narrow their timing of activity
were accompanied by experiments using molecular loss-of-function (and sometimes also
gain-of-function) gene-specific reagents (Levin and Mercola; Levin and Mercola, 1999;
Kramer et al., 2002; Levin et al., 2002; Bunney et al., 2003; Raya et al., 2004; Fukumoto
et al., 2005a,b; Adams et al., 2006; Morokuma et al., 2008) in every major study, rendering
concerns about pharmacological specificity irrelevant and firmly implicating several ion
transport and neurotransmitter pathways in LR patterning.

A true area of ignorance in the early cytoplasmic models however is an understanding of
how asymmetric gradients of voltage and serotonin content (Fukumoto et al., 2005b; Adams
et al., 2006) result in left-sided Nodal expression. Mechanisms converting intracellular
serotonin levels at blastula and gastrula stages into changes in transcription at much later
stages remain to be identified. The gap junctional communication phase of the early
intracellular model (Fig. 1) predicts a novel intracellular serotonin-binding protein that
directly modifies transcription. Thus, the linkage between events occurring between stage

5 and stage 17 are largely a black box, although some components such as asymmetric
syndecan phosphorylation have now been characterized (Kramer et al., 2002; Kramer and
Yost, 2002), and others are currently being characterized in our lab.

Dev Dyn. Author manuscript; available in PMC 2023 August 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vandenberg and Levin

Page 11

A second puzzle reveals itself when the physiological pathways are compared between
chick and frog. The electric circuit that establishes asymmetric voltage gradients has been
well characterized in Xenogpus, it remains to be worked out to the same level of detail

in the chick. The same molecular components have been implicated in both organisms:

the H*-V-ATPase and H*-K*-ATPase, gap junctions, serotonin, etc. (Levin and Mercola,
1998b; Levin and Mercola, 1999; Levin et al., 2002; Fukumoto et al., 2005b). Yet, the chick
expresses these targets and drives asymmetric ion flows at much later stages than does the
frog, when tens of thousands of cells are present (Levin et al., 2002; Raya et al., 2004).
Moreover, while serotonin and associated signaling pathways have been shown to play a
role in both model systems, no asymmetric distribution of serotonin has been observed in
chick as it has in frog; this suggests that while similar components are used in amphibia

and avians, the pathway has undergone significant modifications in adaptation to a very
different bodyplan architecture. Extension of these data to zebrafish and mammals represent
additional key areas for future work.

CAN THE CILIA AND INTRACELLULAR MODELS BE COMBINED?

As a possible reconciliation of the two datasets, it may be suggested that the ion transport
events important for LR patterning take place onthe cilia themselves. Cilia do indeed
possess ion channels (Teilmann et al., 2005) and even neurotransmitter receptors (Brailov

et al., 2000; Berbari et al., 2008), so perhaps gradients other than calcium (McGrath et al.,
2003; Schneider et al., 2008) also function during ciliary flow at the node. The very early
presence of the relevant ion transporter proteins does not rule out this model, because, like
ciliary proteins themselves which can also be expressed long before ciliogenesis, they could
be present but not functioning in LR asymmetry until cilia appear. This proposal is however
not consistent with the timing of the earliest consistently-asymmetrical physiological
gradients (Levin et al., 2002; Adams et al., 2006), cytoskeletal structures (Danilchik et

al., 2006), and protein localizations (Bunney et al., 2003; Adams et al., 2006; Aw et al.,
2008; Morokuma et al., 2008), which clearly show that at least in Xenopus, embryos know
their left from their right within an hour or two of fertilization. This model is also not
consistent with the timing of perturbations that are known to disrupt asymmetry far upstream
of unilateral gene expression such as left-sided NModal (Yost, 1991; Fukumoto et al., 2005a,b;
Adams et al., 2006; Danilchik et al., 2006; Vandenberg and Levin, 2010). Early windows

of activity indicated by the LR phenotypes of pharmacological blockades initiated at early
vs. later time periods are supported by data showing that some gene-specific ion transporter
constructs randomize LR asymmetry when injected at the 1 cell stage but lose the ability to
do so by the four-cell stage (Aw et al., 2010).

Most decisively, such a model is refuted by the fact that genetic reagents disrupting specific
physiological signals can randomize laterality when targeted to cells outside the ciliated
organ. The elegant recent mapping of the origin and function of the frog ciliated node by
Blum et al. shows that it is only the dorsal cells that contribute to the frog GRP (Blum et

al., 2009); moreover, it is only the cells on the left side that are important for LR-relevant
flow (Vick et al., 2009). The “channels on cilia” model predicts that constructs functionally
disruptive of these pathways should only be effective when targeted to the cells that give rise
to the ciliated organ. Yet reagents disrupting these early events that are injected into right
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ventral blastomeres, which never contribute to the ciliated organ, significantly disrupt the LR
axis (Table 3), while targeting those same serotonergic and bioelectrical gradients in cells
that contribute to the GRP has much less effect on asymmetry. Most of the physiological
activity during early LR steps takes place in the right ventral blastomere and its descendants
(Levin, 2006). Importantly, even “ciliary” proteins like Inv exert LR-randomizing effects on
the right side, not on the left (Yasuhiko et al., 2001) as predicted by the GRP model.

The Mouse as a Model for Mammalian Asymmetry

Which model is best supported by rodent data? The embryonic architecture of mice is quite
unlike most amniotes, being a cylinder rather than a flat blastodisc, and in other mammals, it
is not a node per se that is ciliated but an area on the posterior notochord (Blum et al., 2007).
Yet data from this model system are often taken as prototypical of all mammals, making

it important to ask which model of LR asymmetry best fits the data from rodent embryos.
Subject to the caveat mentioned above (intracellular roles for proteins that are normally
thought to have cilia-dependent LR phenotypes), the data in mice almost exclusively address
(and seem to support) the ciliary model. The question is actually still wide open because

the difficulty of early experiments in mice has prevented any tests of physiological models
during prenode stages, or of examination of possible early roles for characterized “ciliary”
proteins.

Single gene knockouts for the various channels, pumps, gap junctions, serotonergic proteins,
etc. known to be important from chick and frog studies have not shown any specific
laterality phenotypes in mice; this is not unexpected for physiological control systems,
because a large degree of compensation ensures that multiple family gene members (of
which there are usually many, for each kind of small molecule flux) can often fulfill the
role of any single protein removed. A true test for the role of these ion transporters in
establishing the LR axis of mice would involve the knock-in of relevant dominant-negatives
or constitutively active mutants, which could be used to specifically affect transmembrane
potential during early embryonic stages. At least in humans, one exception may be the
connexin43 mutation found in heterotaxia patients. DNA collected from severely affected
individuals was compared with normal subjects, and mutations in connexin43 were only
found in patients with visceroatrial heterotaxia (Britz-Cunningham et al., 1995). Although
this mutation was not found in bigger studies (Casey and Ballabio, 1995; Splitt et al.,

1995; Gebbia et al., 1996), the Britz-Cunningham study specifically examined a subclass of
heterotaxia patients: those with pulmonary stenosis, a malformation that was also observed
in connexin43 null mice (Britz-Cunningham et al., 1995). This was not specifically selected
for in later studies, and may account for the difference in results.

Like in frog (Hilton et al., 2007; Sakano et al., 2010), BCoR mutations randomize LR
asymmetry in human embryos (Ng et al., 2004; Hilton et al., 2007), but this does not occur
in mouse (Ye et al., 1997; Yoshida et al., 1999). The loss of brain asymmetry observed in
mouse mutants with ciliary dyskinesia (Kawakami et al., 2008) is not observed in human
patients (Kennedy et al., 1999; Tanaka et al., 1999; McManus et al., 2004; Afzelius and
Stenram, 2006). Another way in which mouse developmental genetics seems to differ with
that of human embryos concerns the LR-bilateral separation of pigmentation patterns in
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CHILD syndrome that occurs in man (Happle, 2002, 2006) but is highly mosaic in mice,
even though all of the other important features of this disease are present (Konig et al.,
2000). The difference here may be profound precisely because a clean midline separation
resulting from a nondisjunction/inactivation event at very early cleavage stages (as observed
in bird gynandromorphs [Hutt, 1949; Agate et al., 2003; Levin, 2006]) suggests an extremely
early origin of the midline, which may be true in many amniotes but not in mice.

Significant difficulties in working with early mouse embryos have prevented substantial
investigation of prestreak LR mechanisms in mice, but a telling recent study (Gardner,
2010) found that when individual blastomeres from eight-cell stage mouse embryos were
rearranged, reversal of the direction of axial rotation was induced. Consistent with earlier
proposals about the importance of the positioning of early blastomeres and the possible
determination of the midline long before the initiation of the primitive streak (Gardner,
1997, 2001), this work shows that the mouse embryo is not exempt from the importance
of very early events for LR asymmetry. Importantly, this is the same outcome as seen in
the experiments involving micromanipulation of blastomeres in snail (Kuroda et al., 2009)
and C. elegans (Wood and Kershaw, 1991) embryos, providing more evidence that there
are conserved mechanisms for establishing LR asymmetry across phyla. While much work
remains to be done to characterize other aspects of this laterality phenotype, it is clear that
events in the mouse taking place 7 days before the appearance of the ciliated node can
influence aspects of asymmetry.

An unfortunate aspect of the field is that most labs perform work uniquely on one model
species, with very little crossover. Two targets are promising entry points that may help
clarify the differences, and similarities, between rodent asymmetry and that in other model
systems. One is the NOD mouse, which develops diabetes mellitus with age. Those mice
that became pregnant before the onset of diabetes give rise to offspring with normal organ
situs (Morishima et al., 1991). In contrast, offspring born to dams with diabetes have
randomized organ placement; these pups were exposed to higher levels of glucose during
embryogenesis, causing a down-regulation of glucose transporters, likely altering glucose-
coupled ion transport. These data from the NOD mouse, therefore, suggest that laterality
disturbances in rodents can be caused by some aspect of ion-related physiology. Thus, future
studies may provide interesting insights into the influence of altered pH and membrane
voltage on LR development in the mouse, an area that has been widely studied in frog but
not yet addressed in mammals. Another promising target that may help unify the mouse

and frog models is ZIC3: this molecule is important for LR asymmetry in both mouse and
Xenopus embryos, and is known to act before the node and cilia in frog (Kitaguchi et al.,
2000; Purandare et al., 2002). ZIC3 is expressed as early as gastrula stages in the mouse and
Z1C3-deficient embryos display asymmetries in normally symmetrical structures (Ware et
al., 2006). An investigation of even earlier action in mouse should be most informative with
respect to the developmental timing of conserved steps.

MAJOR OPEN ISSUES

An analysis of basic physical principles (Brown and Wolpert, 1990; Henley, 2009) as well
as data developed over the last 20 years converges on the cytoskeletal organizer as the
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fundamental source of chirality. Significant disagreement exists in the field about how this
is converted to multicellular asymmetry. Each of the three major models of LR asymmetry
elaboration still contains significant areas of ignorance. In the case of cilia, it is clear that

in two vertebrate model systems, nodal flow per se can affect asymmetry (Nonaka et al.,
2002; Schweickert et al., 2007), but a lot of work remains to understand the etiology of true
LR phenotypes in “ciliary” mutants, and those in which asymmetry is normal despite cilia
defects. Furthermore, the relationship between nodal cilia and upstream LR cues (especially
in species like Xenopus where both early and ciliary mechanisms have been demonstrated)
must be dissected.

In the case of cytoplasmic early mechanisms (Levin and Palmer, 2007), the nature of the
oriented MTOC and the means by which it is tethered with respect to the other two axes
remains to be investigated. In the case of the differential chromatid model (Klar, 1994),

it likewise remains to be uncovered how the chromatid segregation machinery links to the
dorsal-ventral and anterior—posterior axes, to allow consistent distribution of the correctly-
marked DNA strand to the correct blastomere during first cleavage. As discussed previously
(Armakolas et al., 2010), machinery involved in asymmetric cell division, such as Numb,

is a promising avenue for future research. The chromatid segregation model initially arose
from the discovery of the chromosome-specific segregation phenomenon among mouse
chromosome 7 homologs (Klar, 2008; Armakolas et al., 2010). This model is then especially
interesting considering a recently identified mouse with a mutation on Chromosome 7 and
LR asymmetry defects, yet apparently normal cilia (Aune et al., 2008); although tracheal,
not nodal, cilia were examined in this study, their phenotypes are quite often linked (e.g., in
Kartageners syndrome). If the node ciliary function indeed mirrors tracheal in these animals,
the data would fit predictions made by the cytoplasmic model (which presumes the existence
of mutants in which ciliary flow problems are dissociated from LR defects). Future studies
are needed to determine whether biased chromatid segregation is affected in this mutant.

One of the key barriers to progress in the LR field has been the partitioning of models

to specific species: early mechanisms have not been specifically tested in mammals, while
the role of chromatid segregation has not yet been checked in the LR pathway of any
animal. Early zebrafish development has not yet been sufficiently probed, despite the

recent discovery of interesting “orphan” pathway members such as endoplasmic reticulum
ion transporters (Kreiling et al., 2008) and evidence indicating the dorsal-ventral axis is
established at the second cleavage (Gore et al., 2005). Moving forward will require increased
collaboration among labs with expertise in specific pathways and model systems to cross-
check their pathways in a wider variety of taxa, and remaining open to the idea that the
origin problem is not yet solved.

In addition to questions raised by human clinical data that are not tractable in any of
the available model systems (Aw and Levin, 2008), specific major directions include
the following: How do upstream mechanisms functioning in chick, mouse, sea urchin,
etc. all converge on asymmetric NModal expression during much later development? For
example, Sonic hedgehog is a crucial early asymmetric gene in the chick node (Levin
et al., 1995), but is not necessary in mouse node for normal asymmetry (Tsiairis and
McMahon, 2009). Strongly related to the nexus in which epigenetic events become
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converted to transcriptional responses is the question of “coordination.” Despite the near-
universal presence of heterotaxia (randomization and independent sidedness of each organ)
in LR phenotypes, we still have very little understanding of the mechanisms underlying
concordance among organs in wild-type or situs inversus individuals, or the differences
underlying heterotaxia, situs inversus, and isomerisms (which, oddly, are never seen in
Xenopus).

Other important questions remain: What is the nature of the maternal chirality-determining
factor in snails (Freeman and Lundelius, 1982)? The data suggest strongly that the
cytoskeleton is crucial in determining very early events of asymmetry but what is the role of
the factor that has been demonstrated in cytoplasm transfer experiments but not molecularly
identified? And, is it related to the epigenetic control of laterality in the duckweed

Lemna? The development of individual fronds toward L- or R-handedness during vegetative
propagation is not controlled by either nuclear or cytoplasmic genes, but handedness can

be altered by modulators of the auxin/serotonin pathway, resulting in the formation of an
inheritably unstable frond capable of giving rise to both L and R stable clones (Kasinov,
1973; Doss, 1978). A similar effect occurs in the colonial sea-squirt Botryllus. experimental
reversal of visceral asymmetry is propagated vegetatively in all buds that descend from one
that is experimentally reversed (Sabbadin et al., 1975).

The relationship of brain asymmetry to body asymmetry remains a fascinating area. While
some models, such as zebrafish (Halpern et al., 2003; McManus, 2005; Aizawa et al.,
2007), have resulted in significant progress on the molecular basis of brain asymmetry, the
fundamental question in mammals remains open. Mice with the /v mutation exhibit brain
isomerisms, not 50/50 incidence of situs inversus as is observed in their viscera (Kawakami
et al., 2008). Although humans with situs inversus exhibit reversal of some anatomical brain
asymmetries, they do not show reversals in functional asymmetries, and establish language
dominance on the left cerebral hemisphere and a strong bias for right-handedness, just like
in the general population (Kennedy et al., 1999; Tanaka et al., 1999; McManus et al., 2004).

IONS AND PERSPECTIVES

We have presented here an overview of the strengths and weaknesses of three models for
the establishment of LR asymmetry. While the ciliary model is widely accepted as “fact” in
cell biology textbooks and by students and grant reviewers alike, there are many examples
of data that are at odds with this model (Table 2). First, the ciliary model cannot explain
results from several studies suggesting that consistent LR asymmetry can be produced in the
absence of a node, confined fluid flow, or even multicellularity (Xu et al., 2007; Gros et al.,
2009). Additionally, just as the cytoplasmic model predicts, we have identified at least six
examples where ciliary phenotypes can be dissociated from problems with LR asymmetry,
indicating that a causal link between cilia and LR asymmetry is less than solid (Zhao and
Malicki, 2007; Aune et al., 2008; Kishimoto et al., 2008; Serluca et al., 2009; Tian et al.,
2009; Zeng et al., 2010). Finally, a role for cilia as initiators of laterality is inconsistent with
the existence of asymmetries that are consistent, and both physiological and morphological
during early cleavage stages (Adams et al., 2006; Danilchik et al., 2006; Levin and Palmer,
2007).
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Bringing the state of the field (and its dominant models) into sharper focus is critical for
continued progress. This is important not only from the perspective of funding, biomedical
implications, and drawing new talent to the field, but also because an exclusive focus

on ciliary, late mechanisms functions as a positive-feedback loop. Many studies on novel
players in the LR pathway analyze their late roles only, assuming that pregastrulation
functions are unlikely to be important; this is particularly true in Zebrafish, where many
studies examine only KV roles, never analyzing potentially important processes occurring
early and leaving the field with the impression that nothing interesting happens before the
KV forms (which in turn makes it less likely that future studies examining early roles,
especially in mice, are ever performed).

The links between intracellular (cytoskeleton-driven) polarity and LR asymmetry have
grown stronger: recent data from snails, frogs and mice all suggest that a chiral cytoskeleton
is established extremely early during development (Danilchik et al., 2006; Aw et al., 2008;
Kuroda et al., 2009; Gardner, 2010), a remarkable example of a widely-conserved system
that has relevance to invertebrate and even plant systems (Doss, 1978; Hashimoto, 2002;
Abe et al., 2004; Levin, 2006; Oviedo and Levin, 2007). Interestingly, the role of a MTOC
as the initiator of LR asymmetry is common to all three main models in the field, a

largely unacknowledged common ground among the many interesting controversies about
downstream amplification and coordination mechanisms.

LR asymmetry may be fundamental to most (if not all) cells, evolutionarily ancient,

likely driven by the inherent chirality of cytoskeletal organizing centers, manifest at the
single-cell level, and imposed across multicellular cell fields early in embryogenesis by a
combination of physiological, biophysical, and epigenetic pathways upstream of asymmetric
gene expression. This field thus offers some of the richest opportunities for novel biology
that spans boundaries of scale and discipline, and there is truly much still to be learned.
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Fig. 1.
Schematic of cytoplasmic model of left-right (LR) asymmetry. This schematization, based

on events characterized in Xenopus laevis, shows how intracellular chirality can be imposed
upon multicellular cell fields, and initiate asymmetric gene expression relative to the
midline, by a physiological mechanism driven by maternal, biophysical events. A: Eggs are
initially loaded with maternal mMRNAs and proteins (blue) that are symmetrically (radially)
distributed around the animal-vegetal axis. B: When the egg is fertilized, the location of the
sperm entry point dictates the location of the first cleavage plane, which usually coincides
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with the midline of the developing animal (Scharf and Gerhart, 1983; Ubbels et al., 1983;
Klein, 1987; Masho, 1990; Marrari et al., 2004) . The crucial event at this stage is the
complex set of known cytoskeletal rearrangements that include the hypothetical orientation
of an organizing center (e.g., the centrioles existing at right angles to each other) with
respect to the animal-vegetal and dorsal-ventral axes (the enantiomeric “F-molecule,” here
represented by a hand). Maternal cargo proteins/mRNAs can then begin to be distributed

in a consistently-asymmetric manner by cytoplasmic motor transport (dependent on kinesin,
dynein, and microtubule arrays). C: By the four-cell stage, maternal mMRNAs are now largely
localized to the right ventral blastomere. These mMRNASs encode ion transporters including
two potassium channels (Aw et al., 2008; Morokuma et al., 2008) and two proton pumps, the
H*-K*-ATPase (Levin et al., 2002) and the H™-V-ATPase (Adams et al., 2006). D: Together,
the asymmetric localization of these transporters (blue circles) leads to a circuit establishing
physiological asymmetries such as an increased pumping of positively charged ions out of
the right side cell (+), leading to a difference in transmembrane potential between the L

and R blastomeres across the ventral midline. The blastomeres of the early embryo next
become connected by means of open gap junctions (orange channels), with the exception

of the cells between the left and right ventral cells (Levin and Mercola, 1998b), which are
junctionally-isolated (dark line). E: Serotonin and perhaps other small charged morphogens
(yellow dots) are initially present in all blastomeres. F: Subject to selectivity of the gap
junctions, some are then driven toward the right-most ventral cell by an electrophoretic
force maintained by the battery at the ventral edge. G,H: Through an as-yet uncharacterized
pathway, the localization of morphogens such as serotonin to the right side of the embryo
suppresses downstream expression of genes (i.e., Nodal), which are thus expressed only

on the left side (G), which eventually leads to asymmetric organ morphogenesis (H). This
model can be readily extended to bodyplans where the midline is defined after the initial
cleavages are complete by the spread of LR orientation information from coordinator cell(s)
by means of planar cell polarity pathways (Aw and Levin, 2009; Vandenberg and Levin,
2010).
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Logical schematization of the three major models of left-right (LR) asymmetry. The

three fundamental models of asymmetry generation all derive the initial chirality from the
centrosome or other cytoskeletal organizing center. The ciliary models propose that, having
formed a cilium with a molecular chirality determined by its physical structure and the
nucleating element, planar polarity aligns its rotary motion with the anterior—posterior (AP)
and dorsal-ventral (DV) axes. Thereupon, calcium fluxes generated by mechanosensory
cilia or specific receptors for bulk transport of some extracellular morphogen provide the
first difference between the left and right sides; this would occur on the Node during
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gastrulation, and shortly thereafter turned into asymmetric gene expression of Modal on

the left side. The differential strand segregation model proposes that the two DNA strands
during the earliest cell divisions are not identical in terms of their imprinting or in terms of
the MRNAs associating with them (Lambert and Nagy, 2002). The cytokinesis machinery,
coupled to planar polarity or another mechanism for orienting DNA segregation with
respect to the existing two axes, ensures that the right and left sides acquire DNA with
distinct gene expression profiles in subsequent stages. The intracellular/physiological model
proposes that early asymmetries of the cytoskeleton allow ion channels and pumps to be
localized by intracellular motor proteins to one side of blastomeres also oriented within

the anatomical polarity of the embryo during the first few cleavages. These bioelectrical
asymmetries result in the redistribution of a small molecule morphogen (maternal serotonin)
that subsequently initiates repression of AModa/ on the right side. All three models feed into
the less controversial steps of the asymmetric gene cascade that ultimately controls the
patterning of the heart and visceral organs.
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