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Abstract

Understanding how and when the left-right (LR) axis is first established is a fundamental question
in developmental biology. A popular model is that the LR axis is established relatively late in
embryogenesis, due to the movement of motile cilia and the resultant directed fluid flow during
late gastrulation/early neurulation. Yet, a large body of evidence suggests that biophysical,
molecular, and bioelectrical asymmetries exist much earlier in development, some as early as the
first cell cleavage after fertilization. Alternative models of LR asymmetry have been proposed that
accommodate these data, postulating that asymmetry is established due to a chiral cytoskeleton
and/or the asymmetric segregation of chromatids. There are some similarities, and many
differences, in how these various models postulate the origin and timing of symmetry breaking
and amplification, and these events’ linkage to the well-conserved subsequent asymmetric
transcriptional cascades. This review examines experimental data that lend strong support to an
early origin of LR asymmetry, yet are also consistent with later roles for cilia in the amplification
of LR pathways. In this way, we propose that the various models of asymmetry can be unified:
early events are needed to initiate LR asymmetry, and later events could be utilized by some
species to maintain LR-biases. We also present an alternative hypothesis, which proposes that
individual embryos stochastically choose one of several possible pathways with which to establish
their LR axis. These two hypotheses are both tractable in appropriate model species; testing them
to resolve open questions in the field of LR patterning will reveal interesting new biology of wide
relevance to developmental, cell, and evolutionary biology.
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Introduction

Hidden beneath the bilaterally symmetrical exterior of virtually all vertebrates is an internal
body plan with asymmetrically positioned organs. Consistent left-right (LR) asymmetry is a
highly conserved feature in amphibians, reptiles, birds, fish and mammals, all of which
orient their hearts and visceral organs with the same biases in placement and morphology.
Our fascination with asymmetry dates back centuries (Perloff, 2011), and many modern day
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scientists work to address a fundamental biological question: what are the mechanisms used
to reliably establish developmental chirality?

Understanding how consistent LR asymmetry is established in human embryogenesis is
particularly important because errors in asymmetry account for a class of birth defects with
medical consequences for affected individuals (Casey and Hackett, 2000; Cohen et al., 2007;
Hackett, 2002; Peeters and Devriendt, 2006). These patients typically encounter difficulties
due to the inability of the vasculature to make proper connections between the heart, lungs
and various visceral organs when one or more organs has inappropriate placement (situs).
Birth defects of LR asymmetry include situs inversus (the complete reversal of the internal
organs), heterotaxia (the lack of concordance between the internal organs), single organ
inversions such as dextrocardia (the reversal in position and morphology of the heart), and
isomerisms (symmetry of the LR axis, leading to duplication or complete loss of single
organs such as the spleen); several of these conditions raise unique challenges for medical
treatment and decreased lifespan relative to individuals with normal organ situs (s/tus
solitus).

Importantly, LR asymmetries extend beyond the basic body plan. In many animals,
asymmetries are apparent in the structure, circuitry and function of the brain (Guglielmotti
and Cristino, 2006; Roussigne et al., 2012), and these asymmetries have been linked to
functional asymmetries in a number of behaviors (Facchin et al., 2009; Rogers et al., 2004).
In human beings, brain asymmetries may be responsible for the development of language,
and individuals with decreased brain lateralization are more likely to have academic
difficulties, learning disabilities such as dyslexia, and diseases including schizophrenia
(Corballis, 2012; Crow, 2008; Leonard and Eckert, 2008). Other asymmetries in behavioral
features such as handedness are fascinating examples of lateralization where the LR bias is
strong, but significantly weaker than the bias for asymmetric organ placement (e.g., ~90%
right hand dominance versus 99.95% situs solitus) (Corballis, 2009). Interestingly,
handedness has been linked to other conditions including susceptibility to intestinal parasites
(Uslu et al., 2010), ear dominance and craniofacial asymmetries (Dane et al., 2002), asthma
and autoimmune diseases (Krommydas et al., 2004; McManus et al., 1993), and birth weight
(James, 2001), among others (reviewed in (McManus, 2005)).

Over several decades of research, additional cryptic asymmetries have been uncovered in
humans and other vertebrates. For example, LR biases have been observed in the location of
disease and infection in bilateral organs such as the kidney (Schreuder, 2011), the incidence
of unilateral polydactyly (Schnall and Smith, 1974), electrophysiological properties of the
developing eye (Pai et al., 2012), and the sidedness of external birth defects such as cleft
palate (Paulozzi and Lary, 1999). LR biases have also been found for the site of mammary,
ovarian, lung and testicular cancers (Wilting and Hagedorn, 2011) and there are LR biases
for unfavorable prognoses following colon cancer detection and the likelihood of these
cancers to metastasize to the lungs and liver (Benedix et al., 2010; Meguid et al., 2008;
Singh et al., 2010). Thus, understanding the generation of asymmetry is not only of
fundamental importance for the basic developmental biology of a major body axis, but also
has strong biomedical relevance. While important progress has been made, aspects of LR
asymmetry with potentially significant impacts on human health await a more complete
molecular dissection of LR patterning.

Agreement and Disagreement in the Field

There is general agreement that the establishment of LR asymmetry requires three major
phases (Levin and Palmer, 2007; Tabin, 2011). In the first, bilateral symmetry is broken in
such a way that the LR axis is consistently oriented relative to the dorsal-ventral and
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anterior-posterior axes. In the second, LR differences produced in the first step are translated
into the differential expression of genes on the left and right sides of the body midline.
Finally, in the last step, asymmetric gene expression drives changes in cell behavior, such as
migration rates (Lenhart et al., 2013), that result in the asymmetric position and morphology
of the heart and visceral organs.

The final step, asymmetric positioning and shape of the internal organs, is highly conserved
in all vertebrate species. This remarkable conservation suggests that there is likely to be an
evolutionary advantage not just to bilateral asymmetry, but to #4/s consistently-asymmetric
packaging of the internal organs. Furthermore, the steps regulating asymmetric gene
expression have been well-explored and a consistent picture of left- and right-sided
transcriptional cascades has emerged (Levin, 1998; Nakamura and Hamada, 2012;
Nakamura et al., 2006). The initial step in the LR asymmetry pathway — termed symmetry
breaking — is the one that is most debated. For lack of any other viable class of models, it is
generally agreed that a symmetrical embryo must distinguish its left from its right only after
the dorsal-ventral and anterior-posterior axes have been determined, by consistent
orientation of some subcellular component that is inherently chiral by virtue of its
biochemical structure (Brown and Wolpert, 1990). Thus the field is in agreement about the
inherently biophysical origin of asymmetry, prior to asymmetric transcriptional events.
However, there is considerable debate on three major issues: (1) What is the chiral element
that first breaks symmetry? (2) When during embryogenesis does it act? and (3) How
conserved among diverse phyla are these mechanisms, and which model systems best
represent the “general case”? Question #3 is particularly important because fascinating
evolutionary biology issues are highlighted by the use of similar and distinct molecular
mechanisms in species with very different body plans, and because biomedical implications
of asymmetry research are impacted by the question of whether the mouse is the best model
for human laterality.

The predominant model proposes that the movement of cilia in the early neurulating embryo
provides chiral fluid flow in a small pocket of tissue, termed the node (mouse), the
gastrocoel roof plate (GRP, Xenopus), or Kupffer’s Vesicle (KV, zebrafish) (Figure 1).
These motile cilia produce a directional fluid flow in the node with a strong right-to-left
current because of the cilia’s biochemical structure and orientation (Basu and Brueckner,
2008; Brueckner, 2001; Tabin, 2006). The cilia model includes three possible mechanisms
by which this vertical fluid flow is amplified: the accumulation of extracellular morphogens
on the left side of the embryo, asymmetric distribution of nodal vesicular particles (NVPs,
small membrane-bound vesicles that transport morphogens such as sonic hedgehog and
retinoic acid), or asymmetric detection of fluid flow itself by mechanosensory cilia leading
to calcium signaling on one side of the embryo (McGrath and Brueckner, 2003; McGrath et
al., 2003; Norris, 2012; Tabin and Vogan, 2003; Tanaka et al., 2005; Yost, 2003).

Although the cilia model is frequently represented in medical and cell biology textbooks as a
definitive and general explanation of embryonic asymmetry, it is really comprised of 2
distinct claims that need to be considered separately: (A) that ciliary motion is the very first
step that initiates asymmetry de novo, and (B) that this is a general, well-conserved
mechanism working in all vertebrates. In fact, while this model is strongly supported by data
in mouse, there are very significant challenges to both the primacy of cilia and their
involvement in LR patterning among other vertebrates (Levin, 2006; Vandenberg and Levin,
2010b). While numerous invertebrate phyla orient their LR axis without the benefit of cilia
(Okumura et al., 2008; Speder et al., 2007), suggesting a divergence of asymmetry
mechanisms in evolutionary history, recent data suggest that a number of intracellular
elements are very broadly conserved in LR patterning, including invertebrates and even
plants (Levin and Palmer, 2007; Lobikin et al., 2012; Oviedo and Levin, 2007). Together
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with the known existence of consistent asymmetries long before cilia appear even in species
that do drive a nodal flow (Adams et al., 2006; Danilchik et al., 2006; Fukumoto et al.,
2005b; Kramer et al., 2002; Levin et al., 2002), an alternative, /ntracellular model, was
proposed (Klar, 1994; Levin and Nascone, 1997). The /ntracellular model differs from the
ciliary model because it proposes A) that the origin of organismic asymmetry is not
extracellular cilia but rather cytoplasmic cytoskeletal chirality, B) that the initial LR
patterning steps occur extremely early, during the first few cell cleavages in most organisms,
and C) that with the possible exception of the mouse, elements of this pathway are broadly
conserved. The cilia model has been explicated in a number of excellent recent reviews
(Basu and Brueckner, 2008; Norris, 2012; Shiratori and Hamada, 2006). Here, we discuss
important features of alternative models, critically evaluate the evidence for each, and
attempt to synthesize available data into a consistent picture of LR patterning throughout the
tree of life. We end this review with a discussion of two new hypotheses; are the available
data best synthesized by a model in which cilia operate as a downstream amplification
mechanism in a pathway that uses earlier steps to break symmetry, or do some phyla allow
individual embryos to stochastically select which of two alternate pathways are used to
determine each individual’s developmental laterality?

Transducing cytoplasmic chirality into multi-cellular asymmetry

It has long been known that single cells use their cytoskeleton to drive consistent chirality
(Alpatov, 1946; Frankel, 1991; Heacock and Agranoff, 1977; Nelsen et al., 1989; Xu et al.,
2007). How would asymmetric shape or intracellular transport in key embryonic cells
determine asymmetric transcription in cell fields? Three classes of non-mutually-exclusive
proposals relative to the intracellular model have been made: the ion flux model, the
chromatin segregation model, and the planar cell polarity (PCP) model (Figure 1).

1. The ion flux model. Driven by both pharmacological and molecular loss-of-
function experiments in the frog and chick embryo, this model proposes that
existing chiral structures in the embryo’s cytoskeleton (i.e. the MTOC and actin
fibers) are oriented relative to the dorsal-ventral and anterior-posterior axes within
the first embryonic cleavage (Aw et al., 2008; Danilchik et al., 2006). This chiral
cytoskeleton is then responsible for actively directing the asymmetric distribution
of proteins including K* channels and H* pumps (Qiu et al., 2005); the LR biased
placement of these ion transporters leads to consistent differences in the pH and
transmembrane voltage on the left and right sides of the embryo (Adams et al.,
2006; Morokuma et al., 2008) and bioelectrical gradients drive the asymmetric
distribution of small charged molecules such as serotonin through gap junctional
paths from left to right in the early embryo (Fukumoto et al., 2003; Fukumoto et al.,
2005b; Levin and Mercola, 1998). Serotonin accumulates within the right side of
the embryo, where it epigenetically represses the expression of Xnr-1, the Xenopus
homologue of the highly conserved left-side marker Nogal (Carneiro et al., 2011).
While many of these same components (serotonin, gap junctions, motor proteins,
cytoskeletal components, proton pumps, and potassium channels) are now known
to function in the establishment of LR asymmetry in many other species including
chick, C. elegans, sea urchin, and Ciona, among others (reviewed in (Levin, 2006;
Oviedo and Levin, 2007)), the full details are known only in Xenopus and it
remains to be discovered exactly how other body plans utilize these building blocks
for LR patterning.

2. The chromatid segregation model. This model proposes that the two chromatids in
the single celled embryo are differentially imprinted and segregated during the first
cell division, and therefore retain information allowing for the distinction of the left
and right sides (Klar, 1994, 2008; Sauer and Klar, 2012a). Exactly how the first
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two blastomeres are consistently oriented with the dorsal-ventral and anterior-
posterior axes (allowing the correctly-imprinted chromatid to go to the correct
anatomical side) is as yet unknown, but this process has been shown to be
dependent on left-right dynein (LRD) (Armakolas and Klar, 2007; Sauer and Klar,
2012a), a protein that was first implicated in LR asymmetry in the mouse. Most
studies examining the role of LRD focus on the immobility of cilia in LRD mutants
(McGrath et al., 2003; Schneider and Brueckner, 2000; Supp et al., 1999). Like the
cilia model and the ion flux model, the chromatid segregation model assumes that
the anterior-posterior and dorsal-ventral axes are established first, likely at the time
of fertilization, and that the LR axis is oriented relative to these two axes; the
mechanism responsible for orienting the LR axis relative to the other axes is not yet
known, but likely to involve aspects of planar cell polarity (discussed in more detail
below). Ultimately, the chromatid segregation model proposes that differential
imprinting on the chromatids that go to the left and right sides of the embryo
influence expression of a yet-to-be characterized LR-specifying gene, such that this
gene is only expressed on one side of the midline. Differential chromatin
segregation, as well as mother-daughter cell biased segregation of mRNAs and
proteins, are sufficient to maintain asymmetry in yeast (Armakolas et al., 2010; Yu
et al., 2012) and have recently been shown to play a role in other eukaryotic cells
and embryos (Nakano et al., 2011; Tajbakhsh, 2008; Tajbakhsh and Gonzalez,
2009). Indeed, a very similar scheme, first proposed by A. Klar (Klar, 1994, 2008),
has now been implicated in C. elegans asymmetry (Nakano et al., 2011).
Interestingly, the plausibility of this model is supported by another example of
unequal chromosome distribution — that leading to gynandromorphy, which is
known to not only manifest with a clear midline separation (reviewed in (Levin,
2006; Levin and Palmer, 2007)) but also consistent LR bias of male and female
organs (Mittwoch, 2000, 2001, 2008).

The PCP model. Planar cell polarity (PCP) is a highly conserved intracellular
mechanism used to generate concordant orientation of structures such as the
Drosophila wing and eye (Maung and Jenny, 2011), the mammalian kidney
(Carroll and Das, 2011), the vertebrate limb (Barrow, 2011), and the lung (Yates
and Dean, 2011), among others. To establish intracellular asymmetries, the apical
and basal surfaces of the cell are first distinguished by a set of proteins that are
preferentially expressed on only one surface (Tree et al., 2002). Next, some
components of the PCP pathway become asymmetrically localized to one side of
the cell due to reciprocal interactions with other PCP proteins (Vichas and Zallen,
2011). The recent emphasis on PCP as a means to generate LR asymmetry has
largely focused on the ability of PCP proteins to properly orient cilia in the node
(Gray et al., 2011), viewing PCP as a component of the cilia model. Yet because
PCP is an ideal system for coordinating large-scale structures with intracellular
polarity (Pohl, 2011; Torban et al., 2012; Wang and Nathans, 2007), it has been
suggested to be a mechanism for imposing consistent LR axial orientation on
tissues as an amplifying mechanism downstream of cytoskeletal cues (Aw and
Levin, 2009; Vandenberg and Levin, 2009). This proposal is supported by
subsequent data showing that disrupting PCP proteins in embryos without motile
cilia at the node (such as chick) (Zhang and Levin, 2009), or in cells that do not
contribute to the ciliated node in frog embryos (Vandenberg and Levin, 2012),
specifically disrupts LR patterning. Indeed, recent data show that PCP orientation
can be downstream of a directionally-biased microtubule-based transport
mechanism (Vladar et al., 2012), precisely as predicted by a model in which PCP
spreads and coordinates intracellular chirality information.

Dev Biol. Author manuscript; available in PMC 2014 July 01.



Vandenberg and Levin Page 6

Data that distinguish among the models of LR asymmetry

a. Do the data that support the cilia model also refute early models?

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Some of the strongest data implicating cilia in LR patterning involve experiments where the
viscosity of fluid in the node is altered. In the mouse, altering flow at the node perturbs heart
situs in 88% of treated animals and asymmetric gene expression in 73% of embryos
(Nonaka et al., 2002; Shinohara et al., 2012); proper heart situs was restored when fast
leftward flow was applied to cultured embryos. Interestingly, in Xenopus, altered ciliary
flow randomizes the LR axis, but the penetrance is much lower than in the mouse, with only
33% of tadpoles displaying randomized situs (of three organs) (Schweickert et al., 2007).
Our own repeated attempts to affect LR patterning by altering the viscosity of fluid in the
Xenopus GRP have been unsuccessful; moreover, we have also observed that some aspects
of the treatment protocol (i.e. high temperature treatment needed to change the viscosity of
injected methylcellulose) can themselves non-specifically randomize LR asymmetry, thus
confounding results of methylcellulose injection experiments (Vandenberg & Levin,
unpublished observations). Therefore, although these quantitative data indicate that
disrupting ciliary flow alters LR patterning, the differences observed in the penetrance of LR
phenotypes may indicate differences in the relative contributions of cilia to LR patterning in
these different species, and future studies definitively examining the role of cilia in Xenopus
are still needed.

Other challenges to the early model have arisen following a series of publications that
contested an early role for serotonin, gap junctions and an ion transporter (the H*/K*-
ATPase, also called ATP4a) (Beyer et al., 2012a; Beyer et al., 2012b; Walentek et al., 2012).
These studies provide evidence to suggest that serotonin, connexins, and H*/K*-ATPase
have late roles in the LR asymmetry pathway; altering these pathways also influences ciliary
parameters including cilia number, cilia length, flow directionality and flow velocity,
suggesting that there are roles for serotonin, gap junctions, and ion transporters in the cilia
model, or — as previously argued (Levin, 2003b; Levin and Palmer, 2007), that ciliary
phenotypes are a byproduct of early events and thus coincident, but not necessarily causal,
of LR defects. Regardless of the functional roles of cilia (which are compatible with early
events if cilia are an amplifying or parallel, not initiating, step), do these studies challenge a
role for serotonin, gap junctions and the H*/K*-ATPase during early cleavage stages?

The first study, focusing on serotonin signaling, used morpholinos to knockdown serotonin
receptor R3 in the cells that contribute to the GRP. This treatment randomized pitx2
expression, altered ciliary flow, and disrupted specification of the superficial mesoderm
(Beyer et al., 2012a). While these data suggest additional permissive roles for serotonin
during later embryogenesis, these experiments also indicate that LR defects could arise due
to non-specific effects on superficial mesoderm specification and altered Wnt signaling
pathways. Furthermore, these results cannot address early roles of serotonin because
morpholinos do not affect maternal serotonin levels, which are high during early cleavage
stages and degrade to low concentrations by the stages where the GRP is formed (Fukumoto
et al., 2005a; Fukumoto et al., 2005b). Using dominant negative R3 mRNAs, we have
confirmed a role for serotonin during early cleavage stages in cells that do not contribute to
the ciliated node (Vandenberg et al., 2012b). These results, when considered together with
previously published gene-specific dominant negative and pharmacological data (Fukumoto
et al., 2003; Fukumoto et al., 2005b), indicate that serotonin is involved in LR patterning
long before its role in GRP specification.

Another study, focusing on gap junctional communication, used morpholinos to target
connexin-26 and connexin-32, and showed that knockdown of connexin-26, but not
connexin-32, on the left side of the embryo randomizes pitx2 expression (Beyer et al.,
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2012b). Again, morpholinos are unable to address the maternal connexin proteins that
function during cleavage stages - the stages that are implicated in the early orientation of the
LR axis (Levin and Mercola, 1998). The authors also propose that the asymmetric coupling
of early blastomeres observed previously using small- and large-molecular weight dyes
(Levin and Mercola, 1998) are artifacts of imaging through whole embryos (Beyer et al.,
2012b; Landesman et al., 2000). Not only do sections of these embryos reveal that small
molecular weight dyes are transferred to neighboring cells and large molecular weight dyes
are not, indicative of selective transport through gap junctions in the early cleavage stage
embryo that rules out wholemount imaging artifacts (Figure 2), their model is unable to
account for the fact that inducing gap junctional communication with Cx26 mRNA on the
ventral side, or blocking it from either the left or right direction on the dorsal side, but not
the reverse operations, each randomize asymmetry, demonstrating that it is the non-
ubiquitous spatial distribution of gap junctional states in the embryo that are important.
Importantly, (Beyer et al., 2012b) show that connexin-26 morpholinos have no effect on
ciliary parameters; however, these morpholinos do affect asymmetry gene expression,
confirming that the role for gap junctional communication in LR patterning is distinct from
cilia and the node.

One more recent paper from the same group focused on the H*/K*-ATPase, which has been
shown to play an early role in LR axis specification (Aw et al., 2008; Levin et al., 2002).
Knockdown of the H*/K*-ATPase produced randomized expression of pitx2and alterations
in several ciliary parameters (Walentek et al., 2012). However, this study was again based
on results obtained with morpholinos, which do not affect maternal H*/K*-ATPase protein
present at early cleavage stages (Aw et al., 2008; Levin et al., 2002). Furthermore, the H*/
K*-ATPase morphants have diverse and significant phenotypes distinct from LR patterning
including shortened anterior-posterior axes, defects of the head, eye and kidney, and reduced
pigmentation (Walentek et al., 2012), making it very hard to draw conclusions specifically
about LR patterning; these morphologies suggest that the H*/K*-ATPase morpholinos
disrupt Wnt signaling — and therefore unsurprisingly alter development of the GRP and
disrupt ciliary flow. In any case, a permissive late role for the H*/K*-ATPase in GRP
specification does not rule out a specific early role for this ion transporter in LR asymmetry.

In summary, high-resolution studies support a role for cilia movement in asymmetry of mice
(Norris, 2012; Shinohara et al., 2012; Yoshiba et al., 2012) and frogs (Blum et al., 2009;
Schweickert et al., 2012). No consistent LR asymmetry has been characterized in mouse
prior to appearance of the ciliated node; although some asymmetries have been
demonstrated in the first few cleavage stages (Roberts et al., 2011; Sun et al., 2011), they
have not yet been shown to be consistently biased. The difficulties of early murine
embryonic manipulation have precluded serious attempts to test known early mechanisms in
the mouse, although it is now known that even 8-cell stage mouse embryo blastomeres are
no longer LR-equivalent (suggesting that some degree of LR patterning does occur very
early, as in many other species) (Gardner, 2010). Given the major differences in upstream
LR patterning steps between mouse and other amniotes such as pig and chick (Gros et al.,
2009), it is not clear that mouse is the best model for widely-used asymmetry mechanisms.
Another way in which mouse development seems to differ from that of human embryos
concerns the LR-bilateral separation of pigmentation patterns in CHILD syndrome that
occurs in human beings (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 midline separation resulting from a
nondisjunction/inactivation event at very early cleavage stages (as occurs in
gynandromorphs (Agate et al., 2003; Levin, 2006)) hints at an extremely early origin of the
midline, which may be true in many amniotes but not in mice and is important for early
definition of the LR axis. Thus, evidence for cilia as the initiating mechanism in mice does
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not necessarily apply even to other amniotes, as well as other vertebrates. Regardless of the
status of rodents, molecular evidence for early models in mammalian model systems
remains one of the major unaddressed opportunities in this field.

b. Challenges to the cilia model, support for the early models

In contrast to the few studies that directly implicate nodal flow in LR patterning (Nonaka et
al., 2002; Schweickert et al., 2007; Shinohara et al., 2012), many gaps in the cilia literature
raise questions about a causal link between cilia and asymmetry (Levin and Palmer, 2007;
Vandenberg and Levin, 2010b). The cilia model is widely thought to be buttressed by the
dozens of papers in the mouse model reporting loss of function of ciliary proteins and LR
asymmetry defects. However, these studies offer little direct evidence to causally implicate
ciliary flow in LR asymmetry because these “ciliary” proteins have non-ciliary functions,
and both or either could be responsible for the effect of these mutations and knockdowns on
LR patterning (Levin, 2003a; Levin, 2004). In zebrafish, many experimenters target
molecular reagents to the KV (the zebrafish equivalent of the node), and when the LR axis is
randomized by these treatments, the authors conclude that the “ciliary’ protein is required
there (Aamar and Dawid, 2010; Ablooglu et al., 2010; Amack et al., 2007; Amack and Yost,
2004; Antic et al., 2010; Bisgrove et al., 2005; Francescatto et al., 2010; Matsui et al., 2011,
Schneider et al., 2010; Vick et al., 2009; Wang et al., 2011). However, none of these studies
tested the effects of these treatments when specifically targeted to cells that do not
contribute to KV, and studies on zebrafish LR patterning almost never include expression or
functional data on these molecular targets at pre-KV stages (e.g., cleavage or epiboly
timepoints). Thus it is impossible to determine whether these molecular targets specifically
affect LR patterning by altering aspects of node function or by an earlier mechanism.
Importantly, many studies show less penetrant LR phenotypes when “ciliary’ proteins were
knocked down specifically at the node compared to when they were knocked down
throughout the entire embryo (Table 1), further suggesting that these proteins have important
roles in the orientation of the LR axis that can be separated from any explicit actions they
might have at the node.

Specific examples highlight similar questions about the centrality of the node to the origin of
LR asymmetry. The first involves rfx2, a protein involved in ciliogenesis in the zebrafish
node. When rfx2 expression is knocked down throughout the zebrafish embryo, randomized
organ situs is observed in 35% of embryos (Bisgrove et al., 2012). Yet, when rfx2
expression is restored to the node (i.e. a “rescue” experiment), a significant level of
heterotaxia remains (18%), indicating that renewal of this protein in the node does not
completely rescue LR patterning. The second example examines the restoration of LRD to
the node in LRD mutant mice. Although this rescue does decrease the incidence of inverted
heart looping and abnormal pitx2 expression, it cannot completely rescue these defects
(Bisgrove et al., 2012). Importantly, many such rescue experiments are not definitive
because they utilize gene promoters that are not specific to the node, therefore they may
result in expression of the gene of interest prior to the formation of the node, or even in cells
that are not destined to be a part of the node. For example, the driving elements used in
“node-specific” rescue experiments (Yoshiba et al., 2012), i.e. Nodal, FoxA2, and Pkd2, are
all ubiquitously expressed in the embryo at E6.5 (Burtscher and Lickert, 2009; Guillaume
and Trudel, 2000; Markowitz et al., 1999; Sasaki and Hogan, 1993; Varlet et al., 1997) and
some are present at early cleavage stages (Tang et al., 2009), leaving open the possibility
that it is these earlier functions that underlie the functional rescue, not the later expression in
the node. Specific knockouts of LRD and other ciliary proteins only at the node, or rescue
experiments driving no expression prior to node formation, have not been performed; such
genetic manipulations are needed, to provide conclusive evidence as to whether “ciliary’
proteins have roles in LR asymmetry that are distinct from their ciliary function at the node.
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Together, these data suggest that “ciliary” proteins have LR-relevant functions that are
distinct from nodal cilia movement, as is clear for several of the major targets in this field
such as kinesin3B and LRD (Armakolas and Klar, 2007; Qiu et al., 2005).

We previously compiled a list of molecular genetic reagents that alter LR patterning even
when targeted to areas that exclude the GRP in Xenopus embryos (Vandenberg and Levin,
2010b). The list continues to grow and now includes additional examples from the serotonin
pathway (Vandenberg et al., 2012b), histone deacetylases (Carneiro et al., 2011), and the
PCP pathway (Vandenberg and Levin, 2012). Moreover, there is at least one known
example of a ciliary gene, foxj1lb, that when knocked down throughout the zebrafish embryo
produces LR phenotypes, but when knocked down only in the KV has no effect on LR
patterning (Tian et al., 2009). The cilia model also does not accommodate genetic mutants
with abnormal or missing cilia but normal LR asymmetry, yet these have been observed
(Bangs et al., 2011; Serluca et al., 2009; Valente et al., 2010; Zeng et al., 2010; Zhao and
Malicki, 2007), consistent with a model where asymmetry is established by means other
than regulated ciliary flow. Thus, much of the data that are widely taken to cement the cilia
model do not actually distinguish between the various proposed models for LR patterning.
Moreover, aspects of these “ciliary” experiments actually support the early models of LR
asymmetry by revealing discordances between ciliary function and LR phenotypes.

The model of cilia as initiators of asymmetry requires that no consistent LR asymmetry
appear prior to vortical flow. However, a number of asymmetries (i.e. LR-biased
transcription and/or protein expression, asymmetric accumulation of small molecules,
asymmetries in physiological measures, etc.) have been detected prior to cilia function even
in organisms where ciliated organs exist (Albrieux and Villaz, 2000; Bunney et al., 2003;
Fukumoto and Levin, 2005; Kramer et al., 2002; Kramer and Yost, 2002; Ohkawara and
Niehrs, 2011; Qiu et al., 2005; Roberts et al., 2011; Stern et al., 1995; Sun et al., 2011),
further arguing against cilia as the origin of asymmetry. It is important to keep in mind
however that cilia could be important for asymmetry, as amplifiers or a “backup (parallel)
pathway”, and not necessarily be the first step.

Recent experiments in frog addressed the relationship between asymmetry and organizer
formation, revealing that organizers induced just after the events of early cleavage are not
capable of orienting the LR axis properly — a result not compatible with a model of de novo
asymmetry establishment by the much later node. UV irradiation prevents the formation of
the dorsal-ventral axis in Xenopus embryos by inhibiting cortical rotation (Scharf and
Gerhart, 1983; Vincent et al., 1987). Axial patterning is rescued if irradiated embryos are
tipped on an angle, physically inducing cortical rotation (Scharf and Gerhart, 1980);
patterning can also be restored in later development by injecting components of Spemann’s
organizer (i.e. Wnt8, Siamois) or inducing the organizer (via lithium chloride injections)
(Engleka and Kessler, 2001; Fan and Sokol, 1997; Kao and Elinson, 1989; Kessler, 1997).
The cilia model predicts that proper LR patterning should be observed as long as dorsal-
ventral axial patterning is restored prior to the onset of ciliary flow, since ciliary flow is
claimed to initiate asymmetry de novo. In contrast, irradiated Xenopus embryos that were
rescued at the 1-cell stage via mechanical tipping had normal LR patterning, but irradiated
embryos that were rescued at the 32-cell stage (or at gastrula stages) via lithium chloride or
Siamois mRNA injections were significantly more likely to have randomized LR asymmetry
(Vandenberg and Levin, 2010a). Thus, an organizer that forms just late enough to have
missed the early events of the first few cleavages is unable to properly induce LR
asymmetry, regardless of its ability to form a normal dorsoanterior axis or any later steps
such as ciliogenesis. It has been argued that the incidence of randomized LR asymmetry is
low in late-induced organizers (Schweickert et al., 2012), but the rates reported (25-73%)
are consistent with the rates of heterotaxia reported for many other molecular genetic
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reagents that are acknowledged to affect LR patterning [reviewed in (Vandenberg, 2012),
see for example (Brizuela et al., 2001; Danilchik et al., 2006; Kramer and Yost, 2002;
Ramsdell and Yost, 1999; Yasuhiko et al., 2006)]. These results suggest that timing is
critical for orientation of the LR axis in Xenopus: the dorsal-ventral axis must be defined
early — within the first cleavage stages — for the LR axis to orient properly, arguing that late
events at the GRP are not alone sufficient to initiate normal asymmetry.

The full range of experimental results that cannot be explained by the cilia model, but are
consistent with early models of LR axis specification, is summarized in Table 2. Numerous
perturbations affect LR patterning when initiated very early but not later in development
(Aw et al., 2010; Danilchik et al., 2006; Lobikin et al., 2012; Qiu et al., 2005; Vandenberg et
al., 2011), but these have so far been attempted only in externally-developing vertebrates.
Timing experiments can be difficult, and it has been argued that drugs can be effective at
early stages and ineffective at later stages due to differences in the ability of the chemical to
penetrate the embryo at various stages (Blum et al., 2009; Schweickert et al., 2012). Yet,
studies using LR-disrupting agents such as low frequency vibrations, which have discrete
treatment on/off periods, alter LR patterning when applied early but not when applied later
in development (Vandenberg et al., 2011), lending support to the early models.

Additional data raise questions about ciliary function in mammalian asymmetry. The cilia
model does not explain why human monozygotic twins, formed from the splitting of a single
embryo within days of fertilization, have significant risks of developing LR patterning
defects including situs inversus and dextrocardia, at rates far above background in either
dizygotic twins or singletons (AlRais et al., 2011; West et al., 2003). Most importantly,
mouse embryos formed from 8-cell embryos that were dissociated and rearranged display
specific reversals in the direction of axial rotation (Gardner, 2010), revealing that even in
rodents the blastomeres are not LR-equivalent long before cilia appear (a result that is
further borne out by transcriptomic analysis (Roberts et al., 2011)). Interestingly, this is the
same outcome as seen in the experiments involving micromanipulation of blastomeres in
snail (Kuroda et al., 2009) and C. elegans embryos (Wood and Kershaw, 1991) (see below
for a discussion of conservation of mechanisms).

Finally, a recent study quantified the number of cilia required to establish LR asymmetry in
mouse embryos. In this study, mutant mice with diminished numbers of cilia were
examined; the authors concluded that embryos with zero or one rotating node cilium had
randomized asymmetric gene expression, but embryos with as few as two cilia were normal
(Shinohara et al., 2012). With only a few cilia (2 or more), the flow was reduced yet
sufficient for proper LR patterning, irrespective of the location of the cilia within the node. It
is difficult to reconcile the claim that mutants like /v exhibit laterality defects because of
subtle changes in nodal flow (slower speed but correct direction, (Okada et al., 1999)) with
the idea that just 2 cilia, anywhere in the node, are sufficient for normal LR patterning.

In summary, although cilia are likely to contribute to asymmetry (in some species), no data
prove that they are the only (or the earliest) mechanism for establishing asymmetry. In
contrast, considerable data now support the function of alternative, early mechanisms for LR
patterning in a wide range of species.

The Question of Conservation

Because numerous model systems (plants, snails, sea urchins, Ciona, chick, C. elegans, pig,
and drosophila) orient their LR axis without ever establishing ciliary flow (Bangs et al.,
2011; Bienkowska and Cowan, 2012; Gros et al., 2009; Thompson et al., 2012; VVandenberg
and Levin, 2010a), the cilia model implies that early steps of asymmetry are extremely
different among phyla, but then converge on the same Nodal-Lefty-Pitx2 cassette. In
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contrast, the cytoplasmic model is based upon the chirality of a cytoplasmic component that
is amplified in different ways in different body plans but is itself ancient and extremely well
conserved. We recently reviewed in detail the literature that implicates numerous molecular
mechanisms in multiple phyla (Levin, 2006; Levin and Palmer, 2007), and suggests that
physiological amplification of cytoskeletal asymmetries is a fundamentally conserved
“module” (Okumura et al., 2008; Speder et al., 2007), having been dissected in detail in C.
elegans (Chang et al., 2011; Pohl, 2011), snails (Kuroda et al., 2009; Shibazaki et al., 2004),
and frog (Aw et al., 2008; Danilchik et al., 2006; Levin et al., 2002).

The deep conservation implied by the ciliary model suggests that all kinds of cells can
potentially align a LR axis. Remarkably, a number of recent studies have shown that even
single cells in culture, having no access to a multicellular node, ciliary motion, or vortical
flow, can establish consistent LR asymmetries of movement, outgrowth, shape change, or
morphogenesis (Chen et al., 2012a; Hagmann, 1993; Heacock and Agranoff, 1977; Wan et
al., 2011; Xu et al., 2007). What these cells have in common is a well-conserved
cytoskeletal structure that is well known to possess chirality (Beisson and Jerka-Dziadosz,
1999; Bell et al., 2008; Frankel, 2000). A recent study directly tested this prediction by
probing the functional importance of tubulin in the most widely-separated body plans
possible; the same -tubulin mutation recovered originally in an Arabidopsis laterality mutant
(Abe et al., 2004; Hashimoto, 2002; Thitamadee et al., 2002) produced specific LR defects
in C. elegans, Xenopus, and cultured human neutrophils (Lobikin et al., 2012). In frog,
introduction of this mutated protein after the first cleavage or expression in cells that
contribute to the GRP both had no effect on laterality, demonstrating that its role in
asymmetry occurred during the events immediately following fertilization. Taken together,
these data implicate the same molecular mechanism as the foundation of asymmetry in
widely divergent phyla (across independent origins of multicellularity) — a result not readily
consistent with models in which cilia or completely divergent mechanisms are required to
pattern the LR axis.

It is, of course, important to consider which kinds of asymmetry observed in single cells are
directly related to asymmetry at the level of the body plan, i.e. the LR axis. The PCP model
of LR asymmetry suggests mechanisms by which asymmetries that begin in a small number
of cells eventually propagate over a larger field or even an entire organ (Adler et al., 2000;
Amonlirdviman et al., 2005; Aw and Levin, 2009). In Xenopus, alterations in the expression
of PCP proteins in a small number of cells during early stages of Xenopus development can
randomize LR asymmetry in the tadpole (Vandenberg and Levin, 2012); similarly,
disruptions in PCP protein expression altered LR patterning in chick embryos (Zhang and
Levin, 2009). Yet, not every chiral property of cells must be amplified by LR patterning
mechanisms. For example, adult C. elegans display chiral fiber orientation in the basal layer
of the cuticle that is not affected by genetic manipulations that alter LR asymmetry of the
body plan (Bergmann et al., 1998), and similar discordance between chirality on the cell
level and placement of organs has been observed in the human heart (Delhaas et al., 2004).
Thus, as future studies examine the relationship between cellular chirality and asymmetry of
the LR axis, it will be important to determine which cellular polarization properties amplify
to higher levels of biological organization and which are ignored at the level of organ
systems.

Getting quantitative: can numbers provide insight into these competing

The above discussion illustrates that many questions in the LR field depend crucially on
which species is examined. Some data are strong in mouse, but weak in frog, and vice versa.
Many mechanisms have not been examined in more than one model system at relevant
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timepoints, making it important to ask what data are missing from the literature as well as
what data exist. We conducted several recent meta-analyses of the LR literature, revealing
knowledge gaps that are not widely appreciated. In our first analysis, we found a relatively
poor correlation between Nodal gene expression and organ placement (Vandenberg, 2012) -
gene expression data vastly over-estimate the effects of various treatments on organ
position. Even when this analysis includes additional asymmetric genes (Nodal, Lefty and
Pitx2) and three model organisms (fish, mouse and frog), the results overwhelmingly
indicate that gene expression overestimates the effects of treatments on organ situs, often by
a factor of 20-40% (Figure 3).

What does this mean for the LR literature? First, studies that only examine asymmetric gene
expression are likely to report that treatments are more penetrant than they truly are,
considering organ situs is the most relevant endpoint for health outcomes. Thus, if a study
reports that 40% of a treated group had abnormal asymmetric gene expression, the effect of
that treatment on organ situs could be as low as 0 — 20%. Second, there is missing
information on how asymmetric gene expression is translated into asymmetric organ
position/morphology: although Nodal is widely accepted as a determinant of organ position,
how can it be possible that some embryos have abnormal Nodal expression but normal
organ situs? The fact that gene expression overestimates the effects of treatments on organ
position suggests a “check-point” between gene expression and organ position, allowing
some animals with inappropriate asymmetric gene expression to “correct” this mistake. The
nature of this “check-point” is still unknown, but understanding how animals achieve correct
target morphology in spite of confounding molecular signals is an important area for future
research, particularly because of the tremendous implications for biomedicine and the
potential to correct birth defects without surgical interventions (Su et al., 2012; Vandenberg
etal., 2012a).

Our original meta-analysis revealed that approximately half of all studies implicating cilia in
LR asymmetry made no measure of any parameter of cilia morphology or function
(Vandenberg, 2012). Thus, in our second meta-analysis, we examined parameters related to
cilia including number, length, and flow qualities in wild-type zebrafish, as one would
predict that there would be low variability for parameters that are both necessary and
sufficient to establish consistent LR asymmetry in this species. Even when controlling for
developmental stage, we found significant differences in cilia number, length and flow
quality reported for wild-type fish across different studies (Vandenberg et al., 2012b). We
also found examples of mutant or treated fish with ciliary parameters that would resemble
wild-type/control fish in other experiments (Vandenberg et al., 2012b). These data further
question the causative relationship between cilia number, length or flow parameters and LR
defects: looking at ciliary parameters does not allow one to assign a specific case to the “LR
normal” vs. “LR abnormal” group — a result not at all consistent with ciliary function as the
major determinant of LR asymmetry.

We have tried to perform a similar meta-analysis of data in the mouse model, but this type
of assessment proved to be very difficult. Few mouse studies have performed quantitative
measures of these parameters (Table 3); the existing publications often list large ranges for
the measured values and frequently omit statistical analysis (sometimes having to draw
conclusions from as few as 2 or 3 embryos (Bisgrove et al., 2012; Ermakov et al., 2009;
McGrath et al., 2003; Nonaka et al., 2002; Okada et al., 1999; Shinohara et al., 2012; Supp
etal., 1999; Takeda et al., 1999; Watanabe et al., 2003)). Collectively, analysis of available
data indicates that accurate and reproducible measurements of ciliary parameters are
difficult to obtain, and standardized methods and reporting criteria are needed before a
definitive conclusion can be drawn about any causal relationship between cilia parameters
and LR asymmetry.
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Is it possible to unify these models?

Clearly, there are data that support each of the models of LR asymmetry, including some
experiments that truly cannot distinguish between them. For example, studies examining
mutants or knockdowns of cytoskeletal proteins that have roles in the intracellular
cytoskeleton as well as the cilia cannot discriminate between those two cellular aspects. We
have compiled a number of experiments that allow the three major models to be
distinguished experimentally (Table 2); in many cases, the results of these studies favor one
model over the others.

Importantly, many of these results challenge a role for cilia as the initiator of LR asymmetry
in several model organisms. However, they do not rule out that cilia could act downstream
from other, earlier mechanisms of LR axis orientation. For this reason, it is reasonable to ask
whether a unified model of asymmetry can be produced, drawing from both early (ion flux
and chromatid segregation) and late (ciliary flow) models. Of course, in each species, there
is likely to be only one way (and one developmental time) that LR asymmetry is initiated,
and there is strong evidence that this occurs early. Yet, a unified theory of asymmetry could
incorporate these early mechanisms together with ciliary flow as an important means by
which asymmetry is propagated, amplified, or maintained. Alternatively, ciliary flow could
serve as a parallel “check point” for proper LR asymmetry (Figure 4A) functioning to
correct defects in previous steps.

It is also possible that individual embryos could make a ‘choice’ as to which mechanism
they use to initiate the orientation of the LR axis (Figure 4B). In this model, each embryo
would stochastically utilize one of several pathways that are each equally capable of
orienting the LR axis, and LR patterning in each embryo could only be disrupted by reagents
that target the pathway that had been chosen within that embryo. This hypothesis would
explain the relatively low penetrance of individual treatments that specifically target early
cytoskeletal, ion flux or chromatid segregation endpoints, as well as the low penetrance of
treatments that alter ciliary flow in Xenopus embryos, since in any population, a particular
reagent would be effective only against those individuals that had chosen that particular
pathway for its LR patterning. For example, the highest penetrance of treatments targeting
chromatid segregation is expected to be 50% if all embryos choose this pathway (because
there is a 50:50 chance of randomly segregating a “left-determining” chromatid to the left
blastomere), but the penetrance of treatments targeting chromatid segregation endpoints
would be even lower if only a portion of embryos were utilizing this pathway (Sauer and
Klar, 2012b).

This model has broader implications for evolutionary developmental biology, since many
other examples of variability and robustness in development could potentially involve
stochasticity not only with respect to the strength of particular signals (transcript level noise)
but also with respect to which of multiple pathways were used in individual organisms.
Efforts to address this hypothesis via the disruption of both early and late events have thus
far been unsuccessful, as we were repeatedly unable to disrupt LR patterning using the
methylcellulose treatments that have been described to target ciliary motion (Vandenberg &
Levin, unpublished data). However, future epistasis experiments combining treatments that
specifically target early and late events may shine light on this novel hypothesis.

These debates extend far beyond the basic science of building models for developmental
biologists; understanding the timing of when the LR axis is oriented, and whether additional
amplification steps are necessary for propagation of LR-relevant signaling pathways, has
important implications for biomedicine. Pregnant women taking pharmaceuticals that
interfere with LR mechanisms could avoid these drugs at very specific periods of gestation
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to prevent laterality defects in their developing fetuses, but could then return to the treatment
as soon as it is safe to do so; this knowledge would allow these patients to have the shortest
possible gaps in their treatments. Further, for women that carry fetuses with mutations in LR
relevant genes, interventions could be designed for the appropriate period in development.
Thus, the question of how and when an embryo orients its LR axis is an important one with
implications for biology and medicine.

Conclusion

There are many compelling arguments suggesting that LR asymmetry is established using
highly conserved mechanisms among different species (Levin, 2006; Lobikin et al., 2012;
Okumura et al., 2008; VVandenberg and Levin, 2010b). In fact, recent studies showing that
single cells have chiral properties suggest that asymmetry is an ancient, fundamental
property of all cells, and is therefore not unique to vertebrates, the animal kingdom, or even
multicellular organisms (Armakolas et al., 2010; Chen et al., 2012a; Hagmann, 1993;
Heacock and Agranoff, 1977; Wan et al., 2011; Xu et al., 2007; Yu et al., 2012). It is likely
that large-scale asymmetrical patterning pathways have made use of much more ancient cell
polarity (Feldman et al., 2007; Marshall, 2011), chirality (Frankel, 2000), or asymmetric cell
division (Armakolas et al., 2010) mechanisms. Several models have been proposed for the
initiation, orientation and amplification of LR asymmetry, and experimental evidence
designed to test these models strongly suggests that the LR axis is established early in
development. Yet, this early initiation of the LR axis does not rule out the importance of
downstream events, and it is likely that both early and late events must occur with proper
coordination for correct laterality to be achieved.

Along with a critique of the latest data in several model species, we have presented sketches
of a unified model of LR asymmetry, suggesting that in embryos both early and late events
could be necessary for LR patterning. The early events, occurring within the first cleavage
stages, are required for the initiation of asymmetry, whereas the later events are required for
amplification of LR signals. We have also proposed a novel alternative hypothesis, which
postulates that individual embryos use one of several possible mechanisms to initiate
asymmetry, orient the LR axis, and amplify LR information. In this model, each embryo
makes a stochastic ‘choice’ with respect to which pathway will be active to pattern the LR
axis; thus, any given functional perturbation would only affect laterality of a subset of
embryos in a population. Testing these two competing hypotheses requires investment in
multiple model systems and development of new techniques (such as manipulation of
amniote embryos at early cleavage stages), but has the potential to change current paradigms
in the field of developmental biology. Most importantly, this information will not only shed
new light on the evolutionary re-use of molecular mechanisms in the context of drastic
body-plan changes, but also will be invaluable to physicians and scientists concerned with
human laterality diseases, and the development of interventions to treat them.
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Figure 1. Schematic outlining three major models of LR asymmetry

For each model, predictions about the origin of asymmetry, the mechanism for aligning the
LR axis, the intermediate and amplification steps, and information about how early
asymmetries influence asymmetric gene expression are described. Most noteworthy is that
all three models agree on an intracellular cytoskeletal origin of asymmetry: the centriole.
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Figure 2. Sectionsthrough early cleavage stage embryosreveal open gap junctions between
blastomeres

Embryos were co-injected with small and large molecular weight dyes (red labeled
rhodamine dextran, 10 kD, and green labeled Lucifer Yellow, ~450 D). The small molecular
weight dyes are transferred to neighboring blastomeres via open gap junctions, but large
molecular weight dyes do not, ruling out incomplete cleavage or cytoplasmic bridges.
Although it has been suggested that previous studies (Levin and Mercola, 1998) reporting
these findings were influenced by imaging artifacts of the whole embryo, these sections
through the early cleavage stage embryo show the same results — true gap-junctional
connectivity.
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Figure 3. Asymmetric gene expression isa poor predictor of asymmetric organ situs

Hundreds of treatments and mutants that were analyzed for both asymmetric expression of
Noaal, Lefty or Pitx2that also reported the effect of treatment on organ situs were examined
from the published literature (Vandenberg, 2012). Overwhelmingly, these studies indicate
that measures of incorrect gene expression (i.e. a left-sided gene expressed on the right, on
both sides, or completely absent) overestimate the effect of a treatment or mutation on organ
position. The regression of the data, as indicated on the graph, suggests that ~30% of
embryos could have incorrect gene expression, but no problems with organ situs — the
definitive readout of embryonic LR asymmetry.
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Figure 4. Two new models of LR asymmetry pathways

A) This model proposes that LR asymmetry is initiated during the early cleavage stages of
development, but that LR information is then amplified via several mechanisms including
the asymmetric distribution of serotonin and the asymmetric motion of cilia to distribute
other morphogens and ions. According to this model, LR asymmetry is best established
when all mechanisms are working properly. Animals that do not have or utilize cilia for LR
patterning (i.e. chick, pig, Drosophila, etc.) depend only on early mechanisms.

B) This model proposes that there are several independent ways that embryos can achieve
LR asymmetry. Within a single population, some embryos use one pathway while other
embryos use another pathway in a kind of multi-pathway stochasticity. Thus, constructs and
pharmaceuticals that target early pathways can only influence LR asymmetry in those
embryos that ‘chose’ a pathway that includes early mechanisms; similarly, treatments that
alter fluid flow at the node can only influence LR asymmetry in those embryos that ‘chose’
the cilia pathway, resulting in the observed incomplete penetrance observed in most studies.
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