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Summary

The bilateral symmetry of the mouse embryo is broken
by leftward fluid flow in the node. However, it is unclear
how this directional flow is then translated into the
robust, left side-specific Nodal gene expression that
determines and coordinates left-right situs throughout
the embryo. While manipulating Nodal and Lefty gene
expression, we have observed phenomena that are
indicative of the involvement of a self-enhancement
and lateral-inhibition (SELI) system. We constructed a
mathematical SELI model that not only simulates, but
also predicts, experimental data. As predicted by the
model, Nodal expression initiates even on the right
side. These results indicate that directional flow repre-
sents an initial small difference between the left and
right sides of the embryo, but is insufficient to deter-
mine embryonic situs. Nodal and Lefty are deployed
as a SELI system required to amplify this initial bias
and convert it into robust asymmetry.

Introduction

Nodal and Lefty are members of the transforming
growth factor-p (TGF-B) family of proteins and play a
central role in left-right (L-R) patterning during mouse
development (Hamada et al., 2002; Levin, 2005; Tabin,
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2005). Nodal functions as a left-side determinant,
whereas Lefty functions as a feedback inhibitor of
Nodal. Furthermore, Nodal induces both its own synthe-
sis and that of Lefty. We and others (Chen and Schier,
2002; Hamada et al., 2002; Juan and Hamada, 2001;
Saijoh et al., 2000) therefore previously suggested that
Nodal and Lefty might constitute a reaction-diffusion
system, a theoretical model that involves two diffusible
molecules, an activator and a feedback inhibitor (Turing,
1952). Since an activator and an inhibitor coexist and
diffuse, they can autonomously generate localized pat-
terns. A reaction-diffusion system has been proposed
to underlie pattern formation during development be-
cause a “self-enhancement and lateral-inhibition” na-
ture of the model can produce “self-organizing pat-
terns” (Meinhardt and Gierer, 2000; Meinhardt, 2001).
Importantly, this model has a potential to convert a small
difference between two separated regions into a robust
difference through local activation and long-range inhi-
bition. Pattern formation events such as skin patterning
(Asai et al., 1999; Kondo, 2002) have been explained on
the basis of such a system. However, the molecular
players remain elusive, and there has been no direct ex-
perimental evidence for the operation of such a system
in living organisms even though the formation of the
Xenopus organizers may involve a similar mechanism
(Lee et al., 2006).

In the mouse embryo, symmetry breaking for L-R pat-
terning takes place in or around the node. The symmetry-
breaking event is the leftward flow of fluid in the node
cavity, referred to as nodal flow (Nonaka et al., 1998).
An asymmetric signal generated in the node is then
thought to be transferred to the lateral plate mesoderm
(LPM), where it induces left-sided expression of Nodal.
It is not clear, however, whether nodal flow alone is suf-
ficient for the generation of robust asymmetry, repre-
sented by exclusively left-sided expression of Nodal in
the LPM. It is thus possible that nodal flow may generate
only a small difference between the left and right sides,
which is then converted to robust asymmetry by some
other mechanism. Given that Lefty and Nodal have the
potential to function as a self-enhancement and lateral-
inhibition (SELI) system, they may convert a small asym-
metry generated by nodal flow into robust asymmetry.
We have now tested this possibility by experimental
manipulation of mouse embryos and by construction of
a mathematical model that is able not only to simulate,
but also to predict, developmental events in the mouse
embryo.

Results

Local Activation and Long-Range Inhibition

during L-R Patterning

While studying the role of Nodal in L-R patterning, we
observed phenomena that were indicative of the in-
volvement of a SELI system (Figure 1). The introduction
by lipofection of a Nodal expression vector into the right
LPM of mouse embryos at the early headfold stage
(Figure 1A) and subsequent culture of the embryos until
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Figure 1. Expression of Exogenous Nodal on the Right Side Results
in Inhibition of Endogenous Nodal Expression on the Left Side of
Mouse Embryos

(A-H) An EGFP expression vector either (A, B, and G) alone or to-
gether with an expression vector for (C-E and G-I) Nodal or for (F)
Lefty2 was introduced into the right LPM of (A-F) wild-type or (G
and H) Lefty?7™'~ mouse embryos. Vectors were introduced at the
early headfold stage, with the exception of the embryo in (D), which
was injected at the late headfold stage. Transfected embryos were
cultured for 12 hr and then subjected to one- or two-color whole-
mount in situ hybridization with Nodal plus either (B-D and F-H)
Lefty1 or (E) Lefty2 probes, respectively. The blue and red hybridiza-
tion signals in (E) indicate Nodal and Lefty2 expression, respectively.
(A) Successful transfection was verified for each embryo by the de-
tection of EGFP fluorescence. Embryosin (G) and (H) are viewed from
the distal side; all other embryos are viewed from the anterior side.
Arrowheads indicate the site of injection with expression vectors.
(I) Summary of the effects of the indicated expression vectors intro-
duced into the right LPM of wild-type or Lefty7~'~ embryos on Nodal
expression. Blue, left-sided expression; red, right-sided expression;
green, bilateral expression; blue stripes, bilateral expression in the
anterior portion, but left-sided expression in the remaining region;
white, no expression. The numbers of embryos showing each pattern
are indicated within the bars. EHF, early headfold stage; LHF, late
headfold stage.

they had developed to the five- to six-somite stage thus
resulted not only in robust Nodal expression in the right
LPM, but also in inhibition of Nodal expression that
would normally have occurred (~12 hr later) in the left
LPM (Figures 1C and 1l). This effect depended on the
stage at which the Nodal expression vector was intro-
duced into the right LPM, with the later the introduction,
the less effective the suppression of Nodal expression
on the left side (Figures 1D and 1l). Nodal expression
in the left LPM remained absent even when the treated
embryos were incubated until the nine-somite stage
(data not shown), indicative of highly effective inhibition.
Introduction of a control vector for enhanced green fluo-
rescent protein (EGFP) did not affect the normal ex-
pression of Nodal in the left LPM (Figures 1B and 1l).

The repression of Nodal expression on the left side in-
duced by expression on the right side suggested the
operation of a SELI system. Indeed, the repression of
Nodal expression on the left side was found to involve
Lefty. The ectopic expression of both Lefty1 and Lefty2
was thus also induced on the right side in response to
injection of the Nodal expression vector into the right
LPM (Figures 1C and 1E). In Lefty1~’~ embryos, asym-
metric expression of Nodal begins normally (Figure 1G),
but expression subsequently appears in the anterior
portion of the right LPM (Meno et al., 1998). However,
lipofection of the Nodal expression vector into the right
LPM of Lefty1™~ embryos did not efficiently inhibit
the subsequent expression of Nodal on the left side (Fig-
ures 1H and 1I).

If a SELI system operates, Nodal expression would be
induced in the right LPM when the left LPM is removed
or inactivated (because the right LPM would be primed
for activation in the absence of inhibition from the left
side). We therefore dissected the right LPM, with or
without the node, from wild-type mouse embryos at
the two-somite stage (Figure 2A). The explants were cul-
tured for 6 hr and then examined for Nodal expression.
Node cilia of the right LPM-node explants were ob-
served during culture and were found to be motile
even at the end of the culture period (data not shown).
For explants that included the node, the right LPM ex-
pressed Nodal in three of seven instances (Figures 2C
and 2D). However, Nodal expression was absent in the
right LPM for all explants that lacked the node (Figures
2B and 2D), suggesting that the activating signal from
the node is necessary for the induction of Nodal expres-
sion in the dissected the right LPM.

We further tested our predictions with a different ex-
perimental system. Inhibition of Nodal expression in
the left LPM would be expected to result in right-sided
or bilateral expression of Nodal in the LPM depending
on the level of inhibition (complete or partial inhibition
resulting in right-sided or bilateral expression, respec-
tively). Among various agents tested for their ability to in-
hibit Nodal expression in the left LPM, we found an ex-
pression vector for an EGFP-Lefty2 fusion protein to be
the most useful (Figures 2G-2K). Introduction of the
EGFP-Lefty2 vector at alow concentration (40 ng/pl) into
the left LPM indeed resulted in bilateral or right-sided
expression of Nodal in some of the injected embryos
(Figures 2G, 2H, and 2K). Similar results were obtained
for expression of Pitx2 (Figures 2I, 2J, and 2K), which is
also responsive to Nodal signaling (Shiratori et al.,
2001). The effects of right-sided activation (Figure 1)
and left-sided inhibition (Figure 2) thus demonstrate
communication between the two sides of the LPM and
suggest the involvement of a SELI system. These obser-
vations indicate that the right LPM does indeed receive
an activating signal, albeit at a lower level than that re-
ceived by the left LPM. In normal embryos, Nodal ex-
pression in the right LPM is repressed by the inhibitors
Lefty1 and Lefty2, which are produced on the left side.

Construction of a Mathematical Model

and Analysis of Its General Behavior

These results prompted us to construct a mathemati-
cal model for L-R patterning, which is similar to an ac-
tivator-inhibitor model proposed by Meinhardt (2001).
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Figure 2. Suppression of the Left Side Results in Activation of the
Right Side in Mouse Embryos

(A) Experimental strategy for explant culture. The right LPM with or
without the node was dissected from mouse embryos at the two-so-
mite stage and cultured. Blue shading indicates Nodal expression
around the node.

(B and C) Explants viewed from the left side after in situ hybridization
with a Nodal probe. Nodal expression (arrowhead) was induced in
(C) the right LPM with the node, but not in (B) the right LPM without
the node. D, distal side of the explants.

(D) Summary of the results of explant experiments. The color code
for Nodal expression is as in Figure 11.

(E-J) An expression vector for (E and F) EGFP or for an (G-J) EGFP-
Lefty2 fusion protein was introduced into a wide region of the left
LPM of wild-type mouse embryos at the early headfold stage. After
culture for (E, G, and H) 12 hr or (F, I, and J) 16 hr, the transfected em-
bryos were subjected to whole-mount in situ hybridization with (G
and H) Nodal or (I and J) Pitx2 probes. EGFP fluorescence images
of embryos are shown in (E) and (F). Representative embryos exhib-
iting (G and ) right-sided or (H and J) bilateral expression are shown.
All embryos are viewed from the anterior side. Arrowheads indicate
the site of vector injection.

(K) Summary of expression patterns for Nodal and Pitx2 in embryos
injected on the left side with EGFP or EGFP-Lefty2 expression vec-
tors. The color code is as in Figure 1I.

In particular, we constructed a SELI model, which is
defined by regulatory interactions between Nodal
and Lefty: Nodal induces synthesis of Nodal itself
and that of a feedback inhibitor, Lefty, both of which
can diffuse (Figure 3A). In addition, synthesis of Nodal
and Lefty is induced by the same signaling cascade
(Figure 3A) that includes ActR Il, Alk4, EGF-CFC,
Smad, and FoxH1 (Hamada et al., 2002).

We first generated a space-free model to understand
the qualitative behavior of the Nodal and Lefty dynamics
(mathematical formulation of this model is described in
the Supplemental Data available with this article online).
The model is formally analogous to other types of feed-
back-enhanced systems in biology, such as the neural
action potential. Depending on parameter conditions,
several different patterns of dynamics arise from the
model: “signal-dependent amplification” patterns (Fig-

ure 3B; Figure S2A; see the Supplemental Data), “bi-
stable” patterns (Figures S2B and S2C), and “stable at
the origin” patterns (Figure S2D). For instance, the
signal-dependent amplification pattern shown in Figure
3B appears only when the degradation rate of Nodal is
sufficiently faster than that of Lefty and the Nodal-
mediated self-induction rate is larger than the Lefty-
mediated repression rate (Supplemental Data). Among
these patterns, the signal-dependent amplification pat-
tern (shown in Figure 3B) matches the dynamics that
are observed in the mouse embryo. Thus, when the ini-
tial level of Nodal (Ni) is large enough (as in the left
LPM), the levels of Nodal (N) and Lefty (L) will transiently
increase, subsequently decrease, and finally converge
to zero (dynamics 2 shown by the blue arrow, Figure
3B). However, when Ni is small (as in the right LPM), N
and L would converge to zero without increasing (dy-
namics (1) shown by the red arrow, Figure 3B). In various
L-R mutant mice, Nodal expression may be left, right, bi-
lateral, or may be absent (none), which can be explained
by the qualitative behavior of the signal-dependent am-
plification pattern shown in Figure 3B. Thus, when Ni is
large enough on both sides, the “transient increase fol-
lowed by decrease” dynamics (dynamics 2), Figure 3B)
would appear on both sides, resulting in a bilateral phe-
notype (Figure 3C). When Ni is too small on both sides,
the “converge to zero without increase” dynamics (dy-
namics (1), Figure 3B) would arise on both sides. There-
fore, the signal-dependent amplification pattern (Figure
3B) can give rise to left, right, bilateral, and none pheno-
types, depending on the size of Ni on each side.

To analyze the mechanism of L-R patterning more
precisely, we next integrated special terms into the
SELI model (Supplemental Data; Figures S2E and S2F)
and performed a computer simulation (Figures 3F and
3G; Figure S3). Given that asymmetric Nodal expression
in the LPM begins in the region adjacent to the node
(Figure S1), we designed a one-dimensional SELI sys-
tem model (Figure 3D; Supplemental Data) that would
simulate how Nodal expression begins and changes at
three locations (the midline, the left LPM, and the right
LPM) at the level of the node (the level indicated by the
dotted lines in Figure 3E and Figure S1B). Because the
model is only one-dimensional, it does not simulate
how Nodal expression expands within the LPM along
the anteroposterior axis. This simulation model could
simulate the existing data on the expression patterns
of Nodal, Lefty1, Lefty2, and Pitx2 (the expression of
which is also activated by Nodal) in wild-type embryos
(Figure 3F) as well as in various L-R patterning mutants
(Figure S3). The diffusion rates of the activator and inhib-
itor are important parameters of a SELI system. In prin-
ciple, such a system requires that both the activator and
inhibitor are able to diffuse over large distances and that
the inhibitor spreads more efficiently than the activator.

Nodal activity indeed travels over a large distance
(Chen and Schier, 2001; Meno et al., 2001). Lefty also ex-
erts its function over a large distance, given that expres-
sion of exogenous Lefty2 in the right LPM at the early
headfold stage prevented endogenous Nodal expres-
sion in the left LPM (Figures 1F and 1l). We next exam-
ined whether Lefty activity spreads farther than does
Nodal activity (Figures 4A and 4B). Introduction of
a Nodal expression vector into a small region of the
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Figure 3. Mathematical Model of L-R Pat-
terning in the Mouse Embryo

(A) Interactions between two diffusible mole-
cules, Nodal (activator) and Lefty (feedback
inhibitor). Synthesis of Nodal and Lefty is in-
duced by the same Nodal signaling pathway.
(B) Qualitative behavior of the model. Among
several different patterns of dynamics that
can arise from the mathematical model (de-
scribed in “Qualitative Behavior of the
Model” in Supplemental Data), the one that
matches the in vivo dynamics is shown
here, while other possible patterns are shown
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in Figure S2. L, the level of Lefty; N, the level of
Nodal; Ni, the initial level of Nodal. When Ni is
large enough (the blue vertical bar), N and L
would show a “ transient increase followed
by decrease” dynamics (dynamics 2) shown
by the blue arrow and blue line). When Ni is
small (the red vertical bar), N and L would
show a “converge to zero without increase”
dynamics (dynamics ) shown by the red ar-
row). Black and white circles indicate stable
and unstable equilibrium points, respectively.
Bold, black arrows are vector-field represen-
tations of dynamics in each area.
(C) Theoretical understanding of L-R mutant
phenotype. @) and (2 indicate two different
dynamics shown in (B), a “converge to zero
without increase” dynamics and a “transient
%"‘ﬂe increase followed by decrease” dynamics,
respectively. The phenotype of a mutant can
be explained by combinations of 1) and 2.
Thus, depending on the level of Ni on each
side, Nodal expression can be left sided, right
sided, bilateral, or absent.
(D) Basis of simulations by the mathematical
model. The initial activating signal (f;) derived
from the node (dotted lines) activates Nodal
and Lefty expression at the midline and in
the LPM by the positive loop (red arrows).
/llme The Lefty protein thus produced inhibits
Nodal expression by the negative loop (blue
lines). Nodal protein (red circles) and Lefty

protein (blue circles) diffuse in both directions
(brown arrows).

(E) Topology of the mouse embryo at the stage selected for simulation. The model is designed to simulate how Nodal expression begins and
changes at three locations: the midline, the left LPM, and the right LPM at the level of the node (indicated by the dotted line). A, anterior; P, pos-

terior.

(F) Simulation by the mathematical model of L-R asymmetric expression of Nodal, Lefty, and Pitx2 in wild-type embryos, showing how expres-

sion of each gene at the three locations changes.

(G) Relationship between Nodal expression patterns in the LPM and the levels of the initial activating signal in the left (f;;) and right () LPM.
Depending on the values of f;; and f;», Nodal expression in the LPM may be either left sided, right sided, bilateral, or absent. The blue lines indicate
borders between different expression patterns. The estimated values of f;; and f;, for wild-type embryos are indicated by the red dot. In iv/iv em-

bryos, f;; and f;; fluctuate within the area indicated by the broken circle.

yolk sac near the right LPM resulted in diffusion of Nodal
protein produced there to the LPM, where it activated
the endogenous Nodal gene (Figures 4C, 4D, and 4l).
However, introduction of a Lefty1 or Lefty2 expression
vector in a separate and more distant region blocked
the Nodal expression in the LPM induced by introduc-
tion of the Nodal expression vector in all embryos tested
(Figures 4E-4l). A similar level of Lefty expression, even
at a distance from the LPM three times that of the ec-
topic Nodal expression, efficiently blocked Nodal ex-
pression in the LPM (Figures 4F and 4H). These results
thus suggested that Lefty activity spreads farther than
Nodal activity.

In the model, the L-R pattern of gene expression in the
LPM depends on the level of the initial activating signal

(f;) on both sides of the LPM (Figure 3G). If f; on the left
(f:1) is sufficiently larger than f; on the right (f;5), then the
normal L-R pattern of gene expression ensues. If the dif-
ference between f;; and f;; is too small, then Nodal is ex-
pressed bilaterally. In iv mutant mice, which possess im-
motile cilia (Lowe et al., 1996; Okada et al., 1999; Supp
et al., 1997), the f; values for the two sides likely differ
only slightly, but fluctuate within a broad range (Fig-
ure 3G), with the result that three different L-R patterns
of gene expression can develop in the LPM (Figures
S3E-S3G). The model also predicts that a relatively
small difference between f;; and f;; (for example, values
of 1.5 versus 1.0, respectively) would be sufficient to
generate robust asymmetry in the LPM (a red dot
shown in Figure 3G).
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Figure 4. Lefty Activity Diffuses Farther than Nodal Activity

(A and B) Experimental strategy. Expression vectors for Nodal and
Lefty were separately introduced into the yolk sac near the right
LPM of wild-type embryos at the early headfold stage. The sites of
injection are indicated in the fluorescence image of EGFP derived
from a cotransfected vector in (A). If Lefty diffuses more efficiently
than Nodal, the induction of endogenous Nodal expression by exog-
enous Nodal might be expected to be suppressed by exogenous
Lefty generated at a transfection site located more distant than
that for the Nodal vector, as represented in (B).

(C and D) Expression of exogenous Nodal in the yolk sac (closed ar-
rowheads) induced endogenous Nodal expression in the LPM (open
arrowheads).

(E-H) Expression of exogenous (E and F) Lefty1 or (G and H) Lefty2 in
the yolk sac at a site more distant than that of exogenous Nodal ex-
pression inhibited the induction of endogenous Nodal expression in
the LPM. Lipofected expression vectors are indicated on the left,
and whole-mount in situ hybridization was performed with the corre-
sponding probes. The positions of the right LPM in (F) and (H) are in-
dicated by the dotted lines. Colors of the vector names and arrow-
heads correspond to the developed colors in the embryos.
Embryos in (D), (F), and (H) are the same as those in (C), (E), and
(G), respectively.

() Summary of the experimental results. The numbers of embryos
examined are indicated. Red, endogenous Nodal expression in the
right LPM; white, no endogenous Nodal expression.

Explanation of Unpredictable L-R Phenotypes

by the Model

In addition to being able to simulate existing data on the
expression patterns of Nodal, Lefty1, and Lefty2 in vari-
ous L-R patterning mutants (Figure S3), the model pro-
vides a mechanistic basis for unexpected observations.
We have previously studied the role of the transcription
factor FoxH1 in L-R patterning by conditional deletion
of Foxh1 through LPM-specific expression of the Cre

recombinase (Yamamoto et al., 2003). In many (19/34)
of the embryos in which deletion of Foxh1 was efficient,
expression of left side-specific genes such as Nodal and
Pitx2 was lost. However, in the remaining (15/34) em-
bryos in which deletion of Foxh1 occurred in a mosaic
pattern, a low level of Pitx2 expression was apparent
(Figure 5I). In some of these embryos, however, Pitx2 ex-
pression was bilateral (Figures 5D, 5F, and 5I). This un-
expected observation can be readily explained by the
SELI model.

In response to the Nodal signal, FoxH1 induces the
expression of Nodal and Lefty (Saijoh et al., 2000; Whit-
man, 1998). Our model predicts that the level of the Cre-
mediated deletion greatly influences the Pitx2 expres-
sion pattern (Figures 5A and 5B). If the FoxH1 gene is
deleted in 50% of LPM cells, Pitx2 expression in the
LPM would remain left sided (Figure 5B), which is repre-
sented by 10 of the 34 Foxh1 conditional mutant em-
bryos (Figures 5H and 5l). If the FoxH1 gene is deleted
in 90% of LPM cells, the model predicts that Pitx2 ex-
pression will be bilateral (Figure 5B), which was the out-
come in 5 of the 34 Foxh1 conditional mutant embryos
(Figures 5D, 5F, and 5l). The model is thus able to explain
the phenotype of Foxh1 conditional knockout mice,
which is otherwise difficult to understand.

Both Lefty1 and Lefty2 Contribute to the Generation
of Robust Asymmetry

In the Lefty1™'~ and Lefty2*AS®/AASE mutants, expres-
sion of Nodal is initially asymmetric, although it subse-
quently becomes bilateral as a result of the leakage of
Nodal activity toward the right side; right-sided Nodal
expression is confined to the anterior or posterior por-
tion of the LPM, respectively, and is absent at the level
of the node (Figures 1G, 11, 6D, and 6E) (Meno et al.,
1998, 2001). Thus, the normal L-R pattern of Nodal ex-
pression in the LPM can be initially established in the ab-
sence of Lefty1 or Lefty2. However, our model predicts
that the roles of Lefty1 and Lefty2 would become appar-
ent if f; were altered (that is, if nodal flow were lost). To
test this prediction, we prepared iv/iv, Leftyl™~ and
iv/iv, Lefty2*ASE/2ASE qouble mutant embryos and exam-
ined them for Nodal expression. As predicted by our
model (Figure 6L), Nodal expression was initiated bilat-
erally in most iv/iv, Lefty1_’_ mice (Figures 6F, 6G, and
6J). In addition, the frequency of bilateral initiation of
Nodal expression was increased in iv/iv, Lefty2*ASE/AASE
mice (Figures 6H, 61, and 6K). The frequency of bilateral
initiation of Nodal expression was slightly higher in iv/iv,
Lefty1™'~ embryos than in iv/iv, Lefty2*ASE/AASE g
bryos, suggesting that both Lefty1 and Lefty2 contribute
to asymmetric initiation of Nodal expression in the LPM,
but that the contribution of Leftyl may be greater than
that of Lefty2.

Mutant mice deficient in components of intraflagellar
transport such as Polaris, KIF3, and Wim lack node cilia
(and nodal flow) and exhibit bilateral Nodal or Lefty2 ex-
pression (Huangfu et al., 2003; Murcia et al., 2000; Non-
aka et al., 1998), in contrast to iv/iv embryos, which have
immotile cilia and show randomized Nodal expression in
the LPM. However, such intraflagellar transport mutants
are similar to the iv/iv, Lefty1™'~ mouse in that they also
lack Lefty1 expression at the midline (our unpublished
data). The phenotype of intraflagellar transport mutants
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Figure 5. The Model Explains an Unpredicted
L-R Phenotype of Foxh1 Mutant Embryos

(A) Relationship between Pitx2 expression
patterns in the LPM and the levels of the initial
activation signal in the left (f;;) and right (f;)
LPM. The black, green, and blue lines indi-
cate borders of different expression patterns
when the degree of Cre-mediated deletion of
the FoxH1 gene is 0% (the value used for the
wild-type), 50%, or 90%, respectively. Similar
patterns are obtained for Nodal expression
(data not shown).

(B) Simulation of Pitx2 expression with vari-
ous levels of the Cre-mediated deletion (0%,
50%, and 90%).

(C-H) Pitx2 expression in (C and E) Foxh11o¥/*
and (D, F, G, and H) Foxh1"°¥~, Cre embryos
at the ~6- to 7-somite stage; the latter em-
bryos express Cre recombinase specifically
in the LPM. The distal regions of the embryos
in (C) and (D) are shown at higher magnifica-

tion in (E) and (F), respectively. Arrows indi-
cate the LPM positive for Pitx2 expression.
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can thus be simulated by the absence of nodal flow and
a lack of Lefty1 and Lefty2 in the midline (Supplemental
Data; Figure S3K).

The Right Side also Receives an Activating Signal,
but at a Level Lower Than that on the Left Side

Our model predicts that a small difference in the level of
the initial activating signal between the left and right
sides of the LPM is sufficient to generate robust L-R
asymmetry in gene expression. The right LPM thus
also receives the initial activating signal, albeit at a level
lower than that of the signal received by the left side. If
the activating signal arrives at the right LPM as well as
at the left LPM, then Nodal expression might be initiated
in the right LPM, amplified to a certain level, and then
terminated by long-range inhibition from the left side. In-
deed, our model predicts that Nodal is expressed tran-
siently and at a low level in the right LPM (Figure 7A). Al-
though Nodal mRNA has not been detected in the right
LPM by conventional in situ hybridization, we were
able to detect Nodal mRNA in the right LPM by reverse
transcription (RT) and by polymerase chain reaction
(PCR).

A piece of the left LPM or the right LPM at the level of
the node was dissected from embryos at the two- to six-
somite stages (Figure 7B), and RNA was prepared from
each LPM specimen. Care was taken to avoid crosscon-
tamination between left and right LPM tissue. We were
also careful not to include the node, in which Nodal is ex-
pressed; indeed, we examined each RNA preparation
for the presence of transcripts of L-Plunc, which is ex-
pressed in the node, but not in the LPM (Hou et al.,
2004). Most of the RNA samples were negative for L-
Plunc mRNA (Figure 7C), and these samples were then
examined for transcripts of Nodal and Lefty2 (Figures
7C and 7D). The results obtained with 27 pairs of LPM
specimens are summarized in Figure 7D; the amounts
of PCR products for Nodal or Lefty2 were normalized
by that of the product for HPRT. As predicted by the
model, Nodal mRNA was detected in the right LPM in
a stage-dependent manner. At the three-somite stage,
Nodal mRNA was detected in the left LPM, but was ab-
sent in the right LPM. At the four- and five-somite
stages, when Nodal expression is maximal and detected
exclusively in the left LPM by in situ hybridization, Nodal
mRNA was detected by RT-PCR in all samples of the left
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Figure 6. Roles of Leftyl and Lefty2 in L-R
Determination Mediated by the Self-En-
hancement and Lateral-Inhibition System

(A-l) Representative expression patterns
of Nodal in (A-C) iv/iv, (D and E) Lefty1™'~,
(F and G) iv/iv, Lefty1™'~, and (H and I) iv/iv,
Lefty2°ASE/AASE mutant embryos at the five-
somite stage. Anterior views are shown in
(A)-(C), (D), (F), and (H); posterior views of
the embryos in (D), (F), and (H) are shown in
(E), (G), and (1), respectively. Expression in the
LPM at the level of the node is (A) left sided,
(B) right sided, or (C) bilateral in iv/iv embryos,
| (D and E) left sided in Lefty?~’~ embryos, and
predominantly bilateral in (F and G) iv/iv,
Lefty1™'~ and (H and |) iv/iv, Lefty2*ASE/AASE
/- embryos. The open arrowhead in (D) indi-
cates Nodal expression in the anterior part
of the right LPM.
(J and K) Summary of Nodal expression pat-
terns in embryos of the indicated genotypes
and stages. The color code is as in Figure 11,

Left + Right

| Left |

o

Le fty2AASE/MSE

: "-""l ; v

iviiv, Lefty1+-

ivliv,

[

ivliv, Lefty1”

iviiv, Lefty1++
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with the addition that blue spots indicate
Nodal expression confined to the anterior
portion of the right LPM.

(L) Relationship between Nodal expression
patterns in the LPM and f; in Lefty1™/~
embryos (blue lines) and Lefty2*ASE/AASE gy

iv/+, Lefty1™”

3so

bryos (red lines), compared to wild-type

embryos (dotted, black lines). The broken cir-
cle indicates the range of f;; and f;; in iv/iv

embryos, as in Figure 3D. For Lefty1™'~

embryos, most of the broken circle is located

in the L+R region, predicting that Nodal ex-
pression should be bilateral in most iv/iv,

LPM as well as at a lower level in the right LPM (four-
somite stage, 5/5 specimens; five-somite stage, 3/6
specimens). Finally, at the six-somite stage, Nodal
mRNA was present in the left LPM, but absent in almost
all (4/5) specimens of the right LPM.

In contrast, Leffy2 mRNA was not detected by RT-
PCR in the right LPM of almost all embryos examined
(Figures 7C and 7D). Such an outcome was predicted
because expression of Lefty2 requires a higher level of
the Nodal signal than does Nodal expression. The ab-
sence of Lefty2 mRNA in most of the specimens of the
right LPM also confirms the absence of crosscontami-
nation between the left and right LPM. These results in-
dicate that Nodal expression is indeed initiated in the
right LPM by the activating signal, but that it is rapidly
terminated as a result of long-range inhibition from the
left LPM and midline.

Discussion

Nodal and Lefty Constitute a Self-Enhancement

and Lateral-Inhibition System

Nodal and Lefty proteins are able to diffuse and act over
long distances in the zebrafish embryo (Chen and

Lefty1_/_ embryos. Similarly, the simulation
predicts that the frequency of bilateral Nodal
expression should be greater for iv/iv,
Lefty2"ASE/AASE embryos than for iv/iv em-
bryos.

Schier, 2001, 2002) as well as in the mouse embryo
(Meno et al., 2001; Sakuma et al., 2002). Our present re-
sults (such as the observation that Lefty produced in the
right LPM is able to inhibit Nodal expression on the op-
posite side) also support this notion. Nodal and Lefty
thus appear to fulfill one of the requirements for players
in a SELI system and to perform L-R determination by
using the SELI system. However, the most important re-
quirement is that the inhibitor (Lefty) activity spreads far-
ther than the activator (Nodal) activity, which is essential
to repress Nodal expression on the opposite side. Our
previous (Sakuma et al., 2002) and present observations
suggest that Lefty activity indeed spreads farther than
that of Nodal. To confirm this finding, however, it will
be necessary to visualize diffusing Nodal and Lefty pro-
teins directly in living mouse embryos, a feat that has not
been possible because of technical difficulties.

Two Lefty genes (Lefty1 and Lefty2) have been identi-
fied in mouse, and the products of both of these genes
appear to be components of the SELI system. At the
level of the node, Lefty1 is expressed at the midline,
whereas Lefty2 is expressed in the left LPM and at the
midline (Lefty1 is also expressed in the left LPM, but
only in the anterior portion) (Meno et al., 1998). Although
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Figure 7. Nodal Expression Occurs at a Low Level in the Right LPM

(A) Mathematical simulation of Nodal expression in the wild-type
embryo. The scale of the synthesis axis is 40-fold magnified com-
pared to Figure 3F. It should be noted that a low level of Nodal is
transiently produced in the right LPM.

(B) Experimental strategy for RT-PCR experiments. Pieces of the
right and left LPM at the level of the node were dissected from
mouse embryos at the two- to six-somite stages.

(C) RT-PCR analysis of HPRT, Nodal, Lefty2, and L-Plunc expres-
sion. Representative results for the right LPM (R), the left LPM (L),
and the node (N) of an embryo at the four-somite stage are shown.
Reactions were performed with or without reverse transcriptase
(RT(+) or RT(—), respectively). The Nodal product was detected in
the left and right LPM, whereas the Lefty2 product was detected
only in the left LPM.

(D) Summary of the RT-PCR data obtained from 27 embryos be-
tween the two- and six-somite stages. Each bar indicates the inten-
sity of the PCR product for Nodal or Lefty2 normalized by that of the
product for HPRT. The same set of RNA samples was used for anal-
ysis of each gene. Red and blue bars indicate samples from the right
and left LPM, respectively.

both Lefty proteins are required to generate robust L-R
asymmetry, the contribution of Lefty1 seems to be larger
than that of Lefty2, as evidenced by the comparison of
ivliv, Lefty1™'~ embryos with iv/iv, Lefty2>ASE/AASE gy
bryos. Similarly, our theoretical model predicts that
Lefty at the midline contributes more than that in the
left LPM (Figure 6L), possibly because the midline is
closer to the right LPM than is the left LPM. The impor-

tant role of the midline was previously predicted (Danos

and Yost, 1996; Meinhardt and Gierer, 2000; Meno et al.,
1998).

The Mathematical Model Not Only Simulates but Also
Predicts and Explains Certain Phenotypes

Our mathematical model was constructed on the basis
of the principle proposed by Meinhardt and Gierer
(2000). The model can simulate dynamic expression pat-
terns of Nodal and Lefty in the wild-type and various mu-
tant mice. The model contains more than 30 parameters,
among which the diffusion rates are important parame-
ters. The diffusion velocity, abundance, and functional
range of Decapentaplegic, a member of the TGF-f family
of proteins, in the Drosophila embryo appear to be reg-
ulated by various mechanisms mediated by endocyto-
sis, argosomes, and heparan sulfate proteoglycans (Be-
lenkaya et al., 2004; Entchev et al., 2000; Greco et al.,
2001; Panakova et al., 2005). It is likely that the diffusion
rates of Nodal and Lefty proteins in the mouse embryo
are precisely controlled by similar mechanisms.

It is not possible to measure the exact values of the
parameters included in our mathematical model. In ad-
dition, we do not know the precise level (number of mol-
ecules per cell) of the various mRNAs or proteins. None-
theless, our model is able to simulate the dynamic
expression patterns of Nodal, Lefty1, Lefty2, and Pitx2
in the wild-type mouse embryo. Even the small differ-
ence in timing between Nodal expression and Lefty ex-
pression is recapitulated; Nodal expression begins and
disappears earlier than that of Lefty2. Furthermore, our
RT-PCR data showing that Nodal expression in the right
LPM begins later and disappears earlier than that in the
left LPM are consistent with the simulation. The model
also simulates the aberrant expression patterns of
Nodal, Lefty1, and Lefty2 in all available L-R patterning
mutants, including those with impaired intraflagellar
transport. Furthermore, it can predict the phenotype of
new mutants, as evidenced by the iv, Lefty double mu-
tants. Finally, the model provides a mechanistic basis
for observed phenotypes that are otherwise difficult to
explain, as exemplified by that of Foxh1 conditional
knockout mice.

Conversion of a Small L-R Difference into Robust
Asymmetry by the Self-Enhancement

and Lateral-Inhibition System

Although it remains to be determined how an asymmet-
ric signal is transferred from the node to the LPM, sev-
eral recent lines of evidence support the notion that
Nodal protein produced in the node may migrate to the
LPM, where it activates expression of the Nodal gene
(Brennan et al., 2002; Saijoh et al., 2003, 2005). If this is
the case, the initial activating signal (f) in our model
would be the level of Nodal activity that reaches the
LPM from the node. It is likely that a difference in f; be-
tween the left and right sides of the LPM is generated
by nodal flow, with the higher level being achieved on
the left side. Our model suggests that a small difference
in f; (such as 1.5 versus 1.0 for the left and right sides, re-
spectively) would be sufficient to generate asymmetric
gene expression. The magnitude of the difference in vivo
is unknown, but our data obtained by induction of left-
sided expression of EGFP-Lefty2 show that the right
side does receive an activating signal. Several genes
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expressed in the perinodal region (Nodal, Cer2, Plunc)
(Collignon et al., 1996; Hou et al., 2004; Pearce et al.,
1999) exhibit a subtle L-R asymmetry in their expression
patterns, possibly reflecting the initial L-R difference in
the level of the activating signal in our model.

Nodal flow is most likely the L-R symmetry-breaking
event, at least in the mouse, although there is some con-
troversy (see a review by Tabin, [2005]). However, our
data suggest that this flow alone does not generate ro-
bust asymmetry. Instead, the flow itself likely generates
a relatively subtle asymmetry between the two sides.
Thus, only bilateral gene expression would be generated
without a SELI system. This notion is supported by our
observations that suppression of the left side results in
activation of the right side, and that a low level of Nodal
expression is initiated early on the right side. Nodal flow
was recently observed in zebrafish, rabbit, and medaka-
fish embryos (Essner et al., 2005; Okada et al., 2005),
suggesting that it may be a conserved mechanism
among vertebrates. A combination of nodal flow and
a SELI system may thus also be a conserved mechanism
for generation of robust asymmetry in vertebrates.

Experimental Procedures

Mice

Lefty1~'~ and Lefty2*S¥/*ASE mice have been described previously
(Meno et al., 1998, 2001). To generate iv/iv, Lefty1 /= and /iv,
Lefty2*ASE/AASE qoyble mutants, we crossed Lefty1*/~ or Lefty2*/AASE
mice with iv/iv mice (Supp et al., 1997).

Introduction of Expression Vectors into the LPM or the Yolk Sac
E8.0 embryos were dissected from the uterus, and the parietal endo-
derm membrane was removed. Expression vectors for EGFP, Nodal,
or Lefty were introduced into the LPM or the yolk sac with the use of
a Narishige injector. Liposomes composed of expression vectors
and Lipofectamine 2000 (Invitrogen) were injected between the en-
doderm and the LPM with an injection pipette as described previ-
ously (Yamamoto et al., 2004). Embryos were cultured with rotation
for 12 or 16 hr under a humidified atmosphere of 5% CO, at 37°C in
a Falcon tube containing Dulbecco’s modified Eagle’s medium sup-
plemented with 75% rat serum. They were examined with a Leica
compound fluorescence microscope equipped with GFP2 optics.
Embryos in which EGFP expression was apparent in the desired re-
gions were selected for whole-mount in situ hybridization. ICR mice
were used for the lipofection, LPM explant culture, and RT-PCR
experiments, with the exception that B6/129 mice were used for
the experiments shown in Figure 2.

Culture of Dissected Explants of the Right LPM

The right LPM with or without the node was dissected from ICR
mouse embryos at the two-somite stage; the midline was not in-
cluded. Dissected explants were cultured for 6 hr under the same
conditions as those described above, with the exception that ex-
plants were cultured in static dishes. After culture, the explants
were fixed and subjected to whole-mount in situ hybridization.

Whole-Mount In Situ Hybridization

Whole-mount in situ hybridization was performed according to stan-
dard procedures. Two-color whole-mount in situ hybridization was
performed as described previously (Yamamoto et al., 2004).

RT-PCR

A piece of the right or left LPM at the level of the node was dissected
from ICR embryos (Figure 7B), and total RNA was prepared from the
tissue with the use of a ChargeSwitch Kit (Invitrogen). The volumes
of reagents predetermined in the kit were scaled down for the
LPM specimens. The RT reaction and PCR were performed with
the use of Ready-To-Go RT-PCR beads (Amersham BioSciences).
Each sample was analyzed with four sets of primers. The HPRT

primers were described previously (Morgan et al., 1998), the Nodal
primers were 5-TACCAACCATGCCTACATCCAG-3' and 5'-TCTGT
CAGAGGCACCCACACTC-3, the Lefty2 primers were 5-TCACCA
TTGAATGGCTGAGAGTC-3' and 5-GTGCCTTCAGTCACTGGTACC
TCG-3', and the L-Plunc primers were 5-AGGCAGCCAACAAGCT
GGGG-3' and 5-GGAGGAGGCTGGAGTGAGCTT-3'. Each primer
pair was designed to span an intron, making it possible to distin-
guish PCR products generated from cDNA and those derived from
genomic DNA. Each PCR cycle comprised incubations at 95°C for
30 s, the annealing temperature for 30 s, and 72°C for 30 s. The
annealing temperature was 60°, 62°, 60°, or 63°C for HPRT, Nodal,
Lefty2, and L-Plunc, respectively, and PCR was performed for 31,
39, 39, or 46 cycles, respectively. The intensity of ethidium bro-
mide-stained bands corresponding to each PCR product in the gel
was measured with Adobe Photoshop CS2 software. The amount
of PCR products for Nodal and Lefty2 was normalized by that of
the product for HPRT.

Mathematical Simulation

We constructed a mathematical model based on the SELI system
with the use of MATHEMATICA (ver. 5.0.1) software (Wolfram
Media). The model includes three partial differential equations for
three components (Nodal, Lefty, and Pitx2). It is based on the princi-
ple proposed by Turing (1952) and Meinhardt and Gierer (2000). The
mathematical equations are presented in the Supplemental Data.

Supplemental Data

Supplemental Data include six figures, one table, and supplemen-
tal text on the mathematical model and simulation and are avail-
able at http://www.developmentalcell.com/cgi/content/full/11/4/
495/DC1/.
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