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Differences in Left-Right Axis 
Pathways in Mouse and Chick: 

Functions of FGF8 and SHH 
Erik N. Meyers1,'* and Gail R. Martin1? 

A molecular pathway leading t o  left-right asymmetry in the chick embryo has 
been described, in which FCF8 is a right determinant and Sonic Hedgehog a left 
determinant. Here evidence is presented that the Fgf8 and Sonic Hedgehog 
genes are required for left-right axis determination in the mouse embryo, but 
that they have different functions from those previously reported in the chick. 
In the mouse FCF8 is a left determinant and Sonic Hedgehog is required to  
prevent left determinants from being expressed on the right. 

Vertebrates appear bilaterally symmetrical, 
but their internal organs are asymmetric. The 
molecular pathway that establishes left-right 
(LR) asymmetry has been studied in several 
species (1, 2). In chick, LR asymmetries are 
first detected around Hensen's node. Sonic 
Hedgehog (SHH), which is expressed to the 
left of the node, induces Nodal expression to 
the left of the node and subsequently in the 
left lateral plate mesoderm (LPM) (3). In 
turn, Nodal induces expression of Pitx2, a 
transcription factor thought to directly speci- 
fy  left identity during organ development (4, 
5). Thus, SHH functions as a "left determi- 
nant" in the chick. In contrast, FGF8 is ex- 
pressed to the right of the node and functions 
to repress Nodal and Pitx2 on the right (6).  
Thus, FGF8 is a "right determinant" in the 
chick. Here we show that SHH and FGF8 
have different functions in the mouse LR 
asymmetry pathway from those in the chick. 

FGF8 function in mice was analyzed with 
FgfPO"/ compound heterozygotes (7), which 
display a variable, hypomorphic phenotype that 
includes LR asymmetry abnormalities not 
present in their normal (FgfPed+, Fgf8+'-, 
or +I+) littermates (8). At embryonic day 9.5 
(E9.5) to El 1.5 (9), heart looping, the earliest 
morphological marker of LR asymmetiy in 
vertebrate embryos, was abnormal in 49% 
(21% looping to the left; 28% failure to 
loop) and normal (to the right) in 51% of 
the 144 Fg  f8 mutants examined (Fig. 1, A 
and B) (10). Abnormal looping was rarely 
detected (2%) in 533 normal littermates. 
Thus, about half of Fgf8 mutants displayed 
abnormalities in early development indica- 
tive of a defect in LR axis s~ecification. 

Lung anatomy is a good indicator of LR 
identity, because the right lung normally has 
four lobes and the left lung only one (Fig. 1, 
C and E). In 49% of 102 mutant embryos 
examined at E16.5 to birth, the lungs on each 
side had three to four lobes (Fig. 1, D and F) 
(right pulmonary isomerism). Some of these 
embryos also had abnormal abdominal situs 
(11). In an additional 4% of mutants we 

observed situs inversus totalis (Fig. 1, G and 
H). In the remaining 47% of mutants there 
were no obvious lung abnormalities. Heart 
defects (11) very similar to those observed in 
other embryos with right isomerism (12) 
were detected in 77% of all mutants. No situs 
or other abnormalities of the organs were 
detected in 38 normal littermates. The finding 
that only -50% of mutants display right 
isomerism might be explained by dosage sen- 
sitivity: The amount of FGF8 produced in 
Fg f8ne0'- compound heterozygotes may be 
variable and close to threshold levels required 
for specification of left identity. Consistent 
with this hypothesis, we detected right pul- 
monary isomerism in only 8% (2125) of 
Fgf8"'" homozygotes, in which about twice 
as much functional Fgf8 RNA should be 
produced. Alternatively, factors in the genetic 
background may influence the frequency of 
affected individuals (12). 

We next examined the expression of Nod- 
al, Lefty2, and Pitx2, genes that are normally 
expressed in the left LPM (13) (Fig. 2, A, C, 
and E) and are thought to function as left 
determinants in mice (2). Nodal expression 
was detected by assaying for P-galactosidase 
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Fig. 1. LR asymmetry abnormal- 
ities in Fgf8 mutant embryos. Or- 
gans are from normal (~gf8+/+,  
Fgf8-/+, or FgfS"eol+) and Fgf8 
mutant (F@&-) mouse embry- 
os. Hearts dissected from (A) nor- 
mal and (B) mutant embryos at 
-E9.5. The reversed looping of the 
mutant heart is apparent. Lung 
morphology at E18.5 (C and D) in 
whole mount and (E and F) in 
frontal sections. (C and E) In the 
normal lung, there is one lobe on 
the left and there are four on the 
right. (D and F) In the mutant em- 
bryos, there are three to four lobes 
on both sides, demonstrating right 
pulmonary isomerism. The abdomi- 
nal contents of (C) a normal em- 
bryo viewed from the left side 
and (H) a mutant embryo viewed 
from the right side, illustrating re- 
versal of abdominal situs. Abbrevi- 
ations: Ht, heart; Li, liver; OT, out- 
flow tract; Sp, spleen; St, stomach; 
Vn, ventricle. 
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(P-Gal) activity in Fgf8 mutants carrying 
NdlIaCz (I  4). In 63% of Fg f8nm1-;Ndl'acZ/+ 
mutant embryos, Nodal expression was not 
detected in the LPM (Fig. 2B and Table 1). In 
50% of FgfPol- mutant embryos, Lefty2 
RNA (15, 16) was also not detected (Fig. 2D 
and Table 1). Likewise, Pitx2 expression (5, 
16) was not detected in 41% of FgfPeO/- 
mutants (Fig. 2F and Table 1). These data 
correlate well with the observation that 50% 
of Fgf8 mutant fetuses display right pulmo- 
nary isomerism, and indicate that FGF8 is a 
left determinant in the mouse embryo. 

Nodal is thought to function before the 2 
to 3 somite stage in the mouse, because it is 
detected in an asymmetric domain around the 
node before it is expressed in the left LPM 
(1 7). In Fg f8 mutant embryos at mE8.0 (0 to 
1 somites), the node and its descendants are 
present, but P-Gal activity was either absent 

domain around the node (Fig. 2, G and H). 
Thus, loss of Fgf8 function perturbs Nodal 
expression around the node. 

To determine if FGF8 can directly induce 
Nodal expression, we implanted a bead 
soaked in recombinant FGF8 protein (FGF8- 
bead) in the right LPM of normal (Ndl'"czl+) 
mouse embryos at the 0 to 2 somite stage 
(-E8.0). In most cases, ectopic Nodal ex- 
pression was detected after -8 hours of cul- 
ture, in tissue near an FGF8-bead but not a 
control bead (BSA-bead); in two of these 
cases Nodal expression was extensive in the 
right LPM (Fig. 2, I and J). The FGF8-beads 
had no effect on Nodal expression when they 
were implanted on the right at later stages (4 
to 8 somites) or when implanted on the left 
(18). Thus, FGF8 can rapidly induce Nodal 
expression at the 0 to 2 somite stage. 

Together our data indicate that in mouse 

is detected in cells within the primitive streak 
and caudolateral to the node, does not appear 
to be asymmetric in this domain (19). Mole- 
cules produced in or near the node may be 
displaced to the left by a "nodal flow" caused 
by movement of cilia on cells within the node 
(20). It is tempting to speculate that FGF8, 
and consequently Nodal expression, becomes 
asymmetrically distributed as a result of this 
leftward flow. 

Remarkably, FGF8 has been identified as 
a right determinant in the chick (6). In light 
of the apparent reversal of function of FGF8 
in the mouse and chick LR asymmetry path- 
ways, we investigated the function of SHH, a 
known left determinant in chick (3), in the 
mouse by analyzing Shh loss-of-function mu- 
tants. Cardiac looping was reversed in 3 out 
of 30 (10%) Shh-I- embryos at E9.0 to 
El  1.5. In another 9 out of 30 (30%) Shh 

or was detected at a low level in scattered FGF8 functions at an early stage in the LR mutant embryos, the cardiac loop was abnor- 
cells in the vicinity of the node in 6 out of 10 pathway to establish left identity. To perform mally positioned. In all remaining mutant 
cases. In the remaining mutants and 12 nor- this function, FGF8 may need to be asyrn- embryos and all but 1 out of 83 (1.2%) 
ma1 embryos examined at E7.5 to E8.0, metrically distributed in the vicinity of the normal littermates, cardiac looping was nor- 
P-Gal activity was detected in its normal node. However, Fgf8 gene expression, which mal. Surprisingly, similar abnormalities have 

Fig. 2. Expression of Nodal, 
Lefty2, and PitxZ in Fgf8 and 
Shh mutant embryos. Mouse 
embryos were assayed for 
gene expression as indicated 
(28) and are viewed in whole 
mount from the ventral side 
in all panels. (A to H) Nor- 
mal and Fgf8"eo1- mutant 
embryos and (K to P) normal 
(Shh+I- or +I+) and Shh-I- 
mutant embryos at -E8.25 (2 
to 8 somite stage). In normal 
embryos gene expression is 
detected on the left, and Nod- 
al expression is also detected 
around the node (no). The lack 
of gene expression in FgfB 
mutant embryos is apparent. 
Arrowheads (N and P) point 
to ectopic Lefty2 and PiW 
gene expression domains in 
the right LPM of Shh-I- em- 
bryos. (G and H) Nodal ex- 
Dression in embwos at mE8.0 . 
10 to 1 somite &age), before 
the onset of LPM expression. 
The horseshoe-shaped expres- 
sion domain in the normal 

I 

embryo, and the scattered 
NodaCex~ressine cells in the , 

(BSA) bead. 
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not previously been reported in Shh-'- em- 
bryos carrying the same mutation (21, 22). 
Next we assayed for Nodal, Lefty2, and Pitx2 
expression in Shh-'- embryos (Table 1). In 
most mutant embryos, Nodal expression was 
detected in its normal domain in the left LPM 
(Fig. 2, K and L), but in one case (Table 1) it 
was bilateral (22). Lefty2 expression was de- 
tected in its normal domain on the left in 44% 
of Shh-'- embryos and was bilateral in an- 
other 44% (Fig. 2, M and N). Pitx2 expres- 

sion was bilateral in all Shh-'- embryos 
assayed (Fig. 2, 0 and P). 

The finding that all three genes are' ex- 
pressed in the left LPM of most Shh-'- 
embryos provides conclusive evidence that 
SHH is not required for their left-sided ex- 
pression, and therefore it is not a left deter- 
minant in mouse, as it is in chick. Instead, the 
data are consistent with the hypothesis that 
SHH, a known long-range signaling mole- 
cule, is a right determinant that functions to 

Table 1. Gene expression in Fgf8 and Shh mutant embryos. 

Gene None 
(%I 

Nodal 
Lefty2 
Pitx2 

Expression domain 

Right side 
only (%I 

Bilateral Left side 
(%I only (%I 

Fgf8ne01- 
0 10 (37) 
0 10 (42) t 
3 (14)t. 9 (41) 

Shh-'- 
0 11 (79) 
1 (20) 3 (60) 
4 (44) 4 (44) 
9(100) 0 

Total no. 
of mutants 

No. of normal 
littermates* 

*Expression detected in the left LPM only. tln two embryos, expression was detected in the caudal but not the 
rostral LPM. $Bilateral expression was detected only in the caudal LPM: In two embryos no expression was detected 
rostrally; in one embryo expression was detected only in the right rostral LPM. $Nodal expression was studied either 
by assaying for P-Gal activity in Shh-I-;Ndliad'+ embryos (upper row) or by RNA in situ hybridization in Shh-I- 
embryos (lower row). 

Fig. 3. Comparison of 
LR asymmetry path- 
ways in mouse and 
chick Schematic dia- 
grams summarizing m e  
lecular pathways in- 
volved in determining 
LR identity in chick and 
mouse embryos [re- 
viewed in (7, Z)]. The 
solid horizontal lines 
separate the pathways 
into two phases. Cells 
in the mouse node 
have motile cilia, which 
may displace molecules 
functioning as left de- 
terminants to  the left 
of the node. The ques- 
tion mark indicates 
that it is not yet known 
whether there are mo- 
tile cilia in the chick 
node. FCF8 is expressed 
to  the right of the chick 
node and functions to 
inhibit Nodal expression on the right. In contrast, our data indicate that in the mouse FCF8 is required 
for Nodal expression around the node during the early phase, and in the left LPM during the late phase. 
The dashed cuwed arrow indicates that FCF8 may be distributed to  the left by the motion of the cilia 
in the node. The somites and presomitic mesoderm to the left of the mouse midline structures 
(prospective floor plate and notochord) have been omitted to make room for a bar and dashed arrow 
representing a possible physical barrier in the midline that prevents spread of left determinants to the 
right side. Dashed symbols (- - - 1 )  indicate the possible production by midline structures of an active 
repressor of left determinants on the right. Our data indicate that in the mouse SHH is not required to  
induce Nodal expression, but is required to  provide midline barrier or repressor functions (or both) that 
prevent the expression of left determinants on the right. Abbreviations: PFP, prospective floor plate; PS, 
primitive streak; PSM, presomitic mesoderm; so, somites; X, a molecule required for induction of Nodal 
expression by SHH. 

repress expression of left determinants on the 
right. Alternatively, the data are also consis- 
tent with a less direct role for SHH in the LR 
asymmetry pathway. Studies in Xenopus and 
mice have demonstrated that midline struc- 
tures, including the notochord and floor plate, 
are required for normal LR identity (22-26). 
This may reflect a requirement for a physical 
barrier that prevents the spread of left deter- 
minants to the right (27). Because Shh is 
required for normal development of the floor 
plate (21), as well as for expression of Lefty1 
(27) in the ventral midline (22), it is unclear 
whether loss of Shh function causes the LR 
defects described here because it functions as 
a repressor of gene expression or is required 
to establish a physical banier in the midline. 

The LR asymmetry pathways as they are 
currently known in chick and mouse are il- 
lustrated in Fig. 3. The possibility that the 
early steps in these pathways differ in the two 
species has been considered for some time, in 
part because several genes are asymmetri- 
cally expressed around the chick but not the 
mouse node, and because LR abnormalities 
had not been detected in Shh-'- embrvos. 
Here we provide genetic and experimental 
evidence that FGF8 has opposite roles in the 
specification of LR identity in mouse and 
chick. Moreover, we show that SHH is re- 
quired for normal LR specification, but its 
function as an early left determinant in chick 
has not been conserved in the mouse. Before 
we can speculate about the evolutionary sig- 
nificance of these findings, it will be neces- 
sary to know the full extent to which LR 
asymmetry pathways differ in chick, mouse, 
and other vertebrate species, with respect to 
the functions of specific molecules and the 
mechanisms by which they are asymmetri- 
cally distributed. 
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Bacterial Photoreceptor with 
Similarity to  Photoactive 
Yellow Protein and Plant 

Phytochromes 
ZeYu Jiang,' Lee R. Swem,' Brenda C. Rushing,' 

Savitha Devanathan,' Cordon Tollin,' Carl E. Bauerl* 

A phytochrome-like protein called Ppr was discovered in the purple photosyn- 
thetic bacterium Rhodospirillum centenum. Ppr has a photoactive yellow protein 
(PYP) amino-terminal domain, a central domain with similarity to phytochrome, 
and a carboxyl-terminal histidine kinase domain. Reconstitution experiments 
demonstrate that Ppr covalently attaches the blue light-absorbing chromo- 
phore p-hydroxycinnamic acid and that it has a photocycle that is spectrally 
similar to, but kinetically slower than, that of PYP. Ppr also regulates chalcone 
synthase gene expression in response to blue light with autophosphorylation 
inhibited in vitro by blue light. Phylogenetic analysis demonstrates that R, cen- 
tenum Ppr may be ancestral to cyanobacterial and plant phytochromes. 

All photosynthetic organisills respond in soine 
manner to light quality and quantity. hIulticel- 
lular plants contl-01 development, floral induc- 
tion. and phototropis~n through photoreceptors 
that absorb spec~fic navelengths of light Al- 
gae. cya~lobacteria, and anoxygenic photosyn- 
thetic bactena control ~notility and gene eupres- 
sion in response to light. 

Until recently, phytochrome was thought 
to be a plant- and algal-specific red and 
far-red light photoreceptor ( I ) .  However. 
the cyanobacteria Sj~~~ec i~ocys t i s  and Fre- 
ii~j~ellcr dip10,siplioiz have proteins with sim- 
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ilarity to plant phytochromes (2). Plant and 
cyailobacterial pl~ytocl~romes contain simi- 
lar NH,-terminal chromophore (bilin) bind- 
ing doinains as well as one or two COOH- 
terminal kinase domains (Fig. 1). Cyanobac- 
terial phytochromes exhibit similarity to his- 
tidine sensor kinases (2). Plant phytochro~nes 
contain limited sequence similarity to histi- 
dine kinases. lacking some critical sequence 
motifs such as the highly consei-ved histidine 
residue of autophosphorylation (3). Never- 
theless, plant phytochromes do undergo auto- 
phosphorylation, suggesting that they func- 
tion as a sensor kinase in a signal transduc- 
tioil cascade (4) 

Plant blue-light receptors ciyptochrome 
CRY1. CRY2 (j), and hPHl  (6)  contain flavin 
as chromophores. Cryptochromes exhibit 
si~llilarity to photolyases, whereas NPHl 
has sinlilarity to serine kinases. Prokaryotic 
honlologs of cryptochro~ne and NPHl have 

Fig. 1. Domains con- 

Plant s&ed among vari- 
ous ~hvtochrome-like 

Bilin attachment 
8 ,  

Kinase domain ii Kinase domain I sequences, 

I 

Cyano c 
Bilin attachment Kinase domain 

A 

Purple 61 
PYP Bilin attachment Kinase domain 
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