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In 1822, the comparative zoologist Éti-
enne Geoffroy de St Hilaire arrived at 
the surprising conclusion that chor-
dates, such as fish and humans, are 
upside down relative to all other bilat-
erally symmetrical (bilaterian) animals 
from nematodes and insects to anne-
lid worms and molluscs. The clearest 
indication of inversion is the position of 
the central nerve cord, which is dorsal 
in chordates but lies ventrally in other 
bilaterian phyla. This extraordinary idea 
of body axis inversion has been given 
literal support in recent years from the 
finding that several dorsoventral pat-
terning genes—including those encod-
ing bone morphogenetic proteins 
(BMPs in vertebrates, Dpp in flies)—
that mark the dorsal side (the back) 
of chordates are expressed along the 
ventral side (the belly) in nonchordates. 
Similarly, ventrally expressed genes 
in chordates are expressed dorsally 
in nonchordates (Arendt and Nübler-
Jung, 1994). More controversial is 
the question of how the dorsal versus 
ventral position of the nervous system 
came about. In this issue, Denes et al. 
(2007) address this question by exam-
ining the organization of the nervous 
system in the annelid worm Platynereis 
dumerilii.

More than 130 years ago, Anton 
Dohrn (a darwinist) envisaged the 
common ancestor of bilaterian ani-
mals as being annelid-like with a 
ventral, centralized nervous system 
(CNS) (Figure 1). This animal would 
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As Denes et al. (2007) reveal in this issue, the expression profile and roles of genes 
that pattern the nervous system in embryos of chordates and annelids are surprisingly 
similar. This extraordinary conservation suggests that the patterning mechanism has 
been inherited largely unchanged from the bilaterian common ancestor and that the 
central nervous system, although dorsal in fish and ventral in worms, is an ancient 
characteristic of animals.

Figure 1. The Evolution of Man
This cartoon by Edward Linley Sambourne, published in Punch in 1882, was a parody of Darwin’s 
ideas on the origins of man. Although presumably unaware of Dohrn’s 1875 ideas of axis inver-
sion, the artist has aptly depicted the evolution of vertebrates from an annelid worm-like ancestor. 
One can even imagine that the worm at the bottom left is captured in the process of inverting its 
dorsoventral axis.
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have simply flipped over to produce 
a protochordate with a dorsal CNS 
(Dohrn, 1875). Dohrn’s idea is attrac-
tive in its simplicity, but there are 
reasons to question it. Although the 
best studied nonchordate CNS, that 
of the fruitfly, has some similarities in 
CNS patterning with chordates, there 
are also significant differences. CNS 
patterning in the nematode is also 
well understood but has even less in 
common with chordates; these dif-
ferences could suggest independent 
origins.

The second counterargument 
to Dohrn’s idea of simple inversion 
comes from the closest sister group 
of chordates, the hemichordate 
worms, which have the same dorsov-
entral orientation of BMP expression 
as annelids and insects (Lowe et al., 
2006). Hemichordates differ from the 
chordates in possessing a diffuse 
nervous system resembling the sim-
ple nerve net seen in early branching 
animal groups such as sea anemo-
nes rather than a CNS. Furthermore, 
although the BMPs that dictate the 
dorsoventral axis also pattern the 
CNS in chordates, hemichordate 
BMPs pattern the axis but not the 
nervous system.

Existing evidence suggested a sce-
nario in which flies and other proto-
stomes (which make up the majority 
of invertebrates) on the one hand and 
chordates on the other have independ-
ently adapted the pre-existing dorsov-
entral axis-patterning signals to evolve 
a centralized nervous system from the 
primitive diffuse nerve net typified by 
anemones and preserved in hemichor-
dates (Lowe et al., 2003, 2006). The 
convergent use of the same underlying 
co-ordinate system could explain the 
limited similarities in gene expression. 
This idea implies that a noncentral-
ized nervous system, similar to that in 
present-day hemichordates, existed in 
the common ancestor of bilaterian ani-
mals known as Urbilateria (De Robertis 
and Sasai, 1996).

So far we have considered represent-
atives of two of the three main groups 
now recognized within the Bilateria: the 
deuterostomes—which are the chor-
dates, hemichordates, echinoderms, 
and the worm Xenoturbella—and one 
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of the two protostomian assemblages, 
the Ecdysozoa, which includes insects 
and nematodes. Now, Denes et al. 
(2007) add considerable new informa-
tion to this debate by considering a 
member of the, hitherto ignored, sec-
ond protostomian assemblage, the 
Lophotrochozoa, which contains anne-
lids, molluscs, and relatives. In an ele-
gant series of experiments they studied 
the development and genetic pattern-
ing of the larval nervous system in the 
annelid worm Platynereis dumerilii.

First, Denes and colleagues under-
took a detailed comparison of gene 
expression domains between chor-
dates and Platynereis. They show 
that neural patterning in Platynereis 
and chordates is remarkably simi-
lar. The expression domains of eight 
separate genes have largely identi-
cal relations to each other along the 
length of the differentiating nervous 
systems in chordates and in Platy-
nereis. Although differences exist, 
such a complex pattern cannot rea-
sonably be considered to have arisen 
convergently in the two groups. This 
effectively demonstrates that this 
conserved pattern of gene expres-
sion existed in the protostome/deu-
terostome common ancestor.

They next observed similarities 
of function among several annelid 
and chordate cell types with spe-
cific “molecular fingerprints.” The 
authors show, for example, that in 
both taxa, serotonergic locomotor 
neurons arise from the region where 
the homeobox genes nk2.2 and nk6 
are coexpressed. Similarly, cholin-
ergic motor neurons are found spe-
cifically in the adjacent tissue where 
expression of nk6 and pax6 (another 
homeobox gene) overlaps. In both 
taxa, the cholinergic cells with this 
molecular address also express the 
somatic motor neuron marker gene 
hb9. A reasonable inference is that 
these cell types were found in the 
same positions patterned in the same 
way in Urbilateria.

Finally, ectopic application of the 
Bmp4 protein to developing Platy-
nereis larvae influences nervous sys-
tem development by regulating neu-
ral specification in the same way that 
it does in chordates and fruitflies, a 
vier Inc.
capacity that is lacking in hemichor-
dates. This observation is not inde-
pendent of that in Drosophila due to 
the phylogenetic closeness between 
the two protostomes, but it does add 
to the overall evidence of a deeply 
conserved system of nervous sys-
tem patterning that goes much fur-
ther than the broadly accepted, con-
served system of dorsoventral axis 
specification.

Although we cannot study the 
structure of the Urbilaterian nervous 
system directly, a parsimonious inter-
pretation of the data indicates that it 
was patterned using the same suite of 
genes found in chordates and anne-
lids. It seems that Dohrn’s idea for 
the evolution of our own dorsal nerve 
cord is essentially correct. Even more 
striking is the evidence that specific 
cell types with the same molecular 
fingerprints have survived the 600 
million years of evolution separating 
protostomes and deuterostomes.

A conserved centralized nervous 
system in Urbilateria leaves open 
various questions. First, Drosophila, 
Caenorhabditis, and the hemichor-
date Saccoglossus seem to have lost 
or significantly altered aspects of the 
primitive patterning system. Com-
parative studies of their sister spe-
cies could tell us when and how (and 
perhaps even suggest why) these 
changes happened. Second, could 
these conserved aspects of nervous 
system patterning even predate Urbi-
lateria? It might seem odd to look for 
homologous cell types or patterning 
elements in the nerve net of an anem-
one, but we already know of molecu-
lar signatures of a dorsoventral axis 
in this supposedly radially symmetri-
cal group (Matus et al., 2006). Third, 
while the chordate body is inverted, 
the chordate mouth is still ventral; 
has it migrated from dorsal to ventral 
or is it a new structure? Finally, the 
emphasis on the homology of spe-
cific cell types over significant evolu-
tionary distances is an exciting recent 
new direction for comparative devel-
opmental biologists. Future work 
comparing chordates and Platynereis 
can hopefully uncover more details 
of the structure of the ancient animal 
nervous system.
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A key defining feature of stem cells is 
their ability to self-renew, that is, to 
preserve the identity of a parental cell 
through cell division in at least one of 
the two daughter cells. In general, the 
requirements for self-renewal include 
inhibition of differentiation with con-
comitant suppression of apoptosis 
and senescence pathways (Figure 
1). Only under these circumstances 
does self-renewal occur, irrespective 
of stem cell type or the master fate 
regulators involved.

In this issue of Cell, Galan-Cari-
dad et al. (2007) examined the self-
renewal potential of murine embry-
onic stem cells (ESC) and tissue 
hematopoietic stem cells (HSC), two 
distinct types of stem cells that dif-
fer in several respects. First, ESC 
are derived from the inner cell mass 
of the early mammalian embryo and 
although only transient in vivo, they 
can be maintained in vitro as cell 
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lines by the addition of serum (as a 
source of bone morphogenetic pro-
teins) and leukemia inhibitory fac-
tor to the culture medium. HSC are 
specified in the aorta-gonad-mes-
onephros/yolk sac and then migrate 
to the fetal liver where they undergo 
expansion (from embryonic day 11.5–
16.5). They ultimately migrate to the 
bone marrow niche (from embryonic 
day 17.5 onward) where they persist 
throughout adulthood, mostly in the 
G0 phase of the cell cycle (Figure 
1). Attempts to maintain or expand 
HSC outside of their in vivo niche 
remain modest, and HSC cell lines 
are not available currently. Second, 
ESC are pluripotent, that is, they can 
differentiate into all cell types of an 
adult animal; in contrast, HSC are 
multipotent, only giving rise to blood 
cell lineages. Third, quiescence and 
senescence are observed in HSC 
but not in ESC. Finally, ESC undergo 
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symmetrical self-renewal divisions, 
with one stem cell giving rise to two 
daughter stem cells, resulting in an 
expansion in stem cell numbers. In 
contrast, adult HSC predominantly 
undergo asymmetrical self-renewal 
divisions, generating one stem cell 
and one more committed cell, thus 
preserving stem cell numbers while 
enabling blood cell regeneration in 
vivo. HSC undergo symmetrical self-
renewal divisions only in specific and 
temporally restricted developmental 
contexts. Although key master regu-
lators of HSC cell fate are still poorly 
defined, the molecular basis of ESC 
self-renewal are more rapidly unfold-
ing, with recent evidence suggest-
ing the involvement of two distinct 
groups of genes, Nanog/Oct4/Sox2 
and Tbx3/Tcl1/Esrrb/Dppa4 (Ivanova 
et al., 2006), in the regulation of two 
separate pathways. Given the dif-
ferences between ESC and HSC, 
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