
INTRODUCTION

In recent years, evidence has accumulated that the insect
ventral body side equals the dorsal side of the vertebrates and
that chordates, during their evolution, have inverted their
dorsoventral body axis (Arendt and Nübler-Jung, 1994, 1997;
Holley et al., 1995; De Robertis and Sasai, 1996). In insects
and vertebrates, the equivalent ‘neural’ body sides give rise to
a prominent brain and nerve cord, and therefore the question
whether insect and vertebrate centralized nervous systems
(CNS) are homologous is again open for debate. In 1875,
Anton Dohrn had proposed that vertebrates and arthropods
have inherited their nerve cord from a common annelid-like
ancestor (‘annelid theory’, Dohrn, 1875; reviewed in Nübler-
Jung and Arendt, 1994). This is against the prevailing point of
view that insect and vertebrate nerve cords evolved on opposite
body sides of their last, very primitive common ancestor
(‘Gastroneuralia-Notoneuralia concept’, Hatschek, 1888;
Siewing, 1985; Ax, 1987; Brusca and Brusca, 1990; Gruner,
1993; Nielsen, 1995). A broad comparative analysis of the now
available molecular and morphological data should help to
resolve this issue. Ideally this analysis should involve – apart
from insects and vertebrates – various additional phyla that are
considered their closer relatives, such as crustaceans, annelids
or enteropneusts, as well as other phyla that might serve as

phylogenetic outgroups, such as nematodes and flatworms (for
recent phylogenies, see e.g. Brusca and Brusca, 1990; Nielsen,
1995). We start here with a more limited approach, namely a
comparison of nerve cord development in insects and
vertebrates. The last two decades have seen enormous progress
in the molecular and embryological analysis of neural
development in selected insect and vertebrate species, and
some striking similarities in brain and nerve cord development
shared between insects and vertebrates have already been
outlined (Holland et al., 1992; Thor, 1995; Arendt and Nübler-
Jung, 1996; D’Alassio and Frasch, 1996; Weiss et al., 1998).
The rapidly growing amount of data now allows considerable
broadening of these comparisons to reveal additional
similarities in unexpected detail.

Homologous features of two given animal groups are those
“that stem phylogenetically from the same feature.. in the
immediate common ancestor of these organisms” (Ax, 1989;
Bock, 1989) so that their “non-incidental resemblances are
based on shared information” (Osche, 1973; see Schmitt,
1995). Evidently, it is important to add at which level of
evolution any two features are supposed to be homologous
(Bolker and Raff, 1996). For example, the various types of
insect and vertebrate neurons will be homologous as neurons
yet the question arises whether they are homologous also, for
example, as motoneurons or as commissural interneurons. To
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It is widely held that the insect and vertebrate CNS evolved
independently. This view is now challenged by the concept
of dorsoventral axis inversion, which holds that ventral in
insects corresponds to dorsal in vertebrates. Here, insect
and vertebrate CNS development is compared involving
embryological and molecular data. In insects and
vertebrates, neurons differentiate towards the body cavity.
At early stages of neurogenesis, neural progenitor cells are
arranged in three longitudinal columns on either side of the
midline, and NK-2/NK-2.2, ind/Gsh and msh/Msx homologs
specify the medial, intermediate and lateral columns,
respectively. Other pairs of regional specification genes are,
however, expressed in transverse stripes in insects, and in
longitudinal stripes in the vertebrates. 

There are differences in the regional distribution of cell

types in the developing neuroectoderm. However, within a
given neurogenic column in insects and vertebrates some of
the emerging cell types are remarkably similar and may
thus be phylogenetically old: NK-2/NK-2.2-expressing
medial column neuroblasts give rise to interneurons that
pioneer the medial longitudinal fascicles, and to
motoneurons that exit via lateral nerve roots to then project
peripherally. Lateral column neuroblasts produce, among
other cell types, nerve root glia and peripheral glia. Midline
precursors give rise to glial cells that enwrap outgrowing
commissural axons. The midline glia also express netrin
homologs to attract commissural axons from a distance.
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test for homology, the overall probability of an independent
versus a common evolutionary origin of two specific
ontogenetic patterns has to be estimated (see Dohle, 1989).
Indications for homology of neurons are, among others, the
same relative position in the nerve cord anlage and similar
axonal projections (see Starck, 1978; Schmitt, 1995).

Adding to this, comparative molecular embryology now
permits combination of morphological comparisons with the
analysis of expression and function of homologous genes
(Bolker and Raff, 1996). Related genes found in two animal
groups are homologous when they are derived from the same
precursor gene in the last common ancestor of these groups.
Here, we compare homologous genes involved in neural
specification, the majority of which encode transcription factors
with temporally and spatially restricted patterns of expression
(cf. classifications of Guillemot and Joyner, 1993; Fedtsova and
Turner, 1995). We focus on neural regionalization genes that
subdivide the CNS anlage into regions (such as longitudinal or
transverse stripes). Neural regionalization genes are expressed
in neural progenitor cells (and sometimes remain active also in
their neural progeny, see below). The similar utilization of
homologous neural regionalization genes in two animal groups
can be a strong indication of homology of neural regions.
However, the possibility always remains that homologous genes
have been recruited independently for the specification of
evolutionarily unrelated cell populations (see, e.g., Dickinson,
1995) – although with an increasing complexity of their similar
ontogenetic patterns and a higher number of homologous genes
involved this becomes more and more unlikely. Moreover, it is
also possible that two structures evolved independently, but
from the same ontogenetic anlagen (such as ‘wings’ in birds
and bats; homoiology or parallelism; see Schmitt, 1995;
Bolker and Raff, 1996), and thus have ‘inherited’ the same set
of genes for their specification. This essay outlines a common
morphological and molecular ground plan in nerve cord
development in mice and flies, and, on these grounds, presents
a number of possible homologies shared between insects and
vertebrates. However, and although we feel that some of the
morphological and molecular resemblances in nerve cord
development outlined here are rather striking, future
comparative studies in animal groups other than insects and
vertebrates will allow a decision to be made as to whether these
represent true homologies, homoiologies or merely accidental
resemblances.

I. NEUROGENESIS

Bilateral animals divide into two large groups, the
Gastroneuralia with a ventral nerve cord, and the Notoneuralia
with a dorsal nerve cord (e.g., Nielsen, 1995). In
gastroneuralians such as annelids and arthropods the
ganglionic masses detach from the ventral neuroectoderm to
form a rope-ladder nervous system of connectives and
commissures, while in notoneuralian chordates the
neuroectoderm folds inwards as a whole to form a neural tube
(Fig. 1). In spite of these dissimilarities, however, recent
findings reveal a striking conformity in the molecular
mechanisms involved in insect and vertebrate neurogenesis.

Segregation of neural progenitor cells
In insects, as well as in vertebrates, the prospective ectoderm

is subdivided into a neurogenic and a non-neurogenic portion
by the antagonistic activity of homologous secreted molecules
decapentaplegic/BMP-4 and short gastrulation/chordin (see
De Robertis and Sasai, 1996; Arendt and Nübler-Jung, 1997;
and references therein), and the resulting neurogenic territory
forms on both sides of a specialized population of midline cells
(Fig. 1, and see below). The neurogenic ectoderm starts as a
simple epithelium composed of proliferative cells (Doe and
Goodman, 1985; Jacobson, 1991, pp. 44,79). These give rise
to neural progenitor cells (neuroblasts, glioblasts or neuro-
/glioblasts; also called germinal cells in the vertebrates)
(Bossing et al., 1996; Temple and Qian, 1996; Schmidt et al.,
1997). In the insect trunk cord as well as in the vertebrate spinal
cord, most neural progenitors are multipotential (generating
more than one type of neuron or glial cell; Leber and Sanes,
1995; Bossing et al., 1996; Schmidt et al., 1997). In the
vertebrate, hindbrain cell lineage analysis indicates that
progenitor cells primarily give rise to neurons with a particular
subtype identity (Lumsden et al., 1994), but this may be due
to constraints on the dispersal of clonally related progenitors,
since grafting experiments have shown that cells can be
directed away from their normal fate by environmental signals
(Simon et al., 1995; Clarke et al., 1998). Almost all insect
neuroblasts are self-renewing stem cells (Doe and Technau,
1993), and stem cells have also been reported for the vertebrate
developing neural tube (Temple and Qian, 1996, Kalyani et al.,
1997; Murphy et al., 1997; and references therein).

In both insects and vertebrates, ‘proneural’ genes encoding
bHLH transcription factors control the positions where groups
of cells become competent for the neural fate in the early
neuroectoderm (‘proneural clusters’), as evidenced for AS-C,
neurogenin and atonal homologs (see Lee, 1997). The
segregation of neural progenitor cells from the remaining non-
neural cells is then accomplished by lateral inhibition,
operating via Delta and Notch homologs (‘neurogenic genes’;
see Campos-Ortega, 1993; Chitnis et al., 1995; Lewis, 1996;
Dunwoodie et al., 1997; Haddon et al., 1998; and references
therein). Insects and vertebrates differ, however, in that, in
insects, neuroblasts delaminate from the surface (in five
phases, S1-S5, in Drosophila) while, in vertebrates, the
germinal cells maintain contact with the epithelial surface (cf.
Fig. 2).

D. Arendt and K. Nübler-Jung

Fig. 1. Morphogenesis of the ventral nerve cord in a prototype insect
(A) and of the dorsal neural tube in a prototype vertebrate (B).
Arrows indicate ontogenetic sequences. yellow-green, neurogenic
ectoderm; blue, epidermal ectoderm.
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Neurons differentiate towards the body cavity
Insect and vertebrate neuroblasts divide several times to give
off neuronal precursor cells. In both groups, neural progeny is
generated towards the body cavity. This leads to a multilayered
appearance of the neuroectoderm with neural cells of different
developmental state arranged from outside to inside. There is,
however, a reverse ‘inside-out’ terminology in vertebrates as
compared to insects, since, during vertebrate neurulation, the
former ‘outside’ becomes the new inner lumen of the neural
tube.

This innermost layer of the neural tube, the vertebrate
‘ventricular zone’, thus corresponds to the outermost layer of
the insect CNS anlage. In both groups, this layer contains
mitotically active neural progenitor cells. Musashi homologs
that encode RNA-binding proteins might play a role in
maintaining the stem-cell state in Drosophila (Nakamura et al.,
1994; Okabe and Okano, 1996) and mouse (Sakakibara et al.,
1996; Sakakibara and Okano, 1997). Neural regionalization
genes, such as msh (D’Alessio and Frasch, 1996; Isshiki et al.,
1997), gooseberry (see Goodman and Doe, 1993) and
orthodenticle (Younossi-Hartenstein et al., 1997) in
Drosophila, or their respective vertebrate counterparts Msx-
1/2/3 (Wang et al., 1996), Pax-3/7 (Burrill et al., 1997) and Otx-
1/2 (Simeone et al., 1992), are also expressed in this layer (see
below), although some of these genes continue to be active in
the neural progeny.

The neural progenitor cells produce neuronal progenies that
transiently populate the middle layer of the epithelium
(‘subventricular zone’ in the vertebrates). In insects, the
neuroblasts bud off ‘ganglion mother cells’ towards the inside,
which divide once more into two postmitotic neurons. During
neuroblast division in Drosophila, the prospero protein is
distributed to the ganglion mother cells (Vaessin et al., 1991;
Goodman and Doe, 1993; Hirata et al., 1995; Spana and Doe,
1995), where it helps to establish neural diversity (Ikeshima-
Kataoka et al., 1997). Cells corresponding in lineage to insect

ganglion mother cells have not been reported for the vertebrate
neuroepithelium. However, in the mouse subventricular zone,
young, postmitotic and undifferentiated neurons specifically
express Prox 1, a prospero homolog (Oliver et al., 1993).
Homologous RNA-binding proteins, encoded by elav in
Drosophila (Campos et al., 1985; Koushika et al., 1996; Good,
1997) and by the Hu genes in mouse (Okano and Darnell,
1997), chick (Wakamatsu and Weston, 1997) and fish (Kim et
al., 1996) are expressed almost exclusively in differentiating
neurons and regulate neuronal differentiation.

The innermost layer of the insect CNS anlage corresponds
to the outermost layer of the vertebrate neural tube (‘mantle
layer’ in the vertebrates). These layers form closest to the body
cavity and are the site of axonogenesis. They contain the
differentiating postmitotic neurons that express cell-type-
specific genes such as the Lim-homeobox genes (see below).
Subsets of outgrowing axons have been shown to be positive
for conserved transmembrane glycoproteins involved in growth
cone guidance, such as the immunoglobulin superfamily
members Deleted in Colorectal Cancer in the vertebrates
(DCC; Keino-Masu et al., 1996; Gad et al., 1997), and the
corresponding Drosophila homolog frazzled (Kolodziej et al.,
1996; and see below).

A basiepithelial nervous system – ancestral for
Bilateria?
In gastroneuralians such as insects, the neurons often come to
lie inside of, and separate from, the neurogenic epithelium
(subepithelial nervous system) while, in notoneuralians such as
vertebrates, they remain within the neuroepithelium, at its base
(basiepithelial nervous system; see Reisinger, 1972). However,
basiepithelial nervous systems also exist in some
gastroneuralians and the subepithelial nervous systems of the
gastroneuralians often go through a basiepithelial state during
their development (Nielsen, 1995, p. 78ff). For example, early
during grasshopper neurogenesis, a subset of non-neuronal cells,
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Fig. 2. Neurogenesis in
Schistocerca (A) and
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types. (A) Schistocerca
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compared to Fig. 1; after
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the sheath cells, span the whole distance from the surface to the
basal lamina as reminiscent of the vertebrate radial glia (Doe and
Goodman, 1985; Fig. 2). These insect sheath cells later retract
their long ensheathing processes, diminish in size, and join up
to form the epidermis that covers the neural precursors and
differentiating neurons (Campos-Ortega, 1993) – thus helping to
create a subepithelial nervous system – whereas, in the
vertebrates, the basiepithelial nature is maintained even in the
adult neural tube (Liuzzi and Miller, 1987). Fig. 2 schematically
compares the basiepithelial state of the neuroepithelium in
grasshopper and in mouse. (Note that, deviating from the
grasshopper, in Drosophila sheath cell processes are less
pronounced such that the subepithelial state is achieved earlier
than in the grasshopper (Hartenstein and Campos-Ortega, 1984.)

Neurogenesis in crustaceans progresses in a manner highly
reminiscent of the insect pattern, with neuroblasts budding off
ganglion mother cells and columns of postmitotic neurons towards the
inside (Anderson, 1973; Scholtz, 1992). Deviating from this, in
onychophorans, chelicerates and myriapods, the neuroectoderm
produces clusters of ganglion mother cells by randomly oriented cell
division, which then invaginate in a dorsal direction (Friedrich and
Tautz, 1995, and references therein). The cellular composition of the
acraniate neural tube is sufficiently similar to that of the vertebrate
neural tube to infer common principles in neurogenesis (Bone,
1960a). Neurogenesis in ascidians, however, deviates from the
vertebrate pattern. The ascidian larval neural tube is a one-cell-thick
neuroepithelium, made up of neurons in the bulbous anterior brain and
only ependymal cells (and axons) in the tail (Katz, 1983; Nicol and
Meinertzhagen, 1988; Crowther and Whittaker, 1992). Thus, as part
of a simple epithelium, ascidian neurons do not occupy a
basiepithelial position (as do insect and vertebrate neurons).
Therefore, if the basiepithelial state is considered a common heritage
of insect and vertebrate neurogenesis, this would imply that the
ascidian CNS be secondarily simplified – in contrast to the auricularia
theory of Garstang (1928) and his followers (Bone, 1960b; Lacalli,
1994), who assess the simplicity of the ascidian neural tube as a
primitive chordate feature.

Of animal groups other than arthropods and chordates, nematode
neurogenesis has been investigated in most detail (Sulston et al., 1983;
White et al., 1986). Apart from the paucity of cells and the invariant
cell lineage, nematode neurogenesis resembles insect and vertebrate
neurogenesis in that neuronal precursors recede from the outer surface
of the ventral ectoderm towards its basal lamina, to be overlain by the
prospective epidermal cells (Hedgecock and Hall, 1990). Molecular
mechanisms of nematode neurogenesis might also be shared with
insects and vertebrates, as is indicated by the evolutionary
conservation in nematodes of AS-C, prospero, POU-IV and frazzled
(Zhao and Emmons, 1995; Bürglin, 1994; Baumeister et al., 1996;
Chan et al., 1996; and see below). Significantly, a basiepithelial
nervous system is found in a number of ‘archiannelid’ polychaetes,
in some oligochaetes, pogonophorans, gastrotrichs, chaetognaths,
kinorhynchs, loriciferans, priapulids, enteropneusts and echinoderms,
and thus might be ancestral for both protostomes and deuterostomes
(Reisinger, 1972; Jefferies, 1986, p. 34ff; Nielsen, 1995, p. 78ff). It
will be challenging to find out whether their neurogenesis involves the
same set of homologous molecules as in insects and vertebrates.

II. REGIONAL SPECIFICATION OF THE
NEUROECTODERM

Orthodenticle and Hox: anteroposterior
regionalization
From anterior to posterior, the insect and vertebrate
neuroectoderm divides into subregions, each expressing a

specific combination of conserved neural regionalization
genes. In both groups, anterior brain parts express Otx-1/Otx-
2/orthodenticle, Tlx/tailless and some other ‘head gap genes’,
while posterior brain parts and the residual nerve cord are
regionalized by the expression of the Hox genes (Fig. 3;
Holland et al., 1992; Arendt and Nübler-Jung, 1996, and
references therein). The developing nerve cord is thus
subdivided into a Hox- and a non-Hox-region. Otx-1/Otx-
2/orthodenticle activity is indispensable for the formation of
the non-Hox neuroectoderm, as deduced from the almost
complete absence of this region in orthodenticle mutant flies
(Hirth et al, 1995; Younossi-Hartenstein et al., 1997) and in
Otx2−/− mice (Acampora et al., 1995; Matsuo et al., 1995; Ang
et al., 1996). Moreover, vertebrate and insect Otx-1/Otx-
2/orthodenticle homologs can functionally replace each other,
as evidenced by genetic rescue experiments (Acampora et al.,
1998; Leuzinger et al., 1998). Insect and vertebrate Hox genes
have in common specification of the fate of an
(anteroposteriorly) restricted set of neural cells, as revealed by
the analysis of Hox mutant flies (Hirth et al., 1998) and mice
(Capecchi, 1997, and references therein), whereby the anterior
and posterior limits of Hox gene activity often coincide with
metameric boundaries. The anteroposterior sequence of Hox
gene expression boundaries in the murine and fly nervous
system is virtually identical (Hirth et al., 1998).

The CNS appears to be the most ancestral site of Hox gene expression
in Drosophila (Harding et al., 1985), leeches (Aisemberg and
Macagno, 1994; Kourakis et al., 1997), ascidians (Gionti et al., 1998)
and acraniates (Holland et al., 1992; Holland and Garcia-Fernàndez,
1996). An early subdivision of the neural territory into an (anterior)
Otx/orthodenticle and a (more posterior) Hox region has also been
described for the lower chordates (Williams and Holland, 1996; Wada
et al., 1998). However, it is an as yet open question how widespread
the Hox versus Otx/orthodenticle split is in the animal kingdom and
what its morphological correlate might have been ancestrally. Some
insight comes from the leech, where the expression of Hox genes
covers the ventral nerve cord in its whole extent, but remains excluded
from the supraesophageal ganglion (Kourakis et al., 1997), while
Lox22-Otx, a leech Otx homolog, has its major focus of expression in
the supraesophageal ganglion (yet is also expressed in 1-2 pairs of
neurons per segment in the ventral nerve cord; Bruce and Shankland,
1998). This indicates that, in annelids, the supraesophageal ganglion
is ‘non-Hox’, and the ventral nerve cord is ‘Hox territory’.

Midline cells: inductive centres for mediolateral
regionalization
In both insects and vertebrates, a specialized population of
midline cells demarcates the plane of bilateral symmetry
between the two halves of the neuroectoderm (grey in Fig. 3).
Midline cells share a double affinity to ectoderm and
mesoderm, and may represent the line of fusion of an ancestral
slit-like blastopore (Arendt and Nübler-Jung, 1996, 1997; and
see below). In the vertebrates, midline cells give rise to the
floorplate of the neural tube (Fig. 1). Basically, regionalization
genes specifying the midline cell populations appear to differ
between insects and vertebrates: in Drosophila, the single-
minded gene is expressed in early midline cells (Crews et al.,
1988) and is required for their formation (Nambu et al., 1990;
Klämbt et al., 1991; Menne and Klämbt, 1994), while, in the
vertebrates, the formation of midline cells requires the specific
expression of HNF-3β (Ang and Rossant, 1994; Weinstein et
al., 1994).

D. Arendt and K. Nübler-Jung
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Remarkably, homologs of Drosophila single-minded
(vertebrate Sim1) and of vertebrate HNF-3β (Drosophila fork
head) are also expressed in, or adjacent to, midline cells, albeit
only after initial specification: vertebrate Sim1 is expressed
during the period of axonal outgrowth “in cells adjacent to the
floorplate” in mice (Fan et al., 1996; Matise et al., 1998), and
in a cell population “located between the motor neurons and
the floor plate” in the chick (Pourquié et al., 1996). Drosophila
fork head is expressed in “cells in the midline of the CNS” by
the end of extended germ band stage (Weigel et al., 1989). The
possible role of Sim1 and fork head in midline cell
development remains to be elucidated (see below).

Insect and vertebrate midline cells have in common to
represent inductive centres for the regional patterning of the
adjacent neuroectoderm (Menne et al., 1997; Sasai and De
Robertis, 1997). Yet, non-homologous molecules are involved:
vertebrate Sonic hedgehog (Shh), a downstream gene of HNF-
3β (Sasai and De Robertis, 1997), is expressed in the floorplate
(in fish, chick, rat and mouse; Echelard et al., 1993; Krauss et
al., 1993; Roelink et al., 1994; Ericson et al., 1996; violet in
Fig. 3B), from where the secreted Shh protein exerts its
patterning function on the adjacent neuroectoderm (Barth and
Wilson, 1995; Ericson et al., 1996, 1997; Sasai and De
Robertis, 1997; and see below). Shh−/− mutant mice do not
differentiate floor plate and ventral neural tube structures
(Chiang et al., 1996). In contrast, Drosophila hedgehog activity
covers transverse stripes in the early neuroectoderm, is not
active in midline cells (Tashiro et al., 1993; Taylor et al., 1993;
Fig. 3A, and see below) and its ectopic expression in midline
cells has no observable effect (Menne et al., 1997). The midline
cells in Drosophila secrete Spitz, an EGF-like protein thought
to diffuse bilaterally to contribute to patterning of the adjacent
ventral neuroectoderm (Golembo et al., 1996; Skeath, 1998).
Remarkably, an EGF-related ligand (one-eyed pinhead) in the
zebrafish is also highly expressed in midline cells and is also
required for ventral neuroectoderm formation (Zhang et al.,
1998). This may indicate that insect and vertebrate midline
signalling is less divergent than it currently appears.

NK-2/NK-2.2, ind/Gsh and Msh/Msx: specification of
longitudinal columns
In Drosophila, proneural clusters and early delaminating (S1-
S3) neuroblasts are arranged in three longitudinal stripes or
columns (medial, intermediate and lateral; Fig. 4A) on either
side of the midline cells, as described for the ventral
neurogenic region of nerve cord and gnathocerebrum (Jimenez
and Campos-Ortega, 1990; Skeath et al., 1994). In
Schistocerca, early neuroblasts also form in three columns in
each hemisegment (Doe and Goodman, 1985). A three-
column-arrangement along the neuraxis has also been detected
in the procephalic region in Drosophila (Younossi-Hartenstein
et al., 1996). In the lower vertebrates proneural clusters and
primary neurons are similarly arranged in three columns
(medial, intermediate, and lateral) on either side of the neural
plate (Fig. 4B), as described for the Xenopus (Chitnis et al.,
1995) and zebrafish neurulae (Haddon et al., 1998). In
Drosophila and Schistocerca, this three-column-arrangement is
a transitory pattern during early stages of neurogenesis, which
is later obscured by additional emerging neuroblasts and neural
progeny (Doe and Goodman, 1985; Goodman and Doe, 1993).
In vertebrates, the neural plate folds to form the neural tube,

so the medial column comes to lie ventrally in the basal plate
of the tube, the intermediate column lies more dorsally in the
alar plate and the lateral column is found in the dorsalmost
region of the tube where the neural crest emerges and where
sensory neurons are generated (Chitnis et al., 1995; Haddon et
al., 1998).

Homologous genes specify corresponding proneural
columns in insects and in vertebrates (D’Alessio and Frasch,
1996). In Drosophila, longitudinal stripes of vnd/NK-2
expression have been detected in the medial column (red in Fig.
3A; Jiménez et al., 1995; Mellerick and Nirenberg, 1995)
where vndNK-2 acts as a regionalization gene that interacts
with the proneural AS-C genes (Skeath et al., 1994). The
intermediate column coincides with the longitudinal stripes of
ind gene expression and ind is required for the specification of
intermediate column neurectoderm and neuroblasts (brown in
Fig. 3A; Weiss et al., 1998). In the lateral column, the msh gene
is active in proneural clusters and neuroblasts (blue in Fig. 3A;
D’Alessio and Frasch, 1996; Isshiki et al., 1997) and is
likewise required for their specification, as evidenced by loss-
and gain-of-function mutations (Isshiki et al., 1997). Similarly,
in the vertebrate neuroepithelium, NK-2.2 homologs are
expressed in symmetrical stripes on each side of the
presumptive floor plate, in mouse (red in Fig. 3B; see
Shimamura et al., 1995, and references therein), frog (Saha et
al., 1993) and zebrafish (Barth and Wilson, 1995), suggesting
a function in neural regionalization (Barth and Wilson, 1995).
Vertebrate NK-2.2 expression thus appears specific for the
medial neurogenic column. The Gsh-1 gene, a mouse homolog
of Drosophila ind, is active in paired longitudinal stripes
covering the alar plate where intermediate column descendants
are located (brown in Fig. 3B; Valerius, 1995; see also Deschet
et al., 1998, for medaka). Vertebrate Msx-1/2/3 genes
(homologous to Drosophila msh; blue in Fig. 3B) are expressed
in the neural folds and later in the dorsalmost portion of neural
tube, the roof plate, in frogs, birds and mice (Davidson and
Hill, 1991; Su et al., 1991), and are involved in specifying
dorsal neural fates (Takahashi et al., 1992; Shimeld et al. 1996;
Wang et al., 1996). Msx genes thus appear to specify the lateral
neurogenic column of the vertebrate CNS. (Note that, however,
neural tube expression of mouse Msx3 extends more
ventralwards into the alar plate than Msx-1/2 and thus might
cover intermediate column descendants; Wang et al., 1996.)

Therefore, in the developing CNS of insects and vertebrates,
the expression of NK-2/NK-2.2, ind/Gsh-1 and of msh/Msx
homologous regionalization genes covers, respectively, the
medial, intermediate and lateral neurogenic columns and is
involved in their specification. This led D’Alessio and Frasch
(1996) and Weiss et al. (1998) to propose that the medial,
intermediate and lateral neurogenic columns of the Drosophila
embryo correspond to the medial, intermediate and lateral
columns of a (dorsoventrally inverted) vertebrate embryo.

The longitudinal columns of neural precursors in insect
embryos – and in vertebrate embryos turned upside down – are
reminiscent of the longitudinal strands of neurons (i.e.,
longitudinal nerves with interspersed neurons) found in some
polychaetes and molluscs (Bullock and Horridge, 1965; Fig.
5). This is remarkable since a multistranded nervous system
has been considered ancestral for the gastroneuralians
(‘orthogon-theory’; Reisinger, 1925, 1972; Hanström, 1928).
The transitory formation of neurogenic columns during insect
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and vertebrate ontogeny might thus ‘recapitulate’ a
multistranded nervous system of their remote ancestors, in the
sense of Haeckel’s biogenetic law (see Haeckel, 1910), and
therefore indicates that the orthogon-theory is valid also for
deuterostomes (cf. Hanström, 1928). In order to understand the
evolution of the insect and vertebrate neurogenic columns, it
will be interesting to find out whether the multiple strands of
the ‘orthogon-type’ nervous system in some extant polychaetes
and molluscs also develop from similar neurogenic columns
specified by NK-2/NK-2.2, ind/Gsh-1 or msh/Msx homologs.

The msh/Msx genes represent a highly conserved group of homeobox
genes that descend from a single msh/Msx precursor gene (Davidson,
1995) and have been detected in a broad variety of phyla (Master et
al., 1996; Dobias et al., 1997; and references therein). Notably,
expression of leech Le-msx (Master et al., 1996) and of ascidian Msx-
a (Ma et al., 1996) is confined to the developing nervous system, and
that of sea urchin SpMsx to the oral ectoderm (Dobias et al., 1997)
from where the circumoral ectoneural nerve ring arises. A possible
restriction of Msx gene expression in these groups to ‘neurogenic
columns’, however, has not yet been described.

In the cephalochordate Branchiostoma, expression of AmphiNK2-
2 is detected in two ventrolateral bands of cells in the anterior neural
tube, highly reminiscent of the vertebrate pattern (Holland et al.,
1998). Apart from insects and chordates, NK-2/Nk-2.2 related genes
have also been detected in leech (Lox-10) and nematode (ceh-22) (for

a recent alignment of NK-2/NK-2.2 homeobox genes see Harfe and
Fire, 1998, and references therein). However, the vertebrate NK-2.2
and the Drosophila vnd/NK-2 genes are more closely related to each
other than to their leech and nematode counterparts. This might
indicate the existence of additional NK-2/NK-2.2 homologs in leeches
and nematodes, and in line with this, leech Lox-10 and nematode ceh-
22 are not expressed in the developing ventral nerve cord of the trunk
(Nardelli-Haeflinger and Shankland, 1993; Okkema and Fire, 1994).

Hedgehog/Shh, patched and Gooseberry/Pax-3/-7:
longitudinal columns versus transverse rows
Genes belonging to the ‘segment-polarity’ class of genes
(named after their early role in establishing and maintaining
the anteroposterior polarity of segments in Drosophila) also
play a role in neural regionalization in insects and vertebrates.
However, while in vertebrates these genes are expressed in
longitudinal columns, in insects they are expressed in
transverse rows. This is exemplified for hedgehog/Shh, patched
and Gooseberry/Pax-3/-7 homologs in Fig. 3. Drosophila
hedgehog is expressed in row 6 and 7 in the posterior portion
of each neural segment (violet in Fig. 3A; Lee et al., 1992;
Taylor et al., 1993) and is involved in neuroblast specification
(Matsuzaki and Saigo, 1996; McDonald and Doe, 1997).
Hedgehog signalling upregulates patched, a transmembrane
protein expressed in row 2-5 in the anterior portion of a given
segment (Taylor et al., 1993; yellow in Fig. 3A). Patched in
turn is involved in neuroblast specification by negatively
regulating the gooseberry gene (Bhat, 1996; Bhat and Schedl,
1997). Drosophila gooseberry (and the closely related paired
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Fig. 3. Expression of msh/Msx (blue), ind/Gsh-1 (brown) NK-2/NK-
2.2- (red), hedgehog/Shh (violet), gooseberry/Pax-3/7 (green),
patched (yellow), orthodenticle/Otx (black bars) and Hox
homologues (white bars) in the neuroectoderm of (A) Drosophila at
stages of neuroblast delamination and (B) mouse at approximately 9
d.p.c. (with the neural tube unfolded into a neural plate for better
comparison). Darker grey shading indicates midline region.
Drosophila genes: msh, D’Allesio and Frasch (1996); ind, Weiss et
al. (1998); vnd/NK-2, Jiménez et al. (1995); Mellerick and
Niremberg (1995); hedgehog, Lee et al. (1992); Taylor et al. (1993);
patched, Bhat (1996); gooseberry, Gutjahr et al. (1993);
orthodenticle, Finkelstein et al. (1990); Hox, Hirth et al. (1998);
mouse genes: NKx-2.2, Shimamura et al. (1995); Msx-1/2, Catron et
al. (1996). Pax-3, Goulding (1991); Shh, Echelard et al. (1993);
patched, Goodrich et al. (1996); Otx-2, Boncinelli et al. (1993); Hox,
Capecchi (1997). Fading colours in the regions where the spatial
extent of expression has not been described in detail.

Fig. 4. Insect and vertebrate CNS neuroblasts are arranged in three
longitudinal columns on each side of the midline. (A) Drosophila,
stage 10, with the neuraxis forced into a plane; after Hartenstein and
Campos-Ortega (1984); Younossi-Hartenstein et al. (1996). sto,
stomodaeum. (B) Xenopus. stage 14; after Chitnis et al. (1995). inf,
infundibulum.
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and gooseberry neuro; encoding transcription factors with a
homeobox and a paired box DNA motif; Li and Noll, 1994)
have a common site of expression in row 5 and 6 in the
posterior portion of a given neural segment (green in Fig. 3A;
Ouellette et al., 1992; Gutjahr et al., 1993; Buenzow and
Holmgren, 1995); and gooseberry is required for the
specification of posterior neuroblasts (Skeath et al., 1995). In
vertebrates, the floorplate-specific Shh (see above) also
activates patched. Yet, according to its longitudinal expression
in midline cells, in two adjacent longitudinal stripes of
expression (yellow in Fig. 4b; Goodrich et al., 1996; Concordet
et al., 1996, and references therein). The mouse Pax-3/-7 genes,
direct counterparts to insect paired/gooseberry (Noll, 1993),
are also expressed in a longitudinal stripe in the dorsal neural
tube (green in Fig. 4b) and are involved in its specification
(Epstein et al., 1991; Goulding et al., 1991; Jostes et al., 1991),
a role probably ancestral for the chordates since it has also been
described for ascidian HrPax-37 (Wada et al., 1996, 1997).

Stripes of additional ‘segment polarity gene’ expression are
likewise oriented transversely in insects and longitudinally in
vertebrates. Engrailed and wingless homologs are expressed in
transverse stripes in insect neuroblasts (Broadus et al., 1995),
and in longitudinal domains in the developing vertebrate neural
tube (Burrill et al., 1997; Saint-Jeannet et al., 1997; and
references therein). In the developing vertebrate brain,
however, engrailed and wingless homologs at the midbrain-
hindbrain-boundary show a transverse stripe of expression as
in Drosophila (Hemmati-Brivanlou et al., 1991; Molven et al.,
1991; Fjose et al., 1992).

The different usage of the ‘segment polarity’ genes in insects and
vertebrates parallels their differences in neural segmentation. In
insects, ‘segment polarity’ genes establish segmental units in the
nervous system, as is apparent from the segmental iteration of their
transverse expression stripes, and from the neural phenotypes of their
mutants (see Patel et al., 1989; Goodman and Doe, 1993). In the
neural tube of the higher vertebrates, in contrast, the lack of transverse
expression stripes correlates with an apparent lack of segmentation
(cf. Hartenstein, 1993). However, a segmentally reiterated pattern of
neurons and axonal projections is manifest in the nerve cord of lower
chordates (Bone, 1960c), of lower vertebrates (Bernhardt et al., 1990)
and in the vertebrate hindbrain (Lumsden and Keynes, 1989;
Trevarrow et al., 1990), although relatively little is as yet known

regarding the molecular mechanisms underlying these metameric
patterns (see, e.g., Theil et al. 1998, and references therein). The
different usage of the homologous ‘segment-polarity’ genes in insects
as compared to vertebrates could be indicative of an independent
origin of segmentation in the nervous systems of insects and
vertebrates (see however Lobe, 1997, and references therein). An
investigation and comparative analysis of the role of segment polarity
genes in neural regionalization in additional phlya will be necessary
to resolve this issue.

Homology of CNS regions?
Two alternative evolutionary scenarios could account for the
expression of insect and vertebrate ‘segment-polarity’ homologs
in transverse versus longitudinal stripes. In the first, these genes
were already involved in neural specification in the insect and
vertebrate stem species (transversely or longitudinally), and their
utilization then diverged secondarily, to result in transverse
stripes of expression in insects and in longitudinal stripes in the
vertebrates. In the second, they exerted functions other than
neural patterning in the insect and vertebrate stem species and
were then recruited independently for neural specification in
both groups. Such an independent recruitment of genes for
neural development always remains a possible alternative when
discussing the seemingly more ‘conserved’ expression of other
homologous gene pairs. However, the expression of NK-2/NK-
2.2, ind/Gsh-1 and msh/Msx homologs in three longitudinal
stripes, in conjunction with the arrangement of neural
progenitors in three corresponding columns, is a very specific
pattern that appears unlikely to have evolved independently,
since three gene pairs are involved and because the topographical
expression of the genes can be correlated with the same three
columns of neuronal precursors.

If the three-column arrangement indeed represents common
heritage of insects and vertebrates, it is of note that both groups
differ in the upstream pathways establishing this pattern. In the
vertebrates, the Shh protein secreted from the midline promotes
the medial expression of NK-2.2 and represses Msx (Barth and
Wilson, 1995; Ericson et al., 1997; see Eisen, 1998; and see
above). In Drosophila, the combined activity of rhomboid, an
EGF receptor, and nuclear dorsal protein is required for correct
medial NK-2, intermediate ind and lateral msh expression
(Skeath, 1998; Udolph et al., 1998; Yagi et al., 1998).
Consequently, the three expression stripes of regional
specification genes would have been maintained in insect and
vertebrate evolutionary lines regardless of profound changes in
the upstream patterning mechanisms. It thus appears an
attractive hypothesis that the expression of transcription factors
involved in regional specification of the nervous system (such
as NK-2/NK-2.2, ind/Gsh-1 and msh/Msx) are more conserved
than the molecules (such as hedgehog/Shh) that form part of
the upstream cascades activating them. This would nicely
parallel other cases where homologous patterns are established
by non-homologous patterning mechanisms, such as the early
expression patterns of Hox genes in Drosophila as compared
to mouse (Gellon and McGinnis, 1998).

III. DISTRIBUTION OF NEURAL CELL TYPES

In insects, a small set of early forming neurons pioneer central
and peripheral axonal pathways (Goodman et al., 1984; Thomas
et al., 1984; Jacobs and Goodman, 1989a; Goodman and Doe,
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Fig. 5. The ‘tetraneuralian’ nervous system of some polychaetes and
molluscs with medial and lateral connectives. After Bullock and
Horridge (1965).
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1993; Boyan et al., 1995; Therianos et al., 1995). They form
from early delaminating neuroblasts (S1 neuroblasts in
Drosophila). Similarly, in the aquatic larvae of lower
vertebrates, early axonal pathways are pioneered by a small set
of neurons that are characterized by their small number, early
appearance, characteristic location and large size (Herrick,
1937; Forehand and Farel, 1982; Roberts and Clarke, 1982 for
amphibians; Chitnis and Kuwada, 1990; Wilson et al., 1990 for
fish). Extending the vertebrate terminology, these early
emerging neurons will be collectively referred to as primary
neurons. Comparative studies suggest that insect and vertebrate
primary neurons are phylogenetically old (Whiting, 1957;
Thomas et al., 1984; Korzh et al., 1993; Whitington, 1995) and
thus particularly suited for interphyletic comparison (see
below). Primary neurons send out pioneer axons that establish
an early axonal scaffold for continued axonal outgrowth.
Significantly, insect and vertebrate early axonal scaffolds are
surprisingly similar (Arendt and Nübler-Jung, 1996).

The distribution of neurons is controlled by the activity of
the neural regionalization genes. In the vertebrates,
motoneurons derive from the medial neural plate regions and
sensory neurons from the lateral neural plate regions
(Hartenstein, 1993, and see below). In consequence,
motoneurons localize to the basal plate of the neural tube and
sensory neurons emerge from the emigrating neural crest.
Interneurons, in contrast, form from all mediolateral levels of
the neural tube (Bernhardt et al., 1990; Hartenstein, 1993). The
mediolateral distribution of neural cell types in the vertebrates
reflects (and depends on) the expression of regionalization
genes in longitudinal stripes (see Ericson et al., 1996, 1997;
Goodrich et al., 1996; Tremblay et al., 1996; Matise et al.,
1998; and references therein).

In Drosophila, almost every neuroblast gives rise to
interneurons, either exclusively or in conjunction with other
neural cell types (Bossing et al., 1996; Schmidt et al., 1997).
Deviating from the vertebrate situation, Drosophila
motoneurons derive from all mediolateral levels of the
neurogenic region (Bossing et al., 1996; Schmidt et al., 1997)
and most sensory neurons from the epidermis (Jan and Jan,
1993). The anteroposterior position of an interneuron in a given
neuromere is reflected in its axonal projection: interneurons in
the anterior portion of each neuromere extend axons across the
anterior commissure, and interneurons in the posterior portion
across the posterior commissure (Bossing et al., 1996; Schmidt
et al., 1997). The anteroposterior distribution of insect neuronal
phenotypes is (in part) controlled by the ‘segment-polarity’
genes, as is suggested for example by the phenotype of
gooseberry and patched mutants (Patel et al., 1989; Skeath et al.,
1995; Bhat, 1996). Accordingly, the distribution of neural cell
types in insects and vertebrates is non-comparable insofar as it
is controlled by the transverse (insects) versus longitudinal
(vertebrates) expression of these genes. However, other cell
types that specifically rely on the activity of regionalization
genes with similar longitudinal expression stripes (see above),
will be distributed mediolaterally in both insects and vertebrates.
Some of these exhibit remarkable phenotypic similarities.

Medial column: pioneers of longitudinal and
peripheral axon pathways
In Drosophila, three medial S1 neuroblasts (1-1, MP-2 and 7-
1) that express NK-2 (Jiménez et al., 1995; Mellerick and

Nirenberg, 1995) fail to form, or to specify correctly, in NK-2
mutants (Jiménez and Campos-Ortega, 1990; Skeath et al.,
1994; Chu et al., 1998; McDonald et al., 1998). This leads to
the virtual absence of primary neurons that develop from these
neuroblasts: interneurons (vMP2, dMP2, pCC) with axons that
pioneer longitudinal pathways along both sides of the midline,
and motoneurons (U1,2,3, aCC) with axons that pioneer a
peripheral pathway into the intersegmental nerve (left in Fig.
6A; Goodman and Doe, 1993; Bossing et al., 1996). During
wild-type early axonogenesis, NK-2-expressing neurons line
up along these outgrowing longitudinal pioneer axons
(Mellerick and Nirenberg, 1995, their Fig. 1L), and, slightly
later, these and later emerging NK-2-expressing cells
accompany the longitudinal axon bundles in their entire extent
(Mellerick and Nirenberg, 1995, their Fig. 1N).

D. Arendt and K. Nübler-Jung

Fig. 6. Projection patterns of (A) NK-2/NK-2.2-expressing neurons
and of (B) motoneurons expressing islet-homologs (dark-grey) or
islet and lim3 homologs (light-grey), in a Drosophila hemisegment
(left) and in the developing vertebrate posterior hindbrain (right).
(A) Drosophila: after Mellerick and Nirenberg (1995); Chu et al.
(1998); Mc Donald et al. (1998). Nomenclature and axonal
projection adapted from Goodman and Doe (1993). ISN:
intersegmental nerve. Mouse: after Shimamura et al. (1995); Ericson
et al. (1997); Clarke and Lumsden (1998). VM, visceromotor
neurons; BM, branchiomotor neurons; mlf, medial longitudinal
fascicle; dr, dorsal root. (B) Drosophila: after Thor et al. (1999).
ISNb, ISNd: two branches of intersegmental nerve. Chick: Sharma et
al. (1998); Clarke et al. (1998); Lumsden and Keynes (1989). SM,
somatomotor neurons; vr, ventral root.
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In the vertebrate embryo, the NK-2.2-expressing cells of the
medial column also give rise to interneurons and motoneurons,
with remarkably similar projection patterns as compared to
their insect counterparts. In mouse (Shimamura et al., 1995),
frog (Saha et al., 1993) and fish (Barth and Wilson, 1995), a
medial stripe of Nkx-2.2-expressing cells in the immediate
vicinity of the floorplate is highly correlated with the trajectory
of the early forming medial longitudinal fascicle (mlf). NK-2.2-
expressing precursors thus appear to generate the early mlf-
projecting neurons that lie immediately adjacent to and aligned
along the mlf (right in Fig. 6A; Lumsden and Keynes, 1989;
Clarke and Lumsden, 1993; Clarke et al., 1998). Nkx-2.2-
expressing cells also generate motoneurons that migrate more
laterally, to then send out projections via the dorsal roots of
the branchial nerves, as shown for the nervus vagus in the
mouse posterior hindbrain (right in Fig. 6A; Ericson et al.,
1997). Reminiscent of insect motoneurons, these axons first
course laterally within the neuroepithelium before they leave
the developing nerve cord (cf. left and right in Fig. 6A). The
NK-2/NK-2.2-expressing motoneuron population comprises
visceromotor neurons (Ericson et al., 1997) and probably also
branchiomotor neurons, since both types of neurons similarly
migrate laterally and express Islet-1 but not Islet-2 or Lim3
(Varela-Echavarría et al., 1996). In the early chick hindbrain,
mlf neurons with ipsilateral projections and branchiomotor
neurons derive from single neuronal precursors (Lumsden et
al., 1994; Clarke et al., 1998).

Thus, in insects and vertebrates, NK-2/NK-2.2-specified
neuronal precursors in the medial column similarly give rise to
neurons that pioneer the longitudinal bundles and peripheral
branches of the early axonal scaffold. Similar types of neurons
might have existed in the insect and vertebrate stem species.
However, it must be stressed that, with the current amount of
comparative data, an equally plausible explanation for these
similarities in axonal outgrowth is convergent evolution (i.e.,
the accidental emergence of similar patterns in independent
evolutionary lines).

Convergent evolution of NK-2/NK-2.2-expressing interneurons might
have been due to functional constraints such as the need for
interconnection between motor neurons to coordinate their activity
and for connection with the brain as a higher centre of motor control.
Such functional constraints, however, would also tend to conserve
these neurons once they had evolved before the evolutionary
divergence of the lines leading to today’s insects and vertebrates. To
decide between these possibilities, it will be necessary to find out
whether similar populations of NK-2/NK-2.2-specified neurons
emerge from medial neurogenic columns in animals other than insects
and vertebrates, and whether they also help to set up an early, perhaps
similar axonal scaffold. Early-forming medial axon bundles do exist
in other phyla, such as ascidians (Katz, 1983) or polychaetes
(Dorresteijn et al., 1993), although it is not known whether, and how,
they relate to NK-2/NK-2.2-specified neurons.

NK-2/NK-2.2-expressing motoneurons innervate rather divergent
targets, namely the body wall musculature in insects, as opposed to
branchial arches and viscera in the vertebrates. Does this mitigate
against an evolutionary relatedness of these neurons and their
peripheral projections? The visceral motor projection is considered a
derived feature of the vertebrates (Bone, 1961) and thus unlikely to
have an invertebrate counterpart (see however Boeke, 1935). On the
contrary, the branchiomotor system is considered phylogenetically
more ancestral (see, e.g., Lumsden and Keynes, 1989) and might have
paralleled the emergence of gill slits in the deuterostomes. Gill slits
form as local fusion, and subsequent perforation, of gut and body wall.

It thus appears plausible that the chordate branchial apparatus has
adopted an ancestral body wall motor system for its innervation. An
ancestral function of NK-2/NK-2.2-expressing primary motoneurons
might thus be to pioneer the innervation of lateral body wall
musculature.

Another pair of NK-related homologous genes, Drosophila
S59/NK-1 and vertebrate Nkx-1.1/Sax-1 (for sequence
alignment see Schubert et al., 1995) specifically label subsets
of neural progeny in the medial column. The mouse Nkx-
1.1/Sax-1 gene, after a first phase of more widespread neuronal
expression (Spann et al., 1994; Schubert et al., 1995), remains
active in a longitudinal stripe on either side of the midline in
the hindbrain and spinal cord, in the middle layer of the
neuroepithelium (Schubert et al., 1995). S59/NK-1 in
Drosophila labels two clusters of ganglion mother cells per
segment also on either side of the ventral midline (Dohrmann
et al., 1990). The labeled subtype(s) of neuronal precursors in
Drosophila and mouse have yet to be defined; yet, the highly
restricted, similar expression of NK-1 homologs in the medial
neurogenic column lends additional support to the notion that
neuronal subtypes emerging from the medial neurogenic
column are evolutionarily related. In both groups, the medially
restricted NK-1 expression is excluded from the precursor cell
layer of the neuroepithelium. NK-1 genes might thus act
downstream of NK-2.2 homologs.

Lateral column: peripheral glial cells and sensory
neurons
The cell lineage of the Drosophila lateral column precursors
has only recently been resolved completely (Schmidt et al.,
1997) and has turned out to be exceptional in that it produces
a variety of glial cells, including ‘longitudinal glia’, ‘nerve root
glia’ and ‘peripheral glia’ (Jacobs and Goodman, 1989b;
Goodman and Doe, 1993; Ito et al., 1995). Longitudinal glial
cells migrate medially, to guide and enwrap outgrowing
longitudinal axons. Nerve root glia mark the roots of segmental
and intersegmental nerves and guide the growth cones of the
peripheral projections that leave the CNS anlage. Peripheral
glia ensheath the outgrowing peripheral nerves. Significantly,
almost all neuroblasts (and glioblasts, called LGB and PGB in
Isshiki et al., 1997, and GP and NB1-3 in Schmidt et al., 1997)
that produce longitudinal, nerve root and/or peripheral glial
cells express msh (except NB5-6), and the generation of
longitudinal and peripheral glia is affected in msh mutants
(Isshiki et al., 1997).

Glial cells that emerge from the lateral nerve cord anlage in
vertebrates show conspicuous resemblances. One group of
vertebrate-crest-derived glia mark and ensheath the peripheral
nerve roots, in a manner reminiscent of the nerve root glia of
the insect nervous system (Jacobs and Goodman, 1989b). For
example, in the chick, a specific population of late emigrating
neural crest cells migrate to the prospective exit points of
branchiomotor and visceromotor axons and likely play a role
in the guidance of peripheral axons when leaving the CNS
(Niederländer and Lumsden, 1996). Another population of
crest-derived glia gives rise to the Schwann cells (Jacobson,
1991, p. 119 ff.), which enwrap peripheral axons much like the
peripheral glia in insects. These types of glial cells derive from
the lateral population of Msx-positive cells (Davidson and Hill,
1991; Su et al., 1991; Shimeld et al., 1996; Wang et al., 1996).
Although not proven, this might indicate an early role of the
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Msx genes in the specification of glial cells also in the
vertebrates. In contrast to insects, however, vertebrate-crest-
derived glial cells do not contribute to the enwrapping glia of
longitudinal axon tracts in the CNS (and thus do not produce
a possible counterpart of the insect longitudinal glia). This role
is instead accomplished by the radial glia precursors of
vertebrate oligodendrocytes deriving from the midline region
(see below). 

Insect and vertebrate neuroblasts/neural progenitor cells
from the lateral column also have in common that they are the
sole source of sensory neurons that derive from within the CNS
anlage. In Drosophila, two lateral column lineages (NB4-3 and
NB4-4) produce sensory neurons that will later form part of
peripheral sensory organs (Schmidt et al., 1997), while the
majority of insect sensory neurons segregate from within the
epidermal ectoderm (see above). In Xenopus, the lateral
column gives rise to the sensory Rohon-Beard cells
(Hartenstein, 1993) as well as to neural crest cells that emigrate
from the dorsalmost neural tube, to differentiate, among
various other structures, into the sensory neurons of the
vertebrate spinal ganglia.

A conserved LIM code for the specification of
motoneurons and interneurons
Another way to compare insect and vertebrate neural cell types
is to compare the sets of genes involved in implementing their
neural phenotype. For example, some insect and vertebrate
motoneurons show a similar combinatorial expression of
homologous LIM homeobox genes (Thor et al., 1999). In
Drosophila (left in Fig. 6B), a subset of motoneurons that
express the islet gene project into one specific branch of the
intersegmental nerve (ISNd), while another subset that express
both islet and lim-3 project into another specific branch of the
intersegmental nerve (ISNb; Thor and Thomas, 1997; Thor et
al., 1999). Gain- and loss-of-function experiments have
revealed that lim-3 activity is crucial for this ISNd versus ISNb
projection (Thor et al., 1999). Similar subsets of motoneurons
exist in the vertebrate CNS and are also associated with
divergent axonal projections (right in Fig. 6B). Islet-1 is
expressed in all motoneurons in mouse (Sharma et al., 1998),
chick (Ericson et al., 1992; Tsuchida et al., 1994; Varela-
Echavarría et al., 1996) and zebrafish (Korzh et al., 1993; Inoue
et al., 1994; Tokumoto et al., 1995; Appel et al., 1995), and is
required for their formation (Pfaff et al., 1996). Branchiomotor
and visceromotor neurons with axons that exit via the dorsal
roots express merely Islet-1, while the somatic motoneurons
with axons that exit via the ventral roots express Islet-1 as well
as the mouse lim-3 homologs Lhx3 and Lhx4 (Sharma et al.,
1998) and this difference in gene expression is again crucial
for the difference in axon projection (Sharma et al., 1998). This
may indicate an evolutionary relatedness (1) of some insect
ISNd-projecting motoneurons with vertebrate branchiomotor
and visceromotoneurons (dark-grey in Fig. 6B), and (2) of
some insect ISNb-projecting motoneurons with vertebrate
somatic motoneurons (light-grey in Fig. 6B).

The vertebrate branchiomotor and visceromotor neurons thus may
correspond to (a subset of) insect motoneurons. The identification of
an invertebrate counterpart for the vertebrate somatic motoneurons,
however, is a more complicated issue. Several observations indicate
that the ventral root fibres of the vertebrate somatic motoneurons
evolved as collaterals of central longitudinal fibres and thus appear to

represent a derived feature. In Branchiostoma, the axons of ‘somatic
motor neurons’ form part of the ventrolateral longitudinal tracts on
both sides of the larval nerve cord (Bone, 1960a) where they establish
contact with centrally projecting extensions of the muscle fibres
(Flood, 1966). Reminiscent of this, in the Xenopus embryo, the
descending axons of the primary somatic motoneurons first project
caudally for several segments before they branch off peripheral
collaterals, and thus resemble descending interneurons except for their
peripheral branches (Hartenstein, 1993). Likewise, in the ammocoete
larvae of the lamprey, the peripheral fibres of somatic motor neurons
represent collaterals of longitudinal fibres that branch off at long and
variable distances from the cell body (Whiting, 1948, 1959). Thus,
even if insect and vertebrate motoneurons that express lim3 and islet
should indeed correspond, their peripheral projections have evolved
differently in both evolutionary lines.

A conserved LIM code is also involved in the specification
of insect and vertebrate interneurons (Thor et al., 1999). For
example, in Drosophila (Lundgren et al., 1995) as well as in
mouse and chick (Xu et al., 1993, Tremml, 1995), a subset of
interneurons specifically express apterous/LH-2 homologs. In
Drosophila, these neurons send out ipsilateral, longitudinal
projections while, in chick, they project to the contralateral side
(Tremml, 1995). In conclusion, if neuron populations that
express specific combinations of homologous LIM-domain
genes are indeed phylogenetically old, at least some of them
must have changed their axonal projections during insect and
vertebrate evolution. After all, axonal projection might be a
less reliable criterion for the evolutionary conservation of
neurons than the conserved, combinatorial expression of
homologous genes.

IV. MIDLINE CELLS

In Drosophila, eight midline cell precursors per segment
generate neurons and a discrete set of glial cells, the midline
glia (Klämbt et al., 1991). In vertebrates, midline cells give rise
to the floorplate comprising two distinct populations of glial
cells, the median raphe glia, and, on both sides of the raphe
glia, the paramedian glia comprising radial glial cells
(McKanna, 1993). The insect and vertebrate midline region
differs in that the vertebrate floorplate does not produce
neurons and the insect midline glia does not comprise cells
comparable to the vertebrate raphe glia. (The raphe glia later
gives rise to the microglia, which function as phagocytes;
McKanna, 1993; the insect CNS does not contain any
phagocyte-like cells; Abrams et al., 1993). Insect midline glia
and vertebrate paramedian glia, however, share some
similarities.

Midline glial cells involved in contact guidance
Insect midline glia and vertebrate paramedian glia guide
commissural axons as they project across the midline. Insect
midline glial cells move in between the anterior and posterior
commissure to enwrap the outgrowing commissural axons
(Jacobs and Goodman, 1989a,b; Klämbt et al, 1991; Bossing
and Technau, 1994). The radial glial cells of the vertebrate
paramedian glia form fine basal processes extending laterally
(Campbell and Peterson, 1993). These processes wrap around
commissural axons (Glees and LeVay, 1964). In insects, as well
as in vertebrates, the enwrapping processes thereby transfer
specific ‘guidance proteins’ to the axons decussating the
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midline region (Campbell and Peterson, 1993; Rothberg et al.,
1990).

Also, insect midline glia and vertebrate paramedian glia help
to establish the medial longitudinal axon tracts. In Drosophila
single-minded and slit mutants (specifically affecting midline
glia), the longitudinal tracts collapse into a single, fused tract
at the midline (Klämbt et al., 1993). This collapse is not simply
due to the physical absence of midline glia since, in slit mutant
embryos, midline glial cells are present, but appear incorrectly
specified (Sonnenfeld and Jacobs, 1994). A similar phenotype
is observed in zebrafish cyclops embryos (lacking the
floorplate), where the normally separate and symmetric
fascicles of the medial longitudinal fascicle are often fused into
one diffuse bundle at the midline (Hatta, 1992). In keeping with
an active role of midline glia cells in establishing longitudinal
tracts, Drosophila midline glia is also known to preform the
path for the outgrowing circumesophageal connectives
(Therianos et al., 1995) and vertebrate radial glia (to which the
midline paramedian glia belongs) is known to provide the path
for longitudinal axonal outgrowth (Singer et al., 1979). In
contrast to the vertebrate situation, in insects, the ‘longitudinal
glia’ (that emerges from the lateral column) is also involved in
establishing medial longitudinal axon tracts (see above).

In Drosophila, the POU-III gene Cf1a/drifter is expressed
in a midline cluster including the midline gial cells (Anderson
et al., 1995). Interestingly, oligodendrocyte precursor cell
lineages have proven positive for the murine POU-III
homologs Oct6 and Brn-1/Brn-2 (Schreiber et al., 1997) and
oligodendrocyte development is severely disturbed in mice
overexpressing Oct6 (Jensen et al., 1998). Vertebrate
oligodendrocytes develop from radial glial precursors on both
sides of the floor plate (Hirano and Goldman, 1988; Pringle
and Richardson, 1993; Ono et al., 1995; Richardson et al.,
1997; Pringle et al., 1998). Cf1a/drifter expression is abolished
in single-minded mutants, indicating that it operates
downstream of single-minded (Billin and Poole, 1995).
Notably, the mouse Sim1 also appears to act upstream of Brn-
2 (Michaud et al., 1998). By position, this small stripe of Sim1
expression adjacent to the floorplate (see above) might
coincide with the restricted progenitor column of
oligodendrocyte precursors, though, unfortunately, the Sim1-
expressing cell population has not yet been defined more
precisely (Matise et al., 1998; Ericson et al., 1997; and see
above), making any kind of comparison of vertebrate
oligodendrocytes and insect midline glia rather preliminary. It
had, however, been noticed some ten years ago that insect
midline glia enwrap commissural axons in much the same way
as do vertebrate oligodendrocytes (Jacobs and Goodman,
1989b).

Attracting commissural axons
The midline system of insects and vertebrates also employs
conserved molecules for the chemoattraction of commissural
axons. Homologous netrin genes encode a soluble attractor
molecules detected in the floorplate and ventral neural tube of
chick (Kennedy et al., 1994; Serafini et al., 1994; MacLennan
et al., 1997), mouse (Serafini et al., 1996) and zebrafish
(Lauderdale et al., 1997; Strähle et al., 1997), as well as in the
midline glial cells of Drosophila (Harris et al., 1996; Mitchell
et al., 1996), each at a time when the first commissural growth
cones are extending towards the midline. Netrin mutant

embryos exhibit defects in commissural axon projections in
mice (Serafini et al., 1996) and in flies (Harris et al., 1996;
Mitchell et al., 1996). The commissural neurons in turn express
the homologous Deleted in Colorectal Cancer (DCC)/frazzled
genes that encode a transmembrane receptor of the
immunoglobulin superfamily found on their axonal surfaces,
in rat (Keino-Masu et al., 1996), mouse (Gad et al., 1997) and
Drosophila (Kolodziej et al., 1996). An antibody to DCC
selectively blocks the netrin-1-dependent outgrowth of
commissural axons in rats (Keino-Masu et al., 1996) and DCC
mutants phenocopy the defects seen in Netrin mutants, in mice
(Fazeli et al., 1997) and flies (Kolodziej et al., 1996).

The netrin/DCC system is also active in nematodes where a netrin
homolog (unc-6) that is expressed in (ventral) midline cells similarly
controls the ventralward outgrowth of commissural axons expressing
the DCC homolog unc-40 (Wadsworth et al., 1996; Chan et al., 1996).

The similar employment of conserved systems for attraction
and contact guidance of commissural axons makes it plausible
that an insect and vertebrate stem species possessed some sort
of commissural interneurons. If so, at least subsets of
commissural interneurons of extant insects and vertebrates
might be related by common descent. However, it should be
kept in mind that, while in Drosophila all but four neuroblasts
produce (among others) commissural interneurons (Schmidt et
al., 1997), in vertebrates commissural interneurons emerge
from the intermediate and lateral columns only (Bernhardt et
al., 1990; Hartenstein, 1993).

V. RECONSTRUCTING THE NERVE CORD IN A STEM
SPECIES OF INSECTS AND VERTEBRATES

We have listed a number of morphological and molecular
similarities and differences in the development of insect and
vertebrate nerve cords. In their entirety, the similarities suggest
several hypothetical homologies between insect and vertebrate
developing nerve cords. The following sequence of events
might have characterized neural development in the common
stem species of insects and vertebrates.

The antagonistic activity of decapentaplegic and short
gastrulation homologs subdivides the early ectoderm into
neurogenic and epidermal ectoderm. The nerve cord anlage
develops at the later ventral (neural) body side. Neurogenesis
produces a pseudostratified neuroepithelium with neural
progenitor cells that divide in the outer layer and express AS-
C homologs and neural patterning genes, with early postmitotic
neurons in the middle layer that express prospero, and with
differentiating neurons in the inner layer that faces the body
cavity. The differentiating neurons project into an innermost
axonal layer. Some non-neuronal cells continue to span the
whole width of the neuroepithelium from the outer side to the
inner basal lamina.

The activity of neural regionalization genes subdivides
the neural territory. In the longitudinal direction, the
neuroepithelium forms three neurogenic columns on either side
of the midline (medial, intermediate, lateral). The medial
columns are specified by the expression of NK-2.2 homologs,
the intermediate columns by the expression of ind/Gsh and the
lateral columns by the expression of msh/Msx. Precursor genes
of gooseberry/Pax-3/-7 and patched probably also play some



2320

role in neural specification, involved in either mediolateral or
anteroposterior patterning of the neurogenic territory. Anterior
brain regions are specified by orthodenticle/ Otx-1/Otx-2, more
posterior regions are regionalized by the Hox genes.

The specification of neural regions is reflected in the
distribution of neural cell types. In the medial column, NK-2.2-
expressing neural progenitor cells give rise to primary neurons
that contribute to an early axonal scaffold. They produce
interneurons that pioneer early longitudinal tracts and
motoneurons that extend axons laterally to leave the nerve cord
anlage there and to connect to the body wall muscles. In the
lateral column, Msx/msh-expressing cells give rise to nerve
root glia, to peripheral enwrapping glial cells and to sensory
neurons. Midline glial cells enwrap the outgrowing
commissural axons and transfer to them specific ‘guidance
proteins’. They prevent the medial longitudinal axon tracts
from fusing. Midline glial cells also secrete netrin molecules
to attract DCC/frazzled-expressing, outgrowing commissural
axons from a distance.

OUTLOOK

The enormous amount of molecular and embryological data
that is now available for insects (mainly Drosophila and
grasshopper) and for vertebrates (mainly mouse, frog and
fish) has allowed patterns of neural development that are
common to insects and vertebrates alike, and that are
therefore likely to be phylogenetically old, to be recognised.
This comparison of insect and vertebrate nerve cord
development aims to encourage and to focus future
phylogenetic research on neural development also in non-
insect and non-vertebrate organisms.

REFERENCES

Abrams, J. M., White, K., Fessler, L. I. and Steller, H. (1993). Programmed
cell death during Drosophila embryogenesis. Development 117, 29-43.

Acampora, D., Avantaggiato, V., Tuorto, F., Barone, P., Reichert, H.,
Finkelstein, R. and Simeone, A. (1998). Murine Otx1 and Drosophila otd
genes share conserved genetic functions required in invertebrate and
vertebrate brain development. Development 125, 1691-1702.

Acampora, D., Mazan, S., Lallemand, Y., Avantaggiato, V., Maury, M.,
Simeone, A. and Brûlet, P. (1995). Forebrain and midbrain regions are
deleted in Otx2-/- mutants due to a defective anterior neuroectoderm
specification during gastrulation. Development 121, 3279-3290.

Aisemberg, G. O. and Macagno, E. R. (1994). Lox1, an Antennapedia-class
homeobox gene, is expressed during leech gangliogenesis in both transient
and stable central neurons. Dev. Biol. 161, 455-465.

Anderson, D. T. (1973). The comparative embryology of the Polychaeta. Acta
Zool. Stockholm, 47, 1-41.

Anderson, M. G., Perkins, G. L., Chittick, P., Shrigley, R. J. and Johnson,
W. A. (1995). drifter, a Drosophila POU-domain transcription factor, is
required for correct differentiation and migration of tracheal cells and
midline glia. Genes Dev. 9, 123-137.

Ang, S.-L. and Rossant, J. (1994). HNF-3β is essential for node and
notochord formation in mouse development. Cell 78, 561-574.

Ang, S.-L., Jin, O., Rhinn, M., Daigle, N., Stevenson, L. and Rossant, J.
(1996). A targeted mouse Otx-2 mutation leads to severe defects in
gastrulation and formation of axial mesoderm and to deletion of rostral
brain. Development 122, 243-252.

Appel, B., Korzh, V., Glasgow, E., Thor, S., Edlund, T., Dawid, I. B. and
Eisen, J. S. (1995). Motoneuron fate specification revealed by patterned
LIM homeobox gene expression in embryonic zebrafish. Development 121,
4117-4125.

Arendt, D. and Nübler-Jung, K. (1994). Inversion of dorsoventral axis?
Nature 371, 26.

Arendt, D. and Nübler-Jung, K. (1996). Common ground plans in early brain
development in mice and flies. BioEssays 18, 255-259.

Arendt, D. and Nübler-Jung, K. (1997). Dorsal or ventral: similarities in fate
maps and gastrulation patterns in annelids, arthropods and chordates. Mech.
Dev. 61, 7-21.

Ax, P. (1987). The Phylogenetic System. The Systematization of Organisms on
the Basis of their Phylogenies. Chichester: J. Wiley & Sons.

Ax, P. (1989). Homologie in der Biologie – ein Relationsbegriff im Vergleich
von Arten. Zool. Beitr. N. F. 32, 487-496.

Barth, K. A. and Wilson, S. W. (1995). Expression of zebrafish nk2.2 is
influenced by sonic hedgehog/vertebrate hedgehog-1 and demarcates a zone
of neuronal differentiation in the embryonic forebrain. Development 121,
1755-1768.

Baumeister, R., Liu, Y. and Ruvkun, G. (1996). Lineage-specific regulators
couple cell lineage asymmetry to the transcription of the Caenorhabditis
elegans POU gene unc-86 during neurogenesis. Genes Dev. 10, 1395-1410.

Bernhardt, R. R., Chitnis, A. B., Lindamer, L. and Kuwada, J. Y. (1990).
Identification of spinal neurons in the embryonic and larval zebrafish. J.
Comp. Neurol. 302, 603-616.

Bhat, K. M. (1996). The patched signaling pathway mediates repression of
gooseberry allowing neuroblast specification by wingless during Drosophila
neurogenesis. Development 122, 2921-2932.

Bhat, K. M. and Schedl, P. (1997). Requirement for engrailed and invected
genes reveals novel regulatory interactions between engrailed/invected,
patched, gooseberry and wingless during Drosophila neurogenesis.
Development 124, 1675-1688.

Billin, A. N. and Poole, S. J. (1995). Expression domains of the Cf1a POU
domain protein during Drosophila development. Roux’s Arch. Dev. Biol.
204, 502-508.

Bock, W. J. (1989). The homology concept: Its philosophical foundation and
practical methodology. Zool. Beitr. N. F. 32, 327-352.

Boeke, J. (1935). The autonomic (enteric) nervous system of Amphioxus
lanceolatus. Q. J. Microsc. Sci. 77, 623.

Bolker, J. and Raff, R. (1996). Developmental genetics and traditional
homology. BioEssays 18, 489-494.

Boncinelli, E., Gulisano, M. and Broccoli, V. (1993). Emx and Otx
homeobox genes in the developing mouse brain. J. Neurobiol. 24, 1356-
1366.

Bone, Q. (1960a). The central nervous system in amphioxus. J. Comp. Neurol.
115, 27-64.

Bone, Q. (1960b). The central nervous system in larval acraniates. Q. J.
Microsc. Sci. 100, 509-527.

Bone, Q. (1960c). The origin of chordates. Zool. J. Linn. Soc. 44, 252-269.
Bone, Q. (1961). The organization of the atrial nervous system of amphioxus

(Branchiostoma lanceolatum Pallas). Phil. Trans. R. Soc. B 243, 241-269.
Bossing, T. and Technau, G. M. (1994). The fate of the CNS midline

progenitors in Drosophila as revealed by a new method for single cell
labelling. Development 120, 1895-1906.

Bossing, T., Udolph, G., Doe, C. Q. and Technau, G. M. (1996). The
embryonic central nervous system lineages of Drosophila melanogaster.
Dev. Biol. 179, 41-64.

Boyan, G., Therianos, S., Williams, J. L. D. and Reichert, H. (1995).
Axogenesis in the embryonic brain of the grasshopper Schistocerca
gregaria: an identified cell analysis of early brain development.
Development 121, 75-86.

Broadus, J., Skeath, J. B., Spana, E. P., Bossing, T., Technau, G. and Doe,
C. Q. (1995). New neuroblast markers and the origin of the aCC/pCC
neurons in the Drosophila central nervous system. Mech. Dev. 53, 289-422.

Bruce, A. E. E. and Shankland, M. (1998). Expression of the head gene
Lox22-Otx in the leech Helobdella and the origin of the bilaterian body plan.
Dev. Biol. 201, 101-112.

Brusca, R. C. and Brusca, G. J. (1990). Invertebrates. Sunderland,
Massachusetts: Sinauer Associates.

Buenzow, D. E. and Holmgren, R. (1995). Expression of the Drosophila
gosseberry locus defines a subset of neuroblast lineages in the central
nervous system. Dev. Biol. 170, 338-349.

Bullock, T. H. and Horridge, G. A. (1965). Structure and Function in the
Nervous System of Invertebrates. San Francisco and London: Freeman and
company,.

Bürglin, T. R. (1994). A Caenorhabditis elegans prospero homologue defines
a novel domain. Trends Biochem. Sci. 19, 70-71.

Burrill, J. D., Moran, L., Goulding, M. D. and Saueressig, H. (1997). PAX2

D. Arendt and K. Nübler-Jung



2321Comparison of nerve cord development

is expressed in multiple spinal cord interneurons, including a population of
EN1+ interneurons that require PAX6 for their development. Development
124, 4493-4503.

Campbell, R. M. and Peterson, A. C. (1993). Expression of a lacZ transgene
reveals floor plate cell morphology and macromolecular transfer to
commissural axons. Development 119, 1217-1228.

Campos, A. R., Grossman, D. and White, K. (1985). Mutant alleles at the
locus elav in Drosophila melanogaster lead to nervous system defects. A
developmental-genetic analysis. J. Neurogenet. 2, 197-218.

Campos-Ortega, J. A. (1993). Early neurogenesis in Drosophila
melanogaster. In The Development of Drosophila melanogaster. (ed. Bate,
M. and Martinez Arias, A.). vol. 2, pp. 1091-1129. Cold Spring Harbor
Laboratory Press.

Capecchi, M. R. (1997). The role of Hox genes in hindbrain development. In
Molecular and Cellular Aspects of Neural Development. (ed. W. M. Cowan,
T. M. Jessell and S. L. Zipursky), New York: Oxford University Press.

Catron, K. M., Wang, H., Hu, G., Shen, M. M. and Abate-Shen, C. (1996).
Comparison of MSX-1 and MSX-2 suggests a molecular basis for functional
redundancy. Mech. Dev. 55, 185-199.

Chan, S. S.-Y., Zheng, H., Su, M.-W., Wilk, R., Killeen, M. T., Hedgecock,
E. M. and Culotti, J. G. (1996). UNC-40, a C. elegans homolog of DCC
(Deleted in Colorectal Cancer), is required in motile cells responding to
UNC-6 Netrin cues. Cell 87, 187-195.

Chiang, C., Litingtung, Y., Lee, E., Young, K. E., Cordon, J. L., Westphal,
H. and Beachy, P. A. (1996). Cyclopia and defective axial patterning in
mice lacking Sonic hedgehog gene function. Nature 383, 407-413.

Chitnis, A. B. and Kuwada, J. Y. (1990). Axonogenesis in the brain of
zebrafish embryos. J. Neurosci. 10, 1892-1905.

Chitnis, A., Henrique, D., Lewis, J., Ish-Horowicz, D. and Kintner, C.
(1995). Primary neurogenesis in Xenopus embryos regulated by a
homologue of the Drosophila neurogenic gene Delta. Nature 375, 761-766.

Chu, H., Parras, C., White, K. and Jiménez, F. (1998). Formation and
specification of ventral neuroblasts is controlled by vnd in Drosophila
neurogenesis. Genes Dev. 12, 3613-3624.

Clarke, J. D. and Lumsden, A. (1993). Segmental repetition of neuronal
phenotype sets in the chick embryo hindbrain. Development 18, 151-162.

Clarke, J. D., Erskine, L. and Lumsden, A. (1998). Differential progenitor
dispersal and the spatial origin of early neurons can explain the
predominance of single-phenotype clones in the chick hindbrain. Dev. Dyn.
212,14-26.

Concordet, J.-P., Lewis, K. E., Moore, J. W., Goodrich, L. V., Johnson, R.
L., Scott, M. P. and Ingham, P. W. (1996). Spatial regulation of a zebrafish
patched homologue reflects the roles of sonic hedgehog and protein kinase
A in neural tube and somite patterning. Development 122, 2835-2846.

Crews, S. T., Thomas, J. B. and Goodman, C. S. (1988). The Drosophila
single minded gene encodes a nuclear protein with sequence similarity to
the per gene product. Cell 52, 143-151.

Crowther, R. J. and Whittaker, J. R. (1992). Structure of the caudal neural
tube in an ascidian larva: vestiges of its possible evolutionary origin from a
ciliated band. J. Neurobiol. 23, 280-292.

D’Alessio, M. and Frasch, M. (1996). msh may play a conserved role in
dorsoventral patterning of the neuroectoderm and mesoderm. Mech. Dev. 58,
217-231.

Davidson, D. (1995). The function and evolution of Msx genes: Pointers and
paradoxes. Trends Genet. 11, 375-422.

Davidson, D. R. and Hill, R. E. (1991). Msh-like genes: a family of homeobox
genes with wide-ranging expression during vertebrate development. Sem.
Dev. Biol. 2, 405-412.

De Robertis, E. M. and Sasai, Y. (1996). A common plan for dorsoventral
patterning in the Bilateria. Nature 380, 37-40.

Deschet, K.,Bourrat, F., Chourrout, D. and Joly, J.-S. (1998). Expression
domains of the medaka (Oryzias latipes) Ol-Gsh 1 gene are reminiscent of
those of clustered and orphan honeobox genes. Dev. Genes Evol. 208, 235-244.

Dickinson, W. J. (1995). Molecules and phylogeny: where’s the homology?
Trends Genet. 11, 119-121.

Dobias, S. L., Ma, L., Wu, H., Bell, J. R. and Maxson, R. (1997). The
evolution of Msx gene function: expression and regulation of a sea urchin
Msx class homeobox gene. Mech. Dev. 61, 37-48.

Doe, C. Q. and Goodman, C. S. (1985). Early events in insect neurogenesis.
I. Development and segmental differences in the pattern of neuronal
precursor cells. Dev. Biol. 111, 193-205.

Doe, C. Q. and Technau, G. M. (1993). Identification and cell lineage of
individual neural precursors in the Drosophila CNS. Trends Neurosci. 16,
510-513.

Dohle, W. (1989). Zur Frage der Homologie ontogenetischer Muster. Zool
Beitr. N. F. 32, 355-389.

Dohrmannn, C., Azpiazu, N. and Frasch, M. (1990). A new Drosophila
homeobox gene is expressed in mesodermal precursor cells of distinct
muscles during embryogenesis. Genes Dev. 4, 2098-2111.

Dohrn, A. (1875). Der Ursprung der Wirbelthiere und das Princip des
Functionswechsels. Leipzig: Verlag von Wilhelm Engelmann.

Dorresteijn, A. W. C., O’Grady, B., Fischer, A., Porchet-Henneré, E. and
Boilly-Marer Y. (1993). Molecular specification of cell lines in the embryo
of Platynereis (Annelida). Roux’s Arch. Dev. Biol. 202, 260-269.

Dunwoodie, S. L., Henrique, D., Harrison, S. M. and Beddington, R. S. P.
(1997). Mouse Dll3: a novel divergent Delta gene which may complement
the function of other Delta homologs during early pattern formation in the
mouse embryo. Development 124, 3065-3076.

Echelard, Y., Epstein, D. J., St.-Jaques, B., Shen, L., Mohler, J., McMahon,
J. and McMahon, A. P. (1993). Sonic hedgehog, a member of a family of
putative signaling molecules, is implicated in the regulation of CNS polarity.
Cell 75, 1417-1430.

Eisen, J. S. (1998). Genetic and molecular analyses of motoneuron
development. Curr. Opin. Neurobiol. 8, 697-704. 

Epstein, D. J., Vekemans, M. and Gros, P. (1991). splotch (SpSH), a mutation
affecting development of the mouse neural tube, shows a deletion within the
paired homeodomain of Pax-3. Cell 67, 767-774.

Ericson, J., Morton, S., Kawakami, A., Roelink, H. and Jessell, T. M.
(1996). Two critical periods of Sonic hedgehog signaling required for the
specification of motor neuron identity. Cell 87, 661-673.

Ericson, J., Rashbass, P., Schedl, A., Brenner-Morton, S., Kawakami, A.,
van Heyningen, V., Jessell. T. M. and Briscoe, J. (1997). Pax6 controls
progentitor cell identity and neuronal fate in response to graded Shh
signaling. Cell 90, 169-180.

Ericson, J., Thor, S., Edlund, T., Jessell. T. M. and Yamada, T. (1992). Early
stages of motor neuron differentiation revealed by expression of homeobox
gene Islet-1. Science 256, 1555-1560.

Fan, C.-M., Kuwana, E., Bulfone, A., Fletcher, C. F., Copeland, N. G.,
Jenkins, N. A., Crews, S., Martinez, S., Puelles, L., Rubenstein, J. L.
and Tessier-Lavigne, M. (1996). Expression patterns of two murine
homologs of Drosophila single-minded suggest possible roles in embryonic
patterning and in the pathogenesis of Down syndrome. Mol. Cell. Neurosci.
7, 1-16.

Fazeli, A., Dickinson, S. L., Hermiston, M. L., Tighe, R. V., Steen, R. G.,
Small, C. G., Stoeckli, E. T., Keino-Masu, K., Masu, M., Rayburn, H.,
Simons, J., Bronson, R. T., Gordon, J. I., Tessier-Lavigne, M. and
Weinberg, R. A. (1997). Phenotype of mice lacking functional Deleted in
colorectal cancer (Dcc) gene. Nature 386, 796-804.

Fedtsova, N. G. and Turner, E. E. (1995). Brn-3.0 expression identifies early
post-mitotic CNS neurons and sensory neural precursors. Mech. Dev. 53,
291-304.

Finkelstein, R., Smouse, D., Capaci, T. M., Spradling, A. C. and Perrimon,
N. (1990). The orthodenticle gene encodes a novel homeodomain protein
involved in the development of the Drosophila nervous system and ocellar
visual structures. Genes Dev. 4, 1516-1527.

Fjose, A., Njolstad, P. R., Nornes, S., Molven, A. and Krauss, S. (1992).
Structure and early embryonic expression of the zebrafish engrailed-2 gene.
Mech. Dev. 39, 51-62.

Flood, P. (1966). A peculiar mode of muscular innervation in amphioxus. J.
Comp. Neurol. 126, 181-218.

Forehand, C. J. and Farel, P. B. (1982). Spinal cord development in anuran
larvae: 1. Primary and secondary neurons. J. Comp. Neurol. 209, 386-394.

Friedrich, M. and Tautz, D. (1995). Ribosomal DNA phylogeny of the major
extant arthopod classes and the evolution of myriapods. Nature 376, 165-
167.

Gad, J. M., Keeling, S., Wilks, A. F., Tan, S.-S. and Cooper, H. M. (1997).
The expression patterns of guidance receptors, DCC and Neogenin, are
spatially and temporally distinct throughout mouse embryogenesis. Dev.
Biol. 192, 258-273.

Garstang, W. (1928). The morphology of the Tunicata, and its bearing on the
phylogeny of the Chordata. Q. J. Microsc. Sci. 72, 51-187.

Gellon, G. and McGinnis, W. (1998). Shaping animal body plans in
development and evolution by modulation of Hox expression patterns.
BioEssays 20, 116-125.

Gionti, M., Ristoratore, F., Di Gregorio, A., Aniello, F., Branno, M. and
Di Lauro, R. (1998). Cihox5, a new Ciona intestinalis Hox-related gene, is
involved in regionalization of the spinal cord. Dev. Genes Evol. 207, 515-
523.



2322

Glees, P. and LeVay, S. (1964). Some electron microscopical observations on
the ependymal cells of the chick embryo spinal cord. J. Hirnforsch. 6, 355-
360.

Golembo, M., Raz, E. and Shilo, B. Z. (1996). The Drosophila embryonic
midline is the site of Spitz processing and induces activation of the EGF
receptor in the ventral ectoderm. Development 122, 3363-3670.

Good, P. J. (1997). The role of elav-like genes, a conserved family encoding
RNA-binding proteins, in growth and development. Seminars Cell Dev. Biol.
8, 577-584.

Goodman, C. S. and Doe, C. Q. (1993). Embryonic development of the
Drosophila central nervous system. In The development of Drosophila
melanogaster, (ed. Bate, M. and Martinez Arias, A.). vol. 2, pp. 1131-1207.
Cold Spring Harbor Laboratory Press.

Goodman, C. S., Bastiani, M. J., Doe, C. Q., Du Lac, S., Helfand, S.,
Kuwada, J. Y. and Thomas, J. B. (1984). Cell recognition during neuronal
development. Science 225, 1271-1279.

Goodrich, L. V., Johnson, R. L., Milenokovic, L., McMahon, J. A. and
Scott, M. P. (1996). Conservation of the hedgehog/patched signalling
pathway from flies to mice: induction of a mouse patched gene by hedgehog.
Genes Dev. 10, 301-312.

Goulding, M. D., Chalepakis, G., Deutsch, U., Erselius, J. R. and Gruss,
P. (1991). Pax-3, a novel murine DNA binding protein expressed during
early neurogenesis. EMBO J. 10, 1135-1147.

Gruner, H.-E. (1993). Möglichkeiten der Großgliederung des Tierreichs. In:
Kaestner. Lehrbuch der speziellen Zoologie, vol. 1: Wirbellose Tiere, 1st

part. Stuttgart, New York: Fischer Verlag Jena.
Guillemot, F. and Joyner, A. L. (1993). Dynamic expression of the murine

Achaete-Scute homologue Mash-1 in the devloping nervous system. Mech.
Dev. 42, 171-185.

Gutjahr, T., Patel, N., Li, X., Goodman, C. S. and Noll, M. (1993).
Analysis of the gooseberry locus in Drosophila embryos: gooseberry
determines the cuticular pattern and activates gooseberry neuro.
Development 118, 21-31.

Haddon, C., Smithers, L., Schneider-Maunoury, S., Coche, T., Henrique,
D. and Lewis, J. (1998). Multiple delta genes and lateral inhibition in
zebrafish primary neurogenesis. Development 125, 359-370.

Haeckel, E. (1910). Das Grundgesetz der organischen Entwicklung. In:
Haeckel, E. Anthropogenie oder Entwicklungsgeschichte des Menschen. 6th

ed. Leipzig: Verlag Wilhelm Engelmann.
Hanström, B. (1928). Vergleichende Anatomie des Nervensystems der

wirbellosen Tiere. Berlin: Springer.
Harding, K., Wedeen, C., McGinnis, W. and Levine, M. (1985). Spatially

regulated expression of homeotic genes in Drosophila. Science 229, 1236-
1242.

Harfe, B. D. and Fire, A. (1998). Muscle and nerve-specific regulation of a
novel NK-2 class homeodomain factor in Caenorhabditis elegans.
Development 125, 421-429.

Harris, R., Sabatelli, L. M. and Seeger, M. A. (1996). Guidance cues at the
Drosophila CNS midline: identification and characterization of two
Drosophila Netrin/Unc-6 homologs. Neuron 17, 217-228.

Hartenstein, V. (1993). Early pattern of neuronal differentiation in the Xenopus
embryonic brainstem and spinal cord. J. Comp. Neurol. 328, 213-231.

Hartenstein, V. and Campos-Ortega, J. A. (1984). Early neurogenesis in
wild-type Drosophila melanogaster. Roux’s Arch. Dev. Biol. 193, 308-325.

Hatschek, B. (1891). Lehrbuch der Zoologie, 3rd ed. Jena: Gustav Fischer. 
Hatta, K. (1992). Role of the floor plate in axonal patterning in the zebrafish

spinal cord. Neuron 9, 629-642.
Hedgecock, E. M. and Hall, D. H. (1990). Homologies in the neurogenesis

of nematodes, arthropods and chordates. Sem. Neurosci. 2, 159-172.
Hemmati-Brivanlou, A., de la Torre, J. R., Holt, C. and Harland, R. M.

(1991). Cephalic expression and molecular characterization of Xenopus En-
2. Development 111, 715-724.

Herrick, C. J. (1937). Development of the brain of Amblystoma in early
functional stages. J. Comp. Neurol. 67, 381-421.

Hirano, M. and Goldman, J. E. (1988). Gliogenesis in rat spinal cord:
evidence for origin of astrocytes and oligodendrocytes from radial
precursors. J. Neurosci. Res. 21,155-167.

Hirata, J., Nakagoshi, H., Nabeshima, Y. and Matsuzaki, F. (1995).
Asymmetric segregation of the homeodomain protein Prospero during
Drosophila development. Nature 377, 627-630.

Hirth, F., Hartmann, B. and Reichert, H. (1998). Homeotic gene action in
embryonic brain development of Drosophila. Development 125, 1579-1589.

Hirth, F., Therianos, S., Loop, T., Gehring, W., Reichert, H. and
Furukubo-Tokunaga, K. (1995). Developmental defects in brain

segmentation caused by mutations of the homeobox genes orthodenticle and
empty spiracles in Drosophila. Neuron 15, 769-778.

Holland, L. Z., Venkatesh, T. V., Gorlin, A., Bodmer, R. and Holland, N.
D. (1998). Characterization and developmental expression of Amphi-NK2-
2, and NK-2 class homeobox gene from amphioxus. (Phylum Cordata,
Subphylum Cephalochordata). Dev. Genes Evol. 208, 100-105.

Holland, P., Ingham, P. and Krauss, S. (1992). Mice and flies head to head.
Nature 358, 627-628.

Holland, P.W.H. and Garcia-Fernàndez, J. (1996). Hox genes and chordate
evolution. Dev. Biol. 173, 382-395.

Holley, S. A., Jackson, P. D., Sasai, Y., Lu, B., De Robertis, E. M.,
Hoffmann, F. M. and Ferguson, E. L. (1995). A conserved system for
dorsal-ventral patterning in insects and vertebrates involving sog and
chordin. Nature 376, 249-253.

Ikeshima-Kataoka, H., Skeath, J. B., Nabeshima, Y., Doe, C. Q. and
Matsuzaki, F. (1997). Miranda directs Prospero to a daughter cell during
Drosophila asymmetric divisions. Nature 390, 625-629.

Inoue, A., Takahashi, M., Hatta, K., Hotta, Y. and Okamoto, H. (1994).
Developmental regulation of Islet-1 mRNA expression during neuronal
differentiation in embryonic zebrafish. Dev. Dyn. 199, 1-11.

Isshiki, T., Takeichi, M. and Nose, A. (1997). The role of the msh homeobox
gene during Drosophila neurogenesis: implication for the dorsoventral
specification of the neuroectoderm. Development 124, 3099-3109.

Ito, K., Urban, J. and Technau, G. M. (1995). Distribution, classification and
development of Drosophila glial cells in the late embryonic and early larval
ventral nerve cord. Roux’s Arch. Dev. Biol. 204, 284-307.

Jacobs, J. R. and Goodman, C. S. (1989a). Embryonic development of axon
pathways in the Drosophila CNS. II. Behavior of pioneer growth cones. J.
Neurosci. 9, 2413-2422.

Jacobs, J. R. and Goodman, C. S. (1989b). Embryonic development of axon
pathways in the Drosophila CNS. I. A glial scaffold appears before the first
growth cones. J. Neurosci. 9, 2402-2411.

Jacobson, M. (1991). Developmental Neurobiology. 3rd ed. New York and
London: Plenum Press, .

Jan, Y.-N. and Jan, L.-Y. (1993). The peripheral nervous system. In The
Development of Drosophila melanogaster. (ed. Bate, M. and Martinez-Arias,
A.). pp. 1207-1244. Cold Spring Harbor Laboratory Press.

Jefferies, R. P. S. (1986). The Ancestry of the Vertebrates. British Museum
(Natural History) London.

Jensen, N. A., Pedersen, K. M., Celis, J. E. and West, M. J. (1998).
Neurological disturbances, premature lethality, and central myelination
deficiency in transgenic mice overexpressing the homeo domain
transcription factor Oct-6. J. Clin. Invest. 101, 1292-1299.

Jiménez, F. and Campos-Ortega, J. A. (1990). Defective neuroblast
commitment in mutants of the achaete-scute complex and adjacent genes of
D. melanogaster. Neuron 5, 81-89.

Jiménez, F., Martin-Morris, L. E., Velasco, L., Chu, H., Sierra, J.,
Rosen, D. R. and White, K. (1995). vnd, a gene required for early
neurogenesis of Drosophila, encodes a homeodomain protein. EMBO J.
14, 3487-3495.

Jostes, B., Walther, C. and Gruss, P. (1991). The murine paired box gene,
Pax-7, is expressed specifically during the development of the nervous and
muscular system. Mech. Dev. 33, 27-38.

Kalyani, A., Hobson, K. and Rao, M. S. (1997). Neuroepithelial stem cells
from the embryonic spinal cord: isolation, characterization, and clonal
analysis. Dev. Biol. 186, 202-223.

Katz, M. J. (1983). Comparative anatomy of the tunicate tadpole, Ciona
intestinalis. Biol. Bull. Mar. Biol. Lab., Woods Hole 164, 1-27.

Keino-Masu, K., Masu, M., Hinck, L., Leonardo, E. D., Chan, S. S.-Y.,
Culotti, J. G., Tessier-Lavigne, M. (1996). Deleted in Colorectal Cancer
(DCC) encodes a netrin receptor. Cell 87, 175-185.

Kennedy, T. E., Serafini, T., de la Torre, J. and Tessier-Lavigne, M. (1994).
Netrins are diffusible chemotropic factors for commissural axons in the
embryonic spinal cord. Cell 78, 425-435.

Kim, C.-H., Ueshima, E., Muraoka, O., Tanaka, H., Yeo, S.-Y., Huh, T.-L.
and Miki, N. (1996). Zebrafish elav/HuC homologue as a very early
neironal marker. Neurosci. Lett. 216, 109-112.

Klämbt, C., Jacobs, J. R. and Goodman, C. S. (1991). The midline of the
Drosophila central nervous system: a model for the genetic analysis of cell
fate, cell migration, and growth cone guidance. Cell 64, 801-815.

Kolodziej, P. A., Timpe, L. C., Mitchell, K. J., Fried, S. R., Goodman, C.
S., Jan, L. Y. and Jan, Y. N. (1996). frazzled encodes a Drosophila member
of the DCC immunoglobulin subfamily and is required for CNS and motor
axon guidance. Cell 87, 197-204.

D. Arendt and K. Nübler-Jung



2323Comparison of nerve cord development

Korzh, V., Edlund, T. and Thor, S. (1993). Zebrafish primary neurons initiate
expression of the LIM homeodomain protein ISL-1 at the end of
gastrulation. Development 118, 417-425.

Kourakis, M. J., Master, V. A., Lokhorst, D. K., Nardelli-Haefliger, D.,
Weeden, C. J., Martindale, M. Q. and Shankland, M. (1997). Conserved
anterior boundaries of Hox gene expression in the central nervous system
of the leech Helobdella. Dev. Biol. 190, 284-300.

Koushika, S., Lisbin, M. J. and White, K. (1996). ELAV, a Drosophila
neuron-specific protein, mediates the generation of an alternatively spliced
neural protein isoform. Curr. Biol. 6, 1634-1641.

Krauss, S., Concordet, J.-P. and Ingham, P. (1993). A functionally
conserved homolog of the Drosophila segment polarity gene hh is expressed
in tissues with polarizing activity in zebrafish embryos. Cell 75, 1431-1444.

Lacalli, T. (1994). Apical organs, epithelial domains, and the origin of the
chordate central nervous system. Amer. Zool. 34, 533-541.

Lauderdale, J. D., Davis, N. M. and Kuwada, J. Y. (1997). Axon tracts
correlate with Netrin-1a expression in the zebrafish embryo. Mol. Cell.
Neurosci. 9, 293-313.

Leber, S. M. and Sanes, J. R. (1995). Migratory paths of neurons and glia in
the embryonic chick spinal cord. J. Neurosci. 15, 1236-1248.

Lee, J. E. (1997). Basic helix-loop-helix genes in neural development. Curr.
Opin. Neurobiol. 7, 13-20.

Lee, J. J., von Kessler, D. P., Parks, S. and Beachy, P. A. (1992). Secretion
and localized transcription suggest a role in positional signaling for products
of the segmentation gene hedgehog. Cell 71, 33-50.

Leuzinger, S., Hirth, F., Gehrlich, D., Acampora, D., Simeone, A., Gehring,
W. J., Finkelstein, R., Furukubo-Tokunaga, K. and Reichert, H. (1998).
Functional equivalence of the fly orthodenticle gene and the human OTX
genes in embryonic brain development of Drosophila. Development 125,
1703-1710.

Lewis, J. (1996). Neurogenic genes and vertebrate neurogenesis. Curr. Opin.
Neurobiol. 6, 3-10.

Li, X. and Noll, M. (1994). Evolution of distinct developmental functions of
three Drosophila genes by acquisition of different cis-regulatory regions.
Nature 367, 83-87.

Liem, K. F., Tremml, G., Roelink, H. and Jessell, T. M. (1995). Dorsal
differentiation of neural plate cells induced by BMP-mediated signals from
epidermal ectoderm. Cell 82, 969-979.

Liuzzi, F. J. and Miller, R. H. (1987). Radially oriented astrocytes in the
normal adult spinal cord. Brain Res.203, 385-388.

Lobe, C. G. (1997). Expression of the helix-loop-helix factor, Hes3, during
embryo development suggests a role in early midbrain-hindbrain patterning.
Mech. Dev. 62, 227-237.

Lumsden, A. and Keynes, R. (1989). Segmental patterns of neuronal
development in the chick hindbrain. Nature 337, 424-428.

Lumsden, A., Clarke, J. D. W., Keynes, R. and Fraser, S. (1994). Early
phenotypic choices by neuonal precursors, revealed by clonal analysis of the
chick embryo hindbrain. Development 120, 1581-1589.

Lundgren, S. E., Callahan, C. A., Thor, S. and Thomas, J. B. (1995).
Control of neuronal pathway selection by the Drosophila LIM
homeodomain gene apterous. Development 121, 1769-1773.

Ma, L., Swalla, B., Zhou, J., Dobias, S. L., Bell, J. R., Chen, J., Maxson,
R. E. and Jeffery, W. R. (1996). Expression of an Msx homeobox gene in
ascidians: insights into the archetypal chordate expression patterns. Dev.
Dyn. 205, 308-318.

MacLennan, A. J., McLaurin, D. L., Marks, L., Vinson, E. N., Pfeifer, M.,
Szulc, S. V., Heaton, M. B. and Lee, N. (1997). Immunohistochemical
localization of netrin-1 in the embryonic chick nervous system. J. Neurosci.
17, 5466-5479.

Master, V. A., Kourakis, M. J. and Martindale, M. Q. (1996). Isolation,
characterization, and expression of Le-msx, a maternally expressed member
of the msx gene family from the glossiphoniid leech, Helobdella. Dev. Dyn.
207, 404-419.

Matise, M. P., Epstein, D. J., Park, H. L., Platt, K. A. and Joyner, A. L.
(1998). Gli2 is required for induction of floor plate and adjacent cells, but
not most ventral neurons in the mouse central nervous system. Development
125, 2759-2270.

Matsuo, I., Kuratani, S., Kimura, C., Takeda, N. and Aizawa, S. (1995).
Mouse Otx2 functions in the formation and patterning of rostral head. Genes
Dev. 9, 2646-2658.

Matsuzaki, M. and Saigo, K. (1996). hedgehog signalling independent of
engrailed and wingless required for post-S1 neurblast formation in
Drosophila CNS. Development 122, 3567-3575.

McConnell, J. A. (1981). Identification of early neurons in the brainstem and

spinal cord. II. an autoradiographic study in the mouse. J. Comp. Neurol.
200, 273-288.

McDonald, J. A. and Doe, C. Q. (1997). Establishing neuroblast-specific gene
expresion in the Drosophila CNS: huckebein is activated by Wingless and
Hedgehog and repressed by Engrailed and Gooseberry. Development 124,
1079-1087.

McDonald, J. A., Holbrook, S., Isshiki, T., Weiss, J., Doe, C. Q. and
Mellerick, D. M. (1998). Dorsoventral patterning in the Drosophila central
nervous system: the vnd homeobox gene specifies ventral column identity.
Genes Dev. 12, 3603-3612.

McKanna, J. A. (1993). Primitive glial compartments in the floor plate of
mammalian embryos: distinct progenitors of adult astrocytes and microglia
support the notoplate hypothesis. Perspect. Dev. Neurobiol. 1, 245-255.

Mellerick, D. M. and Nirenberg, M. (1995). Dorsal-ventral patterning genes
restrict NK-2 homeobox gene expression to the ventral half of the central
nervous system of Drosophila embryos. Dev. Biol., 171, 306-316.

Menne, T. V. and Klämbt, C. (1994). The formation of commissures in the
Drosophila CNS depends on the midline cells and on the Notch gene.
Development 120, 123-133.

Menne, T. V., Lüer, K., Technau, G. M. and Klämbt, C. (1997). CNS
midline cells in Drosophila induce the differentiation of lateral neurl cells.
Development 124, 4949-4958.

Michaud, J. L., Rosenquist, T., May, N. R. and Fan, C. M. (1998).
Development of neuroendocrine lineages requires the bHLH-PAS
transcription factor SIM1. Genes Dev. 12, 3264-3275.

Mitchell, K. J., Doyle, J. L., Serafini, T., Kennedy, T. E., Tessier-Lavigne,
M., Goodman, C. S. and Dickson, B. J. (1996). Genetic analysis of Netrin
genes in Drosophila: netrins guide CNS commissural axons and peripheral
motor axons. Neuron 17, 203-215.

Molven, A., Njolstad, P. R. and Fjose, A. (1991). Genomic structure and
restricted neural expression of the zebrafish wnt-1 (int-1) gene. EMBO J.
10, 799-807.

Murphy, M., Reid, K., Dutton, R., Brooker, G. and Bartlett, P. F. (1997).
Neural stem cells. J. Invest. Dermatol. Symp. Proc. 2, 8-13.

Nakamura, M., Okano, H., Blendy, J. A. and Montell, C. (1994). Musashi,
a neural RNA-binding protein required for Drosophila adult external sensory
organ development. Neuron 13, 67-81.

Nambu, J. R., Franks, R. G., Song, H. and Crews, S. T. (1990). The single-
minded gene of Drosophila is required for the expression of genes important
for the development of CNS midline cells. Cell 63, 63-75.

Nardelli-Haefliger, D. and Shankland, M. (1993). Lox-10, a member of the
NK-2 homeobox gene class, is expressed in a segmental pattern in the
endoderm and in the cephalic nervous system of the leech Helobdella.
Development 118, 877-892.

Nicol, D. and Meinertzhagen, I. A. (1988). Development of the central
nervous system of the larva of the ascidian, Ciona intestinalis L. II. Neural
plate morphogenesis and cell lineages during neurulation. Dev. Biol. 130,
737-766.

Niederländer, C. and Lumsden, A. (1996). Late emigrating neural crest cells
migrate specifically to the exit point of cranial branchiomotor nerves.
Development 122, 2367-2374.

Nielsen, C. (1995). Animal Evolution. Interrelationships of the Living Phyla.
Oxford, New York, Tokyo: Oxford University Press.

Noll, M. (1993). Evolution and role of Pax genes. Curr. Opin. Genet. Dev. 3,
595-605.

Nübler-Jung, K. and Arendt, D. (1994). Is ventral in insects dorsal in
vertebrates? A history of embryological arguments favouring axis inversion
in chordate ancestors. Roux’s Arch. Dev. Biol. 203, 357-366.

Okabe, M. and Okano, H. (1996). Unpublished results. Cited after
Sakakibara et al., 1996.

Okano, H. J. and Darnell, R. B. (1997). A hierarchy of Hu RNA binding
proteins in developing and adult neurons. J. Neurosci. 17, 3024-3037.

Okkema, P. G. and Fire, A. (1994). The Caenorhabditis elegans NK-2 class
homeoprotein CEH-22 is involved in combinatorial activation of gene
expression in pharyngeal muscle. Development 120, 2175-2186.

Oliver, G., Sosa-Pineda, B., Geisendorf, S., Spana, E. P., Doe, C. Q. and
Gruss, P. (1993). Prox-1, a prospero-related homeobox gene expressed
during mouse development. Mech. Dev. 44, 3-16.

Ono, K., Bansal, R., Payne, J., Rutishauser, U. and Miller, R. H. (1995).
Early development and dispersal of oligodendrocyte precursors in the
embryonic chick spinal cord. Development 121, 1743-1754.

Osche, G. (1973). Das Homologisieren als eine grundlegende Methode der
Phylogenetik. Aufs. Red. Senckenb. Naturf. Ges. 24, 155-165.

Ouelette, R. J., Valet, J.-P. and Côté, S. (1992). Expression of gooseberry-



2324

proximal in the Drosophila developing nervous system responds to cues
provided by segment polarity genes. Roux’s Arch. Dev. Biol. 201, 157-
168.

Patel, N. H., Schafer, B., Goodman, C. S. and Holmgren, R. (1989). The
role of segment polarity genes during Drosophila neurogenesis. Genes Dev.
3, 890-904.

Pfaff, S. L., Mendelsohn, M., Stewart, C. L., Edlund, T. and Jessell, T. M.
(1996). Requirement for LIM homeobox gene Isl1 in motor neuron
generation reveals a motor neuron-dependent step in interneuron
differentiation. Cell 84, 309-320.

Pourquié, O., Fan, C.-M., Coltey, M., Hirsinger, E., Watanabe, Y., Bréant,
C., Francis-West, P., Brickell, P., Tessier-Lavigne, M. and Le Douarin,
N. M. (1996). Lateral and axial signals involved in avian somite patterning:
a role for BMP-4. Cell 84, 461-471.

Pringle, N. P. and Richardson, W. D. (1993). A singularity of PDGF alpha-
receptor expression in the dorsoventral axis of the neural tube may define
the origin of the oligodendrocyte lineage. Development 117, 525-533.

Pringle, N. P., Guthrie, S., Lumsden, A. and Richardson, W. D. (1998).
Dorsal spinal cord neuroepithelium generates astrocytes but not
oligodendrocytes. Neuron 20, 883-893.

Reisinger, E. (1925). Untersuchungen am Nervensystem der Bothrioplana
semperi Braun. Z. Morph. Ökol. Tiere 5, 119-149.

Reisinger, E. (1972). Die Evolution des Orthogons der Spiralier und das
Archicölomatenproblem. Z. zool. Syst. Evolutionsforsch. 10, 1-43.

Richardson, W. D., Pringle, N. P., Yu, W.-P. and Hall, A. C. (1997). Origins
of spinal cord oligodendrocytes: possible developmental and evolutionary
relationships with motor neurons. Dev. Neurosci. 19, 58-68.

Roberts, A. and Clarke, J. D. W. (1982). The neuroanatomy of an amphibian
embryo spinal cord. Phil. Trans R. Soc. Lond. B 296, 195-212.

Roelink, H., Augsburger, A., Heemskerk, J., Korzh, V., Norlin, S., Ruiz i
Altaba, A., Tanabe, Y., Placzek, M., Edlund, T., Jessell, T. M. and Dodd,
J. (1994). Floor plate and motor neuron induction by vhh-1, a vertebrate
homolog of hedgehog expressed by the notochord. Cell 76, 761-775.

Rothberg, J. M., Jacobs, J. R., Goodman, C. S. and Artavanis-Tsakonas,
S. (1990). slit: an extracellular protein necessary for development of midline
glia and commissural axon pathways contains both EGF and LRR domains.
Genes Dev. 4, 2169-2187.

Saha, M. S., Michel, R. B., Gulding, K. M. and Grainger, R. M. (1993). A
Xenopus homeobox gene defines dorsal-ventral domains in the developing
brain. Development 118, 193-202.

Saint-Jeannet, J. P., He, X., Varmus, H. E. and Dawid, I. B. (1997).
Regulation of dorsal fate in the neuraxis by Wnt-1 and Wnt-3a. Proc. Natl.
Acad. Sci. USA 94, 13713-13718.

Sakakibara, S. and Okano, H. (1997). Expression of neural RNA-binding
proteins in the postnatal CNS: implications of their roles in neuronal and
glial cell development. J. Neurosci. 17, 8300-12.

Sakakibara, S., Imai, T., Hamaguchi, K., Okabe, M., Aruga, J., Nakajima,
K., Yasutomi, D., Nagata, T., Kurihara, Y., Uesugi, S., Miyata, T.,
Ogawa, M., Mikoshiba, K. and Okano, H. (1996). Mouse-Musashi-1, a
neural RNA-binding protein highly enriched in the mammalian CNS stem
cell. Dev. Biol. 176, 230-42.

Sasai, Y. and De Robertis, E. M. (1997). Ectodermal patterning in vertebrate
embryos. Dev. Biol. 182, 5-20.

Schmidt, H., Rickert, C., Bossing, T., Vef, O., Urban, J. and Technau, G.
M. (1997). The embryonic central nervous system lineages of Drosophila
melanogaster. II. Neuroblast lineages derived from the dorsal part of the
neuroectoderm. Dev. Biol. 189, 186-204.

Schmitt, M. (1995). The homology concept – still alive. In The Nervous
Systems of Invertebrates: an Evolutionary and Comparative Approach. (ed.
Breidbach, O. and Kutsch, W.). Basel: Birkhäuser Verlag.

Scholtz, G. (1992). Cell lineage studies in the crayfish Cherax destructor
(Crustacea, Decapoda): germ band formation, segmentation, and early
neurogenesis. Roux’s Arch. Dev. Biol. 202, 36-48.

Schreiber, J., Enderich, J., Sock, E., Schmidt, C., Richter-Landsberg, C.
and Wegner, M. (1997). Redundancy of class III POU proteins in the
oligodendrocyte lineage. J. Biol. Chem. 272, 32286-32293.

Schubert, F. R., Fainsod, A., Gruenbaum, Y. and Gruss, P. (1995).
Expression of the novel murine homeobox gene Sax-1 in the developing
nervous system. Mech. Dev. 51, 99-114.

Serafini, T., Colamarino, S. A., Leonardo, E. D., Wang, H., Beddington,
R., Skarnes, W. C. and Tessier-Lavigne, M. (1996). Netrin-1 is required
for commissural axon guidance in the developing vertebrate nervous system.
Cell 87, 1001-1014.

Serafini, T., Kennedy, T. E., Galko, M. J., Mirzayan, C., Jessell, T. M. and

Tessier-Lavigne, M. (1994). The netrins define a family of axon
outgrowth-promoting proteins homologous to C. elegans UNC-6. Cell 78,
409-424.

Sharma, K., Sheng, H. Z., Lettieri, K., Li, H., Karavanov, A., Potter, S.,
Westphal, H. and Pfaff, S. L. (1998). LIM homeodomain factors Lhx3 and
Lhx4 assign subtype identities for motor neurons. Cell 95, 817-828.

Shimamura, K., Hartigan, D. J., Martinez, S., Puelles, L. and Rubenstein,
J. L. R. (1995). Longitudinal organization of the anterior neural plate and
neural tube. Development 121, 3923-3933.

Shimeld, S., McKay, I. J. and Sharpe, P. T. (1996). The murine homeobox
gene Msx-3 shows highly restricted expression in the developing neural tube.
Mech. Dev. 55, 201-210.

Siewing, R. (1985). Lehrbuch der Zoologie, Bd.2 (Systematik). Gustav Fischer
Verlag Stuttgart.

Simeone, A., Acampora, D., Gulisano, M., Stornaiuolo, A. and Boncinelli,
E. (1992). Nested expression domains of four homeobox genes in
developing rostral brain. Nature 358, 687-690.

Simon, H., Hornbruch, A. and Lumsden, A. (1995). Independent assignment
of antero-posterior and dorso-ventral positional values in the developing
chick hindbrain. Curr. Biol. 5, 205-214.

Singer, M., Nordlander, R. H. and Egar, M. (1979). Axonal guidance during
embryogenesis and regeneration in the spinal cord of the newt. The
blueprint hypothesis of neuronal pathway patterning. J. Comp. Neurol. 185,
1-22.

Skeath, J. B. (1998). The Drosophila EGF receptor controls the formation and
specification of neuroblasts along the dorsal-ventral axis of the Drosophila
embryo. Development 125, 3301-3312.

Skeath, J. B. (1998). The Drosophila EGF receptor controls the formation and
specification of neuroblasts along the dorsal-ventral axis of the Drosophila
embryo. Development 125, 3301-3312.

Skeath, J. B., Panganiban, G. F. and Carroll, S. B. (1994). The vetral
nervous system defective gene controls proneural gene expression at two
distinct steps during neuroblast formation in Drosophila. Development 120,
1517-1524.

Skeath, J. B., Zhang, Y., Holmgern, R., Carroll, S. B. and Doe, C. Q.
(1995). Specification of neuroblast identity in the Drosophila central
nervous system by gooseberry-distal. Nature 376, 427-430.

Sonnenfeld, M. J. and Jacobs, J. R. (1994). Mesectodermal cell fate analysis
in Drosophila midline mutants. Mech. Dev. 46, 3-13.

Spana, E. P. and Doe, C. Q. (1995). The prospero transcription factor is
asymmetrically localized to the cell cortex during neuroblast mitosis in
Drosophila. Development 121, 3187-3195.

Spann, P., Ginsburg, M., Rangini, Z., Fainsod, A., Eyal-Giladi, H. and
Gruenbaum, Y. (1994). The spatial and temporal dynamics of Sax1
(Chox3) homeobox gene expression in the chick’s spinal cord. Development
120, 1817-1828.

Starck, D. (1978). Vergleichende Anatomie der Wirbeltiere. vol. III. Berlin,
Heidelberg, New York: Springer Verlag.

Strähle, U., Fischer, N. and Blader, P. (1997). Expression and regulation of
a netrin homologue in the zebrafish embryo. Mech. Dev. 62, 47-160.

Su, M.-W., Suzuki, H. R., Solursh, M. and Ramirez, F. (1991). Progressively
restricted expression of a new homeobox-containing gene during Xenopus
laevis embryogenesis. Development 111, 1179-1187.

Sulston, J. E., Schierenberg, E., White, J. G. and Thomson, J. N. (1983).
The embryonic cell lineage of the nematode Caenorhabditis elegans. Dev.
Biol. 78, 577-597.

Takahashi, Y., Monsoro-Burq, A.-H., Bontoux, M. and Le Douarin, N. M.
(1992). A role for Quox-8 in the establishment of the dorsoventral pattern
during vertebrate development. Proc. Natl. Acad. Sci. USA 89, 10237-
10241.

Tashiro, S., Michiue, T., Higashijima, S.-i., Zenno, S., Ishimaru, S.,
Takahashi, F., Orihara, M., Kojima, T. and Saigo, K. (1993). Structure
and expression of hedgehog, a Drosophila segment-polarity gene required
for cell-cell communication. Gene 124, 183-189.

Taylor, A. M., Nakano, Y., Mohler, J. and Ingham, P. W. (1993). Contrasting
distributions of patched and hedgehog proteins in the Drosophila embryo.
Mech. Dev. 42, 89-96.

Temple, S. and Qian, X. (1996). Vertebrate neural progenitor cells: subtypes
and regulation. Curr. Opin. Neurobiol. 6, 11-17.

Theil, T., Frain, M., Gilardi-Hebenstreit, P., Flenniken, A., Charnay, P.
and Wilkinson, D. G. (1998). Segmental expression of the EphA4 (Sek1)
receptor tyrosine kinase in the hindbrain is under direct transcriptional
control of Krox-20. Development 125, 443-452.

Therianos, S., Leuzinger, S., Hirth, F., Goodman, C. S., Reichert, H.

D. Arendt and K. Nübler-Jung



2325Comparison of nerve cord development

(1995). Embryonic development of the Drosophila brain: formation of
commissural and descending pathways. Development 121, 3849-3860.

Thomas, J. B., Bastiani, M. J., Bate, M. and Goodman, C. S. (1984). From
grasshopper to Drosophila: a common plan for neuronal development.
Nature 310, 203-207.

Thor, S. (1995). The genetics of brain development: conserved programs in
flies and mice. Neuron 15, 975-977.

Thor, S. and Thomas, J. B. (1997). The Drosophila islet gene governs axon
pathfinding and neurotransmitter identity. Neuron 18, 397-409.

Thor, S., Andersson, S. G., Tomlinson, A. and Thomas, J. B. (1999). A
LIM-homeodomain combinatorial code for motor-neuron pathway
selection. Nature 397, 76-80.

Tokumoto, M., Gong, Z., Tsubokawa, T., Hew, C. L., Uyemura, K., Hotta,
Y. and Okamoto, H. (1995). Molecular heterogeneity among primary
motoneurons and within myotomes revealed by the differential mRNA
expression of novel Islet-1 homologs in embryonic zebrafish. Dev. Biol. 171,
578-589.

Tremblay, P., Pituello, F. and Gruss, P. (1996). Inhibition of floor plate
differentation by Pax3: evidnce from ectopic expression in transgenic mice.
Development 122, 2555- 2567.

Tremml, G. (1955). Unpublished observations. Cited after Liem et al., 1995.
Trevarrow, B., Marks, D. L. and Kimmel, C. B. (1990). Organization of

hindbrain segments in the zebrafish embryo. Neuron 4, 669-679.
Tsuchida, T., Ensisni, M., Morton, S. B., Baldassare, M., Edlund, T.,

Jessell, T. M. and Pfaff, S. L (1994). Topographic organization of
embryonic motor neurons defined by expression of LIM homeobox genes.
Cell 79, 957-970.

Udolph, G., Urban, J., Rüsing, G., Lüer, K. and Technau, G. M. (1998).
Differential effects of EGF receptor signalling on neuroblast lineages along
the dorsoventral axis of the Drosophila CNS. Development 125, 3291-3299.

Vaessin, H., Grell, E., Wolff, E., Bier, E., Jan, L. Y. and Jan, Y. N. (1991).
prospero is expressed in neuronal precursors and encodes a nuclear protein that
is involved in the control of axonal outgrowth in Drosophila. Cell 67, 941-953.

Valerius, M. T., Li, H., Stock, J. L., Weinstein, M., Kaur, S., Singh, G. and
Potter, S. S. (1995). Gsh-1: a novel murine homeobox gene expressed in
the central nervous system. Dev. Dyn. 203, 337-351.

Varela-Echavarría, A., Pfaff, S. L. and Guthrie, S. (1996). Differential
expression of LIM honeobox genes among motor neuron subpopulations in
the developing chick brain stem. Mol. Cell. Neurosci. 8, 242-257.

Wada, H., Holland, P. W. H. and Satoh, N. (1996). Origin of patterning in
neural tubes. Nature 384, 123.

Wada, H., Holland, P. W. H., Sato, S., Yamamoto, H. and Satoh, N. (1997).
Neural tube is partially dorsalized by overexpression of HrPax-37: the
ascidian homologue of Pax-3 and Pax-7. Dev. Biol. 187, 240-252.

Wada, H., Saiga, H., Satoh, N. and Holland, P. W. H. (1998). Tripartite
organization of the ancestral chordate brain and the antiquity of placodes:
insights from ascidian Pax-2/5/8, Hox and Otx genes. Development 125,
1113-1122.

Wadsworth, W. G., Bhatt, H. and Hedgecock, E. M. (1996). Neuroglia and
pioneer neurons express UNC-6 to provide global and local Netrin cues for
guiding migrations in C. elegans. Neuron 16, 35-46.

Wakamatsu, Y. and Weston, J. A. (1997). Sequential expression and role of

Hu RNA-binding proteins during neurogenesis. Development 124, 3349-
3460.

Wang, W., Chen, X., Xu, H. and Lufkin, T. (1996). Msx3: a novel murine
homologue of the Drosophila msh homeobox gene restricted to the dorsal
embryonic central nervous system. Mech. Dev. 58, 203-215.

Weigel, D., Bellen, H. J., Jürgens, G. and Jäckle, H. (1989). Primordium
specific requirement of the homeotic gene fork head in the developing gut
of the Drosophila embryo. Roux’s Arch. Dev. Biol. 198, 201-210.

Weinstein, D. C., Ruiz I Altaba, A., Chen, W. S., Hoodless, P., Prezioso, V.
R., Jessell, T. M. and Darnell, J. E., Jr. (1994). The winged-helix
transcription factor HNF-3β is required for notochord development in the
mouse embryo. Cell 78, 575-588.

Weiss, J. B., Von Ohlen, T., Mellerick, D. M., Dressler, G., Doe, C. D. and
Scott, M. P. (1998). Dorsoventral patterning in the Drosophila central
nervous system: the intermediate neuroblasts defective homeobox gene
specifies intermediate column identity. Genes Dev. 12, 3591-3602.

White, J. G., Southgate, E., Thomson, J. N. and Brenner, S. (1986). The
structure of the nervous system of the nematode C. elegans. Phil. Trans. R.
Soc. Lond. B 314, 1-340.

Whiting, H. P. (1948). Nervous structure of the spinal cord of the young larval
brook-lamprey. Q. J. Microsc. Sci. 89, 359-385.

Whiting, H. P. (1957). Mauthner neurones in young larval lampreys. Q. J.
Microsc. Sci. 98, 163-178.

Whitington, P. M. (1995). Conservation versus change in early axonogenesis
in arthropod embryos: a comparison between myriapods, crustaceans and
insects. In The Nervous Systems of Invertebrates: an Evolutionary and
Comparative Approach. (ed. Breidbach, O. and Kutsch, W.). Basel:
Birkhäuser.

Williams, N. A. and Holland, P. W. H. (1996). Old head on young shoulders.
Nature 383, 490.

Wilson, S. W., Ross, L. S., Parrett, T. and Easter, S. S. (1990). The
development of a simple scaffold of axon tracts in the brain of the embryonic
zebrafish, Brachydanio rerio. Development 108, 121-145.

Xu, Y., Baldassare, M., Fisher, P., Rathbun, G., Oltz, E. M., Yancopoulos,
G. D., Jessell, T. M. and Alt, F. W. (1993). LH-2: a LIM/homeodomain
gene expressed in developing lymphocytes and neural cells. Proc. Natl.
Acad. Sci. USA, 90, 227-231.

Yagi, Y., Suzuki, T, and Hayashi, S. (1998). Interaction between Drosophila
EGF receptor and vnd determines three dorsoventral domains of the
neuroectodermn. Development 125, 3625-3633.

Younossi-Hartenstein, A., Green, P., Liaw, G.-J., Rudolph, K., Lengyel, J.
and Hartenstein, V. (1997). Control of early neurogenesis of the
Drosophila brain by the head gap genes tll, otd, ems, and btd. Dev. Biol.
182, 270-283.

Younossi-Hartenstein, A., Nassif, C., Green, P. and Hartenstein, V. (1996).
Early neurogenesis of the Drosophila brain. J. Comp. Neurol. 370, 313-
329.

Zhang, J., Talbot, W. S. and Schier, A. F. (1998). Positional cloning identifies
zebrafish one-eyed pinhead as a permissive EGF-related ligand required
during gastrulation. Cell 92, 241-251.

Zhao, C. and Emmons, S. W. (1995). A transcription factor controlling
development of peripheral sense organs in C. elegans. Nature 373, 74-78.


