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Abstract—1. The midline cells of the Drosophila embryonic CNS comprise a discrete neuroanatomical
structure consisting of a small subset of neurons and glia.
2. Developmental commitment of the CNS midline cells requires the action of dorsal/ventral patterning

genes.

3. The single-minded gene encodes a basic—helix-loop-helix transcription factor and acts as a master

regulator for the CNS midline lineage.

4. A number of different transcription factors and proteins involved in cell-cell interactions are
necessary for the differentiation of midline neurons and glia.
5. CNS midline cells have important functions in the formation of the ventral epidermis and axon

commissures.

INTRODUCTION

Formation of the central nervous system (CNS)
involves an intricate array of coordinated cellular
events. The initial step is the formation of nerve cell
precursors from ectodermal cells. The developing
nerve cells go on to acquire unique identities and
carry out specialized functions. Neurons then extend
axonal processes which must locate and synapse with
their appropriate cellular targets. Ultimately the cells
of the nervous system become organized in a highly
complex yet precise fashion. One experimental system
which has become increasingly useful for studies of
neural development is the fruit fly, Drosophila
melanogaster. The value of Drosophila lies in the
availability of a battery of sophisticated genetic,
cellular and molecular techniques which can be used
to illuminate specific neurodevelopmental events.

The Drosophila embryonic CNS consists of over
10,000 neurons and glia organized into two paired
brain lobes connected to a ventral nerve cord which
is comprised of a series of segmentally repeated and
fused ganglia. Each ganglion consists of around 500
nerve cells and associated glia. The neurons extend
axons which form a ladder-like scaffold of two paral-
lel longitudinal axon connectives which run along the
length of the nerve cord connected by two segmen-
tally repeated commissural tracts.

Within the CNS, the cells that lie along the midline
of the ventral nerve cord comprise a well defined
subset of CNS cells, approximately 30 neurons and
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glia per segment (Thomas et al., 1988; Kldmbt er al.,
1991). Figure 1A outlines CNS midline celi develop-
ment. The midline cells are derived from two single-
cell wide strips of 4 cells per parasegment, referred
to as the mesectoderm, which run along the anterior/
posterior length of the blastoderm embryo and lie
between the mesodermal and neuroectodermal an-
lages. During gastrulation the mesoderm invaginates
and the mesectodermal cells join at the ventral mid-
line. These cells subsequently undergo a synchronous
cell division which doubles their number from 8 to 16
cells per parasegment (Foe, 1989). They extend their
nuclei into the nerve cell precursor layer, while main-
taining cytoplasmic extensions to the underlying epi-
dermis. The midline nerve cell precursors differentiate
into neurons and glia which, through a series of cell
migrations, take their appropriate places within the
mature CNS (Fig. 1B). Midline neurons include: six
ventral unpaired median (VUM) cells, two midline
precursor 1 (MP1) cells, and the median neuroblast
(MNB) and its progeny. These cells include both
motoneurons and interneurons. The VUM and MNB
neurons also have additional support cells associated
with them. There are three pairs of midline glia which
ensheath the commissural axons and assist in com-
missure formation (Jacobs and Goodman, 1989;
Kldmbt er al., 1991).

The cellular simplicity of the CNS midline and the
presence of numerous reagents which allow for cyto-
logical visualization of the midline cells provide an
excellent system for genetic, molecular and cellular
analysis of many aspects of neural development and
function. In this review, we discuss a number of
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Fig. 1. Summary of CNS midline development. (A) Cross sections of a Drosophila embryo illustrate the
development of the CNS midline. The four stages depicted are as defined by Campos-Ortega and
Hartenstein (1985) and all are dorsal side up. (St5) The cellular blastoderm. The dashed cells give rise to
the mesoderm, the two black regions to the CNS midline, the white cells to the lateral CNS and ventral
epidermis, and the stippled region to the dorsal epidermis and amnioserosa. (St6) Gastrulation results in
the invagination of the mesoderm and the mesectodermal cells join at the ventral midline of the embryo.
(St10) The embryo has undergone germband extension and neuroblast segregation from the ventral
ectoderm. The neuroblasts (NB) form a layer internal to the epidermoblasts (EB). The midline nerve cell
precursors extend their nuclei into the nerve cell precursor layer and maintain cytoplasmic processes to
the surface of the embryo. (St15) The germband has retracted and neurons and glia have differentiated
to form the mature ventral nerve cord (VNC). The VNC lies just above the ventral epidermis (EPI).
St = stage. (B) Identified CNS midline cells are illustrated in a horizontal view of a single ganglion of the
embryonic CNS. Anterior is up. The hatched regions represent axon bundles: LC, longitudinal axon
bundles; AC, anterior commissural bundles; PC, posterior commissural bundles. There are three pairs of
midline glia (MG): MGA, anterior; MGM, median; MGP, posterior. There are three sets of midline
neurons: the two midline precursor 1 (MP1) cells, the six ventral unpaired median (VUM) cells, and the
median neuroblast (MNB) and its progeny. (From Nambu ez al., 1990.)
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developmental issues as they relate to the CNS
midline, including the initial commitment of the
mesectoderm, the role of lineage-specific regulators of
development, interactions between CNS and epider-
mis, differentiation of neurons and glia, and axonal
pathfinding. In addition, we will draw analogies to
specialized midline cells in the nervous systems of
other species.

DEVELOPMENTAL COMMITMENT OF THE CNS
MIDLINE CELLS

Genetic analysis of dorsal Jventral patterning

The Drosophila embryo is initially subdivided by
dorsal/ventral patterning (D/V) genes into several
discrete domains (reviewed in Anderson, 1987; Fer-
guson and Anderson, 1991). These include the meso-
derm, mesectoderm ventral/lateral neuroectoderm,
dorsal ectoderm, and amnioserosa (Fig. 2). The first
issue in the development of the mesectoderm con-
cerns how D/V genes commit this group of blasto-
derm cells to become CNS midline. This can be
approached genetically by examining the effects of
mutations in D/V genes on the patterns of mesecto-
dermal gene expression. In particular, the single-
minded (sim), lethal of scute, Enhancer of split, and

veinlet (previously referred to as rhomboid) genes
have proven to be useful markers of mesectodermal
cell fate. Three D/V genes have been shown to play
a role in formation of ventrally-derived tissues. They
are dorsal (dl), snail (sna), and twist (twi) (reviewed
in Rushlow and Arora, 1990) (Fig. 2). All three
encode transcription factors (Steward, 1987; Boulay
et al., 1987; Thisse et al., 1988). The dl gene product
forms a nuclear gradient with highest nuclear concen-
trations ventrally (Roth et al., 1989; Rushlow et al.,
1989; Steward, 1989). It is required for the expression
of twi, which also forms a gradient with highest
concentrations ventrally; both dl and twi are ex-
pressed in the mesectoderm. Expression of sna also
requires d! function though sra is expressed only
in the mesodermal cells, not in the mesectoderm
(Alberga et al., 1991; Kosman et al., 1991; Leptin,
1991).

The requirement of dl, sna and twi function for
mesectodermal transcription is revealed by the results
that d/ mutants or sna /twi double mutants completely
lack mesectodermal transcription (Rushlow and
Arora, 1990). However, since d/ function is required
for expression of snag and twi, it is unclear whether d/
directly regulates mesectodermal gene expression.
Mutations in sna result in ectopic expression of
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Fig. 2. Dorsal ventral patterning genes regulate sim ex-
pression. Cross section through a blastoderm stage embryo
depicting anlages of: mesoderm (MES), mesectoderm
(shaded), ventral ectoderm (VE), lateral ectoderm (LE),
dorsal ectoderm (DE), and amnioserosa (AS). Sim mRNA
is detected in two single cell wide strips corresponding to
mesectoderm. The dorsal gene is expressed in a nuclear
gradient with highest nuclear concentrations ventrally. The
twist gene is expressed in a steeper gradient. Expression of
both dorsal and twist extends into the mesectodermal cells;
twi and possibly d/ are likely to positively regulate (+) sim
expression. The snail gene is expressed only in the mesoderm
where it represses (—) sim expression. Proper activation of
sim expression is also thought to depend upon an inductive
pathway from the mesoderm, which is depicted by arrows.

mesectodermal genes in the mesodermal anlage
(Nambu er al., 1990; Rushlow and Arora, 1990).
Mutations of twi reveal weak mesectodermal gene
transcription in two strips that are shifted ventrally
(Rushlow and Arora, 1990; Leptin, 1991; Rao et al.,
1991). These results can be explained by the existence
of two partially redundant pathways for mesectoder-
mal gene activation. First, twi (and possibly dl) acts
as a ventral activator that includes the mesectodermal
and mesodermal anlages, while sna acts as a repressor
in the mesoderm. Second, a distinct activation signal
is sent by the mesodermal cells to the adjacent
mesectodermal cells. The requirement for an inductive
signal emanating from the mesoderm is consistent
with the complete absence of sim expression in twi /sna
double mutants where both the rwi activator and a
functional mesoderm are lacking. These two pathways
serve to activate mesectodermal gene expression in
precise one cell wide domains and are crucial for the
developmental commitment of a discrete subset of
CNS cells.

Molecular analysis of single-minded expression

In order to obtain a more mechanistic understand-
ing of mesectodermal gene activation, our laboratory
has begun to examine transcriptional regulation of the
sim gene using biochemical and germline transform-
ation approaches. Because of its early and specific

expression in the mesectoderm, analysis of sim tran-
scription is particularly instructive. The gene consists
of eight exons spread over 20 kilobases (kb) of DNA
and has two promoters (Nambu et al., 1990). The early
promoter drives the initial transcription of sim in the
blastoderm cells. Germline transformation exper-
iments have shown that when fused to the E. coli lacZ
gene, a 2.8 kb DNA fragment from the sim gene
directs expression of fi-galactosidase in an identical
fashion to early sim expression (Kasai et al., 1992).
Recent work has focused on identifying binding sites
for regulatory proteins thought to control the sim
gene. The snail gene (sna) encodes a zinc finger
transcription factor (Boulay er al., 1987) which has
been shown to bind five different sites within the 2.8 kb
sim fragment (Kasai et al., 1992). Interestingly, the
consensus binding site for sna contains the E box
sequence commonly bound by members of the basic—
helix-loop-helix family of transcription factors
(Murre et al., 1989a; Blackwell and Weintraub, 1990).
Since twi encodes a member of this family, this result
suggests a mechanism of how sna might repress rwi
activation of sim in the mesodermal anlage; bound sna
would prevent rwi from binding and activating sim
expression. Efforts are in progress to define the twi and
dl binding sites within sim regulatory DNA and to
identify the genes involved in the inductive activation
signal from the mesoderm. The technique of in vitro
mutagenesis coupled with germline transformation
will be used to test the in vivo relevance of these
binding sites.

ROLE OF THE SINGLE-MINDED GENE

The D/V genes activate the transcription of a set of
control genes specifically in the mesectoderm. It is the
role of these latter genes to direct the developmental
program of the CNS midline lineage. Genetic studies
have clearly revealed that the sim gene plays a critical
role in this pathway. Originally, the sim locus was
identified on the basis of a mutation which exhibits
a severe CNS defect, characterized by the absence of
commissural axon tracts and fusion of the longitudi-
nal axon tracts along the midline (Thomas et a/., 1988)
(Fig. 3). The expression pattern of sim has been
analysed in detail by in situ hybridization, immunohis-
tochemistry using a sim antibody, and sim/lacZ gene
reporter constructs (Thomas et al., 1988; Crews et al.,
1988; Nambu er al, 1990). Transcripts of sim are
initially detected in the mesectoderm at the cellular
blastoderm stage. As gastrulation takes place, sim
protein is detected in all of the CNS midline nerve cell
precursors. After these cells differentiate into neurons
and glia, sim expression becomes restricted to the three
pairs of midline glia. Antibody staining experiments
reveal that sim protein is at highest concentrations in
cell nuclei.

Initial experiments suggested that the CNS defect
in sim mutants is due to a specific defect in the
formation or positioning of the CNS midline cells; the
lateral CNS appeared relatively unaffected (Thomas
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Fig. 3. CNS phenotype of sim mutant embryos. Wild type and sim mutant embryos were stained with

anti-horseradish peroxidase, which recognizes all nerve cells and their axeons. In sim mutants, there is a

lack of commissural axon tracts and a fusion of the longitudinal axon connectives at the midline. Ventral
views are shown with anterior pointing to the top of the page. (From Crews er al., 1992.)

et al., 1988). More detailed experiments using a
Plsim /lac Z] reporter construct allowed the fate of the
midline cells to be directly followed in sim null
mutants (Nambu er al., 1991). They revealed that the
mutant cells do meet at the ventral midline at gastru-
lation. However, none of the subsequent events as-
sociated with CNS midline development take place.
The mutant midline cells fail 1o undergo their syn-
chronized division and fail to properly extend their
nuclei into the nerve cell precursor layer (Fig. 4A).
The mutant cells retain the rounded shape of
undifferentiated ectodermal cells rather than adopt-
ing their normal morphology, and fail 1o differentiate
into neurons and glia and take their appropriate
positions in the developing CNS (Fig. 4B).

Since sim encodes a nuclear protein and sim mu-
tants have a dramatic effect on CNS midline develop-
ment, it seems likely that simt controls gene expression
in CNS midline cells, This has been tested genetically
by examining the midline expression of 15 genes in
sim mutant backgrounds. The results indicate that all
of these genes require sim function for proper tran-
scription in the CNS midline (Nambu er al., 1990;
Crews er al., 1992) (Fig. 4C). This includes the sim
gene itself, which is autoregulatory.

These results indicate that sim behaves as a master
regulator of midline cell development. This role is
reinforced by experiments in which sim is ectopically
expressed in the embryo (Nambu er al.. 1991). Using
a Drosophifa transgenic strain containing the sim
coding sequence fused to the heat-shock protein 70
(hsp70) promoter, sim was ectopically expressed in all
cells of the embryo. These heat-shocked embryos
were examined for midline gene transcription and
CNS morphology. The results indicate that when sim
is ectopically expressed around gastrulation, it has
the dramatic ability to transform the entire CNS into
CNS midline cells (Fig. 4D). This suggests that sim
acts as a developmental switch which directs a specific
subset of the neuroectoderm to develop into CNS
midline. In summary, sim is expressed carly in neuro-
genesis at the beginning of CNS midline development
and is required for all known developmental events of
the CNS midline lineage, including the transcription
of all genes expressed in the CNS midline.

The single-minded gene encodes a basic-helix—loop—
helix regulatory protein

Insight into the biochemical role of sint comes from
analysis of its protein sequence. Beginning with the
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Fig. 4. Function of the sim gene. (A) Sim is required for the synchronous CNS midline cell division.
Expression of a sim /lac Z reporter construct indicates that there are only half as many midline cells present
in sim mutant (— ) embryos as in wild type (+) after the cell division has normally occurred. Ventral view
shown. (B) Sim mutant midline cells fail to form nerve cell precursors. Cross sections through wild 1ype
and sim mutant embryos carrying a sim /lac Z reporter construct indicate that the mutant midline cells (—}
fail to extend nuclei into the nerve cell precursor layer as in wild type (+). and instead retain the rounded
shape of undifferentiated ectodermal cells. Dorsal is up. (C) Sim is required for midline gene expression.
Midline expression of a Toll/lac Z enhancer trap marker in wild type (+) and in sim mutant (— ) embryos,
Ventral view shown, anterior is 1o left. (D) Ectopic sim expression transforms the lateral CNS and cephalic
region into CNS mudline cells. Expression of a veinlet /lacZ enhancer trap marker in wild type (+) and
hsp 70/sim (hs) embryos. Ectopic expression of sim protein results in activation of the veinfet gene in most
or all cells of the lateral CNS and cephalic region. Dorsal view shown, anterior is to left. (Adapted from
Nambu et al., 1990, 1991.)
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initiator methionine there is a stretch of 56 amino
acids that comprise a basic-helix-loop-helix (bBHLH)
domain (Nambu ez al., 1991). This motif is character-
istic of a large family of vertebrate and invertebrate
proteins that act as DNA binding transcription fac-
tors (Murre et al., 1989b; Benezra et al., 1990). These
proteins function as dimers; the two amphipathic
alpha helices, separated by a variable loop, mediate
dimerization, while the adjacent basic region func-
tions in DNA binding (Murre ez al., 1989b; Davis
et al., 1990). The sim bHLH sequence is distinct from
other bHLH proteins and sim is not a member of the
known subfamilies of bHLH proteins. Nevertheless,
the presence of a bHLH domain strongly suggests
that sim acts by forming homodimers or heterodimers
which bind DNA to directly regulate the transcrip-
tion of target genes.

Additional sequence motifs further suggest that sim
functions as a transcriptional activator. Following
the bHLH domain is a large 270 amino acid region
(Crews et al., 1988) which is present in at least three
other proteins, the Drosophila period (per) protein
(Jackson et al., 1986; Citri et al., 1987), and two
components of the human ary! hydrocarbon receptor
complex (AHRC). the aryl hydrocarbon nuclear
translocator (arnt) (Hoffman et al., 1991) and the aryl/
hydrocarbon receptor (ahr) (Burbach et al., 1992; Ema
et al., 1992). This region has been designated the PAS
(Per-Arnt-Sim) domain and it consists of the PAS-A
and PAS-B boxes, two 51 amino acid repeats separ-
ated by approximately 100 amino acids (Crews et al.,
1988; Nambu 2t al., 1991). The function of the PAS
domain is unknown, yet it is found only in putative
regulatory proteins. The per gene encodes a protein
which is localized mostly to cell nuclei (Siwicki et al.,
1988; Liu et al., 1992). Although it does not contain
a bHLH domain or other known DNA binding
motif, per does autoregulate its own expression
(Siwiki et al., 1988; Hardin et al., 1990). The multi-
subunit 4AHRC resides in the cytoplasm where it
binds a small hydrophobic ligand such as dioxin. The
receptor-ligand complex then translocates into the
nucleus where it binds DNA and activates a group of
genes involved in hydrocarbon metabolism, including
cytochrome P450 (reviewed in Johnson, 1991). Like
sim, both arnt and ahr also encode bHLH proteins
and the relative positions of the bHLH and PAS
domains in all three proteins are very similar,
suggesting shared functions. The sim, arnt and ahr
gene products thus define a novel subtype of bHLH
proteins which may have distinctive functional prop-
erties due to conserved activities of the PAS domain.
Finally, the C-terminal portion of the sim protein
contains homopolymeric stretches of hydrophilic
amino acids including glutamine and proline. These
motifs act as transcriptional activation domains in
other regulatory proteins (reviewed in Mitchell and
Tijan, 1989).

The observation that sim contains a bHLH domain
raises two important questions. Since bHLH proteins
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generally function in vive as heterodimers what is the
bHLH dimerization partner of sim? The second
question concerns that nature of the DNA elements
that the sim/bHLH dimer interacts with to regulate
transcription. The identity of a bHLH partner for sim
is unknown. However, the sim ectopic expression
experiments do indicate that minimally, the bHLH
partner(s) as well as other factors required for mid-
line gene transcription are present throughout the
neuroectoderm and cephalic regions (Nambu ez al,,
1991). Molecular and genetic approaches will be used
to identify and characterize such bHLH partners. In
order to identify sim target DNA elements, germline
transformation experiments have been utilized to
identify small fragments of DNA from the siit, Toll
and sim genes that are sufficient for midline gene
transcription, and thus should contain sim binding
elements (Nambu et al., 1991; Kasai et al., 1992; K.
Wharton, Y. Kasai and S.T.C., unpublished). The
identification of sim DNA binding sites through
germline transformation and biochemical exper-
iments will allow determination of the nature and
number of genes directly regulated by sim.

In principal, sim may guide CNS midline develop-
ment by activating a small set of secondary regulatory
genes which in turn activate a cascade of other
midline genes. Alternatively, sim may function con-
tinuously during midline development to regulate
distinct genes at different times in development or in
different subsets of cells by acting in combination
with different transcription factors. Answers to these
questions will shed considerable light on how master
regulatory proteins control the development of par-
ticular cell lineages.

DIFFERENTIATION OF CNS MIDLINE NEURONS
AND GLIA

As we have discussed, the sim gene plays a promi-
nent role in the development of the entire CNS
midline lineage. Genetic studies have indicated that a
number of other genes are involved in formation of
particular midline neurons and glia. Several such
genes are described below.

The achaete—scute complex

The achaete—scute complex (AS-C) contains four
genes (achaete, asense, lethal-of-scute and scute) that
encode bHLH transcription factors (Villares and
Cabrera, 1987; Gonzalez et al., 1989). Genetic studies
have shown that one or more of these genes are
required for CNS neuroblast formation, including
the median neuroblast (MNB) (Cabrera et al., 1987;
Jimenez and Campos-Ortega, 1990). The lethal-of-
scute gene is expressed in the MNB (Cabrera, 1990;
Martin-Bermudo et al., 1991). The AS-C proteins
can form DNA binding heterodimers with the
bHLH protein daughterless (da), which is broadly
expressed (Caudy er al., 1988; Murre et al., 1989a).
The AS-C and da genes are required genetically for
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the expression of genes involved in lateral neuroblast
development, and they may play a similar role in
formation of the MNB and its progeny.

The slit gene

The slit gene encodes a large secreted protein that
contains multiple sequence motifs consistent with a
role in intercellular signalling or cell adhesion (Roth-
berg et al., 1988; Rothberg et al., 1990; Rothberg and
Artavanis-Tsakonas, 1992). These motifs include
epidermal growth factor (EGF) repeats, leucine-
rich repeats, and the Agrin—Laminin—Perlecan-Slit
(ALPS) domain. The s/it gene is expressed in all of the
midline nerve cell precursors and then becomes re-
stricted to the midline glia (Rothberg er al., 1988).
Null mutations of s/it indicate that formation of the
midline nerve cell precursors is normal, but during
the time of differentiation and cell migration, the
mutant cells fail to take their appropriate positions
and are ultimately excluded from the CNS. This
results in a collapsed CNS phenotype similar to that
observed in sim mutants (Nambu et al., 1990; Roth-
berg et al., 1990). The function of s/it is a mystery; it
may promote adhesion of midline cells or be a factor
required for their proper differentiation and/or
survival.

The ocelliless gene

The ocelliless (oc) gene (previously called ortho-
denticle) encodes a homeobox protein and is likely a
DNA binding transcriptional regulator (Finkelstein
et al., 1990). Initially it is expressed in all of the
midline nerve cell precursors, but later becomes re-
stricted to the midline neurons. Genetic studies indi-
cate that loss-of-function mutations result in a
partially collapsed CNS and an absence of mid-
line neurons, including the VUMs and the MNB
(Finkelstein et al., 1990; Kldmbt et al., 1991).

The spitz group

The spitz group of genes includes pointed (pnt),
sichel (sic), sim, spitz (spi), Star (S) and veinlet (vn)
(Mayer and Nusslein-Volhard, 1988). Several mem-
bers of this group, including spi, S, vn, as well as a
Drosophila Epidermal growth factor receptor homo-
log (Egfr), all share similar mutant CNS defects, a
narrowing of the axon scaffold (Mayer and Nusslein-
Volhard, 1988; Zak et al., 1990). Furthermore, these
mutants each exhibit defects in midline glial for-
mation as well as in ventral epidermis formation
(Mayer and Nusslein-Volhard, 1988; Klambt et al.,
1991; S. H. Kim and S.T.C., unpublished). The spi
gene encodes a protein related to vertebrate trans-
forming growth factor-a« (TGF-x) (Rutledge ef al.,
1992). TGF-« has been shown in vertebrates to be a
ligand for Egfr, suggesting that spi may be a ligand
for Drosophila Egfr (Todaro et al., 1980). The vn gene
encodes a transmembrane protein, and both vn and
Egfr are expressed in the cells of CNS midline,
including the midline glia (Bier er al., 1990; Zak et al.,

1990). Although it is attractive to think that these
genes function in a signalling pathway required for
midline glia formation, it is unclear which cells are
involved and exactly what step in the formation of
midline glia is affected by the mutants. Further
insight will be obtained from mosaic analyses and
additional molecular studies of the expression of
these genes and the biochemical activities of their

products.

Enhancer trap genes

The genes described above have been studied pri-
marily due to their genetic defects in CNS midline
formation. Another large set of midline-expressed
genes have been identified in enhancer trap screens.
This technique utilizes Drosophila strains which each
bear a P-element insertion located at a distinct site
within the genome. The P-element contains the E. coli
lacZ gene coupled to a weak promoter element and
acts as an enhancer tester (O’Kane and Gehring,
1987; Bellen et al., 1989, Bier et al., 1989). Several
large screens have identified a sizeable number of
genes with prominent CNS midline expression
(Klambt et al., 1991; Crews et al., 1992). These
include lines with early midline expression in all of
the precursor cells and those that are expressed in
subsets of cells at later times of development. The
validity of this technique has been demonstrated by
the identification of genes known to function in
CNS midline development, including s/it and on.
The ability to quickly clone the relevant gene and
create mutations suggest this will be an important
tool in understanding CNS midline development and
function.

ROLE OF THE CNS MIDLINE INFORMATION OF THE
VENTRAL EPIDERMIS AND AXON COMMISSURES

The midline cells comprise a distinct neuroanatom-
ical structure whose characteristic development,
morphology and patterns of gene expression suggest
crucial roles in the developing CNS. There are two
aspects of midline cell function which will be dis-
cussed: induction of cell fate in the ventral epidermis
and formation of the commissural axon tracts.

Ventral epidermis formation

The ventral epidermis (VE) of Drosophila is defined
as the ventral-most 50-60 epidermal cells per seg-
ment. Specific cytological and morphological markers
exist for these cells, including trap lines and the
ventral cuticular denticles. Using these markers the
fate of the VE cells can be followed in mutant
backgrounds. Initially, the spirz group of genes (pnt,
sic, sim, spi, § and vn) was shown to have ventral
cuticular defects (Mayer and Nusslein-Volhard,
1988). More recently it was demonstrated that VE cell
formation and gene transcription was absent or
severely reduced in these mutants as well as in Egfr
and oc mutants (S. H. Kim and S.T.C., unpublished).
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This is particularly instructive with respect to sim
mutants, since it has been clearly shown that the sim
gene is never expressed in the VE precursor cells
(Thomas et al., 1988; Crews et al., 1988). Thus, the
conclusion is that VE cell fate requires an inductive
signal from the adjacent CNS midline cells (Fig. 5).

While mutations in sim and the spirz group genes
show defects in both CNS midline and VE develop-
ment, current information suggests that the roles of
these genes in these processes are distinct. The model
proposed is that sim function is required for a signal
(probably spi/TGF-a) to be sent from the midline
and received by Egfr in the adjacent ventral ectoder-
mal cells (S. H. Kim and S.T.C., unpublished). This
signal results in the activation of VE specific gene
expression as well as inducing these cells to divide and
differentiate.

Commissure formation

Individual embryonic nerve cord ganglia consist of
500 neurons which extend axons that associate to-

A

mesectodermal commitment
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gether in an intricate array of fascicles, each contain-
ing 10-15 axons on average. These fascicles form the
longitudinal connectives that lie on either side of the
CNS midline and the two segmentally repeated com-
missures that cross the midline. The formation of the
commissures has been examined in wild type and
mutants with a defective CNS midline. Normally, the
posterior commissure (pc) forms first and contacts
the VUM cells and MP1s (Klimbt ez al., 1991). The
anterior commissure (ac) forms next in close proxim-
ity to the pc. The MGM cells then migrate between
the two commissures and separate them. Mutations in
oc affect the formation of the VUM cell neurons and
progeny of the median neuroblast; in these mutants
no pc forms. Mutations in spi, S and vn both affect
the formation and migration of the midline glia, but
the VUMs appear normal. These mutations result in
a fusion of the axon commissures. A model based on
these experiments suggests that pc formation is de-
pendent on a chemotactic signal or localized inter-
action with the midline neurons (VUMSs and/or

B

VE induction

VE commitment

mature epidermis

Fig. 5. Model of ventral epidermal (VE) cell commitment. This series of schematic embryonic cross-
sections illustrates the formation of the VE. (A) The mesectodermal (MEC) lineage (filled), which lies
adjacent to the mesodermal anlage (MES), becomes committed around the cellular blastoderm and
gastrulation stages, coincident with the expression of the sim gene. The VE and lateral ectodermal (LE)
precursors (stippled) may be equivalent at this time. (B) During germband extension, sim activates
expression of genes that send an inductive signal (arrows) from the MEC to the adjacent VE precursors.
The spitz class genes pnt, spi, S and ve, as well as Egfr and oc, are required for proper VE cell fate. (C)
After the inductive signal, the VE precursors become committed to the VE lineage (dashed). At this time,
neuroblasts (NB) delaminate from the neurogenic ectoderm and form a neuronal precursor cell layer
(stippled and dashed to indicate common origin with LE and VE precursors). The MEC cells undergo
nuclear migration inwards, but remain in close cytoplasmic proximity to the adjacent VE. (D) The VE
cells spread out during dorsal closure and cover the ventral surface of the mature embryo. The NBs
and MEC cells differentiate into a distinctive set of CNS midline cells (ML).
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MP1s) and that separation of the commissures occurs
via the migration of the MGM between the two
commissures.

What molecules are involved in commissure for-
mation? Two candidates are fasciclin I (fas I') and the
gene encoding the Drosophila homolog of the abelson
oncogene (abl). The first molecule, fas I, is a homo-
philic cell adhesion protein that has a novel four
domain structure and a phosphatidylinositol linkage
to the cell surface (Zinn et al., 1988; Elkins et al.,
1990a; Horscht and Goodman, 1990). During com-
missure formation in Drosophila this protein is ex-
pressed on all commissural axons as well as the
surface of the VUMSs. Null mutations of fas 7 are
viable and do not have a CNS phenotype. The second
molecule, abl, is a non-receptor tyrosine kinase that
is expressed on all CNS axons (Gertler ez al., 1989).
Abl mutants also lack a strong CNS phenotype.
However, fas I/abl double mutants show a range of
CNS defects including a lack of both the ac and pc
(Elkins et al., 1990b). This suggests that fas 7 and abl
mediate interactions between commissural axons and
the midline as well as fasciculation of the commis-
sural axons themselves.

Later in development, the expression of both fas I
and fasciclin IIT (fas III) adhesion proteins is pre-
dominantly confined to segments of axons within the
commissures and are largely absent from segments of
the same axons outside the commissures (Patel ef al.,
1987, McAllister et al., 1992). This indicates that
axonal expression of insect surface proteins is pre-
cisely regulated. It will be important to determine
whether the CNS midline plays a causative role in this
process.

THE VERTEBRATE CNS MIDLINE

Although far greater in cellular complexity, the
development of the vertebrate spinal cord in many
ways resembles insect CNS development. A special-
ized set of ectodermal cells, the floor plate, lie at the
ventral midline of the neural tube and play an
important role in commissure formation and estab-
lishing cell identity in the adjacent neuroectoderm
(reviewed in Jessel et al., 1989). The floor plate cells
acquire their identity via an inductive signal from the
underlying notochord (Placzeck ez al., 1990). The
floor plate and the notochord then act to induce cell
fate in the adjacent neuroectoderm (Yamada et al.,
1991). This formally resembles the role of the Droso-
phila CNS midline cells in inducing cell fate in the
adjacent ventral neuroectoderm. Experimental work
has also shown that the floor plate emits a diffusible
molecule that attracts commissural growth cones
(Tessier-Lavigne et al., 1988). As the growth cones
traverse the floor plate, new surface proteins likely to
mediate axon guidance on the contralateral neuro-
ectoderm are induced (Dodd et al., 1988; Furley et al.,
1990). Thus, there are several features which link the
CNS midline cells of vertebrates and insects.
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Given this similarity it will be particularly interest-
ing to see if genes involved in Drosophila CNS midline
development and function are conserved in ver-
tebrates. Genetic and molecular approaches are cur-
rently being pursued. In both the cyclops mutation of
zebrafish and the mouse Danforth short tail mutant
the floor plate cells fail to form, resulting in a fusion
of the lateral sides of the brain and spinal cord (Hatta
et al., 1991; Bovalenta and Dodd, 1991). Of particular
interest are a group of human birth defects that show
midline abnormalities (reviewed in Munke, 1989).
These related disorders, referred to as holoprosen-
cephalies, result in fusion of both lateral brain hemi-
spheres and facial structures. Genetic studies have
indicated that there are at least five loci associated
with holoprosencephaly.

CONCLUSION

The Drosophila CNS is separated by at least 600
million years of evolution from the human brain and,
in comparison, is greatly simplified in structure. Yet
it has become increasingly clear that both organisms
utilize many of the same components and processes
to direct nervous system formation. In the construc-
tion of symmetric neuroanatomical structures, it may
be that there exist important and evolutionarily con-
served properties provided by specialized midline
placed cells. It is likely that further studies of the
development and function of such cells as well as the
genes that control these processes will provide signifi-
cant insight into aspects of CNS formation, function
and evolution.
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