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The Drosophila CNS develops from three columns of neuroectodermal cells along the dorsoventral (DV) axis:
ventral, intermediate, and dorsal. In this and the accompanying paper, we investigate the role of two
homeobox genes, vnd and ind, in establishing ventral and intermediate cell fates within the Drosophila CNS.
During early neurogenesis, Vnd protein is restricted to ventral column neuroectoderm and neuroblasts; later it
is detected in a complex pattern of neurons. We use molecular markers that distinguish ventral, intermediate,
and dorsal column neuroectoderm and neuroblasts, and a cell lineage marker for selected neuroblasts, to show
that loss of vnd transforms ventral into intermediate column identity and that specific ventral neuroblasts fail
to form. Conversely, ectopic vnd produces an intermediate to ventral column transformation. Thus, vnd is
necessary and sufficient to induce ventral fates and repress intermediate fates within the Drosophila CNS.
Vertebrate homologs of vnd (Nkx2.1 and 2.2) are similarly expressed in the ventral CNS, raising the possibility
that DV patterning within the CNS is evolutionarily conserved.
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The Drosophila embryonic central nervous system
(CNS) develops from a bilateral neuroectoderm that
forms adjacent to the specialized cells of the ventral mid-
line. Neuroectoderm on each side of the ventral midline
can be subdivided, on the basis of patterns of gene ex-
pression and neuroblast formation, into an orthogonal
grid of four rows (1, 3, 5, 7) along the anteroposterior (AP)
axis and three columns (ventral, intermediate, and dor-
sal) along the DV axis. The earliest neuroblast array has
four neuroblasts in the ventral column, two in the inter-
mediate column, and four in the dorsal column. Neuro-
blasts divide repeatedly to produce a series of smaller
ganglion mother cells (GMCs), each of which produce
two postmitotic neurons or glia. Every neuroblast is
uniquely identifiable on the basis of its AP and DV po-
sition, and each generates a characteristic family of neu-
rons and glia.

Neuroblast formation is regulated by the proneural
genes achaete, scute, and lethal of scute (for review, see

Campos-Ortega 1993). Each of these proneural genes is
expressed in clusters of 4–6 cells at different positions
within the neuroectoderm (e.g., achaete is expressed in
four clusters, in the ventral and dorsal columns of rows
3 and 7). Proneural genes promote the formation of neu-
roblasts, whereas Delta–Notch signaling inhibits neuro-
blast formation; the balance of proneural and Notch ac-
tivity results in the formation of a single neuroblast from
each cluster (for review, see Campos-Ortega 1993).

What are the cues that specify correct neuroblast iden-
tity along the AP and DV axes? The segment polarity
genes wingless, hedgehog, gooseberry, and engrailed are
expressed in stripes in the neuroectoderm and specify
the AP row identity of neuroblasts (Chu-LaGraff and Doe
1993; Zhang et al. 1994; Skeath et al. 1995; Bhat 1996;
Matsuzaki and Saigo 1996; Bhat and Schedl 1997). Con-
ditional inactivation (for wingless; Chu-LaGraff and Doe
1993) or misexpression (for gooseberry; Skeath et al.
1995) experiments show that segment polarity gene
function is required in the neuroectoderm, prior to neu-
roblast delamination, for the proper specification of neu-
roblast identity.

Less is known about how neuroectoderm and neuro-
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blast fates are established along the DV axis. ventral ner-
vous system defective (vnd) is an NK-2 homeobox gene
expressed in the ventral column of neuroectoderm and
neuroblasts (Jiménez et al. 1995; Mellerick and Niren-
berg 1995). vnd is required to activate proneural gene
expression in a subset of the ventral column neuroecto-
derm and neuroblasts (Skeath et al. 1994), and for the
formation of a subset of ventral and intermediate col-
umn neuroblasts (Jiménez and Campos-Ortega 1990;
Skeath et al. 1994). Although vnd is expressed in the
ventral column and is required for proper neuroblast
formation, the role of vnd in specifying ventral column
identity has not been investigated. Dorsal column neu-
roblast identity is specified, at least in part, by the
muscle segment homeobox (msh) gene (Buescher and
Chia 1997; Isshiki et al. 1997), which is expressed
in the dorsal column neuroectoderm and neuroblasts
(D’Alessio and Frasch 1996; Isshiki et al. 1997).

In this study, we show that Vnd protein is detected in
the nuclei of all ventral column neuroectoderm and neu-
roblasts, and is maintained in a subset of neurons derived
from these neuroblasts. We use three methods to assay
DV column identity in wild-type and vnd mutant em-
bryos; molecular markers specific for different DV col-
umns, cell morphological differences between DV col-
umns, and a cell lineage marker for ventral and interme-
diate column neuroblasts. We show that loss of vnd
transforms ventral column into intermediate column
identity; conversely, ectopic vnd transforms intermedi-
ate column into ventral column identity. We conclude
that the vnd homeobox gene is necessary to specify ven-
tral column cell fate and repress intermediate and dorsal
column fate within the Drosophila CNS. In the accom-
panying paper (Weiss et al. 1998), we show that a newly
identified homeobox gene, intermediate neuroblasts de-
fective (ind), plays a similar role in specifying interme-
diate column fate.

Results

Vnd protein is detected in ventral column
neuroectoderm and neuroblasts

Vnd protein is first detected at the blastoderm stage in
bilateral stripes corresponding to the future ventral col-
umn of the CNS (Fig. 1A). Following gastrulation, stage
8 embryos have Vnd protein in the nuclei of the ventral
midline cells, as well as in the bilateral ventral column
neuroectoderm and neuroblasts (data not shown). By
stage 9, there is little or no Vnd protein in the ventral
midline cells, but Vnd levels remain high in the ventral
column neuroectoderm and neuroblasts (Fig. 1C–F). Dur-
ing these stages, the Vnd protein pattern is identical to
the vnd RNA pattern (Jiménez et al. 1995; Mellerick and
Nirenberg 1995) except that there is a slight lag between
the time of transcription and translation. At stage 11 and
later, Vnd protein is detected in a complex pattern of
neurons including some, but not all, of the neuronal
progeny of the ventral column neuroblasts. For example,
Vnd protein is detected transiently in the U neurons de-

rived from the ventral column neuroblast, NB 7-1 (Fig.
1G). In contrast, Vnd protein is detected in the pCC in-
terneuron, but not its sibling aCC motoneuron, derived
from the ventral column neuroblast, NB 1-1 (Fig. 1H).
Vnd is detected in additional neurons derived from ven-
tral column neuroblasts and is also detected in dorsally
located neurons that may derive from intermediate
or dorsal column neuroblasts that do not express vnd
(Fig. 1H).

Figure 1. Vnd protein pattern in wild-type embryos. (A) Cel-
lular blastoderm, ventro-lateral view. Vnd is detected in two
stripes adjacent to the mesoderm anlagen and extending ∼0%–
90% of egg length. (B) Early stage 9, ventro-lateral view. Vnd is
detected in the ventral column of neuroectoderm. (C) Stage 9,
ventral view. Vnd labels all ventral column neuroectodermal
cells; the ventral midline CNS cells are unstained at this stage.
(D–F) Vnd labels all ventral column neuroblasts at stage 9 (D),
stage 10 (E), and stage 11 (F). (G,H) Vnd is detected in a complex
pattern of GMCs and neurons at stage 11 (G) and stage 15 (H).
Vnd, green; Eve, red; coexpression, yellow. (G) Vnd is detected
in the progeny of the ventral column neuroblasts, including the
U and aCC/pCC (CC) neurons (yellow, arrow) derived from NBs
7-1 and 1-1. Vnd is not detected in the RP2 neuron (arrowhead)
derived from the intermediate column NB 4-2. (H) Vnd is ob-
served in a subset of neurons derived from ventral neuroblasts.
For example, it is detected in pCC but not the sibling aCC
neuron (arrows) derived from NB 1-1. In addition, Vnd is de-
tected in neurons lying near the lateral edge of the CNS (arrow-
head), likely derived from intermediate and/or dorsal column
neuroblasts. Anterior is up; (triangle) ventral midline; (v) ventral
column; (i) intermediate column; (d) dorsal column.
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Loss of vnd transforms ventral to intermediate
column identity

To assay CNS cell fates in embryos lacking vnd function
(vnd embryos), we use markers that specifically label
ventral, intermediate, or dorsal column neuroectoderm
and neuroblasts. We use three ventral column markers:
Achaete, Odd-skipped (Odd), and Prospero (Doe 1992;
Skeath and Carroll 1992; Broadus et al. 1995). Achaete
labels ventral and dorsal column neuroectoderm and
neuroblasts of rows 3 and 7 (Fig. 2A,D), Odd labels the
ventral and dorsal column neuroblasts of row 1 (Fig. 2G),
whereas Prospero labels the ventral column neuroblast
in row 3 (MP2; Fig. 2J). We use two intermediate column
markers: Ind and Huckebein (Chu-LaGraff et al. 1995;
McDonald and Doe 1997; Weiss et al. 1998). Ind labels all
intermediate column neuroectoderm and neuroblasts
(Fig. 3A,D), whereas Huckebein labels the intermediate
neuroectoderm and neuroblasts of row 3 (e.g., NB 4-2)
and the ventral and intermediate neuroectoderm of rows
1 and 5 (Fig. 3G). Lastly, we use the dorsal marker Msh,
which labels all dorsal column neuroectoderm and neu-
roblasts (Fig. 3J; D’Alessio and Frasch 1996; Isshiki et al.
1997). Using these markers, we investigate whether vnd
is necessary or sufficient to specify ventral column iden-
tity within the developing CNS.

In vnd embryos, Achaete, Odd, and Prospero are not
detected in the ventral column neuroectoderm or neuro-
blasts (Fig. 2; Table 1). This phenotype is the result of a
lack of gene expression in the neuroectoderm and in
some neuroblasts, as well as a failure in neuroblast for-
mation (data not shown; Jiménez and Campos-Ortega
1990; Skeath et al. 1994). For example, the ventral col-
umn NB 1-1 forms >80% of the time, yet it is never Odd+

(Fig. 2H). However, absence of a Prospero+ MP2 is the
result of a failure in MP2 formation (Fig. 2K; Skeath et al.
1994). We conclude that vnd is necessary to specify ven-
tral column neuroectoderm and neuroblast identity, and
to form specific ventral column neuroblasts. The ventral
column in vnd embryos could be fully or partially trans-
formed to a different columnar identity (intermediate or
dorsal) or could assume a novel identity. To distinguish
between these two possibilities, we examined interme-
diate and dorsal column markers in vnd embryos.

We find that in vnd embryos, intermediate column
markers are ectopically expressed in the ventral column.
Ind is detected in both ventral and intermediate column
neuroectoderm (Fig. 3B; Table 1) and neuroblasts (Fig. 3E;
Table 1), although because some ventral neuroblasts do
not form in vnd embryos, the intermediate column neu-
roblasts often shift to a more ventral position (Fig. 3E).
The intermediate column marker Huckebein is also de-
tected in both the ventral and intermediate columns of
row 3 neuroectoderm (Fig. 3H; Table 1) and neuroblasts
(13% in the ventral column; n = 311 hemisegments; data
not shown). Expression of Msh in dorsal column neuro-
ectoderm (Fig. 3K; Table 1) and neuroblasts (Table 1) is
normal in vnd embryos. In addition, dorsal column ex-
pression of Achaete and Odd are unchanged (Fig. 2B,E,H;
Table 1). Taken together, our data show that vnd is nec-

essary for the specification of ventral column identity
and the repression of intermediate column identity
within the CNS.

During the course of our gene expression analysis, we
noticed that the ventral column neuroectoderm has a
distinctive cellular morphology. The Vnd+ ventral col-
umn cells are frequently elongated along the DV axis to

Figure 2. Vnd is necessary and sufficient to activate ventral
column gene expression. Expression of the ventral column
markers Achaete (Ac), Odd, and Prospero (Pros) in wild-type,
vnd−, and hs–vnd embryos. (Arrow) Ventral column identity; (*)
intermediate column identity; (arrowhead) dorsal column iden-
tity. (NE) Neuroectoderm; (NB) neuroblast. For other symbols
and orientation, see legend to Fig. 1. (A–F) Achaete staining in
neuroectoderm (A–C, stage 8) or neuroblasts (D–F, early stage 9).
(A,D) In wild-type embryos, Achaete is detected in ventral and
dorsal neuroectoderm and neuroblasts of rows 3 and 7, and is
completely repressed in the intermediate column. (B,E) In vnd−

embryos, Achaete is not detected in ventral column neuroecto-
derm and neuroblasts; expression is normal in the dorsal col-
umn. (C,F) In hs–vnd embryos, Achaete is ectopically detected
in the intermediate column of neuroectoderm and neuroblasts
of rows 3 and 7; expression is normal in the ventral and dorsal
columns. (G–I) Odd staining. (G) In wild-type embryos, Odd
labels a ventral column neuroblast (NB 1-1; arrow) and a dorsal
column neuroblast (NB 2-5; arrowhead), but not the adjacent
intermediate column neuroblast (NB 3-2;*). (H) In vnd− em-
bryos, Odd is not detected in the ventral column NB 1-1; dorsal
column expression is normal. (I) In hs–vnd embryos, there is
ectopic Odd in an intermediate column neuroblast (probably NB
3-2; middle arrow); ventral and dorsal column Odd expression is
normal. (J–L) Prospero staining. (J) In wild-type embryos, Pros-
pero labels the large ventral column MP2 nucleus (arrow) as
well as all smaller GMC nuclei. (K) In vnd− embryos, Pros is not
detected in MP2, because of a failure in MP2 formation. (L) In
hs–vnd embryos, ectopic Prospero is detected in a large nucleus
of an intermediate column neuroblast (right arrow) in addition
to the ventral column MP2 nucleus (left arrow).

vnd specifies ventral column CNS identity
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give them an asymmetry ratio of equal or >1.5 (long axis
divided by short axis), whereas the Ind+ intermediate col-
umn cells are more often round, with an asymmetry ra-
tio closer to 1.0 (Fig. 4A). In vnd embryos, we find that
most ventral column cells fail to assume an elongated
morphology, instead showing a round morphology char-
acteristic of intermediate column cells (Fig. 4B). Taken
together, our molecular marker and cell morphology

analyses show that vnd is required to establish ventral
column gene expression profiles (perhaps by direct tran-
scriptional activation and/or repression) as well as to
induce a cell shape change characteristic of the ventral
column neuroectoderm.

Ectopic vnd transforms intermediate to ventral
column identity

To determine whether vnd is sufficient to specify ventral
column fate, we used an hsp70–vnd transgene to ectopi-
cally express vnd in the intermediate and dorsal columns
of neuroectoderm (see Materials and Methods). In em-
bryos carrying the hsp70–vnd transgene that are heat
shocked to induce ubiquitous vnd expression (hs–vnd
embryos), we find that ventral markers are ectopically
expressed in the intermediate and dorsal columns of the
neuroectoderm and neuroblasts, and that intermediate
and dorsal markers are lost. However, the transforma-
tion of intermediate to ventral cell fate is more complete
than that of dorsal to ventral cell fate, as described be-
low.

In hs–vnd embryos, the ventral column marker Ach-
aete expands into the intermediate column, leading to
Achaete expression extending continuously across ven-
tral, intermediate, and dorsal columns of neuroectoderm
(Fig. 2C; Table 1) and neuroblasts (Fig. 2F; Table 1). Simi-
larly, the ventral neuroblast markers Prospero and Odd
also show ectopic expression in the intermediate column
in hs–vnd embryos (Fig. 2I,L; Table 1). Conversely, hs–
vnd embryos show a loss of intermediate column marker
expression. The intermediate column marker Ind is
strongly repressed or completely abolished in hs–vnd
embryos (Fig. 3C,F; Table 1). The row 3 intermediate
column marker Huckebein is also repressed in hs–vnd
embryos (Fig. 3I; Table 1); Huckebein row 5 expression
appears unaffected, which is not surprising because both
the ventral and intermediate columns express Huck-
ebein in wild-type row 5 neuroectoderm. These results
show that ectopic vnd results in a transformation of in-
termediate column to ventral column identity within
both neuroectoderm and neuroblast cell types.

The dorsal column is mis-specified in hs–vnd em-
bryos, but is not fully transformed into ventral column
identity. In hs–vnd embryos, the row 1 ventral column
marker Huckebein is ectopically detected in the dorsal
neuroectoderm (Fig. 3I; 98% of hemisegments, n = 114),
and the dorsal column marker Msh is partially repressed
(Fig. 3L; Table 1). However, the ventral column marker
Prospero is ectopically expressed in the intermediate col-
umn but not in the dorsal column (Fig. 2L; Table 1).
Thus, ectopic vnd is sufficient to partially transform dor-
sal column to ventral column identity.

vnd regulates ventral column neuroblast cell lineages

To determine the extent to which Vnd controls ventral
column neuroblast identity, we use a neuroblast cell lin-
eage marker, Even-skipped (Eve), to assay the develop-

Figure 3. Vnd represses intermediate and dorsal column gene
expression. Expression of the intermediate column markers Ind
and Huckebein (Hkb) and the dorsal column marker Msh in
wild-type, vnd−, and hs–vnd embryos. (Arrow) Ventral column
identity; (*) intermediate column identity; (arrowhead) dorsal
column identity. For other symbols and orientation see legends
to Figs. 1 and 2. (A–F) Ind staining in neuroectoderm (A–C, stage
8) or neuroblasts (D–F, stage 9). (A,D) In wild-type embryos, Ind
expression is restricted to the intermediate column neuroecto-
derm and neuroblasts. (B,E) In vnd− embryos, Ind is ectopically
expressed in the ventral column neuroectoderm and neuro-
blasts; note that many Ind+ intermediate column neuroblasts
shift ventrally because of loss of ventral neuroblasts. (C,F) In
hs–vnd embryos, Ind is repressed in the intermediate column
neuroectoderm and neuroblasts. (G–I) Huckebein staining in
the neuroectoderm, stage 10; row numbers are indicated. (G) In
wild-type embryos, Huckebein labels the intermediate column
of row 3 and the ventral and intermediate columns of rows 1 and
5. (H) In vnd− embryos, Huckebein is ectopically expressed in
the ventral column of row 3. (I) In hs–vnd embryos, Huckebein
is repressed in the intermediate column of row 3, and ectopi-
cally detected in the dorsal column of row 1. (J–L) Msh staining
in the neuroectoderm, stage 9. (J) In wild-type embryos, Msh
expression is restricted to the dorsal column. (K) In vnd− em-
bryos, the pattern of Msh is identical to wild type. (L) In hs–vnd
embryos, Msh is partially repressed, resulting in small patches
of Msh+ dorsal column neuroectoderm (arrowhead) and neuro-
blasts (data not shown).
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ment of specific ventral and intermediate column neu-
roblasts. Eve labels the progeny of two ventral column

neuroblasts (aCC/pCC neurons from NB 1-1; U/CQ neu-
rons from NB 7-1) and the progeny of one intermediate
column neuroblast (RP2/RP2sib neurons from NB 4-2)
(Fig. 5A; Broadus et al. 1995). The pattern of Eve is a
sensitive indicator for normal cell fates within these
neuroblast cell lineages (see Doe et al. 1988a; Duffy et al.
1991; Chu-LaGraff and Doe 1993; Skeath et al. 1995).

In vnd embryos, the Eve+ aCC/pCC and U/CQ neu-
rons, derived from ventral column neuroblasts, are never
detected (Fig. 5B; n = 162 hemisegments). NB 1-1 forms
and produces Prospero+, Eve− GMCs (data not shown; see
Fig. 2K); thus loss of Eve from the aCC/pCC neurons is
caused by an alteration in NB 1-1 identity or cell lineage.
In contrast, the absence of the Eve+ U/CQ neurons is the

Figure 4. vnd regulates ventral column cell morphology. Cam-
era lucida tracings of neuroectoderm in wild-type and vnd− em-
bryos. Cells with an asymmetry ratio (long axis divided by short
axis) of 1.5 or greater are black and shown as a percentage below
and the number of cells counted are indicated. Ind+ cells are
shown in gray and their boundary is indicated by the black line.
Ventral midline, dotted line. For other symbols and orientation
see legend to Fig. 1. (A) In wild-type embryos at late stage 8, 64%
of the ventral column neuroectodermal cells are elongated
(black; asymmetry ratio of 1.5 or more), whereas only 25% of
the intermediate column neuroectodermal cells are elongated
(black), the remainder being round (asymmetry ratio of 1.0–1.5).
(B) In vnd− embryos at late stage 8, both ventral and intermedi-
ate columns are Ind+ (gray) and both columns now have only
24% elongated cells (black).

Figure 5. Vnd regulates neuroblast cell lineages. (A) In wild-
type embryos, Eve is detected in the aCC/pCC/U/CQ neurons
derived from ventral column neuroblasts 1-1 and 7-1 (v) and in
the RP2/RP2sib neurons derived from the intermediate column
neuroblast 4-2 (i). (B) In vnd− embryos, the Eve+ RP2/RP2sib
neurons are duplicated (i; the two large cells are RP2, the two
small cells are RP2sib), whereas the Eve+ aCC/pCC/U/CQ neu-
rons are not detected. (C) In hs–vnd embryos, the Eve+ aCC/
pCC/U/CQ neurons are duplicated (v); the fate of the Eve+ RP2/
RP2sib neurons was not scored in this experiment. For other
symbols and orientation see legend to Fig. 1.

Table 1. Vnd activates ventral markers and represses intermediate and dorsal markers

Markera

Wild type (%) vnd− (%) hs–vndb (%)

v i d v i d v i d

Ventral
Achaete NE 100 0 97 0c 0c 100c 100 94 100
Achaete NB 99 0 100 0c 0c 100c 100 33 100
Odd NB 100 0 100 0 0 100 100 23 100
Prospero MP2 100 0 0 0 0 0 100 12 0

Intermediate
Ind NE 0 100 0 100 100 0 0 d 0
Ind NBe 0 100 0 94 100 0 0 d 0
Huckebein NEf 0 100 0 100 100 0 0 0 0

Dorsal
Msh NE 0 0 100 0 0 100 0 0 d

Msh NB 0 0 100 0 0 100 0 0 d

aA minimum of five embryos and 112 hemisegments were assayed for each phenotype.
bOnly embryos with a phenotype in at least one hemisegment were scored.
cResults from Skeath et al. (1994).
dInd and Msh expression in the neuroectoderm and neuroblasts of hs–vnd embryos is partially repressed; neither marker resembles the
wild-type pattern.
eIn vnd− embryos, only hemisegments containing one or more neuroblasts were scored.
fHuckebein expression in row 3; for row 1, see text.
(NE) Neuroectoderm; (NB) neuroblast; (v) ventral column; (i) intermediate column; (d) dorsal column.
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result of failure of their parental NB 7-1 to form (see
section below). In addition, vnd embryos show a dupli-
cation of the Eve+ RP2/RP2sib neurons derived from the
intermediate column NB 4-2 (Fig. 5B; 12%; n = 160
hemisegments). This phenotype is the result of a trans-
formation of a Huckebein− ventral column neuroblast
into a duplicate Huckebein+ intermediate column NB
4-2 (data not shown).

Is vnd sufficient to induce ventral neuroblast cell lin-
eages in the intermediate or dorsal column neuroblasts?
In hs–vnd embryos, an excess number of the ventral col-
umn Eve+ aCC/pCC and U/CQ neurons develop (Fig.
5C). Because hs–vnd produces intermediate to ventral
transformations of neuroblast identity, we think it is
likely that the excess aCC/pCC and U/CQ neurons de-
velop from duplicated ventral column neuroblasts (NBs
1-1 and 7-1). However, we cannot rule out the possibility
that ectopic vnd triggers duplication of GMC identities
or excess rounds of cell division. We conclude that loss
of vnd results in a transformation of ventral to interme-
diate column neuroblast identity that is maintained in
the cell lineage of at least three neuroblasts (NBs 1-1, 7-1,
and 4-2), and ectopic vnd results in the converse trans-
formation of intermediate to ventral column neuroblast
identity that is maintained in the cell lineage of at least
two neuroblasts (NBs 1-1 and 7-1).

vnd regulates neuroblast formation

Defects in the formation of ventral and intermediate col-
umn neuroblasts in vnd embryos have been described
(Jiménez and Campos-Ortega 1990; Skeath et al. 1994).
Here, we confirm this phenotype, showing that there is a
loss of ventral column neuroblasts, particularly MP2 and
NB 7-1 (Fig. 2). In addition, we show that in hs–vnd em-
bryos, there is precocious formation of neuroblasts in the
intermediate column. In wild-type embryos, intermedi-
ate column neuroblasts form at mid-stage 9 (Doe 1992),
but in hs–vnd embryos these neuroblasts form earlier, at

early stage 9, about the time the adjacent ventral column
neuroblasts are forming (Fig. 2F). These data provide ad-
ditional evidence for a transformation of intermediate to
ventral column identity.

vnd regulates dorsoventral patterning
of the procephalic neuroectoderm

vnd, msh, and ind are each expressed in the procephalic
ectoderm: Vnd in a ventral domain, Ind in three small
clusters of cells (1, 2, 3) at intermediate positions, and
Msh in a dorsal domain (Fig. 6). There are two differences
in gene expression and regulation in the procephalic re-
gion compared with the thoracic and abdominal neuro-
ectoderm. First, Vnd and Msh share an extensive border,
only interrupted by two small islands of Ind+ cells (Fig.
6A). In vnd embryos, Msh expands into the ventral do-
main of the procephalic neuroectoderm (Fig. 6C), show-
ing that Vnd is required to repress msh expression in the
head. Consistent with this result, misexpression of vnd
leads to repression of msh (Fig. 6D). Second, the Ind+

anterior cell cluster 1 appears to coexpress Vnd (Fig. 6
and data not shown); coexpression of Vnd and Ind is
never observed in the thoracic and abdominal neuroec-
toderm. Surprisingly, vnd embryos show a loss of the
Ind+ cluster 1 (Fig. 6F), and misexpression of vnd does
not affect Ind expression in cluster 1 (Fig. 6G); thus, in
this domain of the embryo, Vnd is required for the de-
velopment of the Ind+ cluster 1. Because the Ind+ cells of
cluster 1 are primarily restricted to neuroblasts, one pos-
sibility is that loss of vnd in the neuroectoderm leads to
a failure of neuroblast formation and thus to a loss of
Ind+ cells, rather than that Vnd directly activates ind
transcription in this domain.

The remaining two Ind+ cell clusters (2 and 3) are ex-
pressed and regulated in a manner consistent with the
thoracic and abdominal neuroectoderm. Both Ind+ cell
clusters 2 and 3 directly abut Vnd+ cells but do not ex-
press Vnd (Fig. 6E). In vnd embryos, the Ind+ cluster 3

Figure 6. Vnd represses ind and msh ex-
pression in the procephalic neuroecto-
derm. (A) In wild-type embryos Vnd
(brown) and Msh (blue) are detected in
nonoverlapping domains within the proce-
phalic neuroectoderm at stage 9. Ind is ex-
pressed in three domains (see E); domain 1
coexpresses Vnd, whereas domains 2 and 3
do not express either Vnd or Msh (data not
shown). (B–D) Msh expression. In each
panel, the approximate wild-type bound-
ary is indicated by a broken line. (B) In
wild-type embryos, Msh is detected in dor-
sal/posterior neuroectoderm. (C) In vnd− embryos, Msh expands into the ventral/anterior ectoderm. (D) In hs-vnd embryos, Msh is
partially repressed, most frequently in the most ventral portion of the cluster. (E–G) Ind expression. (E) In wild-type embryos, Ind labels
three small cell clusters (1, 2, 3). Cluster 1 coexpresses Vnd and the staining is primarily restricted to neuroblasts; clusters 2 and 3 do
not express Vnd or Msh and the staining is equally strong in neuroectoderm and neuroblasts. Cluster 3 is an extension of the
intermediate column expression in the germ band. (F) In vnd− embryos, cluster 1 is missing, cluster 2 is unaffected, and cluster 3
expands ventrally and anteriorly. (G) In hs–vnd embryos, Ind is repressed in cluster 2 and 3, whereas cluster 1 is unaffected. For other
symbols and orientation see legend to Fig. 1.
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expands ventrally into the domain normally expressing
vnd, whereas Ind+ cluster 2 appears unaffected (Fig. 6F).
Misexpression of vnd represses ind expression in clus-
ters 2 and 3 (Fig. 6G). Thus, vnd can both activate ind
(cluster 1) or repress ind (clusters 2 and 3) depending on
the position within the procephalic neuroectoderm.

Discussion

The Vnd NK-2 type homeodomain protein is localized to
the ventral column neuroectoderm and neuroblasts, and
has a complex pattern in mature neurons. Analysis of
molecular and morphological markers shows that loss of
vnd produces a transformation of ventral to intermediate
column identity, whereas ectopic vnd leads to a trans-
formation of intermediate to ventral column identity.
We conclude that Vnd plays a fundamental role in estab-
lishing ventral column identity within the Drosophila
CNS.

Vnd expression during neurogenesis

Vnd is restricted to bilateral ventral columns of neuro-
ectoderm, neuroblasts, and GMCs; it is transiently de-
tected in the ventral midline cells. Later in neurogenesis,
Vnd is detected in a subset of the neuronal progeny of
ventral column neuroblasts (e.g., in pCC but not in the
sibling aCC neuron derived from NB 1-1), and in addi-
tional neurons possibly derived from intermediate or
dorsal column neuroblasts. This change in spatial pat-
tern of expression is characteristic of many segmenta-
tion genes, which are utilized for patterning the neuro-
ectoderm but then display a novel spatial distribution
and function within neurons of the CNS (Carroll and
Scott 1985; Frasch et al. 1987; Doe et al. 1988a,b;
Jiménez and Campos-Ortega 1990; Duffy et al. 1991). It
is likely that Vnd has at least two functions in the CNS:
an early DV patterning function, and a later function in
neuronal determination or differentiation.

vnd promotes neuroblast formation

MP2 and NB 7-1 are always missing in vnd embryos, yet
other ventral column neuroblasts are much less affected
(this paper; Jiménez and Campos-Ortega 1990; Skeath et
al. 1994). One possible explanation is that vnd acts in
combination with achaete and scute to promote the for-
mation of MP2 and NB 7-1 (these are the only ventral
column neuroblasts that express all three genes, all oth-
ers express vnd and lethal of scute; Skeath et al. 1994).
Embryos lacking achaete and scute can still form an
MP2 neuroblast in a small percentage of cases, but if vnd
is absent, MP2 never forms (this paper; Skeath et al.
1994). Thus, vnd must have an additional role in pro-
moting neuroblast formation apart from activating ach-
aete and scute expression.

In addition to the high frequency loss of MP2 and NB
7-1 in vnd embryos, there is a low frequency loss of other
ventral and intermediate column neuroblasts (Jiménez

and Campos-Ortega 1990; Skeath et al. 1994). Loss of
ventral neuroblasts may be the result of an autonomous
function of vnd, but the loss of intermediate column
neuroblasts is harder to explain because vnd is not ex-
pressed in the intermediate column during neuroblast
formation. We favor the hypothesis that vnd acts to cre-
ate distinct proneural clusters (ventral vs. intermediate)
within each row of neuroectoderm. In the absence of
vnd, cells in each row behave as if they are in a single,
enlarged proneural cluster spanning both ventral and in-
termediate columns, and thus may occasionally only
generate a single neuroblast. This could lead to the ob-
served low frequency, variable loss of ventral and inter-
mediate neuroblasts. Alternate explanations are as fol-
lows: (1) vnd is transiently expressed in the intermediate
column anlagen during blastoderm stage, in which it au-
tonomously functions to promote neuroblast formation;
and (2) that vnd is required in the ventral column to
generate a nonautonomous signal promoting neuroblast
formation in the intermediate column.

When vnd is misexpressed, the spatiotemporal pattern
of neuroblast formation in the intermediate column is
altered to a pattern closely resembling that of the ventral
column. Intermediate column neuroblasts form earlier,
at the same time as ventral column neuroblasts. There
are also more than the normal number of intermediate
column neuroblasts, closer to the number observed in
the ventral column. These observations provide addi-
tional evidence for a transformation of intermediate to
ventral column identity in hs–vnd embryos.

vnd establishes ventral column neuroectoderm
and neuroblast identity

When does vnd specify ventral column identity? The
earliest phenotypes observed in vnd loss- and gain-of-
function embryos are alterations in neuroectoderm gene
expression and cell morphology. Moreover, when vnd is
ectopically expressed in the neuroectoderm, it is suffi-
cient to induce ventral column neuroblast identity, but
not when expressed after neuroblast formation (data not
shown). Identical results were found for the specification
of neuroblast identity along the AP axis by the segment
polarity genes wingless and gooseberry (Chu-LaGraff and
Doe 1993; Skeath et al. 1995). Thus, neuroblast specifi-
cation along both the AP and DV axes is established in
the neuroectoderm, just prior to neuroblast formation.

Vnd activates the expression of genes required for ven-
tral neuroectodermal cell identity and represses the ex-
pression of genes characteristic of the intermediate and
dorsal columns of the neuroectoderm (Fig. 7). For ex-
ample, vnd is required to keep ind expression out of the
ventral column neuroectoderm and neuroblasts. Vnd
protein directly binds three target sequences in the pro-
moter of ind (Weiss et al. 1998), consistent with direct
repression of ind. We cannot distinguish whether Vnd
directly represses other intermediate column genes (e.g.,
huckebein in row 3) or whether Vnd directly activates
transcription of ventral column genes (e.g., achaete and
odd). Alternatively, Vnd may act indirectly to modulate
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the expression of these genes, perhaps exclusively
through repression of ind expression.

Vnd regulates the expression of ind, achaete, odd, and
huckebein within the ventral column, but Vnd also is
required to establish the elongated cellular morphology
characteristic of the ventral column neuroectoderm. The
mechanism by which transcription factors regulate cell
or tissue morphology is an important but difficult prob-
lem. To make progress, one approach would be to char-
acterize Vnd transcriptional targets, which may uncover
genes involved in cytoskeletal rearrangements or cell
shape changes.

Parallels with vertebrate neural patterning

Recent work has revealed striking parallels between the
development of the vertebrate and Drosophila CNS. The
neuroectodermal territory is established by Short gastru-
lation/Chordin-mediated repression of Decapentaplegic/
BMP-4 activity in both Drosophila and vertebrates (for
review, see Bier 1997; Holley and Ferguson 1997). Within
the Drosophila neuroectoderm, the ventral column is
specified by vnd function (this paper; Skeath et al. 1994),
the intermediate column is specified by ind function
(Weiss et al. 1998), and the dorsal column appears to be
partially or completely specified by msh function (Is-
shiki et al. 1997). Interestingly, the closest vertebrate
homologs to each of these three genes is expressed in

analogous DV domains during neurogenesis: The mouse
Nkx2.1, Nkx2.2, and Nkx2.9 genes are vnd homologs
expressed in ventral neuroectoderm domains adjacent to
the floor plate (Guazzi et al. 1990; Price et al. 1992; Pabst
et al. 1998); the mouse Gsh-1 and Gsh-2 genes are ind
homologs expressed in intermediate neuroectodermal
domains (Hsieh-Li et al. 1995; Valerius et al. 1995); and
the mouse Msx genes are homologs of msh expressed in
dorsal neuroectodermal domains (for review, see David-
son 1995). To determine whether the Nkx, Gsh, and Msx
homeobox genes control DV patterning of the vertebrate
CNS, similar to the function of the Drosophila vnd, ind,
and msh genes, may require the generation of double or
triple knockouts to overcome possible functional redun-
dancy among the closely related genes within each fam-
ily.

Materials and methods

Drosophila strains, transgenic flies, and heat
shock conditions

The yellow white and white strains were used for wild-type
analysis. The vnd6 allele (Jiménez and Campos-Ortega 1990)
was used for vnd loss-of-function analysis. Standard molecular
techniques were used to make the hs–vnd construct. A partial
EcoRV restriction digest of the vnd cDNA generated a 2.44-kb
fragment containing the vnd ORF plus 18 bp of 58 and 257 bp of
38 untranslated sequence. This was cloned into the pHSBJ-
Casper vector (Jones and McGinnis 1993). The hs–vnd construct
was coinjected with pPi25.7wc DNA into white embryos as
described by Spradling (1986) and multiple independent inser-
tions into the third chromosome were generated. Four hs–vnd
lines were identified that expressed high levels of Vnd through-
out the embryo. The following protocol was used to misexpress
Vnd: 1 hr embryo collections were aged for 3 hr at room tem-
perature, placed on a coverslip in a solution of PBS and 70%
glycerol, and heat shocked for 7 min at 36°C; following a 1 hr
recovery on grape juice agar, a second heat shock was performed
by the same conditions. The embryos were aged 90 min (to
obtain stage 9 embryos) or 2.5 hr (to obtain stage 11 embryos)
and fixed by standard methods (Doe 1992). For some experi-
ments, four heat shocks (with a 30 min recovery between heat
shocks) were performed by the identical protocol; embryos were
subsequently aged 2.5 hr before fixation. white embryos that
were simultaneously subjected to identical heat-shock condi-
tions did not exhibit defects. When embryos were heat shocked
before 3 hr of development, white embryos developed normally,
whereas hs–vnd embryos failed to develop.

Antibody production and staining

To generate the anti-Vnd antibody, a 1.68-kb fragment extend-
ing from the translation start site into the first helix of the
homeodomain was cloned into the pRSET C vector (Invitrogen)
and the fusion protein was purified under denaturing condi-
tions. Rabbits were immunized five times with 200 µg of rena-
tured antigen and bled out following the final boost. Following
ammonium sulfate precipitation of IgG from the serum, Vnd-
specific antibodies were affinity purified from the rabbit serum
with renatured antigen cross-linked to AminoLink Plus Cou-
pling gel (Pierce) as described in Mellerick et al. (1990).

Embryo fixation, antibody staining, and identification of ho-

Figure 7. Vnd is necessary and sufficient to establish ventral
column identity in the CNS. Cartoon summary of gene expres-
sion patterns along the DV axis in wild-type, vnd− and hs–vnd
embryos. (Rectangles) Neuroectoderm; (circles) neuroblasts;
(vm) ventral midline cells; (d ecto) dorsal ectoderm. In wild-type
embryos, the ventral column (black, v) expresses Vnd, and the
Achaete, Odd, and Prospero markers; the intermediate column
(gray, i) expresses Ind and Huckebein; and the dorsal column
(white, d) expresses Msh, Achaete, and Odd. In vnd− embryos,
the ventral column is transformed into an intermediate column
identity; the dorsal column is unaffected. Neuroblasts in the
ventral column occasionally do not form (broken line). In hs–
vnd embryos, the intermediate column is transformed into a
ventral column identity, and the dorsal column shows a mix-
ture of dorsal and ventral markers (stipple) suggesting a partial
dorsal to ventral column transformation.

McDonald et al.
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mozygous mutant embryos were performed as in McDonald and
Doe (1997). Primary antibodies were used at the following di-
lutions: mouse anti-Achaete monoclonal (990E5F1; 1:10;
Skeath and Carroll 1992); rabbit anti-b-galactosidase serum (1:
3000; Cappel); rat anti-b-galactosidase monoclonal (Srinivasan
et al. 1998); mouse anti-Eve (2B8; 1:10; Patel et al. 1994); rat
anti-Huckebein serum (1:50; McDonald and Doe 1997); rabbit
anti-Msh serum (1:500; T. Isshiki and A. Nose, unpubl.); rat
anti-Ind serum (1:500; Weiss et al. 1998); rabbit anti-Odd (1:
2000; E. Ward and D. Coulter, unpubl.); mouse anti-Prospero
monoclonal (MR2A; 1:4; Spana and Doe 1995); and rabbit anti-
Vnd serum (1:10). Secondary antibodies of the appropriate spe-
cies conjugated to biotin (Vector Labs), alkaline phosphatase
(Southern Biotechnology Associates), DTAF and Cy5 (Jackson
Immunoresearch) were used at a dilution of 1:400. Histochem-
ical detection was done with the Vectastain Elite kit (Vector
Labs) in conjunction with the Renaissance TSA Indirect kit
(NEN). Embryos were dissected, mounted in 85% glycerol, ex-
amined on a Zeiss Axioplan microscope, and images were cap-
tured with a Sony DKC-5000 digital camera or traced with a
camera lucida drawing tube. Fluorescent stainings were visual-
ized on a Biorad MRC 1024 confocal microscope. Figures were
assembled in Adobe Photoshop.
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Note added in proof

Results similar to ours have been obtained independently by
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1998. Formation and specification of neutral neuroblasts is con-
trolled by vnd in Drosophila melanogaster. Genes & Dev. (this
issue).
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