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Summary. In Drosophila, mutations in a class of genes,
the neurogenic genes, produce an excess of neurons. This
neural hyperplasia has been attributed to the formation
of more than the normal number of neuronal precursor
cells at the expense of epidermal cells. In order to find out
whether the neurogenic genes only act at this intial step
of neurogenesis, we studied the replication pattern of the
sensory organ precursor cells by monitoring BrdU incor-
poration in embryos mutant for Notch (N), Delta (DI),
mastermind (mam), almondex (amx), neuralized (neu), big
brain (bib) and the Enhancer of split-Complex (E (spl)-C).
Using temperature sensitive alleles of two of the neuro-
genic genes, DI and N, we also induced an acute increase
of replicating sensory precursors by shifting briefly to the
restricted temperature. We have found that the loss of
function of all the seven neurogenic loci that were tested
causes an increase in replicating sensory precursor cells,
consistent with the model that these neurogenic genes
normally participate in the process of restricting the
number of neuronal precursors. Whereas the temporal
pattern of replication appeared normal in mutants of five
of the seven neurogenic loci, in N and mam embryos
replicating PNS cells are present beyond the time when
they normally undergo replication. Experiments with
colchicine suggest that many of these late replicating cells
may be newly emerging precursors and probably not ad-
ditional cell divisions of already recruited precursors.
Thus, different neurogenic genes may be required over
different periods of time for the specification of sensory
precursor cells.

Key words: Neurogenesis — Drosophila — Neurogenic
genes — PNS — Lineage

Introduction

Early during embryogenesis, a subset of ectodermal cells
in the Drosophila embryo become neuronal precursors
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and undergo stereotyped patterns of cell divisions to
produce neurons. The specification of neuronal precur-
sors may involve the function of two groups of genes,
the proneural genes and the neurogenic genes (reviewed
in Ghysen and Dambly-Chaudiere 1989; Jan and Jan
1990; Campos-Ortega and Jan 1991 ; Artavanis-Tsakon-
as and Simpson 1991). The pronecural genes, such as
the genes of the achaete-scute complex and daughterless,
are required to render groups of ectodermal cells compe-
tent for formation of neuronal precursor cells. Some of
the proneural genes show restricted expression in pro-
neural clusters (Romani et al. 1987, 1989; Cabrera et al.
1987; Martin-Bermudo et al. 1991; Cubas et al. 1991;
Skeath and Carroll 1991, 1992). If the function of one
of the proneural genes is lost all or a specific subset
of neurons are absent (Dambly-Chaudiere and Ghysen
1987; Dambly-Chaudiere et al. 1988; Caudy et al. 1988;
Brand and Campos-Ortega 1988 ; Jimenez and Campos-
Ortega 1990).

Subsequent to the formation of the proneural clus-
ters, the neurogenic genes are thought to be involved
in limiting the number of neuronal precursor cells rec-
ruited from the proneural clusters. Embryos mutant for
the neurogenic genes N, DI, mam, amx, neu, bib and
E(spl)-C all exhibit a similar hyperplasia of neurons
in the central nervous system presumably due to an ex-
cess number of neuroblasts (Lehmann et al. 1981, 1983;
Campos-Ortega 1988; Cabrera 1990; Artavanis-Tsakon-
as and Simpson 1991; Campos-Ortega and Jan 1991).

Hyperplasia of sensory organs is also observed in the
peripheral nervous system of neurogenic mutants (Har-
tenstein and Campos-Ortega 1986). The early pattern
of neuronal precursors in these mutants is similar to
that in the wild-type (Goriely et al. 1991). Shortly after
these first precursors appear near the center of the pro-
neural clusters of the neurogenic mutant embryos many
more cells, perhaps all cells of the proneural clusters,
become neuronal precursors (see also Brand and Cam-
pos-Ortega 1988; Cabrera 1990; Heitzler and Simpson
1991; Goriely et al. 1991; de Celis et al. 1991; Martin-
Bermudo et al. 1991; Skeath and Carroll 1992). It is,
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however, not known if the supernumerary precursor cells
in neurogenic mutants go through cell divisions. Nor
is it known if the neuronal precursors in neurogenic mu-
tants undergo additional cell divisions as compared to
those of the wild-type embryo, or if additional neuronal
precursor cells emerge in these mutants later during de-
velopment. Finally, it has not been established whether
all neurogenic genes function in a similar way in prevent-
ing neural hyperplasia during embryogenesis or whether
they are required only for the initial specification of neu-
ronal precursors.

The neurogenic genes may function at multiple levels
of neurogenesis. During postembryonic development, N
first functions in the choice of an ectodermal cell be-
tween an cpidermal and a neural fate, probably in a
cell autonomous fashion (Heitzler and Simpson 1991;
de Celis etal. 1991), and later N is also required for
the progeny of the neuronal precursors to choose be-
tween the cell fate of a neuron and the cell fate of a
support cell (Hartenstein and Posakony 1990). Multiple
requirements for N have also been found in the develop-
ment of the visual system (Cagan and Ready 1990). It
is not known if some of the other neurogenic genes also
have multiple functions. In the case of bib, it is likely
that during neurogenesis this gene is only required for
the initial specification of neuronal precursors (Rao
et al. 1992).

In wild-type embryos, transplantation of ectodermal
cells from older to younger embryos showed that epider-
mal cells removed from embryos at stages after neuro-
blast segregation can switch to a neural fate in younger
hosts (Technau et al. 1988). These studies suggests that
the competence of ectodermal cells to adopt either epi-
dermal or neural fate can be retained or regained for
a rather long period of time. It is not known whether
any of the neurogenic genes normally function to limit
the recruitment of neuronal precursors later in embryo-
genesis.

In order to compare the effects of different neurogen-
ic mutations on the number and the time of appearance
of neural precursors, we examined the pattern of Bromo-
deoxyuridine (BrdU) incorporation into neuronal pre-
cursors of the peripheral nervous system (PNS) of Dro-
sophila embryos. Most sensory precursor cells emerge
after the peripheral ectoderm has completed its final
wave of mitosis, so that the only replicating cells in these
regions are due to the sensory precursor lineages
(Bodmer et al. 1989). Moreover, both the sensory organs
and their precursors appear in a stercotyped fashion,
thereby allowing ready identification of individual sen-
sory organs and their precursors (Bodmer et al. 1989).

For a better appreciation of the neurogenic gene func-
tions, we studied the phenotypes of an allelic series en-
compassing a range of severity of mutations. We also
examined the effects of removing the maternal contribu-
tion of one of the neurogenic genes which is known
to have its product supplied maternally. In addition to
analyzing the temporal sequence of BrdU incorporation
into neuronal precursors, we used colchicine treatment
to reveal the appearance of new precursor cells, and
different regimes of temperature shift experiments of

temperature-sensitive mutants to examine the temporal
requirement of different neurogenic genes. Our studies
reveal qualitative differences between different neu-
rogenic genes as to when their functions are required
to prevent additional embryonic epidermal cells from
adopting the fate of neuronal precursors.

Materials and methods

Fly stocks. The following fly stock have been used in this study:
Oregon R as the wild-type stock and the neurogenic mutants:
N33l Df)N®, amx' (Lindsley and Gress 1968); N*! (Shellen-
barger and Mohler 1978); mam?®, mam??3, new®*°, DIPT3° DI6B37
(Lehmann et al. 1981, 1983; Lindsley and Zimm 1985, 1990),
bib° 5 (Rao et al. 1990), DI(3R)E(spl)® =471 (deletion of the
distal portion f the E(spl)-C, Knust et al. 1987; Ziemer et al. 1988),
Df(3R)E(spI)®P%¢ (deletion of the complete E(spl)-C including
the neurogenic gene groucho; Lehmann et al. 1981, 1983; Juergens
et al. 1984; Ziemer et al. 1988; Schrons et al. 1992). The mutant
stocks were kept over appropriate balancer chromosomes at 25° C,
except for N*! which was kept homozygous at 18° C. For some
experiments N°¢**/FM7 females were crossed to N**1/Y males and
the transheterozygous embryos were analyzed.

Germline clones. In order to produce embryos that were maternally
as well as zygotically mutant for Notch, N>3¢'1/FM7 females were
crossed to ovo”!/Y males. Mitotic recombinants were generated
by irradiating the progeny about 40-50 h after egg laying with
1000 r X-rays. Emerging N/ovo®" females were crossed to wild-type
males en masse. Since only those germline clones that are genotypi-
cally homozygous for N produce eggs, half of the embryos are
maternally as well as zygotically mutant for Notch, and the other
half is only lacking the maternal componant. Cuticle preparations
of a sample collection revealed the expected reduction in cuticle
formation of about half of the embryos (Jimenez and Campos-
Ortega 1982) which were therefore of the genotype N>5¢11/Y.

Labelling with Bromodeoxyuridine ( BrdU). Embryos were collected
for one hour at 18° C and aged in a moist chamber at 25° C until
they reached the appropriate age unless otherwise indicated. Incor-
poration of the thymidine-analog BrdU (Sigma) into replicating
cells and subsequent immunohistochemical detection was per-
formed as described in Bodmer et al. (1989). Briefly, dechorionated
embryos were permeabilized with octane for 4 min, transferred to
a wide tube containing 1 mg/ml BrdU in insect medium and the
octane evaporated from the surface. After incubation at 25° C for
30 min the embryos were fixed, devitellinized, treated for one hour
with 2N HCI and immunohistochemically stained with anti-BrdU
antibodies (1:50, Becton-Dickinson).

Colchicine treatment. The microtubule depolymerizing activity of
colchicine arrests dividing cells in metaphase. Incubation of em-
bryos with colchicine prior to BrdU labelling will prevent further
replication of the cells locked in metaphase and consequently block
incorporation of BrdU. Those cells that were not dividing during
colchicine treatment will still incorporate BrdU, if they now initiate
replication during the labelling period. This regime was used to
determine if newly emerging PNS precursor cells are responsible
for late replicating cells in the periphery of N and mam mutant
embryos or if this phenotype was due to extended lineages (Figs. 3
and 4). Thus, N*3¢*! and mam?3 embryos, and as controls wild-
type and DI®®37 (at 25° C) embryos, were permeabilized with oc-
tane (see above) at 6 or 7 h of development. Then, embryos were
incubated for 1 h in insect medium containing 0.2 mg/ml colchicine
(same results were obtained with 0.1 or 0.5 mg/ml colchicine). After
several rinses BrdU containing medium was added and embryos
were incubated for 30 min. The subsequent immunohistochemical
staining was carried out as described above.



Temperature-shift experiments with N** qnd DIP37_ For tempera-
ture-shift experiments, homozygous N*! embryos and embryos de-
rived from the DI°B37/TM3 stock were collected at 18° C for 1 h
and incubated in a moist chamber at the same temperature until
they reached a developmental stage corresponding approx. 4-5,
5-6 and 6-7 h of development at 25° C (stage 9, 10 and early
stage 11, respectively, Campos-Ortega and Hartenstein 1985). At
that point, the temperature was shifted to 30 or 32° C for 1 h.
(It was estimated that the embryos developed about twice as fast
as at 25° C). Then, the embryos were quickly prepared for BrdU
incorporation (15-20 min at 30-32° C). The quarter of embryos
expected to be homozygous for DI®%37 could easily be recognized
by the moderate but clearly visible hyperplasia of replicating cells
in the CNS. Embryos kept at 18° C and wild-type, temperature-
shifted embryos served as controls and were indistinguishable from
wild-type embryos kept at 25° C. For some experiments embryos
from the cross, N°*¢*1/FM7 x N''/Y, were subjected to the same
regime. The phenotype observed in N>%¢*1/N*! embryos was only
slightly stronger than for homozygous N*! embryos. In another
experiment, cuticle preparations of N>°¢*! embryos derived from
germline clones (Jimenez and Campos-Ortega 1982) were com-
pared with cuticle preparations from N*! embryos which developed
at 30-32° and whose parents had been kept at 30-32° C for one
or two days prior to embryo collection. The observed phenotypes
were comparable; the dorsal cuticle was reduced to a small patch
hardly more than spiracles and filzkorper (data not shown).

Antibody staining. In order to investigate whether the extra replicat-
ing cells induced by temperature-shifts of N*! and DI®®*” embryos
would give rise to sensory organ cells, a similar temperature-shift
protocol was used as for BrdU labelling (see above), but the em-
bryos were stained with an antiserum against Cut, a nuclear protein
expressed specifically by a subset of sensory organ cells and their
precursors (Blochlinger et al. 1990). Embryos were shifted from
18° C to the non-permissive temperature of 30-32°C for 1 1/4h
before fixation which is the same length of temperature-shift used
for BrdU labelling. After fixation, these embryos were stained with
anti-Cut antibodies described previously (Bodmer and Jan 1987).
The crude anti-Cut serum had been preabsorbed with an equal
volume of fixed 0—4 h old wild-type embryos in order to eliminate
non-specific background staining and was used at a dilution of
1:2000.

Results

The pattern of replication of sensory organ precursor
cells was investigated with BrdU in strong and interme-
diate strength mutant alleles of seven of the known neu-
rogenic loci in Drosophila embryos (see Materials and
Methods). The phenotype of these mutations was ob-
served between 6 1/2 and 11 h of development (at 25° C,
stages 11-14, Campos-Ortega and Hartenstein 1985),
which is after the last mitotic wave of the peripheral
ectoderm (Bodmer et al. 1989). In wild-type embryos the
sensory precursor replication pattern is very stereotyped:
precursors start and terminate their divisions between
51/2 and 8 1/2 h of development. Most of PNS precur-
sors normally become recruited between 5 1/2 and 6
1/2h of development (Goriely et al. 1991) and BrdU
incorporation into these cells is completed between 7
1/2 and 8 1/2 h (Bodmer et al. 1989). Since each sensory
organ appears to derive from a single precursor and
two to three cell divisions are needed to generate all
the cells of a sensory organ, the average cell cycle length
would have to last about one hour (see also Bodmer
et al. 1989), similar to what has been observed for em-
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bryonic cells after cycle 14 (Foe et al. 1989). Therefore,
a 30 min incubation with BrdU was chosen, which is
expected to label almost exclusively precursors in S-
phase before they complete mitosis.

Replication pattern of the supernumerary
Sensory precursors in neurogenic mutant embryos

The mutant phenotype at 6 1/2 h of development is simi-
lar for all the neurogenic genes and varies primarily with
the strength of the allele: All seven genes when mutated
cause a hyperplasia of replicating sensory precursors
(Fig. 1, left panels. The dorsal and lateral PNS cluster
of an abdominal segment are indicated in each panel
by brackets). Compared with the wild-type (Fig. 1A),
the number of BrdU labeled cells in the periphery of
mutant embryos is increased by a factor of 1.5 to 4
(Fig. 1, left panels). These results are consistent with the
view that soon after the first sensory precursors emerge
many more precursors are recruited in neurogenic mu-
tant embryos (see Goriely et al. 1991). The observed hy-
perplasia of replicating cells in the PNS region suggests
that extra precursors start dividing as do the normal
PNS precursors.

In wild-type, BrdU incorporation in the PNS de-
creases progressively with time (Fig. 1A-C, between 6
1/2 and 8 1/2 h of development) as more and more pre-
cursors have completed their cell divisions (Bodmer et al.
1989). When the BrdU incorporation is monitored in
neurogenic mutants (Fig. 1 D-U) the number of replicat-
ing cells in the periphery also decreases with time (Fig. 1,
left panels: 6 1/2 h of development, middle panels: 7
1/2 h of development, right panels: 8 1/2 h of develop-
ment). This is consistent with the idea that in neurogenic
mutants the extra precursors also undergo a limited
number of cell divisions. The N and mam mutant em-
bryos show a much more graded decline of the number
of BrdU labelled cells (Fig. 1 D-I), whereas the temporal
patterns observed in D/, amx, neu, bib and E(spl)-C
mutant embryos are similar to that observed in wild-type
embryos. There are virtually no replicating cells oserved
in the periphery at 8 1/2h in wild-type and mutants
of the latter five neurogenic genes, irrespective of the
strength of the particular mutant allele (Fig. 1J-U, data
for bib and E(spl)-C are not shown). In contrast to
the divisions in the PNS, CNS neuroblasts divide many
more times and continue taking up BrdU for at least
several more hours in mutant as well as wild-type em-
bryos (data not shown). The simplest interpretation for
the observed mutant phenotype of these five loci is that
the observed neural hyperplasia is due to an increased
number of ectodermal cells being recruited as sensory
precursor cells rather than an increased number of cell
divisions of the precursors, though it can not be ruled
out that the cell cycle lengths and the number of cell
divisions are altered in such a fashion in mutants of
these five neurogenic loci that termination of replication
happens at the same time as in wild-type embryos. In
the case of bib, the relative increase in replicating cells
in the PNS has been found to correlate with the increase
in differentiating sensory organs (Rao et al. 1992), con-
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Fig. 1A-U. Hyperplasia of replicating PNS precursors. These mi-
crographs show staged embryos of 6 1/2 (left panels), 7 1/2 (middle
panels) and 8 1/2 h (right panels) of development (at 25° C) corre-
sponding to middle stage 11, late stage 11 and stage 12, respectively
(Campos-Ortega and Hartenstein 1985). All embryos had been in-
cubated with BrdU for 30 min before fixation and anti-BrdU anti-
body staining. Anterior is to the left and dorsal is up. A—-C Show
replication patterns of wild-type embryos. Replication patterns of
homozygous embryos with neurogenic mutations: D-F N3%¢11 G-I
mam?®®, J-L DP?3°, MO DI*®37 (25° C), P-R neu®*®, S-U amx*

embryos. N and mam show moderately strong hyperplasia at 6
1/2 and 7 1/2h (D, E, G, H). The strong neurogenic mutations
DPP?3° and neu®** also show strong hyperplasia of replicating PNS
cells, and DI*®*7 and amx' show moderate PNS hyperplasia. At
8 1/2 h, wild-type (C) as well as DI (L, O), neu (R), amx (U),
bib (not shown) and E(spl)-C (not shown) embryos show almost
no replicating cells in the PNS anymore — regardless of the allele
strength (compare L and O). However, N and mam mutants still
showed a marked excess of replicating cells in the peripheral ecto-
derm at 8 1/2h (F, I). Mutations that were also tested but are



sistent with the idea that the supernumerary precursors
go through the normal number of cell divisions.

The neurogenic mutants, N and mam, resemble mu-
tants of the other five neurogenic genes in the sensory
precursor hyperplasia at the early stages of neurogenesis
(6 1/2 and 7 1/2 h, Fig. 1D, E, G, H). However, at later
times, 8 1/2 to 10h of development, their phenotype
is significantly different: Whereas replication of PNS
cells has ceased in wild-type and five of the neurogenic
mutants at that time (Fig. 1C, L, O, R, U and 2A, B)
many cells of the peripheral ectoderm are still replicating
in N and mam mutant embryos (Fig. 1F, I and 2D,
E). It is only after 10 h when no more replicating cells
can be observed in N and mam mutant embryos
(Fig. 2F). Qualitatively the same result was obtained
when N and mam alleles of different strength were exam-
ined (see below and data not shown).

Since N has a large maternal contribution (Jimenez
and Campos-Ortega, 1982), we wondered whether ma-
ternal contribution may account for the prolonged repli-
cation seen in N mutants. Germline clones of N have
been generated (see Materials and methods) in order
to eliminate any wild-type N gene product from the het-
erozygous mother. A more severe cuticle phenotype was
present in embryos that were maternally and zygotically
mutant for N (data not shown, see Jimenez and Campos-
Ortega 1982). Embryos without maternal N contribution
were also more severely hypertrophic for replicating pe-
ripheral cells at 6 1/2 and 7 1/2 h. Similar to purely
zygotic N mutant embryos, embryos lacking both mater-
nally and zygotically contributed N function also
showed many BrdU labeled PNS cells at 9 and 10 h
(Fig. 2G, H). Therefore, it scems that the normal prod-
ucts of N and mam are not only required during the
time when sensory precursors normally emerge but also
at later times, up to 2 h after the time when neurogenesis
in the PNS normally takes place.

N and mam mutations probably cause the production
of extra precursor cells beyond the normal time window
for neurogenesis in the PNS

The presence of BrdU labeled cells after 8 1/2 h of devel-
opment in the peripheral ectoderm of N and mam mu-

not shown: Df(8)NV® has a similar hyperplasia of replicating cells
in the PNS as N°%¢! mam??? is similar to mam??, Df(3R)E(spl)-
R=471 and DI(3R)E(spl)®P%% are similar to new®*°. pip'1°~3
shows only a moderate hyperplasia of replicating cells in the PNS,
less than that of D/®37 at 25° C. Homozygous mutant embryos
are easily recognized by the large excess of stained nuclei in the
ventral neurogenic region which do not segregate from the ectoder-
mal cell layer. (The ectoderm has terminated its last wave of replica-
tion at 6 h; Bodmer et al. 1989). The dorsal ectoderm in an abdomi-
nal segment of all panels is bracketed. These regions contain the
precursors for the lateral and the dorsal PNS clusters of sensory
organs; the precursors for the ventral PNS clusters are obscured
by replication in the CNS (Bodmer et al. 1989). In moderate to
strong neurogenic mutants the ventral PNS precursors do not form
(R. Bodmer, unpublished), presumably because most ectodermal
cells in the ventral neurogenic region assume a neurogenic fate
(see also Campos-Ortega 1988; Artavanis-Tsakonas and Simpson
1991)
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Fig. 3. Possible mechanisms for the late neurogenic phenotype of
Notch and mastermind. The models are illustrated with the sym-
metrical division pattern of external sensory organ precursors (e.g.
bristles, see Bodmer et al. 1989). In both models it is assumed
that the cell cycle times do not change and that after the first
division there is no prolonged G, phase (see also Bodmer et al.
1989). Model 1 shows the hypothetical case where mutations in
N and mam causes additional precursor cells to emerge even after
about 6 1/2 h, the time PNS precursors in wild-type and the other
neurogenic mutations have stopped incorporating BrdU. Alterna-
tively, it is possible that the PNS precursor lineages in N and
mam are extended (model 2). Both models could explain why at
9 to 10 h of development N and mam embryos still have many
replicating PNS cells

tant embryos could be due to de novo recruitment of
PNS precursors (Fig. 3A), due to additional rounds of
cell division of preexisting precursors (Fig. 3B) or due
to a lengthening of the cell cycle. In order to distinguish
between the first two possibilities (which suppose unal-
tered cell cycle time) we exposed appropriately staged
embryos to colchicine prior to incubation with BrdU
(see Material and methods). This procedure locks divid-
ing cells in metaphase and thereby prevents further cell
divisions or DNA synthesis. With this treatment it is
possible to distinguish cells that have just divided prior
to BrdU incubation from newly emerged precursors that
can still incorporate BrdU (epidermal mitosis stops at
about 6 h of development). Embryos of wild-type, N,
DI (Fig. 4 and 5) and mam (data not shown) were treated
with colchicine for one hour, between six and seven
hours of development. This prevented most of the cells
in wild-type embryos to incorporate BrdU (Fig. 4A),
since division of most PNS precursors precede or overlap
with the duration of colchicine treatment (Bodmer et al.
1989). Similarly, colchicine treated DI/ embryos show
very few labelled cells (Fig. 4E). In N mutant embryos,
on the other hand, BrdU was incorporated into many
cells beneath the peripheral epidermis in the presence
of colchicine (Fig. 4C). Up to about half of the BrdU
labelled cells in N mutant embryos which were not treat-
ed with colchicine remained in colchicine-treated em-
bryos and are likely to correspond to precursor cells
that form at this late stage of development (Fig. 5). In
both wild-type and mutants of these seven neurogenic
genes, the CNS precursors start division before the PNS
precursors and continue dividing for several hours after
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Fig. 2 A-1. Notch mutant embryos with and without maternal con-
tribution. These micrographs show wild-type (A-C), zygotically
mutant N1 (D-F) and maternally and zygotically mutant
N33¢tl (G-T) embryos at 9 h (stage 12) (A, D, G), 10 h (stage 13)
(B,E, H) and 11 h (stage 14) (C, ¥, I) of development. The maternal
component was removed by mitotic recombination in N°>>¢'*/opoP!
germline cells (see Materials and methods). Note that wild-type
embryos show very few replicating cells in the PNS at 9 and 10 h
of development, whereas zygotically as well as maternally and zy-
gotically mutant N embryos still have significant numbers of repli-
cating cells in the periphery at these times. The developmental
age of the embryos was independently confirmed by the following
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criteria: 9 h embryos showed endoreplication in the hindgut, nid-
gut, and the malpighian buds (arrowheads). In 10 h embryos, en-
doreplication is seen in the hindgut, midgut and malpighian buds
which started to elongate. At 11 h the malpighian tubules were
already quite elongated and most of the midgut had stopped endo-
replication except for the central portion (see also Smith and Orr-
Weaver 1991). Even though neurogenic embryos appeared quite
abnormal because of the neuronal hyperplasia, these characteristics
did not seemed to be altered significantly. The approximate extent
of the dorsal ectoderm of one segment is indicated by brackets
in all panels

Fig. 4 A-F. Colchicine effect on the number of late
replicating cells in the PNS of neurogenic mutants.
These micrographs show 7 1/2 to 8 h wild-type (A,
B), N33¢11 (C, D) and DI°®*7 (E, F) embryos that
have been treated with 0.2 mg/ml colchicine for one
hour before BrdU incubation (see Materials and
methods). Left and right panels are the same em-
bryos in different focal planes. Peripheral focus de-
picts labelled cells in the PNS (A, C, E). Sagittal
optical section shows CNS region indicated by ar-
rowheads (B, D, F). In N>°¢!! embryos, many repli-

\ cating cells can be detected in the periphery (C) but

not the CNS (D). Virtually no BrdU positive cells
appear to be present in the PNS (and CNS) of wild-
type (A, B) and DI®¥37 (E, F) control embryos that
received the same colchicine regime. Therefore,
most replicating cells seen in untreated embryos at
7 1/2 h (Fig. 1) are probably precursors that just
completed a cell cycle before BrdU labelling and can
be locked in metaphase with colchicine. Embryos
that were sham-treated without colchicine could not
be distinguished from untreated embryos. The
number of BrdU positive cells is less in colchicine-
treated compared to untreated N°%¢!! embryos (see
Fig. 5), presumably because the precursors that
emerged early were blocked as in wild-type em-
bryos. mam?** embryos have a similar phenotype of
\ late emerging precursors than N embryos (data not
shown)



cessation of PNS precursor divisions. In the colchicine-
treated wild-type, N, D/ and mam mutant embryos,
BrdU incorporation into CNS precursors was blocked.
Thus, these neurogenic mutations did not lengthen the
duration of the cell cycle to much longer than one hour,
so as to allow dividing CNS precursors to escape the
block due to the one hour colchicine treatment. It seems
unlikely that the N and mam mutations should lengthen
the cell cycle length of the PNS precursors but not the
CNS precursors. The persistence of BrdU labelling of
PNS precursors but not the CNS precursors in N and
mam mutants may be accounted for by the depletion
of ectodermal cells available for the recruitment of CNS
precursors. ’

Acute elimination of neurogenic gene function causes
immediate hyperplasia of replicating PNS precursors

In order to test when the normal function of the neu-
rogenic genes is required for controlling the number of
PNS precursors, we have performed temperature shift
experiments using two temperature-sensitive neurogenic
mutations, N*! (Shellenbarger and Mohler 1978) and
DI’®37 (Lehmann et al. 1983). At 18° C N*! is viable
and the number of replicating cells is virtually wild-type
(Fig. 6 A-C, compare with Fig. 1 A-C). In contrast, if
N! embryos are maintained at 30-32° C, the hyperpla-
sia of PNS precursors is similar to that of strong N
mutations (such as N3°°*? data not shown). The D/®837
mutation is lethal, but shows only a mild hyperplasia
of replicating peripheral precursors at 18° C (Fig. 6J-L).
At 25° (Fig. 1M, N and Fig. 5) or at 30-32° C the
number of replicating cells in the PNS of these D/ mu-
tant embryos is increased by two- and three-fold, respec-
tively.

To test the effect of an acute elimination of neurogen-
ic gene function on the number of replicating PNS cells,
we maintained mutant embryos at 18° C until they
reached a developmental age corresponding to that of
4-5, 5-6, or 67 h at 25° C (stage 9 to early stage 11
according to Campos-Ortega and Hartenstein 1985).
The embryos were shifted to the non-permissive temper-
ature of 30-32° C for one hour prior to BrdU exposure
and subsequent fixation (see Materials and methods).
6 1/2 and 7 1/2h old D837 and N*' embryos that
had received this heat-shock regime exhibited a drastic
increase in BrdU labelled PNS precursors (Fig. 6D, E,
G, H. The region of a dorsal abdominal PNS cluster
is bracketed in Fig. 6 and 7). This acute hyperplasia of
PNS precursors was similar to the phenotype of moder-
ately strong N (Fig. 1D, E) and D/ mutations, and was
consistent with a previous report of increased sensory
organ formation in D/*837 embryos subjected to a simi-
lar temperature shift (Hartenstein and Campos-Ortega
1986). This suggest that a more severe neurogenic pheno-
type can be induced with a 1-2 h time period throughout
neurogenesis. Therefore, the normal replication pattern
of PNS precursors requires the wild-type function of
N and D/ at the time of precursor recruitment (5-7 h
of development; Bodmer et al. 1989; Ghysen and O’K-
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Genotype of Embryos
Fig. 5. Colchicine effect on BrdU incorporation in the PNS. Cell
counts of the dorsal abdominal PNS cluster were carried out in
7 1/2 h embryos (see also Bodmer et al. 1989). The Y-axis is the
average number of labelled cells in these clusters. On the X-axis
the genotype and colchicine treatment of the embryos is indicated.
In wild-type (wt) embryos without colchicine (—c) there are 5.3+/
—0.9 S.D. labelled cells (25 abdominal clusters counted), with col-
chicine (4¢) 0.74-/—0.7 S.D. cells (23 clusters). In D37 embryos
(DI) without colchicine there are 10.4+/—2.5 S.D. labelled cells
(40 clusters), with colchicine 1.74+/—0.9 S.D. cells (39 clusters).
In N3%¢'! embryos (N) without colchicine there are 14.3+/—2.3
S.D. labelled cells (32 clusters), with colchicine 7.1+/--2.0 S.D.
(40 clusters)

ane 1989; Gortely et al. 1991). An carlier, partially wild-
type function of these two genes is apparently not suffi-
cient to appreciably attenuate the strength of the mutant
phenotype in the PNS.

Elevating the temperature to the non-permissive level
at later times (after 6-7 h of development at 25° C) had
a different effect in the N*! mutant embryos than in
DI%%37 mutants. Extra replicating cells still are still gen-
erated in the region of the PNS of N mutant embryos
(Fig. 6F) but not of DI/ embryos (Fig. 61). Similar to
homozygous N*! mutants, N*!/N>°¢!! mutants were in-
duced to produce extra BrdU labelled cells by incubation
at 30-32° C for one hour after 6-7 h of development
(data not shown). These additional replicating cells in
the PNS region of N embryos (Fig. 6F) are located just
below the epidermis (as are wild-type PNS precursors),
and they coincide with the position of the normal PNS
clusters (see also Bodmer et al. 1989). Therefore, it is
likely that these late replicating cells are, in fact, neuro-
nal precursors.

In order to examine the identity of the cells in the
PNS region that were acutely induced to replicate in
N and DI/ mutants, we used anti-Cut antibodies as a
marker of sensory organ cells. The Cut protein is known
to be specifically expressed in a subset of sensory organ
cells and their precursors (Blochlinger et al. 1990). N*!
and D/°®37 mutant embryos were shifted to the non-
permissive temperature for 1 1/4 h (same heat-shock re-
gime as for BrdU labelling, Fig. 6) before fixation, and
were subsequently stained with anti-Cut antibodies.
When N*! and DI°®37 mutant embryos were tempera-
ture-shifted at 4-5 and 5-6 h of development and fixed
at 6 1/2 and 7 1/2 h the number of Cut positive cells
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Fig. 6 A-L. Acute inactivation of neurogenic gene function causes
immediate hyperplasia of replicating PNS precursors. Ages of em-
bryos are as in Fig. 1: Left panels are 6 1/2, center 7 1/2 and
right 8 1/2 h old embryos. The region of a dorsal abdominal cluster
is bracketed in the center and right panels. A~C are homozygous
N*1 embryos grown at 18° ¢ (viable at this temperature). They
are indistinguishable from wild-type (compare with Fig. 1 A-C. D-
F are N*' embryos that have been grown at 18° C and shifted
to 32° C one hour prior to incubation with BrdU (see Material
and methods). The extent of hyperplasia of replicating PNS precur-
sors at 6 1/2 (D) and 7 1/2 (E) h is similar to what is seen in
embryos mutant for a strong N allele (Fig. 1D+E). A moderate

was increased as expected (data not shown). When N**
and DI®®37 mutant embryos were temperature-shifted
at 6-7 h of development and fixed at 8 1/2 h, no signifi-
cant difference in the number of anti-Cut labelled cells
were found between D/®237 embryos that were tempera-
ture-shifted and those that were not (data not shown).
By contrast, heat-shocked N*! mutants at this time are
still capable of producing additional, Cut-expressing
cells in the PNS (Fig. 7, a dorsal abdominal cluster is
bracketed). The heatshocked N*! mutant embryos (8
1/2 h of age) have on average 23 Cut-expressing cells
in the dorsal abdominal cluster as compared to 16 such
cells in N*! mutant embryos without heat-shock (e.g.
the one bracketed in Fig. 7). The additional PNS cells
(ca. 7 in the dorsal abdominal cluster) in transiently tem-
perature-shifted N*! mutants correspond, most likely,
to the extra replicating cells seen with BrdU staining

hyperplasia is also seen at 8 1/2h (F), but less severe than in
Fig. 1 F. Arrowheads in (C and F) indicate reclications in the tra-
cheal primordia. G-I are homozygous DI/°®37 embryos grown at
18° C and shifted to 32° C one hour prior to incubation with BrdU.
The phenotype of replicating PNS cells in (G and H) is more severe
than with embryos continuously grown at 25° C (compare with
Fig. 1M +N), or at 18° C (J+K). Shifting the temperature to 32° C
of 6-7h old embryos (8 1/2h old at the time of fixation) that
are homozygous for D/°®*7 fails to induce replication in the PNS
(), similar to Fig. tL, O, R&U). Note, however, that the same
regime used with N*! embryos (F) is still capable to acutely induce
additional replicating PNS precursors

of similarly treated embryos (4-11 cells in the dorsal
abdominal cluster, bracketed in Fig. 6F). This result
suggests that the late replicating cells in N mutant em-
bryos are supernumerary PNS precursors rather than
epidermal cells that have escaped mitotic arrest.

We conclude from these results that the wild-type N
gene product appears to be required until relatively late
stages of neurogenesis (7-9 h of development) in order
to prevent the recruitment of extra PNS precursors. By
contrast, heat-shock inactivation of D/ during this time
did not result in a late hyperplasia of PNS precursors.

In summary, these studies reveal that there are two
classes of neurogenic genes which differ in their temporal
requirement during PNS neurogenesis: All seven neu-
rogenic genes are required initially to ensure the correct
number of PNS precursors. Later, one class (N and
mam) continues to be required in the peripheral ecto-



Fig. 7 A, B. Acute elimination of N function in &*! mutant embryos
causes hyperplasia of PNS precursors which express Cut, a nuclear
protein specifically localized in a subset of sensory organ precur-
sors. Virtually all cells in the dorsal PNS cluster of the abdominal
segments express the Cut protein (a dorsal abdominal PNS cluster
is bracketed). The average number of cut-expressing cells in this
cluster is 16.14+/—1.2 (n=26) in a wild-type embryo at § 1/2h
of development, In a homozygous N*! mutant embryo grown at
18° C (A), the average number is 16.44/—1.7 (n=28). In a homo-
zygous N*! embryo that was shifted from 18° to 30-32° C for
1 1/4 h prior to fixation (B), 23.24+/—2.5 (n=27) cells in the ab-
dominal cluster express Cut. The regime for temperature-shift used
here is the same as the one which led to hyperplasia of replicating
cells that incorporate BrdU (Fig. 6 F). Thus these extra replicating
cells most likely correspond to PNS precursors that express Cut

derm, possibly for maintenance of the commitment to
an epidermal fate. The other class (DI, neu, bib, amx
and E(spl)) apparently is not required for this late epi-
dermal maintenance function.

Discussion

Even though all the neurogenic genes exhibit a similar
hyperplasia of neurons and neuronal precursors (Leh-
mann et al. 1981, 1983 ; Hartenstein and Campos-Ortega
1986; Campos-Ortega 1988), we found that they fall into
two classes according to the time period during which
the normal products of these genes are required, DI,
neu, bib, amx and E(spl)-C belong to one class which
appears to be required during the time when PNS pre-
cursors normally segregate (Fig. 1). By contrast, N and
mam are required not only during normal precursor seg-
regation, but also for a more extended period of time
after the completion of normal segregation of neuronal
precursors (Figs. 1, 2, 6, 7). The experiments with tem-
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perature-sensitive alleles of N and DI suggest that the
functions of these neurogenic genes are required
throughout the period of neuronal precursor formation.
The experiments with colchicine suggest that the N and
mam gene functions are required to suppress late recruit-
ments of PNS precursors (Fig. 4 and 5): Replication in
the PNS can be blocked by colchicine treatment between
6-7 h in D! mutant embryos (Fig. 4E) but replication
Since cell cycle times in the CNS of N mutant embryos
do not appear to be prolonged (Fig. 4C), we favor the
hypothesis that in mutant embryos of the N/mam class
replicating cells emerge de novo after 7h (until about
8 h of development), a phenomenon not observed in
wild-type and in the other neurogenic mutants analyzed.
The identity of the late replicating cells has been con-
firmed with an independent marker for sensory organ
cells (Fig. 7). In a recent report, N*! was used to investi-
gate microchaetae development in the adult fly. It has
been suggested that N* is required to limit the number
of precursor recruitment until the divisions of sensory
mother cells (Hartenstein and Posakony 1990). This re-
sult is consistent with our findings since N mutant em-
bryos show replicating cells in the PNS in the presence
of colchicine after 7 h of development, a time when prob-
ably all precursors started their divisions. Therefore, we
suggest that additional epidermal cells are recruited as
PNS precursors late in neurogenesis in N or mam mu-
tants, and that the epidermal versus neural cell fate is
not fixed, at that time, unless the wild-type N and mam
function is present.

N and mam may have a _function
in maintaining ectodermal cell fates
after segregation of PNS precursors

All the neurogenic genes apparently are required for seg-
regation of the correct number of PNS precursors
(Fig. 1; sec also Goriely et al. 1991). In addition, we
find that, unlike other neurogenic genes, N and mam
are also required to prevent additional cells in the pe-
ripheral epidermis from segregating and dividing even
after all the normal PNS precursors have started divid-
ing. The presence of the N and mam proteins in these
tissues (Kidd et al. 1989; Johanson et al. 1989; Bettler
et al. 1991) is consistent with an additional function of
these genes in the later process of restricting the number
of neuronal precursor cells. It is interesting that DI,
which has been implicated as the ligand for the Notch
protein (Fehon et al. 1990; Heitzler and Simpson 1991),
does not appear to be required at this later stage as
does N. It is possible that the appropriate number of
segregated neuronal precursors is maintained by a gener-
al cell adhesion function of N (Hoppe and Greenspan
1986). This process may be regulated by mam which
encodes a nuclear protein (Smoller et al. 1990) and is
genetically epistatic to N (de la Concha et al. 1988). It
will be interesting to find out if N expression is reduced
in the ectoderm of mam mutants after 7 h of develop-
ment.

In grasshopper, the ablation of a newly segregated
CNS neuroblast results in recruitment of a neighboring
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epidermal cell to take its place (Doe and Goodman
1985), indicating that epidermal cells may retain the
competence to become neural precursors for quite some
time. In Drosophila, ectodermal cells when transplanted
individually from an older to a younger embryo remain
capable in choosing between an epidermal versus a neu-
ral fate for some time, even when transplanted from
embryos that have terminated neuroblast segregation
(Technau et al. 1988). The results reported in this paper
show not only that the neurogenic genes control the
number of neuronal precursors over the normal period
of neuronal precursor formation, but a subset of these
genes (N and mam) are also needed to maintain the cor-
rect number of neuronal precursors.
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