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Abstract

The serotonergic lineage (NB7–3) in the Drosophila ventral nerve cord produces six cells during 

neurogenesis. Four of the cells differentiate into neurons: EW1, EW2, EW3 and GW. The other 

two cells undergo apoptosis. This simple lineage provides an opportunity to examine genes that 

are required to induce or repress apoptosis during cell specification. Previous studies have shown 

that Notch signaling induces apoptosis within the NB7–3 lineage. The three EW neurons are 

protected from Notch-induced apoptosis by asymmetric distribution of Numb protein, an inhibitor 

of Notch signaling. In a numb1 mutant EW2 and EW3 undergo apoptosis. The EW1 and GW 

neurons survive even in a numb1 mutant background suggesting that these cells are protected from 

Notch-induced apoptosis by some factor other than Numb. The EW1 and GW neurons are mitotic 

sister cells, and uniquely express the transcription factor Hunchback. We present evidence that 

Hunchback prevents apoptosis in NB7–3 lineage during normal CNS development and can rescue 

the two apoptotic cells in the lineage when it is ectopically expressed. We show that hunchback 
overexpression produces ectopic cells that express markers similar to the EW2 neuron and changes 

the expression pattern of the EW3 neuron to a EW2 neuron. In addition we show that hunchback 
overexpression can override apoptosis that is genetically induced by the pro-apoptotic genes grim 
and hid.
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INTRODUCTION

Apoptosis is an essential process in the development and maintenance of an organism. 

It eliminates excess cells during development, it plays a role in tissue homeostasis, and 

it removes cells that have undergone DNA damage (Ambrosini et al., 2017; Fuchs and 

Steller, 2011; Pinto-Teixeira et al., 2016; Suzanne and Steller, 2013; Teng and Toyama, 

2011). Defects in apoptosis can lead to various pathologies including cancer (Fadeel and 

Orrenius, 2005; Favaloro et al., 2012; Fogarty and Bergmann, 2017; Hanahan and Weinberg, 

2000; Perez-Garijo, 2018; Perez-Garijo and Steller, 2015; Singh et al., 2019). During 

neurogenesis all cell types in the CNS including neural stem cells, neurons and glial 

cells undergo apoptosis. In the ventral nerve cord (VNC) of Drosophila almost all of the 

cell lineages have been shown to have a specific number of progeny cells that undergo 

apoptosis (Pinto-Teixeira et al., 2016; Rogulja-Ortmann et al., 2007; Schmid et al., 1999; 

Yamaguchi and Miura, 2015). Here we examine the role of Hunchback (Hb) as an inhibitor 

of Notch-induced apoptosis in the Drosophila serotonergic NB7–3 lineage.

In the segmented VNC of the Drosophila CNS each hemisegment repeats a stereotypic array 

of approximately 30 neuroblasts (NB) (Bossing et al., 1996; Broadus et al., 1995; Doe, 

1992; Goodman and Doe, 1993; Hartenstein and Campos-Ortega, 1984; Schmid et al., 1999; 

Schmidt et al., 1997). The NBs give rise to smaller precursor cells called ganglion mother 

cells (GMCs). Each GMC divides once to generate two progeny cells. The NB7–3 lineage 

generates three GMCs designated, GMC1, GMC2, and GMC3 (Fig. 1A) (Bossing et al., 

1996; Dittrich et al., 1997; Higashijima et al., 1996; Isshiki et al., 2001; Lundell and Hirsh, 

1998; Schmid et al., 1999). GMC1 gives rise to two cells, EW1 and GW, which differentiate 

into the medial serotonin neuron and a motor neuron respectively. GMC2 gives rise to 

EW2, which differentiates into the lateral serotonin neuron, and EW2-sib that undergoes 

Notch-induced apoptosis. GMC3 gives rise to EW3, which differentiates into a corazonin 

producing neuron, and EW3-sib that undergoes Notch-induced apoptosis (Isshiki et al., 

2001; Karcavich and Doe, 2005; Lee and Lundell, 2007; Lundell et al., 2003; Novotny et 

al., 2002). The EW neurons are protected from Notch-induced apoptosis by Numb protein 

that asymmetrically distributed into these cells during cell division (Karcavich and Doe, 
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2005) and is an inhibitor of Notch-signaling (Guo et al., 1996). In a numb1 mutant EW2 and 

EW3 undergo apoptosis but EW1 survives 90% of the time (Lundell et al., 2003). The GW 

motor neuron which does not receive Numb protein during cell division has active Notch 

signaling, but is protected from apoptosis unlike the EW2-sib and EW3-sib cells (Lundell 

et al., 2003). These observations suggest that the EW1 serotonin neuron and the GW motor 

neuron have some factor other than Numb that can inhibit Notch-induced apoptosis. One 

possible candidate is the transcription factor, Hunchback (Hb), which is uniquely expressed 

in the EW1 and GW neurons (Isshiki et al., 2001; Novotny et al., 2002).

During neurogenesis neuronal identity is specified by transcription factors inherited from 

the neuroblasts that are established by both spatial and temporal cues, reviewed in (Doe, 

2017; Kohwi and Doe, 2013; Li et al., 2013; Sen et al., 2019). Hb is the first temporal 

transcription factor expressed in most VNC NBs, and its expression is both necessary and 

sufficient to specify the first-born GMC and respective neuronal progeny (Cleary and Doe, 

2006; Isshiki et al., 2001; Novotny et al., 2002; Pearson and Doe, 2003; Tran and Doe, 

2008). The overexpression of hb in multiple lineages, including NB7–3, produces ectopic 

cells. The interpretation of these results is that the overexpression of hb maintains the 

neuroblast in a temporal “young” state such that it can undergo supernumerary divisions and 

produces extra GMC1-like progeny (Cleary and Doe, 2006; Grosskortenhaus et al., 2005; 

Isshiki et al., 2001; Novotny et al., 2002; Pearson and Doe, 2003; Tran and Doe, 2008). 

Here we re-examine the identity of the ectopic cells in the NB7–3 lineage at the larval 

stage, and present evidence for an alternative hypothesis where the overexpression of hb 
produces ectopic GMC2-like cells by inhibiting Notch-induced apoptosis of the EW2-sib 

and EW3-sib cells, and by converting the EW3 cell to an EW2 cell. We also show that 

overexpression of hb can limit apoptosis that is genetically induced in the NB7–3 lineage.

MATERIALS AND METHODS

Drosophila stocks

The following fly lines were used in this study: eg-Gal4 (egmz360) (from G. Technau); 

hkb-Gal4, UAS-hb, UAS-Partner of Numb-GFP (UAS-PON-GFP) (from C. Doe); UAS-
notchACT (from Y. N. Jan); Canton S, delta7, hb9, elav-Gal-4, UAS-hid, UAS-grim, and 

UAS-lac Z (from the Bloomington Stock Center).

Isolation of Drosophila CNS

Embryonic CNS were prepared from eggs that were washed in ddH2O to eliminate yeast 

contamination, and then dechlorinated in Clorox for approximately 5 minutes. Samples 

were washed briefly in ddH2O followed by one wash in 0.4% NaCl/0.3% TrintonX-100 in 

Phosphate Buffered Saline (PBT). Embryos were homogenized in a 1.5 ml centrifuge tube 

using a pestle. The homogenate was fixed in 4% paraformaldehyde for one hour. During 

this time CNS were sorted from the debris. Isolated CNS were washed four times for five 

minutes in PBT plus 3% Normal Goat Serum prior to immunohistochemistry.
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Larvae and white pupae CNS were individually dissected under a microscope in 4% 

paraformaldehyde. After approximately 40 minutes the collected CNS were washed four 

times for five minutes in PBT plus 3% Normal Goat Serum prior to immunohistochemistry.

Immunohistochemistry

Prepared CNS were incubated with primary and secondary antisera as previously described 

(Lundell and Hirsh, 1994). Primary antibodies used were: rabbit anti-eagle (1:2000, G. 

Technau), guinea pig anti-Hb (1:600, East Asia Distribution Center for Segmentation 

Antibodies; (Kosman et al., 1998)), rabbit anti-Ddc (1:50, M. Lundell), rat anti-Ddc (1:200, 

M. Lundell), rabbit anti-corazonin (1:200, C. Doe), rat anti-serotonin (1:100, Millipore 

Corporation), rabbit anti-Zfh-1 (1:400, R. Lehman), rabbit anti-pdm1 (1:1000, T. Dick), 

and rat anti-zfh-2 (1:200, A. Tomlinson). All fluorescent secondary antibodies were from 

Jackson Laboratories and used at 1:100 to1:400 dilution.

Microscopy

Confocal images were obtained using a BioRad 1024 laser-scanning microscope and a Zeiss 

LSM 510 confocal microscope. Images were processed with Imaris and edited with Adobe 

Photoshop.

TUNEL Assay

Apoptotic cells were detected by TUNEL assay using a Trevigen TACS 2 TDT-Fluor In Situ 
Kit.

RESULTS

Delta facilitates Notch-induced apoptosis in the NB7–3 lineage.

Previous work has demonstrated that Notch signaling is required for apoptosis of the EW2-

sib and EW3-sib cells (Lee and Lundell, 2007; Lundell et al., 2003). Here we confirm this 

observation by showing a loss-of-function mutation for the Notch ligand, Delta, can rescue 

the EW2-sib and EW3-sib cells from apoptosis and alter the fate of the GW motor neuron 

to an EW1-like cell. Serotonin cells can be detected with an antibody to Dopa-decarboxylase 

(Ddc), which is required for the biosynthesis of serotonin. A wild-type ventral cord has 

two Ddc expressing neurons, EW1 and EW2, and one corazonin neuron EW3 (Fig.1B). 

The delta7 mutation (Bridges and Brehme, 1944) can duplicate the number of cells showing 

four Ddc (two of which are Hb positive) and two corazonin expressing neurons (Fig. 1C). 

Fig. 1D shows that two of the four Ddc neurons express Hb which is expressed only in 

GMC1 progeny (Isshiki et al., 2001; Lundell et al., 2003; Novotny et al., 2002) and that 

the other two Ddc neurons express Zfh-2 which is expressed only in GMC2 and GMC3 

progeny (Isshiki et al., 2001; Lundell and Hirsh, 1998; Lundell et al., 2003; Novotny et al., 

2002). This phenotype of duplicated cells has low penetrance, only 21% hemisegments show 

ectopic Ddc or corazonin neurons (n=48). This could be due to the hypomorphic nature of 

the delta7 mutation and/or redundant function of the other Notch ligand, Serrate. This result 

confirms the role of Delta/Notch signaling in specifying cell fates in the NB7–3 lineage.
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Hunchback is necessary to prevent Notch-induced apoptosis of the GW motor neuron in 
the NB7–3 lineage.

To investigate whether Hb protects the GW motor neuron from apoptosis we examined the 

hypomorphic allele hb9 (Lehmann and Nusslein-Volhard, 1987) and assayed for apoptosis 

using the TUNEL assay. In a stage 15 wild-type VNC all four NB7–3 progeny (GW, EW1, 

EW2, and EW3) are detected with Eagle (Eg) immunoreactivity (Fig. 2A). Hb is detected 

only in the GMC1 progeny, GW and EW1 neurons. TUNEL immunoreactivity is never 

detected in the four wild-type NB7–3 neurons (n=10). In a stage 15 hb9 mutant VNC the 

GW motor neuron is positive for TUNEL 70% of the time (n=10) (Fig. 2B). In some 

hemisegments apoptosis has progressed far enough that the GW can no longer be accurately 

identified. These results suggest that Hb is necessary to prevent Notch-induced apoptosis in 

the GW motor neuron. Although the hb9 allele retains some Hb expression it is apparently 

insufficient to prevent apoptosis of the GW neuron. We did not observe a significant loss 

of EW1 or TUNEL immunoreactivity in EW1. EW1 is protected from apoptosis by the 

asymmetric distribution of Numb which inhibits Notch signaling inhibits Notch-signaling. 

Previous reports have shown the absence of EW1 with hb null alleles (Isshiki et al., 2001; 

Novotny et al., 2002). It was suggested in these reports that the inability to detect EW1was 

most likely due to a change in cell fate rather than apoptosis.

Temporal expression pattern of the eg-gal4 and hkb-gal4 drivers in the NB7–3 lineage.

To test whether Hb is sufficient to prevent Notch-induced apoptosis in the NB7–3 lineage, 

we asked whether overexpression of hb can prevent apoptosis of the EW2-sib and EW3-sib 

cells. Previous studies have shown that ectopic expression of hb within the NB7–3 lineage 

generates extra Eg positive cells at stage 15 and extra serotonin positive cells in the larval 

VNC (Isshiki et al., 2001; Novotny et al. 2002). To further investigate the origin and identity 

of these ectopic cells we used two Gal4 drivers, eagle-gal4 (eg-gal4) and huckebein-gal4 
(hkb-gal4), to induce UAS-hb. Both eg and hkb are expressed early in NB7–3 (Broadus et 

al., 1995; Higashijima et al., 1996).

We first examined the expression pattern of the two Gal4 drivers by crossing each to a UAS-
lacZ reporter line (Fig. 3). Both Eg and β-gal immunoreactivity were analyzed during stages 

12 and 14, which is the period when the NB7–3 lineage decreases from six cells to four 

cells due to apoptosis of the EW2-sib and EW3-sib cells. With eg-gal4>UAS-lacZ, β-gal 

immunoreactivity is strong at stage 12 (Fig. 3A) but there is variable β-gal immunoreactivity 

in cells a stage 14 (arrows; Fig. 3B). This suggests that eg-gal4 expression decays over 

this time period. Although, β-gal immunoreactivity can persist past the point when Gal4 

expression stops, this result demonstrates both the Gal4 and β-gal are decaying during 

this time frame. In comparison, hkb-gal4>UAS-lacZ β-gal immunoreactivity is strong at 

both stage 12 (Fig. 3C) and stage 14 (Fig. 3D) indicating consistency in the expression of 

hkb-gal4 during this time frame. Thus in the NB7–3 lineage, both eg-gal4 and hkb-gal4 have 

strong expression at stage 12, but eg-gal4 expression begins to fade by stage 14. This decay 

of eg expression during embryogenesis has been suggested in previous publications (Dittrich 

et al., 1997; Guntur et al., 2021; Higashijima et al., 1996; Lundell et al., 2003).

Pérez et al. Page 5

Dev Biol. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The expression pattern of the two Gal4 drivers was also examined in 3rd instar larvae. 

Each Gal4 line was crossed to the reporter UAS-gfp (Fig. 3E–F). The results show while 

eg-gal4 (Fig. 3E) shows no GFP expression in EW1 and EW2, hkb-gal4 (Fig. 3F) has 

continued GFP expression in EW1 and EW2. Thus, the larval expression of GFP reflects 

the embryonic expression of lacZ in that eg-gal4 expression declines earlier than hkb-gal4 
expression.

Ectopic expression of hb in the NB7–3 lineage produces ectopic serotonin neurons and 
reduces the number of corazonin neurons.

We next examined the effects of hb overexpression in the NB7–3 lineage by using eg-gal4 
and hkb-gal4 to drive expression of UAS-hb. At stage 15, a wild-type VNC has four 

eagle positive cells in each hemisegment and only the GW and EW1 neurons show Hb 

expression (Fig. 4A and Table 1A). In eg-gal4>UAS-hb 80% of the hemisegments have five 

or six Eg immunoreactive cells (Fig. 4B and Table 1A). In hkb-gal4>UAS-hb 71% of the 

hemisegments have five or six Eg immunoreactive cells (Fig. 4C and Table 1A). All the cells 

show expression of hb since this gene is being ectopically expressed although the level of 

expression can be variable between cells. Only 1–2% of the hemisegments show more than 

six Eg immunoreactive cells (Table 1A). In previous reports as many as eight (Novotny et 

al., 2002) or eleven (Isshiki et al., 2001) Eg positive cells per hemisegment were observed, 

but it was not reported what percentage of hemisegments had more than six cells.

We then examined whether the ectopic Eg cells observed at stage 15 result in ectopic 

serotonin cells in the larval VNC. In a wild-type third instar larval VNC there are normally 

two Ddc cells in each hemisegment (Fig. 4D and Table 1B). In third instar VNCs from 

either eg-gal4>UAS-hb (Fig. 4E) or hkb-gal4>UAS-hb (Fig. 4F) 95% of the hemisegments 

show ectopic Ddc cells. Most hemisegments have 3–5 Ddc cells with a small number of 

hemisegments showing six cells (Table 1B). Ectopic cells expressing Ddc results in ectopic 

serotonin (Ser) producing cells (Figs. 4H–4I). 87% of eg-gal4>UAS-hb hemisegments, and 

73% of hkb-gal4>UAS-hb hemisegments show ectopic Ser cells (Table 1D). This result is 

similar to a previous report which showed 90% of hemisegments had three to four Ser cells 

(Novotny et al., 2002). Our results show a slight reduction in the number of hemisegments 

that show ectopic serotonin cells relative to the number of hemisegments that show ectopic 

Ddc cells, suggesting that not all Ddc expressing cells may be able to make detectable levels 

of serotonin.

We also examined whether the ectopic Eg cells observed at stage 15 result in ectopic EW3 

corazonin cells in the larval VNC. In wild-type larval VNC there is normally one corazonin 

cell in hemisegment A1-A6 (Fig. 4G and Table 1E). Ectopic expression of hb results in 

very few detectable corazonin cells with both Gal4 drivers. For eg-gal4>UAS-hb 99% of the 

hemisegments lacked corazonin cells and for hkb-Gal4>UAS-hb 71% of the hemisegments 

lacked corazonin cells (Figs. 4H and I, and Table 1E). Thus, ectopic expression of hb in 

the NB7–3 lineage inhibits the EW3 cell fate. This result is similar to a previous report 

which showed no detectable corazonin cells in the larval VNC (Novotny et al., 2002). The 

inset in Fig. 3I shows a hemisegment where the EW3 cell is simultaneously expressing 

corazonin and serotonin, which is not observed in wild-type VNC. This suggests that the 
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overexpression of Hb may convert the EW3 corazonin cell fate to an EW2 serotonin cell 

fate.

The number of ectopic NB7–3 cells induced with eg-gal4>UAS-hb decreases with time to a 
terminal state of three Ddc expressing cells.

The segmental variation in the number of Ddc cells that is observed with the overexpression 

of hb might be due in part to temporal changes in the expression of the Gal4 drivers. To 

investigate this possibility, an analysis of the number of Ddc positive cells and the fraction of 

those cells that are Hb positive at different developmental time points was examined for both 

Gal4 drivers.

Wild-type VNC consistently show two Ddc cells per hemisegment with one being Hb 

positive (EW1) throughout development. In eg-gal4>UAS-hb the average number of Ddc 

cells/hemisegment decreases from 1st instar to 3rd instar larval stages and decreases further 

in the pupal stage. At the pupal stage the most common number of Ddc cells/hemisegment 

is three cells (64%; Table 1B), which is one additional cell compared to wild-type. Thus, 

although an eg-gal4>UAS-hb VNC can show as many as six Ddc cells/hemisegment at 

embryonic stage 15, with time the number of cells detected decreases towards a terminal 

state of three Ddc cells at the pupal stage (Fig. 5 and Table 1B). Hb expression in these 

cells also decreases toward a terminal state of one Hb cell (Fig. 5 and Table 1C). This single 

Hb positive cell is the EW1 cell that normally expresses Hb (Figs. 7E–F and 8D–G). In 

comparison, hkb-gal4>UAS-hb which maintains high Gal4 expression through 3rd instar 

(Fig. 3F), shows very little change in the number of Ddc and Hb immunoreactive cells 

between the 1st and 3rd instar larval stages (Fig. 5 and Table 1). Overexpression of hb 
with hkb-gal4 results in lethality at the pupal stage. The conclusion of these results is that 

as Hb expression decays in eg- gal4>UAS-hb VNC the number of detectable Ddc cells in 

the lineage decreases to three, which are most likely EW1, EW2 and the converted EW3 

corazonin neuron, with only the EW1 cell retaining Hb immunoreactivity. The variability of 

Hb decay from cell to cell will contribute to the variation in the number of Ddc observed 

between hemisegments. Thus, although the overexpression of hb can transiently produce as 

many as six Ddc cells, with time the number of Ddc cells decreases to three.

Ectopic expression of hb in NB7–3 generates ectopic EW2-like Ddc cells

To determine the identity of the ectopic Ddc cells produced with the overexpression of 

hb we examined several molecular markers. Hb is used to identify EW1 cell fate. Pdm is 

expressed specifically in EW2 cells at the larval stage (Lundell and Hirsh, 1998; Lundell 

et al., 2003), and Zfh-2 is expressed in both EW2 and EW3 (Isshiki et al., 2001; Lundell 

and Hirsh, 1998; Lundell et al., 2003; Novotny et al., 2002). We first checked whether 

overexpression of hb affects the expression of pdm and zfh-2. When the general neuronal 

driver elav-Gal4 is used to drive expression of UAS-hb many more Hb positive cells are 

detected compared to a wild-type VNC (Figs. 6A and 6B). In a wild-type VNC both 

Zfh-2 and Pdm are detected in many neurons (Figs 6C and E). In an elav-Gal4>UAS-hb 
VNC, cells that express zfh-2 and pdm are no longer detectable (Figs. 6D and F). The 

suppression of zfh-2 and pdm by Hb has been previously reported (Guntur et al., 2021; 

Hirono et al., 2017; Isshiki et al., 2001; Kambadur et al., 1998; Novotny et al., 2002; Tran 
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et al., 2010). Thus, relying on the lack of Pdm and Zfh-2 expression as markers of cell 

identity is problematic when hb is ectopically expressed. However, given the temporal decay 

of eg-Gal4>UAS-hb we reasoned it might be possible to detect these markers in some 

hemisegments at the larval stage.

In a wild-type stage 15 VNC all four NB7–3 progeny, GW, EW1, EW2, and EW3, are 

detected by Eg immunoreactivity. The GW and EW1 neurons express Hb, and the EW2 

and EW3 neurons express Zfh-2 (Fig. 7A). In eg-Gal4>UAS-hb, 4–6 Eg immunoreactive 

cells are detected in each hemisegment (Fig. 7B and Table 1A). All of the cells show 

continued expression of hb since this gene is being ectopically expressed, most of the cells 

do not show expression of Zfh-2, which is to be expected since we have shown that Hb can 

suppress zfh-2 expression (Fig. 6E). However, occasionally an Eg cell with Zfh-2 expression 

is observed if that cell has a reduced level of Hb (Fig. 7B; arrow).

When Hb is overexpressed many of the ectopic Ddc cells even at third instar stage still 

express Hb (Fig. 5 and Table 1C). However, Fig.7E–F shows select hemisegments where 

Hb has decreased sufficiently to relieve the suppression on zfh-2 and pdm expression such 

that these markers become detectable. In the wild-type VNC both Zfh-2 (Fig. 7C) and Pdm 

(Fig. 7D) are expressed in EW2. Fig. 7E shows an eg-gal4>UAS-hb hemisegment with four 

Ddc cells. The EW1 is distinguishable by Hb expression and of the remaining three cells: 

two show Zfh-2 expression. Similarly, Fig. 7F, shows an eg-gal4>UAS-hb hemisegment with 

four Ddc cells, one expresses Hb and two express Pdm. The detection of Pdm and Zfh-2 in 

more than one Ddc cell indicates that overexpression of Hb in the NB7–3 lineage generates 

ectopic EW2-like Ddc cells rather than EW1 cells. Not all the cells that lack Hb expression 

show expression of Zfh-2 or Pdm. It is possible in these cells that Hb expression has decayed 

beyond detection, but not enough time has elapsed to allow for detectable expression of 

Zfh-2 or Pdm. Alternatively, some of the ectopic Ddc cells may not be capable of expressing 

markers that resemble either EW1 or EW2. We propose that the ectopic EW2-like Ddc 

cells produced but the overexpression of hb are either the rescued EW2-sib and EW3-sib 

apoptotic cells, or EW3 cells converted from a corazonin cell fate to an EW2 Ddc cell fate.

Ectopic expression of hb in the NB7–3 lineage produces ectopic Ddc cells that express 
Zfh-1.

Zfh-1 is normally expressed in the GW neuron and in the apoptotic EW2-sib and EW3-sib 

cells, but not in the EW neurons (Lee and Lundell, 2007). We examined whether ectopic 

Ddc cells observed with eg-gal4>UAS-hb are immunoreactive for Zfh-1. At stage 15, a 

hemisegment with four eg-gal4>UAS-GFP positive cells shows a wild-type pattern in that 

only the GW neuron expresses Zfh-1(Fig. 8A). A hemisegment with six eg-gal4>UAS-GFP 
positive cells shows three Zfh-1 positive cells (Fig. 8B). This pattern is identical to the 

wild-type pattern of Zfh-1 expression at stage 12 before apoptosis or when apoptosis is 

blocked with the apoptosis inhibitor p35 (Lee and Lundell, 2007).

In eg-gal4>UAS-hb larval hemisegments that have two (Fig. 8C) or three (Fig. 8D) Ddc 

cells, none of the cells show Zfh-1 immunoreactivity (n=17). These segments presumably 

contain only the EW neurons, including the conversion of EW3 to a Ddc neuron. In larval 

hemisegments with four-six Ddc cells, 51% (n=35) have one (Fig. 8E), two (Fig. 8F), or 
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three (Fig. 8G) Zfh-1 positive Ddc cells. The novel co-expression of Ddc and Zfh-1 in 

hemisegments with four or more Ddc cells, supports our hypothesis that the apoptotic cells 

in the NB7–3 lineage are rescued by the overexpression of hb.

Ectopic expression of hb is sufficient to prevent apoptosis induced by the ectopic 
expression of pro-apoptotic genes.

Since our results suggest that overexpression of hb can prevent apoptosis in the EW2-sib 

and EW3-sib cells, we asked whether overexpression of hb can prevent apoptosis induced 

by the misexpression of pro-apoptotic genes within the NB7–3 lineage. We have previously 

shown that ectopic expression of UAS-notchAct in the NB7–3 lineage with eg-gal4 induces 

apoptosis of the EW neurons (Fig. 9C) (Lundell et al., 2003). Here we also show that ectopic 

expression of the pro-apoptotic genes grim (Fig. 9E) and hid (Fig. 9G) with eg-gal4 can also 

promote apoptosis of the EW neurons but with a less severe phenotype than UAS-notchAct.

When UAS-notchAct is expressed with eg-gal4 there is a 97% reduction in the number 

of detectable serotonin neurons compared to wild-type (Fig. 9C and Table 2). When both 

UAS-notchAct and UAS-hb are simultaneously expressed with eg-gal4 (Fig. 9D) the UAS-
NotchAct phenotype persists and there is no detectable rescue of serotonin cells (Table 2). 

When UAS-grim is expressed with eg-gal4 there is a 57% reduction in the number of 

detectable serotonin neurons compared to wild-type (Fig. 9E and Table 2). When UAS-hid 
is expressed with eg-gal4 there is a 39% reduction in the number of detectable serotonin 

neurons compared to wild-type (Fig. 9G and Table 2). When either UAS-grim or UAS-hid 
are simultaneously expressed with UAS-hb there is an increase in the number of detectable 

serotonin cells to within 75% of the number of cells detected in wild-type (Fig. 9F, 9H 

and Table 2). Therefore, the simultaneous expression of UAS-hb can only partially rescue 

apoptotic cells induced by the expression of UAS-grim or UAS-hid. It is not possible to 

determine from these experiments if there is any preference as to which cells in the lineage 

are blocked from apoptosis by Hb, but some of the hemisegments have 4–5 serotonin 

neurons (8.0% in UAS-Hb:UAS-grim and 9.5% in UASHb:UAS-hid) which suggests that 

both the EW neurons and the sibling apoptotic cells can be recovered. These results 

demonstrate that overexpression of hb in NB7–3 can prevent apoptosis that is genetically 

induced by UAS-grim or UAS-hid, but not apoptosis genetically induced with UAS-Notch. 

This may be because Notch signaling may activate multiple components of the apoptotic 

pathway whereas Hb may only block one component, or it could be that the strength of 

UAS-NotchAct out-competes the effects of UAS-Hb.

Interestingly we have found that, unlike UAS-hid and UAS-grim, expression of UAS-rpr 
in the NB7–3 lineage does not significantly induce apoptosis of the EW neurons (data not 

shown). It could be that the NotchOFF EW cells are not sensitive to the induced expression 

of UAS-rpr because there is a robust mechanism to inhibit Rpr activity since it may be the 

primary inducer of apoptosis in the lineage. This would agree with previous studies that 

suggested rpr is primarily responsible for apoptosis during neurogenesis (Lee et al., 2013; 

Peterson et al., 2002; Robinow et al., 1997; Tan et al., 2011; White et al., 1994) and that 

NotchON cells specifically use rpr to induce apoptosis in optic lobe neuroblasts (Bertet et al., 

2014).
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DISCUSSION

Apoptosis in the NB7–3 lineage is positively regulated by both Notch (Lundell et al., 2003) 

and Zfh-2 (Guntur et al., 2021). In this manuscript we show that apoptosis in the NB7–3 

lineage is negatively regulated by Hb. Our results demonstrate, that in wild-type embryos 

hb expression in the GMC1 lineage of NB7–3 prevents early apoptosis of the GW neuron, 

and that hb expression must be suppressed in the GMC2 and GMC3 lineages to allow for 

apoptosis of the EW2-sib and EW3-sib cells.

With a hb loss-of-function allele we have shown that the GW neuron undergoes early 

apoptosis (Fig.2). During normal development the GW motor neurons eventually undergo 

Ubx-mediated apoptosis at late stage 16 (Rogulja-Ortmann et al., 2007; Rogulja-Ortmann 

et al., 2008). Hb is a known repressor of Ubx during embryonic segmentation (Irish et al., 

1989; Qian et al., 1991; White and Lehmann, 1986; Zhang and Bienz, 1992). It may be 

that Hb temporarily represses Ubx-mediated apoptosis in the GW neuron, but a subsequent 

decrease in hb expression at stage 16 may allow the GW neuron to undergo Notch-induced 

apoptosis similar to the apoptotic EW2-sib and EW3-sib cells. Hb has also been shown to 

prevent apoptosis of bridge cell precursors during development of the Drosophila tracheal 

system (Wolf and Schuh, 2000).

Overexpression of hb in several neuronal lineages has been shown to retain the neuroblast 

in a “young state” such that it undergoes supernumerary divisions and produces ectopic 

neurons with first-born identity, reviewed in (Doe, 2017; Kohwi and Doe, 2013; Li et al., 

2013; Sen et al., 2019). Subsequent downregulation of hb expression allows the neuroblast 

to resume normal gene expression patterns and normal lineage divisions (Grosskortenhaus 

et al., 2005). There is a window of competency for the supernumerary divisions that closes 

at the end of stage 12 (Cleary and Doe, 2006; Kohwi et al., 2013; Pearson and Doe, 2003; 

Touma et al., 2012; Tran and Doe, 2008). For example in the well-studied NB7–1 lineage, 

the neuroblast can produce three extra cells of first-born identity before the competency 

window closes (Pearson and Doe, 2003). NB7–1 is one of the earliest NBs to form (late 

stage 8), whereas NB7–3 is one of the last (late stage 11) (Doe, 1992). Therefore, the 

window of competency for NB7–3 to generate extra GMC-1 type progeny would be much 

shorter.

In our studies examining the overexpression of hb we find that most hemisegments do not 

appear to make extra NB7–3 divisions. At stage 15, the majority of hemisegements (80%) 

show five to six Eg positive cells (Table 1A), and by the larval stage we mostly observe 

three to five Ddc cells per hemisegment (Table 1B). All of these cells can be accounted for 

by the three normal NB7–3 lineage divisions. Hemisegements with five Ddc cells would 

most likely contain, EW1, EW2, the EW3 corazonin neuron that has been converted to a 

Ddc neuron, and the rescue of the two sibling apoptotic cells. Hemisegments with six Ddc 

cells are observed at a very low frequency (<2.6%) (Table 1B). The sixth cell could be the 

conversion of the GW into a Ddc cell which occurs under with other genetic mutations such 

as the loss of Delta (Fig. 1), loss of Sanpodo (Lundell et al., 2003) and loss of Zfh-1 (Lee 

and Lundell, 2007). Alternatively, if the GW undergoes normal apoptosis at late stage 16 

(Rogulja-Ortmann et al., 2007; Rogulja-Ortmann et al., 2008), despite elevated levels of Hb, 
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then hemisegments with six Ddc cells could be due to retention of NB7–3 or an extra NB7–3 

division.

We have also demonstrated that overexpression of hb produces ectopic Ddc cells that 

express identity markers similar to GMC2 progeny (Zfh-2 and Pdm) rather than GMC1 

progeny (Hb) (Fig. 7E and F). The visualization of these markers is only possible at the 

larval stage when the decline in eg-Gal4>UAShb expression removes the repressive effect 

that Hb has on zfh-2 and pdm expression (Fig. 6). In addition, we have shown that the 

ectopic Ddc cells express Zfh-1 (Fig. 8), which is a feature of all the NotchON progeny 

in the lineage, including the apoptotic cells (Lee and Lundell, 2007). These ectopic Ddc/

Zfh-2/Pdm/Zfh-1 positive cells are most likely the rescue of the two apoptotic cells in the 

lineage. The cell context that allows the overexpression of Hb to maintain the neuroblast 

in a “young state” may also maintain the neuronal progeny in a “young state” such that 

the EW-sib cells do not immediately undergo apoptosis and are initially maintained like 

the GW neuron. However, this alteration in developmental history is transient because once 

the expression of eg-Gal4>UAShb declines the cells resume their original fate, undergoing 

apoptosis and producing a terminal state of three Ddc cells (Fig. 5 and Table 1B) which are 

most likely EW1, EW2 and the converted EW3.

In comparison, the conversion of the EW3 corazonin cell to a Ddc cell appears to be a 

permanent change in cell fate. Corazonin expression does not reappear as the expression of 

eg-Gal4>UAShb declines. When krüpple (kr) is overexpressed in the NB7–3 lineage there 

is also a reduction in the number of corazonin neurons (Isshiki et al., 2001). The hierarchy 

of temporal transcription factors shows that Hb activates the expression of kr, and that Kr 

activates the expression of pdm (Brody and Odenwald, 2000, 2002; Doe, 2017; Isshiki et al., 

2001; Kambadur et al., 1998; Novotny et al., 2002). Thus, the overexpression of hb could 

indirectly convert receptive EW3 cells to an EW2 Pdm/Ddc expressing cell fate.

Our results suggest that overexpression of hb in the NB7–3 lineage has heterogeneous 

effects on neuronal phenotypes. Using single cell labeling to resolve the EW1 and EW2 

innervation patterns, it was shown that eg-Gal4>UAShb generates EW1-type projections in 

the NB7–3 lineage (Chen and Condron, 2008). Our interpretation is that these neurons are 

the terminal Ddc cells that survive once Hb levels decline. These results along with our 

results suggest that overexpression of hb is sufficient to disrupt terminal phenotypes of the 

EW neurons, but is insufficient to alter the programed apoptotic fate of the EW sibling cells.

Similar heterogeneity in response to ectopic hb expression has been observed in the NB7–1 

lineage. Although as many as 10–15 Hb expressing motor neurons are generated by the 

overexpression of hb in NB7–1 (Isshiki et al., 2001; Kohwi et al., 2013; Meng et al., 

2019; Pearson and Doe, 2003), only the earliest cells within the competency window are 

fully transformed to first-born U1 motor neurons, expressing definitive first-born molecular 

markers (Cleary and Doe, 2006; Kohwi et al., 2013; Pearson and Doe, 2003) and having the 

appropriate muscle and neuropil targeting (Seroka and Doe, 2019). Many of the later motor 

neurons lose Hb expression by late larval stages and have muscle targets that are inconsistent 

with first-born identity, suggesting that these cells are not fully transformed (Meng et al., 

2019). Interestingly the end of the competency window that can generate first-born identity 
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in NB7–1 has been correlated with an inability of Hb to repress zfh-2 expression (Seroka 

and Doe, 2019). These studies reflect what we have presented for the NB7–3 lineage in that 

Hb can transform the apoptotic EW sibling cells such that they initially express Ddc similar 

to the EW neurons, but once Hb levels decline and zfh-2 and pdm expression resumes the 

cells undergo apoptosis in late larval and pupal stages.

Determining how Hb transiently inhibits apoptosis will require further investigation. Hb is 

a bifunctional transcription factor that can activate or repress gene expression by binding to 

cis-regulatory elements (Papatsenko and Levine, 2008; Schulz and Tautz, 1994; Staller et al., 

2015; Struhl et al., 1992; Vincent et al., 2018; Zuo et al., 1991). Hb has also been shown 

to have chromatin remodeling activity (Hirono et al., 2017; Kehle et al., 1998; Zhang and 

Bienz, 1992). Given these diverse regulatory capabilities, Hb could impose developmental 

decisions by regulating various genetic components of the apoptosis mechanism. Hb 

could work directly by repressing pro-apoptotic genes (e.g. rpr, hid, grim, caspases) or 

by activating inhibitors of apoptosis (IAPS). Alternatively, Hb could work indirectly by 

repressing or activating transcriptional regulators of apoptosis.

In this manuscript we have shown when apoptosis is genetically induced in the EW neurons 

by the expression of UAS-grim or UAS-hid, that simultaneous expression of UAS-hb can 

partially rescue these phenotypes (Figs. 9F and 9H). Since the UAS promoters are unlikely 

to be influenced by Hb, this suggests that the ability of Hb to override apoptosis in these 

experiments is due to activation of a component that can inhibit Hid and Grim function, 

possibly an IAP. Alternatively, Hb could repress Zfh-2, a positive regulator of apoptosis. 

In a previous manuscript we have shown that Zfh-2 is necessary to induce apoptosis in 

the NB7–3 lineage, and that Hb and Zfh-2 reciprocally repress each other to help define 

the GMC1 lineage from the GMC2 and GMC3 lineages (Guntur et al., 2021). This could 

explain how in the numb1 mutant, where Notch is activated in all three EW neurons, that 

the hb expressing EW1 neurons survive but the zfh-2 expressing EW2 and EW3 neurons 

undergo apoptosis (Lundell et al., 2003).

The experiments we have presented in this manuscript do not rule out the possibility that 

overexpression of hb in the NB7–3 lineage could, depending on the cellular context of 

each hemisegment, either rescue the apoptotic cells or induce extra neuroblast divisions. 

Such behavior might account for the variability in the number of Ddc cells seen between 

hemisegments. The rescue of NotchON apoptotic cells by the overexpression of hb may 

likely apply to other neuronal lineages and may complicate the interpretation of specific 

genetic phenotypes. Further investigation on how hb expression can transiently inhibit 

apoptosis will be important to elucidating the molecular regulation of apoptosis in the 

Drosophila CNS lineages.
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Highlights:

• Hunchback is necessary to prevent apoptosis of the GW neuron during 

specification of the Drosophila NB 7–3 lineage.

• Ectopic Hunchback expression rescues apoptotic cells in the Drosophila NB 

7–3 lineage.

• Ectopic Hunchback produces ectopic serotonin neurons that resemble the 

EW2 neuron in the Drosophila NB 7–3 lineage.

• Ectopic Hunchback can prevent apoptosis induced by the misexpression of 

pro-apoptotic genes in the Drosophila NB 7–3 lineage.
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Figure 1. A delta7 loss-of-function mutation duplicates the NB7–3 EW neurons.
(A) Depiction of NB7–3 lineage and relevant cell markers. The NB7–3 lineage produces 

three GMCs and six progeny cells, two of which undergo apoptosis. Numb asymmetrically 

partitions into the EW neurons blocking Notch signaling. (B-D) A comparison of stage 17 

VNC for wild-type and the delta7 mutation. (B-C) Immunostaining for Ddc (red), Corazonin 

(green) and Hb (blue) shows duplication in the number of detectible cells in the delta7 

mutation. (D) Immunostaining for Ddc (red), Hb (blue) and Zfh-2 (green) demonstrates that 

two of the four Ddc cells are GMC1 progeny (Hb positive) and two are GMC2 progeny 
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(Zfh-2 positive). Ectopic cells are marked with arrowheads. Separate fluorochromes are 

shown below the merged images for the same hemisegments. The midline is to the left in 

all panels. (Panel A is adapted from Dev Biol 475, 65–79, Guntur, A.R., Venkatanarayan, 

A., Gangula, S., Lundell, M.J., Zfh-2 facilitates Notch-induced apoptosis in the CNS and 

appendages of Drosophila melanogaster. (2021), with permission from Elsevier.)
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Figure 2. Hunchback is necessary to prevent Notch-induced apoptosis in the GW motor neuron.
Stage 15 VNC from wild-type and hb9 embryos were immunostained for TUNEL (green), 

Eg (red) and Hb (blue). Yellow arrows indicate the GW motor neurons. The brackets 

indicate hemisegments that are shown at a higher magnification in A’ and B’. Tunel 

immunoreactivity is shown separately for panels A and B. (A) In a wild-type VNC all 

four NB7–3 neurons in a hemisegment are positive for Eg and the EW1 and GW neurons 

co-express Hb. None of the cells are positive for TUNEL. (B) In a hb9 mutant VNC 

identifiable GW motor neurons are positive for TUNEL. M denotes the midline.
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Figure 3. LacZ and GFP reporters demonstrate the temporal expression of two Gal4 drivers in 
the NB7–3 lineage.
(A-D) The top panels show Eg immunostaining, the bottom panels show β-gal 

immunostaining for the same hemisegments. The midline is to the left in all panels. 

(A) An eg-gal4>UAS-lacZ stage 12 CNS shows Eg and β-gal expression in all cells of 

the NB7–3 lineage. (B) An eg-gal4>UAS-lacZ stage 14 CNS shows a decay of β-gal 

expression (arrows). (C) A hkb-gal4>UAS-lacZ stage 12 CNS shows strong expression of 

β-gal in all the cells in the lineage. (D) A hkb-gal4>UAS-lacZ stage 14 CNS shows β-gal 

expression remains strong. (E-F) 3rd instar CNS immunostained for Ddc (red) and GFP 

(green). GFP immunoreactivity of the same hemisegments is shown separately below. (E) 

An eg-gal4>UAS-gfp 3rd instar larval CNS shows a lack of GFP expression in EW1 and 

EW2. (F) A hkb-gal4>UAS-gfp CNS shows GFP expression in EW1 and EW2.
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Figure 4. Ectopic expression of hb in the NB7–3 lineage generates ectopic Ddc/serotonin cells and 
a loss of detectable corazonin cells.
(A-C) Stage 15 CNS were immunostained for Eg (red) and Hb (blue). Hb immunoreactivity 

of the same hemisegments is shown separately to the right. The midline is to the left. 

(A) A wild-type hemisegment shows four cells immunoreactive for Eg. GW and EW1 

cells are positive for Hb (arrows). (B) An eg-Gal4>UAS-hb hemisegment shows six cells 

immunoreactive for Eg. All cells are positive for Hb. (C) A hkb-Gal4>UAS-hb hemisegment 

shows six cells immunoreactive for Eg. All cells are positive for Hb. (D-F) 3rd instar larval 

CNS were immunostained for Ddc. (D) In a wild-type VNC two Ddc cells are detected in 

each hemisegment. (E) In an eg-Gal4>UAS-hb VNC three to six Ddc cells are detected in 

each hemisegment. (F) In a hkb-Gal4>UAS-hb VNC three to six Ddc cells are detected in 

each hemisegment. (G-I) 3rd instar larval CNS were immunostained for Corazonin (red) and 

Serotonin (green). (G) In a wild-type VNC two Ser neurons and one Crz neuron are detected 

in hemisegments A1-A6. (H) In an eg-Gal4>UAS-hb VNC ectopic Ser neurons and very few 

Crz neurons are detected. (I) In a hkb-Gal4>UAS-hb VNC ectopic Ser neurons and a few 

Crz neurons are detected. The hemisegment marked with an arrowhead in panel I is shown 

at higher magnification in the inset and shows an EW3 Crz neuron that also expresses Ser. 

Quantification of these results is presented in Table 1.
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Figure 5. Decrease in the number of ectopic Ddc and Hb positive cells with time.
This is a graphical representation of the data presented in Table 1B–C. The average number 

of Ddc cells (red) detected per hemisegment and the average number that are simultaneously 

Hb positive (blue) are shown at different developmental stages for the overexpression of 

hb using the eg-gal4 and hkb-gal4 drivers. Overexpression of hb with hkb-gal4 produces 

lethality at the pupal stage. The eg-gal4 driver shows a decrease in the number of Ddc 

cells per hemisegment over time, as well as decrease in the number that are Hb positive. 

Connecting arrows indicate a significant difference in the number of labeled cells between 

different developmental stages (** indicates a p value <0.0001 and * indicates a p value 

<0.04). Statistical analysis was done using nonparametric comparisons with either the 

Wilcoxon-Mann-Whitney or Kruskal-Wallis statistical tests (Sprent, 1988).
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Figure 6. Hb represses expression of zfh-2 and pdm.
All panels show 3rd instar larval VNC immunostained for Hb, Zfh-2, or Pdm. Compared 

to wild-type, elav-Gal4>UAS-hb shows an increase in cells positive for Hb (A-B) and a 

dramatic decrease in cells positive for Zfh-2 (C-D) and Pdm (E-F).
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Figure 7. Ectopic expression of hb in NB7–3 generates ectopic EW2-like Ddc cells.
(A-B) Stage 15 VNC were immunostained for Eg (red), Hb (blue), and Zfh-2 (green). Hb 

and Zfh-2 immunoreactivity of the same hemisegments is shown separately to the right. (A) 

A wild-type hemisegment showing four Eg cells. GW and EW1 cells express Hb. EW2 and 

EW3 cells express Zfh-2. (B) An eg-Gal4>UAS-hb hemisegment showing six Eg cells. All 

cells express Hb. One cell that expresses Hb at low levels (arrow) also expresses Zfh-2. 

(C-F) show 3rd instar VNC immunostained for Ddc (red), Hb (blue) and either Zfh-2 or Pdm 

(green). Zfh-2 and Pdm immunoreactivity of the same hemisegments is shown separately 
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below. Arrowheads indicate co-localization between Ddc and either Zfh-2 or Pdm. (C-D) 

Two wild-type hemisegments, showing EW1 expresses Hb and EW2 expresses Zfh2 (C) and 

Pdm (D). (E-F) Two eg-gal4>UAS-hb hemisegments each showing four Ddc cells where 

two cells express Zfh-2 (E) or Pdm (F). This suggest that the ectopic Ddc cells have an 

EW2-like cell fate. The midline is to the left in all panels.
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Figure 8. Ectopic expression of hb in the NB7–3 lineage produces ectopic Ddc cells that express 
Zfh-1.
(A-B) Stage 15 embryonic eg-Gal4>UAS-Hb:UAS-PON-GFP VNC labeled for Eg-GFP 

(red), and Zfh-1 (green). Red and green colors were reversed electronically to consistently 

label all lineage cells in red. Zfh-1 immunoreactivity of the same hemisegments is shown 

separately to the right. (A) A hemisegment showing a wild-type pattern of four Eg-GFP 

and one cell (GW) that expresses Zfh-1. (B) A hemisegment showing six Eg-GFP cells and 

three that express Zfh-1. (C-G) Third instar larval eg-gal4>UAS-hb VNC immunostained for 

Ddc (red), Hb (blue) and Zfh-1 (green). Zfh-1 immunoreactivity of the same hemisegments 
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is shown separately to the right. (C) A hemisegment showing a wild-type patten of two 

Ddc cells, neither cell shows Zfh-1 expression and the EW1 is positive for Hb. (D) A 

hemisegment showing three Ddc cells, none of which express Zfh1. (E) A hemisegment 

showing four Ddc cells, one of which expresses Zfh-1. (F) A hemisegment showing five Ddc 

cells, two of which express Zfh-1. (G) A hemisegment showing six Ddc cells, three of which 

express Zfh-1. The midline is to the left in all panels.
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Figure 9. Ectopic expression of hb is sufficient to prevent apoptosis induced by ectopic expression 
of grim or hid but not Notch.
All UAS constructs were activated with eg-Gal4. 3rd instar larval VNC were immunostained 

for serotonin (green) and corazonin (red). (A) A wild-type VNC shows the EW1 and EW2 

Ser neurons and the EW3 Crz neurons. (B) An eg-Gal4>UAShb VNC shows ectopic Ser 

neurons and no Crz neurons. (C, E and G) Ectopic expression of UAS-notchACT (C), 

UAS-grim (E) and UAS-hid (G) all lead to reduced numbers of detectable EW neurons, 

and panels are ordered in decreasing severity of the phenotype. (D) Simultaneous expression 

of UAS-hb and UAS-notchACT does not change the UAS-notchACT phenotype. (F and H) 

Simultaneous expression of UAS-hb with either UAS-grim (F) or UAS-hid (H) can reduce 

apoptosis in the NB7–3 lineage.
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Table 1.

Statistical Analysis of Eg, Ddc, Hb, Serotonin and Corazonin expression in the NB7-3 lineage when UAS-hb 
is ectopically expressed with eg-gal4 and hkb-gal4

A.
genotype stage

Number of Eg positive cells / hemisegment
n X ± SEM

3 4 5 6 7 or 8

wild-type 15 17.2% 80.5% 1.9% 0.4% 0 478 3.86 ±_0.02

eg-gal4>UAS-hb 15 1.6% 16.3% 47.9% 31.9% 2.3% 430 5.17 ± 0.04

hkb-gal4>UAS-hb 15 3.3% 24.4% 50.5% 20.7% 1.1% 368 4.92 ± 0.04

B.
genotype stage

Number of Ddc positive cells / hemisegment
n X ± SEM

2 3 4 5 6

wild-type

1st

instar
3rd instar

pupal

100% 0 0 0 0 280 2.0 ± 0.0

100% 0 0 0 0 140 2.0 ± 0.0

100% 0 0 0 0 84 2.0 ± 0.0

eg-gal4>UAS-hb

1st

instar
3rd instar

pupal

4.9% 21.6% 43.0% 26.5% 3.9% 509 4.03 ± 0.04

5.1% 44.2% 34.0% 14.0% 2.6% 588 3.65 ± 0.04

10.6% 64.2% 17.7% 7.6% 0 198 3.22 ± 0.05

hkb-gal4>UAS-hb
1st

instar
3rd instar

5.0% 16.3% 56.6% 22.0% 0 159 3.96 ± 0.06

3.8% 23.3% 57.1% 15.0% 0.8% 385 3.84 ± 0.04

C.
genotype stage

Number of Hb positive Ddc cells / hemisegment
n X ± SEM

0 1 2 3 4

wild-type

1st

instar
3rd instar

pupal

0 100% 0 0 0 35 1.0 ± 0.0

0 100% 0 0 0 44 1.0 ± 0.0

0 100% 0 0 0 35 1.0 ± 0.0

eg-gal4>UAS-hb

1st

instar
3rd instar

pupal

2.5% 2.5% 17.5% 70.0% 7.5% 40 2.78 ± 0.09

1.5% 0 51.5% 39.4% 7.5% 66 2.52 ± 0.07

2.2% 42.2% 55.6% 0 0 45 1.53 ± 0.08

hkb-gal4>UAS-hb
1st

instar
3rd instar

0 0 14.3% 78.6% 7.1% 14 2.92 ± 0.13

0 0 25.0% 65.0% 10.0% 20 2.75 ± 0.13

D.
genotype stage

Number of Serotonin positive cells / hemisegment
n X ± SEM

1 2 3 4 5

wild-type 3rd instar 5.6% 94.4% 0 0 0 54 1.94 ± 0.03

eg-gal4>UAS-hb 3rd instar 5.1% 7.7% 53.8% 33.3% 0 39 3.05 ± 0.11

hkb-gal4>UAS-hb 3rd instar 7.3% 20.0% 49.1% 21.8% 1.8% 55 2.91 ± 0.12

E.
genotype stage

Number of Corazonin positive cells / hemisegment
n X ± SEM

0 1 2 3 4

wild-type 3rd instar 100% -- -- -- 264 1.0 ± 0.0

eg-gal4>UAS-hb 3rd instar 99.0% 1.0% -- -- -- 300 0.01 ± 0.01

hkb-gal4>UAS-hb 3rd instar 70.8% 29.2% -- -- -- 504 0.29 ± 0.02
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Table 1. For each genotype, hemisegments were counted for the number of NB7-3 cells that expressed the specific antigen. The results are 
presented as a percentage of total number of hemisegments counted and as an average number of cells per hemisegments. Abdominal segments 1–6 
were counted. A. NB7-3 lineage assayed for Eg at embryonic stage 15. B. NB7-3 lineage assayed for Ddc at three stages. C. NB7-3 lineage assayed 
for Hb at three stages. D. NB7-3 lineage assayed for serotonin in third instar VNC. E. NB7-3 lineage assayed for corazonin in third instar VNC.
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Table 2.

Comparison of the number of seratonin and corazonin cells in the NB7-3 lineage when hb is ectopically 

expressed simultaneously with three pro-apoptotic genes.

genotype # of Ser cells/
hemisegment X ± SEM

# of Crz cells/
hemisegment X ± SEM

Total cells/
hemisegment

% change 
from wild-

type

Ser n 
value

Crz n 
value

wild-type 1.98 ± .01 1.00 ± 0 2.98 --- 168 168

UAS-hb 3.38 ± .02 0.00 ± 0 3.38 +13% 123 123

UAS-Notch 0.09 ± .02 0.01 ± .01 0.10 −97% 378 324

UAS-Notch:hb 0.10 ± .02 0.01 ± .01 0.11 −97% 448 384

UAS-grim 0.95 ± .06 0.32 ± .03 1.27 −57% 161 312

UAS-grim:hb 2.19 ± .09 0.04 ± .02 2.23 −25% 138 144

UAS-hid 1.39 ± .05 0.43 ± .03 1.82 −39% 159 240

UAS-hid:hb 2.16 ± .07 0.10 ± .02 2.20 −26% 241 276

Table 2. For each genotype, hemisegments were counted for the number of NB7-3 cells that expressed serotonin and corazonin. The results are 
presented as an average of the number serotonin and corazonin of cells per hemisegments, the total number of cells per hemisegment and the 
percent change in the number of cells per hemisegement compared to wild-type. Abdominal segments 1–6 were counted.
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