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Abstract

The central nervous system (CNS) of Drosophila is comprised of the brain and the ventral nerve cord (VNC), which are the
homologous structures of the vertebrate brain and the spinal cord, respectively. Neurons of the CNS arise from neural stem cells
called neuroblasts (NBs). Each neuroblast gives rise to a specific repertory of cell types whose fate is unknown in most lineages.
A combination of spatial and temporal genetic cues defines the fate of each neuron. We studied the origin and specification of a
group of peptidergic neurons present in several abdominal segments of the larval VNC that are characterized by the expression of
the neuropeptide GPBS, the GPB5-expressing neurons (GPB5-ENs). Our data reveal that the progenitor NB that generates the
GPBS5-ENs also generates the abdominal leucokinergic neurons (ABLKSs) in two different temporal windows. We also show that
these two set of neurons share the same axonal projections in larvae and in adults and, as previously suggested, may both function
in hydrosaline regulation. Our genetic analysis of potential specification determinants reveals that Klumpfiiss (klu) and huckebein
(hkb) are involved in the specification of the GPB5 cell fate. Additionally, we show that GPB5-ENs have a role in starvation
resistance and longevity; however, their role in desiccation and ionic stress resistance is not as clear. We hypothesize that the
neurons arising from the same neuroblast lineage are both architecturally similar and functionally related.

Keywords GPBS5 glycopeptidergic neurons - Drosophila - Neuroblast lineage origin - Longevity - Starvation resistance effects

Introduction

Neurons are a highly diverse group of cells that display a large
variety of shapes, connectivity patterns and molecular pro-
files. In the central nervous system (CNS) of Drosophila,
there are three large groups of neurons: the interneurons,
which transform sensory input into behavioural responses;
the motor neurons, which respond to the behavioural re-
sponses via precise synaptic connections to specific muscles;
and the neuroendocrine, peptidergic neurons, which have dif-
fuse terminals that release hormonal or paracrine signals to
regulate and integrate diverse body functions such as growth,
metabolism, reproduction, ion homeostasis, circadian rhythms
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and behaviour (Nassel 2002). Similar to vertebrates, neuronal
clusters follow a developmental logic in which specific clus-
ters arise from the same neuronal stem cell, the neuroblast
(NB).

Nearly all of the NBs in the Drosophila brain and ventral
nerve cord (VNC) have already been individually identified
(Doe 1992; Urbach and Technau 2003; Birkholz et al. 2013).
The VNC is composed of about 30 NBs per hemineuromere
(Doe 1992), although fewer NBs are found in the anterior
gnathal and terminal abdominal segments (Bossing et al.
1996; Schmidt et al. 1997; Birkholz et al. 2013). Each NB
undergoes multiple rounds of asymmetric cell division, and
with each division, it self-renews and generates a secondary
precursor cell called the ganglion mother cell (GMC) that
terminally divides to generate two neurons or glia. Through
successive cell divisions, each NB produces unique and high-
ly diverse progeny (Bossing et al. 1996). In the embryonic
VNC, all NBs undergo temporal changes by expressing tem-
poral transcription factors (TTFs) (Kambadur et al. 1998; Doe
2017). Each TTF defines a temporal identity window for the
NB and its descendant GMC. Notch signalling, via a Notch-
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ON or Notch-OFF system, then mediates GMC division to
produce two sibling cells with distinct identities (Jan and L.
Y. 1994). As a result, cell diversity is generated both among
and within NB lineages.

After embryonic neurogenesis, most NBs die, while the
others enter a mitotically quiescent state until second larval
instar when they reactivate to generate postembryonic neurons
that will form the adult nervous system. During this phase,
each NB and its immature progeny form cell clusters whose
axonal projections group to specific larval regions. Each axon
group identifies the neurons of a hemilineage (Truman et al.
2010). In Drosophila, approximately 23 NBs per
hemineuromere are reactivated in the thoracic segments, but
only three or four are reactivated in the abdominal segments
(Birkholz et al. 2015).

Recently, Birkholz et al. (2015) used Flybow to track pri-
mary lineages in the VNC and reported a correspondence
between embryonic and postembryonic lineages in the
thoracic segments. Lacin and Truman (2016) subsequently
established that the neurons born during late embryonic
phases are genetic and morphologically similar to those born
postembryonically. To assess the functional role of
hemilineage neurons, Harris et al. (2015), using TRP1 channel
activation, showed that each hemilineage appears to have a
modular function as each lineage’s cells can be associated
with particular behavioural responses, such as postural chang-
es, thythmic movements related to walking or flight and the
take-off response.

Although detailed studies of thoracic secondary NB line-
ages have been conducted, little has been reported on the
abdominal lineages. Only three postembryonic NBs have
been identified in the abdominal hemiganglia: ventrolateral
(vl), ventromedial (vm) and dorsolateral (dl) (Truman and
Bate 1988). More recently, these NBs have been correlated
to NB5-3, NB5-2 and NB3-5, respectively (Birkholz et al.
2015; Lacin and Truman 2016). Although different marker
genes are known to characterize distinct NB lineages, thus
allowing their identification, little is known about the fate of
the neuronal progeny. Only the v NB (NB5-3) is known as a
progenitor of abdominal leucokinergic neurons (ABLKs),
which are generated in two phases, an embryonic and a
postembryonic, separated by a quiescent period (Estacio-
Gomez et al. 2013). ABLKs are characterized by their produc-
tion of the neurohormone leucokinin (LK), which is involved
in the induction of fluid secretion by Malpighian tubules,
feeding regulation and ionic stress tolerance (Nassel 2002;
Al-Anzi et al. 2010; Lopez-Arias et al. 2011; Zandawala
et al. 2018). ABLKSs also produce the diuretic hormone
DH44 (Zandawala et al. 2018).

Here, we analyse the origin and specification of a group of
peptidergic neurons that produce the glycoprotein GPBS, the
GPB5-expressing neurons (hereafter, GPB5-ENs). GPBS
forms a heterodimeric hormone with the glycoprotein
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GPA2. Both GPBS5 and GPA2, which are also present in ver-
tebrates, belong to the large family of glycoproteins that also
includes LH, FSH and TSH hormones (for review, Rocco and
Paluzzi (2016)). Studies in Aedes aegypti suggest that GPA2/
GPBS5 functions in feeding and hydromineral balance (Rocco
et al. 2017), while, in Drosophila, GPA2/GPBS5 is hypothe-
sized to act as an anti-diuretic in the hindgut (Sellami et al.
2011). We present data supporting the hypothesis that neurons
from the same VNC abdominal NB lineage have not only
similar neuroanatomical characteristics but also similar phys-
iological roles.

Material and methods
D. melanogaster stocks

All lines were maintained on a standard D. melanogaster
diet at 22 °C, 55% humidity and a 12:12 h light/dark
photoperiod. A complete list of the fly strains used, and
their sources, is provided in Table 1. To assess the persis-
tence of GPB5-ENs in adults, a flip-out method was used
by crossing a GPB5-GAL4 line with UAS-
GEP; tubGALS0"; UASfIp,Act>stop> 3gal/TM6B. To facil-
itate the random action of the GAL4 driver at the begin-
ning of development, the cross was maintained at 29 °C.
GPBS5-ENs in which UAS-flp is active mediate the recom-
bination of the Act>>fgal cassette and will permanently
express actin associated to [3gal for the duration of the
neuron’s life, regardless of GPBS production.

Immunohistochemistry

Immunohistochemistry of larval and adult CNS tissue was
performed as described by Herrero et al. (Herrero et al.
2014). Primary and secondary antibodies and dilutions (in
BBT) used in this study are shown in Table 2. Briefly,
larvae and adults were dissected in PBS, fixed for 30 min
and 1 h, respectively, in ice-cold 4% formaldehyde
followed by 10 min in ice-cold methanol. Samples were
then washed with BBT (PBS with 0.1% BSA and 0.3%
Tween-20) for 1 h and incubated with diluted primary
antibody overnight at 4 °C. After several rinses with
BBT, samples were incubated with secondary antibodies
conjugated to Alexa Fluor (488, 555 or 647) at room
temperature for 1.5 h. After several rinses with BBT, sam-
ples were mounted in Vectashield (Vector Labs).

Confocal imaging and analysis

Confocal images were taken on a Zeiss LSM Meta 510 con-
focal microscope. Stacks of 0.5 to 2-um spacing were
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Table 1 Fly lines used
Fly line Chromosome Source/reference Number of
stock
Canton-S (wild type) - BDSC BDSC-9514
elavC155-GAL4 I BDSC BDSC-458
Insc-GAL4[MZ1407] I BDSC BDSC-8751
w,nub-GAL4[AC62]UAS-y[+]/CyO (referred to as II Calleja et al. (1996)), G. Morata, Madrid, Spain -
pdm-GAL4)
w,sca-GAL4 I Doe and Technau (1993)), C.Q. Doe, Oregon, USA
w,;GPB5-GAL4/TM3-Sb 111 Sellami et al. (2011)), J.A. Veenstra, Bordeux, France —
w;lbe(k)-GAL4 Ibe(K)-GAL4//TM3 Sbh 111 Ulvklo et al. (2012)), S. Thor, Linkoping, Sweden
w;ey-GAL4[OK107] /ci[D]sv[spa-pol] v BDSC BDSC-845
UAS-HApdm?2 1 Grosskortenhaus et al. (2006)), C.Q. Doe, Oregon USA
w;UAS-mCherryNLS I BDSC BDSC-38425
w;UAS-DenMark UAS-syt:eGFP I BDSC BDSC-33064
w;10xUAS-1VS-mcd8 GFP I BDSC BDSC-32186
UAS-dicer I BDSC BDSC-2468
UAS-Notchj,o[LM50]/SM?2 I Baonza and Garcia-Bellido (2000)), A. Baonza, Madrid,
Spain
UAS-klu/CyO I Yang et al. (1997)), C.Q. Doe
UAS-GFP tubG80";UAS-Flp Act>stop> 3Gal/TM6B Igiit Herrera et al. (2013)), G. Morata
yw,; UAS-GPB5-RNAi/TM3-Sb 11T Sellami et al. (2011)), J.A. Veenstra, Bordeux, France -
unpg[1912]-lacZ/CyO I Doe (1992)), C.Q. Doe
unpg[1912r37]-lacZ/CyO I Doe (1992)), C.Q. Doe
Klu[09036]-lacZ/TM3 Sb Ser 11 Yang et al. (1997)), C.Q. Doe
hkb[5953]-lacZ I Doe (1992)), C.Q. Doe
gsb[01155]-lacZ/CyO I BDSC BDSC-10999
grh[06850]-lacz/CyO I BDSC BDSC-12325
wyw,;Kr-h2-GAL4[NP1163]/CyO,UASlacZ I Kyoto Stock Center DGRC 103909
cas[jiC2]-lacZ/TM3 Sb 11 BDSC BDSC-12116
Df(2L)ED773(pdm-)/CyO I BDSC BDSC-7416
grh(IM)/CyO I BDSC BDSC.3270
Ki[1]kr[CD]/CyO I Isshiki et al. (2001)), C.Q. Doe
mam[GA345]/CyO 1 Udolph et al. (2001)), W. Chia, Singapore
numb[1}/CyO I BDSC BDSC-4096
Klu[212IR51C)/TM3 Ser Sb 11 Cheah et al. (2000)), W. Chia, Singapore
cas[D1])/TM3 Ser Sb 111 Mellerick et al. (1992)), S. Thor, Linkoping, Sweden
cas[D3])/TM3 Ser Sb 11 Mellerick et al. (1992)), S. Thor, Linkoping, Sweden
hkb[A321R1]/TM3 Ser Sb 111 BDSC BDSC-2059
w; hkb[2]/TM3 Ser Sb I BDSC BDSC-5457

collected and processed with the Zeiss LSM software and then
edited in Adobe Photoshop.

Antibody production

To generate the anti-GPBS5 antibody, two rats were immu-
nized with the peptide GSRAIMVGADTKNLDY, which in-
cludes the sequence of the mature peptide. A terminal Cys
residue was added to couple the peptide to the keyhole limpet

hemocyanin carrier protein. After two rounds of immuniza-
tions, the rats were bled and the resulting sera tested for
GPBS5-specific staining of the larval CNS.

The LK antibody was generated by immunizing four
mice with the peptide NSVVLGKKQRFHSWGC, which
corresponds to the mature peptide sequence described by
Terhzaz et al. (1999). As in the GPB5 immunization, a
terminal Cys residue was added to couple the peptide to
the keyhole limpet hemocyanin carrier protein. After five
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Table 2 Antibodies used for

immunostaining Antibody Antigen Source/reference Dilution
Primary antibody
Rat anti-GPB5 Drosophila melanogaster GPBS This paper 1:200
Rabbit anti-LK Leucophaea maderae LK Nassel et al. (1992)) 1:2000
Mouse anti-LK Drosophila melanogaster LK This paper 1:1000
Mouse anti-[3-galactosidase E. coli 3-galactosidase Promega 1:300
Secondary antibody
Donkey anti-mouse Alexa 488 - ThermoFisher 1:500
Donkey anti-rat Alexa 488 - ThermoFisher 1:500
Donkey anti-rabbit Alexa 488 - ThermoFisher 1:500
Donkey anti-mouse Alexa 555 - ThermoFisher 1:500
Goat anti-rat Alexa 555 - ThermoFisher 1:500
Donkey anti-rabbit Alexa 555 - ThermoFisher 1:500
Donkey anti-mouse Alexa 594 - ThermoFisher 1:500
Donkey anti-rat Alexa 594 - ThermoFisher 1:500
Donkey anti-rabbit Alexa 594 - ThermoFisher 1:500
Donkey anti-mouse Alexa 647 - ThermoFisher 1:500
Goat anti-rat Alexa 647 - ThermoFisher 1:500
Donkey anti-rabbit Alexa 647 - ThermoFisher 1:500

rounds of immunizations, the mice were bled and the sera
tested for LK-specific staining of the larval CNS.

Stress resistance assays

Five- to 6-day-old male flies were separated into groups of 25
individuals with three replicates for each GPB5SRNAi and pa-
rental genotype. They were kept at 25 °C and 55% humidity
under a 12:12 light/dark photoperiod. The vials were scored
daily for survival, and every 3 h for desiccation or 6 h for
starvation and ionic stress, until all flies were dead. For the
desiccation assays, flies were kept in empty vials and, for the
starvation assays, in vials containing 5 ml of medium
consisting of only 0.5% agar. For the ionic stress assays, flies
were kept in vials containing 20% sucrose, 5% dry yeast and
2% agar supplemented with 4% NaCl.

Longevity

Males were collected within 24 h of eclosion and separated
into groups of 25. They were raised at 25 °C and 60% humid-
ity under a 12:12 light/dark cycle. Groups were scored and
transferred to fresh vials with food every 2 days.

Statistical analyses
One-way analysis of variance (ANOVA), followed by

Tukey’s multiple comparison test, was used to compare the
three genotypes used in the stress resistance assays. An
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unpaired Student’s # test was used for pair-wise comparisons.
All resistance stress curves were compared using the Mantel—
Cox log rank test. All statistical analyses were performed
using GraphPad Prism.

Results

Identification of the GPB5-ENs

To determine the precise expression pattern of the GPBS5 pep-
tide in the VNC, we generated a polyclonal antibody that
recognizes the mature peptide and used it to label the CNS.
In general, the expression pattern of the antibody mirrored that
of the GPB5-GAL4 transgenic reporter line (GPBS5-GAL4
UAS-GFP) at all stages of larval development (Fig. 1).
GPB5-Gal4 reporter expression is first detected at late em-
bryonic stage 17 in several ventrolateral cells of abdominal
segments A1—4 (Fig. 1a, a’). However, immunostaining with
the peptide antibody does not detect GPBS5 at this stage.
Characterization of the extent of reporter expression across
embryos demonstrates that GPBS5 is restricted to 16 ventrolat-
eral cells, two per hemisegment, in these abdominal segments.
This pattern is more evident at larval stages, in which it is
maintained (Fig. 1b, b’), and is consistent with the pattern
described by Sellami et al. (2011). Immunostaining of larvae
with the peptide antibody, which is now detectable, confirms
GPBS5 expression in a pattern coincident with the one ob-
served with the GPB5-Gal4 line (Fig. 1b). At an early pupal
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Fig. 1 Localization of GPBS in the embryonic, larval and adult CNS of
Drosophila and its schematic representation. The expression pattern of
GPB5 was characterized using a GPB5-Gal4 enhancer line driving the
GFP reporter (green) or an anti-GPBS specific antibody (red). a, a' GPBS5-
positive neurons beginning to be present at embryonic stage 17.
Visualization of emergent neurons is only possible with the GFP
reporter, and not all pairs simultaneously express the reporter. b, b’
GPBS expression in four pairs of neurons per hemiganglion in a first-
instar larva. The expression pattern of anti-GPB5 matches that of the

stage [0—12 h after puparium formation (APF)], we observed
that the GPB5-expressing cells in segments A3 and A4 are
smaller in size than those in the other segments (Fig. 1c, c¢’). At
later stages of pupal development, GPB5-expressing cells are
only detected in segments Al and A2. This expression is
maintained in the adult (Fig. 1d, d').

To determine whether the cells in segments A3 and A4 that
lose GPBS expression die or only stop expressing the neuro-
peptide, we traced GPBS5 expression in flip-out clones that
permanently express [3-galactosidase, even when the peptide
is no longer detected (GPB5-GAL4 UAS-GFP tubG80”; UAS-
Flp Act>stop>3Gal lines at 29 °C). We observed that these
cells are still alive at larval and adult stages; therefore, they

reporter line (inset). ¢, ¢’ GPBS5 expression in the CNS of an early pupa.
GPBS expression in neurons in hemisegments A3 and A4 is no longer
observed (see anti-GPB5 signal decay in the inset and the small black dots
in the schematic). d, d’ GPBS5 expression in the abdominal ganglia of the
adult CNS. Only four neurons are observed in each hemiganglion. Inset:
GPBS antibody expression (red). e, f Neurons expressing GPBS5 (green)
in a larval (e) and adult (f) CNS. Arrows indicate neurons expressing (3gal
(red) but not GPBS in GPB5-GAL4>UGFPtub-GALS80(ts);
UflpAct>>3gal (see text). Scale bars 50 ppm

have only lost GPBS5 expression (Fig. le, f), suggesting that
they have adopted a different fate.

Neuronal anatomy of GPB5-ENs

To study the detailed neuroanatomy of the GPB5-ENs, and to
identify possible neuronal circuit connections, we labelled the
presynaptic and postsynaptic compartments using the
somatodendritic specific marker DenMark and the terminal
presynaptic marker Synaptobrevin::GFP (Syt::GFP) driven
by GPB5-GAL4 (GPB5-GAL4>DenMark UASsyt:eGFP). In
third-instar larvae, we detected strong DenMark expression in
neuronal somas and extensive neurite arborizations projecting
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both anterior and posterior to the cell bodies (Fig. 2a, b). All of
the dendritic neurites form bilateral dendritic arborizations,
which join in the dorsal medial tracts from the A1 segment.
The posterior-most GPB5-ENs (in A4) extend their posterior
dendritic axons to the segmental nerve. Presynaptic Syz::GFP
is observed in axonal projections from somas to the medial
dorsal axon tract that ascends to the suboesophageal ganglion
(located in the ventral region of the brain). By contrast, in
adults, extensive Syt::GFP is found in thoracic and abdominal
neuropils (Fig. 2¢, d), and the DenMark signal is weaker (Fig.
2d). Only short and limited arborization is observed in the
anterior-most abdominal segments, due to the presence of
fewer GPB5-ENs in the posterior-most segments. Taken to-
gether, these results suggest that GPB5-ENs integrate infor-
mation from other abdominal neurons, and regulate or modu-
late both information processed in the suboesophageal gangli-
on of the larva and motor and autonomic responses in the adult
through thoracic and abdominal centres, respectively.

NB5-3 is the progenitor of the GPB5-ENs

We next wanted to identify the progenitor NB of the GPB5-
ENs. Due the close proximity of the GPB5-ENs and the
ABLKs (Fig. 3), we postulated that they could be generated
from the same progenitor NB. The progenitor NB of the
ABLKSs was originally identified as NB5-5 based on the com-
bined RNA expression of gooseberry (gsb)-lacZ, huckebein
(hkb)-lacz and unplugged (unpg)-lacZ (Doe 1992; Benito-
Sipos et al. 2010), markers which were considered distinctive
to NB5-5 (Doe 1992). However, later studies showed that the
NB that generates embryonic ABLKSs also generates ABLKs
during larval stages (Estacio-Gomez et al. 2013) and that
NBS5-5 dies at the end of embryogenesis (Lacin and Truman
2016), indicating that this NB cannot be the progenitor of
ABLKSs. More recently, it was demonstrated that the abdom-
inal NBs that undergo quiescence at late embryonic stages and
then resume proliferation at larval stages originate from em-
bryonic NB3-5, NB5-2 and NB5-3 (Lacin and Truman 2016),
suggesting that the ABLKs originate from one of these three
NBs. Given these findings, several authors have proposed
NB5-3 as the ABLK progenitor NB (Estacio-Gomez et al.
2013; Alvarez-Rivero et al. 2017). The only caveat is that
ABLKSs express hkb-lacZ, which was not originally assigned
as a marker of NB5-3 (Chu-LaGraff et al. 1995). We hypoth-
esize that this is due to a late expression of the reporter line in
ABLK neurons but not in its progenitor NB.

To test our hypothesis, we looked at the expression of the
following row-5 NB markers in the GPB5-ENs at embryonic
stage 17: gsb-lacZ, Runt, eyeless (ey)-Gal4, unpg-lacZ, which
all mark NB5-3, hkb-lacZ and ladybird (Ibe)-Gal4 (Doe 1992)
(Lacin and Truman 2016)) (Fig. 4). We observed expression
of the known NB5-3 markers in the GPB5-ENs (Fig. 4a—d),
consistent with the hypothesis that NB5-3 is the progenitor of
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the GPB5-ENs. When we examined the expression of the
NBS5-4 and 5-5 marker ikb-lacZ and the NB5-6 marker /be-
Gal4, we found that GBP5-ENs (and ABLKSs) are positive for
hkb-lacZ (Fig. 4e) but negative for lbe-Gal4 (Fig. 4g). Even
though NB5-3 does not express hkb-lacZ, the colocalization
pattern of NB5-3 markers in the ABLKs and GPB5-ENs sug-
gests that these neurons originate from the same progenitor
NB, namely NB5-3. To further support a common origin, we
tested whether klumpfuss (klu-lacZ), which is required for
specification of the ABLKs (Benito-Sipos et al. 2010), is also
expressed in GPB5-ENs (Fig. 4f). We observed colocalization
of klu-lacz and GPBS, suggesting k/u may also be involved in
the specification of the GPB5-ENs. The expression pattern of
row 5 markers is summarized in Fig. 4h.

GPB5-ENs are generated in the Pdm temporal window

In the embryonic VNC, NBs sequentially express the follow-
ing set of transcription factors that define temporal windows:
Hunchback (Hb), Kriippel (Kr), Nubbin/Pdm2 (Pdm), Castor
(Cas) and Grainy head (Grh) (Kambadur et al. 1998; Isshiki
et al. 2001; Brody and Odenwald 2000). The expression of
these factors is a key component of the combinatorial genetic
code that gives identity to the progeny generated in each tem-
poral window, which, in turn, usually inherits the expression
of the same factor. We examined the expression of these tem-
poral genes in the GPB5-ENs and found that only Pdm is
expressed in these neurons (Fig. 5a—d), demonstrating that
the GPB5-ENs are generated in the Pdm temporal window.
The ABLKs are subsequently generated in the Cas/Grh win-
dow (Benito-Sipos et al. 2010).

We next examined the expression of GPBS5 in various mu-
tants (Fig. 6). In agreement with our observation and com-
pared with wild type (Fig. 6a), GPB5-ENs are lost in Pdm
mutants (Df{2R)ED773) (Fig. 6b). We also checked whether
overexpression of Pdm in neurons (elav-Gal4), neuroblasts
(insc-Gal4) or neuroectoderm (sca-Gal4) could generate ad-
ditional GPB5-ENs, but we did not observe an increase in the
number of GPB5-ENs (Fig. 6¢). The number of GPB5-ENs is
also unaffected in cas, grh and nab mutants (results not
shown).

The genes hkb and klu are involved in the
specification of GPB5-ENs

To explore which other genes might be involved in the spec-
ification of GPB5-ENs, we checked the requirements of k/u,
hkb and unpg. In the hkb mutant, GBP5 expression is
completely absent (Fig. 6d), whereas, in the k/u mutant, more
GPBS5-positive cells are observed, with some hemineuromeres
having three or four positive cells (Fig. 6¢). Overexpression of
klu (elav-GAL4 UAS-klu) leads to a loss of GPBS5 expression
(Fig. 6f). Finally, GPB5 expression is not altered in unpg
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Fig. 2 Organization of GPB5-EN
cell bodies, dendrites and axons in
the larval and adult CNS. GPBS-
GAL4> DenMark, UASsyt:eGFP
was used to double label dendrites
(DenMark; in red) and axons
(synaptobrevin-GFP; in green). a,
b Larval CNS dendrites extend to
adjacent GPB5s and
synaptobrevin-GFP directs GFP
to the synaptic terminals in the
dorsal medial neuropil. b’, b”
Higher power views of the box in
b showing the neuronal processes
labelled with DenMark (b’) and
GFP (b"). ¢, d In the adult CNS
ventral ganglia, dendritic
extensions are concentrated in the
first segments of the abdominal
ganglia (d) and terminal axon
projections extend to the thoracic
ganglia (c). d’, d” Higher power
views of the box in d showing the
neuronal processes labelled with
DenMark (d’) and GFP (d"). Scale
bars 100 um

mutants (Fig. 6g). Quantification of the number of GPB5-ENs
in the different mutant/overexpression lines is summarized in
Fig. 6h. Taken together, these results suggest that 4kb and klu
are involved in different aspects of GPB5-EN specification.
While hkb expression is necessary for their specification, k/u
seems to be required to represses the GPBS fate. Interestingly,
klu is also required to specify the ABLK fate (Benito-Sipos
et al. 2010).

Notch signalling does not affect the GPB5-ENs

Since the two GPBS5-ENs present in each hemisegment are
equal in appearance and in embryonic origin, we next wanted
to determine whether they are sibling cells generated from the
same GMC or, alternatively, cells generated from different
GMCs within the Pdm temporal window. During a GMC
division, Notch signalling triggers a binary cell fate decision
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Fig. 3 Spatial distribution of
GPBS5-ENs and ABLKSs in the
larval and adult CNS. General
distribution of leucokinin (anti-
Lk; red) and GPB5 (GPBS5-
GAL4> GFP; green)-expressing
neurons in a third instar larva (a)
and an adult CNS (b).
Colocalization of Lk and GFP
was not observed, clearly
demonstrating that the two
markers label distinct types of
neurons that are in very close
proximity (see inset details). Scale
bars 100 pm

that generates two neuronal progenies: a Notch-ON and a
Notch-OFF. This unequal activation of Notch signalling is
mediated by the asymmetric segregation of Numb to one of
the two daughter cells, blocking Notch signalling and induc-
ing the B-fate (Notch-OFF). In the sibling cell, which does not
receive Numb, Notch signalling is activated and the cell
adopts the A-fate (Notch-ON) (Spana and Doe 1996; Kumar
et al. 2009).

To test whether Notch is involved in the specification of
GPBS5-ENs, we studied the effect of different mutant condi-
tions of the Notch signalling pathway on their specification
(Fig. 7). First, we overexpressed a constitutively active ver-
sion of the Notch receptor (UAS-Nintra) in all NBs using a
pan-neuronal driver (elav-GAL4) or in the progenitor NB
using pdm-Gal4. We expected to observe either lost or dupli-
cation of GPB5-ENs in these lines compared with wild type
(Fig. 7a); however, we did not observe any significant change
in the number of GPB5-ENs in any of the experiments (Fig.
7b). Next, we analysed numb and mastermind (Mam) mutants.
Mam encodes a transcriptional cofactor that interacts with the
intracellular part of the Notch receptor to activate transcrip-
tion. Likewise, we did not observe any significant differences
in the number of GPB5-ENs in these two mutant lines (Fig.
7c, d). We also assessed possible apoptosis of the GMC prog-
eny by overexpressing the apoptotic inhibitor p35 under the
control of GPB5-GAL4 or elav-GAL4; however, no changes
in the number of GBP5-ENs were observed in any of the
experiments (results not shown). Quantification of the number
of GPBS5-ENs in the different mutant/overexpression lines is
summarized in Fig. 7e. We conclude that the two GPB5-ENs
present in each hemisegment are sibling cells, generated from
the same GMC, that do not adopt different fates in response to
Notch signalling, at least regarding GPBS5 expression.
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Possible functions of GPB5-ENs

To investigate the possible function of the GPBS5 peptide in
the physiology and behaviour of the adult fly, we knocked
down its expression by overexpressing GPB5-RNAi. The
overexpression of this construct with GPB5-GAL4 has been
reported to completely eliminate peptide expression in larvae
(Sellami et al. 2011). However, in our hands, we still observed
GPBS expression in one or two neurons per ganglion with this
construct (results not shown). Therefore, we used the pan-
neuronal driver elav-GAL4 to overexpress GPB5-RNAI,
which knocks out GPBS5 expression in all adult ganglia but
does not affect Lk expression in the ABLKSs, confirming it as a
suitable construct (Fig. 8a, b).

The GPB5/GPA2 peptide is hypothesized to play an anti-
diuretic role based on the expression of its receptor in tissues
involved in water retention, such as the salivary gland,
Malpighian tubules and hindgut (Sellami et al. 2011). To
check for a possible role of the peptide in the regulation of

Fig. 4 Genetic factor characteristics of NB5-3 are also expressed in P>
GPBS and ABLK neurons. a—f Expression of GPBS5 (green), Lk (blue)
and the row 5 NB markers (red): a eyGAL4>cherry, b Runt, ¢ gsblacz, d
unpg-lacz, e hkb-lacz, f klu-lacz and g lbeGAL4>GFP in the ventral
ganglia of stage 17 embryos. Individual channels of insets are shown at
the bottom of each panel; a', b, ¢’, d’, €', f’ and g’ show GPB5-ENs; a”, b”,
c”,d”, e", f" and g" show 5 NB marker expression; and a”, b”, ¢, d", ", f
" and g" show ABLKs. Blue and green circles in the NB marker channel
indicate the ABLKs and GBP5-ENs, respectively. h Summary of the
observed colocalization of row 5 NB markers in the different NBs and
in the GPBS and ABLK neurons. Note /kb is a known marker of NB5-4
and NBS5-5 but not of NB5-3 (Benito-Sipos et al. 2010; Doe 1992),
despite being expressed in both GPB5-ENs and ABLKSs. Scale bars
25 um
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Fig. 5 Expression of temporal
transcription factors during NB
development reveals the lineage
origin of the GPB5-ENs. Protein
expression of GPBS5 and/or LK
and the TTF krulacz (a), pdm-
GAL4> cherry (b), caslacz (¢) and
grhlacz (d) at embryonic stage 17.
Individual channels of insets are
shown to the right of each panel; a
", b’, ¢’ and d’ show temporal
factor expression; a”, b”, ¢” and d
" show GPB5-ENs; and b” and ¢"”
show ABLKs. Blue and green
circles in the temporal factors
channel indicate the ABLKs and
GPBS5.ENs, respectively. GPB5
only colocalizes with the pdm
marker, and, as previous
described (Benito-Sipos et al.
2010), LK colocalizes with cas.
GPBS5 immunostaining is shown
in b, while GPB5-GAL4>GFP is
shown in a, ¢ and d. Scale bars
10 pm

krulacz

caslacz

water content, we analysed the mortality of GPBS knockout
individuals under conditions of desiccation or ionic stress. The
parental GAL4 and UAS lines served as controls in all stress
resistance experiments. In the desiccation assay, we observed
a significant increase in survival in the GPBS5 knockout indi-
viduals compared with the UAS control line and with the first
30 h of observation of the GAL4 line (Fig. 8c). Interestingly,
the UAS parental line showed a marked decrease in survival
compared with the other two lines, representing the most sig-
nificant difference observed in this assay. No significant dif-
ferences in survival were observed with the GPBS knockout
flies in the ionic stress assay compared with the control lines,
although a significant difference was observed between the
two parental lines (Fig. 8d). In fact, in all of these assays,
higher mortality was observed in the UAS parental line com-
pared with the GAL4 parental line. Given this, we cannot
consider the statistical differences of the GPBS5 knockout line
compared with the control lines as relevant in these assays.
We also examined the mortality of GPB5 knockout flies
under starvation conditions and their overall longevity. The
results of the respective assays showed a significant increase
in the survival and the longevity of GPBS5 knockout flies (Fig.
8e, f). In summary, the response to desiccation and ionic stress
do not seem to involve GPB5. However, GPB5 does appear to
play a role in the response to nutritional restriction and in the

@ Springer

o
| O
3

~

)

< & ()
3
o0
o

@

o -

(ﬂ X

Q

|

@

U

o

o1

—

=

regulation of life span, as indicated by the starvation and lon-
gevity assays.

Discussion

In this study, we confirmed the pattern of GPB5-ENs de-
scribed by Sellami et al. (2011). These neurons are present
as four pairs of neurons per hemiganglion in segments A1—4
of'the larva CNS and in two pairs of neurons per hemiganglion
in segments A1l and A2 of the adult CNS. We also showed that
larval GPB5-ENs from segments A3 and A4 that stop express-
ing GPB5 peptide do not die, but rather persist in adults as
dedifferentiated or reprogrammed cells. The neuroanatomy of
GPBS5-ENs presents bilaterally distributed dendritic arboriza-
tions that connect each segment, and axonal projections that
ascend through the medial dorsal tract in the VNC of the larva.
In the adult, GPB5-EN dendritic processes are reduced, and
axonal presynaptic terminals extend to thoracic ganglia.
From our analysis of the GPB5-EN progenitor NB, we
found that these neurons express all the markers of NB5-3
and also ikb-lacz, a marker that is only expressed in NB5-
4 and NB5-5 (Doe 1992). Similar results led us to con-
clude in a previous report that ABLK neurons originated
from the NB5-5 lineage (Benito-Sipos et al. 2010).
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Fig. 6 Altered pattern of GPBS
expression in different mutant
backgrounds. a—c¢ The wild-type
expression of GPBS (a), the loss
of expression in a pdm deficiency
mutant (b) and normal expression
in a pdm gain-of-function line (c)
at first larval instar. Effects on
GPBS fate due to the loss of
function of 4kb (d) and klu (e) and
the overexpression of klu (f) in
first instar larval CNS. g unpg
loss-of-function larva showing no
changes in GPBS expression.
Inset in e shows a higher power
view of the increased number of
GPBS5s in the absence of k/u. h
Quantification of the observed
number of GPB5-positive cells
per hemiganglion (n>10 CNSs
for all genotypes). Asterisks
denote a significant difference
compared with the control
(Student’s ¢ test, p <0.0001).
Scale bars 10 pm

~ Wild type

. unpg mut

However, subsequent studies showed that additional
ABLK neurons originate during larval neurogenesis from
the same embryonic progenitor NB (Estacio-Gomez et al.
2013; Alvarez-Rivero et al. 2017) and that, while NB5-3
is present in the larva, NB5-5 undergoes apoptosis in the
embryo (Lacin and Truman 2016). Given these findings,
we proposed that NB5-3 is the progenitor of ABLK neu-
rons and that hkb expression is not inherited from the
progenitor NB but rather represents de novo expression
in the neurons. This also appears to be the case in the
GPB5-ENs, as evidenced by our expression analysis;
therefore, we conclude that NB5-3 is the GPB5-EN pro-
genitor NB. We further conclude from our analysis of
expression and requirement of temporal genes that

insG4>pdm
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GPBS5-ENs are generated in the Pdm temporal window.
We also found that the genes klu and hkb are involved
in GPB5-EN specification.

GMCs divide to generate two postmitotic cells that
usually acquire two different fates, which are driven by
the asymmetric activation of Notch in one of the cells.
Loss- or gain-of-function mutations of the Notch pathway
transform the fate of a cell into that of the sibling cell. In
our case, the fate of GPB5-ENs was not affected in mu-
tants of the Notch signalling pathway. Thus, we consider
the two GPB5-ENs of each hemisegment as sibling cells
that emerge from the same GMC, and the expression of
the peptide does not allow us to distinguish between
them.
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N

Fig. 7 Notch signalling is not involved in the determination of GPBS5
sibling neurons. Compared to the wild-type control (a), none of the
analysed Notch mutants, including elavGAL4> Nintra (b), numb (c¢) and
mam (d), show any changes in GPBS5 expression. a, b The CNS of first
instar larvae and ¢, d, of stage 17 embryos. e Quantification of the number
of GPB5-positive cells observed in the different genotypes (n > 10 CNSs
analysed for each genotype). Scale bars 10 um

Overall, we confirmed the lineage relationship between
two groups of peptidergic neurons, ABLKs and GPB5-ENs,
which are specified in two different temporal windows of the

@ Springer

same progenitor NB (Fig. 9). We also observed that they have
a similar cellular morphology and spatial distribution and
share expression of several genes involved in their specifica-
tion. Also, they both appear to play functional roles in the
response to starvation resistance.

Metamorphic changes in GPB5-EN neurite projections

During metamorphosis, many of the larval neurons persist into
adulthood; however, they often change their morphology and
functions or undergo programmed cell death (PCD).
Interestingly, GBP5-ENs (and ABLKs) have a different arbor-
ization pattern in the larva versus the adult. In the larva, more
dendritic arbours are present, projecting both anteriorly and
posteriorly from the cell bodies, but not in the two pairs of
adult neurons. Also, the axonal projections of these neurons
extend and concentrate through the medial dorsal tract,
projecting to the suboesophageal ganglion in the larva but
through the thoracic-abdominal ganglion in the adult.

In the adult VNC, postembryonic neurogenesis produces
many neurons in each thoracic neuromere that, during meta-
morphosis, extend primary neurites into specific, tightly fas-
ciculated tracts that remain largely intact throughout metamor-
phosis. The detailed anatomical description of the adult VNC
is currently viewed as containing 16 distinct neuropils
(Namiki et al. 2018), which include motor neurons that control
legs, wings and neck movements; sensory neurons from the
legs, wings and halteres (Tuthill and Wilson 2016); and de-
scending neurons that transmit information from the brain.
GPBS5-ENs project extensively to adult VNC neuropils where
they likely help regulate or modulate motor output and senso-
ry input. However, larval GPB5-EN function appears to be
more related to physiological functions integrated in the
suboesophageal ganglion, such as feeding or drinking.

GPB5-ENs dedifferentiate or are reprogrammed
during postlarval stages

One major cellular event of CNS metamorphosis is the PCD
of larval neurons that will no longer be necessary in ensuing
life stages (Veverytsa and Allan 2013). More than 300 larval
cells, primarily localized in the VNC, undergo PCD shortly
after puparium formation in Drosophila (Lee et al. 2018).
However, little is known about the alternative to PCD: larval
neurons changing their identity in the adult. It is now clear that
differentiated cells can be reprogrammed to a pluripotent state
(Froldi and Cheng 2016) or to an alternative differentiated fate
(Vierbuchen et al. 2010). Although many studies have deter-
mined the factors involved in maintaining differentiated neu-
rons in the Drosophila CNS (for a review, see Froldi and
Cheng (2016)), nothing is known about how neurons are
reprogrammed. Our findings suggest that the larval GPB5-
ENs in the A3 and A4 neuromeres, after switching off
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Fig. 8 Survival in response to stress and the longevity of GPB5 knockout
flies generated using elav-GAL4 > GPB5-RNAI. a, b Expression pattern
of GPB5-ENs (red) and ABLKSs (green) in the adult ventral ganglion of
wild type (a) and knockout elavGAL4>GPBRNAi, UAS-dicer (b) flies.
Note the complete lack of GPB5 expression in the knockout flies. ¢~ f
Graphs showing the survival of GPB5 knockout flies (blue line) com-
pared with control flies, i.c., the parental lines UAS-GPB5SRNAi and
elavGAL4>dicer (red and green lines, respectively) under different stress

neuropeptide expression, dedifferentiate or are reprogrammed
in the adult. Despite the difficulty of obtaining clones of
reprogrammed larval GPB5-ENs in the adults, a very

Fig. 9 Schematic model of the
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conditions. Under desiccation (¢) and ionic stress (d) conditions, clear
differences are not observed between the knockout line and the control
lines. However, under starvation conditions (e) and in terms of longevity
(f), a significant increase in survival is observed in the knockout line. The
significant differences observed in the desiccation and ionic stress assays
correspond to only one of the parental lines. Data are presented as survival
curves, and the error bars represent standard error (****p <0.0001, as
assessed by a Mantel-Cox log-rank test)

interesting next step would be to determine the new identities
of these cells, which will help us to understand the aim of this
complex process.
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Early and late temporal factors control different
neuropeptide fates from the same NB

We identified the GPB5-ENss as a group of early neurons born
from abdominal NB lineage 5-3 within the Pdm temporal
window. The same NB later gives rise to the ABLK neurons
within the Cas/Grh temporal windows, as previously de-
scribed (Estacio-Gomez et al. 2013; Alvarez-Rivero et al.
2017). Interestingly, the ABLKs are produced in two distinct
waves of neurogenesis separated by a NB quiescent stage,
while GPBS-ENs are generated in a single wave. Despite dif-
ferences in temporal origin (from the same NB progenitor)
and neuropeptide nature, the anatomical structure of the two
types of neurons is similar in both the larva and the adult.
Postembryonic hemilineage neurons from a single thoracic
NB are known to share an anatomical ground plan and to have
a role in motor functions related to changes in posture, walk-
ing or wing waving, among others (Harris et al. 2015).
However, nearly nothing is known of the relationships among
lineages derived from the same abdominal NB. We showed
that primary (GPBS5s) and secondary (ABLKs) neurons are
present from first larval instar to adulthood, forming a small
cluster of cells in larval neuromeres A1—4 and adult segments
Al and A2. The neurite bundles derived from both lineages
can be easily recognized in larvae but not in adults. Perhaps
the three-dimensional arrangements of the bundles cannot be
sufficiently resolved in the adult due to differences in neuro-
peptide localization during the development of the abdominal
ganglion. Precisely how the common structural plan is regu-
lated in both ABLKs and GPB5-ENs remains to be deter-
mined, as does the relationship between timing of birth and
neuropeptide production.

Role of klu, hkb and Notch signalling in the
specification of GPB5-ENs

To better characterize the cell fate specification of GPB5-
ENs and given their close relationship with ABLKs, we
examined several of the ABLK determinants previously
described by Benito-Sipos et al. (Benito-Sipos et al.
2010). These authors showed that k/u mutants lack
ABLKSs and, thus, its requirement for ABLK fate specifi-
cation. In contrast, we showed that k/u mutants have a
greater number (three or four) of GPB5-ENs.
Considering that GPB5-ENs differentiate prior to
ABLKSs (Fig. 9), loss of klu might lead to the extension
of the GPBS fate to the following round of NB division.
These findings are similar to those described for NB4-2 in
which klu acts to differentiate between the first two
GMCs derived from this lineage, leading to the differen-
tial specification of cell fates in the neurons from the first
versus second GMC, and the generation of neuronal di-
versity (Yang et al. 1997). Although we did not determine
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the fate of the neurons born from the GMC that follows
the one that generates the GPBS-ENs, our results suggest
that it is the ABLKs. Chu-LaGraff et al. (Chu-LaGraff
et al. 1995) also implicated /kb in the proper differentia-
tion of motoneurons arising from the NB4-2 lineage and
its GMCs. Bossing et al. (Bossing et al. 1996) showed
that hkb is required for correct axon pathfinding in neu-
rons derived from NB1-1 and NB2-2. Interestingly, they
also observed defects in NB lineages that do not express
hkb such as the processes of NB2-1-derived neurons and a
decrease in the number of cells originating from NB6-1.
Although hkb expression does not characterize NB5-3
identity itself, its expression in both GPB5-ENs and
ABLKs clearly indicates a role for this gene in this NB
lineage, thus making it a marker that can be used to dis-
tinguish NB5-3-derived cells. Although we have observed
that hkb loss of function results in the loss of GPBS5 ex-
pression, its precise role in the differentiation of these
neurons needs to be further explored.

Notch signalling is involved in the development of many
cell types, regulating cellular behaviours ranging from differ-
entiation and proliferation to migration and death (for a recent
review, see Henrique and Schweisguth (2019)). However,
dissecting the specific roles that Notch signalling plays in a
developmental process can be challenging. In the case of the
ABLKSs, Notch signalling is not required to specify the neu-
ronal fate (Benito-Sipos et al. 2010); however, once the
ABLK fate has been specified, Notch signalling supresses
PCD and the cells are in a Notch-ON state. Overexpression
of constitutively active forms of Notch or numb mutants res-
cues the Notch-OFF siblings of the ABLKs that normally
undergo PCD. Interestingly, despite its role in the ABLKSs,
Notch signalling does not appear to play any role in the
GPBS5-ENs.

ABLKs and GPB5-ENs share physiological roles

The ABLKs are hypothesized to regulate resistance to desic-
cation, starvation and ionic stress, possibly indirectly in re-
sponse to some diuretic activity (Zandawala et al. 2018).
Similar to the ABLKSs, we found that when the GPB5 neuro-
peptide is absent, starvation resistance (and potentially desic-
cation resistance) increases significantly. As previously men-
tioned, an antidiuretic function for GPB5-ENs in the
Drosophila hindgut has been previously suggested (Sellami
et al. 2011). Moreover, the localization of the GPA2/GPB5
glycoprotein hormone receptor LGR-1 in different regions of
the Aedes aegypti digestive tract suggests a role for these
neuropeptides in feeding, digestion and hydromineral balance
in insects (Rocco etal. 2017). The two hormones differentially
contribute to hydromineral and nutritional balance: Lk regu-
lates feeding and water content through the CNS and the
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Malpighian tubules, while GPA2/GPBS5 regulates the absorp-
tion of solutes and water through the digestive tract.

In this study, we also found that longevity increases signif-
icantly in GPBS loss-of-function flies compared with their
parents. This result contrasts with the high mortality of
eclosing flies derived from crosses between GPB5Gal4 and
UAS-reaper that was observed by Sellami et al. (Sellami et al.
2011). We also observed that high mortality in GPBS5 loss-of-
function flies in the first days after eclosion; however, the
differences were not significant. Sellami et al. (Sellami et al.
2011) suggested that GPA2/GPBS is most important during
early larval development and that larvae that are able to with-
stand the loss of GPA2/GPBS5 are more fit to survive in con-
ditions in which lethality is reduced. Consistent with this idea,
our results suggest that the increase in starvation resistance
promoted by the loss of GPB5 may lead to a decrease in
nutritive and hydric requirements and, hence, a longer
lifespan.

In summary and resembling the functional and anatomical
ground plan of the thoracic neuronal lineages of the
Drosophila CNS, we have shown that two sets of abdominal
neuroendocrine cells, the ABLKs and the GPB5-ENs, not
only originate from the same NB progenitor but also may both
function, albeit antagonistically, in hydrosaline regulation and
survival.
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