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ABSTRACT

Nitric oxide (NO) serves as an evolutionarily conserved signaling molecule that plays an important role in a wide variety of
cellular processes. Extensive studies in Drosophila melanogaster have revealed that NO signaling is required for devel-
opment, physiology, and stress responses in many different types of cells. In neuronal cells, multiple NO signaling
pathways appear to operate in different combinations to regulate learning and memory formation, synaptic transmission,
selective synaptic connections, axon degeneration, and axon regrowth. During organ development, elevated NO signaling
suppresses cell cycle progression, whereas downregulated NO leads to an increase in larval body size via modulation of
hormone signaling. The most striking feature of the Drosophila NO synthase is that various stressors, such as neuro-
peptides, aberrant proteins, hypoxia, bacterial infection, and mechanical injury, can activate Drosophila NO synthase,
initially regulating cellular physiology to enable cells to survive. However, under severe stress or pathophysiological
conditions, high levels of NO promote regulated cell death and the development of neurodegenerative diseases. In this
review, | highlight and discuss the current understanding of molecular mechanisms by which NO signaling regulates

distinct cellular functions and behaviors.
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INTRODUCTION

Nitric oxide (NO), which serves as a gaseous signaling mole-
cule in vertebrates and invertebrates, was shown to play es-
sential roles in several physiological systems including the
cardiovascular, nervous, and immune systems (Lee et al,
2022a, 2022b; Lundberg and Weitzberg, 2022; Seo et al.,
2023). Owing to its ability to rapidly pass through the hydro-
phobic membrane, NO generated in the brain cortex homo-
genously diffuses in all directions (Meulemans, 1994).
Therefore, NO can function both as a paracrine and autocrine
signal. NO is endogenously produced by a family of NO syn-
thase (NOS) enzymes (Garthwaite, 2016). Three different NOS
isoforms are found in mammals, that is, endothelial NOS,
neuronal NOS, and cytokine-inducible NOS. However, the
Drosophila genome encodes only 1 NOS enzyme (dNOS)
(Andreakis et al., 2011). These NOS enzymes share an N-
terminal oxygenase domain, a central calmodulin (CaM)-
binding motif, and a C-terminal reductase domain (Andreakis
et al.,, 2011). The oxygenase domain contains evolutionarily
conserved binding sites for heme and tetrahydrobiopterin (BH,)
while the reductase domain has binding sites for flavin

mononucleotide, flavin adenine dinucleotide, and nicotinamide
adenine dinucleotide phosphate (NADPH) (Gonzalez-
Domenech and Munoz-Chapuli, 2010; Jeandroz et al., 2016).
Upon Ca?*-CaM binding, these 2 domains act in consort to
convert L-arginine to NO and L-citrulline through NADPH- and
O,-dependent oxidation reactions (Griffith and Stuehr, 1995;
Marletta et al., 1998). Two flavin cofactors flavin adenine dinu-
cleotide and flavin mononucleotide transfer electrons, which are
generated from NADPH, to the heme iron during the oxidation
reactions (Griffith and Stuehr, 1995). Recently, BH, was iden-
tified as a potential electron donor to the heme-dioxy species
(Hurshman and Marletta, 2002; Stuehr and Haque, 2019).
Biochemical studies suggest that the catalytic and regulatory
properties of dNOS are most similar to those of mammalian
neuronal NOS (Ray et al., 2007a, 2007b; Sengupta et al,
2003). Evolutionary conservation in domain structure and en-
zymatic and regulatory properties between vertebrate and Dro-
sophila NOSs strongly suggests that these enzymes have many
common elements in the cellular functions and regulatory me-
chanisms mediated by NO signaling.

Indeed, the canonical NO signaling in vertebrates and in-
vertebrates is commonly mediated by soluble guanylate cyclase
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Fig. 1. Nitric oxide signaling pathways in Drosophila. The
dNOS that is activated by several stress-associated stimuli in-
cluding neuropeptides, aberrant stress proteins, hypoxia, bacterial
infection, and mechanical injury, produces gaseous NO. NO sig-
naling can be mediated by the activation of sGC and Ser/Thr
phosphatase CaN or by the inhibition of nuclear receptor E75. In
addition, NO-induced nitrosation and nitrotyrosination also regulate
a wide range of cellular physiologies. GFAP, glial fibrillary acidic
protein; PTTH, prothoracicotropic hormone; dNOS, Drosophila ni-
tric oxide synthase, NO, nitric oxide; CaN, calcineurin; sGC, soluble
guanylate cyclase; cGMP, cyclic GMP; CNGs, cyclic nucleotide-
gated ion channels; PKG, protein kinase G; E75, nuclear re-
ceptor E75.

(sGC) that catalyzes the production of cyclic guanosine mono-
phosphate (cGMP) from guanosine triphosphate (GTP) when
activated upon NO binding to the heme of sGC (Fig. 1;
Martinez-Ruiz et al., 2011). Cyclic nucleotide-gated (CNG) ion
channels and protein kinase G (PKG) are the 2 classes of
downstream target proteins that are directly regulated by cGMP
in both vertebrates and invertebrates (Steinert et al., 2010).
Moreover, the reactive free radical NO in these animal groups
appears to regulate various cellular processes through S-ni-
trosation and 3-nitrotyrosination (Fig. 1; Robinson et al., 2018;
Steinert et al., 2010; Tegeder et al., 2011). Interestingly, NO
signaling in vertebrates was shown to play a crucial role in
cellular stress response (Kim et al., 2023; Suzuki et al., 2023;
Thomas et al., 2008). Several stressors and stress-associated
signaling molecules that increase the activity of the dNOS en-
zyme are found in Drosophila model animals (Fig. 1). Those
include neuropeptides, aberrant proteins, hypoxia, bacterial in-
fection, and mechanical injury (Fig. 1). These findings support
the idea that the major signaling pathways mediated by NO
appear to be conserved between Drosophila and vertebrates.
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However, there are some potential limitations to research in
model animals, such as Drosophila, due to the anatomical,
developmental, and genetic differences between the fruit fly and
vertebrate systems (Jeibmann and Paulus, 2009; Marsh and
Thompson, 2006). Therefore, some intracellular mediators of
NO signaling may be vertebrate-specific or fly-specific
(Jeibmann and Paulus, 2009; Marsh and Thompson, 2006).

In vertebrates, cGMP-dependent PKG was shown to reduce
vascular smooth muscle tone and also to modulate synaptic
excitability through the phosphorylation of specific ion channels
and GIuR1, respectively (Farah et al., 2018; Steinert et al.,
2010). In Drosophila, the V-type H' adenosine 5'-tripho-
sphatase (V-type H* ATPase), which generates the proton
gradient across the tubule principal cell membranes and po-
tentiates fluid secretion, appears to be a target of PKG and/or
cGMP (Fig. 1; Davies et al., 2013). In the Drosophila innate
immune response, the Ser/Thr phosphatase calcineurin
A1 present in hemocytes is activated by NO signaling, although
the underlying mechanism is not clear (Dijkers and O’Farrell,
2007). In contrast with sGC, NO binding to the heme of nuclear
receptor E75 was shown to negatively regulate the transcrip-
tional repressor activity of E75 (Fig. 1; Caceres et al., 2011).
Whether the function and regulation of these mediators have
diverged between vertebrates and invertebrates requires further
studies.

It is clear that Drosophila research in many fields has led to
corresponding studies in other invertebrates as well as verte-
brates, contributing to new discoveries and expanding our un-
derstanding (Bellen et al., 2010; Rubin and Lewis, 2000).
Therefore, in this review, | summarize and discuss the func-
tional roles and regulatory mechanisms of Drosophila NO sig-
naling not only in normal physiological conditions but also in
pathophysiological and stress conditions.

LEARNING AND MEMORY FORMATION

Recently, NO was found to act as a cotransmitter in a few types
of dopaminergic neurons (DANSs) that are involved in either
aversive or attractive olfactory learning (Aso et al., 2019). In
wild-type flies, the optogenetic activation of the posterior pro-
tocerebrum lateral 1 cluster of DANs induces an aversive re-
sponse, whereas in tyrosine hydroxylase (TH) mutants,
characterized by lack of production of dopamine, the activation
of the same cluster results in an attractive response (Aso et al.,
2019). Interestingly, this valence-inversion phenotype is also
observed in the reward-related protocerebral anterior medial
(PAM) cluster of DANs. The optogenetic activation of the PAM
cluster induces an attractive response in wild-type, but an
aversive response in TH mutant flies (Aso et al.,, 2019).
Knockdown of dNOS using RNA interference (RNAI) or the
competitive NOS inhibitor N“-nitro-L-arginine (L-NNA) robustly
suppresses the positive-valence memory observed in TH mu-
tant flies (Aso et al., 2019). Furthermore, the NO-dependent
memory formation depends on sGC Gyc100B expressed in
Kenyon cells (KCs) (Aso et al., 2019). These findings suggest
that both dNOS in DANs and sGC in KCs play a pivotal role in
the formation of olfactory memory. However, the mechanism by
which NO acts as an antagonist to dopamine is not clear.
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Fig. 2. Schematic illustration of the regulation of diverse cell functions by nitric oxide signaling in Drosophila. NO is involved in the regulation
of various cellular functions through seemingly different signaling pathways: (A) visual working memory; (B) synaptic transmission; (C) axon
regrowth; (D) axon regeneration; (E) cell growth, metabolism, and development; (F) fluid secretion; (G) innate immune response; (H) cell
cycle arrest and tracheal development; (I) neurodegeneration; (J) neuronal cell death. dNOS, Drosophila nitric oxide synthase; NO, nitric
oxide; sGC, soluble guanylate cyclase; cGMP, cyclic GMP; PKG, protein kinase G; RSKII, ribosomal-S6-kinase |l; dCREBB, Drosophila
cAMP response element binding protein B; CPX, complexin; FTase, farnesyltransferase; SNO, S-nitrosothiols; UNF, nuclear receptor UNF;
E75, nuclear receptor E75; Rheb, Ras homolog enriched in brain; TOR, target of rapamycin; S6K, ribosomal protein S6 kinase; Piezo,
nonselective cation channel Piezo; CamKIl, Ca?*/calmodulin-dependent kinase II; PTTH, prothoracicotropic hormone; CaM, calmodulin;
EcR, ecdysone receptor; USP, ultraspiracle; DHR3, Drosophila hormone receptor 3; capa, capability; capaR, capability receptor; PLC,
phospholipase C; CaN, calcineurin; IMD, immune deficiency; Dredd, death related ced-3/Nedd2-like caspase; Rel, relish; GSNOR, S-
nitrosoglutathione reductase; GSNO, S-nitrosoglutathione; CNGs, cyclic nucleotide-gated ion channels; dLRRK, Drosophila leucine-rich
repeat kinase; dFoxO, Drosophila forkhead box O; Hid, head involution defective; Dcp-1, death caspase-1; GFAP, glial fibrillary acidic

protein.

Further studies demonstrated that NO is also involved in limiting
memory retention and promoting fast update of memory (Aso
et al., 2019).

NO/cGMP signaling pathway is involved in the formation of
visual short-term working memory in addition to its long-term
memory function. Visual working memory can be defined as a
short-term memory of the visual information, including shape,
color, and location, that is used for performing ongoing cognitive
tasks (Luck and Vogel, 2013). Loss-of-function (LOF) mutant
alleles in NO signaling components, such as dNOS, sGC,
foraging (for, PKG), Ribosomal-S6-kinase I, and dCREBB,
caused a significant impairment in visual working memory
(Fig. 2A; Kuntz et al., 2017). Moreover, RNAi-mediated knock-
down of 2 CNG nonselective cation channels (CNGA and
CNGL) substantially decreased the visual working memory, in-
dicating the key role of elevated cGMP and Ca?* levels in visual
working memory (Baumann et al., 1994; Chowdhury et al.,
2023; Kuntz et al., 2017; Miyazu et al., 2000). Consistent with
this, genetical and pharmacological inhibition of cGMP-depen-
dent phosphodiesterase 6 robustly rescued the visual memory
deficit observed in either dNOS, ellipsoid-body open, or cy-
stathionine -synthase LOF mutants (Kuntz et al., 2017). These
results combined with dNOS expression detected at pre-
synapses of the ellipsoid body ring 3 neurons led to a hypoth-
esis that NO/cGMP signaling contributes to the maintenance of
short-term visual information through the activation of PKG and
the gating of CNG cation channels (Fig. 2A; Baumann et al.,
1994; Kuntz et al., 2017; Miyazu et al., 2000).

SYNAPTIC TRANSMISSION

NO and cGMP signaling was shown to modulate synaptic
transmission of glutaminergic motoneurons and cholinergic ol-
factory sensory neurons (OSNs). Fluorescent dye-based ima-
ging of the recycling of synaptic vesicles demonstrated that NO
and cGMP signaling promotes vesicle release at the Drosophila
neuromuscular junction (NMJ) in a Ca?*-independent manner
(Wildemann and Bicker, 1999a). In addition, pharmacological
studies in motor axon terminals showed that elevated pre-
synaptic cGMP production can be induced by electric activity-
mediated activation of dNOS/sGC (Shakiryanova and Levitan,
2008). Since NADPH-diaphorase staining failed to detect dNOS
activity in both presynaptic boutons and postsynaptic muscle
fibers, it is not clear whether NO functions as an anterograde or
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a retrograde signal at the larval NMJ (Wildemann and Bicker,
1999b). Interestingly, whole-cell recording studies provided
functional evidence that NO/cGMP signaling inhibits cholinergic
synaptic transmission of OSNs to olfactory projection neurons in
the Drosophila antennal lobes (Duan et al., 2012). Given the
heavy but inhomogeneous dNOS activity detected in OSNs
(Mdaller and Buchner, 1993), these findings indicate the pre-
synaptic function of NO in the processing of olfactory informa-
tion. Furthermore, NO/cGMP-mediated contrasting modulations
of synaptic transmission have also been demonstrated in ver-
tebrates (Feil and Kleppisch, 2008), suggesting the evolutio-
narily conserved synaptic mechanism of NO/cGMP signaling.

Another mechanism by which NO modulates protein func-
tion is via nonenzymatic addition of NO to the thiol group of a
protein’s cysteine (Cys) to form S-nitrosothiols, a process re-
ferred to as S-nitrosation (Stamler et al., 2001). In Drosophila,
the fusion-clamp protein complexin (CPX), which is required
for the release of synaptic transmitter at the NMJ, can be
functionally downregulated by either its increased S-nitrosa-
tion or reduced farnesylation (Fig. 2B; Robinson et al., 2018).
Consistently, NO-induced S-nitrosation of CPX suppressed
evoked and spontaneous synaptic release by inhibiting far-
nesylation (Robinson et al., 2018). In contrast, upregulation of
denitrosation through genetic and pharmacological manipula-
tion that led to elevated glutathione (GSH) levels reversed NO-
mediated suppression of synaptic function (Robinson et al.,
2018). These findings demonstrate that S-nitrosation and de-
nitrosation are dynamic regulatory mechanisms of protein
function involving reversible posttranslational modification. On
the other hand, NO signaling activity is required for the in-
duction of a permanent change to coordinated neural network
function during a critical period (mid-stage 17) of embryonic
neural development (Giachello et al., 2021). Optogenetic sti-
mulation of neural network activity during the critical period
resulted in an increased duration of spontaneous rhythmic
current in anterior corner cell (aCC) motoneurons, indicating
increased synaptic excitation (Giachello et al., 2021). This in-
creased synaptic activity was almost abolished by pretreat-
ment with the NOS inhibitor, N*-nitro-L-arginine methyl ester
hydrochloride (L-NAME), and further potentiated by the NOS
donor, sodium nitroprusside (Giachello et al., 2021). These
results suggest a key role of NO signaling in establishing the
coordinated patterned activity of neural networks during the
embryonic critical period.
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SYNAPTIC CONNECTIONS

During pupal development, NO/cGMP retrograde signaling is re-
quired for normal synaptic connections of the photoreceptor axons
with optic lobe interneurons (Gibbs and Truman, 1998). Im-
munohistochemical studies demonstrated high levels of cGMP in
the photoreceptor axons after treatment with NO donor whereas
dNOS was observed in the lamina and medulla of the optic lobe
(Gibbs and Truman, 1998). Suppression of NO and cGMP pro-
duction using pharmacological inhibitors during the early meta-
morphosis often led to the projection of photoreceptor axons
beyond their normal target layers in the optic lobe (Gibbs and
Truman, 1998). A similar but slight overshooting phenotype of
photoreceptor axons was also observed in Gea? LOF mutants that
showed highly reduced activity of sGC in the visual system (Gibbs
et al.,, 2001). These results suggest that NO may serve as an
arrest signal for extending the growth cone and/or as a target
recognition signal (Bicker, 2005; Gibbs and Truman, 1998).

AXON DEGENERATION AND REGENERATION

The Drosophila mushroom body (MB), which is composed of 3
distinct subtypes of KCs: a/B, o’/f’, and y neurons, found in both
larval and adult brains is required for olfactory learning and
memory (Busto et al., 2010). In the early stage of pupal de-
velopment, the y neurons of larval MB undergo pruning of their
dorsal and medial axon lobes through a local degeneration
mechanism (Watts et al., 2004). Subsequently, these y neurons
regrow their axons to form adult-specific medial lobes (Luo and
O’Leary, 2005). NO signaling has been shown to regulate the
pruning and regrowth of the MB y neurons (Rabinovich et al.,
2016). CaM-dependent activation of dNOS promotes axon
pruning of the MB y neurons whereas downregulation of dNOS
by inhibitory short dNOS isoform is required for their axon re-
growth (Fig. 2C; Rabinovich et al., 2016; Stasiv et al., 2004).
Given that 2 heme-binding nuclear receptors, UNF and E75,
through the Rheb/TOR/S6K pathway promote the regrowth of
the MB y axons, high NO levels appear to disrupt the formation
of UNF-E75 heterodimer, inhibiting the axon regrowth (Fig. 2C;
Rabinovich et al., 2016; Reinking et al., 2005; Yaniv et al.,
2012). Interestingly, NO-induced axon pruning does not occur
through the canonical sGC/cGMP signaling (Rabinovich et al.,
2016). To summarize, opposing control of NO signaling pro-
vides a switching mechanism between axon pruning and re-
growth during metamorphosis.

After severing the axon of mechanosensitive class IIl den-
dritic arborization (da) neurons in second instar Drosophila
larvae, limited axonal regeneration is observed for 3 days (Song
et al., 2012). The Drosophila Piezo, which was initially identified
to play an important role in mechanosensory nociception, is
responsible for this limited axon regeneration observed in wild-
type da neuron injury model (Fig. 2D; Kim et al., 2012; Song
et al., 2019). Mechanical injury of sensory axons triggers local
calcium transients through activation of the nonselective cation
channel Drosophila Piezo, which then activates dNOS osten-
sibly in a Ca2*/CaM-dependent manner (Song et al., 2019). In
addition, genetic interaction analyses revealed that Drosophila
PKG Foraging inhibits mechanical injury-induced axon
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regeneration downstream of dNOS activation (Fig. 2D; Song
et al., 2019). In contrast, the phosphatase and tensin homolog
(PTEN)/Akt growth signaling pathway was shown to promote
axon regeneration in the central nervous system where the da
neuron axons barely regenerate (Song et al., 2012). A similar
antagonistic relationship between NO and PTEN/Akt signaling
pathways was found in the control of the pruning and regrowth
of the MB y neurons (Rabinovich et al., 2016). Moreover, the
small lateral ventral neurons of dNOS-deficient mutants showed
enlarged and abnormal axon branching patterns, leading to an
increase in the area of the axonal arbor (Kozlov et al., 2020).
This abnormal axon morphology of the key pacemaker neurons
small lateral ventral neurons was suggested to contribute to the
arrhythmic circadian behavior observed in dNOS deficiency flies
(Kozlov et al., 2020). Collectively, these findings support the
notion that NO signaling activity negatively regulates axonal
growth and probably synaptic connections under normal phy-
siological conditions.

CELL CYCLE REGULATION DURING DEVELOPMENT

The size of organs and bodily structures in adults is determined
by the combined action of cell proliferation, differentiation, and
apoptosis during development (Hafen and Stocker, 2003).
Histochemical staining for the NADPH-diaphorase activity of
dNOS showed intense staining patterns in the wing, eye, hal-
tere, and genital disks of third-instar larvae (Kuzin et al., 1996).
A reduction in dNOS activity in the developing larvae causes
enlarged appendages and organs, whereas increased NOS
activity leads to reduced size of fly limbs (Fig. 2E; Kuzin et al.,
1996). These results suggest that NO functions as an anti-
proliferative signaling molecule in controlling cell division during
Drosophila organ development. Furthermore, genetic and
pharmacological manipulation of dNOS activity in the devel-
oping eye revealed that NO-mediated suppression of cell cycle
progression can be achieved in cooperation with the retino-
blastoma pathway that is key to the G1-S transition (restriction
point) of the cell cycle (Dyson, 1998; Kuzin et al., 2000).
Genetic manipulation of NO-mediated inhibition of the nu-
clear receptor E75 was shown to affect feeding behavior, lipid
metabolism, and development (Fig. 2E; Caceres et al., 2011).
When dNOS was downregulated in the prothoracic gland by an
RNAI transgene, most of the larvae did not form pupae on time
and instead continued feeding until their body size increased to
approximately 1.5 times that of the wild-type (Caceres et al.,,
2011). In contrast, overexpression of constitutively active
mouse macrophage NOS in the prothoracic gland produced
small-sized larvae (Caceres et al, 2011). RNAi-induced
knockdown of E75 or overexpression of Drosophila hormone
receptor 3 (DHR3), which functions as an E75 heterodimer
partner, robustly suppressed the overgrowth phenotype ob-
served in dNOS knockdown larvae, suggesting that E75 and
DHR3 in the prothoracic gland are key mediators of NO sig-
naling (Fig. 2E; Céaceres et al., 2011). An intriguing question
relates to the mechanism by which NO negatively regulates the
activity of the heme-binding nuclear receptor E75. In the ab-
sence of NO, dimerization of DHR3 with E75 compromises
DHR3 transcriptional activity, whereas binding of NO to the
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reduced form of E75 heme appears to interfere with protein
interaction between E75 and DHR3, leading to the activation of
DHR3 (Reinking et al., 2005). In another study, the binding of
NO to E75 resulted in reduced interaction between E75 and
SMRT-related and ecdysone receptor interacting factor
(SMRTER), showing that the function of E75 as a transcriptional
repressor is mediated by the recruitment of the corepressor
SMRTER (Johnston et al., 2011). Further studies are required to
elucidate the specific regulatory mechanism underlying NO-in-
duced inhibition of E75.

OSMOREGULATION AND FLUID HOMEOSTASIS

NO signaling plays an important role in osmoregulation and fluid
homeostasis by the Malpighian tubules (Davies, 2000; Dow
et al., 1994). Malpighian tubule principal cells increase the
production of NO and cGMP, leading to increased fluid secretion
in response to nitridergic neuropeptide capability (capa)
(Pollock et al., 2004). Upon binding to capa, its cognate G-
protein-linked receptor capaR triggers Ca®* release through
Ca?* channels present in the endoplasmic reticulum and
plasma membrane, activating the Ca®*/CaM-sensitive dNOS
and subsequently sGC (Fig. 2F; Davies et al., 2013). The V-type
H*-ATPase, which is responsible for fluid secretion, appears to
be upregulated by cGMP-dependent protein kinase (cGK)
(Fig. 2F; Davies et al., 2013). Given the close relationship be-
tween fluid secretion and desiccation tolerance, NO/cGMP
signaling in principal cells contributes to appropriate cellular
response to external stressors.

INNATE IMMUNE RESPONSE

In the Drosophila immune system, NO was identified as a key
signaling molecule that mediates innate immune responses to
parasitoid wasp and Gram-negative bacteria (Foley and
O’Farrell, 2003; Nappi et al., 2000). When third instar larvae
were fed Gram-negative bacteria, recognition of pathogen-as-
sociated molecular patterns, such as peptidoglycan found in the
bacterial cell wall, via pattern recognition receptors in the gut
appeared to induce increased production of reactive oxygen
species, which subsequently upregulated the dNOS messenger
RNA level and NO production (Fig. 2G; Foley and O’Farrell,
2003; Wu et al., 2012). This intestinal NO is required for the
activation of the immune deficiency (IMD) pathway in the fat
body, which activates the nuclear factor kappa-light-chain-en-
hancer of activated B cells (NF-kB) family transcription factor
Relish (Rel) through phosphorylation and proteolytic cleavage,
triggering the expression of antimicrobial peptides including
Diptericin (Fig. 2G; Foley and O’Farrell, 2003; Myllymaki et al.,
2014). Interestingly, hemocytes seem to respond to the in-
testinal NO signal and relay it to the fat body to induce an IMD-
based innate immune response (Fig. 2G; Foley and O’Farrell,
2003; Wu et al., 2012). Furthermore, NO-induced activation of
the IMD pathway in the fat body depends on the function of
calcineurin A1, which is 1 of the 3 catalytic subunits showing the
Ca?*/CaM-dependent phosphatase activity in hemocytes
(Fig. 2G; Dijkers and O’Farrell, 2007). Currently, the mechanism
by which hemocytes receiving NO signal stimulate antimicrobial
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peptide production in the fat body is not clear. However, these
results underline the important role of NO signaling in innate
immune communication among the gut, hemocytes, and fat
body. A recent study found that the inflammatory function of NO/
cGMP/PKG signaling significantly contributes to Notch-PI3K/
Akt oncogenic cooperation in the Drosophila eye (Villegas et al.,
2018). Unexpectedly, the NO produced by eye tumor cells also
seems to mediate the suppression of antitumor immune cells
(Villegas et al., 2018).

HYPOXIA RESPONSE

Since oxygen is an essential molecule for the generation of
energy in mitochondria, aerobic organisms need to sense and
adapt to low oxygen (hypoxia) (Bartz and Piantadosi, 2010; Lee
et al., 2020). Fruit flies also exhibit cellular, developmental, and
behavioral adaptations in response to hypoxia (Wingrove and
O’Farrell, 1999). Hypoxic exposure during embryonic develop-
ment induces a rapid but reversible arrest of the cell cycle, and
hypoxic larvae show more exploratory behavior (\Wingrove and
O’Farrell, 1999). These cellular and behavioral phenotypes
were reproduced after increased production of NO and were
suppressed when either NO production or PKG activity de-
creased (DiGregorio et al., 2001; Wingrove and O’Farrell,
1999). In addition, tracheal ramification in larvae, which is be-
lieved to correlate with oxygen need, is promoted by increased
NO production and is compromised by pharmacological inhibi-
tion of dNOS or reduced PKG activity (Fig. 2H; Wingrove and
O’Farrell, 1999). A study using hypoxia-induced translocation of
green fluorescent protein (GFP)-tagged Relish in a Drosophila
cell line led to a better understanding of the hypoxia-induced
NO signaling pathway. Mitochondrial NO and its oxidized form
nitrite  (NO,") contribute to hypoxia response and S-ni-
trosoglutathione, which is formed via nitrosation of glutathione,
can act as a hypoxia-mimetic to activate sGC (Fig. 2H; Dijkers
and O’Farrell, 2009). Moreover, mobilization of calcium and
potassium through CNG ion channel and hyperpolarization-
activated CNG potassium channel, respectively, downstream of
cGMP signaling is required for hypoxia-induced translocation of
GFP-tagged Relish in cultured cells (Fig. 2H; Dijkers and
O’Farrell, 2009).

NEURODEGENERATIVE DISEASES

Parkinson’s disease (PD) is a common neurodegenerative
disease characterized by movement difficulty and neu-
ropsychiatric problems (Armstrong and Okun, 2020; Lee et al.,
2022a, 2022b). The onset of PD is closely associated with the
loss of DANs in the substantia nigra that is responsible for motor
control and reward functions (Poewe et al.,, 2017). Several
missense mutations in the gene encoding Leucine-rich repeat
kinase 2 (LRRK2) were shown to cause autosomal dominant
late-onset PD (Fig. 2I; Paisan-Ruiz et al., 2004; Zimprich et al.,
2004). In aged flies, overexpression of the Drosophila ortho-
logue of human LRRK2 (dLRRK), which contains one of the PD-
associated mutations (Y1383C and 11915T), in DANs resulted
in a significant loss of DANs (Imai et al., 2008). This neurotoxic
activity may be mediated by LRRK2/dLRRK-induced
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phosphorylation of the forkhead box transcription factor FoxO
and the resulting upregulation of a proapoptotic protein Hid
(Fig. 2I; Kanao et al., 2010). Recently, the Drosophila cGK
Foraging (For) was shown to stimulate FoxO-transcriptional
activity through phosphorylation of the same Ser residue as
phosphorylated by LRRK2/dLRRK (Kanao et al., 2012). Further
genetic and pharmacological studies demonstrated the con-
tribution of NO/cGMP/cGK signaling to the FoxO-mediated
neurodegeneration of DANs (Fig. 2I; Kanao et al., 2012).

Similarly, the neurotoxic activity of NO was also demon-
strated in the Alexander disease (AxD) model. AxD is a rare
genetic leukodystrophy that is largely caused by astrocyte
dysfunction and anomalies in the cerebral white matter
(Sawaishi, 2009). In most cases, dominant gain-of-function
mutations in the GFAP gene, which encodes an intermediate
filament protein, are responsible for both early- and later-onset
of AxD (Messing et al., 2012). Overexpression of AxD-asso-
ciated mutant forms of GFAP in the Drosophila glial cells led to
increased production of reactive oxygen species, NO, and
cGMP, subsequently promoting cell death in both glial and
neuronal cells and increasing seizure frequency (Fig. 2J; Wang
et al., 2015). Glial fibrillary acidic protein-mediated glial and
neuronal cell death appears to require the activation of Cas-
pase, Hid, and Drosophila inhibitor of apoptosis (DIAP), but glial
cell death involves DNA damage and upregulated p53 (Fig. 2J;
Wang et al., 2015).

CONCLUSION AND PERSPECTIVES

NO is undoubtedly a multifunctional signaling molecule within
and between cells. Indeed, NO was shown to act as a co-
transmitter in a few types of DANs whereas NO signaling at
presynapses of the ellipsoid body ring 3 neurons is required for
the development of visual short-term working memory. In ad-
dition, the glutaminergic synaptic transmission of motoneurons
can be either enhanced or suppressed by NO signaling. During
pupal development, precise synaptic connections between the
photoreceptor axons and optic lobe interneurons in part depend
on NO retrograde signaling activity. Sequential activation and
inhibition of dNOS induce the axon pruning and regrowth of the
MB vy neurons, respectively. NO can also be used as an anti-
proliferative signal in cell cycle regulation. These findings sug-
gest that NO signaling is essential for the normal development
and cellular physiology of Drosophila. However, the character-
ization of 2 different amorphic alleles, such as dNOSC and
dNOS2"®, showed that these homozygous mutant flies were
viable and exhibited no obvious developmental defects
(Yakubovich et al., 2010). Interestingly, a growing body of evi-
dence from fruit flies has implicated NO signaling as one of the
pathways inducing cellular stress responses. The dNOS is ac-
tivated in response to various types of stressors including hy-
poxia, bacterial infection, aberrant stress proteins, and
mechanical injury. The generated NO triggers multiple but dis-
tinct signal transduction cascades that appear to depend on the
type, intensity, and duration of stress as well as the physiolo-
gical features of cells in which NO signaling occurs. NO-medi-
ated signaling pathways initially seem to play a protective role in
ensuring cell survival and maintaining cellular homeostasis
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under stress situations. In contrast, highly elevated NO sig-
naling induced by prolonged and/or noxious stress can result in
regulated cell death and the development of NO-associated
diseases. The molecular mechanisms by which NO signaling
plays a protective or destructive role in response to stress are
poorly understood. One interesting question is, through what
mechanism do differences in the concentration of NO and the
resulting differences in NO signaling activity lead to opposite
roles in the same cells? This question is also related to several
other issues. First, exactly how do the aforementioned stressor
molecules activate the dNOS? Second, how does NO signaling
integrate with other types of stress signaling to affect cellular
physiology? Third, identifying downstream target proteins that
are directly affected by NO or mediators of NO signaling is
considered an essential prerequisite for better elucidating the
NO signaling pathway. Furthermore, it is very challenging to
determine which of the downstream target proteins activated or
inhibited by NO signaling are directly responsible for the de-
velopment of NO-associated diseases. Considering that NO
signaling is evolutionarily well conserved between Drosophila
and vertebrates, a better understanding of NO-mediated op-
posing functions and their underlying regulatory mechanisms in
the fruit fly can help characterize the pathophysiological pro-
cesses and facilitate targeted drug discovery for NO-associated
diseases.
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