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e Pan-neuronal knockdown of RasGA
the feeding behavior of flies.

e Pan-neuronal knockdown of Ra

lating glucose and triacylgl

1 | INTRODUCTION
Members of the Ras superfamily of small monomeric guanosine tri GTP)-binding proteins play roles in
diverse biological processes, ranging from transmembrane signal transd s processes involving
cytoskeletal rearrangements, vesicular trafficking, and nucleo i mention only the most
prominent (Mitin et al., 2005). These proteins switch betwe nd to GTP and an inactive form
bound to guanosine diphosphate (GDP), and whose cycles e nucleotide exchange factors
(GEFs), which promote the exchange of GDP for GTP, and by

low intrinsic GTPase activity (Pamonsinlapatham et al., 2009).

teins (GAPs), which enhance its
as a cognate GEF protein. Ras-specific GTPase-activatig as negative regulators for different
groups of homologous mammalian RasGAP
sequences are commonly distinguished: p120-RasGA ibromin (NF1), GAP1 subfamily members
(GAP1IM [RasGAP2], GAP1IP4BP [RasGAP3], CA ASAL1), SynGAP family members, Plexins and
IQGAP family members (Scheffzek & Shivalingai

Given the importance of Ras signaling i lar functions, in addition to alterations in Ras

proteins themselves, defects in Ras reg i s may also be relevant to disease development
(Bernards, 2003). In the case of RasGA st prominent example in this context is neurofibromatosis type 1,
which is caused by delete 1 gene and is characterized by high Ras signaling and

overactivation of phosphoino i itogen-activated protein kinase (MAPK)/extracellular

signal-regulated kinase (ERK), a target of rapamycin (mTOR) pathways that lead to the development

(encoding RasGAP1) have bg 2 nsible for capillary malformation-arteriovenous malformation
(CM-AVM) syndrome, a
Germline SynGAP1 loss|
autism spectrum disorde ¢ ia(Kilinc et al., 2018). Notably, the T/T genotype of the single-nucleotide

aracterized by defects in vascular development (Orme et al., 2013).

are causally associated with intellectual disability, severe epilepsy,

e gene that encodes RasGAP2, was associated with increased body
e et al., 2015) and breast cancer risk (Zhu et al., 2017), although no clear
these associations has been provided so far.

long-term survival of adult neurons in Drosophila crucially depends on the

Rab5, regulated by the interaction of Vap-encoded RasGAP and Sprint

intersegmental motor e axon guidance during neural development (Yang et al., 2016).
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activity and consequently preventing the differentiation of precursor cone cells into R7 phe
et al., 1992). Ectopic expression of RasGAP1 in the wing imaginal disc reduced the size of th

Heartless signaling (Feldmann et al., 1999; Woodcock & Hughes, 2004). Likewise, the par

been described in other pathways such as Torso signaling during fly embryogenesis (Cleg|

have shown that this protein can stimulate the intrinsic GTPase activity of
Feldmann et al., 1999). Remarkably, a search in the FlyAtlas2 (Krause et al., 20 € phila RasGAP1
ble 1) and thus
2 the effects of
RasGAP1 pan-neuronal knockdown in Drosophila at the level ivi d” feeding behavior.

is mainly expressed in the brain/central nervous system of adult males (Supp
may be involved in fly behavior. In this way, the purpose of
Furthermore, it was analyzed whether these changes had an effec drate metabolism, triacylglyceride
levels, lifespan and/or starvation resistance of the flies.

2 | MATERIALS AND METHODS
2.1 | Fly stocks and maintenance

All fly strains were maintained with Jazz-Mix Drosg
1.5% yeast extract (20-254; Apex Bioresearch P
tegosept (20-258; Apex Bioresearch Product). ed at 25°C and 60% humidity in a 12:12h
light:dark (L:D) cycle. The flies were obtained fro ock Center, and the strains corresponded to
one that expresses an RNA interference (R i 3 R AP1 (FBgn0004390) under UAS control: y[1] v
[1]; Pfy[+t7.7] v[+t1.8]=TRiP.GLO1258}at i AP1RNA) as well as a strain that expresses the
GAL4 protein under the control of the oter: P{w[+mW.hs]=GawBJelav[C155] (designated as elav-GAL4).
Unless otherwise indicated, i es 5-7 days after hatching. The flies with the GAL4 drivers
and the UAS transgenic flies

progeny were reared at 29°C fi { ime to carry out the experiments.

ormed into cDNA using the High Capacity RNA-to-cDNA Kit (4387406; Applied Biosystems)

lier's in eps. Quantitative polymerase chain reaction (QPCR) was performed with iTaq
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2.3 | Activity and sleep analysis

tubes were sealed with common fly food on one side and a cotton plug on the other side
25°C on monitors that determine the activity of the flies by beam crossing numbers. Flies
on a 12:12 LD cycle for 5 days, starting at 8 a.m. Each group had a minimum of 25 flies per tria ed at
least three times.

2.4 | Fly proboscis and activity detector (FlyPAD) feedin

The feeding experiments were performed in a similar mann ov et al. feeding behavior
experiments, starved male flies 5-9 days old were individually tr the flyPAD behavioral arena and
allowed to feed 2 ul of 150 mM sucrose (S9378; Sigma-Aldrich) in 1% of a Sigma-Aldrich) for 1 h.

flyPAD behavior arena and allowed to freely choose bet ose (F2252; Sigma-Aldrich) and
100 mM p-mannose (M6020; Sigma-Aldrich) solutions that
ad libitum for 1 h. Throughout the duration of the experimen

rose. Flies were allowed to eat
at a humidity of 55%-60% and
25-27°C. Control and knockdown groups were tested simu
sustained a minimum of 15 flies per feeding trial an ree times.

2.5 | Carbohydrate assay

iquick Cor GLUCOSE kit (2-218; Cormay). At
and experimental groups. For each replicate, 10

Body glycogen and trehalose concentratiol
least six biological replicates were prepa
male flies were decapitated and homog 100 pl of 1x PBS buffer. Samples were deproteinized at 70°C for

and used as a sample. Subseq ed with 10 ul of trehalase from porcine kidney (T8778;
Sigma-Aldrich) and incubated a ight. Separately, 10 pl of sample was mixed with 10 pl of Aspergillus

10 ul of sample was diluted ioni ater and mixed with 650 ul of glucose reaction mix (2-218;
Cormay) in a 96-well g ce at 500nm was measured with a Multiskan GO microplate
spectrophotometer (The centration was calculated based on a standard curve that was made

with a series of dilution solution.

omogenized with 100 ul cold PBST buffer (1x PBS [20012027; Gibco] with 10%
igma-Aldrich]). They were incubated at 70°C for 10 min and then centrifuged at 14,000 rpm for
atant was collected and used as a sample. To 10 pl of the sample, 100 ul of free glycerol reagent
(F6428; Sig
Multiskan GO
according to a standard®€urve generated with 1.0, 0.8, 0.6, 0.4, and 0.2 mg/ml triolein equivalent concentration
(G7793; Sigma-Aldrich). Subsequently, 20 ul of triglyceride reagent (T2449; Sigma-Aldrich) were added to each

ich) was added and incubated at 37°C for 15 min. Absorbance at 540 nm was measured in a
e spectrophotometer (Thermo Scientific) and glycerol concentration was calculated
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standard and sample and incubated at 37°C for 15 min. The absorbance at 540 nm w asured again and the
triacylglyceride concentration was calculated using the formula: Triacylglyceride concel Total glycerol
concentration - Free glycerol concentration. To normalize the results, the protein concentrati mple was
quantified with the Bradford assay (23246; Thermo Scientific). Triacylglycerol concentrat

calculated from five samples (five flies per sample) for each group.

2.7 | Lifespan assay
The lifespan assay was performed similarly to Linford et al. (2013). At least old) from each
group were collected in vials with normal food and maintained at 29°Cona 1 the vials were

carefully inspected looking for dead flies and a record was mad

2.8 | Starvation assay

012). Starvation resistance was
agarose in DAMS. The DAMS

The starvation resistance assay was performed similarly to
measured by placing 30 male flies (5-7 days old) in individ
assay was performed at 25°C in an incubator, in a L:D cycle

2.9 | Statistical analysis
Data were analyzed with the Shapiro-Wilk test Smirnov test depending on the number and
type of samples. Data that followed a normal d with Student's t test or one-way analysis of
variance (ANOVA) with a Tukey post ho

analyzed with a Kruskal-Wallis test wit|

at did not follow a normal distribution were
val curves were evaluated using the Mantel-Cox

log-rank test. GraphPad Prism 9 (Grap are) was used to perform the analysis.

3 | RESULTS AND

3.1 | Pan-neuronal n of AP1 alters the activity and sleep behavior

of flies

ranscript and controlled by the GAL4/UAS system were used (RasGAP1RNA x elav-GAL4
ackground strain w1118 (RasGAPlRNA' xw1118 and w1118 x elav-GAL4

reduction © pecifically in neurons (Supporting Information: Figure 1). Subsequently, the 5-day activity and

p1RNAT» elav-GAL4 flies and their controls were analyzed and compared. Thus, relative to

sleep behaviors 0
both controls, RasGAP

total activity counts (Figure 1b), activity counts/30 min (Figure 1c), mean activity/minutes while moving (Figure 1d)

ockdown was found to cause a significant increase in several activity parameters, such as
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FIGURE 1 Drosophila RasGAP1 knockdown 2 ehavior. The graphs show the relative
expression of RasGAP1 (a), total activity counts (c), mean activity/minutes while moving
(d), activity counts/time awake (e), total sleep durs leep/30 min (g), mean sleep episode duration
(h), median sleep episode duration (i) and ti he RasGAP1 knockdown (gray boxes) and
their controls (white boxes). For the stati dent's t test was used, in (b-g and i),
one-way analysis of varience with Tuke (h) the Kruskal-Wallis test with Dunn's post
hoc was used. Statistical significance is as *p < 0. 05 **p <0.01, ***p <0.001, and ****p < 0.0001.

5; Locke et al., 2015; Machado Almeida et al., 2021). In

eased activity and decreased sleep, is that RasGAP1 knockdown somehow affects neuronal

pupled dopamine receptors have been identified in Drosophila: two D1-like

receptor eby inhibits thyrotropin-releasing hormone (TRH)-stimulated ERK1/2 activation (Nafisi
et al, 2008).
(Draper et al., 2007; Leé
fungal body output neurons projecting the y5 and B’2 compartments increased the duration and number of sleep

increased D2R receptor signaling in Drosophila neurons stimulates locomotor activity
t al., 2013). Meanwhile, Drosophila knockdown of DopR1 and DopR2 in Kenyon cells and
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sessions (Driscoll et al., 2021). Similarly, DopR2 knockdown in sleep-promoting protoce bridging interneurons
also increased sleep in flies (Tomita et al., 2021). With all this background, it can be s that RasGAP1
knockdown in Drosophila may alter dopaminergic signaling, activating both D1-like and D2R
to remain active for a longer time (Mikhail et al., 2017). As a result, the duration of sleep dg

of waking periods increases.

3.2 | Pan-neuronal knockdown of RasGAP1 does not modi
of flies

Since the dopamine reward system also influences foraging behavior (Baik, i ated whether
RasGAP1 knockdown modifies feeding behavior in flies. In FlyP
number of sips (Figure 2a), sip duration (Figure 2b), activity bo

remain active due to RasGAP1 knockdown and thus increase i ivifys of the flies, but without changing
the amount of food ingested. Then, flies were given a choice a nonnutritive sugar by placing
equal molar amounts of palatable but nonnutritive L-fucose tritious p-mannose in opposite
positions on the FIyPAD arena and the number of sips take ere measured. In this sense, no
significant differences were found in the number of si P1 knockdown gave to each sugar
with respect to both controls, but there was a smal duce the number of sips that the knockdown flies
gave to both sugars, mainly to b-mannose (Figure/2e/f). i ilke dopaminergic receptors in mice results
in an increased preference for palatable food (D . eas mouse models with inactivation of D2R

receptors have not been shown to cause a changg refere (Mourra et al., 2020). This may indicate that

the effects of RasGAP1 knockdown in Dr; i nked to the activation of D2Rs than D1-like
receptors.
3.3 | Pan-neuronal increases circulating glucose and

triacylglyceride levels in
Since Ras overactivation co g, thus altering glucose, lipid, and protein metabolism (Banks
et al., 2012), it was decid if thiese changes had any effect at the metabolic level. In this regard, the
levels of some importan dlipids of fly metabolism were assessed in RasGAP1 knockdown flies. A
significant increase in ¢ s found in RasGAP1 knockdown flies compared to both controls

(Figure 2g). ease in circulating glucose could be associated with an increase in

receptor stimulation is also known to produce large increases in blood
Hong et al., 2020; Saller & Kreamer, 1991) and could be related to our observations.
difference e found compared to either, but not both, controls in circulating (Figure 2h)
or glycogen content (Figure 2j). A significant increase in triacylglyceride content
RasGAP1 knockdown flies with respect to both controls (Figure 2k). Interestingly, a previous
at deletion of Drosophila RasGAP1 in the brain and fat pad did not cause a change in body fat
percentage jons in adult flies (Baranski et al., 2018). Unlike this work, the Cg-GAL4 driver was used in this
study, thus the d
into adulthood, and di

between the two studies could be due to differences in promoter strength, persistence
ent levels of silencing in neuronal subpopulations, among other factors. In addition, there
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Drosophila RasGAP1 knockdown does not alter feeding behavior but causes circulating glucose and
to increase. The graphs show the total number of sips (a), sip duration (b), activity bouts (c),
feeding bouts (d of L-fucose sips (e), number of b-mannose sips (f), circulating glucose (g), circulating
trehalose (h), stored treR@lose (i), glycogen content (j) and triacylglyceride content (k). For (a-f), the Kruskal-Wallis
test with Dunns’ post hoc was used, for (g-k), one-way analysis of variance with Tukey's post hoc was used.
Statistical significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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FIGURE 3 Drosophila RasGAP1 knockdown does not alter |
starvation survival (b) curves in flies with the RasGAP1 knockdo
boxes and bars). The Mantel-Cox log-rank test was used to analyze
statistically significant differences were found.

es in survival between groups. No

ed that, in humans, activation of
al., 2006).

are also other differences in the genetic background of flies. |

the dopamine D2R receptor increases circulating levels of fi

3.4 | Pan-neuronal knockdown of Ras ifespan or resistance to
starvation in flies
In Drosophila, it has been shown that Ras inhibi end lifespan and increase stress resistance
(Slack et al., 2015). Therefore, there was interes

effect on this aspect. Lifespan assays sho

2uronal knockdown of RasGAP1 also had an
s in the survival of RasGAP1 knockdown flies

compared to their controls (Figure 3a). i olvement of dopaminergic signaling, in Drosophila
it was identified that the D2R receptor the increase in life expectancy when the progesterone antagonist
mifepristone is administered ndis et al., 2015). However, one study reported that levels

of this neurotransmitter in Dr i ival in male flies (Vermeulen et al., 2006). Meanwhile,
starvation resistance curves als significant difference in the survival of RasGAP1 knockdown flies
compared to both controls (Figure 3b). ions could be because, as mentioned above, there is no
increase in nutrient storag uch as gen and trehalose, that allow RasGAP1-knockdown flies to

more resist starvation.

n in this work demonstrate that RasGAP1 influences activity and sleep in Drosophila. Clearly,

ine the molecular mechanisms involved, although in the first instance it is

behavior, e selection, trehalose, or glycogen levels. All these results show new functions of RasGAP1 in

Drosophila physio d may also serve to explain some functions of human orthologs (RasGAP2/3 [RASA2/3])

and their relationship with diseases such as obesity and neurological diseases.
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