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feeding behavior in Drosophila melanogaster
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ABSTRACT. Feeding is a complex behavior that is regulated by several
internal mechanisms. Neuropeptides are able to survey quantities of stored
energy and inform the organism if nutrient intake is required. In addition
to this homeostatic regulation, a post-feeding reward system positively
reinforces feeding. Slight adjustments to either system can tilt the balance
to affect the energy reserves and survivorship in times of nutrient adversity.
Neuropeptide F (NPF), a homolog of the mammalian neuropeptide Y,
acts to induce feeding within the homeostatic regulation of this behavior.
Drosophila and other insects bear a shorter form of NPF known as short
NPF (sNPF) that can influence feeding. A neural hormone regulator, the
dopamine transporter (DAT), works to clear dopamine from the synapses.
This action may manipulate the post-feeding reward circuit in that lowered
dopamine levels depress feeding, and excess dopamine levels encourage
feeding. Here, we have overexpressed and impaired the activities of NPF,
sNPF, and DAT in Drosophila, and we examined their ability to survive
during conditions of amino acid starvation. Too much or too little NPF or
sNPF, which are key players in homeostatic feeding regulation, leads to
increased sensitivity to amino acid starvation and diminished survivorship
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when compared to controls. When DAT, a member of the post-feeding
reward system, is either overexpressed or reduced via mutation, Drosophila
has increased sensitivity to amino acid starvation. Taken together, these
results indicate that subtle variation in the expression of key components
of these systems impacts survivorship during adverse nutrient conditions.
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INTRODUCTION

The act of feeding by any organism must be modified based on the environment and
available nutrition in order to maintain an appropriate energy balance. A disruption in this balance
may lead to metabolic diseases, including obesity and eating disorders such as anorexia (Nielsen,
2001; Fairburn and Harrison, 2003). A myriad of genes helps maintain this balance by prompting
foraging and feeding, or by encouraging the cessation of feeding. Expression of these genes is
often triggered by internal mechanisms that monitor the levels of peripheral energy stores. When
there is sufficient energy stored, anorexic genes can signal satiety to cause the organism to stop
feeding. When internal energy stores are lowered, the orexic genes can signal to the organism
that feeding is necessary to restore energy. Typically this homeostatic process, which in mammals
measures energy stores and relays signals between the hypothalamus and the periphery (Hoebel,
1971), works efficiently. However, in an environment where nutrients are readily available, an
additional post-satiation reward system can regulate feeding patterns. Although the homeostatic
response works well when animals are required to forage, the post-satiation reward can override
the homeostatic signals when there is an excess of food (Palmiter, 2007). Therefore, it is important
to consider both means of control when evaluating the role of feeding behavior to understand
eating disorders.

Drosophila melanogaster is a simple model organism that can be utilized to uncover the
potential mechanisms of metabolic disease. Drosophila organ systems include members that
function analogously to those in vertebrates. For example, the fat body in Drosophila is utilized
to store triglycerides, and this is akin to liver function in vertebrates (Owusu-Ansah and Perrimon,
2014). Drosophila contains a specialized group of cells, the oenocytes, which function like the
hepatocytes in vertebrates, which mobilize stored lipids during periods of low food intake. In
addition, Drosophila possesses homologous hormones that regulate feeding behavior. These
similarities allow Drosophila experiments that are applicable to human health research.

In vertebrates, the neurotransmitter neuropeptide Y (NPY) has been studied extensively
as a central enhancer in the control of food intake. NPY is a peptide hormone consisting of 36
amino acids, beginning and ending with a tyrosine (Y) residue, thus giving it its name (Arora
and Anubhuti, 2006). First identified in the tapeworm Moniezia expansa (Maule et al., 1991),
invertebrate homologs of NPY have been found in major phyla (Maule et al., 1995; de Jong-Brink
et al., 2001). However, these homologs encode a 36 amino acid neuropeptide F (NPF), which
has a conserved phenylalanine (F) residue at the carboxyl terminus. NPF has been consistently
detected in the invertebrate brain, and it is often expressed in the midgut, which points to its role
in feeding regulation. Receptors resembling vertebrate NPY receptors have been identified in a
number of invertebrates, including Caenorhabditis elegans and D. melanogaster (de Bono and
Bargmann, 1998; Garczynski et al., 2002). The structure of the NPF receptor resembles that of
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vertebrate receptors, and the NPF receptor from Drosophila was shown to cross-react with human
NPY, suggesting the functional conservation between NPF and NPY (Garczynski et al., 2002).
Similar to vertebrates, expression of invertebrate NPF receptors is generally localized to both the
central and peripheral nervous systems.

Interestingly, the initial identification of NPF peptides in insects revealed shorter peptides
containing only 8 to 10 amino acids. Both long (36 amino acids) and short versions of NPF peptides
were found in Drosophila (Vanden Broeck, 2001). The short versions of NPF exhibited similarity to
the carboxyl-terminus of the longer version, and were subsequently named short NPFs (sNPFs).
Long NPF peptides are considered the functional homologs of vertebrate NPYs, and sNPFs are
believed to be independent because each has its own distinct precursor genes and receptors.
There are four known sNPF sequences in Drosophila, which are encoded by a single transcription
unit (Vanden Broeck, 2001). Analysis of these small peptides in Drosophila indicated that they are
expressed in a large number of neurons in both the brain and the stomatogastric system, and they
are often co-expressed with other neuropeptides such as insulin and other neurotransmitters (Nassel
and Wegener, 2011). Drosophila studies that either reduced sNPF expression or overexpressed
the peptide confirmed that it controls the initiation or cessation of feeding. While both peptides
appear to affect the control of feeding behavior, only sNPFs are linked to the control of growth.

The dopamine transporter (DAT) is a membrane-bound protein that is central to the
regulation of extracellular dopamine levels, which are controlled by the rapid reuptake of the
neurotransmitter that acts to clear the synapses. The dopamine neurotransmitter functions in
reward-motivated behaviors; thus, changes to extracellular dopamine levels can result in a number
of diseases (Palmiter, 2007; Yamamoto and Seto, 2014). Low levels of dopamine are associated
with attention deficit hyperactivity disorder (ADHD), depression, and under-eating (Cannon et
al., 2004; Sotak et al., 2005). Studies in rats showed that upon feeding or drinking, there was
a rapid firing of dopamine in the brain. However, animals with lowered or no dopamine activity
were hypoactive, apparently apathetic, and prone to death from starvation or dehydration (Schultz,
2006). Conversely, hyper-dopaminergic mice overfed and eventually became obese (Pecina et al.,
2003; Cagniard et al., 2006). Therefore, manipulation of the transporter that regulates the strength
and duration of dopamine signaling could lead to similar outcomes. The Drosophila DAT gene was
re-isolated in a screen for genes that alter sleep (Kume et al., 2005). A DAT mutant, named fumin
(fmn) (Japanese for sleepless), is active for nearly 24 hours in a day. Drosophila DAT expression
patterns were concentrated in known dopaminergic neuron locations within larvae and the adult
head. Overall, it is evident that dopamine activity could be an effective regulator of feeding.

The prevalence of eating disorders and obesity in modern society has generated a great
deal of interest in elucidating the pathways and mechanisms that control feeding behavior. A better
understanding of how these systems work to control feeding could lend itself to the enhancement of
survival during conditions of nutritional adversity. We investigated the impact on Drosophila survival
during amino acid starvation with NPF, sNPF, and DAT overexpression and loss-of-function.

MATERIAL AND METHODS
Drosophila stocks and culture

The UAS-NPF and NPF-Gal4 lines (Wu et al., 2003) were received from the laboratory
of Dr. P. Shen (University of Georgia), and the UAS-sNPF and UAS-sNPF-RNA:I lines (Lee et al.,
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2004) were received from the laboratory of Dr. K. Yu (Korea Research Institute of Bioscience and
Biotechnology). The DAT mutant line, fmn (Kume et al., 2005), and a control subset line of the
standard w''"® stock (selected because of lowered activity) were obtained from the laboratory of
Dr. Rob Jackson (Tufts University, Boston). The Bloomington Stock Center (Indiana University)
supplied the UAS-DAT line, the pan-neural expressing elav-Gal4 transgene, and the responding
lines (UAS-GFP, UAS-lacZ, and UAS-rpr). All stocks were maintained on standard corn-meal/
yeast/molasses/agar media in plastic culture vials.

Amino acid starvation ageing assays

All crosses were performed on standard media, and conditions were maintained at 25°C until
eclosion. Adult male flies of the critical class were collected daily and placed on amino acid starvation
media in groups of 20 or less. Amino acid starvation media consisted of 5% sucrose in PBS and 3%
agar in plastic culture vials. Flies were assessed daily for the presence of any dead flies until no flies
remained, and media were replenished as necessary. Data were analyzed using GraphPad Prism
version 5.0 (GraphPad Software, Inc., San Diego, CA, USA), and log-rank tests were conducted.

RESULTS

Manipulation of NPF expression reduced survivorship on amino acid starvation
media

To reduce the presence of NPF in Drosophila, the experimental approach used a Gal4
transgene with expression that was specific to neurons that produced the neuropeptide. This
“driving transgene” was used to overexpress the benign control protein GFP (N = 353 males
observed), which resulted in a median survivorship of 30 days when aged on the nutrient-deprived
media (Table 1, Figure 1A). In comparison, when the NPF-Gal4 driver was used to overexpress
a cell death protein reaper (rpr, N = 371 males observed), the ablation of NPF producing neurons
resulted in a median survivorship of 24 days (Table 1, Figure 1A). This difference of six days
indicated significant sensitivity to amino acid starvation.

Table 1. Median day of survivorship and total number of observed Drosophila deaths associated with NPF over-
expression or loss of function.

Genotype Condition Number of deaths observed Median day of survivorship
w; elav-Gal4/UAS-GFP Control 330 32
w; elav-Gal4/UAS-NPF Over-expression 290 23
NPF-Gal4/UAS-GFP Control 353 30
NPF-Gal4/UAS-rpr Cell death-mediated loss of function 371 24

Overexpression of NPF was achieved via the pan nervous system driver elav-Gal4. The
combination of this transgene and the benign responding transgene, UAS-GFP, as a control (N =
330 males observed) resulted in a median survivorship of 32 days when aged on the amino acid
starvation media (Table 1, Figure 1B), which was comparable to the control described above. When
elav-Gal4 was used to overexpress NPF in elav-Gal4/UAS-NPF flies (N = 290 males observed),
the median length of survivorship decreased to 23 days (Table 1, Figure 1B). This difference of
seven days indicated significant sensitivity to the amino acid starvation media.
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Figure 1. Drosophila survivorship is reduced with either excess or reduced NPF expression during amino acid
starvation. A. Cell death-mediated loss of NPF function. Genotypes: w; UAS-GFP/+; NPF-Gal4/+ (N = 353), w; UAS-
rpr/+; NPF-Gal4/+ (N = 371). B. Over-expression of NPF. Genotypes: w; elav-Gal4/UAS-GFP (N = 330), w; elav-Gal4/
UAS-NPF (N = 290). Survivorship is shown as percent survival (P < 0.05 as determined by log rank). The dotted line
represents the median survival of the flies. Error bars represent the standard error of the mean.

Manipulation of sNPF expression increased sensitivity to amino acid starvation

The nervous system-specific driving transgene, elav-Gal4, was used to either inhibit or
increase sNPF expression. As a control (N = 330 males observed), this transgene was combined
with the benign responder transgene, UAS-GFP, which resulted in a median survivorship of 32
days when aged on amino acid starvation media (Table 2, Figure 2A). To inhibit the expression of
SNPF, the elav-Gal4 driver was combined with UAS-sNPF-RNAi (N = 310 males observed). Ageing
of these flies on amino acid starvation media led to a median survivorship of 22 days (Table 2,
Figure 2A), which was a significant reduction of 10 days compared to the control.

To enhance the expression of sSNPF, the elav-Gal4 transgene was combined with UAS-
SNPF (N = 280 males observed). These flies exhibited a median survival time of 24 days (Table 2,
Figure 2B), which was a significant reduction of eight days compared to the control.
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Table 2. Median day of survivorship and the total number of observed Drosophila deaths associated with sSNPF
over-expression or loss of function.

Genotype Condition Number of deaths observed Median day of survivorship
w; elav-Gal4/UAS-GFP Control 330 32
w; elav-Gal4/UAS-sNPF Over-expression 280 24
w; elav-Gal4/UAS-sNPF-RNAi | RNA interference-mediated loss of function 310 22
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-+ w, elav-Gal4/UAS-sNPF-RNAI
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Figure 2. Drosophila survivorship is reduced with either excess or reduced sNPF expression during amino acid
starvation. A. RNA interference-mediated loss of sNPF function. Genotypes: w; elav-Gal4/UAS-GFP (N = 330), w;
elav-Gal4/UAS-sNPF Ri (N = 310). B. Over-expression of sSNPF. Genotypes: w; elav-Gal4/UAS-GFP (N = 330), w;
elav-Gal4/UAS-sNPF (N = 280). Survivorship is shown as percent survival (P < 0.05 as determined by log rank). The
dotted line represents the median survival of the flies. Error bars represent the standard error of the mean.

Manipulation of DAT expression decreased survivorship on amino acid starvation
media

Reduction in DAT expression was observed in the fmn mutant that was produced by the
insertion of an ~2 kb transposon within DAT, and this mutant was found to have little to no DAT
activity (Kume et al., 2005). The control for this experiment, a w’’’¢ line, had a genetic background
into which the fmn mutation was recombined (N = 508 males observed). These flies exhibited a

Genetics and Molecular Research 15 (1): gmr.15017489 ©FUNPEC-RP www.funpecrp.com.br



Increased sensitivity to amino acid starvation in Drosophila 7

median survival time of 24 days when challenged with the amino acid starvation media (Table
3, Figure 3A). In comparison, the fmn mutant flies (N = 444 males observed) had a median
survivorship of 18 days when aged on the same media (Table 3, Figure 3A). This reduction of six
days represented a significant decrease in survivorship.

Table 3. Median day of survivorship and the total number of observed Drosophila deaths associated with DAT
overexpression or loss of function.

Genotype Condition Number of deaths observed Median day of survivorship
w18 Control 508 24
w; elav-Gal4/UAS-GFP Control 515 26
w; fmn Mutant loss of function 444 18
w; elav-Gal4/UAS-DAT Over-expression 463 20
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Figure 3. Drosophila survivorship is reduced with either excess or reduced DAT expression during amino acid
starvation. A. Mutant loss of DAT function. Genotypes: w'’® (N = 508), w; fmn (N = 444). B. Overexpression of DAT.
Genotypes: w; elav-Gal4/UAS-GFP (N = 515), w; elav-Gal4/UAS-DAT (N = 463). Survivorship is shown as percent
survival (P < 0.05 as determined by log rank). The dotted line represents the median survival of the flies. Error bars
represent the standard error of the mean.
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Overexpression of DAT was achieved by the nervous system-specific driver elav-Gal4,
which controlled the expression of UAS-DAT. The experimental control used the benign UAS-GFP,
which was driven by elav-Gal4 (N = 515 males observed), and control flies survived for a median of
26 days on the nutrient-deprived media (Table 3, Figure 3B). When DAT was overexpressed under
the influence of elav-Gal4 (N = 463 males observed), the median survival time was 20 days (Table
3, Figure 3B). This difference of six days indicated a significant decline in survivorship.

DISCUSSION

The importance of a regulated internal mechanism, dependent upon neuropeptides and
hormones, to control foraging and feeding in animals is evident. Here, we found that increases or
decreases in the expression of the key neuropeptides NPF and sNPF and the neural hormone
regulator DAT, could severely debilitate survivorship during conditions of nutritional adversity,
particularly amino acid starvation.

NPF in insects is a structural homolog of the vertebrate NPY, which is considered to be
the most powerful neuropeptide responsible for appetite enhancement (Valassi et al., 2008). In
D. melanogaster, young larvae feed intensively to attain the weight required to undergo pupation.
However, older larvae do not feed to the same extent, and they begin to wander before eventually
finding a place to pupate (Melcher et al., 2007). In young larvae, NPF expression is upregulated, but
there is less NPF expression in older larvae (Maule et al., 1995; de Jong-Brink et al., 2001). Young
transgenic larvae that lack NPF signaling exhibit wandering phenotypes and a lack of feeding that
is normally seen in older larvae (Wu et al., 2003). When larvae are starved they will “lower their
standards” and eat foods that they might otherwise avoid, and they will forage when under sub-
optimal conditions (Wu et al., 2005, Lingo et al., 2007). Alteration of NPF expression affects these
behaviors in that larvae with diminished NPF expression will continue to avoid noxious food even
while being starved, and when the NPF receptor is impaired, fasted larvae will not forage. Certainly,
a diminished appetite and a reduced amount of feeding could be expected to impair survivorship,
especially under adverse nutrient conditions, and this was observed when NPF function was
reduced in Drosophila that were aged on amino acid-depleted media.

Typically, NPF expression is lower in older larvae, but overexpression of NPF in these
larvae leads to phenotypes similar to those observed in younger larvae. These phenotypes
include increased feeding (Wu et al., 2003; Wu et al., 2005) that continues well past the normal
developmental time-frame, resulting in delayed wandering and pupariation. Drosophila will not
forage for food in colder conditions, but fasted larvae in a cold environment will forage when the
expression of the NPF receptor is high (Lingo et al., 2007). Moreover, well-fed larvae with an
overexpression of NPF will feed on noxious foods (Wu et al., 2005). While the amount of food
ingested by Drosophila with overexpressed NPF was not measured in our experiments, the excess
NPF expression and potential overfeeding did not increase survivorship of the flies on the amino
acid-depleted media.

Variation of SNPF expression decreased the survivorship of Drosophila during the amino
acid starvation assays. This shorter neuropeptide was implicated in the control of feeding, because
the loss of expression in both larvae and adults resulted in organisms that did not feed; however, an
abundance of sSNPF expression in both larvae and adult Drosophila initiated feeding behavior (Lee
et al., 2004). However, sNPF appears to function in the control of feeding in a different manner than
NPF, particularly in larvae that have transitioned into the wandering stage. Both neuropeptides can
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either enhance (through overexpression) or inhibit (through loss of function) feeding in larvae prior
to this stage. However, unlike the overexpression of NPF, alteration in sSNPF expression does not
enhance feeding beyond this point (Wu et al., 2003, Lee et al., 2004). Although it is not yet known if
sNPF can affect feeding in malnourished larvae or adults in a way that is similar to NPF (Wu et al.,
2005), our findings suggest that SNPF expression is pertinent to the survival of Drosophila exposed
to depleted nutrients, because the elevation or reduction of sSNPF limits the ability to survive under
starvation conditions.

In vertebrates, feeding behavior may also be adjusted through the activity of the dopamine
reward system, which is known to be activated post-ingestion. Feeding increases the release of
dopamine, a response that becomes blunted in obese individuals. If tyrosine hydroxylase (TH),
an enzyme necessary for the production of dopamine, is removed from dopaminergic neurons in
mice, they do not feed (Zhou and Palmiter, 1995). The dopamine transporter functions to clear
dopamine from the synapses, which reduces its expression and increases dopamine levels in
the hypothalamus. Individuals suffering from eating disorders may undergo lengthy periods of
dietary restriction, leading to lowered dopamine levels in the hypothalamus (Kontis and Theochari,
2012). Compared to free-fed animals, animals that have been feed-restricted typically show lesser
expression of dopamine transporter (Bello et al., 2003). When DAT is actively reducing the levels
of dopamine in the brain, hedonic feeding (feeding after being sated on sweet or high-fat foods) is
reduced (Mebel et al., 2012). The dopamine levels of mice with a 10% reduction of DAT activity are
approximately 70% higher compared to those of normal mice (Pecina et al., 2003). Moreover, these
mice ate roughly 21% more, drank 15% more, gained roughly 5% more body weight, and worked
harder for a sweet reward. Upon sucrose consumption after fasting, an exaggerated release of
dopamine was observed (Polivy and Herman, 1985; Hagan and Moss, 1997; Bello et al., 2003).
Given this information, Drosophila with impaired DAT function are expected to experience higher
levels of dopamine signaling. Furthermore, these flies should eat more, while Drosophila that
overexpress DAT should eat less. This may affect energy store levels and their ability to survive
amino acid starvation. In our study, both instances led to increased sensitivity and decreased
survivorship.

The majority of studies that examined the regulation of feeding behavior involved the
insulin receptor signaling (IRS) pathway, which is well conserved between mammals and Drosophila
(Britton et al., 2002). During conditions of low nutrient availability (e.g., amino acid starvation) the
IRS signaling pathway is muted. With less insulin, more trehalose is present in the hemolymph,
and this is coupled with an increase in lifespan (Broughton et al., 2008). The transcription factor
foxo, a downstream effector that is negatively regulated by insulin receptor activity, is more active
when IRS decreases. Moreover, foxo is important to survival during amino acid starvation (Kramer
et al., 2008). Drosophila exposed to amino acid starvation media showed an increase in foxo
expression, while the loss of foxo activity resulted in decreased survivorship when flies were only
fed sucrose without protein or amino acids. The neuropeptide regulation of feeding is associated
with this mechanism, because the cell surface of specific Drosophila neurons contains both the NPF
receptor and the insulin receptor (Wu et al., 2005). When IRS is lowered in these neurons, larvae
will overeat (including foods they would normally avoid). However, when there was an increase in
IRS in these neurons, the larvae eat far less than expected. This suggests that the IRS negatively
regulates the action of the NPF receptor, and thus NPF signaling in Drosophila. Therefore, one
would expect that lowered NPF expression should share a similar outcome to what is observed
with increased IRS during amino acid starvation and vice versa. However, our study reveals that
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both overexpression and impaired function of NPF results in sensitivity to amino acid starvation,
which suggests that the mechanism is more complex than originally hypothesized.

In D. melanogaster, SNPF has been linked to IRS, because the neurons that express sNPF
are in close proximity to insulin producing cells (Lee et al., 2008). Characterization of Drosophila
with alterations to sNPF expression revealed that the phenotype of these flies was similar to
that of flies with abnormal IRS levels. Hypomorphs of sSNPF are 23% smaller than are controls,
and they express decreased levels of the Drosophila insulin-like peptide 2 (Dilp2). Moreover,
SNPF mutants exhibit downregulated Akt1, increased levels of foxo located within the nucleus,
increased 4EBP expression, and increased lifespans (Lee et al., 2008), and these results suggest
that sNPF negatively regulates IRS. Consequently, lowering sNPF should increase foxo activity,
which should then enhance survival during nutrient-deprived conditions. However, we found that
a decrease in sNPF function did not enhance survival during amino acid starvation. Alternatively,
SNPF overexpression led to 24% larger flies that showed an increase in Dilp2 expression (Lee et
al., 2008). An increase in SNPF expression and binding to the sNPF receptor activates the IRS,
and it supplies Dilp2 downstream of sNPF signaling. This increase in IRS should increase Akt1
activity and decrease foxo transcriptional activity, which should then sensitize the flies to amino
acid starvation, and these results were observed in this study.

Dopamine signaling, strongly influenced by DAT activity, is linked to IRS, because the insulin
receptor is expressed in the dopaminergic neurons of the midbrain of Drosophila (Palmiter, 2007;
Mebel et al., 2012). Inhibition of the receptor reduces IRS and DAT expression; hence, dopamine
clearance and the administration of insulin directly to the rat brain (via intracerebroventricular
administration) lead to increases in DAT mRNA and activity that clear the synapses and decrease
dopamine levels (Figlewicz et al., 1994). Rats fed a high-fat diet have decreased levels of Akt1
activity in the brain, and they require a longer period to clear the synapses of dopamine (Speed et
al., 2011). Upon addition of the insulin receptor substrate, Akt1 levels are restored, and expression of
DAT on the cell surfaces in the striatum is also reestablished. Other hormones that homeostatically
control feeding behavior have also been shown to interact with receptors on neurons that secrete
dopamine. Leptin, an anorexigenic hormone, inhibits dopamine activity, while ghrelin (an orexin)
stimulates dopamine activity to influence the reward potential of feeding (Palmiter, 2007). Since
lowered IRS and increased foxo activity are pertinent to the maximized survival of Drosophila
undergoing amino acid starvation (Kramer et al., 2008), it would be expected that reduced DAT
would result in the same phenotype, while overexpression of DAT would impair survival. However,
we found that both upregulation and reduced activity of DAT decreased survivorship when flies
were starved of amino acids.

It is clear the manipulation of components associated with the homeostatic and reward-
based control of feeding behaviors (e.g., the principal neuropeptides NPF and sNPF and the
dopamine regulator DAT) affect survival during adverse nutrient conditions. While it is expected that
overexpression should yield opposite results compared to lowering or loss of function experiments,
this was not observed. These results indicated that it is important to maintain a sensitive balance
in order to appropriately regulate the complex behavior of food intake, so that survivorship during
adverse nutrient conditions can be maximized.
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