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All animals constantly negotiate external with internal demands before and during
action selection. Energy homeostasis is a major internal factor biasing action selection.
For instance, in addition to physiologically regulating carbohydrate mobilization,
starvation-induced sugar shortage also biases action selection toward food-seeking
and food consumption behaviors (the counter-regulatory response). Biogenic amines
are often involved when such widespread behavioral biases need to be orchestrated.
In mammals, norepinephrine (noradrenalin) is involved in the counterregulatory response
to starvation-induced drops in glucose levels. The invertebrate homolog of noradrenalin,
octopamine (OA) and its precursor tyramine (TA) are neuromodulators operating in many
different neuronal and physiological processes. Tyrosine-�-hydroxylase (t�h ) mutants are
unable to convert TA into OA. We hypothesized thatt�h mutant �ies may be aberrant
in some or all of the counter-regulatory responses to starvation and that techniques
restoring gene function or amine signaling may elucidate potential mechanisms and
sites of action. Corroborating our hypothesis, starved mutants show a reduced sugar
response and their hemolymph sugar concentration is elevated compared to control �ies.
When starved, they survive longer. Temporally controlled rescue experiments revealed
an action of the OA/TA-system during the sugar response, while spatially controlled
rescue experiments suggest actions also outside of the nervous system. Additionally,
the analysis of two OA- and four TA-receptor mutants suggests an involvement of both
receptor types in the animals' physiological and neuronal response to starvation. These
results complement the investigations inApis melliferadescribed in our companion paper
(Buckemüller et al., 2017).

Keywords: biogenic amines, starvation, starvation resista nce, insects, proboscis extension response

INTRODUCTION

There may be more than just cultural value to the old German saying “grain tastes bitter for a
satiated mouse” (La Sala et al., 2013). Indeed, it is the state of an organism which determines
what, if any, e�ect external sensory stimuli will have on the nervous system. Whether this is the
satiation state of the mouse in�uencing taste receptors, or the feeding state of the leech which gates
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mechanosensory stimuli (Gaudry and Kristan, 2009, 2010),
or the locomotor state of �ies which adjusts the gain in
visual interneurons (Longden and Krapp, 2009; Chiappe et al.,
2010; Maimon et al., 2010; Suver et al., 2012; Tuthill et al.,
2014; van Breugel et al., 2014), sensory stimuli are rarely,
if ever, directly transformed into motor outputs. Instead, all
nervous systems seem to constantly balance external and internal
demands before they arrive at any given action (Heisenberg,
2009; Brembs, 2013, 2017; Pezzulo and Cisek, 2016). Biogenic
amines and neuropeptides have been shown to be crucially
involved in orchestrating the processes needed to �nd this
balance.

Starvation and satiation are obvious and experimentally
accessible states with immediate and easily recorded behavioral
consequences. In both mammals and insects, peptides (glucagon
and adipokinetic hormone, respectively) and catecholamines
(adrenaline and octopamine, respectively) have been shown
to mediate related roles in the counterregulatory response to
starvation (Bolli and Fanelli, 1999; Kim and Rulifson, 2004;
Grönke et al., 2007; Bharucha et al., 2008; Li et al., 2016; Yu
et al., 2016). Apparently, either similar mechanisms evolved in
response to similar challenges, or both systems evolved froma
common ancestor. This response includes various physiological
and metabolic modi�cations, which are orchestrated via the
di�erent neuropeptides and biogenic amines.

Feeding-related behaviors constitute the behavioral aspect of
the counterregulatory response to starvation. In �ies, general
activity and arousal is enhanced (Connolly, 1966; Bell et al.,
1985; Lee, 2004; Yang et al., 2015; Yu et al., 2016), arguably to
facilitate food discovery. Along the same veins, food sensitivity
is also increased (Moss and Dethier, 1983; Colomb et al., 2009),
correlated with an increase in sugar receptor neuron sensitivity
and gene expression (Amakawa, 2001; Meunier et al., 2007;
Nishimura et al., 2012). Several involved neuropeptides have
been identi�ed (for a review see:Nässel and Winther, 2010).
In addition to neuropeptides, also here the catecholamines are
contributing to the processes triggered by starvation. Dopamine
(DA) is involved in mediating motivation signals (Krashes et al.,
2009) and modulating the starvation-induced sugar response
after short starvation periods (Inagaki et al., 2012), while
octopamine (OA) or its precursor tyramine (TA) have been
reported to promote feeding behaviors (Long and Murdock,
1983; Nisimura, 2005). Starvation may be conceived as a stressor
triggering catecholaminergic action. Indeed, di�erent stressors
have been shown in di�erent insects to modify the OA/TA-system
by enhancing Tßh expression (Châtel et al., 2012), subsequently
increasing OA levels (Kononenko et al., 2009), which, in turn,
releases triglycerides and carbohydrates into the hemolymph
(Woodring et al., 1989).

The study of the role of biogenic amines in the
counterregulatory response to starvation is complicated by
the amines' broad involvement in many physiological processes.
This promiscuity impedes the attribution of an aminergic
manipulation to a speci�c phenotype. In invertebrates, OA
and TA act as neurotransmitters, -hormones, and -modulators
on many, if not all, physiological processes (reviews:Roeder,
2005; Farooqui, 2012). These processes include, but are not

limited to, locomotion regulation (Saraswati et al., 2004; Brembs
et al., 2007), aggression (Baier et al., 2002; Hoyer et al., 2008;
Zhou et al., 2008), reaction to light (Gorostiza et al., 2016),
feeding behavior (Long and Murdock, 1983; Nisimura, 2005),
mobilization of energy metabolites (Mentel et al., 2003) and,
upstream of DA, appetitive olfactory learning (Hammer, 1993;
Schwaerzel et al., 2003; Burke et al., 2012; Liu et al., 2012).

Thus, while feeding behaviors and their interactions with the
state of the animal provide a technically accessible model tostudy
decision-making and action selection, the interrelation between
the consequences of starvation on motor control, motivation,
stress, and the metabolic state of the animal pose a formidable
experimental challenge, in particular in the interpretation of
the di�erent phenotypes linked with biogenic amine disruption.
Leveraging the neurogenetic tools inDrosophila, we attempted
to understand how starvation in�uences the animal's decision-
making with regard to feeding-related stimuli. Speci�cally,
we investigated the involvement of the OA/TA-system on
starvation-dependent modulation of sugar responsiveness and
metabolism. We asked whether the OA/TA-system was involved
in the physiological response to starvation or the neuronal
changes following starvation, and whether its neuronal action
was peripheral or central. Our results corroborate and extend
the previous �ndings on the promiscuous e�ects of these
biogenic amines and suggest that both OA and TA are involved
in most of the counterregulatory processes, which occur in
parallel.

METHODS

External Depositories
A formatted table of most reagents used in this study, including
�y stocks, is available at: https://doi.org/10.6084/m9.�gshare.
5398600. The data and code for this paper are available at https://
doi.org/10.6084/m9.�gshare.4663666. Protocol for carbohydrate
measurement is available on protocols.io: https://doi.org/10.
17504/protocols.io.dkn4vd.

Fly Stocks and Culture
tßhnM18 (Monastirioti et al., 1996; FBal0061578),oamb (Han
et al., 1996; oamb286 FBal0152344,oamb584 FBal0152335),
honoka(Kutsukake et al., 2000; Oct-TyrR, FBal0104701),hsp-
tßh (Schwaerzel et al., 2003; FBal0152162), and wC;;UAS-tßh
(Monastirioti, 2003; FBti0038601) and their control lines were
obtained from Henrike Scholz, Cologne; Hiromu Tanimoto,
Martinsried; Andreas Thum, Konstanz; and Amita Seghal, Chevy
Chase. TyrRf05682 (CG7431f05682, FBal0184987),TyrRII� 29

(CG16766, FBgn0038541) andTyrRII-TyrR� 124 were kindly
provided before publication by Edward Blumenthal, Milwaukee
(Zhang and Blumenthal, 2017). Receptor mutants (and the
respective control lines we obtained from the di�erent labs) were
outcrossed for at least six generations into a CS background.
Flies were kept on standard cornmeal/molasses-food in a 12/12 h
light/dark cycle (light on at 8:00 h) at 60% relative humidity
and 25� C except forhsp-tßh, which were raised at 18� C without
humidity control and except for �ies used in electrophysiological
experiments (see Electrophysiological recordings).
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Starvation Procedure
Newly hatched to 1-day-old �ies were collected and transferred to
fresh food vials. The following day (between 16:00 and 19:00h),
20 to 30 �ies of mixed sexes were transferred into starvation
vials (68 ml, Greiner bio-one, Frickenhausen, Germany) by a�y
aspirator. The starvation vial contained a cotton pad moistened
with 2.5 to 3 ml of EvianR
 water. If not otherwise indicated,
starvation was performed at 25� C and 60% relative humidity and
lasted for 20 h. Note that starvation time at 18� C was performed
for much longer time.

Survival Experiments
Newly hatched to 1 day-old �ies were collected and transferred
to fresh food vials. The following day, �ies were brie�y CO2-
anesthetized and sorted by sex and genotype. At 17:00 h, around
35 female �ies were transferred into a starvation vial (see
Starvation procedure). Dead �ies were counted every 3 h and
not removed. Daily counting sessions were repeated from 9:00
to 18:00 h, until all �ies were found dead.

Sugar Response Test
Newly hatched to 1 day-old �ies were collected and transferred
to fresh food vials. The following day, they were starved as
described (see Starvation procedure). Four hours before theend
of the starvation period, female �ies (if not stated otherwise)
were brie�y immobilized by cold-anesthesia. Their head and
thorax were glued to a triangle-shaped copper hook (0.05 mm in
diameter) using a UV sensitive glue (3M ESPE, Sinfony Indirect
Lab Composite, Minneapolis, USA). Animals were then kept
individually in small chambers [14 mm in diameter� 28 mm in
height, custom-made, (Brembs, 2008)] with ad libitum access to
water until the test.

Tests were performed between 12:00 and 16:00 h. Using
forceps, we transferred �ies by their hook and �xed them to
a magnetic clamp, which was then attached to a rack. This
treatment established free movement of the �ies' tarsi and
proboscis and was a modication from a previously described PER
assay (Scheiner et al., 2004, 2014) derived from assays used in
other insects (Dethier, 1952; Page et al., 1998). A group of six
to eight �ies was tested in parallel. A �lter paper soaked with
sucrose solution was presented for 5 s to all six tarsi but not the
proboscis. Seven di�erent, increasing concentrations (0, 0.1, 0.3,
0.6, 1, 3, and 30%, i.e., g per 100 ml water) were presented in series
with an inter-stimulus interval of 80 s. The proboscis extension
response was recorded. Finally, the proboscis was stimulated
by 30% sucrose solution. Flies not responding to the proboscis
stimulation or responding to the �rst stimulation (water only)
were discarded from the analysis.

For the �rst sugar response rescue attempt (Figure 4A), �ies
were raised and starved at 18� C and put into an incubator
without humidity control and heated up to 37� C for 30 to 45 min.
After the heat shock, �ies were kept in a 25� C incubator with
humidity control for 3 h until testing. For the second rescue
attempt (Figure 4B), the �rst heat shock was given with the
beginning of starvation every 23 h for 45 min until 1 day before
testing. Temperature between heat shocks was 18� C.

Carbohydrate Measurement
Newly hatched to 1 day-old �ies were collected and transferred
to fresh food vials. The following day at 17:00 h, 20 �ies of
mixed sex were either transferred into starvation vials (see
Starvation procedure) or kept in the food vials. After 20 h,
approximately 40 female �ies per group were cold-anesthetized,
pierced through the thorax by the tip of a dissecting needle
(0.5 mm in diameter), and collected on ice within a sieve
composed of two tubes. The hemolymph was centrifuged out
of the �y into the bottom tube at 4� C. 0.5ml of the extracted
hemolymph was transferred by a capillary (0.5ml, Hirschmann
Laborgeraete, Eberstadt, Germany) into 19.5ml PBS (see https://
doi.org/10.17504/protocols.io.dkn4vd).

Trehalose and glucose content in the hemolymph were
measured according to the protocols provided by the
manufacturer (Sigma Aldrich, Seelze, Germany). Ten microliter
of the hemolymph-PBS mixture (or calibration solution) were
added to 30ml citric acid bu�er (135 mM, pH 5.7 at 37� C) and
10ml of a trehalase enzyme solution (Sigma Aldrich, 3% in citric
acid bu�er). After incubation overnight at 37� C, 50ml of Tris
bu�er were added. 80ml of the resulting solution were added
to 156.8ml Glucose oxidase and 3.2ml o-Dianisidine (Glucose
Assay Kit, Sigma Aldrich) and incubated for 30 min at 37� C.
Finally, 160ml of 33% sulfuric acid were added. Absorbance
at 540 nm was measured for the resulting solution using a
nanoDropR
 (nanoDrop Technologies, Wilmington, USA)
spectrophotometer. Five samples were measured per solution.

Electrophysiological Recordings
Flies were raised on cornmeal-yeast-glucose-agar medium under
a 12/12 h light/dark cycle (lights on at 06:00 h) at 25� C. Newly
hatched to 1 day old �ies were collected and transferred intoa
vial containing Kimwipe paper soaked with 100 mM glucose for
1 to 2 days as previously described (Zhang et al., 2010). Starved
�ies were kept in a vial containing Kimwipe paper soaked with
EvianR
 water for 20 h before testing.

Electrophysiological recordings from l-type labellar
chemosensilla were done by the tip-recording method, as
previously described (Hodgson et al., 1955; Hiroi et al., 2002).
Brie�y, the proboscis was �xed at the base of the labellum. A
glass capillary �lled with Drosophila Ringer solution served
as an indi�erent electrode. The 100 mM sucrose solution for
stimulation contained 1 mM KCl as electrolyte. The recorded
signals were digitized and analyzed using the custom software
dbWave (Marion-Poll, 1995, 1996). Action potentials were
detected by a visually-adjusted threshold set across the digitally
�ltered signal. The total number of spikes within 1 s was counted.
Note that in the tip-recording assay, recording and stimulation
of the sensory neurons starts concomitantly.

Statistics
Figures and statistical analyses were performed in R using
di�erent packages (Venables and Ripley, 2002; R Core Team,
2015; Therneau, 2015; Wickham, 2016; Wilke, 2016); data and
code are available https://doi.org/10.6084/m9.�gshare.4663666.
If not stated otherwise, data are illustrated as boxplots
representing the median (line), the 25 and 75% quartiles (boxes),
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the data within 1.5 times the interquartile range (whiskers), and
data outside that range (outliers, depicted as points). Colorswere
chosen to be color-blind friendly, according to http://j�y.iam.u-
tokyo.ac.jp/color/.

The sugar response score was calculated as the sum of
all positive responses over the seven sucrose presentations
and therefore ranges from 0 to 7 (Total number of PER).
For survival measurement, we used Kaplan-Meier curves and
Cox proportional hazards regression model. For hemolymph
carbohydrate content, we used a paired Wilcoxon rank sum
test on the index of change in sugar content with starvation:
(SG_starved� SG_fed)/(SG_starvedC SG_fed). Since one
calibration experiment (showing the absorbance of a standard
glucose/trehalose solution that was treated identically to
hemolymph) was performed each day, a paired test is sound.
In the 2 days with two measures per group, values were paired
following time of measurement.

The signi�cance level of all statistical tests was set to 0.05, and
Bonferroni correction was applied where appropriate.

RESULTS

t� hnM18 Mutants in Starvation Induced
Phenotypes
We developed a new sugar response assay independent of the
�ies' locomotion, and which restrains their movements to less
than in a pipet tip (Scheiner et al., 2004). Flies were tethered
to a hook glued between head and thorax and tested for their
proboscis extension response to a serial dilution of sucrose after
20 h of starvation. The assay is quite sensitive, since we were able
to record a di�erence in the response of �ies starved for 14 vs.
21 h (Damrau et al., 2014), as in the T-maze assay (Colomb et al.,
2009). Fed �ies do not respond to tarsal stimulation, in contrast
to honeybees.

We tested femalestßhnM18 mutant �ies lacking OA and
accumulating TA (Monastirioti et al., 1996) in our assay.tßhnM18

mutant �ies responded almost 40% less than their control (called
wC because the mutant and the control lines have a wild-
type white gene, in contrast to the original mutant obtained
after P element excision,Figure 1A). The sum of all positive
responses over the 7 sucrose presentations was signi�cantly
di�erent (Figure 1B).

We then compared the change in carbohydrate contents
(trehalose plus glucose) in the hemolymph of starved and
fed �ies. To this end, the hemolymph was extracted and
all glucose and trehalose was enzymatically converted into
spectrometrically measurable glucose. Carbohydrate content in
fed animals appeared very similar (Figure 2A, no statistics
performed). Because the variability in the score is partly due
to the inevitable di�erences in the manipulations from 1 day
to another, we evaluated the change in carbohydrate level after
starvation in a paired fashion. It was signi�cantly smaller in
tßhnM18 mutants compared to wild-type controls (Figure 2B).

Finally, we recorded survival rate under starvation conditions
with ad libitum access to water. As expected from the smaller
decrease in their sugar content,tßhnM18 mutants survived longer

than wild-type controls (Figure 3). Our experiments show that
tßhnM18 mutants are less a�ected by starvation than wild-type
animals, suggesting a role for OA and/or TA in starvation
resistance and sugar response.

OA/TA Role in Sugar Response
In order to elucidate the temporal requirement oftßh activity
during starvation or during proboscis extension, we induced
ubiquitous, but temporally controlled,tßh expression in the
mutant background using the heat-induciblehsp-tßhconstruct.
To prevent tßh expression, �ies were kept at 18� C, and the
starvation time was increased to until the wild-type �ies
responded to sugar stimulation in a similar way as after 25� C
starvation (see materials and Methods andFigure 1). Driving
expression 3 h before the test partially rescued the mutant
phenotype (Figure 4A). In contrast, heat shocks throughout the
starvation period did not rescue the sugar response phenotype
(Figure 4B), suggesting an acute role of OA during the sugar
response test, independent of any OA/TA role in starvation
resistance.

Since OA is known to modulate di�erent kinds of sensory
receptors in insects (Kass et al., 1988; Ramirez and Orchard, 1990;
Pophof, 2000), we tested a potential role of OA on gustatory
receptor sensitivity. We recorded the response of labellar sensilla
to 100 mM sucrose in fed and starved �ies by the tip-recording
method (Hodgson et al., 1955; Hiroi et al., 2002). The wild-type
strain serving as a control for our mutant does not show the
increase of spiking rate after starvation (Figure 5A), which we
see in other wild-type strains (Figure 5B) as previously reported
(Meunier et al., 2007; Inagaki et al., 2012; Nishimura et al.,
2012); and we found a decreased sensillar response to sucrose
stimulation after starvation intßhnM18 mutants, compared to
starved wild-type controls and fed mutants (Figure 5A).

OA and TA can act both inside and outside of the
nervous system, functioning as either a neurotransmitter or a
neurohormone in insects (Cole et al., 2005). Thus, we explored
whether the sugar response phenotype oftßhmutants was a result
of alterations in neurons inside or outside of the brain or in non-
neuronal cells. To this end, we expressed Tßh intßhnM18 mutant
males using di�erent GAL4-lines. We found a signi�cant increase
in sugar response compared to the respective mutant control
when we used the ubiquitous Actin-promoter to drive Gal4 in
all cells, the pan-neuronal nSyb-promoter, or the non-neuronal
Tdc1-GAL4 driver (Figure 6). In contrast, Tßh expression in
subsets of OA/TA-neurons, using either Tdc2- or NP7088-GAL4
did not signi�cantly a�ect the mutants' response (Figure 6), in
contrast to a previous report [NP7088-Gal4, (Scheiner et al.,
2014)]. These last two results also show that the UAS construct
alone is not su�cient to bring a rescue. These results indicate that
Tßh expression induced in neurons in the central nervous system
or in non-neuronal cells, respectively, is su�cient to enhance the
sugar responsiveness oftßhnM18 mutant �ies.

OA/TA-Receptor Manipulations on Survival
and Sugar Responsiveness
Because thetßh mutation leads to increased TA and decreased
OA levels (Monastirioti et al., 1996), we performed additional
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FIGURE 1 | Reduced sugar response int�h nM18 mutant �ies compared to wild-type �ies after 20 h of starvation. (A) Fraction of �ies that responded to each
concentration of sucrose.(B) Total number of positive responses. Boxplots represent themedian (bar), the 75- and 25%-quartiles (box) and data within 1.5 times the
interquartile range (whiskers). Data outside 1.5 times theinterquartile range are considered as outliers (black dots). Numbers indicate sample size, asterisk denotes
signi�cant difference between genotypes (Wilcoxon rank sumtest, p D 1.8 � 10� 12).

FIGURE 2 | Change in hemolymph glucose and trehalose after starvationis smaller int�h nM18 mutants than in wild type.(A) Concentration of trehalose and glucose
in the hemolymph of fed and 20 h starved �ies, which was calculated from absorbance at 540 nm compared to calibration solutions, is shown in boxplots. Numbers
indicate sample size. No statistical test was applied.(B) Index of the change (difference over the sum of the two numbers) in absorbance between the starved and the
fed �y, paired per day. Numbers indicate sample size, asterisk denotes signi�cant difference between genotypes (paired Wilcoxon rank sum test,p D 0.03223).

experiments to disentangle the relative importance of each amine
in the regulation of survival and sugar response. We tested
mutants for several OA- and TA-receptors in our PER and
survival under starvation condition assays (Figure 7, Table 1).

The two TA-receptor mutantsTyrRf05682andhonokashowed
a decreased sugar response and an increased survival comparable
to tßhnM18 mutants. In contrast, the double mutantTyrII-
TyrR� 124 showed an increase in survival but a normal sugar
response, whileTyrRII� 29 shows normal survival but a decrease
in sugar response. Finally,oamb286 mutants lived longer than
their control, in contrast to a previously published report
(Schwaerzel et al., 2003; Erion et al., 2012), while theoamb584

allele showed no phenotype. The receptor mutant data suggest
that �ies can exhibit a wild-type survival simultaneously with

a lower sugar response (TyrRII� 29), or a higher survival
simultaneously with a wild-type sugar response (oamb286, double
mutant TyrII-TyrR� 124), suggesting that starvation a�ects sugar
responsiveness and survival via di�erent but amine-dependent
pathways.

DISCUSSION

We have used genetic alterations of OA and TA action to
elucidate the role of these amines in survival and sugar
responsiveness of fruit �ies. Our data suggest complex, central
and peripheral actions of these amines on physiology and
behavior.
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We have shown that thetßh gene is involved in starvation-
induced survival and an increase in sugar response. The
phenotype was reported in females (Figure 1) and males

FIGURE 3 | Longer survival oft�h nM18 mutants under starvation conditions.
(A) Kaplan Meier survival curve for the two genotypes. We ran 16 experiments
with about 35 �ies per vial. The difference between the curveswas statistically
signi�cant, while there was also an effect of the different trials (Cox proportional
hazards regression model,p D 0.029 for trials,p D 2 � 10� 9 for genotypes).

(Figure 6), in three di�erent genetic backgrounds (wC
and w� ,tßhnM18; hs-tßh and w� ,tßhnM18, UAS-tßh) and is
independent of the egg-retention phenotype (Partridge et al.,
1987), which is rescued in w� ;tßhnM18;UAS-tßhcontrol mutant
�ies (Figure 6). It is interesting to see that the sugar response
phenotype appears to vanish with longer starvation periods (Yang
et al., 2015). The phenotype was not found in previous reports
focused on the learning phenotype of these �ies (Schwaerzel
et al., 2003), possibly because the assay used was dependent on
locomotion, which is also a�ected intßhnM18 mutants (Saraswati
et al., 2004; Fox, 2006; Koon et al., 2010). Complementary results
were obtained using a di�erent approach inDrosophila(Scheiner
et al., 2014) and also inApis mellifera(companion paper).

OA/TA and Starvation Resistance
Since sugar response is dependent on starvation (Colomb et al.,
2009), a decreased sugar response as found intßhnM18 mutants
can be understood as resistance to the starvation treatment,
an hypothesis that our results appeared to con�rm. Indeed, we
found that the levels of carbohydrates in the hemolymph of
tßhnM18 mutant �ies are higher after starvation than in control
�ies (Figure 2). Since trehalose constitutes the energy store of
a �y and its hemolymph concentration re�ects starvation level
(Thompson, 2003; Isabel, 2004), it is reasonable to argue that the
mutant �ies were a�ected less by the starvation treatment than
the controls, even though they were deprived of food for the
same amount of time. This interpretation is also supported by

FIGURE 4 | Effects of temporally controlled (ubiquitous) expressionof T�h in t�h nM18 mutant background on �ies sugar response.(A) Temperature shift 3 h before the
test. Flies with a rescue construct showed an intermediate PER level, signi�cantly different from both the mutant and thecontrol �ies, Wilcoxon rank sum test with
Bonferroni correction (uncorrectedp D 0.00019). (B) Temperature shifts during the starvation period, but not immediately before the test. Flies with a rescue construct
behaved similarly as mutant �ies. Total number of proboscis extension responses is represented in boxplots (seeFigure 1 ). Numbers indicate sample size, asterisks
denote signi�cant difference between groups (paired Wilcoxon rank sum test,p D 0.00041 and 0.00781).
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FIGURE 5 | Effect of starvation on taste neuron sensitivity: electrophysiological recording from different gustatory sensillaon the labellum.(A) In sated and starved
t�h nM18 mutants and their respective controls and(B) in sated and starved usual wild-type �ies. Extracellular action potentials within 1 s after stimulation onset were
counted and plotted as boxplots. Numbers represent the sample size of the recorded sensilla, Different letters denote signi�cant differences (paired Wilcoxon rank
sum test, (A): p D 0.037 and 0.048, with Bonferroni correction,(B): w1118 p D 0.03938, CS, p D 0.00174).

FIGURE 6 | Spatially controlled T�h expression int�h nM18 mutant background. Ubiquitous (actin), pan-neuronal (nSyb) and non-neuronal TDC (Tdc1) drivers
signi�cantly increased sugar responsiveness. Neuronal TDC(tdc2) and OA (NP7088) speci�c drivers did not alter sugar responsiveness. Boxplots depict total number
of proboscis extensions in hemizygous mutant males with or without a UAS-t�h construct, and heterozygous for the Gal4 driver. Numbers indicate sample sizes,
asterisks denote signi�cant difference between the mutant its respective rescue group (Wilcoxon rank sum test, Actinp D 0.01621, Tdc1 p D 0.02782, nSyb
p D 0.01341).

longer survival oftßhnM18 mutants under starvation conditions
[Figure 3, a result which was independently replicated (Scheiner
et al., 2014; Li et al., 2016): our experiments were carried out
before the ones cited]. Complementing our analysis in �ies,
injection of the OA-receptor antagonist epinastine in honey
bees also prolonged survival (companion paper). Taken together,
these results suggest that the absence of OA-signaling savesthe
mutant animal's energy, making the animals less sensitive to
starvation, a conclusion in line with previous reports on the
role of OA in trigylceride (Woodring et al., 1989; Erion et al.,
2012) and carbohydrate (Blau et al., 1994; Park and Keeley, 1998)
metabolism. One potential explanation for the reduced energy
use may be a reduced locomotor activity in the mutant �ies. We

have tested �ies in Buridan's paradigm (Colomb et al., 2012) and
found several alterations to the locomotor pattern oftßhnM18

mutant �ies (Damrau et al. in preparation).

OA/TA and Sugar Responsiveness
While tßh is a�ecting starvation resistance, we asked whether
the gene could also have a role in the neuronal modi�cations
caused by starvation signals. Our results separate the starvation
resistance from the sugar responsiveness phenotype. The sugar
responsiveness phenotype is partially rescued by acutetßh
expression, while expression during the starvation period hadno
e�ect (Figure 4). This suggests that the decrease of carbohydrate
levels is not the onlytßh-dependent starvation-induced alteration
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FIGURE 7 | Starvation resistance and sugar responsiveness in TA- and OA-receptor mutants. Total number of proboscis extensions(A) and Kaplan Meier survival
curve (B, see Figure 3 ) in different female mutants and their respective control strains. See text for �y strain labels. The three different groups were tested
independently and are therefore statistically treated as different experiments.(A) Numbers indicate sample sizes, asterisks denote signi�cantdifference between the
mutant and its respective control group (Wilcoxon rank sum test, honoka p D 0.0117, Tyr p D 0.002911 and 0.007432). (B) 5 to 8 experiments were run per genotype,
with about 35 �ies per vial. Cox proportional hazards regression model was used to test statistical differences between mutants and their control, (different:honoka
p D 1.4 � 10� 14, TyrR,TyrII pD 10� 5, TyrII pD 2.1 � 10� 6, oamb286 p D 0.00029, not different:TyR pD 0.067, oamb584 p D 0.069, before bonferroni correction).

TABLE 1 | Summary of TA- and OA-receptor mutant phenotypes.

Survival Sugar response

TA-receptors TyrRf05682 " #

TyrRII� 29 — #

TyrRII-TyrR� 124 " —

honoka " #

OA-receptors oamb286 " —

oamb584 — —

Horizontal lines indicate no effect. Arrows indicate signi�cant difference to respective
control and illustrate the trend of the data.

that leads to a normal sugar response. Indeed, the sensitivity
of the sugar-sensing neurons is a�ected by TA/OA imbalance
(Figure 5), but only after starvation. Interestingly, the control
wC strain did not show the expected (Meunier et al., 2007;
Nishimura et al., 2012) increase in sensitivity after starvation
(Figure 5A), while more common wild-type strains showed
the increase in the same experiment (Figure 5B). Since the
wC control �ies did show an increase in their proboscis
extension response to sugar (Figure 1), there must be a
modulatory mechanism downstream of taste receptor activity.
Taken together, these data suggest that in addition to the internal
state that is altered by starvation, both sensory transduction
and the likelihood to extend the proboscis to the same sensory
information are modi�ed by starvation.

Where Is the Site of OA/TA-Action?
In order to identify the cells contributing to starvation resistance
and sugar responsiveness, we expressed Tßh in di�erent cells

inside or outside the nervous system in the mutant �ies,
using the UAS/Gal4 system (Figure 6). The expected e�ect
of this manipulation is a production of OA and a decrease
in the concentration of TA in the a�ected cells. Ubiquitous
expression of Tßh with the actin-Gal4 driver does increase
the PER of starved �ies. The non-neuronal Tdc1-GAL4-driver
drives expression in crop and hind gut tyraminergic cells (Cole
et al., 2005; Chintapalli et al., 2007; Blumenthal, 2009), that
normally do not produce OA, but only TA (Monastirioti et al.,
1995). Ectopic production of OA in these cells rescues the
sugar responsiveness phenotypes (Figure 6). Because ectopic OA
would lack necessary receptors, we tentatively interpret this result
as an e�ect of presumably reduced TA levels. However, the OA
produced might also be released into the hemolymph and taken
up by neurons, as is proposed to happen when feeding OA
(Schwaerzel et al., 2003; Scheiner et al., 2014). Interestingly, pan-
neuronal Tßh expression with nsyb-Gal4, but not expression
with drivers speci�cally labeling OA/TA neurons (tdc2-Gal4
and NP7088-Gal4), rescues the phenotype. These results suggest
that both neuronal and non-neuronal tissues are a�ecting the
starvation-induced increase in sugar responsiveness (and that
the two most commonly used OA/TA drivers remain suboptimal
tools to study OA action).

OA and TA Speci�city
The TßH enzyme converts TA into OA such thattßhnM18

mutants not only lack OA but also accumulate TA. To disentangle
the roles of the two amines, we tested OA- or TA-receptor
mutants in two experiments: starvation resistance and sugar
responsiveness (Figure 7). Perhaps not surprisingly, given that
several processes appear to mediate both starvation-induced
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e�ects, we found the sugar responsiveness and the starvation
resistance phenotypes of the tested mutants to be separable: some
mutants exhibit a phenotype in none (oamb584), both (tßhnM18,
honoka), or in individual assays: only in starvation resistance
(oamb286, TyrII-TyrR� 124) or only in sugar responsiveness
(TyrR� 29). These results reinforce our previous conclusion that
starvation resistance and sugar responsiveness are not mediated
by the same OA/TA-cells and receptors, but by di�erent sub-
populations. In addition, the data indicate that both OA and
TA play a role in starvation-induced sugar responsiveness. OA-
and TA-receptor mutants tend to perform similarly, suggesting
they may not be counteracting each other in this behavior, as
previously suggested for crawling behavior (Saraswati et al., 2004)
or for �ight ( Brembs et al., 2007).

CONCLUSIONS

Taken together with the experiments from our accompanying
paper (Buckemüller et al., 2017), our results suggest that
the OA/TA-system is involved in both the physiological and
the behavioral changes that follow starvation, and that these
changes are regulated independently. They also show that
the behavioral change is due not only to a modulation of
the taste neuron activity and to action of TA-speci�c cells

in peripheral, non-neuronal organs, but that a more central
e�ect is probably at play. Finally, these data as well as
others (in prep.) suggest that some aminergic pathways operate
in a dose-dependent manner and are therefore di�cult to
dissect using standard transgenic or pharmacological rescue
approaches.

AUTHOR CONTRIBUTIONS

CD and JC: Design of experiments, collection and analysis
of data, writing and editing of the manuscript. NT and TT:
Performed electrophysiology experiments, analyzed data, edited
manuscript. BB: Design of experiments, analysis of data, writing
and editing of the manuscript.

ACKNOWLEDGMENTS

We are grateful to the DFG for funding (DFG project numbers:
151533341, 127774677), to Henrike Scholz, Hiromu Tanimoto,
Andreas Thum, and Amita Seghal for providing �ies, to Dennis
Pauls for sharing the method of hemolymph extraction, to
Edward Blumenthal for sharing data prior to publication,
to Hildegard Hopp, Julia Sigl, Lucie Dieterich, and Victoria
Antemann for technical assistance.

REFERENCES

Amakawa, T. (2001). E�ects of age and blood sugar levels on the proboscis
extension of the blow �y phormia regina.J. Insect Physiol.47, 195–203.
doi: 10.1016/S0022-1910(00)00105-0

Baier, A., Wittek, B., and Brembs, B. (2002). Drosophila as a new model organism
for the neurobiology of aggression?J. Exp. Biol.205, 1233–1240.

Bell, W. J., Cathy, T., Roggero, R. J., Kipp, L. R., and Tobin, T. R. (1985). Sucrose-
stimulated searching behaviour ofDrosophila melanogasterin a uniform
habitat: modulation by period of deprivation.Anim. Behav.33, 436–448.
doi: 10.1016/S0003-3472(85)80068-3

Bharucha, K. N., Tarr, P., and Zipursky, S. L. (2008). A glucagon-like endocrine
pathway in Drosophila modulates both lipid and carbohydrate homeostasis. J.
Exp. Biol.211, 3103–3110. doi: 10.1242/jeb.016451

Blau, C., Wegener, G., and Candy, D. J. (1994). The e�ect of octopamine on the
glycolytic activator fructose 2,6-bisphosphate in perfused locust �ight muscle.
Insect Biochem. Mol. Biol.24, 677–683. doi: 10.1016/0965-1748(94)90055-8

Blumenthal, E. M. (2009). Isoform- and cell-speci�c function of tyrosine
decarboxylase in the Drosophila malpighian tubule.J. Exp. Biol.212,
3802–3809. doi: 10.1242/jeb.035782

Bolli, G. B., and Fanelli, C. G. (1999). Physiology of glucose counterregulation
to hypoglycemia. Endocrinol. Metab. Clin. North Am.28, 467–493.
doi: 10.1016/S0889-8529(05)70083-9

Brembs, B. (2008). Operant learning of drosophila at the torque meter.J. Vis. Exp.
16:731. doi: 10.3791/731

Brembs, B. (2013). Invertebrate behavioractions or responses?Front. Neurosci.
7:221. doi: 10.3389/fnins.2013.00221

Brembs, B. (2017). “Operant behavior in model systems,” inReference
Module in Neuroscience and Biobehavioral Psychology(Elsevier).
doi: 10.1016/B978-0-12-809324-5.21032-8

Brembs, B., Christiansen, F., P�üger, H. J., and Duch, C. (2007).Flight initiation
and maintenance de�cits in �ies with genetically altered biogenic amine levels.
J. Neurosci. 27, 11122–11131. doi: 10.1523/JNEUROSCI.2704-07.2007

Buckemüller, C., Siehler, O., Göbel, J., Zeumer, R., Ölschläger, A.,and Eisenhardt,
D. (2017). Octopamine underlies the counter-regulatory response to a
glucose de�cit in honeybees (Apis mellifera). Front. Syst. Neurosci.11:63.
doi: 10.3389/fnsys.2017.00063

Burke, C. J., Huetteroth, W., Owald, D., Perisse, E., Krashes, M. J., Das, G.,
et al. (2012). Layered reward signalling through octopamine and dopamine in
drosophila.Nature492, 433–437. doi: 10.1038/nature11614

Châtel, A., Murillo, L., Bourdin, C. M., Quinchard, S., Picard, D., and
Legros, C. (2012). Characterization of tyramineb-hydroxylase an enzyme
upregulated by stress in periplaneta Americana.J. Mol. Endocrinol.50, 91–102.
doi: 10.1530/JME-12-0202

Chiappe, M. E., Seelig, J. D., Reiser, M. B., and Jayaraman, V. (2010). Walking
modulates speed sensitivity in drosophila motion vision.Curr. Biol. 20,
470–475. doi: 10.1016/j.cub.2010.06.072

Chintapalli, V. R., Wang, J., and Dow, J. A. (2007). Using �yatlasto identify better
Drosophila melanogastermodels of human disease.Nat. Genet.39, 715–720.
doi: 10.1038/ng2049

Cole, S. H., Carney, G. E., McClung, C. A., Willard, S. S., Taylor, B. J., and
Hirsh, J. (2005). Two functional but noncomplementing Drosophila tyrosine
decarboxylase genes: distinct roles for neural tyramine and octopamine in
female fertility.J. Biol. Chem.280, 14948–14955.

Colomb, J., Kaiser, L., Chabaud, M.-A., and Preat, T. (2009). Parametric
and genetic analysis ofdrosophilaappetitive long-term memory and sugar
motivation. Genes Brain Behav.8, 407–415. doi: 10.1111/j.1601-183X.2009.
00482.x

Colomb, J., Reiter, L., Blaszkiewicz, J., Wessnitzer, J., and Brembs, B. (2012).
Open source tracking and analysis of adult drosophila locomotion in
buridans paradigm with and without visual targets.PLoS ONE7:e42247.
doi: 10.1371/journal.pone.0042247

Connolly, K. J. (1966). Locomotor activity in drosophila as a function of food
deprivation.Nature209, 224–224. doi: 10.1038/209224a0

Damrau, C., Brembs, B., and Colomb, J. (2014).Drosophila Sugar Response Is
Increased by Starvation Duration and Sucrose Concentration in a Locomotion-
Independent Proboscis Extension Test.(Figshare).

Dethier, V. G. (1952). Adaptation to chemical stimulation of thetarsal receptors of
the blow�y. Biol. Bull. 103,178–189.

Erion, R., DiAngelo, J. R., Crocker, A., and Sehgal, A. (2012). Interaction between
sleep and metabolism in Drosophila with altered octopamine signaling.J. Biol.
Chem. 287,32406–32414. doi: 10.1074/jbc.M112.360875

Farooqui, T. (2012). Review of octopamine in insect nervous systems.Open Access
Insect Physiol.4, 1–17. doi: 10.2147/OAIP.S20911

Frontiers in Systems Neuroscience | www.frontiersin.org 9 January 2018 | Volume 11 | Article 100



Damrau et al. Octopamine and Starvation

Fox, L. E. (2006). Coordination and modulation of locomotion pattern
generators inDrosophila larvae: e�ects of altered biogenic amine levels
by the tyramine beta hydroxlyase mutation.J. Neurosci. 26,1486–1498.
doi: 10.1523/JNEUROSCI.4749-05.2006

Gaudry, Q., and Kristan, W. B. (2009). Behavioral choice by presynaptic inhibition
of tactile sensory terminals.Nat. Neurosci.12, 1450–1457. doi: 10.1038/nn.2400

Gaudry, Q., and Kristan, W. B. (2010). Feeding-mediated distention
inhibits swimming in the medicinal leech.J. Neurosci. 30, 9753–9761.
doi: 10.1523/JNEUROSCI.1487-10.2010

Gorostiza, E. A., Colomb, J., and Brembs, B. (2016). A decision underlies
phototaxis in an insect.Open Biol.6:160229. doi: 10.1098/rsob.160229

Grönke, S., Müller, G., Hirsch, J., Fellert, S., Andreou, A., Haase, T., et al. (2007).
Dual lipolytic control of body fat storage and mobilization in Drosophila.PLoS
Biol.5:e137. doi: 10.1371/journal.pbio.0050137

Hammer, M. (1993). An identi�ed neuron mediates the unconditioned stimulus in
associative olfactory learning in honeybees.Nature366, 59–63.

Han, K. A., Millar, N. S., Grotewiel, M. S., and Davis, R. L. (1996). DAMB a novel
dopamine receptor expressed speci�cally in Drosophila mushroom bodies.
Neuron16, 1127–1135. doi: 10.1016/S0896-6273(00)80139-7

Heisenberg, M. (2009). Is free will an illusion?Nature 459, 164–165.
doi: 10.1038/459164a

Hiroi, M., Marion-Poll, F., and Tanimura, T. (2002). Di�erentiated response to
sugars amongLabellar chemosensillain Drosophila.Zoo. Sci. 19,1009–1018.
doi: 10.2108/zsj.19.1009

Hodgson, E. S., Lettvin, J. Y., and Roeder, K. D. (1955). Physiology of a primary
chemoreceptor unit.Science122, 417–418. doi: 10.1126/science.122.3166.417-a

Hoyer, S. C., Eckart, A., Herrel, A., Zars, T., Fischer, S. A., Hardie, S. L., et al.
(2008). Octopamine in male aggression of Drosophila.Curr. Biol.18, 159–167.
doi: 10.1016/j.cub.2007.12.052

Inagaki, H. K., Ben-Tabou de-Leon, S., Wong, A. M., Jagadish,S., Ishimoto, H., and
Barnea, G. (2012). Visualizing neuromodulationin vivo: TANGO-mapping of
dopamine signaling reveals appetite control of sugar sensing.Cell148, 583–595.
doi: 10.1016/j.cell.2011.12.022

Isabel, G. (2004). AKH-producing neuroendocrine cell ablation decreases trehalose
and induces behavioral changes in Drosophila.Regul. Integr. Comp. Physiol.
288, R531–R538. doi: 10.1152/ajpregu.00158.2004

Kass, L., Pelletier, J. L., Renninger, G. H., and Barlow, R. B. Jr. (1988). E�erent
neurotransmission of circadian rhythms inlimulus lateral eye.J. Compar.
Physiol. A164, 95–105. doi: 10.1007/BF00612723

Kim, S. K., and Rulifson, E. J. (2004). Conserved mechanisms of glucose sensing
and regulation byDrosophila corporacardiaca cells.Nature 431, 316–320.
doi: 10.1038/nature02897

Kononenko, N. L., Wolfenberg, H., and P�üger, H. J. (2009). Tyramine as an
independent transmitter and a precursor of octopamine in the locust central
nervous system: an immunocytochemical study.J. Comp. Neurol.512, 433–452.
doi: 10.1002/cne.21911

Koon, A. C., Ashley, J., Barria, R., DasGupta, S., Brain, R., Waddell, S., et al. (2010).
Autoregulatory and paracrine control of synaptic and behavioral plasticity by
octopaminergic signaling.Nat. Neurosci.14, 190–199. doi: 10.1038/nn.2716

Krashes, M. J., DasGupta, S., Vreede, A., White, B., Armstrong, J. D., and
Waddell, S. (2009). A neural circuit mechanism integrating motivational
state with memory expression in Drosophila.Cell 139, 416–427.
doi: 10.1016/j.cell.2009.08.035

Kutsukake, M., Komatsu, A., Yamamoto, D., and Ishiwa-Chigusa,
S. (2000). A tyramine receptor gene mutation causes a defective
olfactory behavior in Drosophila Melanogaster. Gene 245, 31–42.
doi: 10.1016/S0378-1119(99)00569-7

La Sala, M. S., Hurtado, M. D., Brown, A. R., Bohórquez, D. V., Liddle, R.
A., Herzog, H., et al. (2013). Modulation of taste responsiveness bythe
satiation hormone peptide YY.FASEB J.27, 5022–5033. doi: 10.1096/fj.13-
228064

Lee, G. (2004). Hemolymph sugar homeostasis and starvation-induced
hyperactivity a�ected by genetic manipulations of the adipokinetic
hormone-encoding gene in Drosophila Melanogaster. Genetics 167,
311–323.

Li, Y., Ho�mann, J., Li, Y., Stephano, F., Bruchhaus, I., Fink, C., et al. (2016).
Octopamine controls starvation resistance life span and metabolic traits in
Drosophila.Sci. Rep.6:35359. doi: 10.1038/srep35359

Liu, C., Plaçais, P. Y., Yamagata, N., Pfei�er, B. D., Aso, Y., Friedrich, A. B., et al.
(2012). A subset of dopamine neurons signals reward for odour memory in
Drosophila.Nature488, 512–516. doi: 10.1038/nature11304

Long, T. F., and Murdock, L. L. (1983). Stimulation of blow�y feeding behavior by
octopaminergic drugs.Proc. Natl. Acad. Sci.U.S.A.80, 4159–4163.

Longden, K. D., and Krapp, H. G. (2009). State-dependent performance
of optic-�ow processing interneurons.J. Neurophysiol.102, 3606–3618.
doi: 10.1152/jn.00395.2009

Maimon, G., Straw, A. D., and Dickinson, M. H. (2010). Active �ight increases
the gain of visual motion processing in Drosophila.Nat. Neurosci.13, 393–399.
doi: 10.1038/nn.2492

Marion-Poll, F. (1995). Object-oriented approach to fast display of
electrophysiological data under MS-windows.J. Neurosci. Methods63,
197–204. doi: 10.1016/0165-0270(95)00110-7

Marion-Poll, F. (1996). “Display and Analysis of Electrophysiological Data under
Windows TM,” in Proceedings of the 9th International Symposium on Insect-
Plant Relationships, Series Entomologica, Vol. 53, eds E. Städler, M. Rowell-
Rahier, and R. Bauer (Dordrecht: Springer), 116–119.

Mentel, T., Duch, C., Stypa, H., Wegener, G., Müller, U., and P�üger, H. J. (2003).
Central modulatory neurons control fuel selection in �ight muscle of migratory
locust.J. Neurosci.23, 1109–1113.

Meunier, N., Belgacem, Y. H., and Martin, J.-R. (2007). Regulation of feeding
behaviour and locomotor activity by takeout in Drosophila.J. Exp. Biol.210,
1424–1434. doi: 10.1242/jeb.02755

Monastirioti, M. (2003). Distinct octopamine cell population residing in the CNS
abdominal ganglion controls ovulation inDrosophila Melanogaster. Dev. Biol.
264, 38–49. doi: 10.1016/j.ydbio.2003.07.019

Monastirioti, M., Gorczyca, M., Rapus, J., Eckert, M., White, K., and Budnik, V.
(1995). Octopamine immunoreactivity in the fruit �yDrosophila Melanogaster.
J. Comp. Neurol.356, 275–287. doi: 10.1002/cne.903560210

Monastirioti, M., Linn, C. E. Jr., and White, K. (1996). Characterization of
Drosophila tyramine beta-hydroxylase gene and isolation of mutant �ies
lacking octopamine.J. Neurosci.16, 3900–3911.

Moss, C. F., and Dethier, V. G. (1983). Central nervous systemregulation of �nicky
feeding by the blow�y.Behav. Neurosci.97, 541–548.

Nässel, D. R., and Winther, Å. M. E. (2010). Drosophila neuropeptides
in regulation of physiology and behavior.Prog. Neurobiol.92, 42–104.
doi: 10.1016/j.pneurobio.2010.04.010

Nishimura, A., Ishida, Y., Takahashi, A., Okamoto, H., Sakabe, M., Itoh, M., et al.
(2012). Starvation-induced elevation of taste responsiveness and expression
of a sugar taste receptor gene inDrosophila Melanogaster. J. Neurogenet.26,
206–215. doi: 10.3109/01677063.2012.694931

Nisimura, T. (2005). Experiential e�ects of appetitive and nonappetitive
odors on feeding behavior in the blow�y phormia regina: a putative
role for tyramine in appetite regulation.J. Neurosci.25, 7507–7516.
doi: 10.1523/JNEUROSCI.1862-05.2005

Page, R. E. Jr., Erber, J., and Fondrk, M. K. (1998). The e�ect ofgenotype on
response thresholds to sucrose and foraging behavior of honey bees(Apis
Mellifera, L.).J. Comp. Physiol. A182, 489–500.

Park, J. H., and Keeley, L. L. (1998). The e�ect of biogenic aminesand their
analogs on carbohydrate metabolism in the fat body of the Cockroach
Blaberus Discoidalis. Gen. Comp. Endocrinol.110, 88–95. doi: 10.1006/gcen.
1997.7053

Partridge, L., Green, A., and Fowler, K. (1987). E�ects of egg-production and
of exposure to males on female survival inDrosophila Melanogaster. J. Insect
Physiol.33, 745–749. doi: 10.1016/0022-1910(87)90060-6

Pezzulo, G., and Cisek, P. (2016). Navigating the a�ordance landscape: feedback
control as a process model of behavior and cognition.Trends Cogn. Sci.20,
414–424. doi: 10.1016/j.tics.2016.03.013

Pophof, B. (2000). Octopamine modulates the sensitivity of silkmoth
pheromone receptor neurons.J. Compar. Physiol.186, 307–313.
doi: 10.1007/s003590050431

Ramirez, J.-M., and Orchard, I. (1990). Octopaminergic modulationof the
forewing stretch receptor in the locustLocusta Migratoria. J. Exp. Biol.149,
255–279.

R Core Team (2015).R: A Language and Environment for Statistical Computing.
Vienna: R Foundation for Statistical Computing. Available online at https://
www.R-project.org/

Frontiers in Systems Neuroscience | www.frontiersin.org 10 January 2018 | Volume 11 | Article 100



Damrau et al. Octopamine and Starvation

Roeder, T. (2005). Tyramine and octopamine: ruling behavior and metabolism.
Ann. Rev. Entomol. 50, 447–477. doi: 10.1146/annurev.ento.50.071803.130404

Saraswati, S., Fox, L. E., Soll, D. R., and Wu, C. F. (2004). Tyramine and octopamine
have opposite e�ects on the locomotion ofDrosophila larvae. J. Neurobiol.58,
425–441. doi: 10.1002/neu.10298

Scheiner, R., Sokolowski, M. B., and Erber, J. (2004). Activity of CGMP-
dependent protein kinase (PKG) a�ects sucrose responsiveness andhabituation
in Drosophila melanogaster. Learn. Mem.11, 303–311.

Scheiner, R., Steinbach, A., Claßen, G., Strudtho�, N., and Scholz, H. (2014).
Octopamine indirectly a�ects proboscis extension response habituation in
Drosophila melanogasterby controlling sucrose responsiveness.J. Insect
Physiol.69, 107–117. doi: 10.1016/j.jinsphys.2014.03.011

Schwaerzel, M., Monastirioti, M., Scholz, H., Friggi-Grelin, F., Birman, S., and
Martin Heisenberg, S. (2003). Dopamine and octopamine di�erentiate between
aversive and appetitive olfactory memories in Drosophila.J. Neurosci.23,
10495–10502.

Suver, M. P., Mamiya, A., and Dickinson, M. H. (2012). Octopamineneurons
mediate �ight-induced modulation of visual processing in Drosophila. Curr.
Biol.22, 2294–2302. doi: 10.1016/j.cub.2012.10.034

Therneau, T. M. (2015).A Package for Survival Analysis in S. Available online at:
https://CRAN.R-project.org/package=survival

Thompson, S. N. (2003). Trehalose – the insect `blood' sugar.Adv. Insect Physiol.
31, 205–285.

Tuthill, J. C., Nern, A., Rubin, G. M., and Reiser, M. B. (2014). Wide-�eld feedback
neurons dynamically tune early visual processing.Neuron 82, 887–895.
doi: 10.1016/j.neuron.2014.04.023

van Breugel, F., Suver, M. P., and Dickinson, M. H. (2014). Octopaminergic
modulation of the visual �ight speed regulator of Drosophila.J. Exp. Biol.217,
1737–1744. doi: 10.1242/jeb.098665

Venables, W. N., and Ripley, B. D. (2002).Modern Applied Statistics with S. Fourth.
New York, NY: Springer.

Wickham, H. (2016).Tidyverse: Easily Install and Load `Tidyverse' Packages.
Available online at: http://CRAN.R-project.org/package=tidyverse

Wilke, C. O. (2016).Cowplot: Streamlined Plot Theme and Plot Annotations for
`ggplot2'. Available online at: http://CRAN.R-project.org/package=cowplot

Woodring, J. P., McBride, L. A., and Fields, P. (1989). The role of octopamine
in handling and exercise-induced hyperglycaemia and hyperlipaemia in
Acheta Domesticus. J. Insect Physiol.35, 613–617. doi: 10.1016/0022-1910(89)
90123-6

Yang, Z., Yu, Y., Zhang, V., Tian, Y., Qi, W., and Wang, L. (2015). Octopamine
mediates starvation-induced hyperactivity in adult drosophila.Proc. Natl. Acad.
Sci. U.S.A.112, 5219–5224. doi: 10.1073/pnas.1417838112

Yu, Y., Huang, R., Ye, J., Zhang, V., Wu, C., Cheng, G., et al. (2016). Regulation
of starvation-induced hyperactivity by insulin and glucagon signaling in adult
drosophila. eLife5:e15693. doi: 10.7554/eLife.15693

Zhang, B., Freeman, M. R., and Waddell, S. (2010).Drosophila Neurobiology: a
Laboratory Manual. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory
Press.

Zhang, H., and Blumenthal, E. M. (2017). Identi�cation of multiple functional
receptors for tyramine on an insect secretory epithelium.Sci. Rep.7:160.
doi: 10.1038/s41598-017-00120-z

Zhou, C., Rao, Y., and Rao, Y. (2008). A subset of octopaminergic neurons
are important for Drosophila aggression.Nat. Neurosci.11, 1059–1067.
doi: 10.1038/nn.2164

Con�ict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or �nancial relationships that could
be construed as a potential con�ict of interest.

The reviewer VM and handling Editor declared their shared a�liation, and
the handling Editor states that the process nevertheless met the standards of a fair
and objective review.

Copyright © 2018 Damrau, Toshima, Tanimura, Brembs and Colomb. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Systems Neuroscience | www.frontiersin.org 11 January 2018 | Volume 11 | Article 100


