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An animal’s internal state is a critical parameter required for adaptation to a given
environment. An important aspect of an animal’s internal state is the energy state that is
adjusted to the needs of an animal by energy homeostasis. Glucose is one essential
source of energy, especially for the brain. A shortage of glucose therefore triggers
a complex response to restore the animal’s glucose supply. This counter-regulatory
response to a glucose deficit includes metabolic responses like the mobilization of
glucose from internal glucose stores and behavioral responses like increased foraging
and a rapid intake of food. In mammals, the catecholamines adrenalin and noradrenalin
take part in mediating these counter-regulatory responses to a glucose deficit. One
candidate molecule that might play a role in these processes in insects is octopamine
(OA). It is an invertebrate biogenic amine and has been suggested to derive from
an ancestral pathway shared with adrenalin and noradrenalin. Thus, it could be
hypothesized that OA plays a role in the insect’s counter-regulatory response to a
glucose deficit. Here we tested this hypothesis in the honeybee (Apis mellifera), an
insect that, as an adult, mainly feeds on carbohydrates and uses these as its main
source of energy. We investigated alterations of the hemolymph glucose concentration,
survival, and feeding behavior after starvation and examined the impact of OA on these
processes in pharmacological experiments. We demonstrate an involvement of OA in
these three processes in honeybees and conclude there is an involvement of OA in
regulating a bee’s metabolic, physiological, and behavioral response following a phase
of prolonged glucose deficit. Thus, OA in honeybees acts similarly to adrenalin and
noradrenalin in mammals in regulating an animal’s counter-regulatory response.

Keywords: honeybee, octopamine, glucose deficit, feeding state, hunger, hemolymph, survival, PER

INTRODUCTION

An animal’s internal state is a critical parameter required for efficient decision-making toward a
behavior that satisfies the animal’s needs in a given environment (Rangel et al., 2008). An important
aspect of an animal’s internal state is the energy state that is adjusted to the needs of an animal
by energy homeostasis. Glucose is an essential source of energy, especially for the brain, and a
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shortage of glucose therefore triggers a complex response
to restore the animal’s glucose supply. In mammals, this
includes metabolic responses like the mobilization of glucose
from internal glucose stores in order to guarantee a constant
glucose supply for the brain but also behavioral responses
like foraging and a rapid food intake (Ritter et al, 2011).
Glucose metabolism in mammals is regulated by the autonomic
nervous system, consisting of the parasympathetic and the
sympathetic nervous system that together orchestrate the
interplay between different metabolic organs. The sympathetic
nervous system connects to its target organs via noradrenalin
and adrenalin. During a glucose-deficit sympathetic activity
increases hepatic glucose output, stimulates glucagon release
from the pancreas, inhibits pancreatic insulin release, and
blocks glucose uptake in skeletal muscles (reviewed in
Nonogaki, 2000; Verberne et al., 2014, 2016; Seoane-
Collazo et al, 2015; Elliott et al, 2016). Furthermore,
central noradrenergic neurons are involved in behavioral
responses to a glucose deficit (Ritter et al., 2001, 2011; Li et al,,
2014).

Octopamine (OA), an invertebrate biogenic amine, is
similar to adrenalin and noradrenalin in its synthesis, its
synthesizing enzymes, and the respective receptors; it is
therefore suggested that adrenalin, noradrenalin, and OA
derive from one ancestral pathway (Gallo et al, 2016).
Based on OA’s involvement in the fight-or-flight response,
motivation, and aggression and it's adipokinetic function
in insects a similarity of function between OA in insects
and the biogenic amines adrenalin and noradrenalin in
vertebrates has been suggested (reviewed in Roeder, 2005).
Interestingly, in fruit flies, OA plays a role in starvation-
induced hyperactivity (Yang et al, 2015, Yu et al, 2016)
and regulates insulin-release, hemolymph sugar concentration
(Lietal., 2016), and feeding behavior (Zhang et al., 2013). It
can therefore be hypothesized that the mechanisms that regulate
an animal’s response to a glucose deficit might be evolutionary
conserved.

We here tested the hypothesis that the response to a
glucose deficit is evolutionary conserved in honeybees (Apis
mellifera). Adult forager bees feed mainly on carbohydrates
and use carbohydrates as their main source of energy, but
have no substantial carbohydrate, protein, or lipid reserves
and only low glycogen stores in their bodies (Blatt and
Roces, 2001; Hrassnigg and Crailsheim, 2005; Ihle et al., 2014;
Paoli et al., 2014). Accordingly, a tight control of their sugar
metabolism as well as their feeding behavior is necessary to
avoid starvation. Therefore, we hypothesized that bees would
show a counter-regulatory response to a glucose deficit that
might be regulated by OA. We here tested this hypothesis and
investigated alterations of the hemolymph glucose concentration,
survival, and feeding behavior after starvation in pharmacological
experiments.

We demonstrated an involvement of OA in regulating
the hemolymph glucose concentration, survival, and feeding
behavior. Thus, OA in honeybees acts similarly to adrenalin
and noradrenalin in mammals in regulating an animal’s counter-
regulatory response to a glucose deficit.

MATERIALS AND METHODS

General Treatment of Honeybees

Forager bees from the garden of the Neurobiology Institute,
Freie Universitdt Berlin, Germany were caught 1 day before the
experiment, cooled on ice until immobilization and harnessed
in plastic tubes. In the evening, around 4:00 p.m., bees were
fed to satiation with 30% (w/v) sucrose solution (0.88 M).
Overnight they were placed in a dark and humid box at
room temperature. On the following day, experiments started
at 10:00 a.m. (Felsenberg et al., 2011). When experiments took
longer than 24 h, bees were fed each subsequent day at 4:00 p.m.
four drops (4 pl each) of 30% (w/v) sucrose solution (0.88 M in
tap water) unless otherwise noted.

Drug Injection

Drugs were injected into the flight muscle as has been
demonstrated in Felsenberg et al. (2011). A small hole was made
in the cuticle above the flight muscle with a hypodermic needle
(Sterican, G21, Braun, Melsungen), and with a glass capillary
tube (Selzer, Labortechnik, Waghdusel) 1 pl of the solution was
injected through the hole into the flight muscle.

Measurement of Hemolymph Glucose

Concentration

Following the protocol of Rether (2012), hemolymph (1-2 pl)
was collected 15 min following drug injection with a microliter
syringe (Hamilton) and a hypodermic needle (Sterican G30,
Braun) on the lateral abdomen between two (4th and 5th) tergites.
The hemolymph was applied to blood glucose test stripes (Accu-
Chek Aviva, Roche Diabetes Care) and the glucose-concentration
was measured with a blood sugar meter (Accu-Chek Aviva, Roche
Diabetes Care).

Survival of Honeybees

Honeybees were caught, harnessed, and fed as indicated above.
Two experiments were carried out. Both experiments started the
day after capture: 18 h after the bees had been fed to satiation they
were divided into three subgroups that were systemically injected
in the flight muscle with 1 ul OA (10 mM), epinastine (40 mM),
or PBS (137 mM NaCl, 2.7 mM KCI, 10.1 mM NayHPOy,,
1.8 mM KH,POy). Bees in the two experiments were treated
differently following drug injection. In the first experiment bees
remained unfed following drug injection until they died. In the
second experiment bees were fed with 30% (w/v) sucrose solution
to satiation 2 h following drug injection and were left unfed
subsequently until they died. In both experiments, bees were
inspected every 6 h after injection and survival was noted. The
survival score for each bee was calculated from the number of
time points the bee was still alive.

Proboscis Extension Response

The proboscis extension response (PER) was released with three
solutions: water (H,0O), 0.1% (w/v) sucrose solution, i.e., 2.9 mM
sucrose, and 43% (w/v) sucrose solution, i.e., 1.25 mM sucrose.
The bees” antennae were touched with a toothpick covered with
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one of these solutions and the extension of the bees’ proboscises
was noted. Solutions were presented in an ascending order [first
water, second 0.1% (w/v) sucrose solution, third 43% (w/v)
sucrose solution] after intervals of 2 min.

Statistics
Statistics were carried out with Prism 6.0 (Graph Pad) and
Statistica 10.0 (Statsoft).

Ethics Statement

This study involved insects, i.e., honeybees (Apis mellifera).
The study was carried out in accordance to the Deutsche
Tierschutzgesetz.

RESULTS

Octopamine Increases the Hemolymph
Glucose Concentration Depending on
the Feeding State

First, we tested the hypothesis that OA is involved in the response
to a glucose deficit in honeybees. Therefore, we examined
whether OA is involved in regulating the honeybee’s hemolymph
glucose level depending on its feeding state.

We analyzed three groups of bees: Bees that were fed with 30%
(w/v) sucrose solution to satiation, i.e., until they did not extend
the proboscis anymore, 15 min before probing the hemolymph
glucose level, bees fed with 4 pl of 30% (w/v) sucrose solution,
and bees that were not fed at the same time point (Figure 1).

In two experiments, we tested the impact of OA on the
hemolymph glucose level (Figure 2). In the first experiment
(Figure 2A), honeybees that were fed to satiation (sated),
and honeybees, that were not fed at the same time point
(hungry) were compared. In the second experiment (Figure 2B),
honeybees that were fed with 4 pl of 30% (w/v) sucrose solution
(1 drop), were compared with honeybees that remained unfed
(hungry). Each of the two groups was divided into two subgroups
that were systemically injected with either 10 mM OA solved
in PBS or with PBS alone. Fifteen minutes later 1-2 pl of
hemolymph were taken from the bees’ abdomen, applied to a
blood glucose test strip and measured with a blood glucose
meter.

Comparison of the PBS-injected groups demonstrated that
the hemolymph glucose concentration of hungry bees was
significantly lower than the glucose concentration in sated bees
was [Figure 2A; Kruskal-Wallis test: H(2, N = 82) = 54.99;
PBSated/PBShungry: p = 8.0 E-9] and in bees fed with 4 .l sucrose
(1 drop) [Figure 2B; Kruskal-Wallis test: H(2, N = 72) = 18.52;
PBSldrop/PBShungry: p =0.0012].

The hemolymph glucose concentration of bees fed with 4 1
30% (w/v) sucrose solution (1 drop) was significantly higher in
bees injected with OA than in bees injected with PBS [Figure 2B;
Kruskal-Wallis test: H(2, N = 103) = 33.64; OAjgrop Vs.
PBS1 drop: p = 0.00054].

In both experiments, no significant differences between the
hemolymph glucose levels of hungry bees that were injected
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satiation satiation l Glucose

A
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t
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=15 min 0 min 15 min

C
_

-18 h

FIGURE 1 | Experimental scheme for measuring the hemolymph glucose
concentration of honeybees. Honeybees were fed to satiation (A, sated), fed
with 4 il 30% (w/v) sucrose solution (0.88 M) (B, 1 drop), or remained unfed
(C, hungry) 15 min before they were systemically injected with octopamine,
epinastine, or PBS (injection). Fifteen minutes following the injection
hemolymph glucose concentration was measured.

with OA or PBS were observed [Figure 2A; Kruskal-Wallis
test: H(2, N = 72) = 18.52; OApungry V8- PBShungry: p = 15
Figure 2B; Kruskal-Wallis test: H(2, N = 82) = 54.99; OApyngry
vs. PBShungry: p = 1]. The same holds true for the hemolymph
glucose levels of the sated bees [Figure 2A; Kruskal-Wallis test:
H(2, N = 86) = 54.19; OAgeq VS. PBSgyeq = 1].

Taken together, these experiments demonstrated an
enhancement of the hemolymph glucose level by OA in
bees that were fed with a small amount of sucrose, whereas in
hungry and in sated bees the effect of OA was not observed.

Epinastine Inhibits the Hemolymph
Glucose Concentration Depending on
the Feeding State

In order to verify our finding of an effect of OA on the feeding-
dependent hemolymph glucose concentration we next examined
the effect of epinastine (EPI), an OA-receptor antagonist (Roeder
et al, 1998), in the three groups of differently fed bees, i.e.,
bees that remained hungry, bees that were fed 4 pl of 30%
(w/v) sucrose solution, and bees that were fed to satiation.
Again, two different groups of bees were compared in two
experiments, sated vs. hungry bees (Figure 3A) and hungry
bees vs. bees that were fed with 4 pl of 30% (w/v) sucrose
solution (1 drop) (Figure 3B). In these experiments, 40 mM EPI
dissolved in PBS or PBS alone were injected 15 min following
feeding and 15 min before probing the hemolymph glucose
level.

Comparing the PBS-injected groups revealed a significantly
lower concentration of hemolymph glucose in bees that remained
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FIGURE 2 | High hemolymph glucose concentration in honeybees following octopamine treatment depends on the feeding state. (A) The hemolymph glucose level
of bees fed with 30% (w/v) sucrose solution (0.88 M) to satiation (sated PBS) was higher than that of hungry bees that remained unfed (hungry PBS). Octopamine
had no effect on the hemolymph glucose concentration of sated (sated PBS vs. sated OA) and hungry (hungry PBS vs. hungry OA) bees. (B) The glucose level in the
hemolymph of bees fed with 4 I 30% (w/v) sucrose solution (0.88 M) (1 drop PBS) was higher than that of hungry bees (hungry PBS). Octopamine increased the

hemolymph glucose concentration of bees fed with 4 I 30% (w/v) sucrose solution (0.88 M) (1 drop PBS vs. 1 drop OA). *p < 0.05. Number of bees appears in
brackets.
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FIGURE 3 | Low hemolymph glucose concentration in honeybees following epinastine treatment depends on the feeding state. (A) The hemolymph glucose level of
bees fed with 30% (w/v) sucrose solution (0.88 M) to satiation (sated PBS) was higher than that of hungry bees that remained unfed (hungry PBS). Sated and
epinastine-treated bees showed a lower hemolymph glucose concentration than sated control animals (sated EPI vs. sated PBS). Epinastine-treatment did not affect
hungry bees (hungry EPI vs. hungry PBS). (B) The glucose level in the hemolymph of bees fed with 4 pl 30% (w/v) sucrose solution (0.88 M) (1 drop PBS) was higher
than that of hungry bees (hungry PBS). Epinastine-treatment did not affect bees fed with 4 I 30% (w/v) sucrose solution (0.88 M) (1 drop EPI vs. 1 drop PBS) and
hungry bees (hungry EPI vs. hungry PBS). *p < 0.05. Number of bees appears in brackets.

unfed (hungry) compared to sated bees [Figure 3A; Kruskal- In sated bees that received an EPI injection the hemolymph
Wallis test: H(2, N = 111) = 39.43; PBShungry/PBSsateq: p = 1.6 glucose concentration was significantly lower than the glucose
E-6] and hungry bees compared to bees fed with 4 1 0of 30% (w/v)  concentration of bees injected with PBS [Figure 3A; Kruskal-
sucrose solution (1 drop) [Figure 3B; Kruskal-Wallis test: H(2, ~Wallis test: H(2, N = 114) = 34.40; EPI,q/PBSgateq: p = 0.0049],
N =74) = 42.91; PBS} grop/PBSsatea: p = 1.7 E-7]. whereas in bees fed with 4 1 sucrose (1 drop) the difference
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FIGURE 4 | Reduced survival following octopamine-treatment of hungry
honeybees. (A) Schematic overview of the experiment. Bees were fed to
satiation with 30% (w/v) sucrose solution (0.88 M) 18 h before injection of
octopamine (OA), epinastine (EPI), or PBS. Their survival was observed every
6 h. (B) Survival of bees injected with PBS (rhomb, black), OA (square, dark
gray), or EPI (triangle, light gray). (C) Bees injected with OA had a significant
lower survival score than bees injected with PBS or EPI. *p < 0.05. Number
of bees appears in brackets.

in hemolymph glucose concentration after EPI- and PBS-
injection was not significant [Figure 3B; Kruskal-Wallis test:
H(2, N = 75) = 39.56; EPIj4;0p/PBSigrop: p = 0.065], but
the results suggested a less pronounced increase in glucose
concentration in bees injected with EPI.

The difference in hemolymph glucose between hungry bees
injected with EPI and PBS was not significant [Figure 3A;
Kruskal-Wallis test: H(2, N = 111) = 39.43; EPl,ungry/PBShungry:
p = 1; Figure 3B; H(2, N = 74) = 42.91; EPlyyngry/PBShungry:
p=1].

Taken together, these experiments demonstrated an inhibitory
effect of EPI on the hemolymph glucose level in sated bees but
not in bees that were fed with 4 pl sucrose solution and in hungry
bees.

Octopamine Decreases the Survival Rate
of Hungry Bees

An appropriate energy supply is essential to maintain an animal
during phases with an increased energy demand, for example,
when the supply of nutrients is interrupted. Since foragers require
a diet high in carbohydrates for survival and glucose is one of
the main sugars found in the honeybee’s hemolymph (Beutler,
1936; Blatt and Roces, 2001; Ihle et al., 2014; Paoli et al.,
2014) we next tested whether OA impacts survival of hungry
bees.

We injected bees that were not fed for 18 h (hungry), with
10 mM OA, 40 mM EPI or PBS. We counted the bees that

survived without food 16 times, i.e., every 6 h, until all bees were
dead (Figure 4A).

The survival of bees injected with OA was significantly lower
than of bees injected with EPI (Figure 4B, rm ANOVA, factor
injection: Fj3.394 = 1.7447; p = 0.0206; Fisher LSD post hoc test:
p =0.0276). There was no difference between the survival of bees
injected with OA or PBS (Fisher LSD post hoc test: p = 0.4064)
and between bees injected with PBS or EPI (Fisher LSD post hoc
test: p = 0.1671).

The mean survival score of OA-injected bees was significantly
lower than of PBS- and EPI-injected bees (Figure 4C, one factor
ANOVA, factor injection: Fy.597 = 10.8305; p < 0.001; Fisher LSD
post hoc test: PBS vs. OA: p = 0.0066; EPI vs. OA: p < 0.001).
Bees injected with EPI had a higher survival score than did PBS-
injected bees, but this difference was not significant (Fisher LSD
post hoc test: p = 0.0610).

Taken together, this experiment demonstrated that OA
decreased the survival rate of hungry bees and thus the time span
they survive without food.

Feeding Restores the Octopamine-Effect
on the Bees Survival

In a second experiment, we considered whether feeding of bees
with sucrose following the OA- or EPI-injection restores survival.
We again injected bees that were not fed for 18 h (hungry), with
10 mM OA, 40 mM EPI or PBS and fed them to satiation with
30% (w/v) sucrose solution 2 h following drug injection. We
counted the number of bees that survived without food 12 times,
i.e., every 6 h, until all bees were dead (Figure 5A).

The survival of bees injected with OA or PBS was
significantly different (Figure 5B, rm ANOVA, factor injection:
F0:364 = 2.0627; p = 0.0050; Fisher LSD post hoc test OA vs. PBS:
p = 0.0403; OA vs. EPI: p = 0.3070; PBS vs. EPI: p = 0.3032). The
survival rate of EPI-treated bees was higher compared to both
PBS- and OA-treated bees (one-factor ANOVA, factor injection:
Fy.195 = 4.118; p = 0.0177; Fisher LSD post hoc test EPI vs. PBS:
p = 0.0207; Fisher LSD post hoc test EPI vs. OA: p = 0.0096). OA-
and PBS-injected bees showed no significant difference in their
mean survival rates (Figure 5C, Fisher LSD post hoc test OA vs.
PBS: p = 0.7637).

Taken together, this experiment demonstrated that feeding of
sucrose 2 h following drug injection restored the OA-dependent
decrease of the bees’ survival rate, and thus the time span
of survival to the level of the PBS-injected control group.
Furthermore, feeding resulted in a higher survival rate of bees
injected with EPI compared to the PBS-injected control group
and thus in an enhancement of the time span of survival following
an EPI-treatment.

The Proboscis Extension Response
Depends on the Honeybees Feeding

State

The response to a glucose deficit is characterized by metabolic
and behavioral changes. Therefore, it was prudent to determine
whether OA leads to an altered feeding behavior depending on
the bees’ feeding state. Part of the feeding behavior of honeybees
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FIGURE 5 | High survival rate of epinastine-treated honeybees that were fed
to satiation. (A) Schematic overview of the experiment. Bees were fed to
satiation with 30% (w/V) sucrose solution 18 h before injection of octopamine
(OA), epinastine (EPI), or PBS. Two hours following drug injection, bees were
again fed to satiation with 30% (w/v) sucrose solution (0.88 M). Their survival
was observed every 6 h. (B) Survival of bees injected with PBS (rhomb,
black), OA (square, dark gray), or EPI (triangle, light gray). (C) No difference in
the survival score between bees injected with OA and PBS. EPI-treatment
results in a higher survival score than PBS or OA treatment. *p < 0.05.
Number of bees appears in brackets.

is the proboscis extension response (PER), which is a reflex-
like response to a food stimulus: When the antennae or the
proboscis of a honeybee are touched with sucrose solution,
the bee extends its proboscis. However, when fed with sucrose,
bees decrease this response until it is not elicited anymore.
Above we demonstrated that bees that were fed with sucrose
until extension could not be elicited anymore showed a higher
hemolymph glucose concentration than did bees that were not
fed or that were fed with 4 pl sucrose solution. Thus, it seemed
likely that the feeding state impacts the PER. However, this is
not entirely clear because multiple stimulations of the antennae
with sucrose solution could lead to a decrease of the PER,
i.e., habituation. We here tested the hypothesis that the feeding
state impacts the PER and examined the PER in bees that
were fed to satiation with 30% (w/v) sucrose solution 18.5 h
before testing the PER. These bees were divided into three
groups. One was not fed again before the PER test (hungry,
Figure 6A), one group received multiple stimulations with 30%
(w/v) sucrose solution to the antennae 30 min before the PER
test (stimulated, Figure 6B), and one group that was fed again
with 30% (w/v) sucrose solution to satiation 30 min before
testing the PER (sated, Figure 6C). We tested the PER with
water, 0.1% (w/v) sucrose solution, and 43% (w/v) sucrose
solution 30 min after feeding, respectively stimulation of the
antennae.

A feeding to 01% 43%
satiation H20 sucrose sucrose
_m NN
feeding to 0.1% 43 %
satiation stimulation H20 sucrose sucrose
B
H [ ONN
feeding to feeding to 0.1% 43%
satiation satiation H20 sucrose sucrose
c_ m (0N
) i
-18h 0 min 30min  32min 34 min
D * * *
100 -+ W hungry (n=48)
B stimulated (n=49)
80 T+
[ sated (n=46)
x 60 +
w
[-%
X 40 4
20 +

H20 0.1 % sucrose

43 % sucrose

FIGURE 6 | The proboscis extension response (PER) depends on the feeding
state. (A) Schematic overview of the experiment. Bees were fed to satiation
with 30% (w/V) sucrose solution (0.88 M) 18.5 h before testing the PER
(hungry). The PER was tested with water (H20), with 0.1% (w/v) sucrose
solution (2.9 mM) (0.1% sucrose), and with 43% (w/v) sucrose solution

(1.25 M) (43% sucrose). (B) Schematic overview of the experiment. Bees were
fed to satiation with 30% (w/v) sucrose solution (0.88 M) 18.5 h before testing
the PER and were stimulated at their antennae with 30% (w/v) sucrose
solution (0.88 M) 30 min before testing the PER (stimulated). The PER was
tested as described in (A). (C) Schematic overview of the experiment. Bees
were fed to satiation with 30% (w/v) sucrose solution (0.88 M) 18.5 h and
again 30 min before testing the PER (sated). The PER was tested as
described in (A). (D) The PER depends on the feeding state of bees. The
percentage of hungry bees responding with a PER is higher than the
percentage of sated bees but the percentage of stimulated bees responding
is as high as of hungry bees. *p < 0.05. Number of bees appears in brackets.

The percentage of bees responding with a PER was not
different between the group that was not fed before the PER test
and the group that received the sucrose stimulation (Figure 6D;
rm ANOVA, factor treatment: F,.149 = 51.1503; p < 0.001; Fisher
LSD post hoc test: hungry bees vs. stimulated bees: p = 0.9426).
However, a statistically significant difference between these two
groups and the fed bees was found: a lower percentage of fed bees
responded to all three stimuli with a PER (Figure 6D; Fisher LSD
post hoc test: sated bees vs. hungry bees: p < 0.001, stimulated
bees vs. sated bees: p < 0.001).

Thus, the percentage of bees responding with a PER to water
and sucrose stimulation depended on the feeding state of a bee
and not on the repetitive stimulation of their antennae during
feeding.

OA-Injection Does Not Affect the PER in

Hungry Bees or Sated Bees
Next, we tested whether OA is involved in the PER depending
on the bees’ feeding state. In two experiments that were done
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FIGURE 7 | Octopamine does not affect the proboscis extension response
(PER) of hungry or sated honeybees. (A) Schematic overview of the
experiment (above). Bees were fed to satiation with 30% (w/v) sucrose
solution (0.88 M) 18 h and again 15 min before drug injection. The PER was
tested 15 min after drug injection with water (H>O), with 0.1% (w/v) sucrose
solution (2.9 mM) (0.1% sucrose), and with 43% (w/v) sucrose solution
(1.25 M) (43% sucrose). Octopamine (OA) did not affect the PER to these
different solutions in sated bees (below). (B) Schematic overview of the
experiment (above). Bees were fed to satiation with 30% (w/v) sucrose
solution (0.88 M) 18 h before drug injection. The PER was tested 15 min after
drug injection as described in (A). OA did not affect the PER to these different
solutions in hungry bees (below). Number of bees appears in brackets.

in parallel, we tested the PER with water, 0.1% (w/v) sucrose
solution, and 43% (w/v) sucrose solution. In the first experiment,
bees were examined that were fed with 30% (w/v) sucrose
solution until the PER was not elicited anymore, 30 min before
the PER test (sated) (Figure 7A). In the second experiment, bees
that were not fed at the same time point (hungry) were tested
(Figure 7B). In both experiments, bees were divided into two
groups, those that received an injection of 10 mM OA or those
that received PBS 15 min before the PER test.

OA-injection did not have an effect on the PER rate in
both sated bees (Figure 7A; rm ANOVA, factor injection:
Fi.177 = 3.1551; p = 0.0774) and hungry bees (Figure 7B; rm

injection
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-18h -1Smin  Omin 15 min 17 min 19 min
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80 +
e 60 T
w
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FIGURE 8 | Epinastine blocks the proboscis extension response (PER) of
hungry honeybees. (A) Schematic overview of the experiment (above). Bees
were fed to satiation with 30% (w/v) sucrose solution (0.88 M)18 h and again
15 min before drug injection. The PER was tested 15 min after drug injection
with water (H2O), with 0.1% (w/v) sucrose solution (2.9 mM) (0.1% sucrose),
and with 43% (w/v) sucrose solution (1.25 M) (43% sucrose). Epinastine (EPI)
did not affect the PER to these different solutions in sated bees (below).

(B) Schematic overview of the experiment (above). Bees were fed to satiation
with 30% (w/v) sucrose solution (0.88 M) 18 h before drug injection. The PER
was tested 15 min after drug injection as described in (A). EPI blocked the
PER of hungry bees (below). *p < 0.05. Number of bees appears in brackets.

ANOVA, factor injection: F}.146 = 1.1004; p = 0.2956) compared
to the PER rate of bees injected with PBS.

Epinastine Reduces the Proboscis
Extension Response Rate in Hungry

Bees

We next determined whether EPI affects the PER. Again, we
carried out two experiments in parallel, one with bees that were
fed to satiation 30 min before the PER-test (sated) (Figure 8A)
and another with bees that were not fed at the same time point
(hungry) (Figure 8B). Bees in both experiments were divided
into two groups: one group that received an injection with
EPI (40 mM) while the other group received PBS-injection.
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Fifteen minutes following these injections, the PER was tested
successively with water, 0.1% (w/v) sucrose solution, and with
43% (w/v) sucrose solution.

In sated bees, the injection of EPI had no effect on the PER rate
when compared to the PER rate of PBS-injected bees (Figure 8A;
rm ANOVA, factor injection: Fi.477 = 2.2498; p = 0.1343).
Hungry bees showed a significantly lower PER rate after an
injection with 40 mM EPI than after an injection with PBS
(Figure 8B; rm ANOVA, factor injection x sugar solution:
Fa.954 = 12.843; p < 0.001).

This result suggested that EPI inhibits the high PER of hungry
bees and that OA receptors, and thus OA, might be involved.

o-Methyl-p-Tyrosine Inhibits the PER

Rate in Hungry Bees and Can Be

Rescued by Octopamine But Not
Dopamine

Although we could not detect an effect of OA on the PER of
honeybees the results of the previous experiment suggested that
OA might be involved. Therefore, we next examined whether
there is evidence that OA is required to modulate the PER in
hungry bees. For this, we utilized the drug a-methyl-p-tyrosine
(AMT). AMT inhibits synthesis of both OA and dopamine (DA)
and therefore reduces the amount of biogenic amines (Stevenson
et al,, 2000). AMT does not block receptors irreversibly as is the
case with the use of receptor antagonists. An injection of OA or
DA can therefore restore the amount of these otherwise depleted
amines. Accordingly, AMT was used to stop the synthesis of OA
and DA to examine the effect of externally added OA and DA on
the bees’ PER.

In this experiment (Figure 9A), bees were fed to satiation 18 h
before injection with 30.5 mM AMT. Twenty-four hours later
the PER was tested with water, 0.1% (w/v) sucrose solution, and
43% (w/v) sucrose solution. Following this test, bees were injected
with 10 mM OA, 10 mM DA, or PBS. Forty-eight hours later the
second PER-test was carried out, again using water, 0.1% (w/v)
sucrose solution, and 43% (w/v) sucrose solution to elicit the PER.

In the first PER-test, the percentage of AMT-injected bees
responding to the three stimuli was significantly lower than
that of PBS-injected bees [Figure 9B; rm ANOVA, factor
injection X sugar solution: Fj. 50 = 6.368; p = 0.0012; Fisher
LSD post hoc test for H,O: PBS vs. AMT: p < 0.001; for 0.1%
(w/v) sucrose solution: PBS vs. AMT: p < 0.001; for 43% (w/v)
sucrose solution: PBS vs. AMT: p > 0.001].

The effect of AMT was still observed 48 h after its injection
(Figure 9C; rm ANOVA, factor injection: F3.2p7 = 5.7446;
p = 0.0009, Fisher LSD post hoc test: AMT-PBS vs. PBS-
PBS: p = 0.0212; Figure 9D; rm ANOVA, factor injection
F3.006 = 4.924; p = 0.0025; Fisher LSD post hoc test: AMT-
PBS vs. PBS-PBS: p = 0.0117). After a second injection with
OA (AMT-0A) the PER-rate was no longer different from the
control group that was injected with PBS at the same time point
(PBS-PBS) (p = 0.2097). The PER rates of the groups AMT-OA
and AMT-PBS differed significantly (p = 0.0005). The difference
between the groups AMT-OA and PBS-OA was not significant
(p =0.9304) (Figure 9C).

A second injection with DA 24 h after the AMT injection
(AMT-DA) did not increase the PER rate—there was still a
significant difference between the groups AMT-DA and PBS-
PBS (rm ANOVA, factor injection: F3.77¢ = 4.9244, Fisher LSD
post hoc test: AMT-DA vs. PBS-PBS: p = 0.0011) and no
significant difference between the groups AMT-DA and AMT-
PBS (p = 0.4816) (Figure 9D).

Taken together, this experiment demonstrated that OA but not
DA rescued the inhibiting effect of AMT on the percentage of
hungry bees responding with a PER to water, 0.1% (w/v) and 43%
(w/v) sucrose solution. Thus, we conclude that OA is involved in
enhancing the PER and thus the feeding response of hungry bees.

DISCUSSION

The Hemolymph Glucose Concentration
Depends on the Bees’ Feeding State and
Is Affected by Octopamine

Here we investigated a role for OA in the counter-regulatory
response to a glucose deficit and therefore examined the glucose
metabolism, survival, and feeding behavior of hungry and
sated bees. We demonstrated that the glucose concentration
of the bees hemolymph depends on the bees feeding state
and that the hemolymph glucose concentration is modulated
by OA.

We report that OA enhanced the glucose concentration in bees
that were fed with 4 1 of 30% (w/v) sucrose solution but did not
affect the hemolymph glucose concentration in hungry bees and
bees that were fed to satiation. In hungry bees OA might not have
enhanced the glucose concentration because glucose stores were
nearly empty. In contrast, in sated bees, a ceiling effect might have
been observed, because the hemolymph glucose concentration
was as high as possible, and, therefore, no further enhancement
following an OA injection was observed. In line with a possible
ceiling effect, we demonstrated that the OA receptor antagonist
epinastine inhibited the hemolymph glucose concentration in
sated bees. We conclude from these data that OA enhances the
hemolymph glucose concentration as long as carbohydrate stores
were available.

Support for our conclusion comes from an earlier study in
the fruit fly Drosophila melanogaster, demonstrating a reduced
hemolymph concentration of glucose and trehalose in flies,
mutant for the tyramine-B-hydroxylase (TBh) gene (TBh™M!8)
encoding TRh, which converts tyramine to OA (Li et al., 2016).
These mutants showed higher insulin release rates than control
flies suggesting an increased storage of carbohydrates. In line
with this observation, in the nematode Caenorhabditis elegans
the biosynthesis of OA has been shown to be upregulated upon
starvation by upregulation of the tBh-1 gene activity (Tao et al.,
2016).

The mechanisms underlying an OA-dependent release of
glucose into the honeybees’ hemolymph remain unknown.
However, hints toward a possible mechanism come from a
study by Blatt and Roces (2001). In honeybees, three main
sugars are found in the hemolymph: trehalose, glucose, and
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FIGURE 9 | Octopamine but not dopamine rescues the effect of a-methyl-p-tyrosine (AMT) on the PER of honeybees. (A) Schematic overview of the experiment.
Bees were fed to satiation with 30% (w/v) sucrose solution (0.88 M) 18 h before injection of AMT (first injection). Twenty-four hours following AMT injection the PER
was tested touching the antennae with water (H2O), 0.1% (w/v) sucrose solution (2.9 mM) (0.1% sucrose), 43% (w/v) sucrose solution (1.25 M) (43% sucrose).
Following this test, subgroups of bees were injected with octopamine (OA), dopamine (DA), or PBS. Another 24 h later the PER was tested again with water (H20),
0.1% (w/v) sucrose solution (2.9 mM) (0.1% sucrose), 43% (w/v) sucrose solution (1.25 M) (43% sucrose). (B) One day after injection of AMT or PBS significant
differences between groups were found. (C) Injection of OA rescued the AMT effect. (D) Injection of DA did not rescue the AMT effect. *p < 0.05. Number of bees

appears in brackets.

fructose (Fell, 1990). Blatt and Roces (2001) demonstrated
that with an increasing metabolic rate, the hemolymph
concentration of glucose and fructose relative to trehalose
increased, such that the overall hemolymph sugar levels
remained unchanged. Blatt and Roces (2001) concluded that
trehalose synthesis was not rapid enough to maintain stable
trehalose concentrations at high metabolic rates, ie., when
demand became too great. They suggested that the decreasing
trehalose concentration might result in a feedback signal to
the proventriculus eliciting release of sucrose into the ventricle.
In the ventricle sucrose is cleaved into glucose and fructose,
and both sugars are released from the ventricle into the
hemolymph (Blatt and Roces, 2001). We demonstrated that
OA increased the hemolymph glucose concentration. Thus,
OA might enhance the metabolic rate such that the trehalose
concentration decreases leading to an increase of hemolymph
glucose concentration.

The Effect of Octopamine on the
Honeybees’ Survival Is Restored by

Feeding

We demonstrated that hungry honeybees, which received a
systemic injection of OA after 18 h of fasting, survived for
a shorter time period afterward (without food) than control
bees having received a PBS-injection did. We concluded that
OA activates available energy stores during food shortage at
the expense of long-term survival. Indeed, when bees were
fed once following the OA treatment, survival was restored,
indicating that feeding, i.e., energy intake, compensated for
the increase in the metabolic rate by OA. We found that the
OA receptor antagonist epinastine prolonged survival of the
bees fed once, supporting an involvement of OA receptors in
regulating the bees’” metabolic rate and thus survival. Moreover,
this result suggests that blockage of OA-receptors slows down
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the mobilization of available energy, such that the bees’ survival
is prolonged. In line with our observation, tBh"™!® mutant flies
died later from starvation than wild-type controls did (Scheiner
et al, 2014; Li et al, 2016). Moreover, an ectopic release of
OA during starvation reduces survival (Li et al., 2016). These
findings in fruit flies again suggested that an increased OA-level
mobilizes and empties energy stores, leading to an accelerated
starvation (Scheiner et al., 2014; Li et al., 2016). In C. elegans,
blocking the biosynthesis of OA (by means of RNAi against the
tBh-1 gene activity) has been shown to lead to contrary results,
i.e., a reduced survival rate after 3 days of fasting compared to
wild-type worms (Tao et al., 2016). This reduced survival rate is
rescued by application of OA (Tao et al., 2016). In line with our
interpretation, Tao et al. (2016) hypothesized that OA mobilizes
energy stores. However, in C. elegans mobilization of energy
stores seems to enable long-term survival instead of reducing it
as has been observed in D. melanogaster and A. mellifera. The
reason for this discrepancy remains unclear. However, it might
well be that these differences in OA-dependent long-term survival
are due to differences in energy storage and energy metabolism in
these three invertebrate species.

We demonstrated that the hemolymph glucose concentration
is near zero in bees starved for 18 h. Furthermore, we
demonstrated that OA reduced the survival rate of bees that were
already starved for 18 h. Since we hypothesized that OA increases
the metabolic rate in honeybees, the question remains which
energy stores are activated after such a long starvation period.
Wang et al. (2016) reported that thorax and abdomen glycogen
and triglycerides are decreased 12 h after starvation in honeybees.
Thus, it might well be that in our experiments OA triggered
the depletion of glycogen and triglyceride stores when applied
12 h after feeding and that this mechanism led to a decreased
survival of honeybees. Interestingly, in C. elegans it occurred that
OA induces the expression of a lipase gene resulting in lipid
mobilization (Tao et al., 2016). Furthermore, in the cockroach,
Blaberus discoidalis, OA has been shown to be a potent activator
of fat body glycogen phosphorylase, an enzyme that is needed to
mobilize glucose from glycogen stores (Park and Keeley, 1998).

Octopamine Is Involved in Regulating the

Honeybees’ Feeding Behavior

In addition to a role for OA in regulating the hemolymph glucose
concentration, we found an involvement of OA in regulating the
bees’ feeding behavior. We demonstrated that the PER, which
is a component of the bees’ feeding behavior, depends on the
feeding state of honeybees and not on repeated stimulations
of the antennae with sucrose solution, which theoretically
could result in habituation. Moreover, we found that systemic
application of OA does not affect the PER to different sucrose
concentrations in sated and hungry bees. However, applying
the OA-receptor antagonist epinastine did reduce the PER in
hungry bees, suggesting that in hungry bees a ceiling effect
is observed for OA, i.e., that the maximum of OA has been
released in hungry bees already, such that additional OA does
not affect behavior anymore. Indeed, when we inhibited the
biosynthesis of OA and DA using AMT, the PER rate of hungry

bees is reduced and can be rescued by the application of OA but
not DA.

Several studies in Drosophila fruit flies and the blowfly
Phormia regina have demonstrated that the hunger state affects
the PER via a modulation of the sugar sensitivity (Moss and
Dethier, 1983; Inagaki et al., 2012, 2014; Marella et al., 2012;
Scheiner et al., 2014; Kain and Dahanukar, 2015; Yapici et al,,
2016). Neuropeptide F and DA have been shown to be involved
in PER by enhancing the responsiveness of taste sensory neurons
(Inagaki et al., 2012, 2014; Marella et al, 2012). Our data
indicated that OA modulates the PER as well. In line with
this notion, an earlier study in honeybees demonstrated that
depleting the nervous system of monoamines by the use of
reserpine inhibited the PER, which was restored in reserpinized
unresponsive bees by injection of OA (Braun and Bicker, 1992).
In fruit flies, a reduced PER in starved tBh™!® mutant flies
has been demonstrated, which is rescued by feeding with OA
(Scheiner et al., 2014).

Our data in honeybees and data of Scheiner et al. (2014) in
fruit flies clearly indicate that OA modulates the PER depending
on the insects’ feeding-state. However, the exact mechanism
remains unclear. OA could act as a neurotransmitter and/or as
a hormone when it is released during starvation.

Is Octopamine Mediating the
Stress—-Response in Insects?

In mammals, starvation results in an activation of central
and sympathetic catecholaminergic neurons, which regulate the
release of glucose into the blood and modulate feeding behavior
(Nonogaki, 2000; Ritter et al., 2001, 2011; Li et al., 2014;
Morton et al., 2014; Verberne et al., 2014, 2016). Our results
indicate that OA plays a role in regulating the honeybees’ energy
state and behavior in response to starvation, supporting the
hypothesis that OA is the functional homolog of adrenalin and
noradrenalin.

Previous studies in honeybees have demonstrated a role of
OA in the context of different physiological processes. In seminal
studies on appetitive learning the activation of an octopaminergic
Vummx1 neuron or the injection of OA into brain structures
critically involved in insect olfactory learning, replaced the
unconditioned stimulus, i.e., a sucrose solution (Hammer, 1993;
Hammer and Menzel, 1998). Therefore, it has long been
hypothesized that OA is the transmitter of the reward system in
honeybees and other insects. Lately this hypothesis has seemed
controversial, because in the fruit fly OA plays a role in formation
of aversive memories as well (Wu et al., 2013), and short-term,
but not long-term, memory formation depends on OA (Burke
et al,, 2012). Thus, the role of OA in learning and memory
formation of insects, including the honeybee, remains unclear.
Furthermore, OA modulates sensory processes, like vision,
olfaction, and gustation (Braun and Bicker, 1992; Erber and
Kloppenburg, 1995; Kloppenburg and Erber, 1995; Scheiner et al.,
2002; Rein et al., 2013), locomotor and heart activity (Fussnecker
et al, 2006; Bloch and Meshi, 2007), and the bees division
of labor and dance communication (Schulz and Robinson,
1999; Wagener-Hulme et al., 1999; Barron et al., 2002, 2007;
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Schulz et al., 2002; Barron and Robinson, 2005; Giray et al., 2007;
Lehmann et al., 2011; Reim and Scheiner, 2014).

Interestingly, noradrenalin and adrenalin modulate taste and
olfaction, play a role in cardiovascular regulation and affect
memory formation in mammals as well (Herness et al., 2002;
Doucette et al.,, 2007; Roozendaal et al., 2008; Verberne et al,,
2014; Tank and Lee Wong, 2015; Ness and Calabrese, 2016;
Doyle and Meeks, 2017). Given that OA is a functional homolog
of noradrenalin and adrenalin in regulating hunger-stress our
results support the notion that OA has similar functions as these
two catecholamines in triggering the animal’s physiological and
behavioral stress-responses (Corbet, 1991; Roeder, 2005; Even
et al,, 2012). Conceptualizing OA as an insect stress hormone
would explain why physiological processes as different as
locomotion and learning and memory formation are modulated
by OA. However, it would still be an open question how the
role of OA in the regulation of the bee’s division of labor
fits into this concept. Interestingly, it has been demonstrated
that stressors like the loss of foragers, starvation, and diseases
impact the division of labor, i.e., accelerate the onset of foraging
(Schulz et al.,, 1998; Toth and Robinson, 2005; Higes et al,
2008; Goblirsch et al., 2013). At the same time, it has been
shown that the brain OA-level is higher in foragers than in nurse
bees (Harris and Woodring, 1992; Schulz et al., 2002; Lehman
et al, 2006) and that OA enhances the likelihood to forage
(Barron et al., 2002; Schulz et al., 2002; Barron and Robinson,
2005). Thus, an age-dependent increase of OA up to a critical
threshold might result in the induction of foraging. OA released
as a physiological response to stress might add up to the age-
dependent OA-concentration such that the critical OA-threshold
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