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Octopamine—A single modulator with double action on the heart of two
insect species (Apis mellifera macedonica and Bactrocera oleae):
Acceleration vs. inhibition
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A B S T R A C T

The effects of octopamine, the main cardioacceleratory transmitter in insects, were investigated, in the

isolated hearts of the honeybee, Apis mellifera macedonica, and the olive fruit fly, Bactrocera oleae.

Octopamine induced a biphasic effect on the frequency and force of cardiac contractions acting as an

agonist, with a strong acceleratory effect, at concentrations higher than 10�12 M for the honeybee and

higher than 50 � 10�9 M for the olive fruit fly. The heart of the honeybee is far more sensitive than the

heart of olive fruit fly. This unusual sensitivity is extended to the blockers of octopaminergic receptors,

where phentolamine at 10�5 M stopped the spontaneous contractions of the honeybee heart completely

and permanently, while the same blocker at the same concentration caused only 50% inhibition in the

heart of the olive fruit fly. Phentolamine and mianserin at low concentrations of 10�7 M also blocked the

heart octopaminergic receptors, but for a short period of time, of less than 15.0 min, while a partial

recovery in heart contraction started in spite of the presence of the antagonist. The unusual response of

the honeybee heart in the presence of phentolamine and/or mianserin suggests excitatory effects of

octopamine via two different receptor subtypes. At lower concentrations, 10�14 M, the agonist

octopamine was converted to an antagonist, inducing a hyperpolarization in the membrane potential of

the honeybee cardiac pacemaker cells and inhibiting the firing rate of the heart. The inhibitory effects of

octopamine on certain parameters of the rhythmic bursts of the heart of the honeybee, were similar to

those of mianserin and phentolamine, typical blockers of octopaminergic receptors. The heart of the

olive fruit fly was 105 times less sensitive to octopamine, since a persistent inhibition of heart

contractions occurred at 10�9 M. In conclusion, the acceleration of the insect heart is achieved by

increasing the levels of octopamine, while there is a passive but also an active decrease in heart activity

due to the minimization of octopamine.

� 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

In insects, the biogenic amine, octopamine, serves as a
neurotransmitter, neuromodulator and neurohormone (Roeder,
1999, 2005; Scheiner et al., 2006; Farooqui, 2007). Among the
numerous peripheral organs modulated by octopamine, the heart
represents one of the main sites of octopaminergic action. The
direct octopaminergic innervation of the heart via Dorsal Unpaired
Median (DUM) neurons, found in various insect species, underlies
the crucial role of octopamine in modulating the activity of the
heart, which is mainly acceleration (Ferber and Pflüger, 1990,
1992; Stevenson and Pflüger, 1994; Sinakevitch et al., 1996; Duch
et al., 1999; Davis et al., 2001; Siegmund and Korge, 2001). For
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example, octopamine increased heart rate in Drosophila melano-

gaster both in vivo (Johnson et al., 1997; Zornik et al., 1999) and in

vitro (Papaefthimiou and Theophilidis, 2001). The heart rate of
Periplaneta americana also increased after application in situ of
octopamine; in this case, the threshold for heart rate stimulation
ranged from 10�8 to 10�6 M (Collins and Miller, 1977; Hertel et al.,
1988). A similar increase was recorded in the semi-isolated heart of
both the adult and the caterpillars of the hawkmoth Manduca sexta

(Platt and Reynolds, 1985; Prier et al., 1994). In addition to synaptic
transmission, octopamine may control the activity of the heart,
acting as a hormonal modulator, released through the haemo-
lymph from the neurohaemal organs (Evans, 1980). This effect
takes place in moments of stress to enable the insect to cope with
energy-demanding situations such as long-term flight (Roeder,
1999). For example, there is a dramatic (10-fold) increase in the
levels of octopamine during the first 5 min of flight in the cricket
(Adamo et al., 1995).

http://dx.doi.org/10.1016/j.jinsphys.2010.11.022
mailto:cpapaef@bio.auth.gr
http://www.sciencedirect.com/science/journal/00221910
http://dx.doi.org/10.1016/j.jinsphys.2010.11.022
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While the above findings make octopamine one of the
dominant candidates for acceleration of the insect heart, a
potential inhibitor homologous to vertebrate acetylcholine has
not yet been identified. Acetylcholine itself was found to decelerate
some insect hearts, e.g. those of moths (McCann, 1969; McCann
and Penefsky, 1981), but to accelerate that of Drosophila (Johnson
et al., 1997, 2002). So far, dromyosuppressin, a FMRFamide-related
peptide, has been found to decrease the frequency of the heart in
the blowfly (Angioy et al., 2007). Octopamine has also been
reported to have a cardioinhibitory effect, but only on the auxiliary
antennal heart of the cockroach P. americana (Hertel et al., 1988;
Hertel and Penzlin, 1992). Finally, serotonin, a biogenic amine
related to octopamine, was found to induce biphasic (excitatory–
inhibitory) effects, but only in the heart of the larva of Drosophila

melanogaster (Dasari and Cooper, 2006).
The purpose of this study is to show that octopamine, the main

cardioacceleratory modulator in insects, also has biphasic effects,
causing acceleration and inhibition, in the isolated heart of the
honeybee workers, Apis mellifera macedonica, and the olive fruit fly,
Bactrocera oleae. The tested insect species were selected due to
their high agronomic, ecological and economic value.

2. Materials and methods

2.1. Chemicals

Octopamine [(�)-octopamine hydrochloride], mianserin [1,2,3,
4,10,14b-Hexahydro-2-methyl-dibenzo[c,f]pyrazino[1,2-a]azepine hy-
drochloride], phentolamine (2-[N-(M-Hydroxyphenyl)-p-toluidino-
methyl] imidazoline) and serotonin [3-(2-Aminoethyl)-5-hydroxyin-
dole hydrochloride] were purchased from Sigma Aldrich (Germany).
Regarding the compounds used in the physiological saline, KCl and NaCl
were obtained from Panreac (Spain), Hepes from Biochemica Fluka
(Switzerland), glucose from Riedel-de Haen (Germany), sucrose from
Duchefa (Netherlands) and NaHCO3 from Merck (Germany).

2.2. Insects

Honeybees were supplied by a local beekeeper (Chalkidiki,
North of Greece). Prior to the experiments, the honeybees were
acclimated to lab conditions (temperature 30.0 8C) for at least 24 h,
in darkness. The honeybees were fed on a mixture of sugars and
water of the following composition (fructose 42%, dextrose 51.5%,
maltose 2–5% and high sugars 2%). Adult olive fruit flies (5–10 days
old) of either sex were supplied from a laboratory strain. The flies
were maintained at a constant temperature (24.0 8C), relative
humidity (70.0–80.0%) and photoperiod (16.0:8.0, L:D cycle).

2.3. Electrophysiological studies

To expose the heart, the wings and legs were removed and the
insect was mounted using fine dissecting pins, dorsal side down, in
a small recording chamber half-filled with Sylgard. An incision was
made along the midline of the abdomen and thorax and the two
sides of the body cavity were pinned down laterally. The gut,
glands and the abdominal muscles were removed to expose the
dorsal vessel (heart and aorta) and the alary muscles. In the case of
the honeybee, the sting was removed, since the venom contains
apamine and biogenic amines, which could affect the contraction
of the heart. The ventral nerve cord was also removed to exclude
any possible influence of the octopaminergic synaptic terminals on
the regulation of the resting frequency of the heart. Finally, the
abdominal cavity formed a pool which was continuously filled
with running physiological saline (2.0 ml/min) of the following
composition in mmol L�1: NaCl 141, KCl 0.5, CaCl2�2H2O 1.2,
sucrose 16.5, glucose 10, NaHCO3 1 and HEPES 10.0, pH 6.9. The
saline was stored in a 1000.0 mL Marriotte flask, where it was
continuously oxygenated (O2, 100% oxygen). The saline was
dripped continuously into the perfusion chamber, via an intrave-
nous set, and was removed via a suction system. All experiments
were performed at room temperature (24.0 � 2 8C).

To monitor the spontaneous contraction of the heart, the probe
of a force–displacement transducer (f.d.t) (FT-03C, Grass Instru-
ment Company, USA), attached to a micromanipulator, was hooked
onto the heart (Fig. 1B, f.d.t.). Intracellular recordings from the
heart muscle fibres were obtained using floating glass microelec-
trodes. Electrodes were pulled from thick-walled borosilicate glass
using a Flaming/Brown P-97 pipette puller (Sutter Instruments,
Novato, CA, USA). Pipettes had resistances of 40.0–50.0 MV when
filled with 3.0 M potassium acetate. For intracellular recordings, an
amplifier with current injection facilities (Neurolog, NL 106, UK)
was used.

Extracellular recordings from the heart of the olive fruit fly were
obtained using a suction electrode made from a glass micropipette
(Marienfeld, 4360, Germany). The tip of the glass tube was broken
and fire-polished so that the interior diameter was slightly smaller
than the outside diameter of the heart. Part of the posterior heart
was sucked into the electrode (Fig. 6, insert diagram). In order to
obtain constant-in-amplitude cardiac action potentials during
prolonged recordings, a constant negative pressure was applied
inside the suction electrode using a pump (Papaefthimiou et al.,
2009). The simultaneously activated cardiac muscle fibres inside
the tip of the suction electrode generated a field potential which
was amplified (Neurolog, NL 104, UK) to create the waveform of
the cardiac-compound action potentials (cardiac-CAPs, see Fig. 6A
and B for a sample).

In all cases (extracellular, intracellular and muscle tension
recordings) the output of the amplifier was fed to a computer
through a data acquisition card interface (Keithley KPCI 3102,
Keithley Instruments, Cleveland, OH, USA). Software designed
using the facilities of Labview (Labview 5.1, National Instru-
ments, USA) and Testpoint (Testpoint, CEC, Capital Equipment,
USA) permitted analysis of the recorded data. The frequency of
the heart was estimated from the time interval (t) between
successive contractions or cardiac-CAPs (see t in Fig. 1A, upper
trace). Furthermore, the maximum force of heart contraction,
measured from the baseline to the peak (Fig. 1A, upper trace),
was estimated.

To investigate the effects of octopamine, serotonin, phentol-
amine and mianserin, fresh stocks were prepared daily in
physiological saline. To achieve the desired concentration, the
compound was dissolved in the Mariotte flask. To exclude the
possibility that the response of the heart was an artifact due to
sham changes of saline (Dasari and Cooper, 2006), negative
controls were established by adding to heart saline only (the
vehicle of compounds under investigation).

2.4. Data analysis

The frequency of either cardiac contractions or cardiac-CAP of
the isolated heart was measured 60.0 min after the equilibration
period in normal saline. These values were considered as control
before application of octopamine and/or phentolamine.

Mean values and standard errors means (S.E.M.) of frequency
and force of contraction and the main parameters of bursts
(interburst interval, burst duration, internal frequency), following
the application of octopamine (phentolamine, mianserin) were
then calculated for each experimental group. Their statistical
significance was analyzed with Kruscal Wallis one-way analysis of
variance, followed by Dunn’s multiple comparison test. The
criterion for statistical significant difference was a p value less
than 0.05.
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Fig. 1. Monitoring of the electromechanical properties of the heart of the honeybee, Apis mellifera macedonica. (A) Combined tension recordings from the heart (upper trace)

and intracellular recording from a single cardiac cell, displaying pacemaker properties (lower trace). (B) Diagrammatic representation of the heart of the honeybee, which

consists of five (1–5) cardiac chambers. The location of the force displacement transducer (f.d.t.) and intracellular microelectrode (i.e.) is indicated. ao.: aorta, p.: posterior end

of heart. (C) Tension recordings of the spontaneous contraction of the isolated heart bathed in normal saline during equilibration after 1.0, 30.0 and 60.0 min. Part of the

recordings was expanded to show changes in frequency in detail.
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3. Results

3.1. The biphasic effects of octopamine on the isolated heart of the

honeybee

Typical intracellular action potentials with pacemaker char-
acteristics, such as the slow diastolic depolarization phase (Fig. 1A,
lower trace), were recorded from almost 85% of the penetrated
cardiac muscle fibres, along the five cardiac chambers (Fig. 1B, the
chambers are marked with 1–5). The resting membrane potential
was �47.26 � 1.71 mV (n = 112 muscle fibres/10 insects). These
values were estimated from expanded records like those shown in
Fig. 1A (lower trace).

As a standard procedure, for all experiments, the isolated heart
of the honeybee was left in the saline for 1.0 h to equilibrate.
During the equilibration period there were some significant
Table 1
The effects of the control saline, phentolamine, mianserin and octopamine on the spont

rhythmic bursts (internal frequency, interburst interval, burst duration) are given as m

Internal frequency (Hz) Internal

frequency %

control

Interbu

Equilibration (Control) 2.11�0.03 (na = 96/12) 100.0 6.12� 0

Phentolamine 10�7 M 1.99ns� 0.06 (n = 36/6) 94.3 8.29b�
Mianserin 10�7 M 1.64b� 0.02 (n = 67/6) 77.7 17.48b

Octopamine 10�14 M 1.68b,c� 0.03 (n = 62/6) 79.6 9.74b,d

ns.: not significant compared to control
a n: number of bursts/number of insects.
b p<0.001, compared to control (equilibration).
c Significant compared to phentolamine (Dunn’s multiple comparisons).
d Significant compared to mianserin (p<0.01) (Dunn’s multiple comparisons).
changes in the heart rate of the honeybee. In the beginning, the
heart was beating at a relatively high frequency of 3.69 � 0.27 Hz
(n = 86/14 insects) (Fig. 1C, see record t = 1.0 min and expanded
record). This frequency gradually decreased to 78.07 � 7.81% of the
initial value within 30.0 min (Fig. 1C, t = 30.0 min and expanded
record). Eventually, the heart was engaged in a bursting pattern
(Fig. 1C, t = 60.0 min and expanded record), which was maintained
until the end of the experiment, usually lasting over 2.0 h.
Approximately 20.0–30.0 min after the development of the bursting
pattern, there was a 35.65 � 9.81% (n = 14) decrease in the force of
heart contraction (n = 95/14 insects) (Fig. 1C, t = 60.0 min). At this
stage, the end of the equilibrium period, the main parameters of the
bursts, interburst interval, burst duration and internal frequency,
were measured and their values are summarised in Table 1.

Regarding the gradual development of the bursting pattern of
the honeybee heart after long exposure to saline, someone may
aneously beating heart of the honeybee. The values of the main parameters of the

ean� S.E.M. Also they were expressed as the percentage of the control.

rst interval (s) Interburst

interval %

control

Burst duration (s) Burst

duration %

control

.22 (n = 135/12) 100.0 5.27�0.22 (n = 118/12) 100.0

0.45 (n = 74/6) 135.4 2.31b�0.09 (n = 42/6) 43.8

� 0.72 (n = 109/6) 285.6 3.96b�0.1 (n = 106/6) 75.1

�0.36 (n = 89/6) 159.1 2.32b,d �0.06 (n = 78/6) 44.0
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argue that it is a result of the gradual malfunctioning of the heart,
leading eventually to the death or inactivation of cardiac cells.
However, it seems that at the bursting stage, with over 1.0 h in
saline, the heart is in perfect condition, since application of 10�7 M
octopamine (see arrow in Fig. 2A) generates a drastic, 126.0%,
increase in frequency, from 2.11 � 0.03 (bursting stage) to
4.78 � 0.08 Hz (continuous firing) (p < 0.001, n = 6). Octopamine
(10�7 M) induced also a 2.0–5.0 mV depolarization in the resting
membrane potential of cardiac cells. A similar bursting pattern was
also recorded in vivo (Schwab et al., 1991). For the force of
spontaneous cardiac contraction there was a 57.6 � 2.25% increase
(p < 0.01, n = 6) measured from records like those shown in Fig. 2A
(upper trace). The effect of octopamine is concentration-dependent
since a concentration of 10�10 M generated a similar, but less intense
acceleration of the heart rate, with a 108.25 � 12.16% increase in the
frequency of the heart and a 15.33 � 7.65% (p < 0.05, n = 5) increase
in the force of contraction (data not shown). Even at a concentration
of octopamine as low as 10�12 M there was an accelerating effect on
the heart. In all cardiac preparations incubated in 10�12 M
octopamine, the bursting pattern was converted to a continuous
one, with a constant, but low frequency of 0.36 Hz.

In an attempt to estimate the no-observed-effect-concentration
(NOEC) for octopamine on the heart of the honeybee, lower
concentrations than those used above were tested. Surprisingly, at
a concentration of 10�14 M, the accelerating effect of octopamine

[()TD$FIG]

Fig. 2. Accelerating and inhibitory properties of octopamine (OA) on the spontaneous activ

mechanical activity of the whole heart (upper) and electrical activity of a single pacemak

contractions of the honeybee heart. (C and D) Hyperpolarizing effects of octopamine on tr

The arrow indicates the application of octopamine.
was reversed, converted to a clear inhibition of the heart
contractions, as is demonstrated in Fig. 2B (n = 6, see the arrow
for the application of octopamine). Octopamine, at the low
concentration of 10�14 M, caused an immediate inhibition of the
bursting activity within 15.0–30.0 s. This inhibition is followed by
a 59.2% increase in the interburst interval, from 6.12 � 0.22 to
9.74 � 0.36 s (p < 0.05, n = 6 insects). Significant changes were also
observed in the other parameters of the bursts, like a 20.37 � 2.25%
decrease in the burst internal frequency and a 55.9 � 2.5% decrease in
burst duration generated in the presence of octopamine (Table 1). The
concentration of octopamine which causes such a strong inhibition is
extremely low, 10�14 M, and under such conditions one may argue
that this effect could be an artefact due to the application of extra
saline in the recording bath. Application of an equivalent amount of
saline solution in the recording system had no effect on the heart
rhythm (data not shown). Finally, the negative chronotropic effect
caused by octopamine was accompanied by a negative inotropic
effect, since there was a 12.64 � 2.28% (p < 0.05, n = 96/6 insects)
decrease in the mean force of heart contractions (estimated from
records like those shown in Fig. 2B).

Furthermore, intracellular recordings from the cardiac muscle
fibres before and after the application of 10�14 M octopamine, have
shown a direct 4.2 � 0.83 mV hyperpolarization of the resting
membrane potential (p < 0.05, n = 4 insects), from �47.26 � 0.09 to
�51.46 � 0.14 mV (n = 95/4) (Fig. 2C and D).
ity of the heart of the honeybee. (A) Stimulatory effects of octopamine (arrow) on the

er cell (lower trace). (B) Inhibitory effect of octopamine on the spontaneous bursting

ansmembrane potential of a single myocardial pacemaker cell from different insects.
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Fig. 3. Effects of phentolamine and mianserin (10�7 M) on the electromechanical activity of the honeybee heart. (A) Intracellularly recorded action potential from a single

cardiac cell under control conditions (before the first arrow) and after application of 10�7 M phentolamine. The break, the two parallel lines, represents a time interval of

15.0 min. After that, the second arrow indicates application of 10�7 M octopamine. (B) The effects of 10�7 M phentolamine (see arrow) on the contraction of the honeybee

pretreated with 10�9 M octopamine. After the first break of 15.0 min, there is a gradual recovery of contraction. After the second brake of 40.0 min, the recovery became more

intense, but never reached values before the application of phentolamine. (C) The effects of 10�7 M mianserin (see first arrow) on the spontaneous contraction of the

honeybee heart. A partial recovery occurred after the 15.0 min break (the two parallel lines). Subsequent application of 10�7 M octopamine is indicated by the second arrow.
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3.2. The effects of phentolamine and mianserin on the heart of the

honeybee

The results above clearly indicate the implication of octopamine
as an accelerator (agonist) and inhibitor (antagonist) in the
functioning of the honeybee heart. The agonistic effect of octopamine
was further investigated using the two main blockers, phentolamine
and mianserin (Degen et al., 2000). Phentolamine, was examined at
concentrations ranging between 10�7 and 10�5 M since similar
concentrations inhibited octopaminergic receptors in insect neuron
preparations (Stern, 2009). As was expected, application of 10�7 M
phentolamine (see Fig. 3A, first arrow), caused a total inhibition of
cardiac activity obviously by blocking all the octopaminergic
receptors and preventing the action of octopamine. However, there
was a partial recovery of the heart electrical activity, while the heart
was still incubated in phentolamine (see record after the brake, the
two parallel lines). The recovery became far more intense when
10�7 M octopamine was added to the preparation still incubated in
phentolamine (see second arrow in Fig. 3A).

In the experiments with the isolated heart, the final concentra-
tion of octopamine in the saline is unknown. In order to investigate
the response of the heart in the presence of a known concentration
of octopamine, the heart was first incubated in saline with 10�9 M
octopamine, causing well-known heart acceleration, and then
10�7 M phentolamine was added (Fig. 3B). In this case, although
the heart was beating at a high frequency (f = 2 Hz, Fig. 3B), there
was a full inhibition of the cardiac firing rate (Fig. 3B, first arrow),
but after 15 min, a gradual recovery started in spite of the fact that
the heart was still incubated in phentolamine (Fig. 3B, t = 15 min).
Thus, in both cases, with both unknown and known concentrations
of octopamine, the pattern of response of the heart to phentol-
amine (10�7 M) was almost identical.

The recovery of the contractions of the heart in the presence of
phentolamine was eliminated when the heart was incubated with
higher concentrations of phentolamine, like 10�5 M (Fig. 4A). Even
in the presence of 10�9 M octopamine there was no recovery
(Fig. 4B) In both situations, subsequent application of 10�7 M
octopamine initiated a short, low in amplitude, bursting activity
(see second arrow in Fig. 4A and B).

Finally, the effects of mianserin were investigated with the
heart at the resting stage, after the end of the equilibration period,
producing a rhythmic bursting activity. In this case, 10�7 M
mianserin initially eliminated the cardiac contractions for
12.5 � 3.25 min (Fig. 3C, after the arrow), but afterwards there
was an incomplete recovery of the bursting activity (Fig. 3C, after the
break). In addition mianserin caused a small but significant decrease,
11.4 � 2.26% in the mean force of contractions (p < 0.05, n = 6).
Application of 10�7 M octopamine accelerated the frequency of
contractions (Fig. 3C, second arrow), but there was no further increase
in the amplitude of the contraction. For both octopaminergic
antagonists, phentolamine and mianserin (10�7 M), the values of
the interburst interval, the burst duration and internal frequency, are
summarised in Table 1.

Apart from the well-known antagonistic action of the
octopaminergic receptors, partially inhibiting the heart of the
honeybee, the effect of serotonin, causing cardioacceleration in
certain insect hearts (Prier et al., 1994; Johnson et al., 1997; Zornik
et al., 1999) was investigated. Serotonin at 10�7 M, unlike the
strong acceleratory effects of octopamine at the same concentra-
tion, induced only a small positive chronotropic effect (see Fig. 5A,
arrow), a 17.37 � 2.15% decrease in interburst interval (p < 0.05,
n = 4) and a 22.26 � 1.9% increase in the burst duration (p < 0.05,
n = 4). Similar effects were observed at a 10-fold higher concentration
of serotonin, 10�6 M. Serotonin failed to trigger a continuous pattern
of contractions (data not shown), like octopamine at similar or much
lower concentrations (10�6 and 10�12 M). It is worth mentioning that
subsequent application of 10�7 M octopamine in preparations
preincubated with serotonin (either with 10�7 or 10�6 M) caused
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Fig. 4. (A) The effects of 10�5 M phentolamine (see first arrow) on the spontaneous contractions of the honeybee heart. The break, the two parallel lines, indicates a time

interval of 30.0 min. After the end of this period, the heart was exposed to 10�7 M octopamine (second arrow). (B) as in (A) but the heart was pretreated with 10�9 M

octopamine.
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the expected increase in the frequency and amplitude of heart
contractions (see Fig. 5B after the arrow).

3.3. Biphasic effects of octopamine on the isolated heart of the olive

fruit fly

An attempt was made to investigate the biphasic effects of
octopamine on the heart of another insect, the olive fruit fly. Due to
the small size of the heart, compared to the honeybee, only the
electrical activity of the cardiac cells was used as the main
parameter for measuring the frequency of the heart. For this
purpose, the suction electrode was placed on the posterior end of a
heart isolated in saline (Fig. 6, see insert diagram for the position of
the suction electrode, s.e.). The waveform of the cardiac-CAP
(Fig. 6A, lower trace) represents the summation of the electrical
activity from almost all cardiac excitable cells. To investigate the
nature of the cardiac-CAP, representing the activity from almost all
cardiac excitable muscle fibres, its waveform was compared with
intracellular recordings obtained from a single cardiac muscle fibre
of the same heart. The records in Figure 6A, simultaneously
obtained from the whole heart (lower trace) and a single muscle
fibre (upper trace), clearly demonstrate that there is a one-to-one
correlation between the extracellular cardiac-CAP and intracellu-
larly recorded action potentials (compare upper and lower trace).
The depolarization phase of the intracellularly recorded pacemak-
er action potential (see the first arrowhead in the upper trace in
[()TD$FIG]
Fig. 5. (A) The effects of 10�7 M serotonin (SER) (see arrow) on the spontaneous contract

heart of the honeybee pretreated with 10�6 M serotonin.
Fig. 6A) corresponds exactly with the fast negative and positive
phase of the cardiac-CAP (see first arrowhead and line in the lower
trace). The gradual repolarization or plateau phase of the
intracellular records (see the period of time between the arrow-
heads, upper trace) corresponds to the positive plateau phase of
the cardiac-CAP (lower trace in Fig. 6A). Finally, the rapid but
relatively small repolarization of the cardiac action potential (see
second arrow in upper trace) corresponds with the small positive
deflection of cardiac-CAP indicated by the second arrow and its line
in the lower trace in Fig. 6A. This shows that the extracellularly
recorded cardiac-CAP waveform is an accurate projection of the
intracellular action potentials of the cardiac muscle fibres.
However, the good quality intracellular recordings from the small
contracting heart of the olive fruit fly could be obtained for a few
seconds only, using the floating microelectrode, while the stable-
in- amplitude cardiac-CAP could be recorded for hours. Therefore,
in the present study, the cardiac-CAP was used for the assessment
of the effects of octopamine on the much smaller heart of the olive
fruit fly, compared to the heart of the honeybee previously
examined.

The heart of the olive fruit fly isolated in saline was found in
some cases to beat with either a relatively high resting frequency
(f � 2.2 Hz, n = 5 insects) or in other cases with relatively low
resting frequencies (f � 0.35 Hz, n = 8) (Fig. 6B and C, before the
break respectively). In the olive fruit fly, the pattern of rhythmic
bursts which was predominant in the honeybee, was found in only
ion of the honeybee heart. (B) The effects of 10�7 M octopamine (see arrow) on the
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Fig. 6. Effects of octopamine and phentolamine on the cardiac-CAP recorded from the heart of the olive fruit fly, Bactrocera oleae. (A) Combined intracellular record (upper

trace) and extracellular record (lower trace) from two different points of the heart. The positions of the microelectrode (i.e.) and suction electrode (s.e.) are indicated in the

insert diagram. ao. and p. as in Fig. 1B. (B) Stimulatory effects of 10�6 M octopamine (record after the break) on the frequency of cardiac-CAP of hearts having high resting

frequency (before the break). (C) As in B, but octopamine was applied to cardiac preparations with a low resting frequency (before the break). Notice the intense stimulatory

effect of octopamine (right half of recording). (D) Effects of phentolamine (right half of the recording) on the electrical activity of the heart. (E) Inhibitory effects of 10�9 M

octopamine (right half of the recording) on the electrical activity of the heart. The recordings before the break are under control conditions.
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2% of total cardiac preparations examined, even after incubation in
saline for over 2 h.

The response of the heart to octopamine depends on the resting
firing frequency. Thus, when 10�6 M of octopamine was applied to
heart preparations with a high resting frequency, of 2.16 � 0.3 Hz
(n = 5 insects), there was only a 23.55 � 2.5% increase in the
frequency of cardiac-CAP (Fig. 6B, see record after the break). On
the other hand, when the resting frequency was much lower (<1 Hz),
the same concentration of octopamine induced a drastic
369.95 � 12% increase from 0.32 to 1.51 Hz (Fig. 6C, see the record
after the break). There was a negative correlation between the resting
frequency and percentage of increase induced by 10�6 M octopamine,
as determined by Spearman non parametric correlation (r = �0.82,
p < 0.05, n = 5). The concentration threshold for octopamine-induced
excitation was 50 � 10�9 M.

Phentolamine, at a concentration of 10�5 M, caused an
immediate decrease (49.18 � 2.63%, p < 0.05, n = 4) in the frequency
of the cardiac-CAP from 2.25 � 0.90 to 1.105 � 0.42 Hz within 20 min
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(Fig. 6D, see record after the break). The effects of phentolamine were
concentration-dependent since 10�4 M caused a stronger inhibitory
effect, with a 60% decrease in the frequency of the heart (data not
shown). In all cases, there was a gradual inhibition of individual
cardiac-CAP, but it should be noted that complete inhibition of the
heart cardiac-CAP, similar to that recorded for the heart of the
honeybee exposed to phentolamine, was never recorded. Finally, co-
application of phentolamine (10�4 M) and 10�6 M octopamine had no
stimulatory effect on the frequency of cardiac-CAP.

From the experiments on the heart of the honeybee it was clear
that low concentrations of octopamine, at 10�14 M, inhibit the
cardiac rhythm. To investigate this possibility in the heart of the olive
fruit fly, cardiac preparations with minimum beating frequency
(<1.0 Hz), were exposed to lower concentrations of octopamine. At a
concentration of 10�9 M octopamine, there was a gradual decrease in
the frequency of cardiac-CAP. Thus, within 10.0 min there was a
43.001� 6.02% (p < 0.05, n = 6) decrease in the frequency of cardiac-
CAP, from 0.63� 0.09 to 0.38� 0.06 Hz (n = 6) (Fig. 6E, see record after
the break). The negative chronotropic effects of 10�9 M octopamine
were fully reversed after washing the preparations with physiological
saline within 10.0 min. Raising the concentration of octopamine to
10�7 M resulted in an increase of frequency, in all preparations exposed
previously to 10�9 M octopamine (data not shown).

4. Discussion

The octopaminergic system in the insect heart is considered to be
homologous to the sympathetic (noradrenergic) system of verte-
brates (Roeder, 1999), with octopamine being the main cardioacce-
lerating compound. In this case, octopamine plays the role of
noradrenaline (Collins and Miller, 1977; Prier et al., 1994; Johnson
et al., 1997; Zornik et al., 1999; Papaefthimiou and Theophilidis,
2001). Nevertheless, a system homologous to the parasympathetic,
secreting a compound inhibiting the heart rate, has never been
identified in insects. The first candidate for such inhibition of the
heart rate was acetylcholine; however, acetylcholine itself, the
neurotransmitter of the parasympathetic system in vertebrates, has
controversial chronotropic effects on the heart of various insects,
causing, in most cases, excitation of the heart (Johnson et al., 1997,
2002) or inhibition, but at unusually high concentrations ranging
from 10�7 M (McCann and Penefsky, 1981) to 1.0 M (Zornik et al.,
1999). Other compounds were more successful, like the FMRFa-
mide-related peptides, which have been found to inhibit the
frequency of the heart in locusts, ex vivo (Cuthbert and Evans, 1989;
Robb and Evans, 1994), and in flies, in vivo (Johnson et al., 2000;
Merte and Nichols, 2002; Nichols, 2006; Angioy et al., 2007). The fact
that serotonin, a biogenic amine related to octopamine, was found to
induce biphasic (excitatory-inhibitory) effects, in the heart of the
larva of Drosophila melanogaster (Dasari and Cooper, 2006) led us to
test the possible double action of these amines, serotonin and
octopamine, in the insect heart.

4.1. The excitatory effects of octopamine

This study was mainly focused on the excitatory effect of
octopamine on the heart of the honeybee, and the effects on the
heart of the olive fruit fly were examined for comparison. The
results showed clearly that the heart of the honeybee is far more
sensitive to octopamine, with a threshold of 10�12 M, than the
heart of the olive fruit fly, with a threshold near 50 � 10�9 M. In
contrast, serotonin, although it has been described as a cardi-
oaccelerator in Drosophila and Manduca (Prier et al., 1994; Johnson
et al., 1997; Zornik et al., 1999), had a minor acceleratory effect on
the heart of the honeybee at a relatively high concentration (10�6

to 10�7 M). In addition, this minor effect was also demonstrated by
the fact that octopamine (10�7 M) had the usual powerful
accelerating effect on the honeybee heart, although the heart
was incubated in serotonin (10�6 M). This is an indication that
serotonin does not counteract the octopaminergic effect as it does
in the central nervous system of the same insect (Erber et al., 1993).
Therefore, serotonin was not investigated further.

To validate our assessment on the sensitivity of the heart of
either the honeybee or olive fruit fly to octopamine, the
comparison with other insect heart bioassays was inevitable.
For example, the concentrations of octopamine that cause
excitation of the heart in three other insect species falls within
the range of 10�6 to 10�9 M (Collins and Miller, 1977; Platt and
Reynolds, 1985; Hertel et al., 1988; Prier et al., 1994; Papaefth-
imiou and Theophilidis, 2001). In addition, octopaminergic
receptor subtypes were activated at concentrations ranging from
5 � 10�8 to 5.5 � 10�9 M (Grohmann et al., 2003; Balfanz et al.,
2005; Maqueira et al., 2005). It is obvious that the response of the
olive fruit fly heart preparation to octopamine is within the range
of the other similar ex vivo preparations (>10�9 M), while the heart
of the honeybee is far more sensitive (�10�12 M). It is interesting
that this unusual sensitivity is extended to the blockers of
octopaminergic receptors, where phentolamine at 10�5 M stopped
the heart of the honeybee completely and permanently, while it
caused only 50% inhibition in the heart of the olive fruit fly.

At this point, it is worth mentioning certain problems which
occurred during the application of the two antagonists of the
octopaminergic receptors, phentolamine and mianserin, to the
heart of the honeybee. At a concentration of 10�7 M, both blockers
completely eliminated the heart contraction, but for 15.0 min only,
while a partial recovery started immediately after in the presence
of the blockers, which was intensified by further application of
octopamine. This pattern of response was independent of the
external concentration of octopamine. Of course, when the
concentration of phentolamine was increased to 10�5 M the heart
ceased completely and permanently, but even so, further applica-
tion of octopamine initiated a short burst of heart contractions.

This pattern of response to phentolamine and mianserin is an
indication that there are two types of excitatory octopaminergic
receptors; those inactivated by low concentrations of phentol-
amine (10�7 M) and those by high (10�5 M). Although this pattern
of blocking is unusual, a similar situation was detected in the
octopaminergic receptors involved in the excitation of the locust
extensor-tibia muscle (Evans, 1981). In this case the octopamine2A

class receptors (nomenclature from Evans, 1981), which mediate
the increase in amplitude of twitch tension, and the octopamine2B

class receptors, which mediate the increase in the relaxation rate of
twitch tension, can be separated by their sensitivity to mianserin.
The octopamine2A (latter classified as Octb receptors, Evans and
Maqueira, 2005) are blocked by 1 � 10�6 M mianserin, while in the
case of the octopamine2B (also belonging to Octb receptor class,
Evans and Maqueira, 2005) they are blocked by 20 � 10�6 M
(Evans, 1981).

Activation of similar Octb subtypes in Manduca sexta was
probably involved in elevating the intracellular cAMP levels
leading to a significant increase in heart rate (Prier et al., 1994).
In addition, elevation of cAMP can significantly increase pacemak-
er depolarization, and eventually increases the firing frequency of
the heart (Hille, 2001). In our experiments, a similar depolarization
in resting membrane potential, 2.0–5.0 mV, occurred in the cardiac
pacemaker cells of the honeybee exposed to high concentrations of
octopamine (10�7 M), leading to an increase in heart rate (see also,
Papaefthimiou et al., 2003).

4.2. The inhibitory effects of octopamine

The heart of the honeybee was found to be extremely sensitive
to octopamine, since this agonist can increase the frequency of the
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heart with a threshold of 10�12 M. However, in a heart generating
rhythmic bursts, octopamine was converted from being a typical
agonist to an antagonist at a concentration as low as 10�14 M,
inhibiting the contractions of the heart. The inhibitory effects of
octopamine on certain parameters of the rhythmic bursts were
very similar to those of mianserin and phentolamine. For example,
octopamine induced a 21.4% decrease in the burst internal
frequency, while mianserin induced 22.3%. Also, octopamine
induced a 56% decrease in burst durations, while phentolamine
induced 56.2%. Finally, octopamine and phentolamine induced
increases of 35.4 and 59.1% respectively in the interburst interval.
It is clear that the inhibitory effects of octopamine (10�14 M) are
equivalent to the effects of the classical antagonists of octopami-
nergic receptors.

The concentrations at which octopamine was converted from
an agonist to an antagonist appear to be extremely low and
possibly unrealistic, but such unusual sensitivity in an insect heart
has been reported in another case, concerning a completely
different peptide from octopamine. Dromyosuppressin, a FMRFa-
mide-related peptide, was found to decrease the frequency of the
heart in the blowfly in vivo, with threshold values ranging between
10�16 and 5 � 10�15 M (Angioy et al., 2007). It is interesting that
octopamine and FMRFamide-related peptides have been co-
localized in Dorsal Unpaired Median (DUM) neurons terminals
innervating the heart (Stevenson and Pflüger, 1994); however, the
role of the two peptides in the neuronal control of the heart
requires further investigation.

Finally, the inhibitory action of octopamine was also confirmed
for the olive fruit fly heart, but at a concentration 105 times higher
than that causing inhibition in the heart of the honeybee. The
inhibitory effects of octopamine on insect cardiac tissue have been
observed only once, in the antennal heart of the cockroach, but at
unusually high concentrations, of 5 � 10�6 M (Hertel et al., 1988),
compared with those reported in this study.

The inhibitory effects of octopamine on the myogenic rhythmic
activity of the heart established in the present study, suggest the
presence of another type of octopaminergic receptor from the two
previously mentioned for excitation (Octb). Such a receptor, called
octopamine1 (or octa receptor, Evans and Maqueira, 2005) has
been reported in locust extensor tibia muscle, where it causes also
the slowing of a myogenic rhythm (Evans, 1981). Thus, it can be
suggested that an equivalent to octopaminergic1 receptor is also
present at the heart of the honeybee causing inhibition of the
rhythmic (myogenic) heart contractions. The possible mechanism
for this inhibition, may be related to a variety of mechanisms, like
the elevation of the intracellular calcium levels (Evans, 1984),
activation of potassium (Aoki et al., 2008) and chloride channels
(Gerhardt et al., 1997). This particular octopaminergic receptor,
coupled with either a potassium or a chloride channel, could cause
strong hyperpolarization in the resting membrane potential
observed in the cardiac pacemaker cell of the honeybee and,
eventually, intense negative chronotropic effects observed in our
experiments. These effects were mostly observed in a resting
cardiac preparation firing in bursts. At this stage, we assume that
the concentration of octopamine is extremely low and near or
below the threshold of 10�12 M. It is obvious that when the system
is exposed to higher concentrations of octopamine, the inhibitory
effect is masked by the high frequency and powerful contractions
of the heart.

All the above indicate that the heart of the honeybee is far more
sensitive to octopamine, compared with other insect species. We
may speculate that heart-regulating mediators, like octopamine,
may be group-specific, species-specific and even tissue-specific in
their effectiveness (Hertel and Pass, 2002). The reason for the
specificity could be related to interspecies differences regarding
octopaminergic receptor subtypes (Blenau and Baumann, 2001;
Hauser et al., 2006). For example, seven specific octopamine
receptor genes in the honeybee (Am 1 to Am 7 in Hauser et al.,
2006) have a considerable distance from their homologous in
another Dipteran fly, Drosophila (Hauser et al., 2006). Furthermore,
even within the honeybee strains, a differential response to
octopamine has been proposed for honeybees coming from
colonies with different genetic backgrounds (Harris and Woodring,
1992). Also, due to other variable tissue-specific factors such as
differential metabolism, the true pharmacology of individual
octopamine receptor subclasses can be modified, as it has been
proposed elsewhere (Evans and Maqueira, 2005). This unusual
sensitivity could make the honeybee heart extremely vulnerable to
octopaminergic insecticides, like amitraz, used even within the bee
hives (Mullin et al., 2010). Since honeybees are already under
threat due to colony collapse syndrome (CCD) all possible options
must be considered.

At this point, one could inevitably ask the question: What is the
significance of such functional economy, based on the usage of a
single neurotransmitter, octopamine, for inhibiting and accelerat-
ing the main haemolymph pump, on the behaviour of the insect?
What is obvious, on the one hand, is that when an insect is under
conditions causing stress, such as flying for example, there is a
dramatic increase (10-fold) in the concentration of octopamine in
the haemolymph (Adamo et al., 1995) and this could be enough to
ensure the required increase in heart rate during flight (Tublitz,
1989). On the other hand, for an insect found in a resting position,
during diapause or when exposed to a low temperature, the
decrease in the heart rate may be achieved passively, by decreasing
the levels of octopamine in the haemolymph (Chen et al., 2008),
but may also be achieved actively since low concentrations of
octopamine strongly inhibit the heart rate, as has been shown in
this study. Dramatic changes in the concentration of octopamine
are also widespread in the central nervous system of insects and
reflect the time course of behavioural and physiological phase
changes (Verlinden et al., 2010).

In conclusion, it seems that the use of two different
neurotransmitters in vertebrates, one for the excitation (sympa-
thetic) and another for the inhibition of the heart (parasympathet-
ic) and the hardware required for the control of their release, might
have been replaced in the ‘‘simple’’ nervous system of specific
insects by one neurotransmitter doing both jobs, thus killing two
birds with one stone.
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