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Octopamine and tyramine influence the behavioral profile of

locomotor activity in the honey bee (Apis mellifera)
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Abstract

The biogenic amines octopamine and tyramine are believed to play a number of important roles in
the behavior of invertebrates including the regulation of motor function. To investigate the role of
octopamine and tyramine in locomotor behavior in honey bees, subjects were injected with a range
of concentrations of octopamine, tyramine, mianserin or yohimbine. Continuous observation of
freely moving worker bees was used to examine the effects of these treatments on the amount of time
honey bees spent engaged in different locomotor behaviors such as walking, grooming, fanning and
flying. All treatments produced significant shifts in behavior. Decreases in time spent walking and
increases in grooming or stopped behavior were observed for every drug. However, the pattern of
the shift depended on drug, time after injection and concentration. Flying behavior was differentially
effected with increases in flying seen in octopamine treated bees, whereas those receiving tyramine
showed a decrease in flying. Taken together, these data provide evidence that octopamine and
tyramine modulate motor function in the honey bee perhaps via interaction with central pattern
generators or through effects on sensory perception.
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Introduction

The biogenic amines are a class of intercellular signaling molecules that act as
neurotransmitters, neuromodulators and neurohormones. Two biogenic amines found at
relatively high levels in the invertebrate nervous system are octopamine and tyramine.
Tyramine is synthesized from the amino acid tyrosine via the enzyme tyrosine decarboxylase.
Tyramine is then, in turn, converted to octopamine by tyramine B-hydroxylase. Until recently,
tyramine was considered only to be the precursor of octopamine. However, it is now well
established that tyramine is also a neuroactive substance in its own right (Alkema et al.,
2005; Kutsukake et al., 2000; Nagaya et al., 2002).

Octopamine and tyramine have been linked to modulation of a diverse range of behaviors. For
example, Drosophila larvae with elevated tyramine and reduced octopamine levels exhibit
abnormal locomotion (Saraswati et al., 2004) perhaps due to defects in motor pattern generation
(Fox et al., 2006). Recent isolation of tyrosine decarboxylase and tyramine B-hydroxylase
mutations in C. elegans has provided more evidence that octopamine and tyramine play distinct
roles in egg laying and locomotor behaviors (Alkema et al., 2005). Octopamine and tyramine
also have roles in non-locomotor behavior, such as the modulation of sensory perception (Erber
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and Kloppenburg, 1995; Kutsukake et al., 2000; Scheiner et al., 2002) and the role of
octopamine in associative learning (Hammer and Menzel, 1998; Schwaerzel et al., 2003). In
honey bees, changes in the levels of these molecules correlate with the shift in behavior from
in hive tasks, such as taking care of the brood, to outdoor activities, such as foraging (Bozic
and Woodring, 1998; Harris and Woodring, 1992; Schulz and Robinson, 1999; Wagener-
Hulme et al., 1999).

The actions of octopamine and tyramine are mediated through G protein coupled receptors
expressed on the surface of responsive cells. (For recent reviews see: Blenau and Baumann,
2001, 2003.) Receptors specific for either octopamine (AmOAL) or tyramine (AmTYRL1) have
been cloned and characterized from the honey bee. When AmOA1receptors are expressed in
HEK cells, activation of the receptor leads to oscillations in intracellular Ca2* levels
(Grohmann et al., 2003). Although increases in cAMP levels were also observed, it has been
suggested that these increases were a secondary effect due to the increase in Ca2* (Grohmann
et al., 2003). Recently, several more distinct octopamine receptors that increase intracellular
cAMP levels when activated have been isolated from Drosophila (Balfanz et al., 2005;
Magqueira et al., 2005). Furthermore, comparison of the honey bee genome with the octopamine
receptors found in Drosophila suggests that orthologs of these octopamine receptors also exist
in bees (Evans and Magqueira, 2005). Activation of AMTYR1 receptors with tyramine leads to
areduction in intracellular cAMP levels (Blenau et al., 2000; Mustard et al., 2005) suggesting
that octopamine and tyramine may have opposing effects on signaling via cAMP. AmOA1 and
AmTYR1 are widely expressed in the honey bee brain and show overlapping patterns of
expression (Blenau et al., 2000; Grohmann et al., 2003; Mustard et al., 2005), including the
mushroom bodies and central complex, brain structures believed to play a role in locomotion
(Martin et al., 1998; Strauss and Heisenberg, 1993). Although the pharmacological profiles of
the honey bee AmOA1 and AMTYR1 receptors have not been extensively investigated,
analysis of other invertebrate receptors suggests that mianserin acts as an antagonist at
octopamine receptors (Bischof and Enan, 2004; Maqueira et al., 2005) while yohimbine
functions as an antagonist at tyramine receptors (Ohta et al., 2003; Saudou et al., 1990; Vanden
Broeck et al., 1995).

Honey bees have the advantage of exhibiting a number of different behaviors that can be
examined in the laboratory and in the field, at the level of individuals or as a colony. Although
previous studies have suggested roles for octopamine and tyramine in behavior, these
experiments have either focused on bees in the complex natural environment of the colony
(Barron et al., 2002; Harris and Woodring, 1992; Schulz et al., 2002; Schulz and Robinson,
1999; Wagener-Hulme et al., 1999) or have used restrained bees to examine learning and
sensory perception (Menzel et al., 1999; Mercer and Menzel, 1982; Scheiner et al., 2002).
Observation of freely moving honey bees in a simplified laboratory setting complements other
studies by allowing for detailed analysis of the effects of octopamine or tyramine on readily
quantifiable behaviors. Adult forager honey bees exhibit a number of different motor behaviors
such as walking, grooming and fanning. Continuous observation of individual subjects allows
for construction of behavioral “profiles” detailing how much time bees spend engaged in each
behavior. This study examines changes in locomotor behavior induced by octopamine,
tyramine, the octopamine receptor antagonist mianserin, or the tyramine receptor antagonist
yohimbine.

Materials and Methods

Subjects

Honey bees used in this study were from the New World Carniolan population maintained at
the Rothenbuhler Honey Bee Research Laboratory at Ohio State University. Adult worker
honey bees were collected from indoor colonies kept on a 12/12 h light/dark cycle at 27 to 30

J Insect Physiol. Author manuscript; available in PMC 2007 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fussnecker et al.

Treatment

Page 3

°C. Individual bees were captured in small glass vials and placed at —20 °C until motionless.
Subjects were then placed in a short piece of drinking straw and restrained with a strip of tape
placed between the head and thorax. The honey bees were then fed 18 pl of 2 M sucrose and
left overnight at room temperature. After 24 hours, subjects were fed 9.0 ul of 2 M sucrose
immediately prior to injection.

Bees were treated with octopamine, tyramine, mianserin or yohimbine (Sigma Aldrich, St
Louis, Mo.) over a range of concentrations made by serial dilutions in buffer (5 mM KCI, 10
mM NaH,PO,, pH 7.8). Concentrations ranged between 5 x 1072 to 5 x 107> M for octopamine
and tyramine. The high concentration (5 x 10~2 M) of the synthetic ligands appeared to increase
mortality, so doses from 5 x 10723 to 5 x 1075 M were used for yohimbine and mianserin.
Treatment consisted of 2 ul of buffer containing the indicated concentration of drug, or buffer
alone as a control, injected under the cuticle between the second and third abdominal segments
using a 10 pl syringe (Hamilton). To allow the treatment time to spread after injection, bees
were kept in their harnesses until 5 min before the observation period was to begin. The first
experiment was done with individuals receiving octopamine treatment. Analysis of these data
suggested that significant effects of drug treatment were not seen until 30 min after injection.
Therefore, for experiments with all other treatments we shifted our observations to 30-50 min
after injection. Each subject was only used once.

Behavioral Observation

The observation arena was a standard 150 x 15 mm sterilized Petri dish (Fisher). Honey bees
were released from their harnesses into the arena and allowed to acclimate to the arena for five
minutes before observations began. A behavioral profile was determined for each subject by
determining how much time each bee spent engaged in one of six mutually exclusive behaviors:
walking, stopped, upside down, grooming, fanning or flying. Upside down behavior was seen
when bees walking on the lid or side of the arena fell off onto their backs so that they were
lying on their dorsal surface with their legs in the air. Any situation in which the bee used its
legs to rub other parts of its body was considered grooming. Fanning consisted of stationary
bees with raised abdomens that would rapidly beat their wings. Since the observation arenas
are covered with a lid to prevent the subject from flying away, flying behavior consisted of
short flying hops. The data was collected using The Observer (Noldus Information
Technology) software in which each behavior is given a designated computer key that is pressed
when the behavior is observed. The program then records the amount of time that passes before
another key is pressed indicating the subject has shifted to a different behavior. All observations
were done by one individual (BLF) and 10 to 14 individuals were observed for each treatment.

Data Analysis

The behavioral data were examined by breaking each observation up in to 5 min intervals. The
amount of time spent engaged in each behavior during each interval was determined by The
Observer program. Data were analyzed using the general linear modeling procedure in JMP
(SAS Institute). We evaluated the effect of different drug dosages on the frequencies of
different behaviors within each of the defined time intervals. The main significance test of
interest was the interaction of behavior frequencies with dosage. A significant interaction
indicates that the amount of time spent in each behavior within that time interval depends on
drug dosage. Changes in the significance of the interaction terms across successive time
intervals provide an indication of onset and offset of the drug effects.

If the interaction term was significant, post-hoc t-tests were performed to compare the time
bees spent in each activity for each concentration of treatment with the time spent in that activity
by buffer injected control subjects. A significant post-hoc test (p<0.05) is indicated by asterisks
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within columns in figures. Furthermore, we separated flying behavior into a separate figure
(Figs 1-4B) to show the results of post-hoc tests. Bees spent only a short amount of time flying.
Thus, differences in flying due to treatment were not as visually obvious when plotted with
other, more frequently observed behaviors

In general, all of the drugs tested produced significant time and concentration dependent
profiles. However, the patterns of the effects were specific to each drug.

Injection of octopamine into the hemolymph had strongest effects for intermediate (5 x 1074
and 5 x 1073 M) concentrations 35 to 45 min after injection (Figure 1). The amount of time
bees spent engaged in each behavior did not differ across concentration, including buffer only
control, for the 25-30 (F2g 20 = 0.751, p = 0.77) and 30-35 (F2g 20 = 0.953, p = 0.51) min post
injection intervals. However, the trends evident at the early time intervals became significant
at the later time intervals. Significant concentration dependent effects occurred at both the 35—
40 (F20,20 = 2.44, p = 0.0006) and 40-45 min (Fyg 20 = 2.22, p = 0.0021) intervals. Bees treated
with 5 x 1073 M octopamine showed the largest changes, with a significant reduction in walking
behavior in favor of time spent grooming. Bees treated with octopamine exhibited a general
increase in the amount of time they spent stopped, however, these increases were not
significantly different from controls. The relative time spent grooming or stopped differed
between 5 x 1073 and 5 x 1074 M. At the former concentration, relatively more time was spent
grooming. At the latter concentration, relatively more time was spent stopped. Subjects injected
with 5 x 1073 M octopamine also showed increases in time spent flying compared to buffer
injected (control) bees at all time intervals (Fig 1B). However, post-hoc analysis indicated that
these increases did not differ from control. Finally, injection of bees with either lower (5 x
107 M) or higher (5 x 1072 M) concentrations of octopamine produced reductions in walking
and increases in grooming and stopped behaviors, but these effects were relatively small
compared to those seen for the intermediate concentrations.

Tyramine influenced the expression of behavior in a way that, in general, increased with
concentration and time (Figure 2). Although the behavioral profiles were not different at the
30-35 (Fyp,20 = 1.19, p = 0.25) min interval, a significant interaction of time spent in each
behavior with tyramine concentration was observed at the 35-40 (Fpg 20 = 2.42, p = 0.0007),
40-45 (F20,20 = 2.43, p = 0.0006) and 45-50 (F0 20 = 2.89, p = 0.0001) min intervals. Honey
bees given tyramine showed a general trend to decrease time spent walking and increase time
spent grooming, stopped or upside down compared to the control group. In the 30 to 40 min
intervals, a decrease in walking occurred due to an increase in time spent grooming. The pattern
changed in the 40 to 50 min range, when more time was spent stopped. The overall trend was
for areduction in walking and a concurrent increase in other behaviors with increasing tyramine
concentration. Treatment with tyramine also reduced time engaged in flying for all
concentrations after 35 min post injection (Figure 2B). However, differences in flying behavior
were only significant at the 40-45 and 45-50 min intervals.

Treatment of worker bees with the putative octopamine receptor antagonist mianserin produced
shifts in locomotor behavior at the lower concentrations and the earlier time intervals (Figure
3). The 30-35 min (F2g 20 = 4.78, p = 0.0001) and 40-45 min (F2g 20 = 2.54, p = 0.0004)

intervals showed significant interaction of behavior with concentration; changes observed at
the 35-40 min were barely not significant (F2g 20 = 1.51, p = 0.07). The behavioral profiles for
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the 45-50 min interval (Fyg 20 = 0.871, p = 0.62) were not significantly different. Interestingly,
the largest changes in behavior were seen in subjects given the lowest two doses (5 x 107 or
5 x 107 M). Early in the observation period (30-40 min), bees treated with 5 x 107> M
mianserin spent significantly less time walking and more time grooming than control bees. At
later intervals, these bees spent more time stopped. Injection with mianserin also affected flying
behavior as treatment with the highest dose, 5 x 102 M, caused a reduction in time spent flying
throughout the observation period (Fig 3B). However, post-hoc analysis determined that this
reduction was only significant at the 30-35 min post injection interval.

Similarly, the putative tyramine receptor antagonist yohimbine produced the largest alteration
in behavioral profiles at the lower concentrations (Figure 4). In general, treatment with
yohimbine caused small decreases in the amount of time bees spent walking and increases in
time spent stopped, upside down or grooming. The 30-35 (F2p 20 = 1.19, p = 0.25), 35-40
(F20,20 = 1.32, p = 0.16) and 40-45 (Fpp 20 = 1.22, p = 0.23) min intervals did not show
significant differences for time spent in each behavior with yohimbine concentration. However,
a significant change in behavioral profiles was observed for the 45-50 min interval (Fpg 20 =
2.89, p = 0.0001). The largest effect on behavior was on bees treated with 5 x 107> M
yohimbine. These bees showed a significant reduction in time spent walking.

Discussion

These studies show that octopamine and tyramine affect the locomotor behavior of adult worker
honey bees. Injection of any of the four treatments caused a shift in behavioral profile, although
the observed effects were in general larger for subjects given the endogenous compounds
tyramine or octopamine than for the synthetic antagonists. Injection of the biogenic amines
octopamine, dopamine or serotonin into the hemolymph of cabbage looper moths,
Trichoplusiani, has been shown to increase the levels of the injected compound significantly
in the hemolymph, brain and thoracic ganglion within 30 min post injection (Linn et al.,
1994). In honey bees, abdominal injection of biogenic amines or synthetic biogenic amine
receptor ligands have been shown to effect sucrose response thresholds (Scheiner et al.,
2002) and aggression (Robinson et al., 1999). Taken together, the results of these studies
suggest that compounds injected into the hemolymph are able to reach targets in the central
nervous system and influence behavior. All of the treatments caused at least a small increase
in stopped behavior compared to controls. Although the increase in stopped behavior, which
is rarely observed for control bees, may be indicative of the subjects feeling “sick”, this is
probably not the case as the bees that spent the most time stopped were usually not the bees
given the largest dose.

Rhythmic behaviors such as walking, grooming, and flying are controlled by central pattern
generators (for reviews see Marder and Buchner, 2001; Marder, 2005). The basic patterns for
these stereotyped repetitive movements are frequently generated in the thoracic ganglia.
However, the rhythm can be modulated by sensory feedback (Biischges, 2005; Marder,
2005; Ridgel and Ritzmann, 2005). A number of studies have implicated octopamine in the
modulation of invertebrate central pattern generators (Claassen and Kammer, 1986; Mulloney
et al, 1987; Ridgel and Ritzmann, 2005; Stevenson and Kutsch, 1987). Unfortunately, in most
of these studies the role of tyramine was not examined. Recent work in Drosophila larvae has
shown that octopamine and tyramine act on neurons involved in pattern generation, and that
it may be the relative levels of these two substances that are important for modulating behavior
(Fox et al., 2006; Saraswati et al., 2004).

Grooming behavior increased, at least to some extent, in bees given any of the four treatments,
implicating both biogenic amines in expression of grooming behavior. Similarly, Yellman et
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al. (1997) observed that application of octopamine, tyramine or dopamine to the nerve cord of
decapitated Drosophilaresulted in an increase in leg grooming behavior. Grooming takes place
in all terrestrial species and is important for the maintenance of the outer surface of animals
and for the removal of parasites (Sachs 1988; Spruijt et al., 1992). However, grooming is also
observed in situations where it does not appear to be contributing to either of these functions.
For example, in rodents elevated levels of grooming are observed in novel or stressful situations
(Komorowska and Pellis, 2004; Pardon et al., 2004; van Erp et al., 1994). This “irrelevant”
expression has lead to the description of grooming as a displacement activity that takes place
when two motivational systems are activated leading to a state of uncertainty (Spruijt et al.,
1992). In this context, the increase in grooming behavior observed after treatment may be due
to activation (or inhibition) of multiple or conflicting pathways. Furthermore, grooming may
also be associated with “dearousal” or a reduction in stress (Delius, 1988; Komorowska and
Pellis, 2004; Spruijt et al., 1992). In invertebrates, octopamine has been associated with an
increase in arousal (Corbet, 1991; Davenport and Evans, 1984; Orchard et al., 1981) and the
increase in grooming may reflect an attempt to reduce this level of arousal.

Flying behavior was differentially affected by octopamine and tyramine. Although post-hoc
analysis revealed time spent flying was not significantly different compared to controls,
octopamine treatment generally increased flying behavior. On the other hand, bees given
tyramine or high concentrations of mianserin showed decreases in time spent flying. Bees could
not engage in extended bouts of flight in the observation arena, but exhibited short flying
“hops”. Thus, our data do not reflect the amount of time subjects would have engaged in
sustained flight, but are more likely to show that the bees were motivated to fly. Our results
are consistent with other studies of the roles of octopamine in regulation of flying. Octopamine
has been shown to play a number of important roles in insect flight including activation of the
flight motor pattern (Stevenson and Kutsch, 1987) and regulation of glycolytic versus lipid
pathways for generation of energy during flight (Candy, 1978; Mentel et al., 2003). Although
high concentrations of mianserin reduced flying, in general mainserin had complex effects on
flying behavior with some concentrations increasing and some decreasing time spent flying.
This may be due to differences in affinities of this ligand for different octopamine receptor
subtypes.

As well as working directly on central pattern generators, octopamine and tyramine may
modulate sensory information used to determine in which activity to engage. Adult worker
honey bees undergo a developmental shift in behavior. Young bees work at in-hive tasks such
as taking care of the brood whereas older workers undertake tasks outside of the colony such
as foraging for nectar or pollen (Winston, 1987). This shift from in-hive to outdoor tasks
requires a change in the locomotor profiles for workers such as, for example, an increase in
time spent flying versus walking. Interestingly, feeding octopamine to worker bees increases
the number of young bees engaged in foraging whereas feeding tyramine leads to a reduction
(Schulz and Robinson, 2001). Octopamine and tyramine appear to play roles in the modulation
of sensory information as they affect the sucrose response threshold (Scheiner et al., 2002),
odor perception (Kutsukake et al., 2000), vision (Erber and Kloppenburg, 1995), and
mechanosensory information (Bréunig and Eder, 1998; Matheson, 1997; Widmer et al.,
2005). This suggests that these substances may affect how incoming sensory information is
perceived, thereby modifying the behavioral response. Grooming behavior in honey bees can
be stimulated by the presence of parasites or particles on the cuticle (Land and Seeley, 2004;
Pettis and Pankiw, 1998). If the injection of the drugs affected the processing of
mechanosensory information, then this may also explain the increases in grooming behavior.

We have manipulated the octopamine and tyramine neurotransmitter or neuromodulatory
pathways by injecting the native ligands or their putative antagonists. This is a necessary first
step in establishing the role of these pathways in regulating locomotory behavior in the honey
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bee. However, this approach is complicated by several issues. First, although only one
octopamine and one tyramine receptor have been cloned from honey bee, comparison of the
honey bee genome with receptor genes from Drosophila suggest there are multiple subtypes
of these receptors (Cazzamali et al., 2005; Maqueira et al., 2005). These receptors may have
different affinities for their endogenous ligands and putative antagonists. Different receptor
subtypes may also be coupled to distinct second messenger pathways such as cCAMP or Ca2*
(Blenau and Baumann, 2001, 2003). Moreover, most biogenic amine receptors are activated
by high concentrations of other amines (for examples see: Blenau et al., 2000; Reale et al.,
1997; Rex and Komuniecki, 2002) making activation of other receptor types possible at high
concentrations. Given that the injected ligands may be acting on multiple receptors thereby
activating (or inhibiting) different behavioral pathways, it is not unexpected that a
straightforward dose-response curve was not observed. Another complication is the lack of
clear cut pharmacological tools such as receptor specific antagonists. For example, mianserin
has been shown to act as a high affinity antagonist at octopamine receptors (Bischof and Enan,
2004; Maqueira et al., 2005). However, it may also act as an inverse agonist reducing the basal
activity of some octopamine receptors (Maqueira et al., 2005). Furthermore, in honey bee brain
homogenates, mianserin binds to a serotonin sensitive site (Blenau et al., 1995), although with
lower affinity than at octopamine sensitive sites (Degen etal., 2000). A third issue complicating
the interpretation of the results is that tyramine is the substrate for the synthesis of octopamine,
therefore, increases in the level of tyramine could lead to increases in octopamine. Although
it is possible that some of the effects observed for treatment with tyramine were due to an
increase in octopamine, the fact that tyramine and octopamine produced distinct changes in
behavior suggests that tyramine has an effect independent from that of octopamine.

This study complements behavioral studies on restrained honey bees or field work on the
colony level by using continuous observation of freely moving adult bees to provide a sensitive
assay by which to examine shifts in locomotor behavior. The data reported here suggest that
octopamine and tyramine play a role in regulating motor function in honey bees. The injected
compounds are able to reach targets in the brain and thoracic ganglion (Linn et al., 1994) on
the time scale investigated here. Furthermore, octopamine and tyramine act at neuromuscular
junctions (Kutsukake et al., 2000; Nagaya et al., 2002), suggesting that the injected ligands
may also affect targets in the periphery. Further studies will be necessary to determine if these
amines are acting via effects on central pattern generation, modulation of sensory processing,
or if they are affecting higher order integrative pathways which determine in which behavior
to engage. Given that there is evidence linking octopamine and tyramine with all of these
processes, future work will need to examine specific regions of the nervous system and specific
receptor subtypes to determine the roles of these signaling molecules in behavior.
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Figure 1.

The effects of octopamine on honey bee behavioral profiles. The percent of time subjects spent
engaged in each behavior is shown for treatment with each concentration of octopamine.
Treatment consisted of injection with 2 pl 0of 5x 1072, 5% 1073 5x 1074, 5x 10° M
octopamine or buffer alone. Data represent the average of 11 to 13 independent observations
and error bars indicate the SEM. The interval of time post injection is indicated. A) Behavioral
profiles are significantly different among bees given different treatments at the 35-40 and the
40-45 min intervals. B) Time spent flying versus time after injection for bees treated with
octopamine. This is the same data included in the behavioral profiles in A shown on a separate
graph to aid comparison. For intervals in which significant differences in behavioral profiles
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occurred, asterisks indicate significant differences in time spent in that behavior by bees treated
with the indicated concentration of octopamine versus buffer controls (t test: *p < 0.05).
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Figure 2.

The effects of tyramine on honey bee behavioral profiles. The percent of time subjects spent
engaged in each behavior is shown for treatment with each concentration of tyramine.
Treatment consisted of injection with 2 pul of 5x 1072, 5 x 1073, 5 x 1074, 5 x 107> M tyramine
or buffer alone. Data represent the average of 10 to 14 independent observations and error bars
indicate the SEM. The interval of time post injection is indicated. A) Behavioral profiles are
significantly different among bees given different treatments at the 35-40, 40-45 and the 45—
50 min intervals. B) Time spent flying versus time after injection for bees treated with tyramine.
This is the same data included in the behavioral profiles in A shown on a separate graph to aid
comparison. For intervals in which significant differences in behavioral profiles occurred,

J Insect Physiol. Author manuscript; available in PMC 2007 October 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fussnecker et al.

Page 14

asterisks indicate significant differences in time spent in that behavior by bees treated with the
indicated concentration of tyramine versus buffer controls (t test: * p <0.05).
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Figure 3.

The effects of the octopamine receptor antagonist mianserin on honey bee behavioral profiles.
The percent of time subjects spent engaged in each behavior is shown for treatment with each
concentration of mianserin. Treatment consisted of injection with 2 pl of 5 x 1073, 5 x 1074,
5 x 107°, 5 x 1076 M mianserin or buffer alone. Data represent the average of 10 independent
observations and error bars indicate the SEM. The interval of time post injection is indicated.
A) Behavioral profiles are significantly different among bees given different treatments at the
30-35 and the 40-45 min intervals. B) Time spent flying versus time after injection for bees
treated with mianserin. This is the same data included in the behavioral profiles in A shown
on a separate graph to aid comparison. For intervals in which significant differences in

J Insect Physiol. Author manuscript; available in PMC 2007 October 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fussnecker et al.

Page 16
behavioral profiles occurred, asterisks indicate significant differences in time spent in that

behavior by bees treated with the indicated concentration of mianserin versus buffer controls
(t test: * p <0.05).
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The effects of the tyramine receptor antagonist yohimbine on honey bee behavioral profiles.
The percent of time subjects spent engaged in each behavior is shown for treatment with each
concentration of yohimbine. Treatment consisted of injection with 2 pl of 5 x 1073, 5 x 1074,
5x 1075, 5 x 10~ M yohimbine or buffer alone. Data represent the average of 12 to 14
independent observations and error bars indicate the SEM. The interval of time post injection
is indicated. A) Behavioral profiles are significantly different among bees given different
treatments at the 45-50 min interval. B) Time spent flying versus time after injection for bees
treated with yohimbine. This is the same data included in the behavioral profiles in A shown
on a separate graph to aid comparison. For intervals in which significant differences in
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behavioral profiles occurred, asterisks indicate significant differences in time spent in that

behavior by bees treated with the indicated concentration of yohimbine versus buffer controls
(t test: * p <0.05).
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