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General introduction 

Behaviors in social insects are plastic and change responding to the environment. The 

behavioral changes are controlled by neural factors. The nervous system in social insects is 

divided into two highly structured, intertwined systems. The first is the visceral (also called 

stomatogastric or sympathetic) system that controls alimentary canal movements and is closely 

concerned with the process of neurosecretion. The second is the central nervous system, which 

coordinates the peripheral sense organs and muscles. Brain is a large group of neurons that lies 

above the esophagus. For that reason it is sometimes called the supraesophageal ganglion. Three 

parts are generally recognized. The most anterior section, called the protocerebrum, is the most 

complex part of the insect brain. It directs neural traffic at the crossroads between sensory input 

and motor output. At each side, optic lobes extend to the compound eyes; at its center, a pair of 

large mushroom bodies process olfactory information and control tasks that require visual 

coordination of locomotor activity and spatial orientation. The mushroom bodies and associated 

cells provide a structure for elaborate interconnections that allow learning and memory to occur. 

The second brain section, called the deutocerebrum, connects to the antennae. Its neurons are of 

two types—one type processes chemosensory information; the other, mechanosensory. The third 

and smallest part of the brain, the tritocerebrum, connects the central nervous system to the 

ventral nerve cord through the circumesophageal connectives. It also innervates the labrum 

(upper lip), pharynx (region between mouth and digestive system), and the rest of the visceral 

nervous system. The nervous system in social insects with fewer numbers of neurons compared 

to vertebrates regulates the behavioral changes adequately. The studies of neurophysiological 

mechanisms controlling the changes of behaviors are important to understand the functions of 

nervous system in social insects.  
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Biogenic amines are neurophysiological factors that act as neurotransmitters, 

neurohormones and neuromodulators and regulate behavior and physiology in animals (Blenau 

and Baumann, 2001; Evans, 1980; Carlson, 2013). The biogenic amines include catecholamines 

(dopamine, norepinephrine and epinephrine), phenolamines (tyramine and octopamine), 

indolamine (serotonin) and histamine. Some of the biogenic amines, including dopamine (DA), 

serotonin, and histamine, are commonly found in the central nervous systems of both vertebrates 

and invertebrates, whereas others, including octopamine (OA) and tyramine, are primarily found 

in invertebrates (Evans, 1980, 1986; Blenau and Baumann, 2001, 2003; Roeder, 2005; Roeder et 

al., 2003). They involve in the regulation of various behaviors e.g. feeding behavior (Long and 

Murdock, 1983; Lent, 1985), aggression (Summers and Greenberg, 1995; Huber et al., 1997), 

sexual behavior (Linn and Roelofs, 1986), locomotor activity (Draper et al., 2007; Lima and 

Miesenbock, 2005), flight (Sasaki and Nagao, 2013; Claassen and Kammer, 1986; Buhl et al., 

2008 ), and learning and memory (Hasselmo, 1995; Harvey, 1996) in different kinds of animals 

by acting on peripheral and central nerve system. 

Honey bees are highly social insects and their various behavioral performances attract the 

attentions. A group of thousands of kinship bees are called colony, make a society of honey bees. 

A colony of honey bee is consisting of queens (reproductive female), drones (male) and workers 

(infertile female), every member characterized by specific behavioral performances take a part in 

a honey bee society. The behavioral performances of a queen could be divided into two parts: 

first, when a queen is virgin she fights with a sister-queen for survival, destroys the sister-queen 

cells that still not emerged and takes mating flights. Second, after mating her ovaries develops 

and starts egg-laying that she can lay thousands of eggs per day, and her mandibular glands 

develops that she releases her strong pheromones, chemical signals to the workers which control 
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many of their behaviors. The workers perform more complex and diverse tasks, inside the colony 

they feed the broods, clean the nest, cap cells, store honey, store pollen, feed and groom the 

queen, guide other foragers toward the food source by their waggle dance, in front of the nest 

entrance they perform fanning and defending against their colony opponents, outside the colony 

they perform foraging to bring honey, pollen, propolis and water to the colony. Drones with large 

eyes and strong flight muscles are fed by workers and perform mating flight with virgin queens 

(Winston, 1987; Johnson, 2010). The neurophysiological mechanisms regulating the behavioral 

performances of honey bees have been the topic of several studies. Biogenic amines as 

neurophysiological substances are suggested to regulate the behavioral performance in honey 

bees.  

The biogenic amines DA and OA are found in high amount in honey bees and they bind 

to their specific receptors at surface of target cells to produce the behavioral reactions. Three 

receptor subtypes of DA have been characterized in honey bees. AmDOP1 and AmDOP2 which 

are similar to that of vertebrates D1 receptor, and AmDOP3 which is similar to D2 receptor of 

vertebrates. AmDOP1 and AmDOP2 activation causes increase of intracellular cAMP levels and 

activation of AmDOP3 causes decrease of cAMP levels (Blenau et al., 1998; Humphries et al., 

2003; Mustard et al., 2003, 2005). The OA receptor, AmOA1 also has been found in honey bees 

and its activation causes the production of cAMP (Grohmann et al., 2003). These biochemical 

changes taking place in target tissues underlie the physiological and behavioral changes. 

The behavioral performance changes associate with the changes of DA levels in the brain 

in honey bees. In workers the brain DA level increases with age (Harris and Woodring, 1992) 

and causes the development of ovaries (Sasaki and Nagao, 2001; Dombroski et al., 2003). In 

addition, affect the age-related division of labor (Wagener-Hulme et al., 1999) and involves in 
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the regulation of locomotor activity (Beggs et al., 2007; Mustard et al., 2010) but the effect of 

DA on flight behavior of workers not studied yet. In drones also DA levels in the brain and 

hemolymph increase with age (Akasaka et al., 2010) and DA regulates the locomotor activity 

(Akasaka et al., 2010) and flight behavior (Mezawa et al., 2013). Honey bee virgin queens show 

a high motivation to perform difficult tasks like fighting with sister-queens, destroying sister-

queen cells, and mating flights (Gilley and Tarpy, 2005; Pflugfelder and Koeniger, 2003; Butz 

and Dietz, 1994) under high brain DA level (Harano et al., 2005, 2008), but after mating the 

brain DA levels decrease and they do not perform these behaviors (Harano et al., 2005, 2008; 

Winston 1987). It is known that injection of DA agonist enhances the locomotor behavior of 

virgin queens and injection of DA antagonist suppresses it (Harano et al., 2008). The effects of 

DA on the other behaviors of virgin queens are not known. Therefore, in chapter 1 and 2, I 

focused on the investigation of the effect of DA in the regulation of honey bee virgin queens’ 

behaviors.  

In chapter 1, I studied the effect of DA on the fighting and aggressive behavior of virgin 

queens. The fighting is important for survival and becoming the next queen of the colony. Virgin 

queens fight against each other, and they have grossly high amount of DA in their brain and 

hemolymph in that period. So, in this chapter I aimed to examine the involvement of DA as 

neuromodulator in the regulation of the fighting and aggression for survival in honey bee virgin 

queens. To examine the effect of DA on fighting and aggression of virgin queens I focused on 

observing the fight winning between sister-virgin queens and the stinging response frequency of 

DA and DA antagonist injected virgin queens. 

In chapter 2, I studied the regulatory role of DA in the regulation of flight behavior of 

virgin queens. Flight is important for mating because when virgin queens matured they fly to 
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mate with drones several kilometers away from their hive in the air (Zmarlicki and Morse, 1963).  

To find the effect of DA on the motivation of flight and flight behavior of virgin queens, I 

focused on the flight initiation (to find the effect of DA on flight motivation) and flight 

performance of DA and DA antagonist injected virgin queens.  

In honey bee workers, the brain DA and OA levels increase with age (Harris and 

Woodring, 1992) that associates with behavioral development (Taylor et al., 1992). The effect of 

DA and OA in age-related division of labor have been reported (Schulz and Robinson, 1999; 

Wagener-Hulme et al., 1999).The effect of OA on flight attempts has been reported (Fussnecker 

et al., 2006), but the effect of DA not studied yet. The effect of DA on the locomotor behavior is 

conserved among queens, drones and workers (Harano et al., 2008; Mustard et al., 2010; 

Akasaka et al., 2010) and also the effect of DA on flight behavior in queens (chapter 2) and 

drones is same (chapter 2; Mezawa et al., 2013). Therefore, in chapter 3, I aimed to examine the 

effect of DA on the of flight behavior in workers and tested the effect of OA, too. Flight is vital 

for the colony to get enough food for survival and it also contributes to pollination, so very 

important for Agricultural production. To investigate it, I measured the duration of flight 

initiation in DA, OA and their antagonists injected pollen foragers.  
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1.1 Abstract 

Fighting and aggression are important for self-preservation in animals. Honey bee virgin 

queens fight against each other for survival. Because the virgin queens have higher levels of DA 

in the brain with high aggressiveness than do mated queens with low aggressiveness, DA may 

regulate the fighting and aggression behaviors of virgin queens. Here, I studied the effect of DA 

on the fighting and stinging response of honey bee virgin queens. I injected two concentrations 

(1.0×10-3 M and 1.0×10-2 M) of DA and the DA receptor blocker flupenthixol into the abdomen 

of one-day-old virgin queens and observed fighting and stinging responses. DA injection itself 

did not affect the potential ability of fighting and stinging. Injections of 1.0×10-3 M flupenthixol 

decreased the winning rate significantly, whereas 1.0×10-2 M flupenthixol increased the winning 

rate, indicating the opposite effects on fighting responses depending on the degrees of blockade 

of DA signalling. In terms of the stinging response, 1.0×10-2 M flupenthixol-injected virgin 

queens stung significantly more often than control and 1.0×10-3 M flupenthixol-injected virgin 

queens. These results suggest an involvement of DA signalling in the regulation of fighting and 

aggression in virgin queens. 
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1.2 Introduction 

Aggression is a common behavioral reaction against opponents in animals. Typically, 

animals show aggression when they compete for resources, like food and mates, or when they 

are endangered. The expression of aggression varies among animals and may be regulated by 

neurophysiological factors (Archer, 1988). 

There is only one mated queen in a honey bee colony typically but, during breeding 

season or when the queen died, workers rear many queen candidates in queen cells. When a new 

queen emerges, the queen destroys unemerged queen cells and kills other candidates (Gilley and 

Tarpy, 2005; Harano and Obara, 2004; Winston, 1987). If simultaneously more than one queen 

emerged, lethal fights occur, and the wining queen becomes the new single laying queen of the 

colony after mating (Gilley and Tarpy, 2005; Pflugfelder and Koeniger, 2003; Butz and Dietz, 

1994). In fighting period, the virgin queens hold each other by using their legs and mandibles to 

sting (Butz and Dietz, 1994). Stinging is like a shot for hitting the target that acts as a 

determinative task to win the fight; the queen that successfully hits the target (inject the poison) 

first is the winner (Gilley, 2001). Some factors, like age (Schneider and Hoffman, 2008; Tarpy et 

al., 2000; Butz and Dietz, 1994), body size (Tarpy and Mayer, 2009) and spraying behavior 

(Bernasconi et al., 2000) affect the lethal fight in virgin queens.  Workers may also have some 

indirect influence on the fight (Schneider and Hoffman, 2008; Tarpy and Fletcher, 1998; Tarpy 

et al., 2004) by clumping, grabbing (Gilley, 2001) or vibrating (Schneider et al., 2001), although 

they do not participate directly by stinging (Butz and Dietz, 1994).  

DA as a neurophysiological modulator has been suggested to regulate the fighting and 

aggressive behaviors in some insects. Two dopaminergic neurons were found to modulate the 
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aggression in fruit flies and both their activation and inactivation affect fly’s aggression 

(Alekseyenko et al., 2013). DA is necessary for the recovery of aggression after defeat in 

Crickets (Rillich and Stevenson, 2014). DA stimulates the threating behavior in Formica 

polyctena workers (Szczuka et al., 2013). DA is also suggested to modulate the aggressive 

behavior in some mammals as DA receptor antagonists such as haloperidol and sulpiride, and 

DA presynaptic drugs  such as amphetamine affect aggression of human, cats and rats (Patki et 

al., 2015), despite having different structural organization of the central nervous systems. 

In worker honey bees, DA plays role as a key regulator of reproduction. When there is no 

queen in a colony, brain levels of DA increase in workers, which acts as a stimulator of ovaries 

to develop (Harris and Woodring, 1992; Sasaki and Nagao, 2001; Dombroski et al., 2003). The 

relationship between DA levels and reproductive status in queens is completely opposite to that 

of workers, as their ovaries start to develop after mating (Winston, 1987) while mated queens 

show decreased levels of DA (Harano et al., 2005, 2008). Compared to workers, queens, 

especially virgin queens, exhibit DA levels that are several times greater (Brandes et al., 1990; 

Harano et al., 2008; Harano et al., 2005; Sasaki et al., 2012). These studies suggest that DA has 

functions other than developing the ovaries in virgin queens. 

The main purpose of this chapter was to examine that whether DA modulates the lethal 

fighting and aggression among young virgin queens or not. To investigate the effect of DA on 

fighting and aggressive behaviors of virgin queens, I administered DA and a DA receptor 

blocker, flupenthixol, to virgin queens and observed their fighting and stinging behaviors. 
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1.3 Materials and Methods 

1.3.1 Queen rearing: 

We reared virgin queens by using a standard queen-rearing method (Laidlaw and Page, 

1997). Briefly, newly hatched European honey bee (Apis mellifera) larvae from queen-right 

colonies were taken into artificial queen cups using a grafting tool and transferred to queen-less 

colonies to rear virgin queens in an apiary of Tokyo University of Agriculture and Technology, 

Fuchu, Tokyo, Japan. I took sealed queen cells to the laboratory 2 days before expected 

emergence and kept them in individual plastic containers (diameter × height; 135 mm × 80 mm) 

at 34°C.  One day later, I added 20 nurse bees to the plastic containers and kept them by feeding 

a mixed solution of 10% royal jelly and 40% sugar until following experiments.   

 

1.3.2 Injection of DA and DA receptor antagonist: 

To investigate the impact of DA on fighting and stinging behaviors of unmated queens, 

dopamine hydrochloride (Sigma Aldrich) and flupenthixol dihydrochloride (European 

pharmacopeia), as a DA receptor antagonist, were diluted by honey bee saline (7.5 g of NaCl, 0.2 

g of KCl and 0.2 g of CaCl2 L-1, pH=6.7) to 1.0×10-3 M or 1.0×10-2 M. They were then injected 

(1 μl/queen) into the abdomen of 1-day-old virgin queens through an intersegmental membrane 

between the 3rd and 4th abdominal segments using a Hamilton syringe (Hamilton Company) 

(Mezawa et al., 2013). The control queens were injected with the same amount of saline. They 

were all anesthetized on ice for 5 minutes for injection. To determine the effect of body weight, 

the body weights of queens were measured before injection. 
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1.3.3 Observation of fighting behavior: 

After drug injections, the virgin queens were paint-marked on the thorax and transferred 

into a petri dish covered by a piece of red transparent film (to make dark same as field colony 

condition) (diameter × height; 90 mm × 15 mm). They were kept in the petri dish for 20 minutes 

before observation to allow for sufficient diffusion of the injected drug within haemolymph. 

Then, they were moved to an arena, shown in Figure 1-1. The queens were transferred into the 

cells on each side, and the barriers to the center cell were then opened. I recorded video images 

of all fights by video camera to know exact timings of initiation and termination of the fights. I 

regarded that a fight initiated when a queen held the opponent with legs and tried to sting it or 

they do so each other, and that the fight terminated when a queen left the opponent which was 

stung and paralyzed. At this moment, I judged that the injured queen lost this fight because they 

typically dead in a short time. The time to fight initiation from the beginning of trial (opening 

barriers) and the fight duration (time between the initiation and termination of fight) were 

recorded for every pair.  In natural colonies, sister-queens fight with each other, so we paired 

sister-queens in the fighting experiments.  

In total, 130 (65 pairs) queens were analyzed in fighting experiment. The larvae were 

grafted from 8 queen-right colonies. I arranged 10 pairs for saline vs saline, 10 pairs for DA low 

level (1.0×10-3 M) vs saline, 10 pairs for DA high level (1.0×10-2 M) vs saline,  18 pairs for 

flupenthixol low level (1.0×10-3 M) vs saline and 17 pairs for flupenthixol high level (1.0×10-2 

M) vs saline. The queens that liquid come out from their abdomen after injection and the queens 

that they did not fight were excluded from the analysis, because intact natural virgin queens fight 

with each other and the chance of both opponents of a pair became zero. 
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Fig. 1-1. Setups for fighting experiment. Fighting arena.  The fighting arena had two 

entrances, was red covered and was divided into three cells by two red glasses 

barriers. To observe fighting, queens were inserted into two side cells, after that 

barriers were removed. 
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1.3.4 Observation of stinging behavior: 

After injection, virgin queens were kept for 20 minutes in a red covered petri dish as 

described above. Then, I stuck the queen to a toothpick using melted bee wax on the dorsal side 

of the thorax and their wings according to a method described by Ichikawa and Sasaki (2003). 

The head and abdomen were free to move. The toothpick was stuck over a sponge vertically. I 

provided a 10-minute rest and feeding period with another toothpick (having a piece of cotton 

that was immersed in a 30% sugar solution on the upward side) stuck in front of the queen. 

Queens could grasp the toothpick with their legs and feed on the solution (Fig. 1-2). To measure 

the stinging response, I removed the cotton toothpick and presented the dorsal side of a live 

sister-queen abdomen to the thorax and head of an experimental queen, since a key stimulus that 

elicits a stinging response to sister-queens is present on the dorsal surface of the queen abdomen 

(Pflugfelder and Koeniger 2003). Experimental queens were allowed to touch the sister’s 

abdomen with their mandibles, antennae and legs. I counted the number of stinging responses 

(protrusion of the stinger) for 5 minutes with a counter. During the observation, I did not permit 

queens to sting each other. 

 For stinging experiment, 66 queens were analyzed. The larvae were grafted from 4 

queen-right colonies. Twenty queens for saline (control), 10 queens for DA low level, 11 queens 

for DA high level, 12 queens for flupenthixol low level and 13 queens for flupenthixol high level. 

Same as fighting experiment, I excluded the queens that liquid come out from their abdomen 

after injection. 
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Fig. 1-2. Setups for stinging experiments. The test queen was stuck on a toothpick (height: 

55 mm), and a toothpick with 30% sugar solution cotton was placed in front of the 

queen for resting and feeding. 
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1.3.5 Data Analysis:  

I determined the effect of factors (colony, treatment and body weight) on the result of the 

fight, the time until fight initiation, fight duration and frequency of stinging of virgin queens by 

using Generalized linear model (GLM). On the significant effects of factors, I examined 

statistical tests more detail (colony, treatment and body weight were added as explanatory 

variables in every model). I applied a binomial distribution for the analysis of the fight result, a 

gamma distribution for the analysis of the time until fight initiation and fight duration, and a 

quasi-Poisson distribution (because of over dispersion of the data we did not use a Poisson 

distribution) for the analysis of frequency of stinging. To consider the significance, I used a 

likelihood ratio test (LRT). 

To evaluate the drugs effect on stinging response, I compared all treatments with control 

by GLM (LRT) and then followed with Bonferroni p-value adjustment. I performed all statistical 

tests with R version i386.3.3.3 for windows.   
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1.4 Results 

1.4.1 The influence of DA and DA receptor antagonist on fighting behavior of 

virgin queens: 

In total, I found a significant effect of treatments on the result of the fight. However, 

there was no treatments effect on the time until fight initiation and duration of fight (Table 1-1, 

Table 1-2). There was a significant effect of source colonies on fight duration but not on the 

result of the fight and the time until fight initiation. The effect of body weight was not significant 

in all variables (Table 1-1).   

DA injection at low and high levels (1.0×10-3 M and 1.0×10-2 M) did not affect the results 

of the fight (binomial tests: low-level DA injected vs. saline injected, n = 10 pairs, p = 0.75, 

high-level DA injected vs. saline-injected, n = 10 pairs, p = 0.75). Approximately 40% of the 

drug injected individuals won the fight vs. saline injected (control) virgin queens (Fig. 1-3). 

DA receptor antagonist flupenthixol affected the results of the fight. Injection of DA 

receptor antagonist at a low level (1.0×10-3 M) significantly decreased the winning rate to 17% 

(binomial test, n = 18 pairs, p = 0.007, Fig. 1-4), whereas injection of DA receptor antagonist at a 

high level (1.0×10-2 M) significantly increased the winning rate to 88% (n = 17 pairs, p = 0.002, 

Fig. 1-4). 
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1.4.2 The influence of DA and DA receptor antagonist on stinging behavior of 

virgin queens: 

There was a significant effect of treatments on frequency of stinging totally (Table 1-1), 

but no effect of colonies on the frequency of stinging. Total body weight also did not have 

significant effect on the frequency of stinging.  

The frequency of stinging in flupenthixol high level injected virgin queens was 

significantly higher than other treatments. However, the frequency of stinging was not 

significantly different between all other treatments (LRT with Bonferroni p-value adjustment: 

Low-level DA injected vs. saline injected, n = 30, df = 1, LR-deviance = 0.002, p = 1, high-level-

DA injected vs. saline injected, n = 31, df = 1, LR-deviance = 3.076, p = 1, low-level 

flupenthixol injected vs. saline injected, n = 32, df = 1, LR-deviance = 10.793, p = 1, high-level 

flupenthixol injected vs. saline injected, n = 33, df = 1, LR-deviance = 102.4, p = 0.00044,  Fig. 

1-5). 
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Table 1-1. The effects of colony, treatment and the individual’s body weight on the results 

of the fight, time to fight initiation, fight duration and frequency of stinging. 

Response variables Explanatory variables d.f LR-deviance p-value 

Result of the fight 

Colony 7 1.163 0.9918  

Treatment 4 22.367 0.0002  

Body weight 1 0.025 0.8734  

Time to fight initiation 

Colony 7 6.215 0.1502  

Treatment 4 1.340 0.6779  

Body weight 1 0.088 0.6856  

Fight duration 

Colony 7 13.512 0.0326  

Treatment 4 4.312 0.3003  

Body weight 1 1.364 0.3635  

Frequency of stinging 

Colony 3 21.579 0.3763  

Treatment 4 141.680 0.0004  

Body weight 1 18.707 0.1011  

d.f : Degree of freedom  
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Table 1-2. Fight initiation and duration time (seconds) in virgin queens with the drug 

treatments. 

 

Treatments N 

Fight initiation Fight duration 

Mean ± SD Mean ± SD 

Saline vs. saline 10 pairs 23.8 ± 17.09 338.4 ± 427.27 

Low-level DA vs. saline 10 pairs 31.9 ± 41.63 235.3 ± 142.31 

High-level DA vs. saline 10  pairs 40.3 ± 28.96 209.4 ± 343.33 

Low-level flupenthixol vs. saline 18pairs 41.8 ± 36.73 223.1 ± 264.41 

High-level flupenthixol vs. saline 17 pairs 38.4 ± 34.78 276.3 ± 271.27 

SD: Standard division     
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Fig. 1-3. The effect of DA on fight. The proportion of winning in high-level DA (1.0×10-2 M) 

(open bar) vs. saline (closed bar) (n = 10 pairs) and low-level DA (1.0×10-3 M) (open 

bar) vs. saline-injected virgin queens (closed bar) (n = 10 pairs). DA-L: low-level DA 

(1.0×10-3 M) injected. DA-H: high-level DA (1.0×10-2 M) injected. S: Saline injected. 

NS: Not significant 
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Fig. 1-4. The effect of DA receptor antagonist on the fight. The proportion of winning in 

high-level DA receptor antagonist-injected (open bar) vs. saline-injected virgin 

queens (closed bar) (n = 18 pairs) and low-level DA receptor antagonist-injected 

(open bar) vs. saline-injected virgin queens (closed bar) (n = 17 pairs). Flupen-L: 

low-level DA receptor antagonist flupenthixol (1.0×10-3 M) injected. Flupen-H: high-

level DA receptor antagonist flupenthixol (1.0×10-2 M) injected. S: Saline injected. 

**: p < 0.01 

 

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Flupen-H vs S Flupen-L vs S 

** ** 

Pr
op

or
tio

n 
of

 fi
gh

t w
on

  



~ 22 ~ 
 

 

 

 

 

 

 

Fig. 1-5. The effect of DA and DA receptor antagonist on the stinging behavior of virgin 

queens. The frequency of stinging in treatments injected one-day-old virgin queens. The 

graph indicates the mean of stinging with standard error. Letters above the bars indicate 

statistical differences: the same letter means no statistical difference and the different letter 

means significant difference. DA-L: low-level DA (1.0×10-3 M) injected (n = 10). DA-H: 

high-level DA (1.0×10-2 M) injected (n = 11). Flupen-L: low-level DA receptor antagonist 

flupenthixol (1.0×10-3 M) injected (n = 12). Flupen-H: high-level DA receptor antagonist 

flupenthixol (1.0×10-2 M) injected (n = 13). Control: Saline injected (n = 20). 
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1.5 Discussion 

In this part, I studied the neurophysiological role of DA for the fighting and aggression of 

honey bee virgin queens. DA injection did not affect the fighting and stinging behavior in queens. 

DA receptor antagonist flupenthixol, however, affected these behaviors; it suggests that DA 

plays a role in the regulation of the fighting and aggression that are associated with survival for 

becoming the next reproductive member of the colony in virgin queens, although a blockade of 

DA does not always inhibit these behaviors. 

 

1.5.1 Influence on fighting behavior: 

DA injection in one-day-old virgin queen did not affect the fighting behavior, although it 

has been reported that DA affect fighting in several insects (Alekseyenko et al., 2013; Rillich 

and Stevenson, 2014; Szczuka et al., 2013). Because one-day-old virgin queens have high brain 

DA levels (Harano et al., 2005, 2008), their DA receptors might be saturated with endogenous 

DA, which may make it likely for DA injection to have no effect on fighting.  

To find the effect of DA on fighting behavior, I injected DA receptor antagonist 

flupenthixol, which can block D1-like receptors (mainly AmDOP2 but also AmDOP1) in honey 

bees (Beggs et al., 2011; Blenau et al., 1998; Mustard et al., 2003). Surprisingly, two different 

concentrations of flupethixol had opposite effect on fighting behavior. The injection of 

flupenthixol at low concentrations (1.0×10-3M) decreased the winning probability of virgin 

queens, whereas high concentration injections (1.0×10-2M) increased it. The weak blockade of 

DA receptors by flupenthixol at low concentrations (1.0×10-3M) can inhibit fighting behavior, 

which is consistent with the inhibition of locomotor activities by flupenthixol at high 
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concentration (1.0×10-2M) that was previously reported (Harano et al., 2008). However, with 

same concentration to that of Harano et al. (2008) (1.0×10-2M) an opposite result was found. 

This suggests that the effect of flupenthixol on the outcome of fighting cannot be explained only 

by its modulatory effect on locomotion. I do not know why the opposite effects were exerted by 

injections at higher concentrations. Non-linear effects of the concentration of this substance were 

also reported by Mustard et al. (2010). They found that injections of 5×10-6 M and 5×10-4 M 

flupenthixol decreased the locomotor behavior during a period of 25 minutes after injection into 

honey bee workers; however, 5×10-3M and 5×10-5M did not affect such behaviors. The other 

study showed that flupenthixol has different antagonistic potency for AmDOP1 and AmDOP2 

(Mustard et al., 2003), indicating that different concentrations of flupenthixol are required to 

differentially block activities of these receptors. In addition, flupenthixol has been suggested to 

have an effect on the octopamine receptor (AmOA1) in honey bees (Beggs et al., 2011).  

Octopamine controls fighting behavior and aggressiveness in many insects including honey bee 

workers (Hunt, 2007). For examples, OA promotes the escalation and maintenance of aggression 

once it started in crickets (Rillich and Stevenson, 2015), Abdominal injection of OA decreased 

the stinging response ratio, but increased occurrence of full sting extension (Burrell and Smith, 

1995). Thus, the blockade of these receptors to different extents, depending on the concentration, 

might explain opposite effects of flupenthixol on the outcome of fighting at two concentrations. 

The strong blockade of DA receptors or other amine receptors promoting the fighting behavior 

suggests the existence of inhibitory neural systems of fighting behavior mediated by DA and 

other amines like octopamine. AmDOP2 that is blocked by a lower concentration of flupenthixol 

might have a function to drive fighting, and either AmDOP1 or AmOA1 might inhibit fighting.    
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1.5.2 Influence on stinging response: 

Stinging is a crucial process in queen-queen fights because a queen who successfully 

stings her opponent wins the fight, as Gilley (2001) observed. On the other side, stinging can be 

an indicator of escalated aggression in social insects (Santoro et al., 2015). Therefore, I measured 

the stinging behaviors of one-day-old virgin queens injected with DA and flupenthixol to 

investigate the difference of results to that of fighting behavior. Similar to the fighting 

experiment, I found that DA injection did not affect stinging behavior. Flupenthixol at high 

concentrations (1.0×10-2M) increased the frequency of stinging response (similar to that of 

fighting). However, at a low concentration (1.0×10-3M), the effect was not statistically 

significant. These results were not consistent with my prediction that DA injection promotes 

stinging behavior while its antagonist exerts the opposite effect. Nonetheless, a modification of 

this behavior caused by DA receptor antagonist suggests that DA is involved in the control of 

aggression in honey bee virgin queens (discussed in 1.5.1). 
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1.6 Conclusion 

In summary, this chapter showed the importance of DA signaling in the regulation of 

fighting and aggressive behavior in honey bee virgin queens by injecting a DA receptor blocker, 

flupenthixol. This treatment at lower concentration decreased probability of winning the fight, 

whereas at high concentration increased probability of winning the fight and increased the 

intensity of stinging behavior. These opposite responses might result from different antagonistic 

potency of several types of dopamine receptors or other monoamine receptors in response to 

different concentrations of flupenthixol. Further studies are needed to examine the mechanism 

how DA signaling regulates the fighting and aggressive behaviors of honey bee queens and DA 

receptor involvement in regulation of the fighting and aggressive behaviors. 
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Chapter 2 

The influence of dopamine on the flight behavior of honey bee 

virgin queens 

 

 

 

 

 



~ 28 ~ 
 

2.1 Abstract 

DA, one of biogenic amines, has been suggested to regulate the physiology and behavior 

in the virgin queens in honey bees. The involvement of DA in the high locomotor activity and 

high aggressiveness against rival sister-queens in the virgin queens has been reported. In the 

current chapter, I tested other roles of DA in the behavior of honey bee virgin queens.  I 

investigated the effect of DA on flight behavior of 6-day-old virgin queens with a flight mill by 

injection of DA and a DA receptor antagonist flupenthixol. The injection of DA did not affect 

the flight initiation, flight distance, flight duration and the flight velocity. However, the injection 

of flupenthixol significantly delayed the initiation of flight and decreased the flight performance; 

the distance to flight, duration of flight and the flight velocity. These results suggest that DA 

regulates the flight behavior of the virgin queens.  The role of DA on flight behavior for mating 

may be conserved in the virgin queens as well as drones in honey bees previously reported. 
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2.2 Introduction 

Mating for females is a critical event for transition from one behavioral states seeking or 

choosing their own mate or dispersing to avoid inbreeding to the other states producing eggs and 

ovipositing. Limited energy in the female body and time of their lives is allocated intensively to 

locomotion including flight before mating, but to production of eggs after mating. The trade-off 

between locomotion and egg production has been reported in several insects, which is based on 

the drastic behavioral changes by mating. These changes in insects like butterflies (Obara et al., 

2011), moths (Saveer et al., 2012), fruit flies (McGraw et al., 2008), ants (Schrempf et al., 2005) 

and bees (Harano et al., 2007; Kocher et al., 2010) have been reported. However, it is unclear 

how these changes occur and how each behavioral state kept is. Biogenic amines are the most 

likely candidates that can change the physiological states by mating or maintain each behavior 

before and after mating (Harano et al., 2005, 2008; Obara et al., 2011; Aonuma and Watanabe, 

2012).  

Drastic behavioral changes by mating have been known in honey bee queens. The virgin 

queens have a high locomotor activity (Harano et al., 2007) and destroy queen cells with 

younger sister-queens (Gilley and Tarpy, 2005; Winston, 1987). If a sister-queen emerges before 

destruction, the lethal fight occurs between the queens. The surviving queen performs mating 

flights as she gets sexually matured (one week after emergence), flies several kilometers away 

from the colony to the mating area, mates in mid-air (Zmarlicki and Morse 1963), and then 

returns directly to the colony. After mating, the queen develops her ovaries and starts laying eggs. 

Mated queens show decreased locomotor activity (Harano et al., 2007) and never fly except 

when they leave the nest to establish new colony (swarming) in the other year (Gilley and Tarpy, 

2005; Winston, 1987). High levels of brain DA might facilitate mating flights by activating 
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motor systems in virgin queens as DA enhances locomotor activity in various animals (Chase et 

al., 2004; Draper et al., 2007; Lima and Miesenbock, 2005; Rhodes et al., 2005), including 

honey bees (Beggs et al., 2007; Mustard et al., 2010; Akasaka et al., 2010; Harano et al., 2008).  

In chapter 1 I examined the effect of DA on lethal fight and aggression in young virgin 

queens, but it does not explain why high DA levels are observed in matured virgin queens 

(Harano et al., 2005, 2008). In this chapter, I focus on the flight behavior that may be associated 

with the brain DA levels in honey bee queens. The role of DA in flight behavior has been 

reported in drones (Mezawa et al., 2013). Furthermore, similar effect is known in another bee; 

large carpenter bees (Sasaki and Nagao, 2013); moth (Claassen and Kammer, 1986) and locust 

(Buhl et al., 2008). Therefore, I hypothesized that DA regulates the flight behavior in honey bee 

virgin queens. To examine this hypothesis, I injected DA and DA antagonist into abdomen of 

virgin queens, and measured the time to flight initiation and the flight performance including 

flight distance, flight duration and the flight velocity by using a flight mill. 
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2.3 Materials and Methods 

2.3.1 Queen rearing: 

Queens were reared by using same method as chapter 1 (1.3.1). 

 

2.3.2 Injection of drugs: 

To examine the effect of DA on flight behavior of virgin queens, similar to chapter 1 

(1.3.2) dopamine hydrochloride (Sigma Aldrich) and flupenthixol dihydrochloride (European 

pharmacopeia), as a DA receptor antagonist, were diluted by honey bee saline to 1.0×10-3 M or 

1.0×10-2 M. These solutions were then injected into the abdomen of 6-days-old virgin queens. 

The control queens were injected with the same amount of saline. 

 

2.3.3 Observation of flight initiation: 

After injection of drugs, virgin queens were kept in red-covered petri dishes for 20 

minutes. Then, the petri dishes were opened. The duration between open of the petri dish to the 

commencement of flight by virgin queen, defined as the time to flight initiation, was recorded 

(within 5 minutes). Experiments were performed under room lights at 431 ± 12 lux and 25°C ± 

1°C. Several virgin queens did not initiate flight during observations but, there was no 

significantly difference among groups (Fisher’s exact test: x2 = 0.288, p = 0.99). Therefore, only 

virgin queens flew within 5 minutes were used for the analysis. 
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2.3.4 Measurement of flight performance by flight mill: 

For the observation of flight performance, virgin queens were kept in red-covered petri 

dishes for 20 minutes after injection of drugs (1.0×10-2 M DA or Flupenthixol). Then, each 

virgin queen was attached with a pin like nail that was glued (Aron alpha) to the dorsal side of 

thorax to the 31.8 cm diameter (one circumference of flying covers 1 meter) flight mill (Fig.2-1). 

To make balance, weight (micropipette tip with a pin like nail) was glued on the other arm of 

flight mill. The flight mill was surrounded by a striped paper wall, and set under a constant 

temperature and lightening. I measured the flight performance of all queens (control, agonist, and 

antagonist) on one flight mill with video recording (Fig. 2-1).  

Because the amount of energy sources that bees possess should have a strong effect on 

flight performance of honey bees (Gmeinbauer and Crailsheim, 1993), I let virgin queens fly 

twice. In the first flight, the queen was stimulated to fly to completely lose the energy. Every 

time the queen stops fluttering, she was stimulated to restart fluttering by giving a small paper 

ball to land and removing until the movements of wings were very weak and the virgin queen 

could no longer move the arm of the flight mill. Soon after the first flight, each virgin queen was 

fed on 10 μl of 2M glucose solution by a micro pipet. After a resting period for 5 minutes, the 

queen was attached again to the flight mill to perform the second flight. The queens were 

weighted on an analytical balance to the nearest 0.1 mg before and after feeding to confirm that 

the glucose solution was successfully fed to the queens.  The queens were also weighted after the 

second flights to measure the loss of weight by the second flight. Only the virgin queens that 

accepted all 10 μl glucose were used in the experiment.  All flights were recorded by video 

camera, and then the flight distance, duration of flight and average of flight velocity 

(distance/duration) were calculated. 
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Fig. 2-1. Flight mill. A flight mill attached virgin queen for observing flight. 
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2.3.5 Statistical analysis: 

Generalized linear mixed model (GLMM) was used to examine whether DA and a DA 

antagonist flupenthixol affected the flight behavior in both flight initiation and flight 

performance.  

Before performing the GLMM, I checked the distribution of variables with Shapiro test. 

Then while performing GLMM, I applied a Gamma distribution for the data that were not 

normally distributed and a Gaussian distribution for the normally distributed data.   

In the observation of flight initiation, the duration until flight initiation was defined as 

response variable, the treatments and body weight as explanatory factors, and the larvae source 

colonies and the queen-less grafted colonies for queen rearing as random factors. To evaluate the 

effects of treatment, each treatment group was compared with the control group by GLMM and 

then the p-values were corrected by using Bonferroni p-value adjustment.  

In the observation of flight performance, the flight distance, flight duration and the 

average of flight velocity were defined as response variables, the treatments and body weight as 

explanatory variables, and larvae source colonies and the queen-less grafted colonies for queen 

rearing as random factors.  To find the effect of drugs, I compered each treatment group with the 

control group. 

To examine statistical differences among experimental groups, I applied likelihood ratio 

tests (LRT) at a 5 % significant level where p-values were corrected by Bonferroni p-value 

adjustment.  The GLMM test was performed using lmer function with the Lme4 package in R 

version i386.3.4.2 for windows. 
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2.4 Results 

2.4.1 Flight initiation: 

Drug injection significantly affected the flight initiation in virgin queens (Table 2-1). The 

initiation of flight was significantly delayed in high-level flupenthixol (1.0×10-2M) injected 

group in comparison to control (GLMM: LRT with Bonferroni p-value adjustment: d.f = 1, x2 = 

9.31, p < 0.01). No significant difference was found in other treatment groups to control (low-

level DA, d.f = 1, x2 = 1.88, p = 0.676; high-level DA, d.f = 1, x2 = 0.105, p = 1; low-level 

flupenthixol, d.f = 1, x2 = 1.98, p = 0.64, Fig. 2-2).   The body weight did not affect the flight 

initiation (Table 2-1).  
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Table 2-1. The effect of treatments and body weight on the flight initiation. 

Variables d.f x2 p-value 

Treatment 4 9.833 0.04333 

Body weight 1 0.4975 0.4806 

 

 

 

 

 

 

 

 

 

 

 



~ 37 ~ 
 

  

 

 

 

Fig. 2-2. The effect of DA and DA receptor antagonist on flight initiation of virgin queens. 

The graph indicates the mean of the time until flight initiation with standard error. 

Letters above the bars indicate statistical differences: the same letter means no 

statistical difference and the different letter means significant difference. DA-L: 

low-level DA (1.0×10-3 M) injected (n = 14). DA-H: high-level DA (1.0×10-2 M) 

injected (n = 15). Flupen-L: low-level DA receptor antagonist flupenthixol (1.0×10-3 

M) injected (n = 14). Flupen-H: high-level DA receptor antagonist flupenthixol 

(1.0×10-2 M) injected (n = 16). Control: Saline injected (n = 19). 
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2.4.2 Flight performance: 

The flight performance was significantly different among treatments. All three 

parameters that include flight distance, flight duration and the flight velocity were significantly 

different among groups (Table 2-2). Multiple comparisons showed that the flight distance 

(GLMM: LRT with Bonferroni p-value adjustment: d.f = 1, x2 = 39.74, p < 0.001, Fig. 2-3), 

flight duration (d.f = 1 x2 = 39.83, p < 0.001, Fig. 2-4) and flight velocity (d.f = 1 x2 = 27.71, p  < 

0.001, Fig. 2-5) were significantly lower in flupenthixol injected virgin queens than in control. 

However, all three parameters in DA injected individuals were not significantly different from 

the control (flight distance, d.f = 1, x2 = 4.43, p = 0.07; flight duration, d.f = 1, x2 = 0.262, p = 1; 

flight velocity, d.f = 1, x2 = 0.53, p = 0.94; Fig. 2-3, 2-4, 2-5).  There was no effect of body 

weight on flight distance, flight duration, but there was a negative correlation between body 

weight and the average of flight velocity (Table 2-2).  

The weight loss in second flight was measured. The weight loss was significantly 

different among groups (GLMM: LRT: d.f = 2, x2 = 19.19, p < 0.001). The flupenthixol injected 

group had significantly lower weight loss than control (GLMM: LRT with Bonferroni p-value 

adjustment: d.f = 1, x2 = 13.80, p < 0.001, Fig. 2-6).  However, there was no significant 

difference between DA injected and control (GLMM: LRT with Bonferroni p-value adjustment: 

d.f = 1, x2 = 0.09, p = 0.76, Fig. 2-6). 

 

 



~ 39 ~ 
 

Table 2-2. The effect of treatments and body weight on the flight performance. 

Response 

variables 

Explanatory 

variables 
d.f x2 p-value 

Distance 
Treatment 2 56.76 <0.001 

Body weight 1 0.0092 0.92 

Duration 
Treatment 2 57.25 <0.001 

Body weight 1 0.27 0.60 

Velocity 
Treatment 2 42.07 <0.001 

Body weight 1 0.923 0.34 
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Fig. 2-3. The effect of DA and DA receptor antagonist on the flight distance. The graph 

indicates the mean with standard error. Letters above the bars indicate statistical 

differences: the same letter means no statistical difference and the different letter 

means significant difference. DA:  dopamine (1.0×10-2 M) injected (n = 21). Flupen: 

DA receptor antagonist flupenthixol (1.0×10-2 M) injected (n = 22). Control: Saline 

injected (n = 20). 

 

0

200

400

600

800

1000

1200

Control  DA  Flupen  

Di
st

an
ce

 (m
) 

a 

b 

a 



~ 41 ~ 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-4. The effect of DA and DA receptor antagonist on the flight duration. The graph 

indicates the mean with standard error. Letters above the bars indicate statistical 

differences: the same letter means no statistical difference and the different letter 

means significant difference. DA:  dopamine (1.0×10-2 M) injected (n = 21). Flupen: 

DA receptor antagonist flupenthixol (1.0×10-2 M) injected (n = 22). Control: Saline 

injected (n = 20). 
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Fig. 2-5. The effect of DA and DA receptor antagonist on the average of flight velocity. The 

graph indicates the mean with standard error. Letters above the bars indicate 

statistical differences: the same letter means no statistical difference and the 

different letter means significant difference. DA:  dopamine (1.0×10-2 M) injected (n 

= 21). Flupen: DA receptor antagonist flupenthixol (1.0×10-2 M) injected (n = 22). 

Control: Saline injected (n = 20). 
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Fig. 2-6. The body weight difference of virgin queens between before (after feeding) and 

after second flight. The graph indicates the mean with standard error. Letters above 

the bars indicate statistical differences: the same letter means no statistical 

difference and the different letter means significant difference. DA:  dopamine 

(1.0×10-2 M) injected (n = 21). Flupen: DA receptor antagonist flupenthixol (1.0×10-2 

M) injected (n = 22). Control: Saline injected (n = 20). 
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2.5 Discussion 

In the current chapter, I studied the neurophysiological role DA on flight behavior in 

honey bee virgin queens. I showed that DA injection did not affect the flight initiation, flight 

distance, flight duration and the flight velocity. However, injections of a DA receptor antagonist 

flupenthixol delayed the initiation of flight, and decreased the flight distance, flight duration and 

the average of flight velocity. These results suggest that DA is involved in the regulation of flight 

behavior in virgin queens in the honey bee.  

Role of DA on flight behavior seems to be conserved between sexes in the honey bee. 

The results of this chapter indicate that DA is involved in the regulation of flight behavior in 

virgin queens. Similarly, the involvement of DA in the regulation of flight is also reported in 

drones (Mezawa et al., 2013). In drones, DA regulates flight behavior under the control of 

juvenile hormone (JH; Mezawa et al., 2013). In queens, Wegener et al. (2013) reported that JH 

titers decrease following mating, same as decrease of the brain DA levels (Harano et al., 2005, 

2008). Given the parallel changes between JH and DA, the DA system regulated by JH might be 

shared between queens and drones. However, another study shows that JH increases following 

mating in queens (Fluri et al., 1981) while DA levels decreases (Harano et al., 2005, 2008), 

suggesting that DA is not under control of JH in queens. Study about the relationship between JH 

and DA in queens remains to be examined. 

DA may play a basic role in the activation of locomotor system. DA affects the 

locomotion in various kinds of animals (Chase et al., 2004; Draper et al., 2007; Lima and 

Miesenbock, 2005; Rhodes et al., 2005) including honey bees queens (Harano et al., 2008), 

drones (Akasaka et al., 2010) and workers (Beggs et al., 2007; Mustard et al., 2010), suggesting 
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that DA affects the locomotor system in both castes and sexes of the honey bee. Three subtypes 

of DA receptors have been identified in honey bees (AmDOP1, AmDOP2 and AmDOP3). 

Among these receptors, AmDOP2 has been shown to modulate the locomotion in workers 

(Mustard et al., 2010). Flupenthixol, a DA receptor antagonist used in this study, blocks 

AmDOP2 stronger than AmDOP1 and AmDOP3 (Blenau et al., 1998; Mustard et al., 2003; 

Beggs et al., 2011). Because flight needs activated motor system (Lehmann and Bartussek, 2017; 

Dickinson et al., 1998), it is likely that the role of DA on flight activity in virgin queens found in 

this study (similar to the modulation of motor behavior in workers) is mediated by AmDOP2. 

 Flupenthixol-injected queens lost only 4 mg of body weight while control and DA-

injected queens lost more than twice. It appeared that the flupenthixol-injected queens stopped 

flying before ran out sugar solution as fuel. These results suggest that queens cannot fly for a 

long time when DA signaling is depressed even if they have sufficient amount of fuel.   

The abdominal injection of DA in virgin queens did not affect the flight initiation and 

flight performance. Whilst previous studies found an effect of DA abdominal injection on the 

flight behavior in drones (Mezawa et al., 2013; Sasaki and Nagao, 2013), results shown in 

chapter 1 revealed that DA abdominal injection did not affect the fighting and stinging behaviors 

in virgin queens (chapter 1). I speculated that it is due to the presence of large amount of 

endogenous DA in the brain of virgin queens (Harano et al., 2005, 2008), so that the most of 

receptors are bounded with the endogenous DA. Thus, the injected DA could not bind to the 

receptors, and did not affect the flight behavior. 
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2.6 Conclusion 

In conclusion, I found the involvement of DA in flight behavior in honeybee queens. This 

finding partially explains why virgin queens show higher DA levels than mated queens (Harano 

et al., 2005, 2008). Activating DA receptors is likely to facilitate long flights and increase a 

chance of mating. Further studies are needed to investigate how DA regulates the flight behavior 

and the effect of DA on queen’s mating success. 
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Chapter 3 

The influence of dopamine and octopamine on the flight 

initiation in workers 
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3.1 Abstract 

Biogenic amines like DA and OA act as neuroactive substances, affecting physiology and 

behavior in both vertebrates and invertebrates. Several studies have investigated the effects of 

DA and OA on various behaviors and the division of labor in workers in honey bees. In the 

present chapter, I investigated the effects of DA and OA on the promotion of flight initiation in 

foraging workers in the European honey bee Apis mellifera. I injected different doses (10-3 M 

and 10-2 M) of DA, OA, the DA receptor antagonist flupenthixol, and the OA receptor antagonist 

epinastine into the abdomen of foragers, and then measured the time to flight initiation. 

Injections of both flupenthixol and epinastine into foragers caused a significant delay in the onset 

of flying in comparison to control foragers. However, the foragers injected with DA or OA did 

not show any significant delay compared to the controls. The results suggest that strong 

inhibition of DA or OA signaling may affect the motor system for flight behavior which is 

necessary for foraging in workers. 
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3.2 Introduction 

Flight is relevant to the age-related division of labor in honey bee workers. In general, 

worker bees can be divided into four temporal castes on the basis of age: the cell cleaners (1-4 

days old), the nurses (4-12 days old), the middle-aged bees (12-21 days old) that perform a range 

of tasks such as nest building, receiving and processing food, and guarding. These young bees do 

not often fly, comparing to older ones. The older bees (21+ days old) frequently perform flights 

to forage outside of the colony (Winston, 1987). The foraging success depends on the flying 

ability of foragers; efficient resource acquisition can have profound effects at the colony level 

and affects the pollination service provision (Higginson et al., 2011; Becher et al., 2014). The 

transition from one temporal caste to another based on age is plastically controlled by social 

environment (Johnson, 2010) and internal factors (Robinson and Vargo, 1997). 

Schulz and Robinson (1999) and Wagener-Hulme et al. (1999) have shown a correlation 

between brain level biogenic amines, particularly OA, and the age-related division of labor. Later, 

Schulz and Robinson (2001) and Schulz et al. (2002) found that OA regulates the onset of 

foraging behavior. OA is also related to locomotor behavior (Fussnecker et al., 2006), fanning 

behavior (Cook et al., 2017) and dance behavior (Barron et al., 2007). Thus, it appears as though 

OA is involved in flying or flight motivation in workers. Another biogenic amine, DA modulates 

behaviors such as locomotor activity (Mustard et al., 2010) and recruitment behavior in dances 

(Božič and Woodring, 1998), whereas modulations of flight behavior by DA in workers remain 

to be unclear. 

  Honey bee queens typically perform flights when they are virgin and the brain level DA 

is higher than the time they do not fly (after mating) (Harano et al., 2005, 2008; Winston, 1987). 
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Same as queens the typical flight performers of honey bee workers also have higher amount of 

brain level DA than the hive task performers (Harris and Woodring, 1992). The findings of 

chapter 2 indicate that the blockade of DA suppress the flight motivation and flight performance. 

Therefore, in here I assumed that DA may affect the flying behavior in workers, too.  In honey 

bee workers it has been reported that similar to DA the brain level of OA is also higher in 

foragers than the hive task performers (Harris and Woodring, 1992; Wagener-Hulme et al., 

1999). Similar effects of DA and OA on flight initiation in drones have been reported (Mezawa 

et al., 2013). Here, I tested whether this similarity conserved in workers too or not.  

In this chapter, to examine the regulatory effect of DA and OA on flight motivation in 

honey bee workers, I measured the duration of flight initiation of pollen foraging workers which 

were injected DA, OA and their antagonists.   
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3.3 Materials and methods 

3.3.1 Bees: 

Pollen foragers returning from the field were collected from 5 colonies for the DA 

experiments and 4 colonies for the OA experiments. Each colony contained more than 10 comb 

frames. The DA experiments were performed in May 2016, and the OA experiments were 

performed in May 2017. In both experiments, foragers were collected between 10:30 am and 

12:30 pm and fed a 50% sugar solution until drug injections. I performed experiments between 

1:00 pm and 5:00 pm on the same day that the bees were collected from the colonies. 

   

3.3.2 Injection of biogenic amines and receptor drugs: 

To determine the effects of DA and OA on flight initiation in worker bees, dopamine 

hydrochloride (Sigma Aldrich), flupenthixol (European pharmacopeia) (a DA receptor 

antagonist), octopamine hydrochloride (Sigma Aldrich), and epinastine hydrochloride (Tokyo 

chemical industry) (an OA receptor antagonist) were diluted with honey bee saline to 1.0×10-3 M 

(low concentration) or 1.0×10-2 M (high concentration) and injected (1 μL/bee) into the abdomen 

of forager bees using a Hamilton syringe (Hamilton Company) (Mezawa et al., 2013; Sasaki and 

Nagao, 2013). The control bees were injected with an equal amount of saline. All bees were 

anesthetized on ice for 5 minutes prior to injection. Three hundred and seven bees were used in 

the experiments. 
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3.3.3 Observation of flight initiation: 

Behavioral experiments were performed in the laboratory under room lights at 449 ± 11 

lux and 25°C ± 1°C.The observation procedure was similar to that of chapter 2 (2.3.3). 

 

3.3.4 Data analysis: 

I performed Kruskal-Wallis tests followed by Dunn’s multiple comparison to compare 

the time to flight initiation between the treatments, using R version i386.3.4.2 for windows. 

 

 

 

 

 

 

 

 

 

 



~ 53 ~ 
 

3.4 Results 

3.4.1 Dopamine and its receptor antagonist: 

I found a significant difference in the time to flight initiation between treatments 

(Kruskal-Wallis test: df = 4, x2 = 29.55, p < 0.001). The time to flight initiation was much longer 

in the bees injected with high concentration flupenthixol than in the other groups (Fig. 3-1). 

Dunn’s post hoc analysis revealed that the time to flight initiation was significantly longer in the 

high concentration flupenthixol-injected bees than in the control bees (p < 0.01). There were no 

significant differences in the other groups comparing to control group:low concentration DA (p = 

0.644), high concentration DA (p = 0.055), low concentration flupenthixol (p = 0.326). 

 

3.4.2 Octopamine and its receptor antagonist: 

There was a significant difference in the time to flight initiation between treated groups 

(Kruskal-Wallis test: df = 4, x2 = 32.73, p < 0.001). The time to flight initiation was significantly 

higher in the high concentration epinastine-injected group than in control (Fig 3.2). Dunn’s post 

hoc analysis showed that the time to flight initiation was significantly different between the 

control vs. the high concentration epinastine group (p < 0.001). There were no significant 

differences in the other groups comparing to control group: low concentration OA (p = 0.253), 

high concentration OA (p = 0.585), low concentration epinastine (p = 0.068).    
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Fig. 3-1. The effect of dopamine (DA) and the DA receptor antagonist flupenthixol on flight 

initiation. The graph indicates the mean and standard error of the time to flight 

initiation. The letters above the bars indicate statistical differences: the same letter 

means no statistical difference and the different letter means significant difference 

(Dunn’s post hoc analysis). DA-L: low-concentration DA (1.0×10-3 M) (n = 32). DA-

H: high-concentration DA (1.0×10-2 M) (n = 35). Flupen-L: low-concentration DA 

receptor antagonist flupenthixol (1.0×10-3 M) (n = 26). Flupen-H: high-

concentration DA receptor antagonist flupenthixol (1.0×10-2 M) (n = 31). Control: 

Saline (n = 66). 
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Fig. 3-2. The effect of octopamine (OA) and the OA receptor antagonist epinastine on flight 

initiation. The graph indicates the mean and standard error of the time to flight 

initiation. The letters above the bars indicate statistical differences: the same letter 

means no statistical difference and the different letter means significant difference 

(Dunn’s post hoc analysis). OA-L: low-concentration OA (1.0×10-3 M) (n = 22). OA-

H: high-concentration OA (1.0×10-2 M) (n = 20). Epinas-L: low-concentration OA 

receptor antagonist epinastine (1.0×10-3 M) (n = 20). Epinas-H: high-concentration 

OA receptor antagonist epinastine (1.0×10-2 M) (n = 15). Control: Saline (n = 40). 
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3.5 Discussion 

In this chapter, I investigated the physiological control of flight motivation in honey bee 

workers. Injection of epinastine (an OA receptor antagonist) delayed flight initiation, which is 

consistent with the findings of Fussnecker et al. (2006) with OA receptor antagonist mianserin. 

Injection of flupenthixol (a DA receptor antagonist) also delayed flight initiation.  However, 

injection of DA and OA did not affect flight initiation. Because of the high amount of 

endogenous DA and OA in foragers (Harris and Woodring, 1992) which may saturate receptors, 

administration of additional amines might not affect the behavior. The delay in flight initiation 

by DA or OA receptor antagonists indicates a regulatory role of DA or OA in the motivation of 

flight initiation in worker bees. 

Both OA and DA might regulate the age-related division of labor in worker bees 

(Wagener-Hulme et al., 1999). OA application promotes the development of workers into 

foragers (Schulz and Robinson, 2001). OA is also related to the fanning behavior for 

thermoregulation in the colony (Cook et al., 2017) and dance behavior (Barron et al., 2007). 

These findings suggest that OA is involved in the age-related division of labor in worker bees. 

Our findings of inhibition on flight initiation by an OA receptor antagonist support this 

hypothesis, because the foraging in worker bees depends on flight (Winston, 1987). In addition 

to OA, DA may also be involved in the age-related division of labor. DA has been reported to 

control to locomotor activity and ovary development in worker bees (Mustard et al., 2010; 

Sasaki and Nagao, 2001), but no study demonstrated its involvement in age-related division of 

labor. The inhibition of flight initiation by a DA receptor antagonist in this study suggests a 

possible role of DA in the regulation of flight initiation for foraging. 
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Suppress of flight initiation with the blockade of DA in workers in this chapter is similar 

to that of chapter 2 in virgin queens. It suggests that controlling the motor system for flight by 

DA is similar between queens and workers. In workers, in addition to motoric activity DA 

involves in the regulation of reproduction, when there is no queen in the colony the brain level 

DA increase and acts as a stimulator of ovary development (Harris and Woodring, 1992; Sasaki 

and Nagao, 2001; Dombroski et al., 2003). In honey bee queen also ovaries develop after mating 

(Tanaka and Hartfelder, 2004), but grossly the brain DA levels decrease (Harano et al., 2005, 

2008). It suggests that DA is not involved in the regulation of reproduction in queens. Therefore, 

only motoric roles of DA might be shared, but not reproductive roles.  
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3.6 Conclusion 

In conclusion, the results of this study demonstrate the involvement of DA and OA in the 

regulation of flight motivation.  The regulatory roles of both DA and OA in the promotion of 

flight in worker bees may indicate that not only OA, but possibly also DA, regulates the age-

related division of labor. Further studies using specific receptor antagonists are needed to 

elucidate the effects of DA and OA on flight promotion in greater detail. 
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  General discussion 

The biogenic amine DA as a neurophysiological factor modulates different behaviors in 

animals. In honey bees, the brain DA levels associate with the behavioral changes and it is 

shown that DA regulates honey bee behaviors. In the current studies, in chapter 1, I investigated 

the regulatory role of DA in controlling the fight and aggression of virgin queens. Low amount 

DA receptor antagonist injection caused losing the fight, but the high amount increased the 

aggression level and caused the fight winning. In chapter 2, I revealed the role of DA in the 

regulation of the flight behavior of virgin queens. DA receptor antagonist injection delayed the 

initiation of flight and decreased the flight distance, flight duration and flight velocity. In chapter 

3, I found the effect of DA on the flight behavior of foraging workers. DA receptor antagonist 

injection delayed the flight initiation. Overall, these studies show that the behavioral changes or 

behavioral plasticity are dependent on the changes of DA levels in the brain. 

In this dissertation, I followed the injection method of Mezawa et al. (2013) and Sasaki 

and Nagao (2013) that have been shown that abdominal injection of DA changes the behavior. In 

addition, Sasaki and Nagao (2013) reported that brain DA level increases with abdominal 

injection of juvenile hormone analog, methoprene. In addition, it has been reported that tyramine 

abdominal injection could increase the brain tyramine and octopamine level in honey bee 

workers (Scheiner et al., 2017).  These facts suggest that abdominal injection could affect DA 

receptors in central nervous system. Therefore, abdominal injection of flupenthixol may affect 

fighting and aggression and flight behavior by acting on DA receptors in central nervous system. 

On the other side, we cannot reject the possible acting in peripheral nerve system, because, Linn 

et al. (1994) have been found that DA injection into hemolymph increases the DA level in 

central nervous system and thoracic ganglia. In addition, same as decrease of DA levels in the 
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brain, a decrease of DA levels in the hemolymph of queens after mating also have been reported 

(Harano et al., 2008) and Akasaka et al., (2010) suggest the effect of DA in the regulation of 

flight behavior via acting in both central nerve system and periphery in drone. So, it maybe 

affects by acting on DA receptors in periphery too. Overall, the distribution of DA receptors in 

the periphery is not well studied than brain in honey bees. 

The fight in virgin queens is lethal (only one of opponents should survive). So, virgin 

queens could be used as model to study about lethal fight. This is the first study that reports the 

regulatory role of a neurophysiological factor (DA) on the lethal fight. I found the low amount 

blockade of DA decrease the fight wining probability, but the high amount increased. Stinging is 

a determinative task for the fight wining , similar to that of fighting high amount blockade of DA 

increased the frequency of stinging, but low amount did not affect. In lethal fight between virgin 

queens in addition to using the sting they also hold each other with legs and mandibles that might 

facilitate the stinging. So, the low amount blockade of DA might suppress the legs and 

mandibles activities that caused the fight losing in treated virgin queens as previous studies 

reported that blockade of DA suppresses the locomotor behavior (Harano et al., 2008). To 

prevent form a lethal fight, emerged virgin queen destroys other sister-queen cells before 

emergence. Virgin queen destroys sister-queen cells by chewing the queen cells with mandibles 

and then insert her abdomen into the cells to sting the pupa, which are present inside the cells. 

Examination of the sister-queen cells destruction behavior in DA and DA receptor antagonist 

injected virgin queens might clarify that why the opposite effects of low and high level DA 

receptor antagonist on lethal fight are found, because the sister-queen cell destruction is almost a 

motoric action even if the virgin queen is aggressive.    
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The findings obtained from this study demonstrates that DA regulates fight and 

aggression, and flight behavior in virgin queens, but the mechanism of regulation might be 

different or different DA receptors might be involved in the regulation of fight and aggression, 

and flight in virgin queens. Same amount DA antagonist injection increased the aggression level 

and probability of fight winning (chapter 1), but decreased the flight ability (chapter 2). As it is 

mentioned in general introduction, there are three subtypes of DA receptors in honey bees, 

AmDOP 1, AmDOP 2 and AmDOP 3, and the DA antagonist flupenthixol has been suggested to 

block all of these receptors (Beggs et al., 2011; Blenau et al., 1998; Mustard et al., 2003). 

However, these receptors have antagonistic roles. For example: the activation of AmDOP 3 

causes decrease of intracellular cAMP, on the other hand, the activation of AmDOP 1 and 

AmDOP 2 causes increase of intracellular cAMP (Blenau et al., 1998; Humphries et al., 2003; 

Mustard et al., 2003, 2005). So, the DA receptor involvement might be specific in the regulation 

of these behaviors. The future studies should find which receptor is involved in the regulation of 

each of these behaviors. In fighting and aggression experiments I used 1-day-old virgin queens, 

because in natural condition usually virgin queens fighting happens in younger ages. In flight 

experiments I used 6-day-old virgin queens. Usually, virgin queens become mature and take 

mating flights around this age. Due to the findings of Harano et al. (2008), I cannot say the 

opposite effect of DA antagonist might be due to the difference in brain and hemolymph amount 

of DA in 1-day old virgin queens and 6-day-old virgin queens. This might be due to the 

difference in density and proportionality of DA receptors. However, the difference in density and 

proportionality of DA receptors in 1-day-old virgin queens and 6-day- virgin queens are not 

known yet.   
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  The present study indicates that DA is important for motor activities in honey bees. In 

here I found DA regulates the flight behavior of queen (chapter 2) and workers (chapter 3), 

which are similar to that of drones (Mezawa et al., 2013). In addition to flight, the role of DA in 

controlling the locomotor activity is same in queens (Harano et al., 2008), workers (Beggs et al., 

2007; Mustard et al., 2010), and drones (Akasaka et al., 2010).  Flight is the intensive form of 

motor activity and needs the motor system activation. Therefore, the similarity of the regulation 

of flight and locomotor activity among queens, workers and drones indicate that the DA is 

necessary for the activation of the motor system in honey bees. The purpose of flight is different 

among castes and sexes. For example: virgin queens take flights for mating, which is vital for the 

mating success to store enough amounts of sperm for egg fertilizing during their lives without 

mating again forever (Winston 1987). Therefore, the quantity, quality and genetic diversity of 

sperm is important for the queen fitness that has a direct effect on the colony growth and survival. 

The findings of this study show that DA acts as an inducer of the flight ability. So, I suggest the 

study of DA effects on virgin queens mating flights in colony condition and observation of 

mating success, quantity and quality of sperm with the degree of polyandry, and the colony 

growth and survival. 
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