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ABSTRACT 

Photoreceptors in the eye basically provide information about light intensities from which 

brains extract different kinds of visual cues (e.g. color, movement, pattern). How do the 

properties and response characteristic of visual interneurons differ from the periphery to 

the central brain? I intracellularly recorded from neurons in the second and third optic 

ganglia (medulla and lobula) and the central brain (protocerebrum) of bees (mainly 

bumblebees; Bombus impatiens) while presenting color and motion stimuli. Bees rely on 

such stimuli during flight and foraging and show sophisticated visual learning abilities. 

We found that neurons in the distal medulla are color specific while ones in the proximal 

medulla show complex, often antagonistic color responses. Neurons in the distal lobula 

(layers 1-4) mainly process motion information while the proximal lobula (layers 5 and 

6) seems to combine color and motion responses. Anterior parts of the central brain 

receive complex input representing combinations of motion and color information 

characterized by specific temporal properties (e.g. temporal precision, 'novelty' 

information or entrainment). This kind of often sparsely coded information is also 

represented in the mushroom bodies, learning and memory centers in the insect brain. In 

contrast, posterior parts of the central brain receive mainly motion information and show 

more reliable responses yet less precise spike timing. While the former kind of 

information (temporally precise or novelty in anterior pathways) is suited to form 

stimulus associations relevant during foraging, the latter, more reliable information is 
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thought to support fast optomotor flight control maneuvers and other less plastic 

behaviors. 
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CHAPTER 1.  INTRODUCTION 

1.1. Bee behavior and visual processing  

An overarching truth is that the natural world is complex and contains far more 

information than brains can process at any one time.  Therefore, sensory systems in the 

brain filter the information, break it down, and reconstruct aspects of the world to allow 

animals to produce appropriate behaviors to relevant stimuli.  This process is one of the 

major fuctions of the visual system in many animals.  In the visual system, the 

information sent from the eye or other visual organs is broken down into pathways, such 

as color or motion pathways, and processed, which is then integrated with other 

information in higher-order brain centers to give an accurate ‘picture’ of the behaviorally 

relevant aspects of the world.   

Segregation of visual information is a basic mechanism that has been observed 

across widely divergent groups, from insects to primates (Douglass and Strausfeld, 1998; 

Hubel and Livingstone, 1987).  Indeed, the brains of many visual animals must carry out 

massive computations on visual input from the natural world, and it only makes sense 

that different aspects of the visual world are processed in parallel.  The real question is: 

how can bits of information from the eye be detected, broken down, processed, 

integrated, and signaled to central brain areas to produce appropriate behaviors?  To 

understand this question, we must examine the physiological and morphological 

properties of individual neurons, how they operate together within the neural network 
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making up the brain, and, ultimately, how information is functionally and anatomically 

segregated within the brain.   

Researchers have been intensively examining these questions both in vertebrates 

and in insects using an array of techniques, but much more research is necessary.  The 

purpose of this thesis is to add to the body of knowledge on the mechanisms of visual 

processing utilizing the visual system of one particular insect, the bee.  There are several 

reasons to study the mechanisms of visual processing in bees, which include their 

extensive visual repertoire (Giurfa, 2007; Menzel, 1999, 2001; Menzel and Giurfa, 2006; 

Srinivasan, 1993), their relatively smaller and approachable brains (Witthöft, 1967), and 

the fact that they have been studied extensively for their visual behaviors, providing 

groundwork for comparisons with physiological studies. 

Bees are highly visual insects, and they have both motion vision (Lehrer et al., 

1988) and trichromatic color vision (v. Frisch, 1914; Backhaus, 1992; Backhaus et al., 

1987; Menzel and Blakers, 1976).  Indeed, honeybees (Apis mellifera, L.) have been 

studied for the past century for their navigational capabilities (Menzel et al., 1996; 

Srinivasan and Zhang, 1998; Zhang et al., 1999) and communication of food sites using 

the waggle dance, which involves incorporating visually-based stimuli, such as the sun 

relative to the location of the hive and food sources (von Frisch, 1965).   In fact, 

honeybees estimate their distance flown (the odometry system) using the velocity of the 

visual flow past their eyes (Srinivasan et al., 1997, 2000).   
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Not only is vision crucial for the natural behaviors of the bees, researchers have 

tested their cognitive abilities using a wide array of visual cues.  Honeybees perform 

sequence learning (Collett and Baron, 1995; Collett et al., 1993), can learn to group 

multiple visual cues to navigate mazes (Zhang et al., 1996, 1999), and can discriminate 

patterns using orientation cues (Giger and Srinivasan, 1995, 1996).  In addition, bees can 

learn to discriminate symmetry and asymmetry in patterns (Giurfa et al., 1996), they can 

learn sameness and difference (Giurfa et al., 2001), and can discriminate between 

complex naturalistic patterns which differ in only very small details (Dyer et al., 2008).   

Importantly, visual information is segregated behaviorally in bees.  Bee behaviors 

based on motion vision appear to be entirely dependent on green contrast, indicating that 

some motion pathways in the bee brain are independent of differentiating color 

information (Chittka and Tautz, 2003; Kaiser and Liske, 1972).  Also, bees can learn 

patterns using only color contrast (Srinivasan and Lehrer, 1988).  However, color and 

motion pathways do converge at some point in the bee brain, in that bees can learn to 

discriminate patterns using motion cues that they can then transfer to a task using color 

contrast only (Zhang et al., 1995).  Therefore, the bee visual system has both segregation 

of color and motion pathways as well as integration of these cues, but how this functional 

segregation is reflected in the brain is largely unknown. 
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1.2 Visual processing in the insect brain 

Insect visual systems are extremely diverse, but researchers have focused their 

studies using neuroanatomical, developmental, and electrophysiological tools on a few 

model organisms in an attempt to discover common principles underlying visual 

processing in this large arthropod group (Strausfeld, 2005).  These few model organisms 

include muscoid flies (Borst, 2000; Borst and Egelhaaf, 1989; Borst and Haag, 2002; 

Douglass and Strausfeld., 1998), Drosophila melanogaster (Joesch et al., 2008; Raghu et 

al., 2007), locusts (O'Shea and Williams 1974; Homberg, 2004), and honeybees (Cajal 

and Sanchez, 1915; Hertel and Maronde, 1987; Hertel et al., 1987).  I will address the fly 

and the bee visual systems, particularly since most of the past insect visual research has 

focused on the visual system in flies (Borst, 2000; Borst and Egelhaaf, 1989; Borst and 

Haag, 2002; Douglass and Strausfeld, 1998; Joesch et al., 2008).   

The flow of information through the visual system in the bee and the fly is 

relatively similar at the peripheral level.  In fact, Cajal and Sanchez (1915) proposed that 

there are some direct parallels between specific neurons in the bee and the fly in the optic 

lobes, the primary visual processing centers in the insect brain.  In both insect groups, the 

flow of visual information is from the eye, or retina containing the photoreceptors, to a 

first order neuropil, the lamina (Ribi, 1975a, 1975b; Ribi and Scheel, 1981; Strausfeld, 

1976).  The lamina then sends its outputs to the medulla, a second order neuropil in the 

optic lobes (Cajal and Sanchez, 1915; Ribi and Scheel, 1981; Strausfeld, 1976).  The 

medulla, in turn, sends much of its input to the lobula complex in flies (Strausfeld, 1976) 



16 
 

and to the lobula in bees (Cajal and Sanchez, 1915; Ribi and Scheel, 1981).  In bees, 

lobula neurons output to the central brain (Cajal and Sanchez, 1915; De Voe et al., 1982; 

Hertel, 1980; Hertel et al., 1987) or to the lobula on the other side of the brain (De Voe et 

al., 1982; Hertel, 1980; Hertel and Maronde., 1987) as is necessary to determine the 

structure and function of visual pathways.     

In flies, on the other hand, medulla input divides to send processes into the lobula 

and lobula plate, which make up the lobula complex (Strausfeld, 1976).  The information 

from the lobula and lobula plate is then sent to central brain areas (Strausfeld, 1976).  Of 

all the visual neurons studied in the insect brain, some of the most studied neurons are in 

the wide field motion detection system in the lobula plate of flies (Hausen, 1981; Hausen 

and Wehrhahn, 1989).   

The lobula plate neurons are specialized wide field tangential neurons (Strausfeld, 

1976).  These neurons have been shown to be sensitive to wide field moving stimuli and 

they only receive green channel input from the retina (which means they are not sensitive 

to color) (Borst and Egelhaaf, 1989; Hausen, 1981; Hausen and Wehrhahn, 1989).  These 

wide field tangential neurons have been shown to be essential for the optomotor response 

and, since they are not sensitive to color, they are likely involved in achromatic motion 

pathways (Borst and Egelhaaf, 1989).   

The next question is where the chromatic pathways are located in the fly brain.  It 

has been hypothesized that the color-sensitive pathways are in the lobula of the fly brain 

(Douglass and Strausfeld, 1998).  Therefore, the fly visual system may also have some 



17 
 

segregation of motion and color pathways that correlates with anatomical structures, but 

an essential step to determine whether this is the case is to record from and fill neurons in 

the lobula and lobula plate while presenting color and motion cues to determine whether 

function segregates anatomical lines in flies. 

The bee visual system could also exhibit segregation of color and motion 

pathways along anatomical lines, as evidenced by behavior, but as in the flies, we do not 

have enough data to support the idea.  Several researchers have tested the sensitivities of 

neurons to color and motion cues in the optic lobes in honeybees (i.e. De Voe et al., 

1982; Menzel, 1973, 1974; Kien and Menzel, 1977a, 1977b; Yang and Maddess, 1997; 

Yang et al., 2004).  However, very few studies have involved stimulating the bee visual 

system with both color and motion stimuli while recording intracellularly from honeybee 

neurons and subsequently filling the neurons with fluorescent dye (Hertel, 1980; Hertel et 

al., 1987; Hertel and Maronde, 1987).   

While past data have somewhat supported the concept that visual information is 

segregated along parallel anatomical lines in the bee brain (Hertel, 1980; Hertel et al., 

1987; Hertel and Maronde, 1987), there has not been a systematic, consistent analysis of 

neurons in the bee brain, whether honeybee or bumblebee, to definitively establish this 

idea.  To better understand the segregation of visual information in the bee brain, the 

author used numerous techniques to determine how the bee brain processes various visual 

cues in parallel.   
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1.3 Significance of this dissertation research  

The significance of this work is that, by determining how the bee visual system 

operates on the mechanistic level, we can begin to understand how the bee brain, with its 

fraction of neurons compared to mammalian systems, support the wide array of bee 

visual behaviors summarized above.  Considering the rich repertoire of visual behaviors 

bees perform on a daily basis, it is possible that the efficient segregation of visual 

information along with the parallel processing of multiple visual cues, allows bees to 

interact more effectively with their widely varying natural environments.  Therefore, the 

purpose of this dissertation is to determine whether the bee brain exhibits a functional 

segregation of visual information, and whether this functional separation is reflected in 

the bee's neuroanatomy.  

To be able to perform the physiological studies, the author utilized another bee 

species for most of the experiments, the bumblebee, Bombus impatiens.  Bumblebees are 

closely-related to honeybees (Roig-Alsina and Michener, 1993; Schultz et al., 2001), 

have extensive visual behaviors (Dyer and Chittka, 2004; Ney-Nifle et al., 2001), 

trichromatic color vision (Peitsch et al., 1992), have similar anatomical brain structures 

(Mares et al., 2005), and generally are more robust in the face of experimental 

manipulation. 

Most of the data included in this thesis is from intracellular recordings from the 

bumblebee while presenting color and motion cues to the eye.  These data were paired 

with anatomical characterization of the recorded cells after filling single neurons with 
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fluorescent dye.  In this way, both a functional and an anatomical map of the bee brain 

could be constructed at different stages in the bee visual processing pathway.   

The different stages of the bee visual pathway which were examined were the 

medulla, the lobula, and the lateral protocerebrum, a central brain area which receives 

input from medulla and lobula neurons.  The progression through the dissertation is 

structured along the lines of the bee visual system, in that the first section addresses 

responsiveness of the medulla neurons to color and motion cues and how the medulla 

neuroanatomy maps to the layered organization of the medulla.  Next, neurons in the 

lobula are addressed, particularly in terms of their physiological response properties and 

their relationship to the anatomy of the lobula.   

The third portion of the dissertation deals with visual neurons that provide input 

to the mushroom bodies (central paired structures in the insect brain associated with 

learning and memory; Heisenberg, 1998, 2003).   The final section of the dissertation 

addresses a set of neurons in the central brain, the neurons in the lateral protocerebrum.  

Lateral protocerebral neurons are described in terms of their anatomy and physiological 

response properties.  Then, the physiology and anatomy of the lateral protocerebral 

neurons are compared with lobula and medulla neurons to compare the response 

properties of neurons across three levels of visual processing in the bee brain.  These data 

are then discussed as a part of the greater whole making up the bee brain.   
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1.4 Specific contribution of the author 

The author’s contribution to this dissertation included recording intracellularly 

from all 162 neurons reported in the dissertation while presenting visual cues, filling the 

neurons with fluorescent dye, and anatomically reconstructing the neurons both in two 

and three dimensions.  The author also reconstructed areas of the bee brain in two and 

three dimensions using custom software.  In addition, the author performed the data 

analyses on the activity and temporal properties of the responses of the recorded neurons.  

To examine the anatomy of the brain, the author performed mass fills of neurons to 

elucidate branching patterns of groups of neurons.   Finally, the author wrote most of the 

dissertation, with some aid given by coauthors on individual papers.  

 To be able to place the recorded and filled neurons in a neuroanatomical 

framework, James Phillips-Portillo performed reduced silver Bodian staining on 

bumblebee brains, which delineates neurons and tracts.  Michael Zimmerman performed 

Golgi impregations of neurons in the bumblebee brain to identify individual neurons.  Dr. 

Birgit Ehmer, Tulika Balagopal, and Jorge Palacios also provided mass fills of neurons in 

the bumblebee brain.  Aid to the author in using analysis tools was given by Dr. Jean-

Marc Fellous.  Finally, to better understand neurotransmitter distribution in the brain, Dr. 

Andrew M. Dacks performed immunocytochemistry to identify the location of histamine, 

serotonin, and γ–ammunobutyric acid (GABA) in the bumblebee brain.   

 Dr. Wulfila Gronenberg, Dr. Andrew M. Dacks, James Phillips-Portillo, and Dr. 

Jean-Marc Fellous all contributed to written portions of the papers.  
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CHAPTER 2.  PRESENT STUDY 

The present study addresses the segregation of visual information in the bee brain, 

with a focus on neurons in three main regions along the visual pathway.  The author 

intracellularly recorded and filled individual neurons with branching patterns in these 

three main regions while presenting visual cues to the bee in order to measure the 

sensitivity and selectivity of the neurons to color and motion cues.  To supplement 

understanding the visual pathways, neuroanatomical and immunocytochemical 

techniques were used to map the bee brain structures and reconstruct the regions in two 

and three dimensions.  All the sections of the present study are essentially utilizing the 

same or similar tools to understand segregation at different levels of the visual pathway.    

Therefore, the present study is divided into four main parts, divided along the 

lines of anatomy.  The first, second, and fourth sections address three different levels of 

the bumblebee visual system, namely the medulla (section 2.1; Appendix A), the lobula 

(section 2.2; Appendix B), and lateral protocerebrum (section 2.4; Appendix D).  The 

third portion of the dissertation deals with a subset of medulla and lobula neurons that 

input to the mushroom bodies (section 2.3; Appendix C).  Using this organization, we 

begin by addressing neurons in the periphery of the nervous system, closer to the eye, and 

then move centrally to address how neurons across different levels of the visual system 

respond to the same set of stimuli.  Finally, we end the chapter with some conclusions 

from the data and the implications of the work for understanding visual processing, not 

only in bees, but also in other organisms, including vertebrates.  
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2.1 Segregation of Visual Information in the Bumblebee Medulla 

This manuscript is located in Appendix A, entitled “Segregation of visual 

information in the bumblebee medulla,” and will be submitted for publication in the near 

future.  The manuscript addresses the anatomical and physiological properties of neurons 

in the medulla, a structure in the optic lobe (the primary major visual processing center in 

the bee brain).  

 

2.1.1 Introduction 

In any visual system, information must pass from the eye, through several stages 

of processing to reach the central brain where the information is integrated to allow the 

organism to produce behaviorally relevant responses.  The bee visual system is no 

exception, where the visual information arrives at the eye at the level of the retina, which 

contains photoreceptors.  Much of the photoreceptor information is passed on to a first 

order visual neuropil, the lamina, which then sends inputs to the medulla, a second order 

neuropil, both of which are contained in the optic lobes (Ribi and Scheel, 1981; 

Strausfeld, 1976).  The medulla, in turn, divides its outputs into two major streams: (1) 

the lobula, a third order brain structure in the optic lobes, and (2) into the central brain, 

bypassing the lobula (Gronenberg, 2001; Ehmer and Gronenberg, 2002; Ribi and Scheel, 

1981; Strausfeld, 1976).  Therefore, the key location of the medulla along the visual 

pathway could be a sign that the medulla plays a major role in the processing of visual 

information from the eye, and a better understanding of its internal structure and the 
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function of components of the medulla could be key to understanding the mechanisms of 

visual processing in the bumblebee. 

Indeed, the medulla could be an important area for processing color information 

in the bee brain, considering that, while the lamina receives input from the green 

photoreceptors (R1-6), short wavelength sensitive photoreceptors (blue to ultraviolet; R7-

R9) bypass the lamina and input directly onto medulla neurons (Campos-Ortega and 

Strausfeld, 1972; Gribakin, 1969, 1972; Ribi, 1975a).  To be able to produce color 

sensitive responses, the visual system must compare the inputs from several different 

types of photoreceptors, which could mean that neurons in the medulla participate in the 

initial stages of color processing in the bee brain.  This idea has been supported by past 

research, where medulla neurons have been shown to be color sensitive and color to 

display color opponency (Hertel, 1980; Hertel and Maronde, 1987; Hertel et al., 1987; 

Paulk and Gronenberg, 2008). 

Certain medulla neurons have also been shown to be motion sensitive (Douglass 

and Strausfeld, 2003, 2007; O’Carroll et al., 1992; Osorio, 1986), polarization sensitive 

(Homberg and Würden, 1997), and to have spatially antagonistic receptive fields (Hertel, 

1980).   Granted, since the medulla is in such a key location along the visual pathway, it 

is not surprising to find such a diversity of response types.  However, very few studies 

have addressed how the internal medulla structure could be divided along functional and 

anatomical lines using multiple visual stimuli (Hertel, 1980; Hertel and Maronde, 1987; 

Hertel et al., 1987; O’Carroll et al., 1992).  Also, since we know the bee medulla can be 
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divided into eight layers based on anatomy (Ribi and Scheel, 1981), I wanted to examine 

how neurons in the medulla could be divided into anatomical groups and whether this 

anatomical segregation correlated with function.   

The methods to approach this problem involved three major steps and are 

described in Appendix A: Methods.  First, we examined the layered anatomy of the 

medulla using Bodian reduced-silver staining and Golgi impregnation techniques, and 

combined these data with mass fills of neurons in the bumblebee brain.  The anatomy was 

further investigated with immunocytochemistry to label the brain tissue with antibodies 

for GABA, serotonin, and histamine.   

Secondly, I intracellularly recorded and filled individual medulla neurons.  The 

neurons were reconstructed anatomically, classified into specific neural types, and 

mapped onto the medulla layers.  Then, to correlate the anatomy with the physiology, I 

examined whether the neural classes or their branching patterns correlated with particular 

response types, which was the ultimate goal of the investigation.   

 

2.1.2 Summary 

The results are described in Appendix A: Results.  The results, like the methods, 

are divided into three major sections.  First, I investigate the layered anatomy of the 

medulla (Fig. 1; Appendix A).  Second, the anatomy of individual neurons is described 

(Fig. 2, 3; Appendix A).  Finally, the physiological response properties of the neurons are 

mapped to the anatomy of the medulla itself (Fig. 4-7; Appendix A).  
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The bumblebee medulla, like the honeybee medulla, is divided into eight layers 

(Fig. 1, Appendix A; Ribi and Scheel, 1981).  These layers were reflected in the 

branching patterns of populations of medulla neurons, which can be observed using 

Bodian reduced silver staining and mass fill staining techniques (Fig. 1; Appendix A).  In 

addition, GABA-like, serotonin-like, and histamine-like immunolabeling was distributed 

into different layers of the medulla (Fig. 1; Appendix A).  In particular, histamine-like 

immunolabeling highlighted possible photoreceptor input to the medulla, confirming 

earlier reports that some photoreceptors directly input to the medulla (Fig. 1; Appendix 

A; Ribi, 1975a; Ribi and Scheel, 1981).   

Individual neurons that were recorded and fluorescently labeled also followed the 

layered structure of the medulla (Fig. 2, 3; Appendix A).  Three major classes of medulla 

neurons were identified and their branching patterns were mapped to the medulla layers 

(Fig. 2, 3).  There was a general distribution of neurons projecting into the outer layers 

versus those that branched in the inner layers (Table 1; Appendix A).  Therefore, I 

classified the neurons as either 1) belonging to a specific anatomical class or 2) branching 

mostly in either the inner or outer medulla layers.  Using these classifications, I examined 

the physiological response properties of the neurons. 

I addressed the medulla neural responses to light flash and color stimuli.  The 

temporal dynamics of the neural responses to light flashes varied somewhat across 

neuron types (Fig. 4; Appendix A), but the temporal dynamics correlated more with 

whether the neurons branched in the outer or the inner layers (Fig. 4; Appendix A).  
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Color sensitivity, on the other hand, was evenly distributed among the neuron types (Fig. 

5; Appendix A).  However, across layers, I found more complex color responses in the 

inner layers than those on the outer layers (Fig. 5; Appendix A).  In addition, neurons in 

the inner layers of the medulla adapted more often than those on the outer layers (Fig. 6; 

Appendix A). 

In other words, the locations of the branching patterns correlated with the 

response properties of the neurons, at least more so than the neural types (Fig. 7).  

Therefore, the medulla neurons are segregated functionally, which results in the 

responses becoming more complex as one progresses from the outer to the inner layers, 

both in color sensitivity and temporal dynamics.  This is not surprising since the lamina 

and photoreceptors input to the outer medulla layers.  Additional computations may be 

occurring as medulla neurons in the outer layers communicate information to the medulla 

inner layers.  Therefore, the medulla layers likely represent progressive stages of 

processing, an idea which was supported in this investigation of the medulla (Appendix 

A).     

The major implications of this research are that the medulla contains layers which 

can be functionally and anatomically segregated along the lines of color and temporal 

dynamics.  Gilbert et al. (1991) also found that, as they progressed from the outer to the 

inner medulla in the fleshfly, the neurons produced more complex motion responses.  

Therefore, while additional studies in motion responses in bee medulla neurons are 

needed, color and motion information is differentially signaled in the inner medulla 
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layers, which was found by investigating the medulla along anatomical and physiological 

lines.  The color sensitive neurons may be, then, the initial stages of color processing.  

Since we found many medulla neurons which were clearly not color sensitive, the 

progressive layers of the medulla could contain the beginning of the segregation of visual 

information in the bee brain, specifically between chromatic and achromatic pathways. 

 

2.1.3 Specific contribution of the author and the coauthors 

To complete this research, the author recorded and filled the individual medulla 

neurons with fluorescent dye.  The author then reconstructed the neurons in two and three 

dimensions.  The author also analyzed the physiological data and the responses of the 

neurons to various visual cues.  In addition, the author wrote most of the manuscript. 

Dr. Andrew M. Dacks performed the immunocytochemistry to label the brain 

tissue for GABA-like, serotonin-like, and histamine-like immunolabeling and edited the 

manuscript.  James Phillips-Portillo performed the Bodian staining procedures on 

bumblebee brains.  Michael Zimmerman performed the Golgi staining on bumblebee 

brains.  Dr. Wulfila Gronenberg photographed the Bodian and Golgi- stained 

preparations and edited the manuscript.   
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2.2 The Processing of Color, Motion, and Stimulus Timing are Anatomically 

Segregated in the Bumblebee Brain 

A version of this manuscript is in Appendix B, entitled “The processing of color, 

motion, and stimulus timing are anatomically segregated in the bumblebee brain,” and 

has been accepted for publication in the Journal of Neuroscience.  However, there are 

enough differences between the published work and the manuscript in Appendix B that 

permission did not need to be acquired.  The manuscript addresses the anatomical and 

physiological properties of neurons in the lobula, a third order neuropil in the bumblebee 

optic lobes.  The visual system contains a series of processing stages to allow the brain to 

deal with the complex visual world.  These processing stages can be segregated pathways 

operating in parallel, with neurons in the separate pathways signaling different aspects of 

the visual scene, such as color or motion information (Callaway, 2005).  Since insects, 

and bees in particular, have been shown to use segregated visual pathways behaviorally 

(Chittka and Tautz, 2002; Kaiser and Liske, 1972; Srinivasan and Lehrer, 1988), we can 

examine the mechanisms of segregating visual information in the insect brain as well, 

particularly in a key brain structure, the lobula. 

 

2.2.1 Introduction 

The bee lobula is the third order structure in the optic lobes.  It recieves input 

from the medulla as well as feedback from the central brain (Cajal and Sanchez, 1915; 

Strausfeld, 1976).  Unlike flies and many other insects which have both a lobula and 
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lobula plate (Strausfeld, 1976, 2005), bees only have a lobula.  The bee lobula is a 

layered structure, with different layers containing different types of neurons (Ribi and 

Scheel, 1981).  Since the bee lobula sends major inputs into central brain, the visual 

information and processing ocurring within the lobula could be key to understanding how 

visual information is possibly segregated, processed in parallel, and then sent on to the 

central brain to be integrated along with multimodal stimuli.  As addressed in section 2.1 

(Appendix A), the medulla demonstrates some amount of segregation of visual 

information among the anatomical layers.  The next question is whether the lobula 

exhibits similar correlations between anatomy and physiological response properties 

between layers as well.    

To answer this question, I first examined the anatomy and internal structure of the 

bumblebee lobula using Bodian and mass fill techniques (Methods; Appendix B).  We 

also performed immunocytochemistry to label the brain tissue for GABA, serotonin, and 

histamine.  Then, I intracellularly recorded and filled individual lobula neurons while 

presenting an array of visual cues (Fig. 1; Appendix B).  The lobula neurons were 

reconstructed anatomically in both two and three dimensions, classified into specific 

neural types, and mapped onto the lobula layers.   

Then, to correlate the anatomy with the physiology, I examined whether the 

neural classes or their branching patterns correlated with particular responses to color and 

motion stimuli, which was the ultimate goal of the investigation.  In addition, to examine 

the responses of the neurons to light flashes further, I measured the spike time precision 
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and response reliability of the neural responses across trials of light flashes, which are 

two measures of the temporal dynamics of the neurons (Mainen and Sejnowski; 1995; 

Schreiber et al., 2003; review: Tiesinga et al., 2008).   

 

 2.2.2 Summary 

The results are described in Appendix B: Results.  The results are divided into 

four major sections.  First, we investigate the anatomy of the lobula using various 

staining techniques and immunocytochemistry (Fig. 2, 3; Appendix B).  Second, the 

anatomy of individual neurons is described (Fig. 4; Appendix B).  Next, the physiological 

response properties of the lobula neurons to color and motion stimuli are mapped to the 

anatomy of the layers of the lobula (Fig. 5-6; Appendix B).  Finally, I compared the 

temporal dynamics of the neurons in response to light flashes and quantified these 

differences using precision and response reliability measures of the neural responses 

across trials of stimuli (Mainen and Sejnowski; 1995; Schreiber et al., 2003; review: 

Tiesinga et al., 2008). 

As was found in the honeybee brain (Ribi and Scheel, 1981), the bumblebee 

lobula is divided into six layers which are delineated by the fine branching patterns of the 

lobula neurons themselves (Fig. 2; Appendix B).  The outer layers (layers 1-3) contain 

regular, organized neurites arranged in a columnar array (Fig. 2; Appendix B).  Layer 4 

exhibits this organization along with large longitudinal elements (Fig. 2; Appendix B).  In 

contrast, lobula layers 5 and 6 exhibit diffuse complex branching patterns (Fig. 2; 
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Appendix B).  Medulla inputs also reflect this difference between layers 1-4 and 5 and 6, 

as we found by performing mass fills of medulla neurons sending their inputs to the 

lobula (Fig. 2; Appendix B).  Also, GABA-like and serotonin-like immunolabeling 

revealed that the neurotransmitter distribution also followed the layers of the lobula.  

Therefore, the underlying layered structure of the lobula could represent a functional 

segregation of information. 

To determine whether individual neurons within the layers were anatomically 

segregated along functional lines, I recorded 105 lobula neurons while presenting color 

and motion cues and subsequently filled them with fluorescent dye to determine where 

the neurons branched in the lobula.  I found that the recorded lobula neurons either 

branched in layers 1-4 (Layer 1-4 neurons; n=60), in layers 5-6 (Layer 5-6 neurons; 

n=33), or branched in both areas (Layer 1-6 neurons; n=12) (Fig. 4; Appendix B).  I then 

compared the three different anatomical groups in terms of their responses to color, 

motion, and their temporal response properties.     

I found that Layer 5-6 neurons generally had more color sensitivity than the Layer 

1-4 and Layer 1-6 neurons (Fig. 5; Appendix B).  However, the distribution of motion 

sensitivity was relatively even between the lobula neural categories (Fig. 6; Appendix B).  

Instead, I found more neurons sensitive to both, color and motion, among the Layer 5-6 

neurons than the Layer 1-4 and Layer 1-6 neurons (Fig. 6; Appendix B).  In other words, 

I found that many Layer 1-4 neurons are likely a part of the achromatic motion pathway, 

which was separate from the color sensitive Layer 5-6 neurons, indicating that color and 
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motion are, indeed, segregated in the lobula.  Interestingly, I found that the pathways did 

converge in some neurons, particularly in layers 5-6, indicating that, while the processing 

pathways are segregated, they also converge within the lobula. 

While I examined the color and motion responses to determine whether there was 

any segregation of information in the lobula, I also wanted to compare the different 

groups based on their temporal response properties to light flashes.  I found that the 

temporal dynamics of the responses to light flashes were distributed differently among 

the layer groups (Fig. 7; Appendix B).  To quantify these differences, I measured the 

spike time precision and response reliability of the neurons in response to light flashes 

across trials (Supplementary Figure 3; Appendix B).  We found the Layer 5-6 neurons 

were generally more precise while the Layer 1-4 neurons were more reliable, or 

consistent, in their responses.  Therefore, bumblebee lobula neurons demonstrated 

differences in color, motion, and temporal response properties based on their branching 

patterns in the lobula.  In general, visual information appeared to be segregated among 

the layers. 

Next, I investigated the projection patterns of the neurons to the central brain to 

determine whether the information is segregated in the brain.  I found that the neurons in 

the different layers also output to different areas of the brain, indicating that visual 

information is segregated both at the level of the lobula and at the level of the projections 

from the lobula. 
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2.2.3 Specific contribution of the author and coauthors 

To do this research, the author recorded and filled all 105 individual lobula 

neurons with fluorescent dye.  The author then reconstructed the neurons in two and three 

dimensions.  The author also reconstructed major brain areas in three dimensions from 

two dimensional sections.  The author analyzed the physiological data and the responses 

of the neurons to various visual cues.  In addition, the author wrote the majority of the 

manuscript. 

Dr. Andrew M. Dacks performed the immunocytochemistry to label the brain 

tissue for GABA-like and serotonin-like immunolabeling and transmogrified the 

manuscript.  James Phillips-Portillo performed the Bodian staining procedures on 

bumblebee brains and edited the manuscript.  Dr. Wulfila Gronenberg photographed the 

Bodian and Golgi- stained preparations and edited the manuscript.  Dr. Jean-Marc Fellous 

aided the author in performing the complex analyses on the neural responses and edited 

the manuscript. 

 

2.3 Higher Order Visual Input to the Mushroom Bodies in the Bee, Bombus 

impatiens 

This manuscript is located in Appendix C, entitled “Higher order visual input to 

the mushroom bodies in the bee, Bombus impatiens,” and has been accepted for 

publication in the journal, Arthropod Structure and Development.  The manuscript 

addresses the anatomical and physiological properties of visual optic lobe neurons which 
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input to the mushroom bodies, a central brain structure associated with learning and 

memory (Heisenberg, 1998, 2003).  

 

2.3.1 Introduction 

While we investigated visual neurons in the medulla and lobula and classified 

them based on their branching patterns in these regions (see sections 2.1, 2.2, Appendix 

A, Appendix B), we also wanted to investigate a subset of medulla and lobula neurons 

that were characterized by where the neurons project in the brain.  Specifically, we 

focused on neurons that provide input to the mushroom bodies.  The mushroom bodies 

are central paired structures associated with olfactory learning and memory in flies and 

bees, as determined using various tools (Erber et al., 1980; Heisenberg 1998, 2003; 

Review: Menzel, 1999, 2001; Menzel and Giurfa, 2006).   

In most insects, direct input from the optic lobes to the mushroom bodies is 

lacking or is insignificant (cockroaches: Strausfeld and Li, 1999; Orthoptera: Honegger 

and Schürmann, 1975).  However, bees, wasps, and ants have substantial visual input 

from the optic lobes to the mushroom bodies (Mobbs, 1982, 1984; Gronenberg, 1986, 

2001; Ehmer and Gronenberg, 2002).  Since the visual input from the medulla and lobula 

is segregated in the mushroom body calyces (an input region of the mushroom bodies; 

Kenyon, 1896), we hypothesized that the visual information to the mushroom bodies 

might also be segregated along functional lines, such as color or motion. 
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The methods used to characterize these neurons involved two major steps.  First, 

to confirm that the bumblebee brain indeed has similar distributions of sensory inputs to 

the mushroom bodies as observed in honeybees, we performed mass fills of neurons from 

the optic lobes and antennal lobes (primary olfactory centers of the brain).  Next, we 

recorded from and subsequently filled optic lobe neurons with inputs to the mushroom 

bodies while presenting motion and color cues (Fig. 2; Appendix C) to determine whether 

the neurons segregate along functional and anatomical lines.   

 

2.3.2 Summary 

In mass fills of neurons in the optic lobes and in the antennal lobes, we found the 

visual (optic lobe) and antennal lobe (olfactory) inputs were segregated in the mushroom 

body calyces (Fig. 1; Appendix C).  In addition, we found that the lobula and medulla 

neural inputs are segregated in the mushroom bodies as well, which was also found in the 

honeybee (Fig. 1; Appendix C; Ehmer and Gronenberg, 2002).  Therefore, since the optic 

lobe inputs do seem to be segregated in the bumblebee, the next question is whether this 

represents a functional segregation of visual information. 

I recorded intracellularly and morphologically reconstructed 11 spiking 

interneurons that project from the optic lobes to the mushroom bodies (MB input 

neurons; Fig. 3, 4; Appendix C).  One of the neurons was a medulla neuron, while the 

remaining MB input neurons were either small field lobula neurons (n=2) or were large 

field lobula neurons (n=8; Fig. 3, 4; Appendix C).  The MB input neurons branched into 
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specific regions of the optic lobes.  The lobula neurons all had branching patterns (or 

putative inputs) in layers 5 and 6 in the lobula (Fig. 4; Appendix C).  The medulla 

neuron, on the other hand, branched in the outer layers of the medulla. 

In terms of the neural to the mushroom bodies, the different neural types projected 

into different areas of the mushroom body calyces which correlated with the branching 

patterns of the neurons in the optic lobes (Fig. 5; Appendix C).  For instance, the medulla 

neuron projected into the outer rim of the calyx, while the small field lobula input 

projections were closer to the inner rim of the calyx (Fig. 5, 11; Appendix C).  The large 

field lobula neurons had the innermost projections in the calyx and input to regions that 

overlapped with olfactory input areas (Fig. 5, 11; Appendix C).  Moreover, the lobula 

inputs to the mushroom body had additional projections into another area, the superior 

lateral protocerebrum, an area in the central brain next to the mushroom bodies (Fig. 5F; 

Appendix C).   

When I examined the response properties of the MB input neurons, they were all 

color sensitive (Fig. 6; Appendix C).  Only a subset of the neurons was motion sensitive 

(Fig. 7; Appendix C).  In addition, individual MB input neurons also exhibited unique 

response dynamics to light flashes, with some neurons producing precise spike responses 

across trials (Fig. 8A, B; Appendix C), summation (Fig. 8C, D; Appendix C), stimulus 

entrainment (Fig. 9; Appendix C), and habituation (Fig. 10; Appendix C).  While we 

could not find any distinct differences in the response properties of the neurons that 

correlated directly with anatomy, we did find that the optic lobe visual input neurons 
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generally produced complex responses to relatively simple stimuli.  These results support 

the idea that the mushroom bodies could be involved in context processing and, possibly, 

in the formation of associations.  This is especially likely if the mushroom body input 

neurons produce well-timed and coincident spikes to ensure responses from the 

postsynaptic targets in the mushroom bodies.   

  

2.3.3 Specific contribution of the author and the coauthor 

To do this research, the author recorded and filled the individual mushroom body 

input neurons with fluorescent dye.  The author then reconstructed the neurons in two and 

three dimensions.  The author also analyzed the physiological data and the responses of 

the neurons to various visual cues.  In addition, the author wrote the majority of the 

manuscript.  Dr. Wulfila Gronenberg photographed the Bodian stained preparations and 

edited the manuscript.   

 

2.4. Parallel pathways of visual processing in the bumblebee protocerebrum 

This manuscript is located in Appendix D, entitled “Parallel pathways of visual 

processing in the bumblebee protocerebrum,” and will be submitted for publication in the 

near future.  The manuscript addresses the anatomical and physiological properties of 

neurons at three different stages of visual processing, with a specific focus on neurons in 

the lateral protocerebrum, a major output region for the optic lobes.  
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2.4.1 Introduction 

 As has been demonstrated in the previous sections of this dissertation, the 

bumblebee visual system in the optic lobes employs complex mechanisms to signal visual 

cues, which involve multiple stages of processing segregated both functionally and 

anatomically, particularly in both the medulla (section 2.1; Appendix B) and lobula 

(section 2.2; Appendix B; Paulk et al., 2008).  In addition, subsets of these neurons 

exhibit segregated response properties which correlate with their projection patterns.  For 

example, optic lobe neurons with inputs to the mushroom bodies exhibit significantly 

higher rates of habituation compared to neurons projecting elsewhere in the brain (section 

2.3; Appendix C; Paulk and Gronenberg, 2008).   

After examining neural outputs from the lobula and comparing the neural 

response properties, I found that visual output to the central brain is segregated as well, 

with achromatic motion information sent to different regions of the brain compared to the 

regions where color information is sent (section 2.2; Appendix B; Paulk et al., 2008).  

Since I found such segregation of visual information in the bumblebee brain from the 

optic lobes to the central brain, the next question is: how is this information represented 

centrally?   

 To examine this question, I examined the anatomy and physiology of neurons in 

the lateral protocerebrum.  The lateral protocerebrum is a brain area which has received 

little study in the past with regard to the visual system.  The lateral protocerebrum is a 

diffuse structure (as opposed to the layered or otherwise segmented architechture of the 
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optic lobes, antennal lobes, central complex or mushroom bodies) surrounding the 

mushroom bodies laterally, and is medial to the optic lobes (Strausfeld, 1976).  While 

researchers have begun to map the area (Okamura and Strausfeld, 2007; Otsuna and Ito, 

2006; Strausfeld and Okamura, 2007; Strausfeld et al., 2007), the lateral protocerebrum is 

a difficult area to approach on the anatomical level since it is a mixture of neuronal tracts 

(passing through the lateral protocerebrum from one brain area to the next) and glomeruli 

containing a mixture of fine and blebbed terminals, presumably for inter-neuronal 

communication (Strausfeld and Okamura, 2007; Strausfeld, 1976).  Therefore, I wanted 

to determine whether there was any regionalization of the lateral protocerebrum based on 

anatomy that correlated with the response properties of lateral protocerebrum neurons as 

well as neurons projecting to the area from the optic lobes.   

First, to understand the overall structure of the lateral protocerebrum, I mapped 

regions of the lateral protocerebrum in three dimensions based on the internal structure of 

the neural projections using Bodian staining.  Next, I examined the anatomy of the visual 

inputs to the lateral protocerebrum, the lobula and medulla neurons, to determine how 

their inputs segregate into regions of the lateral protocerebrum.  Then, I intracellularly 

recorded from neurons in the lateral protocerebrum while presenting motion and color 

cues and subsequently filled them with fluorescent dye.  I mapped the neural branching 

patterns to identified regions of the lateral protocerebrum.  Finally, I compared the color 

and motion sensitivities and temporal response dynamics of the lateral protocerebral 
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neurons and those of the lobula and medulla inputs with their anatomical locations to 

correlate structure with function.  

 

2.4.2 Summary 

  To begin to map the lateral protocerebrum using anatomical landmarks, I 

divided the structure of the lateral protocerebrum based on neural branching patterns 

shown in Bodian staining into five major regions (Fig. 1; Appendix D).  These five 

regions were then reconstructed in three dimensions in the bee brain along with other 

major brain structures (Fig. 1E-J; Appendix D).  Three of these regions contained 

multiple glomeruli, but, without additional staining techniques, I could not differentiate 

all the glomeruli in the structures (Fig. 1; Appendix D).  However, using this three 

dimensional map, I could begin to examine whether some functional segregation exists in 

the lateral protocerebrum along anatomical lines.  

Once I had established some basic landmarks to compare with branching patterns 

of individual neurons, I examined the projection patterns of lobula and medulla inputs to 

the lateral protocerebrum (Fig. 2; Appendix D).  I found the Layer 1-4 lobula neurons and 

the medulla neurons output to the posterior protocerebrum for the most part (Fig. 2; 

Appendix D; Paulk et al., 2008).  However, many of the lobula Layer 5-6 neurons and the 

columnar Layer 1-6 neurons sent projections into the anterior or medial protocerebrum, 

which included the superior lateral protocerebral or the inferior lateral protocerebral areas 

(Fig. 2; Appendix D; Paulk et al., 2008).  Therefore, the lobula and medulla inputs clearly 
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segregate into different regions of the lateral protocerebrum, which also correlates with 

functionally different groups of neurons (section 2.1; Appendix A; section 2.2; Appendix 

B; Paulk et al., 2008).   

To examine whether this segregation continued in the lateral protocerebrum, I 

recorded from 30 lateral protocerebral neurons while presenting motion and color cues 

When I examined the responses of the neurons to color and motion cues, I found that 

very few protocerebral neurons responded to motion cues, but several responded to color 

cues, particularly with complex temporal dynamics (Fig. 4, 5; Appendix D).   

I had also filled the recorded neurons with fluorescent dye to compare their 

branching patterns in the lateral protocerebrum (Fig. 3; Appendix D).  I found that the 

neurons could be separated into four major categories.  The neurons of my sample either 

branched in the 1) superior or the 2) inferior lateral protocerebrum, or the neurons 

branched in the 3) anterior or the 4) medial protocerebrum.  These four categories 

allowed me to make two major comparisons of the physiological response properties 

between categories of lateral protocerebral neurons based on anatomy (i.e. superior 

versus inferior lateral protocerebrum; anterior versus posterior; Fig. 3; Appendix D).   

Next, I wanted to find out whether there are any specific areas of the brain which 

correlate with color processing versus motion processing.  To do this, I mapped the 

lobula and medulla inputs as well as the locations of the lateral protocerebral neurons to 

the superior or inferior lateral protocerebrum (Fig. 6A; Appendix D), or along the 

anterior-posterior axis (Fig. 6B; Appendix D).   
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I then compared the color and motion responses of the neurons to see if any one 

comparison demonstrated any trends.  I found that color sensitivity was evenly 

distributed when comparing the entire lobula with the superior and inferior lateral 

protocerebral neurons (Fig. 6A; Appendix D).  Conversely, I found neurons branching or 

projecting anteriorly were generally more color sensitive, while neurons branching or 

projecting posteriorly were generally not color sensitive (Fig. 6A; Appendix D).  When I 

made the same comparison for motion sensitivity, I found that the anterior or medial 

neurons were generally not motion sensitive, while the posteriorly projecting neurons 

were generally motion sensitive (Fig. 7; Appendix D).  Therefore, color and motion 

sensitivity is indeed segregated anatomically in the bee brain. 

In addition to color and motion sensitivity, (section 2.2; Appendix B; Paulk et al., 

2008), the temporal dynamics of the responses in the neurons were also different at each 

level of processing, as was found for the lobula neurons.  For example, the lateral 

protocerebral neurons exhibit highly precise spikes across trials which are rarely 

observed in the lobula and medulla neurons (Fig. 9; Appendix D).  In addition, I found 

that, as one moves from the periphery to the central brain, the percent of neurons which 

habituate to the stimulus increases (Fig. 8; Appendix D).   

To determine whether there was a quantifiable difference in the temporal aspects 

of the response, I compared the spike time precision and average event reliability of the 

responses of the medulla, Layer 1-4 lobula, Layer 5-6 lobula, and lateral protocerebral 

neurons (Fig. 10B-E; Appendix D; Paulk et al., 2008).  I  found that, progressing from the 
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medulla to the lateral protocerebral neurons, spike time precision increases and average 

event reliability decreases (Fig. 10B-E; Appendix D; Paulk et al., 2008).  Therefore, not 

only are there differences in the distribution of color and motion sensitivities in the bee 

brain which correlated with the anterior- posterior axis of the brain, but I also found that 

the levels of visual processing, from the medulla to the lateral protocerebrum, 

demonstrate significantly different temporal dynamics.  In other words, neurons in the 

bee brain segregate anatomically and functionally both in terms of their responses to 

stimuli and in terms of their temporal response dynamics.   

 

2.4.3 Specific contribution of the author and coauthors 

To do this research, the author recorded and filled the individual medulla, lobula, 

and protocerebral neurons with fluorescent dye.  The author then reconstructed the 

neurons in two and three dimensions.  The author also reconstructed major brain areas in 

three dimensions from two dimensional sections.  The author analyzed the physiological 

data and the responses of the neurons to various visual cues.  In addition, the author wrote 

most of the manuscript. 

Dr. Andrew M. Dacks performed the immunocytochemistry to label the brain 

tissue for GABA-like and serotonin-like immunolabeling and edited the manuscript.  

James Phillips-Portillo performed the Bodian staining procedures on bumblebee brains.  

Dr. Wulfila Gronenberg photographed the Bodian brain preparations and edited the 
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manuscript.  Dr. Jean-Marc Fellous aided the author in performing the complex analyses 

on the neural responses and edited the manuscript. 

 

2.5. CONCLUSIONS 

2.5.1 Summary of results 

 Any visual organism must contend with the massive array of visual cues 

barraging the visual system, particularly in organisms that utilize the visual world to 

survive, such as foraging bees.  To handle the visual scene, one method is that the brain 

segregates the visual scene based on stimulus type, such as color and motion, processes 

them separately, and eventually integrates the information to be able to produce 

appropriate behaviors (Callaway, 2005; Douglass and Strausfeld, 1998).  The purpose of 

this dissertation research was to examine the anatomical and physiological organization 

of neurons in the bumblebee brain to determine whether the bee brain segregates visual 

information and whether that segregation correlates with the anatomy of the brain.  To 

achieve this goal, a total of 162 neurons at three major loci along the visual pathway were 

intracellularly recorded while presenting color and motion cues.  The neurons were 

subsequently filled with fluorescent dye to allow the author to reconstruct the anatomy of 

the neurons and map the cells to the structures of the brain.  In the process, neurons in 

two areas of the optic lobes, the medulla and the lobula, as well as central brain neurons 

in the lateral protocerebrum were identified anatomically.   
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 To be able to do this, we first had to identify major anatomical structures in the 

brain and map the regions both in two and three dimensions.  We also used 

immunocytochemistry and histological staining tools to aid in creating these maps.  

Using these maps, I could then match the individual neurons to these structures and begin 

to create a functional map of the medulla, lobula, and lateral protocerebrum based on the 

physiological response properties of neurons in different regions of these structures.   

I found that, at the different levels of the visual system, namely the medulla, 

lobula, and lateral protocerebrum, visual information is segregated along the lines of 

color and motion sensitivity, and this correlates with the anatomy of the neurons in the 

structures.  In particular, color processing was mostly found in the anterior regions of the 

lobula and lateral protocerebrum.  In the case of the medulla, increased color coding 

complexity was found in the inner medulla compared to the neurons branching in the 

outer medulla.  Therefore, depending on the anatomical branching patterns, I found 

differences in color signaling in the neurons.   

Motion processing, however, was more often found in posteriorly projecting 

lobula neurons, indicating that motion was generally processed in the posterior areas of 

the brain.  This idea is supported by studies in the posterior lateral protocerebrum in flies, 

where protocerebral neurons in these areas preferentially responded to oriented motion 

(Okamura and Strausfeld, 2007).  Therefore, if we compare the fly and bumblebee data, 

then the lateral protocerebrum could actually be divided along the anterior-posterior axis, 

where color processing is done anteriorly while motion processing is performed 
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posteriorly.  If this distribution of function is common to both flies and bees, then at least 

in two insects, visual information is segregated along the lines of color and motion. 

The recorded lobula Layer 5-6 neurons encoded both color and motion 

information, however (Appendix B; Paulk et al., 2008).  Most of the recorded Layer 5-6 

neurons sent their outputs into the anterior or medial protocerebrum.  Since the recorded 

anterior and medial protocerebral neurons did not generally respond to motion cues, the 

next question is: where is the combined color and motion information going in the brain?  

While some of the color and motion sensitive Layer 5-6 lobula neurons do input to the 

mushroom bodies (Appendix C; Paulk and Gronenberg, 2008), there may be additional 

circuits and neurons in the lateral and medial protocerebrum that I have not recorded 

from which would account for this discrepancy.  Nevertheless, with the use of one 

particular technique, that of recording intracellularly and filling the neurons, I have been 

able to begin to map the visual system in the bumblebee both on the functional and the 

anatomical levels. 

 

2.5.2 Past studies in the bee brain 

 While the bee brain is clearly amenable to recording, the question is why a 

mapping of the medulla, lobula, and lateral protocerebrum along anatomical lines has not 

occurred before now, particularly since researchers have been recording from the 

honeybee visual system for the past thirty years (i.e. Autrum and Zwehl, 1964; Kaiser 

and Bishop, 1970; Bishop, 1970; Menzel, 1973, 1974).  The major problem is that, 
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among nearly 25 studies on the physiology of the bee visual system, only 8 studies both 

recorded and filled individual neurons (Table 1).  Researchers who could not correlate 

anatomy with physiology found conflicting results with regard to the responses of 

individual neurons, such as determining the spectral sensitivity of motion detecting fibers 

(Bishop, 1970; Menzel, 1973).  As I found in the bumblebee lobula, the bee visual system 

contains a diversity of visual responses which, in some cases, may or may not correlate 

with anatomy or the overall brain structure.  These results indicated that, on the level of 

individual neurons in the insect brain, we need to fill each recorded neuron and identify 

its branching patterns in the brain to be able make conjectures of the organization of the 

function in the brain.    

 Now, certainly, by recording from neurons in the brain and presenting an array of 

cues to the bee, researchers have found some remarkable color and motion sensitivities in 

the bee brain.  In addition to some of the observations we have made here, past studies 

have shown that neurons in the bee brain can be spatially color opponent (Kien and 

Menzel, 1977a, 1977b; Hertel, 1980), have color opponency dependent on the intensity of 

the stimulus (Hertel, 1980), and non-directional and directional motion responses 

dependent on the area of the visual field where the stimulus was presented (DeVoe et al., 

1982; Hertel, 1980).  Indeed, between past studies as well as this present study, a larger 

picture emerges of the bee brain, in that it contains a cornucopia of visual neurons that 

exhibit a wide range of sensitivities to color, motion, and, likely, pattern cues.  However, 

in the past, without a better characterization of the anatomy, we could only conjecture at 
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the mechanisms of how the bee brain could support such a diversity of visual neurons in a 

brain of nearly 1 million neurons (Witthöft, 1967).   

The real question, then, is whether my findings correlate with past studies.  In 

general, I found similarities with past studies on the color and motion pathways in the bee 

brain, but the main problem is that it is difficult to directly correlate previous studies 

withthe current one.  While some of the previously described neurons may have been 

identical with or very similar to neurons that I have identified here, none of the studies 

actually tabulated their results, but offered individual examples of neurons.  Until the data 

from all the studies are consolidated, we do not know how well data from past studies 

correlate with mine.  However, in general, the basic ideas overlap.  Many motion 

sensitive elements are not necessarily color sensitive (Bishop, 1970; Menzel, 1973), color 

sensitivity can range from broad band, narrow band, and color opponent responses (Kien 

and Menzel, 1977a, 1977b), and neurons of different anatomical branching patterns can 

belong to separate functional types (Hertel, 1980; Hertel and Maronde, 1987; Hertel et 

al., 1987).   

 

2.5.3 Evolution of the bee visual system: comparisons with the fly 

 As mentioned earlier, the fly visual system is one of the best-studied insect visual 

systems in terms of anatomy (Strausfeld, 1976) and physiology (review: Borst and 

Egelhaaf, 1989), but, interestingly, flies have not been as well-studied as bees in terms of 

visual behaviors, particularly in terms of color, motion, and pattern visual processing 
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(reviews: Giurfa, 2007; Menzel and Giurfa, 2001; Srinivasan, 1993; Srinivasan and 

Zhang, 1998; von Frisch, 1965).  While the two groups differ in their natural histories, 

individuals in both groups must navigate the natural world in similar ways.  Therefore, 

comparisons of the bee and the fly visual systems could elucidate whether the underlying 

machinery is different between the two groups. 

   In terms of the periphery, such as the retina, the lamina, and the medulla, the 

neurons of the bee and the fly visual systems appear to be similar (Cajal and Sanchez, 

1915; Ribi, 1975a, 1975b; Strausfeld, 1976).  The greatest difference between the two 

systems is in the next stage of processing.  In flies, output from the medulla goes to the 

lobula complex, which contains a lobula and lobula plate (Cajal and Sanchez, 1915; 

Strausfeld, 1976).  However, in bees, the lobula plate is absent or lost, with only the 

lobula as the next processing stage (Cajal and Sanchez, 1915; Ribi and Scheel, 1981).   

 Cajal and Sanchez (1915) proposed that the bee visual system did not lose the 

lobula plate. Instead, the elements of the lobula plate simply fused into the back of the 

lobula, forming the outer rind of the lobula itself, forming neurons in layers 1-4.  At first 

glance, our data support this idea since many neurons in layers 1-4 are anatomically 

similar to the tangential lobula plate neurons in flies (bee: Fig. 4A,B, Appendix B; Paulk 

et al., 2008; fly: Borst and Egelhaaf, 1989).  These tangential neurons in the bee lobula in 

layers 1-4 are also wide field motion sensitive and color insensitive (Paulk et al., 2008), 

as has been observed in other bee neurons in layers 1-4 (DeVoe et al., 1982), which is 

similar to the fly lobula plate neurons (Borst and Egelhaaf, 1989; Hausen, 1981; Hausen 
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and Wehrhahn, 1989).  Therefore, the lobula plate in bees could have fused with the 

posterior edge of the lobula to create a single lobula structure. 

 However, one difficulty with this idea is that number of steps to achieve this 

fusion would be relatively high.  When comparing the individual neural elements of the 

lobula and lobula plate in flies with those in bees (Cajal and Sanchez, 1915), the number 

of steps to achieve this lobula fusion appears to be higher than if the lobula plate was 

simply lost.  For example, if the lobula plate was simply fused into the back of the lobula, 

one would expect the longitudinal elements of lobula plate-like neurons to be on the outer 

rim of the lobula.  Instead, I found that the longitudinal elements of the lobula plate-like 

tangential neurons were relatively deep in the tissue.  Also, there would have to be some 

major rearranging of small and large neural elements to be able to produce the fused 

lobula structure.   

Instead, since many of the medulla neurons input to both the lobula and lobula 

plate (Cajal and Sanchez, 1915; Strausfeld, 1976), if the lobula plate was simply lost, 

than neurons in the lobula may have taken up the functional roles of the lobula plate 

neurons in responding to wide field achromatic motion information.  Therefore, the bee 

visual system may be an example of function overcoming ancestral anatomical structure.  

Shifting the organization of the visual system, and, in particular, the lobula and lobula 

plate, has been observed in other insects (Strausfeld, 2005).  However, developmental 

and evolutionary neuroanatomical analyses would be needed to clarify this point in bees.  
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In addition, studies in function would be needed to determine why the reorganization 

could have occurred in the first place.   

 

2.5.4. Comparisons between bumblebee and mammalian visual systems 

Ultimately, the question is whether we can compare the bee visual system with 

the mammalian visual system.  The mammalian visual system begins at the retina, where 

visual information is first segregated into the achromatic magnocellular (M) pathway and 

the chromatic parvocellular (K) pathways in the retinal ganglion cells (Callaway, 2005; 

Lennie and Movshon, 2005).  The retinal ganglion cells then input to neurons in the 

lateral geniculate nucleus, where the M and P pathways are still segregated for the most 

part (Callaway, 2005; Lennie and Movshon, 2005).  Finally, the lateral geniculate nucleus 

sends its input to the primary visual cortex (V1; Callaway, 2005; Lennie and Movshon, 

2005).   

However, once the information arrives at V1, the strategies of segregating visual 

information are not as clear (Hubel and Livingstone, 1987; Lennie, 1998; Lennie and 

Movshon, 2005; Sincich and Horton, 2005).  While Hubel and Livingstone (1981) 

maintained that color and motion proessing remains segregated as information is sent 

from V1 into higher processing centers, Lennie (1998) found neurons in V1 which 

encoded both color and motion.  However, while there is some segregation of the 

achromatic motion pathway into the areas such as MT from form processing in such areas 
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as V4 (Sincich and Horton, 2005), the debate still continues as to whether there is a clear 

segregation of visual information in higher processing centers in the mammalian brain.   

Interestingly, the bumblebee brain could be utilizing both strategies of visual 

processing.  For example, the color and motion information is clearly segregated along 

some anatomical visual pathways (such as the anterior versus posterior protocerebrum; 

Appendix D).  On the other hand, the color and motion pathways converge in some brain 

regions (lobula Layer 5-6 neurons; Appendix B; Paulk et al., 2008).  Therefore, the bee 

brain presents a unique opportunity to understand both the segregation and eventual 

integration of visual information, but on a much smaller scale than in mammals. 

The widespread presence of similar color and motion processing mechanisms 

begs the question: can we derive basic principles driving the evolution of the segregation 

of visual information in the brain by comparing how the brains in such disparate groups 

as bees and mammals perform complex computations?  Further study is needed, since it 

would be essential to be able to test bee neurons with the same barrage of stimuli used in 

mammals to compare the groups.  However, even with this superficial comparison, we 

found remarkable similarities in the segregation and integration of visual information 

between bumblebees and mammals. 

 

2.5.5 The importance of timing 

 One theme across all four sections of the present study is that neurons all along 

the visual pathway exhibit unique and diverse temporal dynamics in response to a 
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relatively simple stimulus: regular light flashes.  We found neurons that entrained to 

stimuli, summated, habituated to stimuli, changed their response dynamics depending on 

color, and, in some remarkable cases, produce extremely precise spikes in response to the 

light flashes.  In addition spike timing appeared to correlate with the color of the light 

flashes.  When we measured spike time precision across trials, we found spike time 

precision actually varied with color (Fig. 8C; Appendix B; Paulk et al., 2008; Fig. 9C; 

Appendix D).  Therefore, the question is: why would timing be important?  

 In terms of the neurons that exhibited the higher spike time precision values, 

namely the Layer 5-6 lobula neurons and the protocerebral neurons, these neurons 

associate closely with neurons either in the mushroom bodies or neurons projecting from 

the mushroom bodies (Appendix C; Fig. 9C; Appendix D).  As has been demonstrated in 

previous studies, intrinsic neurons of the mushroom bodies as well as extrinsic mushroom 

body neurons demonstrate spike timing dependent plasticity (Cassenaer and Laurent, 

2007; Li and Strausfeld, 1997; Mauelshagen, 1993; Menzel and Manz, 2005).  Therefore, 

by increasing the spike time precision in the Layer 5-6 lobula neurons and the 

protocerebral neurons, there is an increased chance of the neurons producing plasticity in 

the postsynaptic neurons, possibly enabling the formation of associations.   

 However, in the neurons that had lower spike time precision values but higher 

response reliability values, namely the medulla and Layer 1-4 neurons (Fig. 9C; 

Appendix D), the cells generally output to regions of the posterior protocerebrum (Fig. 2; 

Appendix D).  These regions contain descending neurons which are likely involved in 
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optomotor control (Ibbotson, 2001; Stausfeld and Bessemir, 1985).  Reliable, consistent 

inputs to the descending neurons may be necessary for course control, which is likely part 

of the reason why the medulla and lobula Layer 1-4 neurons exhibit these response 

properties.   

 Therefore, along with segregated color and motion sensitivity, bumblebee neurons 

exhibit segregated pathways of temporal properties.  These results imply that the 

underlying computations differ between the two groups.  Additional computational 

modeling taking into account the anatomy of the individual neurons would be necessary 

to determine how these differences could exist. 

 

2.5.6 Other sensory inputs 

Clearly, the bee brain is not simply a visual system.  Multiple sensory modalities 

are represented, processed, and integrated to produce behaviors in the bee (Gronenberg, 

2001).  Therefore, the next question is where and how is the information from the 

antennal lobe, the subesophageal ganglion, and mechanosensory and gustatory input, 

integrated.  Based on anatomy, the mushroom bodies could be likely candidate regions 

for this integration (Gronenberg, 2001; Kirschner et al., 2006; Schröter and Menzel, 

2003).  Using these criteria, the lateral and medial protocerebrum could also be candidate 

regions for this integration (Kirschner et al., 2006; Strausfeld, 1976).  What we do know 

of these regions are from research into the mushroom body extrinsic and feedback 

neurons, which have been shown to be multimodal (Gronenberg, 1987; Li and Strausfeld, 
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1997; Mauelshagen, 1993; Menzel and Manz, 2005).  However, until more neurons in 

these areas are tested with visual, mechanosensory, and olfactory information, we know 

little about the physiological integration multimodal stimuli.  The next step in 

investigating central brain areas in the bee brain must then involve incorporating multiple 

stimuli, not just visual cues, while recording and filling neurons.  Without utilizing 

multimodal stimuli, we could be making erroneous judgements with regard to the entire 

function of specific brain areas in the bee.   

 

2.5.7  Summary and conclusions 

The bumblebee brain is a complex network of processing centers which, as we 

found, is remarkably well-organized to enable bees to move through the complex visual 

world.  By recording and filling individual neurons along the visual pathway, we could 

begin to map this organization (Fig. 1), determine whether there is a functional 

segregation of information, and begin to get a picture of how the bee brain operates.  

While the topic requires much more study in terms of anatomy, development, physiology, 

and computational mechanisms, we can begin to delve deeper into the bumblebee brain 

by utilizing this anatomical and functional map in future studies.  Indeed, what is needed 

in this type of research is a universally-agreed upon bee brain map to be able to build an 

entire functional and anatomical bee brain map to be utilized in future studies.  I hope to 

contribute to this endeavour with the investigations included in this present study.  In this 

way we can then understand how the bee, and, indeed, the insect brain could contend 
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with the complex visual world in which they inhabit, interact with, and, in some ways, 

conquer. 

 

 

 

Figure 2.5.1.  Summary of connections among the studied visual areas in the 

bumblebee brain.  Connections between regions which were studied in this present 

study are indicated by thick colored lines.  Connections which were not addressed in this 

study are indicated by thin black lines.   
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Abstract 

The natural scene presents an array of challenges that any visual animal must 

surmount to be able to produce behaviorally relevant responses.  The mechanisms of 

processing a visual scene involve segregating features (such as color and motion) of the 

scene into channels of information at different stages within the brain, processing them, 

and then integrating this information at higher levels in the brain.  To examine how this 

process takes place in the brain, we focused on a key structure in the insect visual 

pathway, the medulla, an area within the optic lobe through which all of the visual 

information from the retina must pass before it is sent to central brain areas.  Therefore, 

we examined how color and motion processing are segregated within the medulla and 

whether the information is broken down and sent along parallel streams to central brain 

areas.  We used histological and immunocytochemical techniques to examine the 

bumblebee medulla and found, as in the honeybee, that the medulla is divided into eight 

layers.  We then recorded and morphologically identified 27 neurons with processes in 
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the medulla.  During our recordings, we presented various color and motion cues to 

determine whether response types correlated with locations of the neural branching 

patterns of the filled neurons among the medulla layers.  Neurons in the outer medulla 

layers had less complex color responses compared to neurons in the inner medulla layers.  

There were no major differences in the distribution of motion responses, yet there were 

differences in the temporal dynamics of the responses among the layers.  Ultimately, our 

data indicated that, as we progressed from the outer to the inner medulla, the responses 

generally became more complex.  These results were not surprising since the medulla 

represents several stages of visual processing, which likely correlate with the internal 

layered structure of this key area in the insect brain. 

 

Introduction 

Processing a visual scene involves a complex series of physiological 

transformations that occur at successive stages within the brain as well as in parallel 

neuronal pathways.  In the vertebrate visual system, information is sequentially processed 

within the retinal network from which parallel streams of information supply higher-

order visual processing centers, such as the visual cortex in which different features of 

visual stimuli are extracted by functional subsets of neurons (Hubel and Livingstone, 

1987).  Insects seem to rely on the same basic design of visual processing in terms of the 

extraction of increasingly complex features from the original photoreceptor signals 

(Strausfeld, 1989). As in vertebrates, in insects, the visual information originating from 
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the photoreceptors is transformed through a series of processing stages until the 

information is integrated in the central brain. 

A crucial stage in the insect visual processing pathway is the medulla. It is the 

second and largest neuropil in the insect brain's visual center (the optic lobe) and contains 

the most neurons (Strausfeld, 1976; Witthöft, 1967) and neural types of the optic neuropil 

(Ribi and Scheel, 1981; Strausfeld, 1976).  The flow of information to the medulla is 

from the retina via the lamina (the first visual neuropil), which inputs to the medulla.  The 

inputs and the overall structure of the medulla is retinotopic, in that the neural 

organization forms a point-to-point representation of the eye and the external world (Ribi 

and Scheel, 1981; Strausfeld, 1976).  This retinotopic design results in a columnar 

organization, referred to as 'cartridges' in the lamina and 'columns' in the medulla 

(Strausfeld, 1976), where each point in space is processed by a neuronal column. The 

insect retina comprises only photoreceptors and no interneurons. The lamina receives the 

axons of retinal photoreceptors and is composed mainly of many small field columnar 

neurons arranged in a lattice array where each cartridge matches the photoreceptor input 

(Campos-Ortega and Strausfeld, 1972; Ribi, 1975a, 1975b). In contrast, the medulla is 

composed of columnar elements that contain a number of horizontal elements crossing 

the columnar units and interconnecting them laterally, indicating that the medulla 

contains many processing elements and stages within the structure itself.  The medulla 

itself is layered in the distal – proximal direction (perpendicular to the long axis of the 
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columns), with differing numbers of columnar and horizontal neurons dividing the 

structure into additional processing stages (Ribi and Scheel, 1981; Strausfeld, 1976).  

Interestingly, the axons of short-wavelength photoreceptors (blue to ultraviolet; 

R7 – R9) proceed through the lamina, apparently without contacting laminar neurons, and 

terminate in the medulla (in contrast to the majority of photoreceptors (R1-R6), which 

process longer wavelengths and terminate in the lamina; Campos-Ortega and Strausfeld, 

1972; Ribi, 1975a). Since the lamina monopolar neurons in the honeybee brain are 

mostly sensitive to longer wavelength (green) light (Menzel, 1974), the input of the short-

wavelength photoreceptors as well as the long wavelength lamina inputs suggests that the 

medulla is the first stage in the visual pathway where color information can be extracted 

by comparison across different receptor 'channels'.  Most of the medulla neurons connect 

to the third optic neuropil, the lobula complex. However, in addition, a substantial part of 

medulla elements output directly in the central brain, circumventing the lobula complex 

(Ribi and Scheel, 1981; Strausfeld, 1976). Hence the medulla provides two kinds of 

output, one information stream through the lobula complex and one directly supplying 

the central brain, bypassing the lobula complex. These two pathways may or may not 

carry similar kinds of information.  

Despite the obvious anatomical significance of the medulla, there have been 

relatively few studies on the physiological properties of medulla neurons in insects. Of 

these few studies, neurons in the medulla have demonstrated an enormous variety of 

responses, as one would expect in view of the large number of neuronal types.  
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Considering that most of the visual information relayed to the central brain must pass 

through the medulla, one would predict that the medulla would process many visual sub-

modalities. Indeed, neurons in the medulla have been shown to be color sensitive and 

color opponent (Hertel, 1980; Hertel et al., 1987; Hertel and Maronde, 1987), motion 

sensitive (Douglass and Strausfeld, 2003, 2007; O’Carroll et al., 1992; Osorio, 1986), 

polarization sensitive (Homberg and Würden, 1997), and to have spatially antagonistic 

receptive fields (Hertel, 1980).  However, considering the relatively few recordings made 

in the medulla, a structure containing nearly 147,500 neurons in the fly (Strausfeld, 

1976), we have yet to characterize the distribution of physiological response properties 

among neurons within the medulla layers.   

In order to characterize the physiological response properties of medulla neurons 

to color and motion stimuli, we recorded from bumblebee (Bombus impatiens) neurons 

intracellularly while presenting visual cues and filling the neurons with fluorescent dye to 

determine their projection patterns in the medulla.  Bumblebees are highly visual insects, 

with advanced visual learning capabilities (Ney-Nifle et al., 2001) and trichromatic color 

vision (Peitsch et al., 1992).  They are closely related to honeybees (Roig-Alsina et al., 

1993; Schultz et al., 2001), which have been particularly well-studied insect models 

regarding visual behavior (Giurfa, 2007; Menzel and Giurfa, 2001; Srinivasan, 1993).  

Here, we show that the bumblebee medulla exhibits a layered conformation similar to the 

8-layer organization found in honeybees (Ribi and Scheel, 1981).  We then mapped the 

branching patters of our recorded and filled three medulla neuron types, which we refer 
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to as large field medulla neurons (n=15), amacrine medulla neurons (n=7), and 

transmedullary neurons (n=5) (Ribi and Scheel, 1981).  In our sample of recorded 

neurons, different types of neurons supply different medulla layers and exhibit a wide 

range of physiological response properties, which is to be expected in a neuropil placed at 

a critical stage along the pathway of processing the complex natural world. 

 

Methods 

Animals and Preparation 

Bumblebee colonies (Bombus impatiens) were acquired from Biobest Biological 

Services (International Technology Services, MI) and were maintained in the laboratory.  

We selected bumblebees of unknown age for electrophysiological recordings (n=26), 

mass fills of neurons (n=3), Bodian staining (n=6), and immunocytochemistry (n=18).   

 

Anatomy 

 To examine output connections within the medulla, we anterogradely traced tracts 

as described by Ehmer and Gronenberg (2002).  Briefly, crystals of Texas red® or 

fluorescein conjugated to 3000 MW dextran (Molecular Probes, Invitrogen) were placed 

on the tips of fine-tipped capillary tubes which were used to penetrate cell bodies near the 

medulla to fill neurons.  The area was sealed with wax and the bee was kept at 4°C 

overnight.  The next day, the brain tissue was processed as described below. 
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Histology  

Labeled brains  were fixed (4% paraformaldehyde in buffered insect saline, pH 

6.9), dissected, rinsed, and dehydrated using increasing concentrations of ethanol and 

embedded in Spurr's low viscosity medium (EMS, Hartfield, PA) and polymerized.  The 

resulting plastic blocks were sectioned at 10-20 µm using a sliding microtome, mounted 

and cover-slipped.  Images of the brain sections were recorded using a Nikon PCM 2000 

confocal laser microscope with argon and HeNe lasers (Nikon, Japan).  Neurons were 

reconstructed from the image stacks and were adjusted for brightness and contrast using 

Photoshop (Adobe, San Jose, CA).  In all figures including neurons, unless otherwise 

indicated, the images are two-dimensional projections across all plastic sections where 

the neurons were present. 

 To examine the brain anatomy and neuronal pathways, we used the Bodian 

reduced silver staining similar to the protocol described by Gregory (1980).  Brains were 

removed from the head capsule and fixed overnight at 4°C in A.A.F. (64% Ethyl-

Alcohol, 5% Acetic Acid, and 3.75% Formalin).  After fixation the tissue was dehydrated 

and embedded in paraffin (Paraplast+, Oxford Labware, St. Louis, MO).  Paraffin blocks 

were cut into 15 µm sections mounted on slides coated with albumin, deparaffinized and 

rehydrated before incubation in protargol solution: 2.5 g silver protein (Alfa AEser) and 2 

g metallic copper, in 250 ml distilled water.  After 23 hours at 60°C slides were removed 

from the protargol solution and processed through 1% hydroquinone and 5% sodium 

sulphite for 5 min, 1% gold chloride under bright light for 7 min, (1%) oxalic acid for 5 
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min and  2.5% sodium thiosulfate for 5 min.  Sections were again dehydrated and then 

cover-slipped using Entellan (Merck).  Finally, we performed Golgi impregnations of 

neurons using the methods put forth by Ribi and Scheel (1981). 

 

Immunohistochemistry 

Tissue from an additional twelve bumblebees was labeled for serotonin (5HT; 

n=6), histamine (n=6), and GABA (n=6) immunoreactivity using the protocol described 

in Dacks et al. (2006) and Homberg and Hildebrand (1991).  Briefly, brains were 

dissected and then fixed overnight in 4% paraformaldehyde at 4oC, except for the 

histamine staining in which brains were prefixed for 4 hours in 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (Sigma, St. Louis, MO) in double de-ionized water 

at 4oC in addition to overnight fixation in 4% paraformaldehyde.  Brains were embedded 

in 5% low-melting point agarose (Sigma, St. Louis, MO) and sectioned the following day 

at 100µm using a vibrating microtome (Technical Products International, St. Louis, MO).  

Sections were washed in phosphate-buffered saline with 0.5% Triton X-100 (PBST), then 

blocked for 1 hour (2% IgG free bovine serum albumen, Jackson ImmunoResearch, West 

Grove, PA) and incubated overnight at room temperature with primary antibody (1:4000 

rabbit anti-5HT, Immunostar, Hudson, WI; 1:500 rabbit anti-GABA Sigma, St. Louis, 

MO; 1:500 rabbit anti-histamine, Immunostar, Hudson, WI) in PBST with 1% Triton X-

100.  The following day sections were washed, blocked and then incubated overnight at 

room temperature with Cy3-labeled secondary antibody (1:500 goat anti-rabbit; Jackson 
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Immunoresearch, West Grove, PA) in PBST.  The following day, sections were washed 

in PBS, cleared in an ascending glycerol series (40%, 60%, 80%) and mounted on glass 

slides in 80% glycerol.   

 

Intracellular recording procedure 

Bees were cold anesthetized and immobilized in plastic tubes and the brain was 

exposed for recording, with insect saline (Baumann and Hadjilazaro, 1972) applied at 

intervals. Borosilicate thin-walled glass electrodes (tip resistances: 70-120 MΩ with 1 M 

KCl) were pulled from capillary tubes (A-M Systems, Inc., Carlsborg, WA) on a laser 

based micropipette puller (model P-2000, Sutter Instruments, Inc., Novato, CA).  

Micropipettes were backfilled with either: Lucifer yellow (200 µM in 0.5 M LiCl) or one 

of three Alexa Fluor® hydrazide dyes (excitation spectra at 568, 633, or 647 nm, 200 µM 

in 1 M KCl, Molecular Probes, Invitrogen).  The intracellular signals of spiking neurons 

were amplified (Neuroprobe 1600; A-M Systems, Inc.), and recorded on a computer 

using a Power Lab data acquisition board (ADInstruments, Inc., Colorado Springs, CO).  

Data were captured at 20 kHz and saved for offline analysis.  The bee was presented with 

an array of visual stimuli (see below).  At the end of the experiment, the neuron was 

labeled with the dye by injecting a current of –2 to –5 nA at 1 Hz for 1-3 minutes.  The 

brain tissue was then processed as described above. 

 

Visual Stimuli  
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Color and motion stimuli as described in Paulk and Gronenberg (2008) and Paulk 

et al. (2008) were presented to the bees’ right eye, ipsilateral to the side of the recording.  

The stimuli are briefly described below. 

 

Color stimuli  

An array of 60-light emitting diodes (LED; 20 each violet (v), blue (b), and green 

(g); peak wavelengths: v: 404 nm; b: 476 nm; g: 561 nm, with an average half-peak 

width: 22.13 ± 8.86 nm) provided colored light flashes. The LEDs' efficiency with 

respect to the bumblebee spectral sensitivity as well as the behavioral relevance of the 

applied stimulus intensities is discussed in detail in Paulk and Gronenberg (2008).  These 

LEDs allowed stimulation and discrimination of all three spectral photoreceptor types of 

bumblebees, although not necessarily at their respective peak sensitivities. The intensities 

of all three colors were equal (450 photons/count per LED) and the illuminance at the 

bee's eye (about 1400 lux) corresponded to a level that a human observer would 

experience under overcast skies. 

The LED array was arranged in a half-circle such that the long axis of the array 

aligned with the long axis of the bee eye, spanning 2.9° by 123.3° of the visual field 

(Paulk and Gronenberg, 2008).  Chromatic sensitivity of neurons was tested using 

individual arrays of v, b, or g LEDs or four different combinations (bg, bv, gv, and bgv).  

Each stimulus was presented as five consecutive 500-ms LED light flashes at 1 Hz. 
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Motion stimuli  

Motion stimuli were presented on a computer-controlled (Vision Egg software; 

Straw et al., 2006) CRT monitor which subtended 114.0° by 103.1° of the visual field of 

one eye (vertical refresh rate of 160 Hz; Gateway 2000, EV900).  At the illuminance 

levels used (ca. 330 lux), the bee's photoreceptors were not affected by the monitor's fast 

refresh rate (for details of the motion stimuli, see Paulk and Gronenberg, 2008 and Paulk 

et al., 2008).  

Four types of motion stimuli were tested: a wide field high contrast square wave 

moving grating (filling the entire computer screen, at a spatial frequency of 12.89°, 

moving at a rate of 57.2°/sec), a small moving bar (subtending 3.85° by 16.2°, moving at 

a rate of 73.57°/sec), a large moving bar (either a black bar on white or a white bar on 

black; subtending 9.04° by 103.1°, moving at a rate of 54.25°/sec), and a moving black 

edge on a white background (filling the entire computer screen, moving at a rate of 

87.69°/sec).  Each stimulus was moved in eight different directions (up, down, left, right 

and 45o to these respective directions) and four different orientations (Paulk and 

Gronenberg, 2008; Paulk et al., 2008).  Luminance changes of the CRT monitor resulting 

from the visual stimuli were measured by a photodiode and recorded with the neuronal 

signals.  

 

Analysis of Responses to Visual Stimuli 
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  Membrane potential data were imported into Matlab (Natick, MA), down-

sampled to a resolution of 0.1 ms, and filtered to remove high frequency (>2000 Hz) and 

low frequency (<50 Hz) noise.  Electrical noise from the LED relay switches was also 

removed digitally.  The time and mean frequency of the action potentials were measured 

by detecting spikes above a set threshold.   

A significant response to a visual cue was defined as a change in spike rate 

greater than 2 times above or below the standard deviation of the mean background 

spiking activity.  Definitions of response categories are provided in the Results.  

Responses to individual presentations of a stimulus were used to determine each neurons’ 

chromatic and motion preferences, and responses to trains of light flashes were used to 

analyze the temporal characteristics of the response of each cell.  The temporal 

characteristics that we analyzed were: temporal dynamics of the response and adaptation.  

Adaptation was identified when a neuron changed its response to the first light flash 

compared to the subsequent light flashes.   

 

Results 

In the brain of the bumblebee (Bombus impatiens), we intracellularly recorded 

and morphologically reconstructed 27 neurons with arborizations in the medulla.  Here, 

we first describe the overall anatomy of the bumblebee medulla based on our 

neuroanatomical and immunocytochemical examinations.  We then describe the 

branching patterns of individually characterized neurons and how they compare with the 
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layers in the medulla.  Finally, we describe the physiological properties of the recorded 

neurons and examine how those properties reflect the morphology of the individual 

neurons. 

 

The medulla contains eight layers 

Our Bodian reduced silver staining (Fig. 1A, B) confirm that the bumblebee 

medulla contains eight layers, as specified for honeybees by Ribi and Scheel (1981). The 

bee medulla receives inputs from the lamina, which, in turn, receives input from the 

retina (Fig. 1A).  Axons from the lamina (likely originating from lamina monopolar cells 

and axons of the short-wavelength photoreceptors (R7-R9) in the retina) project into the 

medulla via the outer chiasm into medulla layers 1a, 1b, and 2 of the medulla (Fig. 1; 

Ribi, 1975a, 1975b; Ribi and Scheel, 1981).  Texturally, the medulla is composed of a 

mixture of columnar fiber bundles (radial processes) which are crossed by a series of 

horizontal neurites (tangential elements) at different depths in the medulla (Fig. 1B).  The 

identification of the layers was based on the internal structure of the layers themselves, 

with different layers exhibiting either more or less horizontal or columnar neurites. We 

could thus discriminate six layers, two of which (layers 1 and 5) were subdivided into 

two strata, making the sum total number of layers eight, as has been shown for honeybees 

(Fig. 1B; Ribi and Scheel, 1981).   

Using these landmarks, we examined the distribution of GABA-like, serotonin-

like, and histamine-like immunolabeling (hereafter called GABA, serotonin, and 



79 
 

histamine immunolabeling) in the bumblebee medulla to find out whether the different 

layers exhibited functional differences in terms of neurotransmitter distribution (Fig. 1C, 

D).  The GABA immunolabeling represented all medulla layers particularly well, with 

increased relative levels of GABA in layers 1a, 2, in subdivisions of layer 4, and layer 6 

(Fig. 1C).  While GABA was distributed throughout the layers of the medulla, we found 

serotonin immunolabeling almost exclusively concentrated in the medulla layers 4 and 5a 

(Fig. 1D). 

While the lamina and retina exhibit high levels of histamine (Fig. 1E), presumably 

due to histaminergic photoreceptor input (Bornhauser and Meyer, 1997), we also found a 

number of histamine immunolabeled processes projecting through the outer chiasm into 

layers 1 and 2 in the medulla (Fig. 1E).  Past research has shown that certain 

photoreceptors (in particular, R7-9) bypass the lamina and send projections into the 

medulla (Ribi, 1975a, 1975b; Ribi and Scheel, 1981). We suggest that the strongly 

histamine-immunoreactive profiles crossing the first optic chiasma and terminating in 

medulla layer 1 and 2 originate from photoreceptors R7-R9 (Fig. 1E, F; Ribi, 1975a, 

1975b; Ribi and Scheel, 1981). In addition to the inputs from the retina, processes in 

medulla layer 3 also demonstrated histamine-immunolabeling (Fig. 1E). 

To examine the photoreceptor inputs further, we performed mass fills of 

phtotoreceptor neurons from the retina (Fig. 1F).  We found photoreceptor cartridges 

were filled, and we could follow the inputs from the retina through the lamina to the 

medulla (Fig. 1F).  Closer examination of the terminals revealed endings which were 
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somewhat similar to the R7-R8 terminals reported by Ribi (1975a; Fig. 1G).  Therefore, 

to directly compare the terminals, we included schematic representations of the neural 

reconstructions of the photoreceptors (purple), the lamina monopolar cells (green), and a 

transmedullary neuron (black) within the context of the eight medulla layers (Fig. 1H).  

We found that the photoreceptor and the lamina monopolar neurons ended before or at 

layer 1-3, as reported by Ribi (1975a). 

To confirm that the laminar monopolar neurons also send their inputs to the outer 

medulla layers (layers 1-3), we performed Golgi labeling on bumblebee brains (Fig. 

1Ii,ii).  We also found laminar monopolar neurons with branching in the lamina sent their 

projections into the outer rim of the medulla (black arrowheads; Fig. 1Iii).  In the 8 

bumblebee preparations examined, we were unable to observe any instances in which 

laminar monopolar neurons extended beyond layer 3 in the medulla, which correlates 

with previous findings in the honeybee (Ribi and Scheel, 1981).   

Finally, to observe anatomical differences among groups of individual neurons, 

we retrogradely mass-filled medulla neurons from cell bodies situated between the 

mushroom body calyx and the medulla (asterisk in Fig. 1J).  Besides tangential elements 

particularly concentrated in layers 4, 5, and 6, we found columnar projections reaching 

through all the layers which were distinguishable on the level of individual neurons (Fig. 

1K) and reminiscent of some of the recorded and individually traced neurons described 

below.    
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Individual medulla neurons can be grouped into several classes 

While the bee medulla contains upward of 20 neural classes (Ehmer and 

Gronenberg, 2002;  Ribi and Scheel, 1981), we recorded neurons which could be 

classified into three major morphological categories based on their branching patterns in 

the medulla and their projections outside of the medulla (n=27).  The first category 

included 15 neurons which had wide branches across large portions of the medulla and 

which project out of the medulla to either the protocerebrum or to the contralateral 

medulla, a group we label large field medulla neurons (Fig. 2).  The second category 

included seven neurons which had widely-branching neurites that remained within the 

medulla, which we label amacrine medulla neurons (Fig. 3).  Finally, the third category 

of neurons included five columnar medulla neurons, which we label transmedullary 

neurons (Fig. 3).  We address how neurons in each of the three morphological categories 

segregate in their branching among the six medulla layers. 

 

Large field medulla neurons branch widely within the brain 

While the recorded large field medulla neurons had diverse branching patterns 

(Fig. 2), they all produced fine branching patterns through large areas of the medulla 

(ranging from 100-300 µm widths) and projected out of the medulla via the posterior 

optic commissure to exit the medulla, which projected posteriorly into the protocerebrum 

(Fig 2; Hertel et al., 1987).  Within the medulla, most of the large field medulla neurons 

had fine dendritic branching in layer 4 with larger processes in layer 5a (n=9).  The 
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majority of large field medulla neurons branched in layers 4-6 (Fig. 2F-I), with only two 

of the fifteen neurons producing arborizations in layers 1-3 (Fig. 2E; Table 1).  All of the 

neurons exited the medulla via the posterior optic commissure tract.   

The large field medulla neurons show diverse projection patterns in the central 

brain.  Of the neurons that were completely filled (n=9), they either projected into the 

posterior protocerebrum (n=4; Fig. 2A), into both the contralateral medulla and the 

posterior protocerebrum (n=4; not shown), or into the mushroom body calyces (n=1; not 

shown; in: Paulk and Gronenberg, 2008; Table 1).  The projections into the posterior 

protocerebrum were diffuse and extensive, reaching into large areas of the protocerebrum 

(Fig. 2A).  However, the projections into the contralateral medulla were confined to the 

dorsal medulla (Fig. 2A,C,D).  When the cell bodies were filled (n=8), they were either 

situated lateral to the lateral mushroom body calyx on the same side of the recording (n= 

5; not shown) or were situated medially, above the central complex (n=3; Fig. 2A; Table 

1).   

 

Amacrine neurons  

The amacrine medulla neurons (n=7) by definition have neurites confined to the 

medulla, with the exception of a single process linked to their cell bodies (Fig. 3B).  

Many of these local interneurons were confined to layers 4 and 5 (n=4; Fig. 2H,I) and 

three of the neurons extended into other layers (Table 1).  The amacrine neurons had 

branching patterns which extended horizontally within the layers, often spanning an oval-
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shaped field within the medulla around 100-200 µm in diameter.  When their cell bodies 

were filled (n=5), the cell bodies were lateral to the lateral mushroom body calyx, next to 

the optic lobes (Table 1).     

 

Transmedullary neurons are columnar elements in the medulla 

 Finally, the recorded transmedullary neurons (n=5) resembled the columnar 

neurons shown in Fig. 1G and had fine dendritic branching in the medulla and all 

projected via the inner optic chiasm to the lobula (Fig. 3A,B,D).  Unlike most of the 

amacrine and large field medulla neurons, the recorded transmedullary neurons sent fine 

processes into layer 1, sometimes 2, and rarely into layers 3-6 (Fig. 3A,B,D; Table 1) of 

the medulla.  The transmedullary neural cell bodies, when filled, were located distal to 

the medulla, near the outer optic chiasm (Fig. 3A,D).   

We then examined the transmedullary projection into the lobula, the third optic 

neuropil in the bee brain.  All the sampled transmedullary neurons projected into layers 1 

and 2 in the lobula (Fig. 3A,D; Ribi and Scheel, 1981).  In contrast to the other two 

medulla categories, the recorded transmedullary neurons were similar to each other in 

their branching patterns within the medulla and the lobula (Fig. 3A,D). 

 

Table 1. Anatomy of the recorded medulla neurons.  The medulla neurons projected into 
different layers of the medulla, sent their projections into different areas of the brain 
(such as the lobula or the protocerebrum), and, when filled, the cell bodies were located 
in certain areas of the brain (such as lateral to the mushroom body (MB) calyx), which 
depended on the medulla neuron type. 
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Neural 
category 

Number of neurons 
with neurites in 
medulla layers  

Number with  projections 
into:  

Number with cell 
body location in: 

 

1 2 3 4 5 6 
Lobula 
layers 

1-2 

Contr. 
medulla 

Posterior 
prot. 

Lat. 
to 

MB 

Med. 
to 

MB 

Distal 
to the 
outer 

medulla 
Transmedullary 6 4 0 1 1 2 4 - - 0 0 3 
Amacrine 0 1 1 5 2 1 - - - 5 0 0 
Large field 2 3 3 11 11 2 0 4 8 5 3 0 
 

Physiological response properties 

 The basic physiological properties of the medulla neurons did not differ 

significantly among the three categories.  For example, the spontaneous firing rates for 

each neural class were not remarkably different (Mann-Whitney U-test, p>0.05 for all 

comparisons).  The medulla neurons all responded to the presented visual cues, and to 

compare the response properties of the neurons across the classes, we analyzed the 

distribution of color and motion sensitivity, of temporal response types, and the amount 

of adaptation of neurons in each category.  While we found similarities across neuronal 

types, there also were distinct differences in the response properties regarding the types 

of visual cues presented. 

 Of the neurons tested for motion cues (n=7), three medulla neurons did not 

respond to motion cues at all, three neurons were non-directionally motion sensitive and 

one neuron was directionally motion sensitive (not shown; Table 2).  We did not examine 
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motion sensitivity extensively in the medulla neuron, which is why we did not include 

further analyses of their responses.   

Among those neurons where we were able to test for receptive fields (n=7), five 

neurons had wide receptive fields, one had a small receptive field, and one neuron had a 

complex receptive field (Fig. 5F; Table 2). When measured, receptive field size 

correlated with the assumed dendritic field size: the (anatomically) large field neurons 

had large receptive fields while the one neuron with a small receptive field was an 

amacrine neuron.   

 

Responses to light flashes differ among medulla neuron categories and among layers 

 Our main focus was on the medulla neurons' responses to color and light flashes. 

The neurons exhibited at least four very different response types to a series of five light 

flashes (Fig. 4).  These response types included phasic-tonic excitatory responses, where 

there was a burst of activity at the onset of the light flash followed by increased activity 

for the duration of the light flash (Fig. 4A).  Other neurons produced phasic responses to 

the onset of the light flash exclusively (Fig. 4B).  On-off responses were identified when 

the neurons produced a burst of activity at the onset and the offset of the light flashes 

(Fig. 4C).  Finally, we found medulla neurons that were tonically inhibited followed by a 

rebound excitation (Fig. 4D).  Interestingly, this neuron transiently increased its 

membrane potential at the beginning of the light-induced inhibition, suggesting a 

combination of phasic excitatory and tonic inhibitory input (Fig. 4D).       
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 These temporal response types to light flashes differed across the three anatomical 

classes of medulla neurons (Fig. 4E).  For example, most of the transmedullary neurons 

exhibited the inhibitory response followed by rebound excitation (n=4 out of 5, 

inhibition-off; Fig. 4E), while most of the large field medulla neurons had phasic-tonic 

responses (n=8 out of 15; Fig. 4E).  The amacrine medulla neurons showed the least 

preference for particular response types (Fig. 4E).  Hence, the recorded medulla neurons 

demonstrated a range of temporal response properties to light flashes that differed across 

the three anatomical types of neurons.  

In addition to the three major neuron categories, we compared response properties 

across neurons with arborizations in different medulla layers. When comparing the 

neurons with arborizations in medulla layers 1-3 to those with arborizations in layers 4-5, 

we find remarkable differences among the recorded neurons (Fig. 4F): the phasic-tonic 

response type was observed more often in the neurons branching in layers 4-5 (n=9 of 17 

tested) while the tonic inhibition with rebound excitation response type dominated in 

neurons with branching in layers 1-3 (n=6 of 10 tested).  Therefore, the association of 

(presumed input) arborizations with a particular medulla layer seemed to significantly 

contribute to a neuron's response properties.   

 

Medulla neurons exhibit a wide variety of chromatic responses 

 The neurons exhibited a range of chromatic sensitivities, which generally fell into 

three categories, as defined by previous investigators (Kien and Menzel, 1977a, 1977b).  
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They included broad-band responses, where the neurons responded to the three LED 

colors in the same way (Fig. 5A), narrow-band responses, where the neurons responded 

to only one or two LED colors (Fig. 5B,C), or color opponent responses (Fig. 5D).  Color 

opponent responses included responses where the presence of one color changed the 

response of the neuron to another color (Fig. 5D).   

As mentioned in the Methods, we could deduce what photoreceptor types input to 

the individual medulla neurons based on their responses to the LEDs, which is included 

in Table 2.  For example, narrow-band neurons responded to all three LED colors, but 

had stronger responses to one LED type over the other, such as having a stronger 

response to violet (Fig. 5B) or blue LEDs (Fig. 5C) compared to the other LED colors.  In 

these cases, the neurons were likely only receiving major input in one color channel (such 

as ultraviolet (Fig. 5B) or blue photoreceptor types (Fig. 5C)), but since the LED colors 

overlap somewhat with the other photoreceptor types, we observed some small responses 

to the other LED colors (Fig. 5B,C).   

We found that 4 of the 5 color opponent medulla neurons received input from all 

three color channels, namely ultraviolet, green, and blue photoreceptor types (Fig. 5D).  

The essential aspect of differentiating their responses was to examine how the different 

LED colors affected the neurons’ response dynamics.  For example, the medulla neuron 

in Fig. 5D showed a tonic response to violet, a phasic response to blue, and no clear 

response to green.  The tonic response to violet disappeared with the simultaneous 

presentation of blue, when the cell only produced a phasic response (gray arrow; Fig. 
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5D).  Surprisingly, the tonic response was also replaced with a phasic response upon the 

simultaneous presentation of green and violet (gray arrow; Fig. 5D), which indicated that, 

while green did not appear to change the neuron’s spike rate, it could change the cell’s 

response dynamics.  In addition, the inclusion of green or blue in the stimulus reduced the 

latency of the response compared to during only violet light presentations (dotted line; 

Fig. 5D).   

 In some medulla neurons, we found the response dynamics changed with different 

colors of the light flash (Fig. 5E).  In the example in Fig. 5E, the medulla neuron 

demonstrated a phasic response to green with an ‘off’ response (arrow), a phasic response 

to blue without an ‘off’ response, and a phasic-tonic response to violet, also without an 

off response (arrow).  In other words, instead of simply responding to a single color to 

signal color information, the medulla neurons could be changing their temporal response 

characteristics to signal the different colors.  We found that 4 of the 15 tested large field 

neurons changed their response types based on the light flash color, while two amacrine 

neurons changed their response types.   

In addition, we did observe a complex receptive field in one amacrine neuron 

which related to the color of the stimulus.  The neuron responded to stimuli across most 

of the eye, but exhibited different temporal dynamics in response to violet light.  For 

instance, it produced a phasic burst at the onset of the light flash when the stimulus was 

in the middle to upper portion of the visual field.  However, violet light presented 

immediately below this area induced a delayed response.  A mixture of these two 



89 
 

responses were present during presentations of violet light across the eye, indicating there 

were some complex interactions between violet stimuli presented to different areas of the 

eye (Fig. 5C).  We did not observe this same pattern when we presented blue or green 

light (not shown). 

When we compared color sensitivity between neural categories, amacrine and 

large field medulla neurons had similar proportions of broad-band, narrow-band, and 

color opponent responses, indicating that color sensitivity was broadly distributed among 

medulla neuron types.  Yet, when we considered how the neurons were distributed 

among the medulla layers, we find remarkable differences between the neurons which 

primarily branch in layers 1-3 versus those mostly branching in layers 4-5 (Fig. 5F).  The 

neurons branching in layers 1-3 were predominantly broad-band (5 of 7 tested) while 

neurons with branching patterns in layers 4-5 had relatively even distributions of broad-

band, narrow-band and color opponent neurons (Fig. 5F).  Therefore, color sensitivity 

could be correlated with the location of the neurons in the medulla layers. 

Based on how the neurons responded to each of the colors, we could deduce how 

many of each of the neurons received excitatory or inhibitory input from each of the 

photoreceptor types, which is listed in Table 2.  Most of the medulla neurons received 

excitatory inputs from the three photoreceptor types, while some received inhibitory 

inputs (Table 2). 

  

Medulla neurons exhibit different amounts of adaptation 
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We found that the three anatomical types of neurons also had differences in 

adaptation in response to the series of five LED light flashes (Fig. 6).  We defined 

adaptation as a change in the response of the neuron to the first versus the subsequent 

light flashes (Fig. 6C,D).  While 16 of the 27 neurons did not change their responses over 

time (Fig. 6A,B), we found 11 medulla neurons did adapt to the light flashes (Fig. 6C,D; 

Table 2)  Some neurons reduced their responses or did not respond at all to subsequent 

light flashes (Fig. 5D to violet, 6C), while other neurons exhibited complex types of 

adaptation to repeated light flashes (Fig. 6D).  For instance, in this large field medulla 

neuron (Fig. 6D), the excitatory ‘on’ response decreased from the first to subsequent light 

flashes while the inhibitory ‘off’ responses increased in magnitude over time (black 

arrows; Fig. 6D).  This change in the inhibitory responses was observed across seven 

trials of five sequential light flashes and indicated that the medulla neurons exhibited 

complex adaptations to stimuli in general.   

Overall, we found one of the transmedullary neurons, three of the amacrine 

neurons and six of the fifteen large field medulla neurons adapted to light flashes (Table 

2). Likewise, eight of the 17 tested neurons which branched in layers 4-5 adapted to 

stimuli while two of the ten tested neurons with arborizations in layers 1-3 adapted to 

stimuli.  Therefore, the amount of adaptation observed in the medulla neurons could 

correlate with neuron type as well as the location of neural branching in the medulla 

layers. 
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Table 2.  Distribution of physiological response properties of the tested neurons among 
the three types of medulla neurons.   

 Number of neurons in each medulla category
Physiological response properties Transmedullary 

n=5 
Amacrine 

n=7 
Large field 

n=15 
Wide receptive field (out of x tested) Not tested 0 (1 tested) 5 (6 tested) 
Narrow receptive field (out of x tested) Not tested 1 (1 tested) 0 (6 tested) 
Antagonistic receptive field (out of x tested) Not tested 0 (1 tested) 1 (6 tested) 
    
No motion response (out of x tested) 0 (1 tested) Not tested 3 (6 tested) 
Non directional motion response (out of x tested) 0 (1 tested) Not tested 2 (6 tested) 
Directional motion response (out of x tested) 1 (1 tested) Not tested 1 (6 tested) 
    
Excitatory input from the ultraviolet receptor 1 4 12 
Inhibitory input from the ultraviolet receptor 2 1 1 
Excitatory input from the blue receptor 1 6 10 
Inhibitory input from the blue receptor 2 1 1 
Excitatory input from the green receptor 1 3 9 
Inhibitory input from the green receptor 1 1 0 
 

Discussion 

The medulla is a key processing stage in insect vision, where the information 

from the retina and the lamina is processed, sorted, and sent on to specific areas of the 

brain.  We have characterized examples of medulla neurons that correspond to three basic 

morphological types of neurons previously described for honeybees (Fig. 7). Not 

surprisingly, our sample of neurons revealed an array of different physiological response 

types (Fig. 7). The medulla contains the largest number of neurons of all the optic 

neuropils, represented by many morphological types of neurons (Ribi and Scheel, 1981; 

Strausfeld, 1976) and one would expect the medulla to significantly contribute to most of 

the visual information processing performed by the bee brain. Considering the spatial, 

temporal and chromatic complexity of visual scenes, one might expect a wide diversity of 
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neurons and physiological response properties necessary to enable a bee's many different 

appropriate behaviors (e.g. during flight or foraging).  While it is difficult to construct a 

global framework of medulla function due to the anatomical and physiological diversity 

of this region of the visual system, some general principles of the functional organization 

of this brain structure are becoming apparent.  

 

Medulla anatomy 

 The bumblebee medulla, as has been observed in flies and honeybees (Ribi and 

Scheel, 1981; Strausfeld, 1976), contains layers which are delineated by the horizontal 

neurites crossing the numerous columnar medulla neurons (Fig. 1).  Most of the 

tangential neurons had their major branches in layers 4 and 5a (Fig. 2E-G), a region that 

has also been labeled the serpentine layer (Ehmer and Gronenberg, 2002; Strausfeld, 

1976), and separates the outer from the inner medulla (Strausfeld, 2005).  Nearly all of 

the large field medulla neurons had processes there, which means that the computational 

operations occurring in the serpentine layer could be pivotal to understanding how the 

medulla directly interfaces with the protocerebrum.  These layers were delineated both by 

the neural branching patterns and GABA and serotonin immunolabeling.  In particular, 

layers 4 and 5a correlated well with the serotonin staining and with complex layering of 

GABA (Fig. 1) suggesting that neuronal processes in these layers are subject to spatially 

restricted inhibition and neuromodulatory control.   
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Color sensitive responses 

 Color processing involves the integration of information originating from 

photoreceptor types sensitive to specific wavelengths and the production of responses 

specific to the wavelength presented.  The basic stages of color processing begin with 

comparing the inputs from the photoreceptors.  The best candidate region for the initial 

stages of color processing in the bee brain is the medulla since the medulla receives direct 

input from the blue and ultraviolet photoreceptors as well as the outputs from lamina 

monopolar cells, which represent the green photoreceptor input processed by the lamina 

(Ribi, 1975a, 1975b; Ribi and Scheel, 1981). The underlying medulla circuitry should 

thus contain the initial processing stages for color processing in the bee brain.  Therefore, 

it is not surprising that we found that medulla neurons exhibit a wide range of color 

sensitive responses, which has also been found in the honeybee brain (Hertel, 1980; 

Hertel and Maronde, 1987; Hertel et al., 1987). 

The color sensitivity exhibited by the medulla neurons included a mixture of 

broad-band, narrow-band, and color opponent response types (Fig. 5, 7; Hertel, 1980).  

By comparing past data with our present data set, we may be able to approach a very 

basic question: where in the medulla are the initial stages of color processing performed?  

Considering the basic layout of the medulla, with neurons producing specific branching 

patterns among the medulla layers (Fig. 7), we can hypothesize the possible location of 

these initial stages of color processing.  For example, we know the blue and ultraviolet 

photoreceptor input to layers 1 and 2 alongside green-sensitive laminar inputs to the 
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medulla (Ribi, 1975a).  Many of the transmedullary neurons had projections in layers 1 

and 2, suggesting that it is these distal medulla layers where they receive direct input 

from the photoreceptors and then lamina monopolar cells.  This direct input from the 

color channels to layers 1 and 2 may be essential for producing broad-band or narrow 

band responses, which we have observed among the few transmedullary neurons. 

 However, the next stage of processing involves producing color opponent 

responses, which requires a complex integration of both inhibitory and excitatory 

interactions of the three color channels.  In order to perform this type of integration, the 

next stage of processing involves neurons which gather information from several 

different inputs.  The primary candidates for this type of processing are the amacrine and 

large-field medulla neurons.  We know that color opponency and narrow- and broad-band 

color sensitivity have been found in the recorded large field and amacrine (intrinsic) 

medulla neuron types (Fig. 5, 7; Hertel, 1980; Hertel and Maronde, 1987; Hertel et al., 

1987).  The mechanism behind color sensitivity could involve the inputs of the 

transmedullary neurons which project from layers 1 and 2 to layers 4 and 5a and the large 

field and amacrine neurons.  These transmedullary inputs would need to have different 

balances of excitatory and inhibitory inputs to the amacrine and large field neurons to be 

able to produce color opponent responses.  Thus, neurons in layers 1 and 2 may be 

involved in signaling color along a narrow- or broad-band pathway and may then input to 

neurons in the serpentine layer (layers 4-5a), which integrate the signals to produce color 

opponent responses. 



95 
 

Interestingly, of the recorded large field and amacrine neurons, the neurons which 

branched in layers 1, 2, or 3 were broad-band or narrow-band.  We only found color 

opponency when we recorded from neurons with projections in the serpentine layer, or 

layers 4 and 5a, as was also observed by Hertel (1980).  Therefore, we propose the 

layered organization of the medulla represent multiple stages of color processing in a 

single structure, with the basic levels of color signaling (narrow-band) occurring in the 

distal layers.  As one progresses proximally, then the color signaling becomes more 

complex, enabling color opponency.  This system has been proposed in the fly visual 

system based on anatomical findings (Douglass and Strausfeld, 1998). Our study is the 

first account supporting this concept has been supported by physiological data.   

 

Temporal aspects of the medulla neuron responses 

 Many of the medulla neurons we recorded exhibited a range of temporal response 

types to light flashes.  We report several different types of responses which differ only in 

the temporal aspects of the response.  Also, even for individual neurons, the response 

type depended on the color of the stimulus, which has been observed previously (Hertel, 

1980; Hertel and Maronde, 1987; Hertel et al., 1987).  This aspect of the medulla neuron 

color sensitivity could be essential to understanding visual processing in the bee brain.  

By producing different temporal response types based on color, spike timing changes 

with color, where a neuron would produce an ‘on-off’ response for some colors and a 

simple ‘on’ response for others.  Instead of simply encoding color in spike rate, medulla 
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neurons could be encoding color in the timing of individual spikes, which adds an 

additional layer of complexity for the encoding of color.    

 

Parallel streams of information: comparison with lobula neurons 

 The majority of the neurons we recorded in the medulla projected to the 

protocerebrum via the posterior optic commissure (Fig. 7), bypassing the lobula.  We 

know that lobula neurons also output to the protocerebrum (DeVoe et al., 1982; Hertel, 

1980; Hertel and Maronde, 1987; Ribi and Scheel, 1981).  Therefore, we have two 

parallel streams of information exiting the optic lobes projecting to the protocerebrum: 

one directly originating from the medulla, bypassing the lobula, and the other leaving the 

lobula.  In addition, there are parallel streams of information from the lobula and the 

medulla to the mushroom bodies (paired structures associated with learning and memory; 

Heisenberg, 1998).  These streams of information from the medulla and the lobula are 

segregated within the mushroom bodies (Ehmer and Gronenberg, 2002; Gronenberg, 

1986; Paulk and Gronenberg 2008).   

However, in terms of the other brain regions, the medulla protocerebral outputs 

may actually overlap with posterior lobula outputs, which begs the question: why are 

there parallel streams of information from the medulla and the lobula to similar areas in 

the central brain?  The answer may have to do with the type of information sent to these 

brain regions.  The lobula outputs to the posterior protocerebrum are largely motion 

sensitive and are broad-band selective.  The medulla outputs, however, are often color 
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sensitive and not necessarily motion sensitive (Hertel, 1980).  In addition, the medulla 

neurons may be participating in sampling the visual scene for edges and contrast, 

particularly if they are spatially antagonistic (Hertel, 1980; Hertel et al., 1987).  

Therefore, in the same regions of the posterior protocerebrum, there may be information 

converging from the motion and color pathways.  This convergence could be essential for 

behavior since the posterior protocerebrum contains descending neurons which would 

input to premotor centers in the bee nervous system (Ibbotson, 2001).  Therefore, the 

convergence of the functionally different lobula and medulla neurons on the posterior 

protocerebrum could be essential for the bee to perform its normal behaviors.  The next 

question, then, is how these pathways interact within the descending elements to allow 

the bee to interact with the visual scene.  
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Figure 1.  Anatomy of the medulla.  A.  The entire bumblebee brain (above).  The dotted 

line indicates the level of the section taken for the Bodian staining (below).  The Bodian 

section is from half of the bumblebee brain.  The retina (ret) inputs to the lamina (la), 

which then projects via the outer chiasm (OCh) to the medulla (me). Many medulla 

neurons project via the inner chiasm (ICh) to the lobula (lo).  The box indicates the 

location of where the image was taken for the medulla image in B.  Anterior optic 

tubercle (aot); lateral protocerebrum (lat prot).  B.   The six layers of the medulla, as 

defined by Ribi and Scheel (1981).  The layers contain a mixture of columnar and 

horizontal elements arranged in layers.  C. GABA-like immunolabeling in the medulla.  

The GABA distribution in the medulla also follows the layers as defined by Ribi and 

Scheel (1981), with some layers containing increased amounts of GABA than others (as 

indicated by the lighter bands).  D. Serotonin-like immunolabeling in the medulla 

indicates that serotonin is concentrated in medulla layer 4 with some labeling in layer 5a.  

E. Histamine-like immunolabeling in the peripheral optic lobes indicates that histamine is 

localized in the retina, lamina, and in terminals in the outer medulla and in a longitudinal 

band (layer 3). F. A retrograde tracer applied to the retina in the bee eye filled retina and 

photoreceptor neurons, which then projected into layers 1-3 in the medulla, which is 

expanded in G.  H. A schematic diagram of the lamina monopolar neurons (green), 

photoreceptor inputs (purple), and a transmedullary neuron, adapted from Ribi, 1975a; Ii. 

Golgi impregnations of neurons in the bumblebee brain. Iii. an expansion of the box in Ii, 

with the black arrowheads pointing to lamina monopolar neurons and their projections 
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into the medulla. J. Retrograde mass fills of medulla neurons from cell bodies near the 

mushroom body calyces (*). K. These mass fills illustrate the mixture of columnar and 

tangential elements in the medulla. Scale bars = 100 µm.    
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Figure 2. A. A large field medulla neuron, with branching in the dorsal medulla, and 

which projected posteriorly into the posterior protocerebrum (prot.), with a fine process 

toward the subesophageal ganglion (SOG).  B. A large field medulla neuron, with 

branching all over the medulla. C. A large field medulla neuron with branching in the 

dorsal medulla, and a faded projection across the brain in the posterior protocerebrum. D. 

A large field medulla neuron with branching patterns in the dorsal medulla. E-I. The fine 

branching patterns in the layers of the medulla, with different neurons entering either the 

outer medulla layers (E,F), or the inner medulla layers (G-I).  E-G, large field medulla 

neurons; H,I, amacrine medulla neurons.  Scale bars = 100 µm.    
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Figure 3. Transmedullary, amacrine, and wide field medulla neurons. A. A 

transmedullary neuron, with a cell body in the outer chiasm, and fine processes in 

different layers in the medulla, finally projecting into the outer lobula.  B. A closer three 
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dimensional reconstruction of the processes in the box in A, with numerous projections 

and branching along the main neurites.  C. An amacrine neuron with branching in the 

medulla (a closer view of the processes of this neuron is in Fig. 2H).  D. Two medulla 

neurons filled in the same brain, with one transmedullary neuron (red) and one large field 

neuron (blue).  E. Schematic diagrams of the three neural types, indicating some general 

morphological aspects of the large field (blue), amacrine (green with black outline), and 

transmedullary (red) neurons within the medulla (me), with the transmedullary neuron 

projecting to the lobula (lo). Mb-c: mushroom body calyx; Inset: half of the bumblebee 

brain F.  The same neurons are represented by their relative branching patterns in the 

layers of the medulla, along with the R7-R9 photoreceptor inputs (purple) and the lamina 

inputs (dark green). Scale bars = 100 µm unless otherwise indicated. 
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Figure 4.  Types of medulla neuron temporal response patterns to light flashes:   phasic-

tonic (A, amacrine neuron), phasic (B, large field neuron), on-off (C, large field neuron), 

and tonic inhibition with rebound (D, transmedullary neuron). Black bars below the 

traces signify the duration of the light flashes; scale bars are 20 mV.  Anatomically 

distinct neuron classes ( E ) or neurons with arborizations in different medulla layers (F) 

demonstrated different response types. 
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F

igure 5. Color sensitivity in medulla neurons. A. Broad-band sensitivity.  This large field 
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medulla neuron exhibited clear on-off responses to blue (b), green (g), and violet (v) light 

flashes and to a combination of the three (bgv).  B.  Narrow-band sensitivity.  This large 

field medulla neuron responded to violet light with a phasic-tonic response, but only had 

small phasic responses to blue and green light, indicating the neuron may receive only 

ultraviolet photoreceptor input.  C. Narrow-band sensitivity.  This transmedullary neuron 

was strongly inhibited by blue light and only slightly inhibited by violet and green light, 

indicating that it likely receives blue photoreceptor input.  D. Color opponency.  This 

amacrine neuron produced a tonic response to violet (black arrow), a phasic response to 

blue, and no response to green.  When violet was presented along with blue, the cell 

responded with a shorter latency phasic burst (gray arrow and arrowhead; dotted line 

indicates the onset of the violet only response), indicating blue inhibited the violet 

response.  Even though the cell had no visible response to green, the violet response was 

also inhibited by green (grey arrow). As a side-note, the tonic response to violet was 

present in other trials in this same cell (Fig. 4C).  E. Temporal interactions among colors.  

In this large-field medulla neuron, the cell produced a phasic response to green while it 

produced an on-off response to blue and violet light (black and white arrows), indicating 

the color of the stimulus alters the temporal response patterns of the neuron. Scale bars to 

the left of the traces = 20 mV.  Black bars under the traces signify the duration of 500 ms 

light flashes.  F. The distribution of broad-band, narrow-band, and color opponent 

neurons were relatively similar across neurons with arborizations in medulla layers 4-5 
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while neurons with branching patterns in medulla layers 1-3 were more often broad band 

sensitive. 

 

Figure 6.  Adaptation to light flashes.  A. Large field medulla neuron with tonic 

response. B, Transmedullary neuron with on-off responses. C.  Amacrine neuron with 

strong adaptation after the first stimulus.  D. In one large field neuron, the phasic-tonic 

excitatory response decreased over time while the inhibitory ‘off’ response increased in 
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amplitude over subsequent light flashes (black arrows).  Scale bars to the left of the traces 

= 10 mV.  Black bars under the traces signify the duration of 500 ms light flashes, which 

is also shown by the dotted lines. 



116 
 

 



117 
 

Figure 7. Summary of the medulla neurons and their physiological responses to color and 

to light flashes.  A. The distribution of color sensitivity (left) and temporal response 

characteristics and percent of neurons exhibiting adaptation (right) of the large field 

(blue), amacrine (green), and transmedullary (red) neurons.  The large field medulla 

neurons output via the posterior optic commissure (POC). B.  The distribution of color 

sensitivity (left) and temporal response characteristics and percent of neurons exhibiting 

adaptation (right) of neurons branching primarily in layers 1-3 versus those branching in 

layers 4-5 in the medulla.  Photoreceptor input neurons (light grey) and lamina 

monopolar neurons (dark grey) are represented in the layers as well. 
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Abstract 

Animals use vision to carry out such diverse behaviors as finding food, interacting 

socially with other animals, choosing a mate, and avoiding predators.  These behaviors 

are complex and the visual system must process color, motion, and pattern cues 

efficiently so that animals can respond to relevant stimuli.  The visual system achieves 

this by dividing visual information into separate pathways but, to what extent are these 

parallel streams separated in the brain?  To answer this question we recorded 

intracellularly in vivo from 105 morphologically identified neurons in the lobula, a major 

visual processing structure of bumblebees (Bombus impatiens).  We found that these cells 

have anatomically segregated dendritic inputs confined to one or two of six lobula layers.  

Lobula neurons exhibit physiological characteristics common to their respective input 

layer.  Cells with arborizations in layers 1-4 are generally indifferent to color but 

sensitive to motion while layer 5-6 neurons often respond to both color and motion cues.  

Further, the temporal characteristics of these responses differ systematically with 

dendritic branching pattern.  Some layers are more temporally precise while others are 

less precise but more reliable across trials.  Because different layers send projections to 

different regions of the central brain, we hypothesize that the anatomical layers of the 

lobula are the structural basis for the segregation of visual information into color, motion, 

and stimulus timing.   

 

Introduction  
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The visual world presents an abundance of information that animals break down 

into features, such as color and motion, and then process along separate but interacting 

pathways.  In vertebrates, pathways diverge early on into different anatomical routes 

(Callaway, 2005; Hubel and Livingstone, 1987), prompting the question of how these 

streams are finally integrated to inform behavior.  Unfortunately, the complexity of 

cortical circuits and the difficulty of recording and labeling neurons in awake vertebrates 

in vivo make it challenging to match the anatomy of an individual neuron with its 

function.   

The visual system of the bee provides a valuable tool for investigating the 

significance of the segregation of visual information.  The nervous system of the bee is 

simpler than that of vertebrates, but its visual system is functionally rich and in many 

ways similar to mammalian visual pathways.  Like primates, bees possess trichromatic 

color vision (Backhaus, 1992; Backhaus et al., 1987; Menzel and Blakers, 1976; 

Vorobyev et al., 2001), motion vision (Lehrer et al., 1988), and extensive visual learning 

capabilities (Giurfa, 2007; Menzel and Giurfa, 2006; Srinivasan, 1993; Srinivasan and 

Zhang, 1998).  Bees have also been shown, behaviorally, to use parallel pathways for 

processing motion and color cues.  Detection of orientation, optic flow, and motion by 

bees is dependent on achromatic cues (Chittka and Tautz, 2003; Giger and Srinivasan, 

1996; Kaiser and Liske, 1972) whereas they can learn patterns using color information 

(Srinivasan and Lehrer, 1988).  Further, bees can learn shapes using color, motion, or 

pattern cues (Zhang et al., 1995), indicating that color and motion pathways converge in 
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the bee brain.  How is the bee brain organized to implement this parallel processing of 

visual information?   

We begin to answer this question by examining neurons belonging to the lobula, a 

third-order visual processing structure in the bee brain.  The flow of visual information in 

the bee eye begins in the retina which sends its inputs to visual processing centers, the 

lamina and the medulla, which input to the lobula.  Neurons in the lobula exhibit a variety 

of functional responses similar to those seen in the mammalian visual system: achromatic 

directional and non-directional motion sensitivity, spatially antagonistic receptive fields, 

orientation selectivity, and color opponency (DeVoe et al., 1982; Hertel, 1980; Hertel and 

Maronde, 1987; Hertel et al., 1987; Kien and Menzel, 1977a, 1977b; Menzel, 1973; Yang 

and Maddess, 1997; Yang et al., 2004).   

We sought to determine if the six anatomical layers within the lobula represent 

the physical segregation of visual processing that enables parallel processing (Cajal and 

Sanchez, 1915; Ribi and Scheel, 1981).  We presented color and motion stimuli to 

bumblebees (Bombus impatiens) while recording intracellularly from lobula neurons.  We 

morphologically characterized 105 lobula neurons and found that these neurons could be 

classified by their branching patterns in the layers.  Color sensitivity was differentially 

distributed across the layers, but motion sensitivity was not.  In addition, there were 

different temporal response properties between layers, indicating that the layers represent 

parallel streams of visual processing that employ different coding strategies to convey 

information.  
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Materials and Methods 

Animals and Preparation 

Bumblebees (Bombus impatiens) were acquired from commercially available 

colonies (Biobest Biological Services; International Technology Services, Michigan).  

While visual learning and memory has been studied more thoroughly in honeybees, both 

groups have demonstrated visual learning and memory capabilities (honeybees: 

Srinivasan and Zhang, 1998; bumblebees: Ney-Nifle et al., 2001), are closely related 

(Roig-Alsina and Michener, 1993; Schultz et al., 2001), and have similar anatomical 

brain structures (Mares et al., 2005).  Bumblebees, however, are more robust and allow 

for longer recordings.  We selected relatively large bumblebees of unknown age for 

osmium staining (n=2), for mass fills of neurons (n=3), for Bodian staining (n=6), for 

immunohistochemistry labeling (n=12), and for recording (n=70).  The animals were cold 

anesthetized and immobilized in plastic tubes and the brain was exposed for recording, 

with insect saline applied at intervals (Baumann and Hadjilazaro, 1972).  

 

Intracellular recording procedure 

Borosilicate thin-walled glass electrodes (tip resistances: 70-120 MΩ with 1 M 

KCl) were pulled from capillary tubes (A-M Systems, Inc., Carlsborg, WA) on a laser 

based micropipette puller (model P-2000, Sutter Instruments, Inc., Novato, CA).  

Micropipettes were backfilled with either: Lucifer yellow (200 µM in 0.5 M LiCl) or one 
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of three Alexa Fluor® hydrazide dyes (excitation spectra at 568, 633, or 647 nm, 200 µM 

in 1 M KCl, Molecular Probes, Invitrogen).  The dendrites or axons spiking neurons in 

the bee lobula were penetrated with the dye-filled electrodes.  Intracellular signals were 

amplified (Neuroprobe 1600; A-M Systems, Inc.), viewed on an oscilloscope, and 

recorded on a computer using a Power Lab data acquisition board (ADInstruments, Inc., 

Colorado Springs, CO).  Data was captured at 20 kHz and saved for offline analysis.  

Animals were presented with an array of visual stimuli (n=70; see below) and at the end 

of each experiment, the penetrated neuron was labeled with the dye by injecting a current 

of –2 to –5 nA at 1 Hz for 1-3 minutes.  Brain tissue was then processed as described 

below.   

 

Anatomy: brain structures and interconnections 

To delineate the brain structures in reference brains we used osmium staining on 

an additional two bees as described by Mares et al. (2005).  After formaldehyde fixation, 

brains were impregnated with 1% aqueous osmium tetroxide for 2-3 hours, rinsed and 

plastic-embedded and sectioned as described below.  We then reconstructed the 

components of the brain, including the lobula, in three dimensions using a custom 

program in Matlab (Mathworks, Natick, MA). 

 To examine the connections between the lobula and the medulla, we performed 

mass fills of bee brain neurons using the procedure described by Ehmer and Gronenberg 

(2002) on an additional three bees.  Briefly, the brain was exposed and fine-tipped 



124 
 

capillary tubes coated with crystals of Texas red® or fluorescein conjugated to 3000 MW 

dextran (Molecular Probes, Invitrogen) were used to penetrate the medulla.  The area was 

sealed with wax and the bee was kept at 4°C overnight.  The next day, the brain tissue 

was processed as described below. 

 

Histology of brains with fluorescent neural fills and osmium staining 

We processed the brains which were filled with dye intracellularly, brains with 

mass fluorescent fills, and brains with osmium staining using the same sectioning and 

embedding procedure.  A fixative solution (4% paraformaldehyde solution in buffered 

insect saline, pH 6.9) was applied to the brain before dissection.  The brains were 

dissected, rinsed, and dehydrated using increasing concentrations of ethanol and 

embedded in Spurr's low viscosity medium (EMS, Hartfield, PA).  The resulting plastic 

blocks were sectioned at 10-20 µm using a sliding microtome and mounted on slides with 

Cytoseal (Apogent, Kalamazoo, MI).  Images of the brain sections were recorded using a 

Nikon PCM 2000 confocal laser microscope with argon and HeNe lasers (Nikon, Japan).  

Entire neurons across all plastic sections where the neural processes were present were 

reconstructed in two-dimensional projections from the image stacks or in three 

dimensions using a custom Matlab program.  The two-dimensional projection images 

were adjusted for brightness and contrast using Photoshop (Adobe Systems, San Jose, 

CA).   
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Bodian Protocol  

 To examine the layout and anatomy of large numbers of individual neurons within 

the lobula, we used the Bodian reduced silver staining protocol similar to the procedure 

described by Gregory (1980) on an additional six bees.  Brains were removed from the 

head capsule and fixed overnight at 4°C in A.A.F. (64% Ethyl-Alcohol, 5% Acetic Acid, 

and 3.75% Formalin).  After fixation the tissue was dehydrated and embedded in paraffin 

(Paraplast+, Oxford Labware, St. Louis, MO).  Paraffin blocks were cut into 15 µm 

sections, and mounted on slides coated with albumin.  The tissue was then deparaffinized 

and rehydrated before incubation in protargol solution: 2.5 g silver protein (Alfa AEser) 

and 2 g metallic copper, in 250 ml distilled water.  After 23 hours at 60°C slides were 

removed from the protargol solution and processed through 1% hydroquinone and 5% 

sodium sulphite for 5 min, 1% gold chloride under bright light for 7 min,  (1%) oxalic 

acid for  5 min and  2.5% sodium thiosulfate for 5 min.  Sections were again dehydrated 

and then cover-slipped using Entellan (Merck).   

 

Immunohistochemistry 

Tissue from an additional twelve bumblebees was labeled for serotonin-like 

(5HT; n=6) and GABA-like (n=6) immunoreactivity using the protocol described in 

Dacks et al. (2006).  Briefly, brains were dissected and then fixed overnight in 4% 

paraformaldehyde at 4oC.  Brains were embedded in 5% low-melting point agarose 

(Sigma, St. Louis, MO) and sectioned the following day at 100 µm using a vibrating 
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microtome (Technical Products International, St. Louis, MO).  Sections were washed in 

phosphate-buffered saline with 0.5% Triton X-100 (PBST), then blocked for 1 hour (2% 

normal goat serum) and incubated overnight at room temperature with primary antibody 

(1:4000 rabbit anti-5HT; Immunostar, Hudson, WI, or 1:500 rabbit anti-GABA; Sigma) 

in PBST.  The following day, sections were washed, blocked and then incubated 

overnight at room temperature with Cy3-labeled secondary antibody (1:500 goat anti-

rabbit; Jackson Immunoresearch, West Grove, PA) in PBST.  The following day, sections 

were washed in PBS, cleared in an ascending glycerol series (40%, 60%, 80%) and 

mounted on glass slides in 80% glycerol.   

 

Visual Stimuli during the intracellular recording procedure 

Color and motion stimuli were presented to the right eye of the bee, ipsilateral to 

the side of the recording (Fig. 1A, B).  The stimuli are discussed separately below. 

 

Color stimuli during the intracellular recording procedure 

Colored light flashes were produced by an array of 60-light emitting diodes (J & 

E Electronic Co., LTD, Hong Kong): 20 each violet, blue, and green (Fig. 1A; peak 

wavelengths: violet: 404 nm; blue: 476 nm; green: 561 nm, with an average half-peak 

width: 22.13 ± 8.86 nm). The violet, blue, and green LEDs did not match the short (UV), 

medium (blue), and long (green) wavelength photoreceptor types in bumblebees (Peitsch 

et al., 1992).  The violet LEDs could produce the strongest response in the medium (blue) 
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photoreceptor type (eliciting 80% of the peak response; Peitsch et al., 1992).  In addition, 

the blue LEDs could produce equal relative responses in the medium (blue) and long 

(green) photoreceptor types (Peitsch et al., 1992).  However, the violet LEDs were the 

only LEDs which could stimulate the short wavelength-sensitive photoreceptors, since 

there was no overlap of the blue or green LED wavelengths with the short wavelength-

sensitive photoreceptor sensitivity curves in bumblebees (Peitsch et al., 1992).  While 

additional studies are necessary to determine the exact sensitivity of the bumblebee 

photoreceptors to these wavelengths and how bumblebees would respond behaviorally to 

these colors at different intensity levels, we found the relative distribution of the LED 

colors made it possible to discriminate the color sensitivities of individual recorded 

neurons.   

All three LEDs were adjusted with resistors to have the same relative intensity 

level at 450 photons/count per LED, which were measured using a fixed grating 

spectrometer (Ocean Optics model S2000; Ocean Optics, Dunedin, FL).  The 

approximate illuminance at the level of the ommatidia originating from the entire LED 

array (blue, green and violet LEDs) was estimated using a luminance-meter (Mastech 

LX1330) to be about 1400 lux.  While this illuminance level is what a human observer 

might encounter under overcast skies, the illuminance level experienced by bumblebees 

is likely different, since the illuminance values we measured were weighted to the human 

perception of brightness.  Nevertheless, we found bumblebees would easily fly at this 

illuminance level in a brightly lit flight cage.   
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The LED array was arranged in a half-circle such that the long axis of the array 

aligned with the long axis of the bee eye, spanning 2.9° by 123.3° of the visual field (Fig. 

1A). The array could be moved out and away from the bee to test motion stimuli.  To test 

chromatic sensitivity we lit the individual arrays of violet (v), blue (b), or green (g) LEDs 

or in four different combinations (bg, bv, gv, and bgv).  Each stimulus was presented as 

five 500-ms LED light flashes at 1 Hz.  The receptive fields of individual neurons were 

tested by lighting groups of LEDs at a time along the longitudinal axis (on the stationary 

LED array). 

 

Motion stimuli during the intracellular recording procedure 

 The motion stimuli were presented on a CRT monitor (vertical refresh rate of 160 

Hz; Gateway 2000, EV900) controlled by a computer with a Radeon 9800 Pro video card 

(ATI Technologies, Inc., Ontario, Canada) which subtended 114.0° by 103.1° of the 

visual field of one eye (Fig. 1A) .  To determine whether the bumblebee visual system 

would phase-lock to 160 Hz, we recorded extracellularly from photoreceptors in 

bumblebees while presenting light at the same luminance levels as the CRT monitor at 

various frequencies, including 160 Hz.  We found the photoreceptors did not produce 

membrane potential fluctuations at 160 Hz, which indicated that the photoreceptors 

integrated the flicker at this frequency and at the illuminance levels we used (see below).  

The illuminance at the level of the ommatidia facing the monitor was estimated to 

be 330 lux (white bars), using a Mastech LX1330 light-meter measuring output directly 
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at the monitor. This does not represent the overall illumination at eye level (as expressed 

by standard lux values, which would integrate the entire 'dark' hemisphere surrounding 

the monitor), but gives an indication of what the individual photoreceptors may have 

received. This light level is lower than daylight conditions but is, in our experience, 

sufficient for bumblebees to fly in a flight cage. 

Four types of motion stimuli were computer-generated using Vision Egg software 

(Fig. 1B; Straw et al., 2006), which included the following: a wide field high contrast 

square wave moving grating (filling the entire computer screen, at a spatial frequency of 

12.89°, moving at a rate of 57.2°/sec), a small moving bar (subtending 3.85° by 16.2°, 

moving at a rate of 73.57°/sec), a large moving bar (either a black bar on white 

background or a white bar on black background; subtending 9.04° by 103.1°, moving at a 

rate of 54.25°/sec), and a moving black edge on a white background (filling the entire 

computer screen, moving at a rate of 87.69°/sec).  Each stimulus was moved in eight 

different directions (up, down, left, right and 45o to these respective directions) and four 

different orientations (Fig. 1B).  Luminance changes of the CRT monitor resulting from 

the visual stimuli were measured by a photodiode and recorded with the neuronal signals.  

 

Analysis of Responses to Visual Stimuli 

  Membrane potential traces were imported into Matlab, down sampled to a 

resolution of 0.1 ms, and filtered to remove high frequency (>2000 Hz) and low 

frequency (<50 Hz) noise.  Electrical noise from the LED relay switches was also 
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removed by averaging out the membrane potential 0.75 ms around each noise spike.  The 

time and mean frequency of action potentials was measured by detecting spikes above a 

set threshold.  These spike times were then used to calculate the coefficient of variation 

(CV= standard deviation of the inter-spike intervals/mean value of the inter-spike 

intervals) during background activity. A significant response to a visual cue was defined 

as a change in spike rate greater than 2 times above or below the standard deviation of the 

mean background spiking activity.  Definitions of how we categorized the neural 

responses to the visual cues are described in the Results and laid out in Supplementary 

Table 1.   

Responses to individual presentations of a stimulus were used to determine the 

chromatic and motion preferences of each neuron, and responses to trains of light flashes 

were used to analyze the habituation, precision, and reliability of each response.  

Habituation was identified when a neuron responded significantly to the first light flash 

but not to the subsequent light flashes.  Other measures are defined below.   

 

Spike time precision and response reliability 

In order to determine if different regions of the lobula encode visual information 

using different strategies, we calculated spike timing precision and response reliability 

across repeated trials using procedures similar to those described by Mainen and 

Sejnowski (1995), Schreiber et al. (2003), and Tiesinga et al. (2008; Fig.1D).  The terms 

precision and reliability address two temporal properties of neurons and have been used 
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extensively in studies involving vertebrate visual cortex to measure the temporal 

properties of spiking neurons (review: Tiesinga et al., 2008).  First, spike time precision 

measures the jitter of the spike times across trials (see below), which directly relates to 

the timing of the neural responses.  Response reliability, on the other hand, was used to 

measure the consistency of the responses of the neurons across trials.   

To measure spike time precision and response reliability, we first calculated a 

peristimulus time histogram (PSTH; bin size: 0.1 ms) for each set of trials was convolved 

with a Gaussian curve (halfwidth: 8 ms).  Events were defined as periods were the firing 

rate was at least 3 times the standard deviation above the mean binned activity across 

trials within the PSTHs (Fig. 1D).  To calculate spike time precision, a measure of the 

temporal jitter of the spikes within events, we used the following equation:  

Spike Time Precision = E / Σ σe; 

Where E is the number of events, and σe is the standard deviation of the individual spike 

times in event e.   Response reliability, the fraction of spikes across trials which occurred 

during the events relative to those outside of the events, was calculated with the 

following equation:    

Response Reliability = 1/ T  * Σ (Σ Ne / Nt) 

Where Σ Ne is the sum of number of spikes within each event, Nt is the number of spikes 

across trials, and T is the number of trials.  Statistical comparisons of measurements 

between cell groups or stimuli were made using the Mann-Whitney U-test. 
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Results 

We recorded from and morphologically identified 105 neurons in the bumblebee 

lobula, a six-layered neuropil within the optic lobes (Ribi and Scheel, 1981).  The goal 

was to match the branching patterns of the characterized lobula neurons with the layered 

ground plan of the lobula to create a functional map of the lobula based on anatomy and 

on physiological response types.  Here, we first describe the layered structure of the 

bumblebee lobula and show that it is almost identical to the design of the honey bee 

lobula (Ribi and Scheel, 1981).  Then, we describe how the dendritic branching of the 

recorded and labeled lobula neurons segregate anatomically among the lobula layers.  

Finally, we address how the recorded lobula neurons segregate in terms of their responses 

to color, motion, and in their temporal response properties.   

Notably, since we gathered anatomical and response data on a large number of 

bumblebee lobula neurons, we focus on how physiological response correlated with the 

lobula layers in the following order: (1) segregation of color processing; (2) segregation 

of motion processing; (3) segregation of both color and motion processing; (4) which 

layers demonstrated habituation; and (5) differences among layers in spike time precision 

and response reliability.  While the data set is extensive and includes information on 

several aspects of each neuron, we concentrate on how the physiological differences 

among lobula layers differences map to the lobula as a whole. 

 

The lobula exhibits a columnar and non- columnar layered organization 
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The honeybee lobula is composed of six anatomical layers (Ribi and Scheel, 

1981) which was clearly seen in horizontally sectioned Bodian preparations in the 

bumblebee (Fig. 2B).  The posterior layers (labeled 1 through 3, from the most posterior 

forward) showed a columnar, regular arrangement of projections. This columnar 

arrangement was also present in the next layer, 4, but this stratum was dominated by 

large, longitudinal projections.  In layers 5 and 6, large neurites dominated, which were 

not arranged into an ordered array (Fig. 2B), but rather looped around each other while 

predominantly remaining within layers 5 and 6.    

Bodian preparations illustrated most of the neurites composing the general 

structure of the lobula, but the layered organization was also apparent in the neurites of 

the input neurons from the medulla, a second-order visual neuropil.  Mass fills 

demonstrate that medullar inputs to the lobula were retinotopically ordered in layers 1-4 

(Fig. 2C, D) and that the inputs to layers 5 and 6 were not organized in the same way 

(Fig. 2C, D).  While separate layers were visible in individual two-dimensional sections, 

three dimensional reconstruction from osmium staining revealed that layers 1-4 form the 

outer shell of the lobula, covering the dorsal, ventral, posterior, and lateral edges (Fig. 

2G,H).  Layers 5 and 6 formed an inner core, covered by layers 1-4 except at the anterior 

and medial portions of the lobula (Fig. 2G,H).   

 

Lobula layers contain different distributions of GABA and serotonin  
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To determine how putative inhibitory processes related to the layers and if 

potential neuromodulators were differentially distributed among the layers, we 

immunocytochemically labeled the bumblebee lobula for GABA-like and serotonin-like 

immunoreactivity (for simplicity hereafter referred to simply as 'GABA' and 'serotonin').  

As observed in the honeybee (Schäfer and Bicker, 1986), GABA was distributed 

differently among the lobula layers in bumblebees in a large number of neurites (Fig. 3C, 

D).  Notably, high levels of GABA were concentrated in segments of layers 1, 2, 3, and 

5.  Indeed, GABA staining allowed us to identify further subdivisions of individual 

layers, such as layer 3 (Fig. 3C, D).  In contrast to the segregated distribution of GABA 

among lobula layers, immunolabeling for serotonin revealed that serotonin is localized to 

a subset of wide-field lobula neurons which branched in layer 2 and 4, with diffuse 

arborizations in layers 5 and 6 (Fig. 3E, F).  

 

Lobula neuron dendrites are segregated among the layers  

Neurons in layers 1 through 4 were distinguished from those in 5 and 6 based on 

the morphology of their processes within the lobula.  All recorded neurons fell into three 

separate groups based upon their branching patterns within the layers of the lobula: Layer 

1-4 neurons (n=60), Layer 5-6 neurons (n=33) and Layer 1-6 neurons (n=12).  All the 

neurons belonging to the Layer 1-4 and Layer 5-6 groups were wide-field tangential 

neurons which spanned much of the lobula within their layers (Fig. 4A-D).  Some of the 

Layer 1-6 neurons were wide-field neurons (n=6) with many branches in layers 5 and 6 
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and some branches in layers 2 and 3 (not shown).  However, the other recorded Layer 1-6 

cells (n=6) were columnar (Fig. 4E).  These columnar neurons had branches in layers 1, 2 

or 3 and sent branches into layers 5 and 6.  The columnar neural class represents the 

majority of the neurons in the lobula, but, due to our small recorded data set, we 

classified them as Layer 1-6 neurons and merged them with the wide-field neurons also 

projecting into layers 2, 3, 5 and 6.   

In some preparations with two or more neurons filled with different fluorescent 

dyes, cells branching in layers 1-4 were found juxtaposed with neurons arborizing in 

layers 5-6 (Fig. 4F).  Reconstructions of these neurons in three dimensions confirmed that 

Layer 1-4 neurons form an outer shell to the inner branching patterns of the Layer 5-6 

neurons (Fig. 4F-H).  Further, most Layer 1-4 neurons had branching patterns which were 

ordered in an array (Fig. 4A, B, F-H) matching the columnar inputs from the medulla to 

layers 1-4 (Fig. 2D).  The branching patterns of layer 5-6 neurons were complex with 

branches often looping back on each other (Fig. 4C, D, F-H).  In the following analyses, 

we examined the responses of these three major groups of neurons based on anatomical 

classifications: Layer 1-4, Layer 5-6, and Layer 1-6 neurons. 

Altogether, we found we generally penetrated and recorded from relatively large 

lobula neurons (with neurite diameters > 5 µm), which meant that we mostly sampled 

from the population of wide-field lobula neurons.  We acknowledge that all the 

percentages we included below may not represent the actual percentages of visual 

response properties within the entire lobula.  Therefore, while our data are biased toward 
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the large lobula neurons in general, we can begin to examine how the large lobula 

neurons differentiate among the lobula layers both morphologically and physiologically. 

 

No differences in spontaneous activity among the lobula layers 

Once neurons had been grouped into morphological categories among the lobula 

layers, physiological properties across groups were compared.  Baseline firing 

frequencies ranged from 0.01 Hz to 120 Hz, with no significant differences between the 

layer groups (Mann-Whitney U-test; p > 0.05 for all comparisons).  We also sought to 

determine if the variation in spike times was different between the layer categories.  

There was no significant difference in the coefficient of variation (CV) of the inter-spike 

intervals during resting background activity between three groups (Mann-Whitney U-test; 

p > 0.05 for all comparisons).  However, the differences among the lobula layer 

categories became evident in the differences in their visual responses. 

 

Neurons in all six layers respond to visual cues 

All but four of the 105 recorded neurons responded to visual cues.  They 

responded to either chromatic cues, motion cues, or to both types of stimuli. Within the 

entire data set, only four neurons did not have a significant response to the visual cues, 

which likely had to do with our sampling procedure.  Generally, during the experiments, 

we would normally record and fill neurons which responded to visual stimuli.  Using this 

basic search method, we found the visually responsive neurons across the morphological 
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groups exhibited inhibitory and/or excitatory responses to visual cues.  The main 

differences among the groups were their selectivity for specific visual cues, such as color, 

and in their temporal response properties.   

 

Chromatic sensitivity is concentrated in layers 5-6 

 To examine color sensitivity in the neurons among the individual layers, we 

classified the neurons as broad-band, narrow-band, or color opponent based on their 

responses to each individual color (b, g, or v) and to the four combinations of the colors 

(bg, bv, vg, and bgv; Fig. 4; Kien and Menzel, 1977a, 1977b).  Broad-band neurons 

produced similar responses to all colors and all color combinations, essentially 

responding to levels in luminance (Fig. 5A).  Narrow-band neurons responded to only 

one or two of the colors (Fig. 5B).  Color opponent neurons produced different responses 

to individual colors and had responses indicative of an interaction between the colors 

during simultaneous color presentations (Fig. 5C).  For example, one color opponent 

neuron responded to all the colors, but produced a phasic-tonic response to violet and a 

phasic-only response to blue or green light flashes (Fig. 5C).  When violet and blue were 

presented together, the tonic response decreased (gray arrows, Fig. 5C), as blue inhibited 

the violet response.  Yet, simultaneous presentation of violet and green elicited only the 

tonic portion of the response (black arrows, Fig. 5C).   

 The distribution of these chromatic response types varied considerably across the 

bee lobula (Fig. 5D).  In total, the majority of the tested Layer 1-4 and Layer 1-6 neurons 
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(67% and 56%, respectively) had broad-band responses to the colors presented (i.e. color 

insensitive) while the majority of the sampled Layer 5-6 neurons were narrow-band or 

color opponent (i.e. color sensitive; 87%; Fig. 5D).  Beyond the classifications of narrow- 

and broad-band response types, color opponent responses were segregated among the 

layers.  Only 9% of Layer 1-4 neurons demonstrated color opponency, while 48% of 

Layer 5-6 cells demonstrated color opponency.  Layer 5-6 neurons preferentially signal 

chromatic cues while the majority of tested Layer 1-4 and Layer 1-6 neurons were not 

chromatically sensitive.   

Since the colors used to test chromatic sensitivity in these neurons triggered 

different levels of responses in the different photoreceptor types (see methods), we could 

also deduce what photoreceptor types input to each neuron recorded (listed in  Table 2), 

based on previous studies of bumblebee photoreceptor wavelength sensitivities (Peitsch 

et al., 1996).  We put forward that 82% of the tested lobula neurons may receive inputs 

from two or three photoreceptor types, while only a small percentage may receive 

exclusive input from single photoreceptor types (16%; the remaining 2% did not respond;  

Table 2). 

While receptive fields were not examined in many neurons in these experiments 

(n=35), we did find some of the color sensitive neurons had spatially antagonistic 

receptive fields (n=4; see Table 2).  However, we found most of the tested neurons either 

had wide or small receptive fields, matching the branching patterns of the neurons 

themselves (Table 2).   
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Motion sensitivity is encoded across layers 

 While color sensitivity segregated among the layers, we also wanted to know 

whether motion sensitivity segregated among the layers.  We found a wide range of 

motion sensitivities, which we classified into three motion categories: no motion 

response, non-directional motion response (Fig. 6A, C), and directional motion response 

(Fig. 6B, D).  About two thirds of Layer 1-4 and Layer 5-6 neurons were motion 

sensitive.  The majority of the tested Layer 1-4 neurons were directionally motion 

sensitive (58%) while 17% were non-directionally motion sensitive.  No motion response 

was observed in 25% of Layer 1-4 neurons.  These percentages are not very different 

from the distribution of motion sensitivity among the Layer 5-6 neurons, where 42% 

exhibited directional motion sensitivity, 19% exhibited non-directional motion 

sensitivity, and 39% had no motion response.  Thus, motion sensitivity was not 

anatomically segregated among the two major lobula layer groups.  In contrast to the 

Layer 1-4 and Layer 5-6 neurons, only three of the nine tested Layer 1-6 neurons 

responded to motion cues: two had directional motion responses and the third had a non-

directional motion response.   

 

Layers 5-6 contain more color and motion sensitive neurons 

 Since we tested color and motion cues in most of the preparations (n=84), we 

examined the convergence of color and motion sensitivity across the neural population.  
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We found that motion and color sensitivity were both present in some neurons but not in 

others depending on their morphological characteristics.  For example, the Layer 1-4 

neurons tested with both color and motion cues were mostly motion sensitive but color 

insensitive (60%; Fig. 6E).  In contrast, the tested Layer 5-6 neurons were either color 

sensitive but motion insensitive (31%) or they were both color and motion sensitive 

(58%), while another portion of them were color and motion insensitive (11%).  Indeed, 

we found that 74% of all the color and motion sensitive neurons were in layers 5-6 (Fig. 

6E).  Thus, Layer 1-4 neurons mainly produced achromatic motion responses while Layer 

5-6 neurons predominantly demonstrated chromatic motion responses.   

 

Response dynamics to light flashes are segregated among the layer groups 

In addition to differences in sensitivities to visual stimuli, we examined the 

temporal dynamics of the neurons’ responses to flashes of light.  Neurons in the lobula 

layers demonstrated a range of response dynamics to the combination blue-green-violet 

light flashes which could be classified into four main response types: phasic-tonic, 

phasic, tonic, and on-off (Fig. 7A-D).  The response types did not correlate overall with 

differences in the spontaneous, background spiking activity.  Neurons with phasic-tonic 

responses produced a burst of excitation followed by tonic activity for the duration of the 

light flash (Fig. 7A) while phasic responses only involved a short response during the 

light flash (Fig. 7B).  Tonic responses involved a tonic increase or decrease in the 

membrane potential during the light flash which did not correlate with a significant 
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change in spike rate (Fig. 7C).  Finally, the on-off response type was characterized by a 

burst of excitation at the onset of the light flash and when the light was turned off (Fig. 

7D).   

This on-off response was found in the majority of the tested Layer 1-4 neurons 

(72%; Fig. 7E).  By contrast, 72% of the tested Layer 5-6 and 73% of the Layer 1-6 

neurons had phasic or tonic response types, indicating a fundamental difference in the 

inputs to these layers (Fig. 7E).  To quantify this difference, we performed a cross-

correlation analysis with a signal that represented the onset and offset of the light flashes.  

We found significant differences in the cross correlation coefficients between the spike 

times and the on-off signal for the Layer 1-4 neurons versus the Layer 5-6 and Layer 1-6 

neurons (data not shown).   

Interestingly, phasic-tonic, phasic, tonic, and on-off responses were correlated 

with specific classes of color and motion sensitivity (not shown).  For example, 73% of 

the neurons that responded to light flashes with an on-off response had broad-band 

responses (i.e. were not color sensitive) while 78% of the neurons which had phasic 

responses to light flashes were color sensitive (either narrow-band or color opponent).  In 

terms of motion sensitivity, 78% of the on-off response-type neurons were directionally 

motion sensitive while only 14% of the neurons with phasic responses to light flashes 

were directionally motion sensitive (data not shown).  These results indicated that the 

response types to light flashes could be tightly correlated with the selectivity of the 

neurons to visual stimuli. 
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Layer 5-6 neurons exhibit habituation for repeated stimuli  

For repeated 500 ms long light flashes (5 flashes at 1 Hz), many of the Layer 5-6 

(69%) and Layer 1-6 (36%) neurons only responded to the first of the five light flashes, a 

feature we labeled habituation (Fig.5B).  By contrast, the Layer 1-4 neurons generally 

responded similarly for each light flash (Fig. 5A, 7C, D).  In fact, habituation was found 

in only 14% of the Layer 1-4 neurons.  Interestingly, the initial light flash response before 

habituation in Layer 5-6 and Layer 1-6 neurons returned if we waited 4-5 seconds or 

changed the color of the stimulus. 

  

Layer 1-4 neurons respond more reliably, while Layer 5-6 neurons are more precise 

 Response reliability refers to the ability of a cell to respond across many trials 

while spike time precision refers to the temporal jitter of the response, if a response 

occurs. Additional explanations of spike time precision and response reliability are 

included in Supplemental Figure 3, but the main differences between these two measures 

is that response reliability addresses how consistently the neuron responds to stimuli 

across trials while spike time precision measures the spike timing during a response.  For 

instance, response reliability decreases if the neuron habituates to the stimuli across trials, 

but spike time precision measures with the time of arrival of the spikes during events, 

which may or may not be affected by habituation.  Indeed, to a large extent, reliability 

and precision can vary independently (Tiesinga et al., 2008).   



143 
 

In the bumblebee lobula, in addition to the differences in habituation and response 

types between the layers, there were marked differences in the spike alignment across 

trials (Fig. 8).  In some cases, neurons did not change their firing rate in response to 

visual stimuli, but produced, across trials, extremely precise spike times relative to 

stimulus onset and in particular to the stimulus offset (Fig. 8A, stimulus onset precision 

0.4972 ms-1, stimulus offset precision 7.383 ms-1;  note that the unit of precision is the 

reciprocal of time).  To further examine these differences in response reliability and spike 

time precision, we quantified spike time precision and response reliability of the neurons 

across trials to examine whether (1) spikes occurred at precise times across repeated 

stimulus trials and (2) if the spikes consistently, or reliably, were generated across 

repeated stimulus trials (see Methods).  

Layer 5-6 neurons had significantly higher spike time precision values compared 

to the Layer 1-4 neurons for all the colors and color combinations (Fig. 8C; Mann-

Whitney U-test; all comparisons except blue-green combination: p <0.05) with the 

exception of the blue-green color combination (Mann-Whitney U-test statistic: 829; z-

statistic: 1.7882; p = 0.0737).  These results indicated that the neurons in Layer 5-6 

produce more precise spike times correlated with the stimulus onset across trials than the 

Layer 1-4 neurons. This difference related directly to the different response dynamics to 

light flashes: Layer 1-4 neurons produced highly irregular bursts of activity during on-off 

responses in sharp contrast to the regular spiking seen in the phasic and tonic responses 

of Layer 5-6 neurons (Fig. 7B, C).   
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Conversely, Layer 1-4 neurons had more response reliability across trials than the 

Layer 5-6 neurons for all colors and color combinations (Fig. 8D; Mann-Whitney U-test; 

all comparisons: p< 0.05).  This result is related directly to the fact that Layer 1-4 neurons 

nearly always responded to each light flashes in a series while many Layer 5-6 neurons 

habituated to the stimuli or changed their responses over time.  The differences in 

response reliability and spike time precision suggested that the two layer groups, namely 

Layers 1-4 and 5-6, use two different strategies for encoding stimuli: changing spike rate 

vs. changing spike timing to encode different visual cues.  This idea was supported by the 

fact that we found different spike time precision and response reliability values for 

individual colors on the level of the entire population as well as on the level of individual 

neurons (data not shown).   

To further confirm these results, we used two other measures of spiking 

variability and precision. We repeated the precision and reliability analysis at multiple 

temporal resolutions and obtained the same differences among the layer groups (data not 

shown).  Again, Layer 5-6 neurons were more precise but less reliable across multiple 

time scales than Layer 1-4 neurons (data not shown).  In another measure of the temporal 

aspects of the spike timing, we measured the spike time variability across multiple time 

scales using the Fano Factor (Fano, 1947; Teich et al., 1996; data not shown) and found 

that the Layer 5-6 and Layer 1-6 neurons had significantly lower spike time variability 

during light flashes compared to the Layer 1-4 neurons (data not shown).   
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As to the third category of neurons, there were no significant differences in the 

response reliability or the spike timing precision between the Layer 1-4 and Layer 1-6 

neurons (Fig. 8C; Mann-Whitney U-test; all comparisons: p > 0.05) .  However, the 

Layer 1-6 neurons had significantly lower spike time precision values than the Layer 5-6 

neurons for the green and blue-green color combinations (Fig. 8C; Mann-Whitney U-test; 

both comparisons: p < 0.05) and significantly higher response reliability values for the 

blue-green-violet color combination (Fig. 8D; Mann-Whitney U-test statistic: 260; z-

statistic: 2.4481; p = 0.0144).  The spike time precision and response reliability values 

were not significantly different between Layer 5-6 and Layer 1-6 neurons for all other 

colors and color combinations (Fig. 8C, D; Mann-Whitney U-test; all other comparisons: 

p > 0.05). 

 

Layer 1-4 and Layer 5-6 neurons exit the lobula along different tracts 

 Since the lobula layers demonstrated significant differences in response 

properties, we wanted to examine whether the information was further segregated as the 

information is sent from the lobula to the central brain.  We examined the lobula neurons 

to determine whether the layers also projected differently via specific tracts into the brain 

(Fig. 2G,H).  We classified each neuron as projecting into one of four main tracts from 

the lobula to the central brain:  the anterior optic tubercle tract (aott); the posterior 

superior optic tract (psot); the posterior inferior optic tract (piot; or inferior optic 

commissure; Hertel et al., 1987); and the lobula optic tract (lot) (Kenyon, 1896; Mobbs, 
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1982, 1984; Table 2).  As an aside, cell soma location did not correlate with dendritic 

arborization patterns within the lobula layers.   

The majority of the Layer 1-4 neurons exited the lobula via the posterior tracts 

(85%; Table 2) while, the Layer 5-6 neurons mostly projected through the lobula optic 

tract or the aott (85%; Table 2).  Therefore, the major morphological layer classes 

projected to different regions of the brain (Kenyon, 1896; Mobbs, 1982, 1984), 

suggesting that some of the functional segregation we observed in the lobula is conserved 

at later visual processing stages.  

 

Discussion 

The ability to detect behaviorally relevant cues, including motion, pattern, and 

color are necessary for bees to forage, find mates, perform social interactions, and 

navigate back and forth from food sources several kilometers away from the nest.  The 

processing carried out in the bee lobula, a major component of the visual processing 

pathway, is essential for many of these functions.  We found color and motion sensitive 

lobula neurons with varying temporal properties and branching patterns within lobula 

layers which could be matched to specific functions involved in behavior (for all data, see 

also Table 2).  Thus, we hypothesize that there is a direct relationship between the lobula 

layers and the different visual capabilities found behaviorally in bees.   

 

Lobula structure and function: color and motion pathways 
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In many visual systems, it is not clear whether there are completely separate 

pathways for color and motion (Hubel and Livingstone, 1987), or if the dimensions of 

color and motion are jointly encoded, with individual neurons signaling multiple 

dimensions of the visual scene (Lennie, 1998; Lennie and Movshon, 2005).  In the 

primate visual system, evidence suggests that both strategies are used to varying degrees 

(Callaway, 2005; Hubel and Livingstone, 1987; Lennie, 1998; Sincich and Horton, 2005).  

The first strategy of segregating visual processing pathways originates in the retina in the 

parvocellular (P) and magnocellular (M) pathways (Callaway, 2005; Lennie and 

Movshon, 2005).  The M and P pathways remain relatively separate through the lateral 

geniculate nucleus and input to separate layers in the primary visual cortex (V1), and are 

thought to represent segregated pathways of chromatic (P) and achromatic (M) 

information (V1; Callaway, 2005; Lennie and Movshon, 2005).   

However, the question is how neurons in V1 integrate the chromatic and 

achromatic information pathways; they either process information pathways separately or 

encode visual stimuli jointly.  Hubel and Livingstone (1987) proposed that the M and P 

pathways remain relatively segregated as visual information is sent from V1 to 

extrastriate regions such as MT (for motion processing) or V2 (for form or color 

processing).  Conversely, Lennie (1998) proposed that V1 neurons encode multiple 

dimensions of visual information, which include combinations of color, form, orientation, 

and motion.   
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The bee lobula may actually use both strategies for visual processing.  We 

observed the segregation of color and motion pathways along anatomical lines.  Many 

Layer 1-4 neurons respond to motion independent of color while some Layer 5-6 neurons 

are color sensitive but motion insensitive (Fig. 6E).  The bee visual system also jointly 

encodes the dimensions of color and motion of the visual scene, a number of Layer 5-6 

neurons that were both color and motion sensitive.  The bee visual system then is a useful 

model for understanding how individual neurons can jointly encode multiple dimensions 

of visual cues. 

In addition, while we divided the lobula neurons into three main groups based on 

the layers, the bee lobula clearly can be further subdivided into six or more layers.  The 

division of neural branching patterns among the layers may have to do with the 

segregation of additional levels of color and motion processing at each layer.  However, 

determining the segregation of function among the six layers may require recordings and 

reconstructions of more neurons and by using additional color and motion stimuli.   

 

Lobula evolution and structure 

Unlike bees, many insects possess both a lobula and a second structure called the 

lobula plate, a higher-order visual processing neuropil in the optic lobes that has been 

studied extensively in flies (Hausen, 1981; Reviews: Borst, 2000; Borst and Haag, 2002).  

In flies, the wide-field tangential neurons in the lobula plate are thought to be involved in 

detecting directional wide-field motion independent of color (Douglass and Strausfeld, 
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1998; Hausen and Wehrhahn, 1989).  Flies also have a lobula, which has neurons which 

are orientation and small-field motion sensitive (Barnett et al., 2007; Douglass and 

Strausfeld, 1998).  The basal condition in insects is to have both a lobula and lobula plate, 

and thus, in bees, the lobula plate was either lost or merged with the lobula.  On the basis 

of anatomical observations, Cajal and Sanchez (1915) originally suggested that the lobula 

plate was not lost, but absorbed into the posterior (or the dorsal along the neural axis) 

edge of the bee lobula.  At first pass, our data support this view, as the Layer 1-4 neurons, 

which are posterior (dorsal) in the lobula, were often motion sensitive but color 

insensitive, as are lobula plate neurons in flies.  Further work should be done to 

determine what evolutionary pressures are likely to have driven this reorganization. 

 

Distribution of neurotransmitters and neuromodulators in the lobula  

The lobula layers are also functionally segregated in terms of the distribution of 

GABA and serotonergic processes (Fig. 3).  In past studies, researchers found that lobula 

layers are evident in honeybee brain tissue immunolabeled for serotonin, octopamine, 

GABA, and acetylcholinesterase (Bicker, 1999; Kreissl and Bicker, 1989; Schäfer and 

Bicker, 1986; Sinakevitch et al., 2005).  The increased amount of serotonergic branching 

in Layers 1-4 implies that their activity is modulated by localized serotonergic inputs. 

The behavioral significance of this serotonergic input is hinted at by the observation that 

the injection of serotonin into the honeybee lobula decreases the background activity, 

response intensity, and directional selectivity of motion selective neurons (Kloppenburg 
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and Erber, 1995) which results in a decrease in the ability of bees to respond with 

antennal movements to moving striped patterns (Erber and Kloppenburg, 1995). 

Additional studies on the location of the GABA and serotonin receptors are required to 

determine how neurotransmitter distribution could be segregated among the layers.     

 

Lobula output regions indicate behavioral relevance 

Underscoring differences in response properties and arborization patterns between 

neurons in different layers of the lobula, the neurons from these layers project to different 

regions of the brain (Kenyon, 1896; Mobbs, 1982, 1984; Ehmer and Gronenberg, 2002).  

Most Layer 1-4 neurons send their axons through the posterior optic tracts either to the 

contralateral lobula or to the posterior protocerebrum (Fig. 4E).  The posterior 

protocerebrum contains the dendritic processes of descending neurons that project to 

motor control centers (Ibbotson, 2001; Schröter et al., 2007; Strausfeld and Bessemir, 

1985).   Our findings therefore predict that these descending neurons require highly 

consistent inputs, such as those provided by the reliable Layer 1-4 neurons, in order to 

accurately affect course adjustments and to navigate obstacles.  These projections 

implicate a clear role for the Layer 1-4 neurons in the color insensitive optomotor reflex, 

in circuits that control speed of flight, and detect moving targets (Chittka and Tautz, 

2003; Giger and Srinivasan, 1996; Kaiser and Liske, 1972).   

Many of the Layer 5-6 neurons project via the lobula optic tract or the anterior 

optic tubercle tract into the calyces of the mushroom bodies or into the dorsal and lateral 
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protocerebrum (Ehmer and Gronenberg, 2002; Gronenberg, 1986; Paulk and Gronenberg, 

2008; Strausfeld, 2002).  Not much is known about the dorsal and lateral protocerebrum, 

though these regions have been implicated in the formation of a memory trace in flies 

(Liu et al., 2006) and include other visual processing glomeruli (Strausfeld and Okamura, 

2007).  Conversely, we know the second Layer 5-6 output region, the mushroom bodies, 

have long been associated with olfactory learning and memory (Heisenberg, 1998, 2003), 

but their function in visual tasks is less well understood.  Mushroom body intrinsic 

neurons, the Kenyon cells, have high rates of adaptation and high firing thresholds and so 

need highly correlated, or precise, inputs to trigger firing (Laurent and Naraghi, 1994; 

Perez-Orive et al., 2004; Szyszka et al., 2005), requirements met by the particularly 

precise Layer 5-6 neurons.   

 The importance of this observation becomes clear in when considering the 

dynamics of subsequent neural response properties.  Mushroom body neurons exhibit 

spike timing dependent plasticity (Cassenaer and Laurent, 2007; Li and Strausfeld, 1997; 

Mauelshagen, 1993; Menzel and Manz, 2005).  The precise spiking characteristics of the 

Layer 5-6 neurons could be essential for inducing these spike timing dependent changes 

in the mushroom body and protocerebral neurons.  

Bees navigate the natural world much as we do, and must similarly cope with all 

the challenges of processing visual cues and responding to salient stimuli. To surmount 

these challenges with so few neurons, the visual system of the bee has evolved to make 

use of separate visual processing pathways organized into a remarkably efficient 
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anatomical scheme.  A part of this efficiency is the arrangement of the lobula neural 

dendrites into layers, which allows very different functional pathways to be segregated 

within a structure of only 50,000 neurons (Witthöft, 1967).  Thus, the ability of a small 

insect brain to perform the visual tasks required to process the natural world derives from 

a remarkably efficient anatomical organization of the individual neurons. 
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FIGURES 

 

Figure 1. Visual stimulus setup and analysis methods.  A. Motion stimuli were presented 

to the bee using a computer monitor (black rectangle) while color stimuli were presented 
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using an LED array with 20 blue, green, and violet LEDs each arranged in a semi-random 

pattern.  Both stimuli were presented to the bee’s right eye, but are presented on either 

side here for visualization purposes.  B. The motion stimuli used are represented in i-v, 

which included black or white large oriented bars (i and ii), small moving targets (iii), a 

large moving edge (iv), and a high contrast grating (v).  Each stimulus was moved in 

eight different directions, which are indicated in (vi).  C. We measured the precision and 

reliability of the spike times across five trials of repeated light flashes.  (ii) We calculated 

a peristimulus time hisogram (PSTH, bin width 0.1) from the raster plot (i) and 

convolved the PSTH with a Gaussian curve (halfwidth of 8 ms).  (iii) We detected events 

three standard deviations above the mean (black peak) and (iv)  measured the spike time 

precision and response reliability of the spikes across trials during the event (black spikes 

under the *).   
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Figure 2. Bee brain structure.  A. (i) The bumblebee brain.  (ii) A horizontal section of 

the bee brain stained with osmium taken from the level of the dashed lines in (i).  Specific 

areas of the optic lobe subdivisions are indicated: the retina (ret), the lamina (la), the 

medulla (me), and the lobula (lo) as well as the central protocerebrum (prot).  B. Bombus 

impatiens lobula structure. Reduced silver Bodian staining, six layers can be seen within 
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the lobula (B) which progress from the outer portion of the lobula (i.e. layers 1-3) to the 

inner, or proximal, regions of the lobula (i.e. layers 4-6).  The distal layers (1-4) contain a 

spatially ordered arrangement interspersed with horizontal branching.  In addition, larger 

processes dominate layer 4.  The arrangement breaks down in layers 5 and 6, where the 

large processes form a complex network.  C. Input to the lobula, which follow the 

internal structure of the layers (site of dye injection at the *).  D. In this mass fill of 

medullar neurons, the input to the lobula is clearly columnar in the outer, or distal, 

regions of the lobula which disappears in the inner layers 5 and 6.  E. Multiple sections of 

the brain can be used to reconstruct a three-dimensional representation of the brain, with 

the optic lobes (lo and me), the antennal lobes (al), the central complex (cc), and the 

mushroom bodies (mb).  G, H. The lobula and the component layers were three-

dimensionally reconstructed from individual sections (F) using a custom Matlab 

program.  (G) is the same view as in A-D while (H) is a rotated view.  Note how the 

outer layers (1 and 4) form rinds around the inner layers (5 and 6).  We also reconstructed 

the tracts leaving different regions of the lobula (gray, orange, green, yellow, red, and 

purple tracts);  anterior optic tubercle tract (aott).   
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Figure 3. Localization of GABA-like and serotonin-like immunoreactivity within the 

lobula in frontal (A, C, E) and horizontal (B, D, F) views of the lobula layers.  In the (A) 

frontal and (B) horizontal three dimensional view of the bee brain.  C, D. GABA is 

distributed differentially among the layers in the lobula, with higher concentrations in 

layer 5 and in subregions of layers 1-3.  E, F. Serotonergic neurons are also distributed 
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differentially among the layers, with a high concentration of processes in layers 2 and 4, 

with diffuse processes in layers 5 and 6.   
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Figure 4. Lobula neuron morphology.  A,B.  Reconstructed Layer 1-4 neurons filled with 

fluorescent dye.  Note that the neurons project to the rim of the lobula and have highly 

regular projections.  C,D. Reconstructed Layer 5-6 neurons.  These neurons do not 

project to the rim of the lobula and have less regular branching patterns.  E. An example 

of the six recorded and filled columnar neurons .  F. Multiple neurons filled in the same 

brain.  The blue and green labeled neurons project to layers 5 and 6 while the red labeled 

neuron projects to layers 3 and 4.  G, H.  Some of these neurons were reconstructed in 

three dimensions to examine their branching pattern relationships to the layers.  Note how 

the Layer 1-4 neuron (red) forms a rim around the Layer 5-6 neuron (blue).  In A-E and 

F, the lobula is outlined with white dotted line.  Scale bar=100 µm. 
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Figure 5.  Responses to chromatic cues.  We found three chromatic response types. A. 

Broad-band chromatic selectivity, where the neuron responded similarly to all colors and 

color combinations regardless of color. B. Narrow-band chromatic selectivity, where the 

neuron responded to one or two of the colors, but not all three. C. Chromatic opponency, 

where the responses to one color alter the response to another color.  In this case, the 

neuron responds with a phasic burst to all colors, but with tonic activity to violet and 

somewhat to green.  When blue and violet are presented together, the tonic activity is 

inhibited (gray arrows), but not when green and violet are presented together (black 

arrows).  In all cases, black bars signify duration of the light flash. D. The percentage of 
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chromatic response types among the responsive neurons in the layers.  The Layer 5-6 

neurons have the highest percentage of color sensitive neurons (narrow-band and color 

opponent), while most of the Layer 1-4 and Layer 1-6 neurons are mostly broad-band 

chromatically selective.   

 

Figure 6. Motion response types.  In these examples, the neurons were presented a large 

moving bar (A, B) or a wide-field moving grating (C, D).  The spike rates significantly 
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changed in response to the motion cues presented.  To examine the directionality, we 

plotted the spike rates for each direction on a polar plot for each stimulus.  (B, D) We 

found clear directionality sensitivities for some neurons. (A, C) Other neurons did not 

exhibit clear directionality preferences.  In all cases, black bars signify the duration of the 

motion cue. Numbers signify the direction of movement in degress relative to the eye. E. 

When we compared the response properties of neurons where color and motion cues were 

tested among the layers, we found different percentages of neurons which were sensitive 

to color, to motion, or to both.  Notably, the Layer 5-6 neurons were color and motion 

sensitive while most of the Layer 1-4 neurons were motion sensitive but color insensitive.  

The remaining tested neurons had no motion responses and were broadly sensitive to the 

different colors.  
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Figure 7. The four main response types.  A. Phasic-tonic responses included a burst of 

excitation followed by tonic activity for the duration of the light flash. B. Phasic 

responses only involved a short response during the light flash.  C. Tonic responses 

involved a tonic increase or decrease in the membrane potential during the light flash 
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which did not correlate with a significant change in spike rate.  D. The on-off response 

type was characterized by a burst of excitation at the onset of the light flash and when the 

light was turned off.  E. The percentages of each lobula layer group exhibiting each of the 

response types.  The majority of the tested Layer 1-4 neurons (72%) exhibited a clear on-

off response, while the majority of Layer 5-6 neurons had tonic or phasic responses 

(72%). 

 

Figure 8. Precision and Reliability.  A, B. Rasters of spike times across multiple trials of 

light flashes (indicated by the black bars) for five light flashes of each color (indicated by 

the b, g, v, and color combinations).  A. the cell fires sparsely, but has highly precise 

spikes occurring at the onset and in particular the offset of the light flash.  B. Another 
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neuron only spikes in response to the onset and offset of the light flash, but with a barrage 

of activity, not necessarily with precise spikes.  C, D. The spike time precision and 

response reliability are calculated and compared across the layers for each color and color 

combination.  C. Spike time precision.  The Layer 5-6 neurons (white) have significantly 

higher spike time precision values compared to Layer 1-4 (black) neurons for all colors 

except the blue-green color combination (For the significantly different values, p<0.05).  

D. Response reliability. The Layer 1-4 neurons have significantly higher response 

reliability values for all colors and color combinations than the Layer 5-6 neurons (gray) 

(p<0.05).  Error bars represent standard error.   

 

Table 1.  Classifications of the neurons based on how they respond to various stimuli.  

Response type Classification description 
Significant visual 
response 

A response two standard deviations above or below the mean 
background activity. 

Broadly-tuned 
chromatic response 

The same significant responses to all colors and color 
combinations 

Narrow-tuned 
chromatic response 

The significant responses only one or two colors 

Color opponent 
chromatic response 

Significantly different responses to the different colors and 
inhibition of one color response by the simultaneous presentation 
of another color 

Non-directional 
motion sensitive 
response 

Significant responses to motion regardless of direction 

Directional motion Significant responses to a few directions of the motion stimuli 
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sensitive response over the others 

Phasic-tonic 
response 

Phasic initial responses followed by tonic activity during the light 
flash 

Phasic Phasic responses to the onset of the light flash 

Tonic Tonic membrane potential and spike rate increases during the 
light flash 

On-off Responses to the onset and offset of light flashes 

Adaptation Significant responses to the first light flash followed by reduced 
or no responses to the subsequent light flashes in a series of five 
light flashes 

 

 

 
Table 2. The distribution of neurons within each layer class, the response properties 
among the different layer classes, and the number of neurons projecting along specified 
tracts from the lobula to the brain. 

Categories 
Layers 1-4 

n=60 
Layers 5-6 

n=33 
Layers 1-6 

n=12 
Number tested for color sensitivity 55 31 9 
Broad-band sensitive 37 4 5 
Narrow-band sensitive 13 12 3 
Color opponent 5 15 1 
Number tested for motion sensitivity 52 31 9 
Non-directional motion sensitive 9 6 1 
Directional motion sensitive 30 13 3 
Not motion sensitive 13 12 6 
Progressive motion sensitive 5 0 0 
Regressive motion sensitive 7 3 0 
Upward motion sensitive 9 0 0 
Downward motion sensitive 9 9 1 
Bidirectional progressive/regressive motion 
sensitive 0 0 1 
Bidirectional up/down motion sensitive 0 1 1 
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Non-directional motion sensitive 9 6 1 
Wide receptive field 14 1 5 
Small receptive field 6 2 2 
Spatially antagonistic receptive field 4 1 0 
Receives blue, green and UV photoreceptor 
input 42 9 6 
Receives only UV photoreceptor input 0 0 0 
Receives only blue photoreceptor input 7 4 3 
Receives only green photoreceptor input 0 1 0 
Receives UV and blue photoreceptor input 2 10 0 
Receives blue and green photoreceptor input 4 3 0 
Receives green and UV photoreceptor input 1 1 0 
Number tested for color and motion sensitivity 47 29 6 
Both directionally motion and color sensitive 6 17 0 
Number tested for adaptation and response 
types 58 29 11 
Number of neurons exhibiting adaptation 8 20 4 
Phasic-tonic response 5 3 0 
Phasic 9 16 4 
Tonic 2 5 4 
On-off 42 5 3 
Posterior superior optic tract projections 44 3 2 
Posterior inferior optic tract projections 7 1 0 
Anterior optic tubercle tract projections 2 8 6 
Lobula optic tract projections 1 20 3 
Intrinsic 4 0 0 
unknown (fills out of lobula not complete) 2 1 1 
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Abstract 

To produce appropriate behaviors based on biologically relevant associations, 

sensory pathways conveying different modalities are integrated by higher-order central 

brain structures, such as insect mushroom bodies.  To address this function of sensory 

integration, we characterized the structure and response of visual optic lobe (OL) neurons 

projecting to the calyces of the mushroom bodies in bees.  Bees are well known for their 

visual learning and memory capabilities and their brains possess major direct visual input 

from the OLs to the mushroom bodies.  To functionally characterize these visual inputs to 

the mushroom bodies, we recorded intracellularly from neurons in bumblebees (Apidae: 

Bombus impatiens) and a single neuron in a honeybee (Apidae: Apis mellifera) while 

presenting color and motion stimuli. All of the mushroom body input neurons were color 

sensitive while a subset was motion sensitive.  Additionally, most of the mushroom body 

input neurons would respond to the first, but not to subsequent, presentations of repeated 

stimuli.  In general, the medulla or lobula neurons projecting to the calyx signaled 
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specific chromatic, temporal, and motion features of the visual world to the mushroom 

bodies, which included sensory information required for the biologically relevant 

associations bees form during foraging tasks. 

1.  Introduction 

A major neurobiological question is: how does the nervous system process and 

filter the information to form associations between biologically relevant stimuli?  This 

process is particularly pertinent to animals which navigate a complex environment, such 

as honeybees (Apis mellifera L.) and bumblebees (Bombus spp.).  Bees have been studied 

for their extensive visual and olfactory learning and memory capabilities which they use 

to form associations while foraging for food (Giurfa, 2007; Menzel, 1999; Menzel and 

Giurfa, 2006; Ney-Nifle et al., 2001; Srinivasan, 1993; Srinivasan and Zhang, 1998).  

Therefore, bees provide an excellent opportunity to better understand how a relatively 

small nervous system can learn pertinent visual cues in a complex scene.  The areas of 

the bee brain likely involved in the process of visual processing and formation of 

associations are the optic lobes (OLs), the principal visual centers of the insect brain, and 

the mushroom bodies (MBs), paired neuronal structures in the central insect brain. 

 The MBs have long been associated with fly olfactory learning and memory 

(Review: Heisenberg, 1998, 2003).  In the honeybee, electrophysiological experiments as 

well as local brain cooling, ablation, and behavioral experiments have established the 

importance of the MBs for olfactory learning and memory (Erber et al., 1980; review: 

Menzel, 1999, 2001; Menzel and Giurfa, 2006).  Very little is known about the role of the 
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MBs in processing other modalities, such as vision.  Contextual visual learning and the 

detection of novel cues in the environment has been shown to require functional MBs in 

Drosophila (Liu et al., 1999).  In addition, intact MB lobes also seem to be necessary for 

place memory in cockroaches (Mizunami et al., 1998).  However, the functional role of 

the MBs in visual learning is likely species-specific, as the distribution of sensory input 

to the MBs differs among the insect groups. 

The MB calyces, which are dorsal cup-shaped structures containing the dendrites 

of the parallel-projecting MB intrinsic neurons (Kenyon cells), receive input from other 

brain areas (Gronenberg, 2001; Mobbs, 1982; Strausfeld, 2002).  In many insect species 

such input originates in the antennal lobes, the primary olfactory processing centers 

(Heisenberg, 1998; Menzel, 1999; Mobbs, 1982), and, in some species, from assumed 

gustatory centers (Schröter and Menzel, 2003).  However, while most insect taxa have 

little to no direct connections between the MB calyces and the OLs (Strausfeld and Li, 

1999; Honegger and Schürmann, 1975), there are substantial neuronal connections 

between the MBs and the OLs in ants, bees, wasps, and some butterflies (Mobbs, 1982; 

Gronenberg, 2001; Ehmer and Gronenberg, 2002; Kinoshita and Arikawa, 2007).  This 

provides a unique opportunity to examine the role of vision in the integration of stimuli in 

the MBs.   

Another important aspect of bee MBs is that the sensory modalities are segregated 

within the MB calyces into three parts, namely the lip, collar, and basal ring (Mobbs, 

1982; Fig. 1).   While the lip receives olfactory input and the collar receives primarily OL 
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input, a mixture of modalities is represented in the basal ring (Mobbs, 1982; Gronenberg, 

2001 Ehmer and Gronenberg (2002) found visual input from the OLs to the MBs to be 

further segregated into separate layers in the collar.  In the only physiological 

examination of these visual MB inputs, Gronenberg (1986) found that the MB input 

neurons were selectively responsive to either flashes of light or to motion. Therefore, the 

anatomically segregated layering of visual inputs may represent a functional segregation 

of visual submodalities, such as color and motion.   

This increase in the diversity of visual inputs may indicate that the function of 

MBs in bees has evolved to include a greater role in visual processing and may be the 

basis for the visual learning abilities of bees. As previous work has mainly been focused 

on the anatomical organization of visual MB input, we intracellularly recorded of MB 

visual input neurons to examine their responses to color and motion stimuli to ultimately 

determine how visual information is encoded, filtered, and relayed to the MB calyces.     

While we recorded from both honeybees (Apis mellifera L.) and bumblebees 

(Bombus impatiens), we focused most of our research on bumblebees.  Both groups have 

demonstrated visual learning and memory capabilities (honeybees: Srinivasan and Zhang, 

1998; bumblebees: Ney-Nifle et al., 2001), are closely related (Roig-Alsina and 

Michener, 1993; Schultz et al., 2001), and have similar anatomical brain structures 

(Mares et al., 2005).  In addition, both bumblebees and honeybees have trichromatic 

color vision (Peitsch et al., 1992).   
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We were able to characterize 11 neurons which projected from the OLs to the MB 

calyces.  While the recorded neurons anatomically fit into the patterns shown in previous 

studies (Ehmer and Gronenberg, 2002), their responses to color and motion stimuli 

indicate that they are highly selective for novel cues or visual stimuli.   Therefore, this 

study offers some insight into the nature of the visual information provided by the optic 

lobes to the mushroom body calyces.   

 

2. Materials and methods 

2.1. Animals and Preparation 

Bumblebees (Bombus impatiens) were raised from commercially available 

colonies (Biobest Biological Services; International Technology Services, Michigan).  

Honeybees (Apis mellifera L.) were captured outdoors at the University of Arizona 

campus in Tucson, AZ.  The animals were cold anesthetized and immobilized in plastic 

tubes.  The head capsules were opened frontally, salivary glands and part of the tracheal 

sheath were removed, and the brain was exposed for recording, with insect saline applied 

at intervals (Baumann and Hadjilazaro, 1972).  

 

2.2. Anatomy 

 Major pathways in bumblebee brains were revealed by mass fills as described by 

Ehmer and Gronenberg (2002) for honey bees. Briefly, regions of the optic and antennal 

lobes were penetrated with the tips of sharp capillary tubes coated with fluorescent 
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tracers (Texas red® or fluorescein conjugated to 3000 MW dextran; Molecular Probes, 

Invitrogen). After diffusion periods of 4-16 hours at 4°C the brain tissue was processed as 

described below. 

 

2.3. Histology 

Brains were fixed and dissected in 4% buffered paraformaldehyde in insect saline, 

rinsed, dehydrated in increasing ethanol concentrations, in acetone, and eventually 

embedded in Spurr's low viscosity medium (EMS, Hartfield, PA).  The resulting plastic 

blocks were sectioned at 10-20 µm using a sliding microtome and mounted on slides with 

Cytoseal (Apogent, Kalamazoo, MI).  Images were recorded using a Nikon PCM 2000 

confocal laser microscope with argon and HeNe lasers (Nikon, Japan) at optical sections 

steps of 2 µm.  Neurons were graphically reconstructed from the image stacks and were 

adjusted for brightness and contrast for neuron visibility using Photoshop (Adobe, San 

Jose, CA).  For each figure, unless otherwise noted, the neurons represented were two-

dimensional reconstructions of projected image stacks across all the sections where the 

neuron could be observed.   

 To delineate the brain structures in reference brains, we used osmium staining as 

described by Mares et al. (2005).  Briefly, after formaldehyde fixation, brains were 

impregnated with 1% aqueous osmium tetroxide for 2-3 hours, rinsed, and plastic-

embedded and sectioned as described above.   
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 Labeled neurons were also compared to additional reference brains stained by the 

Bodian reduced silver staining method to illustrate the fine structure of the brain 

(Gregory, 1980).  Brains were fixed overnight at 4°C in A.A.F. (64% Ethyl-Alcohol, 5% 

Acetic Acid, and 3.75% Formalin), embedded in paraffin and serially sectioned at 15 µm.  

Deparaffinized slides were incubated in protargol solution (1% silver protein (Alfa 

AEser) and 0.8% metallic copper in water).  Slides were then processed in 1% 

hydroquinone and 5% sodium sulphite, toned in 1% gold chloride, reduced in (1%) oxalic 

acid, cleared in 2.5% sodium thiosulfate, and cover-slipped using Entellan (Merck).   

 

2.4. Intracellular recording procedure 

Borosilicate thin-walled glass electrodes (tip resistances within 70-120 MΩ when 

measured with 1 M KCl) were pulled on a laser based micropipette puller (model P-2000, 

Sutter Instruments, Inc., Novato, CA) and backfilled with either Lucifer yellow (200µM 

in 0.5 M LiCl) or one of two Alexa Fluor® hydrazide dyes (excitation spectra at 568 and 

633 nm, 200µM in 1 M KCl, Molecular Probes, Invitrogen).  Signals were amplified 

(Neuroprobe 1600; A-M Systems, Inc.) viewed on an oscilloscope and captured at 20 

kHz on a PC computer using a Power Lab data acquisition board (ADInstruments, Inc., 

Colorado Springs, CO).   

During a recording session (1 ½ to 3 hours), several cells were recorded and filled 

sequentially with separate dyes to maximize the number of neurons characterized. After 

stimulus presentation, the neuron was labeled by injecting a current of –2 to –5 nA at 1 
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Hz for 1-3 minutes.  The brain tissue was then histologically processed as described for 

mass fills above. 

 

2.5. Visual Stimuli  

Two main types of visual stimuli were applied to the bees’ ipsilateral eye (Fig. 1, 

2).  First, light flashes produced by an array composed of three parallel rows each 

comprising 20 violet, blue, or green light emitting diode (LEDs), respectively (peak 

wavelengths: violet: 404 nm; blue: 476 nm; green: 561 nm, average half-peak width: 

22.13 ± 8.86 nm). 

The respective LEDs did not match the short (UV), medium (blue), and long 

(green) wavelength photoreceptor types, which have comparable photoreceptor 

sensitivities in honeybees or bumblebees (Peitsch et al., 1992).  The violet LEDs should 

produce the strongest response in the medium (blue) photoreceptor type (eliciting ~80% 

of the peak response; Peitsch et al., 1992).  The blue LEDs should produce equal relative 

responses in the medium (blue) and long (green) photoreceptor types (Peitsch et al., 

1992).  However, the violet LEDs are the only LEDs which could stimulate the short 

wavelength-sensitive photoreceptors (Peitsch et al., 1992).  This relative distribution of 

the LED colors made it possible to deduce the color sensitivities of the neurons. 

All three LEDs were adjusted with resistors to have the same relative intensity 

level at 450 photons/count per LED, which were measured using a fixed grating 

spectrometer (Ocean Optics model S2000; Ocean Optics, Dunedin, FL).  The 
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approximate irradiance at the level of the ommatidia originating from the LED array was 

estimated using an illuminance-meter (Mastech LX1330) to be about 1400 lux.  

The LED array spanned 2.9° by 123.3° along the long axis of the bee eye (Fig. 2), 

which could be moved out to test motion stimuli.  In all the recordings, five 500-ms LED 

light flashes were presented at 1 Hz. The intervals between the series of five light flashes 

ranged between 20 seconds to 2 minutes.  To test chromatic sensitivity, we lit the 

individual arrays of violet (v), blue (b), or green (g) LEDs at a time or in four different 

combinations (b-g, b-v, g-v, and b-g-v).  

 The second type of visual stimuli comprised a CRT monitor (vertical refresh rate 

of 160 Hz; Gateway 2000, EV900) which subtended 114.0° by 103.1° of the visual field 

of one eye (Fig. 2) controlled by a personal computer with a Radeon 9800 Pro video card 

(ATI Technologies, Inc., Ontario, Canada).  Since we did not observe a cell phase-lock to 

a frequency of 160 Hz, we are confident that the neurons did not respond to the inherent 

high-frequency monitor flicker.  The irradiance at the level of the ommatidia facing the 

monitor was estimated at 330 lux (Mastech LX1330), which is sufficient for bumblebees 

to fly in their flight cage. 

Using Vision Egg software (Straw et al., 2006), four main types of motion stimuli 

were computer-generated:  a large field high contrast square-wave moving grating (filling 

the entire computer screen, spatial frequency at 12.89°, moving at a rate of 57.2°/sec), a 

small moving target (subtending 3.85° by 16.2°, moving at a rate of 73.57°/sec), a large 

moving bar (subtending 9.04° by 103.1°, moving at a rate of 54.25°/sec), and a moving 
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black edge on a white background (filling the entire computer screen, moving at a rate of 

87.69°/sec).  The stimuli moved in eight different directions (up, down, left, right and 45o 

to these respective directions) and four different orientations (e.g. a grating was 

composed of either vertical lines, horizontal lines or lines oriented 45o to these 

orientations).  Luminance changes of the CRT monitor resulting from the visual stimuli 

were recorded by a photodiode and stored with the neuronal signals.  

 

2.6. Analysis of Responses to Visual Stimuli 

  Cell membrane potential data along with recordings of the visual stimuli were 

imported into Matlab (Mathworks, Natick, MA).  The data were down sampled to a 

resolution of 0.1 ms and were filtered to remove high frequency (2000 Hz) and low 

frequency (50 Hz) noise.  We digitally removed electrical relay switch noise produced by 

turning on and off LEDs.  The time points of the action potentials in the recordings were 

detected using a threshold-based method.   

We defined a neuron as responding to a stimulus when it changed its 

instantaneous spike rate 2 times the standard deviation above or below the mean of the 

background activity.  Alternatively, a response was defined as change in binned spike 

times twice the standard deviation above or below the mean activity across trials, 

calculated from the peristimulus time histogram (PSTH) of spike times.  In all PSTH 

graphs, the histograms were smoothed with a Gaussian curve for visualization purposes 

only.   
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Habituation was calculated as the difference between the number of spikes during 

the first light flash and the mean number of spikes during the subsequent four light 

flashes.  Data were normalized by dividing the difference by the sum of the number of 

spikes during the first light flash and the average number of spikes during the following 

light flashes.  The Mann-Whitney U-test was used for statistical comparisons.  

 

3. Results 

We recorded intracellularly and morphologically reconstructed 11 spiking 

interneurons which project from the optic lobes (OLs) to the mushroom body calyces 

(MB input neurons; Fig. 3, 4). Ten of these neurons were from bumblebees (Bombus 

impatiens) while only one optic lobe MB input neuron was from a honeybee (Apis 

mellifera L.).  We first describe the anatomical organization of these neurons and then 

focus on their physiological properties. 

 

3.1. General morphological properties 

The MB calyces receive input from the two main areas of the OLs, namely, the 

medulla, the second optic lobe neuropil, and the lobula, the third optic lobe neuropil 

downstream of the medulla (Fig. 1B; Mobbs, 1982; Ehmer and Gronenberg, 2002).  To 

determine whether the MB visual input regions are segregated from the olfactory inputs 

in the calyces of bumblebees, we anterogradely traced input neurons from the OLs (Fig. 

1D, E) as well as from the antennal lobes (Fig. 1F).  From such preparations, we observed 
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that the visual inputs occupied different layers in the calyx' basal ring and collar 

depending on the OL input region (Fig. 1D, E).  When we filled a subset of both medulla 

and lobula neurons, we traced the projections of the medullar inputs to the outer collar 

(black arrows; Fig. 1D,E) while the lobula inputs projected into the inner areas (white 

arrows; Fig. 1E).  In contrast, the olfactory inputs generally bypassed the collar region, 

sending inputs to the lip and the basal ring (Fig. 1F). 

 Based on specific anatomical cues, we assumed the direction of information flow 

within individual optic lobe MB input neurons was from the OLs (input) towards the MB 

calyx (output).  Putative dendrites featured fine processes along their arborizations in the 

OL (Fig. 3A).  The finer branching of the dendritic trees contrasted with the cells’ 

projections into the MB calyces, where we observed relatively larger varicosities, which 

we label putative pre-synaptic sites (“blebs”; Fig. 3B).   Therefore, the MB input neurons 

project from the OLs to the MB calyces on the same side of the recording and visual 

stimulation.  

Within the OLs, we were able to group the recorded MB input neurons into three 

previously described morphological neuron types: large field lobula neurons (hereafter 

labeled large field lobula MB input neurons; n=8; Fig. 3C-F), small field lobula neurons 

(hereafter labeled small field lobula MB input neurons; n=2; Fig. 3G), and a medulla 

neuron (hereafter labeled medulla MB input neuron; n=1; Fig. 4F).  

 

3.2. Optic lobe branching patterns 
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3.2.1. Lobula dendritic branching patterns   

 The majority of the recorded OL input neurons to the MB calyces had putative 

dendritic branching in the lobula (n=10).  Eight of these lobula MB input neurons were 

large field lobula MB input neurons (Fig. 3C-F), including the single honeybee neuron 

(Fig. 4C).  All large field lobula MB input neurons had highly variable dendritic 

branching spanning an average of 100-200 µm (Fig. 3C-F).  However, the cells’ neurites 

were restricted to the inner or anterior lobula and never branched in the outer or posterior 

rim of the lobula (see next section).  In addition, the types of dendritic branching varied 

from fine neurites (Fig. 3A) to trees containing both spines and varicosities (Fig. 4D).  

The cell bodies of these neurons were situated ventral and lateral to the lateral calyx and 

ipsilateral to the cell’s dendritic projections.  The cells exited the lobula via the lobula 

optic tract (LOT; Mobbs, 1984). In contrast to the large field neurons, the small field 

lobula MB input neurons had dendritic branching spanning 50 µm or less (n=2; Fig. 3G).  

Both types of neurons did not branch in the outer or posterior rim of the lobula, which 

correlated with the layered structure of the lobula (Ribi and Scheel, 1981). 

 

3.2.2. Correlation of the lobula structure and dendritic branching patterns 

Ribi and Scheel (1981) described six layers within the honeybee lobula, 

progressing from one (posterior or outer-most) to six (anterior or inner-most). We found 

the same to be true for bumblebees, as illustrated in osmium-stained horizontal sections 

(Fig. 4A, B).  All the lobula MB input neurons sent branches into layers 5 and 6 of the 
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lobula (Fig. 4C, white neuron), but not to layers 1 through 4.  We also recorded and 

morphologically identified other lobula neurons that projected to layers 1 through 4 

(magenta neurons, Fig. 4C).  These neurons never projected to the MB calyces and often 

projected to more posterior regions of the protocerebrum (otherwise not subject of the 

current account).   

 

3.2.3. Medulla neuron 

 We also recorded a single medulla neuron with projections into the MB calyces 

(Fig. 4E,F).  The dendritic arborizations of this medulla MB input neuron (Fig. 4E,F) 

extended into the medial medulla along its posterior edge within the medulla into the 

serpentine layer.  Composed of axons and tangential neurons, the serpentine layer 

separates the inner from the outer medulla (Ehmer and Gronenberg, 2002).  The cell body 

of the medulla MB input neuron was near the base of the lateral calyx.  The cell’s axon 

entered the anterior inferior optic tract and projected toward the MB calyces (Mobbs, 

1982, 1984; Ehmer and Gronenberg, 2002).   

 

3.3 Projections: output regions 

3.3.1. Calycal projections  

The OL neurons projecting to the MB calyces sent blebbed inputs into three main 

regions of the collar and basal ring of the MB calyx.  All large field lobula MB input 

neurons projected into the basal ring and the inner rim of the collar of the lateral and 
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medial MB calyces (Fig. 5A, B).  The small field lobula MB input neurons showed the 

same trajectories, but their calycal projections were more lateral, or closer to the outer 

collar, compared to the large field lobula MB input projections (Fig. 5C).  The medullar 

MB input neuron projected into the outer basal ring and the outer portion of the MB 

collar in both the medial and lateral ipsilateral calyces (Fig. 1D, E, 5D).  Interestingly, 

five large field lobula MB input neurons sent blebbed projections into the outer rim of the 

MB calycal lip region (Fig. 5E), which has been shown previously to have predominantly 

olfactory input (Fig. 1F; Gronenberg, 2001).   

 

3.3.2. Projections across the brain 

 While we were not able to completely fill the long collaterals across the brain, we 

found that the medullar MB input neuron as well as the small field lobula MB input 

neurons had faded projections past the midline of the brain (white arrow, Fig. 3G), 

indicating bilateral projections to the MB calyces.  Conversely, the large field lobula MB 

input neurons did not feature projections, faded or otherwise, toward the midline or 

toward the contralateral MB calyces (white arrow, Fig. 3C) while arborizations in the 

ipsilateral calyces were brightly stained.  This suggests the large field lobula MB input 

neurons sent unilateral input to the MB calyces.   
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3.3.3. Additional projections into the dorsal protocerebrum 

One distinctive feature for many of the lobula neurons with projections into the 

MB calyces was the fact that they had additional projections into the protocerebrum 

before the axons entered the MB calyces (Fig. 5F; Table 1), which has not been observed 

previously (Ehmer and Gronenberg, 2002; Gronenberg, 1986).   These protocerebral 

projections often resided in the dorsal region of the protocerebrum immediately ventral to 

the MB calyces, called the superior lateral protocerebrum (SLPr; Strausfeld, 2002; also 

called the lateral protocerebral lobe: Kirschner et al., 2006; Rybak and Menzel, 1993), 

but the diffuse structure of the region has made it difficult to localize the projections any 

further.  These lobula MB input projections into the protocerebrum were extremely 

varied, where some projected into anterior SLPr, others projected into the posterior SLPr, 

and still others projected in the peri-peduncular protocerebrum.  Nevertheless, in every 

case, the protocerebral projections were blebbed as observed in the MB calyces (Fig. 5F), 

indicating that select areas of the protocerebrum receive outputs from these large field 

lobula MB input neurons. 

 

 3.4. Physiological properties 

Even within anatomical classes, the visual MB input neurons varied considerably 

in their physiological properties.  The spontaneous firing rates ranged from 0.1 to 39 Hz 

(mean= 13.06 ± 9.988 Hz, excluding a 43 Hz firing cell) and did not correlate with cell 

type.  All but one of the OL neurons with projections to the MB calyces responded to 
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visual stimuli.  This particular neuron (Fig. 3C) had the highest background activity (43 

Hz) and was probably injured, which is likely why no responses were observed.  The 

honeybee lobula MB input neuron possessed similar morphological and response 

properties to the bumblebee large field lobula MB input cells and was therefore combined 

with the rest of the neurons for analysis (Table 1).  

Only two recordings lasted long enough to fully test receptive fields (a large field 

lobula MB input neuron and the medulla MB input neuron).  In the case of a large field 

lobula MB input neuron, the receptive field spanned the entire LED array, matching with 

the cell's large dendritic branching pattern in the lobula (Fig. 3F).  When we tested the 

receptive field of the medulla MB input neuron, it had a localized receptive field 

restricted to the upper area of the visual field, again matching the cell’s narrow dendritic 

branching pattern in the dorsal medulla (Fig. 4F). 

 

3.5. Chromatic responses 

Both the honeybee and bumblebee neurons demonstrated chromatic selectivity, 

which could include both excitation and inhibition in response to the light flashes (Table 

1).  Most of the OL neurons projecting to the MB calyces preferentially responded to one 

or two types out of the three LEDs (n=10).  As pointed out previously, there is no simple 

one-to-one correspondence between the types of LEDs and the types of color receptors 

stimulated, but the photoreceptor types underlying a particular response could be deduced 

for the individual neurons (Table 1).   For instance, the medulla neuron (Fig. 6) 
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responded to the violet LEDs almost exclusively with a phasic burst of activity across 

trials (Fig. 6A), with little to no response to green or blue light flash stimuli (Fig. 6B).  

Therefore, this cell seemed to mainly receive input from the ultraviolet photoreceptors.  

In contrast, a large field lobula MB input neuron was excited by blue light, inhibited by 

green light, but had no response to violet light, indicating it had blue and green, but not 

ultraviolet, photoreceptor input (Fig. 6C).    

In four MB input neurons, we also observed chromatic opponency, where the 

presence of one color changed the cells’ responses to another color.  In the neuron in Fig. 

6D, the burst of excitatory spikes at the onset of the green light was suppressed by the 

simultaneous presentation of violet light (Fig. 6D).  Likewise, the neuron in Fig. 6E 

showed excitatory responses to green and blue stimuli while the simultaneous 

presentation of violet light inhibited the blue and green responses. Incidentally, this 

inhibitory effect was evident only during subsequent stimulations after the first light flash 

(arrows in Fig. 6E), corresponding to the change in response to the violet stimulus alone 

(habituation; see below).   

Based on our inferences of what photoreceptor types input to these neurons, we 

found 7 of the MB input neurons likely receive input from the blue (medium wavelength) 

photoreceptor type, while 5 receive input from the green (long wavelength) photoreceptor 

type, and 4 neurons have UV (short wavelength) photoreceptor input (Table 1).  In other 

words, the different photoreceptor types appear to all play a role in the responses 

observed in the recorded OL neurons with projections in the MB calyces.   
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3.6. Motion responses 

Only four of the eight tested MB input neurons had a response to motion stimuli 

(Fig. 7).  None of the four neurons responded to all types of motion stimuli presented, 

indicating that the cells were selectively responsive to certain types of motion.  Motion 

selectivity included responses to either directional, non directional, or bidirectional 

motion (Table 1).  One wide field lobula MB input neuron showed clear directional 

preferences for a moving black and white edge (Fig. 7A).  A small field lobula MB input 

neuron also responded to the black and white moving edge, although it did not exhibit 

clear directional preferences (Fig. 7B).  Finally, one large field lobula MB input neuron 

was temporarily inhibited by the directional motion of a moving grating, with inhibition 

highest for certain directions (Fig. 7Ci, Cii) and lower for others (Fig. 7Ciii, Civ).  

Overall, though, the neurons did not preferentially respond to directional motion (Table 

1).  

 

3.7. Temporal response properties 

3.7.1. Temporal response properties of individual neurons 

The MB input neurons all exhibited some distinctive temporal response properties 

when stimulated by the LED light flashes.  For instance, one temporal characteristic of 

the neurons with low firing rates was the fact that, when they did respond, they displayed 

temporally precise spikes which were time-locked to the stimulus (n=4; Fig. 8A, B), 
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which is illustrated in the peristimulus time histogram (PSTH; Fig. 8A, B, bottom plot).  

This behavior was observed in two large field lobula MB input neurons, one small field 

lobula MB input neuron, and in the medulla MB input neuron.   

Another temporal response property was found in a single small field lobula MB 

input neuron (Fig. 8C, D).  This neuron responded weakly to the first blue light flash, but 

progressively increased its firing rate with consecutive stimulations, a response which we 

call a ‘summation effect’ (Fig. 8C).  This summation effect only occurred when blue or 

green were present in the stimuli, but was not present when stimulated exclusively with 

violet flashes, even though it did have a weak response to violet (Fig. 8C).  We quantified 

this change by summing the number of spikes during and 500 ms after the light flash for 

each of the five light flashes and for 1 second after the last light flash across single trials 

of each color or color combination.  We found that the number of spikes did increase 

with the presentation of sequential light flashes for green, blue, and blue-green-violet 

light but not for violet light (Fig. 8D).  

 

3.7.2. Stimulus entrainment 

A striking response pattern was observed in one particular large field lobula MB 

input neuron (Fig. 3F).  This neuron shifted its spiking ahead of the light flashes, in a 

stimulus entrainment response (black arrows, Fig. 9A). This property was more obvious 

at the end of a stimulus train when the neuron produced a burst of activity even though no 

stimulus was present (white arrow, Fig. 9A).  This stimulus entrainment response 
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occurred reliably after violet light stimulus trains (n=8).  The neuron also responded to 

other colors (blue, Fig. 9A), although in that case, the response latency was constant.  To 

illustrate this difference, we computed PSTHs across 11 trials of five sequential LED 

light flash stimuli where the light flash color combinations included violet light (white) 

and 11 trials where the light flashes included only blue or green light (black) (Fig. 9B).  

Notably, the neuron’s responses to stimuli with violet light shifted ahead of the light 

flash, with a large burst occurring a period of time after the final light flash.  The 

responses to only blue or green light combinations exhibited a repeatable phasic-tonic 

burst of activity (Fig. 9B). 

To determine if this stimulus entrainment involved a phase progression ahead of 

the light flashes, we measured the mean spiking activity relative to the beginning of each 

consecutive light flash (Fig. 9C, D).  In this case, the repeated LED light flash stimuli 

were treated as a sinusoidal wave of 1 Hz, where the positive phase of the wave is the 

period of the light flash and the negative phase is when the light flash is off (i.e. 0 is the 

beginning of the light flash and 180 is the end).  When the averaged binned spike times 

are plotted along the polar plot, the stimuli without violet light generally responded after 

the onset of the light flash (black arrow).  When violet light was included in the stimuli 

(grey arrow), the mean response significantly advanced relative to the non-violet stimuli 

responses (Fig. 9C; Mann-Whitney U-test; rank sum statistic = 316480; z-statistic = 

9.5093; p < 0.00001).  This difference was even more obvious when the data was 

analyzed for the responses to the final four consecutive light flashes, excluding the first 
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of five stimulus presentations. In this case, the mean phase of the response was 

significantly shifted ahead of the light flash (Fig. 9D; Mann-Whitney U-test; rank sum 

statistic = 138539; z-statistic = 8.0390; p < 0.00001). 

 

3.7.3. Habituation 

A property observed in most of the MB input neurons was some form of 

habituation, where MB input neurons either changed, reduced, or stopped their responses 

after the first  light flash when stimulated by a series of five light flashes (n=10 neurons, 

including the medulla and the honeybee neurons).  Habituation depended on color: some 

neurons showed the strongest habituation response to blue stimuli (Fig. 10A) whereas 

others showed habituation for green or violet (Fig. 6E).  Notably, if the stimulus was 

changed to another color or if the stimulus was presented 4-5 seconds later, the neurons 

reproduced their original responses.   

These habituation response contrasted sharply with the responses of lobula 

neurons with inputs in lobula layers 1-4 that projected into the central brain outside of the 

MBs (hereafter referred to as 'non-MB neurons'; magenta neurons, Fig. 5E, F; otherwise 

not covered in the current account).  All these non-MB neurons had strong responses to 

most of the directional motion stimuli and were not color sensitive in that they responded 

to all three LED colors equally across repeated stimuli (Fig. 10B).  In order to see if the 

non-MB neurons demonstrated habituation similar to the MB neurons, we selected 

twenty-one lobula non-MB neurons for comparison. Four of the non-MB neurons were 
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recorded in the same brains as four MB visual input neurons.  The MB input neurons had 

significantly higher normalized spike rate differences between the first and subsequent 

light flashes than the non-MB neurons (Fig. 10C; Mann-Whitney U-test; rank sum 

statistic = 4529; z-statistic = -9.2801; p < 0.00001).   

 

4. Discussion 

The mushroom bodies receive multimodal information from many parts of the 

brain (Fig. 11A; Gronenberg, 2001; Mobbs, 1982, 1984; Strausfeld and Li, 1999) and are 

central integration centers assumed to be the place where associations are formed 

(Heisenberg, 1998, 2003; Menzel, 1999, 2001).  While the MBs have been demonstrated 

to have a role in olfactory associations, the presence in bees, wasps, and ants of visual 

interneurons which directly project to the MBs from the visual processing centers brings 

up a major possibility of the role of the MBs in visual learning and memory.   

 

4.1. Anatomy 

The morphological patterns we observed for the large field lobula MB input 

neurons illustrated two points that, until now, were not known with regard to visual MB 

inputs.  First, we report that the large field MB input neurons project into the superior 

lateral protocerebrum in addition to the MBs (black arrows; Fig. 11A).  This side 

projection is remarkable considering the similarity of this type of projection to the 

olfactory input neurons to the MB calyces (Homberg, 1984; Kirschner et al., 2006).  In 
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the case of the olfactory input to the MB calyces, many projection neurons from the 

antennal lobe send fine output projections into the lateral protocerebrum (lateral horn) as 

well as projecting into the lip of the MB calyces (Homberg 1984; Kirschner et al., 2006).  

By having two output areas to the central brain, the MB input cells can send their outputs 

to additional circuits within the bee brain.  However, the large field lobula MB input 

projections to the superior lateral protocerebrum likely do not overlap with olfactory 

inputs (Kirschner et al., 2006).  Instead, the large field lobula MB input neurons could be 

interfacing with feedback circuits from the superior lateral protocerebrum back into the 

OLs.  The presence of feedback cells could explain some aspect of the habituation or the 

stimulus entrainment response, but further recordings are necessary to determine if this is 

the case. 

 Second, we note that the large field lobula MB input neurons may not actually 

project bilaterally, as has been suggested for the OL input neurons to the MB calyces 

(Ehmer and Gronenberg, 2002; Gronenberg, 2001; Mobbs, 1982, 1984).  However, in 

past studies, most of these neurons were identified using mass filling or Golgi techniques, 

which makes it hard to follow individual neurons.  By filling and recording from 

individual neurons, we found that some of the large field lobula MB input neurons, 

particularly the neurons with the most extensive arborizations on the lobula, projected 

unilaterally.  In this respect, large field lobula MB input neurons resemble the unilateral 

olfactory inputs to the MBs (Fig. 11A; Homberg, 1984, Gronenberg, 2001; Kirschner et 

al., 2006).  Therefore, three different populations of visual inputs to MB calyces seem to 
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exist: bilaterally projecting medulla inputs, bilaterally projecting lobula inputs, and 

unilaterally projecting lobula inputs (Fig. 11A). As information about all visual stimulus 

parameters appears to be distributed to the ipsilateral as well as to the contralateral MBs 

we cannot draw any functional conclusions about the differences in side-specificity.  

 Thirdly, we found that the lobula inputs to the mushroom bodies could also be 

segregated among layers, just as the MB calycal medulla inputs are segregated within 

layers (Fig. 11B; Ehmer and Gronenberg, 2002).  The small field lobula MB input 

neurons projected in an area of the collar outside the inner projections of the large field 

lobula MB input neurons (Fig. 11B).  Hence, medulla input supplies the outer ring of the 

collar, forming a shell around the projections of the small field lobula neurons, which in 

turn form a shell around the innermost visual input projections originating from large 

field lobula neurons.    

Finally, a few of the large-field lobula MB input neurons sent fine projections into 

the base of the lip (Fig. 11B).  Even though, overall, the MB calyces are divided in terms 

of their sensory inputs, with the lip receiving olfactory input and the collar receiving 

visual input, we did observe some crossover between the sensory input pathways (Fig. 

11B). Particular MB Kenyon cells that have their dendritic domains in the inner lip area, 

such as shown by Strausfeld (2002), would be able to integrate the overlapping visual and 

olfactory inputs. This fact speaks further to the possibility of integrating visual and odor 

cues in the MBs at the level of individual Kenyon cells. 
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Other than these differences, we also saw a number of similarities with previous 

work.  For example, the input neuron from the medulla matches closely what Ehmer and 

Gronenberg (2002) described in a population of nearly 300 medullar neurons, all of 

which assumedly have bilateral projections restricted to the outer rim of the MB calyx.  

Small field lobula MB input neurons have been recorded (yet less well characterized) by 

Gronenberg (1986), who also demonstrated that these neurons have some motion 

sensitivity and responses to light flashes.  We were able to record and fill two of these 

types of cells, out of a population assumed to comprise nearly 100 neurons (Ehmer and 

Gronenberg, 2002).     

Interestingly, the cell population we found more often, the large field lobula MB 

input neurons, has only been described once before.  A single widely-branching lobula 

MB input neuron that showed some motion and light flicker responses has been 

previously described (Gronenberg, 1986). These neurons are less likely to be revealed 

using mass fill techniques but are readily recorded from intracellularly.  

  

4.2. Response properties 

Most of the MB input neurons were color-sensitive and a subset was motion 

sensitive, but the separate visual sub-modalities of color and motion were not explicitly 

segregated (Table 1).  Instead of receiving visual information about generalized large-

field movement (such as is required for gaze stabilization and flight control) or general 

luminance information (i.e. the presence of light), the MBs receive complex color 
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information, specific motion information, and information on the novelty of the stimulus 

(habituation) or its repetitive nature (entrainment or summation).  Therefore, MB Kenyon 

cells “see” only selected chromatic, temporal, and motion features of the visual world 

provided by the optic lobe MB input neurons. These features of the environment could be 

important to forming associations between visual cues and other sensory stimuli, such as 

odors, in navigating the environment. MBs therefore receive higher-order information in 

general, which corresponds with the concept of the mushroom bodies being involved in 

contextual integration and in forming associations (Heisenberg, 1998; Giurfa, 2007).   

 

4.3. Processing of color information in bees 

 We tested chromatic light stimuli as bees are well-known for using color cues to 

navigate to a reward and to exhibit color constancy (Backhaus et al., 1987; Giurfa, 2007; 

Ney-Nifle et al., 2001; Srinivasan and Zhang, 1998).  A number of studies in honeybees 

through the years have also been done on the color processing mechanisms using similar 

intracellular techniques (Kien and Menzel, 1977a, 1977b; Hertel, 1980; Hertel and 

Maronde, 1987; Hertel et al., 1987; Yang et al., 2004).  A common feature in all these 

studies was that the visual neurons in the bee OLs were divided into broad-band (color 

insensitive), narrow-band, and color opponent neurons.  We found that the MB input 

neurons in the bumblebee also could be generally classified as either narrow band or 

color opponent neurons.  Therefore, the MB visual inputs are part of a distinct class of 

bee visual interneurons that signal color cues as well as select motion cues. 
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4.4. Complex stimulus responses 

Surprisingly, the least complex visual stimulus tested in this study, light flashes, 

elicited some of the most remarkable responses.  While flicker stimuli (usually white 

light of higher frequencies) are commonly used to analyze temporal properties in visual 

research (Reinagel and Reid, 2000) and to characterize motion processing in insect OLs 

(Gilbert et al. 1991, Douglass and Strausfeld 1996), regular, repeated chromatic stimuli 

are rarely tested, particularly at the relatively low frequency and long duration used in 

these experiments.  The responses of the neurons to the light flashes suggest complex 

underlying processing within the OLs of the bee brain, which included color opponency, 

habituation, and stimulus entrainment.  

The habituation seen in MB input neurons could be a type of novelty signaling 

process. A similar phenomenon has been shown in the locust lobula, where the LGMD 

neuron is involved in triggering the escape jump and signals novel approaching objects. 

Its activity declines if the same stimulus is presented repeatedly (review: Rowell, 1971).  

Recently, novelty has been correlated with overall brain activity in insects, where local 

field potentials of populations of neurons in the Drosophila brain signaled novelty in an 

attention-like process (van Swinderen, 2007).  We suggest that, through habituation, 

individual MB input neurons could be participating in increasing the attention of the 

insect to novel cues, as would be important for bees approaching landmarks or adapting 

to a new environment.   
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In addition to habituation, we observed a single neuron entrain and anticipate the 

timing of a stimulus (Fig. 9).  This type of stimulus entrainment has been observed in 

crayfish jittery movement fibers and may represent a mechanism for detecting the 

irregularity of a stimulus (Shimozawa, 1975).  Anticipatory, or entrainment, responses to 

visual stimuli have been shown in honeybees and ants by extracellularly recording 

visually evoked potentials from larger populations of neurons (Ramón and Gronenberg, 

2005).  Interestingly, the neuron showing anticipatory responses in the bee lobula is 

probably only 3-5 synapses away from the photoreceptors (Ribi, 1975; Ribi and Scheel, 

1981).  This means that the complex processing involved in stimulus entrainment is 

largely contained in the OLs and possibly in the dendritic tree of single cells. This 

remarkable complexity in single cells has been observed in other individual insect 

neurons (Hammer, 1997; Mauelshagen, 1993), but this is the first reported case of an 

insect neuron in the OLs anticipating an unrewarded stimulus based on periodicity and 

color. 

 

4.5. Postsynaptic cells: mushroom body neurons 

These results indicate that MB visual input neurons filter the visual information 

by signaling temporal features (i.e. novelty and periodicity) or select chromatic and 

motion cues.  The filtering is likely important for the MB postsynaptic neurons directly 

receiving the visual input, the Kenyon cells (Howse and Williams, 1969), the substrates 

for MB associative memory formation (Heisenberg, 1998; Menzel, 1999). Each MB input 



205 
 

neuron contacts only a limited range of calycal territory and provides relatively largely 

spaced 'blebs' (presumable output sites; Fig. 5, 11B) compared to the localized and 

compact dendritic trees of Kenyon cells (Mobbs, 1982, Strausfeld, 2002).  This 

distribution suggests that each MB input neuron makes only a few synapses with any 

given Kenyon cell. In turn, each Kenyon cell probably receives input from many of these 

visual MB input neurons. One would therefore assume that each Kenyon cell should have 

a highly selective configuration of complex stimulus combinations that excites it 

maximally. This would support the idea of Kenyon cells as coincidence detectors (Perez-

Orive et al. 2004) and the 'sparse' coding properties demonstrated for the responses of 

Kenyon cells to olfactory stimuli in locusts (Perez-Orive et al., 2002,  Cassenaer and 

Laurent, 2007) and honeybees (Szyszka et al., 2005).   

In addition, Kenyon cells in locusts demonstrate high rates of adaptation and high 

spike initiation thresholds (Laurent and Naraghi, 1994).  This conclusion is supported in a 

study using calcium imaging in honeybees, where KCs only respond during the first 100 

ms of an odor stimulus presentation (Szyszka et al., 2005), indicating that the KCs code 

the initial presentation of the stimulus, but not the stimulus duration, similar to many 

responses found in the visual MB input cells (e.g. Fig. 10).  We hypothesize that the MB 

visual input neurons in bees adapt quickly, or habituate, to ensure a response in the KCs.  

Additionally, the selectivity and precise spike times observed in the OL neurons 

projecting to the MB calyces likely ensure that only temporally correlated associations 

involving color or specific features of the environment are formed by the KCs and their 
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outputs, the MB extrinsic neurons, which have demonstrated a large range of spike 

timing-dependent plasticity (Cassenaer and Laurent, 2007; Li and Strausfeld, 1997; 

Mauelshagen, 1993; Menzel and Manz, 2005).   

The MB visual input neurons not only signal color and motion information to the 

mushroom bodies, but signal temporal aspects of the stimulus which expands the 

functional repertoire of the mushroom bodies themselves.  If some amount of higher-

order visual processing occurs at the level of the OLs, then the mushroom bodies could 

be receiving information on the features of the environment, not just the presence of one 

color, but the presence of specific color combinations, specific types of movement, 

whether the objects are novel or not, or, possibly, pattern information.  The next step 

would be to test the MB visual input neurons with a larger array of visual cues to 

determine what specific features these neurons detect.  In addition, a key step in our 

understanding of the mushroom bodies is to examine the convergence of multimodal 

information on the Kenyon cells themselves to better determine how associations are 

formed in the bee brain.   
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Figures 

 

Fig. 1. Anatomy of the bumblebee brain.  (A) The bumblebee brain structures which are 

visible superficially are the retina (ret) which sends visual inputs to the optic lobes (ol), 
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the antennal lobes (al), which are the primary olfactory processing centers, and the 

central brain, which includes the mushroom bodies, the calyces of which (mbc) are 

visible superficially.  (B) Frontal brain section (osmium stained)  showing the second 

(medulla, me) and the third optic lobe neuropil (lobula, lo), the central protocerebrum 

outside the mushroom bodies (pr) and the mushroom bodies (mb) composed of a lateral 

and medial calyx (mb-lc and mb-mc, respectively) and mushroom body lobes (mb-l). (C) 

The box in (B) highlights a section of the lateral calyx, which is comprised of the lip 

(lip), collar (col), and basal ring (br) and the Kenyon cell bodies (KCs) enlarged in this 

Bodian preparation.  (D-F) Fluorescent fills showing visual inputs from the medulla (D), 

the medulla (black arrowheads) and the lobula (white arrowheads) (E), and olfactory 

inputs from the antennal lobe (F) to the calyx. Unless otherwise noted, scale bar = 100 

µm.  All images from bumblebee preparations. 
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Fig. 2. Visual stimuli.  The layout of the two types of visual stimuli relative to the bee is 

represented by a sphere around the bees’ head. Both the light emitting diodes (LEDs) and 

motion stimuli using the computer monitor (CRT) were presented on the right side of the 

bees, but, for the sake of clarity, are placed on either side of the bee in this figure.  The 

array of sixty violet, blue, and green LEDs are oriented to the long axis of the eye 

subtending 2.9° by 123.3° of the visual field, the computer monitor subtended 114.0° by 

103.1°. 
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Fig. 3.  Mushroom body (MB) visual input neuron projections.  (A) Input regions of the 

MB visual input neurons with characteristic fine processes in the lobula. (B) Outputs in 

the mushroom body calyx with characteristic blebbed varicosities.  (C-G) lobula MB 

input neurons, showing the large range of differences in the dendritic branching patterns 

projecting in the lobula (lo) to the MB lateral and medial calyx (mb-lc and mb-mc), and 

to the superior lateral protocerebrum (s l pr). (C-F) Large field lobula MB input neurons 

have dendrites that span much of the lobula.  However, these neurons do not have 

processes extending to the other side of the brain (white arrowhead in C). (G) 

Conversely, this small field lobula MB input neuron with fine dendrites in a small region 

in the lobula has a projection leaving the medial MB calyx toward the midline (white 

arrowhead). Boxes in (D) represent areas enlarged in Fig. 4 D and 5E and F, respectively.  

Boxes in (F) and (G) represent areas enlarged in Fig. 5 A and C, respectively.  In (F), two 

large field lobula MB input neurons are filled and reconstructed in the same brain.  For 

(A) and (B), they are two-dimensionally projected images single 15 µm plastic sections.  

For (C-G), the entire dendritic projection of each neuron in the lobula and the axons in 

the protocerebrum outside of the MB calyces are represented here as two-dimensional 

projections across plastic sections. Scale bar = 100 µm 
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Fig. 4. Distinctive branching patterns of visual mushroom body input neurons.  (A) 

Frontal view of an unstained bumblebee brain (top; broken line indicates position of 



219 
 

section shown below) and horizontal section (bottom) of an osmium-stained preparation; 

inset enlarged in (B) to show the six layers in the lobula (Ribi and Scheel, 1981). (C) 

Dendritic arborizations of recorded and labeled lobula MB input neurons (white) and 

lobula non-MB input neurons (magenta) can be assigned to the different lobula layers 

shown in (B) in this horizontal section. Notably, the MB input neurons branch in layers 5 

and 6 while the non-MB input neurons send their branches into layers 1-4. (any overlap 

of the magenta branching with layer 5 is due to the three-dimensional structure of the 

lobula layers and the neurons, which is difficult to depict two-dimensionally) (D) Lobula 

specializations of the neuron shown in Fig. 3D two-dimensionally projected within a 

single 15 µm plastic section. Note the close vicinity of spines (blue arrows) and bleb-like 

structures (red arrows) in the lobula (D). (E) The medulla neuron with input to the MBs 

projects through the medulla (me), around the lobula, to the MB lateral and medial calyx; 

cell body located below the lateral calyx. (F) A closer view of the medulla dendritic 

arborizations.  Species represented: Bombus impatiens: A,B,D-F; Apis mellifera: C. 

Boxes in (C) and (E) enclose areas enlarged in Fig. 5 B and D, respectively.  Unless 

otherwise noted, scale bar = 100 µm. 
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Fig. 5.  Terminal fibers of visual input neurons in the calyces.  (A-C) The lobula MB 

input neurons feature blebbed terminals in the inner rim of the MB calyces (arrows). The 

large field lobula MB input neurons projected into the innermost collar region (A, B) 

while the small field lobula MB input neuron projected closer to the outer collar region 

(C).  (A, C) frontal sections; the dorsal view (horizontal section) in (B) reveals that the 

lobula MB input neurons input branches project all around the inner rim of the calyx.  (D) 

Medulla MB input neuron sends blebbed varicosities into the outer rim of the collar in the 

calyces (arrows). (E, F) Specializations of the neuron shown in Fig. 3D. Bleb-like 

terminals (arrows) near the lip of the calyx (E) and in superior lateral protocerebrum (s l 

pr) below the lateral MB calyx (F).  MB pedunculus (ped). In all cases, the images are 

two-dimensionally projected within a single 15 µm plastic section. Species represented: 

Bombus impatiens: A, C, D-F; Apis mellifera: B. A-D: Scale bar = 100 µm.  E, F: Scale 

bar = 10 µm.   
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Fig. 6.  Chromatic response characteristics of MB input neurons.  (A) The medulla MB 

input neuron responded phasically to a flash of violet light. (B) The medulla neuron 

preferentially responded to the presence of violet light over green or blue light as seen in 

a raster plot and peristimulus time histogram (PSTH; bin-width 5 ms) of the cell’s 

responses to five consecutive light flashes to stimuli including violet (black bars) or not 

including violet light (grey bars).  Abbreviations: blue (b), green (g), blue-green (b-g), 

violet (v), and violet-green (v-g) light.  (C) A large field lobula MB input neuron is 
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phasically inhibited by green, excited by blue, and has no obvious response for violet 

LED light.  (D) Another large field lobula MB input neuron had no response to violet 

light, had a phasic response for green light which was suppressed by the simultaneous 

presence of violet light.  The response presented here is to the first of five light flashes in 

all three cases. (E) The response of a large field lobula MB input neuron to blue and 

green light was inhibited by the concurrent presence of violet light (arrows).  The black 

bars signify the duration of the light flash stimulus, which is 500 ms in all cases.   

 

Fig. 7.  Motion response characteristics of MB input neurons. (A) A large field lobula 

MB input neuron responded to directional motion of a moving edge.  Traces (Ai) and 
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(Aii) show different trials. (B) A small field lobula MB input neuron responded 

differently to a leftward moving black edge and a rightward moving white edge (Bi) 

compared to a rightward moving black edge and a leftward moving white edge (Bii), but 

was not sensitive to directional motion. (C) A large field lobula MB input neuron 

responded to a directionally moving grating with inhibition of different strength in 

response to different directions (Ci- Civ). Arrows indicate direction of movement.  Black 

bars signify stimulus duration in all cases. 
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Fig. 8.  Temporal response characteristics of individual MB input neurons.  (A) One 

small field lobula MB input neuron responded with a phasic, highly precise spike at the 

beginning of the light flash to simultaneously presented blue-green-violet stimuli over 

fifteen trials, as illustrated in the raster plot and peristimulus time histogram (PSTH; bins 

= 5 ms).  Highly precise spikes responses is also observed in two large field lobula MB 

input neurons, with an example in (B) and in the medulla MB input neuron (Fig. 6A,B).  

(C) A small field lobula neuron increases its spike rate over five sequential light flashes 

for blue and somewhat for green light, but not for violet light.  (D)  In addition, the 

normalized spike rate for each light flash increases with the progress of light flashes for 

blue-green-violet, blue, and green stimuli (black) but not for violet (grey) (one trial for 

each light flash color).  A-C: Black bars signify the duration of the light flash stimulus, 

which is 500 ms in all cases.   
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Fig. 9.  Stimulus entrainment. (A) After two to three presentations of violet light, the 

spiking ‘response’ of the large field lobula MB input neuron actually precedes the light 

flashes (black arrows); this effect is much less pronounced or absent in responses to the 

blue light stimulus.  Only after the end of violet stimulus series, the neuron produced a 

burst of activity (white arrow) which coincided with the ‘expected’ timing of a sixth light 

flash which was not present (colored in gray).  (B)  The presence of violet light with or 

without blue or green (white) resulted in a shift in the activity ahead of the light flashes 

and an additional burst after the last light flash, which was not observed in presentation of 

blue or green light only (black), as seen in smoothed PSTHs of spike times binned over 
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11 trials. Grey shading indicates the black curve 'hidden' behind (= smaller than) the 

white curve. (C, D) The binned spike times were averaged to get the phase of the spike 

times relative to the light flashes, where half of the plot is when the light flashes are on 

(white bar), and the second half is when the light flashes are off (black bar).  (C) Phase 

plots of the responses to all five consecutive light flashes. (D) Phase plots of the 

responses to the last four consecutive light flashes. The responses to the blue and green 

LED light flashes without violet light (black arrows) followed the onset of the light flash.  

When violet light was present in the stimulus (grey arrows), the mean phase of the 

response was shifted ahead of the light flash. The phase of the responses was 

significantly different between the non-violet and violet responses. (For all five 

sequential light flashes across trials: Mann-Whitney U-test; rank sum statistic = 316480; 

z-statistic = 9.5093; p <0.00001; for the last four light flashes: Mann-Whitney U-test; 

rank sum statistic = 138539; z-statistic = 8.0390; p <0.00001). A-B: Black bars signify 

the duration of the light flash stimulus.   
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Fig. 10. Habituation responses.  (A) The response strength to the first light flash of the 

OL neurons projecting to the MB calyces decreased considerably to the subsequent light 

flashes in terms of both excitatory (Ai) and inhibitory (Aii) responses to blue and blue-

green light, respectively. (B) In contrast, a lobula neuron not projecting to the mushroom 

bodies (non-MB neuron) responds similarly to blue (b), green (g), violet (v), and to 

combinations of the colors across the five subsequent light flashes.  (C) Measurement of 

the habituation responses between the MB input neurons and the non-MB input neurons 

showed the MB input neurons had significantly higher habituation response values 

compared to 21 non-MB input neurons (Mann-Whitney U-test; rank sum statistic = -
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9.2801; z-statistic = 3.5199; p < 0.00001). A, B: Black bars signify the duration of the 

light flash stimulus. 

 

Fig. 11. Summary diagram of the sensory inputs to MB calyces examined in this study.  

(A) Bumblebee brain with different input pathways color coded.  Dark gray: Olfactory 



231 
 

input from the antennal lobe (two separate pathways; unilateral projections); Green: an 

input pathways from the medulla (bilateral projections); Magenta: small field lobula MB 

input neurons (bilateral projections with additional projections into the superior lateral 

protocerebrum (s l pr; arrow)); Blue: large field lobula MB input neurons (unilateral with 

additional projections into the superior lateral protocerebrum (arrow)).  The large field 

and small field lobula MB input neuron schematics are presented on either side for 

visualization purposes only.  Abbreviations: mushroom body (B) A closer view of half of 

a calyx shows general sensory inputs segregate in the calyx with the olfactory inputs in 

the inner basal ring and lip (dark gray shading) and visual inputs in the collar and outer 

basal ring (light gray and white shading).  In addition to schematic drawings of the 

blebbed OL visual inputs to the MB calyces, the images of the OL projections into the 

MB calyces have been combined across preparations and false-colored to indicate the 

relative depths of the visual MB input within the lip (top), collar (col; middle), and basal 

ring (br; bottom). Visual input from the medulla occupies the outer collar and basal ring 

(area: light gray; individual projections: green in the schematic and in the insets).  The 

small field lobula MB inputs generally terminate on the inner collar and basal ring 

relative to the medulla inputs (area: white; individual projections: magenta).  The large 

field lobula MB inputs generally terminate on the inner-most collar and basal ring, and 

outer lip (area: white; individual projections: blue).   Additional abbreviations: antennal 

lobe, al; medulla, me; mushroom body lateral calyx, mb-lc; mushroom body medial 

calyx, mb-mc; mushroom body vertical lobe, mbvl; lobula, lo. 
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Abstract 

 Visual scenes in the natural world comprise enormous amounts of information 

from which behaviorally relevant cues need to be extracted by nervous systems.  One 

apparently fundamental mechanism is the segregation of visual pathways both 

functionally and anatomically. This enables brains to process visual cues, such as color 

and motion, in parallel.  In most model systems, little is known about the stepwise 

transformation and coding of visual information as it occurs in the segregated ascending 

visual pathways from the eyes to central brain areas. Usually visual research is focused 

on one particular brain area, but to determine the processing properties of entire pathways 

it is necessary to test the same types of basic visual stimuli at different stages along visual 

pathways.   We examined how visual information is segregated along physiological and 

anatomical lines, using bumblebees, which are known for their visual abilities and their 

robustness under laboratory conditions, as study system.  We recorded intracellularly 

from and labeled 162 neurons at three different levels along the visual pathway: the 
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medulla, the lobula, and the protocerebrum.  We examined correlations between the 

locations and branching patterns of neurons in the three brain regions and their responses 

to color and motion stimuli, establishing two general pathways: neurons projecting to 

anterior regions of the central bee brain were generally color sensitive, in contrast to 

neurons projecting to posterior brain regions, which were predominantly motion 

sensitive.  Therefore, color and motion sensitivity appeared to be segregated along the 

visual pathway.  In addition, the temporal response properties differed significantly 

between the neural categories, with an increase in spike time precision across trials and a 

decrease in average event reliability as we progressed from neurons in the periphery to 

the central brain.  These data suggest that neurons along the visual pathway are not only 

segregated regarding the cues they convey (e.g. color and motion), but also differ in the 

way they encode stimuli, likely to allow efficient parallel processing to occur. 

 

Introduction 

One of the many challenges in studying the mechanisms underlying visual 

processing is resolving how visual information is segregated, processed, and then 

integrated by higher order brain centers.  We know mainly from work on mammals that 

brains break down the visual scene into segregated pathways, such as color and motion 

(Hubel Livingstone, 1987).  Yet, how and where is the information ultimately integrated 

in the brain to allow the animal to respond to the complex visual world around it, and, 

importantly, how do the functional visual processing pathways relate to the anatomy of 



234 
 

the neural circuitry?  To be able to approach this question on the physiological level, 

neurons at different levels of visual processing have been recorded from in the 

mammalian visual pathway using various techniques (Kara et al., 2000; Kumbhani et al., 

2007).   

Initial stages of visual processing in the retina and lateral geniculate nucleus 

include segregated pathways of color and motion processing (Callaway, 2005; Lennie 

and Movshon, 2005).  However, there are some conflicting results as to whether these 

pathways converge or remain segregated in the primary visual cortex (Hubel and 

Livingstone, 1987; Lennie, 1998).  Clearly, the complexity of the vertebrate visual cortex 

and the associated brain areas has made understanding the mechanisms behind visual 

processing challenging.  In addition, in vivo intracellular recordings and dye-fills of 

neurons are rare in vertebrate studies, making it difficult to correlate the anatomy of 

individual neurons with the functional segregation of color and motion processing 

pathways. 

These questions can be easier addressed in invertebrates that are technically easier 

to deal with and have less complex nervous systems. To better understand mechanisms of 

segregating information in higher order brain centers and the possible integration of 

visual cues, we examined the brain of the bumblebee (Bombus impatiens).  Bumblebees 

are highly visual animals and have extensive visual learning and memory capabilities 

(Dale et al., 2005; Ney-Nifle et al., 2001) and trichromatic color vision (Peitsch et al., 

1992).  More importantly, bumblebees move through the natural world foraging for food, 
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dealing with complex motion and color cues in three dimensional space on a daily basis, 

all with a relatively small brain.  In addition, in vivo intracellularly recordings in the 

bumblebee are not only possible, but easily attained (Paulk and Gronenberg, 2008; Paulk 

et al., 2008).   

The bee visual system is laid out in a series of stages, or neuropils, where 

information is processed, and then sent inward to the central brain.  The first stage begins 

at the eye, where photoreceptors receive input from the visual world.  Bees have three 

types of photoreceptors in terms of color sensitivities in, with long (green), middle (blue), 

and short (ultraviolet) wavelength sensitivities (Menzel and Blakers, 1976; Peitch et al., 

1992).  The long wavelength photoreceptor types input to the lamina, a first-order 

neuropil (Ribi, 1975a, 1975b; Strausfeld, 1976).  Information in the lamina is then sent 

via lamina monopolar neurons to the medulla, a second-order neuropil (Ribi, 1975a, 

1975b; Strausfeld, 1976).  Unlike the long wavelength sensitive photoreceptors, the 

middle and short wavelength photoreceptors bypass the lamina and input to the medulla.  

Therefore, the initial stages of color processing may occur in the medulla.  The medulla 

then sends input either to the central brain or to a third-order visual processing center, the 

lobula (Hertel, 1980; Hertel and Maronde, 1987; Hertel et al., 1987; Ribi and Scheel, 

1981).  The lobula hten projects via several tracts into the central brain (Hertel, 1980; 

Hertel and Maronde, 1987; Hertel et al., 1987; Kenyon, 1896; Mobbs, 1982, 1984; Ribi 

and Scheel, 1981).  Since there are numerous anatomical pathways for information to 
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move through and within the visual system, we wanted to examine whether these 

anatomical pathways correlated with functional pathways.  

To further examine the segregation and processing of visual pathways, Paulk et al. 

(Section 2.1, Present Study) recorded and filled an additional set of neurons branching in 

the medulla, a second-order neuropil which sends the majority of the inputs to the lobula.  

Additional segregation of color processing was found in the medulla, with differences in 

the complexity of color signaling dependent on the location of the neural branching 

within the layers of the medulla (Paulk et al., Section 2.1).  Therefore, two of the major 

visual processing centers in the brain, the medulla and lobula, exhibit segregation of 

visual information which directly correlates with anatomy.  The medulla should be 

mentioned before the lobula 

In addition to the behavioral and technical benefits of the bumblebee in studying 

visual processing, recent work in the bumblebee lobula (a third order visual area in the 

insect brain) has shown that visual information is segregated, even within this single 

processing center (Paulk et al., 2008).  Examination of the anatomy and physiology of 

lobula neurons in the bumblebee brain revealed that, depending on the branching patterns 

of the neurons, certain groups of neurons are sensitive to motion but not to color while 

other groups are sensitive to color, but not to motion cues.  In addition, lobula neurons 

sensitive to both color and motion stimuli were segregated anatomically from the 

achromatic motion sensitive neurons (Paulk et al., 2008).  In other words, visual 

information is segregated within the bee brain at the level of the lobula.   
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However, the information is ultimately sent to the central brain, where, 

presumably, the information is integrated in higher-order brain centers.  Since both the 

color and motion sensitive pathways from the lobula and medulla converge onto the 

central brain, we wanted to examine how the information is integrated within the central 

brain, or, specifically, in neurons in the lateral protocerebrum.  

The lateral protocerebrum is an area in the central brain which has received little 

attention over the years.  Most of the past investigations of the region have dealt with 

odor processing and mapping the neural tracts going through the lateral protocerebrum 

between well-defined areas of the brain, such as between the lobulae on each side of the 

brain (Hertel and Maronde, 1987; Kenyon, 1896; Strausfeld, 1976), or between sensory 

structures and the mushroom bodies (paired central brain structures associated with 

learning and memory; Ehmer and Gronenberg, 2002; Gronenberg, 2000; Heisenberg, 

1998, 2003; Kirschner et al., 2006; Mobbs, 1982, 1984; Strausfeld, 1976).  However, it is 

clear that areas of the lateral protocerebrum receive inputs from the mushroom bodies, 

the medulla, the lobula, the antennal lobes, the primary olfactory sensory areas of the 

brain (Brockman and Robinson, 2007; Maronde, 1991; Mobbs, 1982, 1984; Kirschner et 

al., 2006; Tanaka et al., 2004).  In addition, all these regions receive feedback input from 

areas of the lateral protocerebrum, particularly the visual system (Strausfeld and 

Okamura, 2007), which means the lateral protocerebrum is a likely key area for 

understanding visual processing and, perhaps, higher order visual processing.   
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Recently, anatomical mapping of the lateral protocerebrum has begun in flies 

(Otsuna and Ito, 2006; Strausfeld et al., 2007).  While the lateral protocerebrum has been 

mapped in a three dimensional grid-like array (Otsuna and Ito, 2006), other researchers 

utilized the underlying neuropilar structure to map the region (Okamura and Strausfeld, 

2007; Strausfeld and Okamura, 2007; Strausfeld et al. 2007).  This work identified the 

existence of specific spherical structures, or glomeruli, which are concentrations of 

neurite terminals where specific computations could be taking place to process specific 

visual cues (Okamura and Strausfeld, 2007; Strausfeld and Okamura, 2007). These 

authors have shown that certain optic glomeruli are associated with sensitivity to stimulus 

orientation, specifically in the posterior regions of the brain.   

However, since much of the visual pathway from the lobula and medulla is sent to 

the lateral protocerebrum, which includes color and motion information, much more 

needs to be done to understand the segregation and possible integration of the various 

visual cues.  Therefore, by studying physiological and anatomical properties of neurons 

in the lateral protocerebrum and comparing the neurons’ response characteristics to those 

of medulla and lobula neurons, we try to determine whether visual information from the 

optic lobes is integrated or whether it remains segregated in the lateral protocerebrum. 

To do this, we recorded and filled 30 neurons in the bumblebee lateral 

protocerebrum and compared their properties to a data set comprising 27 medulla neurons 

and 105 lobula neurons already published (Paulk and Gronenberg, 2008; Paulk et al, 

2008; Paulk et al., Seciton 2.1).We used the same set of color and motion cues to 
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stimulate neurons from all three regions, and found that, in general, color sensitivity was 

segregated from motion sensitivity.  In addition, color sensitive pathways were usually in 

the anterior regions of the brain while motion sensitive pathways were mostly segregated 

to the posterior regions of the brain.  We also found that, as we progressed from the 

periphery to the central brain areas, that the temporal characteristics of the neurons 

changed.  We found that medulla neurons and outer lobula neurons were more reliable, or 

consistent, in their responses, while the inner lobula and lateral protocerebral neurons 

were more precise in their spike timing.  While color and motion pathways are still 

segregated, and not yet integrated, in the lateral protocerebrum, the transformations done 

by the neurons differed at each visual stage of visual processing.   

 

Methods 

Animals and Preparation 

Bumblebee colonies (Bombus impatiens) were acquired from Biobest Biological 

Services; International Technology Services, Michigan and were maintained in the 

laboratory.  We selected relatively large bumblebees of unknown age for recording 

(n=145) and for Bodian staining (n=6).   

 

Bodian staining 

 To examine the brain anatomy and neuronal tracts within the lateral 

protocerebrum, we used the Bodian reduced silver staining similar to the protocol 
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described by Gregory (1980).  Brains were removed from the head capsule and fixed 

overnight at 4°C in A.A.F. (64% Ethyl-Alcohol, 5% Acetic Acid, and 3.75% Formalin).  

After fixation the tissue was dehydrated and embedded in paraffin (Paraplast+, Oxford 

Labware, St. Louis, MO).  Paraffin blocks were cut into 15 µm sections mounted on 

slides coated with albumin,  deparaffinized and rehydrated before incubation in protargol 

solution: 2.5 g silver protein (Alfa AEser) and 2 g metallic copper, in 250 ml distilled 

water.  After 23 hours at 60°C slides were removed from the protargol solution and 

processed through 1% hydroquinone and 5% sodium sulphite for 5 min, 1% gold chloride 

under bright light for 7 min, (1%) oxalic acid for 5 min and  2.5% sodium thiosulfate for 

5 min.  Sections were again dehydrated and then cover-slipped using Entellan (Merck).   

  

Intracellular recording procedure 

Bees were cold anesthetized and immobilized in plastic tubes and the brain was 

exposed for recording, with insect saline (Baumann and Hadjilazaro, 1972) applied at 

intervals. Borosilicate thin-walled glass electrodes (tip resistances: 70-120 MΩ with 1 M 

KCl) were pulled from capillary tubes (A-M Systems, Inc., Carlsborg, WA) on a laser 

based micropipette puller (model P-2000, Sutter Instruments, Inc., Novato, CA).  

Micropipettes were backfilled with either: Lucifer yellow (200 µM in 0.5 M LiCl) or one 

of three Alexa Fluor® hydrazide dyes (excitation spectra at 568, 633, or 647 nm, 200 µM 

in 1 M KCl; Molecular Probes, Invitrogen).  The intracellular signals of spiking neurons 

were amplified (Neuroprobe 1600; A-M Systems, Inc.), and recorded on a computer 
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using a Power Lab data acquisition board (ADInstruments, Inc., Colorado Springs, CO).  

Data were captured at 20 kHz and saved for offline analysis.  The bee was presented with 

an array of visual stimuli (see below).  At the end of the experiment, the neuron was 

labeled with the dye by injecting a current of –2 to –5 nA at 1 Hz for 1-3 minutes.  The 

brain tissue was then processed as described below. 

 

Histology  

Brains with fluorescent dye-filled neurons were fixed (4% paraformaldehyde in 

buffered insect saline, pH 6.9), dissected, rinsed, and dehydrated using increasing 

concentrations of ethanol and embedded in Spurr's low viscosity medium (EMS, 

Hartfield, PA) and polymerized.  The resulting plastic blocks were sectioned at 10-20 µm 

using a sliding microtome, mounted and cover-slipped.  Images of the brain sections were 

recorded using a Nikon PCM 2000 confocal laser microscope with argon and HeNe 

lasers (Nikon, Japan).  Neurons were reconstructed from the image stacks and were 

adjusted for brightness and contrast using Photoshop (Adobe, San Jose, CA).  In all 

figures of neurons, unless otherwise indicated, the images are two-dimensional 

projections across all plastic sections where the neurons were present. 

Brain areas and neuronal anatomy are described according to the neuraxis where 

the mushroom body calyces are dorsal, the antennal lobes are ventral and anterior while 

the subesophageal ganglion is posterior (Fig. 1G,I).  The optic lobes are lateral in the 

brain relative to the protocerebrum and central complex.   
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Visual Stimuli  

Color and motion stimuli as described in Paulk and Gronenberg (2008) and Paulk 

et al. (2008) were presented to the bees’ right eye, ipsilateral to the side of the recording.  

The stimuli are briefly described below. 

 

Color stimuli  

An array of 60-light emitting diodes (LED; 20 each violet (v), blue (b), and green 

(g); peak wavelengths: v: 404 nm; b: 476 nm; g: 561 nm, with an average half-peak 

width: 22.13 ± 8.86 nm) provided light flashes of different colors (wavelengths) and 

wavelength combinations.  The intensities of all three colors were equal (450 

photons/count per LED) and the illuminance at the bee's eye (about 1400 lux) 

corresponded to a level that a human observer would experience under overcast skies. 

The LEDs allowed stimulating and discriminating all three spectral photoreceptor types 

of bumblebees, although not necessarily at their respective peak sensitivities.  The LEDs' 

efficiency with respect to the bumblebee spectral sensitivity as well as the behavioral 

relevance of the applied stimulus intensities is discussed in detail in Paulk and 

Gronenberg (2008).   

The LED array was arranged in a half-circle such that the long axis of the array 

aligned with the long axis of the bee eye, spanning 2.9° by 123.3° of the visual field 

(Paulk and Gronenberg, 2008; Paulk et al., 2008).  Chromatic sensitivity of neurons was 
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tested using individual arrays of v, b, or g LEDs or four different combinations (bg, bv, 

gv, and bgv).  Each stimulus was presented as five consecutive 500-ms LED light flashes 

at 1 Hz. 

 

Motion stimuli  

Motion stimuli were presented on a computer-controlled (Vision Egg software; 

Straw et al., 2006) CRT monitor which subtended 114.0° by 103.1° of the visual field of 

one eye (vertical refresh rate of 160 Hz; Gateway 2000, EV900).  At the illuminance 

levels used (ca. 330 lux), the bee's photoreceptors were not affected by the monitor's fast 

refresh rate (for details of the motion stimuli, see Paulk and Gronenberg, 2008).  

Four types of motion stimuli were tested: a wide field high contrast square wave 

moving grating (filling the entire computer screen, at a spatial frequency of 12.89°, 

moving at a rate of 57.2°/sec), a small moving bar (subtending 3.85° by 16.2°, moving at 

a rate of 73.57°/sec), a large moving bar (either a black bar on white or a white bar on 

black; subtending 9.04° by 103.1°, moving at a rate of 54.25°/sec), and a moving black 

edge on a white background (filling the entire computer screen, moving at a rate of 

87.69°/sec).  Each stimulus was moved in eight different directions (up, down, left, right 

and 45o to these respective directions) and four different orientations (Paulk and 

Gronenberg, 2008; Paulk et al., 2008).  Luminance changes of the CRT monitor resulting 

from the visual stimuli were measured by a photodiode and recorded with the neuronal 

signals.  
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Analysis of Responses to Visual Stimuli 

  Membrane potential data were imported into Matlab (Natick, MA), down-

sampled to a resolution of 0.1 ms, and filtered to remove high frequency (>2000 Hz) and 

low frequency (<50 Hz) noise.  Electrical noise from the LED relay switches was also 

removed digitally.  The spike time and mean frequency of the action potentials were 

measured by detecting spikes above a set threshold.   

Responses to individual presentations of a stimulus were used to determine each 

neurons’ chromatic and motion preferences, and responses to trains of light flashes were 

used to analyze the temporal characteristics of the response of each cell.  A significant 

response to a visual cue was defined as a change in spike rate greater than 2 times above 

or below the standard deviation of the mean background spiking activity.  The temporal 

dynamics and adaptation of the response were analyzed.  Adaptation was identified when 

a neuron changed its response to subsequent light flashes compared to the first light flash.   

 

Spike time precision and response reliability 

In order to determine if different neurons and brain regions encode visual 

information using different strategies, we calculated spike timing precision, response 

reliability, and average event reliability across repeated trials using procedures similar to 

those described by Mainen and Sejnowski (1995), Paulk et al., (2008), Schreiber et al. 

(2003), and Tiesinga et al. (2008).  The terms precision and reliability address two 
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temporal properties of neurons and have been used extensively in studies involving 

vertebrate visual cortex to measure the temporal properties of spiking neurons (review: 

Tiesinga et al., 2008).   

Full explanations of the calculations and examples of how spike time precision 

and response reliability measurements were made are described in detail in Paulk et al. 

(2008). Briefly, spike time precision measures the jitter of the spike times across trials 

(see below), which directly relates to the timing of the neural responses. A highly precise 

spike will occur with (exactly) the same latency after stimulus onset or offset every time 

the neuron responds. Response reliability measures the consistency of the responses of 

the neurons across trials. A reliable response will occur every time a particular stuimulus 

ist tested.  Average event reliability was used to measure the amount of bursting activity 

observed in the neurons in response to stimuli.   

To measure spike time precision, response reliability, and average event 

reliability, we first calculated a peristimulus time histogram (PSTH; bin size: 0.1 ms) for 

each set of trials that was convolved with a Gaussian curve (halfwidth: 8 ms).  Events 

were defined as periods were the firing rate was at least 3 times the standard deviation 

above the mean binned activity across trials within the PSTHs.  To calculate spike time 

precision, a measure of the temporal jitter of the spikes within events, we used the 

following equation:  

Spike Time Precision = E / Σ σe; 
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Where E is the number of events, and σe is the standard deviation of the individual spike 

times in event e.   Response reliability, the fraction of spikes across trials which occurred 

during the events relative to those outside of the events, was calculated with the 

following equation:    

Response Reliability = 1/ T  *  (Σ Ne / Nt) 

Where Σ Ne is the sum of number of spikes within each event, Nt is the number of spikes 

across trials, and T is the number of trials.  Average event reliability, the average number 

of spikes occurring per event, was calculated with the following equation:    

Average event reliability = 1/ T  * (Σ Ne) * 1/d 

Where Σ Ne is the sum of number of spikes within each event, d is the number of events, 

and T is the number of trials.  Statistical comparisons of measurements between cell 

groups or stimuli were made using the Mann-Whitney U-test. 

 

Results 

We recorded from and morphologically identified thirty neurons with most of 

their neurites in the lateral protocerebrum, which we refer to as protocerebral neurons.  

The anatomy and physiology of these neurons was compared with output neurons from 

the lobula (n=105) and medulla (n=27) whose properties have recently been published 

(Paulk and Gronenberg, 2008; Paulk et al., 2008; Paulk et al., Section 2.1).   

To map the inputs from the lobula and medulla to the lateral protocerebrum as 

well as map the protocerebral neurons in the region, we found the lateral protocerebrum 
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can be divided into five major regions based on the arrangement of neurites, tracts, and 

terminal regions in bumblebee brain sections stained using Bodian techniques.  Once we 

compared processes of individual neurons to the locations of these regions, we examined 

whether the response properties of the protocerebral neurons as well as those of the 

medulla and the lobula inputs correlated with the anatomical structure.  

 To do this, we characterized the protocerebral neurons as well as the medulla and 

lobula inputs as either color or motion sensitive and examined how this sensitivity varied 

with the anatomical locations of the branching patterns of the neurons.  We found that 

color and motion sensitivity distributions correlated with the anterior-posterior axis of the 

bee brain. Finally, we found that the three main areas, the medulla, the lobula, and 

protocerebrum, produced significantly different temporal response properties to light 

flashes, indicating that the neurons not only segregate in terms of color and motion 

sensitivity, but also in terms of stimulus encoding.  

 

The lateral protocerebrum is a complex network of glomeruli 

The bumblebee lateral protocerebrum contains a mixture of tracts interspersed 

among constricted neuropil structures which likely contain the synaptic contacts and 

connections between neurons (Fig. 1), which we refer to as glomeruli according to 

Strausfeld and Okamura (2007).  At first glance, the lateral protocerebrum appears to lack 

any obvious organization and it has thus originally been referred to as diffuse 

protocerebrum (e.g. Schildberger, 1984). However, the location of the glomeruli (green 



248 
 

asterisks; Fig. 1C), their positions relative to major neural tracts (white asterisks; Fig. 

1C), and the connections between glomeruli can be used to begin to map the region 

across bee brains (Fig. 1C).  To do this, we examined bumblebee brains which were 

stained using Bodian techniques, which allowed us to identify individual structures based 

on the projections of large numbers of neurons (Fig. 1B-D).   

In the process of mapping the lateral protocerebrum, we had to separate out well-

defined anatomical structures from the rest of the protocerebrum.  To begin, we identified 

the mushroom bodies (magenta) and the central complex (purple; Fig. 1).  In addition, we 

separated out the primary sensory neuropils, including the optic lobes [the lamina (not 

shown), the medulla (green) and the lobula (light blue)], and the antennal lobes (orange; 

Fig. 1).  The remaining regions (grey in Fig. 1E) comprise the lateral protocerebrum.  

While the entire protocerebrum contains a complex network of numerous tracts and 

glomeruli, we focused on the lateral protocerebrum, next to the optic lobes, as it received 

input from many of the optic lobe visual neurons (see below).   

In order to examine the lateral protocerebrum in three dimensions to be able to 

compare the region to the neural projections of individual recorded neurons, we mapped 

the relative positions of neuropilar areas, or glomeruli, in individual Bodian sections, and 

compared their positions relative to other regions of the brain (Fig. 1D).  We then three-

dimensionally reconstructed the glomerular clusters to compare how the projections of 

individual protocerebral neurons occupy the glomeruli (Fig. 1E-I).   
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Internal structure of the lateral protocerebrum 

When we examined the lateral protocerebral glomeruli using Bodian staining, we 

localized the general regions of glomeruli versus the locations of the tracts (Fig. 1C).  We 

defined glomeruli as a concentration of neurites with fine processes and terminals, 

usually grouped in glomerular-shaped structures 25-100 µm in width.  These regions 

often have neurites which containwhat appeared to be spines or blebs at high 

magnification (green asterisks; Fig. 1C).  Using these criteria, we were able to three-

dimensionally reconstruct many of these regions within the lateral protocerebrum.   

 The lateral protocerebrum was therefore divided into five main regions. These 

included the superior lateral protocerebrum (SLPr), the inferior lateral protocerebrum 

(ILPr), the posterior protocerebrum (PPr), the lateral horn (LH), and the anterior optic 

tubercle (AOT), as described by other authors (Kenyon, 1896; Kirschner et al, 2007; 

Mobbs, 1982, 1984; Rybak and Menzel, 1993; Strausfeld, 2002).  With the exception of 

the lateral horn and the anterior optic tubercle, these regions could clearly be subdivided 

further into individual glomeruli (see below; Fig. 1D). Because of the limited number of 

physiologically characterized neurons in the lateral protocerebrum, in this account we 

tried not to describe the characteristics of individual glomeruli. Rather, we focused on 

similarities and differences among the three major glomeruli clusters, the SLPr, PPr, and 

ILPr. 

Like the Bodian-stained preparations, the general organization of the 

physiologically and anatomically characterized neurons suggested that the SLPr, PPr, and 
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ILPr are three distinguishable clusters of glomeruli in spatially distinct regions of the 

protocerebrum.  Each of these regions was defined by their location with respect to both 

the dorsal-ventral and the anterior- posterior axes of the bee brain.  For example, the 

superior lateral protocerebrum was located in the dorsal-anterior area of the bee brain 

(cyan; Fig. 1F-H).  The inferior lateral protocerebrum was situated both ventral and 

posterior to the superior lateral protocerebrum (yellow; Fig. 1F-H) and the posterior 

protocerebrum resided posterior and ventral to both the superior and inferior lateral 

protocerebral areas (red; Fig. 1F-H).   

Two additional distinct protocerebral structures, the LH and the AOT, did not 

appear to be anatomically subdivided in the Bodian stains despite their relatively large 

size. Hence they both represented one single (large) glomerulus each.  The LH was 

located lateral to the inferior lateral protocerebrum (gray; Fig. 1F-H) and formed a 

distinct structure separable from the regions described above.   

The other large glomerular structure, the AOT, had previously been described as a 

visual glomerulus in flies (Strausfeld and Okamura, 2007).  It was located anteriorly in 

the bee brain, dorsal to the antennal lobes and close to the anterior brain surface (dark 

blue; Fig. 1F-I).  The AOT was characterized by numerous and prominent input and 

output tracts (Fig. 1C), which form landmarks we used in comparing neural projection 

patterns, specifically those inputs from the optic lobes. 

 

Inputs to the lateral protocerebrum 
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While much of the literature dealing with the lateral protocerebrum has addressed 

olfactory pathways from the antennal lobes (e.g. Mobbs 1982, 1984, Kirschner et al., 

2006 (honeybees); Tanaka et al., 2004 (fruit fly); Homberg et al. 1988 (sphinx moth)), 

here we addressed the visual pathways to and from the lateral protocerebrum by 

examining inputs of individually recorded and filled neurons from the medulla and 

lobula.  We found a range of individual neurons from ones terminating locally within one 

or two glomeruli (Fig. 2B) to neurons supplying large areas of the protocerebrum and 

contacting several or many of the visual glomeruli (Fig. 2A). As this diversity of 

projection patterns in the lateral protocerebrum made it difficult to compare input to 

individual visual glomeruli, we examined how the projections of individual neurons in 

the distinct sub-regions of the lateral protocerebrum correlated with the locations of their 

inputs in the optic lobes. 

Among the individually recorded and filled neurons we were able to trace 82 

lobula neurons and 12 medulla neurons to specific regions of the lateral protocerebrum 

(Fig. 2).  We examined the projection patterns of the lobula and medulla neurons and 

found general trends in the location of their projections which correlated with the 

anatomy of the neurons in terms of their branching patterns in the optic lobes.  For 

example, while the twelve anatomically reconstructed large-field medulla neurons all 

projected into the posterior protocerebrum (Fig. 2A), the columnar neurons of the lobula, 

whose fine branches generally receive input in a column within the lobula, all projected 

into the anterior optic tubercle (Fig. 2B).   
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Neurons with large field tangential branches in the lobula neurons either projected 

into the superior lateral protocerebrum (Fig. 2C), the inferior lateral protocerebrum (Fig. 

2D), or the posterior protocerebrum (Fig. 2E), depending on the location of their neurites 

in the lobula.  The lobula itself could be divided into two main regions based on its 

layered organization (Ribi and Scheel, 1981), namely layers 1-4 (the distal or posterior 

layers of the lobula) and layers 5-6 (the proximal or anterior layers of the lobula). Most 

neurons recorded from in the lobula had their input in either one or the other of these 

major subdivisions of the lobula (Paulk et al., 2008).   

Of the lobula neurons which projected into the lateral protocerebrum, 65% the 

lobula neurons with branching in layers 5-6 projected into the superior lateral or inferior 

lateral protocerebrum (Paulk et al., 2008; Ribi and Scheel, 1981; Fig. 2C).  On the other 

hand, 94% of the large field lobula neurons which branched into lobula layers 1-4 

projected into the posterior protocerebrum (Paulk et al., 2008; Ribi and Scheel, 1981), 

(Fig. 2E). Hence, neurons originating from different parts of the lobula generally fed 

anatomically segregated output to separate regions of the protocerebrum (Fig. 2F).  

 

Neurons in the lateral protocerebrum have complex branching patterns 

Anatomically separate regions of the optic lobes have been shown to have 

different functions (Hertel et al., 1987; Hertel and Maronde, 1987; Paulk et al., 2008). 

The anatomically output segregated pathways therefore represented functionally different 

streams of visual information to the lateral protocerebrum. This should be reflected by the 
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response properties of their postsynaptic targets, the protocerebral neurons.  We therefore 

recorded and filled 30 neurons, most of whose neurites resided in the lateral 

protocerebrum (Fig. 3).  While some of the neurons sent fine projections into the optic 

lobes, the majority of their processes were in the lateral protocerebrum, which is why we 

classified them as protocerebral neurons (Fig. 3B).  We examined their physiological 

response properties to determine whether their sensitivities to color, motion, and their 

temporal aspects correlated with their anatomical locations in particular parts of the 

lateral protocerebrum. 

Unlike output neurons from the optic lobes, it was difficult to define dendrites or 

axons in these protocerebral neurons since these neurons generally had spine-like and 

bleb-like structures in close vicinity (Fig. 3B). The neurons in the lateral protocerebrum 

showed numerous projection patterns, including widely diffuse projections throughout 

much of the protocerebrum (Fig. 3B,C,F), localized projections restricted to specific sub-

compartments (such as the anterior optic tubercle, Fig. 3A,D), and neurons with 

intermediate branching patterns (Fig. 3E).  Most of the recorded and filled neurons had 

diffuse projections into several areas of the lateral protocerebrum (Fig. 3).  However, we 

could categorize the neurons based on the location of the branching patterns relative to 

the protocerebral areas described above as well as relative to the optic lobes, mushroom 

bodies, and central complex (Fig. 3; Table 2).  While the neurons in the SLPr and the 

ILPr also had occasional branches elsewhere in the brain, including the lateral horn (Fig. 

3B,C) or the central complex (not shown), we categorized the neurons based on their 



254 
 

major projection patterns into the SLPr, the ILPr, and the PPr.  Using this basic 

classification scheme, most of the recorded neurons either projected in the SLPr (n = 14; 

Fig. 3B (cyan neuron),C) or the ILPr (n = 10; Fig. 3B (yellow neuron),E,F).    

Two additional protocerebral neurons were closely associated with the anterior 

optic tubercle (Fig. 3A,D). Both these neurons sent fine branches into the medial AOT 

and projected elsewhere.   One AOT neuron projected from the ipsilateral AOT toward 

the contralateral AOT (Fig. 3A).  The other AOT neuron projected around the mushroom 

body lobe and sent fine projections posteriorly within the inferior lateral protocerebrum 

(Fig. 3D).  Yet another protocerebral neuron recorded from was a mushroom body 

feedback neuron whose morphology closely resembles previously reported feedback 

neurons (Gronenberg, 1987).  We included these three neurons in the analyses since they 

were protocerebral neurons.   

We also categorized the protocerebral neurons as residing either anteriorly or 

posteriorly within the brain (Fig. 3G).  All of the protocerebral interneurons we 

characterized are located in the SLPr and the ILPr regions, which are located anteriorly in 

the brain (yellow and cyan structures in Fig. 1I). Our analysis is therefore only based on 

protocerebral interneurons that mostly branched in either the anterior or medial areas of 

the bumblebee brain but rarely in the posterior protocerebrum. However, we do have 

response characteristics of lobula output neurons that supply the posterior protocerebrum 

(Paulk et al., 2008).  
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In order to examine whether anatomical differences correlate with physiological 

differences, we made two comparisons within the protocerebral neurons: (1) neurons 

which project into the SLPr versus the ILPr, and (2) neurons which branched anteriorly 

versus those which branched medially or posteriorly (regarding posteriorly branching 

neurons we included medulla and lobula input neurons as we did not record any posterior 

protocerebral interneurons).  First, we examined how the neurons in the two different 

comparisons responded to motion stimuli.  

 

Few neurons in the anterior protocerebrum respond to motion 

Among the 30 neurons recorded in the anterior protocerebrum, only three 

responded to moving stimuli in any way or form (Fig. 6).   While one neuron had a polar 

response to directional motion (Fig. 6A), the other two protocerebral neurons responded 

to bidirectional motion of a moving oriented bar (Fig. 6B).  In many of the cases (n=16), 

we tested an array of motion stimuli, which included moving gratings, small and large 

bars, and moving edges, but only the three neurons mentioned above responded to the 

motion cues we presented.  One of these neurons had arborizations in the anterior optic 

tubercle and projected toward the medial protocerebrum (Fig. 6A), while the other two 

neurons had their major arborizations in the superior lateral protocerebrum, with one 

neuron in the anterior SLPr and the other in the posterior SLPr, both of which had similar 

response profiles (Fig. 6B).  We thus found motion sensitivity in all three areas we 
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focused on in the lateral protocerebrum, but processing of motion does not seem to be a 

major function of the anterior protocerebrum.   

 

Color responses 

 As described in previous investigations on color sensitivity in the bee brain (Kien 

and Menzel, 1977a, 1977b; Paulk et al., 2008), we divided the color responses into broad 

band (Fig. 5A, B), narrow band (Fig. 5C), and color opponent (Fig. 5D) in response to 

500 ms LED light flashes at 1 Hz.  Some protocerebral neurons (n=12; Fig. 5A,B) 

showed broad band color sensitivity , responding to all three colors similarly.  Other 

protocerebral neurons (n=9; Fig. C) showed narrow band sensitivity, responding to one or 

two colors, but not all three colors.  The neuron in Fig. 5C was probably only sensitive to 

violet input, responding only when violet was present in the stimulus. Three other 

neurons had a similarly narrow color selectivity.   

A third group of protocerebral neurons showed color opponency, defined as the 

influence of one color on the response to another color.  For example, the neuron in Fig. 

5D produced a burst of excitation at the onset of the blue light, with reduced responses to 

violet and green.  However, when all three colors were presented together (bgv; Fig. 5D), 

the response was not as large as the neuron’s response to blue alone, indicating that either 

the violet or green inputs have an inhibitory effect on this neuron's blue response.   

 Some color specific responses were expressed by changes in spike rate across 

protocerebral neurons. However, we found one neuron exhibiting a particularly 
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interesting response (Fig. 5E) regarding its temporal dynamics.  This neuron exhibited 

some amount of bursting or oscillatory changes in the baseline spontaneous activity of 

about 1.7Hz (Fig. 5E).  This bursting persisted during stimulation, but the underlying 

rhythm altered to match the 1 Hz light flash stimulus (black arrows, Fig. 5Ei).  

Interestingly, violet had the strongest effect on entraining the rhythm across trials 

compared to green or blue (gray arrows, Fig. 5Ei).  The effect of violet versus the other 

colors was made more obvious when we used longer light flashes at the same frequency 

(Fig. 5Eii).  We will describe other interesting temporal features of protocerebral neurons 

in later sections of the Results (Fig. 8, 9).   

 

Distribution of color and motion sensitivity in the bee brain 

 Was there a correlation between response properties of visual interneurons in a 

particular part of the protocerebrum and their presumed inputs, neurons from the lobula 

and medulla? Specifically, are different kinds of color and motion responses distributed 

differentially across the protocerebrum? To address this question, we will first look at 

color responses (Fig. 6) and then at motion responses (Fig. 7). 

 To determine whether visual pathways are segregated in the lateral 

protocerebrum, we included in our analyses the protocerebral neurons, the medulla input 

neurons (for color analysis only, because our sample of recorded medulla neurons did not 

contain enough motion sensitive cells), and the lobula input neurons to the lateral 

protocerebrum.  Based on the neurons projection patterns, we compare (1) the 
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protocerebral neurons in the superior lateral protocerebrum with those in the inferior 

lateral protocerebrum and with lobula outputs; (2) neurons with branching or projection 

patterns in the anterior, medial, or posterior portions of the protocerebrum  to determine if 

a functional segregation along the anterior-posterior brain axis exists.   

To compare color responses, we classified the protocerebral neurons as either 

projecting to the SLPr or ILPr or to the posterior protocerebrum (Fig. 6A).  Lobula and 

medulla neurons were separated depending on whether they projected into the posterior 

or the anterior protocerebrum.  We also categorized the protocerebral neurons as either 

anterior or medial (Fig. 6B; as noted earlier, we never recorded from posterior 

protocerebral neurons).   

Figure 6 shows the percentages of neurons exhibiting broad band (bb), narrow 

band (nb), and color opponent (co) response types within each group of neurons, 

correlated with their relative locations in the brain.  Color responses were relatively 

evenly distributed across the SLPr, ILPr, and the lobula, with the majority of neurons in 

each region featuring no color discrimination and fewer neurons featuring narrow band or 

color opponent responses (Fig. 6A).     

However, we found distinct differences along the anterior-posterior axes in color 

sensitivity (Fig. 6B).  The majority of both the medulla and lobula inputs to the posterior 

protocerebrum as well as the interneurons residing in the medial protocerebrum showed 

broad band responses (not color sensitive; Fig. 6B).  However, the majority of lobula 

neurons sending inputs to the anterior protocerebrum as well as the interneurons in the 
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anterior protocerebrum were color sensitive, generally featuring either narrow band or 

color opponent responses (Fig. 6B).  Hence, of the visually responsive neurons we 

recorded in the bumblebee brain, the anteriorly branching neurons were more often color 

sensitive while the posteriorly branching neurons were not as often color sensitive (Fig. 

6B). 

With respect to motion sensitivity and the different brain regions of the SLPr, the 

ILPr and the lobula, the differences were more pronounced.  We only found three motion 

sensitive neurons in the SLPr and the ILPr (Fig. 7A).  By contrast, a large majority of 

lobula neurons were either directionally or non-directionally motion sensitive (Fig. 7A; 

Paulk et al., 2008).    

 Along the anterior-posterior axis, we again found differences regarding the 

neurons' motion sensitivity (Fig. 7B).   The lobula neurons projecting posteriorly in the 

protocerebrum were mostly sensitive to directional motion (60%; Fig. 7B) while most of 

the lobula neurons projecting into the anterior protocerebrum were not sensitive (54%; 

Fig. 7B) or not directionally sensitive to motion cues (15%; Fig. 7B).  The distribution of 

motion sensitivity was not different among interneurons in the anterior or medial 

protocerebrum, the vast majority of which did not respond to motion stimuli. One might 

expect to find many more motion sensitive interneurons in the posterior protocerebrum, 

but we have not recoded from that area.   

Together, these data suggest that color and motion information is segregated 

along the anterior-posterior axis of the bee brain and processed in parallel pathways.  
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Color information appeared to be mainly processed and integrated in the anterior areas of 

the protocerebrum while motion information was mostly integrated in the posterior 

protocerebrum.  In the next section we examined if these differences in response 

properties correlate with differences in the temporal dynamics of the neurons in these 

categories.   

 

Protocerebral neurons exhibit complex temporal dynamics 

 Do the differences in color and motion sensitivities among the lobula, medulla, 

and protocerebral neurons relate to differences in temporal encoding of visual stimuli?  

To address this question, we examined the temporal dynamics of the protocerebral 

interneurons in response to light flashes.  Many of the protocerebral neurons produced 

phasic responses to light (n=10; Fig. 5A-C) while others showed tonic responses (n=8; 

Fig. 8D), or responded to the onset and offset of the light flashes (n=4; Fig. 5D).   

In addition to exhibiting different temporal dynamics in response to visual cues, 

we found that many of the protocerebral neurons exhibited habituation, where the 

response to the first light flash was significantly different compared to the response 

during subsequent light flashes (Fig. 5C, D).  To compare the protocerebral neurons with 

other visual neurons, we examined the distributions of habituation between the medulla, 

lobula, and protocerebral neurons (Fig. 8).  We found that, as we moved inward from the 

eye to central brain regions (Fig. 8), more neurons habituated to the light flashes.  The 

medulla neurons recorded in the periphery, which included the transmedullary neurons 
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and the amacrine medulla neurons, generally did not habituate to the stimulus while many 

more of the wide field medulla neurons did habituate (Fig. 8; Paulk et al., Section 2.1; 

Present Study).  Lobula neurons differed in their rates of habituation.  Neurons belonging 

to the distal (or posterior) layers of the lobula (layers 1-4; Ribi and Scheel, 1981) rarely 

habituated to the light flash stimuli while the majority of the neurons in the proximal, or 

anterior, lobula layers did habituate (layers 5-6; Fig. 8).  Finally, the majority of the 

protocerebral neurons habituated to the stimuli (70%; Fig. 8).  These trends indicated that 

there could be different mechanisms of encoding stimuli at different levels of the bee 

visual system.   

 

Protocerebral neurons exhibit precise responses to light flashes 

 Some protocerebral neurons showed a remarkable response pattern, where the 

neurons produced extremely precise spikes at the offset of the light flash (n=8; Fig. 9A-

C).  We labeled this response type a ‘precise off response.’  These precise off responses 

were not obvious in raw membrane potential recordings (Fig. 9A), but could be observed 

when the spike times were aligned across trials (Fig. 9B).  The high levels of spike time 

precision was apparent in the peristimulus time histograms (PSTHs; Fig. 9B).  We found 

spike time alignment and peaks even at a PSTH bin width of 1 ms (smoothed with a 

Gaussian curve, halfwidth = 10 ms).  In a few cases, the neurons produced precise spike 

responses to the onset of the light flash with a delay (grey box, Fig. 9B), but the presence 

of these ‘on’ responses depended on the color of the light flash. 
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To confirm these responses, we plotted the raw spike traces at the end of each 

light flash across trials and overlaid the trials in different shades of gray (which included 

the electrical noise produced by the relay switch; black arrow, Fig. 9C).  We found 

extremely precise spikes occurring across trials in the raw traces (white arrow, Fig. 9C).   

To demonstrate that these responses did not represent recording artifacts, we 

compared them to the responses of another protocerebral neuron (Fig. 9D-F).  This 

neuron responded to light with a tonic change in membrane potential (Fig. 9D).  

However, across trials, there was little to no spike alignment (Fig. 9E).  When we 

examined the raw membrane potential recordings of this neuron across trials as we did in 

Fig. 9C, we found very little spike alignment on the same scale (Fig. 9F).  This example 

demonstrated that not all the protocerebral neurons exhibit the precise off response.  

Of the eight protocerebral neurons that did respond to the offset of the light flash 

with highly precise spikes, we found some neurons actually had a depolarized membrane 

potential during the light flash (Fig. 9Gi, 9Gii), which decreased at the end of the light 

flash.  When we aligned the membrane potential traces across trials at the 5 ms time scale 

of this neuron (and offset trials 1-5 vertically to be able to see the responses), we found 

extremely precise spike alignment across all five trials, which occurred within 

milliseconds of the light flash turning off.  Besides the high spike time precision, the 

extremely short latencies (2-5 ms) of these responses are also intriguing as they occured 

in third to fifth-order neurons. 
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Overall, several protocerebral neurons exhibited some type of temporally dynamic 

responses, including high spike precision, entrainment, and habituation.  To reveal the 

origin of these temporal effects (peripheral or central), we compared the temporal 

dynamics of these protocerebral interneurons with those of the output neurons from the 

lobula and medulla using quantitative measures to see how the protocerebral neurons 

compared with their putative inputs. To be able to quantify these differences, we 

examined spike time precision, response reliability, and average event reliability among 

the groups of neurons. 

 

Protocerebral neurons are more precise and less reliable 

 To quantify the differences in the temporal dynamics of the responses, we 

measured spike time precision, response reliability, and average event reliability.  These 

three measures address three different aspects of how neurons respond to stimuli across 

trials.   

Spike time precision measures the temporal jitter of spikes across trials.  For 

instance, the protocerebral neurons with ‘precise off’ responses described above have 

relatively high levels of precision.  Response reliability, on the other hand, measures how 

consistently the neurons respond to the stimuli across trials and takes into account the 

underlying background activity.  While response reliability was normalized to the spike 

rate of the neurons, average event reliability measured the strength of the response by 

counting the number of spikes occurring during each detected event across trials.  For 
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instance, a neuron which produced a high firing rate in response to a stimulus should 

have a high average event reliability.  In other words, average event reliability measured 

the rate code of the neurons while spike time precision detected the precision of the 

temporal code of the neurons.  

 We first compared the spike time precision values between medulla neurons, the 

distal (posterior, Layer 1-4) lobula neurons, the proximal (anterior, Layer 5-6) lobula 

neurons, and the protocerebral neurons (Fig. 10B).  Neurons within the categories 

produced significantly different spike time precision values.  In addition, the differences 

depended on color (Fig. 10B).  Overall, lobula layer 5-6 lobula and protocerebral neurons 

had significantly higher spike time precision values compared to the medulla and layer 1-

4 lobula neurons (Fig. 10B; Mann-Whitney U test; p<0.05 for all significant differences).  

These results indicated that the protocerebral and anterior lobula neurons produced 

temporally more precise spikes across trials, which was not surprising considering that a 

number of the protocerebral neurons exhibited the precise off response. 

 In contrast, the response reliability generally did not significantly differ across the 

categories, with the layer 5-6 lobula neurons being the only group which was 

significantly different from the other classes (not shown).  The lobula layer 5-6 neurons 

generally had significantly lower response reliability values compared to the other 

categories, which depended on color (Mann-Whitney U test; p<0.05 for blue, green, 

violet, and violet-green color presentations; p>0.05 for other color combinations).  

Otherwise, the neurons produced similar response reliability values.  These results were 
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interesting since the response properties are widely divergent between groups as well as 

their rates of habituation.  

 Finally, to examine differences in the spike rate responses across neurons, we 

measured the average event reliability (AER) of the neurons across trials of light flashes 

(Fig. 10D).  As with spike time precision, we found major differences between the neural 

categories.  The medulla and layer 1-4 lobula neurons all exhibited high AER values 

which were significantly larger than the layer 5-6 lobula neurons and the protocerebral 

neurons (Fig. 10D; Mann-Whitney U test; p<0.05 for all significant differences).  In 

addition, the Layer 5-6 neurons generally had significantly higher AER values across 

most of the colors and color combinations compared to the protocerebral neurons (Fig. 

10D; Mann-Whitney U test; p<0.05 for all significant differences).  

When comparing spike time precision values across the neural categories 

irrespective of individual colors,  the layer 5-6 lobula and protocerebral neurons had 

similar spike time precision values (Fig. 10E; Mann-Whitney U-test; p= 0.3411) that 

were significantly higher than those of medulla and layer 1-4 lobula neurons (Fig. 9E; 

Mann-Whitney U-test; p<0.05 for all significant differences).  Medulla neurons had 

significantly higher spike time precision values compared to the layer 1-4 lobula neurons 

(Fig. 10E; Mann-Whitney U-test statistic: 29742; z-statistic: 3.121; p= 0.0018).   

When we compared the AER values between the groups, we found the opposite to 

be the case. Each category had significantly different AER values compared to the other 

categories (Fig. 10F; Mann-Whitney U-test; p<0.05 for all significant differences).  
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Interestingly, the AER values decreased along the progression from the medulla to the 

protocerebrum (Fig. 10F).  Therefore, as we progressed from the medulla, through the 

distal and proximal lobula to the protocerebrum, average event reliability decreased while 

spike time precision generally increased. 

As AER and spike time precision depend on firing frequency, we measured the 

average spiking activity of neurons in each category.  Medulla, lobula layer 1-4, and 

lobula layer 5-6 neurons all had similar spike rates (medulla: 29.5 ± 22.2; lobula layer 1-

4: 36.1 ± 38.2; lobula layer 5-6: 25.8 ± 15.7) which were not significantly different from 

one another (Mann-Whitney U-test; p>0.05 for all comparisons).  Only the protocerebral 

neurons had significantly lower baseline spike rates compared to the other neurons (15.94 

± 11.869 Hz; Mann-Whitney U-test; p<0.05 for all comparisons).  These differences in 

baseline firing rate did not explain the differences in the neurons' temporal properties. 

Our results therefore suggested that  lobula layer 1-4 and medulla neurons tended to rely 

more on rate coding while lobula layer 5-6 and protocerebral interneurons seemed to 

incorporate more of a spike timing, or temporal, component to code their responses. 

 

Discussion 

 We have been able to study the mechanisms of complex visual processing of 

color and motion stimuli by recording in vivo from visually responsive neurons and 

identifying the relationships between anatomy and function in the bee brain.  We found 

that color and visual motion information are segregated in the bee brain along anatomical 
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routes, ranging from the medulla to the lobula to the lateral protocerebrum (Fig. 6,7,11).  

In addition, we found that the visual information could be transformed at different stages 

of the pathway, with neurons in certain areas encoding stimuli using a rate code while 

neurons in other areas may use a temporal code to signal stimuli (Fig. 8,9,10).  Therefore, 

due to the remarkable structural organization of the bee brain, we could begin to 

functionally map parallel visual pathways onto the structure of both individual neurons 

and regions of the central brain, specifically the lateral protocerebrum, to better 

understand how the visual system in the bee can support the vast array of visual 

behaviors these small insects execute on a daily basis.   

 

Internal structure of the lateral protocerebrum 

While we divided the lateral protocerebrum into five major areas (SLPr, ILPr, 

PPr, AOT, and LH), it is clear from Bodian stains and the morphologies of individual 

neurons, that four of these regions can be divided further into smaller, discrete glomeruli.  

By mass filling of many neurons from the lobula to the lateral protocerebrum, Strausfeld 

and Okamura (2007) were able to start to define these structures anatomically in flies.  In 

a second paper, they were able to map the neurites of individual cells they recorded and 

filled onto specific optic glomeruli (Okamura and Strausfeld, 2007).  It is clear that, as in 

flies, two of the regions we describe here in bees, namely the inferior lateral and superior 

lateral protocerebral areas, can be further subdivided into structures similar to those 

described by Strausfeld and Okamura (2007) and Strausfeld et al. (2007). Unfortunately, 
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most of the protocerebral interneurons we describe here reside in anterior neuropilar areas 

while those described in flies are situated posteriorly in the protocerebrum, making an 

interspecific comparison difficult. 

To further define these structures, mass fills from the lobula to the lateral 

protocerebrum are necessary in the bumblebee brain.  Once these areas are mapped in 

detail, we can correlate the neural branching with these areas to determine the finer 

functional segregation of neurons within the lateral protocerebrum.  In addition, 

immunohistological techniques may be necessary to examine whether neurotransmitter 

distribution varies across the glomeruli of the lateral protocerebrum, possibly indicating 

some functional segregation of information flow among the glomeruli in the lateral 

protocerebrum (Strausfeld et al., 2007).  Ultimately, we need a full, extensive map of the 

entire protocerebrum to begin to understand the structure, which is beyond the scope of 

this paper.  Instead, to be able to get an initial look at how response properties are divided 

among areas of the lateral protocerebrum, we coarsely divided the structure into five 

main regions. 

 

Color and motion sensitivity is segregated in the lateral protocerebrum 

 For an area which has not received much direct investigation in terms of 

physiology (Okamura and Strausfeld, 2007), the lateral protocerebrum contains a wealth 

of both inputs from and outputs to numerous brain areas (Brockman and Robinson, 2007; 

Hertel et al., 1987; Maronde, 1991; Mobbs, 1982, 1984; Kirschner et al., 2006; 
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Strausfeld, 1976; Tanaka et al., 2004).  Even though the lateral protocerebrum is a large 

area of the brain, extending anteriorly, dorsally, ventrally, and posteriorly throughout the 

structure, not much is known as to the functional aspects of the structure.  Some 

researchers have begun to investigate neurons in the olfactory pathway within the lateral 

horn (Jefferis et al., 2007).  However, visual response properties of exclusively lateral 

protocerebral neurons have only recently been addressed in the fly (Okamura and 

Strausfeld, 2007). 

 In their investigation of the lateral protocerebrum, Okamura and Strausfeld (2007) 

found that neurons in the posterior protocerebrum were motion and orientation sensitive.  

While they did not test for color sensitivity, it is likely that the neurons they tested were 

not color sensitive.  The reason we posit this is the fact that, in the bee brain, most of the 

lobula neurons projecting to the posterior protocerebral glomeruli were not color 

sensitive (Fig. 6B; Paulk et al., 2008).  If we had investigated interneurons in the 

posterior protocerebrum in the bumblebee, we would likely have found achromatic 

motion sensitivity among the optic glomeruli as had been found by Okamura and 

Strausfeld (2007).   

In contrast, we found color sensitivity mostly localized in the anterior regions of 

the lateral protocerebrum, both in the lobula inputs and the protocerebral neurons 

themselves (Fig. 6B).  These results indicate that the bee brain maintains the segregation 

of color and motion processing in the lateral protocerebrum along anatomical lines.  

There is a possibility that visual processing tasks are further subdivided among the 
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protocerebral glomeruli.  By understanding the anatomy of individually recorded 

neurons, we can begin to understand whether these glomeruli in the lateral protocerebrum 

are individual processing centers for specific features of the visual world or if feature 

detection and processing is distributed over many of these glomeruli.  Additional 

recordings, probably including more complex visual stimuli, are needed to finally 

understand how the circuitry of the lateral protocerebrum segregates along functional 

lines. So far, considering the data from both the bee and the fly, all that is certain is an 

anterior-posterior segregation of color versus motion processing. 

 

Higher order processing 

The brain regions and neurons examined so far appear to have an analytic, rather 

than synthetic function in that they seem to code more and more specialized aspects of 

the visual information. The next problem to examine, then, is determining where this 

information is ultimately integrated.  We know that some lobula neurons are both color 

and motion sensitive, and some of these neurons output to the anterior lateral 

protocerebrum as well as the mushroom bodies (Paulk and Gronenberg, 2008; Paulk et 

al., 2008).  In addition, we know that some neurons closely associated with the lateral 

protocerebrum enter and exit the mushroom body lobes (Mauelshagen, 1993; Rybak and 

Menzel, 1993; Strausfeld, 2002).  Therefore, additional recordings from more lateral 

protocerebral neurons and from the mushroom bodies will probably allow us to determine 
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where the information is ultimately integrated in the bee brain before it gives rise to 

motor output.   

Olfactory and mechanosensory information is sent to the lateral protocerebrum as 

well (Kirschner et al., 2006; Maronde, 1991), hence simultaneous testing of visual, 

olfactory, and mechanosensory stimuli during electrophysiological recording will help to 

better understand the full extent and capabilities of these lateral protocerebral neurons, in 

terms of their unique temporal properties and compared to other sensory processing 

stages. This will also help to better understand the advantages of organizing neuropil in 

glomerular units, an organization typical of primary olfactory centers (insect antennal 

lobes, vertebrate olfactory bulbs). The spatial information present in topographically 

arranged neuropils such as the retinotopic lamina, medulla and (outer) lobula is most 

likely lost or transformed in the glomerular protocerebrum, but what is gained by this 

arrangement? 

 

Encoding of visual stimuli: transformations along the visual pathway 

The difficulty in understanding how the visual system operates at multiple stages 

of visual processing is that the neurons are morphologically and physiologically diverse 

both within and across individual neuropils.  This neural diversity enables neurons at 

each stage to transform the visual information and send it on to higher level processing 

stages.  Researchers in the mammalian visual system have been struggling with this 

problem to better understand how neurons in the retina, lateral geniculate nucleus, and 
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visual cortex signal stimuli.  This complex issue is compounded by the fact that, as 

experimenters have progressed through the mammalian brain, different stimuli have been 

used to study each region (Hubel and Livingstone, 1987; Kara et al., 2000; Kumbhani et 

al., 2007; Lennie, 1998; Lennie and Movshon, 2005).     

To understand how neurons at different levels of the visual system transform and 

signal visual information, we must ask the question: how do neurons at each processing 

stage respond to the same set of stimuli?  By answering this question, we may be able to 

better understand how the brain transforms a neural signal, sends it to higher brain 

centers, and, ultimately, how this information is integrated as a whole. 

In a very few studies in mammalian research, researchers have recorded from 

multiple stages of the visual pathway, specifically the retina, lateral geniculate nucleus, 

and the primary visual cortex (Kara et al., 2000; Kumbhani et al., 2007).  They found that 

neurons at each stage demonstrated different properties in their response variability, spike 

timing, spike rate, and the amount of information signaled by the activity of the neurons 

(Kara et al., 2000; Kumbhani et al., 2007).  Interestingly, as one progresses from the 

retina to the cortex, spike time precision decreases (Kumbhani et al., 2007).  In other 

words, spike time jitter increases in response to the same stimuli as you progress to 

higher-order brain centers.  One explanation for this is, as visual information flows along 

the neural pathways to the cortex, the signal receives increased noise due to stochastic 

elements (i.e. reliability of synapses, neural fatigue, etc.), which decreases the temporal 

precision of the signal (Kumbhani et al., 2007).   
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Surprisingly, we found the opposite to be true in bees (Fig. 9,10).  As we 

progressed from the periphery to the central brain regions, we found spike time precision 

across trials increased.  One possibility for this increase in precision in the lateral 

protocerebral and lobula layer 5-6 neurons is that there could be a complex feedback 

network within the lobula and the lateral protocerebrum which can act to increase 

temporal precision in these neurons.  However, one problem with this argument is that, in 

many cases, the temporally precise spike occurred within 5 milliseconds of the offset of 

the light flash (Fig. 8).  Synaptic transmission in visual insect neurons has been measured 

to take about 1 ms (Rind, 1984).  Therefore, the feedback network would need to be 

extremely fast to act at this speed to produce precise spike times.  Further investigation of 

the inhibitory elements is required, but there could be two other explanations for these 

responses. 

The second explanation is that visual information could be sent directly from the 

medulla to the protocerebrum, bypassing the lobula, thereby decreasing the number of 

synapses between the photoreceptors and the protocerebrum as well as the time it would 

take to get to the lateral protocerebrum.  Unfortunately, all the medulla neurons we 

recorded and filled projected posteriorly and never projected into the anterior 

protocerebrum (n=15).  Further investigation into possible medulla inputs to the anterior 

protocerebrum would be necessary to examine whether such medulla neurons feature 

particularly short response latencies. 
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Finally, complex transformations of increasing spike time precision might exist 

along the visual pathway that could be based on lateral interactions at each stage, thereby 

sharpening the temporal code.  This is not a strange idea as the interneurons in the lateral 

protocerebral can be viewed as miniature computers.  They contain spines and blebs in 

close proximity to each other, indicating some complex computations between pre- and 

postsynaptic sites.  These neurons probably receive numerous inputs, which is evidenced 

by the variable level of subthreshold postsynaptic potential activity correlated with 

stimuli (Fig. 5,9).  We propose that the resultant precise spike times are due to complex 

computations made by the neurons which directly relate to the neural morphology, its 

inputs, outputs, and the information it receives from the lobula and various areas of the 

brain.  Further investigation and computational modeling incorporating the anatomy of 

individual neurons would be necessary to better understand how spike time precision 

could increase at progressive stages of the bee visual pathway. 

Whatever the possible underlying mechanism, the production of well-timed 

highly precise spikes could have major implications in learning and memory.  Studies in 

the olfactory pathway have shown that neurons associated with the mushroom bodies 

demonstrate spike timing dependent plasticity (Cassenaer and Laurent, 2007; Li and 

Strausfeld, 1997; Mauelshagen, 1993; Menzel and Manz, 2005).  Considering that the 

mushroom bodies receive massive input from and feed output into the lateral 

protocerebrum (reviewed by Strausfeld et al. 1998), some of the plasticity observed in 
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mushroom body neurons may not just be a result of interactions in the mushroom bodies, 

but also interactions with these highly precise and complex lateral protocerebral neurons.   

By better understanding the mechanisms at multiple stages of visual processing 

and how visual information is segregated anatomically, we can begin to unravel how a 

brain with only 1 million neurons (Witthöft, 1967) can generate complex behaviors.   

Ultimately, the answer may lie in the complexity of individual neurons, each of which 

may take on numerous duties to efficiently enable the bee to behave in the natural world. 

These computations are intimately tied to the anatomy of the individual neurons in terms 

of the inputs, outputs, and location in the brain.   
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Figure 1.  The bee brain and the lateral protocerebrum.  A. Whole bumblebee brain 

viewed frontally.  Several structures are noted, including the optic lobes (ol), mushroom 

body calyces (mb-c), antennal lobes (al), retina (ret), and protocerebrum (prot).  B. 

Frontal section of half of the bumblebee brain, Bodian - stained.  The staining delineates 

the antennal lobes, the lobula (lo), medulla (me), the mushroom body lateral calyx (mb-

lc), the mushroom body medial calyx (mb-mc), and the mushroom body lobe (mb-l). C. 

Bodian-stained horizontal section at the level of the dashed line in (A).  Glomeruli in the 

protocerebrum (prot) indicated by light blue asterisks, axonal tracts by white asterisks.  

AOT: anterior optic tubercle. D. Color-coded areas used to reconstruct the brain: the 

medulla (green), antennal lobes (orange), and protocerebral areas comprising glomeruli 

(cyan and yellow).  E. Three-dimensional reconstruction of major components of the bee 

brain, including the antennal lobes (orange), the lobula (light blue) and medulla (green), 

the central complex (cc, purple), and the mushroom bodies [magenta; lateral calyx (lc), 

medial calyx (mc), and lobes (mb-l)].  F. Reconstructions of the same brain areas as in 

(E) along with compartments of the lateral protocerebrum; lateral horn (gray, LH), 

superior lateral protocerebrum (cyan, SLPr), anterior optic tubercle (blue, AOT). G.  

Same as F with other brain areas removed to reveal protocerebral components; 

subesophageal ganglion (SOG), inferior lateral protocerebrum (yellow, ILPr), posterior 

protocerebrum (red, PPr).  H The same brain reconstruction rotated for a lateral and a 

dorsal (I) view.  J. A schematic of a dorsal view of the same brain areas, with a view of 

the SLPr, PPr, optic lobes, and other brain areas listed above. Scale bar = 100 µm. 
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Figure 2.  Visual input neurons to the lateral protocerebrum.  A. A large field medulla 

neuron with output to the posterior protocerebrum.  B. A columnar neuron of the lobula, 

with fine branches in a column within the lobula, and projections into the anterior optic 

tubercle (AOT).  C.  A large field tangential lobula neuron with inputs to the superior 

lateral protocerebrum (in magenta box).  D. A large field tangential lobula neuron with 

branches in the inferior lateral protocerebrum (ILPr).  E.  Two large field tangential 

neurons with neurites in the posterior protocerebrum (PPr). F. Relative locations of the 

projections of the neurons in A-E (in boxes) along the anterior-posterior axis.  While A-E 

are all frontal views of neural projections in the lateral protocerebrum, the schematic 

diagram represents the neural processes in a dorsal view (within a horizontal section) to 

be able to map the projections along the anterior-posterior axis, which is why the images 

do not match perfectly.  i.-v. magnified frontal projections from A-E, with the colors of 

the boxes matching between A-E and i-v (in no particular order).  Center: Schematic 

diagram of the lateral protocerebrum showing the relative locations of these projections.  

Abbreviations: lobula (lo), medulla (me), mushroom body lobe (mb l).  Scale bar = 100 

µm.   
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Figure 3.  Lateral protocerebral neurons. A. Frontal view of two filled and 

morphologically reconstructed neurons in the bee brain.  A columnar lobula neuron (red) 
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projecting into the anterior optic tubercle (AOT) was filled in the same brain as a 

protocerebral neuron with branching in the AOT (blue), which then projected 

contralaterally to the lateral protocerebrum on the other side of the brain.  B. A frontal 

view of two protocerebral neurons filled with different fluorescent dyes.  One neuron 

(cyan) branches extensively in the superior lateral protocerebrum (SLPr), while the other 

neuron branches in the inferior lateral protocerebrum (ILPr).  Both neurons send fine 

branching in the lateral horn (LH).  C.  Frontal view of protocerebral neurons.  This 

neuron primarily branches in the LH and SLPr, while the neuron in (D) branches in 

anterior optic tubercle.  E. This protocerebral neuron branches in the ILPr anteriorly 

while the neuron in (F) branches posteriorly in the ILPr.  G.  Schematic representation of 

the neurons in C-D, except in a dorsal view, with the brain rotated to view the horizontal 

section.  Note the relative locations of the branching patterns of the neurons along the 

anterior-posterior axis.  Scale bar = 100 µm. 

 
Figure 4. Motion responses in two protocerebral neurons.  A. Responses of an anterior 

optic tubercle neuron to bars moving in different directions indicated by arrows.  The 
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neuron exhibited some directional selectivity, which is represented by the polar plot next 

to the recordings.  The directions on the polar plot indicate the directions of the moving 

bars, with the spike count during the directionally moving bars indicated by the line. This 

neuron preferred motion in one or a few directions over others.  B.  Responses to moving 

bars of a neuron in the anterior superior lateral protocerebrum .  The polar plot shows the 

spike count during motion in each of the eight directions.  This neuron exhibited 

responses to bidirectional motion. 
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Figure 5. Color responses of protocerebral neurons.  A. This protocerebral neuron 

responded with phasic 'on' inhibition for all three colors (blue (b), green (g), and violet 

(v)) and across five trials (traces from each trial are overlaid and colored in gray). B. 

When we examined the response of the same neuron as in A across trials, it was 

phasically inhibited by light across trials, regardless of color and color combinations, as 

indicated in this raster plot of five repeated trials per color (above) and in the Gaussian-
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smoothed peristimulus time histogram (bin width = 1 ms, Gaussian half-width = 5 ms); 

colors as in (A), including color combinations (bv, vg, bg).  C. This protocerebral neuron 

mainly responded during light flashes when violet was in the stimulus but not necessarily 

with the other colors.  D.  This protocerebral neuron produced a burst of activity in 

response to the first light flash of blue, with a decreased response to violet and green.  

When all three colors were presented simultaneously, the response was reduced 

compared to the blue response, indicating that other colors inhibit the blue response.  E.  

Stimulus entrainment.  This protocerebral neuron exhibited a spontaneous rhythm of 

activity which persisted throughout the recording.  Ei. The neuron shifts its bursting 

activity over time to match the rhythm of the violet light flashes.  Green or blue light had 

a much weaker entrainment effect (black arrows: end of first stimulus; gray arrows: end 

of fifth stimulus).  Eii. The stimulus entrainment response was also observed if the 

duration of the light flash was lengthened.   In all cases, the black bars indicate the 

duration of the light flash. 
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Figure 6. Color sensitivity across visually responsive neurons in the bee brain.  A. 

Diagrammatic frontal reconstruction of the bee brain; inferior lateral, superior lateral 

protocerebrum (prot.), and lobula areas indicated together with the percentage of neurons 

within each group exhibiting broad band (bb), narrow band (nb), and color opponent (co) 

responses. Note that the distributions of color sensitivities are relatively similar in the 

three areas.  B.  Differences in color sensitivities in neurons along the anterior-posterior 

axis (indicated by dorsal view of reconstructed bee brain). Note that lobula and medulla 

inputs to the posterior protocerebrum and interneurons in the medial protocerebral are 

mainly color insensitive (broad band). In contrast, anterior protocerebral lobula inputs 

and interneurons were more often color sensitive.   



291 
 

 

Figure 7.  Motion sensitivity across visually responsive neurons in the bee brain.  A. 

Diagrammatic frontal reconstruction of the bee brain; inferior lateral, superior lateral 

protocerebrum (prot.), and lobula areas indicated together with the percentage of neurons 

within each group exhibiting either no motion response (nm), non-directional motion 

response (nd), or directional motion responses (dm).  Note that most protocerebral 
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interneurons were not motion sensitive while the majority of lobula output neurons were 

motion sensitive. B. The distribution of motion responsive neurons along the anterior-

posterior axis (indicated by dorsal view of reconstructed bee brain).  In contrast to the 

protocerebral interneurons, the lobula input to the posterior protocerebrum was generally 

motion sensitive.  

 

Figure 8. Differences in precision and reliability among neurons in three different brain 

areas. Habituation at different stages of the bee visual pathway. The brain sketch shows 

the location of the respective areas: medulla (me), lobula (lo), and protocerebrum (prot). 

The percent of neurons are shown in each category exhibiting habituation, with the total 

number of neurons in each class below each category. 
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Figure 9.  Temporal response properties of protocerebral neurons.  A. The recording 

trace during a series of five light flashes does not exhibit a significant change in spike 
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rate, but when the spike times were aligned across trials (raster in B), there was 

remarkable precision at the offset of the light flash also seen in the peristimulus time 

histogram (bin width=1 ms, smoothed with a Gaussian filter, halfwidth = 5 ms).  The 

grey box outlines instances of precise responses to the onset of the stimulus.  C.  

Extremely well-timed spikes occurred after the light flash regardless of color (white 

arrow).  In these traces, we included the electrical noise produced by the relay switch 

turning the lights off (black arrow). D. To ensure that the precise spike time response was 

not an artifact of the relay switch noise , we examined another protocerebral neuron 

which had a clear subthreshold responses to light.  E. This neuron did not exhibit 

precisely aligned spikes across trials.  F. In addition, it did not produce spikes which were 

well-timed with the offset of the stimulus, as when the relay switch noise occurred.  Gi. 

In another protocerebral neuron, its only response to a series of five blue light flashes was 

a well-timed highly precise spike.  Gii.  Closer examination of the response of this 

neuron (box in Gi) revealed a tonic depolarization for the duration of the light flash, 

which was followed by the spike at the end of the light flash.  Giii. All five trials aligned 

at the end of the light flash and staggered the membrane potentials to view each trial (1-

5); note highly precise temporal alignment of spikes. 
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Figure 10. A.  Spike time precision values for the medulla, distal lobula (Layer 1-4 

lobula), proximal lobula (Layer 5-6 lobula), and protocerebral neurons for different 

colors and color combinations.  B. Average event reliability for the same neurons for 

different colors and color combinations.  C.  Average spike time precision values across 

all colors and color combinations for the same neural categories.  D.  Mean average event 

reliability values across all colors and color combinations for the same neural categories 

as above.  In B-E: error bars indicate standard error; the letters in each graph indicate 

statistically isolated groups.  (p< 0.05; Mann-Whitney U test).  
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Figure 11. Summary of the connections and anatomy of the bumblebee brain.  A. The 

anatomy of the bumblebee brain, where specific regions of the brain were studied, which 

included the medulla (me), lobula (lo), superior lateral protocerebrum (SLPr), inferior 

lateral protocerebrum (ILPr), anterior optic tubercle (AOT), and the lateral horn (LH). 

Abbreviations: mushroom bodies (mb), central complex (cc), antennal lobe (al). B. the 

connections between the brain areas.  The thick colored lines are the connections 

addressed in this paper.  The thin black lines have been shown or are presumed from 

literature.  The same color scheme was used as in A for the brain structures.  C. 

Distribution of color and motion sensitivity in the lateral protocerebrum, with color 

sensitivity generally in the anterior and medial protocerebrum, and achromatic motion 

sensitivity distributed to the posterior protocerebrum. 

 

 

 

 

 

 


