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ABSTRACT

Animals rely on information provided by their senses to perform the complicated series 

of motor actions that allow them to obtain food and shelter, locate mates, and avoid 

predators. Interpreting sensory information and using it to guide behavior is one of the 

principle roles of the nervous system. In the insect brain, a system of midline neuropils 

called the central complex is thought to be the site at which sensory information is 

integrated and converted into the signals that initiate or modify motor outputs. 

 This dissertation addresses three important questions for understanding how the 

central complex processes sensory information and influences behavior. These questions 

are: 1. What kind of sensory information is represented in the central complex?  2. What 

is the relationship of central complex neuropils to other brain regions? 3. Are such 

regions simply relay stations, or do they support computations that contribute to 

phenomena cautiously ascribed to the central complex, such as visual learning and 

memory? Using the flesh fly, Neobellieria bullata, intracellular recordings and dye fills 

were conducted to explore the sensory parameters that are relayed to the central complex. 

The results of these experiments along with previously published observations suggest 

that the sensory information relayed to the central complex differs from species to species 

and is likely matched to the behavior of each. 

! Reconstructions of neurons labeled during intracellular recordings, cobalt 

injections, Golgi impregnations, immunohistochemistry, and Bodian staining were used 

to further explore the relationship between the central complex and the superior 

protocerebrum. These studies suggest that the superior protocerebrum is a complicated 
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computation center, more intricately related to the central complex than has been 

previously assumed. 

! These results are used to propose a network model for how one circuit in the 

central complex may perform some of the functions the central complex has 

experimentally been shown to mediate. The differences between this model and the 

elaboration of the central complex in vivo suggest that circuits within the central complex 

also support a variety of other computations. Finally, future experiments are described, 

investigating the role of the central complex in orientation of migrating monarch 

butterflies.
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PART 1

INTRODUCTION

CHAPTER 1

1.1 From Sensory Inputs to Motor Outputs

Animals depend on information provided by their sensory systems to perform the 

complicated series of movements that allow them to find food and shelter, locate mates, 

and avoid predators. Interpreting sensory information and using it to guide behavior is 

one of the principle roles of the nervous system. However, for many behaviors, we 

understand very little about the mechanisms through which sensory information is 

converted into the signals that initiate or control motor outputs.  How is such a 

transformation achieved by the brain? 

! The simplest networks that perform this function are the circuits responsible for 

escape behaviors in response to a threatening stimulus. Because of the urgency of the 

need to escape, in many species these behaviors are controlled by a few relatively large 

neurons (Bacon and Strausfeld, 1986; Westin et al., 1977), and in many cases these 

circuits are relatively accessible for physiological investigations. Although aspects of the 

sensory inputs into these circuits, and the connectivity of their premotor outputs, can vary 

from species to species, the general organization of these circuits is relatively constant: 

processed sensory information representing a life threatening stimulus is relayed to a few 

“hard-wired” interneurons. Activity evoked in these interneurons is communicated 

extremely rapidly and elicits an appropriately coordinated motor output. A classic 
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example is the Drosophila escape circuit that integrates looming stimuli and air currents 

(Augustin et al., 2011).

! For other less urgent behaviors involving more elaborate stimuli or behavioral 

responses, little is known about the process through which sensory information is 

reconciled with idiothetic drives or learned associations to produce appropriately adaptive 

behaviors. Circuits responsible for these more elaborate and less immediate sensory to 

motor transformations must not necessarily be organized according to the same pattern as 

those governing escape responses. Even so, the general concept of sequential 

arrangements holds: brain structures that produce behaviors from sensory information 

must contain, or make connections with, premotor neurons and they should receive 

sensory information processed to a degree commensurate with the required behavioral 

output. Such circuitry is far less direct than that of an escape response circuit and may 

involve many dozens of synaptic relays. This is in stark contrast to as few as four relays, 

as in those that mediate visual course correction in a fly’s flight (Land and Collett, 1975). 

!  Where might such complex and adaptive behaviors be orchestrated? Despite the 

complexity of the insect brain, with its many lateralized neuropils, there is one system of 

midline neuropils, referred to as the central complex, which is now attracting broad 

attention from neuroscientists. This system is ubiquitous to arthropods, and evidence is 

accruing to suggest that its is responsible for interpreting sensory information and 

determining elaborate adaptive behaviors, particularly those involving control of 

multijoint appendages such as walking (Strauss et al., 1992; Ridgel et al., 2007), or 
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stridulation (Huber, 1960; Hoffmann et al., 2007). It is the anatomical and physiological 

exploration of the central complex that is the overarching theme of this dissertation.

1.2 Historical Background

 We now know from a volume of neuroanatomical studies (reviewed by Homberg, 2008) 

that the central complex is composed of five distinctive neuropils that are linked by an 

elaborate system of axon connections. These neuropils are the protocerebral bridge, the 

fan-shaped body, ellipsoid body, the noduli, and the lateral accessory lobes. The location 

of these neuropils in the brain and their relative position in the head when viewed from 

the front is shown in Fig. 1.1. This knowledge took many years to accumulate, and this 

section summarizes some of the history of discovery and research on these centers.

! Initially, studies on the central complex disagreed on the internal organization of 

its constituent structures and on their connection with the rest of the brain. Dietl (1876), 

was the first to consider the midline spanning structure now referred to as the fan-shaped 

body. Later, Viallanes (1887) described the central body in wasps and claimed that it was 

connected with all surrounding brain regions. Kenyon (1896), relying principally on 

Golgi impregnations and hematoxylin staining and working with Apis mellifica [sic], 

reached a different conclusion: that the upper and lower divisions of the central body are 

supplied by different regions of the brain. Kenyon discerned that the fibers entering the 

lower division of the central body originated from neurons located above the antennal 

lobes, while neurons supplying the upper portion originated from the superior 

protocerebrum, or from behind the central body. He went on to describe another structure 
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of the central complex, the noduli, which Viallanes had named “tubercules du corps 

central.” Kenyon thought that these structures were related to the ocelli and so referred to 

them as ocellar glomeruli. Kenyon also went on to describe the protocerebral bridge 

which he argued is not a proper commissure and so he rejected the name given by 

Viallanes: “pont du lobes cerebraux” in favor of that given by Cuccati (1888): 

“Gabelförmiger Körper” or better, his own “fibrillar arch.” More importantly, he 

elaborated on the observation made by Viallanes that the protocerebral bridge is 

intricately connected with the central body. Kenyon clearly saw the regularly organized 

neurons with branches in the protocerebral bridge that also supply branches to the fan-

shaped body as they project ventrally, but could not discern the distal arborizations of 

these neurons. 

!  Power (1943) used a modification of Bodian’s (1936, 1937) method to better 

trace neuronal projections within the brain of Drosophila and further described the 

connections of the protocerebral bridge with the fan-shaped body, the anterior optic 

tubercle, and the dorsal protocerebrum. Like Kenyon, Power also described the neurons 

that connect the protocerebral bridge with the fan-shaped body. The Bodian technique 

allowed Power to more clearly discern the relationships between the structures of the 

central complex and the surrounding neuropils and disprove some long-standing 

misconceptions. For example, he dismissed the suggestions that the noduli received fibers 

from the ocelli (Kenyon, 1896), or that they were part of the mushroom bodies 

(Thompson, 1913). Power’s account also documents an important shift in thinking about 

the function of the central complex. Previous authors had though of these structures as 
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sites where neuronal bundles diverged. Kenyon cites Berger (1878) stating that the fan-

shaped body is a “lenticular body receiving a bundle of fibers from each side which 

entering broke up into its individual fibers, some going out anteriorly, some posteriorly, 

or, in short, as a center of disassociation.” Power however, saw projections into the 

central complex and understood that these structures were centers of convergence: “the 

central-complex is an important association center receiving, as it does, fibers from 

various other parts of the brain.”

! A crucial advance in our understanding of the organization of the central complex 

came when Williams (1975) used ethyl gallate staining to more fully trace the projections 

from the protocerebral bridge to the central body in the locust (Schistocerca gregaria). 

Williams illustrates the elaborate projection pattern these neurons adopt in their trajectory 

from each half of the protocerebral bridge to almost nearly the entirety of the central 

body. He was also able to trace these bundles of neurons ventrally into the lateral 

accessory lobes. This projection pattern is significant because the lateral accessory lobes 

are a neuropil in which outputs from the central complex meet collaterals of premotor 

neurons that descend from the brain to thoracic and abdominal ganglia. Researchers were 

also beginning to explore the central complex physiologically, through electrical 

stimulation. Huber (1955, 1960) demonstrated that injection of current through electrodes 

placed in the central brain of the cricket, Gryllus campestris, elicited singing behavior. 

Similar experiments conducted later by Otto (1971) on the same species confirmed these 

results. These findings raised more questions than they answered. At the time, 

relationships between the central complex and the rest of the brain were not yet well 
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understood. The same was true for the possible connections between the structures of the 

central complex and neurons that are involved in motor actions. Indeed, many of these 

questions are still relevant today. 

! Our understanding of how the central complex is organized was greatly expanded 

by the Golgi impregnations conducted by Strausfeld (1976) on the fly Musca domestica 

and subsequently by Hanesch et al. (1989) on Drosophila melanogaster. That extensive 

study, employing 1200 Golgi preparations, provides reconstructions of many of the cell 

types associated with the central complex. These serve as a crucial baseline with respect 

to our knowledge of the types of neurons that contribute to central complex morphology. 

Still, we lack an overarching hypothesis for how the central complex works and what it 

does. 

! The following sections review the anatomical organization of the central complex, 

its sensory inputs, and a body of evidence that implicates the central complex in the 

control of motor outputs and in the performance of associative memory. Building on 

these published findings, the next chapter and Appendix A present the results of 

intracellular recordings from, and morphological reconstructions of, central complex 

neurons in the flesh fly Neobellieria bullata. The subsequent chapter and Appendix B 

address the relationship between the central complex and the superior protocerebrum, a 

region of the brain from which the central body receives certain of its inputs. In the final 

chapter, some of the implications of these findings are considered and the data are used to 

propose a hypothesis for how the central complex might be organized to support 

postulated roles in sensory processing, learning, and motor control. Finally, a new set of 
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experiments are proposed that will explore the role of the central complex in the 

orientation behavior needed for long distance navigation in insects, using monarch 

butterflies as an example.

1.3 A Review of Contemporary Research 

1.3.1 Anatomy and organization of the central complex!

The central complex is a discrete yet interconnected set of synaptic regions found in the 

brain of all insects. In dipteran species, as in other dicondylic insects, the constituent 

structures of the central complex are the protocerebral bridge, the fan-shaped body, the 

ellipsoid body, the noduli, and two large flanking regions called the lateral accessory 

lobes (Power, 1943; Strausfeld, 1976; Hanesch et al., 1989). These are diagrammed in 

Figure 1.1. 

! According to the neural axis, the protocerebral bridge is the most rostral neuropil 

of the central complex, lying almost within the cell body rind and situated between the 

protocerebrum’s “antlers” (Ito et al., 2012). These are the most rostro-medial neuropils of 

the protocerebrum, each flanking the medial calyx of the mushroom body. With reference 

to the body axis, the protocerebral bridge of an adult fly is the most dorsal of the central 

complex structures. Ventral and anterior to the protocerebral bridge, straddling the brain’s 

midline, are the fan-shaped body and the ellipsoid body. Together, these structures are 

referred to as the central body. The paired noduli are ventral to the fan-shaped body, lying 

above the esophageal foramen which is the passage through the brain containing the 

alimentary canal. 
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! The central body neuropils are connected to a pair of flanking neuropils called the 

lateral accessory lobes. These are located lateral to the ellipsoid body and posterior to the 

lobes of the mushroom bodies and the antennal lobes. These neuropils, long considered 

as satellites of the central complex, should be considered as part of this system of 

neuropils as they appear to be ubiquitous even in taxa that consist of just one midline 

neuropil lacking noduli. Such taxa belong to Malacostraca, a group of crustacean 

arthropods in which the central complex comprises the protocerebral bridge and the 

central body with connections to the lateral accessory lobes (Utting et al., 2000). Thus, 

from an evolutionary perspective, these lobes appear before the noduli and before the 

central body obtained its two major components, the fan-shaped body and ellipsoid body. 

It is in the lateral accessory lobes where outputs from the central complex interact with 

major neuronal pathways, including those that descend from the brain to motor centers in 

the thoracic and abdominal ganglia (Homberg, 1994; Kanzaki et al., 1994). 

! Bodian and ethyl gallate histology show that the projections into, within, and 

among the structures of the central complex are organized into modules and layers 

(Williams, 1975).  The protocerebral bridge is divided into 16 modules, each containing 

several types of neurons that connect it with the fan shaped body and the lateral accessory 

lobes, or with the noduli (Hanesch 1989). The fan shaped body is divided into 

approximately horizontal layers by the branches of the tangential neurons that connect it 

with the protocerebrum. In Drosophila, Hanesch et al. (1989) describe the fan-shaped 

body as divided into six layers based on the branching patterns they observed in Golgi 
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preparations. However, Young and Armstrong (2010), observe 8 distinguishable layers in 

preparations labeled with antisera (nc82) raised against the synaptic protein Bruchpilot. 

! The terminology for the neurons that make up the structures of the central 

complex is complicated by the origin of many of these terms in studies that focused only 

on one species. Many of the cell types were given descriptive names based on their 

appearance in one animal and it was later found that the equivalent cell (based on the 

regions of the central complex they connect) in other species is not suitably described by 

the given name. For example, Hanesch et al., 1989, described the neurons that connect 

the superior protocerebrum with a single stratum of the fan-shaped body as “fan-shaped 

neurons” because in Drosophila their arborization “pattern makes some of them look like 

a fan”. In most species, the branches of these neurons do not look like a fan; here these 

neurons are referred to as “tangential neurons”. Worse, in some cases the appellation 

given to a class or type of neurons appears to properly describe a completely different set 

of cells than those intended. Pontine neurons, for example, are not associated with the 

protocerebral bridge, instead they interconnect divisions within the fan-shaped or 

ellipsoid body. Similarly, the neurons Hanesch et al., describe as the Horizontal Fiber 

System, because they project approximately horizontally through the fourth layer of the 

fan-shaped body, are neurons that connect the protocerebral bridge with the fan-shaped 

body and one of the lateral accessory lobes, not the tangential neurons, which have much 

more conspicuous and approximately horizontal branches in the fan-shaped body. This 

terminology has recently been revised and expanded by Young and Armstrong (2010a), 

but they preserve many of those names. Here, to avoid confusion, an effort has been 
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made to first describe the projection pattern of a neuron and then to reference the name 

this cell type has been given. 

! The modular organization of the protocerebral bridge and the central body results 

from the projection pattern of neurons that precisely connect regions of each of these 

structures. As demonstrated by Williams (1975), the protocerebral bridge typically has 

sixteen discrete synaptic modules, eight each side of the midline. The fan-shaped body 

beneath it comprises eight modules, four each side of the midline. Two types of axon 

bundles arise from each module of the bridges. One type projects directly to the fan-

shaped body, such that pairs of bridge modules supply converging axons to each of the 

modules of the fan-shaped body. In this manner, the left-to-right linear array of all the 

bridge modules is mapped directly into the left-to-right arrangement of fan-shaped body 

modules. 

! A second type of projection, referred to as the horizontal fiber system by Hanesch 

et al., (1989), connects eight modules of each half of the protocerebral bridge with all 

eight modules distributed across the entire fan-shaped body. This is achieved as follows:  

the most medial module of one side of the bridge is connected to the most contralateral 

module of the fan-shaped body. The next module of the bridge is connected to the next 

most lateral module of the fan-shaped body. Thus, from one half of the bridge, its four 

medial modules send axon bundles that cross the midline and map, preserving their linear 

order, into the four contralateral modules of the fan-shaped body. The four more lateral 

modules of the bridge map, preserving their linear order, into the four ipsilateral modules 

of the fan-shaped body.
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 This distributed system of projections maps a representation of each half of the 

protocerebral bridge across the whole fan-shaped body. Because projections from each 

half of the bridge are bilaterally symmetrical, this means that the medio-lateral sequence 

of modules from one half of the bridge is mapped onto a representation of the latero-

medial sequence of modules from the other half of the bridge. These systems, so 

elegantly worked out by Williams (1975), are the most complex decussations patterns in 

the brain and the manner of their development is now fully understood from the work by 

Boyan and Williams, which has identified the sequence of events in which a sequential 

set of four stem cells systematically provides the pattern of decussations (Boyan and 

Williams, 2011).

! The ellipsoid body, which lies anterior to the fan-shaped body, is divided into 

several zones. These are referred to as rings, based on the concentrically layered 

branching patterns of its incoming projections. Four classes of ring neurons were 

distinguished by Hanesch et al. (1989) from Golgi preparations. Their categorization was 

based on the path taken by their respective neurite into the ellipsoid body and the 

branching pattern of the neuron within this structure. Later genetic analysis conducted by 

Renn et al. (1999) demonstrated that one class of ring neuron described by Hanesch et al. 

is not one cell type, but two classes of neurons with overlapping but distinct regions of 

arborization in the ellipsoid body. The noduli can also be seen to comprise three distinct 

zones in preparations labeled with antibodies raised against synaptic proteins. 
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! Whereas the central complex of most dicondylic insects are likely to share this 

ground pattern of organization, individual taxa, even at the species level, show variations 

in central complex structure, thus suggestive of taxon-specific functions (Strausfeld, 

1999). Even in closely related species, there are obvious anatomical differences. The 

ellipsoid body of Drosophila for example is fused ventrally, forming a complete torus, as 

it is in the blowfly Calliphora erythrocephala. In Musca and the flesh fly Neobellieria 

bullata, the ellipsoid body remains open at the bottom and has the form of an arch. 

Structural differences become greater as behavioral repertoires diverge. In locusts and 

monarch butterflies, the ellipsoid body is not elliptical but elongated laterally (Heinze and 

Homberg, 2008; Heinze and Reppert, 2011). In these species, it is referred to as the lower 

division of the central body (CBL) but should not be confused with the lower division of 

the fan-shaped body in flies (the FBl). Further, in the monarch butterfly, as in Manduca, 

the synaptic regions of the protocerebral bridge are not contiguous as they are in flies, 

instead the modules are clustered each side of the midline linked by fibers that extend 

across it (el Jundi et al., 2009; Heinze and Reppert, 2012). These differences, which 

represent evolved specializations of  central complex components that likely relate to 

evolved differences of behavior, must be considered when comparing experimental 

results from different species.

1.3.2 Sensory inputs to the central complex

! The central complex receives no direct connections from sensory structures and 

only a few projections have been reported from sensory neuropils. Honegger and 
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Schürmann (1975) described a neuronal projection directly from the optic lobes to the 

central complex in crickets, and Goll (1967) made similar claims for the antennal lobes in 

the ant Formica. However, these connections have never been confirmed in those or other 

species. The majority of projections into the central complex arise from areas of the 

superior and lateral protocerebrum, regions of the brain that receive indirect relays from 

sensory processing neuropils. Consequently, the central complex is likely to receive 

highly processed sensory information. As will be transparent from recordings, this 

presents real challenges in determining the most appropriate sensory stimuli for 

investigating this neuropil.

! In the locust Schistocerca gregaria, for example, tracer injections have been used 

to follow the sequence of polarized light-sensitive neurons from the dorsal rim of the eye 

through the optic lobes, then to an optic glomerulus called the anterior optic tubercle, and 

finally to the central complex (Vitzthum et al. 2002, Homberg et al. 2003, Homberg 

2004). Heinze and Homberg (2009) also identified neurons that carry polarized light 

information to the protocerebral bridge, and relays from the protocerebral bridge to the 

fan-shaped and ellipsoid bodies, along with polarization sensitive nerve cells that may 

relay information via the lateral accessory lobes to descending pathways. The polarized 

light sensitive neurons projecting into the locust protocerebral bridge are striking in that 

their branches are organized to produce an approximate map of e-vector orientations 

across the modules of the bridge (Heinze and Homberg,  2007). In the cricket, Gryllus 

bimaculatus, responses to the e-vector of polarized light in neurons supplying the lower 

division of the central body, are even more striking. These neurons appear to have no 
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background firing rate. They are completely quiescent in the dark and appear to emit very 

few spikes only sporadically in response to unpolarized light. However, when presented 

with a rotating linearly polarized light stimulus they emit bursts of activity as the stimulus 

passes through their preferred orientation and a are again quiescent when presented with 

other orientations (Sakura et al., 2008). 

! Information from other sensory modalities is also relayed to the central complex. 

Ritzmann et al. (2008) used multiunit recording techniques to show that spiking cells in 

the central complex of the cockroach Blaberus discoidalis are sensitive to antennal 

movements, changes in illumination, and in many cases both. In Apis, Homberg (1985) 

also found neurons that were sensitive to visual, olfactory and mechanosensory stimuli. 

In the silkworm moth, Bombyx mori, neurons of the lateral accessory lobes have been 

shown to change their firing when presented with pheromones (Kanzaki et al., 1994; 

Iwano et al., 2010). 

1.3.3 Motor Outputs

Behavioral and genetic studies demonstrate that the central complex plays a roll in the 

coordination of limb movements. Lesion experiments conducted using the cockroach 

Blaberus discoidalis show that damage to the fan-shaped body results in animals that 

make either continuous turning movements or turns in the incorrect direction when 

presented with an obstacle. 

! Turning behavior is also affected when the organization of the protocerebral 

bridge is disrupted. Strauss et al. (1992) describe a Drosophila mutant called No-Bridge 
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(nobKS49) in which the protocerebral bridge does not completely develop, leaving the 

two halves of the bridge unconnected at the mid-line. No-Bridge mutants show several 

abnormalities when the details of their spontaneous walking are compared to those of 

wild type flies. The most striking deficit produced by this mutation is the lack of leg 

coordination during turning movements. These animals show relatively normal foot 

placement during straight walking, but cannot competently change direction. According 

to Strauss et al. (1992) when turning during walking, wild type flies take shorter steps 

with the legs on the inside of the turn. No-Bridge mutants instead decrease the speed at 

which the legs on the inside of the turn move and so No-Bridge mutants trip over their 

own feet. 

! Participation of the central complex in motor control is not limited to walking 

behaviors. Early experiments carried out by Huber (1955, 1960) demonstrated that 

electrical stimulation in the central brain of crickets can elicit coordinated behaviors such 

as singing. Similar, more recent, experiments have shown that the injection of muscarine 

into the central complex of the grasshopper Chorthippus biguttulus can elicit species 

specific song production (Hoffmann et al., 2007). Immuno-labeling with antibodies raised 

against muscarinic acetylcholine receptors indicate that neurons connecting the 

protocerebral bridge with the central body and lateral accessory lobes are responsible for 

this behavior. Heck et al. (2009) used the co-injection of muscarine and dextran 

conjugated dyes to verify which nerve cells in the central brain are responsible for song 

production. At the injection sites where muscarine stimulated song production, labeled 
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dextrans were taken up by the neurons that connect modules of the protocerebral bridge 

with modules of the central body and then project to one of the lateral accessory lobes.

! Activity within the central complex also appears to depend on behavior. 

Bausenwein et al. (1994) used 3H-2-deoxyglucose as a marker for metabolic activity in 

the brains of Drosophila that were walking or flying in the presence of rotating visual 

patterns. They found very little staining in the central complex of animals that had been 

walking but dense staining of the ellipsoid body and the lateral accessory lobes in flying 

animals.

! Other studies have also indicated that outputs from the central complex interact 

with descending premotor neurons in the lateral accessory lobes. In the locust 

Schistocerca gregaria, Homberg (1994) found that descending neurons with branches in 

the lateral accessory lobes were tonically excited during wind-induced tethered flight and 

that neurons projecting to the lateral accessory lobes from the central complex modulated 

their firing during both flight initiation and flight termination. This finding agrees with 

observations from the silkworm moth Bombyx mori, in which descending neurons with 

branches in the lateral accessory lobes, and neurons connecting the lateral accessory 

lobes with each other, altered their firing when presented with pheromones (Iwano et al., 

2010; Kanzaki et al., 1994).  

1.3.4 Involvement in learning and expression of learned associations

Genetic manipulations in Drosophila have shown that neurons associated with the central 

complex are also involved in associating visual and nociceptive stimuli with an 
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appropriate behavioral response. Liu et al. (2006) demonstrated that mutant Drosophila, 

that do not produce a functional adenylyl cyclase protein called rutabaga (rut2080), are 

unable to learn to avoid a punished visual pattern during tethered flight in a flight 

simulator. The authors asked which neurons in the brain require functional copies of 

rutabaga (rut) for the animal to learn to avoid the punished stimulus. Using the Gal4/UAS 

expression system, they found that expression of wild type rut in tangential neurons of 

the fan-shaped body (neurons linking the superior protocerebrum with strata in the upper 

division of the fan-shaped body) could rescue the ability of the animal to learn to avoid a 

punished visual stimulus. These experiments also demonstrate that although wild type 

rutabaga is needed only in a small subset of neurons in the central complex’s fan-shaped 

body, it is required in different types of neurons depending on the features of the visual 

stimulus to be remembered. Neurons with branches in dorsal strata of the fan-shaped 

body require rutabaga for the animal to learn to distinguish between two bars at different 

elevations. In contrast, neurons with branches in one of the more ventral layers require 

rutabaga for the animal to learn to distinguish two diagonals with opposite orientation 

(Liu et al., 2006). 

! Wang et al. (2008) employed the same conditioning paradigm as in the Liu (2006) 

experiments, but studied a gene that encodes a protein kinase G called foraging (for). 

They found that as for rutabaga, foraging knockout animals could not learn to avoid a 

punished visual pattern in the flight simulator. Rescue experiments produced similar 

results: driving expression of foraging using the same lines that rescued learning in the 

28



rutabaga experiments rescues the ability to learn to distinguish the same visual 

parameters. 

! Interestingly, the ability to learn both of these patterns was rescued when 

expression of foraging was driven in a set of the principal neurons of the ellipsoid body, 

nerve cells referred to as ring neurons. Specifically, foraging expression in groups of ring 

neurons with branches in the outer portions of the ellipsoid body, called R2 and R4m 

neurons (Hanesch et al., 1989; Renn et al., 1999), was sufficient to rescue this behavior. 

! Ring neurons have also been found to be important for working and place 

memory tasks. Using targeted expression of tetanus toxin, Neuser et al. (2008) 

demonstrated that functional ring neurons are necessary for remembering an initial 

heading after the presentation of a visual stimulus that makes a walking fly deflect from 

the direction it was originally walking. Other mutation and rescue experiments show that 

the expression of the gene ignorant (which encodes ribosomal S6 kinase II) in ring 

neurons that arborize in the posterior region of the ellipsoid body, called R3 neurons, and 

in the outermost ring of the ellipsoid body, called R4 neurons, is sufficient to rescue this 

behavior in mutants. Another morphological type of ellipsoid body ring neuron in 

Drosophila, the centrally branching R1 neurons, has recently been shown to be critical 

for visual place learning. Olftad et al. (2011) trained Drosophila to use surrounding visual 

cues to find a cool spot on an otherwise heated arena, an analog of the Morris water maze 

(Morris, 1981) that was first used to demonstrate place memory in cockroaches 

(Mizunami et al., 1993; Mizunami et al.,1998). Wild type flies learn within 10 trials to 

use visual cues to find the unheated area. However, mutants expressing an inward-
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rectifying potassium channel (Kir2.1) that abolishes action potentials in R1 neurons 

cannot learn to use visual cues to locate the unheated tile. Instead these animals employ a 

circling search pattern, a strategy that the authors believe bears a resemblance to the 

search strategy used by rats with hippocampal lesions to find the platform in the Morris 

water maze (Morris et al., 1990). 

1.4 Questions

Together the above findings demonstrate several functions for the central complex: the 

processing of sensory inputs, the coordination of limb movements, and the expression of 

associations made between sensory stimuli and motor outputs. These findings raise 

specific questions about the organization of the central complex. How is the central 

complex network connected to support these functions? What are the inputs to this 

network, and what types of information are represented by each cell type? Further, how 

are the connections between the central complex and the superior protocerebrum 

organized to supply needed inputs to the structures of the central complex? The following 

two chapters and the appendices address these questions using physiological and 

anatomical data collected from the flesh fly Neobellieria bullata. 

1.5 Rationale for the study

Our current understanding of the functioning of the central complex has come from 

several different experiments conducted in a variety of insects with very different 

behaviors. These findings ascribe several functions to the central complex, but because 
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few, if any, of these experiments have been conducted in more than one species it is not 

clear which findings represent species-specific specializations. Is the information relayed 

to the central complex different from species to species, in a way that is consistent with 

each animal’s behavior? Is the processing carried out by the central complex somehow 

different in each species, or do these structures perform identical functions in all insects? 

 To begin to address these questions the recordings presented here were performed 

using an animal that has not previously been used for central complex research, the flesh 

fly, Neobellieria bullata. The behavior of the flesh fly is very different from that of 

locusts or cockroaches and so comparison of the response properties of neurons in the 

central complex of N. bullata with those obtained from locusts and cockroaches could 

provide insight into how the central complex is specialized to mach each species 

behavior. 

 Further, the brain of N. Bullata is similar to the brain of Drosophila melanogaster, 

also a dipterous insect. This is important because a great deal of what is known about the 

role of the central complex in behavior comes from genetic manipulations of Drosophila, 

while the bulk of what is known about the response properties of central complex neurons 

has been learned from other species using intracellular recordings. The size of the 

Drosophila brain makes sharp electrode recording from neurons associated with its 

central complex difficult, if not impossible.  Thus, comparing or reconciling results from 

Drosophila with those obtained from species that are not Diptera is complicated by their 

evolutionary distance and the disparate types of data collected. Because the brain of N. 
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Bullata is similar to that of Drosophila, and because the two species are much more 

closely related than either is to the other species discussed here, recordings from N. 

Bullata should provide a framework for reconciling the results of genetic manipulations 

carried out in Drosophila. 

1.6 Experimental design

Intracellular recordings were conducted from neurons in the brain of the N. Bullata while 

presenting each animal with a variety of visual and mechanosensory stimuli. The animal 

was oriented so that the frontal visual field could be presented with visual stimuli from a 

cathode ray tube (CRT) monitor and the dorsal visual field could be presented with 

flashed and rotated polarized light. Electrodes were directed at the center of the brain and 

angled so that they would pass into the protocerebral bridge or the central body. Because 

the identity of impaled neurons was not known until after experiments had been 

conducted, recordings and dye fills were performed on any neuron that responded to any 

of the presented stimuli. 

 The details of the stimuli used are presented in Appendix A. Stimuli were chosen 

to test parameters used in studies of the central complex in other species. Because 

recordings were of unpredictable duration, stimuli were prioritized and tested 

sequentially until the quality of the recording began to decline. Once a neuron was 

impaled and its firing rate stabilized, polarized light and moving visual stimuli were 

tested first. If the neurons resting membrane potential, firing rate and action potential 
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amplitude were relatively stable after these experiments, puffs of air were delivered to the 

head and abdomen to test responses to mechanical stimuli. If the spike amplitude 

recorded from the neuron was low or the membrane potential showed large or abrupt 

fluctuations suggesting a mechanical instability in the preparation, the neuron was 

injected with tracer so that the neuron recorded from could be recognized once the brain 

was dissected out, fixed, and prepared for confocal microscopy. If the recording was still 

stable after these stimuli were tested, or if the voltage properties of the neuron were 

unchanged by the process of injecting current, more visual stimuli were tested to further 

explore the parameters that influenced the firing rate of the recorded neuron. This 

strategy provided a wide sampling of neurons associated with the central complex and 

yielded anatomical and physiological data, both of which are necessary for analyzing the 

functioning of the central complex in general and for comparing results from Neobellieria 

bullata with the results obtained from other species. 

 To further understand the organization of the central complex neuropils in N. 

bullata. Intracellular recordings and dye fills were supplemented with antibody labeling 

using antisera raised against a variety of neurotransmitters and neuromodulators, as well 

as Bodian staining and Golgi impregnations that provided data on the anatomical 

organization of the flesh fly brain and allow a more thorough comparison of these results 

with those obtained from other species.

1.7 Data acquisition and analysis
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Intracellular potential differences were amplified using a Axoclamp-2B intracellular 

amplifier (Molecular Devices, Sunnyvale, CA) and digitized at 10KHz using a CED 1401 

analog to digital converter (Cambridge Electronic Design, Cambridge, England) and 

recorded using Cambridge Electronic Design’s Spike 2 software. Voltage traces were 

exported to Matlab (Mathworks, Natick, MA) for analysis. Spike times were extracted 

through the use of a peak finding algorithm written in Matlab but were all verified 

manually. Stimulus times recorded along with the intracellular voltages were also verified 

manually. For determining a neurons response to a visual stimulus, peristimulus time 

histograms (PSTH) were constructed by aligning repeated trials of a given stimulus and  

binning action potential times into 5 ms bins. The resulting histogram was then 

convolved with a 25 ms Gaussian window, as described in Paulk et al. (2008). Directional 

and orientation preferences for moving visual stimuli were calculated using the Rayleigh 

test as described in Batschelet (1981).

 Preparations from recorded brains with filled neurons and antisera stained tissue 

were processed using standard immunohistochemical techniques. This processing is 

described in detail in Appendices A and B. These preparations were scanned using a Zeiss 

LSM 5 confocal microscope (Carl Zeiss, Jena, Germany). Optical sections were 

combined in Adobe Photoshop (Adobe Systems inc. San Jose, CA) for reconstruction. 

Neurons were reconstructed either by projecting imaged stacks onto paper and then 

tracing or directly tracing optical sections in Adobe Photoshop. Scans from antisera 

labeled preparations were treated similarly. For the images shown in subsequent chapters 
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and appendices, brightness and contrast were adjusted so the images could be clearly 

reproduced on paper using Adobe Photoshop.
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Fig. 1.1 The central complex of the flesh fly Neobellieria bullata. Photomicrograph 

shows a single section through the brain of brain of Neobellieria bullata, stained using 

the Holmes-Blest technique. Corners indicate the location of the structures of the central 

complex, shown schematically below. The central complex comprises the protocerebral 

bridge, the fan-shaped body, the noduli, the ellipsoid body and is closely associated with 

the lateral accessory lobes. Labeled landmarks are the lamina (LA), medulla (ME), lobula 

(LO), lobula plate (LOP), and the fan-shaped body (FB).
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PART 2: RESULTS

CHAPTER 2

THE CENTRAL COMPLEX OF THE FLESH FLY, NEOBELLIERIA BULLATA: 

RECORDINGS AND MORPHOLOGIES OF PROTOCEREBRAL INPUTS AND 

SMALL FIELD NEURONS

2.1 Rationale for this study

The following describes the results of experiments carried out to address two specific 

questions about the role of the central complex in transforming sensory information into 

appropriate motor outputs. The principle aim of these experiments was to characterize the 

types of sensory information relayed to the central complex in the flesh fly, Neobellieria 

bullata. These results are then discussed with respect to results from recordings by other 

workers on species of insects other than Diptera.

 These questions were initially prompted by two studies alluded to in the general 

introduction to this thesis. The first are the findings by Liu et al. (2006), showing that 

ability of mutant flies to learn to avoid in an aversive conditioning task depends on a 

specific category of central complex tangential neurons that participate in visual learning 

and memory. In those experiments, the authors first demonstrated that animals without a 

functional copy of the gene that codes for the adenylyl cyclase, rutabaga, were unable to 

learn to distinguish specific visual patterns in an aversive operant conditioning paradigm. 

Using GAL4 lines that drive expression in restricted populations of neurons they were 
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able to re-establish this function by expressing wild type rutabaga protein in specific 

neurons that target the central complex. They found that when wild type rutabaga was 

restored in tangential neurons connecting the superior protocerebrum with an upper 

stratum of the fan-shaped body flies were able to learn to distinguish between visual 

features with different centers of mass, a parameter the authors call “elevation”. When 

rutabaga activity was instead restored in a population of tangential neurons that project 

into a more ventral stratum of the fan-shaped body animals, were able to learn to 

distinguish between visual stimuli based on a parameter the authors called “contour 

orientation” or the size of the presented visual pattern.  

 Because the visual parameters that mutant flies are able to learn depend on the set 

of tangential neurons in which rutabaga is expressed, one possible interpretation of these 

results is that each group of tangential neurons serves as a set of dedicated relays, 

encoding only specific visual parameters to the central complex. In the central complex, 

this information would subsequently be associated with other relevant stimuli and drive 

appropriate behavioral responses. If this hypothesis is correct, each set of tangential 

neurons should reliably respond to only a small number of sensory parameters and not be 

driven by other stimuli. Another possibility is that, when presented with a greater variety 

of stimuli, these neurons are capable of responding to several sensory parameters. In this 

case, the relationship between the sets of neurons in which wild type rutabaga was 

expressed, and the visual parameter that animals are able to learn, may indicate not that 

these neurons exclusively carry information about one visual parameter, but that the 
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visual inputs they receive provide them with a variety of sensory information though not 

information about all of the parameters presented. This alternative hypothesis does not 

prescribe the site at which rutabaga activity is necessary. It may act within the central 

complex, as described above, or rutabaga could be required at the level of the superior 

protocerebrum where it might potentiate connections from or amongst behaviorally 

relevant inputs, thereby modifying information relayed to the central complex depending 

on the behavior in which the animal is engaged. In the tangential neurons that connect the 

fan-shaped body with the superior protocerebrum, it is not known whether rutabaga 

functions as a pre- or post synaptic mediator of plasticity. Either, or both, is possible. 

 A related but more general question is raised by recordings and anatomical 

investigations in other species showing that a variety of sensory parameters are 

represented in the central complex. For example, in the desert locust, Schistocerca 

gregaria, the protocerebral bridge receives neurons sensitive to the angle of polarized 

light in the sky, and the branches of these neurons are organized to provide a map of e-

vectors representations across the entirety of the protocerebral bridge. This mapping is 

preserved in the downstream neurons that precisely connect modules of the protocerebral 

bridge with modules of the fan-shaped body, and which then project into the lateral 

accessory lobes (Heinze and Homberg, 2007). Homberg (1985) described projections into 

the central complex of the honeybee, Apis mellifera, that are sensitive to moving and 

stationary light stimuli, to odors, and to air puffs directed at the head or abdomen. 

Extracellular recordings on the cockroach, Blaberus discoidalis conducted by Ritzmann 
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et al. (2008), revealed units sensitive to both antennal movements and changes in 

illumination. 

 Although, these experiments clearly demonstrate that various sensory parameters 

are relayed to the central complex, each of these experiments tested a different set of 

stimuli without replicating the stimuli tested in other species. The recordings carried out 

on locusts focused on searching for responses to polarized light, but did not extensively 

test other visual or haptic stimuli. Similarly, the experiments carried out in Blaberus 

principally tested antennal movements and responses to changes in illumination, but did 

not probe for responses to polarized light. A wider variety of stimuli were tested in Apis, 

but these were very preliminary experiments to test responses to moving visual stimuli, 

odors, and air-puffs to the head and abdomen. Those stimuli are not directly comparable 

to those used for studies described above. The species used in these various experiments 

are from very different ecological niches and show different behaviors. In each of these 

studies, experimenters chose stimuli that mimicked sensory features thought to be 

relevant to each animal’s behavior. This may not be such a reasonable experimental 

decision because it assumes that we are able to guess what an insect experiences. Such 

disparate findings raise the question of how the sensory parameters relayed to the central 

complex are matched to each species behavior. 

 When considering all insects, there is clearly some variability in the sensory 

parameters provided to the central complex. Insects that lack eyes, for example, are 

known to have complete and well-elaborated central complexes (Ghaffar et al., 1984). It 

40



is inconceivable, in such insects, that the central complex is dedicated to processing 

information about polarized light or any other kind of light. The question then is how, and 

to what degree, are the inputs to the central complex specialized to provide information 

about sensory parameters relevant to the suite of behaviors typifying a species. 

 To begin to address these questions, intracellular recordings were made from 

neurons associated with the central complex in, the flesh fly, Neobellieria bullata, testing 

the sensory parameters used in previous studies of the central complex. The stimuli used 

in these experiments tested polarized light as well as mechanosensory and visual 

parameters that in other species elicited responses, such as changes in illumination and 

air-puffs to the head and abdomen. I also tested stimuli similar to those used by Liu et al. 

(2006) in their Drosophila operant condition experiments: a bar moved perpendicular to 

its length presented from in front of the animal. When this stimulus moved vertically it 

replicates the pattern used to test the parameter elevation, and when moved diagonally 

this stimulus is similar to that used to test the parameter Liu et al. (2006) called contour 

orientation. 

 The recordings presented here reveal that information about changes in 

illumination and haptic stimuli are relayed to the central complex of N. Bullata. However, 

unlike locusts or monarch butterflies (Heinze and Reppert, 2011), central complex 

neurons in N. Bullata did not respond to the e-vector of polarized light. This suggests that 

information processed by the central complex may differ in different species. However, 
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more experiments are needed to determine the anatomical differences responsible for the 

different sensory information relayed to the central complex. 

 The manuscript entitled “The central complex of the flesh fly, Neobellieria 

bullata: recordings and morphologies of protocerebral inputs and small field neurons.” 

presented as Appendix A has been accepted for publication in the Journal of Comparative 

Neurology with revisions.

2.2 Specific contribution of the author

For Appendix A the author of this dissertation performed the intracellular recordings and 

immunolabeling and analyzed the electrophysiological data. The author also 

reconstructed the majority of the dye filled neurons and wrote the first draft of the 

manuscript. Dr. Nicholas Strausfeld collaborated on reconstructing one of the dye filled 

neurons, advised how to compose and label the figures, and helped in editing and revising 

the manuscript. 
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CHAPTER 3

REPRESENTATION OF THE BRAIN’S SUPERIOR PROTOCEREBRUM OF 

THE FLESH FLY, NEOBELLIERIA BULLATA IN THE CENTRAL BODY 

3.1 Rationale for this study

This paper presents an anatomical investigation of the superior protocerebrum, an under-

explored region of the insect brain, paying special attention to the morphology of neurons 

that connect it to the central complex. The goals of this study were, first, to gain a better 

understanding of the organization of the superior protocerebrum and, second, to explore 

the morphological details of a class of neurons that connect the superior protocerebrum 

with the central body. These neurons are here given the name “tangential neurons.” 

 Like the experiments described in Appendix A, the impetus for this work came 

from recent studies published by Liu et al. (2007) and Wang et al. (2008), showing that in 

Drosophila, neurons connecting the central body with the protocerebrum play an 

essential role in networks that support visual learning. In these experiments GAL4 driver 

lines were used to rescue the expression of proteins involved in synaptic plasticity in 

small sets of neurons in an otherwise null mutant background. This technique allowed 

experimenters to identify groups of nerve cells involved in the behavior they were testing, 

and revealed that specific types of neurons appear to mediate the discrimination of 

specific visual parameters. Such a correspondence between sensory features and types of 

central complex inputs raises the questions about the diversity of central complex 

tangential neurons and whether each morphological type encodes a specific feature of a 
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sensory surround. Are the tangential neurons projecting into any one stratum of the fan-

shaped body identical with respect to their morphologies outside the central body? Or, is 

each stratum supplied by similar but morphologically different types of neurons, each 

endowed with unique arborizations? To address these questions the following paper 

presents reconstructions of individual neurons, or groups of neurons, that connect the 

superior protocerebrum with the fan-shaped body. These preparations reveal that neurons 

with very similar branching patterns within the fan-shaped body can have very different 

branches in the superior protocerebrum, thus demonstrating that each stratum of the fan-

shaped body is supplied by several morphological types of tangential neurons. Further, 

these reconstructions show that many of these neurons have specializations indicative of 

both pre- and post-synaptic sites in the superior protocerebrum. Golgi impregnations 

presented here also reveal previously undescribed classes of what are interpreted as 

central complex outputs that have blebbed terminals in the superior protocerebrum. These 

finding suggests that the neurons supplying the fan-shaped body from the protocerebrum, 

and others supplying the protocerebrum from the central body, participate in 

microcircuits in the superior protocerebrum.

  These observations highlight the issue of how the protocerebrum is organized. 

Although a great deal of work has been dedicated to understanding the organization and 

functioning of a few neuropils in the insect brain, very little is known about the 

organization of the superior and lateral protocerebrum. These regions are intimidating 

subjects for investigation because they lack direct connections to sensory neuropils and 
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appear as a tortuous mass of processes in most histological preparations. This appearance 

has lead many researchers, including Liu et al. (2007) to refer to these regions as the 

“unstructured” protocerebrum. Nevertheless, the function of these regions is germane to 

the discussion of the computations carried out in other brain regions and is of particular 

importance in understanding the functional properties of the central complex because, as 

previously noted, the many large-field neurons associated with the central complex 

originate or terminate in the protocerebrum. 

 Some large-field neurons of the central complex have their protocerebral branches 

in neuropils that have, to some extent, been quite well studied. For example, certain of 

the tangential neurons that project into the lower division of the central body in locust 

have branches in a small structure lateral to the central body called the lateral triangle, 

where they are contacted by visually responsive outputs from the anterior optic tubercle 

(Träger et al., 2008). However, the majority of central complex tangential neurons, 

including the nerve cells presented in this study, have their branches in these 

“unstructured” regions. No region of the brain is truly unstructured and those using the 

term reflect how very little we known about the organization of these brain regions. As a 

first step towards understanding the structural context in which tangential neuron 

participate, Bodian and anti-synapsin staining were used to investigate the overall 

architecture of superior protocerebrum in Neobellieria bullata. These methods show that 

the superior protocerebrum is organized into several discrete domains corresponding to 

those recently identified in Drosophila melanogaster (Ito et al. 2012).
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! What then, is the functional significance of these division? Cobalt injections into 

this region of the brain show, as expected, that they are connected with specific parts of 

the central body and that they contain many local interneurons. This suggests that these 

neuropils are more than simple relay stations where neurons receive sensory information 

and relay this to the central complex. Evidence presented in the following paper suggests 

that regions of the superior protocerebrum are computational centers in their own right: 

neuropils that further process or gate information before it is relayed to downstream 

structures, one of which is the fan-shaped body. 

! The manuscript entitled “Representation of the Brain’s Superior Protocerebrum of 

the Flesh Fly, Neobellieria Bullata, in the Central Body” presented as appendix B has 

been accepted for publication in the Journal of Comparative Neurology.

3.2 Specific contribution of the author and coauthor.

For Appendix B the author of this dissertation performed the histology and 

immunolabeling used to identify the divisions of the superior protocerebrum in 

Neobellieria Bullata, performed the intracellular recordings in which neurons were 

labeled with neurobiotin, and reconstructed many of the neurons presented. The author of 

this dissertation also wrote the original draft of the manuscript and was involved in 

editing and revising the work into its current form. Dr. Nicholas Strausfeld provided the 

Golgi impregnations and cobalt injections, collaborated on two of the reconstructions of 
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neurobiotin filled neurons and advised how to compose and label the figures. Dr. 

Strausfeld was also involved in editing and revising the manuscript.
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PART 3

ADDITIONAL FINDINGS AND THEORETICAL CONSIDERATIONS

CHAPTER 4

A MODEL FOR CENTRAL COMPLEX FUNCTIONAL ORGANIZATION

There is still much to be learned about the anatomy and connections of the central 

complex, but the data presented here and those published elsewhere on other species 

together suggest that parts of the central complex can be discussed in the context of an 

associative learning network based on the principles first proposed by Hebb (1949) and 

elaborated into potential network implementations by Marr (1969, 1971) and 

McNaughton and Morris (1987). The discussion here focuses on the applicability of these 

principles to our understanding of the central complex. 

! Briefly, a simple network corresponding to this organization consists of four basic 

elements: two input populations, interneurons, and a set of outputs. A schematic of how 

such a network is organized is presented in Fig. 4.1. In this type of network, a privileged 

set of input fibers (labeled principal inputs) reliably produces responses in the population 

of output elements. This fidelity is maintained in the network regardless of other activity. 

The units designated as “association inputs” initially make weak connections to the 

output elements but their synapses are strengthened or are further weakened by a Hebbian 

learning rule. The interneurons in this system (designated “inhibitory interneuron”) are 

each supplied by many association inputs at once and make inhibitory connections onto 

the output elements, modulating the response threshold of the outputs according to the 
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number of active association inputs. This output threshold modulation allows the network 

to store patterns (i.e. the reproduction of a pattern of activity in the output cells in 

response to a previously potentiated pattern of activity from the association inputs) 

involving only a subset of association inputs, or, alternatively, to produce the appropriate 

output from an incomplete representation of the original association input pattern. 

! Neurons like the cell shown in Appendix A, Fig. 6I represent the network outputs. 

These neurons have spines in the protocerebral bridge and the fan-shaped body and have 

blebbed terminals in the lateral accessory lobes (Hanesch et al. 1989) so they are thought 

to receive inputs in the protocerebral bridge and in the fan-shaped body and to have 

outputs in the lateral accessory lobes. Further evidence for this proposed polarity is found 

when comparing recordings from this class of neuron made at different locations. In the 

locust, intracellular recordings from what is thought to be the corresponding cell type, 

called CPU1 neurons, have been made from sites both in the protocerebral bridge and in 

the lateral accessory lobes. In recordings from the protocerebral bridge, sub-threshold 

membrane potential fluctuations are visible, suggesting that this portion of the cell is 

postsynaptic. These small voltage fluctuations are absent in recordings from the lateral 

accessory lobes, which suggests that this area is presynaptic (Heinze et al. 2009).  

! Evidence that these nerve cells serve to contact descending neurons comes from 

the studies by Hoffmann et al. (2007) and Heck et al. (2009) in grasshopper, Chorthippus 

biguttulus. These authors demonstrated that stimulation of these neurons through the 

injection of muscarine into the central complex, can elicit species-specific singing 

generated by circuits in the thoracic ganglia. 
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! In the recordings from N. Bullata, the labeled columnar neuron was found to 

produce an opponent response to a moving bar (Appendix A, Fig. 6L), a pattern of 

activity that is similar to that observed in the neuron that connects the lateral 

protocerebrum with the protocerebral bridge, as shown in Appendix A, Fig. 3. This 

similarity suggests that neurons projecting into the protocerebral bridge may act as the 

principal inputs in the hypothesized Hebbian network. This idea is also supported by 

evidence from the polarization network in locusts where similar responses to polarized 

light are seen in inputs to the protocerebral bridge and in the neurons connecting the 

protocerebral bridge with the lateral accessory lobes (including the CPU1 neurons). 

Although, in the polarization network of the locust, it has been suggested that if these 

types of neurons are directly connected it is through an inhibitory synapse. 

! Plastic association inputs of the Hebbian circuit may be represented in the fan-

shaped body by the tangential neurons, like the neurons illustrated in Appendix A, Fig. 4. 

Although the presented visual stimuli did not elicit a clear response from the majority of 

these nerve cells, other reports demonstrate that these cells are involved in the association 

of visual information with an unconditioned stimulus. Liu et al. (2006) found that 

expression of the type 1 adenylyl cyclase rutabaga, thought to be involved in synaptic 

plasticity, in subsets of these neurons is sufficient for Drosophila to learn to avoid a 

visual stimulus paired with a noxious one. The experiments presented here found very 

few responses in these neurons, but these neurons may only respond to a small 

combination of stimuli and these responses may be behaviorally (and possibly 
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experience) dependent: these neurons do not readily modulate their firing in response to 

visual information in a restrained animal presented only with isolated visual stimuli. 

! In the ellipsoid body, ring neurons like those shown in Appendix A, Fig. 6A and F, 

would serve as plastic association inputs. Similar to tangential neurons of the fan-shaped 

body, synaptic plasticity in these nerve cells is necessary for flies to remember their 

original heading when distracted (Neuser et al. 2008). Furthermore, activity in these 

neurons has been shown to be necessary for the expression of spatial memory (see Ofstad 

et al. 2011). The overlap of the types of stimuli that can drive the tangential and ring 

neurons recorded here is of interest in the light of the findings by Wang et al. (2008) that 

expression of wild type for in the ellipsoid body in an otherwise mutant background 

rescues the ability of Drosophila to learn both the visual parameters of contour and 

elevation. This implies that the visual conditioned stimulus and the nociceptive 

unconditioned stimulus converge in both the fan-shaped body and in the ellipsoid body, 

but that modification of synaptic connections in only one is sufficient for behavioral 

rescue. 

! A key component of the associative network described above, is that of local 

interneurons that connect several input elements to the outputs. Conceptually these 

elements feed inhibition to outputs in proportion to number of active association inputs. 

The schematic in Fig. 4.1 shows only one such interneuron (labeled “inhibitory 

interneuron”) with extensive connectivity, but many such cells with more limited 

connections may fulfill the same function. Because these cells may be activated by many 

input elements, they will likely be driven by a broad range of stimuli. Also, because these 
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cells serve to influence the activity of output cells, they should respond with only a 

minimal response latency. 

! From the recordings presented here, this threshold tuning function is likely 

fulfilled by the neurons that connect strata of the fan-shaped body within one of its 

modules or connect modules laterally within a single stratum, a class of cells called 

pontine neurons by Hanesch et al., 1989. An example of one of these neurons is depicted 

in Appendix A, Fig. 5. These neurons respond to changes in illumination with an increase 

in firing rate. For some pontine neurons, like the nerve cell shown in Appendix A, Fig. 

5A-D, this increase was brief, and the peak rate observed in the peristimulus time 

histogram occurs 50 ms after the onset of the stimulus. A more common response for 

pontine neurons in the fan-shaped body was an increase in firing rate that lasted the 

duration of the stimulus. An example of this type of response is presented in the raster 

plot shown in Appendix A, Fig. 5E. One of these neurons also produced a response to a 

moving bar stimulus, showing an increase in firing rate for a preferred direction and a 

decrease in firing rate when the bar was moved in the opposite direction. These responses 

are similar to the visual responses found in the other classes of neurons tested. 

Unfortunately, the recordings from pontine neurons were of insufficient duration to test 

mechanosensory stimuli.

!  If pontine neurons play a roll in adjusting the firing threshold of central complex 

outputs, a simple version of the Hebbian associative model (mapped onto the central 

complex) predicts that pontine neurons should make inhibitory connections with output 

neurons. GABA is thought to be the main inhibitory neurotransmitter in the insect brain 
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(Kahsai and Winther, 2011). As can be seen in Appendix A, Fig. 2D, GABA-like 

immunoreactivity is abundant in neurons of the ellipsoid body, but is less prevalent in the 

fan-shaped body. The anti-GABA immunoreactive arborizations in the fan-shaped body 

are restricted to a single stratum, but are not visibly segregated into the modules 

established by the projections from the protocerebral bridge. These select neurons may 

provide inhibitory signals to all outputs of the fan-shaped body, an organization 

consistent with a Hebbian associative network that relies on only a few interneurons with 

extensive connectivity. However, the single stratum of GABA like immunoreactivity in 

the fan-shaped body does not represent the complete set of pontine neurons. 

! Alternatively, the response threshold of central complex output neurons may be 

modulated by another neuropeptide or neuromodulator. Kahsai and Winther (2011) report 

that the fan-shaped body contains a greater variety of signaling compounds than any 

other central complex structure. Appendix A, Fig. 2H shows sections through the fan-

shaped body labeled with antibodies raised against the neuropeptide Phe-Met-Arg-Phe-

NH2 (FMRFamide). Such neurons densely innervate the fan-shaped body through a 

network of module-to-module connections (Appendix A, Fig. 2H). The postsynaptic 

effects of FMRFamide in the brain of insects are not known, but the organization of these 

FMRFamide-like immunoreactive neurons in the fan-shaped body could correspond to 

the inhibitory elements of an associative network that relies on many inhibitory neurons 

with much sparser connectivity than the single cell depicted in Fig 4.1. These two modes 

of organizing inhibitory interneurons are not exclusive of each other and either (or a 

combination of both) may be employed in the central complex. 
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! The Hebbian organization of the central complex proposed here makes several 

predictions about the properties of the participant neurons that may be used to test this 

model in future experiments. Because the proposed model is only a general framework 

for a circuit that produces associations, this hypothesis places few constraints on the 

properties of its inputs. The neurons wholly within the network however, have more 

prescribed functions. For example, because they are assumed to be driven by and convey 

information about activity in a population of inputs, the gamut of responses observed in 

association inputs should also be observed in the inhibitory interneurons. Also, because 

the function of these inhibitory elements is to modulate firing in central complex output 

channels, they should respond with a shorter latency than the outputs. This model also 

predicts that the outputs should be reliably driven by stimuli relayed by principal inputs, 

but should respond to other types of stimuli only after these connections have been 

sufficiently strengthened. 

! The associative network hypothesized here is not proposed as the only type of 

network operating in the central complex. This organization does not preclude the 

functioning of other circuits. In fact, only a portion of the many classes of neurons that 

make up the central complex fit easily into this model. As presented, this network 

suggests just one of a number of ways the central complex may be organized to perform 

the adaptive roles suggested from behavioral and pharmacological experiments.

54



Fig. 4.1. Schematic associative network. Principal inputs (top) make excitatory 

connections (black circles) onto the network outputs, while association inputs make 

modifiable (gray circles) connections onto those outputs. These association inputs also 

make excitatory connections onto interneurons that feed inhibition to the outputs (white 

circles). Illustrations indicate the neurons that may fulfill these roles in the central 

complex and the labels beneath them reference the relevant figures in Appendix A.
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CHAPTER 5 

ADDITIONAL FINDINGS: A VISUAL INTERNEURON OF THE SUPERIOR 

PROTOCEREBRUM

Appendix B of this dissertation presented some anatomical evidence that the connections 

between the superior protocerebrum and the central complex are much more elaborate 

than has been previously assumed, and that the regions of the superior protocerebrum are 

computational centers whose activity is of great importance to the functioning of the 

central complex. 

!  Driver lines that express pre- and post-synaptic markers have shown that in the 

protocerebrum of Drosophila the distal processes of tangential neurons express proteins 

denoting both pre- and post-synaptic sites (Li et al., 2010; Young and Armstrong, 2010a). 

Synaptic markers show that the terminals of these neurons in the fan-shaped body are 

equipped with presynaptic specializations (Young and Armstrong, 2010a). These findings, 

which derive from studies by two different laboratories working independently on the 

same types of neurons, show that tangential cells must participate in local circuits in the 

superior protocerebrum. Likewise, centrifugal connections from the central body out to 

the protocerebrum further suggests reciprocal pathways relaying to the superior 

protocerebrum signals computed in the central body neuropils. That the protocerebrum 

participates in high-level computations is further supported by cobalt injections that 

reveal the presence of a great number of cell bodies in the rind dorsal to the superior 

protocerebrum. These give rise to a system of processes so dense that individual elements 

cannot be discerned (Appendix B, Fig. 7B). 
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! Such intrinsic neurons are clearly of great importance if we are to understand 

what kind of processing occurs at this level of the brain. So far, only one such neuron has 

been successfully recorded and filled with neuronal tracer. Figure 5.1A shows its 

reconstruction, with the inset in the upper right indicating the regions of the 

protocerebrum in which it arborizes. Like those shown in Appendix A, Fig.7B, the cell 

body of this neuron resides in the rind above the superior intermediate protocerebrum 

(SIP). A slender neurite projects from the cell body deep into the SIP where it gives rise 

to stout axons that connect one system of  processes in the superior medial protocerebrum 

(SMP) with another system of beaded processes in superior lateral protocerebrum (SLP). 

The branches in the SLP are extensive and show evidence of layers. Thinner branches 

that additionally branch from the main axon and arborize diffusely in the SIP and the 

superior clamp (SCL). 

! Physiologically, this neuron responded both to light and to moving visual stimuli.  

Figure 5.1B shows the peristimulus time histogram (PSTH, gray area) for this neurons 

response to changes in illumination. This neuron briefly intensifies its firing rate for both 

increase and decreased illumination. Figure 5.1C shows the orientation plot for this 

neurons response to a black bar moving on a white background demonstrating a small 

modulation in response to this stimulus. The gray ring represents the cell’s mean firing 

rate ± two standard deviations. The firing rate decreased whenever the dark bar stimulus 

interrupted the white background. This decrease was smallest when the bar was moving 

up or down and greatest when the stimulus moved from left to right. This difference was 
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approximately symmetrical and the firing rate in response to this stimulus is significantly 

different from a uniform distribution (Rayleigh test, with angles doubled, Batschelet 

(1981), n = 360, r = 0.10553, P<0.02), indicating that the neuron is at least weakly 

sensitive to the orientation of the bar stimulus, but not necessarily to the direction in 

which the bar is moved. 

! These clear sensory responses support the general idea that interneurons in those 

parts of the superior protocerebrum allied with the central complex may carry quite 

specific, or high-level, sensory information. Needless to say, understanding the role that 

protocerebral interneurons play in circuits relating to the central complex will be a rich 

area for further investigation.  
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Fig. 5.1. Neurobiotin fill of an interneuron linking the superior lateral (SLP) and superior 

medial protocerebrum (SMP). This neuron derives from a large cell body above the 

superior intermediate protocerebrum (SIP), providing a thin neurite that give rise to a 

stout axon linking what are interpreted as predominantly dendritic processes in the SLP 

with beaded, putatively presynaptic processes in the SMP. Sparse slender branches also 
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invade a small volume of the SIP. The extent of these branches is illustrated schematically 

in the representation of the superior protocerebrum in the upper right. B. Raster plot 

showing the firing of this neuron in response to changes in illumination. The bar indicates 

the duration of each light flash. C. Direction and orientation preference plot for this 

neuron. The gray circle represents its background firing rate ± two standard deviations. 

This cell was inhibited by a black bar, but the magnitude of that inhibition depends on the 

orientation of the bar. The arrows at the center indicate the orientation that suppressed 

firing least.
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CHAPTER 6 

DISCUSSION OF FINDINGS AND FUTURE DIRECTIONS

6.1 Conclusions

The work presented here addresses three crucial questions that need answers if we are to 

understand the role of the central complex in processing sensory information and 

orchestrating motor outputs. These questions are: 1. What kinds of sensory information is 

represented in the central complex?  2. What is the relationship of central complex 

neuropils to other brain regions? 3. Are such regions simply relay stations, or do they 

support computations that contribute to mechanisms ascribed to the central complex, such 

as visual learning and memory? 

! As a contribution to question 1, intracellular recordings have been conducted to 

determine what sensory information is represented in the central complex of the dipteran 

insect Neobellieria bullata. An important consideration in interpreting the data has been 

to ask if sensory information relayed to its central complex might fit special requirements 

of the fly’s behavioral repertoire and whether, in general, information represented in the 

central complex reflects the ecological constraints of each taxon so far investigated. With 

regard to question 2, tracer injections, along with Golgi impregnations and cobalt 

injections, have explored the relationship between the central complex and the superior 

protocerebrum, an important but poorly understood region of the brain that is connected 

to the central complex by systems of tangential neurons. Anatomical organization of 

these neurons, particularly with respect to their protocerebral processes, as well as 

observations of local interneurons in the protocerebrum, address question 3 and suggest 
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that tangential neurons participate in local circuitry in the protocerebrum. The 

information they encode, and which is relayed to their terminals in the central body, is 

therefore dependent on the nature of the computations in which they participate in the 

protocerebrum.  

! Anatomical and physiological results obtained from intracellular recordings have 

here been used to propose a hypothesis for how one set of connections embedded in the 

central complex may be arranged and modified to associate relevant inputs with 

appropriate motor outputs. In terms of this connectionist model (Chapter 4), the 

recordings and reconstructions from Neobellieria bullata can be divided into four classes. 

!  1. The principal neurons comprise nerve cells that receive inputs in more than 

one of the structures of the central complex and send outputs to the lateral accessory 

lobes. 

! 2. A second class of neurons, inputting to the protocerebral bridge is proposed to 

reliably drive principal neurons. 

! 3. Principal neurons also receive modifiable connections from and are driven by 

the third class of “plastic” neurons that connect the fan-shaped and ellipsoid bodies with 

regions of the protocerebrum. 

! 4. The fourth class of neurons in this model are cells intrinsic to the fan-shaped 

body and/or the ellipsoid body. It is proposed that these neurons should receive signals 

from many of the plastic inputs to the network and report the level of activity in this 

population to the principal neurons, adjusting their response threshold to accord with the 

number of active plastic inputs. 
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! This hypothesis provides an outline of how neurons in the central complex may 

be arranged to support its putative sensory and motor functions and makes testable 

predictions to guide future studies of this yet enigmatic system of neuropils. This 

hypothesis does not however, address the elaborate connectivity suggested by the huge 

variety of cell types that contribute to central complex anatomy (Strausfeld, 1976; 

Hanesch et al., 1989; Heinze and Homberg, 2008; Young and Armstrong, 2010a; Young 

and Armstrong 2010b;). Further, studies investigating the morphology of central complex 

neurons and its development demonstrate that the projections into and within the central 

complex are more complicated than is required by the proposed network (Williams, 1975; 

Boyan and Reichert 2011; Boyan and Williams 2011;). Two areas in particular are notable 

for their elaboration beyond the organization postulated by the model associative 

network: the pattern of the projections from the protocerebral bridge to the fan-shaped 

body (Williams, 1975; Strausfeld 1976), and the organization of the circuits that connect 

the central complex with the protocerebrum (Li et al., 2010; Young and Armstrong, 

2010a). The following two sections review these elaborations and describe their possible 

significance for information processing in the central complex. 

6.2 Greater complexity than the Hebb-type model is suggested by the connections 

between structures of the central complex 

The first line of evidence that makes it clear that the structures of the central complex 

perform more than just the associative functions described by the proposed network 
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comes from the elaborate and precise series of projections that interconnect the individual 

components of the central complex. 

! The neurons that are thought to serve as the outputs of the central complex are 

nerve cells projecting from the protocerebral bridge to the fan-shaped body and the lateral 

accessory lobes (called the horizontal fiber system in Drosophila, Hanesch et al., 1989). 

As described in Chapter 1, their projections from the bridge to the fan-shaped body 

remaps each side of the bridge across the whole lateral extent of fan-shaped body. 

! The intracellular recording obtained from one of these output neurons from the 

bridge shows that its response is similar to that observed in the inputs to the protocerebral 

bridge from the superior protocerebrum (compare Appendix A, Fig. 3C, D and Appendix 

A, Fig. 6L). This neuron responded to a bar moving perpendicular to its length in the 

frontal visual field. The response plot for this stimulus shows that this neuron produces an 

opponent response to the moving bar: its firing rate is maximal when the stimulus is 

moved in a preferred direction and shows the greatest inhibition when the bar is moved in 

the opposite direction. With only one example recording from this type of neuron in N. 

bullata, it is impossible to know what stimuli drive these neurons best. In other species, 

similar neurons can be driven by linearly polarized light and the preferred e-vector of 

such neurons is determined by the location of the branches in the modules of the 

protocerebral bridge (Heinze and Homberg, 2007; Heinze and Reppert 2011). If this 

relationship between the stimulus that best drives a neuron and the location of its 

branches in the protocerebral bridge is a general feature of central complex organization 

then the precise remapping of positions in the protocerebral bridge onto the modules of 

64



the fan-shaped body may provide an opportunity to compare the firing of neurons with 

opposite (or offset) stimulus preferences. In general, any stimulus that can be represented 

with an opponent response like that seen for the e-vector of polarized light, could be 

handled by such a system. 

! However, the response observed in the N. bullata neuron projecting from the 

protocerebral bridge to the fan-shaped body and then to the contralateral lateral accessory 

lobe is not as robust as the response observed in the input neuron to the protocerebral 

bridge. In the neuron connecting the protocerebral bridge with the fan-shaped body and 

one of the lateral accessory lobes no single direction of motion or orientation of the 

stimulus obviously influenced spiking activity. A statistically significant response to the 

moving bar stimulus was found only by comparing the firing rates produced in response 

to all of the directions in which the stimulus was moved. More recordings are need to 

determine the preferred stimulus for this type of neuron in N. Bullata and to determine if 

the features of this stimulus are somehow compared in the fan-shaped body.

 6.3 Greater complexity than the Hebb-type model is suggested by protocerebral 

inputs.  

The second area where studies of the central complex reveal a greater elaboration than 

suggested by the hypothetical network refers to the connections between the central 

complex and the protocerebrum. The initial findings from the Liu et al. (2006) rutabaga 

knockout and rescue experiments suggested that tangential neurons of the fan-shaped 

body might serve a single function only, which is to relay a single sensory parameter to 
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the central complex. The finding by Wang et al. (2008) that this behavior can also be 

rescued by expression of foraging in ring neurons, and the elaborate interconnections 

between the fan-shaped body and the superior protocerebrum described in anatomical 

studies presented here, indicate that this is not the case. 

! As described previously, molecular markers for pre- and post-synaptic sites in the 

protocerebral branches of tangential neurons ( Liu et al., 2006; Wang et al., 2008) 

indicate that these neurons do much more than relay information from the protocerebrum 

to the fan-shaped body. Because the branches of these neurons have presynaptic as well 

as postsynaptic sites, they must participate in local circuits in the protocerebrum. Indeed, 

as Meinertzhagen points out in his 2010 review, most “dendritic” branches in the insect 

central nervous system are unlikely to be receivers of information, but participants in 

local circuits. Further, Golgi impregnations described in Appendix B (see Appendix B, 

Fig. 8B) demonstrate that certain neurons that have dendrite-like processes in the fan-

shaped body send recurrent axons to the superior medial protocerebrum where they 

terminate as varicose terminals typifying presynaptic terminals. Instead of a 

unidirectional information flow from the protocerebrum to the fan-shaped body these 

results suggest functional reciprocity between these neuropils. With this in mind, we may 

now consider that the requirement for rutabaga- and foraging-dependent synaptic 

plasticity may represent ongoing changes at synapses in local circuits of the 

protocerebrum rather than at tangential neuron outputs in the fan-shaped body. Such an 

organization would provide for changes in the information relayed to the central complex 
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depending on the behavioral task without a greatly expanded number of inputs into the 

central complex.

! The possibility that the behavioral task influences on-going computational 

properties of the central complex and protocerebrum finds some support in the 

observation that responses observed of fan-shaped body tangential neurons are 

disappointingly unrevealing. In most recordings, tangential neurons fired at a regular rate. 

Most did not modulate their firing in response to any of the stimuli presented, including 

visual stimuli similar to those used in the genetic experiments carried out in Drosophila. 

Two exceptions are described in Appendix A: one neuron fired pairs of spikes in response 

to changes of stimulus modality. Another responded with increases in activity both to 

changes in illumination and to puffs of air directed at the animals head. If the response 

properties of these neurons are plastic, perhaps determined by recent experience, very 

few responses would be expected from a naïve restrained animal in the experimental 

apparatus. Unfortunately, testing this hypothesis is going to prove very difficult and one 

conclusion must be that N. bullata may be an inappropriate species for this. Recordings 

would have to be made while the animal was forming associations in a paradigm similar 

to that used by Liu et al. (2006) so that the responses from the same neuron before and 

after training could be compared. Liu et al. (2006) conditioned flies during flight and 

proper functioning of the system may depend on motor performance.

! Inputs to tangential neurons that supply the information to the fan-shaped body 

have not been identified, and, as pointed out by Li et al. (2009), tangential neurons may 

additionally receive some input from within the fan-shaped body, although there is no 
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neuroanatomical evidence to suggest this. Another possibility is that evidence for 

electrical coupling amongst fan-shaped body tangential neurons might allow spiking 

activity to propagate back from a single neuron to the protocerebral branches of several 

neurons. This would permit activity in one neuron to modify synaptic connections of the 

whole population of sibling neurons in both protocerebral lobes. 

6.4 Some Future Directions

The work described in this dissertation tackles questions about central complex function 

from the sensory aspect. A variety of visual and mechanosensory stimuli were presented 

during intracellular recordings to more fully characterize the information relayed to the 

central complex and to better understand how sensory information is represented and 

transformed by the central complex network. My post-doctoral work will take the 

opposite approach: working at the level of central complex outputs, and focusing on the 

contribution of the central complex to a single behavior. I will be recording from the 

lateral accessory lobes of the monarch butterfly, Danaus plexippus, analyzing the activity 

of neurons involved in the circuits that allow these animals to use the position of the sun 

for navigation. 

! Each fall, monarch butterflies from the eastern United States and southeastern 

Canada fly several thousand miles to a small overwintering site in Michoacán, Mexico 

(Urquhart, 1976). To orient their flight, migrating butterflies use the position of the sun as 

a beacon, adjusting its azimuthal position in their visual field throughout the day to 

maintain a constant, appropriate, bearing. In monarchs, time shifting studies have 
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demonstrated that this compensation is guided by a circadian clock. Perez et al. (1997) 

captured monarchs during their southward migration and entrained them to a temporally 

shifted light dark cycle. When released, these animals did not fly south, but adjust their 

flight direction to accord with the time of day in the light dark cycle to which they had 

been entrained. Other sensory cues may aid migrating monarchs under adverse conditions 

(Reppert et al. 2010) but a clear view of the sun, if available, overrides these mechanisms 

and is sufficient for directed flight. 

! The nature of the output from the circadian clock, and how temporal information 

is used to modify the preferred azimuthal position of the sun in the visual field is not 

understood. However, the brain structure carrying out this computation requires visual 

information representing the solar azimuth, a signal from the circadian clock, and 

connections to motor outputs. These requirements indicate that the central complex is 

ideally positioned to perform this computation. Further, the central complex is thought to 

perform the integration of circadian and visual information for the skylight cues animals 

may use for orientation when the sun is not visible in the sky. The ordered distribution of 

e-vector preferences across neurons of the protocerebral bridge (Heinze and Homberg, 

2007) is thought to represent the neuronal substrate of the monarch’s internal sun 

compass (Reppert et al., 2010). 

! Tellingly, Some neurons associated with this system show time compensation in 

their firing properties. The pattern of polarized light cast across the sky is dependent on 

solar elevation and so the e-vector at any point in the sky changes throughout the day. 

Intracellular recordings from the lateral accessory lobes of locusts and monarchs show 
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that neurons that respond to both an e-vector stimulus and to the azimuthal position of an 

unpolarized light source adjust these responses throughout day. Shortly after sunrise and 

near sunset, when the sun is low in the sky, the difference between the solar azimuth that 

best drives these neurons and the their preferred e-vector angle is large, while at midday, 

when the sun is highest in the sky the difference between these values is small (Pfeiffer 

and Homberg 2007). 

! Because so little is known about the representation of solar position in this 

system, I've started my investigation recording from neurons that respond to the position 

of the sun in the lateral accessory lobes. This region is where the outputs of the sun 

compass system should contact the premotor neurons that influence flight direction and so 

the response to the position of the sun by some of the neurons in this neuropile should be 

time compensated.

! Because all of the neuronal circuitry necessary for flight is located within the 

thoracic ganglia (Wilson 1961, Simmons 1977), the outputs from the sun compass system 

that help a migrating monarch locate and maintain an appropriate bearing may signal 

steering corrections or turning motions. One hypothesis for how the position of the sun 

might be transformed into appropriate turns is through the generation of error signals: 

that the outputs of the sun compass initiates turns when the sun is outside the appropriate 

region of the visual field for the correct course at a given time of day. If these output 

neurons signal corrections through increases in their firing rate this hypothesis predicts 

that the outputs from the sun compass system should be quiescent when the animal is 

flying in the appropriate direction and the sun is in the appropriate place in the visual 
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field. When the animal is off course however, these neurons should fire, producing a turn 

and adjusting the animals heading until the sun returns to the appropriate position in the 

visual field. This activity would then be inhibited and the animal could maintain the 

position of the sun at the appropriate place in the visual field.

! To test this hypothesis I am recording from neurons in the lateral accessory lobe, 

while presenting restrained monarch butterflies with a fictive sun stimuli that rotates 

through 360 degrees of the visual field. If the hypothesis proposed above is correct, some 

neurons in this region of the brain should be inhibited when the fictive sun moves through 

the position of the visual field in which it would be located if the animal were on course 

during migratory flight. Importantly, this location should move from the left side of the 

frontal visual field to the right as the day progresses. I have recorded from several 

neurons in the lateral accessory lobes and have found neurons with this response profile 

in several experiments. These initial recordings also reveal azimuth responsive neurons 

that show no significant response to polarized light. This indicates that the representation 

of the azimuthal position of the sun is not necessarily linked to the polarization network. 

Also, the morphology of some of the sun position responsive neurons is superficially 

similar to the nerve cells described by Kanzaki et al. in their investigation of pheromone 

plume following in Bombix mori (Kanzaki et al., 1994; Iwano et al., 2010). More 

recordings from these neurons at different time points are required to verify that the solar 

position that inhibits their firing is in fact time compensated. If this holds true the future 

experiments will be directed at understanding the inputs to these neurons and their 

downstream targets.
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! If the activity of azimuth responsive neurons in the lateral accessory lobe does not 

prove to be modulated according to the time of day another circuit may be responsible for 

guiding flight in migrating monarch butterflies. Many descending neurons receive visual 

inputs in the protocerebrum (Strausfeld et al., 1984, Gronenberg and Strausfeld, 1990; 

Strausfeld and Gronenberg, 1990) and some of these neurons have been shown to be 

involved in the control of flight (Rowell and Reichert, 1986; Hensler, 1988). An 

alternative to the hypothesis presented above is that these neurons are the nerve cells 

responsible for integrating signals from the circadian clock and the visual system and 

signal the commands that orient a migrating butterfly. Because nothing is known about 

these neurons, to test this hypothesis I will again us intracellular recordings and neuronal 

tracer injections, but record from axons in the cervical connective. The function of the 

neurons targeted in this is the same as the neurons targeted in the previously described 

experiments, so the same stimuli should be used and the functional predictions are the 

same: that these nerve cells should respond to the position of the sun and their preferred 

azimuth should change according to the time of day. This alternative strategy has the 

added benefit that it is indifferent to the location of the branches of these neurons in the 

brain. All of the neurons that relay information based on visual features to the thoracic 

motor centers will be accessible in the neck connective and injecting dye into neurons 

that display the predicted response properties will indicate the regions of the brain where 

information about the solar azimuth is integrated with signals from the circadian clock. 

Future recordings can then be made at these sites. 
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Abstract  
In the insect brain, a system of midline neuropils called the central complex is known to 
be involved in motor control and in associative learning. To better understand the role of 
this center and its supply of sensory information, intracellular recording and dye fills 
were made of central complex neurons in the fly, Neobellieria bullata. Recording were 
obtained from 24 neurons associated with the ellipsoid body, fan-shaped body, and 
protocerebral bridge, all structures of the central complex that receive both visual and 
mechanosensory information from protocerebral centers. One neuron with dendrites in an 
areas of the lateral protocerebrum associated with motion sensitive outputs from the optic 
lobes invades the entire protocerebral bridge and was driven by visual motion. Inputs to 
the fan-shaped body and ellipsoid body responded both to visual stimuli and to air puffs 
directed at the head and abdomen. Intrinsic neurons in both of these structures respond to 
changes in illumination. A putative output neuron connecting the protocerebral bridge, 
the fan-shaped body, and one of the lateral accessory lobes showed opponent responses to 
moving visual stimuli. These recordings identify neurons with response properties 
previously known only from extracellular recordings in other species. Dye injections into 
neurons connecting the central complex with areas of the protocerebrum suggest that 
some classes of inputs into the central complex are electrically coupled. 
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Introduction 
Animals depend on information provided by their sensory systems to generate behaviors. 
However, little is known about the computational substrates that convert sensory 
information into the behaviorally relevant codes that initiate and control motor outputs.  
 Accruing evidence i suggests that in insects important aspects of this 
transformation are performed by a discrete yet interconnected set of synaptic neuropils: 
the protocerebral bridge, the fan-shaped body, the ellipsoid body, and the paired noduli 
(Power, 1943; Williams, 1975; Strausfeld, 1976; Hanesch et al., 1989). Together these 
are referred to as the central complex. Bodian and ethyl gallate histology shows that 
projections into, within, and among the structures of the central complex divide these 
structures into modules and layers (Williams, 1975; Hanesh et al., 1984). Further, these 
projections resolve a clear correspondence between modules comprising the 
protocerebral bridge and those constituting the fan-shaped body and the ellipsoid body 
(Williams, 1975; Strausfeld, 1976). The central complex is also associated with several 
satellite neuropils, the most important of which, with respect to information leaving the 
brain for segmental ganglia, are the paired lateral accessory lobes. In these, outputs from 
the central complex interact with other major pathways, including heterolateral flip-flop 
neurons underlying searching actions by silk worm moths and neurons that descend from 
the brain to motor centers in the thorax and abdomen (Iwano et al., 2010; Homberg, 
1994).  
 Mass fills of neurons from the thoracic ganglia and from sensory neuropils in the 
brain show no direct connections to the central complex from sensory neuropils even 
though early claims have been made to the contrary (Honegger and Schürmann, 1975; 
Goll, 1967). Projections into the central complex arise from neuropils of the superior, 
inferior and lateral protocerebrum, all regions of the brain that receive indirect relays 
from sensory processing areas. In view of such indirect inputs to it, the central complex is 
likely to receive processed and behaviorally relevant information.  
  Each insect species is adapted to a specific ecology, and it is expected that its 
sensory and central nervous systems are matched to specific sensory elements of that 
ecology. In cockroaches, which are mainly crepuscular or nocturnal and which much rely 
on tactile information. Ritzmann et al. (2008) have used extracellular recording 
techniques to demonstrate that units in the central complex of the cockroach Blaberus 
discoidalis are sensitive to antennal movements, changes in illumination, and in many 
cases both. In grasshoppers and certain species of butterfly, which migrate over long 
distances, polarized light is likely to play an important role. In the locust Schistocerca 
gregaria, neurons originating from the dorsal rim of the eye and projecting through the 
optic lobes to a specialized optic glomerulus finally map into modules of the 
protocerebral bridge (Vitzthum et al. 2002, Homberg et al. 2003, Homberg 2004). Sakura 
et al., (2008) working with the cricket Gryllus bimaculatus, and Heinze and Homberg 
(2009) using the grasshopper Schistocerca gregaria, identified such neurons as encoding 
polarized light information and demonstrated the exitence of e-vector selective relays 
from the bridge to the fan-shaped and ellipsoid bodies with further extensions to the 
lateral accessory lobes. These are neuropils associated with motor control circuits and 
with premotor descending neurons (Wada and Kanzaki, 2005), In the monarch butterfly, 
comparable systems encode information to modules of the central complex about the 
distribution of e-vectors across the day-lit sky (Heinze and Reppert, 2011) 
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 Even from the few studies cited above, it appears that the central complex does 
not serve the same functions in different species nor does it receive the same sensory 
information in different species. Furthermore, even though different species possess the 
same classes of neurons, and the same ground pattern of central complex development 
(Boyan and Reichert, 2010), the central bodies are variously elaborate in different 
species, and indeed may appear very different. Those of cockroaches, locusts and flies 
exemplify such divergent evolution (Strausfeld 2012). These observations lead to the 
question whether there is a common functional ground pattern or whether despite 
commonality of basic structure sensory representations in the central complex are 
different in different species? Comparisons of sensory representation in cockroach and 
locust (or monarch butterfly) would suggest they are different. However, these are just 
three taxa. Here we describe sensory representation in a fourth, the dipterous insect 
Neobelileria bullata.  
 Genetic studies on the dipteran Drosophila melanogaster by Liu et al. (2006) 
demonstrated that tangential neurons projecting into the fan-shaped body are required for 
recall of an aversive visual stimulus and that neurons encoding information about 
stimulus inclination did not encode information about stimulus height, or vice versa. 
Neurons that terminate in the ellipsoid body of D. melanogaster are important for the 
execution of visual working memory (Neuser et al., 2008) and visual place learning 
(Ofstad et al., 2011). Together, these studies of Drosophila suggest that visual stimuli 
supplying its central complex may be distinct from those supplying the homologous brain 
region in a locust or monarch butterfly.  
 Such taxonomic distinctions require a broader sampling of central complex 
functional organization in order to determine what properties if any, are shared by 
sensory inputs to the central complex, the activity of which in all investigated species 
relates to the motor output. Despite stimulation with linear polarized light, this modality 
may be less represented or even unrepresented in certain species of Diptera. Indeed, 
comparisons of polarized representation in crickets and grasshoppers clearly show that in 
the former the representation of e-vector distribution is far more pronounced than in the 
latter (Sakura et al., 2008). Here we describe neurons that project to the central complex 
of N. bullata that encode information matching aspects of this species’ visual ecology: 
neurons encoding data about visual motion, about wind perception by the antennae, about 
ambient illumination, but none of which respond to the linear polarization of light  
 
Materials and Methods 
Animals 
Pupae of the blowfly Neobellieria bullata were acquired commercially from Carolina 
Biological Supply, Burlington, NC,. Adult flies were maintained in mesh cages in 
environmental chambers and provided with powdered milk, sugar and water ad libitum. 
Recordings and immunohistochemistry were conducted using primarily male flies 
between one and three weeks after eclosion. Occasionally a female was used for 
recording when no males were available.  
 
Intracellular recordings 
For experiments, adult flies were cold anesthetized and mounted either by the thorax with 
the legs free so the animal could walk on a Styrofoam sphere floating in water, or 
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restrained in a plastic tube. In both cases, to achieve stability for recordings, the head was 
fixed by waxing the mouthparts to a support. This allowed control of the head angle and 
stabilized electrode placement. Access to the brain was achieved by removing a small 
window of cuticle and the underlying trachea from the back of the head. The perineural 
sheath was weakened by the application of protease (type XIV from Streptomyces 
griseus, 2 mg / ml in fly saline, Sigma). After removal of the cuticle, the brain was kept 
moist under fly saline made according to Fayyazuddin and Dickinson (1996). A silver 
reference electrode was placed through the cuticle in the front of the head under the right 
eye.  
 Recording electrodes were pulled from thick walled borosilicate glass (Inside 
diameter 0.58mm, World Precision Instruments, Sarasota, FL) on a Sutter P-2000 laser 
puller, Sutter instruments, Novato, CA. Electrode tips were filled with 4% neurobiotin 
tracer in 2M potassium acetate (Vector labs, Burlingame, CA) and then backfilled with 
2M potassium acetate. With this solution, tip resistance ranged from 60-100 MOhm. 
During recordings, a small negative current was sometimes used to initially stabilize a 
neuron’s firing. After recording, neurobiotin was driven into the neuron with a positive 
current of at least 1 nA at 1 Hz for at least 1 min. Most neurons received a greater current 
for a longer period. After experiments, the neurobiotin tracer was allowed to diffuse 
throughout the nerve cell for at least 20 minutes while the brain was kept covered with 
saline solution. 
 
Visual stimuli  
Frontal visual stimuli were generated in Vision Egg (Straw 2008), and displayed via a 
Cathode Ray Tube (CRT) monitor set at a resolution of 640 x 480 with a vertical refresh 
rate of 120 Hz. The monitor was placed 13 cm in front of the animal and subtended 80° 
horizontally and 60° vertically of the frontal visual field. The monitor was centered in the 
fly’s horizontal visual field and vertically covered 45° above and 15° below the midline 
of the eyes (Fig. 1A). All of the neurons describe here were tested with a motion stimulus 
in which a single bar (60° tall and 6° wide) was moving at 64° per second across the 
monitor, perpendicular to it’s length, at 45° intervals (Fig. 1B). This stimulus was always 
presented at maximum contrast, and both a white bar on a black background and a black 
bar on a white background were tested. These neurons were also tested for response to 
the e-vector of polarized light. Polarized light stimuli were presented from overhead 
using Blue, Green, and UV LEDs (peak emissions at: 476, 561, & 404 nm, J and E 
Electronic) projected through a polarizing filter (B+W Top-Pol, Schneider Optics, Van 
Nuys, CA) that could be rotated freely. We were concerned that this polarizer might filter 
out the wavelengths that Neobellieria use to detect e-vectors, however, measurements 
show that this filter did not distort the spectral content of the light from the LEDs, even in 
the UV range (USB2000 spectrophotometer, Ocean Optics, Dunedin, Florida). The array 
of LEDs used for polarized light stimulation occupied 1° of the superior visual field. 
Light flashes from a commercially available incandescent flashlight (advertised 65 
lumens, Surefire, Fountain Valley, CA) were used to generate ”on” and “off” visual 
stimuli. Mechanical stimuli in the form of air puffs to the head and body were generated 
with transfer pipettes. Vibrations from tuning forks at 128, 512, and 1024 Hz were also 
tested but no response to these was found. The outputs of a photodetector connected to 
the digitizer were used to align the visual stimuli with the intracellular recordings The 
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same could not be done for the mechanical stimuli and so precise timing information for 
these responses is not available.  
 

 

  
 Fig. 1. Experimental setup and data analysis. A. Schematic showing the position of the stimulus 
presentation monitor (cathode ray tube, CRT) and the overhead polarized light source (POL). Flies were 
placed 13 cm from the CRT screen which subtended 80° x 60° of the frontal visual field. B. Examples of 
CRT stimuli. Gray arrows represent the direction of motion. C. Example analysis of light flash response. 
Spike times are extracted from the voltage trace and aligned according to stimulus onset (raster plot). Spike 
times are binned, and smoothed (Peristimulus time histogram, PSTH). The period prior to the stimulus is 
used to calculate background firing rate and variability. Two standard deviations above or below the mean 
unstimulated firing rate was used as the threshold for changes in activity to be judged a response.  
 
Histology
Neurobiotin labeling was enhanced with a fluorophore conjugated streptavidin so that 
filled neurons could be visualized using confocal microscopy. To better visualize the 
neuropils contacted by impaled neurons brains from experimental animals were also 
labeled using antiserum raised against synaptic proteins. Brains were dissected out in cold 
4% formaldehyde in phosphate buffered saline (PBS, Sigma-Aldrich, St. Louis, MO), 
microwaved under vacuum at 18°c, and were then allowed to fix overnight at 4°C. Fixed 
brains were washed several times in PBS and then dehydrated through ascending concen-
trations of alcohol, permeabilized with propylene oxide, and then rehydrated back into 
PBS. Tissue was embedded in agarose (type 1A, Sigma-Aldrich, St. Louis, MO) and 
sectioned at 60 μm. Sections were washed in phosphate buffered saline with 0.5% Triton 

X-100 (EMS, Hatfield, PA) (PBST) and then blocked in 5% normal goat serum (NGS) 

and PBST. Sections were incubated overnight with an anti-synapsin antiserum (anti- 
SYNORF1 as described by Klagges, et al., 1996, obtained from Developmental Studies 
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 To resolve components of the structural ground pattern of the Neobellieria bullata 
central complex, animals were killed and brain tissue processed as above. Sections were 
labeled with antibodies raised against -aminobutyric acid (GABA), FMRFamide, and 
Serotonin (5-HT).  When appropriate these antisera were combined with the antiserum 
raised against synapsin described above. The substances against which these antisera 
were raised, manufacturer information, and the concentrations used are listed in Table 1. 
The staining procedure for this tissue was the same as for injected brains treated with 
streptavidin and the antiserum raised against synapsin. After washing, bound antibodies 
were detected using fluorescent secondary antibodies. These antisera are not used to 
establish a novel localization pattern or for functional identifications, but to visualize the 
organization of the central complex in Neobellieria bullata.  
 
Antibody Characterization 
The anti-synapsin antiserum was acquired from Developmental Studies Hybridoma Bank, 
at the University of Iowa (Iowa City, Iowa). This antiserum was raised against the 
conserved 5’ sequence of Drosophila synapsins as described by Klagges, et al. (1996) 
and cross-reacts with synapsins from many invertebrate species (anti-SYNORF1 data 
sheet, Developmental Studies Hybridoma Bank). Staining with his antiserum reveals the 
structures of the central complex and shows its anatomy to be similar to that seen in other 
dipteran species. For example, examination of the staining pattern this antiserum 
produces in the ellipsoid body reveals two distinct regions (an anterior and a posterior 
ring) that are also seen in Drosophila tissue stained with nc82, an antiserum that 
recognizes the synaptic protein Bruchpilot (Young and Armstrong, 2010).  
 The anti-FMRFamide antiserum was originally provided by Dr. E. Marder, 
Brandeis University, Waltham, MA. for use by Dr. I. Sinakevitch (Sinakevitch et al. 
2001). In Neobellieria bullata this antiserum produces a staining pattern similar to that 
reported for Manduca sexta (Homberg et al. 1990), with bright staining throughout the 
fan-shaped body and two FMRFamide like immunoreactive fascicles per side connecting 
the protocerebral bridge with the fan-shaped body.  
 The antiserum raised against GABA was affinity-purified and characterized by 
Sigma. This antiserum shows positive binding to both GABA and to GABA conjugated 
to Keyhole limpet hemocyanin, but not to bovine serum albumin in dot-blot 
immunoassays. (Sigma GABA antiserum product information sheet). In the central 

Hybridoma Bank, University of Iowa, Iowa City, Iowa). Afterwards, sections were again 
washed and blocked before secondary incubation with a fluorescent antibody (Cy2 anti-
mouse) to enhance the anti-synapsin labeling, and Cy3 Conjugated Streptavidin (Jackson 
ImmunoResearch, West Grove, PA) to enhance the neurobiotin fill. After incubation with 
fluorescent secondary antibodies and streptavidin, sections were thoroughly washed and 
mounted using elvanol (Rodriguez and Deinhardt, 1960).
            Some early recordings were conducted using Alexa Dyes (Alexa 548 or 647 from 
Invitrogen, Carlsbad, CA) instead of neurobiotin. The general procedure was the same 
except that these electrodes were filled with concentrated Alexa dye and backfilled with 
saline. Alexa dyes were driven into impaled neurons with negative current injections of at 
least 1 nA at 1 Hz for at least 1 min. This tissue was fixed over night in 4% formaldehyde 
and then embedded in Spurr’s high viscosity embedding media (EMS, Hatfield, PA) and 
sectioned at 25 μm.
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corresponding to GABAergic neurons identified in other publications. Ring neurons of 
the ellipsoid body with dendrites in the lateral triangle are brightly stained. Similar 
neurons are labeled by anti-GABA staining in Drosophila (Hanesch et al, 1989) and in 
Manduca sexta (Homberg et al, 1987).   
 The antiserum raised against serotonin did not react with 5-hydroxytryptophan, 5- 
hydroxyindole-3-acetic acid, or dopamine in pre-adsorption controls carried out by the 
manufacturer (Immunostar 5-HT (Serotonin) Rabbit Antibody data sheet) and in 
Neobellieria bullata produces the same staining pattern in the fan-shaped body as has 
been reported in Drosophila using other antisera raised against serotonin (Kahsai and 
Winther, 2011).  
 

  
 
 
 
Reconstruction of neurons 
Sections were scanned using a Zeiss LSM 5 confocal microscope (Carl Zeiss, Jena, 
Germany). Filled nerve cells were reconstructed from these confocal stacks in Adobe 
Photoshop (Adobe Systems inc. San Jose, CA), with contrast and brightness manipulated 
for optimal resolution. For the neurons illustrated in the subsequent figures, image stacks 
were projected through an LCD projector (Mitsubishi XL1U. Mitsubishi Electric, Tokyo, 
Japan), reflected by a surface glazed mirror onto paper, and traced by hand so that the 
fine details would reproduce with the same contrast as the brightest profiles.  
 
Data analysis 
 Analyses of the recorded data were carried out in Matlab (The Mathworks, Natick MA). 
Action potential times were extracted from membrane potential recordings by a peak 
finding algorithm and verified manually. Stimulus times were extracted from the 
digitized photodetector channel. For light flash stimuli, spike times were aligned based on 
the onset of the stimulus and the peristimulus time histogram (PSTH) calculated by 
binning spikes into 5 ms bins and convolving that histogram with a 25 ms Gaussian 
window, as described in Paulk et al (2008). Directional and orientation preferences for 
were calculated using the Rayleigh test as described in Batschelet (1981).  

complex of Neobellieria bullata this antiserum labels neurons with a morphology 
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Results  
 
Anatomy and Chemical organization of the central complex in Neobellieria bullata 
Intracellular recordings using dye-filled electrodes were attempted from 200 flies. 
Twenty four neurons were filled that showed major arbors in at least one structure of the 
central complex. The morphology and spiking responses of nerve cells to visual and 
mechanosensory stimuli are described below and a summary of the recorded neurons and 
their responses is shown in Table 2. 
 

 
 
 The anatomy of Neobellieria bullata’s central complex is comparable to that 
reported for Drosophila (Hanesch et al, 1989). Labeling the brain with antibodies raised 
against synapsins demonstrates the modular cytoarchitectonics of central complex 
neuropils, clearly distinguishing it from the surrounding tissue. The central complex 
comprises four distinct neuropils: the protocerebral bridge, the fan-shaped body, the 
ellipsoid body, and the paired noduli (Fig. 2A, B). The neuropils of the central complex 
appear as distinct synaptic regions, with the fan-shaped body clearly divided into upper 
and lower components, the latter more densely equipped with synapses. Both reveal their 
modular organization into repeated subunits across their extent. The protocerebral bridge 
has the highest density of anti-synapsin labeling. The noduli, which lie immediately 
beneath the fan-shaped body, are subdivided into three distinct synaptic regions. The 
ellipsoid body, disposed in front of the fan-shaped body (ventral to it according to the 
neuraxis) is divided into a somewhat dense inner ring, and a more diffuse outer ring 
(Figure 2C), which using Young and Armstrong’s (2010) terminology for Drosophila are 
the anterior (A) and posterior (P) rings. 
 The application of just four antisera provide useful neuroanatomical data for 
identifying the ground pattern organization of these neuropils and salient features of the 
internal architecture, all of which correspond to descriptions of the central complex of 
Drosophila melanogaster (Hanesch et al. 1989, Kahsai and Winther, 2011). Labeling 
with selected antisera further reveals the central complex architecture. In N. bullata, as in  
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Fig. 2. Organization of the central complex of Neobellieria bullata. A. Anti-synapsin staining of the 
protocerebral bridge, fan-shaped body, noduli, and ellipsoid body. B. Schematic of central complex 
structures viewed frontally (ventral according to the neuraxis) showing the division of the fan-shaped body 
into upper (FBu) and lower (FBl) divisions, the ellipsoid body into anterior (a) and posterior (p) rings, and 
the noduli into three layers. C. Anti-Synapsin (green) and anti-serotonin (5-HT, magenta) staining of an 
oblique section through the noduli (NO), ellipsoid body (EB), and lateral accessory lobes (LAL) showing 
three compartments of the noduli (I, II, III), and the ellipsoid body divided into two rings, anterior (a) and 
posterior (p) based on anti-synapsin staining. A network of serotonin-like immunoreactive arbors 
innervates the lateral accessory lobes. D. Transverse section (perpendicular to the orientation in A) through 
the ellipsoid and fan-shaped body showing dense γ-amino butyric acid (GABA)-like immunoreactivity in 
the ellipsoid body, bulbs (BU), and the RF tract (RF) as well as the stratum of anti-GABA 
immunoreactivity in the fan-shaped body. E. Transverse section through the fan-shaped body. Neurons 
labeled with antibodies raised against serotonin arborize within columns of the fan-shaped body. F. Frontal 
section through the ellipsoid body, noduli, and lateral protuberances (LP) of the fan-shaped body show 
extensive serotonin like immunoreactivity. G. Frontal section through the protocerebral bridge showing a 
lack of serotonergic innervation. H. Horizontal section through the fan-shaped body showing dense 
FMRFamide like immunoreactivity in all modules and the labeled fibers that interconnect them. All scale 
bars are 20 μm in length.  
 
Drosophila (Hanesch et al. 1989), γ-amino butyric acid (GABA)-like immunoreactivity 
is more prominent in the ellipsoid body than in any other central complex neuropil. The 
morphology of GABA-like immunoreactive projections into the ellipsoid body 
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corresponds to that of the ring neurons: antibodies raised against GABA strongly label 
the neurites in the RF-tract (Hanesch et al. 1989), and the whole of the ellipsoid body. 
Figure 2D shows a transverse section through the fan-shaped body, ellipsoid body, and 
the RF tract at a level that shows the stratum of GABA-like immunoreactivity in the fan-
shaped body. Notably these neurons completely occlude the modular organization of the 
fan-shaped body. The dendritic branches of the labeled ring neurons also reveal the small 
satellite neuropils now known as the bulbs (BU; see Ito et al., 2012). 
 The ellipsoid body, noduli, and fan-shaped body, all contain networks of large 
fibers that show serotonin (5HT)-like immunoreactivity (Fig. 2E, F). Conspicuously, the 
protocerebral bridge is devoid of 5HT-like immunoreactivity (Figure 2G). A similar lack 
of 5HT-like immunoreactive fibers has been reported in studies on Drosophila (Kahsai 
and Winther, 2011).  
 In contrast to anti-GABA staining, labeling the central complex with antisera 
raised against the neuropeptide FMRFamide reveals the distinctive repeat organization of 
eight modules across the fan-shaped body. Bundles of FMRFamide-like immunoreactive 
fibers can also be seen connecting modules with each other (Fig. 2H). The protocerebral 
bridge and ellipsoid body are, however, devoid of FMRFamide-like immunoreactivity 
(not shown here).  
 
Neuron morphologies and responses  
1. Wide-field projections supplying the protocerebral bridge. The protocerebral bridge 
receives an input from a prominent neuron, equipped with a 4-6 µm diameter axon, the 
dendrites of which reside in the ventrolateral protocerebrum, and which originate from a 
cell body near the esophageal foramen (Fig. 3A). Its dendrites extend to the deepest 
levels of optic lobe outputs (Strausfeld and Lee, 1991). These are optic glomeruli 
receiving terminals of retinotopic neurons from the lobula complex (see Strausfeld and 
Okamura, 2007), and the axonal collaterals of motion sensitive neurons that extend 
centrally from the lobula plate (see Strausfeld and Bassemir, 1985). Regions of the brain 
receiving axons from the optic lobes can be distinguished by virtue of those axons being 
immunonegative to antisynapsin and standing out as dark profiles in confocal sections. 
 Dendrites extend amongst optic glomeruli. In the close relative dipteran 
Phaenicia sericata, these are known to receive outputs from edge-motion sensitive 
neurons from the lobula plate and lobula (Okamura and Strausfeld, 2007). Other 
dendrites extend lateroventrally to reach the prominent axon collaterals of horizontal 
motion-sensitive neurons from the lobula plate. (Fig 3A, inset). A thick axon projects 
medially towards the esophagus and then abruptly ascends postero-dorsally to reach the 
protocerebral bridge. The axon bifurcates beneath the protocerebral bridge to provide a 
system of branches throughout its entire extent. The branches provide many fine 
collaterals decorated with bead-like swellings. This cell type was encountered a second 
time in another preparation, in which several neurons were filled during multiple 
recordings.  
 The neuron showed a resting membrane potential of approximately -45 mV, a 
spike amplitude of nearly 50 mV, and a background firing rate of 6 impulses per second 
(imp/s). The neuron responded with a brief (approximately 100ms) increase in firing rate 
to both the initiation and termination of a light flash both for plane polarized and 
unpolarized light (Fig. 3B). However, the neuron showed no selective response to 
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polarized light: the magnitude of “on” and “off” responses were independent of the e-
vector. Using a rotating polarizer, no firing rate modulation could be detected beyond the 
initial “on” response and terminal “off” which were of equal  magnitude.  

 
 
Fig. 3. Morphology and response properties of the optic glomeruli – protocerebral bridge pathway. A. 
Dendrites within the ventrolateral protocerebrum extend amongst optic glomeruli and to axon collaterals of 
lobula plate outputs. These elements are shown as fluorescent negative profiles (inset). The wide-diamater 
axon of the neuron provides small beaded terminal processes across the entire protocerebral bridge. B. 
Raster plot showing the spiking activity of this neuron during 10 repeats of a light flash presented from 
overhead. Bar indicates period of stimulus. C. Example voltage traces recorded during moving bar 
stimulus. D. Directional preference plot for a white bar moving across a black background. The difference 
in firing rate in response to a bar moving along its preferred direction is greater than 2 standard deviations 
above the unstimulated rate, but the shape of this distribution is not significantly different from a uniform 
distribution by the Rayleigh test. Arrow originating from the center indicates this neurons preferred 
direction. Its length is proportional to the test statistic calculated by the Rayleigh test: n = 193 r = 0.084 P > 
0.1. 
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 The transient on/off responses were abolished when the stimulus was a bright bar 
moving on a dark background. For a bright bar 60° tall and 6° wide moving at 64°/sec, 
the neuron responded with an increase in firing rate that persisted for approximately 500 
ms. No “off” response was apparent when the bar moved along this cells preferred 
direction, as shown in Fig. 3C. When the bar moved along the anti-preferred direction the 
cell’s firing rate was indistinguishable from its spontaneous firing rate. The directional 
preference of this cell to moving bars is plotted in Fig. 3D ; the grey circle represents the 
background firing rate +/- 2 standard deviations and the black trace represents the 
magnitude of the response averaged over the entire period the bar moved in each 
direction. Although the firing rate of this cell in response to a bar moving along it’s 
preferred direction is significantly different from its unstimulated rate (Fig. 3C, D),  the 
shape of the resulting directional preference distribution is not significantly different 
from random using the Rayleigh test (Rayleigh test, n = 193, r = 0.084, P > 0.1. Fig. 3D). 
This is due in part to the lack of a decrease in firing rate in response to a bar moving 
opposite the preferred direction. This cell has a large receptive field. The magnitude of 
responses to stimuli presented on the monitor is independent of the position of the 
stimulus.  
2. Tangential neurons linking the superior protocerebrum and fan-shaped body. Neurons 
with arbors that span the width of the fan-shaped body were the most common cell type 
encountered. Fourteen neurons were recorded and filled (in as many preparations), all of 
which had their perikarya in the lateral cell body layer between the calyx and the optic 
lobes. Their arborizations occupied different and discrete domains of the superior 
protocerebrum (see Portillo and Strausfeld, 2012). Their axons project from the 
protocerebrum to the edge of the fan-shaped body or over its outermost layer where they 
gave rise many terminal collaterals decorated with presynaptic boutons and varicosities 
(Fig. 4A, B). 
 Several of these neurons (n = 4) were filled with Alexa dyes, which allowed a 
clear reconstruction of each of their individual morphologies (Fig. 4A). In experiments 
where neurobiotin was used as a tracer, several neurons (n = 10) having the same 
morphology and derived from a common cell body cluster were filled together (Fig. 4B, 
inset). Because this happened consistently when  using neurobiotin and because neurons 
of equivalent morphology were filled, such a collective demonstration is unlikely to be to 
the consequence of accidental penetration of many neurons in the same preparation. 
Rather, fills into identical nerve cells in the same brain is indicative of dye coupling (see 
Discussion). In these cases, the intensity of staining and the clarity of the cell bodies 
indicate that at least eight neurons of this type originate on each side of the brain. 
Because both contralateral and ipsilateral pairs of neurons are filled by dye injection into 
a single cell, dye coupling must occur in the fan-shaped body as this is the only place 
where neurons from both sides of the brain overlap. 
 These tangential neurons exhibited background firing rates between 5 and 15 
imp/s and typical action potential of over 40 mV. Recordings from these neurons were 
in general very stable, which allowed the presentation of wide variety of stimuli. 
However, only one neuron demonstrated a clear responses to any of the presented visual 
or mechanosensory stimuli. This nerve cell responded with an increase in firing rate to 
light flashes (Fig. 4F) and with a brief burst of action potentials when puffs of air were 
directed at the front of the head. Figure 4G shows the response of this neuron when air  



93

 13 

 
Fig. 4. Tangential neurons of the fan-shaped body. A. Camera lucida reconstruction of a tangential neuron 
with arbors in the superior protocerebrum, (SMP) and branches that span a stratum of the upper division of 
the fan-shaped body (FBu). B. Confocal stack showing the morphology of 8 tangential neurons filled by 
dye injection into a single neuron. Inset shows eight cell bodies brightly labeled. Scale bars = 20 μm. C. 
Examples of the double spike waveforms of various latencies. D. Example voltage trace showing regular 
spiking activity interrupted by doublets. E. Histogram of observed inter spike intervals (ISIs). The doublets 
form a separate population of spikes with ISI’s < 50 ms. F. Raster plot showing spiking activity during 10 
repeats or a light flash presented from overhead. Bar indicates period of stimulus. G. Example voltage trace 
from one tangential neuron showing the change in firing activity in response to air puffs to the left (L) and 
right (R) sides and from the front (F) of the head.  H. Direction preference plot for moving bar stimulus. 
This stimulus has no effect on this cells firing (Rayleigh test, n = 257, r = 0.006, P>.05).  I. Interspike 
intervals (ordinate) plotted as they occurred for 100 seconds of the experiment. Doublets (short ISI’s) 
occurred at the moment of change of the stimulus modality. 
 
currents were pulsed in various directions across the head. For comparison with the other 
cell types described here, an example of the direction preference plot for a tangential 
neuron is presented in Fig. 4H. This cell had a mean firing rate of 13 imp/s with a 
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standard deviation of 1 imp/s. The firing rate for every direction of the stimulus falls 
within two standard deviations from the mean and the shape of the resulting distribution 
is not significantly different from a uniform distribution as calculated by the Rayleigh test 
(n = 257, r = .006, P>.05). For the other neurons with this generic morphology, spike 
frequency and spike timing analyses failed to reveal any stimulus related spiking patterns, 
and analysis of the sub-threshold membrane activity similarly failed to show voltage 
changes reliably associated with any stimulus parameter presented to the animal. 
However, in one tangential neuron, a transient switch to firing spike doublets was 
correlated with disturbances in the recording room. For example when the experimenter 
switched from one stimuli on the monitor to polarization stimuli from above, and later in 
the recording when the room lights were turned on or off (Fig. 4I, arrow). As this activity 
was not obviously correlated with any acoustic stimulus, the most plausible explanation 
is that the neuron indeed responded specifically to the change from one presented 
modality to the other. 
3. Pontine neurons supplying the fan-shaped body and ellipsoid body. Narrow clusters of 
axons, dendrites and terminals project through the stratified organization of the fan-
shaped body. Amongst these are the narrow terminals of neurons that project into the fan-
shaped body from the protocerebral bridge. These projections contribute to the division 
of the fan-shaped body into modules. Different levels of these modules are 
interconnected by one type of a class of interneurons called pontine neurons by Hanesch 
et al. (1989). Other pontine neurons connect modules laterally. Results from recording 
from four of these neurons are described below.  
  The most stable recordings of pontine neurons demonstrated a resting membrane 
potential of approximately -40mV and large spikes, up to 50mV in amplitude with 
average firing rates between 4 and 12 imp/s. Like protocerebral bridge neurons, changes 
in luminance best drive these nerve cells, independent of wavelength or the e-vector of 
polarization. All of these nerve cells exhibited excitatory responses to increases in 
illumination. One pontine neuron, illustrated in Fig. 5A-D, fired a brief excitatory burst to 
the onset of light flashes, similar to that seen in the motion sensitive protocerebral bridge 
input. From the peristimulus time histogram this response lasted on the order of 100 ms. 
There was no following “off” response, however (Fig. 5C, D). Although this neuron was 
one of two pontine neurons that connected two strata within a module, such transient 
responses are atypical. All other recorded pontine neurons responded to increases in 
luminance with excitatory responses that persisted as long as the stimulus was present, as 
in the peristimulus time histogram shown in Fig. 5E.  
 The motion sensitivity of these neurons was tested. Directional tuning for a white 
bar moving on a black background is illustrated in Fig. 5F. The stimulated firing rate 
surpasses two standard deviations above the mean when the bar was moving to the left, 
and when comparing the firing rates elicited for all directions the distribution is 
significantly different from uniform (Rayleigh test, n = 202, r = 0.16, P<0.01).  
 Pontine neurons exhibited the most variable baseline firing rates of any of the 
recorded neurons . The neuron shown in Fig. 5A-D had a mean firing rate of 5 imp/s 
calculated over the length of the recording. However, the raster plot shows extended 
periods where the firing rate was as high as 10 -12 imp/s and others where it was as low 
as 1 imp/s. Interestingly, these neurons have periods during which they cease to respond 
to visual stimuli that at other times elicit a strong response. In Fig. 5D for example, the  
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Fig. 5. Pontine neurons. A. Camera lucida reconstruction of a pontine neuron in the fan-shaped body that 
connects two layers within one module. B. Confocal stack showing the location of this neuron in the fan-
shaped body. Scale bars = 20 μm. C. Example of spiking response to light flash stimuli. Bars indicate light 
on. D. Raster plot showing an excitatory response to light on, and trials from the middle of the recording 
during which this stimulus failed to produce a change in firing rate (arrow). E. Raster plot showing a tonic 
response to a change in illumination. In this neuron the increase in firing rate lasted for the duration of light 
“on”. F. Direction preference plot for a white bar on a black background. Motion to the left produces an 
increase in firing rate greater than two standard deviations above the background rate, and the shape of this 
distribution is significantly different from random (Rayleigh test, n = 202, r= 0.156, p<.05).  
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raster plot shows periods where light flashes failed to produce a response. Although these 
neurons are responsive to visual stimuli, their activity appears to be influenced by factors 
outside those controlled in these experiments. 
 One recording was also obtained from a pontine neuron associated with the 
ellipsoid body. Like the neurons described above, this nerve cell had a resting membrane 
potential of -45 mV, spike amplitudes of over 60 mV and a mean firing rate of 
approximately 5 imp/s. Like the fan-shaped body interneuron shown in Fig. 5C this nerve 
cell demonstrated a narrow response to the onset of changes in illumination and no “off” 
response.  
 
4. Ring Neurons of the Ellipsoid Body. Two ring neurons, the principal cells of the 
ellipsoid body (Renn et al., 1999), were recorded from and filled in these experiments. 
The first of these had its cell body near the esophageal foramen, posterior to the antennal 
lobes. It is equipped with a small tuft of processes beneath and anterior to the mushroom 
body medial lobe, in an area of the protocerebrum named the crepine (CRE, see Ito et al., 
2012) and varicose terminals throughout the posterior ring of the ellipsoid body (Fig. 6A, 
B). This morphology is similar to the ExR2 neurons described by Hanesch et al. (1989) in 
that this neuron has blebbed arborizations in the posterior ring of the ellipsoid body, a 
small set of putative inputs in the protocerebrum (instead of the bulbs) and a ventrally 
projecting cell body fiber.  
 As with the tangential neurons illustrated in Fig. 4. ring neurons are also dye 
coupled with each other. In this preparation, the recorded neuron was brightly labeled and 
was accompanied by a second much more weakly filled contralateral counterpart entering 
the ellipsoid from the opposite side.  Figure 6B shows the bright neurobiotin labeled 
neurite and ellipsoid body branches of the recorded neuron reconstructed in 6A. The 
recorded neuron reconstructed had a resting membrane potential between -45 and -50 
mV, and action potentials with amplitudes around 35 mV. It fired rapidly with a mean 
firing rate of 28 imp/s (Fig. 6C). In general, the firing rate of the neuron varied on a finer 
time scale than that seen in pontine neurons. Irrespective of whether light was polarized 
or not, repeated presentations of light flashes revealed a subtle excitatory response to 
increases in illumination (Fig. 6D). The increased spike probability in this neuron lasts 
for the duration of the stimulus, although in several stimulus presentations the 
background firing rate was unaffected. Spontaneous lulls in the firing can be see in 
voltage trace shown in Fig. 6C). This again may indicate that this neuron’s firing is 
influenced by a sensory modality or a process that is independent of the presented 
stimulus.. The neuron showed no sensitivity to the e-vector of polarized light (Rayleigh 
test: n = 596,  r = 0.007, p>0.05, data not shown), nor to moving bars (Fig. 6E, Rayleigh 
test, n = 67 r = 0.1, p>0.05,), nor to the orientation of stationary or moving bars (Rayleigh 
test n = 67, r = 1.8, p>0.05,).  
 The second recorded ring neuron originates from a cell body located anterior to 
(above) the protocerebral bridge, in the pars intercerebralis. The cell body gives rise to a 
single neurite that projects anteriorly and downwards to reach the front of the fan-shaped 
body, just  above the upper margin of the ellipsoid body. There the neurite bifurcates to 
form two stout branches that each send relatively sparse projections down into the 
ellipsoid body and to the lateral accessory lobes (Fig. 6F).  
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 This neuron had a resting membrane potential of approximately -30 mV and 
actions potentials of approximately 45mV in amplitude. Like the other ring neuron 
described above, it responded to light flashes with a brief increase in firing rate, lasting 
approximately 100 ms (Fig. 6G). Although the first light flash presented to this cell (the 
first row in the rastergram) elicited the most robust response, the increase in firing rate 
for the other trials still exceeded two standard deviations above the background rate. The 
stimulus presentations shown in Fig. 6G are taken from different periods throughout the 
recording. As with the pontine neurons, the response of this cell to changes in 
illumination varies throughout the recording, independent of the parameters of the 
presented visual stimuli. This neuron also produced a clear response to non-visual 
stimuli. This cell responded strongly to air puffs directed at the animal’s head from all the 
directions with a large increase in firing rate that lasted several hundred milliseconds. 
Fig. 6H shows the response of this cell to two air puffs presented frontally in rapid 
succession (arrows). 
  
5.  Connection of the protocerebral bridge, the fan-shaped body and the lateral accessory 
lobes. One recording and dye fill demonstrated a neuron linking these three neuropils. 
The neuron originates from a cell body in the pars intercerebralis, and has dendritic 
spines in the protocerebral bridge. Its processes are restricted to one module of the fan-
shaped body where they provide mixed varicose and spiny processes. It terminates in the 
contralateral lateral accessory lobe where it provides beaded axon branches (Fig. 6I).  
The distance between the branches in the protocerebral bridge and the lateral edge of that 
neuropil places its arbors in the second and third modules of the right side of the 
protocerebral bridge and thus within the most medial module of the left side of the fan-
shaped body. This arborization pattern corresponds to a projection of the “Y” bundle of 
the horizontal fiber system described by Hanesch et al. (1989) from observations of 
Drosophila. The neuron showed a resting membrane potential of -35mV and very large 
spikes of over 80 mV in amplitude (Fig. 6J). Its background firing rate varied between 4 
and 9 imp/s. During recording, the fly was presented with polarized and unpolarized light 
stimuli from overhead and drifting bars and gratings. However, the recording was not of 
sufficient duration to allow presentation of non-visual stimuli.  
 The neuron did not respond to brief changes in illumination (Fig. 6K), nor did it 
respond to the e-vector of plain polarized light. However, the observed firing rate during 
the long periods (approximately 50 sec) when a dark bar was periodically displayed on 
the white CRT screen the firing rate doubled from (4 imps/sec to  9 imp/s). However, 
other than this response, the neuron did not react with unambiguous and significant 
changes in firing rate to any of the stimuli presented. Its response to a black bar moving 
on a white background is evident only when the responses to several directions are 
compared with background firing rate (Fig. 6L). The shape of this distribution is 
significantly different from uniform (Rayleigh test, n = 170, r = 0.158, P<0.05). The 
calculated background firing rate for this period of the recording is high (10 imp./s with a 
standard deviation 3 imp./s) as calculated by the average number of spikes recorded when 
no stimulus was presented. The firing rate during stimulus presentations was also 
variable, as evidenced by the difference between firing rates for repeated trials. 
Interestingly, this difference is smallest for the preferred direction and minimal in the 
anti-preferred direction. This directional response pattern is similar to that seen in the 
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protocerebral input neuron, shown in Fig. 3, suggesting that protocerebral bridge inputs 
may contribute to this cell’s activity. However, there are clearly other signals that must be  
 

 
 
Fig. 6. Ring Neurons of the ellipsoid body. A. Camera lucida reconstruction of a ring neuron with extensive 
branches in the ellipsoid body, a small tuft in the crepine (CRE), and a cell body near the esophagus 
posterior to the antennal lobes. B. Confocal stack showing bright arbors in the posterior ring of the ellipsoid 
body and the brightly dyed neurite both illustrated in 6A. Also visible is a faint neurite entering the 
ellipsoid body from the opposite side. The fainter neuron has the same morphology as the more brightly 
filled nerve cell (arrows indicate their symmetrical paths). Inset shows cell bodies filled with neurobiotin 
from injection into a single neuron (arrows). Another perikaryon was visible near that of the most brightly 
filled neuron. Scale bars = 20 μm. C. Example voltage trace illustrating the variability in this neurons 
unstimulated activity. D. Raster plot showing an increase in firing rate in response to an increase in 
illumination (bar). E. Motion response of this cell for a black bar on a white background. The firing rate 
during the stimulus presentation is well within the variability of background firing rate (gray area), and the 
shape of this distribution is not significantly different from random (Rayleigh test,  n = 67 r = 0.105, P 
>0.05).  F. Camera lucida reconstruction of an extrinsic ring neuron with extensive arbors in both lateral 
accessory lobes. The morphology of this cell corresponds to that of the ExR1 cells described by Hanesch et 
al. (1989). G. Raster plot showing response to flashed light stimuli. H. Voltage trace showing response to 
air current directed at head (arrows). I. Camera lucida reconstruction of a neuron connecting the 
protocerebral bridge, the fan-shaped body, and the contralateral lateral accessory lobes. Scale bars = 20 μm. 
J. Example voltage trace. K. Raster plot showing no response to changes in illumination. L. Directional 
tuning in response to a black bar presented on a white background. The cell is excited by movement to the 
upper left and inhibited by the bar moving in the opposite direction. This distribution is significantly 
different from random (Rayleigh test, n = 170, r = 0.158, P<0.05).  
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contributing to this nerve cells activity because when the neuron fires without reference 
to a presented stimuli its firing rate alternates between periods of sporadic spiking 
activity and bursts of spikes, implying that the neuron is responding to some ongoing 
input in addition to the presented visual stimuli. 
 
Discussion  
 
Multiple neurons labeled: damage or dye coupling?  
An interesting feature of the class of ring neurons and tangential neuron is that several 
neurons of the same type can be labeled when recording from a single cell, using 
neurobiotin as the neuronal tracer.  In several experiments (n = 10), 5-10 neurons 
originating from each side of the brain could be resolved after injecting the small 
positively charged tracer neurobiotin. Only single neurons were filled using the larger 
negatively charged Alexa dyes (n = 4). If multiple neurons were labeled as the result of 
damage the occurrence of multiple fills would not be expected to be correlated with the 
type of tracer used. Moreover, tangential neurons showed very stable resting membrane 
potentials and in general large, consistent spike amplitudes during the entire recording 
session. These aspects suggest minimal damage to the impaled neuron. Some recordings 
showed bouts of bursting activity, in which two or more spikes were produced separated 
by a very short latency. In such instances voltage increases, having amplitudes smaller 
than individual action potentials, were observed (Fig. 4C). Action potentials with 
different heights are often a sign that more than one neuron has been impaled; the 
occurrence of this activity however, was not correlated with the number of neurons 
labeled and was observed even in preparations in which only one neuron was filled.  
 
How species specific is tuning by the central complex? 
Intracellular recordings made from a sample of neurons projecting into and within the 
central complex of the flesh fly, Neobellieria bullata, provide little evidence that in this 
dipteran nerve cells of the complex readily respond to a simple sensory stimulus. This 
contrasts with findings from locusts and monarch butterflies. In those taxa, a variety of 
central complex neurons are tuned specifically to the e-vector distribution of polarized 
light. 
 Nevertheless observations reported here complement results obtained from a 
dictyopteran species, Blaberus discoidalis. In their study of its antennal sensitive neurons, 
Ritzmann et al. (2008) report that the majority of antennal mechano-sensitive units found 
in the fan-shaped and ellipsoid bodies are sensitive to changes in illumination. 
Intracellular recordings of fly neurons described here include similar polysensory 
responses by certain inputs to the ellipsoid body and fan-shaped body. One extrinsic ring 
neuron of the ellipsoid body (Fig. 6F-H) showed a phasic response to flashes of light, but 
was more strongly driven by air puffs to the head, likely sensed through the antennae. A 
similar response was found in a tangential neuron that connects a domain of the superior 
medial protocerebrum with the fan-shaped body. This neuron responded to both changes 
in illumination and air currents (Fig. 4F, G), but unlike the polysensory ring neuron, it 
also responded to air puffs to the abdomen.  
 Ritzmann et al. (2008) report that most light sensitive neurons in the central 
complex display phasic response to changes in illumination. The only tonic responses to 
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light observed by these authors were recorded from the fan-shaped body. This was also 
the case in N. bullata: light-sensitive neurons associated with the ellipsoid body showed 
only brief responses to changes in illumination. Only pontine neurons of the fan-shaped 
body showed an increase in firing rate that persisted as long as the stimulus was present 
(Fig. 5).  
 However, important morphological and physiological differences were also 
observed. In the locust Schistocerca, neurons sensitive to the e-vector of polarized light 
project into the protocerebral bridge in an organized fashion, giving rise to discrete 
domains of arborization that map all e-vector orientations across the bridge (Heinze and 
Homberg, 2007). This information is also relayed, albeit with less fidelity, to neurons 
connecting the bridge to the central body and the lateral accessory lobes. In the present 
study, inputs to the protocerebral bridge were not sensitive to the e-vector of polarized 
light but did respond to other kinds of visual stimuli. For example, one input to the 
protocerebral bridge arising from the optic glomerular complex in the ventrolateral 
protocerebrum increased its firing rate in response to moving edge stimuli. The terminal 
of this neuron is not restricted to small domains of the bridge, as are polarization-
sensitive neurons in locusts, but extends across all the bridge’s modules as shown in Fig. 
3.  
 More generally, several neurons described in this account showed only subtle 
responses to a given stimulus and many had long quiescent periods during which they 
stopped responding to any stimulus at all. Heinze and Homberg (2009) report a similar 
phenomenon in some polarization-sensitive neurons in the locust. They conclude that 
neurons may be recruited into a polarization vision network in a task-specific manner or 
possibly depending on the internal state of the animal. Those authors pointed out that 
because the central complex has a role both in sensory processing and motor control, 
changes in response properties should be expected because motor action will influence 
sensory parameters. In the present study, fluctuations in response properties over a slower 
time scale were observed during some longer recordings, such as by pontine neurons of 
the fan-shaped body (see Fig. 5D). These slower changes may be due to neuromodulatory 
influences on the central complex and may thus depend more on the internal state of the 
animal than on the recording conditions.  
 Not all of the recorded  neurons recorded could be reliably driven by the 
presented stimulus. Tangential neurons (see Phillips-Portillo and Strausfeld, 2012) 
maintained a relatively constant firing rate, independent of presented visual or 
mechanosensory stimuli. Only in two such recordings could spiking activity be correlated 
with any experimental manipulation; namely a response to both visual and 
mechanosensory stimuli. This lack of reaction to simple stimuli should not be surprising, 
however. As shown in Drosophila melanogaster, tangential neurons in the outer layer of 
the fan-shaped body discriminate more structured visual cues than any of those used here 
(see Liu et al., 2006).  
 In conclusion, it is likely that visual inputs in the protocerebrum to tangential 
neurons that terminate in the fan-shaped body, either directly or via the superior 
protocerebrum, carry information that is matched to ecological constraints of that 
particular species. In the case of the cockroach, dimming and brightening are relevant 
visual stimuli, as are haptic stimuli. In the case of the migratory locust and monarch 
butterfly, skylight polarization may be far more relevant to that species than it is to a 
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cockroach or a fly. On the other hand, in flies inputs to the protocerebral bridge from 
optic glomeruli and the terminals of lobula plate tangential cells relay information about 
visual motion, which has great importance for that taxon’s behavioral repertoire.  
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Abstract 
The central complex of the insect brain is a system of midline neuropils involved in transforming 
sensory information into behavioral outputs. Genetic studies focusing on nerve cells supplying 
the central complex from the protocerebrum propose that such neurons play key roles in circuits 
involved in learning the distinction of visual cues during operant conditioning. To better identify 
the possible sites of such circuits, we have used Bodian and anti-synapsin staining to resolve 
divisions of the superior protocerebrum into discrete neuropils. Here we show that in the fly 
Neobellieria bullata, the superior protocerebrum is composed of at least five clearly defined 
regions that correspond to those identified in Drosophila melanogaster. Intracellular dye fills and 
Golgi impregnations resolve “tangential neurons” that have intricate systems of branches in two 
of these regions. The branches are elaborate, decorated with specializations indicative of pre- and 
postsynaptic sites. The tangentially arranged terminals of these neurons extend across 
characteristic levels of the central complex’s fan-shaped body. In this and another blowfly 
species, we identify an asymmetric pair of neuropils situated deep in the fan-shaped body, called 
the asymmetric bodies because of their likely homology with similar elements in Drosophila. 
One of the pair of bodies receives collaterals from symmetric arrangements of tangential neuron 
terminals. Cobalt injections reveal that the superior protocerebrum is richly supplied with local 
interneurons that are likely participants in microcircuitry associated with the distal processes of 
tangential neurons. Understanding the morphologies and arrangements of these and other 
neurons is essential for correctly interpreting functional attributes of the central complex. 
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Introduction 
 
The central complex of the insect brain has been shown to be involved both in sensory 
integration and the control of behavioral actions (Heinze and Homberg, 2007; Liu et al., 2006; 
Ridgel et al., 2007; Ritzmann et al., 2008; Strauss et al., 1992). It comprises four interconnected 
midline neuropils. These are the protocerebral bridge, the fan-shaped body, the ellipsoid body, 
and the paired noduli. A number of satellite neuropils, such as the pair of lateral accessory lobes 
and their sub-domains (Müller et al., 1997), receive connections from the central complex and 
are critical in the expression of motor actions (Iwano et al., 2010). 
 The components of the central complex are notable for the precise organization of their 
constituent neurons (Williams, 1975). In many insect species, neuronal processes projecting 
within and amongst central complex neuropils reveal a repeat modular organization (Hanesch, 
1989; Strausfeld, 1976, 1999; Heinze and Homberg, 2008). Other descriptions stress the 
presence of tangential processes that intersect these modules, and which derive from neuropils 
that are lateral to the central complex (Hanesch et al., 1989; Pereanu et al., 2011). Almost 
unrecognized, other than in a few accounts (Liu et al., 2006; Ito and Awasaki, 2008; Young and 
Armstrong, 2101; Li et al., 2010), are inputs to the fan-shaped body that originate from the 
brain’s superior protocerebrum, a neuropil that is essentially terra incognita, having received 
very little attention because of its tangled appearance and lack of connections to primary sensory 
neuropils. These neuropils, which constitute the larger volume of the midbrain, have been 
referred to as “unstructured” (Liu et al., 2006).  
 However, the superior protocerebrum is indeed structured (Strausfeld, 1976, 2012, Ito et 
al., 2012), and its importance in determining behavioral actions is suggested by the observation 
that many output neurons from the mushroom body terminate in the medial and lateral 
protocerebrum (Li and Strausfeld, 1997, 1999). Together these pathways imply that a crucial 
system of protocerebral relays are likely involved in linking the mushroom body indirectly to the 
central complex (Strausfeld, 2012).  
 Notably, the central complex does not receive inputs directly from primary sensory 
neuropils of the brain, nor from ascending sensory relays from thoracic and abdominal ganglia. 
Mass dye-fills into the ventral nerve cords never show processes in the central complex. 
Nevertheless, neurons responsive to sensory parameters project to the central complex (Ritzmann 
et al., 2008), not from primary sensory neuropils but from areas of the brain that receive relays 
from sensory processing neuropils. For example, in grasshoppers, and monarch butterflies, 
neurons sensitive to the e-vector of polarized light project into the protocerebral bridge in a 
highly organized manner (Heinze and Homburg, 2009; Heinze and Reppert, 2011). These 
neurons have their dendrites in neuropils lateral to the central complex, in a region called the 
posterior optic tubercle supplied by outputs from the accessory medulla of the ipsilateral optic 
lobe (Heinze and Homberg, 2007). Other visual inputs to the bridge are as indirect, such as those 
originating from the optic glomerular complex (Phillips-Portillo, unpublished). The protocerebral 
bridge, in turn, sends modular relay neurons into the central body (Williams, 1975; Hanesch et 
al., 1989; Vitzthum and Homberg, 1998; Boyan et al, 2008). 
 Experimental evidence supports the proposition, made by several authors, that the central 
complex plays a cardinal role in motor actions, particularly those that involve jointed appendages 
(Huber, 1960; Strausfeld, 1999; Heinrich et al., 2001; Poeck et al., 2008; Kahsai et al., 2010; 
Bender et al., 2010). Developmental studies of the mealworm Tenebrio molitor have shown that 
the elaboration and differentiation of central body architecture matches the development of the 
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legs (Wegerhoff and Breidbach, 1992; Wegerhoff et al., 1996), and that taxa having the most 
finely controlled leg movements possess fan-shaped body neuropils with exaggerated modular 
organization (Strausfeld, 1999, 2012). 
 Genetic manipulations of Drosophila have shown that an intact central complex is also 
necessary for proper coordination of the limbs during asymmetrical movements such as turning 
As evidenced by the mutant no-bridge (nob), in which the protocerebral bridge is incompletely 
formed, disrupts turning (Strauss et al., 1992; Strauss and Heisenberg, 1993; Strauss, 2002). 
Ridgel et al. (2007) found that lesions to the central complex in the cockroach Blabberus 
discoidalis similarly result in animals that either made continuous turning movements during 
walking, or made inappropriate turns when presented with an obstacle that necessitated a change 
of course.  
 The central complex has also been suggested to be important in executing actions arising 
from visual discrimination and learning (Triphan et al., 2010; Liu et al., 2006; Pan et al., 2009). 
Liu et al. (2006) used a tethered flight preparation (see Wolf and Heisenberg, 1990) to test the 
ability of wild type and mutant Drosophila to learn to distinguish between two similar visual 
patterns. Wild type animals readily learn to avoid flying towards punished patterns, whereas 
animals that express a mutant form of the adenylyl cyclase rutabaga protein required for learning 
(Levin et al. 1992; Zars et al., 2000) perform no better than chance.  These studies have drawn 
special attention to neurons, called “tangential neurons”, that connect the superior protocerebrum 
with the fan-shaped body where their terminals extend across its extent (Liu et al., 2006). It was 
proposed that different types of tangential neurons carry information about the discrimination of 
different pattern parameters–the height of the pattern’s center of mass (elevation), or pattern 
inclination (contour orientation). Driving expression of rutabaga in these neurons against a 
mutant rutabaga-deficient background rescues the learned ability to discriminate elevation or 
orientation (Liu et al., 2006; Wang et al., 2008), 
 As a step to understand how the central complex relates to the neuronal organization of 
the superior protocerebrum, we here describe results using reduced silver and anti-synapsin 
stained brains that identify distinct anatomical domains of the protocerebrum. Into these have 
been mapped the arborizations of dye-filled neurons that provide tangential endings across levels 
of the fan-shaped body. We show that whereas the processes of many of these neurons 
superficially appear identical in the fan-shaped body, on close examination they constitute 
distinctive cell types that invade overlapping strata. Their distal arborizations reveal very 
different morphologies, each relating to a characteristic domain of the superior protocerebrum. 
These domains, which are associated with systems of local interneurons, feedback pathways, and 
inputs from other brain area, are likely candidates for the location of integrative circuits between 
inputs to the dorsal protocerebrum and outputs from it to the central complex.  
 
Materials and Methods 
Animals 
Neobellieria bullata pupae were acquired commercially from Carolina Biological Supply 
(Burlington, NC), and raised in the laboratory. Adult flies were maintained in mesh cages in 
environmental chambers and provided with powdered milk, sugar and water ad libitum. Mainly 
male adults between one week and one month after eclosion were used for this study. Calliphora 
erythrocephala, were raised in a laboratory colony. Males of 5-10 days old were used for cobalt-
silver staining. Recordings and dye fills were performed on individual animals, as were other 
tracer methods. Golgi-impregnations were performed on 30 individuals.  
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Intracellular fills 
The dye-filled neurons described here were filled with neurobiotin tracer (Vector labs, 
Burlingame, CA), during the course of intracellular recordings. For these recordings, animals 
were cold immobilized and mounted to a support that stabilized the head. The head-capsule was 
opened from behind and the perineural sheath removed. Electrodes were drawn from thick 
walled borosilicate glass (World Precision Instruments, Sarasota, FL) on a Sutter P-2000 laser 
puller (Sutter instruments, Novato, CA). Electrode tips were filled with 4% neurobiotin and 
backfilled with 2M potassium acetate. With these solutions, electrodes had tip resistances 
between 60-100 MOhms. Neurobiotin was driven into impaled neurons with a series of positive 
current pulses of 1 nA at a frequency of 1 Hz. Electrodes were aimed at position estimated to be 
just lateral and above the superior margin of the fan-shaped body (see Terminology, below). 
 
Tissue processing and immunohistology 

  
Antibody Characterization 
The anti-SYNORF1 (mAb3C11) antiserum acquired from the Developmental Studies 
Hybridoma Bank (University of Iowa, Iowa City, Iowa) was raised against the 5’ sequence of 
Drosophila synapsins (Klagges, et al. 1996). This antiserum recognizes synapsins from many 
invertebrate species (anti-SYNORF1 data sheet, Developmental Studies Hybridoma Bank) and 
the staining pattern in Neobellieria bullata is consistent with staining for other synaptic proteins 
in the brain of Drosophila melanogaster (Young and Armstrong, 2010).

  
Confocal microscopy and reconstructions 
Processed sections were imaged at 40x using a Zeiss LSM 5 confocal microscope (Carl Zeiss, 
Jena, Germany). Stacks of optical sections were collected through each agarose slice and then 
combined in Adobe Photoshop (Adobe Systems inc. San Jose, CA) for reconstruction. Neurons 
were reconstructed either by projecting imaged stacks onto paper and then tracing or tracing 
 

Neurobiotin filled neurons were visualized using a fluorophore conjugated streptavidin. To 
reliably determine the divisions of the protocerebrum contacted by these neurons, brain tissue 
was also labeled with an antiserum raised against synaptic proteins according to the following 
procedure. After injection with neurobiotin, brains were removed from the head capsule while 
immersed in 4% formaldehyde in phosphate buffered saline (PBS) adjusted to pH 7.4. Brains 
were then microwaved at 18°C and allowed to fix overnight at 4°C. Fixed brains were washed 
with PBS, dehydrated through ascending concentrations of alcohol, permeabilized with propyl-
ene oxide, and then rehydrated. Brains were embedded in agarose (type 1A, Sigma-Aldrich, St. 
Louis, MO) and the resulting blocks were vibratome sectioned at 60 μm. The sections were 

washed in PBS with 0.5% Triton X-100 (EMS, Hatfield, PA) (PBST) and then blocked in 5% 
normal goat serum (NGS) and PBST. To label synaptic regions sections were incubated over-
night with an antiserum raised against synapsin, anti-SYNORF1 (mAb3C11), as described by 
Klagges, et al. 1996, obtained from the Developmental Studies Hybridoma Bank, University of 
Iowa, Iowa City, Iowa), at a concentration of 1:100 in 5% NGS in PBST. Afterwards, sections 
were again washed and blocked before incubation with a Cy2 anti-mouse secondary antiserum, 
and Cy3 conjugated streptavidin to enhance neurobiotin fills (Both reagents from Jackson Immu-
noResearch, West Grove, PA). Sections were then thoroughly washed in PBS and mounted using 
elvanol (Rodriguez and Deinhardt, 1960).
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Silver staining and Golgi impregnations 
Brains were fixed in AAF (16 ml 80% ethanol, 1 ml glacial acetic acid, 3 ml 37% 
formaldehyde). After dehydration and clearing in terpineol, brains were embedding in Paraplast 
plus (Sherwood Medical, St. Louis, MO) and then Bodian-stained using a procedure similar to 
that described by Gregory (1980), as described in Paulk et al. (2008). Golgi-impregnations were 
produced using the mixed Colonnier-rapid technique (Li and Strausfeld, 1997). Opened heads 
were immersed for 4 days at 4oC in 2.5% aqueous potassium dichromate and 25% E.M. grade 
glutaraldehyde (5:1), then washed in 2.5% potassium dichromate before immersion in 2.5% 
potassium dichromate and 1% osmium tetroxide (99:1), also at 4oC. After 3 days, heads were 
swirled in distilled water (less that 3 sec.), and then placed in a 0.75% silver nitrate solution for 3 
days. After washing in distilled water, heads were dehydrated, embedded in epoxy resin, and 
serial sectioned.  
 For cobalt silver staining, a blunt 3-8 +m tip diameter electrode, filled with 1% cobalt 
nitrate, was inserted into the exposed protocerebrum of a living but immobilized animal. Cobalt 
was allowed to diffuse out of the electrode for 30 min. Afterwards the head was cut from the 
body and immersed in distilled a 5% sucrose solution through which was bubbled hydrogen 
sulphide. After 1 minute, the head was removed and immersed in AAF fixative. After overnight 
fixation, the brains were removed and treated by silver intensification, as described in Strausfeld 
and Okamura (2007).  
 Golgi and cobalt preparations were photographed using a Zeiss Axioimager Z2 (Carl 
Zeiss AG, Germany) with a computer controlled stage that allowed automatic montaging of 
segmented sections. Individual images were processed with Zeiss’s software into large stacks 
taken at different depths through each section. Stacks were then flattened into a single focused 
image using helicon focus (Helicon Soft Ltd., Ukraine). Brightness and contrast were adjusted 
using Adobe Photoshop.  
 
Nomenclature  
Throughout this account, neurons and brain structures are viewed in frontal sections. The terms 
anterior/posterior and superior/inferior are used to describe relative positions with respect to the 
body axis. Rostral/caudal and dorsal/ventral are occasionally used to refer to the neuraxis. A 
frontal section is one cut perpendicular to the body axis, but parallel with the neuraxis.  
 The term module refers to divisions across the central complex that are imposed by small 
neurons linking the protocerebral bridge and central body. The fan-shaped body is composed of 
an upper and lower division, each of which is divided into a succession of strata. The most 
superior stratum (rostral according to the neuraxis, or dorsal according to the body axis) is called 
the “superior arch” and its swollen flanks are termed the flanges (FLA). The most lateral portions 
of strata 5-7 that flank the posterior part of the ellipsoid body are called the “lateral 
protuberances” (Strausfeld, 1976). Divisions of the superior protocerebrum and other regions are 
named according to determined nomenclature for the Drosophila brain (Ito et al., 2012). 

 

 
optical sections displayed using Adobe Photoshop. Some examples of the confocal sections are 
shown in the figures. For these, brightness, contrast, and levels were adjusted for clarity using 
Adobe Photoshop. 
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FLA Flange of FBu stratum 8 
FBl Lower Division of the Fan-shaped Body 
FBu Upper Division of the Fan-shaped Body 
IVLP Inferior ventrolateral protocerebrum 
LA Lamina 
LAL Lateral accessory lobe 
LO Lobula 
LOP lobula plate 
LP  Lateral Protuberance 
ME Medulla 
OGC optic glomerular complex 
SA Superior arch = stratum 8 of FB 
SEG Subesophageal ganglion 
SIP Superior Intermediate Protocerebrum 
SLP Superior Lateral Protocerebrum 
SMP  Superior Medial protocerebrum 
SCL Superior clamp 
ICL Inferior Clamp 
NO Noduli 
PED  Pedunculus 
PB  Protocerebral Bridge 
PI Pars Intercerebralis 
PVLP Postero-ventrolateral Protocerebrum 
 
Results 
 
Organization of the Neobellieria bullata fan-shaped body 
As its name suggests, the central complex lies in the brain centrally, at its midline (Fig. 1A), 
almost enclosed by surrounding neuropils. Although the constituent neuropils of the central 
complex are small compared to many much larger regions, their shapes and cellular 
arrangements are characteristic and unmistakable in almost all insects. The fan-shaped body is 
the largest component of the central complex, which also comprises the protocerebral bridge, 
ellipsoid body and the noduli (Fig. 1B-D). The fan-shaped body is divided into a superior (upper: 
FBu) and inferior (lower: FBl) division, which are referred to by Hanesch et al. (1989) as, 
respectively, the dorsal and ventral parts. These two levels of neuropil are clearly demarcated by 
a band of antero-posteriorly projecting fibers (Fig. 1B, D). As shown in the schematic of Fig. 1E, 
the two divisions are further divided into eight strata by the tangentially-directed terminals of 
neurons supplying the central body from the protocerebrum and, as demonstrated for Drosophila 
melanogaster, by the levels of termination of fan-shaped and tangential processes of neurons 
carrying neuroactive substances (Kahsai and Winter, 2011). An earlier study by Hanesch et al. 

 

 

 
Abbreviations  

 
ASB  Asymmetric bodies
CA  Calyx  
EB  Ellipsoid Body  
FB  Fan-shaped Body  
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Figure 1. Overview of the brain and central body architecture. A. Frontal view of the a section cut across the brain, 
at the level of the ellipsoid body (EB) and showing the relative proportions of neuropils at this level. The left side of 
the panel shows the Holmes-Blest silver-stained hemibrain. The right side of the panel shows a schematic view of 
the hemibrain indicated some of its salient neuropils. Neuropils of the central complex are shown green, indicating 
the upper and lower divisions of the fan-shaped body (FBu, FBl), the ellipsoid body (EB) and noduli (NO). The 
lateral accessory lobe, a major regions receiving outputs from the central complex fan-shaped lies to one side of it 
(LAL). The superior protocerebrum is divided into the superior medial, superior intermediate, and superior lateral 
lobes (SMP, SIP and SLP). These lie above the superior clamp (SCL), which partly enfolds the mushroom body 
pedunculus (PED). The posterior ventrolateral and inferior ventrolateral protocerebrum (labels to the left, PVLP, 
IVLP) contain numerous glomeruli supplied from the optic lobes. These contribute to the more extensive optic 
glomerular complex (OGC). The optic lobes are composed of the lamina (LA), medulla (ME), lobula (LO) and 
lobula plate (LP). The subesophageal ganglion is indicated as SEG. B. Frontal Bodian-stained section through the 
fan-shaped body (FB) showing its division into two layers: the upper division (FBu), and lower division of (FBl). 
The noduli (NO) are located beneath the FBl. The FB lies beneath the two inward bulging lobes of the superior 
medial protocerebra (SMP), separated by the pars intercerebralis (PI), which contains cell bodies of 
neuromodulatory cells. C. More anteriorly, a section from the same preparation as that providing A shows the lateral 
protuberances (LPT) of the FB. These are the most lateral parts of the upper division of the fan-shaped body that 
extend anteriorly alongside the ellipsoid body (EB). D. Scanning confocal image of an anti-synapsin-labeled section 
taken at the same level as that in panel B, showing the same structures. Strata of the FB are numbered 1-8, the eighth 
stratum referred to as the superior arch (SA), which is defined by its characteristic homogenous neuropil extending 
over stratum 7. Elsewhere, the FB is clearly divided across its extent by modular subunits. Stratum 1 contains the 
asymmetric bodies (ASB, one visible). E. Schematic showing the central complex, as seen from the front and from 
above. The ellipsoid body (EB), which is organized into concentric layers, lies in front of the fan-shaped body (FB), 
which is divided into 8 strata. The asymmetric paired asymmetric bodies (ASB) reside in stratum 1. The paired 
noduli, which are connected to the FB, lie beneath and somewhat behind the fan-shaped body and are composed of 
four nodules. The protocerebral bridge (PB) lies posterior to the fan-shaped body 
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spanning the width of the fan-shaped body. We adopt Kahsai and Winther’s designation of 
stratum1 as the deepest layer (ventralmost according to the body axis) and stratum 8 as the most 
shallow (dorsalmost). The prominent band of antero-posteriorly projecting fibers that divide the 
fan-shaped body into upper and lower divisions define the 5th stratum. Here we describe 
neurons, the terminals of which span the width of the fan-shaped body exclusively within its 
upper division.  
 
Organization of the superior protocerebrum of Neobellieria bullata  
Comparisons of Bodian and anti-synapsin stained sections cut frontally through the brain reveal 
several clear and separate domains of the superior protocerebrum. These are summarized in Fig. 
1A and further illustrated in Fig. 2, which shows a series of consecutive sections that 
demonstrate the anatomical divisions of the superior protocerebrum relative to the central 
complex. The regions considered here reach to the midline, where the inner borders of the 
superior medial protocerebrum’s lobes flank the pars intercerebralis (PI) and approximately 
cover the fan-shaped body. Laterally, the superior protocerebrum extends laterally as far as the 
optic peduncle, which links the central brain and the optic lobes. 
 Sections through the superior protocerebrum, beginning at the level of the ellipsoid body 
and progressing posteriorly through to the rear face of the fan-shaped body, are shown in Figs. 
2B–D. Figure 2B shows serial 15 m thick Bodian stained sections to illustrate the 
fibroarchitecture of the superior protocerebrum and provide information about morphological 
change in depth. Fig. 2C shows a series of equivalent optical sections labeled with an antibody 
raised against synapsin (see Material and Methods). Based on cytoarchitecture and synaptic 
densities, five regions of the superior protocerebrum are identified. These are outlined in Fig. 2B 
and C and shown as averages in Fig. 2D. Although in Neobellieria the volumes and shapes differ 
somewhat from those in Drosophila–for example, the superior intermediate protocerebrum being 
far larger than in the fruit fly–homologous domains are recognizable and have here been given 
the same names as those used for Drosophila (Ito et al, 2012).  From medial to lateral, the 
domains of the Neobellieria superior protocerebrum are: the superior medial protocerebrum 
(SMP), the superior intermediate protocerebrum (SIP) and the superior clamp (SCL), which 
together with the inferior clamp (ICL) enclose the mushroom body pedunculus (PED), the 
superior lateral protocerebrum (SLP) and the posterior ventrolateral protocerebrum (PVLP). 
“Posterior” distinguishes these neuropils from as distinctive but more anterior volumes of the 
protocerebrum. “Superior” (rostral, according to the neuraxis, dorsal according to the body axis) 
denotes neuropils at and above the level of the central complex. 
 The superior medial protocerebrum is closest to the midline and contains the superior 
protocerebrum-superior arch commissure, which is visible in the first sections of Fig. 2C 
(arrowed SP-SAC at level 0, -15) as a striated bundle of fibers in Bodian preparations and as a 
dark region devoid of anti-synapsin immunoreactivity in the anti-synapsin preparations. This 
commissure carries the axons of tangential neurons from their branches in the superior 
protocerebrum to the upper division of the fan-shaped body. More posteriorly, the lateral surface 
of the superior medial protocerebrum takes on a concave shape because its synaptic regions are 

(1989), using Golgi-impregnations, divided the whole fan-shaped body of Drosophila 
melanogaster into 6 layers, whereas Kahsai and Winter (2011) demonstrate 7-8 layers. A similar 
organization typifies Neobellieria and Calliphora, and is likely to be common across the 
Drosophillidea and Calliphoridae. In Neobellieria, reduced silver staining demonstrates 8 strata 
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Figure 2. Divisions of the superior protocerebrum. A. Part of a frontal section stained by the Bodian method 
showing the location of the fan-shaped body (FBu, FBl) and volumes of the superior protocerebrum. Shown are the 
superior median, superior intermediate, and superior lateral protocerebrum (SMP, SIP, SLP).  These lie above the 
mushroom body pedunculus (PED) here seen in cross section. The underside of the PED is flanked by the inferior 
clamp neuropil (ICL, lower image, panel D). The fan-shaped body lies beneath the pars intercerebralis, and central 
to the paired lateral accessory lobes (LAL). The optic lobe’s lobula (LO) is shown to the right. Axons from the optic 
lobe reach the central brain via the optic pedunculus (OP PED). B. Five panels showing a sequence of 15 +m-thick 
frontal sections (0 +m, the most frontal of the series to -60 +m, the most posterior) through the superior 
protocerebrum to illustrate gradual changes of protocerebral volumes through a depth of 60 +m. The anatomical 
divisions of the superior protocerebrum are outlined and are shown separately in panel D. C. A corresponding series 
of vibratome sections labeled with an antiserum raised against synapsin. In both B and C, the white arrows indicate a 
tract of axons occupied by neurons connecting the superior protocerebrum with the fan-shaped body (superior 
protocerebrum-superior arch commissure SP-SAC: axons shown in Figures 3-7). The latero-dorsal horizontal tract 
(LDHT) is shown at level -30 – -60, in panel C. D. Outlines of divisions of the superior protocerebrum, obtained by 
averaging traces from B and C, showing the arrangements amongst the discussed neuropil regions.  

divided by the latero-dorsal horizontal tract (LDHT), which is morphologically distinct from the 
surrounding tissue in Bodian-stained material and appears as another volume devoid of 
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 The superior intermediate protocerebrum extends above and lateral to the superior medial 
protocerebrum. This domain contains the most dorsal (neuraxis rostral) extent of the 
protocerebrum and is most easily distinguished in Bodian preparations by the thinner appearance 
of its most superficial fibers belonging to dendrites and terminals associated with the median 
bundle (Strausfeld, 1976). Thicker fibers are visible in the more inferior and posterior portions of 
the superior intermediate protocerebrum.  
 In anterior sections (levels 0 to -30), the superior intermediate protocerebrum is bordered 
beneath by a region that contains a denser network of thick fibers called the superior clamp 
(SCL), which encloses the upper surface of the mushroom body’s pedunculus. The lateral border 
of the superior clamp abuts the inner margin of superior lateral protocerebrum. In sections 
towards the back of the brain (levels -45 to -60), the medial edge of the posterior ventrolateral 
protocerebrum lies lateral to the pedunculus and is contiguous with the lateral clamp neuropil 
enclosing the lower margin of the pedunculus.  
 The posterior ventrolateral protocerebrum is distinct from the superior lateral 
protocerebrum by virtue of a thick bundle of fibers that projects medio-laterally into the superior 
lateral protocerebrum. These are seen extending medially from the middle right margin of the 
brain at level -60 through to level -15 in row B. The posterior ventrolateral protocerebrum 
(PVLP) is bordered at its inferior margin by larger fibers originating in or projecting to the optic 
lobes (Figs. 1A, 2A). In anterior sections (levels -15 to -45), the posterior ventrolateral 
protocerebrum is bordered medially by the inferior clamp.  
 
Representation of the central body in the superior protocerebrum. 
 
Dye fills demonstrate that the upper division of the fan-shaped body receives terminals from 
neurons, the distal branches of which occupy domains in the superior medial and superior 
intermediate protocerebrum (Fig. 3). The terminals extend tangentially across the upper division 
of the fan-shaped body. All neurons with such endings are termed “tangential neurons.” 
Tangential neurons link domains of the superior protocerebrum with strata situated at, or 
immediately beneath, the superior arch.  
 Neurons described here are primarily distinguished as different types not by their 
terminals in the fan-shaped body, but by the patterning and disposition of their branched 
processes in the superior protocerebrum and the location of their perikarya. Although certain 
types of neurons have been resolved just once after a single dye fill (e.g. Figs. 3, 4), other types 
have been resolved in several brains (n=4 for Figs 5A, 5B; n=2 for Figs. 6A, 6B). Figure 3 shows 
an example of a tangential neuron with a terminal in the upper layer of the fan-shaped body and 
distal processes in the superior medial protocerebrum and the lower margin of the superior 
intermediate protocerebrum. Its cell body is situated lateral to the calyx (not shown). The 
reconstruction (Fig. 3A) shows a field of fine processes that extends upwards from the cell body 
neurite into the lower part of the superior intermediate protocerebrum. The volume occupied by 
the branches of this neuron and other neurons in the superior protocerebrum are summarized in 
the schematic Figure 9. The cell body neurite bifurcates in the superior medial protocerebrum, 
one tributary providing a thick branch into this neuropil, the other tributary extending as an axon 
to the ipsilateral edge of the FBu. It then bends downwards to enter the 6th and 7th stratum of the 

 

commissures and tracts serve as additional landmarks in mapping the arborization patterns of 
neurons in these regions.  

 

immunoreactivity in the anti-synapsin labeled brains (arrows at level -30 – -60). These 
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figure 3B shows the extent of the terminal processes, which reach as far down as its lower 
(inferior) margin and upwards to just beneath the superior arch.  
 

 
 
Figure 3. One morphological type of tangential neuron supplying the upper later (FBu) of the fan-shaped body from 
two domains in the superior medial and superior intermediate protocerebrum. A. Reconstruction of the neurobiotin-
filled neuron showing its varicose branches in the upper fan-shaped body (FBu) extending either side of the large 
terminal fiber. This derives from bifurcating branches that provide thick processes in a territory of the superior 
medial protocerebrum (SMP) and more delicate short processes at the lower margin of the superior intermediate 
protocerebrum (SIP). This neuron has its cell body in lateral cell body rind, behind the superior lateral 
protocerebrum. B. Confocal stack showing the density and vertical extent of terminal branches in the upper fan-
shaped body. Branches do not invade the superior arch, and are restricted to strata 7 and 6, ending just above stratum 
5, which lies beneath the dashed line.  
 
 In several preparations, neurobiotin-filled tangential neurons were resolved as bilaterally 
symmetric ensembles. For example, as shown from the summed confocal stacks in Fig. 4A, as 
many as ten cell bodies, five each side of the brain (boxed, Fig. 4A) lying lateral to and in front 
of the mushroom body calyces (not shown), could sometimes resolved after biocytin injection. In 
such instances, when two or more neurons were resolved with equal brightness, it was not 
possible to distinguishing the arborizations of one from the other. For example, the neurons 
shown in Fig. 4A have their arborizations throughout all three strata of the FBu. The terminal 
branches mainly extend upwards from the axon terminals, thus denoting an unambiguously 
distinctive terminal morphology to this type of neuron compared with that shown in Fig. 3. 
However, the greatest difference refers to their branches in the superior medial protocerebrum, 
where arborizations of the cells depicted in Fig. 4 occupy a lateral domain of the SMP. The 
neurons shown in Fig. 4 also lack the short collateral processes from the cell body neurites that 
typify the neuron in Fig. 3. The schematics in Fig. 9 compare domains occupied by these and 
other tangential neurons.  
 

FBu where the neuron’s terminal provides many blebbed processes that extend upwards and 
downwards from the contralaterally projecting terminal process. The confocal reconstruction in 



116

12 

 
 

 

 
 
Figure 4. Tangential neurons with terminal arborizations through all the strata (8-6) of the upper division of the fan-
shaped body.  A. Composite image, reconstructed from confocal stacks through two consecutive sections at the level 
of the fan-shaped body and the ellipsoid body (EB). Several neurons have been filled with neurobiotin after an 
intracellular recording and injection from one neuron. Together, these dye-coupled cells have extensive dendritic 
branches in an upper middle domain of the superior medial protocerebrum (see schematic, Fig. 9). Axons project 
from the protocerebral processes to stratum 6 of the upper fan-shaped body where they give rise to varicose and 
beaded processes extending upwards out to, and including, stratum 8. Thin fibers (single white arrows) connect the 
protocerebral arborizations to cell bodies (boxed, upper right) located dorsal to the superior lateral protocerebrum 
(SLP). Double arrows indicate one of several thin processes that extend from the terminal arborization downwards, 
behind the ellipsoid body and into one of the two asymmetric bodies. The terminal of one of these collaterals is 
shown in the enlargement of panels B. C. D. Six consecutive sections through the lower margin of the FBu, showing 
the noduli, and above them the asymmetric bodies within stratum 1. Other regions shown in A are the superior 
intermediate protocerebrum (SIP), the superior and inferior clamp (SCL, ICL), both of which enclose the mushroom 
body’s pedunculus (PED), and part of the posterior ventrolateral protocerebrum (PVLP). 
 
 These neurons also provide thin processes (one shown, double arrows in Fig 4A) that 
extend from just one side of the terminals in the FBu, projecting ventro-medially behind the 
ellipsoid body (EB) to finally end in one of a pair of small synaptically dense structures at the 
inferior margin of the FBl (Fig. 7B, C). These structures have here been given the name 
asymmetric bodies, using terminology for neuropils at approximately the same location beneath 
the fan-shaped body of Drosophila melanogaster (Pascual et al., 2004). Asymmetric bodies have 
been identified in every SYNORF-labeled brain. One example is shown in a series of optical 
sections (Fig. 4D) through the lower fan-shaped body and noduli of another anti-synapsin labeled 
preparation. Labeled asymmetric bodies appear much brighter than the neuropil in which they 
are embedded, suggesting they are densely packed with synaptic sites. One of these neuropils is 
always larger than the other, hence their name, and often (n=9 pairs) the smaller neuropil appears 
fragmented. We return to these structures in the Discussion, where we argue for their homology 
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with the asymmetric bodies described by Pascual et al. (2004) from observations of Drosophila 
melanogaster. 
 The type of tangential neuron illustrated in Figure 5A is another example of what are 
essentially bilaterally symmetric terminals of tangential cells supplying a descending collateral to 
just the larger of the two asymmetric bodies. Here, the collateral process projects directly 
downwards rather than adopting a curved trajectory as from neurons shown in Fig. 4A. This 
difference denotes another subtle morphological distinction amongst tangential neurons.  
 In Figure 5A, two equally bright neurons have been filled after recording from just one 
neuron. Both neurons have their cell bodies in the lateral rind, situated in a pleat of the cell body 
rind that extends between the mushroom body’s pedunculus and the posterior ventrolateral 
protocerebrum. The cell body fibers project medially beneath the pedunculus and then curve 
upwards, where they bifurcate to each give rise to a thick branch that projects vertically into the 
superior medial protocerebrum. These protocerebral branches are restricted to a lateral domain of 
its lobe. The second branch, which is the neuron’s axon, projects downwards to extend across the 
fan-shaped body immediately above the superior arch from which it provides diffuse terminal 
branches that extend downwards through strata 8-6.  
 The resolution of a pair of identical neurons, shown in Fig. 5, is probably accidental due 
to the electrode tip penetrating both axons at their point of cross over at the brain’s midline. 
However, dye-filling clusters of up to eight neurons from both sides of the brain is less likely to 
be due to multiple penetration and more likely indicative of dye coupling. Figure 5D illustrates 
one such example, where eight cell bodies providing bundled neurites are resolved both sides of 
the brain. Like the neurons shown in Fig. 4, neurons shown in Figure 5D have arborizations 
reaching a superficial domain of the superior medial protocerebrum. But unlike the neurons 
shown in Fig. 4, the branches of these cells provide a dense and more tightly arranged set of 
processes restricted to a smaller domain of the SMP. These comparisons are further documented 
in Fig. 9. A further distinction between the neurons shown in Figures 5A and D relates to the 
depth of termination in the FBu. Their endings are compared side-by side in Fig. 5F, which 
shows that whereas endings of neurons in Fig. 5A extend down as far as stratum 5, those of 
neurons in Fig. 5D reach only part of the way through stratum 6, thus occupying a narrower band 
of synaptic neuropil.  
 
Discrete domains of the superior protocerebrum are represented in the upper division of 
the fan-shaped body. 
 
Thus far, each morphological type of tangential neuron, as defined by its branches in domains of 
the superior protocerebrum, provides terminals restricted to a stratified volume of the FBu. This 
ground pattern is further illustrated by the neurons shown in Fig. 6, which again demonstrate 
how tangential neurons occupy discrete domains in the superior protocerebrum, and how axons 
from these domains supply distinct, yet overlapping strata in the outer division of the fan-shaped 
body. 
 Dye fills into protocerebral branches of tangential neurons reveal that they are decorated 
with various kinds of specializations: varicosities, swellings, spicules, and spines. The possible 
significance of these with respect to their involvement in microcircuits is considered further in 
the Discussion. Here, though, we emphasized that these diverse decorations obviously contrast 
with those in the FBu, where each tangential neuron has terminal processes that are uniformly  
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Figure 5. There are subtle yet clear distinctions of tangential neuron morphologies. A. Paired tangential neurons with 
their main terminal branches above the superior arch extend long beaded collaterals through strata 8, 7 and 6. B. 
Confocal stack showing terminal branches that appear to hang down through the FBu. The distal arborizations of 
these neurons occupy a vertically arranged domain in the lateral part of the superior medial protocerebrum. One of 
the two terminals also supplies a collateral to the larger of the two asymmetric bodies (inset C, middle right). D. 
Reconstruction of neurobiotin-filled neurons, the terminal branches of which extend within and just beneath the 
superior arch (see also confocal stack, inset E). The branches provide a dense system of fine varicose processes in 
strata 7 and 6. F. A side-by-side comparison of the neurons shown in A and D (lower right inset, F) demonstrates 
their difference with respect to their depth of termination in the FBu. Neurons shown in D, have their distal 
arborizations occupying a dorsolateral domain of the superior medial protocerebrum.  After filling a single neuron 
with neurobiotin, a total 15 cell bodies were visible, some more intensely labeled than others. 
 
swollen. Although all the neurons described thus far terminate within the FBu, each type of 
neuron occupies overlapping yet characteristic levels that correspond to layers 8-6 of the 
Drosophila fan-shaped body, as defined by labeling with antisera against neuropeptides (Kahsai 
and Winther, 2011). In summary, cardinal features that distinguish morphological types of 
tangential cells are their domains and branching morphologies in the protocerebrum, their 
terminal specializations, and their levels in the FBu. 
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Figure 6 A, B. As in Figure 5, here two morphological types of neurons terminate at overlapping but different depths 
of the upper fan-shaped body. The neuron in A occupies a thin domain in stratum 7, whereas the neuron in B has 
processes reaching into stratum 6. Such differences are subtle, in contrast to their obvious distinctions, which refer 
to their branches in the superior medial protocerebrum. C, D. Neurons terminating as in panel A have most of their 
branches in the superior intermediate protocerebrum (SIP). Neurons terminating as in panel B have their branches in 
the superior medial protocerebrum (SMP). D. These distinctive domains are further accentuated when the two types 
of arborizations are superimposed.  
 
The superior protocerebrum is integral to central complex function  
A third, and major contribution to the central complex are neurons that arborize in the superior 
protocerebrum and extend their terminals across the fan-shaped body. The superior 
protocerebrum is part of the brain about which little is yet known:  neurons described here 
suggest that it must play crucial roles in computations that occur in the central complex itself. 
That many more neurons of this type are likely to exist is suggested by Golgi impregnations and 
cobalt-silver staining, which function particularly well on the relatively large brains of blowflies 
(Calliphora erythrocephala). Cobalt injections to the superior medial protocerebrum demonstrate 
that certain types of tangential neurons provide isomorphic ensembles of between 16 and 24 
terminals representing just one protocerebral lobe (Fig. 7A). Cobalt injections also reveal other 
important aspects of this relationship, such as clusters of local interneurons in the superior 
protocerebrum that form such dense arborizations that single processes cannot be resolved (Fig. 
7B). The same injection site reveals that this region of local interneurons provides further types 
of tangential terminals, two of which are shown here as restricted to the outermost stratum of the 
central complex (the superior arch), as well as projections directly to the asymmetric bodies. 
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Again, as in Neobellieria, in Calliphora erythrocephala, one asymmetric body is not only larger 
than the other, but is more densely innervated. 
   However, it is not only the fan-shaped body that receives inputs from the superior 
protocerebrum. As shown in Fig. 8A, the ellipsoid body obtains its inputs both from neuropils 
lateral to it, such as the bulb (BU in Fig. 8A, inset lower left), and from the superior 
protocerebrum. Furthermore, the fan-shaped body and ellipsoid body provide ascending 
projections back to the superior protocerebral lobes (Fig. 8B), suggesting that the central 
complex provides functional feedback to this part of the forebrain.  
 

 
 
Figure 7. A. Silver-intensified cobalt injection into one side of the superior protocerebrum resolves an ensemble of 
about 12-15 identical terminals in the upper layer of the fan-shaped body of Calliphora erythrocephala. This 
preparation further demonstrates that a palette of different techniques is required to resolve all possible types of 
neurons invading any part of the brain, including the central complex. B. Silver-intensified cobalt injection into one 
side of the superior intermediate protocerebrum (SIP) reveals the cell bodies of numerous local interneurons 
(bracketed, lin). Alone, these 25-30 neurons provide such a dense mass of processes that single arborizations cannot 
be distinguished. Two tracts connect this mass of fibers with the central complex. One provides two morphological 
types of terminals to the superior arch (SA) and its lateral swellings (the flanges, FLA). Another fiber projects 
downwards to supply both asymmetric bodies (ASB) with blebbed arborizations. 
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Discussion 
 
Where does learned discrimination of visual cues occur? 
 
Most studies on the central complex have concentrated on uniquely identifiable neurons in, or 
associated with, the modular organization of the protocerebral bridge and central body, with 
reference to early neuroanatomical studies by Williams (1975), Strausfeld (1976) and Hanesch et 
al. (1989). Functional studies have drawn particular attention to the representation in these 
modules of sensory stimuli in space, such as the e-vector of polarized light or the representation 
of haptic inputs (Sakura et al., 2008; Heinze et al., 2009; Heinze and Reppert, 2011, Homberg et 
al., 2011; Ritzmann et al., 2008). Others studies have focused on the distribution of 
neuropeptides in the central complex carried by wide-field arborizations, and the possible roles 
of these peptides in modulating or constraining the behavioral output (Kahsai et al., 2010; Kahsai 
and Winther, 2011).  
 

 
 
Figure 8. A. Composite image of a Golgi-impregnated ring neuron of the ellipsoid body that receives its axon from a 
superficial domain of distal arborizations (boxed) in the superior intermediate protocerebrum (SIP). The neuron also 
provides varicose terminals to the superior arch of the fan-shaped body (inset, lower left). Another system of ring 
terminals is linked to the lateral bulb (BU, inset lower left). B. Reconstruction through three consecutive sections 
showing Golgi-impregnated neurons with spine-like arborizations in the fan-shaped body and ellipsoid body with 
vertically extending axons that end as varicose terminals (boxed area) between the superior medial and superior 
intermediate protocerebrum (SMP, SIP) and the neighboring portion of the superior intermediate protocerebrum 
(SIP). Other connections are shown between the ellipsoid body (EB) and bulb (BU), and one linking a nodulus and 
the ipsilateral accessory lobe (LAL). 
 
 Categorizing neurons on the basis of their branching patterns in the fan-shaped body, 
without reference to their organization in the superior protocerebrum, has important implications 
when considering whether visual memory is computed by the fan-shaped body itself or whether 
it is computed in neuropils of the superior protocerebrum.  A case in point refers to genetic 
experiments that test the ability of wild type and mutant Drosophila to learn to distinguish 
between similar visual patterns while attached to a torque meter (Wolf and Heisenberg, 1991). In 
such experiments, the torque generated by the flying fly is used to control pattern rotation, thus 
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giving the fly control over its flight direction while allowing the experimenter to condition flies 
using a directed infrared laser beam as punishment (Wolf and Heisenberg, 1991). Wild type 
animals readily learn to avoid flying towards a punished pattern, whereas flies that express a 
mutant form of the adenylyl cyclase rutabaga protein required for learning (see Levin et al. 1992; 
Zars et al., 2000) perform no better than chance. However, when certain neurons supplying the 
fan-shaped body from the protocerebrum are engineered to drive expression of wild type 
rutabaga in the mutant background, learned visual discrimination is restored. These experiments 
suggested that different types of tangential neurons in the fan-shaped body learn to discriminate 
different pattern parameters: the height of the pattern’s center of (elevation), or pattern 
inclination (contour orientation).  
 As described by Liu et al. (2006), driving expression of rutabaga in neurons (called by 
them F5 cells) that extend tangential processes across stratum 5 of the fan-shaped body, rescues 
the fly’s learned ability to discriminate pattern elevation. Expression of rutabaga in neurons (F1 
neurons) that extend processes across stratum 1 of the fan-shaped body can rescue the fly’s 
learned ability to avoid one of two stripes with opposite inclinations. Experiments using 
controlled expression of a protein kinase called “foraging” (Wang et al., 2008) found that, as 
with rutabaga, expression of wild type foraging in F5 neurons in an otherwise mutant 
background was sufficient to rescue the learned ability to avoid punished patterns based on 
elevation, but not contour orientation. Thus, evidence suggests that specific types of neurons 
terminating at different levels in the central body either participate in visual associative memory 
or, alternatively, carry to the central complex information about such learned associations. 
 F5 neurons are described as having cell bodies lateral to the mushroom body calyces that 
provide processes to “undifferentiated” protocerebral neuropil, from which axons supply a 
superficial stratum of varicose processes in the fan-shaped body (Li et al., 2009). Liu et al, 
(2006) describe three “F5” neurons ending at two levels in the upper division of the fan-shaped 
body (Liu et al., 2006). However, judging from the different areas of the superior protocerebrum 
through which their dorsal processes arborize, each of the three “F5” neurons, though supporting 
the same function, appear to be different cell types. Indeed, a neuroanatomical study of “F5” 
neurons using flip-out clonal analysis has proposed at least two kinds of F5 neurons based their 
distinctive protocerebral arborizations (Li et al., 2009).   
 The recognition of such differences amongst what appear to be neurons with similar 
arrangements in the central complex is crucial for identifying what and where circuits are located 
that provide specific information to it. That subtle morphological distinctions are important for 
interpreting function comes from studies of another type of neuron, called “F1,” which supports 
the learned discrimination of contour orientation. An F1 neuron described in Li et al. (2009; loc. 
cit. Fig. 7a), using the enhancer trap line NP6561, has tangential endings in stratum 1 of the fan-
shaped body. So too does the “F1” neuron described by Liu et al. (2006; loc. cit. Fig. 5C) from 
the line NP6510, However, comparison of these two “F1” neurons, show them to be 
morphologically distinct. The “F1” neuron resolved in line NP6510 relates to an arbor in the 
superior protocerebrum whereas the “F1” neuron resolved in line NP6561 has a fan-like 
arborization arising from an axon entering the fan-shaped body through the narrow canal of the 
ellipsoid body. Thus, although tangential neurons may indeed have nearly identical terminal 
morphologies in the FB, such similarity can be deceptive.  
 What the F5-like neurons share in common is having branches in the superior 
protocerebrum linked by a stout axon to a tangential ending in the fan-shaped body. This generic 
organization corresponds to the one class of neurons described by Hanesch et al. (1989) from 
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Golgi preparations in Drosophila, and termed by those authors lateral fan-shaped neurons, so 
named because their axons approach the fan-shaped body from the side, instead of through the 
ellipsoid body canal. Young and Armstrong (2010) renamed these neurons ExFl2 (for type 2, 
extrinsic, lateral fan-shaped neurons) and used Gal4-UAS to drive expression of fluorescent pre- 
and postsynaptic markers in them. From evidence based on the expression of the presynaptic 
marker nsyb, they proposed that tangential processes of ExFl2 neurons in the fan-shaped body 
are presynaptic. Indeed, all the tangential neurons described here from Neobellieria, have 
uniformly varicose, blebbed or beaded terminals, suggesting that they are exclusively 
presynaptic. However, as shown by Young and Armstrong (2010), sites expressing the 
postsynaptic marker Dscam on the protocerebral branches of the ExFl2 neuron suggests far 
fewer postsynaptic specializations than would be expected for such an elaborate branching 
morphology (compare Fig. 13A and 13E in Young and Armstrong, 2010). Li et al. (2010), using 
a reporter line that selects for presynaptic proteins, unambiguously labeled presynaptic sites on 
the branches of F5 neurons in the superior protocerebrum.  
 Thus, taken together, the accounts of Young and Armstrong (2010) and Li et al. (2010) 
demonstrate that the protocerebral branches of “tangential” neurons are both pre- and 
postsynaptic; they do not merely receive inputs, but are involved in local computations at that 
level. As pointed out by Meinertzhagen (2010), there are many electron microscopical analyses 
showing that purely postsynaptic dendrites in the insect central nervous system are less common 
than branches having both polarities, and that the coexistence of pre- and postsynaptic sites on 
the same “dendritic” branch suggests its participation in microcircuits.  This general aspect of 
neuron morphology returns us to the question of exactly where “F5” neurons are most likely 
participating in circuits that support learned visual discrimination. Their genetic rescue does not 
only re-establish their participation in circuits within the fan-shaped body, but also re-establishes 
their participation as pre- and postsynaptic elements in local circuitry within the superior 
protocerebrum. 

 
 

Figure 9. Summary diagram illustrating that tangential neurons shown in Figures 3-6 occupy distinctive 
protocerebral domains. Each arborization occupies a broad lateral expanse within one or more protocerebral lobes, 
but extends through only 15-45 µm through the depth of its domain. Superimposed domains (Figs 5D+6D, Fig. 
6D+6E) further demonstrate that the protocerebrum is composed of distinct but partially overlapping territories. 
Unoccupied volumes suggest that there are likely more neurons that are as yet unidentified at this level of the brain. 
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Asymmetry of the central complex and memory retention. 
 
We have identified a pair of neuropil domains deep in the fan-shaped body, termed the 
asymmetric bodies (see below), which show high levels of expression of anti-synapsin. 
Examination of 14 individuals showed all of them to possess asymmetric bodies, where one body 
is larger than the other, with the smaller of the two often fragmented. This asymmetry is reflected 
by innervation supplied by collaterals that originate from certain tangential neuron endings in the 
FBu: even when tangential neurons provides bilaterally symmetrical terminal ensembles in the 
FBu, only the larger of the two asymmetric bodies receives collateral input. Observations of 
Calliphora erythrocephala also resolves asymmetric bodies (Fig. 7B), demonstrating their 
presence in this species as well.  
 A recent study of the central complex of Drosophila melanogaster (Pascual, et al 2004) 
was the first to identify left-right asymmetry of a pair of neuropil domains (which they originally 
termed the “asymmetric bodies”) at the lower margin of the fan-shaped body. Behavioral screens 
of wild-type Drosophila showed that a small minority of individuals, in which these bodies were 
aberrantly symmetric, was deficient in long term-memory. This observation finds a counterpart 
in mice where defects of a natural hippocampus asymmetry, leading to symmetric organization, 
also result in impaired spatial learning (Goto et al., 2010). In Zebra fish, asymmetry of the 
habenular nuclei have likewise been ascribed to spatial memory functions (see, Bianco and 
Wilson, 2009).  
 We propose that the asymmetric bodies of N. bullata are homologues of the asymmetric 
bodies of D. melanogaster described by Pascual et al. (2004). It will be of some importance 
when further homologues of these asymmetric domains are identified in other insect orders. 
Furthermore, because the central bodies have been implicated in visual memory (Liu et al., 
2006), the role of the asymmetric bodies in memory retention deserves intense study, particularly 
in the light of their direct supply by tangential neurons originating in the superior medial 
protocerebrum. 
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