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ABSTRACT 

In dipteran brains, a motion sensitive but color insensitive, 

pathway consists of large diameter neurons, organized as a precise 

retinotopic map. Several cell classes can be uniquely identified by 

their shapes, projections and relative positions in the neuropil. 

Morphological comparisons of small-field neurons in the second 

visual neuropil, the medulla, in 16 dipteran taxa reveal that those 

neurons that are involved in elementary motion computation are 

conserved in aspects that are expected to contribute to the 

functional pathway, but vary moderately in shape and cell 

decorations. On the other hand large-field neurons of the third 

visual neuropil, the lobula plate (LP), vary considerably in their 

numbers, shapes and positions within the mosaic. Those are 

neurons that integrate information from arrays of HMDs in a taxon-

specific way. Because of the map-like organization of this neuropil, 

differences in cell size, architecture and cell number are of major 

functional consequence. Character evolution studies suggest that 

specific LP organizations are indeed tightly connected with specific 

functional properties; namely, differences that influence flight 

behavior. For example, the comparison of isomorphic vertical cells 
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against hovering flight reveals multiple parallel origins of these 

two character traits. Other characters are closely associated with 

phylogenetic hypothesis, and no evolutionarily associated 

functional characteristics have been found. A parsimony analysis 

based on 32 neuroanatomical characters shows close similarities 

with conventional literature-derived hypotheses, suggesting the 

systematic value of neuroanatomical characters. 
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CHAPTER 1: GENERAL INTRODUCTION 

1.1 IDEOLOGY AND ORGANIZATION 

Vision plays a crucial role in stabilizing an insect's body during 

flight and in directing aerobatic skills of rapidly flying insects 

(Collet and Land, 1975; Egelhaaf 1985 a, b; Land 1993 a, b). During 

flight, imposed perturbations of the intended path, and the 

consequent displacements of the moving visual scene, are detected 

by the visual system and result in rapid compensation through its 

connection to the flight motor. Such optomotor reactions are seen 

in all flying insects but, in terms of cellular and functional 

organization, they have been best studied in a few species of flies. 

However, the order Diptera comprises 128 families of flies (Fig. 

1.1), whose flight styles and general morphologies vary 

considerably, each imposing specific demands on the organization 

of the computational system that underlies visual control of flight. 

This dissertation investigates the anatomical organizations of 

computational systems underlying optomotor reactions, comparing 

cellular arrangements in a variety of different species. 
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Fig.l.l: Phylogenetic relationship of all dipteran families. Thick 
lines indicates families that are investigated in this dissertation. 
Reconstruction after Wood and Borkent, (1989); Woodly (1989); 
McAlpine (1989); Wood (1991); Sinclair et al, (1993) and Cumming 
et al (1995).  Camera lucida drawings of insects i l lustrate the 
morphological variety of investigated taxa. 
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A general overview on the organization of motion detection 

systems, and an outline of the anatomy of the reference species 

Calliphora erythrocephala will  prepare the reader for this 

comparative study. Four different aspects and questions will be 

discussed in four consecutive chapters.  These are: (1) the 

phylogenetic conservation of elementary motion computation 

circuits (EMDs); (2) the anatomical differences with respect to fl ight 

behaviors of giant lobula plate neurons which integrate inputs from 

EMDs; (3) the phylogenetic inferences that are suggested by the 

motion computation pathway; and (4) hypotheses of the evolution 

of specific neural characters and their association with other non-

neural factors. 

1.1.1 Explanation of thesis format 

Appendix A describes a detailed investigation of neurons that are 

involved in the elementary motion computation circuit  of 10 taxa. 

The paper,  which was co-authored by Nicholas J.  Strausfeld has 

been published in the Journal of Neuroscience (vol.  16: 4563-

4578),  in August 1996. A detailed summary in conjunction with 
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additional original data is presented in chapter 2. The co-author 

contributed with discussion, the schema for Fig. 1 and substantial  

revision of the manuscript,  but I  performed the analysis,  

contributed all  the figures and wrote the first  draft  of the 

manuscript.  

Appendix B describes a detailed investigation of wide field collector 

neurons of the lobula plate of 16 taxa. The paper has been co-

authored by Nicholas J .  Strausfeld and it  has been submitted to the 

Journal of Comparative Neurology in October 1996. A detailed 

summary in conjunction with additional original data is presented 

in chapter 2.  N.J.  Strausfeld contributed with discussion. Fig.  4 and 

15, and substantial  revision of the manuscript,  but I  performed the 

analysis, contributed all other figures and wrote the manuscript. 
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1.2 LITERATURE OVERVIEW AND BACKGROUND 

1.2.1 The importance of motion detection 

Motion detection is central to vision. The behavioral consequences 

of motion detection obtain different levels of sophistication 

throughout the animal kingdom. Motion detection has been viewed 

as essential  for almost all  vision. Even in some primates and 

humans that respond to objects that do not move (Kandel,  1991),  

an image held sti l l  on the retina fades if  the retina is i tself  

immobilized. Motion detection has functional importance not only 

in the actual detection of moving objects or the moving 

environment, but also in the process of depth perception b y 

parallax and figure -  ground discrimination. During the movement 

of the eye, head or body, the images of objects within the visual 

field moves across the retina. The speed of the movement of a 

stable image across the retina depends on its distance from the eye, 

nearby objects appearing to move more rapidly than distant ones. 



21 

The primary focus of this dissertation is on the pathway for the 

detection of self movement, a stimulus which is characterized by 

coherent movement of large parts of the visual field.  The detection 

of this type of visual motion is particularly important for flying 

organisms, that have to extract information about their position 

and orientation rapidly along all  three axes in space. Several steps 

of computation within each eye, and specific comparisons made 

between the two eyes, are necessary to accomplish the detection of 

global or panoramic motion. Displacement of the panorama 

signifies a change of position by the body, leading to compensatory 

actions by the neuromuscular system. In addition to the detection 

of panoramic motion, the organism is also able to detect relative 

motion and hence gauge distance, and local motion, such as could 

be produced by a target moving against the panorama. How does 

the nervous system detect and distinguish such temporally and 

spatially overlapping components using its two- dimensional array 

of photoreceptor cells of the retina? 

To illustrate the complexity of this problem, let us consider the 

following: During visual pursuit  behavior,  panoramic, relative and 
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local motion contribute simultaneously to the perceived scene. A 

male fly chasing a female has to maintain chasing and interception 

while monitoring visual balance and depth perception; that is 

maintaining a steady fl ight path and avoiding obstacles.  In order 

to get some idea of how the nervous system can disassemble the 

complex pattern of the retina,  we first  have to understand the 

initial  step of motion computation, the detection of elementary 

movement units. 

1.2.2 Models for elementary motion detection 

Several different models, based mainly on two principles have 

been suggested for the computation of moving stimuli  on the 

retina.  The first  type of model suggests that computation is based 

on a pair - wise comparison of two receptors measuring the rate of 

change in their signal strength. This type of movement detector 

has been investigated mostiy for artificial  vision, and some major 

deficiencies have been pointed out for biological systems (Horridge 

1989).  Although that kind of model could describe circuits that 

respond equally well  to dark and light moving objects,  i t  is  strongly 



dependent on a gradient in the stimulus. Thus such a motion 

detector would do badly in regions of the visual field with low 

contrast ,  or in detecting objects with sharp edges.  Furthermore, 

noise in the input signal would be strongly amplified, and in 

contrast  to real biological systems, the detector would not 

distinguish flicker stimulation from motion (Horridge, 1989). 

The second class of motion detection models, which finds much 

better support in biological systems, is based on the correlation of 

two neighboring detectors,  the first  involving a signal delay such 

that the input from the second channel can temporally converge 

with that of the first. This model was first described b y 

Hassenstein (1959),  and has been modified several t imes since. 

There are three principal circuit  requirements for such a 

directional selective movement detector:  1) two, spatially 

separated inputs,  2) a non-linear interaction between the two 

inputs,  and 3) an asynametry in processing by the two components,  

resulting in a slight t ime delay in one of the components (review: 

Borst and Egelhaaf, 1989). An elementary motion detector (EMD) 

based on these principles,  due to i ts non-linear interaction. 



responds maximally to stimulation with a pattern of a certain 

spatial  and temporal separation. In contrast  to the gradient model,  

and assuming that the subtraction of the two antagonistic units is 

not mathematically perfect,  i t  should also respond to fl icker 

stimulation, and should respond well to sharp edges. In a biological 

system, several testable predictions arise from this basic 

arrangement.  For example, the response should be independent of 

transient or steady-state conditions; the detector should respond 

only to the fundamental and second harmonic; the signal should be 

constant under constant stimulation (Egelhaaf et  all  1989) and 

pattern oscillation with high frequency should lead to characteristic 

distortions (Egelhaaf and Borst 1989). 

Until recently (Douglass and Strausfeld 1995, 1996) the response 

characteristics of single HMD's have only been measured at  the 

level of higher integrating intemeurons in the lobula plate. A 

single HMD can be activated by directing brief sequential  l ight 

flashes into photoreceptors of the two EMD channels. This local 

detector response has been demonstrated from recordings of the 

type HI wide field tangential  neurons. If  two neighboring 
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photoreceptors are stimulated with a slight time delay, a single 

EMD will  interpret the two flashes as a moving object,  and thus 

respond to it providing a depolarization in HI (review: Franceschini 

et al, 1989). It can be demonstrated that the total response is a 

non-linear combination of the two individual responses (Bult et al., 

1989).  Further evidence for the characteristics of EMDs has been 

derived from the response properties of wide- field integration 

neurons, the horizontal neurons of the lobula plate (HS cells). 

Under visual stimulation through a narrow slit, either with a 

moving object or a flicker stimulus, the response of HS cells 

matches strikingly well with the simulated response of an EMD, a s 

derived from the correlation model (Egelhaaf et  all  1989).  

Furthermore, response characteristics have been found in several 

vertebrate systems (Holub and Morton-Gipson, 1981),  that suggest 

similar neuronal computations for elementary motion exist in 

manunals.  Results are also consistent with human psychophysical 

experiments on apparent motion and recordings from the 

geniculostriate system of primates (Nakayama, 1985). 
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While all these results strongly point to a common mechanism for 

movement detection among phylogenetically distant groups, the 

next important question to resolve is the cellular and synaptic 

nature of the actual EMD. 

1.2.3 Structural correlates to HMDs in vertebrates 

In the vertebrate retina, visual information is processed through 

successive layers of convergence and divergence of retinotopic 

neurons: photoreceptors, bipolar cells and ganglion cells (Sterling et 

al. ,  1986).  Two types of photoreceptors,  rods and cones,  supply 

bipolar cells which, in turn, terminate at the dendritic field of 

ganglion cells.  Within the retina there are two types of primarily 

horizontally oriented neurons, the processes of which interact with 

planar arrangements of retinotopic neurons. The more distal of 

these cells are situated in the outer plexiform layer and comprise 

the horizontal cells which connect several neighboring receptors at 

the level of their terminals (Wassle and Boycott ,  1991).  The second 

type are the amacrine cells.  These are situated at  the inner 

plexiform layer.  Their processes are extensive, and they establish 
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synaptic connections with bipolar cells as well as with ganglion 

cells and amongst themselves (Dowling 1979). Amacrine cells are 

essential elements in the computation of simple primitives which 

are then relayed centrally by ganglion cells. In many mammals, 

retinal ganglion cells register simple stimuli such as non-motion 

center-surround with the primary motion detecting neurons 

residing in the visual cortex or superior colliculus. However, in 

certain vertebrates, such as in frogs and rabbits, motion detection 

is already processed in the retina. Recently, much attention has 

been drawn to specialized "starburst" amacrine cells in rabbit 

retina, because these, with ganglion cells, underlie the computation 

of directional motion in that species (Masland and Tauchi, 1986). 

In the rabbit retina, there are abundant amacrine cells with large 

fields of processes. These cells are characterized by star-shaped 

fields, surrounding the cell body. Acetylcholinesterase and other 

stains reveal their unusual location within the ganglion cell layer of 

the retina, where they contribute to about 30% of the total number 

of cells. If their function is solely as generally described for 

mammalian rod amacrine cells (the computation of input from light 
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"on" and "off sensitive ganglion cells; Daw et al., 1991), then the 

large dendritic field and high number of locally overlapping cells 

could not be fully explained. At any point the highly precise, dense 

meshwork, situated within a narrow plane, is contributed to by 3 0 

to 70 overlapping cells, depending on their location within the 

retina. This number would appear highly redundant. However, as 

has been speculated, the highly ordered repeating structure also 

contains similarly precise synaptic connectivity, it could represent 

a dense network of locally acting modules. Amacrine cells by 

definition do not possess axons, so information flow is local. 

Starburst amacrine cells are organized into two distinct layers, and 

it has been proposed that synaptic transmitter is released locally, 

in one of the layers, at the onset of a moving spot, and at the other 

layer at the offset of the moving spot (Masland and Tauchi, 1986). 

This is further supported by the finding that physiological 

receptive field of an amacrine cell is nearly the same size as its 

morphological field (Yang and Masland, 1994). Another feature 

which has drawn attention to these neurons is that, in addition to 

the excitatory transmitter acetylcholine (ACh), the starburst 

amacrine cells release the inhibitory transmitter GABA (y-
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aminobutyic acid). This is unusual, because in contrast to most 

other cases of neurotransmitter co-release, both are fast-acting 

transmitters (Miller, 1988). The significance of this particular case 

is that depolarizing and hyperpolarizing conductance occurring in 

adjacent patches of dendritic membrane could account for the 

mathematical non-linearity required for the computation of 

directional sensitivity (Ariel and Daw, 1981). In addition to this 

arrangement in the rabbit retina, symmetrical arrangements of 

acetylcholinergic neurons on both sides of the inner plexiform layer 

(Masland and Tauchi 1986) and co-releasing amacrine cells (Miller 

1988) have also been identified in several other vertebrates, 

including goldfish and some primates. Werblin et. al. (1988) found 

two distinct types of amacrine cells in tiger salamander retina 

slices, one with a narrow field, the other with a wide field of 

processes; GABAergic transmission is found in one of these two 

types. The two cell types appear to be connected to two 

populations of bipolar cell types and Werblin et al. (1988) have 

suggested that the local populations of these sub-units converge to 

form the receptive field of movement-detecting ganglion cells. 
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1.2.4 Small-field columnar neurons in calliphorids as 

possible candidates for elementary motion detection. 

In calliphorid flies, up to 70% of the brain's volume is contributed 

by the visual system (Strausfeld, 1976), which is organized into 

four major neuropils; the lamina (La), the medulla (Me), the lobula 

(Lo) and the lobula plate (LP; Fig. 1.2). The two neurotransmitters 

ACh and GAB A have been found within the first two neuropils, the 

lamina and medulla of the insect visual system (Anderson, personal 

communication; Meyer et al, 1986; Hardie, 1989), areas which are 

prime candidates for the location of HMDs. Motion sensitivity has 

been measured at the level of large field collector neurons in the 

LP (Hausen 1984), suggesting that the actual computation has to be 

made at a prior level. Uptake and accumulation of 3[H]2-

deoxyglucose (Buchner et all 1979; Buchner and Buchner 1984) 

during visual stimulation suggests that successive layers in the LP 

respond to successive direction and orientations of visual 

movement. 
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Fig. 1.2: Schematic organization of the visual system of Diptera. 
Four retinotopic neuropils (lamina, La; medulla. Me; lobula, Lo; 
lobula plate, LP) provide outputs to the mid-brain (Br) which 
supplies descending neurons (DN) that terminate in motor centers 
of the thoracic ganglia (Th). Neurons implicated in motion 
detection are shown in the inset. These are R1-R6 photoreceptors 
(R), large monopolar cells (LMCs), the transmedullary cells iTm and 
Tml, the centrifugal neuron C2, and the bushy T-cells, T4 and T5, 
which terminate in the LP at large field collector neurons. The 
lobula plate sends axons of collator neuron (CN) to the brain and 
contralateral lobula plate. 



At a finer level of resolution, specific levels in the medulla have 

been ascribed to directional motion versus flicker (Bausenwein and 

Fischbach 1992 a, b). Anatomical studies also suggest that the 

visual system is parsed into two processing streams (Strausfeld and 

Lee, 1991). An achromatic channel is suggested to consist of small-

field, relatively large-axon retinotopic neurons, each of which 

possess dendrites which sample a tiny area of the visual field. The 

best known of these neurons are the lamina monopolar cells LI, L2 

and L3 (LMCs), which receive input from the short terminal 

receptor cells Rl-6. LMCs originate in lamina columns (optic 

cartridges), reverse their horizontal linear order via the first optic 

chiasm, and end in the medulla at the level of dendrites of narrow-

field transmedullary neurons (iTm, Tml). Feedback to the lamina 

is provided from levels in the medulla by the centrifugal neurons 

C2 and C3 which arise firom each medulla colimin. Transmedullary 

neurons terminate at the dendrites of T4 and T5 cells (Strausfeld 

and Lee, 1991), that extend through a small group of adjacent 

medulla columns. T4 and T5 each terminate in one of four layers 

in the lobula plate, itself organized as a retinotopic map. Recent 

electrophysiological evidence suggests that the fundamental role of 



small-field medullary neurons is the computation of elementary 

motion (Douglass and Strausfeld 1995). T5 cells collect directional 

motion locally and relay this to wide field neurons in the LP. T4 

neurons relay non-directional motion (Douglass and Strausfeld 

1995, 1996). 

In this dissertation, comparison of 14 dipteran families will be used 

to test similarities and differences of the above pathway. 

Additional data supporting conservation of this functional 

organization of this pathway will be presented (see chapter 2 and 

Appendix A). 

1.2.5 Higher integration of motion 

When an animal moves through its environment, the spatial 

distribution of light intensities on the retina changes constantly. 

The resulting spacio-temporal patterns are a combination of visual 

displacement due to self movement (including eye and head 

movement) and due to relative motion of elements in the visual 

field. Thus, the basic patterns of movement on the retina 
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correspondingly consist of coherent retinal large-field movement 

concomitant with relative motion between objects and background. 

In both vertebrates and insects, HMDs are thought to be 

arranged in two-dimensional retinotopic arrays covering the entire 

visual field (review: Egelhaaf et al, 1988). Since each individual 

EMD is tuned such that it responds best to only one direction of 

movement, several such units should be required at each retinal 

location, in order to account for all directions of motion (Masland 

and Tauchi,1986). Each measurement of local motion results in a 

vector that contributes to a coherent output of a local array of 

EMDs. If a figure moves in a different direction than the 

background, the output of the corresponding subset of EMDs differs 

from that of the homogenous response of the background 

monitoring EMDs. Such incoherence must somehow be detected by 

collector neurons integrating different sets of EMDs. It has been 

suggested that certain types of collector neurons are specialized to 

monitor general movement of the visual panorama (i.e. the 

"background"), whereas others primarily monitor motion of small 

stimuli ("object motion") relative to the background. The former 

type of collector neurons are thought to enable the organism to 



orient during self-movement. This pathway has to function 

especially rapidly in flying organisms. 

1.2.6 Structural correlates of collector neurons in 

vertebrates 

As previously pointed out, only in some vertebrates does 

elementary motion processing takes place in the retina. One 

example is rabbits where directionally selective motion sensitive 

ganglion cells send their axons centrally from the retina (Masland 

and Tauchi, 1986). Ganglion cell axons project into the lateral 

geniculus nucleus (LGN), where magnocellular (M) motion 

computation units are anatomically separated from color sensitive 

parvocellular (P) units. Using cytochrome oxidase in primates, the 

distinct magnocellular pathway can be traced from the LGN into the 

layer 4a, 4b and deep parts of layer 6 of the visual cortex area V1 

(review: Kandel, 1991). From there they are further relayed to the 

thick stripes of V2. Passing V3 they are processed in the visual 

cortex area V5. In order to detect complex movements correctly, 

arrays of HMDs have to be specifically integrated in several steps. 
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resulting in complex cells. In the striate cortex of cats, complex 

cells have receptive fields that are composed of a number of sub-

units, which interact in a complex manner, resulting in a non-linear 

sunmiation of spatial information. Like certain tangential neurons 

in insects (see below) they are especially tuned to large field 

motion (Movshon et al. 1978). Recordings from other neurons 

reveal cells which are specialized for recognition of a moving object 

For example, cells situated in the cerebellar flocculus respond 

during visual pursuit movement, and again are functionally 

reminiscent of specific fly cells (MLG neurons; see below). 

1.2.7 Structural correlates in calliphorids: large-field 

tangential neurons 

Behavioral experiments, using tethered flying insects on a torque-

meter situated at the center of a rotating drum have been used to 

demonstrate that insects try to follow the direction of wide-field 

motion. This behavior is called an "optomotor response" (e.g. Collet 

1980; Hansen 1984; Preiss and Spork, 1993). Recent studies 

suggest that two crucial cell systems underlie this response: T4 
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cells, which respond to motion independent of direction, and T5 

cells which respond selectively to the direction of motion (Douglass 

and Strausfeld, 1995, 1996). Both cell types terminate at the 

dendrites of large, wide-field tangential neurons (Douglass and 

Strausfeld 1995), of which several morphologically and 

physiologically distinct classes have been described. Certain of 

these, such as the "HS" or "VS" and 'TD" neurons (see below) have 

been ascribed to a variety of optomotor behaviors (Hansen and 

Egelhaaf 1989, Strausfeld et al 1995). The most prominent neurons 

of the LP are the large- diameter horizontal (HS) and vertical (VS) 

motion-sensitive collector neurons, which are anatomically distinct 

and which are thought to contribute to visual compensation of yaw 

(HS), pitch, and roll (VS) movement (Strausfeld 1984, Hausen, 

1984). 

Activity-dependent uptake of 3[H]2-deoxyglucose can be used to 

differentiate this neuropil into four direction- and orientation-

specific layers (Buchner et al., 1984) that correspond to the depth 

of different tangential neurons. In calliphorids, the outer layer of 

the LP contains three large horizontal (HS) neurons, which respond 
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to horizontal visual motion stimulation and have their main 

dendritic branches oriented predominantly along the horizontal 

axis of the retinotopic map (Hausen 1982 a, b). A further 

subdivision in the outer LP stratum is that neurons responding to 

front-to-back (progressive) motion are succeeded in depth by other 

tangential neurons which respond to back-to-front (regressive) 

motion. The inner layer of the LP is likewise subdivided into strata 

in which neurons successively respond to upward or downward 

vertically oriented visual motion stimulation. In Calliphora this 

deeper level is dominated by a heteromorphic set of 11 vertical 

(VS) cells, that generally extend their major branches along the 

vertical plane (Hengestenberg 1977, 1982; 1984; Egelhaaf 1985 a, 

b). Certain VS cells have some dendrites in the HS layer, where 

they subtend the upper and frontal part of the visual field. 

Ventrally, VS cells have dendrites in the deeper LP layer. Besides 

HS and VS neurons, whose dendrites are mainly confined to two 

very separate zones, other tangential cells define intermediate 

strata, and it has been suggested that they respond to oblique 

orientations of motion (Eckert and Bishop 1978). In calliphorids, 

the extremely large axons (8-20 |im in diameter) of HS and VS 



neurons tenninate posteriorly and ipsilaterally in the lateral 

deuterocerebrum, where they give rise to axon collaterals that are 

distributed amongst many descending neurons (DNs) where they 

establish electrical and chemical synapses (Strausfeld and Bassemir 

1985). VS neurons converge with ocellar interneurons onto 

descending neurons and motor neurons associated with the neck 

motor system (review, Strausfeld, 1996). HS and VS cells both 

provide inputs to DNs supplying flight motor neuropil in the meso-

and methathoracic ganglia. DN's also receive input from other 

sensory modalities (Hengstenberg 1988; Gronenberg and Strausfeld 

1991, 1992). The notion that HS and VS neurons are involved in 

visual stabilization also comes from studies on the Drosophila 

mutant optomotor blind (opm), in which VS and HS cells are absent, 

while the brain otherwise appears normal. Behavioral observations 

demonstrate that the mutants show major deficiencies in 

optomotor reactions in response to wide field visuzd cues 

(Heisenberg et al., 1978). 

The response characteristic of another set of lobula plate neurons, 

the figure detection neurons (FDs), match the expectations for a 
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figure-detection system. An FD cell responds selectively to small 

objects moving rapidly from the front to the back of the visual 

field, but is inhibited if the size of the object increases (Hausen and 

Egelhaaf, 1989). Significant for the system is, that it is tuned to 

rapid movements. This can be observed in free flight during which 

the fly makes a sequence of rapid adjustment movements during 

visual pursuit behavior, rather than a smooth curve towards the 

object (review: Egelhaaf et al., 1988). Adjustment movements are 

remarkably similar to the nystagmatic movements of the 

vertebrate eye during visual tracking. Separate detection 

mechanisms for these two types of retinal movement pattems have 

been observed in a variety of visual systems, such as those of other 

insects and vertebrates, including man (review; Egelhaaf et al., 

1988). 

Another set of uniquely identifiable neurons has been found in 

male Calliphora and Sarophaga. These are the male lobula giant 

(MLG) neurons (Strausfeld, 1991; Gilbert and Strausfeld 1991). 

MLG neurons are enlarged in male individuals, and frequently have 

been discussed in connection with male specific chasing behavior 
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during courtship. Several MLG neurons show a specific directional 

sensitivity, preferably responding to small objects moving away 

from the upper midline of the visual field. In many ways their 

response is comparable to that of some of the lobula plate 

tangentials such as FD cells. However, anatomical staining and 

physiological recordings show that MLG cells receive their inputs 

only from a specialized visual region in front of the eye known as 

the acute zone (Gilbert and Strausfeld 1991). This zone has been 

shown to be important during chasing and interceptions during 

which the male fly attempts to stabilize the image of the female 

within the acute zone (Land and Eckert 1985). 

Each of the movement integrator systems is highly specific in its 

response characteristics, which also reflect a specific behavioral 

task. However, there is evidence that each integrator is supplied 

by a different, specific subsets of EMDs. Thus, one large array of 

EMDs subtending the entire visual field can subsequently 

contribute to successive levels of convergence and divergence to 

serve a variety of different higher- order neurons, each with a 
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specific location and dendritic morphology and each tuned to highly 

specific tasks (Fig. 1.3). 

A 
DORSAL VENTRAL 

xxxxxxxxxx 
B 
DORSAL VENTRAL 

XXXXXXXXXX 

Fig. 1.3: The array of elementary motion detectors (HMD's) subtends 
the entire visual field. A variety of different higher order collector 
neurons can differentially integrate signals from this array, from 
the entire array (A), or only from a part of it (B). 

1.2.8 The concept of identifiable neurons 

A "uniquely identifiable neuron" (Kupfermann and Weiss 1978) is 

defined as a specific neuron or type of neuron that is individually 

identifiable. Despite all of the functional knowledge that has 

already been acquired about vertebrate systems, arthropods are 

specially valuable for cellular studies because they contain 



uniquely identifiable neurons. Although insect brains are small, 

nevertheless they may comprise many hundreds of thousands of 

neurons, each type of nerve cell having a uniquely identifiable 

morphology, location, and contributing to a population of identical 

cells ranging from two to some thousand. It is also likely that each 

morphologically identifiable neuron is characterized not only by its 

gestalt but also by its physiological properties. As a rule, a specific 

type of neuron is recognizable in different individuals of the same 

species and in many cases can be detected amongst different taxa. 

Uniquely identifiable neurons are powerful indicators for 

comparative studies of neurons that may be homologous between 

different taxa. For example, this has been demonstrated for 

abdominal motor neurons of decapod Crustacea (Paul, 1989), giant 

neurons in descending pathway in flies (King, 1983; King and 

Vallentino, 1983) and lamina monoplar cells of flies (Shaw and 

Meinerzhagen, 1986; Shaw and Moore, 1989). 

While many examples of true homologies among neurons in 

different species Ccui be cited, there also exist, amongst closely 

related insect species, profound neuronal morphological 
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diversification, certain of which suggests a basis for clearly 

definable and taxonomically different motor programs. Whereas 

certain aspects of motor performance may be connected to 

behavioral or gross morphological adaptations, others may reflect a 

specific principle of organization, recognized as homologues 

between species. Thus, if a basic organizational "blueprint" can 

indeed be related to a specific behavior in one species, then we can 

legitimately ask if, and to what extent, taxon-specific differences in 

a behavior correlate with specific differences in neural 

arrangements. 

1.2.9 Phylogenetic, ecological and morphological 

diversity of Diptera 

Although the responses of individually identifiable neurons have 

been well investigated and extensively used for vision research on 

non-vertebrate model systems (see, Stavenga and Hardie, 1989), 

the overwhelming majority of such studies have been (1) 

correlated with a few highly stereotyped visually guided behaviors; 

(2) based on large LP collector neurons in representatives of only a 
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small number of closely related dipteran families that exhibit 

similar flight styles. However, the order Diptera contains more 

than 80,000 small to medium sized species (Remane at al., 1986). 

Collectively these perform a large variety of flight styles and 

acrobatic skills that must be expected to impose specific demands 

on the organization of certain parts of the nervous system (e.g. 

visual system). In this century several different systematists have 

worked on the classification of different suborders and families, 

frequently using morphological and fossil evidence (Griffiths, 1972; 

Rhodendorf, 1977). One of the first phylogenetically oriented 

classifications was performed by Hennig (1973). Diptera are 

divided into two major groups (Hennig, 1981): the often nocturnal 

or crepuscular Nematocera (e.g. mosquitoes, midges, crane flies, all 

with long multi-annulate antennae), and the usually diurnal 

Brachycera (e.g. hover flies, long legged flies, robber flies, bottle 

flies, all with short three-segment antennae), whose retinal and 

laminar organizations show specific morphological differences. 

More recently, classifications have been reevaluated and combined 

with newer data, resulting in the general acceptance of Brachycera 

and the Muscomorpha as monophyletic groups with the 
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Nematocera being a paraphyletic group at tlie base (Wood 1989). 

The taxonomic relationship of Nematocera has been described by 

Wood and Borkent (1989), and the 'orthorrhaphous' Brachycera 

have been re-classified by Woodley (1989), and the Muscomorpha 

by McAlpine (1989 b). This classification, combined with the link 

made between the Nematocera and Brachycera by Hackmann and 

V^sanen (1982), and more recent classifications by Sinclair et al 

(1993) and Gumming et al (1995), is the basis for the phylogenetic 

relationship of the dipteran families investigated here (Fig. 1.1). 

While the response of premotor descending neurons to optomotor 

stimuli suggests general and shared principles of organization 

within different insect orders (locusts: Hensler, 1992; moths: Rind, 

1983; flies: Gronenberg and Strausfeld, 1991,1992; dragonflies: 

Olberg, 1981, 1986, Frye and Olberg, 1995) the behavioral and 

morphological diversity of the order Diptera suggests there should 

be considerable variation in neural organization. Gomparisons 

across the Diptera appear to be especially useful in that this group 

exhibits a wide range of visually controlled flight behaviors, 

ecologies, and habits (Dowens, 1991). Gertain families are fairly 
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flexible in their life styles, being well adapted to live in different 

habitats and distributed in many climatic regions. Others are 

highly specialized and restricted to specific habitats. Within the 

Diptera, several different lines are specialized as obligate parasites. 

In some species, females need to approach a host to acquire a blood 

meal in order to initiate yolk production, making them a focus for 

research on vector- borne diseases. While most of the Nematocera 

are slow moving and have long appendages, some brachyceran 

species have refined their flight versatilities and aerobatic skills, 

including rapid target- oriented flight, elaborate in-flight visual 

courtship displays of males, and visual pursuit and interception 

(Land and Collett 1974). Many species have evolved adaptive 

behavioral specializations that drastically influence their flight 

behavior. One of these modifications, for example, is hovering 

flight which can be observed in many different families including 

drosophilids, syrphids or bombyliids. Other genera have evolved 

precise tracking capabilities which allow them to target conspecifics 

during flight. Tracking requires good vision and high 

maneuverability. These features can be found among 

phylogenetically distant families such as dolichopodids (Land 1993 
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a, b), tabanids and simuliids (Dowens 1991). In some species the 

male follows the female during courtship; in others the female has 

evolved specialized acuity for the pursuit of small targets. For 

example, the female of some bombyliid species follows an insect 

host in order to deposit her eggs at the nest entrance of the host 

(Hall 1981). In asilids, both sexes are adapted for target location 

and interception. 

1.3 CENTRAL QUESTION AND HYPOTHESIS 

Having outlined the functional organization of the motion sensitive 

visual pathway in the reference species Calliphora and having 

emphasized the ecological and behavioral diversity within the 

insect order Diptera, we can now use a comparative study in order 

to ask if and how specific evolutionary trends are reflected by the 

central organization of nervous systems - organizations to which 

specific behaviors can be ascribed. Comparisons between distant 

relatives, exhibiting similarities in external morphology and 

specific behaviors, with close relatives, exhibiting specific 
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differences in morphology and behavior, can suggest specific 

associations among external morphology, behavior, and neuronal 

organization. These can all be considered with regard to their 

evolutionary origin. Knowledge of the systematic relationship of 

the investigated species will allow us to evaluate whether specific 

neuroanatomical differences are likely to be manifestations of the 

evolutionary origin of the considered taxa, or whether they have 

evolved as adaptations to specific external demands on the nervous 

system. 

A detailed study of the motion-computation pathway can be used 

as a basis for this type of investigation. Questions addressed are as 

follow: what is conserved across taxa with respect to the 

organization of neuropils? Can we observe a higher level of 

conservation at the periphery of the system, among neurons that 

compute early elementary motion, than among deeper (more 

central) integrating collector neurons? Taking behavioral 

observations into account, can we ask if specific neuroanatomical 

arrangements can be related to specific visual behavior? And, 
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crucially, to what extent does the nervous system retain 

phylogenetic information in the pattern of neural architecture? 

The following specific questions are addressed in the following four 

chapters: 

1) To what extent is there anatomical variation amongst neurons of 

the second visual neuropil, the medulla? To what extent are 

neurons that contribute to the elementary motion computation 

conserved in evolution? Their similar organization can be 

interpreted as indicating the functional essentiality of these units 

to the oculomotor pathway. If elementary motion detection (EMD) 

circuits are found to comprise the same cell types in different 

dipteran lines, then the system can be assumed to have evolved 

prior to the radiation of the investigated lines (see chapter 2). 

2) To what extent can we observe anatomical variation amongst 

neurons of the third visual neuropil, the lobula complex? To what 

extent is the organization of higher integration-collector neurons 

conserved in evolution? Can differences in their anatomical 
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organization be related to ecological, morphological and behavioral 

differences of the investigated taxa? If different body shapes and 

flight performances place specific demands on the design of higher-

integrating neurons, it might be expected that comparison of a 

diverse group of flies reveals specific differences in the 

organization of the neural network (see chapter 3). 

3) What phylogenetic relationships are suggested b y 

neuroanatomical characters of the visual system, as assessed from 

the study of individually identifiable neurons? How does a 

cladistic analysis based on neural characters compare with 

conventional phylogenetic knowledge? If the signal in 

neuroanatomical characters, resulting from the evolutionary 

history of the investigated taxa, is sufficient to overrule the 

functionally plastic aspects of adaptive characters, then a 

phylogenetic analysis of neural characters should result in a 

taxonomic relationship similar to one derived from conventional 

systematics (see chapter 4). 



4) How does the evolution of specific neuroanatomical characters 

compare with the evolution of specific behaviors? Is there any 

evidence for neural changes driving adaptations in behavior, or the 

reverse case, behavioral demands driving the evolution of neural 

systems? If a parallel can be observed between specific behavioral 

aspects and specific neuroanatomical manifestations, then character 

analysis studies can be helpful to achieve a better insight in the 

evolutionary sequence of such characters (chapter 5). 

With these questions in mind, I examined the organization of the 

visual system in selected taxa that are representative of 

phylogenetic diversity (Fig. 1.1; heavy lines). Such diversity 

includes a variety of body forms, flight behaviors (Collett and Land, 

1975; Tricca and Tmjillo-Cenoz, 1980), luminance preferences, and 

transduction dynamics (Laughlin and Weckstrom, 1995). In some 

cases, differences in external morphology suggest variations of 

central organization relating to different behaviors. For example, 

the eye of male black flies (simuliids) and march flies (bibionids; 

Zeil 1983 a, b, c, 1986) have a dorsal male-specific eye region, that 

allows male flies to approach females from below during courtship. 
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The ventral eye of the male has an organization like the single eye 

of the female. This external division in the male carries through all 

four neuropils of the visual system. Several species are unique in 

terms of their visually guided flight behavior. For example, 

dolichopodids are capable of performing a highly acrobatic flight 

path, moving rapidly with frequent turns, and employing 

sophisticated visual tracking (Land, 1993 a, b). Other species, such 

as tabanids and glossinids, are known as agricultural pests and 

disease vectors. Their prey selection relies on precise visual 

orientation, and they are adept at avoiding the targets' tail and 

legs, which challenge the fly with rapid vertical and oblique 

movement. Differences in basic body morphology may play a 

major role in flight stability and thus should require different 

types of control systems. Calliphorids contrast in behavior as well 

as in body form with the elongated asilids. These two groups have 

very different aerodynamic properties, which must make different 

demands on the organization of the optomotor control system. 

Such morphological and behavioral differences should be reflected 

also at a neurobiological level. 
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CHAPTER 2: VISUAL MOTION DETECTION CIRCUITS IN FLIES: 

SMALL-FIELD RETINOTOPIC ELEMENTS RESPONDING TO MOTION 

ARE CONSERVED IN EVOLUTION. 

2.1 INTRODUCTION 

As explained in the preceding section, the optic lobes of Diptera 

consist of three regions: the lamina (LA), outer and inner medulla 

(ME), and the lobula complex, which is divided into the lobula (Lo) 

and the lobula plate (LP). This chapter is devoted to a species 

comparison of the medulla of 14 different taxa, and mostly 

represents a summary of Buschbeck and Strausfeld (1996a; see 

Appendix A). 

A visual sampling unit (VSU; Franceschini, 1975) consists of those 

photoreceptors that share the same optical alignment. There are as 

many VSUs as there are facets. Each VSU synapses onto a pair of 

large monopolar neurons (LMCs) in the lamina. The LMCs send 

axons across the first chiasma to the medulla, conserving but 

reversing the retinotopic array of VSUs in the medulla. The 
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medulla the second visual neuropil, in which each VSU is 

represented by a discrete column of relay neurons. Golgi studies 

suggest that, for any taxon, an invariant number of neuron types 

contribute to each column in the medulla. Of these neurons, a 

subset provides relays to the motion sensitive but achromatic 

neuropil of the LP. This pathway, by analogy with vertebrates, is 

here termed the magnocellular pathway. A parallel parvocellular 

pathway is represented by the R7/R8 photoreceptors. These 

function at higher intensities than R1 - R6 and have different 

spectral maxima. R7/R8 are associated with relays to the lobula 

(Strausfeld and Lee, 1991). In both systems, LMCs and R7, R8 

arborize at different but characteristic layers, thus giving rise to a 

highly stratified organization throughout the outer medulla. Their 

associa ted  in temeurons  a lso  branch a t  prec ise  s t ra ta  through the  

neuropil (Bausenwein and Fischbach, 1992). Reduced silver 

staining illustrates the dense mosaic of the medulla neuropil, 

showing the laminated appearance of the medulla at which lateral 

synaptic interactions occur (Fig. 2.1 left). These are provided by 

medullary elements, as illustrated in the right half of Fig. 2.1. 
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Fig. 2.1: Medulla architecture: Reduced silver staining (left) of 
Phaenicia sericata shows retinotopic columns of the medulla 
organized into distinct layers. These layers recieve contributions 
from a set of colunmar neurons, that are part of the elementary 
motion computation circuit. Golgi impregnation (right) portrays 
some of the same elements in the tabanid Tabanus spp. 



Activity- dependent uptake of radioactive deoxyglucose 

(Bausenwein and Fischbach, 1992 a, b) and electrophysiological 

recordings (Douglass and Strausfeld 1995, 1996) demonstrate the 

crucial role of magnocellular medulla neurons in the computation of 

elementary motion. Neurons of this pathway are the LMCs LI, L2 

L4, and L5, transmedullary neurons through the medulla (iTm, 

Tml), centrifugal neurons providing feedback to the lamina (e.g. 

C2), and bushy T cells (T4, T5) that arise at the endings of, 

respectively iTm and Tml and relay information about motion to 

the large- field collector neurons of the lobula plate (Buschbeck and 

Strausfeld, 1996a; Appendix A). 

If these above-mentioned neurons are indeed the main elements of 

the elementary motion computational circuit, then because 

movement perception is ubiquitous in visually guided insects one 

might expect the extreme conservation of this system among 

dipteran lines exhibiting very different visually oriented behaviors 

but having, in common, visually stabilized flight. 
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Using a variety of anatomical techniques (see Appendix A), I have 

compared individuals of 10 different families of brachyceran and 

nematoceran Diptera, in order to examine which medullary neurons 

are evolutionary well conserved. 

2.2 METHODS 

Many of the species investigated, such as the asilid Efferia spp. and 

bombyliids {Anthrax spp.. Villa spp.), were collected in the vicinity 

of Tucson, Arizona. Certain bombyliid and syrphid {Eupeodes spp.) 

specimens were collected in the Sonoran Desert of Mexico, close to 

Kino Bay, and others (Omidia obesa, Salpinogaster spp.) in Rara 

Avis-Selvatica and Estacion La Selva, Costa Rica, where the asilid 

Holcocephala was also collected. Tabanids {Tabanus spp.) were 

collected at the Gila National Forest, New Mexico; others {Scione 

maculipennis) at Rara Avis-Selvatica, Costa Rica, and in the vicinity 

of Bright, Victoria, Australia. Culicids (Aedes aegypti) were 

obtained from the laboratory colony of the Center of Insect Science, 

University of Arizona, and simuliids (Simulium vittatum) were 

provided from breeding facilities of Dr. E. Cupp, University of 
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Arizona. Glossinids (Glossina morsitans.) were kindly donated by 

Dr. S. Aksoy, Yale University. Phoenicia and Calliphora 

(Calliphoridae) were raised in the laboratory of Dr. N.J. Strausfeld, 

University of Arizona. 

Histological staining was performed using standard protocols as 

described in Buschbeck and Strausfeld (1996a). Neuron 

reconstructions were prepared from Golgi impregnations using a 

camera lucida. 

2.3 RESULTS 

Comparison of the optic lobes of calliphorids with those of 

glossinids, two species of syrphids, two species of asilids, 

bombyliids, dolichopodids, tabanids, simuliids, tipulids, and culicids 

shows that in all species, the medulla is organized into two 

concentric layers. These layers are sepeirated by large oblique 

fibers of the serpentine layer. Staining of individual neurons 

reveals the existence of the major components of the elementary 

motion computation pathway in all investigated species. Fig. 2.2 
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illustrates medullary neurons of two syrphid species (Omidia obesa 

and Salpinogaster nigra) and one asilid {Holcocephala spp). For all 

other reconstructions, see Appendix A. Detailed comparison of the 

precise anatomy of individual elements also shows minor cross-

family variation in the morphology of pre- and postsynaptic 

decorations and in the absolute depth of side branches through the 

neuropil. However, if interspecific comparisons are standardized in 

terms of percent medulla depth at which individual sets of 

decorations occur, differences of depth are found to be relative to 

the depth of the neuropil, rather than between the neurons. For 

example, in all the Brachycera L2 terminals match the depth of the 

outer dendritic processes of the trans-medullary projection neuron 

Tml, independent of medulla depth. 

Fig. 2.2 (next page): Reconstruction of conserved medulla neurons 
in two syrphids and one asilid species, based on Golgi 
impregnations. Although distinct, species specific differences, such 
as the varicose lobe like terminals of LI, can be observed in neural 
decorations the basic shape and characteristic gestalt of a subset of 
medullary neurons remains conserved in all investigated species. 
Those elements have been suggested to play a fundamental role in 
elementary motion computation. A: Ornidia obesa, (Syrphidae); B: 
Salpinogaster nigra, (Sjophidae); C: Holcocephala spp. (Asilidae). 
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Indeed, the match between these layer relationships is so precise 

and detailed that it is suggestive of functional contiguity between 

L2 and Tml, and between LI and ITm (Fig, 2.3). This is further 

supported by densitometric measurements that provide, at finer 

resolution, matching peaks and troughs of postsynaptic dendritic 

spine density and corresponding presynaptic varicosities (see 

Appendix A). 

Fig. 2.3 (next page): Conservation of depth relationship of specific 
medulla neurons involved in motion computation. Multiple depth 
measurements have been averaged, and here demonstrate the 
actual depth of the decorations for each species of neurons. The 
basic layer relationship appears conserved. For example, in each 
case the dendritic arborisation of Tml cells coincide in depth with 
varicosities of L2. Likewise, processes of LI coincide with those of 
L4, L5, and iTm. A: asilid; B: dolichopodid; C: tabanid. 
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2.4 CONCLUSION 

Comparison of the magnocellular elements across major dipteran 

taxa reveals considerable conservation of their morphology and 

layer relationships. Measurements of the absolute depth of 

varicosity, or the dendritic fields of individual neurons, reveals 

some minor difference in the absolute depth of arborization of 

individual neuron types among the different species. However, the 

functional significance of such minor changes is questionable, since 

the relative layer relationships among these magnocellular 

elements remains conserved. This high level of conservation 

indicates the functional importance of these investigated elements, 

which, although previously were assumed to be part of the 

elementary motion-computation system had only been investigated 

in two clearly related calliphorids. Their occurrence in all the 

investigated species indicates the establishment of the pathway 

prior to radiation of the investigated taxa, at least 240 million 

years ago (Hennig, 1981). 
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CHAPTER 3: VISUAL MOTION AND FLY BEHAVIOR: THE 

SIGNinCANCE OF PHYLOGENETIC VARIATIONS OF LARGE FIELD 

TANGENTIAL NEURONS BSf THE LOBLTLA PLATE. 

3.1 INTRODUCTION 

This chapter refers to a multi-species comparison of the 

organization of the third visual neuropil, the lobula complex. 

Although I will present some original data, mostly it is a summary 

of Buschbeck and Strausfeld (1996b, submitted; Appendix B). Cells 

under consideration here are the large tangential neurons of the 

lobula plate (LP), the neuropil that is supplied by isomorphic 

Eirrays of T4 and T5 cells, from the medulla. In Calliphora, that is 

the reference species for this study, T4 and T5 neurons terminate 

in four layers in the lobula plate, which itself is organized as a 

retinotopic map. The depth of T-cell endings correspond to the 

levels of dendrites of large, wide-field horizontal (HS) and vertical 

(VS) motion-sensitive neurons that are thought to contribute to 

visual compensation of yaw (HS), pitch and roll (VS) movement 

(Hausen, 1984). In Calliphora erythrocephala, these neurons are 



characterized by dense arrangements of dendrites covering much 

of the projected retinal mosaic, leading to large rapidly conducting 

axons. These end on premotor neurons that supply flight motor 

neuropils. The arrangement strongly suggests that HS and VS 

neurons are cardinal elements in visually stabilized flight. 

Considerable diversity in flight acrobatics and flight style among 

different dipteran lines makes the comparison of lobula plate 

tangential neurons in different taxa of particular interest. 

3.2 METHODS 

The lobula plate organization was investigated in 16 different taxa, 

as described in chapter 2, and in Appendix B. Histological staining 

was performed using standard protocols (see Appendix B). Most 

neuron reconstructions are based on ethyl gallate staining, and were 

done with a camera lucida. Ethyl gallate stains the entire tissue and 

allows the reconstruction of all major profiles. 
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3.3 LP ORGANIZATION IN DISTANT RELATIVES, EXfflBmNG 

SIMILAR FLIGHT BEHAVIOR. 

Anatomical investigation reveals striking differences in the 

organization of tangential neurons between several brachyceran 

taxa (calliphorids, tachinids, drosophilids, conopids, glossinids, 

syrphids, asilids, bombyliids, dolichopodids and tabanids) and three 

nematoceran taxa (tipulids, simuliids, and culicids). In order to 

fully understand their neuroarchitectural relevance and taxon 

specific differences, individual neurons have been reconstructed 

and are illustrated in Appendix B. Here I present examples of 

histological staining for tachinids (Fig. 3.1 A), glossinids (Fig. 3.ID), 

drosophilids (Fig. 3.IB), syrphids (Fig. 3.1C), and dolichopodids(Fig. 

3.IE). 
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Fig. 3.1: Lobula plate organization in different dipteran lines. A: 
Ethyl gallate stain of VS neurons in a tachinid. These have larger 
diameters then most other species. B: Two Golgi-impregnated VS 
and HS cells in Drosophila melanogaster. C: Neurobiotin/HRP-
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impregnated large LP tangential cells in the syrphid Eupeodes spp. 
VS cells in all investigated syrphids are characterized by large 
axons, not only in the anterior but also in the posterior field of the 
lobula plate (arrow). D: Golgi-impregnated ventral HS cell in a 
glossinid. An array of small field monopolar cells in the medulla 
coompares their difference in size with tangential cells. E 
Likewise, similar size differences are demonstrated by a co-
impregnated T4 and HS cell in a dolichopodid. 

Detailed anatomical comparisons reveal common organizational 

principles presumably related to specific, but conmion visual 

performances. For example, in calliphorids, tachinids, drosophilids, 

and dolichopodids, VS neurons serving frontal eye fields are larger 

than those subtending lateral and posterior fields. These species 

are characterized by rapid forward flight, where the retinal image 

is stabilized in the frontal part of the retina. In comparison 

conopids, syrphids and bombyliids are capable of hovering flight, 

and some of them also fly sideways or backwards. Their LP's are 

characterized by an isomorphic distribution of uniform (often wide) 

diameter VS neurons. In asilids (robber flies), vertical cells cannot 

be identified at all. In these long-bodied, rapidly flying predators, 

neurons at the HS and VS level are arranged with their main 

branches oriented primarily horizontally. Dolichopodids are 
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capable of performing a highly acrobatic flight path, moving 

rapidly with frequent turns, and employing sophisticated visual 

tracking (Land, 1993). An investigation of the lobula plate shows 

at least three large, well developed HS neurons, and several VS 

neurons extending across it. Likewise, a giant neuron in the lobula 

of both sexes corresponds to the MLGl of male calliphorids (Fig. 

3.2A). A comparable large neuron is found in the lobula of 

Holcocephala spp. (Fig. 3.2B). Tabanids and glossinids are 

agricultural pests and disease vectors. Their prey selection relies 

on precise visual orientation, and they are adept at avoiding a 

target's tail and legs, which challenge the fly with rapid vertical 

and oblique movements. Both vector species are characterized b y 

more than the calliphorid complement of 3 HS cells and they also 

have densely packed VS profiles in deep layers of the LP. With 

respect to the organizational principles discussed above, it is likely 

that each specific organization relates to a specific function. Such 

species-specific organizations involve the number, distribution and 

size of HS- and VS- like cells. 



g 
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Fig. 3.2 (previous page): A: Reconstruction of a Golgi-impregnated 
giant lobula cell in a male dolichopodid. In dolichopodids and 
asilids, both predatory taxa, giant cells are found in males and 
females. Cells are reminiscent of the calliphorid male-specific MLG 
cell, thought to be important for controlling interception of the 
female by the mal (Gilbert and Strausfeld, 1991) B: Ethyl gall ate 
stain of a large lobula neuron in the asilid Holcocephala spp. 

However, in addition to such presumably behaviorally relevant 

neural arrangements, other taxon-specific characteristics are found 

that appear to relate to the systematic position of individual taxa. 

For example, the dendritic tree of HS cells in several closely related 

brachyceran species is more "bush-like", than those of either 

species of asilid, where HS-like neurons are characterized by a 

large diameter stem with many side branches (see Chapter 4). The 

functional significance of a "tree-like" versus a "bush-like" 

architecture is unclear. 

In certain basal Nematocera, the LP lacks discrete layers. Tipulids 

and culicids possess small lobula plates containing only 2-3 large 

diameter neurons which, like HS and VS cells, terminate 

ipsilaterally in the dorsomedial deutocerebrum. 
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Fig. 3.3: Unique sets of horizontally and vertically oriented large 
fibers at the posterior margin of the medulla of a male simuliid. A: 
overview of the right optic lobe; _B: detailed illustration of giant 
fibers. 

Their LP organization is very different to that of simuliids and 

bibionids, the males of which follow females during courtship, and 

whose LP's characterized by giant neurons. In addition to giant 

lobula plate neurons, simuliids also contain unique sets of large 

horizontally and vertically oriented fibers that are located at the 

posterior margin of the medulla (Fig. 3.3 A, B) 
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3.4 LP ORGANIZATION IN CLOSE RELATIVES EXHTOITING 

DIFFERENCES IN FLIGHT BEHAVIOR. 

If similarities in LP organization amongst unrelated species are 

correlated with similarities of visual behaviors, differences should 

be found amongst close relatives that exhibit profoundly different 

visual behaviors that are expressed as different "flight styles". I 

have therefore compared the organization of HS and VS neurons 

among two species of syrphids and two species of asilids, each pair 

differing in aerodynamic shape and flight style. 

The syrphid species Omidia obesa (Fig. 3.4A) is characterized by a 

short stubby body. It flies rapidly through open areas as well as in 

primary rain forest. If threatened, it responds with a fast curved 

flight, which differs markedly from that of the elongated wasp-

shaped species Salpinogaster nigra (Fig. 3.4B). This fly, if 

disturbed, flies amongst very dense grass where it is obscured. 

This latter behavior requires a precise hovering and slow flight, 

since the gaps between blades of grass are extremely narrow, 

sometimes not exceeding a few cm. 





Fig. 3.4 (previous page): The two syrphid species Ornidia Obesa (A) 
and Salpinogaster nigra (B) vary considerably in gross morphology 
and behavior. While the former is short and stubby, the latter is 
elongated and slender, presumably mimicking a wasp. D: The 2x2x4 
m field cage used for measuring flight speeds.. 

Measurements of flight velocity were made ina2x2x4m 

portable field cage (Fig. 3.4C). Insects were captured individually, 

kept in a small glass vial and consequently released from either the 

right or the left front comer of the cage. Insects left the vial, flying 

forward and upward into the cage, usually landing on its ceiling. A 

20 X 20 cm grid along the walls of the insect cage was used to 

calculate the length of flight paths. The flight time was recorded 

with a Dictaphone, and measured with a stopwatch. Although the 

tortuosity of individual flights were not directly measured, they 

did not appear to be markedly different for the two species. Each 

insect was tested four times and at least 10 individuals of each 

species were tested. The flight speed was czilculated, and t-tests 

(for two samples assuming unequal variance) were performed. 

Measurements were performed in three different scenarios. Fig. 

3.5 A and 3.5 B illustrate the distribution of individual flight 

velocities measurements at an open area, the cage either facing 

115° or facing 205°. 
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Fig. 3.5 (previous page): Flight speeds of the two syrphids Ornidia 
obesa and Salpinogaster nigra were measured in different settings 
and compas directions. A: open area, cage directed towards 115°; B: 
open area, cage directed towards 205°; and (C) under the closure of 
primary forest canopy. 

T-tests resulted in t=9.98 (df=14; p<0.001) and t=9.29 (df=26; 

p<0.001) respectively. Fig. 3.5C illustrates the results of the same 

experiments conducted under a closed canopy within the forest, 

resulting in a t-value of 9.58 (df=26; p<0.001). Although there are 

minor differences in absolute flight speed between the different 

habitats, in each case differences between the two species are 

highly significant, the short-bodied Ornidia (well adopted for zig-zag 

flight) being faster than the elongated Salpinogaster, which is 

relatively stable for pitch and yaw. Histological staining in both 

cases shows four HS cells covering the LP. Ornidia obesa is also 

characterized by one HS like neuron (Fig. 3.6A) among VS neurons 

that otherwise, like Calliphora VS cells are characterized by two 

vertically oriented major branches. In comparison, the elongated 

Salpinogaster nigra has VS cells that are characterized by one large 

profile projecting ventrally, with several large diameter side 

branches (Fig. 3.6 B). For more anatomical details see Busehbeck 

and Strausfeld (1996b, submitted; Appendix B). 



Fig. 3.6 VS cells in two species of syrphids: A: Salpinogaster nigra 
typically has larger diameter profiles than Ornidia obesa (B). I n 
both cases profiles are equally thick in diameter in the anterior and 
the posterior part of the lobula plate. 

Likewise, two asilid species Efferia spp. and Holcocephala spp. 

have been chosen as representatives of two extremes of flight 

dynamics (ballistic and hovering). Holcocephala (Fig. 3.7 A, B) has 

been found amongst little grass patches inmiediately proximate to 

primary forest. 
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Fig. 3.7 The asilid Holcocephala (A) is characterized by its 
elaborated eyes (B). In the right half of the picture the cuticle has 
been removed, to expose the retina. During courtship the male 
darts towards the female (C), and then flies backwards and hovers 
behind the female (D). 
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There, these insects can be observed during prey capture or 

courtship behavior. Males have been observed to hover some 

distance behind the female. Subsequently they dart towards the 

female (Fig. 3.7 C) and, after a brief interaction, fly backwards to 

hover again at about the original location (Fig. 3.7 D). This 

sequence is repeated several times. 

In Efferia (Fig. 3.8 A, B) males usually sit on the ground, wait for a 

female to fly into their visual field, and then dart straight u p 

towards her. This flight pattern is reminiscent of their prey capture 

behavior, but clearly lacks any type of hovering flight or backward 

flight. 

Anatomical comparison of the HS layer of both species shows 

several HS-like cells whose main trunks reach further anterior than 

HS cells of calliphorids (Fig. 3.9A: Holcocephala; B: Efferia). Likewise, 

the organization of the deep LP layer is characteristic, revealing 

many Y-shaped neurons but no calliphorid like VS cells. 

Fig. 3.8 (next page) A: The asilid Efferia spp. is characterized by an 
elongated body. B: Front view of the head. 
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Fig. 3.9 (previous page) LP neurons in Holcocephala spp. (A) and in 
Efferia spp. (B). In both cases horizontally oriented processes are 
observed in the VS and the HS layer. 

All cells at both LP levels in Efferia are more reminiscent of 

calliphorid HS cells than VS cells (see Appendix B). Possibly, 

vertical arrangements might be less important in species having 

ballistic flight style and elongated bodies, that provide higher pitch 

stability. A detailed discussion is presented in Appendix B. 

3.5 CONCLUSION 

Layer relationships between lamina monopolar cell (LMC) 

terminals and retinotopic neurons (iTm, Tml and T4, T5) in the 

medulla are conserved across taxa (see Chapter 2 and Buschbeck 

and Strausfeld 1996a). In contrast, the present results suggest that 

differences of visually stabilized flight may relate to specific 

differences of neuronal arrangements of wide-field collector 

neurons that are supplied by inputs from HMDs. Collector neurons 

in different species integrate different arrangements of HMDs, each 

representing a discrete area of the visual field. Other anatomical 

d i f f e r ences  appea r  t o  be  l e s s  coup led  t o  a  spec i f i c  f unc t ion ,  bu t  
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instead are indicative of the phylogenetic relationships of the 

investigated taxa 
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CHAPTER 4: A MAXIMUM PARSIMONY ANALYSIS BASED 

NEUROANATOMICAL CHARACTERS PRIMARILY DERIVED FROM 

INDIVIDUALLY IDENTIFIABLE NEURONS AND NEURON TYPES. 

4.1 INTRODUCTION 

Comprising 128 fzimilies, the Diptera is one of the largest insect 

orders. Its members are extremely widely distributed and show 

great variety of morphology, ecology and behavior. Although 

considerable taxonomic work has been done on many of the 

dipteran families, the phylogenetic relationships of some of the 

major groups still remain the subject of debate. Early work by 

Hennig (1958, 1973), Rhodendorfer (1977), Steyskal (1974) and 

others has been summarized and modified by Hackman and 

Vaisanen (1982). However, the most comprehensive revision has 

been published in the Manual of Nearctic Diptera (McAlpine, 1989), 

which combines classical systematic placements with fossil 

evidence and other more recently investigated characteristics, such 

as immature stages. The two phylogenies differ in the relationship 

of some of the major nematoceran and brachyceran taxa, and in the 
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origin of Brachycera within Nematocera. Hennig (1973) originally 

placed Brachycera as a sister group to Bibionomorpha, while 

Woodly (1989) suggests the Anisopodida (Psychodomorpha) as 

possible sister group. Sinclair (1992) on the other hand, places 

them as sister group to Psychodomorpha, based on comparisons of 

their larval mouth parts. Fig. 4.1 contrasts these two phylogenetic 

hypotheses with reference to taxa that are investigated in this 

study. The left cladogram illustrates a systematic proposed by 

Hackman and Vaisanen (1982), and the right cladogram 

summarizes the phylogenetic relationship proposed by Wood and 

Borkend (1989; Nematocera), Woodley (1989; Othorrhapha) and 

McAlpine (1989; Muscomorpha). Although the majority of 

differences between the two cladograms can be attributed to 

differences in resolution at particular areas of the phylogeny and 

do not signify direct conflict, the two cladograms disagree in the 

placement of tipulids. Other weakly resolved areas in dipteran 

systematics become clear if a more recent study based on male 

genitalia is considered (Wood, 1991, Sinclair et al. 1993 and 

Cunmiing et al 1995). This character group had previously been 

largely ignored for the clarification of higher taxonomic relations. 
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because of difficulties in homology assessments (Wood, 1991). The 

analysis presents a contrasting hypothesis about the early 

evolution of Eremoneura. 

C 

TIPULIDAE 

CULICIDAE 

SIMULIIDAE 

TABANIDAE 

DOLICHOPODIDAE 

ASILIDAE 

BOMBYLIIDAE 

SYRPHIDAE 

DROSOPHILIDAE 

GLOSSINIDAE 

CALLIPHORIDEAE J 
Fig. 4.1: Phylogenetic hypotheses as suggested in the literature: 
the left cladiogram illustrates a systematic proposed by Hackman 
and Vaisanen (1982), and the right cladiogram summarizes the 
phylogenetic relationship proposed by Wood and Borkend (1989; 
Nematocera), Woodley (1989; Othorrhapha) and McAlpine (1989; 
Muscomorpha). 
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In contrast to Woodley (1989), who includes bombyliids in the 

Asiloidia, Sinclair et al. (1993) find support for the placement of 

bombyliids as a paraphyletic group basal to Asiloidea (Fig. 4.2). 
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Fig. 4.2: Summarized phylogenetic hypothesis after Wood, 1991; 
Sinclair et al., 1993; and Gumming et al., 1995 

Furthermore, dolichopodids are placed basal to syrphids and 

Schizophora. The analysis does not show evidence for simuliids to 

be any closer related to culicids or tipulids than to the brachyceran 

clade, but leaves their placement unresolved. With those 

commonalties and differences in mind, I performed a new analysis, 

based solely on a completely different type of character; namely 
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derived from neuroanatomy, primarily from the structure and 

organization of identified neurons of the visual system. 

4.1.1 Neural character as basis for phylogenetic 

inference 

For reconstructing of phylogenetic trees, data-sets are commonly 

based on gross morphological characters or on molecular data (De 

Queiroz and Wimberger, 1993). Much less frequently, anatomical, 

histological, or cytological data is incorporated into cladistic 

analysis. Although such studies are often quite labor-intensive, 

anatomical organization of certain tissues can be valuable for 

clarifying questions raised by conventional analysis. The nervous 

system is particularly complex and thus rich in specific 

characteristics. Although the value of neural characters in the 

establishment of behavioral homology has previously been 

questioned (Lauder, 1986), those studies were based solely on a 

comparison of specific motor outputs rather than on the structural 

organization of the nervous system, which appears to be better 

conserved. The nervous system's precise organization into 
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anatomically distinct processing units allows one to compare such 

features in different taxa, particularly since, in invertebrates 

certain neurons and neuron types can be classified as "uniquely 

identifiable" (Kupfermann and Weiss, 1978). Such neurons are 

cells defined as recognizable in every individual of the same 

species. Identifiable neurons have also been used to compare 

different taxa (Paul, 1989, King, 1983; King and Vallentino, 1983, 

Shaw and Meinerzhagen, 1986; Shaw and Moore, 1989). Uniquely 

identifiable neurons are recognized by their specific position in the 

neuropil, as well as their projection to and from other areas, and 

their detailed morphology. Neurons that are conserved with 

respect to these basic characteristics, can thus be classified in 

different taxa as homologues, even though they may vary with 

respect to their organizational details such as branching pattern or 

decorations. In any event, such neurons should be ideal in 

providing phylogenetic information. Examples have been found in 

a detailed anatomical investigation of the motion-sensitive 

pathway in the dipteran visual system (Buschbeck and Strausfeld 

1996 a, b), the function of which has been exceptionally well 

studied (Douglass and Strausfeld 1995, 1996, review: Strausfeld 
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1996). Specific characteristics of neurons contributing to the 

pathway will be used here for cladistic analysis. 

The motion computation pathway is characterized by an achromatic 

channel of small-field, large-axon neurons, each of which possesses 

a narrow dendritic field that represents a single visual sampling 

point. The best known of these neurons are the lamina monopolar 

cells LI, L2 which end in the medulla, at the level of narrow field 

transmedullary neurons (Tml, iTm). The latter terminate at the 

level of dendrites of T4 and T5 cells (Strausfeld and Lee, 1991). 

The dendrites of T4 and T5 extend through adjacent columns and 

their axons terminate in one of four layers in the lobula plate. 

Comparison of different dipteran taxa reveals that this pathway is 

conserved in terms of relative layers in the neuropil, showing only 

minor differences in structural details (Buschbeck and Strausfeld 

1996). Fig. 4.3 illustrates homologous neurons from two species of 

syrphids (A: Ornidia obesa; B: Salpinogaster nigra), and a tabanid 

{C.Tabanus spp.) to illustrate small differences in arborization 

pattern and neural decorations. 
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Fig. 4.3 (previous page): Example of medullary cells in three 
different taxa. The two syrphids {Omidia obesa; A) and 
{Salpinogaster nigrsi; B) both are characterized by L2 neurons 
whose terminals are divided into two parts. They also both show 
the terminal end of L5 to be wider than deep. This contrasts with 
tabanids, which have an undivided L2 terminal, and equally wide 
as deep L5 terminal. 

For example, both syrphid species have two distinct lobes at the L2 

terminal, and the terminal decoration of L5 is wider than deep. 

Tabanids, on the other hand, have an L2 terminal with a single 

decorated lobe with two tips, and their L5 terminal is equally wide 

and deep. 

Like the medulla, the lobula plate itself is organized as a retinotopic 

map, with neighboring visual sample points represented b y 

adjacent groups of neurons. T4 and T5-cell endings mainly carry a 

representation of the retinotopic map, and their terminal branches 

end on large, wide-field dendrites of horizontal (HS) and vertical 

(VS) motion-sensitive neurons that are thought to contribute to 

visual compensation of yaw (HS), pitch and roll (VS) movement 

(Hausen and Egelhaaf, 1989; Hengstenberg et al., 1982). Although 

neuron types still can be recognized in terms of their homology, 



considerably more variation has been found at this organizational 

level. Much of that variation, can be attributed to functional 

reorganization rather than phylogenetic distance (Buschbeck and 

Strausfeld, 1996 b). 

In summary, the optomotor system in Diptera has anatomically 

well-defined neurons with both a high level of conservation and 

discrete variations between any representative species. There are 

numerous criteria for assessing systematic commonalties and 

differences. These criteria can be used for parsimony analysis. The 

question arises, are neuroanatomical characters derived from a 

well conserved and functionally important pathway truly 

informative for phylogenetic analysis? If they are, then such an 

analysis should result in (1) a reliable phylogenetic hypothesis with 

high bootstrap values, (2) not unusually high homoplasy, and (3) 

good agreement with other modem phylogenetic hypothesis on 

dipteran evolution. 

4.2 METHODS 



The organization of the visual system of 14 different taxa (from 1 2 

different families) were used as character basis for the analysis. 

Data for most of the species were taken from Buschbeck and 

Strausfeld 1996 a, b and chapter 2 and 3. Data on Drosophila 

melanogaster were partially derived from Fischbach and Dietrich 

(1989), and partially based on original data prepared on specimens 

donated by Dr. L. Restifo, University of Arizona. Data on the 

outgroup {Macroglossum stellatarum, Sphingidae, Lepidoptera) has 

been taken from Wicklein (1996), Wicklein and Varju (1996) and 

from preparations kindly made available by Dr. M. Wicklein. I n 

each case characters were assessed from fixed, dissected and 

histologically stained material. 

Gross anatomical relationships were assessed from reduced 

silver and ethyl gallate staining, medulla neurons reconstructed 

after Golgi staining, and giant LP neurons reconstructed after cobalt 

or neurobiotin/HRP backfills, Golgi impregnation or ethyl gallate 

staining (see Buschbeck and Strausfeld 1996 a, b). 

Differences in gross morphology, cell number, and specific 

cytological architecture, as well as the absence or presence of 
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certain cell decorations, were used to establish a data matrix 

comprising 32 characters (Tab. 4.1). The majority of characters are 

based on individually identifiable neurons. Character states are 

listed in table 4.2. Several characters are defined as multi-state 

characters, some of which have been defined as ordered, in order 

to maintain a higher level of resolution (Slowinski, 1993). All 

ordered characters imply clearly sequential changes, many of 

which represent morphometric shifts; for example, the depth-to-

with ratio of the dendritic tree of the T5 neuron can be different in 

different taxa. In tipulids the arborization reaches deeper into the 

neuropil than it is wide, whereas in tabanids it is approximately 

equally deep as wide, and in dolichopodids it is wider than it is 

deep (character #25; Fig. 4.4). The entire data matrix comprises 1 2 

binary characters and 20 multistate characters, 11 of which are 

ordered. All characters are informative. Maximum parsimony 

analysis was performed, using PAUP's (version 3.1.1; Swofford, 

1993) branch-and-bound algorithm. 

Tab. 4.1 (next page): Data matrix based on neuroanatomical 
chziracters. Characters #1 to #4 are general characters, #5 to #25 
derived from small field neurons, and #26 to #32 derived from 
large field neurons. See Appendix 1 for the definition of character 
states. 
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SPHINQQU1ITIPUUO OJUOO ISIMUUIO 1 TABANIO laOMBYUtO lOGUCHQP l e r a v A  

IPSTHATIRCATraN t 0 0 1 1 t 1 ! 1 ! 1 

GIANT NEUnC3NS ACROSS LP t 0 0 1 ! 1 i t 1 ! 1 

MEDULLA SEPERATION 2 2 2 2 i 1 ! 1 : 1 { 1 

OUTEB TO WNEH MEDULLA THICKNES 0 1 ! 1 ' i 2 1 •y 2 1 2 

LI WITH IN LAMINA 1 t i 1 1 i 0 / 1  i  0 1 0 t 0 

L2 WITH IN LAMINA 1 1 1 t 1 1 0 / 1  I  0 i 0 1 0 

STRATIFICATION OF LI 0 0 0 0 1 t 2 , 1 1 1 

LI.» OF LOBES ON TERMINAL 0 0 0 0 1 2 t i 1 i 1 

LOBES ON L2 TERMINAL 0 0 0 0 j 1 2 2 i 1 

L2 TERMINAL STRATIRCATION 0 1 1 1 1 2 1 2 I i 2 

L4 TERMINAL DECORATIONS 0 0 ? 7 ' 0 i t 0 ) 

L5 TERMINAL UPPER LEVEL 0 1 0 1 ! 1 ! t 2 1 2 

LS TERMINAL LOWER LEVEL 0 0 1 1 1 1 i 1 1 2 ! 1 

WITH OF UPPER ITM LEVa. 1 t 0 0 1 2 2 2 i 2 

ITM LS/BS IN OUTER MEDULLA 0 t 0 0 ! 1 1 1 1 t 2 

ITM PRONOUNCIATION OF LEVHS 0 0 0 0 / 2  1  2 1 2 1 ; 2 

COVER OF ITM IN INNER MEDULLA 1 0 1 t 0 1 1 I 0 0 f 1 

TMIwrm OF FIELD 1 0 1 1 ! t i 1 1 1 1 1 

TM1 STRATIFICATION IN OUTER MED 0 0 0 0 1 1 i 0 0 1 1 

Ca UPPER DECORATIONS OUALHY 7 7 7 7 i 1 & 2  1  1 t 1 1 

C2 UPPER DECORATION WITH 7 ? 7 7 1 1 1 2 1 i 1 

C2 MIDDLE DECORATION WITH •> 7 7 7 i 1 1 2 2 1 1 

C2 LOWER DECORATION WITH •> 7 7 7 1 0 1 0 1 i 1 

T4 SHAPE 0 2 ! 1 1 ' 2 i 2 2 1 2 

T5 SHAPE 0 0 0 0 1 1 2 2 1 2 

» OF VS-UKE CELLS AT VS LEVEL 1 / 2  0 0 0 i 3 1 1 1 1 0 

» OF HS-UKE CELLS AT HS LEVEL 1 / 2  0 0 1 i 2 1 1 1 1 1 

HSCEU. ARCHITECTURE ? 0 0 1 1 1 1 l i 2  1 i 2 

MIN» OF HS CELLS COV. VIS. REL 1 0 0 1 / 2  I  2 1 1 / 2  1 2 i 1 

MAJOR SRANOeS OF VS 0 0 0 2 1 1 1 1 & 2  !  1 1 4 

» OF MAJOR BRANCHES OF AEOU HS 2 0 0 1 1 1 I 1 i 2 ' 2 

SIZE VARIATION A TO P OF VS CEL 1 0 0 1 t 2 I  ̂ i 2 2 

HOtCtXS*! SALPINOG. ORNIOIA GLOSSMD CXDNCPO DR090PK CALUPH. 

LP STRATIFICATION 1 t 1 1 t 1 

GIANT NEURONS ACROSS LP 1 1 t 1 1 1 

MEDUIL* SEPERATION 1 1 1 1 1 1 

OUTER TO INNER MEDULLA TMCKNES 2 2 2 2 2 2 2 

LI WITH IN LAMINA 0 0 0 0 0 0 0 

L2 Wrm IN LAMINA 0 0 0 0 0 Q 0 

STRATIFICATION OF LI 1 1 1 / 2  1 1 1 

L I . «  O F  L O B E S  O N  T E R M I N A L  1 1 1 1 2 2 

LOBES ON UZ TERMINAL 1 2 2 2 2 0 2 

L2 TERMINAL STRATIRCATION 2 1 1 1 1 1 

L4 TERMINAL DECORATIONS 0 1 1 0 7 0 / 1  0 

L5 TERMINAL UPPER LEVEL 2 3 3 3 7 3 2 

LS TERMINAL LOWER LEVEL 1 2 2 2 7 2 2 

WITH OF UPPER ITM LEVEL 2 2 2 2 2 2 

ITM LEVELS IN OUTER »£OULLA 1 1 1 1 7 1 I 

ITM PRONOUNCIATION OF LEVELS 1 1 1 1 7 1 1 

COVER OF ITM IN INNER MEDULLA 1 1 1 1 1 7 ' 1 ' 
TMl WITH OF FIELD 1 1 1 1 i ' 1 1 1 

TMt STRATIFICATION IN OUTER MED 1 0 0 0 0 0 

C2 UPPER DECORATIONS QUALITY 7 2 2 2 i 7 U2 2 

C2 UPPER DECORATION VWTH 7 1 1 1 7 t ! t 

02 MIDDLE DECORATION WITH 7 1 t 1 •> i t I 2 

C2 LOWER DECORATION WTTH 7 3 3 3 3 3 

T4 SHAPE 2 2 2 2 ' 2 2 

T5 SHAPE 2 1 / 2  1 / 2  2 ? 2 2 

• OF VS-UKE CELLS AT VS LEVEL 0 2 3 2 1 3 

• OF HS-LIKE CELLS AT HS LEVEL 1 1 1 1  !  1 / 2  !  1  !  1  

HS CEIL ARCHnECTURE 2 1 t 1 ! 1 1 1 ; 1 

MINI OF HS CELLS COV VIS. FIEL 1 3 3 2 2 2 

MAJOR BRANCHES OF VS 4 3&4 3 1 1 1 1 1 1 3 

« OF MAJOR BRANCHES OF AEOU HS I 2 2 t 2 2 

SIZE VARIATION A TO p OF VS CEL 1 / 2  1 t / 2  ' 2 2 
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Tab. 4.2: List of character states of the 32 neuroanatomical 
characters listed in the data matrix in Tab. 4.1. Ordered characters 
are indicated by asterisks. 

1. LP STPATIHCATION 
0: NO STPATIRCATION 
1: STBATIRCATION 

2. GIANT NEURONS ACROSS LP 
0: ABSENT 
1; PRESSrr 

3. MEDULLA SEPEHATICN 
* 0; NOT RELEVANT 

1: SUGHTLY 
2: STRONGLY 

4. OUTER TO INNER MEDUHA THICKNES 
* 0: OUTER MEDULLA THINNER 

1; EQUALLY THICK 
2: INNER MEDULLA THINNER 

5. LI WITH IN LAMINA 
* 0: NARROW RELO 

1: WIDERELD 

6. L2 WITH IN UVMINA 
* 0: NARROW RELD 

1: WIDERELD 

7. STRATIRCATION OF LI 
* 0: UNISTRATIRED 

1: BISTRATIRED 
2: TRISTRATIRED 

8. LI, # OF LOBES ON TERMINAL 
* 0: ONE 

1: TWO 
a THREE 

9. LOBES ON U TERMINAL 
* 0: ONE LOBE 

1: ONE LOBE WtTH TWO TIPS 
a TWO LOBES 

10. L2 TERMINAL STRATIRCATION 
* 0; NOTSTRATIRED 

1: SUGHTLY STRATIRED 
2: STRONGLY STRATIRED 

11. L4 TERMINAL DECORATIONS 
0: MODERATELY DECORATED 
1: RHICHLY DECORATED 

12. L3 TERMINAL UPPER LEVEL 
* 0: NOT DECORATED 

1: MODERATELY DECORATED 
2: MEDIUM DECORATED 
3: HEAVILY DECORATED 

13. L5 TERMINAL LOWER LEVEL 
* 0; DEEPER THAN WIDE 

1: EQUAL DEEP AND WIDE 
2: WIDER THAN DEEP 

14. WITH OF UPPER ITM LEVEL 
0: NOT RELEVANT 
1: WIDERELD 
2: NARROW RELD 

15. ITM LEVELS IN OLTTER MEDULLA 
* 0: ONE LEVEL 

1; TWO LEVELS 
2: MORE THAN TWO LEVEL 

16. ITM PRONOUNCIATION OF LEVELS 
0; LOWER LEVEL STRONGER 
1: EQUALLY STRONG 
2: UPPER LEVEL STRONGER 

17. COVER OF ITM IN INNER MEDULLA 
0: LESS THAN TWO THIRDS 
1: MORE THAN TWO THIRDS 

18. TM1 WITH OF RELD 
0: WIDERELD 

20. C2 UPPER DECORATIONS QUALITY 
0: NOT RELEVANT 
1; SPINY 
2: VARICOSE 

21. C2 UPPER DECORATION WITH 
0: NOTRELEVATN 
1: NARROW 
2: WIDE 

72. C2 MIDDLE DECORATION WITH 
0: NOT RELEVANT 
1: WIDE 
2: INTERMEDIATE 
3: NARROW 

23. C2 LOWER DECORATION WITH 
* 0; DONT EXIST 

1: NARROW 
2: INTERMIDATE 
3; WIDE 

24. T4 SHAPE 
* 0: DEEPER THAN WIDE 

1: EQUALLY WIDE AND DEEP 
2: WIDER THAN DEEP 

25. T5 SHAPE 
* 0: DEEPER THAN WIDE 

1: EQUALLY DEEP AND WIDE 
2: WIDER THAN DEEP 

26. * OF VS-UKE CELLS AT VS LEVEL 
0; OTOSVSUKECELLS 
1: 6 TO 10 VS LIKE CELLS 
Z. 11T01SVSUKECELLS 
3: 16T020VSUKECELLS 

27. # OF HS-UKE CELLS AT HS LEVEL 
0; 0TO2HSUKECELLS 
1: 3T0 5HSUKECELLS 
2: 6T0 8HSUKECELLS 

28. HS CELL ARCHITECTURE 
0: NOT RELEVANT 
1: BUSH 
2: TREE WITH STEM 

30. MAJOF) BRANCHES OF VS 
0; NOT RELEVANT 
1: MAINLY VENTRAL BRANCH 
2: MAINLY DORSAL BRANCH 
3: TWO MAJOR BRANCHES 
4: TWO AND MORE MAJOR BRANCHES 

31.» OF MAJOR BRANCHES OF AEQU HS 
0: NOT RELEVANT 
1: 7 OR LESS MAJOR BRANCHES 
2: 8 OR MORE MAJOR BRANCHES 

32. SIZE VARIATION A TO P OF VS CEL 
0: NOT RELEVANT 
1: EVEN 
2: THICKER BRANCHES ANTERIOR 

1- NARROW RELD 29- MIN# OF HS CELLS COV. VIS. REL 
0: NOT RELEVANT . 

19. TM1 STRATIRCATION IN OUTER MED 1: TWO 
0: NOTSTRATIRED 2: THREE 
1: SUGHTLY STRATIRED 3: FOUR 
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Fig. 4.4: Comparison of T5 in 3 species to examplify an ordered 
character: the tree taxa, tipulids (A), tabanids (B) and 
dolichopodids (C) differ in their relative width and depth of the 
dendritic field (B: measures X and Y). 

Strict and 50% majority rule consensus trees were computed from 

all most parsimonious trees (MPTs). The consistency (CI) index was 

calculated, and bootstrapping was performed. It consisted of a 

heuristic search with 100 bootstrap replicates each of which 

consisted of 20 random addition sequence replicates. 

In order to test the specific quality of different types of characters, 

the matrix was divided into 3 groups: (1) general gross 
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morphological characters (#1 to #4); (2) anatomical characteristics 

of small field neurons (#5 to #25) and (3) anatomical 

characteristics of large field tangential neurons (#26 to #32). A 

heuristic search was performed on group one and three (100 

random addition replicates each), and a branch and bound search 

was performed on group two. Similar to the analysis of all 

characters, CI's were computed and bootstraps were performed as 

heuristic searches, except for the second group of characters, for 

which the bootstrap analysis was based on a branch and bound 

search. 

4.3 RESULTS 

A branch and bound based parsimony analysis of 3 2 

neuroanatomical characters (Tab. 4.1), all of which are derived 

from neural characteristics of the visual system, resulted in 1 9 

most parsimonious Trees (MPTs). Trees are characterized by a 

Consistency Index (CI) of 0.67 which, considering the number of 

taxa, is comparable to other studies (De Queiroz and Wimberger 

1993). 
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(Simuliidae) 
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(Tabantdae) 
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(Bombyliidae) 
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Bferia spp. 
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Condytostylus spp 
(Dolichopodidae) 

Omidia obesa 
(Syrphidae) i9 0 

Salpinagastar nigra 
(Syrphidae) 6 8< 
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1  0 0  Drosophila melanogaster 
(Drosophilidae) 

CatSphora erythroceptiala 
(Cailiphoridae) 

50 % majority-rule consensus 50% majority-rule bootstrap 
of 19 MPTs 

Fig. 4.5: 50% majority-rule consensus tree (left) and 50% majority-
rule bootstrap consensus tree (right) resulting from parsimony 
analysis based on all 32 characters. 
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The Retention Index (RI), which corrects for the number of 

characters involved in the reconstruction, is 0.75. In all cases the 

Brachycera are defined as a monophyletic group. In 13 of the 19 

cases simuliids have been connected at the base of other 

investigated nematoceran taxa. The 50% majority-rule consensus 

tree of all MPTs, and the 50% majority-rule bootstrap consensus 

tree are shov^'n in Fig, 4.5. Those trees are based on the entire data 

set. 

In order to get an idea about the contribution of different classes of 

neuroanatomical characters, parsimony analysis has been 

performed on three sets separately. Those are a limited set of 

general characters, medulla characters and lobula plate characters. 

Due to the limitation in number of characters, the first group which 

is solely based on 5 characters is very limited in its resolution. 

However, the 50% majority-rule consensus trees that is identical to 

the single MPT (Fig. 4.6) with a CI of 1 reveals the Brachycera as a 

single clade. 
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50% majority-rule bootstrap / "general charactrs" only 

Fig. 4.6: 50% majority-rule bootstrap consensus tree based on the 
four general characters (LP stratification, giant neurons present 
across the LP, medulla seperation and outer to inner medulla 
thickness) only. The tree topology is identical to a single MPR of 
the analysis. 

The second group of characters is exclusively derived from small 

field visual neurons. Those are primarily situated in the medulla 

and build a functional unit. A branch and bound based parsimony 

search resulted in 9 MPTs. 



1 0 5  

1  0 0  

1 00< 

1  00  

> Macraglossum stetlatarum' 
(Lspidoptera - outgroup) 

I Aedes aegypti • 
(CXilicidae) 

I Smulium vittatum • 
(Simuliidae) 

I Nephrotoma wulpiana • 
(Tipulidae) 

r"f 

Tabanus spp.;Sa'one maculipennis' 
(Tabanidae) 

1 00^ 

•E 
10o |̂ L* 

6 7  

1  00  

Holcac3(;hs!a spp 
(Asilidae) 

Bferia spp. 
(Asilidae) 

Anthrax spp.,Villa spp 
(Bombyliidae) 

Condylostylus spp. 
(Oolichopodidae) 

Omidia obesa 
(Syrphidae) 

Salpinogastar nigra 
(Syrphidae) 

Dfosophila melanogastar 
(Drosophilidae) 

Qossina morsHans 
(Qossinidae) 

Calliphora erythrocephala 
(Cailiphoridae) 

5 7  

•  52^ 

5 3  

•71 

00 

hS7 

50% majority-rule consensus 
medulla characters 

50% majority-mle bootstrap 
medulla characters 

Fig. 4.7: 50% majority-rule consensus tree (left) and 50% majority-
rule bootstrap consensus tree (right) resulting from parsimony 
analysis based on small field neurons only. 
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Tree to tree symmetric difference measures show a maximum 

value of 8, and the CI is 0.71 (RI = 0.82). The consensus (Fig. 4.7; 

left-50% majority-rule consensus) differs from the reconstruction 

based on all characters primarily in the placement of the 

nematoceran taxa, and the placement of glossinids and drosophilids 

relative to each other. Slightly less resolved is the bootstrap 50% 

majority-rule consensus (Fig. 4.7; right). 

All the characters in the third set are derived from large field 

neurons in the lobula plate. Again, these characters build a 

functional unit. Although there are only 7 characters in the group, 

all of them are multiple state characters, with up to 5 character 

states. If the same information was coded binomially, it would 

result in 18 characters. Multistate characters were chosen to 

minimize character correlations. A heuristic search reveals 7 MPTs 

that conflict greatly in their basic topology. The tree to tree 

symmetric differences reach a maximum value of 13. The 

reconstructions are characterized by a CI of 0.78 (RI = 0.82). 
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Fig. 4.8: 50% majority-rule consensus tree (left) and 50% majority-
rule bootstrap consensus tree (right) resulting from parsimony 
analysis based on wide field neurons only. 
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The strict consensus tree is highly unresolved, and the 50% 

majority-rule consensus tree shows major differences to the 

reconstructions based on all characters (Fig. 4.8; left). In contrast 

to all previously performed analysis only some of the Brachycera 

form a single clade, with asilids and bombyliids being part of an 

otherwise nematoceran clade. The two species of syrphids do not 

result as sister groups. The conflict of characters, and its lacking 

robustness is reflected in a highly unresolved 50% majority rule 

consensus tree (Fig. 4.8; right). 

In order to better understand the behavior of the different 

character types on the neuroanatomical tree, consistency indices 

can be calculated separately for each character. Fig. 4.9 contrasts 

CI's for the different types of characters. The frequency of 

occurrence of each CI is shown for each of the three character types 

independently. Although the total number of samples is limited, 

and does not allow a clear conclusion, general characters show a 

single maximum of 1 and characters of the medulla show maxima 

of 0.5 and 0.7.  Characters  of  the lobula plate  on the other  hand 

have two clearly separated maxima, at 0.4 and 1, possibly 
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indicating a bimodai distribution of that character type (see 

Discussion). 

8 

7 

6 

4 

3 

2 

1 f 

0 

S 
E  

CrS OF NEUROANATOMICAL TREE 

LL 
c \ i c o T r i n t o N . o o o > t -
o d d d d d d d 

CONSISTENCY INDEX 

ISGENERAL 

I • MEDULLA 

I • LOBULA PLATE 

Fig. 4.9: Consistency indices of the three character types "general", 
"medulla" and "lobula plate" based on the neuroanatomical tree. 
While general characters show a maximum at CI=1, and medulla 
characters  at  CI=0.6 and 0.7,  lobula plate  characters  show two 
widely separated maxima, at CI=0.4 and 1. 

4.4 DISCUSSION 

The phylogenetic analysis based on a combined data set comprising 

several subsets of neuroanatomical characters reveals considerable 

similarity with phylogenetic hypotheses suggested in the literature. 
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In both cases Brachycera are recognized as monophyletic group, 

with a distinct internal structure of the clade. The two species of 

asi l ids and of  syrphids each have been recognized as s is ter  groups.  

If  the three t rees based on l i terature (see introduction.  Fig.  4 .1 and 

4.2)  are summarized as s tr ict  consensus trees ( l i terature tree) ,  then 

that  resul t ing tree (Fig.  4 .10) can be contrasted to the consensus 

tree of  the analysis  based on neuroanatomical  features 

(neuroanatomical tree). 

/ / / / / / / / / / / / / / 
I I Y v I I I 

I I I I 
Consensus of three literature trees 

Fig. 4.10: Strict consensus tree of three trees. Modified from 
Hackman and Vaisanen (1982;  t ree one).  Wood and Borkend 
(1989), Woodley (1989) McAlpine (1989; tree two) and Wood, 
1991; Sinclair et al. (1993) Gumming et al (1995; tree three). 
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The literature tree and neuroanatomical tree conflict only in the 

placement of  the tabanids.  This  can be i l lustrated by the 

maintained resolution of the strict consensus tree of all die trees, 

including literature and neuroanatomical trees (Fig. 4.11). 

Fig. 4.11: Consensus of the three trees as in Fig. 4.9 and the 
neuroanatomical tree based on all characters. This tree is identical 
to the t ree in Fig.  4.9,  except  for  the placement of  tabanids.  The 
placement appears as unresolved, because several neuroanatomical 
characters  contradict  the placement which is  suggested in the 
literature, but support tabanids to be at the base of the two asilids 
Efferia and Holcocephala.  The L2 neuron is  one example,  and thus 
is illustrated for all tzixa. 

This is here taken as evidence that neuroanatomical characters 

provide useful  phylogenetic  s ignal .  Neuroanatomical  characters  

have been found to support  those regions of  the phylogenetic  t ree.  
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that also have been well resolved by conventional analysis. In 

other  regions,  mostly subject  to debate,  the neuroanatomical  data 

provides an alternative phylogenetic hypothesis. For example, 

several of the MPTs reveal culicids and tipulids to be more closely 

related to each other then they are to simuliids. This placement is 

unusual, but is supported by some general characters and b y 

characters of the lobula plate. 

Wood and Borkend (1989) and Wood (1991) both conclude that 

t ipulids are the most  ancestral  taxon of  the clade.  They f ly fair ly 

slowly, and their lobula plates lack orthogonal systems of large 

diameter  cel ls .  This  is  very different  from the lobula plate  

organization of the outgroup Macroglossum stellatarum, a species 

that  has sophist icated f l ight  repertoires  and where the lobula plate  

is  characterized by orderly arrangements of  orthogonal  tangential  

cel ls .  Macroglossum is  a  member of  the Dystr is ia ,  and thus among 

the more derived taxa within the Lepidoptera (Borror  et  al . ,  1989).  

Orthogonal  systems of  relat ively large diameter  cel ls  in  the lobula 

plate are associated with the presence of  sophist icated f l ight  s tyles .  

Therefore,  specif ic  variat ions of  such large axoned neurons appear 
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to be a derived feature rather than an ancestral one and thus can 

be misleading in assessing the polari ty of  those characters .  Future 

analysis ,  including less  derived outgroups would be desirable.  

However, the bias can be minimized if we understand the specific 

contribution of the different character types. 

4.4.1 Small field motion computation neurons of the 

medulla  

Phylogenetic trees based solely on medullary characters are, in 

many ways,  s imilar  to those suggested in the l i terature.  Fig.  4 .10 

contrasts  the str ict  consensus of  the three l i terature t rees with the 

str ict  consensus of  the medulla  MPTs.  The combined consensus 

( l i terature trees and medulla  MPTs) differs  f rom the consensus 

which includes MPTs of  al l  characters  (Fig.  4 .11) only in that  

nei ther  the two asi l id species,  nor  the two syrphid species are 

recognized as s is ter  groups.  In both of  the cases they are 

i l lustrated as unresolved,  because in 33% of the MPTs they are 

placed apart .  One of  the most  fundamental  differences of  the 

medulla-based reconstruct ions is  that  in 67% of the MPTs tabanids 
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are placed basal to asilids. This is surprising with regard to current 

beliefs but well supported by the shape of some of the medulla 

neurons. For example, the monopolar cell L2 (Fig. 4.11), and 

transmedullary cell Tml indeed look fairly similar between 

tabanids and the two asilids Ejferia, and Holcocephala. Another 

peculiarity is the placement of taxa within the paraphyletic group 

of Nematocera. This is because several neurons such as iTm or T4 

in tipulids have characteristics like many of the brachyceran taxa. 

Also based on medullary peculiarities, such as the extent of outer 

decorations of the L5 neuron is the resolution within the syrphid, 

drosophilid, glossinid and calliphorid clade. 

4.4.2 Large field motion computation neurons of the 

lobula plate. 

The only analysis that suggests phylogenies strongly conflicting 

with phylogenetic hypotheses found in the literature is that based 

solely on characters derived from the lobula plate. The strict 

consensus of 7 MPTs results in a highly unresolved tree which 

conflicts with the literature. The low level of reliability of these 
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characters, which also has been found through bootstrap analysis 

(Fig. 4.8; right tree), probably reflects functionally rather than 

phylogenetically related properties of these neurons likely to vary 

from species to species. In contrary to the medulla, where neurons 

have been found to be involved in computational tasks that must 

be conserved across taxa (Buschbeck and Strausfeld, 1996a; 

Chapter 2), computation in the LP is highly variable and appears to 

reflect species-specific behaviors (Buschbeck and Strausfeld, 

1996b; Chapter 3). For example, similarities in the organization of 

VS cells have been found in aU hovering species (character#32). 

Another example involves the two characters #30 and #33, which 

each represent an instance for one of the two most common CI 

values for LP characters (Fig. 4.9). Both characters reflect the 

specific organization of horizontal cells. However, character #3 0 

represents details of the general architecture (bush-versus-tree 

like), which functionally appears to be less important than 

character #33 which deals with the number of major branches of 

the equatorial HS cell. Fig. 4.12 contrasts hypotheses about the 

evolution of the two characters, in order to illustrate differences in 

homoplasy. 
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Fig. 4.12: Character evolution reconstruction of two characters of 
the lobula plate. Character #30 (left) represents the type of cell 
architecture (bush versus tree) of HS cells, and shows a high level 
of consistency. Character #33 (right) on the other hand represents 
the number of major branches of the equatorial cell, a character 
which by the organization of the nervous system is expected to 
reflect major shifts in the functional organization, and here appears 
to be more variable. 
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The former character is conservative and shows high consistency 

with the evolutionary history of the taxa (CI=1; neuroanatomical 

tree), while the latter is more variable (CI = 0.4), presumably a 

result of accommodation of functional needs. The latter character 

is part of a category of characteristics that have been conjectured 

to be connected with flight speed and specific flight styles 

(Buschbeck and Strausfeld, 1996b). Such characteristics, which 

serve a specific function that has obviously evolved several times, 

contribute a distinct signal to the phylogenetic analysis, which does 

not, however, reflect the phylogenetic origin. MPTs based on LP 

characters only, are characterized by a fairly high CI (0.78; 

RI=0.82), which probably indicates that some of the characters are 

systematically misleading rather than highly conflicting. The signal 

becomes diffuse because there also are characteristics of the lobula 

plate that better reflect phylogenetic history (such as, characters 

that reflect the specific architecture of certain neurons, such as #28 

and # 30) and thus contribute a "correct" signal to the analysis. 
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CHAPTER 5: ADAPTIVE NEUROANATOMICAL CHARACTERISTICS: 

EVOLUTIONARY ASSOCIATIONS BETWEEN SPECMC BEHAVIORS 

AND THE VISUAL SYSTEM OF FLIES (DIPTERA). 

5.1 INTRODUCTION 

Ever since Cajal (1937) recognized the insect visual system to be 

one of the most complex anatomical structures, much emphasis has 

been devoted to the functional organization of specific neuronal 

arrangements in the optic lobes. Because of the work of numerous 

neuroanatomists, electrophysiologists, and electron-microscopists 

(see below), we now have a much better understanding of some 

parts of the insect visual system, such as the pathway underlying 

small field (Strausfeld and Lee, 1991; Douglass and Strausfeld, 

1995, 1996) and wide field (Eckert and Bishop, 1978; Hausen 1981; 

Strausfeld and Bassemir (1985a,b) motion computation, both 

essential for flight control (Hausen, 1984; Hengstenberg 1984). The 

comparison of 13 different taxa reveals specific variation in cell 

shape and architecture among neurons which contribute to the 

motion sensitive pathway (Chapters 3 and 4). Field observations of 
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basic flight styles and aerobatic skills reveals considerable 

diversity of visually guided flight behaviors among the taxa. 

However, less clear is how such ecological and behavioral demands 

are reflected, if at all, in the neural pathway. This chapter 

describes a study that contrasts specific anatomical details of 

previously investigated dipteran taxa with behavioral and 

ecological knowledge of the same taxa. Knowledge about properties 

of specific cell architecture relating to their function in vision is 

here used to interpret the evolution of neuroanatomical structure 

with respect to specific aspects in gross morphological or behavior. 

In all investigated Diptera, the optic lobes are organized following 

the same basic ground plan, differing primarily in the precise 

organization of some of the contributing neurons. Optic lobes 

consist of three consecutive neuropils, the lamina, medulla and 

lobula complex (lobula and lobula plate). Visual motion is computed 

by a subset of small directionally sensitive elements that compare 

information in adjacent visual sample points of the retinotopic map. 

A subset of small field neurons situated primarily in the medulla 

are involved in the computation of elementary motion (Douglass 
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and Strausfeld 1995, 1996). Comparison across taxa reveals 

conservation of the general cell architecture and layering of these 

neurons, which are structural characteristics that are tightly 

associated with elementary motion computation. Comparative 

studies reveal small differences in the precise cell structure and 

arrangement of neuronal decorations of pre- or postsynaptic 

specializations, which appear to be functionally less important, or at 

leas unclear (see Chapter 2 for anatomical details). Small-field 

neurons of the medulla terminate, in different layers in the third 

visual neuropil, the lobula plate (LP). Here they visit giant collector 

neurons such as HS and VS cells. In contrast to T4 and T5 neurons, 

these large-field LP tangential neurons show considerable cross-

family variation with respect to their organization into assemblies, 

their interactions with peripheral inputs, their dimensions, 

morphologies, and stratification (see Chapter 3). Against a 

background of knowledge about the structural and functional 

organization of the calliphorid visual system, and about specific 

anatomical differences in species representing other dipteran 

families, it is now possible to consider the great ecological diversity 
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of this insect order and how this diversity is reflected by the 

organization of the optic lobes. 

Diptera is a highly diverse group, comprising 128 different families 

which populate a variety of different habitats, on almost all parts of 

this planet (McAlpine, 1989a). Representatives that fly vary 

greatly in size and shape ranging from long thin, and presumably 

aerodynamically stable forms, to bulky and aerodynamically less 

stable forms that are fast and aerobatic in flight. As much diversity 

as in their external morphologies is in ecological factors, often 

resulting in behavioral adaptations. For example, several species 

are characterized by slow flight and show little aerobatic 

peculiarities, whereas other species have a range of visually guided 

behaviors, including rapid target oriented flight, elaborate in-flight 

visual courtship displays, and visual pursuit and interception (Land, 

1993 a, b; Land and Collett 1974; Zeil 1983b; 1986; Wagner, 1986). 

Many of those adaptations, such as aerial courtship displays, target 

interception or hovering flight require specific visual abilities and 

thus are expected to impose specific demands on the organization of 

the visual system of the species. 
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We now can approach the central question and hypothesis of this 

account. As mentioned above, taxonomic differences in form and 

arrangements are observed among those neurons contributing to 

motion computation and relays from the LP. However, such 

differences could reflect the phylogenetic distance of the 

investigated taxa, or they could be the result of specific ecological 

adaptations. In some cases both are expected. The question thus 

arises, which characteristics of the nervous system are 

predominately influenced by which of these two factors? 

Characters that fall into the first category are expected to show low 

homoplasy, with their evolutionary history conforming to the 

phylogenetic relationship of the taxa. In order to classify characters 

of the second category, we can take advantage of the ecological and 

behavioral diversity of this group of insects. External factors such 

as behaviors that require specific acrobatic skills, or gross 

morphological changes which alter aerodynamic properties, are 

often adaptations reflecting the insect's lifestyle or environment. 

Our knowledge of the functional organization of the visual system 

suggests that such specializations should be associated with specific 
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alterations in the organization of the neural pathway. Contrasting 

the evolution of specific adaptive external factors (such as body 

morphology or behaviors such as leg position during flight or type 

of flight) with the evolution of neural characteristics will help to 

confirm any evidence that the two character types are functionally 

connected. If such a connection indeed exists, then both characters 

are expected to have evolved in parallel. If the shift in behavior or 

external morphology has been adaptive, then it is likely that 

neuroarchitectural changes accounting for these shifts likewise are 

adaptive. Furthermore, if the evolution of two functionally 

connected characters generally shows a strong parallel, then small 

differences represent interesting exemptions, possibly relating to 

specific peculiarities of the system. These might be of functional 

origin, such as a superficial similarity manifesting a fundamental 

organizational difference, or they might simply signify small 

differences in the evolutionary sequence of the two character types. 

Here the evolution of specific external characters which are 

expected to influence visually guided flight control are contrasted 

with the evolution of specific neuroanatomical characteristics. 

Besides characters that are presumably adaptive, characters that 
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conform nicely to the phylogenetic history are compared and 

discussed. 

5.2 METHODS 

Seven neuroanatomical, two behavioral and one morphological 

characters were chosen for the reconstruction of their evolutionary 

history. Seven neuroanatomical characters were selected among 32 

neuroanatomical characters that have been described in chapter 4. 

Character evolution reconstruction was performed for each of the 

32 neuroanatomical character independently, but only seven of 

them are discussed in this account. Characters were chosen to be 

representative of different evolutionary histories. Among them are 

four characters that behave fairly conservatively, showing low 

homoplasy. Those are: (1) the thickness of outer and inner 

medulla relative to each other; (2) the shape of the L5 terminal 

ending; (3) the shape of the dendritic tree of T5 cells and (4) the 

level of stratification of the L2 terminal. Other characters were 

chosen from functional considerations. Those are (1) the presence 

of orthogonally organized giant neurons in the lobula plate; (2) the 
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presence of horizontally oriented branches in the vertical layer of 

the lobula plate and (3) the presence of isomorphic VS cells. Those 

are characters for which neuroanatomical architecture potentially 

could be connected to specific external factors. For those characters 

pair-wise comparisons of specific behavioral or gross morphological 

characters have been performed in conjunction with specific 

neuroanatomical characteristics. 

Several behavioral or morphological factors involve visually guided 

flight, and thus are expected to influence the organization of the 

visual control system in a specific way. They range from 

morphological aspects influencing aerodynamics, such as body 

shapes and relative wing size, to a variety of behavioral aspects: 

flight speed, tortuosity, performance of hovering flight and 

preference in leg position. After preliminary comparative studies, 

some behavioral or morphological characteristics appeared to be 

connected to specific organizational shifts in the nervous system. 

These are (1) the leg position during flight, (2) the general shape of 

the body, and (3) the ability to perform hovering flight. In each 

comparison, the choice of morphological or behavioral characters is 
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strongly supported by the functional organization of the nervous 

system itself. Because the lobula plate, is organized as an internal 

map of the external world, certain taxon-specific alterations in 

anatomical organization allow conjecture about the enhancement or 

deficiency of specific flight abilities. Evolutionary associations of 

behavioral or morphological characters with specific 

neuroanatomical organizations have thereafter been tested through 

extensive comparisons of the evolution of the two character types. 

Three pairs of character are discussed: (1) The presence of orderly 

arrangements of giant neurons within the lobula plate which are 

contrasted to the insect's leg position during flight. The functional 

link between these characteristics is that both, the presence of 

ordered giant neurons and a closed leg position during flight are 

expected to favor a faster and more aerobatic flight style (2) The 

presence of neurons having horizontal processes at a depth in the 

neuropil which, in other taxa, is characterized by vertically 

oriented cells, is contrasted with the presence or absence of an 

elongated body. Vertically oriented cells that detect pitch and roll 

motion might be less necessary in species with elongated bodies 
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because they are expected to have an intrinsic pitch stability 

during flight. (3) The distribution of axon diameters amongst VS 

cells is contrasted with the presence or absence of hovering flight. 

An even distribution of VS cell axon diameter across the neuropil 

suggests an even distribution of their dendrites and, therefore, a 

set of VS cells that subtend the entire visual field in a similar 

manner. This organization may be an adaptation for hovering 

flight which requires equal visual integration across the entire 

visual hemisphere. 

The following species have been chosen as representatives of each 

family: Tipulidae: Nephrotoma wulpiana; Culicidae Aedes aegypti', 

Simuliidae: Simulium vittatum (males only); Tabanidae: Tabanus 

spp .  ( females  on ly )  and  Sc ione  macu l ipenn i s ;  Asi l idae :  Ej fer ia  spp  

and  Holcocephala  spp . - ,  Bombyl i idae :  Anthrax  spp .  and  Vi l la  spp;  

Dolichopodidae: Condylostylus spp; Syrphidae: Salpinogaster nigra 

and Ornidia obesa\ Conopidae Stylogaster spp.; Glossinidae: Glossina 

morsitans; Calliphoridae: Phaenicia sericata and Calliphora 

erythrocephala and Tachinidae: Nimioglossa spp. Neuroanatomical 

data were derived from histological staining as described in 
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Chapter 3 and 4 and in Buschbeck and Strausfeld (1996 a, b). 

Anatomical data for the outgroup Macroglossum stellatarum 

(Sphingidae; Dytrisia; Lepidoptera) have been taken from Wicklein 

(1996) and Wicklein and Vaiju (1996). 

Except for tortuosity and flight speed behavioral characters are 

easy to monitor in the field and, as the morphological characters, 

have been observed in precisely the same taxa that are used in 

neuroanatomical comparisons. 

Two different phylogenetic hypotheses have been chosen in order 

to assess the evolutionary history and to contrast neuroanatomical 

and behavioral characters. The first hypothesis is primarily based 

on morphological data, reconstructed after Wood and Borkend 

(1989; Nematocera), Woodley (1989) and Sinclair et al. (1993; 

Othorrhapha), McAlpine (1989; Muscomorpha) Wood, 1991 and 

Gumming et al (1995) and will be referred to as the "literature 

tree". The second hypothesis is derived from the investigated taxa 

themselves, and is based solely on 32 neuroanatomical characters 
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including those characters analyzed here (see chapter 4). Hence it 

will be referred to as the "neuroanatomical tree". 

Reconstructions of evolutionary histories is based on parsimony 

algorithm, and have been performed with MacClade version 3.04 

(Maddison and Maddison, 1992). Several of the characters have 

been defined as multistate characters. Some of the 

neuroanatomical characters are transformations and have been 

defined as ordered characters. 

5.3 RESULTS 

5.3.1 Characters with low homoplasy 

Reconstruction of the evolutionary history showed four 

neuroanatomical characters that are in accordance with the 

hypothesized phylogenetic history of the taxa, and three characters 

with considerable homoplasy. The latter three characters are found 

to have evolutionary associations with either behavioral or 
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morphological traits of the taxa. However, I will first focus on the 

former set, neuroanatomical characters that show low homoplasy. 

The first character of this category deals with the relative thickness 

of the two basic strata of the medulla. The medulla, which is the 

second visual neuropil, comprises two main layers that are 

separated by large tangential fibers to form the outer and inner 

medulla (Strausfeld, 1976). In all of the investigated brachyceran 

taxa the inner layer is about one third the depth of the outer layer. 

In some of the nematoceran taxa however, the outer and inner 

medulla are of equal depth. The sphingid Macroglossum 

stellatarum (Lepidoptera; outgroup) on the other hand is 

characterized by an inner layer of the medulla that is thicker than 

the outer layer. Because of this continuity, of layer thickness the 

three character states "outer medulla thinner"; "equally thick" and 

"inner medulla thinner" have been defined as ordered. The 

character evolution study based on both trees, the literature tree 

(see fig. 5.1A) and the neuroanatomical tree (not illustrated), 

uniformly suggests two transitions in evolution. 
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Fig. 5.1; Reconstruction of the evolution of two neuroanatomical 
characters as suggested by the "literature tree" (see text). A: 
Relative thickness of outer to inner medulla: B: depth to with ratio 
of the T5 cell. Both characters are conservative, conforming well 
with the phylogenetic hypothesis of the taxa. The two species of 
syrphids  in  B  are  shown as  "uncer ta in" ,  because  the  shape  of  the  
dendr i t i c  t ree  could  ne i ther  be  c lear ly  charac te r ized  as  wider  than  
deep, nor equally wide as deep. 
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The first step is a change from "outer medulla thinner" to "equally 

thick" layers, and takes place at the base of the dipteran clade. The 

second change is the transition from an "equally thick" medulla to a 

thinner inner medulla which takes place within the dipteran taxa, at 

the base of aU Brachycera. 

T5 cells are characterized by bushy dendritic trees that are situated 

in the outermost layer of the lobula. Their dendritic field is narrow 

along the horizontal axis, but wide along the vertical axis. In order 

to homogeneously reconstruct cells along their wider axis, all 

anatomical reconstructions are based on frontal sections. In the 

outgroup as well as the three most basal representatives of Diptera 

(all of which are Nematocera) the depth of the dendritic tree which 

reaches into the neuropil is greater than its width. Of all 

investigated taxa only tabanids are characterized by a transitional 

anatomy, the dendritic tree being as deep as it is wide. All other 

taxa are characterized by a dendritic tree which is wider than it is 

deep (see Chapter 4, Fig. 4.4). The most parsimonious solution 

derived from the literature tree suggests two evolutionary steps. 

One is the change to an equally wide and deep dendritic tree along 
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the stem-group of tabanids. The other is the change to a wider but 

shallower dendritic tree between tabanids and other brachyceran 

taxa (Fig. 5.IB). The neuroanatomical tree (tree as in Chapter 4, Fig. 

4.5; left) does not conflict with this interpretation, however it is less 

informative because the position of tabanids is unresolved. If 

tabanids  were  p laced  a t  any  o ther  pos i t ion  than  a t  the  base  of  the  

brachyceran taxa, then at least one more step would be required in 

the transition. 

Similarly, in the case of the character "L2 terminal stratification" the 

evolutionary hypothesis based on the neuroanatomical tree does not 

conflict with the literature tree, but is less informative because of 

i t s  po ly tomies  (F ig .  5 .2) .  The  L2  te rmina l  i s  uns t ra t i f i ed  on ly  in  the  

outgroup sphingids. Both trees support a change between 

Lepidoptera and the radiation of the dipteran clade to a slightly 

s t ra t i f i ed  L2  te rmina l .  This  re fe rs  to  a  dense  layer - l ike  symmetry  

of the terminal varicosities. It is supposed that the stratification 

gradually became more pronounced, leading to an obvious 

s t ra t i f i ca t ion  in  tabanids ,  bombyl i ids  and  the  two as i l id  genera  

Holcocephala and Efferia. 
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Fig. 5.2; Reconstruction of the evolution of the L2 terminal 
s t ra t i f i ca t ion  der ived  f rom ( le f t )  the  " l i t e ra ture"  t ree  and  
cont ras ted  wi th  ( r igh t )  the  less  in format ive  "neuroana tomica l"  t ree .  
Al though the  neuroana tomica l  t ree  does  no t  d i rec t ly  conf l ic t  wi th  
the  hypothes i s  p resen ted  in  the  l i t e ra ture  t ree ,  i t  impl ies  tha t  
po ly tomies  could  be  reso lved  in  a  way tha t  a l lows  a  more  
parsimonious reconstruction. 
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The literature tree here suggests either a gain and loss, or multiple 

origin of the character, suggesting a total of three steps (Fig. 5.2; left 

t ree) .  The  neuroana tomica l  t ree  does  no t  conf l ic t  wi th  th i s  

interpretation, but does allow for alternative hypotheses, including 

a two step hypothesis if tabanids, bombyliids, and asilids would be 

a monophyletic group (5.2; right tree). 

In contrast to the three characters discussed so far, the two trees do 

offer different hypotheses for the evolution of the shape of the L5 

termina l .  The  l i t e ra ture  t ree  (F ig .  5 .3 ;  l e f t  t ree )  sugges t s  the  

ancestral condition of the terminal being deeper than wide. 

However, among all the investigated dipteran taxa this condition is 

only seen in tipulids. The first of two changes is the shift to a 

terminal that is equally wide and deep and occurs between tipulids 

and all the other Diptera. The second change is the shift to a 

terminal that is wider than deep and must have occurred prior to 

the  rad ia t ion  of  do l ichopodids ,  syrphids ,  d rosophi l ids ,  and  

ca l l iphor ids .  This  la t te r  change  i s  equa l ly  suppor ted  by  the  

neuroanatomical tree (Fig. 5.3; right tree). 
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Fig. 5.3: Reconstruction "of the evolution of the proportion of the 
lower  L5  te rmina l .  Al though the  impl ica t ions  for  the  evolu t ion  of  
th i s  charac te r  t ra i t  mos t ly  - i s  s imi la r  for  the  " l i t e ra ture"  ( le f t )  and  
the  "neuroana tomica l"  ( r igh t )  t ree ,  they  d i f fe r  in  tha t  the  l a t t e r  
implies an additional 'independent gain in culicids. 
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However, the neuroanatomical tree differs in the placement of 

tipulids, supporting culicids to be more closely related to tipulids 

than  to  the  o ther  Dip te ra .  This  impl ies  tha t  e i ther  cu l ic ids  have  

independent ly  changed  the  propor t ions  of  the  L5  te rmina l ,  o r  tha t  

the trait has been acquired prior to the tipulid/culicid radiation 

with consequent loss in tipulids. 

5.3.2 Evolutionary association of neuroanatomy with 

factors that influence visually guided flight. 

In this section, neuroanatomical characters that show considerable 

amount  of  homoplasy  a re  d i scussed .  In  each  of  th ree  cases ,  a  t igh t  

association with a specific variable behavior or morphological 

characteristic is found. 

(1^ Organized giant neurons of the lobula plate and leg position 

dur ing  f l igh t :  Gian t  neurons  wi th in  the  lobula  p la te  have  been  

found in most of the investigated taxa where they are organized 

in to  two prec i se  l ayers .  The i r  func t ion  i s  to  rap id ly  co l lec t  and  

in tegra te  mot ion  in format ion  across  the  v i sua l  f i e ld ,  p resumably  
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mediating fast reactions to visual change (see chapter 3). However, 

in  o rder  to  ach ieve  rap id  f l igh t  and  h igher  maneuverab i l i ty ,  the  

insect also has to minimize non-aerodynamic properties, such as 

wide ly  ex tended  legs .  Many of  the  rap id ly  f ly ing  insec ts  have  been  

observed  to  keep  the i r  l egs  e i ther  f lexed  c lose  to ,  o r  undernea th  the  

body.  This  sec t ion  cont ras t s  the  evolu t ionary  h is tory  of  g ian t  

neurons in the lobula plate with the evolutionary history of leg 

position. The distribution of the two characters among the taxa is 

identical, each showing two independent contrasts (Felsenstein, 

1985)  tha t  suppor t  a  func t iona l ly -based  connec t ion  of  the  two 

charac te r  t ra i t s .  Both  the  l i t e ra ture  (F ig .  5 .4 )  and  the  

neuroanatomical (not illustrated) trees suggest an ancestral 

presence of the two characters, with either one (neuroanatomical 

t ree)  o r  two ( l i t e ra ture  t ree)  changes  tha t  l ead  to  a  secondary  

absence of organized giant neurons and a secondary leg extension 

dur ing  f l igh t .  However ,  those  t rees  on ly  inc lude  taxa  wi th  

neuroana tomica l  in format ion ,  and  thus  on i i t  many fami l ies ,  the  

traits of which could alter the evolutionziry interpretation (see 

discussion). 
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(Simuliidae) 

Sciane macu/ipennis 
(Tabanidae) 

Anthrax spp. 
(Bombyliidae) 

Holcocephala spp 
(Asilidae) 

Etferia spp. 
(Asilidae) 

Condylostylus spp 
(Dolichop^idae) 

Omidia obesa 
(Syrphidae) 

Salpinogaster nigra 
(Syrphidae) 

Drosophila melanogaster 
(Orosophiiidae) 

Glosslna morsitans 
(Glossinidae) 

Calllphora erythrocephala 
(Calliphoridae) ORGANIZED GIANT NEURONS IN THE L? 

2 steps 

unordered 

[=• ABSENT 

PRESENT 

Fis. 5.4; Reconstruction of the evolution of giant neurons within the o ^ 
lobula plate, and of retracted leg position during flight. The 
evolution of the two characters has been reconstructed according to 
the literature tree. 
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(2) Horizontal axons and elongated t)9<iy mQrph<?lQgy: In 

calliphorids the lobula plate is characterized by a layer of cells the 

main  branches  of  which  provide  a  dendr i t i c  f i e ld  tha t  i s  o r ien ted  

ver t ica l ly .  These  a re  the  ver t ica l  ce l l s  (VS)  tha t  in tegra te  

information about motion around the transverse and long axis of 

the animal (Strausfeld and Bassemir, 1985b; Hansen and Egelhaaf, 

1989; ) VS cells are thought to contribute to pitch and roll 

s tab i l i za t ion  dur ing  f l igh t  (Hausen ,  1981 ,1984) .  I t  has  been  

observed that in certain species with elongated bodies, cells situated 

a t  the  equiva len t  l ayer  of  the  VS ce l l s  a re  modi f ied ,  hav ing  major  

branches oriented horizontally rather than vertically. Possibly, 

ver t ica l ly  or ien ted  branches  ex tending  th roughout  the  dorso-

ventral visual field might be less important in species in which an 

elongated body shape already provides increased pitch stability, 

whi le  an  increase  in  hor izonta l ly  o r ien ted  branches  a l lows  to  be t te r  

monitor translatory flow-fields which appear during forward flight. 

If this is the case, then among rapidly flying insects there should be 

a  para l le l  in  the  evolu t ion  of  "modi f ied  VS ce l l s"  and  the  evolu t ion  

of elongated body shapes. Regarding the architecture of VS cells 

three  charac te r  s ta tes  have  been  def ined :  VS ce l l s  wi th  major  
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horizontal processes absent (1), cells with some major horizontal 

processes (2) and cells with several horizontal processes (3). 

Charac te r  s ta tes  have  been  def ined  as  unordered ,  because  changes  

in  ce l l  number  appear  to  no t  necessar i ly  mani fes t  s tepwise  

enhancement of the same trait. Character evolution reconstruction 

for  e i ther  t ra i t  resu l t s  in  a t  l eas t  two independent  ga ins  wi th in  the  

investigated dipteran taxa (Fig. 5.5; left). Both of the asilid species 

are cheiracterized by at least some cells with horizontal processes at 

tha t  l eve l ,  and  they  a re  bo th  charac te r ized  wi th  a t  l eas t  par t ia l ly  

e longa ted  bodies  (F ig .  5 .5 ;  r igh t ) .  Both  as i l ids  Ej fer ia  and  

Holcocephala are characterized by elongated bodies, and VS cells 

with horizontal processes. However, Efferia has a higher number of 

hor izonta l ly  o r ien ted  ce l l s ,  and  i s  charac te r ized  by  a  more  e longa ted  

body. Likewise, the syrphid Salpinogaster nigra is characterized by 

severa l  ce l l s  wi th  HS processes ,  and  by  an  e longa ted  body  shape .  

This  i s  d i f fe ren t  f rom i t s  c lose  re la t ive ,  Ornid ia  obesa  tha t  ne i ther  

processes multiple cells with horizontal processes at the VS level, 

nor  an  e longa ted  body  shape .  Fur thermore ,  the  ou tgroup  sphingids  

i s  charac te r ized  by  the  presence  of  bo th ,  th i s  neura l  and  the  body  

morphological trait (VS like neurons and a short body). 
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/:i 

\Macroglossum stellatarum 
(Lepidoptera • outgroup) 

Q Nephrotoma wulpiana 
(Tipulidae) 

HORIZONTAL PROCESSES AT VS LEVEL 

4 steps 

unordered 

[=• ABSENT 

HH SOME 

HH SEVERAL 

I I equivocal 

{] Aedes aegypti 
/ (Culicidae) 

£ Simulium vittatum 
(Simuliidae) 

|] Scione maculipennis IT 
(Tabanidae) \ 

Anthrax spp. 
(Bombyliidae) 

Holcocephala spp 
(Asilidae) 

Efferia spp. 
(Asilidae) 

Condytostylus spp 
(Dolichopodidae) 

Ornidia obesa 
(Syrphidae) 

Salpinogaster nigra 
(Syrphidae) 

'Q Drosophila melanogaster [|\ 
(Drosophilidae) \\ 

Stylogaster spp 
(Comopidae) 

Glossina morsitans 
(Glossinidae) 

•, W Calliphora erythrocephala |T\ ) / 
(Calliplioridae) ' 

BODY SHAPE 

10 steps 

ordered 

D Nimioglossa spp 
(Tachinidae) 

01 SHORT 

INTERMEDIATE 

ELONGATED 

equivocal 

Fig. 5.5: Reconstruction of the evolution of cells situated at the VS 
leve l  which  a re  charac te r ized  by  major  hor izonta l ly  o r ien ted  
branches  ( le f t )  in  cont ras t  to  the  evolu t ion  of  e longa ted  body  
shapes  ( r igh t ) .  Both  charac te r  t ra i t s  show mul t ip le  independent  
evolution. Reconstructions are based on the literature tree. 
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The two most basal dipteran taxa tipulids and culicids do not have 

giant neurons with horizontal processes but their bodies are 

elongated. Although the evolutionary history of the discussed 

characters has been illustrated for the literature tree (Fig. 5.5), the 

reconstructed based on the neuroanatomical tree conforms entirely. 

O') Neuron diameter and hovering flight: In most dipteran taxa, the 

lobula plate contains a set of 5 to 20 large axoned VS neurons which 

together cover the entire anterioposterior visual field. In certain 

taxa (e.g. tachinids, calliphorids, tabanids) neurons serving the 

anterior visual field have larger diameter than neurons situated 

more posteriorly. The functional implications of this is that the 

larger neurons are processing information more rapidly and thus 

they can integrate inputs from their frontal visual field faster than 

from their lateral or posterior visual field, as would be desirable 

during forward flight. Other species are characterized with a more 

even anterior-posterior distribution of large cell profiles, implying 

equally rapid integration of visual input from the anterior and 

lateral visual field, as would be desirable during stationary 

hovering flight. 
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Macroglossum stellataruw 
(Lepidoptera - outgroup) 

Nephrotoma wulpiana 
(TTpulidae) 

Aedes aegypti 
(Culicidae) 

Simulium vittatuw 
(Simuliidae) 

Scione maculipennis 
(Tabanidae) 

Anthrax spp. 
(Bombyliidae) 

Holcocephala spp 
(Asilidae) 

Efferia spp. 
(Asilidae) 

Condylostylus spp 
(Dolichopodidae) 

Ornidia obesa 
(Syrphidae) 

Salpinogaster nigra 
(Syrphidae) 

Drosophiia melanogasier 
(Drosophilidae) 

Stylogasterspp 
(Comopidae) 

Gtossina morsitans 
(Glossinidae) 

Calliphora erythrocephala Qv 
(Cailiphoridae) 

SIZE VARIATION OF VS CELLSL 
unordered 

I 1 NOT ISOMORPHIC OR UNDESTINGED 

HH ISOMORPHIC 

P.V.V.1 uncertain 

I I equivocal 

Nimioglossa spp 
(Tachlnidae) 

[I 
HOVERING FLIGHT 
unordered 

ABSENT 

PRESENT 

equivocal 

Fig. 5.6; Reconstruction of the evolution of cells ^yith even neuron 
diameter across the anteroposterior visual field (left) parallels 
almost entirely the evolution of hovering flight (right). 
Reconstructions are based on the literature tree-. 
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This homogeneity has been demonstrated behaviorally by Collet 

and Land (1975) for syrphids in which the frontal and the lateral 

parts of the eye can mediate target oriented hovering equally well. 

The comparison of the evolution of the two traits "even VS cell 

diameter" and "hovering flight" reveals an almost entirely similar 

evolutionary history, including at least five independent origins of 

each of the trait (Fig. 5.6). In both cases within the Diptera the trait 

has evolved at the base of or within the bombyliids, within asilids 

(basal to Holcocephala), basal to the two investigated species of 

syrphids, and along the terminal branch to conopids. Furthermore, 

both traits appear in the outgroup sphingids, which here represents 

the derived character state rather than the ancestral. Contrasting 

the evolution of the two characters, out of six independent contrasts 

five match entirely, the sixth revealing a difference regarding 

simuliids. Male simuliids posses at least 5 large VS like cells with 

comparable axon diameter. However, they have not been observed 

to hover. Character evolution based on the neuroanatomical tree 

(not illustrated) allows for the same evolutionary hypothesis, but 

does not provide the same level of resolution because of the 

omission of conopids, and the unclear resolution of the polytomy. 
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5.4 DISCUSSION 

Knowledge about the phylogenetic history of certain taxa has been 

helpful in evaluating the nature of neuroanatomical changes. Four 

out of seven discussed characters describing neural-architecture of 

individually identified neurons or neuron classes are highly 

conservative, with only few character state transitions. The four 

characters "outer to inner medulla thickness"; "shape of the 

dendritic tree of T5"; "L2 terminal stratification" and "shape of the 

L5 terminal" (Figs 5.1 to 5.3) all are characters derived from 

neuropils or neurons that are part of the elementary motion 

computation pathway (Strausfeld and Lee, 1991; Douglass and 

Strausfeld, 1995, 1996). However, none of these differences affect 

the general organization of the motion computation pathway itself, 

and among the characters listed in the method section, no specific 

adaptive behavior has been found that has evolved in parallel. 

Although this does not preclude specific adaptational properties of 

those characters at some unresolved functional level, the 

transformation of character states in each case conforms to the 
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phylogenetic distance between species. AH four characters are 

ordered characters with very few evolutionary transitions. 

The phylogenetic tree used for the reconstruction of character 

changes only includes a limited number of taxa and thus could lead 

to an underestimate of the total number of changes. Nevertheless, 

the tight match between character states and the phylogenetic 

history of the investigated taxa suggests that those are characters 

that well contain information about the phylogenetic history of the 

taxa. 

Among insects, Diptera constitute one of the largest orders, 

characterized by the reduction of the second pair of wings to 

knobbed structures, the halteres. It is the halteres' additional 

sensory and mechanical properties that enhances flight skills, 

possibly a key innovation which allowed this order to radiate and 

invade a great variety of different habitats (Borror et al., 1989). 

Thus, it is not surprising that many dipteran taxa evolved 

sophisticated flight styles in connection with certain ecological 

tasks. Since vision plays a major role in flight control, specific 
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adaptational changes are expected to be found in the organization 

of the visual system. Three different cases show how the evolution 

of neuroanatomical character traits can be paralleled by the 

evolution of presumably functionally related behavioral or gross 

morphological characteristics. Although, in this study, the 

reconstruction of the actual evolutionary history is somewhat 

constrained by the limited number of sampled taxa, the parallel in 

the evolution between each pair of characters is particularly 

informative. On the one hand it helps to confirm and further 

understand the functional properties of specific features of the 

neuroanatomical pathway, and on the other hand, it provides 

insights about how the nervous system is modified to meet specific 

ecological demands. In some cases, the reconstruction of 

evolutionary histories of a character pair reveal small differences. 

The question arises, why is there not a perfect match? This can 

help to pinpoint organizational peculiarities, or, in some cases 

allows us to postulate about the significance of the relative timing 

of changes in the two character types. If two characters evolve in 

parallel, and a change in one character precedes a change in the 

other chjiracter, then this could signify the direction of the 
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evolutionary process. Small differences in evolutionary history 

are observed for the evolution of "horizontal axons and elongated 

body morphology" and the evolution of "even neuron diameter and 

hovering flight". Both of those character traits reflect the 

organization of specific large diameter cells in the lobula plate, and 

rely on functioned assumptions about the implication of gigantism 

in neurons. 

(1) Adaptations to rapid flight: ordered giant neurons in the lobula 

plate and a contracted leg position 

In order to mediate fast, visually guided flight, rapid computation 

of visual flow fields is necessary. Besides rapid computation and 

synaptic transmission, this also requires the fast propagation of 

neural signals within neurons. In the nervous system two 

mechanisms have evolved to achieve an increase in conduction 

velocity: myelination, which is the wrapping of glia cells around the 

axon resulting in enhanced local isolation, and an increase of the 

axon diameter, resulting in a lower axonal resistance (Kandel et al, 

1991). The latter mechanism has been described as enhancing 

transduction times in several different systems, and thus is often 
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are found in rapid pathways such as escape behaviors, (e.g. 

hydromedusae: Donaldson at al, 1980; earthworm: Bullock, 1945; 

cricket: Edwards and Palka, 1974; fish: Eaton et al, 1991) In 

Diptera, neurons involved in motion computation or integration are 

also characterized by large non-myelinated axons (Strausfeld, 

1984). Among them are collector neurons of the lobula plate, that 

integrate motion information from different areas of the visual 

field. Those tangential neurons rapidly propagate non-spiking, 

graded signals and terminate on giant descending neurons 

(Hengstenberg, 1977; Hausen, 1982a; Gronenberg et al., 1985; 

Franceschini et al, 1989). In all rapidly flying species, tangential 

neurons are characterized by precisely organized large diameter 

profiles, segregated into two layers (see chapter 3). This 

organization which allows fast integration of motion information is 

part of a rapid neural system, and thus is crucial for an insect that 

exhibits rapid, visually guided corrections in flight. Likewise, 

rapidly flying insects are expected to minimize non-aerodynamic 

properties, and thus the behavioral trait to keep legs close together, 

often contracted to the body, here is interpreted as adaptation for 

rapid flight. As illustrated in Fig. 5.4, hypotheses of the evolution 
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of the two character traits "presence of giant neurons in the lobula 

plate" and "leg position during flight" reveals a striking similarity. 

Although there only are two independent contrasts contributing to 

the pattern, it supports a connection of the two characteristics. 

Although we know little about neuron size in the non-investigated 

taxa, we have some knowledge on their flight styles. Many of the 

nematoceran taxa appear to have slow flight, extending their legs 

away from the body, as do culicids and tipulids. The rapid flight of 

simuliids is exceptional among Nematocera, and is presumably an 

adaptation for pursuit during aerial courtship (Downes, 1991). 

Considering the entire order of Diptera, an evolutionary sequence 

as illustrated in Fig. 5.7 is more likely than the one originally 

proposed in Fig. 5.4. It assumes the ancestral state of extended 

legs, with two independently derived changes to "close to the body" 

in simuliids and at the base of Brachycera. If the evolution of leg 

position parallels the evolution of giant neurons, then a similarly 

altered evolutionary history could hold for the "presence of giant 

neurons". 
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^cmglossum stellatarum 
(Lepidoptera - outgroup) 

LEG POSITION DURING FLIGHT 
3 steps 
I 1 BAENDED 

IB RETRACTED 

U Nephrotoma wulpiana 
(Tipulidae) 

Aedes aegypti 
(Culicidae) 

Simulium vittatum 
(Simuliidae) 

Scione macuUpennis 
(Tabanidae) 

Anthrax spp. 
(Bombyliidae) 

Holcocephala spp 
(Asilidae) 

Elferia spp. 
(Asilidae) 

Condylostylus spp 
(Dolichopodidae) 

Omidia obesa 
(Syrphidae) 

Salpinogaster nigra 
(Syrphidae) 

I Drosophiia metanogaster 
(Drosophilidae) 

Glossina morsitans 
(Glossinidae) 

\Calliphora erythrocephata 
(Calliphoridae) 

ORGZNIZED GIANT NEURONS IN THE LP 
3 steps 

I 1 ABSENT 
•• PRESENT * 

Fig. 5.7: Modified hypotiiesis of the evolution of giant neurons 
within the lobula plate, and of retracted leg position during flight. 
The reconstruction has been performed as in Fig. 7.4, but has been 
modified according to other taxa's preferred leg position during 
flight. Almost all of the basal nematoceran taxa are characterized 
by slow flight, with their legs extended far from the body. 
Therefore the leg position during flight has been defined as an 
ancestral trait (left). The question mark indicates that this could 
imply a corresponding lack of organized giant neurons in the lobula 
plate of ancestral dipteran taxa (right). 
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f2')Association between elongated body shapes and horizontal cell 
architecture 
Contrasting the evolutionary history of presence of neurons with 

horizontiil processes situated in the deep LP layers, with the 

history of the occurrence of elongated body shapes, striking 

parallelisms are observed (Fig. 5.5). Including the outgroup, there 

are at least three independent cases for which a precise parallel 

occurs in the evolution of the two characters. Within asilids, both 

characters reach an intermediate state in Holcocephala and are 

fully developed in Efferia. Knowledge about body morphology in 

additional taxa supports the initial evolutionary hypothesis. For 

example, all of the basal nematoceran lines, and the closely related 

Mecoptera, possess elongated bodies. Simuliids are one of the few 

nematoceran taxa with a short body nested within a clade of taxa 

with elongated bodies. This suggests that simuliids independently 

gained their short, acrobatically unstable body. 

Besides the general parallel in the evolution of the two 

character traits, there also are minor differences. The most striking 

of them is that there are no modified VS cells in the two long 

bodied nematoceran taxa tipulids and culicids (Fig. 5.5; right). 

However, in neither one of them the LP is divided into two concrete 
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layers, and thus, in contrary to all other investigated taxa, giant 

neurons are not organized into layers (see previous section). Both 

tipulids and culicids are slow flyers, with long wings and long legs 

that are extended during flight. This is very different than other 

species with elongated body shape (e.g. Ejferia spp.; Salpinogaster 

nigra) which fly rapidly, and thus rely on fast and accurate flight 

control system. This indicates that the precise, layered 

organization of the LP is an innovation for accelerated and precise 

flight. That no modified VS cells have been found in culicids and 

tipulids is due to the absence of a LP organization typical of rapidly 

flying Diptera, rather than a peculiarity in the organization. 

Specific modifications of VS cells that are found in other taxa with 

elongated bodies appear not to apply to taxa characterized by slow 

flight, such as tipulid and culicids. 

Comparing phylogenetically independent contrasts of character 

traits and character evolution reconstructions of the morphological 

and neuroanatomical characters, the only other exception to a 

consistent parallel in the evolutionary pattern are the 

dolichopodids. Those are characterized by a slightly elongated 
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body morphology, but the deep LP contains characteristic, 

calliphorid-like VS neurons. However, the elongation of the body is 

only minor, and thus might only marginally increase the inherent 

flight stability. This may not be sufficient to diminish the VS cell 

role in the control of pitch stability. Nevertheless, this could be the 

reflection of a transition. On the other hand, the dolichopodid flight 

style is complex, as they perform aerial dances during territorial 

fights (Land 1993 a, b). Considering their exceptional aerobatic 

skills and a variety of different flight performances, it is not 

surprising that in dolichopodids a precisely organized horizontal 

and vertical motion control system has been evolutionarily 

conserved. 

O') Isomorphic VS cells and their association with hovering flight 

The last character pair discussed in this account is the evolution of 

VS neurons which are of equal axon diameter across the 

anterioposterior visual field and the evolution of hovering flight. 

As in the previous example, knowledge about the flight style of 

additional taxa generally supports the evolutionary hypothesis of 

hovering flight as presented in Fig. 5.6B. Multiple and independent 
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appearance of the two character traits makes this example 

especially convincing. 

Including the outgroup Macroglossum, the neuroanatomical and the 

behavioral character traits show a complete parallel in five out of 

six phylogenetically independent contrasts (Felsenstein, 1985). 

This is a strong indication for an evolutionary association of the two 

characters. The only exception to a perfect parallel are simuliids, 

where the discrepancy in the evolutionary pattern points to an 

interesting difference in the functional organization of VS cells. 

Simuliids males are characterized by at least five giant VS cells in 

the lobula plate, the diameter of which is even for all cells, despite 

the fact that they have not been observed to pursuit hovering 

flight. In the taxon the external eye and all neuropils of the optic 

lobes are divided into a dorsal and ventral part (see Buschbeck and 

Strausfeld, 1996b for organizational details). VS neurons are 

situated in the dorsal eye only, which is specific to the male, and 

presumably has evolved to mediate detection and interception of 

the female during courtship (Dowens, 1991). 



DORSAL 

VENTRAL 

Fig. 5.8: The eye of a male simuliid (A) is separated into a dorsal 
and a ventral part. As in the external morphology, there also is 
and internal division of the lobula plate (LP). Vertically oriented 
cells in this taxon are found in the dorsal LP, serving the dorsal eye 
and presumably mediate pursuit of females rather than visually 
guided flight stabilization. 

The specialization of the eye is manifested by it's external 

morphology (Fig. 5.8A), characterized by a division into a upper 

and lower eye. The dorsal LP (Fig. 5.7B) receives input from the 

large facets of the dorsal eye only, whereas the ventral LP, which is 

characterized by horizontal cells, receives input from the ventral 

eye only. Bibionids have similarly divided eyes, and it is 
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conceivable that like in bibionids (Zeil 1983b) in simuliids only the 

ventral eye mediates a response to large field horizontal motion, 

which is used for flight control. In Both taxa the dorsal eye is used 

to track females. Simuliid vertical neurons therefore serve a 

completely different function than VS cells do in the other 

investigated taxa, and it is not surprising that the neuroanatomical 

and behavioral character trait do not match in this taxon. 

Considering the strong case of five independent events, the tight 

match of the two character traits isomorphic VS cells and hovering 

flight is highly unlikely to have happened purely by chance. 

However, there is one other slight discrepancy. In glossinids the 

distribution of neuron diameter from the anterior to the posterior 

part of the lobula plate has been coded as uncertainty. Anatomical 

reconstructions shows that there might be a small bias towards 

larger profiles in the anterior visual field, otherwise neuron 

diameters are almost even thus the character has been coded as 

uncertainty. Although glossinids have not been observed to hover, 

it cannot be excluded, because their visually guided flight behavior 

has not been fully investigated. Alternatively, a more 
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homogeneous organization of VS ceils in glossinids could be a first 

step in the evolution of hovering flight in this taxon. While the 

lobula plate in glossinids resembles an organization that could 

mediate slow, almost stationary flight, it might have preceded the 

evolution of other changes that actually mediate this behavior. 

In conclusion, the reconstruction of the evolutionary history of 

seven neuroanatomical features, some of which have been 

contrasted with behavioral or morphological features, has allowed 

a better understanding of the nature and function of specific 

neuroanatomical changes. Some of these changes should be of 

greater adaptive value than others, and reconstructing the 

evolution of these characters as well as behaviors possibly 

associated with them support such a pattern. A certain set of 

characters has been described, which conforms particularly well 

with the evolutionary history of the taxa. The evolution of other 

neuroanatomical characters show evidence of functional changes in 

response to adaptive factors that influence visual guided flight. 

The reconstruction of character evolution reveals how specific 
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modifications of the architecture of the lobula plate might account 

for changes in flight behavior. 
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APPENDIX A 

VISUAL MOTION DETECTION CIRCUITS IN FLIES: SMALL-

FIELD RETINOTOPIC ELEMENTS RESPONDING TO MOTION ARE 

CONSERVED IN EVOLUTION 



-"iNeuroscience 
The Official Journal of August 1. 1 996 

the Society for Nouroscience 

162 



1 6 3  

EIke K. Buschbeck 

ARL Div. Neurobiology 

Could Simpson Building 611 

University of Arizona, 

Tucson, AZ 85721 

Tel: (320) 621-8383; Fax: (520) 

621-8282 

Journal Permissions 

Society for N'eurosdence 

li LAxpont Circle 

NW Suite 500 

Washington, DC 20036 
Fax- (202) 462-1547 

To Journal Permissions: 

i recently have published my work in your journal; Visual Modon-Derection 
Circuits in Flies: Small-Field Retinotopic Elements Responding to Moti-. n are 

Evolutionarily Conserved across Taxi. 27ie Journal of f '̂euroscience >\agust 

1, 1996 16(15): 4563-4578- I am now assembling my dissertation, and would 

like to include the article. I am i-are asking you for permission to do so- The 

release letter should indicate that permission extends to microfilming <md 
publication by University Microfilms Incorporation and that you are aware 
that UMI may sell, on demand, single copies of the dissertation including che 

cop>Tighted materials, for scholarly purpose. 

I am planning to graduate in De<"ember, and thus would greatly apprec: te if I 
could receive your permission soon. Thank you tor your efforts 

i'enni>^ion iir.inteu ITS tne 
fkviftx ri-t itov iJcJ 
tlTe ordinal T':l' Irw':.!-

vJIti'd 

^-.-icerelv. 



1 6 4  

Visual Motion-Detection Circuits in Flies: Small-Field Retinotopic 
Elements Responding to Motion Are Evolutionarily Conserved 
across Taxa 

EIke K. Buschbeck' and Nicholas J. Strausfeld  ̂

'Decarjvert of Ecology and Sjciuoorar/ Biology, and -Anzona ^esearc-r Laccratcnes. Qivisicr of Neurcccicgy. 
ijniversir/ of Arizona. Tucson. Arizona 35~2i 

The Hassenstein-Reichanlt autocorrelation model for motion 
computation was denved originally from studies of optomotor 
turning reactions of beetles and furttier refined from studies of 
houseflies. Its application for explaining a variety of optoKinetic 
behaviors in other insects assumes that neural correlates to the 
model are principally similar across taxa. This account exam
ines whether this assumption is warranted. The results demon
strate that an evolutionarily conserved subset of neurons cor
responds to small retinotopic neurons implicated in motion-
detecting circuits that link the retina to motion-sensitive 

Ramon y Cajai's (1937) reference to the "e-xquisite adjustment" of 
the insect optic lobes reflected his conclusion that, at all the 
systems he had encountered, the insect visual pathways were the 
most scnicniraily compleic The reason Ramon y Cajal gave was 
that insect optic lobes contain so many different, uniquely identi
fiable neurons. Therefore, by using modem methods of intracel
lular recordings and dye filling, such a system should be ideal for 
correlating the structure and function of neuronal morphologies 
with their role in visual prtxxssing. 

Intracellular studies have focused on a teaal neuropil called the 
lobula plate (see Fig. 1), identiMng large wide-field neurons in a 
few dipteran species. Aaivity^lependent uptake of 'H-2-
deoxyglucose demonstrated the division of this neuropil into four 
direaion- and orientation-specific layers (Buchner et aU 1984) 
corresponding to levels of wide-field cells that respond selectively 
to motion direction and orientation. .A$ liemonscrated by physiol
ogy and anatomy, the lobula plate collates information about 
motion and relays this to premotor neurons associated with head 
movements and fiiehc direction. 

For nearly .«) years the Hassenstein-Reichardt 11956) autocor
relation model has been employed to explain optomotor reaaions 
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neuropils of the lobula plate. The occurrence of these neurons 
in basal groups suggests that they must have evoh/ed at least 
240 million years before the present time. Functional contiguity 
among the neurons is suggested by their having layer relation
ships that are independent of taxon-specific variations such as 
medulla stratification, the shape of terminals or dendrites, the 
presence of other taxon-specific neurons, or the absence of 
orientation-spedfic motion-sensitive levels in the lobula plate. 
Key worrfs; insect vision: evolution; e/ementary motion de

tection; Golgi niethod; neuroanatomy; Diptera 

in Ries. beetles, moths, and locusts. With few exceptions (Torre 
and Poggio. 197S: Franceschini et at.. 1989; Strausfeld and Lee. 
1991), inputs to motion-sensitive tangential neurons are repre
sented schematically by ensembles of Hassenstein and Reichardt 
elementary motion detectors (EMDs; Hausen and Egelhaaf. 
1989). The general similarity of responses to optomotor stimuli by 
premotor descending neurons suggests that many other types of 
insects are supplied by analogous motion-deteaing circuits (drag-
onflies. Olberg. 1981. 1986: moths. Rind. 1983: flies, Gronenberg 
and Strausfeld. 1990-1992: locusts. Hensler, 1992 and Ftye and 
Olberg. 199S). If different insects respond similarly to optomotor 
stimulL they could have evolved circuits for this function sepa
rately. If they share evolutionarily common circuits for motion 
detection, then this sittiation should be refieaed by conserved cell 
types and arrangements across ta.xa. 

To resolve this, we have performed a detailed comparative 
study across the Oipterx the phyloeenetic relationships of which 
(Fig. 2) are well know-n from other criteria I Mc.-\lpine. 19S9). We 
have searched for neurons that match small retinotopic neuron^ 
already identified in the green bottle fly PItaeiuda. the intracellu
lar responses of which suggest their invohement in motion com
putation I Douglass and Strausfeld. l"*)?. These neuron^ 
are the lamina efferems L4. Li. and Tl. the transmedullar> 
neurons Tml and iTm. and the bushy T-cells T.» and T5. termi
nating among motion-sensitive tangential neurons in the lobula 
plate. 

The order Diptera is divided into two maior divisions iHennig. 
mSll: the usually nocturnal or crepuscular N'ematocera (e.g.. 
mosquitoes, midges. «.Tane flies, all with long, multiannular anten
nae I and the usually diurnal Brachycera le.g.. hover flies, long-
legged flie>. rohher flies, buttle rtie>. all ivith short, three segment 
antennae), the retina and lamina organization of uhich shou 
>pcdfic morphological differences, in all. reccptors >hanng a 
common optical alignment have convergent x\on projection^ 
I Braitenberi. I*"!"; Zcil. lo the Name retinotopic Nubunit m 
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F^urr I. Schetnatic otganizaiioa of the visual system of Dipteta. Four retinotopic oeuropils (lamina. La'. oethiUa. Me: lobula. Ur, lobula plate. LP) 
provide outputs to the mid brain (Bn, which supply descending neurons (ON] ttot terminate in motor cenceis of the thoracic ganglia (Th). Netirons 
implicated in elementary motion detection are shown in the instt. These are R1-R6 photoreceptors (R), large monopolar cells (IMCs), die transmeduOaty 
cells (<TfR and Tml), the bushy T-cells (T-t and 77). and the centrifugal neuron (C2). The lobula plate sends axons of collator neurons (CS) to the brain 
and contralateral lobula plaie. 

Che lamina (optic cartridge: Boschek. 1971). Nematoceron flies 
cypically have an open symmarieal discribudon of photoreceptors 
sharing a common optical alignment (Kirschfeld and Wenk. 1976: 
ZetL 1979) and providing branched receptor terminals (Melzer 
and Paulus. 1993). Brachycerans ire united by their open trape
zoidal distribution of photoreceptors sharing common optical 
alignments (Kirschfeld. 1967; Trujillo-Cenoz and Bernard. 1971) 
and unbranched terminals (Shaw. 1990). Among brachycerans. 
blow flies have been used e.xtensWely for vision research on 
non\ertebrate model sy-stems. We have elected ta.xa for compar
ison that are representative of phylogenetic diversity such as the 
variety of body forms (Fig. Z). flight behaviors iCollett and Land. 
1975: Zeil. 1983c. 1986; Tricca and Trujillo-Cenoz. 1980: Land. 
I993a.b). luminance preferences, and transduaion dynamics 
(Laughlin and Wecksirom. 1995). The present results demon
strate that neuronsi recently identified as being involved in the 
earliest computations of motion (Douglass and Strausfeld. 1995. 
199b I are. indeed, evolutionarily conserved despite differences in 
receptor^rrangements. tenninal and synaptic organization in the 
outer plexiform layer (Shaw and Moore. I9S9: Melzer and Paulus. 
|993i. and behavioral JifferenceN. 

MATERIALS AND METHODS 
Many of the species investigated, such as most asilids (EJinal and 
bombyliids lAmhmz. VtUat were collected in the vicinity of Tucson. 
Aruonx Some of the bombyliid and syrphid lEupeodai specimens were 
colleaed in the Sonoran Desen of Mexico, dose to Kino bay; others in 
Kara .^vis-Selvatica and Estadon La ScKni. Costa Rica lOrmdia obaa. 
Sdlpinofasteri. Tabanids iTdbanusi were colleaed at the Gila National 
Farest. New Mexico: others iStnong macuUpenna) at Rora .Avis-Selvaiica. 
Costa Ricx and in the vianity of BrighL Victoria. .Australia. Culicids 
lAtdis were obtained from the laboratoiy colony of the Center of 
Insect Science. University of .Arizona, and simuliids iStmulutm itaatumi 
were provided from breeding facilities of Dr. E. Cupp. Unnersity of 
.Arizona. Glouinids iGloisma moraumsi were Icindly donated by Dr. S. 
.Alksuv. Yale University. Phaenicut and Caltiphora (Calliphoridael were 
raised in our laboratory. 

Cotp tmpn^natton. Opened heads were tixed in glutaraldehyde 
earned in cacodylate buffer. .Alter 1-2 J. specimens were washed in 1.6'c 
cacodylate buffer (Strausfeld. 1980) for hr. Rcid specimens were 
stored up to ^e^eral months in buffer and stained in addition to those 
treated after -18 hr. Speamens were transferred to pH b.S-7.0 SorensenS 
phosphate buffer, and after thorough washing, they were placed in I'r 
OsO, diluted l;^u with Zi'r potas.sium dichromate. After -l-tO d ot 
chromatiun I'tl .ir -l-Cl. the head capsule and compound eyes were 
opened further immediately before immersion in il.'5'> MKer nitrate in 
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Ftiiurt 1 Phylogenetic relationships of nematoceran and brachyceran Diptera, based mostly on morphological charaacrs and reconstructed after Wood 
and Borkent (1989). Woodly (1989). McAipine (1989). Sinclair et al. (1993). and Gumming et ai. (1995). Camera lucida drawing of insects illustrate the 
morphological variety of investigated taxa. Common names: tipulids. crane flies; culicids. mosquitoes; simuliids^ black flies: tabanids, horseflies: 
bombyfiids, bee-flies; doh'chopodids. long-legged flies: syrphids. hover flies; glossintds. tsetse flfes: and caniphorids. blow flies. 

distilled water. The brains were dehydrated, embedded in soft Durcupan 
(Fluka. Mannheim, Germany), and serially sectioned at 30 
Reduced silver siaining. Tissue was tLxed either in Gregory's (1980) 

synthetically aged Bouin s solution or in acetic acid-alcohol formalin. 
After fixation, the heads were washed in 70% ethanol and the brain was 
dissected from the head capsule, dehydrated, cleared in (erpineol and 
then xylene, embedded in Parapiasi plus (Corning* Coming. NY), and 
serially seaioned at 10 ^m. Dewaxed sections were incubated for 24 hr at 
60*C in 1% silver proteinate (Roques. Paris, France) with the addition of 
1-4 gm pure copper per 100 ml solution. Afterward, tissue was conven
tionally treated after Bodtan's (1937) original method. 
Measunniettis^ The depth at which each component of each cell type 

occurs in the medulla can be standardized as a percentage of total 
medulla depth (Strausfeld and Lee. 1991}. Depths arc given as a percent* 
age of the total depth of either the outer or inner medulla layer, the two 
layers being separated by a tangential layer of axons in the serpentine 
layer (Figs. 7. 8). Scaling each ccll type to a standardized medulla allows 
comparison of the depth of any arirarizations of a neuron to any other. 
Interspecific comparisons can be standardized among spccies by using 
this principle. For example, in all species, the terminals of the LI large 
lamina monopolar cell occur at the same depth as the outer dendritic 
processes of the intrinsic transmedullary neuron iTm. 
Demiwmetry. At the light microscopic level, certain specializations on 

dipteran neurons are rccognized as representing predominantly pre- or 
postsynaptic sites (Boschek. 1971; Strausfeld and Bassemir. 19S5; Watson 
and Hardt, 1996). Postsynaptic specializations are regions from the axon 
or its collaterals that represent local swellings, varicosities, or beaded 
structures (blebs). Presynaptic specializations are minute, spine-like 
structures (or spicules, knobs), which arise from tapered branches, inter
preted as dendritic. Cenain nerve cells have processes that are invested 
with a mixture of both types of specializations. For densitometry, the 
specializations of neurons were drawn from serial optical sections (that is, 
collapsed to two dimensions) with a camera lucida extension and nor
malized to a standard medulla. Images were digitized, and the densities of 
pre- and postsynaptic specializations were measured with NIH Image 
(version 1.53). The raw images and the resultant density distributions 
were compared for lamina endings in the medulla, the dendrites of iTm 
and Tml medulla neurons, and the processes of the bushy T<ell T4. 

RESULTS 
Architecture of the medulla neuropil 
The optic lobes consist of four successive neuropils: the lamina, 
medulla, lobula plate, and lobula (Fig. I), all of which are orga
nized into repeating recinotopic units. Retinotopy is conferred 
through to the lobula piate and lobula by smalNfleld projection 
neurons, as schematized in Rgure 1. Outputs from the optic lobes 
are relayed by collector neurons to a variety of brain areas, 
including those providing descending neurons to motor centers in 
the thoracic ganglia. 

Reduced silver staining illustrates the basic organization of the 
medulla (Fig. 3). With the e.xception of simuliids and bibionids in 
which the upper and lower components of the sexually dimorphic 
eyes of males serve two distinct medullae {ZciU I983a,b; £. 
Buschbeck, unpublished data), in all those Diptera that we have 
investigated the medulla is organized as two concentric layers: in 
brachycerans, an outer two-thirds (or outer half in the Nemato-
cera) is separated from an inner third by a stratum of large 
tangential axons that comprise the serpentine layer. In each spe
cies, the axons of retinotopic neurons that project through the 
medulla (transmedullary cells) are clustered into columns. These 
are traversed by successive levels of synaptic plexi that are derived 
from the dendrites and axon collaterals of transmedullary cells, 
amacrines, and wide-held tangential neurons (Strausfeld, 1970). 
The latter are connected to axons that enter or leave the medulla 
by its serpentine layer. 

Figtirt 3. Reduced silver staining of crosS'sections through (he medulla 
of four brachyceran flies. A. Calliphorid; B, syrphid; C, bombyliid; D. 
tabanid. Images arc scaled to equal size for comparison. Differences are in 
the relative depths uf analogous strata. However, as demonstrated in 
Figures 4-6. these do not rcflect ta.xonomic diff'erenccs between ccll 
relationships. 
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Stratification within tiie medulla: determining 
layer relationships 
The geometry, outline, and depth at which the spedalizaiions of a 
neuron (branches, spines, varicosities, etc.) occur confer its 
unique morphological identity (Fig. 4). The coinddence of such 
specializations from two or more neurons at specific depths sug
gests levels at which synaptic interactions occur. However, each 
spedes of By has its own distinctive medulla, as demonstrated by 
differences in the relative depths of different strata in Bodian 
staining (Fig. 3), as well as in the occurrence of many cell types 
that have their own spedes-speciiic morphologies (Ramon y Cajal 
and Sanchez, 1915; Strausfeld. 1970, 1976). IC independent of 
such differences, the same combination of certain neurons occurs 
across taxa, then such an occurrence can be taken as an indication 
of computational and/or phylogenelic conservation. In the follow
ing sections we shall describe combinations of neurons, all asso-
dated with the lobula plate, that have invariant depth 
relationships. 

Analyses of depth relationships depend, in the first instance, on 
careful compeuisons of Golgi-impregnated neurons that can be 
followed throughout their entire length through the medulla 
within the depth of a single section, usually no thicker than 20 ;un 
(Fig. 5). This condition ensures that the neuron can be recon
structed by camera ludda in its upright columnar disposition while 
the outer and inner margins of the medulla are visualized. Neu
rons have been reconstructed and compared from frontal sections 
in which the dendrites and terminals extend vertically through the 
retinotopic mosaic, normal to the internal representation of the 
visual horizon. Comparisons among neurons are from images 
normalized to a standard medulla depth, equivalent to 100 fim. 
Controlling for possible differences in layer relationships among 
representatives of the same morphological cell type has demon
strated that, irrespective of the local depth in the medulla, any 
spedes of neuron has a characteristic relationship to it (Straus
feld, 1971). 

Relative depth relationships among neurons have been evalu
ated by measuring examples of any cell type, averaging the levels 

of their spedalizauons. and expressing these as percentage depths 
(Fig. 6). Thus, whereas there may be occasional variations in the 
depth of penetration of dendrites of the transmedullary iTm, for 
example, these match slight variations in the depth of penetration 
by the LI terminal. Although important differences exist between 
nematoceran and brachyceian Diptera, repeated sampling of spe-
dfic morphological cell types showed negligible intraspedfic vari
ations. Densitometric plots of spines and varicosities (Fig. 7) 
resolved local variations within layers of pre- and postsynaptic 
specializations and provided information about profile densities. 
For example, these plots demonstrated that, within the outer 
medullas of four taxa, the presynaptic spedalizations of the lam
ina efferents LI, L2, and L3 matched the levels of the postsynaptic 
spedalizations of the two narrow-field transmedullary cells, iTm 
and Tml (see below). 

Taxonomic constancy of first-order afferents and their 
levels of termination in the medulla 
Each retinal ommatidium provides six "scotopic" receptors (Rl-
R6) having uniform spectral sensitivity maxima (Hardie, 1979) 
and operating over a wide intensity range (for reviews, see Laugh-
lin, 1984; Shaw, 1989). R1-R6 share the same optical alignment (a 
visual sampling unit; Franceschini, 1975) and terminate in a 
columnar subunit (an optic cartridge) that provides efferents 
(lamina monopolar cells) to the medulla. Each ommatidium also 
provides a parallel receptor channel composed of a pair of pho-
topic blue- and UV-sensitive photoreceptors, R7 and R8, which 
operate at higher light intensities (Hardie, 1979) and terminate in 
the medulla. 

Each optic cartridge provides three large monopolar cells 
(LMCs) that are postsynaptic to R1-R6 photoreceptor terminals. 
Two smaller monopolar cells, L4 and L5 (Strausfeld, I97I), are 
postsynaptic to local intemeurons in the lamina. Two of the LMCs 
look almost identical, having dendritic spines arranged through
out the depth of the optic cartridge (Strausfeld, 1971). Only the 
medulla terminals of these cells distinguish them as two distinct 
cell types; LI is usually bistratified in Brachyceran flies, and L2 is 

figuir 4. Layer constancy wiihin a Uixon 
is demonstrated in this tabanid with mass 
impregnation by the Golgi method. This 
section shows several LMC terminals 
(LI. L2), the endings of the lamina mo
nopolar cell L5, and several type iTm 
(transmedullary neurons). Different indi
viduals of each cell type show the remark
able morphological constancy. 

lis# • 
, J. i^m^4 
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unistracified (Fig. 5). In the suborder Semaioceni. culicids and 
simuliids both have stratified LI and L2 endings, but. as in the 
Brachycera. these terminate at a deeper and shallower level, 
respectively (Fig. 3; see also Melzer and Paulus. 1993). In the 
brachyceran calliphorids (Fig. Sri) as well as in glossinids and 
s}Tphids (Fig. 5B.O. the LI neuron endings are characterized by 
swellings close to the outer border of the medulla and have a 
bilobate terminal situated between the *5 and 95'c depth levels of 
the outer layer of the medulla. In asilids. bombyliids. and doli-
chopodids (Fig. 5D.E.F). the axis fiber linking the outer and inner 
segments of the LI terminal provides small, bouton-like swellings, 
the levels of which correspond to varicosities in the L4 and L5 
monopolars (see below). Tabanids have a similar organization 
(Fig. SG). with the LI ending trilobed. Comparisoos across taxa 
demonstrate that the deep lobes of LI coincide with the inner 
specializations of L5. When L5 and LI neurons are impregnated 
in the same column, they cannot be resolved individually, except 
at their origins in the lamina. The inner specializarions of LI and 
L5 are aligned with a stratum of dendrites arising from the 
intrinsic transmedullary cell iTm. which will be discussed in 
greater detail later. Except in simuliids and culicids iFig. 8). this 
relationship is common to all families, including the tabanids in 
which the second stratum of iTm is much reduced, being repre
sented only by a cluster of shon spines (Fig. SG). 

The bilobed L2 terminals of calliphorids (Fig. 5.-1) consist of a 
multitude of varicosities. They are similar to the L2 endings of 
glossinids (Fig. 5B\. in contrast with syrphids. bombyliids. and 
dolichoptxlids iFig. :C.E.F) in which L2 endings strongly bifur
cate. each branch gnmg rise to varicosities e.xtending laterally. In 
asilids (Fig, 5D). the L2 ending tirst gives rise to lateral varicosities 
and biftircates only at its tip. In tabanids. the entire depth of the 
L2 ending consists ot a comh-like arrangement of vancosities (Fig. 
5C> as IS seen akn in cenain tipulids (cnne flies; Figs, i S) (cf. 
Melzer and Paulus. l'W3). This latter tixon differs from other 
nematocerjn Diptera in which L2 has ^ simple, plug-like ending 
decorated with ^hllrt protuberances iFig. S). 

Even in culicids and iimuliids (Fig. <1. the depth relationships 
of L.2 arc well Jetined. airresptinding to the level of the namm 
dendritic ticld .it the Tml transmedullary neurnn. That L2 is 

functionally associated with Tml is suggested by tixonomic vari
ations in the shapes of the L2 teraiinal. corresponding to varia
tions in the profile of the Tml dendritic tree. In calliphorids (Fig. 
14), the bilobed morphology of L2 is refleaed by the bilateral 
division of the Tml dendrites. In asilids and tabanids. the more 
diSiise and comb-like arrangement of L2 varicosities matches the 
more diSiise arrangement of Tml dendrites at that level (Fig. 
5D.C). In bombyliids and dolichopodids. the Tml dendrites are 
densely clustered, corresponding to the rebtively short depth of 
L2 penetration into the medulla and the concentration of its 
terminal varicosities (Fig. 5£f). 

In addition to monopolar cells, each retinotopic unit (optic 
cartridge) in the lamina provides RI-R6 input to a basket-like 
dendritic aibor belonging to a lamina-to-medulla Tl neuron. 
These cells arise from perikarya above the outer surface of the 
medulla (Strausfeld. 1970) and provide a tight cluster of varicos
ities to the medulla at the same level as that of the L2 terminals. 
Each Tl cell is also postsynaptic to processes of several type 1 
amacrine cells (Campos-Ortega and Strausfeld. 1972). .Amacrines 
may provide inhibitory input to Tl. which, typically, has a nar
rower receptive field than the receptors presynaptic to it iJarvil-
heto and Zettler. I9"5). Tl is modulated also by motion stimuli, 
although its motion responses were weaker than they were to 
flicker (Douglass and Strausfeld. 19951. 

Tl neurons have been identified in all the brachyceran Diptera 
(Fig. 5t but. thus far. have not been seen in the Nematocera. Tl 
endings in the medulla reside at the same level as the terminals of 
L2 and. when impregnated together in the same medulla column. 
Tl and L2 are indistinguishable. Combined Golgi impregnation 
and electron microscopy of Musca also show L2 heavily invested 
by Tl varicosities (N. J. Strausfeld. unpublished obsenitions i. 
Ta.\on-specitic differences in the depth of penetration bv T! 
invariably match the level of the Tml outer dendrites and the L2 
terminals, suggesting that these three elements are lunctionallv 
related. 

Rrst-order local intemeurons 
Small monoptilar >;ells (SMC>| are local intemeurons arising from 
the lamina but that are not postsynaptic to photoreceptors. In-
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Stead, they receive their inputs from lamina amacrines and cen
trifugal cells (Strausfeld and NasseL 1980). Unlike the LMCs. L5 
and possibly L-t distinguish Sicker from motion (Douglass and 
Strausfeld. 1995). The idea that L4 might play a role in motion 
computation has always been attractive, because previous studies 
(Strausfeld and Braitenberg. 19''0) Jemonstrated that L-l cells 
provide an orthogonal network of w-ollaterals that, in the lamina, 
provide pre- and postsynaptic connections among L.\lCi (Straus
feld and Campos-Ortegx 19"). Observations of .V/uica Jomesncj 
have shown that L-t termmals also provide lateral conneaions in 
the medulla: the columns are closer and the terminals of L-S 
branch at two or three levels (Strausfeld and Campos-Onega. 
19"3). L-l endings show minor ta.ionomic variation. In CulUplioru. 
each L-l provides a small collateral to two neighboring columns at 
the 5-ST depth of the medulla (Fig. .'.-I). Its rerminal. at the "5^7 
depth, provides one or two shon-knobbed branches 'Aithin the 
column receiving the i\on. Similarly, glossinid L-ls have slender 
terminals, each providing two distal ci'llaterals that extend to the 
two nefghboring columas. with the deeper ciimponent remaining 
in Us parent column. In contrast, the L* terminals vit bombvliids. 
>vrphids. and Jolichopodids all have ^Ioute^ j.\on diameters: in 
syrphids and bombyliids. thev provide stratified collaterals that 
p^oicct orthogonallv to the llanking columns. Typically, the .lutcr 

collaterals of L4 in the medulla reside at the same level as the 
distal swellings of the LI monopolar cell terminals. L4 endings 
terminate just above the inner, lobed ending of LI (Fig. 9). This 
organization is consistent among the Drachycero. with the excep
tion of asilids. in which L-l neurons have not yet been found. 

The position of the L5 monopolar cell in the optomotor path
way is enigmatic. In the lamina of muscids. calliphorids. syrphids. 
and drosophilids iStrausfeld. 19"I: Fischbach and Dittrich. 1989). 
this neuron hxs but a single spine that, in Miiscj Jomesnca. is 
postsynaptic to tvpe 2 tangential amacnne processes in the ple.x-
iform layer of the lamina i Strausfeld and Nassel. 1980). L5 thus 
receives no dire-ct input from receptors and serves the role of an 
intemeuron. yet it is modulated nondirectionally bv motion i Dou
glass and Strausfeld. i. In all ol the Brachvcerx the ending oi 
this neuron mimics that of the Ll monopolar celL its levels 
reflecting the bistratitied nature of Ll (Figs. i-I.O. When 
impregnated together in the same medulla column. Ll and L5 are 
indistinguishable iFig. 9). 

The retinotopic centrifugal neuron C2: its relationship 
with efferents from the lamina 
T\vo classes .if centnfugal cells link, the medulla with the lamina. 
The^c .ire the *mail retinotopic neurons CI and C." and the type 
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Ftgurt Dcnsiiomctnc anai«is ot %-aricosc and spiny dec
orations on medullary neurons, illustrating itmilantics m 
profile densities. This method, used tor analNTing layer rela
tionships in the calliphorid Survopha^ buUata (see Stnusfeid 
and Lee. 1^31 ts used here for four additional taxa. In each 
case, (he rirst column M t illustrates medulla inputs: these are 
the LMC». L4. L5. and Tl and the photoreceptors R" and 
Ri. The second and third columns show the densities of 
\ahco^ and ipiny processes of iTm (Bf and Tml (Ci. D. The 
bushy arfoonzation of T4. Comparisons of the output specuN 
izations of iTm and Tml in the inner medulla demonstrate 
the relationship of iTm. not Tml. to lines indicate 
changes m densit>: smooth lines indicate the average. 
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TIPULID CULICID SIMULIID 

hn^in- .< KcciinNirucium iif cuiiMrrvcii medulla neurons in (hrcc Jiffercnl ncmaiuccnin spccicv boAcd on Gtilgi impregnation. m Figure 4. the ha-sic 
thape and characicruttic Cie^ialt ttl a >ubM:l ut medullary neurons remains cunserved in these taxj. except that the uptthd iTm has an extra and extremely 
thm la\cr «it dLttal processes extending tu neighboring columns. However, the basic layer relationships among individual neurons, although a little le>s 
precise than in hrach>curan species, generally are conserved. 

I and 2 lamina lungcnilal cclls. Their functional centrifugalicy is 

dcniiinstralL-d by their vuriciisc or hicbbed presynaptic terminals 

in ihu lamina. C2. C3. and the type I lamina tangential are 

presynaptic lu L.VtCs (Struusfcld and Nossel, W80); the type 2 

tangential cuntacts L5 and parts uf the type t amacrine. Here we 

consider the organizatitm of C2. a neuron that, in Phacnicia. is the 

nitisi distal element lu show orientation-selective responses to 

nuitiiin stimuli (Douglass and Strjusfeld. 1945). The neuron is 

cxccptionully interesting with respect to its possible role in motion 

ciimputatiun; in cyclurrhuphun Hies, it has two levels of presyn

aptic spccializalitins. In the medulla, its outer swellings (or pro

cesses. depending on the tuxim) are situated in a superficial 

stratum that reacts :itrungly tu antibodies raised against ChAT and 

.ARI> |the latter, an .Ach receptor protein (see Acknowledg-

inenis); .\t. C". Anders«m and N. J. Strausfeld. unpublished obser-

valiuas|. In the lamina. C2 has GABAergic terminals presynaptic 

til L.VlC's just above their dendrites (Meyer et al.. 1986). 

C2 neurons iiriginate from a cluster of cell bodies situated 

between the inner medulla and the outer edge of the lobula plate 

ll-ig. 11. In culliphorids. glossinids. and syrphids (Fig. 5^-C), the 

distal medulla spectali^tiiins of C2 are obviously varicose. .At the 

same level m asilids and tabanids I Fig. 5C). C2 provides a rich 

collateral arborisation that overlaps much of the L2 terminal and 

unambiguously invades at least one neighboring retinotopic col

umn. thus supporting confocal microscope observations in Pha-
cnuiu and Jemonstraiing that the much narrower C2 specializa

tion also links pairs ot columns within the outermost medulla 

stratum (Douglass and Strausfeld. 1W5). In dolichopodids (Fig. 

.s/-'). C2 provides some sparse lateral branches that, likewise, reach 

the neighboring column. In all Brachycera. the C2 axon exhibits 

varicosities lor a distance of 10-2(1 iitn above the outer medulla 

laver along its pa.vsagc out tu the lamina. In bombyliids (bee-Hies), 

unlike other brachycerans. C2 neuroas also have a narrow layer of 

vertically oriented proces.ses at the L2 level, suggesting a major 

difference in this ta.xun. 

In addition to its GABAergic terminals in the lamina, a diag

nostic feature of a C2 neuron is its vertically oriented dendrites in 

the medulla. In all brachycerans these are situated at (he same 

level as the deep terminal of LI (between 75 and of the depth 

of the outer medulla). With the e.\ceplion of bombyliids. C2 

neurons have the same vertical e.xient of dendrites situated at the 

inner margin of the inner layer of the medulla. In contrast tu their 

presence in Brachycera, C2 neuron.s have not been ideniitied yet 

in nematocenins. 

Conserved medulla neurons: relays between lamina 
inputs and neurons supplying m stion-sensitive levels 
of the lobula plate 
There is great variety among the forms of transmedullary cells— 

retinotopic efferent neurons that project through the medulla. 

.Many of those having wide-tield dendrites and slender axons are 

typical of a family or species (Strausfeld. I')7||. I')7fi: Fischbach 

and Dittrich, I9S9; Strausfeld and Lee. I'WI). Such neurons tsee 

examples in Fig. 5.^-G) project their xviins to deep lexels of the 

lobula. They are distinguished from two types ol small-lield reti

notopic neurons, which have dendritic fields restricted to their 

parent culumn and have thicker a.xuns. One cell type. iTm. termi

nates in the inner medulla layer, the other. Tml. terminates 

within a superticiul stratum of the lohuhh Recordings from iTm 

show that it does not distinguish the direction ol motion, whereas 

Tml responses are modulated by motion direction (Douglass 

and Strausfeld. I"W5). The two cell types are ubiquitous, being 

present both in Brachycera and the mure basal nematoceran 

ta.xa (Figs. 5. S). 

Although the dendritic levels of iTm and Tml to s«imc extent 

overlap (Fig. h), their terminals s^greg;Uc to two completely 
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k 
F^ure 9. Camera ludda drawings showing coimpregnadon o( meduUa 
oeurons in gtossinids (Al and asilids (B). Resolutioo of neurons in a single 
column, or direct neighbors, verifies the relative depth reladooships of 
neurons lo each other. In both spedes LI has been coirapregnated with 
iTm, illustrating the tight overlap of iheir neural processes. In asilids, in 
addition to the iTm neuron restricted to a sin^e column, these taxa 
possess a neuron fUTmlLF}) with similar terminal arrangements in the 
inner medulla but having dendrites with a larger field reaching neighbor
ing cartridges. 

different levels. In calliphorids, iTm ends as a btstratified recur
rent tenninal within the ituer medulla, whereas Tml has a simple 
plug-like vaiiojsity in the outermost stratiun of the lobula. These 
two layers contain the dendntes of bushy T-ceDs (Stiausfeld, 
1970), the only small-field retinotopic neurons to project from 
the medulla teiminals exclusively into the lobuIa plate. T5, 
from the lobula, responds to motion in a dtrectionally selective 
manner (Douglass and Strausfeld, 1995), whereas T4, from the 
medulla, is not dtrectionally selective to motion (Douglass and 
Strausfeld, 1996). 

In all taxa. T4 dendrites reside at the 70-100% level of the 
inner medulla. TS dendrites reside exdusively within the 0-15% 
level of the lobula. T4 dendrites overlap the innermost varicosities 
of fTm. TS dendrites are visited excltisively by the terminals of 
Tm 1. In calliphorids, iTm has narrow-field bistratilied dendrites in 
the outer medulla, the layering of which coincides with the 
bistratification of the LI terminaL This relationship generally 
holds across the Brachycem (except in asilids; see Fig. 9 and 
Discussion) at 4-32'%. and 75-95% of the outer medulla. In the 
Nematocera (Fig. 8), these relationships are less obvious. In 
tipulids (Fig. 7), iTm has a narrow outer layer of dendrites and a 
second, somewhat deeper layer that coincides with the terminals 
of L2 and the stratified diffuse endings of LI. In culicids. the deep 
unistraufied terminal of LI coincides in depth with the diffiise 
tenninal of iTm. and in simuliids. the depth of the iTm dendrites 
extends ftom the 0 to the 90% depth of the outer medulla; that is. 
the depth is coinddent with the two separate levels of LI and L2 
endings. 

In calliphorids (e.g.. Phaenida). syrphids (Fig. 5C), asilids (Fig. 
50), and tabanids (Fig. 5C). the iTm terminal is divided subtly 
into two components. At the 15-65% leveL it provides short 
processes decorated with small boutons. and. immediately proxi

mal to these at the TD-KXKc level, it gives rise (o irregular 
varicosities that coincide with the T4 dendrites (Fig. S() and that 
often arise from a recurrent bend in the iTm xxon termituL Two 
extremes of this arrangement are shown by glossinids (Fig. SB). In 
which the division of these two levels is e.xaggerated. and in 
dolichupodids (Fig. 5F). in which iTm provides only one level of 
terminals at the level of T4 dendrites. 

These observations suggest that iTm provides the conserved 
pathway fh>m LI to T4. There is just as persuasive evidence that 
Tm 1 carries the afferent supply to T5 from LJ. In all taxa. the Tm 1 
dendrites in the outer medulla mimic the spread and the depth of 
the L2 terminal (Figs. 5.8). In both nematocetans and brachyc-
erans. Tml a.xons project from the medulla across the second 
optic chiasma to T5 dendrites at corresponding retinotopic posi
tions in the outer stratum of the lobula. Although this layer is 
perforated by many other transmedullary cell axons, these target 
deeper lobula levels, ending among colutimar efferents. In Nema
tocera and Brachycera (Figs. 5.8), Tml provides a set of collat
erals within the inner medulla. However, depth averaging (Fig. 6) 
and densitometry (Fig. 7) demonstrate that these generally reside 
above the level of T4 dendrites at a height that matches a wide-
field amacrine cell recorded and filled in Phoenicia (Douglass and 
Strausfeld, 1996). Only in dolichopodids and glossim'ds does there 
appear to be a slight overlap between Tml and T4 (Fig. 5B). 
However, even in these taxa, averaging and densitometric analysis 
(data not shown) demonstrate that Tml spedalizadons do not 
overlap T4 dendrites and that, as in other taxa, they are the 
deepest varicose elements of iTm that reside at the T4 level. 

Bushy T-cells and motion>sensitive wide-field neurons 
in lobula plate 
T4 and TS neurons are characterized by their branched, bushy 
dendrites. As described from Sarcophaga (Strausfeld and Lee, 
1991), bushy T-cell dendrites are morphologically asynunetric. the 
longer processes having more spines and fewer varicosities and 
the shorter ones having more varicosities than spines. However, 
symmetric trees have been identified since that time within the 
same dade—a monophyletic group (Fig. lOl-K) or species (Fig. 
IM)—suggesting that bushy T-cells may be divisible into two 
morphological subclasses. In spedes of Nematocera and in taban
ids (Hg. 9H), two taxa having dose phylogenetic positions (Fig. 2), 
tiie T5 dendrites iiave unusually long and narrow dendritic trees. 
In the phylogenetically allied simuliids and culidds (Fig. 2), T4 
dendritic trees are symmetrical but otiierwise are disposed like 
those in larger diurnal Bies. In the remaining Brachycera, TS 
neurons are usually asymmetric and compressed (Fig. lOA-F). 

T4 and TS terminate as sparsely bifurcated varicose branches 
that project tangentially in the lobula plate, parallel with its 
surfaces and generally extended along the vertical axis of the 
retinotopic mosaic. As described from Musca. CaiUphom (Straus
feld, 1970, 1976), and Drosophila (Fischbach and Dinrich. 1989), 
bushy T-cells can terminate at any one of four motion-sensitive 
levels in the lobula plate (see Discussion). Golgi-electron micros
copy of a Sarcophaga T4 shows that it is presynaptic to a dendritic 
branch of the horizontal motion-sensitive (HS) neurons (Straus
feld and Lee. 1991). Electron microscopical observations also 
suggest that T4 and TS make similar connections with vertical 
motion-sensitive neurons (VS; Hengstenberg, 1982). A naturally 
occurring 'control" of the layered relationships between bushy 
T-cells and HS and VS neurons is provided by asilids. in which the 
lobula plate lacks neurons that morphologically correspond to VS 
cells in other brachycerans (Buschbeck and Strausfeld. 1993). 
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Figurt 10. Reconsiructions and photomicrographs of T5 neurons of seven brachyceran (A-H) and three ncmatoceran (l-K) spedes to show the 
remarkable morphological conservation of this type of nerve cell.y4, Calliphorid; B, glossinid: C and D, syrphid; E, asilid; F, boml^liid; G, dolichopodid: 
H, tabanid; /, simuliid; J, culicid; K, tipulid. Scale in D (for all drawings), E (for all half tones). 20 fun. The phylogenetically basal Nematocera as well 
as tabanids are characterized by narrower dendritic fields and a relathwiy thicker lobula stratum than the other species. 

Golgi impregnations of asilids reveal thai T4 and TS all terminate 
at the levels of HS-like dendritic trees (Fig. I IB), which are more 
numerous than the usual set of three found in other brachycerans. 
T4 and TS layering is also absent in the nocturnal, slow-flying 
culidds, the lobula plates of which lack discrete layers of HS and 
VS neurons typical of diurnal Diptera. 

DISCUSSION 
The phylogenetic organization of the Diptera (Rg. 2) is better 
understood than that of many other insect orders (McAlpine, 
1989; Wood and Borkent, 1989; Woodly, 1989; Sinclair et al., 
1993; Cumming et al.. 1995), and there is considerable informa
tion about the variety of visually evoked flight behaviors (com
pare, for example, Dolichopodidae, Syrphidae, Muscidae, and 
Asilidae (Cbllett and Land, 197S; Tricca and Trujillo-Cenoz, 1980; 
Zeil, 1983b, 1986; Land, 1993a,b). However, attempts to identify 
neurons corresponding to the Hassenstein-Reichardt autocorre
lation circuit for motion detection have been hampered by diffi
culty in isolating from among the 80 or so morphological spedes 
of neurons a subset to which could be ascribed the appropriate 
physiological properties and coimections. By dcmotistrating that a 

limited number of cell types within the medulla are assodated 
unambiguously with the lobula plate and are ubiquitous across 
dipteran taxa, we propose that, independent of body shape and 
flight biomechanics or behaviors, Diptera have evolved and re
tained a characteristic arrangement of uniquely identiflable neu
rons serving motion computation. 

Phylogenetic ubiquity of parallel pathways 
Light and Golgi-electron microscopical analyses of the lamina of 
Musca have demonstrated that the precise and invariant align
ment of neuronal components at spedflc layers is a reliable 
indicator of functional contiguity (Campos-Ortega and Strausfeld, 
1972, 1973; Strausfeld and Compos-Ortega, 1973, 1977). Macro
scopic structures such as varicosities, blebs, or beads, all repre
senting presynaptic sites, oppose spines and thorns, which repre
sent postsynaptic spedalizations. In the medulla, depth 
measurements showing the coinddence of dendrites and termi
nals suggest, though cannot prove, levels of functional contiguity 
(Fig. 6). However, neurons are likely to have synaptic connections 
when they show consistent depth matching, independent of taxon 
spedfidty (Fig. 6). For example, Tml neurotu of calliphorids and 
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Figiar II. T-ccll endings nf humhy-
liiita (A) and aiilith (It) aimparctl. Ilx-
ccpl in asilids, hRidiyccnn T5 cclb 
pmjcct to four distinct layers tif the 
tntiula plate (l.f)- Their lemiinab .ni 
the tw«i outer layers vnit largc*dtnnKlcr. 
wide'ficki dirccti<Hial mfHion-seaMtivc 
horizontal ncuriim (IIS). Terminah in 
two deep layer* visit vertical nHitkm-
<en«iive neumn* (ys). /Vsilids. which 
among the hmchyccnn-t arc the cltiMr.t 
relatives to homhyliids. lack VS-likc el
ement deep in the hthulii plate. All 
theirT-cell terminals pmjea exclusively 
to HS-like dendrites within the outer 
strata nf the kihula plate. 

syrphiUs have outer processes between 12 and 58% of the outer 
medulla, whereas in a.silids the homologous processes of Tml are 
between S and 50%. and the depth of the asilid L2 is correspond
ingly .shallow. Evidence for functional contiguity is further sup
ported by densitomctric measurements that provide, at iiner res
olution. matching peaks and troughs of dendritic spine density 
and corresponding presynaptic varicosities (Fig. 7). These meth
ods of analysis have been applied to taxa that represent three 
distinct evolutionary lines within the Brachycera: the Calliphori-
dae and GInssinidac. the related Asilidae and Bombyliidae, and 
the Tabanidae. 

A.silids and bombyliids have been compared from the same 
clade because of major differences between their lobula plates and 
flight styles. Asilidae are long-bodied raptors that use ballistic 
target-direaed Right and laclc large, vertical motion-sensitive cells 
(VS cells) in the lobula plate, which, in calliphorids, help stabilize 
gaze (Strausfeld. 19%). Bombyliids are hovering flies par excel
lence with conventional lobula plates having HS and VS cells that 
are comparable with those in calliphorids. Despite these differ
ences. both depth averaging and densitometric measurements 
(Figs. fi. 7) demoastrate the light layer coinddence of fTm to the 
LI terminal and Tm I (o [.2 and. at their terminals. iTm to T4 and 
Tml to TS. The results confirm observations of Colgi prepara
tions in which these neurons are coimpregnated (Fig. 9). 

A special case: taxonotnic variation among 
centrifugal neurons 
CZs are ubiquitous among the Brachycera and may be crudal in 
directional motion seiuilivity, responding selectively to motion 
orientation (Dougla.ss and Strausfeld. 1995). However, there is 
considerable cross-toxonomic variation among C2 neurons, as 
gauged by independent indices of morphological constancy epit
omized by T4 and TS neurons (Figs. 9, 10). A striking variation is 
in the .size of the dcndritic fields of C2, one in the inner medulla 
at qO-l(Xl^ nf its depth (cxccpt in bombyliid.s) and the other in 
the (lulcr medulla at VU-IIK)% of its depth (see Fig. 5A-C). In the 
dosely related calliphorids and glos.sinids. these vertical dendrites 
extend through 3-6 cnlumns to each side of the parent axoru This 
contrasts with the widely spreading vertical C2 dendrites in ^-
phids in the same dadc (Rg. SO and the much smaller spreads in 
more ba.sal laxa: the dollchopodids. bomhyliid.s, and a.silids. Sim-

ilariy, in the dade of calliphorids. glossinids. and syrphiUs. the 
outermost presynaptic spedalizatioas of C2 comprise tightly 
packed varicosities at the level of the outermost swelling of LI. 

However, in asilids and dolichopodids. the outer aimponcni nf C2 
is a branched-axon collateral extending to neighboring columns as 
it does exaggeratedly in bombyliids. 

Morphological variations among neuroiLs that are evolutionar-
ily conserved raise interesting questions about their functinnal 
significance. Is the orientation-selectivity of C2 (Douglass and 
Strausfeld. 1995) a consequence of its dendritic relatioaships with 
retinotopic afferents? If so, is orientation tuning qualitatively 
different in those taxa in which C2 dendrites have a small or 
longer passage through retinotopic columns? Similarly, if the 
interactions of C2 with neighboring cnlumns underlie an cs.scn(iar 
component of the elementary motion-detecting drcuit. Ihcn 
taxon-spedfic differences in the lateral extent of the medullary 
presynaptic component of C2 also may provide taxon-spcdfic 
differences in spatial timing. Recordings from T5 in different taxa 
might be revealing. In Phaauda. T5 n»pnn.scs to directional 
motion show spatial phase-locked modulation (Douglass and 
Strausfdd. 1995). Would these be any different in spedes with 
larger or smaller C2 fields thus reflecting differences in the 
number of columns involved in elementary computational 
processes? 

Although taxon-spedfic morphologies might be nf adaptive 
value to the performance of that individual, most of the anatom
ical variations described here reflect phylogenetic aflinitics and 
support the idea that conserved neurons actually show little vari
ation (Figs. 5,8). As evidenced by the outer componenLs of C2 in 
the medulla, such variations, when they occur, seem to differen
tiate between taxa that are separated further, phylogenclically. 
than among taxa within a dadc. Thus, when major variations do 
occur among dose relatives, such as observed with C2 dcndritic 
spreads (syrphids vs calliphorids). such variations should siigKcsl. 
and be tested for, their functional rclcvniicc. In asilids. fur cxiini-
ple, two forms of iTms have been identified, one with dendrites 
restricted to a single column and the other with dendrites extend
ing symmetrically to neighboring columas (Rg. 9). In biiih, their 
dendrites are densest at the outer spedalization of LI rather than 
at two levels, the deeper of which would includc the Inbcd ending 
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uf L2. In simuliids, the iTm hax dendrites that coinddc with both 
LI and L2. an organization rcRccting the typical LI/L2 stratifica
tion in nematoceraat (Melzur and Paulus, 1993). 

Apart from these singular and minor exceptions, there is neg
ligible variation in the relative layer relationships of the main cell 
types discusscU here. TliLs » cxcmplilicd by calliphorids and other 
members of the same suborder in which Tml is characterized by 
a narrow, elongated dendritic tree situated at the level of L2 
terminals. Eisscntially the same arrangement is seen in tabanids 
despite a comb-like terminal in L2 that matches the dendritic 
stratification of Tml into four equal layers between 7 and 60%. In 
asilid.s. L2 endings are relatively close to the outer surface of the 
medulla; Tm I dendrites correspondingly arise more distally in the 
medulla than they do in calliphorids but extend to the same 
58-60% depth (Fig. 6). 

The functional significance of conserved 
neuronal pathways 
Several attempts have been made to match components of the 
optic lobes to features of the Reichardt-Hassenstein autocorre
lation model for elementary motion detection. Activity-dependent 
''H-2-deoxygIucose uptake (Buchneret aL, 1984) localizes motion-
induced activity to spedfic layers of the medulla, the outer layer of 
the lobula. and to the lobula plate. Retinal ablation gwes rise to 
rapid transneuronal degeneration of the lobula plate and to de
struction of the outermost stratum of the lobula. sparing its 
deeper levels (Strausfeld and Lee. 1991). Together, these findings 
suggest a rapid and distinct motion-sensitive pathway to the lobula 
plate connected to the retina by few synapses. The results suggest 
that the retina is linked to the lobula by more intermediate 
synapses and that lobula neurons respond to stimuli other than 
wide-Reld motion (Gilbert and Strausfeld. 1992). 

The retina to lobula-plate pathway starts with the synaptic input 
from R1-R6 onto the LMCs LI and L2. These are common to all 
taxa regardless of evolutionaty "remodeling" of synaptic connec
tions that are not apparent at the light microscopical level (Shaw 
and Meinettzhagen. 1986; Meinertzhagen and Shaw. 1989; Shaw 
and Moore, 1989) or that show some evidence of convergence 
(Shaw et aU 1989) or regional specialization of the R7 and R8 
system at the lamina (Hardie. 1983). We have shown that the basic 
organization among the neurons from the level of the LMC 
terminals to the lobula plate is remarkably consistent, regardless 
nf subtle differences in optic lobe architecture, receptor arrange
ments in ommatidia, or lamina synaptology. Separate roles for LI 
and L2 in the optomotor pathway have been proposed on the 
basis of systematic dilferenccs in their diameters (Braitenberg and 
Hauser-Hohlschuh, 1972). The distinction of LI and L2 is sup
ported here by their morphological differences in the medulla and 
from density measurements that show L2 coinddent with Tml 
and LI coinddent with iTm. Tml terminates at TS, and the deep 
varicosities from fTm arc aligned with T4 dendrites. These rela
tionships throughout the Brachycera and strongly implicated in 
the Nematocera support physiological evidence for two parallel 
motion-computing pathways (Douglass and Strausfeld. I99S. 
1996). FourT4 cells, and probably two to four TS cells, arise from 
cach rctinotopic column so that each visual sampling point is 
represented 1^ six to eight bushy T-cell endings segregating to 
four activity-depcndcnt motion- and direction-sensitive levels in 
the lobula plate (Strausfeld and Lee, 1991). These coindde with 
motion- and direction-sensitive wide-field lobula-plate tangential 
neurons (Hau.sen and Egelhaaf, 1989). Similarly, two putative 
motion-semitive pathways have been suKKested from the results of 

acthrity-dependent uptake of '^H-2-dcaxyglucosc in Drtmiplii/a 
(Bausenwein and Ftschbach, 1992a), in which sensitive dcasitit-
metric techniques demonstrated different levels of accumulutton 
in response to moving stripes. Bevated ^H-2-dcoxyglucusc in the 
inner stratum of the medulla, corresponding in the T4 level, 
accompanied elevated activity in two stmia nf the ouler niutlull:i. 
corresponding to the two levels of the blstratilicd LI terminals. 
Likewise, motion-induced 'H-2-deoxyglucase accumulation in a 
level of the outer medulla, corresponding to the L2 terminal, and 
the arborization of Tml accompanied elevated activity in the 
Tml/TS stratum of the lobula (Bau.senwcin and Flschbach. 
I992a.b). In these experiments, however, directional motion was 
not distinguished from nondirectional, whereas intmcellular re
cordings suggest such a distinction between the L2-Tml-T5 and 
the Lt-fTm-T4 pathways (Douglass and Strausfeld, I9<)5, l')%). 

Phylogenetic ubiquity of elementary 
motion-dataetor neurons 
The present results demonstrate that, in the spcdcs examined, 
neurons suspected of being involved in elementary motion com
putation are phylogenetically ubiquitou.s. The two parallel path
ways from the lamina to the lobula plate pathway seen in extant 
Diptera are ancestral and are unrelated to the Right performance, 
behavior, arcadian habit, or corresponding physiology of a taxon 
(ct Laughlin and Weckstrdm, 1995). These conserved pathways 
suggest that elementary motion-detecting drcuits evohred before 
the appearance in the Jurassic of flies with short antennae 
(Brachycera; Kovalev, 1981) and before the divergence of 
Brachycera and Nematocera, 223 million years BP (before 
present) in the late Triassic (Hennig, 1981). 

The likelihood that these drcuits even predate the divergence 
of Diptera from other major groups is suggested by observations 
of the moth Sphinx ligusoi and the honeybee Apis mellifcm. Both 
possess By-like transmedullaty neurons that are assodated with 
T4- and TS-like elements (Strausfeld and Blest, 1970; Strausfeld, 
1976) which, in bees, project deep into the undivided lobula 
(Strausfeld, 1976) and reach wide-field directional motion-
sensitive neurons (DeVoe et al.. 1982). In Lepidoptera they reach 
directional motion-sensitive tangential neurons in the lobula plate 
(Wicklein, 1993). Qjleoptera (beetles) are known from Permian 
deposits (260 million years BP) and, like the Diptera. their mod
em representatives have lobula plate neuropils. 
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VISUAL MOTION AND FLY BEHAVIOR: THE SIGNIFICANCE 

OF PHYLOGENETIC VARLATIONS OF LARGE FIELD 

TANGENTIAL NEURONS IN THE LOBULA PLATE 
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ABSTRACT 

In cyclorrhaphan flies, giant tangential neurons in the lobula plate are supplied by 

isomorphic arrays of evolutionarily conserved achromatic elementary motion detecting 

circuits originating in the retina. The arrangements amongst giant tangential neurons is 

characteristic of a taxon, and can differ between taxa having different visual 

performances. Observations of 12 brachyceran and 4 nematoceran species have identified 

different behaviors associated with visually stabilized flight. Neuroanatomical 

comparisons between closely related species having different behaviors and 

phylogentically distant species that have similar behaviors, suggest that such differences 

relate to differences of giant tangential cell architecture in the lobula plate. These 

functionally related differences contrast to anatomical features that reflect phylogenetic 

affinities. For example, the lobula plates of robber flies, typified by ballistic flight 

behavior, all differ from other taxa in lacking cyclorrhaphan-type vertical motion-

sensitive neurons and instead possess an extra complement of horizontal ceUs in their 

place. The results suggest that whereas circuits that compute elementary motion are 

conserved across the Diptera, selective pressure has resulted in modifications of their 

target neurons thus contributing to the wide variety of visual behaviors observed within 

this group of insects. 

Indexing terms: Evolution of visual systems, uniquely identiHable 

neurons, motion detection, fly visual behavior. 
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INTRODUCTION 

In insects, the visual system plays a major role in the control of stabilized flight as well 

as mediating the acrobatic skill of many species of rapidly flying insects (Collett and 

Land, 1975; Egelhaaf, 1985a, b; Wagner, 1986; Land 1993a, b; Zeil, 1986; Fry and 

Olberg, 1995). Oculomotor pathways provide systems through which perturbations of 

the intended flight direction are rapidly detected and corrected (Wagner, 1986; Hausen 

and Egelhaaf, 1989). Other specialized neural systems, such as those in male 

brachyceran flies (Hausen and Strausfeld, 1980; Strausfeld, 1980b; 1991; Gilbert and 

Strausfeld, 1991; Gronenberg and Strausfeld, 1991) are thought to be used for tracking 

and target pursuit (Land and Collett, 1974; Land, 1982) and many species show species-

specific expression of these functions. In this accoimt we investigate neuronal 

differences associated with behavioral and taxonomic variety in the Diptera, an order that 

comprises 128 families of flies (Fig. 1), whose flight styles and general morphologies 

vary considerably. We suggest that such variations impose specific demands on the 

organization of that part of the visual system that underlies visual control of flight. This 

paper evaluates two aspects of neuroanatomy with regard to flight types: (1) Differences 

of neural arrangements that are possibly correlated with different flight behaviors and 

body morphologies; (2) differences and similarities of neural arrangements relating to the 

phylogenetic relationships among taxa. For both of these considerations, the reference 

species in this account is the calliphorid Calliphora erythrocephala (blow fly). 
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Fig. 1. Phylogenedc relatioaships among Diptera. Dark lines indicate families discussed 
in this paper. Arrows indicate those families investigated for intra-family variation. 
Reconstructed after Wood and Borkent, (1989), Woodly (1989), McAlpine (1989), 
Wood, 1991, Sinclair et al., (1993) and Gumming et al. (1995). 
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In Diptera, much of the volume of the brain consists of the paired optic lobes, 

each of which is organized into four retinotopic neuropils Gamina, medulla, lobula plate 

and lobula) that receive a point-for-point representation of the retina's sampling units 

(Braitenberg, 1970; Musca domestica; Strausfeld, 1989; C. erythrocephala). Retinotopic 

pathways are subdivided into parallel channels that segregate to the lobula and to the 

lobula plate (Fig. 2). These two neuropils differ. Both supply descending premotor 

pathways. However, efferents from the lobula mainly consist of ensembles of columnar 

neurons, whereas the lobula plate efferents are dominated by arrangements of tangential 

neurons, the planar dendrites of which intersect large arrays of retinotopic afferents 

supplied by the medulla and lamina. Similar to the conserved organization in retina-

lamina pathways described by Shaw (1989, 1990), Shaw and Moore (1989), and 

Meinertzhagen and Shaw (1989), the anatomical organization of the afferent supply into 

the lobula plate typifies all Diptera (Buschbeck and Strausfeld, 1996), and may be 

phylogentically conserved between this order of insects, the Hymenoptera, Lepidoptera 

(Strausfeld, 1976, 1989), and, possibly, Coleoptera (unpublished data). 

Neurons of the afferent relays linking the retina to the lobula plate contribute to 

elementary motion detecting circuits (Douglass and Strausfeld, 1995, 1996) and in part 

correspond to components of the hypothetical elementary motion detector envisaged forty 

years ago by Hassenstein and Reichardt (1956). Motion detecting circuits originate in the 

lamina as large monopolar cells (LMCs; Fig. 2), postsynaptic to the R1-R6 

photoreceptor terminals, and continue as small-field second order "transmeduUary cells" 

that terminate at bushy T-cells in the inner medulla. Bushy T-cells carry information 

about either directional motion or non-directional motion (Douglass and Strausfeld, 

1995, 1996) to the lobula plate, where they terminate at four distinct levels, and are 

presynaptic to wide-field tangentials there (Strausfeld and Lee, 1991). 



1 8 6  

Fig. 2. Schematic organization of the retina-lobula plate pathways in Diptera. The retina 
provides short receptor axons (R1-R6, indicated by one only: R) to the lamina (La). The 
La is connected to the medulla (Me) which is linked to the lobula (Lo) and lobula plate 
(LP). The LP contains layers of tangential neurons whose axons lead to central neuropils 
(CN). The Lo provides small-field efferents to the mid-brain (Br). Efferents from the LP 
and Lo visit descending neurons (DN) that branch at neck and flight motor centers of the 
thoracic ganglia (Th). Neurons implicated in elementary motion detection include the Rl-
R6 photoreceptors presynaptic onto large monopolar cells (LMC) ending at die 
transmedullary cells iTm and Tml which, in turn, supply bushy T-cells, T4 and T5. 
Orientation-sensitive centrifugal neurons (C2) provide feed back to the lamina. T-cells 
terminate on LP tangential cells which include HS and VS neurons. 
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There is no evidence that these wide-field large tangential neurons themselves 

compute motion. However, they do integrate information from retinotopic motion-

detecting circuits (Douglass and Strausfeld, 1995, 1996). Electrophysiological 

observations demonstrate that most tangential neurons in the lobula plate are directionally 

motion sensitive and that certain of them integrate motion perceived by both eyes 

(Franceschini et al., 1989; Hausen and Egelhaaf, 1989; Strausfeld et al., 1995). In 

Calliphora (as in Musca, Drosophila, Sarcophaga and Phaenicia) two types of tangential 

cells have gained a certain notoriety because of their size and because of their assumed 

role in visually stabilizing flight In the afore-mentioned species, three giant horizontal 

motion sensitive (HS) neurons together subtend two thirds of the visual field of one eye. 

Their dendrites lie at the distal (outer) siuface of the lobula plate and they respond to 

visual displacement around the vertical axis of the head (Hausen, 1982a, b; 1984). A 

second set of neurons, the giant vertical motion sensitive (VS) cells, comprises a 

heterogeneous group that lies deep in the lobula plate, arising from its most proximal 

(iimer) surface. VS cells subtending the lateral part of the retina respond to rotational 

movement aroimd the long axis of the body (Hengstenberg, 1982; Hengstenberg et al., 

1982). VS neurons subtending the front part of the retina respond best to visual motion 

around the transverse axis of the body (Eckert and Bishop, 1978; Hengstenberg, 1982, 

1984; Milde and Strausfeld, 1986). Together, the HS and VS systems detect 

displacement of the visual panorama during flight. Information relayed from them, via 

descending neurons, are thought to provide information to motor circuits that control 

stabilized flight (Egelhaaf and Hausen, 1989; Gronenberg and Sttausfeld, 1992; 

Gronenberg et al., 1995; Gilbert et al., 1995). 
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Corroborating evidence that the lobula plate is generally involved in collating 

information about motion comes from activity staining, using ^H-2-deoxyglucose 

(Buchner et al., 1984) and from mutants that are blind to optomotor stimuli (Heisenberg 

et al., 1978). Activity staining demonstrates that accumulation of ^H-2-deoxyglucose in 

any one of four layers in the lobula plate depends on the direction of the sustained motion 

stimulus. Regressive translatory motion results in ^H-2-deoxyglucose accumulation in 

the outermost layer of the lobula plate. Progressive motion results in accumulation in the 

next level, downward motion in the next and upward motion in the deepest level. In the 

Drosophila mutant "optomotor blind" (opm), VS and HS cells are absent in an otherwise 

normal lobula plate. In Musca, laser induced ablation of HS neuroblasts results in a 

behavioral phenocopy of the Drosophila opm mutant and a loss of the three HS neurons 

(Geiger and Nassel, 1981). 

Calliphorids (see, Stavenga and Hardie, 1989) and drosophilids (Fischbach and 

Dittrich, 1989; Bausenwein and Fischbach, 1992a, b) have provided one of the richest 

sources of information about arthropod visual systems and have provided important 

comparisons with vertebrates, in particular mammalian visual systems (Laughlin, 1981, 

1989; Land, 1982; Strausfeld and Lee, 1991; Gilbert et al., 1995; Douglass and 

Strausfeld, 1995). However, CaJUphora is by no means representative of the entire 

Diptera, an order of insects which occupies a great diversity of habitats, and includes 

body forms ranging from very short (blowflies) to greatly elongated (robber flies). Most 

importantly, however, the Diptera express a large variety of visually stabilized flight 

behaviors. These range from slow forward flight through stationary hovering, chasing, 

and ballistic interception. 
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Fig. 3. Camera lucida drawings showing co-impregnation of medulla neurons in 
representatives of glossinids (A) and asilids (B) and tabanids (C) to exemplify the 
conservation of small field retinotopic neurons supplying the LP (Buschbeck and 
Strausfeld, 1996). Although some differences can be observed in the decoration of 
individual neurons, the relative depth relationships of the same cell types in different 
species is conserved. This is here shown for the long visual fibers, R7 and R8, the 
monopolar cells LI, L2, and L5, the retinotopic relays iTm and Tm 1, and the medulla 
efferent, T4. 

If the cellular organization of elementary motion computing afferents supplying 

the lobula plate is ubiquitous across the Diptera (Fig. 3), then what elements of the 

oculomotor pathway might underlie species-specific differences in visually controlled 

flight behaviors? To address this question, we focus here on lobula plate giant neurons, 

those large tangential cells which receive elementary motion detecting afferents and relay 

information to the mid-brain. 
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TABLE 1 

Scientific and common names of taxa used for this account 

Order Diptera (Flies) 
Suborder Nematocera (long antenna flies) 
Family Tipulidae (crane flies): Nephrotoma wulpiana 

Culicidae (mosquitoes); Aedes aegypti 

Simuliidae (black flies): Simulium vittatum 

Bibionidae (march flies): Bibio spp 

Suborder Brachycera (short antenna flies) 
Infraorder Othorrhapha 
Family Tabanidae (horse flies): 5czone maculipennis, Tabanus spp. 

Asilidae (robber flies): Efferiaspi).,Holcocephalaspp. 

Bombyliidae (bee flies): Anthrax spp., Villa spp. 
Dolichopodidae (long-legged flies): Condylostylus spp. 

Infraorder Cyclorrhapha 
Division Aschiza. 

Syrphidae (hover flies): Omidia obesa, Salpinogaster nigra 

Division Schizophora 

Section Acalyptratae 
Family Drosophilidae (fhiit flies): Drosophila melanogaster 

Conopidae (thick-headed flies): Stylogaster spp. 
Section Calyptratae 
Family Glossinidae (tsetse flies): Glossina morsitans 

Calliphoridae (bottle flies): Calliphora erythrocephala 

Tachinidae (tachinid flies): Nimioglossa spp. 

We compare taxa drawn from the two sub-groups of Diptera (Table 1) : the mainly 

nocmmal or crepuscular Nematocera (mosquitoes, black flies, march flies, and crane 
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flies) and the usually diurnal Brachycera (including the Syrphidae or hover flies, the 

Dolichopodidae or long legged flies, the Asilidae or robber flies, and Calliphoridae, or 

bottle flies). Taxa have been selected that are representative of phylogenetic diversity 

(McAlpine, 1989a), as well as diversity of habitats (Dowens, 1991), body forms, 

visually controlled flight behaviors (Wagner, 1982; Land and Collett, 1974; Collett and 

Land, 1975; Tricca and Trujillo-Cendz, 1980; Land, 1993a, b; Zeil, 1983a, b, 1986), 

luminance preferences, transduction dynamics which differ between Nematocera and 

Brachycera (Laughlin and Weckstrom, 1995) and computational speeds (O'Carroll et al., 

1996). Although all brachyceran families show a similar division of the lobula plate (LP) 

into two distinct strata, considerable variation is observed in the architecture of individual 

giant neurons and the sizes and shapes of their dendritic fields. The present account 

begins by describing the horizontal and vertical cells (HS, VS) in the lobula plate of the 

reference species CaUiphora erythrocephala. This is followed by neuroanatomical 

descriptions of HS and VS neurons in 14 taxa. The Discussion compares these 

homologous cell types with reference to behavioral and phylogenetic differences. 

MATERIALS AND METHODS 

Tipulids {Nephrotoma wulpiana), bibionids {Bibio spp.), dolichopodids (Condylostylus 

spp.), tachinids (Nimioglossa spp), asilids (Efferia spp.) and bombyliids (Anthrax spp., 

Bombylius spp.) were collected in the vicinity of Tucson, Arizona. Certain syrphid and 

asilid specimens were collected in the Sonoran desert of Mexico, close to Kino bay, 

others in Rara Avis, Selvatica, and Estacion La Selva, Costa Rica (Omidia obesa, 

Salpinogaster nigra ; syrphids, Holcocephala; asilids). Tabanids (Tabanus spp.) were 

collected at the Gila National Forest, New Mexico; others (Scione maculipennis) at San 
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Gerado de Dota, Costa Rica. Culicids (Aedes aegypti) were obtained from the laboratory 

colony of the Center of Insect Science, University of Arizona, and simuliids (Simulium 

vittatum) were provided from breeding facilities of Dr. E. Cupp, University of Arizona. 

Glossinids (the tsetse fly Glossina morsitans) were kindly donated by Dr. S. Alksoy, 

Yale University. Calliphora (Calliphoridae) were raised in the laboratory from progeny 

caught in the wild. 

Sample sizes 

For any described species, between 10 and 50 brains were stained with overview 

methods (Ethyl gaUate or Bodian reduced silver) and selective impregnation (Golgi, 

Neurobiotin or Cobalt-silver). From these, one representative frontal series was used for 

comparative reconstructions of tangential cell organization. 

Silver impregnation methods 

Golgi and reduced silver methods were as described in a previous accoimt (Buschbeck 

and Strausfeld, 1996). 

Staining with osmium and ethyl gallate 

This method stains cell membranes. It was used for identifying large tangential profiles in 

ail the investigated species. The basic procedure, described by Strausfeld and Seyan, 

(1985), has been slightly modified. Initial fixation of the opened head capsule was in 

O.IM cacodylate acid in 2.5% glutaraldehyde (Sigma, St. Louis) adjusted with 1.3g 
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sucrose/100 ml. Tissue was stored up to 1 month (during field expeditions) in cacodylate 

buffer and sucrose. In the laboratory, postfixation of dissected brains was for 2h in 0.5% 

0s04 followed by 2h with saturated ethyl gallate (in each case Ih at 0°C and Ih at 20°C) 

after a distilled water wash. For larger specimens, such as asilids and tabanids, the 

staining time in ethyl gallate was increased to an initial 3h at 0°C. After staining the brains 

were dehydrated and embedded in soft Durcupan (Ruka, Basel), polymerized, and 

sectioned at 10 -15 nm on a sliding microtome. Thick neuronal profiles stand out as light 

areas against a darker background. These are the stained membranes of the more densely 

packed small diameter neurons. Serial tracing of the largest profiles allowed the accurate 

reconstruction of the major dendritic branches, and thus basic organization, of giant 

neurons. 

Cobalt backnils 

Animals were waxed dorsal side down on a glass platform. The thoracic ganglion was 

exposed ventrally and separated from its peripheral nerves, but left attached to the cervical 

connective. The ganglion was isolated on a small plastic support, and surrounded by 

Vaseline so that it lay in a tightly sealed reservoir. The ganglion was lesioned with a razor 

blade splinter, and then immersed under distilled water to check for leaks. After 10s the 

water was replaced with 5% aqueous cobalt nitrate solution, and left 2 - 6h at 20°C or 

overnight at 4°C. Heads were then separated, opened and placed in ringer solution where 

they were immersed for 10 min. in 10 ml of TES Ringer (O'Shea and Adams, 1981) 

containing five drops of ammonium sulfide (or for 3 min. in Ringer through which was 

bubbled a continuous flow of hydrogen sulfide gas). After several washes in ringer 

solution, the brains were postfixed for 30 minutes in Gregory's (1980) synthetically aged 



1 9 4  

Bouin's solution. After several washes in 70% ethanol, the brains were dissected out, 

dehydrated, penneabilized in propylene oxide, washed in absolute ethanol, and then 

subsequently rehydrated to distilled water. The brains were afterwards treated with a 

modification of Timm's silver intensification method (Strausfeld and Obermayer 1976), 

then dehydrated, embedded in soft Durcupan, and serially sectioned 20 - 30 [im. 

Osmium-intensified Neurobiotin /HRP staining 

The animals were immobilized, and their thoracic ganglia were prepared as described for 

cobalt backfills. The ganglion was exposed to a 2% solution of Neurobiotin (Vector 

Laboratories, BurUngame, CA) dissolved in 0.25m KCl for about 24h at 4°C or 3 to 6h 

at room temperature. TTie tissue was fixed for 2 to 4h in 0.2 M Sorensen's phosphate 

buffer containing 1.3% sucrose and 4% paraformaldehyde at pH 6.8. After 2h of 

fixation the brain was removed from the head capsule and cleaned of any excess tissue. 

The brains were washed thoroughly, dehydrated to propylene oxide and rehydrated back 

to phosphate buffer (pH 7.2). Tissue was immersed for 8 - 15h at 20°C with Avidin-

horseradish peroxidase (Vector Laboratories, BurUngame). After extensive washing in 

phosphate buffer at pH 7.2, the tissue was processed in DAB solution. (0.05% 

diaminobenzidine in Tris-buffer, pH 7.2 - 7.6). Finally, the tissue was washed in 

cacodylate buffer and kept for Ih at 0°C in 1% OSO4, raising the temperature to 20°C 

during a second hour. Brains were dehydrated, embedded in soft Durcupan and serially 

sectioned at 15 - 30 pn. 

Behavioral measurements 
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Measurements of flight speeds of the two syrphid species Omidia obesa and 

Salpinogaster nigra were made at Rara Avis, Selvatica, and La Selva, Costa Rica. The 

behavior of these species was compared within a transportable 2x2x4 m flight cage (fine 

mesh net over aluminum comer posts) which was erected in habitats appropriate to the 

species tested: open grassland and closed canopy. The flight trajectory was recorded and 

measured with reference to a 20 x 20 cm grid within the flight cage. Flies were released 

from one comer of the cage and the flight was measured and timed. For testing flight 

speeds, each fly was released four times. Sample sizes varied from n=IO to n=17. T-

tests for two samples, assuming unequal variance, were performed on the measured 

data. Other flight behaviors were recorded using still photographs and video recordings 

(e.g. courtship behavior of Holcocephala ). Further details are described in the Results 

section. 

RESULTS 

The results are based mainly on neural profiuies of 10 nm diameter or larger, except in the 

case of bombyliids where the unusually small facets of the compound eyes supply dense 

retinotopic mosaics in which neariy all neiu^ons appear smaller in comparison with other 

taxa. The organization of neural profiles corresponding to giant tangential neurons at the 

HS and VS levels of the lobula plate is described from 16 different species. Comparisons 

between unrelated species having similar behaviors and related species having dissimilar 

behaviors have been particularly revealing, suggesting that information provided by the 

phylogentically conserved elementary motion detecting inputs can generate markedly 

different visually guided flight behaviors depending on the arrangement of giant 

tangentials in the lobula plate. 
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Giant tangential neuron organization in the reference species, Calliphora 

erythrocephala 

In Calliphora, the combined dendritic field of three horizontal (HS) neurons extend across 

the entire retinotopic mosaic of the LP (Fig. 4A). However, the dendrites exhibit clear 

differences from the front to the back, having their highest density in anterior regions of 

the LP representing the frontal retina. The dendritic field of each of the three HS neurons 

is confined to slightly more than about a third of the total area of the retinotopic mosaic, 

each HS neuron also slightly overlapping the next (see also, Hausen 1984). At the 

posterior margin of the lobula plate, each HS neuron gives rise to a thick axon that 

extends to terminal areas in the dorsal lateral deutocerebrum where they are presynaptic 

onto descending neurons supplying pterothoracic neuropils (Strausfeld and Bassemir, 

1985a; Strausfeld 1996). In addition to HS cells, the outer layer of the LP is supplied by 
I 

the terminals of the paired centrifugal CH neurons (Hausen, 1984) which together cover 

the whole of the LP. Also at this level are the terminal and dendritic arbors of the paired 

heterolateral HI neuron (Eckert, 1980 one of these elements for each LP), the dendrites of 

which cover all but the lowest sixth of the retinotopic mosaic. 

In Calliphora, axons of 11 vertical (VS) cells leave the posterior margin of the LP 

as a bundle that is situated dorsal to and anatomically distinct from the 3 HS axons 

(Hengstenberg, 1977; Hengstenberg etal., 1982; Strausfeld and Bassemir, 1985b). In 

the LP itself, the axon of each VS neuron bifurcates into two thick branches that extend 

vertically to each side of the axon (Fig. 4B). These vertically oriented branches give rise 

to characteristic arrangements of smaller branches that subsequently divide. 
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Fig. 4 (previous page). Wide field horizontal (A; HS) and vertical (B; VS) motion-
sensitive neurons in the LP of the reference taxon CalUphora erythrocephala. HS cell 
dendrites are characterized by their predominantly horizontally oriented main branches 
that, in this species, branch more densely in neuropils representing the anterior part of the 
eye (to the right in all drawings) thm posterior. In this species, VS neurons are 
heteromorphic elements. Each shares the common feature of an anchor- or T-shaped 
bifurcation of the axon which then gives rise to smaller dendritic branches. VS cells in 
the front part of the lobula plate have strictly vertically oriented dendritic fields. Further 
posteriorly, VS cells have horizontally oriented branches in the upper part of the lobula 
plate within the superficial horizontal layer of the neuropil and ventral branches oriented 
vertically in the deeper vertical layer. 

Each VS neuron gives rise to a dendritic field that is to a greater or lesser extent 

(depending on the position of the neuron) aligned along the dorsoventral axis of the 

retinotopic mosaic. In CalUphora the largest VS cells with the most dense dendritic fields 

are those situated in neuropil representing the anterior part of the visual field. Their 

branching densities successively decrease in more posteriorly situated cells (Fig. 4B). 

Whereas HS dendrites lie at the outer stratum of the LP (which is hereafter called the 

horizontal layer, independent of the taxon discussed), those of VS neurons can occupy 

only the deepest LP layer or two levels, depending on the location of the VS neuron. VS 

2, 3 and 4 have dendrites exclusively in the VS layer (hereafter called the vertical layer). 

VS 1, and VS 5-11 have ventral dendrites subtending the ventral 2/3 of the retma situated 

in the vertical layer and dorsal dendrites, subtending the upper 1/3 of the retina, in the 

horizontal layer. Responses of VS neurons reflect this organization (Hengstenberg, 1977; 

Krapp et al., 1994: BCrapp and Hengstenberg, 1995; Hengstenberg and Krapp, 1996). 

Tangential neurons in tachinids 

Tachinids are a sister group of the calliphorids. In Nimioglossa, the dendrites of two large 

and one smaller diameter neuron subtend the entire visual field at the horizontal layer (Fig. 
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5A, filled neurons). Branches of the most dorsal HS neuron extend further posteriorly 

across the retinotopic mosaic then do those of the equatorial and ventral cells. Like 

calliphorid HS neurons, the dorsal and equatorial cells are characterized by dense 

dendritic processes in the frontal region of the visual field, whereas the ventral cell has a 

more sparse branching pattern. In addition to these elements, at least three neurons, each 

with a slighdy diinner axon, cover the visual field overlapping entirely with the two larger 

cells. Together these neurons correspond to the paired calliphorid CH terminals, the 

processes of which overlap the three HS dendritic trees (Strausfeld and Bassemir, 1985a) 

and the HI neuron. 

Thirteen VS-Uke arborizations occupying the vertical layer. These cells have forms 

and graded arrangements like the VS cells in calliphorids except that in tachinids the most 

anterior VS cells are relatively much larger than posterior ones (Fig. 5B). In this they are 

comparable to the VS organization in muscid optic lobes (Musca domestica; Pierantoni, 

1976). Neurons subtending the firontal visual field are profusely branched, with 

successively more posterior VS cells having more slender axons and branches. 

Glossinids 

In glossinids (the tsetse fly, Glossina morsitans), the third representative of calypterates 

compared here, three HS neurons have extremely large axons. Their thick dendrites 

appear to branch in the front part of the lobula plate, but less in areas subtending the 

lateral and posterior visual fields (Fig. 5C). Two additional slightly smaller cells are 

observed at the dorsal border of the LP, and within the lower half of the LP. These 

neurons also arborizations subtend the fi-ontal visual field. 
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Fig. 5 (previous page). Camera lucida reconstruction of ethyl gallate serial sections of two 
calypterate families. A and B, HS and VS neurons in the tachinid Nimioglossa. A: Filled 
profiles show the three large diameter HS-like neurons amongst three other elements, 
possibly corresponding to CH and HI of the reference taxon (see text). B: Twelve VS-
like neurons; Dark profiles exemplify individual neurons. The front half to two thirds of 
the LP contains large diameter VS cells. These are distinguished fix)m six (sinular) 
smaller elements that subtend the posterior third of the retina. C and D: HS and VS 
neurons in the glossinid Glossina morsitans. In C, filled profiles illustrate HS cells with 
two other elements, possibly corresponding to CH neurons (see text). In D, filled profiles 
show selected elements amongst the VS ensemble to demonstrate the isomorphic 
arrangement of VS from the front to the back of the lobula plate. Note the large oval field 
of one imique element (stippled) at the VS level. 

Ethyl gallate reconstructions of neurons in the vertical layer reveal at least 9 VS 

cells of similar size that send axons centrally from the dorsal margin of the neuropil (Fig. 

5D). Each VS cell is characterized by a major branch projecting ventrally. In contrast to 

the other two calypterate species, glossinid VS neurons are foreshortened dorsally, 

although this is not so exaggerated as in conopids (Fig. 6B) and Drosophila (Fig. 6C). In 

glossinids, VS cells are distinct from a unique dendritic arbor, originating from the 

vertical layer, which covers the entire dorsoventral extent of the LP (Figs. 5D, 1 lA). 

Conopids 

In conopids {Stylogaster sp.), the horizontal layer is characterized by 3 HS neurons, the 

axons of which are extremely large and flattened, and have terminals situated close to the 

margin of the optic lobes (Fig. 6A). Their dendritic fields appear to branch mainly 

through the frontal 1/3 of the neuropil and those of the upper and middle HS neurons 

overlap extensively (Fig. 6A). Two profiles, corresponding to CH neiu-ons, have also 

been identified but not reconstructed. 
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Fig. 6. Reconstructed HS (A) and VS neurons (B) of the conopid Stylogaster from an 
ethyl gallate preparation. HS neurons have broad axons which, in the lobula plate are 
flattened (not shown in this figure). Their tributaries are first resolvable in areas 
representing the lateral visual field. VS neurons have short dorsal branches similar to 
those observed in Golgi impregnations of Drosophila (C). 

Compared with other taxa, the ventrally directed branches of conopid VS cells are 

unusually long with the result that their horizontally directed dorsal processes, which 

ascend into the horizontal layer, are restricted to a small area of the dorsal retinotopic 

mosaic (Fig. 6B). This arrangement is similar to that observed for the most frontal VS 

cells in Drosophila (Fig. 6C), their close relative. 
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Dolichopodids 

In the dolichopodid Condylostylus, Golgi stains reveal at least three HS-like neurons. 

The upper cell has the largest axon diameter and has dendrites that cover almost the dorsal 

half of the retinotopic mosaic (Fig. 7A). The most ventral neuron possesses only two 

large branches, and their dendrites are sparse. Several large-axon-diameter neurons 

characterize the vertical layer. The precise number of VS neurons is uncertain, however, 

because these neurons appear to degenerated in all but the youngest flies, so that staining 

reveals great variation. In the youngest animals, the dorsal branches of VS cells are 

prominent, but extend less anteriorly than those in an equivalent position in calliphorids. 

As in calliphorids, VS ceU diameters diminish from the front to the back of the lobula 

plate. The most VS-like elements counted in any individual were 11 neurons. 

Bombyliids 

As in conopids, the bombyliid LP neuropil {ofBombylius spp) contains a more dense 

arrangement of tangential neurons within the LP's dorsal neuropil than ventrally. There 

are five prominent profiles in the horizontal layer (Fig. 7B; 13B). The dendrites of the 

upper and equatorial HS neurons are overlapped by a fourth neuron at the same level. The 

dendrites of the lower HS are overlapped by a fifth horizontal element This arrangement 

suggests that, as in the reference species, bombyliids possess 3 HS neurons accompanied 

by two centrifugal horizontal cells (CH). In Bombylius, VS-like profiles are numerous 

although, compared to VS neurons in Calliphora, they are relatively thin, as would be 

expected of such a densely packed retinotopic mosaic corresponding to the large number 

of small ommatidia that characterize the eyes of this group. 
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Fig. 7 (previous page). A: The dolichopodid Condylostylus. Camera lucida 
reconstruction of Golgi impregnated HS neurons superimposed on an ethyl gallate 
reconstruction of four frontal VS neurons. HS neurons (filled profiles) are slender in 
comparison. The upper HS neuron is richly branched whereas branches of the 
equatorial and the lower HS cells are unusually sparse. B: The main HS branches (filed 
profiles) in the bombyliid Anthrax (see also Fig. 14B). C: Nxmierous VS neurons in 
Anthrax provide many vertically oriented tributaries from the ventrally, and shorter 
horizont^y oriented branches dorsally (see Fig. 14C), all within the vertical layer. D: 
Six HS-like profiles in the tabanid Scione (stippled and filled profiles) provide two 
bands of HS fields and overlap 3-4 other tangential (open profiles) possibly 
corresponding to HI and CH neurons in the reference species. E, F: Reduced silver 
preparations showing frontal (E) and horizontal (F) views of many VS-like profiles, the 
diameters of which vary little from front to back of the LP. 

Neurobiotin fills (Fig. 7C) and reduced silver staining (Fig. 14C) show the axons of 

bombyliid VS neurons dividing the lobula plate into approximately two halves. In the 

upper half, VS branches are larger than in the lower. Unlike in calliphorids, but as in 

hovering syrphids (see below), the density of bombyliid VS neurons does not diminish 

from front to back. Another characteristic of bombyliids is that many long secondary 

branches extend obliquely and ventrally from the main vertical processes. At the lobula 

plate's equator, secondary branches from the most frontal VS neurons are aligned along 

the horizontal axis, as they are in the reference species. 

Tabanids 

Tabanids (e.g. Scione, Tabanus) are unusual, and distmct from other taxa, in having 

more than the expected complement of large tangential neurons in the horizontal and in the 

vertical layers. Observations of ethyl gallate preparations reveal 9 large diameter elements 

in the horizontal layer. Six of these are arranged like HS cells, but organized as two 

bands. One covers the anterior third of the lobula plate (filled profUes in Fig. 7D), a 

second subtends the lateral and posterior 2/3rds of the region (stippled. Fig. 7D). The 

remaining 3 profiles correspond to HI and CH elements seen in Calliphora. 
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Also, at the vertical layer, the LP is densely packed with about 18 to 25 vertically 

oriented profiles of VS-like neurons; that is double the complement seen in Calliphora. 

Although the curvature of the LP precludes a complete reconstructions of VS neurons 

from ethyl gallate material, reduced silver staining of vertical and horizontal sections 

(Fig. 7E, F) demonstrates the dense packing of vertically oriented giant profiles 

distributed more or less isomorphically across the LP's anterior to posterior extent 

Syrphids 

So far we have focused on comparisons among species drawn from families that are 

phylogentically distant Here we compare two species of hover flies which have been 

selected to maximize their differences of overall body form, and hence their aerodynamic 

properties, as well as differences in flight behavior in natural conditions. 

Ornidia obesa versus Salpinogaster nigra 

Behavior. The behavior of these species was compared as described in the Methods 

section. Measurements of the flight speeds of these two species in the two habitats 

ranged firom 1.2 m/s to 9.6 m/s (32.4 km/h) for 0. obesa and 0.8 m/s to 5.3 m/s for S. 

nigra. T-tests for two samples assimiing unequal variance of velocities resulted in T-

values of 9.98 (open grassland) and 9.58 (close canopy). Both values are highly 

significant and demonstrate that differences in flight speed are species dependent rather 

than habitat dependent. In addition to their different flight velocities, Omidia obesa and 

Salpinogaster nigra have markedly different body forms and flight behaviors. As its 

name suggests, Omidia obesa is short bodied. 
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Fig. 8. Ethyl gallate reconstructed HS- and VS-like cells in two species of sj^rphids. A: 
Four HS arborizations (filled profiles) in Omidia obesa . B: A single HS-lilffi arbor 
(filled profile) within the layer of relatively thin and numerous VS cells in O. obesa, the 
axons of which leave the lobula plate as a broad band from its posterior edge. C: All VS 
cells in this species have limited vertical extents (examples; filled profiles). They do not 
diminish in size from front to back of the LP. D; Four HS cells (filled profiles) in 
Salpinogaster nigra.. E, F: VS-like neurons in S. nigra (examples; filled proves) have 
larger profiles than in 0. Obesa. In Salpinogaster, VS neurons have many horizontally 
direct^ branches in the upper part of the LP. Their diameters do not diminish from front 
to back of the LP. 

It typically has periods of rapid flight pimcmated by almost motionless hovering. S. 

nigra, which is an elongated wasp-mimic, also hovers and if disturbed reduces its 

altitude, flying relatively slowly, and then hovers close to the ground in the protection of 

dense grass. 

Neuroanatomy. In both species, the outer layer of the LP is characterized by four HS-like 

cells (compare Fig. 8A, Omidia; 8D, Salpinogaster), the dendritic fields of which slightly 

overlap with each other. In Omidia, branches are not concentrated frontally as they are in 

Calliphora and Salpinogaster, but appear equally distributed across the retinotopic mosaic, 

thus serving the whole visual field. The axon diameters of HS-like neurons in 

Salpinogaster are relatively larger than in Omidia. 

VS cell organization between these two taxa shows major differences. Omidia is 

characterized by a densely packed array of slender anchor-shaped profiles (see highlighted 

neurons in Fig. 8C) amongst which there is a single HS-like neuron at the VS level (Fig. 

8B). The main branches and axons of VS cells have relatively smaller diameters than 

those of S. nigra, and their branches do not extend as far along the vertical axis of the 

neuropil. Their horizontally directed processes are extremely short. The dense 

arrangement of relatively small-diameter VS profiles, distributed homogeneously across 
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the lobula plate, contrasts with Salpinogaster. In S. nigra, there are fewer VS neurons 

and these have much larger diameters than VS neurons in 0. obesa. The dendritic tree of 

each VS neuron extends the full height of the lobula plate. Each tree is divided into two 

components, a downward projecting vertical branch and, dorsally, many long 

horizontally directed secondary dendrites (see highlighted neurons in Figs. 8 E, F). These 

subtend the upper and frontal fields of view. Unlike the references species, in which 

branches from some VS reach up to the horizontal layer of the lobula plate, in S. nigra (as 

in the bombyliids) all the processes from VS cells are restricted to the lobula plate's 

vertical layers. 

Asilids 

Asilids are predatory flies, most species of which possess elongated bodies. Males and 

females both perform ballistic interception flights usually from a "standing start" from a 

branch or twig to seize the prey and retum immediately to or very near the same resting 

location. 

Holcocephala spp. versus Efferia spp. 

Behavior.. In Efferia, a robber fly found in the Sonoran desert, if a female flies within 

visual range of the male, the male will similarly intercept her, land with her and attempt 

copulation. This behavior is almost identical to prey capture. This behavior has been 

previously described for the South American species Mallophora ruficauda (Tricca and 

Trujillo-Cendz, 1980). The shorter bodied tropical species Holcocephala also ballistically 

intercepts prey but does not use this behavior during courtship. Instead, males aggregate 
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over patches of grassland at the forest edge. After visually selecting a female, males hover 

some distance behind and make intemaittent darts toward her. After this interaction, the 

male separates, flies backwards for 15-20 cm and then again hovers. This behavior is not 

observed in Efferia.. 

Neuroanatomy. There are between 5-8 horizontally oriented giant neurons within the 

LP's outer layer. In Holcocephala, these cells, some with quite narrow dendritic fields, 

are disposed to sample horizontal strips of the projected retinotopic mosaic (Fig. 9A). In 

Efferia, equivalent neurons, having relatively wider fields, are disposed obliquely in the 

lobula plate to sample similarly aligned strips of the retinotopic mosaic. At levels 

equivalent to the vertical layer in other brachycerans, asilids lack VS-Uke elements (Fig. 

9B, D; 14A). In both asilid species, deep tangential neurons are generally aligned along 

the horizontal axis with an axon giving rise to a Y-shaped bifurcation into the main 

dendritic branches(Fig. lOA, Holcocephala', C, D, Efferia). This is distinct from the 

typical anchor-shaped profile of VS ceUs of caUiphorids and many other brachycerans. 

The main dendrites of the Y give rise to long branches that are oriented mainly along the 

horizontal axis of the retinotopic mosaic, as are their third and higher order processes. 

Fig. 9 (next page). Comparison of robber fly (asilid) "horizontal" and "vertical" neurons. 
In Holcocephala (A) and Efferia (C), oval fields of large-diameter neurons are oriented 
horizontally (Holcocephala) or obliquely {Efferia) and comprise the horizontal layer 
(examples; Med profiles). Other differences between these taxa are observed in deep 
layers of the LP. In Holcocephala (B), a local distribution of 10-12 small tangential 
neurons arborize through the upper frontal retinotopic mosaic (bracketed) where they 
give rise to vertically extending processes. In Efferia (D), the equivalent layer contains 
many Y-shaped neurons, whose horizontally oriented dendrites occupy a restricted 
domain (examples: filled profiles). Together, some 15-18 large elements subtend the 
entire visual field. There is no apparent clustering of processes as in the sister species. 
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Fig. 10 (previous page). Large LP neurons in two species of asilids. A, B: The dorsal 
and venti^ margins of the deep LP layer of Holcocephala also contain several prominent 
horizontally directed arbors (ffllol profiles in A). C, D: Comparison of a subset of deep 
LP tangential neurons (filled profiles; ethyl gallate reconstructions) with cobalt fills of the 
same cell types. 

The resulting appearance of profiles in the LP's vertical layer is thus reminiscent of 

horizontal cells (Figs. 9B, D, 10 A, C). In Holcocephala, horizontally oriented profiles 

are also present at perimeter neuropil representing the fi-ontal upper and ventral margins of 

the retina (Fig. lOA, lOB). 

The deep LP layers of Holcocephala and Efferia differ significantly. 

Reconstructions from ethyl gallate preparations of Holcocephala (Figs. 9B) demonstrate a 

special region of high profile density, subtending the frontal upper part of the projected 

retinotopic mosaic and providing a localized region of thin vertically extending dendrites. 

In contrast, the deep LP layers in Efferia (Figs. 9D, IOC) posses many Y-shaped 

profiles, the densities and sizes of which differ from dorsal to ventral, as shown by ethyl 

gallate reconstructions (Fig. IOC) and cobalt fills (Fig. lOD). 

Other giant LP neurons 

In several genera there exist extremely large lobula plate tangentials the morphologies of 

which cannot obviously be ascribed to HS- or VS-like elements nor to other giant 

neurons, such as CH or HI neurons (Hausen and Egelhaaf, 1989) that tj^ify the 

reference species. Such neurons occur in glossinids (Glossina morsitans; Fig. 11 A, B), 

asilids {Efferia; Fig. 11C) and tabanids {Scione maculipennis; Fig. IID). In glossinids, 

the trunk of the neuron arises among VS neurons, while in Efferia and tabanids it arises 

closer to the profiles of the HS layer. In asilids and tabanids the main dendritic branches 

of uniquely identifiable giant neurons reside between the horizontal and vertical layers. 
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Fig. 11 (previous page). Wide-field neurons, possibly unique to single taxa. Their 
dendrites interact with large areas of the retinotopic mosaic. A: Ethyl gallate based 
reconstruction of a unique wide-field tangential in the vertical layer of a glossinid. The 
same neuron in B, is shown almost entirely by Golgi impregnation. C: A wide-field 
unique neuron at the HS level of the asilid Efferia. D: A sindar neuron at the same level 
in the tabanid Scione maculipermis. 

In contrast, reconstruction of a glossinid giant neuron (Fig. IIB) demonstrates dense 

spiny arborizations subtending almost all the visual field. Evidence that this Golgi-

impregnated neuron is distinct from the reference species' HI cell is suggested by an ethyl 

gallate reconstruction. This shows that dendrites subtending the lateral part of the visual 

fields reside distal to the vertical layer whereas dendrites subtending the frontal part of the 

visual field are disposed at the same level as VS dendrites. 

Lobula plate organization in Nematocera 

In tipulids and culicids (see table 1), there is no observable distinction between HS and 

VS neurons. Ethyl gallate staining reveals 8 giant axons leaving the posterior edge of the 

LP (Fig. 14 D, E). Their dendritic branches intermingle, and are not segregated into 

layers. 

In simuliids, the basic organization of the LP reflects the sex of the animal. Each 

compound eye of the male Simulium vittatum is divided into a dorsal enlargement, or 

"turban," and a smaller ventral eye, similar in size to the single eye of the female. This 

male-specific arrangement is reflected by a dorsal and ventral differentiation of all four 

neuropils, possibly reflecting separate pathways from the upper and lower eyes into the 

brain. Thus, the two parts of the divided eyes are each served by their own LP. That 

serving the upper eye is characterized by at least five VS-like neurons. 



Fig. 12. The divided lobula plate of the male simuliid Simulim vittatum, showing the 
segregation of VS-like neurons into the upper, male-specific, lobula plate and HS-like 
neurons in the ventral sexually isomorphic lobula plate. 

Fig. 13 (next page). The bibionid lobula complex. A: LP and Lo serving the male-
specific turban eye. Large male-specific axons leave the lobula whereas the LP is clearly 
divided into strata. B: Detail of the LP showing three strata (deep I - shallow 3). Deep 
neurons have both horizontally and vertically extending profiles (the latter in cross 
section), as does the outer layer (3). The middle layer (2) contains horizontally 
projecting elements. 
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Fig. 14 (previous page). Lobula Plate neurons typifying dipteran taxa: A: Asilid: cobalt 
silver impregnation of horizontally oriented processes populating both the HS and the VS 
layers. B: Bodian reduced silver staining confirms the dense array of HS-like profiles 
(arrows) in a bombyliid and the unusually large-diameter profiles of VS neurons within 
the upper frontal vertical layer (C). D - F: Ethyl Gallate staining showing several large 
profiles (arrows) entering the culicid (D) and tipulid ^) lobula plate. F: Giant male-
specific profiles in the dorsal lobula neuropil of a simuliid (MLXJ, arrows) are reminiscent 
of male-specific MLG neurons in calliphorids (Strausfeld, 1991). The LP is divided into 
a dorsal part with VS- like cells, and a ventral part with HS - like cells. Scale bars for 
each fig. equal 50 pim. 

Wide-diameter axons enter this LP at its ventral margin, curve dorsally and supply 

dendrites that extend parallel with the LP's frontal margin. The LP serving the lower eye 

receives axons of at least four HS-like neurons. These enter the neuropil together and then 

bifurcate many times so as to cover the retinotopic mosaic serving that eye (Figs. 12, 

14F). The dendritic field of each of the HS neurons slightly overlaps its neighbors. Thus 

in simuliids, the VS- and HS-like neurons have become entirely segregated to serve the 

upper and lower eyes, respectively. In a male bibionids (Bibio), the upper lobula complex 

is far larger than that serving the ventral eye. However, the lobula plate neuropil is 

stratified dorsally and ventrally, with the upper part showing three distinct levels of 

tangential neurons (Fig. 13 A, B). In both bibionids and simuliids, the ventral part of the 

lobula is invaded by large axons of horizontally oriented giant neurons (Fig. 13A; 14F) 

reminiscent of male lobula giants of brachycerans (Hansen and Strausfeld, 1980; 

Strausfeld, 1980, 1991). 

DISCUSSION 

In a previous study (Buschbeck and Strausfeld, 1996), we demonstrated the 

phylogenetic conservation across the Diptera of a system of small retinotopic neurons 
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that provide relays from the compound eye to the lobula plate. Comparisons amongst 

phylogenetically distant and behaviorally disparate species demonstrated that neurons 

belonging to this system conserve their morphology, stratification, and layer 

relationships with each other while mapping the entire mosaic of the compound eye into 

the lobula plate. It was suggested that this conserved system arose at least 223 million 

years BP (before the present), predating the divergence of Brachycera and Nematocera 

(see Hennig, 1973). In contrast to the conservation of small-field inputs to the lobula 

plate, the results of the present paper demonstrate that, despite its conserved efferent 

supply, the organization of the large tangential neurons of the lobula plate can be specific 

for any single taxon. 

The enlargement of a species of neuron relative to other neurons within the same 

neuropil or pathway suggests a special role in rapid conduction in the oculomotor 

pathway. Large profile tangential neurons, such as VS and HS neurons in the reference 

species, have been observed in all rapidly flying Diptera. In Calliphora, they share gap 

junctions with postsynaptic neurons leading to neck and flight neuropils in the thoracic 

ganglion (Strausfeld and Bassemir, 1985a, b). Such "gigantism" of certain cell types in 

the lobula plate is reminiscent of the exaggerated axon diameters and dendritic trees of 

"giant" neurons that facilitate rapid mid-leg extension in escape behavior (Bacon and 

Strausfeld, 1986; King and Valentino, 1983). We will argue (below) that certain species-

specific variations of giant LP neurons reflect differences in those generic visual 

behaviors known as optomotor responses, visual stabilization, and object fixation, all of 

which are thought to be mediated by large tangential efferents from the lobula plate 

(Hausen and Egelhaaf, 1989) that supply descending neurons to flight motor circuits 

(Gronenberg and Strausfeld, 1990-1992, Gronenberg et al., 1995). We suggest that 

certain features of lobula plate morphology, such as the numbers and distribution of VS 



2 2 1  

and HS cells, or their dendritic field size and disposition within the retinotopic mosaic, 

can be independent of taxonomic relatedness. These variable features presumably arose 

as innovations after the establishment of conserved elementary motion detecting circuits 

common to all taxa. Despite this, certain neuroanatomical features of the LP appear to 

unite taxa which, according to current phylogenetic hypotheses (Wood and Borkent, 

1989; Woodly, 1989; McAlpine, 1989b; Sinclair et al., 1993; Cumming et al, 1995), 

comprise a specific family of Diptera. These aspects of lobula plate organization will be 

now discussed. The first section compares the morphology of phylogenetically 

representative taxa, many of which are ecologically and behaviorally similar. We then 

consider the general consequence of selective pressure on the evolution of lobula plate 

divergence. 

Lobula plate organization in phylogenetically distant 

but behaviorally similar species. 

"Avoiders." Tachinids, glossinids (tsetse flies), and tabanids (horse flies) are distandy 

related (Fig. 1). Yet these three taxa are exemplified by parasitic individuals that visually 

(or in one case acoustically; Miles et al., 1995) target their hosts and fly directly and 

rapidly towards them. Tsetse flies and horse flies are important disease vectors on large 

mammals; tachinids are obligate parasites of insects (Borror et al., 1989). Tsetse flies 

and horse flies are adept at avoiding the defense flick of the tail of their intended hosts. 

Tachinids, for example, avoid the hind-leg kick of their cricket host 

The three taxa share the attribute of possessing unusually large-diameter VS-like 

neurons serving the frontal and lateral visual fields. Their orientation is superficially like 

VS neuron arrangements in calliphorids. However, instead of being graded in size from 
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front to back as in calliphorids, each of these families shows its own distinctive VS 

organization. In tachinids the most anterior 6-7 VS cells all have large diameter branches 

that are entirely restricted to the deep vertical layer of the lobula plate. The remaining VS 

cells are slender and subtend the postero-lateral visual field within the vertical layer. In 

the glossinid Glossina morsitans, large diameter VS cell are distributed across the whole 

retinotopic mosaic, with a slight gradation in their dimensions from front to back. In 

tabanids, there are as many as 25 VS-like profiles (Fig. 7E, F), double the number in 

the reference species. Compared with the reference species, tabanids also appear to have 

double the complement of HS-Uke profiles, the fields of which parse the LP into two 

vertical strips (Fig. 7D). All three taxa suggest an increase in either the diameter of 

frontal and laterally subtending VS neurons (tachinids, glossinids) or an increase in the 

number of VS neurons (tabanids). In either case, the total coverage of VS dendrites 

within the frontal and lateral parts of the retinotopic mosaic is accenmated compared with 

the reference species. 

"Hoverers." Species that typically have stationary, lateral, or backward hovering flight, 

such as syrphids (Omidia obesa, Salpinogaster nigra) and the conopid (Stylogaster) 

suggest that perception of vertical motion in all quadrants of the visual hemisphere are 

essential for visual balance during these maneuvers. It is not surprising, therefore, that 

vertical cell arrangements typify the lobula plates of taxa that hover. 

In these taxa, lobula plate architecture is distinguished by VS-like neurons that 

are evenly distributed from front to back across the retinotopic mosaic, and have similar 

diameters of their axons and major vertical branches (Figs. 6B, 8B, C, E, F). This 

arrangement suggests that VS cells may play a role in assessing even slight vertical 

displacements of the visual panorama during hovering. It has been demonstrated that in 
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the syrphids, the frontal as well as the lateral parts of the compound eye can equally 

mediate target fixation and target-oriented hovering (CoUett and Land, 1975).The 

unrelated conopid Stylogaster spp. exhibits interaiittent stationary flight but not target 

directed hovering. In this species, as in syrphids, VS cells are not graded from front to 

back but are organized isomorphically. 

"Turban eyes." Another example of phylogentically different but behaviorally similar 

taxa are the simuliids and bibionids, known for their nuptial flights in which a specialized 

eye region of the males is thought to mediate detection and interception of cruising 

females (Dowens, 1991). In these two nematoceran fandlies, male flies have divided 

retinas with the dorsal part of the eye enormously enlarged as a "turban." In both taxa, 

the optic lobes of males reflect this division. The lamina, medulla, and lobula complex 

serving the upper eye has a larger volume than that serving the lower eye. The functional 

organization of neurons in the lobula complex also differs between the lower and upper 

parts. In simuliids this difference is extreme. 

In bibionids, measurements of optomotor responses have demonstrated that only 

the ventral eye specifically responds to wide-field progressive motion and thus may play 

a role in visual stabilization of yaw (Zeil 1983b). The dorsal eye is suggested by Zeil to 

be specialized to detect females; that is, small contrasting objects moving against a clear 

background. Zeil's observations of cobalt-silver preparations (Zeil 1983c) demonstrate 

that the dorsal lobula plate of Bibio marci and Dilophus fibrilis contain horizontally 

oriented giant neurons, as does the lower sexually isomorphic LP. Zeil showed that the 

dorsal LP in males also contains vertically oriented giant neurons. In simuliids horizontal 

cells are restricted to the sexually isomorphic lower LP and vertical cells to the male-

specific upper LP. Thus, the differences between bibionids and simuliids refer only to 
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the wider distribution of HS neurons whereas the localization of VS cells in the upper LP 

is the same in both families. Interestingly, both in male bibionids and simuliids, the 

dorsal lobula is also characterized by giant neurons. Their similarity to MLGs of 

cyclorriiaphans (Strausfeld, 1991) is particularly apparent in bibionids where cobalt fills 

co-impregnated the male giant with columnar efferents and show the heterolateral 

projection of the lobula giant to the mid-brain (Zeil, 1983c). 

The present observation on a local species of Bibio (Fig. 13A, B) reveal three 

tangential layers in the dorsal part of the male lobula plate (Fig. 12 and 14F), 

corroborating Zeil's observations. In simuliids, the segregation of vertical and horizontal 

cells to the dorsal and ventral parts of the divided lobula plate suggests it is the pitch and 

roll control systems of the vertical cells that provide stabilization during nuptial flights 

and the downward-viewing HS cells provide information about ground speed. A similar 

role for the dorsal VS cells could be envisaged for bibionids. 

"Slow fliers." There are dramatic differences between the orderly arrangements of LP 

giant neurons in both simuliids and bibionids and the two other investigated nematoceran 

families, culicids and tipulids. In these slow flying, often crepuscular or nocturnal taxa, 

the LP is unstratified and giant neurons appear to be intermingled (Fig. 14 D, E). The 

similarities between culicids and tipulids are remarkable, given that culicids are more 

closely related to simuliids than to tipulids (Fig. 1). Tipulids and culicids are 

characterized by elongated bodies, long wings and long legs that are extended sidewards 

during flight 

Lobala plate organization in phylogenetically close 

but behaviorally disparate species 
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If neuroanatomical similarities of giant neuron organization in phylogenetically distant 

taxa suggest similar oculomotor control mechanisms, do taxa that are phylogenetically 

close but behave differently reveal obvious differences in lobula plate tangential 

organization? That they do is suggested by comparing behaviorally distinct species 

within the Syrphidae and Asilidae. 

Syrphids. The syrphids O. obesa and S. nigra have different flight styles and velocities, 

the rapid erratic flight of the former punctuated by periods when it hovers almost 

motionless in one spot. In contrast, S .nigra generally moves slowly between periods 

of hovering (see Results). 

0. obesa has many more VS neurons than the set of 11 typical of the reference 

species, also a short bodied rapid flier but which does not hover. S. nigra, on the other 

hand, has a long body profile which beautifully mimics the profiles of sympatric solitary 

wasps. Unlike the long bodied asilids (see below) which lack VS-like neurons, S. nigra 

has large VS cells which, like the smaller elements in O. obesa do not diminish in size 

from front to back. While littie is known about the repertoire of visual behaviors in these 

species, it is significant that syrphids distribute their VS neurons isomorphically across 

the lobula plate neuropil and, unlike the reference species, retain their VS dendrites 

within deep layers of the lobula plate. Why should 0. obesa have more VS cells and 

smaller elements than S. nigra ? Our present observations comparing Diptera, suggest 

that differences of VS cell shape, number, and distribution relate to differences of flight 

behavior. Possibly, a short broad body, coupled with the ability for both stationary 

hovering flight and fast maneuverability, may place special demands on the VS system 

and that these are reflected by the uiuque VS arrangement in O. obesa. 
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Asilids. fiitracellular recordings from VS neurons (Hengstenberg, 1982) and 

their associated premotor and motor neurons (Gronenberg et al., 1995; Milde et al., 

1987) suggest a cardinal role for the VS system in pitch and yaw control. Thus, their 

absence in certain Diptera with elongated bodies may be significant. 

As described in the Results section, asilids (robber flies) are generally long-

bodied raptors that perform ballistic interception flights. Comparisons of the longer-

bodied asilids with short bodied Diptera reveal that the asilid lobula plates are richly 

equipped with HS-like elements in both the HS and VS levels. In no asilid species have 

we found any neuron resembling the characteristic vertically oriented VS cells of the 

reference species Calliphora. Such differences between asilids and other Brachycera 

suggest substantial changes in lobula plate organization early in their evolution. 

Interestingly, however, even in this family there are significant differences between 

asilids that can hover and those that caimoL In Holcocephala, a species that can hover, 

the deep layer of the lobula plate contains many small horizontally oriented neurons 

amongst which a subset, subtending the upper frontal visual field, branches oriented 

vertically (Fig. 9B). 

The lobula plate of the ballistic flier Efferia is markedly different from that of 

Holcocephala. Both its outer and inner layers are characterized by neurons whose 

dendrites extend mainly along the horizontal axes. The major difference between the two 

layers of this species is the difference of the size of the neurons: larger fields in the outer 

layer (Fig. 9C) and both large and small field elements in the inner (highlighted in Fig. 

9D). There is no suggestion of the vertically oriented profiles noted in Holcocephala. 

Phylogenetic differences in the VS level 
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How significant are such differences of VS-like neuron arborizations in different 

species? Recordings from VS neurons in Calliphora have demonstrated that their acute 

sensitivity to the direction of visual flow fields depends on two properties: (1) the 

mapping of their dendrites into the lobula plate's retinotopic mosaic and (2) the level at 

which these dendrites are situated (Milde and Strausfeld, 1986; Krapp et al., 1994; 

Krapp and Hengstenberg, 1995; Hengstenberg and Krapp, 1996). VS 2 and 3 in 

Calliphora have their dendrites arranged exclusively along vertical coordinates at the VS 

level. VS 2 and 3 respond to vertical motion in the frontal visual field, and thus play a 

major role in the visual control of pitch (Milde and Strausfeld, 1986, 1987). In 

Calliphora, the ventral dendrites of the more lateral VS neurons (4-11) are in the deep 

vertical layer whereas dendrites subtending the dorsal part of the eye are in the outer 

(HS) layer of the lobula plate. VS 4-11 are thus disposed to detect roll and yaw, as also 

evidenced by their responses to translatory and rotational stimuli (Krapp and 

Hengstenberg, 1995; Hengstenberg and Krapp, 1996). Compared with the graded 

differences in size and arborization of calliphorid VS neurons, certain other groups show 

a more uniform distribution of VS cells across the antero-posterior lobula plate. For 

example, glossinids and tabanids have non-graded VS cells. In tabanids (Fig. 7E, F) 

there may be twice as many VS-Uke profiles as in the reference species. This may reflect 

an adaptive value of having a more dense arrangement of vertical motion summating 

neurons for detecting motion stimuli that characterize the evasive actions of the intended 

hosts. Observations on hovering syrphids also suggest both isomorphism and abundance 

of VS neurons across the lobula plate. While the rapidly flying O. obesa has many VS 

profiles, the precisely hovering S. nigra has thicker profiles distributed uniformly across 

its lobula plate. 
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To a lesser extent, asilids also show interesting differences of organization within 

the deep lobula plate strata. The profusion of HS-like neurons at all levels of the lobula 

plate suggests that detection of translatory flow fields plays a major role in course 

control, whereas roll and pitch stability are possibly provided by the pitch balance of a 

long body. Nevertheless, in the hovering asilid Holcocephala, horizontally oriented 

neurons in the inner layer provide a local area of many vertically oriented branches, 

again suggesting that fine control of target directed hovering requires a system of 

vertically oriented dendrites. 

The evolutionary and behavioral significance 

of tangential cell organization in the lobula plate 

The present results suggest major differences between lobula plates of different taxa with 

regard to the degree to which HS- or VS-like neurons branch in different areas of the 

mosaic. Even with limited observations or descriptions of visual ethology, the present 

results suggest that these differences are correlated with different visually guided flight 

behaviors. In this section we compare the evolution of organization of retinotopic 

afferents to the lobula plate with the organization of wide-field tangential efferents that 

carry information from it We suggest that selective pressures have resulted in 

modification of the latter but not the former. 

Small-field motion detecting circuits inputs (EMDs; Douglass and Strausfeld, 

1995,1996) to the lobula plate are conserved across genera (Buschbeck and Strausfeld, 

1996). They supply isomorphic inputs across the lobula plate's retinotopic mosaic (Fig. 

15). This arrangement suggests that computational circuits for elementary motion are 

necessarily highly conserved since they perform the same functions across phyla. 
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Fig. 15 (previous page). Schematic showing isomorphic arrangements of conserved 

small-field inputs to the LP from the medulla (EMDs). A-D demonstrate how these 

inputs are variously parsed and summed by different arrangements of homologous wide-

field cells. The reference species is represented in A, with HS profiles shown as thick 

outlines and the graded VS cells shown shaded. Anterior is to the right. In B, the 

conopid arrangement suggests HS neurons have dendrites pronounced in the front part 

of the visual field. VS cells form an isomorphic array from front to back. C typifies the 

asilid Ejferia where both outer and deep layers of the LP contain HS-like neurons. D 

represents a tabanid in which the complement of HS and VS neurons appears to be 

duplicated. 

However, information provided by ^IDs could be used by the lobula plate to generate 

markedly different visually guided flight behaviors. We suggest that this is achieved by 

different geometrical relationships between the conserved inputs (the EMDs) and their 

evolutionarily divergent targets (the HS and VS cells). This is schematized in Fig. 15: 

homologous tangential neurons vary in a taxon-specific manner with respect to their 

retinotopic layering, dimensions, numbers, and distributions in the retinotopic mosaic. 

There are, in addition, anatomical characteristics which appear to be coupled less 

to a specific fimction than to phylogenetic affinities between certain taxa. Some of these 

characteristics, like differences in relative length of the dorsal or ventral branch in VS 

cells of calypterates versus acalypterates, or the narrow fields of HS-like cells in asilids, 

have already been discussed in this account. In order to illuminate such characteristics 

further and distinguish them from behavioral adaptations, additional studies of character 

evolution need to be perforaied. 
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We conclude that, arising from a basic complement of large tangential neurons, 

as in the primitive Nematocera, there has evolved in certain Nematocera, and all the 

Brachycera, species-specific variety amongst tangential neurons that contrasts with the 

evolutionary conserved ftmctional properties of motion detecting efferents from the 

medulla. We propose that many of these arrangements observed in each taxon are, 

fimctionally significant, optimized for mediating species-specific visual behaviors, and 

are also appropriate to the aerodynamic properties of that species. 
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