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ABSTRACT 

Despite a wealth of information regarding visual processing in flies, little is known 

regarding their pattern discrimination abilities and the neural correlates of pattern 

recognition. The work presented here provides evidence of learned visual discriminations 

of complex visual patterns in the blowfly, Phoenicia sericata. A learning and memory 

assay was developed to determine the pattern-orientation discrimination ability of 

blowflies. Individual flies were trained to discriminate between pairs of visual patterns 

that differed in the orientation of their composite lines. During training and subsequent 

testing trials flies exhibited a preference for the previously-rewarded visual stimulus. 

Flies learned to discriminate between horizontal and vertical gratings, +45° and -45° 

gratings, and vertical and +5° gratings. Among four possible underlying mechanisms 

used to discriminate between these sets of patterns, hypothetical orientation-selective 

neurons are imiquely capable of discriminating between all sets of discriminated pattems. 

One previous theory of insect vision suggests that in order for an insect to 

recognize previously learned visual images, the insect must align the current retinal input 

with the region of the retina with which the pattem was first viewed and learned (Wehner, 

1981; Dill et al., 1993). To address this theory of retinotopic matching, a detailed 

analysis was made of fly behavior during the discrimination process. Both the spatial 

structure of the approaches to the visual cues and the range of body orientations used by 

individual flies demonstrated that Phoenicia approaches the visual cue from an unique 
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vantage point from trial to trial and, therefore, retinotopic matching is not necessary for 

the recognition of pattern orientation by blowflies. 

To test for the existence of orientation-selective neurons in Phaenicia, the lobula 

neuropil was impaled for intracellular recording. Two neurons exhibited directional 

motion preferences indicative of a possible role in the detection of expanding, oblique 

edges during approach to visual cues. Two additional neurons with combined responses 

to both directional motion and the orientation of the stimulus were recorded. These data 

support the hypothesis that the dipteran lobula processes information regarding the 

orientation of visual stimuli. 
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CHAPTER ONE 

INTRODUCTION 

Overview and Significance 

Neuroethological approaches to animal behavior have proved successful in describing 

nervous system flmction at a variety of levels in many animals (modulation of neuronal 

oscillators and subsequent changes in social signals in electric fish: Kawasaki and 

Heiligenberg, 1989; sound localization in owls: Volman and Konishi, 1990; C-start 

evasive response of fishes: Eaton et al., 1991). Often the approach provides a model 

system in which broad principles of nervous systems function can be optimally addressed 

(the role of sensory experience in multimodal maps: Knudsen, 1991; steroid hormone 

effects on behavior: Weeks and Levine, 1995). This approach often lends itself to a 

wider understanding of animal behavior and evolution of nervous systems because 

overriding principles are gleaned from questions that are driven by a desire to understand 

a particular organism, its behavior, and the underlying mechanisms residing within the 

nervous system. 

Fly visual behavior has been examined extensively for many decades. Many 

investigators have been attracted to the study of fly visual systems by observations that 

flies are extremely fast and acrobatic fliers. The visual processing underlying such fast, 

dynamic movements occurs in one of the most beautiful and well-described anatomical 

structures, the optic lobes (Strausfeld, 1970, 1976) and is specialized with respect to the 

naturally-occurring types of visual inputs a fly experiences as it flies through the world 
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(Krapp and Hengstenberg, 1996; O'Carroll et al., 1996). In particular, a combination of 

behavioral, anatomical, and electrophysiological analyses have provided a wealth of 

information on how visual systems can process inputs and generate appropriate motor 

outputs, including details of the system from the first sensory receptors (Jarvilehto and 

Settler, 1973) to the descending neurons, motor neurons, and muscles controlling 

behavior (Strausfeld et al., 1987; Gronenberg and Strausfeld, 1990; Gronenberg et al., 

1995; Gilbert et al., 1995). From these neuroethological approaches basic 

neurobiological principles, such as the relevancy of action potential timing in information 

processing (du Ruyter Van Steveninck and Bialek, 1995), the influence of locomotive 

behaviors on the evolution of visual neuronal morphology (Buschbeck and Strausfeld, 

1996, 1997), and the requisite of a correlation-type detector for directional motion 

processing (Reichart, 1961; Borst and Egelhaaf, 1989), have been revealed. 

Much study has been devoted to revealing principles of motion processing in the 

fly visual system (reviews: Egelhaaf et al., 1988; Borst and Egelhaaf, 1989). Little 

information, however, is available regarding the processing of other types of visual 

inputs, including color, orientation, and textiu-e. The relative simplicity of the fly visual 

system, with respect to vertebrate analogs, makes possible the study of the each of these 

types of inputs independently in lower visual centers as well as the integration of them in 

higher brain regions. The data presented here demonstrate complex visual discrimination 

tasks in behaving flies (Phoenicia sericatd) and predict corresponding neural elements 

that previously had not been described in the fly visual system. 
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Parallel organization andfunctional segregation in the dipteran visual system and 

comparison with mammalian visual systems 

Like those of other dipterans (flies), the visual system of Phaenicia sericata is organized 

into two parallel pathways, one color-insensitive and one color-sensitive (Fig. 1.1). 

Beneath each of the approximately 3000 lenses of the compound eye are six 

photoreceptors (termed Rl-6) that are sensitive over a wide range of wavelengths and 

luminances (review, Laughlin, 1981). These are accompanied by two additional 

photoreceptors (termed R7, R8) that are sensitive to ultraviolet and blue wavelengths and 

which are active at relatively high light intensities (see Hardie, 1986). Photoreceptor 

axons project from the retina to the first-order optic neuropil, the lamina. In the lamina, 

axons of photoreceptors R1-R6 distribute from each ommatidium to columnar units of the 

neuropil. The projection of six R1-R6 axons into one of these units is such that their 

photoreceptors of origin share the same optical axis and thus form a flmctional unit called 

a visual sampling unit (VSU; Franceschini, 1975). Within the lamina, the representation 

of visual sampling units defines a precise retinotopic map. The organization of R7/R8 

differs from that of R1-R6. Axons from R7 and R8 in each ommatidium project through 

the lamina, alongside the optically relevant terminals of R1-R6, into the next neuropil, the 

medulla. The medulla is also organized into retinotopic columns each of which is defined 

by the pair of R7/R8 terminals and neurons, called lamina monopolar cells, that relay 
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information from the R1-R6 terminals in the lamina. Thus, already between the retina and 

medulla, there exist two distinct parallel pathways. 

The parallel efferents from the retina/lamina terminate among precisely layered 

arrangements of second order relay neurons (called transmedullary neurons) and amacrine 

ceils, the processes of which define successive synaptic strata (Strausfeld, 1976). 

Previous studies have shown that the R1-R6 pathway is associated with transmedullary 

cells and other retinotopic efferents that target a neuropil called the lobula plate 

(Strausfeld and Lee, 1991). R7/R8 terminals are associated with transmedullary neurons 

that extend into a different neuropil called the lobula. The topographical and laminar 

relationships among the neurons that continue these two distinct parallel pathways are 

well known. Additionally, the neurons are all uniquely identifiable. Data suggest that 

these pathways, one scotopic and achromatic (R1-R6), the other photopic and color 

sensitive (R7/R8), are well segregated. Thus, their respective target neuropils, the lobula 

plate and the lobula, represent the higher order processing centers of each pathway. 

The dipteran visual system is remarkably similar in organization to the 

mammalian visual system. Within the mammalian dorsal lateral geniculate nucleus 

(LGN) are six layers each of which contains a representation of the contralateral visual 

hemifield. The two ventral layers receive input from the achromatic magnocellular (M) 

input, and the four dorsal layers receive chromatic parvocellular (P) input from the retina. 

The magnocellular laminae have large receptive fields and process information on 

contrast features and moving stimuli, whereas the parvocellular laminae have higher 
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spatial resolution, lower contrast sensitivity, and color-opponent receptive field 

organization (see review, Livingstone and Hubel, 1987). The outputs of the primate LGN 

project to the primary visual cortex, a six layered structure containing characteristic input 

and output connections (Martin, 1984). The M and P pathways from the retina remain 

predominately segregated in different layers of the primary visual cortex (Livingstone 

and Hubel, 1987). The insect medulla and lobula complex are similarly layered 

structures in which the achromatic and chromatic inputs are segregated in different layers 

(Fig. 1.1), much like the segregation of the M and P pathways in the LGN. The 

connections between the medulla and the lobula complex maintain characteristic layer 

relationships. The neurons arising in, and then projecting centrally from, the lobula are 

strikingly similar in morphology to relay neurons of the primate primary visual cortex. 

These are the pyramidal cells, which in dipterans are represented by pyramidal-like lobula 

efferents (Strausfeld, 1993). 

In dipterans, neuronal circuits underlying oculomotor behavior have been 

examined in great detail. These reside in the color-insensitive pathway, mediated by the 

green-sensitive photoreceptors Rl-6, originating in the retina and terminating in the 

lobula plate (see Hausen and Egelhaaf, 1989; Zhang and Srinivasan, 1993). Like cells in 

the magnocellular pathway of mammals, the cells in the achromatic insect pathway 

generally have large receptive fields and respond to moving stimuli. Intracellular 

recordings of neurons in the lobula plate have revealed large-field tangential neurons that 

respond selectively to motion in one of several directions (Eckert and Bishop, 1978; 



Hausen, 1982a, b). The more peripheral elementary motion detectors underlying 

detection of motion and detection of directional motion have been shown to reside within 

the peripheral medulla and project into the lobula plate (Douglass and Strausfeld, 1995, 

1996). The outputs of the lobula plate project to premotor areas of the brain that in turn 

synapse onto motor neurons that control muscles involved in optomotor responses and 

head stabilization during flight (Strausfeld, 1997). Thus, the lobula plate has been 

extensively investigated and has been shown to play a critical role in the processing of 

motion related events. 

In contrast, neuroanatomical evidence tracing relays from the R7/R8 terminals, 

suggests that the lobula processes chromatic, non-motion sensitive information 

(Strausfeld and Lee 1991). Behavioral studies have demonstrated the ability of dipterans 

to perceive distinct colors; for example, Fukushi (1985) demonstrated that the dipteran 

Lucilia can discriminate blue and green on the basis of wavelength rather than intensity. 

Another study demonstrated that Lucilia can discriminate between stimuli of three 

spectral ranges: an ultraviolet (wavelength up to 400 nm), blue (400-515 nm), and yellow 

(longer than 515 nm; Troje, 1993). The color-sensitive pathway is known anatomically 

and is hypothesized to underlie perception of color (Troje, 1993), form, and texture, but 

few studies have addressed the ftmctional properties of identified neurons residing in its 

central neuropil, the lobula. 
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Dipteran learning 

Learning and visual behavior have each been extensively studied in dipterans; however, 

visual learning in flies has been limited to a few studies concentrating on color learning 

(Fukushi, 1985, 1989, 1990, 1994; Troje, 1993) and shape learning in operant conditions 

(Dill et al., 1993). Despite overwhelming evidence that non-associative, associative, and 

operant types of learning can be demonstrated in dipterans (Nelson, 1971; Tully and 

Hirsch, 1982a; McGuire et al., 1990; Wolf and Heisenberg, 1991; Wustmann et al., 

1996), the fact that blowflies can leam to discriminate visual pattems (Campbell and 

Strausfeld, 2000) often surprises audiences. 

Several disparate approaches have demonstrated learning in different Diptera. A 

behavior-genetic approach to dissecting the genetic components of learning in flies was 

initiated after the observation of both non-associative and associative forms of learning in 

blowflies (Dethier et al., 1965; Nelson, 1971). Under normal circumstances a water-

satiated blowfly will not extend its proboscis to the presentation of water to its tarsus. 

Following stimulation with sucrose to the tarsus, however, water stimulation elicits an 

extension of the proboscis (Dethier et al., 1965). Later studies by Tully and collaborators 

examined this sensitization of the proboscis extension response (PER) and its relationship 

to associative conditioning of the PER (McGuire and Tully, 1987; Tully and Hirsch, 

1982a, b). Genetic dissection of the two traits revealed that the non-associative 

sensitization of and the associative conditioning of the PER are pleiotropically linked 
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(Tully et al., 1982). This approach to revealing the genetic basis of behavior and learning 

led to the clear demonstration of several types of learning in flies. 

Operant behavior has been studied in a flight simulator in which an individual 

tethered fruit fly controls the position of the visual panorama through the yaw torque of 

its body (Wolf and Heisenberg, 1991) and in freely walking flies in a chamber in which 

one side is heated when the fly enters (Wustmann et al., 1996). Classical conditioning 

has also been examined in the flight simulator (Wolf et al., 1998); in this case the 

experimenter controls the panorama in an open-loop condition and presents the 

conditioned and unconditioned stimuli according to a set schedule. The flies are 

subsequently tested in closed-looped conditions for the learned avoidance of particular 

visual stimuli (conditioned stimuli) that were previously punished with heat applied to the 

fly's abdomen during training (Wolf et al., 1998). 

The study of learning in insects, most exhaustively in Drosophila, has recently 

concentrated not on demonstrating that insects can learn, but on discovering the physical 

substrates of learning, be they neuropils or cyclic nucleotides participating in molecular 

cascades, within the nervous system (Davis et al., 1995; de Belle and Heisenberg, 1996; 

Tully, 1996). Chemical mutatgenesis, screening for structural defects in brain tissue, and 

behavioral analysis of learning has provided, and continues to provide, a wealth of 

information concerning the identification of particular gene products and their potential 

roles in aspects of learning and memory (reviews: Davis, 1993; Frank and Greenberg, 

1994). Various approaches have led many investigators to suggest that the neuropil 
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known as the mushroom body (MB) is the central seat of olfactory learning and memory 

within insect brains (review: Davis, 1993; de Belle and Heisenberg, 1994). Comparative, 

evolutionary studies of arthropod MBs, however, demonstrate that olfactory inputs to the 

input region of the MBs (the calyces) are derived characteristics found in phylogentically 

derived insect groups (Strausfeld, 1998; Strausfeld et al., 1998), and that the underlying 

flinction of the MBs includes the relay of multi-modal sensory inputs to higher brain 

centers in the protocerebrum (Ito et al., 1998). 

Clearly, the fact that flies can leam has been established in a variety of studies. 

The mechanisms by which the learning is accomplished, the location of the memory 

formation in the central nervous system, and the evolutionary adaptiveness, if any, of 

learning in flies, however, all remain to be answered. 

Orientation processing andform vision, a comparative view 

From psychophysical (combined with lesioning in studies of non-human 

primates), anatomical, and physiological studies, a synthesis of the primate 

geniculocortical pathways has developed, delineating pathways each subserving a distinct 

visual function (Livingston and Hubel, 1987). One of these many pathways processes 

information regarding the form of objects in the visual world. One receptive field 

property hypothesized to underlie form perception is orientation-selectivity. Neurons 

tuned specifically to orientation have been described in a variety of animals. In primates 

(spider monkeys and macaques), orientation-selectivity is found first in the primary 
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visual cortex (VI; Hubel and Wiesel, 1968) and again in many of the sequentially higher 

visual cortical areas (cytoarchitectonically labeled areas 17 and 18; Livingston and Hubel, 

1987). Anatomical studies (Ungerleider and Miskin, 1982; Morel and Bullier, 1990; 

Baizer et al., 1991) indicate that these occipital cortical areas project to inferior temporal 

(IT) lobe regions where complex receptive fields properties, such as boundary curvature, 

complex shapes, and combinations of shape and texture or shape and color, are found 

(Schwartz et al., 1983; Kobatake and Tanaka, 1994). The potential role for orientation 

information in the processing of such higher visual features is clear and has been 

hypothesi2:ed by many. 

Orientation-sensitive neurons have been described in many vertebrate (cats: 

Hubel and Wiesel, 1962; rabbits: Levick, 1967; monkeys: Hubel and Wiesel, 1968; 

goldfish: Jacobson and Gaze, 1964) and in two invertebrate species (dragonflies: 

O'Carroll, 1993; honey bees: Yang and Maddess, 1997). The number of orientations 

represented in a given visual system and the tuning sensitivity of the neurons, however, 

can differ from animal to animal and may in part reflect differences in visual perceptual 

capabilities. These neurons are generally believed to underlie the processing of higher-

order visual features, such as textures, contours, shapes, and even faces (Schwartz et al., 

1983; Oram and Perrett, 1992; Kobatake and Tanaka, 1994). In primates, cells mediating 

orientation and color form part of the ventral stream, the visual pathway that originates in 

the primary visual cortex (VI) and projects to V2 and V4 and eventually to areas of the 

temporal visual cortex (Morel and Bullier, 1990). The ventral stream is also known as 
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the "what" pathway as opposed to the "where" pathway that originates in V1, but projects 

dorsally to the posterior parietal cortex where spatial representation of objects is believed 

to reside (Ungerleider and Miskin, 1982). The ability to discriminate orientation has also 

been demonstrated in many of the same species and is generally hypothesized to correlate 

with the physiological evidence of orientation-processing in the visual system. 

Many vertebrates exhibit a perceptual phenomenon known as the oblique effect 

characterized by poorer orientation discrimination of obliquely oriented lines as 

compared to horizontally or vertically oriented lines (Appelle, 1972). For instance, 

humans are less accurate in judging the orientation of oblique lines than horizontal or 

vertical lines (Bouma and Andriessen, 1968). When trained to discriminate two different 

orientations in a food-rewarded paradigm, octopuses are more accurate at discriminating 

horizontal from vertical than they are at discriminating two oblique orientations 

(Sutherland, 1957). Cats, however, can leam to discriminate horizontal from vertical and 

oblique (45°) from oblique (135°) in the same amount of time (Sutherland, 1963). The 

oblique effect is less robust for goldfish (Volkman, 1975), pigeons (Zeigler and 

Schmerler, 1965), and rabbits (Van Hof, 1965). The effect was not found in honey bees 

trained to discriminate orientation in a multiple choice paradigm (Chandra et al., 1998). 

The oblique effect has been hypothesized to reflect a bias in the proportion of neurons 

tuned to vertical and horizontal orientations within the visual system (Appelle, 1972), 

although alternatives, such as the relative tuning or the sensitivity of neurons to particular 

orientations, could also account for this behavioral phenomenon. 
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Behavioral difTerences in the ability to make fine discriminations of orientation 

have also been examined and are thought to reflect the range of orientations represented 

centrally. For instance, rabbits can discriminate differences of 5-10° from the vertical 

(0°) or horizontal, but only 10-15° from an oblique (45°) reference (Van Hof and 

Wiersma, 1967). Orientation tuning is found early in the visual stream in rabbits in the 

ganglion cells of the visual streak of the retina (Levick, 1967). Here, the neurons exhibit 

tuning properties that are rather broad; the response to stationary, light bars gradually 

diminishes as the orientation is deviated from the preferred orientation (limited to either 

horizontal or vertical; Levick, 1967). Some neurons respond to moving bars of particular 

orientations, although the direction of motion is not a critical feature of the stimulus. 

These neurons have end-inhibition; that is, at longer lengths the stimulus begins to 

diminish the response, suggesting the presence of an outer inhibitory region of the 

receptive field (Levick, 1967). 

Similarities in form vision processing in mammals and insects 

The results of several studies suggest common principles in the processing of 

form vision by mammalian and insect visual systems. Like the human visual system 

(Lindsay and Norman, 1977), the insect visual system is affected by prior experience 

(Zhang and Srinivasan, 1994); bees trained to discriminate an untextured black ring from 

an untextured black circle can discriminate a camouflaged, textured ring from a 

camouflaged, textured circle when presented on a textured background, demonstrating for 
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the first time that bees can discriminate camouflaged shapes defined by motion parallax 

cues (Zhang and Srinivasan 1994). Once the bees have been trained to use motion 

parallax cues to extract shape information from textured patterns that are identical in 

shape to the trained, non-textured patterns, they are capable of transferring the use of 

motion parallax cues to extract shape and to discriminate among novel, textured shapes 

(Zhang and Srinivasan, 1994). The ability of the bees to distinguish among textured 

patterns is dependent upon prior experience with an initial set of non-textured shapes and 

subsequent learning of how to use motion parallax cues to extract shape from textured 

patterns; this demonstrates that prior experience can enhance visual performance in 

insects (Zhang and Srinivasan, 1994). 

A second line of evidence that suggests that the insect and mammalian visual 

systems are functionally similar comes from studies of dragonfly and honeybee lobula 

neurons and studies of cat and monkey visual cortex. O'Carroll (1993) has described two 

classes of lobula neurons in the dragonfly. Small target-sensitive neurons respond 

selectively to small moving targets and are likely to play a role in conspecific or prey 

detection, much like the male specific lobula neurons described in the dipteran lobula 

(Gilbert and Strausfeld, 1991). The second class, the bar-sensitive neurons, respond 

selectively to single moving, dark or light bars having a particular orientation (O'Carroll, 

1993). These cells have response properties similar to those of the orientation-tuned 

neurons found in areas 17, 18, and 19 of the cat visual cortex (Hubel and Wiesel, 1959, 

1962, 1965). The receptive field properties of cat orientation-selective neurons are 
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generally categorized in two groups: 1) simple cells that require a bar of a particular 

orientation and of a particular position within the receptive field, and 2) complex cells 

that respond to a bar of a particular orientation anywhere within the receptive field (Hubel 

and Wiesel, 1962). Hubel and Wiesel proposed that simple cells are presynaptic to 

complex cells and that they mediate complex cell receptive field properties via excitatory 

synapses (1962). The circuitry underlying complex cell responses is still unknown and is 

likely to involve excitatory and inhibitory synapses and horizontal connections within the 

cortex (Bolz et al., 1989; Gilbert and Wiesel, 1989). The orientation-selective neurons 

described in dragonflies (O'Carroll, 1993) and honey bees (Yang and Maddess, 1997) are 

remarkably similar to the complex cortical neurons described in cats (Hubel and Wiesel, 

1962) in that all three neuronal types respond selectively to bars oriented in a particular 

direction, do not require precise positioning of the bar within the receptive field, and do 

not necessarily exhibit end inhibition (requiring a bar of a particular length). Neurons 

similar to the simple-cell phenotype described in the cat (Hubel and Wiesel, 1962) have 

not been described in insects. Neurons similar to those described in the cat have been 

shown to exist in the striate cortex of macaque and spider monkeys (Hubel and Wiesel, 

1968); monkey neurons were generally found to have smaller receptive fields and higher 

sensitivities to orientation. The cat and the monkey primary visual cortexes are organized 

such that orientation-selective neurons are located within columns containing neurons 

tuned to the same orientation; arranged perpendicularly to these columns are the cortical 

laminae containing morphological and physiological cell types, such as pyramidal cells 
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and simple or complex cells, respectively (Hubel and Wiesel, 1962, 1968). It is possible 

that, like the mammalian visual cortex, the insect lobula possesses a discrete number of 

orientation-tuned channels repeated across the retinotopic map, such that discrete patches 

of visual space are analyzed for orientation information. A minimum number of such 

orientation-tuned chaimels has already been suggested for the hymenopteran brain 

(Srinivasan et. al, 1994; Chandra et al., 1998) based on behavioral studies. The 

similarities between mammalian and insect form processing suggest evolutionarily 

convergent principles of visual processing at the neuronal level and validates the use of 

the insect visucd system as a model for understanding these basic principles at a detailed 

level. 

Behavioral studies of hymenopteran form vision 

Form vision has been successfully investigated at the behavioral level in 

hymenopterans (specifically honey bees). Behavioral studies of pattern discrimination 

have revealed that bees can discriminate many types of patterns presented in the vertical 

plane (review: Wehner, 1981; Horridge, 1999a). Initial studies of pattern discrimination 

revealed the ability of bees to discriminate solid shapes from disrupted shapes (von 

Frisch, 1915), but not a solid shape from other solid shapes or disrupted shapes from 

other disrupted shapes. These findings and many to follow (Anderson, 1977a, b) led to 

hypotheses that the area of edges in the pattern, or total amount of black and white 

contrast per area, was the critical feature upon which shapes could be discriminated. 
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More recent studies have shown that bees can discriminate flower-like patterns that 

contain the same number of bars of particular orientations, but which are arranged into 

different global patterns (Horridge and Zhang, 1995). Thus, in addition to orientation 

detectors, detectors for radially-symmetrical and circular patterns are necessary to explain 

this behavior (Horridge and Zhang, 1995). Honey bee discrimination of radial cues is, 

however, color blind, requiring inputs to the green-sensitive photoreceptors (Horridge, 

1999b). In this regard, such radial detectors are like other insect behaviors that are 

associated with the motion, color blind pathway (Zhang and Srinivasan, 1993). In 

addition, honey bees have been shown to learn and discriminate patterns based on their 

bilateral axes of symmetry (Horridge, 1996). 

Recent studies on discrimination of pattern orientation have expanded the view of 

hymenopteran form vision to include the mechanisms of abstracting particular aspects of 

a pattern (review: Srinivasan, 1994). In a study by van Hateren et. al. (1990) bees were 

trained to distinguish between random stripes oriented at oblique angles. After training 

on patterns of a particular orientation, the same bees could discriminate novel patterns 

containing the same orientation information. The role of motion cues in orientation 

discrimination was ruled out in an elegant experiment in which bees trained to random 

horizontal stripes were shown to prefer patterns composed of horizontal rows of dots 

rather than vertical rows of dots, regardless of whether the patterns were stationary or in 

motion (Srinivasan et. al., 1993). These studies suggest that pattern geometry serves as 
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the relevant cue, rather than motion cues or photographic-like memories of the patterns. 

Additional aspects of honey bee orientation discrimination will be discussed in chapter 2. 

In addition to testing orientation discrimination, many studies have addressed the 

relative contribution of motion and the different photoreceptor classes to particular 

behaviors in honey bees. For example, both the optomotor response and the movement 

avoidance response can not be elicited in the absence of contrast to the green 

photoreceptors and are therefore termed "colorblind" (review: Zhang and Srinivasan, 

1993). Thus, behavioral studies on the bee complement the hypothesis that movement 

and color are processed in parallel in insect visual systems. The study of behavioral 

discrimination of pattern parameters in honey bees has clearly demonstrated a range of 

perceptual capabilities requiring sophisticated visual processing. 

As outlined above, several lines of evidence suggest that attributes of visual 

objects, such as color and motion, are initially processed separately and in parallel. This 

phenomenon has been generally described for many visual systems; it is likely, however, 

to be an oversimplification. For instance, in the primate visual system, orientation 

information is encoded within cortical areas that receive input from both the parvocellular 

and the magnocellular pathways (Livingstone and Hubel, 1987). The magnocellular 

system responds to bars of particular orientations; however, its final projections lead to 

areas of the parietal cortex where directional motion and stereopsis processing are 

represented (Bradley et al. 1995). The parvocellular system also responds to bars of 

particular orientations (within layers 2/3 of the interblob regions; Livingstone and Hubel, 
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1987); however, these cells are tuned differently from the magnocellular cells in that they 

are less sensitive to contrast changes, directional motion, and stereopsis. In addition, the 

parvocellular orientation-sensitive cells have higher spatial resolution and thus could 

form part of the pathway that ultimately projects to regions of the inferior temporal cortex 

(Baizer et al., 1991) where cells are known to respond to specific shapes (Kobatake and 

Tanaka, 1994; Schwartz et al., 1983). 

Based on the evidence of parallel processing within the fly visual system 

(Strausfeld and Lee, 1991) and the recent description of orientation-sensitive neurons 

within odonate and hymenopteran lobula complexes (O'Carroll, 1993; Yang and 

Maddess, 1997), the dipteran lobula is a prime candidate neuropil for the processing of 

orientation. This does not exclude the possibility that subsets of lobula neurons encode 

color or motion information. It is quite possible that orientation-sensitive lobula neurons 

require the motion of stimuli. As proposed for simple and complex orientation neurons in 

cat striate cortex (Hubel and Wiesel, 1962), the necessary motion of orientation stimuli 

may obviate adaptation of photoreceptors to stationary stimuli. 

To date, few studies of pattern discrimination in any dipteran species have been 

made. The sophistication of the dipteran visual system and the ability of flies to learn 

suggest that complex visual discrimination should be possible, as has been demonstrated 

in honey bees. Given the relative ease of making intracellular recordings and dye 

injections in the dipteran brain, and anatomical studies already performed on the dipteran 

lobula (Strausfeld 1976, Strausfeld and Hausen, 1977), it is logical to combine the types 
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of behavioral analysis performed on honey bees with an analysis of physiology and 

anatomy in the dipteran lobula. 
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Figure 1.1 

Summary diagram of the dipteran central nervous system, highlighting visual system 

organization. The optic lobes and brain are drawn in the horizontal plane of sectioning. 

The lamina, medulla, lobula, and lobula plate neuropils each consist of retinotopically-

organized columns. Parallel visual pathways project from the lamina through the medulla 

to the lobula and from the lamina through the medulla to the lobula plate. Lobula 

efferents project to higher brain regions called the optic glomeruli. Thoracic ganglia, 

connected to the brain via the ventral nerve cord, contain networks of motor, sensory, and 

local intemeurons that control segmental movements of the legs, wings, and abdomen. 

The thoracic ganglia receive visual inputs from descending neurons residing in the 

midbrain. 
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CHAPTER TWO 

LEARNED DISCRIMINATION OF PATTERN ORIENTATION IN WALKING 

FLIES 

Abstract 

To determine the pattem-orientation discrimination ability of blowflies, Phoenicia 

sericata, a learning/memory assay was developed in which sucrose served as the reward 

stimulus and was paired with one of two visual gratings of different orientations. 

Individual, freely-walking flies with clipped wings were trained to discriminate between 

pairs of visual patterns presented in the vertical plane. During training trials individual 

flies learned to search preferentially at the rewarded stimulus. In subsequent testing trials 

flies continued to exhibit a preference for the previously rewarded stimulus, 

demonstrating an ability to discriminate between the two visual cues. Flies learned to 

discriminate between horizontal and vertical gratings, +45° (relative to a 0° vertical) and 

-45° gratings, and vertical and +5° gratings. Individual patterns of learning and 

locomotive behavior were observed in the tendency to turn during approaches and in the 

pattern of exploration during training trials. The features of the visual cue, which are 

critical for the discrimination of orientation, are discussed. 

Introduction 

Blowflies are highly acrobatic insects endowed with complex visual systems. 

The energy needs of such acrobatics are fueled by frequent visits to flowers, tree sap, and 
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the occasional picnic. The visual processes necessary for recognition of shapes have not 

been well studied in Diptera; however, data from a range of insects and the plants that 

they pollinate suggest that several floral features, including contour orientation, shape, 

pattern, and symmetry, are critical during foraging (Lehrer et al., 1995; Giurfa et al., 

1996; Dafhi et al., 1997; Kelber, 1997). 

The ability to leam a visual pattern and discriminate it from another is thought to 

be linked to natural behaviors such as landmark orientation and flower recognition. 

Colonial insects of the order Hymenoptera, that recognize routes between nests and food 

sources, have long been assimied to be unique among the insects with regard to pattern 

discrimination capabilities. Despite this notion, examples of non-hymenopteran insects 

performing pattern discrimination tasks include: cockroaches (Mizunami et al., 1998), 

fruit flies (Dill et al., 1993), butterflies (Allard and Papaj, 1996), and locusts (Wallace, 

1958). In fact a diversity of learning capacities exists among the Hymenoptera and may 

vary in a species-specific manner (Wackers and Lewis, 1999). Flies, as well, are 

excellent learners; they have been shown to discriminate shapes (Dill et al., 1993) and 

colors (Fukushi, 1985, 1989, 1990, 1994; Troje, 1993), suggesting that Diptera indeed 

have complex visual behavior. Clearly, flies have complex visual systems as revealed in 

anatomical (for example: Strausfeld, 1970, 1976; Strausfeld and Lee, 1991) and 

physiological (for example: Egelhaaf et al., 1988; Douglass and Strausfeld, 1996; Krapp 

and Hengstenberg, 1996) investigations. 
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Much progress has been made on revealing the relative contributions of specific 

visual features to the perception of form as demonstrated in learning studies conducted on 

hymenopteran insects. Behavioral studies of pattern discrimination have revealed that 

bees can discriminate the orientation of patterns presented in the vertical plane (reviews: 

Wehner, 1981; Srinivasan, 1994). Recent studies on discrimination of pattern orientation 

have expanded the view of hymenopteran form vision to include the mechanisms of 

abstracting particular aspects of a pattern, such as orientation (Srinivasan et al., 1993; 

Giger and Srinivasan, 1995), and generalizing to novel patterns containing the same 

orientation information (van Hateren et al., 1990). 

Like vertebrates (pigeons: Jitsumori and Onkubo, 1996; fish: Volkmann, 1975; 

cats: Vanduffel, 1997; primates: Orban and Vogels, 1998), insects are capable of 

discriminating differences in spatial structure in their visual environment albeit at a lower 

resolution. The ability to make discriminations of fine spatial structure may be a 

significant adaptation for most visual organisms. 

The aim of the present study was to determine if blowflies, Phoenicia sericata, 

can make similar discriminations of pattern orientation as were previously demonstrated 

for honey bees. Additionally, the conditions under which blowflies will preferentially 

and repeatedly search for food rewards were developed. The innate searching behavior, 

which can be elicited in food-deprived flies (Dethier, 1957, 1976), served as the means to 

bias the flies' behavior such that they searched for food during the training and testing 

phase of the experiments. Flies do not eat on the wing. Instead, they land on surfaces of 
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interest and explore the area using tarsal contact receptors that are sensitive to water, salt, 

and sucrose (Minnich, 1929; Dethier, 1954). After locating a drop of food, a fly will 

explore the occurrence of additional food through tarsal contact. This is true whether a 

fly is feeding on a flower, tree branch, or picnic table. Thus, in natural conditions flies 

locate food while walking. 

This paradigm allows for comparisons between the discriminatory capabilities of 

blowflies with those of the better studied honey bees. The degree to which flies are 

capable of visual discrimination and the signiflcance of this with respect to underlying 

neural arrangements are considered here. 

Materials and methods 

Experiments used Phoenicia sericata collected locally and maintained as a 

laboratory colony in the Arizona Research Laboratories Division of Neurobiology 

(Tucson, AZ). 

The behavioral assay included a learning period in which individual flies, 

Phoenicia sericoto, were trained to associate one visual pattern with a food reward in an 

arena in which the animals were free to walk. The assay was modifled from techniques 

used by Fukushi (1985). Searching behavior, characterized by an intense search for food 

after a food-deprived fly imbibes a small drop of sucrose solution (Dethier, 1957, 1976), 

was elicited in food-deprived animals to bias their motivational state and to ensure that all 

animals were in a similar motivational state at the time of training. The searching 
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behavior led to the discovery of a second sucrose drop that was paired with a positive 

(rewarded) visual cue. Repeated training resulted in an association of the positive visual 

cue with the sucrose reward. The animal's ability to discriminate the positive visual cue 

from the negative (non-rewarded) cue was subsequently tested in the absence of the 

paired sucrose reward. 

Pre-trial: Adult flies, male and female, were collected following emergence from 

the pupal case and anesthetized on ice. The animals' wings were then clipped to prevent 

flight during experiments and their thoraxes and/or abdomens labeled (colored Liquid 

Paper, The Gillette Company, Boston, MA) to keep animals individually identifiable. 

Prior to control trials, animals were maintained collectively in a "holding arena" 

consisting of a round, white bucket (diameter 28 cm and 37 cm tall) in which there was 

food (dry sucrose and powdered milk), water, and many colorful, textured, contrasting 

patterns and objects to provide a visually rich environment. 

All training and testing trials were performed in another, white, round, arena (28 

cm in diameter and 20.5 cm tall; Fig. 2.1). A glass plate was placed in the bottom of the 

arena and was cleaned with distilled water between all trials. The arena was illuminated 

from above with a 100 Watt light bulb. Flies were exposed to a 13:11 hour lightrdark 

cycle. 

Controls: Prior to all training and testing with a given set of visual cues, animals 

were tested for innate preferences to the set of cues. Each animal was tested multiple 

times: 5 to 14 times in Experiment 1, 8 times in Experiment 2, and 10 times in 
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Experiment 3 (see Results). All control trials were performed on the third day of adult 

life. Each control trial involved 1) the release of an individual fly into the center of the 

arena from a glass vial angled up on its side by a piece of wax, pointed between the two 

visual patterns located on the opposite arena wall and 2) observation of which visual 

pattern the fly first visited during the two hundred and ten seconds (3.5 min.) allowed per 

control trial. A visit was defined as any time a fly walked toward a visual cue and came 

within 2 cm of that visual cue. In situations in which an individual did not visit each of 

the two visual cues exactly 50% of the time during control trials, the fly was subsequently 

trained to the cue it had visited less frequently. 

Food-deprivation period: After control trials flies were returned to the holding 

arena for 2-4 days. Throughout this period a water source was available in the holding 

arena, but the animals were deprived of food. Food deprivation was necessary to reliably 

trigger the flies to imbibe an initial drop of sucrose which subsequently biased the fly's 

motivational state toward searching for additional food. Biasing the animals in this way 

ensured that they would locate the sucrose drop that was paired with the positive cue. 

Additionally, the searching behavior was elicited in the un-rewarded testing trials in 

which the number of visits to each visual cue was counted. 

The period of starvation that a fly experienced depended on how much fat body an 

individual fly stored as a larva and how much food it ingested during the first 3 days of 

its adult life. Thus, throughout the second to fourth days of the starvation period 

individual flies were tested for the searching behavior (see Results for description). A fly 
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that did not demonstrate the searching behavior upon release over a sucrose drop was 

returned to the holding arena and tested later for the presence of the searching behavior. 

Animals were trained and tested on the same day. Individual animals were trained 

and tested separately in an arena in which two visual cues were positioned on adjacent 

regions of the wall. 

Training: The fly was released from an inverted vial in the center of the arena 

over a 0.5 fil drop of 0.1 M sucrose solution. A second 0.5 ^1 drop of 0.1 M sucrose, the 

reward, was placed 1 cm in front of the positive visual cue. No food stimulus was paired 

with the non-rewarded, negative visual cue. The inverted vial was removed while the 

animal imbibed the first sucrose drop. The experiments presented here confirm that after 

imbibing the first drop of sucrose the animal began to search in increasing radial loops 

(Dethier, 1957; Fukushi, 1985) and eventually located and imbibed the sucrose reward 

that was associated with the positive cue. Prior to, and after discovering the reward, the 

fly was free to explore all regions of the arena. One hundred and eighty seconds (3.0 

minutes) after imbibing the sucrose reward the animal was removed from the training 

arena. Between trials the floor was cleaned with distilled water to remove any chemical 

cues that the fly might have released during the previous trial. The arena was also rotated 

60-120° to reposition the location of the sucrose within external coordinates and the 

patterns were exchanged randomly (using a randomization schedule generated with a 

table of random numbers) from right to left and positioned apart from each other at a 

distance in the range of 6-14 cm. The arena was surrounded by white paper or cloth walls 
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at all times. These precautions were made to ensure that the positive cue was the only 

cue indicating the location of the sucrose reward. Fresh sucrose drops were then placed 

in the arena and the same fly was trained again, within 5-10 min. of the previous training 

trial. This procedure was repeated until the animal exhibited the testing criteria. For 

Experiments 1 and 2 the testing criteria were achieved when the fly visited the positive 

cue first during at least two training trials. While this was true for all animals trained in 

Experiments 1 and 2, often an individual fly was trained more times, resulting in up to 8 

training trials prior to the un-rewarded testing trial. For Experiment 3 the testing criteria 

were modifled; each fly was trained a minimum of 5 times and was not tested until the 

first visit was to the positive cue in two consecutive training trials. 

The training method was optimized such that other factors, such as satiation, did 

not confound the searching frequency over training time (see Results). The volume of 

sucrose per drop and the concentration of the sucrose were chosen such that flies did not 

become satiated during the training period which usually required between 5 and 10 trials 

per animal. 

Testing: Testing trials were the same as training trials except that the sucrose 

reward was not present. The animal was released over the first sucrose drop in the center 

of tlie arena and its behavior videotaped from above. After 5 minutes the animal was 

removed from the arena. Each fly was tested once. The number of visits to each visual 

cue was counted during this test. 
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Arenas: Experiments 2 and 3 were conducted in the round arena described above. 

For Experiment 1, flies were trained in a Y-maze made of white cardboard with the 

following dimensions: each arm of the Y-maze was 7 cm long by 6 cm wide, and the 

base of the Y-maze was 2 cm long by 6 cm wide; all sides of the Y-maze were 7 cm tall. 

As a consequence of the Y-maze design, flies were forced to make a choice between the 

two visual cues at the base of the 'Y'. Thus, data collected in Experiment 1 are limited to 

the first visit (see Scoring and statistical tests section) per trial. This, however, was 

validated as a sufficient means of analyzing animal choice as was demonstrated by 

comparison of first visit data and response proportion data in Experiment 2. 

Scoring and statistical tests: All training and testing trials were filmed with a 

digital camera (Panasonic) and recorded with a VCR. The walking paths of training and 

testing trials were digitized every 67 milliseconds and analyzed with a motion analysis 

system (Peak Performance Technologies, Inc., Englewood, CO). A visit was defined as 

any excursion to within 2 cm of the visual cue. The first visit of any given trial was 

scored as either to the positive or negative visual cue. For experiments 2 and 3 the total 

number of visits to each cue during a given trial was also scored and included in the 

calculation of a response proportion. Individual response proportions (RPs) were 

calculated for each training and testing trial. For calculation of a single trial the following 

equation was used: RP = (Vp)/(vp+vj where Vp represents the number of visits to the 

positive cue and v„ represents the number of visits to the negative cue. A RP of 1.0 

represents 100% response to the positive cue, and a RP of 0.0 represents 100% response 
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to the negative cue. A RP was calculated for each trial in which the animal successfully 

located the sucrose reward. All of these RPs were averaged across all training trials for 

each individual. Individual averages then contributed to the group average for statistical 

analysis of training trials. A RP was calculated for each animal's single testing trial. The 

averaged response proportion of a group of animals was analyzed for a significant 

departure from random choice and from the averaged control RP in the Wilcoxon signed-

ranks paired test (Zar, 1996). Chance was defined as RP=0.5 for this 2 choice paradigm. 

For control trials a 2 tailed test was used and averages deemed significantly different 

from chance (0.5) were interpreted as preferences for the visual cue in question. For 

training and testing trials a 1 tailed test was used and averages deemed greater than 

chance (0.5) or greater than the averaged control RP for that experiment were interpreted 

as preferences for the visual cue in question. 

Experiment 1 consisted of 12 flies making 137 visits during the control trials and 

5 flies making 34 visits during training trials. In all experiments individual flies were not 

trained the same number of times (see Testing Criteria for explanation) and the number of 

visits made per trial varied; therefore, the total number of visits is not simply divisible by 

the number of flies. Experiment 2 consisted of 25 flies making 200 visits (8 each) during 

controls and 7 flies making a total of 331 visits during training trials. The same 7 flies 

were each tested once in a testing trial; the number of visits during these tests totaled 56 

for all 7. Experiment 3 consisted of 21 flies making 210 visits (10 each) during controls 

and 7 flies making a total of494 visits during training trials. The same 7 flies were each 
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tested once in a testing trial: the number of visits during these tests totaled 86. Two 

factors account for the lower number of flies in the training/testing trials compared with 

the number of flies in the control trials. Control trials were performed on a single day and 

required only 4-5 hours to complete a set of 10 flies. Training/testing was also performed 

on a single day for an individual fly. Two to four days into the starvation period all flies 

were tested for the presence of the searching behavior. As mentioned above, the presence 

of the searching behavior was not predictable and could occur anytime 2-6 days after the 

control trials. Each fly required between 3 to 6 hours to train and test individually. Thus, 

a maximum of 3 flies could be trained per day. As a consequence, untrained flies would 

die of starvation overnight. Therefore, more flies were observed in control experiments 

than in training and testing trials. In addition, some flies did not exhibit the searching 

behavior and consequently were not trained or tested. 

The non-parametric test (Wilcoxon signed-ranks paired test) was performed for its 

robustness (i.e., fewer assumptions regarding normality and homogeneity of variance; 

Martin and Bateson, 1993). The ratio method of calculating a response proportion for 

each animal was used to reduce effects between individual variation. The binomial test 

was applied to the first visit data of Experiment 2 testing due to the fact that the data were 

measured on a nominal scale and therefore could not be tested with the paired Wilcoxon 

test. 

Visual Patterns: Visual cues for Experiment 1 were 5 cm high by 6 cm wide and 

consisted of a square-wave (a periodic function that varies between two values), striped 
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pattern with a period of 1.3 cm (individual stripes were .65 cm wide). From the release 

location the entire cue subtended an angle of 32° height and 37® width on the eye of the 

fly, corresponding to 17.7% of the 180° of vertical visual field and 10.3% of the 360° of 

horizontal visual field. Individual stripes could be resolved by the fly from the release 

location and subtended 4.65° per stripe. Visual cues for Experiments 2 and 3 were 14.1 

cm high by 10.5 cm wide and consisted of stripes with a range of widths (3, 5, 8, and 9 

mm). From the release location in the center of the arena the entire cue subtended an 

angle of 45° height and 37° width. Thus, visual cues were of comparable size in all 

experiments with the exception that in Experiment 1 the height of the cue was 13° less. 

Individual stripes of widths 5, 8, and 9 mm, subtending angles on the fly's eye of 2.05°, 

3.27°, and 3.68°, respectively, could be resolved by the fly from the release location. 

Stripes of only 3 mm wide could be resolved by the fly at the release location depending 

upon which ommatidia viewed the stripe. Where facet size is largest (at the upper front 

of the eye), interommatidial angles are smallest, and therefore, resolution is highest (Land 

and Eckert, 1985). At the release location, a 3 mm stripe subtends an angle of 1.23°, 

which is at the theoretical limit of resolution. This stripe width, however, is resolvable by 

the fly at closer viewing distances where it subtends larger angles. Each visual cue in 

Experiments 2 and 3 was composed of all four widths of stripes. 
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Results 

Discrimination of large differences in Orientation 

During training and testing trials searching behavior (Dethier, 1957) was 

exhibited by food-deprived flies. An example of the looping pathways characteristic of 

this behavior is shown in Figure 2.2a. Searching began in the center of the arena after the 

fly imbibed the initial drop of sucrose and it continued throughout the trial. In training 

trials looping increased after the discovery of the reward sucrose drop (arrow in Fig. 

2.2a). Similarly, searching behavior is exhibited in an un-rewarded testing trial (Fig. 

2.2b). The fly began searching in the center of the arena, walked toward the positive 

visual cue, and continued searching in the vicinity of the positive cue despite the absence 

of the reward. Thus, as a function of having learned the association between the positive 

cue and the reward, the fly demonstrated a learned bias to one visual cue, confirming the 

discrimination of the two visual cues in question. 

Experiment 1 demonstrated the ability of flies to discriminate between horizontal 

and vertical gratings. This was evident by the population's innate preference for 

horizontal gratings in the presence of vertical gratings (Fig. 2.3a) and by its ability to 

learn a preference for the vertical grating when it was rewarded as the positive cue in 

training trials (Fig. 2.3b). During the control experiment the average percentage of visits 

to the horizontal grating (68% ± 18% SO) was significantly different than the average 

percentage of visits to the vertical grating (32% ± 18% SD; Fig. 2.3a; Wilcoxon signed-

ranks paired test, 2 tailed, p<0.01, n=12, T=6.5; Zar, 1996). During training trials flies 
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showed a learned preference for the vertical grating in the presence of the horizontal 

grating (Fig. 2.3b); the average percentage of first visits to vertical (76% ± 18% SD) was 

significantly higher than that to horizontal (24% ± 18% SD; Wilcoxon signed-ranks 

paired test, 1 tailed, p<0.05, n=5, T=0). An example of a single testing trial is shown in 

Figure 2.3c in which a fly was tested in the absence of the reward that was previously 

paired with the vertical grating. The fly began searching at the release location over the 

initial drop of sucrose and then walked toward the visual cues, choosing the vertical 

pattern over the horizontal one. Thus, flies made clear discriminations between 

horizontal and vertical gratings during both control and training trials. 

To further investigate the ability of Phaenicia to discriminate between patterns 

that differ in orientation, flies were tested to see whether or not they could learn to prefer 

one of two oblique gratings. The two patterns, +45° and -45°, were defined relative to a 

0° vertical. In control trials, the flies did not demonstrate a significant bias for either of 

the two cues (Fig. 2.4a); the average percentages to +45° and -45° (42% ± 19% SD and 

58% ± 19% SD, respectively) were not significantly different (Wilcoxon signed-ranks 

paired test, 2 tailed, 0.10<p<0.20, n=25, T=105.5). In subsequent training and testing 

trials flies were trained to the visual cue visited less fi^quently by each fly in the control 

trials; for animals which visited +45° and -45° equally during controls, assignment of the 

positive cue in the subsequent training trials alternated fi-om fly to fly between +45° and -

45°. The flies demonstrated a learned preference for the positive cues; the average 

percentage of first visits to the positive cues during training (68% ± 20% SD) was 
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significantly greater than chance (Fig. 2.4b left; Wilcoxon signed-ranks paired test, 1 

tailed, p<0.025, n=7, T=2). During testing the flies preferentially visited the positive cue 

first (Fig. 2.4b right; Binomial test, 1 tailed, p< 0.005, n=7; Zar, 1996; the probability of 

choosing the positive cue was assumed to be 0.32, the average percentage of first visits 

during control trials). A second measure of the learned preference was also consistent 

with these results; when the total visits during a single trial was counted and calculated as 

a response proportion, the average response proportions during training and testing (0.74 

± 0.08 SD and 0.81 ± 0.25 SD, respectively) were each separately significantly greater 

than the chance level of 0.5 (Fig. 2.4c; Wilcoxon signed-ranks paired test, 1 tailed, 

p<0.01, n=7, T=0 for training and p<0.025, n=7, T=2 for testing). Additionally, the 

averaged response proportion during testing (0.81 ± 0.25 SD) was significantly greater 

than the average response proportion during control trials (0.32 ±0.17 SD; Fig. 2.4d; 

Wilcoxon signed-ranks paired test, 1 tailed, p<0.025, n=7, T=l). 

Preferences for the positive cue were acquired early in the training process and 

were maintained throughout the training period. Figure 2.5a depicts the averaged 

response proportion as a function of the training trial number for Experiment 2. The 

learned preference was present as early as the second training trial. Variation in the 

averages reflects the trial and error process that is present as each fly investigates both of 

the visual cues during the training. The individual patterns of learning were not identical, 

each fly having its own pattern of first visits. Over the course of the learning period 

individual flies exhibited fewer visits to the negative cue, often searching exclusively at 



53 

the positive cue in the un-rewarded test (Figs. 2.5b and 2.2b). In Figure 2.5b fly 97-4b is 

shown during the testing trial in which it searched exclusively at the -45° visual cue that 

was previously rewarded. Fly 97-8b (Fig. 2.2b) similarly searched at the +45° visual cue, 

which in this case served as the positive cue. Often the searching pattern throughout a 

testing trial was not restricted exclusively to the positive cue: it was common for a fly to 

initially search at the positive cue for the first few minutes of the trial with occasional 

excursions to the negative cue later in the trial. Figure 2.6 depicts the temporal sequence 

of one such testing trial from Experiment 3 (see below). The example in Fig. 2.6 

demonstrates that the animal searches in the proximity of the visual cues for the entire 5 

minutes of the testing trial. 

Individual patterns of training 

Figure 2.7 elaborates on the training patterns of three individual flies; the upper 

graphs depict the sequence of first visits, and the lower graphs depict the number of visits 

to the positive cue and the total number of visits to both visual cues for each trial. Fly 97-

4a visited the positive cue first in the initial three trials (Fig. 2.7a upper). 

Correspondingly, all visits during trials 1-3 were primarily to the positive cue (Fig. 2.7a 

lower). In trials 4-6 however, the first visits were to the negative cue and the total 

number of visits increased, reflecting the fact that now the fly visited both visual cues. 

During the subsequent training trials (7,8) and the testing trial, all visits were exclusively 

to the positive cue, reflecting a learned preference for the positive cue. Initially the fact 

that only one visual cue was rewarded was not available to the fly; given that Fly 97-4a 
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exclusively visited the positive cue during the first two trials it is possible that she had 

only learned that a visual cue is rewarded, but may have failed to learn to discriminate 

which visual cue was rewarded. Supporting this hypothesis is the fact that the first visits 

during trials 4-6 were to the negative cue. After a period of exploration (trials 4-6), 

during which the fly searched at both visual cues, the learned discrimination was formed 

and expressed in subsequent trials when the fly searched exclusively at the positive 

pattern (trials 7 through the test). Fly 97-8b exhibited a similar pattern of exploration. 

Early trials were exclusively to the positive cue (Fig. 2.7b), whereas the middle trials 

were devoted to visits to both visual cues (Fig. 2.7b bottom). Later trials (5 and test) 

reflect the learned bias to the positive cue; first visits and most subsequent visits were to 

the positive cue. Unlike flies 97-4a and 97-8b, all the first visits of fly 97-4b were to the 

positive cue (Fig. 2.7c upper). Each training trial, however, contained visits to both 

visual cues (Fig. 2.7c bottom). Thus, fly 97-4b was capable of comparing the two cues 

during each trial rather than during an exploratory phase in which the searching was 

divided between the two cues. 

The overall searching behavior of individual flies did not decrease as a fimction of 

training time. That is, the total number of visits per trial did not progressively decrease 

with training (Fig. 2.7a-c bottom graphs). Thus, the pattern of visits did not reflect a 

change in motivational state with respect to satiation. Rather, the pattern of visits 

reflected an individual's tendencies to search (factors such as turning rate, grooming 

frequency, etc.) and reflected its learned preference for the positive cue. 
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Discrimination of small orientation differences 

Experiment 3 investigated the ability of flies to discriminate small differences in 

orientation. Visual stimuli consisted of two identical gratings, one vertically oriented at 

0° and one oriented at +5°. During control trials of Experiment 3 flies did not exhibit an 

innate preference for either of the two visual patterns. The averaged percentages to the 

cues (55% ±19% SD and 45% ± 19% SD) were not statistically different (Fig. 2.8a; 

Wilcoxon signed-ranks paired test, 2 tailed, 0.10<p<0.20, n=21, T=71). During training 

and testing, however, flies exhibited a learned preference for the rewarded pattern, either 

vertical or +5° grating (Fig. 2.8b). Again, individual flies were trained to the pattern to 

which they visited less frequently during the ten-trial control experiment. Both the 

training and testing average response proportions (0.75 ± 0.07 SD and 0.64 ±0.14 SD, 

respectively) were individually significantly greater than chance (Wilcoxon signed-ranks 

paired test, 1 tailed, p<0.01, n=7, T=0 for training and p<0.05, n=7, T=2.5 for testing). 

Additionally, during testing the average response proportion (0.64 ±0.14 SD) was 

significantly greater than the averaged RP during control trials (0.36 ± 0.14 SD; Fig. 

2.8c; Wilcoxon signed-ranks paired test, 1 tailed, p<0.025, n=7, T=l). 

In contrast to Experiment 2, the average testing response proportion in experiment 

3 was not high; whereas in Experiment 2 it was 0.814; it was only 0.635 in Experiment 3. 

This lower response, although significantly greater than chance, could be used to argue 

for a lack of learning in Experiment 3. One possibility could be that flies do not learn to 

discriminate the positive cue per se, but that they learn a generalized learning rule such as 
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alternating visits to the two visual cues until food is discovered. Such a behavior would 

generate an average response proportion near chance. The flies, however, clearly did not 

behave in this manner. The fly depicted in Fig. 2.6 spent the first 3 of 5 minutes 

searching at the positive cue exclusively. It did not alternate visits between the two cues 

as it might have done if the probability of discovering food was equal at either visual cue. 

Additionally, when the performances of individual flies are compared in control and 

testing trials it is clear that learning of the positive cue indeed occurred as a function of 

training (Table 2.1; Fig. 2.8c). 

Discussion 

Orientation Discrimination 

For the first time, clear, learned discrimination of orientation of visual patterns in 

a dipteran species has been demonstrated. In the behavioral paradigm described here, 

flies can discriminate 90° differences in orientation such as horizontal versus vertical 

(Fig. 2.3a, b) and +45° and -45° gratings (Fig. 2.4b-d). The underlying mechanism for 

such discriminations is not necessarily identical (see discussion below). In addition, flies 

can discriminate a difference as small as 5° (Fig. 2.8b, c). Comparable results have been 

obtained in a variety of behavioral experiments performed on honey bees, with the 

exception that honey bees have only been shown to discriminate orientation differences 

of 30° or more (Chandra et al., 1998). In a dual choice experiment the honey bees had 

difficulty discriminating deviations less than 25° (Chandra et al., 1998) and would 
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presumably not discriminate a 5° difference such as observed in the present study for 

blowflies. One difference in training paradigms that might account for these differences 

in behavior is that when blowflies were trained, both patterns, positive and negative, were 

present during both the training and the testing trials. In contrast, honey bees were 

presented with both the training orientation and the unrewarded orientation only during 

the testing phase (Chandra et al., 1998). The simultaneous presentation of both 

orientations during the learning phase may be critical for discrimination of smaller 

differences in orientation. 

From anatomical studies it appears that the optical requirements of a system 

capable of making such discriminations are met in flies, irrespective of sex. In the region 

of highest resolution blowflies have interommatidial angles ranging between 1.02-1.28° 

iCalliphora erythrocephala: males 1.07°, females 1.28°; Lucilia cuprina: males 1.02°, 

females 1.13°; Land and Eckert, 1985). The area of highest resolution in Lucilia, a close 

relative of Phoenicia, lies near the equator in the frontal visual field in both sexes (Land 

and Eckert, 1985). The small interommatidial angles of blowfly eyes, therefore, endow 

the fly with a sufficiently high visual resolution with which to resolve the differences 

present in the visual patterns used here. During the discrimination behavior, flies 

approached the positive pattern with the fronto-lateral eye regions (see Campbell, 2000). 

These eye regions encompass areas of high resolution as well as ommatidia with 

posteriorly decreasing interommatidial angles. The fact that flies approach the visual cue 

with the fronto-lateral eye regions leading may also be indicative of fixation behavior. 
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This behavior can be characterized by either a straight or a curved path during which 

intermittent whole-body saccades are performed (Hom and Fischer, 1978; Osorio et al., 

1990). As indicated in Figure 2.6, flies often made whole-body saccades as they 

approached the visual cue. In flies, as in vertebrates, fixation behavior can serve to bring 

the object of interest into a region of high acuity. 

While the ability to discriminate pattern orientation has been demonstrated for 

ants (Wehner et al., 1972) and honey bees (van Hateren et al., 1990; Srinivasan, Zhang, 

and Rolfe, 1993; Srinivasan, Zhang, and Witney, 1994; Giger and Srinivasan, 1995, 

1997a, 1997b; Chandra et al., 1998), it has long been assumed that social hymenopterans 

are unique in this ability due to their status as foragers within a social colony. The 

demands of recognizing reliable nectar and pollen sources and returning to the hive have 

been argued as the adaptive basis for which honey bees would possess both a visual 

system capable of such orientation discrimination and well-developed learning 

mechanisms for repeated recognition and discrimination. Flies, however, as solitary 

organisms, have been assumed to rely less on the ability to leam spatial patterns, despite 

evidence that flies, including calliphorid blowflies, visit flowers, consume pollen, and are 

likely to play a critical role in pollination of a variety of flowering plants (Keams, 1992; 

Erhardt, 1993). The pattern with which individual flies forage and the contribution of the 

visual system to foraging behavior, however, is unknown. 

In control trials of Experiment 1, flies showed a preference for horizontal over 

vertical gratings (Fig. 2.3a). The holding arena did not contain either horizontal or 
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vertical gratings; therefore, the spontaneous bias in control trials was not due to previous 

exposure to either pattern. This result was initially puzzling given that most other insect 

species studied have exhibited preferences for vertical over horizontal (Wehner, 1981). A 

possible reason why flies preferred horizontal has to do with the interaction between 

scototaxis (walking toward the darkest area of the visual field) and edge flxation (Osorio 

et al., 1990). Flies will spontaneously fixate an edge and walk toward it. When 

Drosophila is presented with edges of varying heights and widths, fixation of the 

contrasting edge is modulated depending on the height and width of the stripe (Wehner, 

1972a). At wide widths and low heights flies walk to the center of the horizontal stripe 

(presumably because of a scototaxic response) rather than fixate the edge (Wehner, 

1972a; Osorio et al., 1990). The visual cues in Experiment 1, unlike those in 

Experiments 2 and 3, subtended a vertical angle less than 40° (32°). Therefore, it is 

possible that the flies do not select the vertical edges of the vertical grating but approach 

the attractive dark regions of the horizontal grating as part of a scototaxic response. This 

simple explanation would account for the spontaneous preference for horizontal over 

vertical. Learned preferences during training trials, however, would presumably be 

supported by a more sophisticated visual process, such as static orientation detection or 

directional motion cues (see below). 

Spontaneous discrimination of pattern orientation in walking flies has been 

studied previously in flesh flies (Mimura, 1981, 1987) and fhiit flies (Mimura, 1982). 

These studies generally found a preference for star shaped patterns over single bars at 
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various orientations. Interestingly, Mimura (1981) found a spontaneous preference for a 

horizontal stripe over a vertical one. Partial covering of the eye revealed selective deficits 

in discrimination ability (Mimura, 1987); the anterior eye regions were deemed necessary 

for all but the detection of the horizontal stripe. Similar to control trials in Experiment 2 

(Fig. 2.4a), Mimura (1981) did not find a spontaneous preference for either of two 

oblique stripes. Thus, a training paradigm, such as the one presented here, is necessary 

for a complete dissection of visual discrimination capabilities in flies. 

The learning and memory paradigm used here allowed for clear discrimination of 

pattern orientation. 

Hypothetical Mechanisms for encoding orientation differences 

Several possible mechanisms could be employed in the discrimination of 

orientation. First, directional motion cues could signal differences in orientation. This is 

particularly evident in the case of horizontal versus vertical gratings. As a fly moves 

toward a horizontal grating it will experience motion along the horizontal edges in the 

vertical directions, up and down (Fig. 2.9a; after Srinivasan, 1994). Conversely, the 

majority of motion cues generated as a fly walks toward a vertical grating will be in the 

horizontal plane, left and right. Neurons tuned to these cardinal directions of motion have 

been described in the optic lobes of flies (for example: Eckert, 1980; Hausen, 1982; 

Hengstenberg, 1982; Douglass and Strausfeld, 1995). Thus, present within the optic 

lobes are neurons capable of detecting the different directional motion cues generated as 

the fly moves toward vertical and horizontal gratings, and therefore, neurons capable of 
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discriminating between the two stimuli. Directional motion cues, however, are less likely 

to underlie the discrimination of oblique orientations such as +45° and -45°; as a fly 

walks directly toward either of these two visual cues, motion in all four cardinal 

directions (up, down, left, and right) will be generated (Fig. 2.9b; after Srinivasan, 1994). 

A +45° edge will generate moving edges in the up-left and down-right directions, and a -

45° edge will generate them in the up-right and down-left directions. The motion 

generated by each edge, however, comprises motion in the four cardinal directions and of 

equal magnitude. The ability to discriminate the two orientations using directional-

motion cues would, therefore, require complex connectivity among neurons that integrate 

the two directions with edge detection and assigimient. In addition, the visual cues used 

in these experiments not only consisted of one oblique edge, but 8 edges. Thus, a 

complex flow field is experienced during approach, consisting of many edges expanding 

across the retina. Directional motion cues are also not likely to underlie discrimination 

between +5° and 0° vertical; each cue would generate predominantly horizontally-

moving edges. 

A second possible mechanism underlying orientation discrimination is the overall 

composition of the flow field. When a fly turns right in front of a grating it will 

experience motion to the left originating from the vertical edges of the pattern. In the 

case of horizontal and vertical gratings (Exp. 1), the amount of vertical edge providing 

motion is less for the horizontal grating than for the vertical grating. The direction, 

however, will be identical. The flow field generated by the vertical grating would be 
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evenly distributed, whereas that of the horizontal grating would be broken into lines of 

motion (Fig. 2.9c). Theoretically such information could be utilized to discriminate 

horizontal from vertical. This mechanism predicts that individual animals would 

consistently turn right or left when approaching the visual cues; the flies, however, do not 

perform stereotyped turns from trial to trial. Alternatively, knowledge of the direction of 

tiuTiing, coupled with the visual flow field experience, would allow for such a mechanism 

to underlie discrimination. This mechanism, however, is unlikely to be used to 

discriminate +45° from -45° and +5° from vertical gratings. In these cases the amount of 

edge is identical, and therefore the composition of the flow field over the retina will be 

identical (evenly distributed) as the fly turns in one direction regardless of which of the 

two visual cues it faces. 

In the case of the +45° and -45° gratings, the area of the retinal image of the flow 

field projected on the eye as the fly turns in one direction would vary as a ftinction of the 

orientation (Fig. 2.9d). This feature could be detected by the central nervous system and 

could underlie the discrimination. Neuronal correlates of this mechanism would require 

orientation-selective neurons that are motion sensitive, but with motion-sensitivity 

restricted to the horizontal plane. 

A fourth possibility is that a network of orientation-selective neurons computes 

subtle differences in orientation (Fig. 2.9e; after Srinivasan et al., 1994). Such a network 

has been proposed by Srinivasan and his colleagues to account for orientation-

discrimination behavior in honey bees (Srinivasan et al., 1994; Chandra et al., 1998). 
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Their model proposes a network of several orientation-sensitive chatmels each tuned to a 

range of unique orientations, separated by 120° with overlapping tuning curves 

(Srinivasan et al., 1994; Chandra et al., 1998). Behavioral experiments in which honey 

bees could not discriminate between two right-angled crosses rotated at different 

orientations suggested that the tuning curves of these hypothetical-orientation-sensitive 

channels have a half-width of 90° (Srinivasan et al., 1994). The addition of a third 

channel to their model removed the ambiguity of discriminating between two orientations 

orthogonal to each other and thus, three channels are minimally required (Chandra et al., 

1998). This model elegantly explains honey bee orientation discrimination behavior and 

correlates well with intracellular recordings of optic lobe neurons in honey bees (Yang 

and Maddess, 1997). Similar neurons with large receptive fields and timing half-widths 

of 90° have been described in the lobula complex of dragonflies (O'Carroll, 1993). 

Orientation sensitive neurons with much smaller receptive fields have been described in 

blowflies and house flies (McCann and Dill, 1969), although in all cases the morphology 

of such neurons remains unknown. 

Of the four possible mechanisms, the hypothetical-orientation-sensitive channels 

can exclusively explain the discrimination behavior of blowflies in all three experir^ents. 

The model proposed for a system of orientation-selective neurons predicts that all 

differences in orientation should be discriminated (Srinivasan et al., 1994). Directional 

motion cues, however, are only sufficient for discriminating horizontal from vertical and 

+45° from -45°. The flow field composition hypothesis is sufficient only to explain 
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discrimination of horizontal from vertical, and the flow field area hypothesis can only 

explain the discrimination of +45° from -45° and +5° from vertical. Thus, either a variety 

of mechanisms are employed by blowflies to discriminate different orientations or a 

discrete network of orientation-selective neurons underlies all the discriminatory 

behaviors. The neural correlates of these large-receptive field, broadly tuned channels 

have not yet been identified in flies. 

Walking and orientation discrimination 

All studies of orientation discrimination by honey bees are on flying bees. Flying 

toward visual cues affords additional types of visual inputs, such as optic flow as the 

insect pitches or rolls its body or elevates it relative to the ground. Presumably such 

additional inputs could expand the possible types of mechanisms available for the 

discrimination of orientation in honey bees. Walking and flying are also different in the 

temporal domain. In the experiments presented here, flies walked an average of 2.75 

cm/s (± 0.80 SD, n=7). Flying bees, however, fly around 100 cm/s when approaching 

stationary gratings (92 cm/s calculated from 0 Hz panel of Fig. 6 in Srinivasan and 

Lehrer, 1984 and 131 cm/s calculated from the top left panel of Fig. 6 in Srinivasan and 

Lehrer, 1988). A flying insect will experience higher contrast frequencies as it flies 

quickly past a stationary grating than a walking insect would experience. The optimal 

contrast frequencies at which flies can discriminate orientation are not known, but in 

honey bees orientation discrimination is best at contrast frequencies between 0 and 36 Hz 

(Giger and Srinivasan, 1997b). Orientation discrimination, therefore, flmctions in the 
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absence of or at low contrast frequencies relative to other visually-guided behaviors in 

honey bees (Giger and Srinivasan, 1997b). Giger and Srinivasan (1997b) suggested that 

the orientation processing system in honey bees may be best suited for stationary images. 

Flies may have similar temporal constraints on orientation processing, and, therefore, it is 

not surprising that they discriminate orientation while walking at speeds where relatively 

low contrast frequencies would be encountered. 

In summary, blowflies are capable of discriminating between patterns that differ 

in orientation in a learning paradigm in which they are free to explore. Under these 

conditions they discriminate very fine spatial differences. The significance of this 

behavior to natural foraging and the neuronal correlates of orientation-detection are yet 

unknown. 
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Pilot study investigating the role of directional motion cues in orientation 

discrimination 

Introduction 

As outlined above, directional motion cues could play a significant role in 

signaling differences in orientation as the fly approaches the visual cues (Fig. 2.9). To 

test this possibility, visual cues were designed to reverse the directional motion cues 

present during approach to the visual patterns. During testing trials contracting stimuli 

were presented at velocities higher than any walking velocity observed during studies on 

orientation discrimination described above. Thus, in this pilot study, as the flies 

approached the contracting stimuli the directional motion cues available were reversed 

&om what the flies would have experienced on approach to the static stimuli presented 

during controls and training trials (Fig. 2.10). 

Flies were trained with static stimuli and subsequently tested with contracting 

stimuli. Under these conditions, if directional motion cues are not necessary for 

orientation discrimination, flies should continue to search at the stimulus oriented in the 

same direction as the training stimulus. If, however, directional motion cues are 

necessary, flies should search at the cue which generates the same direction of movement 

as the fly experienced during training (i.e., they should search preferentially at the 

negative, unrewarded pattern). 
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Materials and Methods 

Control, training, and testing of flies was done in a manner identical to the 

procedures described above with the following exceptions. Controls were conducted on 

the fourth day of adult life instead of the third. Three testing trials were conducted rather 

than one. 

All experiments were conducted in an arena 8 inches square. One side of the 

arena was left open and secured to the surface of a computer monitor. The monitor, an 

Eizo FX-C6, was configured to have a vertical refresh rate of 120 Hz. Confirmation of 

the refresh rate was made by direct measurements of the screen output with a photodiode 

arid oscilloscope. 

All stimuli consisted of lines oriented at either -45° or +45° relative to a 0° 

vertical. The overall pattern was shaped in a circle and contained five oriented black 

lines. The lines were sufficiently large enough to be resolved by the compound eyes at 

all viewing distances in the arena. 

Control and training stimuli were presented in Powerpoint in the slide-view 

format. Two "slides" were used to randomly alternate the left and right position of the 

positive and negative patterns. 

Testing stimuli were generated in the software package 3D Studio MAX. Video 

files made in 3D Studio MAX were then played through Windows Media Player. Video 

files were configured to play at 120 frames per second and this was confirmed in the 

Media Player statistics window. The testing stimuli were contracted at a rate of 12.1 
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cm/sec. This velocity is higher than that of any of five flies observed walking in an 

orientation discrimination task where the average linear velocity was 2.75 cm/sec (0.80 

SD) and ranged from 0 to 10.1 cm/sec. 

Results 

Control trials indicate that this population of flies did not prefer either of the two patterns 

over the other; the mean control response proportion was 0.49 (RP of 1.0 indicating 

100% preference for the -45° grating; +/- 0.17 SD; n =14 flies). Six flies in total were 

trained; however, data from only three are presented here. The other three flies (indicated 

in Table 2.2 with an asterisk) were tested with video files of insufficient velocities. Thus, 

the results of only three flies (Flies 00-lb, 00-2b, and 00-4b) are relevant to a discussion 

of the role of directional motion cues in orientation discrimination. 

Table 2.2 summarizes the first visit patterns of flies 00-lb, 00-2b, and 00-4b. Fly 

00-2b consistently searched at the positive pattern (i.e., the one whose orientation was 

identical to the training positive pattern). Fly 00-4b, however, performed in just the 

opposite manner, searching first at the negative pattern in all three testing trials. Fly 00-

1 b responded to both the negative and positive pattems. 

The structure of the searching paths during testing trials was not significantly 

different from that observed in previous studies of orientation discrimination 

(experiments 1, 2, and 3 above). Figure 2.11 depicts fly 00-2b's approach to the positive 

cue during its first testing trial. After imbibing the initial sucrose drop, the fly approaches 



69 

the computer monitor, making whole-body saccades and straight paths similar to those 

observed in previous experiments. Thus, the experimental paradigm of using a computer 

monitor to display the visual stimuli, and more specifically to present contracting visual 

stimuli, does not alter the manner in which animals behave in the arena. One possibility 

was that as the contracting stimuli grew smaller, flies would attempt to keep the image 

stationary on the retina by walking at an extremely fast rate or by altering the structure of 

the locomotive trajectory. Neither of these behaviors was observed in the three flies 

tested with the contracting stimuli. 

Discussion 

The behavior of one fly (00-2b) was consistent with the hypothesis that 

directional motion cues are not necessary for the learned discrimination of pattern 

orientation; this fly consistently searched at the positive pattern even when the pattern 

contracted and could not provide motion cues in the same direction that the fly would 

have experienced during training. The performance of another fly (00-4b) indicated just 

the opposite; that is, this fly performed as if the directional motion cues generated on 

approach to the positive pattern were significant for the recognition of the pattern. The 

performance of the third fly (00-lb) is difficult to interpret because on one occasion it 

chose first the negative pattern and on subsequent tests it chose the positive pattern. 

Further testing of flies with the contracting stimuli is necessary to reach general 

conclusions about behavior under these conditions. If a larger sample suggests that some 
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flies use directional motion cues to discriminate orientation whereas others do not, then it 

may support the notion that individual flies use individual strategies of learning to 

discriminate pattern orientation. If so, it could also be argued that the neuronal correlates 

underlying either strategy are likely to be present in any brain and that the mechanisms 

determining which one is used are unknown. Despite these uncertainties, this paradigm 

proved to be a useful one for the investigation of directional motion cues in orientation 

discrimination. Future studies will reveal results for a larger sample size. 
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Figure 2.1 

Experimental arena (a) with two visual cues positioned on the walls. Black circles 

represent the initial drop of sucrose in the center of the arena and the reward drop of 

sucrose paired with one of the two visual cues, respectively. In all experiments flies were 

released in the center of the arena and allowed to walk freely. 
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Figure 2.2 

(a) An example of a training trial in which a single fly was trained. Note the 

concentration of visits near the rewarded (+) visual cue. The arrow denotes the point at 

which the fly discovered the sucrose reward, (b) An example of an unrewarded testing 

trial. Following release in the center of the arena the fly searched exclusively in the 

vicinity of the previously rewarded pattern. In this and subsequent figures the + and -

denote the location of the positive and negative visual patterns. The dot and line segment 

represent the head and longitudinal body axis, respectively. In all figures the fly is 

depicted every 67 msec. 
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Figure 2.3 

Experiment 1. Average percentage of visits to either the horizontal or vertical grating 

during control (a) and training (b) trials. During the control experiment the average 

percentage of visits to the horizontal grating was significantly different than the average 

percentage of visits to the vertical grating. During training trials the average percentage 

of visits to vertical was significantly higher than that to horizontal, (c) An example of a 

testing trial in which the fly was trained to associate the vertical grating with the sucrose 

reward. Error bars in a and b represent twice the standard error of the mean. 
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Figure 2.4 

Experiment 2. (a) Average percentage of visits to either the +45° or -45° grating during 

control trials were not significantly different, (b) Percentage of first visits to the rewarded 

positive pattern during training and testing. During training and testing flies 

preferentially visited first the positive cue. (c) Averaged RP to the rewarded positive 

pattern during training and testing trials were each separately significantly greater than 

the chance level of 0.5 (dotted line), (d) Averaged RPs during control and testing trials 

for animals tested. The averaged RP during testing was significantly greater than the 

average RP during control trials. Error bars represent twice the standard error of the 

mean. 
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Figure 2.5 

(a) Averaged response proportion on a trial by trial basis for control, training, and testing 

trials of Experiment 2. Depicted is the mean +/- twice the SEM for each trial. The n 

value for each trial is depicted below the graph, (b) A single testing trial for a fly of 

Experiment 2 in which the fly searched exclusively at the positive pattern, -45°. At one 

point in the sequence, the fly walked behind the positive cue, and the path trajectory is 

therefore interrupted. 
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Figure 2.6 

Sequence of a single testing trial for fly 98-2a of Experiment 3. The entire testing trial 

lasted 5 minutes. All portions of the trial that were visible in the camera's field of view 

were digitized and are represented here. The sequence begins in a and continues in b and 

so on. Arrows in a and c denote whole-body saccades. The +5° grating served as the 

positive cue for this fly. (a, b and part of c). The fly searched exclusively at the positive 

pattern for the first 3 of 5 minutes of the unrewarded testing trial, (part of c and d). After 

several minutes of searching without discovery of food the fly began to search at the 

negative pattern as well. 
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Figure 2.7 

Individual patterns of searching. Panels », b, and c each represent an individual fly (a, fly 

97-4a; b, fly 97-8b; c, fly 97-4b). Within each panel, the upper graph represents the first 

visit of the animal for each trial. A score of 1 represents the positive pattern and a score 

of 0 represents the negative pattern. The lower graph in each pair represents the number 

of visits to the positive pattern and the total number of visits on a trial by trial basis (see 

key). 
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Figure 2.8 

Experiment 3. (a) Average percentage of visits to the +5° and vertical patterns during 

control trials were not statistically difiTerent. (b) Averaged RPs to the positive pattern for 

Experiment 3 training and testing trials were individually significantly greater than 

chance (dotted line), (c) Averaged response proportions during control and testing trials 

for animals tested. The average testing RP was significantly greater than the averaged 

control RP. Error bars represent twice the standard error of the mean. 
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Figure 2.9 

Hypothetical mechanisms employed during orientation discrimination. Panels a and b 

depict the directional motion cues generated as an insect moves toward a particular 

grating (after Fig. 6 of Srinivasan, 1994). (a) As the fly moves toward the vertical grating 

it will experience primarily horizontal motion and vice versa for the horizontal grating, 

(b) The oblique grating +45° (left), however, would generate motion that would couple 

up and leftward motion together (black arrows) and down and rightward motion together 

(gray arrows); the opposite combination of motions would be generated by the -45° 

grating (b right), (c) As a fly turns right in front of the visual cues the overall distribution 

of the flow field will depend on the vertical edges of the grating. In the case of the 

vertical grating, the flow field will be continuous along the vertical edge. In the case of 

the horizontal grating, the flow field will be broken into horizontal strips at the vertical 

edges of the horizontal stripes, (d) As the fly turns right in front of the +45° and -45° 

gratings the area of the retinal image will depend on the line orientation and will be 

oriented accordingly. The ellipses drawn around the arrows depict the differences in area, 

(e) Hypothetical orientation-sensitive channels (after Fig. 9 of Srinivasan et al., 1994). 

Depicted are the tuning curves of three separate channels (gray filled, white, and dashed), 

each with its own range of orientations to which it is sensitive. The edge oriented at -10° 

would stimulate the gray channel as well as minimally stimulate the white channel. 

Models of such networks can discriminate between different orientations (Srinivasan et 

al., 1994; Chandra et al., 1998). 
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Figure 2.10 

Directional motion cues generated on approach to static and contracting stimuli, (a) 

Static gratings, +45° and -45°, were used for control and training trials. On approach to 

static stimuli the edges of the individual lines expand across the retina in the directions 

depicted by the arrows, (b) Contracting gratings were used for testing trials. The stimuli 

constantly cycled from large to small in 2 second intervals. The stimuli contracted at a 

velocity higher than the walking velocity of the fly during approach. Thus, any 

directional motion cues experienced during approach to contracting stimuli would be in 

the contracting directions depicted by the arrows. 



FIGURE 2.10 

a 

+45 -45 

stimulus contracting in time 



91 

Figure 2.11 

Fly 00-2b; First approach during testing trial one. The fly is released in the center of the 

square arena (near the top of the figure). After imbibing the initial drop of sucrose, the 

fly searches in the vicinity of the positive cue. The walking trajectory is characterized by 

whole-body saccades (one is arrowed) and straight paths (asterisk) which are 

characteristic of the locomotive trajectories observed in previous studies of orientation 

discrimination in flies. 
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Table 2.1 

Experiments: Discrimination of+5° and vertical gratings. Individual Fly Data. 

Fly Positive Control Test: Test: Test: Test 
Number Cue Response First Number of Number of Response 

Proportion Visit Visits to + Visits to - Proportion 
98-2a +5° .30 + 11 3 .786 
98-4d Vertical .50 + 5 I .833 
98-3d +5° .40 + 8 5 .62 
98-5d Vertical .30 - 3 2 .60 
98-lc Vertical .50 + 4 6 .40 
98-3c +5° .40 - 13 7 .65 
98-2c +5° .10 + 10 8 .56 

Average N/A .357 N/A N/A N/A .635 
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Table 2.2 

Pilot study; the role of directional motion cues. 

Fly# Control 
Response 
Proportion 

to-45° 

Positive 
Cue 

First Visit/ 
Response 

Proportion to + 
Cue 

Test One 

First Visit/ 
Response 

Proportion to + 
Cue 

Test Two 

First Visit/ 
Response 

Proportion to + 
Cue 

Test Three 
00-2a» 0.5 
00-3a 0.4 
00-4a 0.6 
00-5a 0.2 

00-6a* 0.7 
00-7a 0.4 
00-8a 0.3 
00-9a* 0.4 
00-10a 0.8 
00-lb 0.4 -45° Negative/0.34 Positive/ 1.0 Positive/ 0.5 
00-2b 0.4 -45° Positive/1.0 Positive/ 0.42 Positive/ 0.5 
00-3b 0.4 
00-4b 0.6 +45° Negative/ 0.0 Negative/ 0.0 Negative/ 0.34 
00-5b 0.7 
Mean 0.49 

Standard 
Deviation 

0.17 
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CHAPTER THREE 

SPATIALLY INVARIANT ORIENTATION DISCRIMINATION BY 

BLOWFLIES 

Abstract 

Blowflies, Phaenicia sericata, can be trained to discriminate in a learning paradigm in 

which one of the two visvial cues is positively rewarded (Campbell and Strausfeld, 2000). 

Consistent retinotopic matching of a learned visual image to the same retinal location 

from viewing to viewing has been hypothesized to underlie visual pattern learning and 

memory in insects (Heisenberg, 1995). To address the theory of retinotopic matching, a 

detailed analysis was made of the flies' body orientations during learned discriminations 

between +45° and -45° gratings. Initial approaches to the positively rewarded visual cue 

did not originate from the same spatial location within the behavioral arena with respect 

to the visual cues; thus, individual flies approached the positive cue from a different 

vantage point from trial to trial. During initial approaches to the rewarded visual cue the 

distributions of body angles with respect to the cue were different from trial to trial for 

each individual. These data suggest that Phaenicia can leam a visual pattern with one 

eye region and later recognize the same pattern with another eye region. Thus, 

retinotopic matching is not necessary for the recognition of pattern orientation in the 

experimental paradigm used here. Even though the average degree of head turning in the 

yaw plane was 4.0° during approaches to the rewarded cue this does not alter the 
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interpretation of whole body orientation data. Flies view the visual patterns with distinct 

retinal regions from trial to trial during orientation discrimination. 

Introduction 

Like vertebrates, insects must extract relevant information from the environment 

in the construction of percepts and memories of visual scenes. An idea that developed 

from behavioral studies (Wehner, 1972b, 1981; Collett, 1992) is that of retinotopic 

matching, in which insects try to minimize mismatch between the current visual image 

and a stored memory of the image. Early learning experiments with honey bees 

suggested that bees require precise body and eye positioning in order to recognize 

patterns (Wehner, 1981). The idea was compatible with the observation that insect visual 

systems are predominantly composed of highly organized, retinotopically-arranged 

neuropils in which neural elements appear superficially to be limited to a point-to-point 

mapping (Strausfeld, 1976). The theory of retinotopic matching has since been examined 

in fruit flies under several different behavioral contexts including operant conditioning 

(Dill et al., 1993) and novelty choice behavior (Dill and Heisenberg, 1995). Stereotyped 

behaviors that would facilitate retinotopic matching of the stored and current image have 

been observed in several insects (honey bees: Cartwright and Collett, 1982; Collett and 

Baron, 1994; solitary wasps: Zeil, 1993; social wasps: Collett, 1995). The idea of eidetic 

template matching is a more specific form of retinotopic matching in that it not only 

requires the precise alignment of the retina in a consistent manner with respect to the 
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visual image, but also requires that the visual memory be an exact, photographic-like 

representation within the nervous system of the black and white edges within the visual 

image and the angles between them (Cartwright and Collett, 1982). 

In contrast, examples exist of insects performing visual tasks in which they appear 

to generalize about a particular visual feature, suggesting that a strict memorization of the 

pattern may not always be necessary. Honey bees cannot be trained to discriminate 

between two non-identical, random gratings oriented in the same direction and therefore 

do not form templates with which they could discriminate the gratings (van Hateren et al., 

1990). Similarly, when honey bees are forced to choose between two visual cues at a 

distance that would make template matching impossible the bees are still capable of 

learning to discriminate pattern orientation (Srinivasan et al., 1994). Honey bees trained 

to favor symmetrical patterns over asymmetrical ones show generalized preferences for 

novel symmetrical patterns (Giurfa et al., 1996). These studies suggest that 

discrimination of pattern orientation in honey bees is dependent upon pattern geometry, 

rather than eidetic (visual imagery of almost photographic accuracy) templates. The 

implications for the neural correlates of these two types of visual memories are quite 

different. 

Pattern discrimination in insects has predominantly been studied in the social 

Hymenoptera (Srinivasan et al., 1993; Wehner et al., 1972) where links to natural 

behaviors such as landmark learning and flower recognition can be made. Flies are 

highly visual animals that are known to forage on flowers (Keams, 1992; Erhardt, 1993). 
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Despite the lack of detailed knowledge on individual patterns of foraging, laboratory 

experiments consistently reveal that flies can leam and discriminate a variety of visual 

features, including color (Fukushi, 1985, 1989), pattern orientation (Mimura, 1982; 

Campbell and Strausfeld, 2000), and shapes (Dill et al., 1993). 

In the previous chapter the ability of blowflies, Phaerticia sericata, to discriminate 

between patterns that differ in orientation and the visual parameters utilized during this 

discrimination process were discussed in detail. The spatially-invariant (position-

independent with respect to the visual cue) manner in which flies discriminate pattern 

orientation on the retina is addressed here. A detailed analysis of body orientation and 

position during approaches to the visual cue is presented. 

Materials and methods 

Animals: Blowflies, Phoenicia sericata, were taken from the colony maintained 

at the Arizona Research Laboratories Division of Neurobiology in Tucson, AZ. 

Individual animals were identiflable with colored Liquid Paper markings (The Gillette 

Company, Boston, MA) on their abdomens and thoraxes. 

Training methods: Flies were trained in the manner described in detail in chapter 

2. Individual flies were trained to discriminate between oblique gratings, +45° and -45°, 

in a behavioral arena (Fig. 3.1a). Individual flies were trained multiple times in training 

trials in which a sucrose reward was paired with the positive visual cue. Repeated 

training resulted in an association of the positive visual cue with the sucrose reward. The 
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animal's ability to discriminate the positive visual cue from the negative (non-rewarded) 

cue was subsequently tested in the absence of the paired sucrose reward. After training, 

flies were capable of discriminating +45° and -45° gratings in unrewarded testing trials 

(see Fig. 2.4 of chapter 2). 

The arena floor was cleaned with distilled water to remove any chemical cues that 

the fly might have released during the previous trial; the arena was rotated 60-120° to 

reposition the location of the sucrose within external coordinates; the patterns were 

exchanged randomly from right to left; and the patterns were [Xjsitioned apart from each 

other at a distance in the range of 6-14 cm between trials. The experimental arena was 

surrounded by white paper or cloth walls during training and testing trials. These 

precautions were made to ensure that the positive cue was the only cue associated with 

the location of the sucrose reward. 

Training and testing trials were video taped from above and digitized each 17 ms 

(60 Hz) with a Peak Motus motion analysis program (Peak Technologies Inc., 

Englewood, CO). 

Visual Patterns: Visual cues were 14.1 cm high by 10.5 cm wide and consisted of 

stripes with a range of widths (3, 5, 8, and 9 mm). From the location at which the fly was 

released in the center of the arena the entire cue subtended an angle of 45° height and 37° 

width. Individual stripes of widths 5, 8, and 9 mm, subtending angles on the fly's eye of 

2.05°, 3.27°, and 3.68°, respectively, could be resolved by the fly from the release 

location. Stripes of only 3 mm wide could be resolved by the fly at the release location 
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depending upon which onunatidia viewed the stripe. Where facet size is largest (at the 

upper front of the eye), interommatidial angles are smallest, and therefore, resolution is 

highest (Land and Eckert, 1985). At the release location, a 3 mm stripe subtends an angle 

of 1.23°, which is at the theoretical limit of resolution. This stripe width, however, is 

resolvable by the fly at closer viewing distances where it subtends larger angles. Each 

visual cue was composed of all four widths of stripes. Stripes of the cues were oriented at 

either +45° or -45° relative to a 0° vertical. 

Body Orientation with respect to Positive Cue: The angle between the 

longitudinal body axis (head to abdomen) of the fly and the positive cue was measured in 

each digitized frame of video of the initial approaches (Fig. 3.1b). Angles ranged from 0-

360°. Only the initial approach to the positive cue was analyzed for body orientation. 

During discrimination of +45° and -45° gratings flies tended to visit first the positive cue 

(see Fig. 2.4b in chapter 2). Thus, the process of discrimination must occur early within 

the trial; therefore, analysis of the initial approach to the positive cue embodies the time 

period during which the animals actively discriminated the visual cues. The initial 

approach was defined as the path taken to the positive cue from the center of the arena in 

situations when the first visit was to the positive cue or the path taken to the positive cue 

from the negative cue. Paths initiating from the center of the arena were analyzed after 

the fly crossed an imaginary (visible on the viewing monitor), concentric ring with a 

radius of 6.7 cm from the center. Initial approaches ended when the fly came within 2 cm 

of the positive cue. Portions of approaches that originated from the peripheral edge of the 
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arena in which the fly's body was not positioned in front of the cue were not analyzed. 

This was done so that all angles measured would accurately represent situations in which 

the fly was actually in front of the visual cue and for which body orientation angles would 

accurately represent the correlation between eye regions and body orientation. The 

majority of approaches originated in front of the positive visual cue. 

The distribution of angles for each initial approach for each training and testing 

trial was plotted as a polar diagram. To compare trial by trial within individual animals 

the angles were analyzed with the Watson U" test for non-uni-modal circular distributions 

(Watson's Two-Sample Test with Ties; Zar, 1996). This test determined if the 

distribution of angles from one trial was different from that of another trial in its mean 

direction. Data were biimed into 5° divisions for the purpose of the statistical analysis 

(Batschelet, 1981). Iiutial approaches during training and testing trials were analyzed. 

Seven flies were trained multiple times (see Experiment 2 of chapter 2 for details of the 

number of trials per animal) and then tested, each once in a testing trial. The body 

orientation data of each trial was compared with each other trial within individuals. 

Head Turning: The amount of head turning in the yaw plane was analyzed by 

measuring the angle between the head to thorax and the thorax to abdomen axes (Fig. 

3.1c). This was done to assess the degree of head turning independent of body turning 

during approaches to the positive cue. Three animals were recorded at higher 

magnification during approaches to the positive visual cue. The video was digitized each 

17 ms (60Hz). The angle between head-thorax and thorax-abdomen axes was measured 
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in each frame of 30 separate approaches (10 per fly) to the positive visual cue. Each 

approach contained from 50 to 2246 frames of video. 

Results 

Analysis of body orientation 

To assess what regions of the visual field are used during discrimination of pattern 

orientation, the body orientation of the fly with respect to the positive cue was observed 

during the initial approach to the positive cue. Figure 3.2 depicts four initial approaches 

for two individual flies. Initial approaches (defined in Methods) did not originate from 

the same spatial position within the arena with respect to the visual cues; thus, flies 

approached the positive visual cue from a different vantage point from trial to trial. For 

example, in trial 3 of panel A the fly approached the positive pattern after having 

explored near the negative pattern, whereas in trial 6 the same fly approached the positive 

pattern in a direct manner after having made many search loops. These two approaches 

are different in their spatial distribution of the fly's location and in their composition of 

walking behaviors. 

To assess any correspondence between the positive cue and particular eye regions, 

the angle between the positive cue and the fly's body axis (head to abdomen) was 

measured in each fi'ame of the initial approaches (see Fig. 3.1b). Figure 3.3 depicts the 

frequency distribution (colored squares) of body orientation angles for each trial of a 

subset of the individual flies trained. Figure 3.3a depicts the visual field at the equator of 
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the eyes and body orientation angles. For example, an angle of 90° corresponds to a body 

orientation in which the fly's longitudinal body axis is parallel to the positive cue with 

the right eye closest to the cue. In all cases the distribution of body angles exhibited 

during the initial approaches included the fronto-lateral region of the visual field, 

covering approximately 60° in either lateral direction (Fig. 3.3b-f) and, in many cases, 

extended outside this region to include body orientations in which more lateral regions of 

the compound eyes faced the positive cue (Fig. 3.3 b-d, f)- Individual trials, shown in 

different colors were not always overlapping and were found to be statistically different 

from trial to trial (Watson test for non-uni-modal circular distributions; Calculated U* 

values ranged from 1.0 to 48.4, and all were greater than look-up Upvalues for each data 

set at p< .001; n= from 109 to 1832 digitized video frames per sample). Thus, during 

each initial approach the positive visual cue was viewed with different regions of the 

compound eye(s). 

The mean vector of each trial is shown in the corresponding trial color (Fig. 3.3); 

each vector consists of a mean angle and vector length (r, ranging from 0 to 1.0, 

Batschelet, 1981; vector lengths in the figure are scaled for viewing and are equal to the 

calculated r times the sample size for each trial). Longer vectors correspond to trials that 

consisted of no or little turning/looping during the initial approach, whereas shorter 

vectors correspond to approaches in which the fiy made loops. Some flies made a more 

or less direct approach to the positive cue (compare Fig. 3.3c and e). 
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Head turning in the yaw plane 

To control for the possibility that flies were moving their heads independently of 

their bodies and thus, obviating the relevance of measuring body orientation angles, flies 

were video-taped at high magnification and the angle between the body and head was 

measured in each video frame. The head, thorax, and abdomen were digitized in each 

frame and the angle calculated between the head-thorax and thorax-abdomen axes (head 

angle; see Fig. 3.1c). Examples of individual flies behaving during training or testing 

trials are depicted in Figure 3.4. The head angle was generally small. This is most 

evident in Fig. 3.4a during the path when the fly walked directly forward for an extended 

period of time; the head-thorax and thorax-abdomen axes were nearly perfectly aligned. 

This is also true as a walking fly turned (Fig. 3.4b); unlike when a fly flies (Land, 1975) 

the head does not obviously lead or lag with respect to the body. 

The head angle was measured in thirty approaches to the positive cue from 16 

different trials of 3 flies. The average angle for these 30 approaches ranged from 2.5° to 

6.5° (Fig. 3.5). Figure 3.5 depicts the range of the mean angles for each of the thirty 

approaches. Each graph represents a different animal and shows the absolute value of the 

mean head angle +/- SD for the individual approaches measured for that fly. The 

averages include the absolute values of the deviations made in both the clockwise and 

counterclockwise directions. The grand mean of all approaches is 4.0 ± 0.941 SD. The 

average head angle was too small to compensate for the changes of body orientation 
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angles exhibited by the flies in different trials. Thus, movements of the head did not 

obscure the interpretation of the body orientation data. 

Discussion 

Approaches to the positive cue 

In the behavioral paradigm presented here, flies do not make stereotyped 

approaches to the positive cue. Unlike many other visually guided behaviors in insects it 

does not appear as though the flies must position themselves at a consistent distance or 

spatial location with respect to the recognized visual cue. Observation of the behavior 

alone indicates the lack of a precise, stereotyped approach to the visual cue that would be 

required if a retinotopic match of the visual pattern were used as a means of pattern 

memory storage. 

Orientation discrimination and the role of retinotopic matching 

Body orientation data indicate that flies approached the positive visual cue with a 

wide range of body orientations although the mean direction of many approaches fell 

within the fronto-lateral regions of the eyes, including approximately 60° laterally on 

each side (Fig. 3.3). Flies learned to discriminate between oblique gratings, and this 

learned preference was evident in the number of first visits to the positive pattern 

(Campbell and Strausfeld, 2000). Thus, the recognition and discrimination of the positive 

pattern from the negative pattern must have occurred during the initial approach to the 

positive cue. Body orientations in which the fronto-lateral visual field faced the positive 



106 

cue may reflect the fact that flies tend to face in the direction that they are walking or 

many indicate a specialized role of this eye region in orientation discrimination. Honey 

bees trained to discriminate orientation differences can do so if the patterns are presented 

in the frontal or lateral visual fields, but not the dorsal or ventral fields (Giger and 

Srinivasan, 1997a). In a previous study of spontaneous preferences to bars and shapes in 

flesh flies, Mimura (1987) found that partial covering of the eyes revealed selective 

deficits in discrimination ability; with the exception of detecting horizontal stripes, the 

anterior eye regions were deemed necessary for all discriminations tested (Mimura, 

1987). Similar experiments are necessary to determine if the fronto-lateral regions of the 

compound eyes is indeed critical for orientation discrimination in blowflies. 

The particular range of angles used by blowflies for a given trial, however, was 

significantly different from the range of angles used in all other trials on an individual 

basis (Fig. 3.3). Figure 3.6 summarizes the approach locations and corresponding 

average body orientations for the 5 training and 1 testing trial of an individual fly. 

Several approaches are similar in their average angle, but do not originate from the same 

spatial location with respect to the visual cue. Thus, from trial to trial the fly approached 

the positive cue with a different eye region facing discrete regions of the pattern (see also 

Fig. 3.3). The process of pattern recognition does not appear to require a precise spatial 

mapping of the visual image onto particular eye regions and therefore, is independent 

with respect to the animal's position in the arena. 
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Wehner first raised the issue of whether or not bees could discriminate pattems in 

a position-invariant manner by presenting visual pattems in the vertical rather than 

horizontal plane (Wehner, 1972b). When bees were trained to land in the center of a 

radial grating with a black sector pointing downward, they discriminated it from an 

identical pattern rotated with a white sector pointing downward; the retinal position of the 

black and white sectors of the grating was the only factor to explain the discrimination of 

the two pattems (Wehner, 1981). Thus, the theory of retinotopic matching requires that, 

in order for recognition of a previously-learned pattern, an insect must actively view the 

pattern with the same retinal region that the pattern was viewed with at the time of 

memory acquisition (see review by Heisenberg, 1995). This process requires that the 

animal position and orient itself precisely with respect to the previously learned pattern. 

The type of image stored during memory acquisition, however, can be a real 

photographic-like point to point representation (an eidetic template) or a an extraction of 

a subset of parameters of the visual scene (Heisenberg, 1995). Retinotopic matching has 

been precisely studied in Drosophila in experiments conducted in a flight simulator in 

which the fruit fly has control over the horizontal translation of a visual panorama, but is 

not allowed to affect vertical movements of the visual scene. When the learned visual 

shapes are displaced by as little as 10° vertically the fhiit flies behave as though they do 

not recognize the pattems, indicating that the precise retinotopic alignment of the pattern 

is crucial for visual memory of a previously learned pattern (Dill et al., 1993; Dill and 

Heisenberg, 1995). In addition to the precise location on the retina, the degree of overlap 
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of the recognized figure with the memory template appears to be a critical factor (Dill and 

Heisenberg, 1995). Similarity fimctions describing the matching process of stored and 

recognized patterns have been proposed by several authors (Cruse, 1972; Dill and 

Heisenberg, 1995). Behaviors that would facilitate retinotopic matching of the stored and 

current image have been observed in several insects; honey bees return to displaced 

landmarks and search where the inter-landmark angles are the same as they were during 

initial foraging bouts (Cartwright and Collett, 1982), honey bees limit their search flight 

direction to one compass direction during foraging (Collett and Baron, 1994), solitary 

wasps perform highly stereotyped orientation flights to guide the wasp in its return to the 

nest (Zeil, 1993), and social wasps also perform orientation flights facing the feeder to 

which they will return (Collett, 1995). The actual visual features used during the 

acquisition of the visual template may vary for different species and/or tasks. 

Unlike shape discrimination in Drosophila (Dill et al., 1993) and some examples 

of pattern recognition in bees (Wehner, 1972b, 1981), retinotopic matching does not 

appear to be necessary for the recognition of pattern orientation by Phaenicia in the 

experimental paradigm used here. Instead, walking blowflies are capable of learning 

orientation without precise locomotive behaviors that would facilitate retinotopic 

matching. This suggests that flies can leam visual objects in a spatially-invariant manner; 

that is, they can leam and later discriminate visual patterns from different locations and 

orientations with respect to the visual pattern. This difference between pattern 

discrimination behaviors in blowflies and social insects may reflect differences in natural 
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visual behavior between social, colonial and solitary insects. Colonial insects must 

repeatedly forage and recognize food resources, whereas blowflies are solitary and appear 

to have less organized foraging behavior. Constraining behavioral choice and contexts, 

such as in a flight simulator (Dill et al., 1993), may compel retinotopic matching which, 

under free locomotion, may not normally be typical of the same species. Similarly, 

honey bees that have been trained to discriminate different orientations extract orientation 

information from training patterns and prefer non-identical patterns containing stripes of 

the same orientation as the training pattern (Giger and Srinivasan, 1995). Under the same 

conditions, bees respond identically to identical contrast-inverted patterns, demonstrating 

a lack of eidetic (nearly photographic) template matching (Giger and Srinivasan, 1995). 

Head turning in the yaw plane 

The degree of head turning with respect to the body axis was small enough (4°) 

not to obscure the interpretation of the body orientation data. The mean body orientation 

angles ranged from 257° (left eye facing the positive cue) to 124° (right eye facing the 

positive cue), covering 227° within the fronto-lateral visual fields. Small head turns, on 

the order of 4°, could not compensate for the changes in body orientation exhibited from 

one trial to another. Additionally, it is known that when fruit flies are forced to view a 

previously-learned pattern after an imposed shift in body position of 3°, flies are still 

capable of making a retinotopic match (Dill et al., 1993). Thus, small retinal shifts do not 

alter the ability of fhiit flies to make a retinotopic match. Small head movements of 4° 
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by blowflies are within a range that should not have impacted their ability to form 

retinotopic matches, if indeed they did so. 

Previous studies demonstrated that head movements in the yaw plane are coupled 

with whole-body movements in the same direction in tethered or freely flying flies 

(Gilbert et al., 1995; Land, 1975; van Hateren and Schilstra, 1999). The relative yaw 

angle between head and body under these circumstances ranges from approximately 0-

10° (see Fig. 21.3 in Land, 1975 or Fig. 4 in van Hateren and Schilstra, 1999). Therefore, 

in flight, the relative angle between head and body is greater on average than during 

walking (4°); this may reflect the drastically higher velocities at which the head and body 

turn during flight compared to during walking. Although the relative timing of head to 

body saccades was found to differ in two studies, both emphasized the role of saccades in 

the minimization of retinal blur (Land, 1975; van Hateren and Schilstra, 1999). Fast 

saccades are made by many visual organisms in an attempt to minimize visual motion 

such that resolution is only compromised during the brief saccadic event (Land, 1999). In 

this manner, animals can periodically redirect their gaze and view the visual scene during 

non-saccadic fixation periods (Land, 1999). In animals with movable eyes this can be 

achieved by quick movements of the eyes, but in blowflies, movement of the head itself 

or quick movements of the entire body are functionally equivalent. Like the hover fly, 

Syritta pipiens (Collett and Land, 1975), blowflies also make whole-body saccades (Fig. 

3.2). These whole-body saccades serve to rapidly reorient the animal with respect to the 

visual image. Whole-body saccades occur between periods of straight paths during 
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which fixation of the visual surround is possible (Fig. 3.2). Thus, walking blowflies 

appear to use whole-body saccades to redirect their gaze. Further study of the temporal 

relationships between small head movements, body saccades, and angular accelerations 

during walking are necessary for a complete comparison to be made with flying 

behaviors. 

Walking blowflies can learn to discriminate between patterns that differ in 

orientation. This behavior is accomplished in the absence of stereotyped behaviors that 

would facilitate retinotopic matching. In this task, flies, therefore, are afforded the 

flexibility to recognize visual cues from a variety of viewing locations. Such flexibility 

may indeed be reflected in the seemingly impulsive life of flies. Future studies can 

address whether blowflies are capable of additional recognition tasks in a spatially-

invariant manner. 
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Figure 3.1 

Experimental arena (a) with two visual cues positioned on the walls. Black circles 

represent the initial drop of sucrose in the center of the arena and the reward drop of 

sucrose paired with one of the two visual cues, respectively. In all experiments flies were 

released in the center of the arena and allowed to walk freely, (b) Body orientation angle 

measured for experiment 2. The black dot represents the head of the fly and the 

connecting line its body axis. The positive cue is drawn in pink. The dashed line 

represents the direction perpendicular to the positive cue and is the reference point with 

which the body orientation angle is measured (circled arrow), (c) Head angle was 

measured to assess the degree of head turning in the yaw plane. The head, the thorax, and 

the abdomen of the fly were digitized (black dots) in each frame of video. The blue and 

green lines represent the head-thorax and thorax-abdomen axes, respectively. The angle 

between the two lines was measured (head angle). 
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Figure 3.2 

Initial approaches to the positive cue. Each column (a and b) depicts four panels, each 

showing an initial approach to the positive cue made by an individual fly. The positive 

cue is represented by the pink segment. The unrewarded cue is represented by the black 

segment. The blue line segment and black dot represent the body axis of the fly and its 

head in each video fiame, respectively. The arrows indicate whole body saccades. * 

indicate straight paths. 
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Figure 3.3 

Body orientation. Each graph (b-f) represents the body orientation angles for an 

individual fly on a trial by trial basis. Each trial is represented in an unique color. 

Squares depict the frequency distribution of the raw data plotted into 5° bins. Vectors 

represent the mean direction for a given trial, (a) Key representing eye regions and their 

corresponding body orientation angles. Each initial approach within individuals was 

statistically different in its distribution from all other approaches (see text for statistical 

analysis). 
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Figure 3.4 

Head angles during approaches, (a-c) Approaches to the positive pattern. The amount of 

head turning, independent of body turning, was assessed at high magnification. Blue 

represents the head-thorax axis and green the thorax-abdomen axis, b, training trial and 

a.c testing trials. * indicates the begiiming of the approach. 
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Figure 3.5 

Head angles. The average of the absolute value of the head angle to body axis is shown. 

0° equals no head turning. Each square and error bar represents the mean +/- the SD for a 

single approach to the positive cue. Ten averages from each of three animals are 

represented in a-c. Averages are separated by an arbitrary distance on the y axis. 
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Figure 3.6 

Summary of approaches for an individual fly. Shown are six trials (5 training and I 

testing). Each trial is represented by the general location from which the approach was 

made and by the corresponding mean body orientation angle for approach only 

(numerical values indicated), a, training trial 1; b, training trial 2; c, training trial 3; d, 

training trial 4; e, training trial 5; e, testing trial. 
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CHAPTER FOUR 

NEURAL CORRELATES OF ORIENTATION DISCRIMINATION 
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Abstract 

To test for the existence of orientation-selective neurons in Phoenicia, the lobula neuropil 

was impaled for intracellular recording. Visual responses to wide field motion and small 

field orientation are here described for five neurons. Two neurons, termed oblique 

detectors, had novel directional motion responses to moving gratings. Their directional 

motion preferences indicate a possible role in the detection of expanding, oblique edges 

during approach to visual cues. Additionally, one directionally selective and two 

orientation- and motion-sensitive neurons were recorded. Four of the five neurons 

responded with graded potentials, and one responded with small, non-overshooting action 

potentials. These data support the hypothesis that the dipteran lobula contains neurons 

tuned to the orientation of moving edges. 

Introduction 

The ability to behaviorally discriminate pattern orientation relies on the ability of 

the nervous system to detect differences in the patterns of retinal input that the two 

patterns generate. Several sources of information are available in patterns that differ in 

orientation; the directional motion cues generated as the observer moves relative to the 

patterns, the absolute deviation of lines fi-om one pattern to the other, the composition of 
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the flow field generated as the observer turns relative to each pattern, and the distribution 

of the flow field with respect to a stationary retina. The specific form of information 

available depends on the particular set of pattems to be discriminated (Campbell and 

Strausfeld, 2000). Of these four different mechanisms only one can exclusively account 

for the range of pattems that blowflies are capable of discriminating (Campbell and 

Strausfeld, 2000). Orientation-selective neurons can, in theory, provide a basis for the 

discrimination of all orientation differences (Srinivasan et al., 1994; Chandra et al., 

1998). A network of neurons timed specifically to a range of orientations has not been 

observed in dipteran visual systems, although individual neurons with some orientation 

preference, in conjunction with directional motion preferences, have been described 

(extracellular recordings, McCann and Dill, 1969; vertical motion sensitive cells in 

posterior lobula plate, Eckert and Bishop, 1978; Hengstenberg, 1982). 

The lobula; its role in form perception and orientation processing 

Neuroanatomical studies of the dipteran lobula reveal a complex, laminated 

structure comprising successive levels of assemblies of small-field, pyramidal-like 

neurons. The lobula contains three basic types of small-field, retinotopic neuronal 

assemblies: isomorphic assemblies (populations of identical neurons that each constitute 

a morphological class), local isomorphic assemblies, and single, unique neurons 

(Strausfeld and Hausen, 1977). The three classes of assemblies are spatially arranged into 

columnar and tangential arrays that are perpendicular to each other (Strausfeld and 

Hausen, 1977). The dendrites of each pyramidal-like neuron subtend an area that 
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receives inputs from 9-12 visual sampling units (VSUs), primarily from the chromatic 

pathway (see Strausfeld and Lee, 1991). Each assembly is anatomically distinct and each 

is supplied by a characteristic combination of retinotopic neurons that arise in the more 

peripheral medulla. Within each lobula assembly exist local neurons whose axon 

collaterals connect different lobula laminae. 

Overall, the columnar organization of lobula neurons reflects the organization of 

the retina supplying it (Fig. 1.1). Thus, it is possible to relate the dendrites of a stained or 

filled lobula neuron with the pattern of retinotopic afferents supplying that layer of the 

lobula from the medulla. In this manner, the structural field of a lobula neuron can be 

related to the pattem of visual sampling units and their corresponding regions in space. 

This is of great advantage when relating the receptive field of a recorded cell with its 

anatomical organization in the assembly. 

Information from the lobula is carried by approximately twenty-five distinct 

morphological types of efferent neurons organized into as many assemblies. Each 

assembly projects its axons to a discrete pre-motor center of the brain called an optic 

glomerulus (Strausfeld, 1993; Fig. 1.1). Uptake of cobalt ions following injection of 

cobalt chloride by lobula assemblies (Strausfeld and Hausen, 1977) demonstrates that 

each type of pyramidal-like neuron can be consistently identified on the basis of its 

distinct morphology, its location within its ensemble of identical neurons, and its central 

target. 
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Limited physiological evidence suggests that subsets of lobula neurons are 

involved in the detection of objects. Studies of the dipteran lobula demonstrate that some 

cells, arborizing both in the lobula plate and in the lobula, possess relatively small 

receptive fields and do not respond differentially to different directions of motion; the 

membrane response of these cells, lobula-lobula plate (LLP) and lobula-plate lobula 

(LPL) neurons, is modulated at the contrast fi'equency when stimulated with a moving 

grating (contrast frequency is defined as the fi^quency of black and white luminance 

changes and is determined by the spatial firequency and the velocity of the grating; Gilbert 

and Strausfeld, 1992). Given these receptive field properties and the fact that LLP and 

LPL neurons project to regions in the lateral deutocerebrum where descending pathways 

arise and then project to the head-neck and flight motor areas (Gronenberg and 

Strausfeld, 1992), it is possible that they play a role in the detection of objects and 

fixation behavior (Gilbert and Strausfeld, 1992). Recent experiments on LLP and LPL 

neurons of Phaenicia describe neurons with receptive fields within which are spatially 

antagonistic areas that respond differentially to motion and neurons that respond when 

motion is restricted to a particular region of the visual field (Douglass and Strausfeld, 

1998); unlike tangential motion-sensitive neurons within the lobula plate, these neurons 

are not directionally selective. In addition, male-specific lobula neurons subserving the 

male acute zone have been described and are thought to play a role in the detection and 

tracking of female conspecifics (Strausfeld, 1991; Gilbert and Strausfeld, 1991; 
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Gronenberg and Strausfeld, 1991); however, these neurons respond not only to small 

objects but to their direction of motion as well (Gilbert and Strausfeld, 1991). 

Several studies of non-dipterans suggest that the lobula processes information 

about color and form. Recordings from bee lobula have revealed neurons that respond 

selectively to monochromatic input at low intensities, some with antagonistic (excitatory 

and inhibitory responses to the same stimulus) regions within the receptive field and 

others with color opponent characteristics at the same spatial location (Hertel, 1980). 

Like the mammalian visual cortex, insect brains also possess orientation-selective 

neurons. A study of the dragonfly lobula (O'Carroll 1993) has revealed orientation-

sensitive neurons that are likely to play a role in form vision. This study demonstrated 

for the first time that insect optic lobes contain neurons tuned to bars of particular 

orientations. These neurons responded to bars 1° by 8° that were moved in either 

direction orthogonal to the long axis of the bar and exhibited spatial summation when the 

length of the bar was extended within the receptive field. Fourier analysis of the 

frequency components of the responses revealed that the major component of the cellular 

response was to the orientation rather than the motion of the bar (O'Carroll, 1993). 

Neither wide field motion nor a square-wave grating of the same spatial fi-equency and 

velocity of the single bar stimulus elicited responses in the neurons (O'Carroll, 1993). 

This observation suggests that a type of spatial inhibition plays a role in the receptive-

field properties of the orientation-sensitive neurons (O'Carroll, 1993). Recently, similar 

neurons have been physiologically identified in the brain of honey bees (Yang and 
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Maddess, 1997). Like the neurons in the dragonfly, bee orientation-sensitive neurons 

have large receptive fields, often covering much of an eye. These neurons responded 

selectively to moving bars of particular orientations (*115® and 250° counterclockwise 

from 0° vertical) over a large range of velocities (100-2500 °/sec). The responses did not 

change as the stimulus location within the receptive field and the contrast were 

modulated; thus, Yang and Maddess (1997) concluded that the inputs to a single, 

orientation-sensitive neuron were likely to be many similar orientation-sensitive subunits. 

Both of these physiological accounts clearly demonstrate the existence of orientation-

sensitive neurons in non-dipteran insect brains. Unfortunately, neither study 

complemented their recordings with intracellular dye filling of the recorded neurons; 

thus, the exact location within the optic lobes and the morphologies of the neurons are 

unknown. 

Anatomical features of the dipteran lobula and physiological findings in other 

insect lobulas suggest that neurons sensitive to orientation may reside within this visual 

neuropil. To test explicitly the hypothesis of orientation-sensitive neurons in the dipteran 

visual system, intracellular recordings were made from the optic lobes of adult blowflies 

(Fig. 1.1). Neurons residing within the lobula were targeted for intracellular recording 

and testing with orientation stimuli. Additional stimuli, such as motion, were used to 

screen the recorded neurons for response properties found in previously published 

neurons residing in the lobula plate. Several new types of motion sensitive neurons and 

potential orientation-selective neurons are described here. Their response characteristics 
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are discussed in relationship to behavioral studies of orientation discrimination in flies 

(Campbell zmd Strausfeld, 2000). 

Materials and Methods 

Animals: Adult blowflies, Phaenicia sericata, were taken firom the colony maintained at 

the Arizona Research Laboratories Division of Neurobiology in Tucson, AZ. Animals 

were at least 2 days old and no older than 8 days. 

Preparation for intracellular recording: Flies were cooled on ice. The distal 

portions of the wings were then clipped to prevent flight. The body of the fly was then 

secured in a cut plastic pipette tip that served as a type of straitjacket. The head of the fly 

protruded from one end of the pipette tube. The dorsal surface of the thorax was waxed 

to the edge of the tube with a 1:1 mixture of bee's wax and violin rosin (low melting 

point wax mixture). The proboscis of the fly was either cut and sealed with the wax 

mixture or pulled out and waxed anterior and ventral to the head. The head was pitched 

forward approximately 45° and secured ventrally and laterally with the wax mixture. 

Care was taken not to cover the spiracles or compound eyes with the wax mixture. The 

wax was melted by passing a metal stick through an alcohol lamp and then picking up a 

wax bit with the hot tip; this ensured that the temperature of the wax mixture was high 

enough to melt the wax, but low enough not to scald the animal's cuticle. 

Intracellular recordings of optic lobe neurons: A small piece of the posterior cuticle of 

the head was removed to expose the region of the optic lobes containing the lobula 
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complex. The large trachea were removed to expose the brain surface. During dissection 

and intracellular recording, small drops of physiological saline (modified from O'Shea 

and Adams, 1981) were applied. Care was taken to minimize tension on the brain itself 

Several alternative configurations were used for the dissection of the esophagus. One 

configuration, used when the proboscis was cut from the head, involved pulling the cut 

end of the esophagus through the brain and allowing any digestive contents to spill from 

the free end outside the body of the animal. This strategy was used when the pumping 

rhythm of the esophagus was particularly visible during the dissection. The second 

configwation, used either when the proboscis was cut or intact, involved leaving the 

esophagus in place. 

Glass micropipettes were pulled on a micropipette puller (Sutter Instruments P-

2000 laser-based). The tips of the micropipettes were filled with 4% Lucifer Yellow 

(LY; Molecular Probes or Sigma) and backfilled with 0.1 M lithium chloride (LiCl) or 

filled entirely with 2 M potassium acetate (KAc). After 4-26-99 the LY procedure was 

modified to reduce electromagnetic noise in the recording apparatus; a LY solution of 

1.5% made in 0.02% LiCI filled the tip, backfilled by 2 M LiCl. Micropipettes were 

connected to a silver chloride pellet electrode which was in turn connected to an 

intracellular amplifier and standard electrophysiology equipment. Physiological 

recordings were viewed on an oscilloscope and stored on magnetic tape. A silver coated 

wire was placed in the thoracic body cavity as the reference electrode. 
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The micropipette was held in a fine micromanipulator (Huxley-Wall Type MP-85) 

capable of advances as small as 0.2 (im. After placing the tip of the micropipette in the 

saline bath near the surface of the brain, the resistance of the electrode was measured. 

The tip resistance of LY filled electrodes ranged fi-om 80 to 250 MO; potassium acetate 

filled electrodes measured from 45 to 120 MQ. Penetrations of neurons were made using 

the fine advance of the micromanipulator. Deflections in the voltage record were 

monitored. A combination of small advances and "buzzing" with the amplifier was used 

to penetrate single neurons. 

Visual stimulation: Visual stimuli were presented on an Eizo FX-C6 computer monitor 

(running with a refresh rate of 160 Hz) situated 30 cm from the eyes of the fly. A glass 

shield (Soda Lime Glass, Thin Film Devices, Inc., Anaheim, CA) was placed between the 

monitor and the fly to minimize the influence of electrical noise on the intracellular 

recording. Visual stimuli were configured with the software packages Stimulus Maker 

and Neurosequencer by Vision Research Graphics of Durham, New Hampshire. 

A range of visual stimuli was available for a given intracellular recording. Often 

the low stability of the intracellular recording prevented the stimulation of the neuron 

with all types of stimuli. Specific stimuli are listed below. 

1) Moving gratings. Wide field (159.8 mm wide by 175.5 nun high, corresponding 

to 28.17° by 32.19° at 30 cm viewing distance) square wave gratings were moved 

in four directions; up, down, left, and right. The spatial frequency of the gratings 

was either 0.20, 0.24, or in most cases 0.30 cycles per degree moved at a velocity 
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oflO°/s. The contrast frequencies were, therefore, either 2.0,2.4, or 3.0 Hz. In 

some stimulation files, gratings were presented on a completely black screen, and 

in others it was on a gray screen (25% white). All gratings were composed of 

black and white stripes of 0 candela/m^ (cd/m^) and 100 cd/m^ luminance, 

respectively. Gratings were presented for 3.750 seconds. 

2) White circle. Small Held motion stimulation was performed with a white filled 

circle 20 mm in diameter (3.81° at 30 cm viewing distance). The circle could be 

positioned anywhere on the monitor with a trackball. In some cases the circle was 

solid, in others it flickered at either 1 or 2 Hz. The circle (100 cd/m^) was 

presented against a completely black background (0 cd/m^). The duration of the 

white circle stimulus was controlled by keyboard strokes and was, therefore, at the 

discretion of the experimenter. The white circle stimulus was used primarily to 

confirm the location of the receptive field on the monitor and to assess directional 

motion preferences with a small field stimulus. 

3) Oriented bars. Bars of particular orientations were presented. Bars were 16.41 

mm wide by 45.65 mm high (3.13° by 8.65° at 30 cm viewing distance). 

Sequences of all orientations were presented in discrete locations of the monitor. 

Five locations were defined: center of the monitor, top right, bottom right, bottom 

left, and top left quadrants. The bars were white (100 cd/m^) on a black 

background (0 cd/m^). In all stimulation regimes the bars were stationary for 1 

sec and then moved perpendicular to their long axis in either of two directions at 
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20 °/sec. Motion of the bars consisted of a single sweep. For instance, a vertical 

bar (0°) would move from right to left and then extinguish. Sequences presented 

in the center of the monitor consisted of 0°, 22.5°, 45°, 67.5°, 90°, -67.5°, -45°, 

and -22.5° bars (clockwise rotations are denoted as + and counterclockwise as -

angles relative to a 0° vertical). Sequences presented in the four quadrants of the 

monitor consisted of 0°, 45°, 90°, and -45° bars. Oriented bars were each 

presented for 2.5 seconds (I sec stationary followed by 1.5 sec moving). 

4) Between the above stimulation regimes the screen of the monitor consisted of 

either complete blackness (0 cd/m^), an intermediary gray of 25% white, or a 

random noise idle page. The noise idle page consisted of randomly distributed 

black and white elements 4.0 mm wide by 4.4 mm tall. The noise idle page was 

used to prevent a drastic decrease in overall luminance at the stimulus transition. 

All idle pages covered the entire screen (dimensions 310 rrmi wide by 215 mm 

high; 45.9° by 35.6°). 

Analysis of response properties: Trigger pulses corresponding to the onset and offset of 

stimulation were recorded simultaneously with the membrane voltage. The occurrence of 

all stimuli, therefore, is known. The one exception was that the white circle's exact 

position on the screen was not precisely defined, although a trigger pulse was available 

that defined the onset and offset of the white circle. Audio records of the position and 

direction of motion of the white circle were available and could be correlated with 

physiological recordings at the time of data digitization. 
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Data were stored on magnetic tape and then digitized with a Cambridge 

Electronics Display 1401 plus interfaced with a PC. Spike 2 software (Cambridge 

Electronics Design, Cambridge, England) was used to capture images of the voltage 

recordings, trigger pulses, and stimulus identification codes. Audio comments were 

incorporated into Spike 2 files through keyboard input. 

Most neurons recorded (4 of 5 reported here) were non-spiking intemeurons (in 

response to visual stimulation these neurons did not generate action potentials; the 

membrane was not systematically tested with current injection for the ability to generate 

action potentials). Detailed analyses of five neurons are presented here. Analysis of non-

spiking response properties involved measurement of sustained depolarizations or 

hyperpolarizations of the membrane baseline. The on/off response properties of some 

neurons were also noted when observed. The area under the curve was calculated for 

stimulation periods of non-spiking neurons. Area measurements are presented such that 

positive values indicate depolarizing events and negative values indicate hyperpolarizing 

events. 

In one neuron small action potentials were recorded. The number of action 

potentials occurring during a stimulation period were counted. Action potentials were 

only observed during stimulation; thus, normalization to a baseline frequency was not 

necessary. The average frequencies of action potentials during different stimuli were 

compared. 
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Results 

Oblique detectors 

Several neurons were recorded that responded in a manner similar to the well known 

tangential directionally selective motion detectors (DSMDs) of the fly visual system 

(Dvorak et al., 1975; Eckert and Bishop, 1978; Hausen, 1982 a, b; Hengstenberg, 1982). 

The recorded neurons, here named oblique detectors, differed in their preferred direction 

of motion from the previously published DSMD cells. Oblique detectors exhibited 

combinations of preferred motion such as up and right as well as null directions such as 

down and left, rather than having restricted directional motion tuning in either the vertical 

or horizontal planes. An example is shown in Fig. 4.1. 

Cell one: This non-spiking neuron responded with graded potentials of various 

amplitudes, similar to those recorded from the horizontal sensitive (HS) and vertical 

sensitive (VS) cells of the fly lobula plate (Sohoo and Bishop, 1980; Hausen, 1982a, b; 

Hengstenberg, 1982). This neuron responded with a phasic depolarization of the 

membrane potential (Vm) and a simultaneous increase in the frequency of graded 

fluctuations to stimulation of a vertical grating moving rightward (Fig. 4.1a). An 

expanded scale view of the response (Fig. 4.1b) shows that these fluctuations were 

depolarizing in polarity. These high frequency depolarizing responses continued 

throughout the period of stimulation, but the baseline membrane potential gradually 

repolarized prior to the end of the stimulus. Motion in the leftward direction elicited a 

response of the opposite polarity (Fig. 4.1c); the membrane potential was phasically 
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hyperpolarized. Higher magnification of the response indicates that membrane 

fluctuations included both depolarizing and hyperpolarizing potentials (Fig. 4.Id). 

Motion in the upward direction elicited a phasic depolarization of the membrane (Fig. 

4. le). An increase in depolarizing membrane fluctuations also occurred throughout the 

stimulation period (Fig. 4.1 f). Stimulation with downward motion led to a depolarization 

of the membrane; however, the depolarization was composed of many phasic components 

that rose and fell during the stimulation (Fig. 4.1g). Fluctuations of the membrane during 

downward motion were depolarizing (Fig. 4.1h). 

Each direction of motion was tested several times (see Fig. 4. la, c, e, and g). The 

area of the response (under the curve) is represented for all stimulations in Fig. 4.2. 

Negative area values represent hyperpolarizing responses. Rightward and upward motion 

both generated responses in the depolarizing direction and the strength of their responses 

was comparable. Leftward motion clearly hyperpolarized the membrane and repeated 

stimulation demonstrated consistency in this response. The strength of the responses to 

downward motion was less than to rightward and upward; responses to downward motion 

were near zero in the area measurements. Rightward and upward motion were both 

encoded similarly, whereas leftward motion was encoded in a distinctively different 

manner. It is unclear whether the responses to downward motion in this neuron can be 

considered different from responses to rightward and upward motion. 

Responses to the white circle (flickering at 2 Hz) were consistent with the 

responses recorded during grating motion. Trackball motion of the white circle leftward 
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elicited a hyperpolarization, rightward motion elicited a depolarization, and upward 

motion elicited a depolarization of the baseline Vm (Fig. 4.3). All three of these 

responses had superimposed on them an increase in membrane fluctuations. Trackball 

motion in the downward direction also elicited an increase in membrane fluctuations, as it 

did in the grating motion; changes in the baseline Vm, however, were minimal during 

downward motion (Fig. 4.3b). 

Cell one was recorded from the right optic lobe. The head of the fly was 

positioned in front of the center of the monitor. Therefore, all grating motions provided 

binocular input to the eyes. Rightward motion, therefore, would not exclusively represent 

progressive motion that occurs as the animal translates forward in the environment, rather 

it would mimic a lefrward yaw turn of the head or body in which both eyes would receive 

rightward motion. 

Cell two: Another neuron was recorded that exhibited similar responses to motion. This 

cell was recorded from the left optic lobe. Cell two responded with sustained and phasic 

hyperpolarizations to upward and leftward grating motion, respectively (Fig. 4.4a, b). To 

downward motion a sustained depolarization was observed and to rightward motion a 

slight depolarization (Fig. 4.4c, d). All four responses were accompanied by an increase 

in membrane fluctuations, either depolarizing, hyperpolarizing, or both. 

The area under the curve demonstrates that responses to particular directions of 

motion gratings were consistent in their direction of membrane polarization, as well as 

strength (Fig. 4.5). Hyperpolarizing responses, especially to upward motion, were 
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consistently strong (Fig. 4.5). The responses to the white circle stimulus were also 

consistent with grating motion. Fig. 4.6 depicts responses to upward and downward 

motion of the circle (solid white, non flickering). When moved downward, the white 

circle elicited an increase in membrane fluctuations but little change in overall membrane 

potential. Upward motion of the circle caused a clear hyperpolarization of the membrane 

and an increase in membrane fluctuations (Fig. 4.6), similar to the response elicited by an 

upward moving grating (Fig. 4.4a). Cell two was also tested with the white circle moving 

right and left; however, poor audio records prevented the accurate interpretation of 

stimulus onset and direction. 

Cell two was characterized by different directional motion preferences than was 

Cell one. Cell two responded to rightward and downward motion similarly 

(depolarization) and to leftward and upward motion similarly (hyperpolarization). 

Classic-type motion responses 

One neuron was found to have visual responses reminiscent of the well known HS 

cells. Cell three: Cell three responded to a vertical grating moving right with a phasic 

depolarization (Fig. 4.7). Like Cell one, this depolarization contained many fluctuations 

of the membrane potential. Stimulation with other grating motions (downward and 

upward motion) did not elicit a response other than a general decrease in membrane noise 

(Fig. 4,7). An analysis of the area under the curve is consistent with visual inspection of 

the responses to the rightward moving grating; responses to the rightward grating in the 

top three lines of Fig. 4.7 are each represented by a depolarizing value in Fig. 4.8. The 
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fourth stimulation in which the response was not present has an overall hyperpolarizing 

average. When the area is compared to stimulation with other gratings (Figs. 4.7 and 4.8) 

the importance of the cell's phasic response is evident; responses to the rightward moving 

grating were phasic and thus the area under the curve which was measured for the entire 

stimulation period may not best describe the differences in responses to different 

directions of motion. Certainly the phasic nature of the response could impact 

downstream postsynaptic events. 

Orientation and motion responses combined 

Two neurons were tested with oriented bars. Aspects of their responses indicate some 

selectivity to orientation in addition to directional motion preferences. 

Cell four: This neuron was stimulated with bars of different orientations that moved 

perpendicularly to their long axis. The recording was brief, and therefore, multiple 

identical stimulations were not possible. The cell was tested with a sequence of 8 bars in 

the lower right quadrant of the monitor once and the same sequence in the lower left 

quadrant once. In each quadrant during one or two bar stimuli, movement artifacts of the 

electrode obscured the response of the neuron. All other responses, however, were free of 

artifacts and are presented here. The response onset occurred 1 second into the stimulus 

period when the bar began moving. Responses to oriented bars consisted of shifts in the 

baseline membrane potential accompanied by increases in membrane fluctuations, much 

like those recorded in Cells one, two, and three. For example, responses to a +45° bar 

moving in the up/left and right/down directions are shown in Fig. 4.9. Motion of the 
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+45° bar moving up/left elicited a hyperpolarization of the membrane, and motion of the 

same stimulus moving in the right/down direction elicited a depolarization of the 

membrane. An analysis of the area under the curve demonstrates the directional motion 

preference of this neuron (Fig. 4.10). Motion in the general up and left directions elicited 

hyperpolarizing responses, whereas motion in the down and right directions elicited 

depolarizing responses. The strongest responses in either direction, depolarizing or 

hyperpolarizing, were both observed when a +45° bar moved through the receptive field, 

suggesting that this particular orientation was optimal for the receptive field properties of 

the neuron. The polarity of the membrane response was correlated with the direction of 

the motion. Thus, Cell four's response characteristics are compounded by two distinct 

features of the stimulus, the orientation of the bar and the direction of motion. 

Cell five: This neuron responded selectively to several oriented bars (Fig. 4.11). 

Responses to bars consisted of small action potentials (Fig. 4.12). This recording was 

made from the right optic lobe. The fly was positioned left of center with respect to the 

monitor screen. The receptive field was located in the anterior region of the right visual 

hemisphere, which corresponded with the right portion of the lower left quadrant of the 

monitor. Spiking responses occiured at a delay into the stimulus period that 

corresponded to the time when the stimulus would have crossed from the left to the right 

visual hemisphere. 

Cell five was stimulated repeatedly with eight different oriented bars. Cell five 

fired action potentials to a -45° bar moving right/up, a 0° bar moving right, a +45° bar 
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moving right/down, and a 90° bar moving down (Fig. 4.1 la-d). No action potential 

responses were observed with other bar stimuli (Fig. 4.1 le-h). The averaged number of 

action potentials (+/- standard deviation) is shown in Fig. 4.13. The response was 

broadly tuned to -45°, 0°, and +45° bars when the direction of motion contained a 

rightward component. Responses to 90° moving downward were attenuated in 

comparison. All other bar stimuli did not elicit action potentials. This neuron preferred a 

range of motions, encompassing 135° of the possible directions. Thus, this neuron 

exhibit preferred, but not null, directional specificity. Throughout this recording, 

electrode movement artifacts were visible during periods of hemolymph pumping. All 

data affected by such artifacts were eliminated from the analysis. Identification of the 

pumping phenomenon was obvious in the distinct noise audible on the audio record of the 

recording session and the resulting characteristic waveform distortion. 

Controlling for artifacts 

Several lines of evidence demonstrate that the recordings presented above were indeed 

biological signals and not electrical noise generated in the recording system. First, 

recorded membrane fluctuations did not occur at 60 Hz or harmonics of 60 Hz; therefore, 

membrane fluctuations were not due to electromagnetic noise. Secondly, within a given 

recording, depolarizing and hyperpolarizing responses were both observed. If the 

stimulation apparatus (the VRG system) had been responsible for generating electrical 

noise precisely when stimuli were triggered, artifact responses should have been similar 

in polarity and should have been uncorrelated with the direction of the moving grating. 
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Third, during white circle stimulation, which lasted for a duration specified by the 

experimenter via keyboard input, responses were only observed during periods when the 

circle was moved in particular directions on the monitor. Thus, even when the stimulus 

was present on the screen, and the potential for electrical noise continuously possible, 

neurons did not respond unless they were selectively stimulated in particular regions of 

their receptive fields with particular directions of motion. 

Electrophysiology experience summary 

Electrophysiology experiments were made during four periods. From September 18, 

1997 to December 16, 1997, the initial testing of the recently constructed physiology rig 

was made, with only four experiments undertaken. From April 28, 1998 to July 1, 1998, 

an additional 1S experiments were performed. During this time, attempts were made at 

identifying appropriate micropipette electrodes by pulling them on two available 

electrode pullers, one in the Hildebrand laboratory and one in the Strausfeld laboratory. 

Familiarity with the dissection and identification of optic lobe anatomy was also gained 

during this period. From February 5, 1999 to June 10, 1999, the most successful period 

(referred to as the "successful period" below) of recording was done. During this time, 

thirty nine flies were experimented on, yielding recordings of 29 neurons. Examination 

of these 29 recordings revealed that only 4 (Cells one, three, four, and five) were 

sufficiently interesting to describe. The 25 other neurons consisted mostly of cells that 

did not respond to the visual stimuli available or responded similarly to all visual stimuli 

(usually with discrete ON or OFF responses to changes in illumination). From August 



20, 1999 to December 23, 1999 (referred to as the "unsuccessful period" below) an 

additional thirty four flies were experimented on. From these preparations only a single 

recording was deemed worthy of discussion here (Cell two). During both the successful 

and the unsuccessful periods, problems obtaining regular success were constantly 

examined and re-evaluated. Ultimately, no single variable was deemed responsible for 

the difficulties in obtaining regular, stable recordings of fly visual neurons. The 

difficulties during the imsuccessful period were characterized by either 1) not getting into 

any cells in a given preparation, 2) falling out of penetrated cells before ample recording 

occurred, or 3) observing a drop in the baseline, but observing no synaptic activity in the 

"cells". The following variables were investigated as having potential roles in creating 

the difficulties: various borosilicate glasses and puller settings on three different 

electrode pullers were used; the angle of the electrode with respect to the optic lobes and 

its tracts was altered several times; head-only preparations were used on several 

occasions to avoid movements caused by esophageal pumping in the intact animal; wild 

Phaenicia sericata were periodically collected to rejuvenate the fly colony; in November 

1999 the entire colony was eliminated and replaced with wild stock (this was done in an 

attempt to eliminate what appeared to be a fungus that was growing on the exoskeleton of 

the flies); a different genus, Sarcophaga, of flies was used briefly; changes to the 

dissection and recording techniques were made as suggested by other members of the 

Strausfeld laboratory; potassium acetate electrodes were used the majority of the time 

during the unsuccessful period to reduce complications associated with LY electrodes (no 
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recorded neurons were successfully filled with LY); a few recordings were made with the 

use of a support platform beneath the brain to minimize movements of the tissue. 

Discussion 

Several neurons described here responded similarly to the well known 

directionally-selective tangential neurons of the fly lobula plate (Hengstenberg, 1977; 

Eckert and Bishop, 1978; Hausen, 1982a,b). These types of non-spiking visual neurons 

generally have large receptive fields and corresponding large dendritic arborizations 

within the lobula plate (Hausen, 1982a) onto which many hundreds of presynaptic 

elements are thought to synapse. Each presynaptic element is believed to have a small 

receptive field in which it is sensitive to aspects of visual motion (Douglass and 

Strausfeld, 1995, 1996). When the eye is stimulated with wide field motion these 

presynaptic elements are believed to fire asynchronously onto the large tangential 

neurons. As a result, recordings of large tangential DSMDs do not reflect discrete post 

synaptic events such as excitatory and inhibitory postsynaptic potentials (epsps and ipsps, 

respectively) that can be repeatedly identified in multiple identical stimulations 

(Hengstenberg, 1977; Eckert and Bishop, 1978). Of the many tangential neurons within 

the lobula plate, two non-spiking classes have been extensively characterized, the giant 

horizontal motion sensitive (HS) and the giant vertical motion sensitive (VS) neurons. 

It has been debated whether or not large tangential HS and VS cells generate 

action potentials when optimally stimulated. The general consensus is that despite their 
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ability to generate non-overshooting action potentials when the membrane is artificially 

hyperpolarized, these neurons which generally exhibit low resting membrane potentials 

(range -35 to -55 mV; Eckert and Bishop, 1978) do not normally generate action 

potentials. The anatomy of these neurons suggests that the cable properties of the axons 

are specialized for short distance communication of graded potentials (Hausen, 1982a). 

A thinning of the axonal membrane into a region of spike generation does not occur and 

graded synaptic potentials can be recorded without degradation in the axonal terminal 

200-300 nm away from the dendritic arborization (Hausen, 1982a). A dense glial sheath 

surrounding their extremely large diameter axons (10-25 ^m) is also thought to play a 

role in their ability to use graded signals as a means of transmission (Hausen, 1982a). 

Oblique detectors and potential role in pattern discrimination 

Cell one is clearly not a Vertical Cell (VS). All published accounts of VS cells 

describe a sustained depolarization to downward motion and with a sustained 

hyperpolarization to wide-field, upward motion. Cell one responds in exactly the 

opposite manner, with a depolarization to upward motion and generally no change in 

baseline Vm to downward motion. The fact that Cell one responds to vertical motions 

excludes it from being categorized as an HS cell. HS cells respond with graded responses 

to progressive (front to back) and regressive (back to front) horizontal motion, but do not 

respond to purely vertical motions (Hausen, 1982b). The unique combination of 

directional preferences observed in Cell one suggest that it could play a role in the 
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detection of obliquely-oriented lines (see discussion below regarding model for 

orientation discrimination in behaving flies). 

Cell two can also be excluded from membership in either the VS or HS cell 

groups. Its sensitivity to vertical motion excludes it from being an HS cell. If this neuron 

had been recorded from the right optic lobe, its responses would match perfectly the 

response characteristics of posteriorly situated VS cells which are depolarized by 

downward and progressive (rightward for the right eye) motion and hyperpolarized by 

upward and regressive (leftward for the right eye) motion. Cell two, however, was 

recorded from the left optic lobe where progressive motion would correspond to leftward 

motion on the monitor and vice versa for regressive motion. In addition, both Cells one 

and two do not correspond to the small field motion-sensitive, but directionally 

insensitive Col A neurons of the lobula (Gilbert and Strausfeld, 1991). 

Cells one and two have been termed oblique detectors here for their potential role 

in the discrimination of pattern orientation. Both neurons had receptive fields in the 

frontal visual hemispheres where orientation discrimination predominantly occurs 

(Campbell, 2000). Their unique response characteristics suggest that they could play a 

role in the detection of obliquely oriented patterns such as +45° and -45° which flies are 

capable of discriminating (Campbell and Strausfeld, 2000). For example. Cell two could 

signal either of the two long edges of a +45° bar as the fly approached a visual pattern 

containing a +45° edge. The top edge would move upward and leftward across the eye 

during approach. Cell two would respond to these directions with a hyperpolarization of 
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the membrane (Fig. 4.14b) which would presumably decrease the amount of chemical 

neurotransmitter being released at the axonal terminal. Cell one, on the other hand, 

would in theory be simultaneously depolarized and hyperpolarized by the same inputs 

and therefore, little change in membrane potential would be expected and subsequently 

no modulation of transmitter release would occur. In this manner, the two cells could 

signal the different motion inputs that a fly would experience as it approached patterns 

containing oblique lines. Conversely, Cell one's response characteristics make it an ideal 

candidate for signaling the expansion of a -45° bar (see Fig. 4.14a). Additional 

recordings, including stimulation with obliquely moving edges, would test this 

hypothesis at the neuronal level. A mathematical model of both neuronal types could be 

used to test more specifically what type of circuit of oblique detectors would best signal 

differences between stimuli presented in oblique orientations. 

In theory the HS and VS neurons could signal the expansion of oblique 

orientations over the eyes during approach to the visual cues. This would require that the 

outputs of the two systems, HS and VS, converge on the same population of neurons. 

The axons of these two systems, however, segregate and are presynaptic to two distinct 

populations of descending neurons (Strausfeld and Bassemir, 1985a,b). 

Classic type motion tuning 

Cell three responded similarly to an HS cell with a depolarization to rightward 

motion. Both the right and left visual hemispheres were stimulated during presentation of 

the gratings at the center of the monitor. Thus, a rightward moving grating would have 
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simulated a leftward yaw turn. The cell responded with a depolarization of the 

membrane, as would an HS cell to yaw motion. This neuron, however, responded 

phasically to the rightward motion, whereas HS cells respond tonically to grating motion 

(Hausen, 1982a, b). Because this neuron was not filled with dye after the recording, 

absolute assigiunent as an HS cell is not possible. Several lines of evidence, including 

anatomical relationships among HS cells and descending neurons that supply the neck 

and flight motor systems of flies (Strausfeld and Bassemir, 198Sa; Gronenberg and 

Strausfeld, 1990), detailed behavioral analysis of optomotor responses (Hausen and 

Wehrhahn, 1983), and mutant fiiiit flies deficient in aspects of optomotor behavior 

(Heisenberg et al., 1979), all suggest a role of the HS cells in the optomotor yaw torque 

response (Hausen, 1982b). Stabilization of the visual surround is in part accomplished by 

this visually-induced response in which the fly reorients its body during flight following a 

rotation of the visual surround. 

Potential orientation detectors 

Cell four's response characteristics suggest that its optimal stimulus was a +45° 

bar. The cell depolarized when the +45° bar moved in the oblique down/right direction 

(preferred direction) and hyperpolarized when it moved in the opposite direction (null 

direction). Additional testing with +45° bars moving in other directions is necessary to 

tease apart the cell's preferences for orientation and directional motion. Cell four's 

preferred and null directions are similar to those hypothesized for Cells one and two, and 

thus, its participation in orientation discrimination can also by hypothesized. Like Cell 
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two. Cell four could signal either the top or the bottom long edge of a +45° line as it 

expanded on the retina. Cell four's receptive field included both the right and left visual 

hemispheres. On this basis it can be excluded from belonging to the class of anterior VS 

cells which have exclusively ipsilateral receptive fields and are sensitive to motion in the 

vertical plane (Bishop and Eckert, 1978). Cell four also does not belong to the HS class 

of neurons because of its sensitivity to motion in the vertical plane. 

Cell five's tuning curve is sharply tuned to several directions (oblique up/right, 

right, oblique down/right, and down) as compared to the four directions that elicit no 

response in the neuron. The tuning curve indicates a unidirectional signaling mechanism; 

that is, the neuron appears to only modulate its firing frequency by increasing the action 

potential rate. The baseline firing rate is zero, leaving no room for action potential-

mediated decreases in chemical transmission at the synaptic terminal. 

Cell five is reminiscent of orientation-selective neurons that Hubel and Wiesel 

(1959, 1968) first described in the cat visual cortex and which have been subsequently 

extensively studied in cat and monkey cortexes. Orientation-selective neurons have also 

been described in the dragonfly and honey bee lobula complexes (O'Carroll, 1993; Yang 

and Maddess, 1997). These bar-sensitive neurons respond selectively to single moving, 

dark or light bars having a particular orientation (O'Carroll, 1993). The cells have 

response properties similar to those of the orientation-timed neurons found in areas 17, 

18, and 19 of the cat visual cortex (Hubel and Wiesel, 1959, 1962, 1965). The receptive 

field properties of cat orientation-selective neurons are generally categorized in two 
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groups: 1) simple cells that require a bar of a particular orientation and of a particular 

position within the receptive field, and 2) complex cells that respond to a bar of a 

particular orientation anywhere within the receptive field (Hubel and Wiesel, 1962). 

Hubel and Wiesel (1962) proposed that simple cells are presynaptic to complex cells and 

that they mediate complex cell properties via excitatory synapses. The circuitry 

underlying complex cell responses is still unknown and is likely to involve excitatory and 

inhibitory synapses and horizontal connections within the cortex (Bolz et al., 1989; 

Gilbert and Wiesel, 1989). The orientation-selective neurons described in dragonfiies 

(O'Carroll, 1993) and honey bees (Yang and Maddess, 1997) are remarkably similar to 

the complex cortical neurons described in cats (Hubel and Wiesel, 1962) in that all three 

neuronal types respond selectively to bars oriented in a particular direction, do not require 

precise positioning of the bar within the receptive field, and do not necessarily exhibit 

end inhibition (requiring a bar of a particular length). Neurons similar to the simple-cell 

type described in the cat (Hubel and Wiesel, 1962) have not been described in insects. 

Neurons similar to those described in the cat have been shown to exist in the striate cortex 

of macaque and spider monkeys (Hubel and Wiesel, 1968); monkey neurons were 

generally found to have smaller receptive fields and higher sensitivities to orientation. 

Cat and monkey primary visual cortex is organized such that orientation-selective 

neurons are located within columns containing neurons tuned to the same orientation; 

arranged perpendicularly to these columns are the cortical laminae containing 

morphological and physiological cell types, such as pyramidal cells and simple or 
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complex cells, respectively (Hubel and Wiesel, 1962, 1968). It is possible that, like the 

mammalian visual cortex, the insect lobula possesses a discrete number of orientation-

tuned channels repeated across the retinotopic map, such that discrete patches of visual 

space are analyzed for orientation information. A minimum number of such orientation-

tuned channels has already been suggested for the hymenopteran brain (Srinivasan et. al, 

1994) based on behavioral studies. Further electrophysiology experiments are required to 

assess if the dipteran lobula contains orientation-sensitive neurons. The response 

properties of Cells four and five both indicate the possibility that such neurons do exist in 

the dipteran optic lobes. Both ceils were stimulated with single, oriented bars and 

differential responses to various orientations were observed; the responses due to 

directional motion cues versus orientation, however, would require further testing with 

additional stimuli. 

The recordings presented here indicate the need for further study of fly optic lobe 

neurons. Although the lobula was targeted for impalement, repetitions of these 

recordings in conjunction with dye filling are necessary to determine the recording 

locations and cell morphologies. Only with both types of analysis will a complete 

understanding of the function of the lobula be possible. The data presented here indicate 

that novel motion-sensitive, wide Held neurons and potential orientation-sensitive 

neurons exist in the dipteran lobula complex. 
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Figure 4.1 

Cell one, oblique detector. Graded potential responses to grating motion in a, c, e, and g. 

(a) Rightward motion elicited a phasic depolarization of the membrane and a 

simultaneous increase in membrane potential fluctuations (b). (c) Leftward motion 

elicited a hyperpolarization of the baseline membrane. During leftward motion a 

simultaneous increase in depolarizing fluctuations was observed (d, top trace) followed 

by an increase in hyperpolarizing fluctuations later in the stimulus period (d, bottom 

trace), (e) Upward motion elicited a phasic depolarization of the membrane accompanied 

by an increase in depolarizing membrane fluctuations (f). (g) Downward motion did not 

obviously change the overall baseline potential; however, an increase in depolarizing 

membrane fluctuations was observed (h). All gratings were presented at 3 Hz contrast 

frequencies for a period of 3.750 seconds. Resting membrane potentials are shown to the 

left of each trace. 
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Figure 4.2 

Cell one area measurements depict directional preferences. The area under the curve was 

measured during the entire stimulation period for three identical stimulations with each of 

the four gratings. Hyperpolarizing responses are depicted by negative values. 

Overlapping data points appear as slightly darker squares. 
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Figure 4.3 

Cell one responses to the white circle stimulus. Graded potential responses to the white 

circle (flickering at 2 Hz) are depicted, (a) Motion in the rightward and leftward 

directions elicited a depolarization and a hyperpolarization, respectively, (b) Motion in 

the upward and downward directions elicited little change in the baseline potential and a 

depolarization, respectively. All four stimuli were accompanied by fluctuations of the 

membrane potential. 
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Figure 4.4 

Ceil two, oblique detector. Graded potential responses to grating motion in a-d. (a) 

Upward motion elicited a sustained hyperpolarization of the membrane, (b) Leftward 

motion elicited a phasic hyperpolarization of the membrane potential, (c, d) Downward 

and rightward motion elicited depolarizations of the membrane potential. Like Cell one, 

graded responses in Cell two were accompanied by an increase in membrane potential 

fluctuations. All gratings were presented at 3Hz contrast frequencies for a period of 

3.750 seconds. 
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Figure 4.5 

Cell two area measurements depict directional preferences. The area under the curve was 

measured during the entire stimulation period for three identical stimulations with each of 

the four gratings. Hyperpolarizing responses are depicted by negative values. 
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Figure 4.6 

Cell two responses to the white circle stimulus. Motion of the white circle (non 

flickering) in the downward direction elicited little change in the membrane potential, but 

an obvious increase in membrane potential fluctuations is present. Motion in the upward 

direction elicited a hyperpolarization of the membrane potential and an increase in 

membrane potential fluctuations. 
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Figure 4.7 

Cell three. Graded potential responses to motion. Four repetitions were presented of the 

sequence of stimuli depicted at the bottom of the figure. Rightward motion repeatedly (3 

of 4 times) elicited a phasic depolarization of the membrane. Downward and upward 

motion generally did not elicit responses except that overall membrane potential 

fluctuations decreased during these stimulation periods. This is due to the decrease in 

luminance that occurred from non-stimulus to stimulus periods. The rightward grating 

was presented at 2.4 Hz contrast frequency. The downward and upward motions were 

presented at 2.0 Hz contrast frequency. All grating stimuli were presented for 3.750 

seconds. 
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Figure 4.8 

Cell three area measurements depict directional preferences. The area under the curve 

was measured during the entire stimulation period for four identical stimulations with 

each of the three gratings. Hyperpolarizing responses are depicted by negative values. 

Three of the responses to rightward motion that were characterized by a phasic 

depolarization (top three traces of Fig. 4.7) cluster around +1 mV sec. The recording 

ended before the fourth grating could be evaluated. 
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Figure 4.9 

Cell four. Graded potential responses to +45° oriented bars, (a) Oblique motion in the 

left/up direction of the +45° bar elicited a hyperpolarization of the membrane potential, 

regardless of whether the stimulus was presented in the right or left lower quadrant of the 

monitor, (b) Oblique motion in the right/down direction of the +45° bar elicited a 

depolarization of the membrane potential, regardless of whether the stimulus was 

presented in the right or left lower quadrant of the monitor. All responses began after 1 

second, when the bar began moving. The stimulus consisted of a stationary bar for 1 

second followed by the bar moving for 1.5 seconds. 
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Figure 4.10 

Cell four area measurements depict directional motion preferences. The area under the 

curve was measured during the entire stimulation period for each of the oriented bar 

stimuli. Hyperpolarizing responses are depicted by negative values. The strongest 

responses were to the +45° bar moving in either direction perpendicular to the long axis 

of the bar. N = 2 for all averages except for the 90° bar moving upward for which only 

one presentation was made. 
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Figure 4.11 

Cell five. Responses to oriented bars, (a-d) When moving in one of two directions 

perpendicular to the long axis of the bar, the -45°, 0°, +45°, and 90° bars elicited action 

potential responses in Cell five, (e-h) When moving in the other direction the -45°, 0°, 

+45°, and 90° bars did not elicit responses. The vertical line below each physiological 

trace represents 5 mV. 
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Figure 4.12 

Cell five. Expanded view of the action potentials recorded during stimulation with an 

oriented bar (from 4.1 la). 
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Figure 4.13 

Cell five. Action potential fi-equency responses to oriented bars. The averaged number 

of action potentials generated during the stimulus period in response to each stimulus is 

depicted, +/- standard deviation. The number of repetitions with a particular stimulus is 

shown under the graph. 
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Figure 4.14 

Model of oblique detector neurons and their potential role in orientation discrimination of 

oblique gratings of +45° and -45°. Arrows depict the directional motion cues in the 

horizontal and vertical planes that would be experienced as the fly approaches the visual 

cue. Labels on the arrows depict the type of response elicited by that particular direction 

of motion in the corresponding cell (H = hyperpolarization, D = depolarization, N = no 

response), (a) Cell one's response characteristics match the directional motion cues 

generated as the observer moves toward a -45° bar. Depolarizing responses are generated 

by movements that correspond to the expansion of the top long edge of the -45° bar (pink 

arrows in a), (b) Conversely, Cell two's response characteristics match the directional 

motion cues generated as the observer moves toward a +45° bar. Hyperpolarizing 

responses are generated by movements that correspond to the expansion of the top long 

edge of the +45° bar (pink arrows in b). Either the top or bottom edge of stimuli could 

signal the relevant differences that would allow for cells of this type to discriminate +45° 

from -45°. 
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CHAPTER FIVE 

SUMMARY AND DISCUSSION 

Overview and Significance 

Previous studies of orientation discrimination in flies have been limited to the 

results of innate preferences (Mimura 1981, 1982, 1987). The data presented here 

incorporated a learning paradigm to examine further the ability of flies to discriminate 

orientation differences. Blowflies, Phoenicia sericata, were shown to discriminate 

among several different pairs of orientations, including a pair that differed by only 5°. 

Thus, for the first time in any insect species the discrimination of very small orientation 

differences was demonstrated. The paradigm used here relied on the performance of 

individual animals and on the observation of a population's response: the learned 

discrimination of pattern orientation was verified in individual behavior patterns as well 

as group scores. Flies can clearly leam to discriminate visual patterns in this paradigm, 

despite the relative difficulty of the task as compared with other tasks that flies have 

successfully learned in previous studies (Fukushi, 1985; Tully, 1996). 

The behavioral study revealed aspects of blowfly learning that were previously 

unknown, and contributes to the field of insect learning a new paradigm with which 

future visual discriminations can be tested. The results presented here constitute only a 

fraction of the experiments that can be performed to address questions of pattern 
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recognition in flies; the discrimination of additional parameters such as colored patterns, 

entire shapes, flower-like patterns, and textured patterns can, in principle, all be addressed 

with this paradigm. It is likely that with this approach the fiill range of form vision 

capabilities of flies can be examined. 

Correlated with the behavioral results are the descriptions of several novel 

physiological cell classes. Albeit few in number, these recordings provide evidence of 

complex encoding properties of lobular neurons in dipterans. The response properties of 

these neurons, thought to be in the lobula, suggest their possible roles in encoding of 

orientation information or motion cues associated with discrimination of and approach to 

oriented lines. Future studies can address unanswered issues such as the directional 

motion preferences, luminance requirements, fine tuning to orientation, and receptive 

field organization of orientation-selective neurons. 

Behavioral discrimination of orientation deviation 

Observation of individual flies during training trials and testing trials 

demonstrated that the searching behavior was modified in its structure to reflect a learned 

preference for one pattem over the other. Had individual flies not learned to discriminate 

the two visual patterns, the searching behavior would have been directed to the vicinity of 

both patterns, which it clearly was not. This simple correlation demonstrated for the first 

time visual pattem learning in fi'eely-moving flies. All previous accounts of dipteran 
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pattern or shape learning have been demonstrated in a highly-controlled flight simulator 

(Dill et al., 1993; Dill and Heisenberg, 1995). 

Blowflies discriminated between horizontal and vertical gratings and between 

+45° and -45° gratings, in which both sets of gratings differed by 90°. No differences in 

discrimination ability were observed between these two sets of cues, suggesting that the 

oblique effect, in which the discrimination of orientations from vertical or horizontal is 

easier than the discrimination of oblique orientations, is not present in flies. Chandra et 

al. (1998) similarly found that honey bees can make orientation discriminations at any 

spatial inclination with respect to vertical and, therefore, honey bees also lack the oblique 

effect. The lack of the oblique effect in both flies and honey bees may, therefore, indicate 

an uniform representation of all orientations within the collection of visual neurons 

encoding orientation (Appelle, 1972); that is, no single orientation is encoded by a greater 

number of neurons or by a specialized subset of neurons. 

In addition, blowflies discriminated between two patterns that differed by only 5°. 

This result suggests that the fly visual system is capable of detecting relatively small 

differences in spatial structure. While it is not as amazing as the 15 min that human 

observers can discriminate (Westheimer et al., 1976), it does suggest that with respect to 

the processing of discrete shapes, objects, and/or textures, the visual world of flies may 

be more like human vision than was previously thought. The repertoire of shapes, 

objects, and textures of special significance for flies, however, remains to be discovered. 

Despite their relatively short life spans and solitary lives, blowflies must find food 
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sources during their adult lives. A sophisticated form-processing visual system would aid 

in the location of appropriate food sources, including floral rewards. Additional studies 

(Keams, 1992; Erhardt, 1993) regarding flower-visiting behavior in flies are needed to 

assess the importance of flower shape in natural fly behavior. 

Model mechanisms of orientation discrimination 

The visual mechanism underlying the spatial discriminations described here can 

be narrowed from several possible candidates to one likely candidate. The use of 

directional-motion cues, flow fleld composition, and flow field area on the retina can 

each be eliminated by its inadequacy in accounting for the discrimination of one or two 

pairs of patterns that were tested. The orientation-selective neuron hypothesis, however, 

can account for all orientation discriminations and is therefore the most parsimonious 

hypothesis. A network of at least three orientation-selective neurons, as proposed by 

Srinivasan and colleagues (Srinivasan et al., 1994; Chandra et al., 1998), would account 

for the discrimination of horizontal from vertical, +45° from -45°, and vertical from +5° 

as was demonstrated here for flies. Such a mechanism suggests an additional level of 

sophistication within the fly visual system in which the explicit encoding of orientation 

occurs. 

What part of the optic lobes might contain orientation selective neurons? 

Anatomical and physiological investigations suggest that the lobula is a good candidate 

for orientation processing. It might be expected that if patterns, textures, and orientations 
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are important for visual discrimination, then the candidate neuropil would be supplied by 

pathways that operate on behaviorally relevant intensities and within the appropriate 

spectral range at which foraging occurs. Whereas the lobula plate receives achromatic 

inputs and its efferent neurons are color-insensitive, the lobula receives relays from the 

retina's trichromatic system of receptors (Strausfeld and Lee, 1991). If the lobula is 

indeed the seat of orientation processing, then the comparisons between the fly visued 

system and mammalian visual systems will be bolstered by the finding that motion and 

orientation information are processed in parallel within the visual system. The 

evolutionary driving force that has resulted in this type of parallel organization is an 

intriguing question that may benefit from comparative studies of visual system 

organization. 

Orientation processing across the eye and retinotopic matching 

A key finding presented here is that orientation discrimination can occur in a 

spatially-invariant manner. The need for a precise alignment of the retina with the visual 

cue is not necessary for recognition. This finding contrasts with the findings of many 

other studies on insect visual behavior (Dill et zd., 1993; Collett, 1992), although more 

recent studies have also found situations in which honey bees do not use template 

matching (Giger and Srinivasan, 1995). The present finding addresses the issue of visual 

memory formation in the brain. If retinotopic matching were required in fly orientation 

discrimination, it could be hypothesized that a subset of the visual neurons across the 
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retinotopic map exclusively process the incoming visual information when a previously 

learned pattern is viewed. This hypothesis would require that the down stream neuronal 

elements in higher visual centers responsible for visual memory should be exclusively (at 

least temporarily) coupled to those visual elements that are optimally stimulated by the 

learned visual pattern. This mechanism differs from mechanisms underlying visual 

memory formation when retinotopic matching is not a requisite. Without retinotopic 

matching, any and all visual inputs that are optimally stimulated by the pattern could 

connect with the down stream elements mediating the visual memory. In this case, 

changes of synaptic weight (that is, synaptic plasticity underlying learning) could occur in 

a manner consistent with the features of a stimulus, rather than according to the spatial 

location of the stimulus on the retina. Retinotopic matching is less flexible than this 

alternative in that with the latter mechanism if only a subset of all receptive sensory 

neurons is stimulated, the possibility of pattern recognition is inherent to the system. 

This is supported by the fact that when flies approach the same visual cue from trial to 

trial they do so from different viewing points. The non-retinotopic matching strategy is 

clearly used; and it may be more flexible for pattem recognition in a variety of behavioral 

contexts. Similar issues are currently debated in the human vision literature where two 

general classes of theories exist to explain object recognition (Edelman and Biilthoff, 

1992). One is a viewpoint-invariant class of theories where viewpoint-invariant stored 

representations are compared with the retinal input for recognition. In contrast, the 

viewer-centered theories usually represent an object from several different viewpoints 
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with which a model is then generated so that it can be subsequently compared with the 

new retinal image. 

Head turning during walking 

Measurement of the angle between the body and head revealed that flies turn their 

heads in the yaw plane during walking, although less thzm they do during flight as was 

found by Land (1975) and van Hateren and Schilstra (1999). This may reflect velocity 

differences generated during walking and flying behaviors. The significance of head 

turning relative to the body relates to the role of saccadic head movements which, in 

many animals are used to minimize visual motion and therefore limit the amount of time 

vision is compromised by retinal blur (Land, 1999). In flies, either head or body 

movements can serve this function, given that the eyes of an insect are fixed with respect 

to their heads. Both head and body saccades were observed in walking blowflies during 

discrimination trials. Aspects of these movements' accelerations and the temporal 

relationships between head and body saccades could provide further insight into the role 

of each during visual behaviors in walking flies. 

Neural correlates of orientation processing 

Two general types of neurons were described, each of which may play a role in 

the discrimination of orientation information. First, the oblique detectors were sensitive 

to directions of motion that would endow them with the ability to discriminate +45° and -



188 

45° gratings as a fly approached the patterns. If combined with an edge-detecting and 

assignment system, such neurons could be used to make the observed discrimination. 

Similarly, the HS and VS cells of the dipteran lobula plate could discriminate horizontal 

and vertical gratings based on the directional motion cues generated on approach to these 

cues. Thus, the oblique detector neurons constitute a novel physiological cell type that 

correlates well with one of the behavioral results presented here. 

The response properties of two other cell types reveal neural correlates of the 

hypothetical orientation-sensitive neurons that have been proposed to account for all the 

discriminations described here. For example. Cell four's response properties suggest that 

this neuron is broadly tuned to a range of orientations as well as to the direction of 

motion. Cell five's response properties reveal a more narrowly timed range of 

orientations with influences of directional motion as well. Further analysis of these cell 

types is required to fiilly understand how orientation is encoded in the dipteran lobula. 

The two cells suggest that more than one type of representation may be present. 

Previous accounts of orientation-selective neurons in other insects (O'Carroll, 1993; 

Yang and Maddess, 1997) describe neurons with large receptive fields within which the 

precise location of the oriented stimulus is irrelevant. This type of receptive field 

property is reminiscent of complex cells described in the cat and primate visual cortexes 

(Hubel and Wiesel, 1962, 1968). The generation of such wide-field receptive properties 

may rely on the input of many small-field neurons, each tuned to the same orientation. 

Both small-field and wide-field neurons reside within the dipteran lobula. Both possess 
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dendritic arborizations that correlate with the recorded receptive field shape and size 

(Strausfeld, 1976; Gilbert and Strausfeld, 1991, 1992). Thus, small-field, pyramidal-like 

neurons that typify the dipteran lobula are likely candidates for encoding orientation in a 

manner similar to that performed by simple cells of the primate striate cortex (Hubel and 

Wiesel, 1968). The larger wide-field neurons of the dipteran lobula are likely candidates 

for analogs of primate complex cells as well as orientation cells described in other 

insects. Anatomical investigations are currently addressing the diversity of neuronal 

morphologies within the lobula (Campbell and Strausfeld, unpublished). 

Orientation discrimination; future directions of inquiry 

Many fascinating questions regarding orientation discrimination in flies remain to 

be investigated. The role of color in orientation processing could be analyzed in 

behavioral experiments in which the patterns were made of colored papers that would 

excite exclusively one photoreceptor class, either the Rl-6 green, the R7 ultraviolet, or 

the R8 blue photoreceptors. If orientation discrimination in flies is limited to patterns 

that contain contrast exclusive to one photoreceptor type, as it does in honey bees (Giger 

and Srinivasan, 1996), then a further segregation of parallel pathways will be suggested. 

If however, orientation discrimination occurs regardless of the color contrast available, 

then the combination of color inputs and orientation can be hypothesized. Anatomical 

studies of the chromatic pathway in flies indicate that color processing segregates from 

the motion pathway, the former projecting to the lobula and the latter to the lobula plate 
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(Strausfeld and Lee, 1991). How color and orientation are processed either in parallel or 

in combination could be complimentarily addressed by both behavioral and anatomical 

studies and in turn, would address the issue of parallel processing in the dipteran visual 

system at another level. 

One interesting question not addressed here is the role of orientation 

discrimination in natural blowfly behavior. Given the paucity of available data on natural 

blowfly behavior, this question will remain unanswered until fiirther analyses are made. 

Studies of butterflies indicate that associations between leaf shape and host plant odor 

may underlie the learning of the host plant leaf shape (Papaj, 1986; Allard and Papaj, 

1996). Presumably this learned association benefits the female butterfly in subsequent 

searches for oviposition sites. Natural behaviors in flies that might require similar visual 

learning capabilities may include the ability to locate food rewards in flowering and in 

non-flowering vegetation and the ability to recognize appropriate resting places (flies 

often spend the night clinging to the underside of branches and leaves). The inclusion of 

natural behaviors to the study of blowfly visual learning will complement this approach 

to understanding orientation discrimination and will provide a vital and much needed 

ethological basis to such studies. 
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APPENDIX A 

MATHEMATICAL MODEL OF ORIENTATION CHANNELS 

Chandra et al.'s (1998) three channel model of orientation discrimination consists 

of three orientation chamiels (neurons) each with a tuning curve described by the 

following generalized equation: 

r(0) = l+cos[2(0-ej] 

where 0 equals the orientation of the pattern; 0,, equals the preferred orientation of the 

channel; and r(0) equals the orientation-dependent response of the channel. Such a 

channel exhibits a tuning curve with a half-width of 90° (Chandra et al., 1998). The 

three-channel model consists of three channels with optimal preferred orientations at 0°, 

120°, and 240° with orientation tuning curves described by 

r,(0) = l+cos[2(0-O)], 

r2(0) = l+cos[2(0-7t/3)], 

and 

r3(0) = H-cos[2(0-27t/3)]. 

The responses of the same channels to a second orientation, a, are described by 

r,(a)= l+cos[2(a-0)], 

rjCa) = l+cos[2(a-Jt/3)], 

and 

r3(a)= l+cos[2(a-2n/3)]. 
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To determine if the network of three channels can discriminate between the two different 

orientations, 0 and a, the absolute values of the difference of each channel to the two 

orientations are summed as a discrimination index, A. 

A = I r,(0) - r,(a)| + | rjCG) - r2(a)| +1 rjCG) - r3(a)| 

The discrimination index ranges from 0 to 4.0. When A equals 0 the model does not 

discriminate between the two orientations, 0 and a. A discrimination index of 4.0 

indicates maximal discrimination (that is, when orthogonal orientations, such as 

horizontal and vertical, are tested). 

When tested with the orientation discriminations presented in chapter 2, this 

three-channel model performs well, demonstrating that a minimum of three orientation 

channels is sufRcient to signal the differences in orientation that flies discriminated. The 

following discrimination indices were calculated from the behavioral data presented in 

chapter 2: 

If 0 = 90° and a = 0°, then A = 4.0 

If 0 = 45° and a = 135°(equivalent to -45°), then A = 3.5 

If 0 = 0° and a = 5°, then A = 0.32 

Each calculated A is greater than zero, indicating that the model discriminates between all 

pairs of tested orientations. Therefore, the model proposed by Chandra et al. (1998) is 

sufficient to explain the behavioral discriminations of orientation performed by blowflies. 
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