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S U M M A R Y

In order to safely move through the environment, visually-guided animals
use several types of visual cues for orientation. Optic flow provides faithful
information about ego-motion and can thus be used to maintain a straight
course. Additionally, local motion cues or landmarks indicate potentially
interesting targets or signal danger, triggering approach or avoidance, re-
spectively. The visual system must reliably and quickly evaluate these cues
and integrate this information in order to orchestrate behavior. The under-
lying neuronal computations for this remain largely inaccessible in higher
organisms, such as in humans, but can be studied experimentally in more
simple model species. The fly Drosophila, for example, heavily relies on
such visual cues during its impressive flight maneuvers. Additionally, it is
genetically and physiologically accessible. Hence, it can be regarded as an
ideal model organism for exploring neuronal computations during visual
processing.

In my PhD studies, I have designed and built several autonomous virtual
reality setups to precisely measure visual behavior of walking flies. The
setups run in open-loop and in closed-loop configuration. In an open-loop
experiment, the visual stimulus is clearly defined and does not depend on
the behavioral response. Hence, it allows mapping of how specific features
of simple visual stimuli are translated into behavioral output, which can
guide the creation of computational models of visual processing. In closed-
loop experiments, the behavioral response is fed back onto the visual stim-
ulus, which permits characterization of the behavior under more realistic
conditions and, thus, allows for testing of the predictive power of the com-
putational models.

In addition, Drosophila’s genetic toolbox provides various strategies for
targeting and silencing specific neuron types, which helps identify which
cells are needed for a specific behavior. We have focused on visual interneu-
ron types T4 and T5 and assessed their role in visual orientation behavior.
These neurons build up a retinotopic array and cover the whole visual field
of the fly. They constitute major output elements from the medulla and have
long been speculated to be involved in motion processing.

This cumulative thesis consists of three published studies: In the first
study, we silenced both T4 and T5 neurons together and found that such flies
were completely blind to any kind of motion. In particular, these flies could
not perform an optomotor response anymore, which means that they lost
their normally innate following responses to motion of large-field moving
patterns. This was an important finding as it ruled out the contribution
of another system for motion vision-based behaviors. However, these flies
were still able to fixate a black bar. We could show that this behavior is
mediated by a T4/T5-independent flicker detection circuitry which exists in
parallel to the motion system.
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In the second study, T4 and T5 neurons were characterized via two-
photon imaging, revealing that these cells are directionally selective and
have very similar temporal and orientation tuning properties to direction-
selective neurons in the lobula plate. T4 and T5 cells responded in a
contrast polarity-specific manner: T4 neurons responded selectively to ON
edge motion while T5 neurons responded only to OFF edge motion. When
we blocked T4 neurons, behavioral responses to moving ON edges were
more impaired than those to moving OFF edges and the opposite was true
for the T5 block. Hence, these findings confirmed that the contrast polarity-
specific visual motion pathways, which start at the level of L1 (ON) and L2

(OFF), are maintained within the medulla and that motion information is
computed twice independently within each of these pathways.

Finally, in the third study, we used the virtual reality setups to probe the
performance of an artificial microcircuit. The system was equipped with a
camera and spherical fisheye lens. Images were processed by an array of
Reichardt detectors whose outputs were integrated in a similar way to what
is found in the lobula plate of flies. We provided the system with several ro-
tating natural environments and found that the fly-inspired artificial system
could accurately predict the axes of rotation.
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D E U T S C H E
Z U S A M M E N FA S S U N G

Um sich gerichtet und sicher in der Umgebung zu bewegen nutzen visuell
geleitete Tiere verschiedene visuelle Reize zur Orientierung. Zum einen bie-
tet der durch die Bewegung entstehende optische Fluss ausreichend Infor-
mationen um die Richtung der aktuellen Eigenbewegung zu ermitteln. Zum
anderen deuten lokale Bewegungsreize oder die Wahrnehmung von Land-
marken auf potentiell interessante Ziele hin und können dazu führen, dass
das Tier sich auf die entsprechenden Objekte zubewegt. Dieselben Reize si-
gnalisieren möglicherweise aber auch Gefahr und sollten also zur gegentei-
ligen Verhaltensantwort führen, zur Flucht. Das visuelle System muss dabei
schnell und zuverlässig die Situation bewerten und folglich alle Signale aus
der Umgebung integrieren, daraus eine Entscheidung fällen und letztend-
lich die richtige Verhaltensantwort initiieren. Die Rechenoperationen, wel-
che solchen Verarbeitungen zugrunde liegen, bleiben jedoch in höheren Or-
ganismen, wie zum Beispiel beim Menschen, weitgehend unzugänglich. Sie
können allerdings auch an einfachen Modellen untersucht werden. Die Flie-
ge Drosophila, zum Beispiel, ist eines davon. Während ihrer beindruckenden
Flugmanöver verlässt sich die Fliege auf optische Informationen aus der
Umgebung, ist gleichzeitig allerdings experimentell zugänglich.

In meiner Doktorarbeit habe ich mehrere voll-automatisierte Verhaltens-
apparaturen entworfen und gebaut, welche es erlauben, genaue Messungen
des Laufverhaltens von Fliegen in einer künstlichen virtuellen Umgebung
durchzuführen. Hier sind open-loop und sowie closed-loop Experimente
möglich: In open-loop Experimenten ist der visuelle Stimulus klar definiert
und unabhängig von der Verhaltensantwort. Damit lässt sich genau ermit-
teln, wie eine bestimmte Eigenschaft eines visuellen Reizes in ein Verhal-
ten übersetzt wird. Aus solchen Beziehungen lassen sich Computermodelle
der visuellen Verarbeitung genieren. In closed-loop Experimenten hingegen
wird die Verhaltensantwort auf den visuellen Reiz rückgekoppelt. Dies lässt
Studien des Systems unter natürlicheren Bedingungen zu und kann benutzt
werden um die Vorhersagekraft der Modelle zu testen.

Weiterhin bietet Drosophila eine unglaubliche Vielzahl von genetischen
Manipulationsmöglichkeiten. Diese ermöglichen ein gezieltes Ausschalten
von bestimmen Nervenzelltypen, womit man deren Notwendigkeit für ein
bestimmtes Verhalten untersuchen kann. Ich habe mich auf die Charakteri-
sierung von visuellen Interneuronentypen T4 und T5 konzentriert um de-
ren Rolle bei visuellem Orientierungsverhalten zu ermitteln. Diese Zellen
bilden eine retinotope Struktur und decken das gesamte visuelle Feld der
Fliege ab. Sie sind wesentliche Ausgangselemente der Medulla und werden
seit langem für wichtige Elemente des Bewegungssehsystems gehalten.

Diese kumulative Dissertation besteht aus drei veröffentlichten Studien:
In der ersten Studie habe ich sowohl T4 als auch T5 Zellen blockiert und
gefunden, dass solche Fliegen vollständig blind für jede Art von Bewegung
waren. Insbesondere waren die Fliegen nicht mehr im Stande eine optomoto-

ix



rische Reaktion auszuführen, also der Bewegung eines Großfeldmusters zu
folgen. Dies war ein wichtiges Ergebnis, da es zeigte, dass es kein anderes,
möglicherweise redundantes System für die Verarbeitung von Bewegungs-
reizen gibt. Allerdings waren diese bewegungsblinden Fliegen immer noch
in der Lage einen schwarzen Balken zu fixieren. Ich konnte zeigen, dass
dieses Verhalten auf einem T4/T5-unabhängigen System beruht, welches lo-
kale Helligkeitsänderungen erkennt und welches parallel zum Bewegungs-
sehsystem implementiert ist.

In der zweiten Studie wurden die T4 und T5 Neuronen im Zwei-
Photonen-Mikroskop charakterisiert und es wurde gefunden, dass diese
Zellen bereits richtungsselektive Antworten aufweisen, deren Tuningeigen-
schaften (Muster Orientierung und zeitliche Kontrastfrequenz) sehr denen
von richtungsselektive Zellen in der Lobula Platte ähneln. Weiterhin rea-
gierten die Zellen spezifisch für Kontrastpolarität: T4 Neurone reagierten
selektiv auf die Bewegung von hellen Kanten (ON), während T5 Zellen
auf die Bewegungen von dunklen Kanten (OFF) reagierten. Als wir die
Zellen genetisch blockierten waren entsprechende Defizite im Verhalte
offensichtlich: Blockierten wir T4 Neurone, war die Verhaltensantwort auf
helle Kanten mehr beeinträchtigt als auf dunkle Kanten, und beim T5

Block war dies genau umgekehrt. Diese Arbeit liefert also weitere Hinweise
darauf, dass die Aufspaltung des Bewegungssehsystems in spezifische
Kanäle für Kontrastpolarität, welche auf der Ebene der Lamina bei L1

(ON) bzw. L2 (OFF) beginnt, bis zu T4, bzw. T5 Zellen aufrechterhalten
wird. Die Berechnung der Richtungsselektivität sollte also zweifach und
kanalspezifisch zwischen L1 und T4, bzw. zwischen L2 und T5 stattfinden.

In der dritten Studie war ich am Testen eines Mikroprozessors beteiligt.
Das System wurde mit einer Kamera und sphärischen Fischaugenlinse aus-
gestattet, die Bilder von einem Feld von Reichardt Detektoren analysiert
und deren Ausgabewerte wurden so verschalten, wie man dies in der Lobu-
la Platte der Fliege vorfindet. Das System wurde in der Mitte einer virtuel-
len Umgebung befestigt. Wir zeigten verschiedene virtuelle Räume, welche
entlang unterschiedlicher Drehachsen rotierten und fanden, dass das künst-
liche, durch Fliegen inspirierte System die Rotationsachen sehr präzise vor-
hersagen konnte.
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1 I N T R O D U C T I O N

1.1 systems neuroscience

When we move through the environment, our nervous system performs
rapid and precise computations in order to transform the varying sensory
signals from the outside world into a meaningful internal representation.
In the case of vision, this means that light enters our eyes and is directed
onto the retina stimulating photoreceptors. This initiates a biochemical and
electrical cascade and information processing by the neuronal networks in
the retina and deeper brain structures. Eventually, some neurons in the
brain will respond specifically to certain, potentially complex, features. For
example, such complex features can be motion of the complete field of
view which signals an involuntary deviation from a desired path. Hence,
direction-selective neurons can be used to trigger an appropriate course cor-
rection maneuver. On the other hand, neurons responding to the orientation,
shape or speed of an object can signal an interesting target or an enemy and
could evoke a directed modification of the current course.

Importantly, any behavioral action in response to such stimuli alters the
visual scene and, therefore, the brain has to update its representation. This
stimulus-response loop creates an infinite number of fascinating questions
which we are studying in the field of visual systems neuroscience: How do
photoreceptors work? How is direction-selectivity computed? What are the
neuronal networks that extract the relevant features from a complex visual
scene? How does the nervous system orchestrate behavior? What are the
differences and similarities between different species?

However, the human brain with its 1011 neurons, intricate connectivity
and network plasticity is far too complex to approach and answer such ques-
tions at a satisfying level of detail. Instead, simple organisms such as worms,
flies, fish or mice are better systems which are not only far less complex but
also offer various tools for experimentally accessing and manipulating brain
functions.

1.2 drosophila as a model organism

Originally introduced to the laboratory by William Castle in 1901

(Greenspan, 2008), Drosophila had its breakthrough when Thomas Hunt
Morgan (Morgan, 1910) discovered the white gene which allowed him
to link Gregor Mendel’s theories of inheritance to a cellular structure,
the chromosome. This finding opened the gates for modern genetics
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2 introduction

and Drosophila quickly became a standard model organism for genetics,
development, behavior, learning, and for the study of neuronal circuits.

The use of Drosophila in the lab offers several advantages: They are small,
easy to breed, clean, harmless, they have a short generation time of about
10 days and don’t raise ethical concerns (Jennings, 2011). Their brains are
rather simple and consist of about 300 000 neurons with mostly genetically
hard-wired development (Simpson, 2009). Yet, Drosophila has a sufficiently
complex behavioral repertoire (Borst, 2013; Dickson, 2008). These facts, as
well as the large variety of genetic tools for selective cellular manipulations,
combined with today’s technologies for neurophysiology make Drosophila
ideal for the study of neural circuits in vision.

1.3 fly visual behaviors

Some of the most intriguing features of flies are their breathtaking aerobatic
maneuvers during flight. For example, when a male house fly chases its
female mating partner, it experiences turning speeds around its body axis
of more than 2500 � s-1 and up to 65 cm s-1 in forward velocity (Land and
Collett, 1974). During this amazingly virtuosic flight, the fly must quickly
compute the direction of motion of the surround, determine the position of
the female and use this information to precisely control its wing and body
movements in order to eventually succeed in the mating attempt.

In order to understand the mechanisms underlying this superposition of
complex behaviors, flies have long been studied in a controlled laboratory
environment. Naturalistic behavior is inherently closed-loop, meaning that
a visual stimulus elicits a behavioral response that, in turn, alters the stimu-
lus. As this situation makes it difficult to reveal the mechanisms underlying
any sensory processing, behavioral studies in the lab are often done in open-
loop configuration where the behavioral response can be measured directly
as function of the stimulus and without the behavior affecting the stimulus.
This approach has led to a separation of fly visual behaviors into several
groups, which has permitted precise investigation of each type of behavior
and has accumulated detailed knowledge about their neuronal implementa-
tions. Yet, little is known about the ecology of Drosophila in the wild, which
sometimes makes it difficult to interpret a certain behavioral response stud-
ied solely in the lab (but see Dickinson, 2014).

1.3.1 Optomotor response

In a naturalistic environment, full-field rotatory motion implies a deviation
from a straight course. Most seeing animals respond with a following re-
sponse of their body, head or eyes, a behavior often referred to as optomotor
response. Such full-field rotatory motion cues occur under multiple circum-
stances. In the case of a flying fly, a gust of wind might push the fly to the
left, which results in a rightward motion stimulus. A syn-directional turn-
ing response would compensate for this involuntary movement and would
bring the fly back on course. But such course deviations may also result



1.3 fly visual behaviors 3

a b c

e

–100

–50

0

50

100

Tu
rn

in
g 

sp
ee

d 
(°

/s
)

 

0.5 s
0

0.8

1.6

–180 –90 0 90 180

 
P

ro
ba

bi
lit

y 
de

ns
ity

 (%
 / 

°)

Bar position (°)

fOptomotor response Fixation response g

d

Free flight
Stationary Rotating

Figure 1: Insect visual behaviors. (a) Cholorphanus on a “Y-maze” globe. (b) Flying
Drosophila on a torque-meter. (c) Walking Drosophila on an air-suspended ball. (d)
Setup for free flight experiments. (e) Optomotor behavior in response to clockwise
and counterclockwise rotation of a full-field pattern. (f) Fixation response. The fly,
in control of the azimuthal position of a single black bar, stabilizes the object in its
frontal visual field. (g) Free flight trajectories of a single fly when the surround is
stationary or rotating. a modified from Hassenstein (1991), b taken from Buchner
and Wu (2009), d and g taken from Mronz and Lehmann (2008), e and f modified
from Bahl et al. (2013). Photo in c taken by Robert Schorner (MPIN).

from unbalanced forces during behavior. For example, one of the wings
might be slightly stronger than the other or one leg could be weaker than
the other legs, which would lead to a constant turning bias during flight or
walking. The optomotor response counteracts such a bias, and hence, it can
generally be considered as a course stabilizing visual feedback system.

The first steps to investigate the mechanisms of this course control system Devices for open-loop
studiesin insects were performed by Bernhard Hassenstein and Werner Reichardt

(Hassenstein, 1951; Hassenstein and Reichardt, 1956): In their experiments,
they took the beetle Cholorphanus and placed it on a straw-made “Y-maze
globe” on which the animal could walk freely even though it was tethered
to a rod (Fig. 1a). When they stimulated the animal with a rotating cylinder,
they observed a robust turning of the beetle in the direction of pattern rota-
tion. Hassenstein and Reichardt realized that in order to do so, the beetle
must be able to compute the direction of motion and that this is a non-trivial
operation. With a set of clever simplifications of the stimulus they were able
to design a simple model for motion detection which became known as the
Hassenstein-Reichardt correlator (HRC), or as the Reichardt detector.

Moreover, these experiments laid the ground for a new systematic way of
thinking in biology and encouraged many talented physicists and engineers
to develop a variety of sophisticated devices in order to systematically dis-
sect orientation behavior in insects. One of the key inventions was the so
called torque-meter, a device which could amplify the force of the turning
tendency of a tethered flying fly and which allowed a more precise investi-
gation of the optomotor response for rotation along the vertical (yaw) body
axis (Fermi and Reichardt, 1963; Götz, 1964) (Fig. 1b,e). The technique was
then refined in order to measure responses for rotations along the transverse
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(pitch) and longitudinal (roll) body axis with similar results (Blondeau and
Heisenberg, 1982). Later, it became possible to measure the difference be-
tween the two wing beat amplitudes during flight, which turned out to be a
precise measure of the behavior as well (Götz, 1987). Moreover, flies not only
turn their body in response to a moving pattern, they also follow rotations
by head movements, making the head yet another indicator of optomotor
behavior (Hengstenberg, 1988).

Walking flies in open-loop were first measured on a tread compensator
with tremendous technical effort: A miniature metal sledge was attached
to the fly. The fly was then allowed to walk freely on a big sphere while
the movement and orientation of the sledge could be detected by a differen-
tial transformer. This signal was then used to control a set of servo motors
which rotated the ball such that the fly would keep its position and orienta-
tion no matter where it walked and turned (Götz and Wenking, 1973). The
study of walking flies was then simplified greatly by placing a tethered fly
on a small air-suspended ball whose rotational axis could be detected opti-
cally (Buchner, 1976), a technique which is still used in today’s open-loop
fly walking assays (Lott et al., 2007; Seelig et al., 2010) (Fig. 1c).

All these devices and different behavioral modalities have provided a co-Properties of the
optomotor response herent picture of the dynamics of the optomotor response in flies (Borst et al.,

2010). 1) Flies turn in the direction of pattern movement. 2) The response
becomes stronger with increasing contrast. 3) If presented with a sinusoidal
grating which moves at different velocities (v) the response of the fly in-
creases until a velocity optimum is reached, then it decreases again. 4) The
velocity tuning curve is shifted to higher velocities when the pattern wave-
length (�) becomes larger, i.e. the response of the fly depends on temporal
frequency (f = v=�) rather than speed.

The optomotor response has also been studied in freely moving flies. FirstFreely behaving flies

walking experiments were done by Götz (1970) where groups of flies were
placed in transparent tubes and stimulated with a translatory cylinder. Sur-
prisingly, flies did not walk in the direction of the moving pattern, as would
have been expected from the optomotor response, but rather against it. This
apparent conflict between the open- and closed-loop optomotor response
was then later investigated in detail by Götz (1975) and explained by a su-
perposition of the given motion stimulus with self-initiated rotatory and
translatory optic flow. The idea of placing large groups of flies in a trans-
latory environment in order to probe their optomotor abilities has recently
been revived (Zhu et al., 2009). Freely flying flies are much more difficult
to study, yet, recent high-speed cameras allow tracking of flight trajectories
under controlled visual stimulation and confirm that motion cues lead to a
constant following reaction and a curved flight path also during naturalistic
behavior (Mronz and Lehmann, 2008) (Fig. 1d,g).

1.3.2 Fixation response

Flies not only orient based on the full-field rotation of the surround. TheyClosed-loop fixation
experiments also use visual landmarks for finding their way through complex environ-

ments or for heading towards an object of interest. Similarly to the opto-
motor response, fixation behavior has been studied extensively in the lab.
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Reichardt and Wenking (1969) extended the torque-meter system such that
it could be used to instantaneously control the position of a black bar in
the surround of the fly. This setup made artificial closed-loop experiments
possible. It turned out that flies reliably bring the bar to the front and keep
it there (Fig. 1f). Under these well-controlled conditions, it became possible
to systematically dissect the behavior. When using a rotating stripe in open-
loop, Reichardt (1973) realized that progressive (front-to-back) bar motion
elicits a stronger turning response than regressive (back-to-front) bar mo-
tion, which introduces a turning bias towards the bar and would bring it to
the front in a closed-loop fixation experiment.

This finding initiated a detailed theory of pattern-induced orientation and Fixation mechanism

it turned out that the apparent asymmetry could be explained by a super-
position of two systems: one symmetric motion system which computes
the direction of stripe motion and which initiates a syn-directional turn-
ing response and a separate position system which determines the location
of the stripe and elicits turning towards it (Poggio and Reichardt, 1973).
The latter system was later attributed to a tendency to turn towards local
flicker (Pick, 1974, 1976). Other studies have argued against the hypothesis
that the response asymmetry originate from flicker responses and that it is
rather an intrinsic property of motion vision (Wehrhahn, 1981; Wehrhahn
and Hausen, 1980). In contrast, more recent work has investigated the de-
tailed steering dynamics of flying flies during figure-ground discrimination
and concluded that fixation behavior and motion rely on separate process-
ing streams (Aptekar et al., 2012). However, flies were shown to operantly
learn a fixation strategy even if their torque is coupled incorrectly to the
stripe position (Heisenberg and Wolf, 1984; Wolf and Heisenberg, 1986),
and hence, fixation behavior might not necessarily need to be a reflex and
might therefore not be accessible in open-loop experiments.

Fixation behavior has also been studied in freely walking and flying flies. Freely behaving flies

Wehner (1972) developed a cylindrical arena where flies could walk freely
and interact with a pattern or with one or more stripes on the walls. When
two stripes were close together (less than 65�), flies preferred the sector in
between. When the stripes were separated by larger angles, either one of the
stripes was fixated (Horn, 1978; Horn and Wehner, 1975). This was true for
a black stripe on a white background as well as for bright stripes on a dark
background. Further separation of the stripes by 180� led to robust back
and forth walking and flies alternated between fixation and anti-fixation
(Bülthoff, 1982; Bülthoff et al., 1982; Götz, 1980). This scenario became popu-
lar as “Buridan’s paradigm”, named after the French philosopher Jean Buri-
dan who formulated a paradox of free will: An equally hungry and thirsty
donkey is placed between a bale of hay and a bucket of water and dies
because it cannot decide between the two equally attractive nutrients.

Fixation behavior of freely flying flies has been studied in an arena with
a central elongated vertical bar and multiple high-speed cameras on top
tracking the detailed flight path of the fly (Maimon et al., 2008). Interestingly,
the behavior depended on the length of the bar: A long bar was attractive
and flies circulated around it in close proximity while flies avoided the bar
if it was short.
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1.3.3 Landing and escape response

A quickly expanding visual scene or an approaching object are good indi-
cators of an imminent collision, and controlled landing or directed escape
are essential for animal survival. The landing response of flies was first
systematically analyzed by Goodman (1960) who designed a sophisticated
apparatus to either move a dark disk towards a tethered fly or to show a dis-
tant disk with decreasing luminance. The flies responded with a stereotypic
pattern of leg movements when the disk approached and positioned their
legs in a well-controlled manner once the disk was near enough. However,
this also happened when the luminance of a non-moving disk was quickly
reduced, indicating that the landing response depends on local luminance
change rather than motion.

Later, Borst (1986) investigated the detailed time course of the behavior forVisual cues for the
behavior different kinds of visual stimuli. He found that the landing response, once

initiated, always follows the same dynamics and that the response latency
depends on the properties of the visual stimulus. Expansion avoidance re-
actions were observed in flies presented with patterns of fast expanding
optic flow. A quantification of the behavior revealed that the latency for the
landing response depends on contrast, spatial wavelength and speed of the
pattern in a similar fashion as has been found for the optomotor response.
Thus, the landing response relies on similar or even the same mechanisms
as motion vision (Borst and Bahde, 1986). When the focus of expansion was
shifted to locations other than in the frontal field of view, flies responded
differently: Instead of performing a landing response, they robustly turned
away from the focus of expansion with amplitudes even larger than those
found for rotatory motion stimuli (Tammero et al., 2004). However, when a
vertical bar was placed in the center of expansion, flies tolerated the stimu-
lus and even turned towards the center of expansion (Reiser and Dickinson,
2010).

In order to study escape responses under more natural conditions, fliesFreely behaving flies

were placed on a platform and filmed while they were stimulated with a
rapidly approaching dark dot (Card and Dickinson, 2008). This experiment
revealed an elaborate motor planning and a directed jump away from the
region of potential danger. Similar responses were found during free flight
(Muijres et al., 2014): Whenever a fly passed a cross of two IR lasers in the
center of an area, a quickly enlarging disk was presented while monitor-
ing the behavior at 7500 fps. Flies responded with rapid directed banked
turns, a maneuver that consists of a fast body rotation followed by an active
counter-rotation and requires just a few wing strokes.

1.3.4 Other visual behaviors

Freely walking and flying Drosophilae have an innate preference for light.Phototaxis and color
vision Because this robust phototactic response requires only a single lamp for

stimulation, it was one of the first fly behaviors studied in the lab (Carpenter,
1905). Later, flies were given the chance to choose between two sources of
light of different spectral compositions, which revealed that they are able to
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discriminate colors covering the visual spectrum from green to UV, but with
a preference for UV (Schümperli, 1973).

Color vision, in the classical sense, relies on the ability of the animal to
distinguish light of different spectral compositions independently of inten-
sity. In order to prove color vision for Drosophila, Menne and Spatz (1977)
designed a learning essay in which flies could be conditioned differentially
to yellow and blue lights of the same intensities. It was found that flies
were able to discriminate the colors later in the test. Conversely, flies nei-
ther respond with an optomotor response when the moving pattern con-
sists of stripes of different colors which are matched in their intensities
(Yamaguchi et al., 2008), nor are they able to fixate an edge between two
intensity-matched colored areas (Y. Zhou et al., 2012).

Besides having a certain intensity or color, light can vary in its degree Polarization vision

of polarization, which is yet another kind of information that animals, es-
pecially insects, utilize for navigation (Wehner, 2001). In nature, polarized
light is created under several conditions: When unpolarized sun light enters
the sky, it interacts with the molecules in the atmosphere and scatters in
various directions. Light remaining on a straight line from the sun stays un-
polarized. Yet, when it scatters perpendicularly it becomes polarized. This
creates a vector field of concentric circles around the straight line from the
sun, providing a celestial compass for orientation. Moreover, if unpolarized
light is reflected from shiny surfaces, such as a lake, the reflection at certain
angles becomes polarized, which could be a potential cue for finding water.
Drosophila can make use of both kinds of polarization cues as it robustly
aligns with the electric vector of the polarized light in the lab (Velez et al.,
2014; Wernet et al., 2012; Wolf et al., 1980) as well as in authentic outdoor
experiments (Weir and Dickinson, 2012). Generally, polarization vision can
considered extremely relevant for navigating in resource-poor environments
as it allows traveling long distances on a direct path.

1.4 mapping and manipulating neuronal
circuits

During the past hundred years of Drosophila research, a variety of tools have
been developed which have equipped Drosophila researchers with a very
powerful armory that is increasingly used to map and manipulate the neu-
ronal circuits controlling a variety of visually-guided behaviors (Simpson,
2009).

1.4.1 Neurogenetics

After Morgan (1910) had established that genetic information is located on Mutagenesis

the chromosomes Drosophila became a genetic workhorse. Large numbers
of mutant flies could be created by treating flies with x-rays Muller (1928)
or with chemicals such as ethyl methanesulfonate (EMS) (Alderson, 1965).
The progeny which survived such treatments was initially characterized and
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Figure 2: Fly genetics. (a) Gal4-UAS system. A fly (here the male, left) from the
driver line carries the gene for the transcription factor Gal4 which is expressed only
in a specific subset of neurons. Another fly (here the female, right) carries the effector
gene X whose transcription requires activation via Gal4. Their offspring will express
gene X in the desired neuronal subset. (b) GFP expression pattern of T4/T5-Gal4. (c)
Shibirets is a temperature-sensitive mutated form of dynamin. When expressed in
neurons, it blocks cellular output at elevated temperatures. a taken from St Johnston
(2002), b taken from Schnell et al. (2012), c taken from Borst (2009).

named according to their behavioral deficits and their anatomical abnormal-
ities.

A classical behavioral screening approach was developed by Seymour
Benzer (Benzer, 1967): He designed a countercurrent device which allowed
him to separate large groups of mutant flies according to their ability to
perform phototactic behavior, a strategy which proved to be ideal for behav-
ioral phenotyping. The approach was later generalized to more complex
visual behaviors, including the optomotor and fixation response, and it be-
came possible to causally link these behaviors to certain groups of neurons
in the fly brain (Heisenberg and Götz, 1975; Heisenberg et al., 1978).

The biggest step towards more directed circuit manipulation happenedGal4/UAS System

when it became possible to insert transposable pieces of DNA (P-elements)
into a random location of the genome of Drosophila (Rubin and Spradling,
1982). The piece of DNA, a transgene, could end up in a genomic region
that is translated only in a subset of neurons and consequently, it would
only be expressed in this neuronal subpopulation. Brand and Perrimon
(1993) used this approach and inserted a P-element containing the yeast
transcription factor gene for Gal4 in the genome of Drosophila, resulting in a
fly strain expressing Gal4 only in a subset of neurons (driver line). Gal4 has
no molecular partner in the fly and therefore has no effect on the function
of the cells in which it is expressed. In another fly, they inserted a P-element
containing an upstream activation sequence (UAS) followed by a certain
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gene of interest (reporter or effector line). This gene sequence is available
in every cell in the fly but it is never translated as the fly does not have the
appropriate transcription factor.

However, the situation changes if driver and reporter lines are crossed:
In the offspring, Gal4 can bind to UAS and initiate the transcription of the
desired gene in a defined subset of neurons (Fig. 2a). Given a specific driver
line, the huge advantage of using such a binary expression system is that al-
most any protein can be expressed in virtually any group of neurons. As the
success of the Gal4-UAS system relies on the abundance of specific driver
lines, large libraries have been established which allow efficient search for
expression patterns of interest (for example, see Jenett et al., 2012). Recently,
it has become possible to significantly improve how transgenic fly lines are
created. First, directing the transgene to dedicated locations in the genome
ensures that the insertion will not disrupt important other genes and that
it can be efficiently transcribed (Pfeiffer et al., 2010), and second, chaining
multiple UASs allowed boosting transgene expression levels by as much as
20-fold (Pfeiffer et al., 2012).

The specificity of the Gal4 expression pattern can be further enhanced Intersectional
strategiesby applying several intersectional strategies (Venken et al., 2011). One of

them is to split the Gal4 protein into its two functional components, the
DNA binding-domain (DBD) and the activation domain (AD) and to create
independent driver lines for each (Luan et al., 2006). This results in differ-
ent expression patterns for the Gal4-DBD and Gal4-AD driver lines but if
they are brought together, functional Gal4 will reconstitute only in the re-
gion where both lines have overlapping expression patterns. Further, it is
possible to use a flip-out technique in which a stop codon right after the
UAS sequence prevents the translation of the transgene. The stop codon is
marked with a certain base sequence, the FRT site, which allows a temper-
ature sensitive flippase to recognize and remove it, leading to a mosaic-like
expression pattern (Golic and Lindquist, 1989).

Moreover, Gal80 has been used to effectively suppress transgene expres-
sion during development. Gal80 is another yeast-specific protein which
binds to the transcriptional activation domain of Gal4 and inhibits its ac-
tivity. The gene for Gal80 has been placed under the control of Drosophila’s
ubiquitous tubulin promotor, allowing pan-neuronal expression. Thermo-
unstable forms of tubulin Gal80 exist which lose their inhibitory effect on
Gal4 when the temperature is mildly increased (McGuire et al., 2003). Hence,
Gal4 activation of the UAS domain and the expression of the desired effector
protein can be triggered at any time point during development. Similarly
to the concepts developed for the Gal4/UAS system, targeted transgene ex-
pression can be achieved by using the LexA/LexOP system or the Q system.
In the former, LexA from the driver line binds to the LexA operator (LexOp)
(Lai and T. Lee, 2006) while in the latter, the activator QF binds to the QF
upstream activating sequence (QUAS) (Potter et al., 2010). A combination
of these systems with the Gal4/UAS system allows expression of different
genes in distinct neuronal subpopulations.

Various reporter and effector lines exist which can be grouped according Important reporters
and effectorsto their scope of application, namely visualizers, indicators, blockers and

activators. The most important visualizer is the green fluorescent protein
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(GFP) (Chalfie et al., 1994) because it is essential for the initial characteriza-
tion of the Gal4 expression pattern of the driver line (Fig. 2b).

Indicators are proteins which change their florescence depending on the
internal state of the cell and can be used to assess neuronal activity with
imaging. Genetically-encoded calcium indicators depend on the intracellu-
lar calcium level and thereby provide an indirect measure of neuronal activ-
ity. Various such indicators exist (TN-XXL, for example; Mank et al., 2008)
but the currently most widely used ones are a set of GCaMPs (Nakai et al.,
2001) which offer a superb signal-to-noise ratio and are constantly improved
(Akerboom et al., 2012; Chen et al., 2013). However, assessing neuronal ac-
tivity via GCaMPs has two significant disadvantages: First, calcium levels
in the cell build up and decrease slowly. Hence, even the currently fastest
GCaMP6f variant achieves only rough single AP resolution. Second, hy-
perpolarization might not be detectable as in this case calcium levels remain
largely unchanged. Here, genetically-encoded voltage indicators might help
in the future (Cao et al., 2013).

In order to assess the functional roles of a neuron in the circuit, a long list
of blockers exists. One strategy is to cause genetically controlled cell death
through expression of cell toxins such as Ricin which irreversibly inhibits
protein synthesis (Hidalgo et al., 1995) or genes such as hid which inter-
feres with the cellular machinery for apoptosis (Grether et al., 1995). One
of the first potent tools for blocking neuronal transmission without killing
the cell was Tetanus Toxin Light Chain (TNT). TNT cleaves the synaptic
vesicle protein synaptobrevin which is necessary for synaptic vesicle release.
Hence, cells lose their ability to signal activity to their postsynaptic part-
ners (Sweeney et al., 1995). Another prominent tool for silencing neuronal
output is shibirets which is a dominant-negative thermo-unstable form of
dynamin, a protein that is an essential element of the vesicle recycling ma-
chinery (Kitamoto, 2001) (Fig. 2c). When shibirets is expressed in a neuron,
synaptic transmission is intact as long as the temperature remains below
29 �C (permissive). However, above 29 �C (restrictive) vesicle recycling stops
working, which leads to neurotransmitter depletion and hence defective
synaptic transmission. The effect of shibirets can be reversed by lowering
the temperature again. This conditional property makes shibirets an ideal
tool for the study of the functional significance of defined neuronal subsets
independently of developmental effects likely to be caused by other effec-
tors. Neurons can also be manipulated by introducing ion channels. For
example, a neuron can be silenced by expression of an inward rectifying
potassium channel Kir that constantly hyperpolarizes the cell (Baines et al.,
2001).

Alternatively, it is possible to activate a cell by introducing a cation chan-
nel such as TrpA1 (Hamada et al., 2008). TrpA1 is temperature-dependent
and opens reversibly beyond 26 �C, which provides temporal control of neu-
ronal activity via temperature regulation.

An alternative approach for manipulating neuronal activity is the use ofOptogenetics

optogenetics where genetically expressed light-gated ion channels are vi-
sually stimulated with high temporal precision (for a review, see Fenno et
al., 2011). One of these is Channelrhodopsin-2 (Chr2), a light-gated cation
channel (Nagel et al., 2003), which can effectively depolarize neurons upon
illumination with blue light (Boyden et al., 2005; Nagel et al., 2005). These
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channels are intensively studied and constantly improved, and variants with
distinct light absorption spectra exist (for example, red-shifted ReaChR or
Chrimson; Inagaki et al., 2014; Klapoetke et al., 2014) as well as bistable
forms which can be rapidly switched between the open and closed state
by short pulses of light (Berndt et al., 2009). Recently, directed mutations
in the gene for Channelrhodopsin-2 generated blue-light-sensitive chloride
channels which can efficiently hyperpolarize neurons and inhibit spiking
(Berndt et al., 2014; Wietek et al., 2014). Such channels are promising tools
and they appear to be superior to halorhodopsins, yellow light-gated chlo-
ride pumps, which have been used for optical shunting of neural activity
(Gradinaru et al., 2008).

1.4.2 Neuroanatomy

An important prerequisite for understanding of how neuronal circuits oper-
ate is detailed knowledge about the anatomy, location and connectivity of
the neurons in the brain. The first anatomical drawings of the visual sys-
tem of flies were created in the beginning of the 20

th century by Cajal and
Sánchez (1915) using Camillo Golgi’s silver staining technique. Later, this
technique was systematically applied in order to create precise atlases of the
Calliphora brain (Strausfeld, 1976) as well as the brain of Drosophila (Bausen-
wein et al., 1992; Fischbach and Dittrich, 1989). Today, a more directed ap-
proach is to use a binary expression system, such as the Gal4/UAS system,
in combination with a flip-out strategy. This makes it possible to drive GFP
expression in single neurons which can then be anatomically characterized
via fluorescence microscopy.

Even though these anatomical maps have proven to be essential in the Connectomics

identification of neurons of interest, they could only provide a rough esti-
mate about connectivity between neurons because synaptic connections are
beyond the resolution limit of light microscopy. Here, electron microscopy
(Knoll and Ruska, 1932) allows a much finer resolution of local structures.
In order to obtain a three dimensional data set, a large block of tissue is se-
rially cut and each slice is manually transferred to the scanning chamber of
the electron microscope. The resulting images are then aligned and stacked
in a high-resolution volume in which it is possible to trace single axons
or to count the number of synaptic connections between pairs of neurons.
This has been done for a part of the visual system of Drosophila, resulting
in fine anatomy and connectivity maps (Meinertzhagen and O’Neil, 1991;
Shinomiya et al., 2014; Takemura et al., 2013, 2011, 2008). The manual step
of sectioning can be automated by techniques such as serial block-face scan-
ning electron microscopy where the blocks of tissue are automatically sliced
in the chamber of the electron microscope (Denk and Horstmann, 2004).

1.4.3 Neurophysiology

However, knowing the connectome is just the first step. In order to under-
stand the information flow in the brain, one also needs to know the neuronal
response properties and how the nerve cells communicate, i.e. via which re-
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ceptor types a neuron receives input and whether it uses an excitatory or
inhibitory neurotransmitter.

Drosophila’s visual system relies on several different neurotransmitter sys-Neurotransmitter
systems tems: acetylcholine, GABA, glutamate, aspartate, taurine, dopamine, sero-

tonin, octopamine, and histamine. In order to reveal which cells use acetyl-
choline as a transmitter, for example, it is possible to drive GFP expression
stochastically only in cholinergic neurons. This can be done by using a Gal4
line which is under the control of the “Cha” promotor. This promotor con-
trols expression of choline acetyltransferase and the vesicular acetylcholine
transporter (S. V. Raghu et al., 2011). Similarly, one can study the gluta-
materic system by using a Gal4-line under the control of the promotor for
the vesicular glutamate transporter “dvGlut” (S. V. Raghu and Borst, 2011).
Acetylcholine is considered to be the major excitatory neurotransmitter in
the fly brain. Glutamate however, can have an excitatory or inhibitory effect.
Therefore, one also needs to know the receptor types of the postsynaptic
targets. Here, it is possible to apply brain-wide immunolabeling techniques
or to use single-cell transcript profiling in order to obtain a complete list of
genes expressed in the cell (for example, see Takemura et al., 2011).

Cellular activity can be best assessed via electrophysiological recordingsElectrophysiology

which offer the most direct measure with high temporal resolution. Thanks
to the relatively large size of some cells in the Calliphora brain, extracellular
or sharp electrode recordings have accumulated a tremendous amount of
data about neuronal response properties (for example, see Douglass and
Strausfeld, 1996; Hausen, 1976) and, via paired-recordings, connectivity
(Haag and Borst, 2001, 2004). On the other hand, the small size of neu-
rons in the Drosophila brain has long been an obstacle for electrophysiology.
Only in recent years has reliable whole-cell patch clamp techniques permit-
ted recordings in the olfactory system (Wilson et al., 2004) and in the visual
system (Joesch et al., 2008). These techniques have rapidly advanced and to-
day allow recordings even during tethered flight (Maimon et al., 2010; Tuthill
et al., 2014).

However, most of the cells in the fly brain are too small for electrophysi-Two-photon
microscopy ology. Here, two-photon imaging (Denk et al., 1990) has been developed as

an alternative for assessing neuronal activity in the Drosophila visual system
(Reiff et al., 2010) and can even be applied during behavior (Seelig et al.,
2010; Seelig and Jayaraman, 2013). In principle, a femtosecond-pulsed laser
transmits light of � 1000nm into a specimen containing fluorescent pro-
teins, such as, for example activity-dependent GCaMP. A single photon does
not have enough energy to excite the fluorophore, and hence, the probe is
mostly non-fluorescent. Only in the small spot of focus two coincident low-
energy photons can overcome the necessary threshold for excitation. Hence,
two-photon imaging hardly interferes with out-of-focus cells, does not stim-
ulate photorecepetors and is therefore ideal for imaging single neurons in a
visual system.
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Figure 3: Schematic of the visual system of Drosophila. (a) The fly visual system
consists of several anatomical layers known as retina, lamina, medulla, lobula and
lobula plate. The lobula plate houses several types of lobula plate tangential cells
(LPTCs) of which the three horizontal system cells are shown here. (b) In each
lamina column photoreceptors R1–R6 synapse onto lamina neurons L1 and L2 and
form parallel pathways for motion detection of ON and OFF signals, respectively.
The outputs of both pathways converge onto T4 and T5 which, in turn, synapse onto
the dendrites of LPTCs. a and b modified from Bahl et al. (2013).

1.5 structure and physiology of the visual
system

The central nervous system of the adult Drosophila consists of two major
parts, the head and the thoracic ganglion. While the thoracic ganglion is
dedicated to motor control, the head ganglion, or the brain, is involved in
sensory processing and evaluation. The brain of Drosophila consists of three
parts which build up a densely-packed structure of � 300 000 neurons: the
central brain and two optic lobes. The central brain is involved in tasks such
as, for example, visual learning (Ofstad et al., 2011). The optic lobes are pro-
cessing visual information and direct their output to the central brain and
to the thoracic ganglion in order to control visually-guided and potentially
experience-based behaviors.

The optic lobe of Drosophila consists of � 60 000 neurons (Hofbauer and
Campos-Ortega, 1990) and can be divided into several neuropiles: retina,
lamina, medulla and the lobula complex which separates into lobula and
lobula plate (Fig. 3). Retinotopy is maintained throughout the columnar
structure of the visual system down to the direction-selective lobula plate
tangential cells which have complex and wide receptive fields. Recording
from these cells and simultaneous circuit manipulation has become a valu-
able technique for dissecting the motion processing circuitry.

1.5.1 Retina

Drosophila’s compound eye is formed by � 750 hexagonal facets or omma-
tidia which build up an evenly spaced mosaic with an interommatidial an-
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gle of � 5� (Land, 1997). It samples almost the entire visual hemisphere
excluding only an area of about 20� in the back of the fly (Buchner, 1971).

Each of the ommatidias houses six outer photoreceptors (R1–R6) sur-Photoreceptors

rounding a stack of two inner photoreceptors (R7 and R8). Photoreceptors
R1–R6 contain Rhodopsin-1 (Rh1), a broad-band photopigment. Omma-
tidia in the central area of the eye are separated into two types, pale (p)
and yellow (y), depending on the photopigment present in the inner pho-
toreceptors (Franceschini et al., 1981). In p-type ommatidia R7 cells con-
tain UV-absorbing photopigment Rhodopsin-3 (Rh3) and R8 cells contain
Rhodopsin-5 (Rh5), a blue sensitive photopigment. In y-type ommatidia
photoreceptors R7 contain another UV-absorbing photopigment, Rhodopsin-
4 (Rh4), while photoreceptors R8 contain the green sensitive photopigment
Rhodopsin-6 (Rh6). Approximately 30% of the ommatidia belong to the p-
type and 70% to the y-type. Both types are distributed stochastically in the
retina. A third class of ommatidia is located along the dorsal rim area of the
eye where both photoreceptors R7 and R8 contain UV-sensitive Rh3 (Feiler
et al., 1992).

Early studies have revealed several mutations resulting in photoreceptorsPhotoreceptor types
and visual behavior deficits (Harris et al., 1976). For example, flies with the ora mutation (outer

rhabdomeres absent) have strongly degenerated photoreceptors R1–R6 and
show a severe performance reduction in several visual orientation behav-
iors including the optomotor and fixation response, which indicates a major
role for R1–R6 in these behaviors (Heisenberg and Buchner, 1977). The same
held true for flies carrying a mutation in the ninaE gene (neither inactivation
nor afterpotential E) which is required for the synthesis of photopigment Rh1

(O’Tousa et al., 1985). Similar deficits could be observed in flies in which R1–
R6 output was silenced with shibirets (Rister et al., 2007). R1–R6 have also
been shown to be sufficient for visual behavior because flies with impaired
R7 and R8 photoreceptors have an unchanged optomotor response (Yam-
aguchi et al., 2008) and an intact edge-fixation performance (Y. Zhou et al.,
2012). However, flies without functional R1–R6 are not blind because they
can still perform wavelength-specific phototaxis (Gao et al., 2008), suggest-
ing R7/R8 to be involved in color discrimination (Schnaitmann et al., 2013;
Yamaguchi et al., 2010). Moreover, it has been shown that polarization vision
is mediated via two systems, a dorsal and a ventral one. While the former
system consists of specialized photoreceptors R7/R8 in the dorsal rim area,
the latter system requires an interaction of inner and outer photoreceptors
in the ventral region of the eye (Wernet et al., 2012).

The visual pigments are located in the rhabdomere, a densely packedPhototransduction

structure of microvilli attached to the photorecepetor where light is con-
verted into an electrical signal by an intricate biochemical cascade (Hardie
and P. Raghu, 2001): Upon illumination rhodopsin is photoisomerized into
metarhodopsin which catalyzes the phosphorylation of a trimeric G-protein.
Metarhodopsin is converted back into rhodopsin by long-wavelength light
and is ready for absorbing the next photon. The activated G-protein dissoci-
ates and releases its G�-subunit which activates phospholipase C which, in
turn, hydrolyzes PIP2 to DAC and InsP3. Via a still unknown mechanism,
this leads to an opening of calcium permeable transient receptor potential
(TRP) channels and non-selective TRP-like cation channels which depolarize
the photoreceptor.
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Recent work has shown that the depletion of PIP2 leads to a rapid contrac-
tion of the photoreceptor membrane and suggests that such a mechanical
force might trigger the channel opening (Hardie and Franze, 2012). Phos-
pholipase C is encoded by the norpA gene (no receptor potential A) and is a key
element in the phototransduction cascade because a mutation in that locus
renders flies completely blind (Bloomquist et al., 1988). Phototransduction
in flies is very fast: Upon a short light pulse the depolarization in the pho-
toreceptor is detectable already after a few milliseconds and quickly decays
back to resting levels (Hardie, 1991), which explains the incredible temporal
flicker resolution of the fly eye at values larger than 200Hz (Autrum, 1950).
All photoreceptors use histamine as a neurotransmitter and hence provide
an inhibitory signal to their postsynaptic targets (Hardie, 1989).

The photoreceptors within one ommatidium are spatially separated in Neuronal
superpositionflies and point at different locations in space. Thus, a simple convergence

of their outputs into the subsequent lamina cartridge would decrease vi-
sual acuity. Nature has solved that problem by using the principle of neu-
ronal superposition which maintains resolution and increases sensitivity at
the same time (Braitenberg, 1967; Kirschfeld, 1967): Photoreceptors R1–R6

from within one ommatidium project into distinct neighboring cartridges
of the lamina in such a way that the photoreceptors with the same optical
axis project into the same lamina cartridge. Hence, the functional unit for
light processing is not the ommatidium itself but rather the lamina cartridge
which is therefore also called the neuro-ommatidium. The projection for R7

and R8 cells is more simple: They project directly into the subjacent car-
tridge passing the lamina and synapse onto medulla cells. Yet, R7 and R8

axons are gap junction-coupled to the R6 axon within the same cartridge at
the level of the lamina (Shaw et al., 1989; Wardill et al., 2012).

1.5.2 Lamina

The first neuropil, the lamina, consists of � 6000 cells (Hofbauer and 12 cell types

Campos-Ortega, 1990) which can be divided into 12 neuron types (Fis-
chbach and Dittrich, 1989). Eight of these are columnar: five lamina
monopolar cells (L1–L5), two centrifugal cells (C2 and C3) as well as T1.
The other four types are multi-columnar: One lamina intrinsic neuron (Lai)
and one lamina tangential neuron (Lat) as well as two lamina wide-field
neurons (Lawf1 and Lawf2). L1–L5 neurons have their somata and input
dendrites in the lamina and provide a feed-forward signal to different layers
of the medulla. C2, C3 and T1 neurons have their somata and dendrites in
the medulla and are thought to provide a feedback signal to the lamina. The
input and output of Lai neurons is confined just to the lamina while Lawf1
and Lawf2 receive their input in the medulla and provide multi-columnar
feedback projections to the lamina. Finally, Lat projects from the ipsilateral
central brain to the outer region of the lamina. At least L1 and L2 are
coupled via gap-junctions (Joesch et al., 2010), suggesting that the lamina
constitutes an intricate network of synaptic and electrical connections.
Single-cell transcript profiling has identified L1 to be glutamatergic and
both L2 and L4 to be cholinergic while the transmitter systems used by the
other lamina neurons are currently unknown (Takemura et al., 2011).

Lamina monopolar cells L1–L3 have been studied extensively and, due Lamina monopolar
cells L1–L3
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to their sufficiently large size, can be recorded with sharp microelectrodes
(Laughlin and Hardie, 1978; Laughlin and Osorio, 1989). They are non-
spiking neurons receiving histaminergic input from photoreceptors R1–R6

(Gengs et al., 2002). L1–L3 respond with a transient hyperpolarization upon
illumination and depolarize when luminance decreases (Clark et al., 2011;
Reiff et al., 2010; Silies et al., 2013). L1 and L2 are key players in motion
vision as blocking the output of both cells at the same time abolishes the
optomotor response (Rister et al., 2007; Tuthill et al., 2013). This has also
been found in electrophysiological recordings from lobula plate tangential
cells which become unresponsive upon L1 and L2 blockade (Joesch et al.,
2010).

Moreover, when L1 and L2 were blocked separately, lobula plate tangen-ON and OFF
pathways tial cells responded only to one polarity of motion in a direction-selective

manner: When L1 was blocked, they only responded to dark-edge (OFF)
motion while in a L2 block only a response to bright-edge (ON) motion was
detectable, implying that L1 and L2 constitute two major input lines for inde-
pendent ON and OFF motion detection pathways, respectively (Joesch et al.,
2010). This early split in motion vision has been investigated in behavioral
experiments as well with similar results (Clark et al., 2011). L2 has also been
shown to control walking speed (Katsov and Clandinin, 2008) and to be
necessary for the escape response (de Vries and Clandinin, 2012). Moreover,
responses in L2 depend on the size of the stimulus and are best character-
ized by an excitatory center and an inhibitory surround receptive field, sug-
gesting a lamina preprocessing mechanism which could alter the response
dynamics selectively only to dark-edge motion (Freifeld et al., 2013).

L3 has been speculated to form the major input pathway to a color pro-Lamina monopolar
cells L3 and L4 cessing system (Gao et al., 2008) and to mediate fixation behavior (Rister et

al., 2007). However, recently L3 has been found to play a role during process-
ing of OFF motion stimuli as well (Shinomiya et al., 2014; Silies et al., 2013).
Even though L4 does not receive direct photoreceptor input, its responses to
light increments and decrements resembles those of L1–L3 neurons (Meier
et al., 2014; Silies et al., 2013). This could be explained by its reciprocal con-
nections with L2, a circuit motif which has been speculated to tune motion
computation differentially to progressive and regressive motion (Takemura
et al., 2011). Blocking the output of L4 neurons and simultaneous record-
ings from lobula plate tangential cells revealed a drastic response reduction
to OFF edge, but not to ON edge motion, corroborating the role of L4 in the
OFF motion pathway (Meier et al., 2014).

Finally, responses of lamina neurons are shaped by feedback neurons:Feedback projections

Lawf2 is accessible via whole-cell patch clamp recordings and shows a
pronounced spiking response upon flicker stimulation but is not direction-
selective. Blocking its output during behavioral experiments revealed that
Lawf2 suppresses low-frequency signals for motion detection (Tuthill et al.,
2014). Virtually nothing is known about the physiology and function of
the other neurons in the lamina and only recently a behavioral screen has
revealed surprisingly little contribution of these neurons to various visually-
guided behaviors (Tuthill et al., 2013).
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1.5.3 Medulla

The second neuropil, the medulla, consists of � 60 mostly columnar neuron
types, forming a dense neural network of � 40 000 neurons (Hofbauer and
Campos-Ortega, 1990). The medulla can be divided into 10 separate layers
(M1–M10) where lamina neurons make synaptic connections with different
types of medulla neurons (Fischbach and Dittrich, 1989; Takemura et al.,
2008). Almost all medulla neurons receive their input from within these
layers. They can be grouped according to their shape and target projection
pattern.

Local medulla intrinsic (Mi) neurons target cells within the medulla while Cell types

trans-medulla (Tm) neurons project onto neurons in the lobula. On the other
hand, trans-medulla Y-cells bifurcate and synapse onto neurons in the lob-
ula and, additionally, onto neurons in the lobula plate. Another group of
cells is formed by the columnar bushy T cells (T2, T3, T4 and T5) which tar-
get different layers of the lobula (T2 and T3) and of the lobula plate (T4 and
T5). While T2, T3 and T4 neurons receive input from within the medulla,
T5 gets input from the lobula. T4 and T5 cells are further divided into four
subtypes each (T4a–d and T5a–d) which target layers 1–4 of the lobula plate
(Bausenwein and Fischbach, 1992).

Recent developments in electron microscopy have created detailed con- Connectivity clusters

nectivity maps (Fig. 4), which revealed clusters of connectivity within the
medulla network (Shinomiya et al., 2014; Takemura et al., 2013). One cluster
was found between L1, Mi1, Tm3 and T4 neurons, another between L2, L4,
Tm1, Tm2, Tm4 and T5 cells and yet another between L3, R7, R8, Tm9 and
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T5 neurons. It is currently well-established that the L1–Mi1–Tm3–T4 and
L2–L4–Tm1–Tm2–Tm3–T5 clusters correspond to the ON and OFF motion
pathway, respectively.

Due to the small size of neurons in the medulla it has rarely been possiblePhysiological
characterization to establish electrophysiological recordings (Douglass and Strausfeld, 1996)

and only with the recent advent of two-photon imaging in Drosophila has it
become feasible to obtain reliable data of their visual response properties.
One of the few medulla neurons characterized so far is Tm2 (Meier et al.,
2014): When presented with moving dark and bright edges, Tm2 neurons
responded transiently only to the moving dark edge, yet, independently of
its direction of motion. Similarly, when probed with flickering bars, a re-
sponse only to the darkening phase of the bar was apparent. This, however,
strongly depended on the size of the bar, leading to no detectable response
for full-field flicker, which indicated a significant role for lateral inhibition.
Moreover, blocking the output of Tm2 and recording from lobula plate tan-
gential cells revealed a reduction of the response only to moving OFF edges
but not to moving ON edges.

Another study recently applied pan-neuronal imaging to the medulla and
probed the visual system with dark and bright flashing dots of different
sizes. This revealed a clear separation of layers responding selectively to
brightness increments and others to brightness decrements, which matches
the projection regions of L1 and L2, respectively (Strother et al., 2014). They
also imaged Mi1 and Tm1 directly: Mi1 responded selectively to brightness
increments of the dot independently of size. In contrast, Tm1 responded
selectively to brightness decrements, however, only if the dot was small,
which demonstrates that Tm1 is laterally inhibited.

Recently, Mi1, Tm3, Tm1 and Tm2 neurons were recorded from via elec-
trophysiolgical whole-cell patch clamp (Behnia et al., 2014). It was found
that Mi1 and Tm3 depolarize selectively to brightness increments and hy-
perpolarize to brightness decrements while Tm1 and Tm2 neurons did the
opposite. Polarity-specific rectification was present in these cells but weak.
These three studies implicate that the split of ON and OFF motion signals
starting at L1 and L2, respectively, is maintained in the medulla and that
the flow of information matches the one suggested by the anatomy.

Finally, T4 and T5 neurons have been shown to be the major output el-T4 and T5 cells

ements of the medulla because silencing these cells completely abolishes
direction-selective responses in lobula plate tangential cells (Schnell et al.,
2012). However, it has been unclear whether the lack of direction-selectivity
in lobula plate tangential cells would translate directly into an inability to
perform an optomotor response because other pathways might play a role
in this behavior as well. Moreover, it has remained speculative whether T4

and T5 neurons themselves are direction-selective (Douglass and Strausfeld,
1996) and how the split of ON and OFF motion signals is carried on to the
different T4 and T5 subtypes or whether, alternatively, direction-selectivity
is computed postsynaptically within lobula plate tangential cells.
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1.5.4 Lobula complex

The final neuropil in the fly optic lobe is called the lobula complex where
large-field neurons integrate columnar input from the medulla. In dipteran
flies the lobula complex is further divided into lobula and lobula plate
which both have a similarly-layered anatomical structure.

The lobula plate is the most well-studied neuropil in the fly as it was Lobula plate

recognized early that the structure is electrically highly active and contains
many direction-selective elements, the lobula plate tangential cells (Hausen,
1976, 1982a,b; Hengstenberg, 1982). Relatively easy access to this neuropil
and the large size of lobula plate tangential cells permitted thorough inves-
tigations of the lobula plate network (for review, see Borst and Haag, 2002).
Lobula plate tangential cells are large neurons with a magnificent dendritic
tree spanning the whole lobula plate. They respond with depolarization
upon motion stimuli in their preferred direction and with hyperpolariza-
tion for motion in the other (null) direction. They are tuned to different
directions of motion and form groups of vertical system (VS) cells as well as
horizontal system (HS) cells.

Moreover, detailed mapping of their spatial receptive fields in Calliphora Tangential cells and
optic flow fieldsvicina revealed that each lobula plate tangential cells has a different pre-

ferred optic flow pattern. Interestingly, these patterns resemble the optic
flow as seen by the fly when it rotates along certain body axes, and hence,
each lobula plate tangential cells encodes a different axis of fly ego-motion
(Krapp et al., 1998; Krapp and Hengstenberg, 1996). It is thought that these
complex receptive fields are shaped further by axonal gap-junctions which
couple lobula plate tangential cells in a chain-like manner (Haag and Borst,
2004).

Most of the findings appear to be transferable to Drosophila (Fischbach and Lobula plate in
DrosophilaDittrich, 1989; Scott et al., 2002). Deoxyglucose mapping of the Drosophila vi-

sual system revealed a four-layered structure where each layer is responsive
only to one of the four cardinal directions of motion: Layer 1 is selective
for front-to-back, layer 2 for back-to-front, layer 3 for upward and layer 4 for
downward motion on the ipsilateral side (Buchner et al., 1984). In Drosophila,
three HS cells (HSN, HSE, HSS) have been identified whose dendritic trees
reside in the anterior region of the lobula plate (layers 1 and 2) where HSN
covers the dorsal, HSE the medial and HSS the ventral part of the hemi-
sphere (Heisenberg et al., 1978; Schnell et al., 2010). The six known VS cells
(VS 1-6) have their dendrites covering the entire lobula plate (Heisenberg
et al., 1978).

When stimulated with gratings moving in preferred or null direction at Direction-selectivity
of tangential cellsvarious velocities, the direction-selective responses of lobula plate tangential

cells share many properties with optomotor behavior, including that the re-
sponse strength is tuned to temporal frequency rather than velocity. Yet, the
optimal frequency is around 1Hz for lobula plate tangential cell recordings
(Joesch et al., 2008) while it is around 3–10Hz for the optomotor response
(Götz and Wenking, 1973). This discrepancy was resolved by performing
electrophysiological recordings and two-photon imaging from lobula plate
tangential cells in tethered flying or walking flies (Chiappe et al., 2010; Mai-
mon et al., 2010): When the fly moved, the gain of the cell increased and
the optimum shifted to higher temporal frequencies getting closer to those
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found in behavioral experiments. Importantly, these effects could be mim-
icked in a fixed preparation by artificial application of the neuromodulator
octopamine (Jung et al., 2011) or by stimulating octopamine-secreting neu-
rons in the central brain (Suver et al., 2012).

In order to assess the requirement of lobula plate tangential cells for theLobula plate and
behavior optomotor response, Heisenberg et al. (1978) investigated the anatomy of the

mutant ombH31 (optomotor blindH31) which had been isolated in a mutation
screen for optomotor deficits (Heisenberg and Götz, 1975). It was found
that in ombH31-mutant flies lobula plate tangential cells were absent or sig-
nificantly degenerated, indicating their necessity for optomotor behavior.
Interestingly, these flies were still able to perform closed-loop bar fixation,
suggesting that this behavior can be realized via a lobula plate-independent
pathway. Further, it has been shown that sustained unilateral activation of
HS cells via a bistable channelrhodopsin induces a turning response to the
side of stimulation, in blind flies, implying that HS cells are sufficient for
the optomotor turning response (Haikala et al., 2013).

While the lobula plate has been studied for decades, the neighboring neu-Lobula

ropil, the lobula, has received much less attention. No electrophysiologi-
cal recordings exist, nor any imaging data, and hence, almost nothing is
known about its physiology and function. Detailed anatomical studies have
revealed a six-layered structure with numerous lobula columnar neurons
(LCNs) (Fischbach and Dittrich, 1989; Strausfeld, 1976). Characterization of
lobula projection neurons (Otsuna and Ito, 2006) suggested a functional role
of the lobula for color vision (Otsuna et al., 2014) as well as for processing of
certain second-order motion stimuli (Zhang et al., 2013). Moreover, the lob-
ula has been speculated to be used during fixation behavior because activity
labeling via deoxyglucose mapping showed that the two most anterior layers
are more responsive to front-to-back than to back-to-front motion (Buchner
et al., 1984) and because the lobula was labeled when visually stimulating
flies with a rotating stripe (Bausenwein et al., 1994).

Beside the well-characterized HS and VS cells in the lobula plate, little
is known about the many other neuron types which reside in the lobula
complex. Several kinds of large-field looming-sensitive neurons (Foma-1)
have been identified in the lobula plate and lobula of Drosophila (de Vries
and Clandinin, 2012). Genetic silencing of these neurons abolished escape
behavior in response to visual stimulation. In contrast, optogenetic stimula-
tion was sufficient to induce take-off in blind flies. Moreover, electrophysio-
logical recordings revealed that the firing rate of Foma-1 neurons increases
upon stimulation with looming discs with similar dynamics as had been
found in locust looming-sensitive neurons (Hatsopoulos et al., 1995). In the
blowfly, a set of figure detection cells has been found (Egelhaaf, 1985a,b,c).
Other small-target motion detector neurons have been identified and char-
acterized in the lobula of hoverflies (Nordström et al., 2006; Nordström and
O’Carroll, 2006). These neurons respond to moving small-field objects but
are inhibited by large-field motion and have therefore been considered to
be important for figure tracking. However, it is unclear whether such cells
exist in Drosophila.
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1.6 modeling

Behavioral and electrophysiological experiments indicate that visual pro-
cessing in insects is highly deterministic and follows relatively simple math-
ematical rules. Hence, the insect can be considered as a computational
device which transforms sensory input into behavioral output. It should
therefore be possible to apply strategies from systems analysis and electri-
cal engineering to uncover the computations performed by the insect brain.
Such a cybernetic approach was first applied by Hassenstein and Reichardt
(1956) who developed a computational framework to understand the opto-
motor behavior of the beetle Cholorphanus viridis. Later, similar strategies
were used to investigate visual fixation behavior in Drosophila (Poggio and
Reichardt, 1973).

1.6.1 Optomotor response

In the initial experiments performed by Hassenstein (1951), he positioned a First systematic
characterizationtethered beetle in the center of a rotating grating and placed a light straw-

made “Y-maze globe” under the legs of the animal, allowing him to pre-
cisely record walking dynamics. He observed a robust optomotor response.
Whenever the walking beetle arrived at a Y-junction of the globe, it turned
in the direction of the moving surround. How the animal obtained the in-
formation about the directionality of the stimulus remained unclear. This
robust essay allowed Hassenstein to explore several kinds of simple visual
stimuli to systematically dissect the detailed mechanisms underlying mo-
tion vision. Specifically, he performed experiments in which the animal
could see the moving grating only through a set of vertical slits, which re-
duced the visual stimulus to spatially and temporally separated luminance
changes. When the first and second pulse were both brightness increments
(ON–ON), the beetle turned in the direction of the apparent motion. The
same was true when both pulses were brightness decrements (OFF–OFF).
However, in the case of mixed luminance changes (ON–OFF or OFF–ON)
the turning response of the beetle was inverted.

In order to understand these results, Hassenstein teamed-up with Werner
Reichardt (whom he had met during the Second World War when both were
working as air-force radio operators near Potsdam). Together, they realized
that the behavioral result could be explained by a computation involving
a sign-correct multiplication. They further explored how the behavioral
response depends on the temporal dynamics of the stimulus and of the
spatial separation of the slits. They found that the response strength is
tuned to a certain time delay of the apparent motion signal and that the
optimal slit distance matches the interommatidial angle of the animal.

Based on these results, Hassenstein and Reichardt (1956) succeeded in The Reichardt
detectordeveloping a simple, yet influential, computational model of motion vision,

the Reichardt detector. Two neighboring receptors measure the luminance at
a specific location in the environment. One of the inputs is linearly low-pass
filtered, therefore delayed in time, while the other is not and both signals are
subsequently multiplied (Fig. 5a). Subtracting the output of another, mirror-
symmetrical detector leads to a direction-selective signal (Fig. 5b). When
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Figure 5: Models of motion vision. (a) Reichardt half-detector. Two neighbor-
ing signals are asymmetrically delayed and subsequently multiplied. (b) Mirror-
symmetrical Reichardt detector. (c) Barlow-Levick half-detector. One signal leads
to a delayed inhibition of the other and only positive signals are transmitted. (d)
Variant of the Reichardt detector with independent ON and OFF channels (Eichner
et al., 2011). All models are direction-selective and prefer motion to the right.

stimulated with moving patterns in the preferred direction of motion, the
model responds positively, while null-direction motion induces a negative
response.

The Reichardt detector has proven to explain many of the behavioral ob-
servations in the beetle and was later shown to quantitatively predict in
great detail the optomotor behavior of bees (Kunze, 1961) and different
kinds of flies (Fermi and Reichardt, 1963; Götz, 1964) as well as direction-
selective responses in fly lobula plate tangential cells (Egelhaaf and Borst,
1989; Joesch et al., 2008). A very similar model, the Barlow-Levick motion
detector, originated from early work on the rabbit retina (Barlow and Levick,
1965). It differs from the Reichardt model in the form of the non-linearity
and in the arrangement of the delays (Fig. 5c). Further, the Reichardt de-
tector has been influential in the development of more elaborated variants
(van Santen and Sperling, 1985) as well as other classes of motion-detectors
such as motion energy models (Adelson and Bergen, 1985), all of which
were applied to vertebrate and human motion psychophysics.

With the discovery of separate contrast polarity-specific ON and OFFExtension to ON and
OFF pathways pathways for motion vision (Joesch et al., 2010), the internal structure of

the Reichardt detector needed to be extended to account for these inde-
pendent processing pathways (Eichner et al., 2011). One solution is to use
four parallel detectors which cover all four possible input conditions (ON–
ON, ON–OFF, OFF–ON, and OFF–OFF) and sum their outputs. Such a
“4-quadrant detector” would have a suitable internal structure and would
be mathematically equivalent to the original Reichardt model. Alternatively,
two of such units could form a “2-quadrant detector”, dealing only with
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