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Flies are highly visually guided animals. In this thesis, I have used hoverflies as a model for
studying motion vision. Flies process motion vision in three visual ganglia: the lamina, the
medulla, and the lobula complex. In the posterior part of lobula complex, there are around 60
lobula plate tangential cells (LPTCs). Most of LPTCs have large receptive fields where the local
direction sensitivity suggests that they function as matched filters to specific types of optic flow.
LPTCs connect to descending or neck motor neurons that control wing and head movements,
respectively. Therefore, in this thesis I have focused on the electrophysiological responses of
LPTCs to gain understanding of visual behaviors in flies.

The elementary motion detector (EMD) is a model that can explain the formation of local
motion sensitivity. However, responses to higher order motion, where the direction of luminance
change is uncorrelated with the direction of movement, cannot be predicted by classic EMDs.
Nevertheless, behavior shows that flies can see and track bars with higher order motion cues. I
showed (Paper I) that several LPTCs also respond to higher order motion.

Many insects, including flies, release octopamine during flight. Therefore, adding octopamine
receptor agonists can mimic physical activity. Our study (Paper II) investigated the effect of
octopamine on three adaptation components. We found that the contrast gain reduction showed
a frequency dependent increase after octopamine stimulation. Since the contrast gain is non-
directional, it is likely presynaptic to the LPTC. We therefore believe that octopamine acts on
the delay filter in the EMD.

In the third paper we describe a novel LPTC. The centrifugal stationary inhibited flicker
excited (cSIFE) is excited by flicker and inhibited by stationary patterns. Neither of these
responses can be predicted by EMD models. Therefore, we provide a new type of motion
detector that can explain cSIFE’s responses (Paper III).

During bar tracking, self-generated optic flow may counteract the steering effect by inducing
a contradictory optomotor response. Behavior shows that during bar fixation, flies ignore
background optic flow. Our study (Paper IV) focus on the different receptive fields of two
LPTCs, and relate these to the bar fixation behavior. In the neuron with a small and fronto-dorsal
receptive field, we find a higher correlation with bar motion than with background motion. In
contrast, the neuron with a larger receptive field shows a higher correlation with background
motion.
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請不要	 佇立在我的墓前哭泣	 

我不在那裡	 我沒有沉睡不醒	 

化為千風	 我已化為千縷微風	 

翱翔在無限寬廣的天空裡	 

秋天	 化為陽光	 照耀田間	 

冬天	 化為白雪	 綻放鑽石光輝	 

清晨	 化為飛鳥	 輕聲喚醒你	 

夜晚	 化作星辰	 默默守護你	 

請不要	 佇立在我的墓前哭泣	 

我不在那裡	 我沒有沉睡不醒	 

化為千風	 我已化為千縷微風	 

翱翔在無限寬廣的天空裡	 
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Abbreviations 

ACh acetylcholine 
AOS accessory optic system 
CDM chlordimeform 
CH centrifugal horizontal 
CRT cathode ray tube  
cSIFE centrifugal stationary inhibited flicker excited 
DLP digital light processing 
EM elementary motion 
EMD elementary motion detector 
FD figure-detecting 
FM figure motion 
GABA gamma-aminobutyric acid 
H1 horizontal sensitive 1 
HP high-pass 
HS horizontal system 
HSN horizontal system north 
HSNE horizontal system north equatorial 
HSE horizontal system equatorial 
HSS horizontal system south 
HWR half-wave rectification 
LED light-emitting diode  
LPTC lobula plate tangential cell 
ND null direction 
NOT nucleus of the optic tract 
PD preferred direction 
R1-6 photoreceptor 1-6 
RGB red-green-blue  
V1 vertical sensitive 1 
VS vertical system 
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1 Introduction 

Insects are abundant both in terms of the number of species and the number 
of individuals, which means that they display very diverse life styles. Many 
species are important for human life. For example, most crop pollenization is 
performed by insects. Thus without insects, humans and many other animals 
may not be able to survive. There are around 790,000 insect species (May 
and Beverton, 1990) including orders such as Coleoptera (beetles), Diptera 
(flies), Hymenoptera (ants, bees, wasps), and Lepidoptera (moths and butter-
flies). In this thesis, I have used dipteran flies as a model for motion vision. 

Dipteran flies show excellent acrobatic flight maneuvers. Some flies per-
form high speed saccades with rotational velocities up to several thousand 
degrees per second and they can fly forward at speeds of up to 10 meters per 
second (Collett and Land, 1975). Some flies can hover midair and then sud-
denly turn to rapidly chase away other flies. Using these astonishing flight 
abilities, flies can easily plan to escape a potential predator in only 200 ms 
(Card and Dickinson, 2008), and predatory flies use the excellent flight abil-
ity to efficiently catch their prey. Robber flies, for example, sit and wait until 
other insects fly past and intercept their prey by anticipating their flight tra-
jectory (Shelly, 1984). Flies, therefore, must have efficient mechanisms for 
rapidly processing motion vision.  

Dipteran flies have relatively large compound eyes. Compound eyes have 
existed for over 500 million years, at least since the early Cambrian (Land 
and Nilsson, 2002). Flies see faster than humans, up to 250 Hz in bright sun-
light (Autrum, 1948). The insect compound eyes are very different than ver-
tebrate camera eyes. The compound eye provides a large visual field cover-
ing almost 360 degrees of the visual field (Sukontason et al., 2008), but with 
much lower spatial resolution than the human camera eye. The spatial reso-
lution is around 1 degree in blowflies (Petrowitz et al., 2000) and hoverflies 
(Straw et al., 2006) and about 5 degrees in fruit flies (Buchner, 1976), about 
100-700 times worse than human vision (Patel, 1966).  

Motion vision is very important for visually guided animals. Flies have a 
small brain with only around 100,000 neurons in the fruit fly (Chiang et al., 
2011), with relatively large optic lobes (around one third of the brain) dedi-
cated to processing vision. Flies use motion vision to navigate in the sur-
rounding environment, to find mates, prey, or to avoid predators (Land and 
Collet, 1974). Motion vision can, for instance, be used for detecting objects 
(Kimmerle, et al., 1996). Furthermore, an animal’s motion through the world 
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generates widefield motion cues across the retina, so-called optic flow, 
which is used to determine self-motion. 

Hoverflies are one type of dipteran flies that have unique behaviors. Hov-
erflies are not predatory flies, but they can hover in a lek site to defend their 
territories and rapidly chase away intruders (Baker, 1983; Collett and Land, 
1975), indicating an exquisite visual system. Hoverflies are also superb for 
intracellular electrophysiological recordings, since their neurons are relative-
ly large, and stable to record from. These features make hoverflies an excel-
lent model and the main reason I chose hoverflies in this thesis. 

1.1 Historical overview of motion vision techniques 
Fly motion vision studies began with observing free flight behavior and con-
specific interactions. For example, in early studies, fly behavior was filmed 
using high speed cameras with subsequent reconstruction of the flight paths 
in 2D or 3D (Collett and Land, 1975; Wehrhahn et al., 1982; Land and Col-
lett, 1974; Collett, 1980). Such studies showed that flies display high flight 
speeds, high angular velocities, and exquisite pursuit behaviors (Collett and 
Land, 1975; Wehrhahn et al., 1982; Wehrhahn 1979; Land and Collett, 
1974). 

A more controlled way to quantify fly visual behaviors is via so called 
tethered flight experiments (Götz, 1964), with a visual stimulus, such as a 
patterned drum, spinning around the fly. When the drum spins, the fly tries 
to follow the widefield pattern. The widefield moving pattern generates optic 
flow across retina (Gibson, 1950), and the subsequent turning response is 
called the optomotor response (Heisenberg et al., 1978; Collett, 1980). The 
optomotor response can be recorded with a torque meter attached to the teth-
ered fly (Reichardt and Poggio, 1975). In more recent work the optomotor 
response has been recorded using the differences between the left and right 
wing beat amplitudes, which are well correlated with torque meter data 
(Dickinson et al., 1993; Duistermars et al., 2012). 

Similar spinning drum setups have been used to show that flies aim to 
fixate vertical bars in the frontal visual field (Egelhaaf and Borst, 1993; 
Kimmerle et al., 1996; Reichardt and Wenking, 1969; Reichardt and Poggio, 
1975). By superimposing the bar on background motion it was shown that 
flies separate figure and ground motion (Egelhaaf, 1985, Egelhaaf and Borst, 
1993, Virsik and Reichardt, 1976). The tendency to fixate the bar overpow-
ers the optomotor response induced by the background motion (Reiser and 
Dickinson; 2010; Fox et al., 2014). It is believed that bar fixation behavior 
can benefit flies during orientation during flight (Reiser and Dickinson, 
2010).  

Today, digital displays have replaced analog spinning drums. The digital 
displays include light-emitting diode (LED) arenas, high frequency cathode 
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ray tube (CRT) monitors, and modified digital light processing (DLP) pro-
jectors. Digital displays have the advantage over analog displays that it is 
much easier to modify the visual stimuli. Using accompanying software one 
can thus implement much more complex visual stimuli than possible in ana-
log spinning drums. However, digital displays often need to be modified 
since flies see faster than humans (Autrum, 1948).  

Studying behavioral responses to visual motion thus includes a wide 
range of techniques, from observing free flight behavior, to quantifying re-
sponses under higher control in tethered flight arenas. However, what hap-
pens in the brain? In the early 1900’s Cajal and Sanchez started visualizing 
the neurons in the horsefly brain using Golgi silver staining (Strausfeld, 
2012). The method has been continuously refined and the fly brain anatomy 
has now been described in detail in many different dipterans (Fischbach and 
Dittrich, 1989; Grönenberg and Strausfeld, 1992; Douglass and Strausfeld, 
2003). In flies, three main optic lobes are found: the lamina, medulla, and 
lobula complex (Fischbach and Dittrich, 1989). The lobula complex is divid-
ed into two parts: the anterior lobula, and the posterior lobula plate. Many 
neurons are identified in these regions, including the 60 lobula plate tangen-
tial cells (LPTCs).  

Electrophysiological techniques that are used in fly research include patch 
clamp, extracellular recordings, and intracellular recordings. The patch 
clamp technique has different variations, such as whole cell recording or 
patch recording. During patch recordings the electrode is attached to the cell 
membrane and the flow of ions across single channels is measured. In the 
whole cell patch the membrane between the electrode tip and the cell is re-
moved. Therefore, the recorded signal represents the current of the whole 
cell. During extracellular recordings an electrode is placed close to, but out-
side the recorded neurons. The electrode records the signals from one to 
several local neurons. During intracellular recordings a sharp electrode is 
inserted into the cell and membrane potential changes are recorded. The 
advantage of using intracellular recordings is that it allows the recording of 
graded subthreshold responses.  

Using intracellular electrophysiology, the physiology of LPTCs and pho-
toreceptors has been studied in great detail. These studies have showed that 
most LPTCs are directionally selective neurons and that different LPTCs 
display different local directional preference (Krapp and Hengstenberg, 
1996). Photoreceptors, however, respond non-directionally to luminance 
changes (Hardie et al., 1979; Hardie, 1979). The LPTC directional selectivi-
ty must therefore come from neural circuits in the lamina and the medulla. 
However, the medulla is difficult to investigate using electrophysiological 
techniques since the neurons are so small. Recently, scientists have therefore 
used genetic tools to investigate the function of individual medulla neurons 
(Maisak et al., 2013). 
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Some LPTCs have been shown to connect with descending motor neurons 
(Grönenberg and Strausfeld, 1992; Grönenberg and Strausfeld, 1991; 
Strausfeld and Bassemir, 1985; Strausfeld et al., 1987; Wertz et al., 2008) or 
neck motor neurons (Strausfeld et al., 1987, Milde et al., 1987). The de-
scending motor neurons control the movement of the wings, and the neck 
motor neurons control the movement of the head. Whereas electrophysiolog-
ical studies can resolve the computation in a neuron, the neuronal anatomy is 
needed to identify potential network interactions. One of the classical meth-
ods for simultaneous physiological and anatomical identification is to inject 
[3H]deoxyglucose 5-10 mins before displaying visual stimuli. This method 
produces a functional mapping of stimuli-induced neuron activity (Bausen-
wein et al., 1990; Bausenwein and Fischbach, 1992; Rodrigues and Buchner 
et al., 1984; Buchner and Buchner 1983). For example, the technique has 
been used to map the LPTC network (Bausenwein et al., 1990) and neuron 
activities in different layers of the medulla (Bausenwein and Fischbach, 
1992). However, the spatial resolution of the autoradiography images is ra-
ther poor, and it is not possible to get high temporal resolution. The temporal 
resolution for autoradiography is on the minute scale compared with electro-
physiology where the resolution is on the millisecond scale. An alternative 
method is to inject dye after intracellular recordings to identify the neural 
anatomy after recording (Gauck et al., 1997; Egelhaaf, 1985; Paper III). This 
method has been the primary way of identifying most LPTCs.  

Dye injection can be used to identify large neurons. However, neuron 
connections (or neuronal circuits, see more in section 1.3) are not easy to 
resolve by single cell identification. One way to investigate this is to use 
backfilled cobalt chloride together with Golgi silver stain to identify individ-
ual neurons (Strausfeld, 2012; Buschbeck and Strausfeld, 1997; Douglass 
and Strausfeld, 2003). However, this method is hard to combine with elec-
trophysiological studies. Some studies have therefore used dual recordings 
where a current is injected in one neuron to investigate the effect on another 
neuron (Farrow et al., 2006; Eckert and Dvorak, 1983), or photoablation of 
single neurons to see the effect on other neurons (Warzecha et al., 1992; 
Heisenberg et al., 1978; Geiger and Nässel, 1981; Hausen and Wehrhahn, 
1983).  

1.2 The elementary motion detector and other models 
for motion detection 
1.2.1 Classic motion detectors 
The elementary motion detector (EMD; Figure 1A), a model that can explain 
local motion formation, was proposed by Hassenstein and Reichardt in the 
1950’s (Hassenstein and Reichardt, 1956). The EMD model was first pro-
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posed to explain the turning responses in beetles walking on a Y-maze. The 
EMD has later been shown to be able to predict the basics of motion for-
mation in a range of animals, including flies (Buchner, 1976). The EMD 
provides spatio-temporal correlation of the output from two neighboring 
photoreceptors. The delayed output from one photoreceptor is compared 
with the undelayed output from its neighbor. The delay is usually modelled 
as a low-pass filter (“τ”, Figure 1A), and the correlation as a multiplication 
(“M”, Figure 1A). By subtracting the output from a mirror-symmetric subu-
nit, direction opponency is achieved.  

Another motion detector model is the Barlow-Levick detector (Figure 
1B), which is based on directional ganglion cells in the rabbit retina (Barlow 
and Levick, 1965). This model takes the signal from two adjacent photore-
ceptors and the signal from one arm is delayed (“τ”, Figure 1B). By correlat-
ing the undelayed and the delayed signal direction selectivity is generated. 
This principle is similar to the half unit of the EMD. However, rather than 
using a multiplication stage (“M”, Figure 1A), the Barlow-Levick detector 
uses a logical switch (“AND NOT”, Figure 1B). “AND” generates excitation 
to preferred direction motion and “NOT” leads to inhibition to non-preferred 
direction motion (Barlow and Levick, 1965). 

A third motion detector model proposed by Limb and Murphy (1975) is 
the gradient detector (Figure 1C), which also compares the output from two 
photoreceptors. The signals from the two arms are subtracted (“-”, Figure 
1C) to avoid response to flicker. One of these outputs calculates the temporal 
luminance gradient (“dI/dt”, Figure 1C) and the other measures the spatial 
luminance gradient (“dI/dx”, Figure 1C). The two signals are compared via a 
division stage, leading to directionally selective responses. The division 
stage also removes the effect of luminance (review: Borst and Euler, 2011).  

Electrophysiological and behavioral experiments in flies provide exten-
sive support for an underlying EMD type input (Borst and Euler, 2011; re-
view Borst, 2007). For example, when increasing image velocity, the pre-
dicted EMD output will first increase to a maximum and then decrease at 
higher velocities, whereas increasing the image velocity in a gradient model 
gives a linear increase of model output (Borst, 2007). Furthermore, the EMD 
predicts that when using different spatial frequencies of sinusoidal gratings, 
the response optimum will peak at the same temporal frequency, which is 
found in electrophysiology recordings of LPTCs (Haag et al., 2004). A simi-
lar dependency is found in the Barlow-Levick detector, but it gives non-zero 
responses when one arm is stimulated (de Polavieja, 2006). 



 14 

 
Figure 1. Different motion models. (A) The elementary motion detector (EMD). 
The original model from Hassenstein and Reichardt (1956) contains with two mir-
ror-symmetric units. Each subunit gets signals from two neighboring photoreceptors. 
One signal passes through a delay filter (τ). The other signal is passed undelayed to a 
multiplication stage (M). By subtracting the output from a mirror symmetric subunit, 
direction opponency is achieved. (B) The Barlow-Levick detector is similar to an 
EMD half-unit with a delay filter (τ) in one arm. The signals are spatio-temporally 
correlated in the logical filter (AND NOT). The direction selectivity is based on 
AND NOT, which determines the preferred direction of motion. (C) The gradient 
model. The output is based on the temporal luminance gradient (local luminance 
differences/time difference, dI/dt, left) divided (div) by the spatial luminance gradi-
ent (local luminance differences/space differences, dI/dx, right).  

1.2.2 Modified EMD models 
The classical EMD (Hassenstein and Reichardt, 1956) can explain and help 
understand the basics of motion formation in the fly brain. However, under 
certain conditions the EMD fails to predict physiological and behavioral 
responses. This includes responses to higher order motion, which is de-
scribed in more detail below. 

The motion of a patterned bar can be decomposed into the pattern moving 
inside the bar, the elementary motion (EM), and the motion of the whole bar, 
the figure motion (FM, Aptekar et al., 2012 and Paper I). When the EM 
moves coherently with the FM, it is called Fourier motion, or first order mo-
tion, and this type of motion can be detected by classic EMDs (such as in 
Figure 1A). However, EMDs fail to predict responses when there is no EM, 
such as in drift-balanced motion, or when the EM moves differently to the 
FM, such as in theta motion (Zanker and Burns, 2001). Higher order, or non-
Fourier motion, is thus when the direction of motion is uncorrelated with the 
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direction of luminance, contrast, or texture changes. Several types of non-
Fourier motion have been described (Chubb and Sperling, 1988). 

Although the classic EMD model cannot predict the response to non-
Fourier motion, both behavior and LPTC electrophysiology show that flies 
can detect higher order motion (Paper I; Theobald et al., 2008; Theobald et 
al., 2010; Tuthill et al., 2011). Quenzer and Zanker (1991) suggested a two-
layered EMD model, which would be able to detect higher order motion. In 
this model the output from one layer of EMDs is fed into a second layer. The 
first layer thus responds to EM motion, and the second layer to FM motion 
(Quenzer and Zanker 1991; Zanker, 1993; Zanker and Burns, 2001; see Fig-
ure 2A). Higher order motion can also be detected by some elaborated EMD 
models, since front-end non-linearities, such as high pass filters, generate 
response to luminance changes irrespective of contrast sign (Chubb and 
Sperling, 1988).  

Franceschini et al. (1989) proposed a 2-Quadrant-detector (Figure 2B), 
which separates ON and OFF luminance changes before correlation. This 
model gives a strong output to stimuli with the same luminance (ON-ON, 
OFF-OFF) and inverted outputs to opposite luminance changes (ON-OFF, 
OFF-ON). A recent version of this model also includes a DC filter (“DC”, 
Figure 2B) that allows 10% of the original signal to pass through, and a high 
pass (HP) filter (“HP”, Figure 2B; Eichner et al., 2011). The HP filter would 
thus make the modified 2-Quadrant-detector EMD model responds to drift-
balanced bars.  

Another model that is often used for describing motion sensitivity in the 
mammalian cortex is the motion energy model (Figure 2C; Adelson and 
Bergen, 1985; van Santen and Sperling, 1985). It has a similar structure as 
the EMD but separates differently oriented responses (“X2”, in Figure 2C). 
When a bar moves in one direction and flickers at regular intervals, the per-
ceived direction of motion may be reversed. This type of motion is called 
reverse phi-motion. The motion energy model can predict the response to 
reverse phi-motion by comparing the motion energy from different channels 
(Adelson and Bergen, 1985). 
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Figure 2. Modified EMD models. (A) Two layered EMD model. The output from 
the first EMD layer is fed into a second EMD layer (redrawn from Quenzer and 
Zanker, 1991).  Delay filter represent as “τ”, multiplication as “M”, and summation 
as “Σ”. (B) The 2-quadrant-detector. This model has a DC component that allows 
10% of the response from the photoreceptors and a high-pass (HP) filtering step in 
parallel. The signal outputs merge and then separate into parallel ON and OFF 
pathways via half-wave rectification (HWR). The signals then pass through a delay 
filter and are multiplied, as in a conventional EMD (redrawn from Eichner et al., 
2011). (C) The motion energy model, with similar structure to a basic EMD model. 
The signals are compared with neighboring photoreceptors after splitting the signal 
into channels with a delay (τ) and a high-pass filter (HP). Directional selectivity is 
generated by summation (+) and subtraction (-). The sums of squares of the 4 chan-
nels give motion energy for each direction of motion. The output of 2 channels from 
one arm is summed before comparing to the neighboring arm. 

1.2.3 Other motion detector models 
Despite the fact that the classic EMD and many modified EMD models can 
explain many motion responses, there still are some exceptions. For exam-
ple, there is one type of neuron in hoverflies and dragonflies that only re-
sponds to small targets, but not to large objects (Nordström et al., 2006; 
O’Carroll, 1993; Geurten et al., 2007). These small target motion detectors 
(STMDs) have special features not included in any of the EMD models. 
Therefore, an elementary STMD model (Figure 3A, Wiederman et. al, 2008) 
has been proposed. The signal from one point in space is separated into re-
sponses to dark and light contrast changes. The signal from the dark contrast 
change is delayed and correlated with the signal from bright contrast chang-
es, to give an output (Wiederman et al., 2008; Nordström and O'Carroll, 
2009).  
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Another type of neuron, identified in our group, called centrifugal station-
ary inhibited flicker excited (cSIFE) neuron, has two features that show that 
it does not get EMD inputs: 1) cSIFE gives non-directional responses to 
widefield stimuli; 2) cSIFE is inhibited by stationary high contrast stimuli. 
We provided a conceptual cSIFE model (Figure 3B; Paper III) to explain the 
flicker sensitivity and stationary inhibition.  

 
Figure 3. Other motion detector models. (A) Elementary STMD model. The signal 
from one point in space is separated into responses to dark and bright contrast 
changes. The response to dark contrast changes is delayed before correlation with 
bright contrast changes. The optimum stimulus is thus a dark contrast change fol-
lowed by a bright contrast change. The signals receive lateral inhibition (“-”) from 
similar units. (B) The cSIFE model, which splits the response from the photorecep-
tors to ON and OFF channels via half wave rectification (HWR). A further split into 
a high-pass (HP) filtering and a low-pass (τ) filtering step, in parallel. The ON and 
OFF signals are subtracted after LP filtering to give the inhibition to cSIFE neuron. 
The high-pass filtered signal gives excitation (Paper III).  

1.3 Anatomical and neural correlates of the EMD 
Flies perceive motion using a specific visual pathway: from the photorecep-
tors to the lamina, medulla, and then the lobula or the lobula plate. The pho-
toreceptors detect luminance changes in the environment. The photorecep-
tors R1-R6 surround the central R7 and R8 photoreceptors (Hardie, 1986). 
Dipteran photoreceptors depolarize in response to increased luminance. R1-
R6 responses are passed to the first visual ganglion, the lamina. At least 12 
lamina neurons contribute to motion vision (Tuthill et al., 2013), such as the 
columnar neurons (L1-5, C2-3 and T1) and the multi-columnar neurons (Lat, 
Lai, Lawft1, and Lawft2).  
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Recent studies used genetic methods to silence L1 and L2, to show that 
these serve a great role in widefield motion vision (Joesch et al., 2010; Reiff 
et al., 2010; Clark et al., 2011). L1 responds to ON stimuli and L2 responds 
to OFF stimuli (Joesch et al., 2010). Silencing both L1 and L2 creates mo-
tion blind flies that do not respond to widefield motion, but still respond to 
bars in the frontal visual field (Bahl et al., 2013). Other studies show that L3 
also contributes to the detection of OFF stimuli (Silies et al., 2013).  

Using electron microscopy sections to study synaptic connections in the 
second visual ganglion, the medulla (Takemura et al., 2013), the complete 
connectome was identified. This showed that L1 synapses directly on Tm3 
and Mil1, which then synapse with T4 (Takemura et al., 2013). T5 gets input 
from L2, via medulla transmedullar neuron Tm1 (Joesch et al., 2010). T4 
and T5 synapse in the lobula and the lobula plate (Schnell et al., 2012). A 
recent study showed that T4 and T5 are motion sensitive (Maisak et al., 
2013); however, other neurons in the same ganglion do not show direction 
sensitivity.  

The neuronal correlates for the EMD model are not yet fully identified. 
Recent work silencing L1 and L2 suggest that they provide the early half-
way rectification into independent ON- and OFF-channels (Eichner et. al, 
2011; see Figure 2B) This ON-OFF separation takes place before the delay 
filter. Since the T4 and T5 neurons are directionally sensitive, they must be 
located after the multiplication stage (Maisak et al., 2013). The neurons that 
perform the multiplication stage are therefore most likely medulla neurons. 
The neurons that correlate with the delay filter may therefore be located in 
the lamina and/or medulla. The summation stage in the EMD model might 
take place in the input dendrites to the LPTCs (Single et al., 1997). LPTCs 
spatially pool the output from many EMDs (Figure 4), giving them large 
receptive fields.  
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Figure 4. The EMD array.  The EMD array perceives the image movement. LPTCs 
acquire information from many EMDs, giving them large receptive fields. 

Most LPTCs are direction sensitive, and get their input from T4 and T5 
(Maisak et al., 2013). LPTCs are similar to the accessory optic system 
(AOS) and nucleus of the optic tract (NOT) in mammals, by being direction-
ally selective (review Clifford and Ibbotson, 2002). Different LPTCs can be 
identified by their preferred direction: vertical direction for the vertical sys-
tem (VS) cells, V1 and V2, or horizontal direction for the horizontal system 
(HS) cells, H1, and H2. The neurons give graded responses (centrifugal hor-
izontal cells, CH, VS, HS) or they fire action potentials (H1, H2, V1 and 
V2). Some have purely ipsilateral projections (HS, VS), whereas others con-
nect the two hemispheres. Finally, whereas the response of most LPTCs 
increases with the size of the visual stimulus, the Figure-Detecting (FD) cells 
are small-field tuned, with receptive fields in the frontal or lateral visual field 
(Hausen and Egelhaaf, 1989; Egelhaaf, 1985).  

LPTC receptive fields can vary between the sexes and different species. 
For example, the hoverfly HSN (Horizontal System North) has a smaller 
receptive field than blowfly HS neurons. The hoverfly HSN is located in the 
fronto-dorsal visual field and the male HSN has a smaller receptive field 
than the female HSN (Nordström et al., 2008).  

When a fly moves through its surround, optic flow is generated on retina 
(Franz and Krapp, 2000; Krapp and Hengstenberg, 1996). The optic flow 
can be decomposed into translation along three axes (thrust, sideslip, lift) 
and rotation around three axes (pitch, roll, yaw). Most LPTCs have large 
receptive fields, which match different types of optic flow (review: Egelhaaf 
et al., 2002; Krapp et al., 1998; Petrowitz et al., 2000). It is therefore likely 
that different LPTCs act as matched filters to detect optic flow generated by 
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self-motion (Franz and Krapp, 2000). For example, the VS cells have large 
receptive fields, which match pitch and roll rotations (Krapp et al., 1998). 
The receptive field properties are likely intrinsic because there is no influ-
ence of previous visual experience (Karmeier et al., 2001). Furthermore, the 
light cycle does not affect the receptive field properties, so flies that grow up 
in complete darkness still have the same receptive fields as wild type flies 
(Karmeier et al., 2001) and no anatomical differences (Scott et al., 2003). 

The LPTCs are connected with electrically coupled gap junctions, or with 
chemical synapses. Gap junctions are found in many LPTCs, for instance VS 
neurons (Elyada et al., 2009; Farrow et al., 2005). Therefore, VS cells obtain 
larger receptive fields from their neighbors. Chemical synapses can be either 
excitatory or inhibitory. In the fly brain GABA (gamma-aminobutyric acid) 
is the most common inhibitory neurotransmitter (Brotz and Borst, 1996) and 
ACh (Acetylcholine) is the most common excitatory neurotransmitter 
(Raghu and Borst, 2011). GABA likely mediates the subtraction stage (“-”, 
Figure 1A) and ACh likely mediates the summation stage (“+”, Figure 1A) 
in the EMD models (Brotz and Borst, 1996). FD cells receive GABAergic 
feedback from CH cells making them small-field tuned (Warzecha et al., 
1993). 

Interactions between LPTCs can be illustrated as intra horizontal system 
interactions, interactions between the vertical and horizontal system, and 
intra vertical system interactions. The LPTC connections can be axo-axonal 
or dendro-dendritic (Figure 5; Haag and Borst, 2002).  In blowflies intra 
horizontal system interactions include electrical coupling between HS and 
CH cells. CH cells provide excitatory chemical input to ipsilateral H1 and 
H2 cells. H1 and H2 cells provide inhibitory input to the contralateral HS 
cells. The HS cells are electrically coupled with the ipsilateral Hu cell, and 
the Hu cell provides excitatory input to contralateral CH cells. The VS cells 
are electrically coupled with each other and with V1 ipsilaterally. The V1 
cell provides inhibitory input to the contralateral VS cells. The LPTC con-
nections also show interactions between the vertical and horizontal system. 
For example, V1 provides inhibitory input contralaterally to the CH cells, 
and VS cells are electrically coupled with H1 and H2 cells. 
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Figure 5. Schematic diagram of the neuronal connections in the lobula plate. In 
each hemisphere different LPTCs are displayed. These receive retinotopic input 
from EMDs. Each neuron is represented by two compartments: one dendritic and 
one axonal, color-coded as grey for non-action potential generating elements and red 
for action potential generating elements. The connections between the different 
neurons are red for inhibitory synapses, blue for excitatory synapses and black for 
gap junctions, respectively (Borst and Weber 2011). This figure is reprinted with 
permission. 
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1.4 Motion adaptation  
In many animals, including primates and flies, motion-sensitive neurons in 
the visual system show a depression of responses after being exposed to 
moving images for a longer period (Maddess and Laughlin, 1985; Kohn and 
Movshon, 2003; Kohn and Movshon, 2004). This depression of responses is 
called motion adaptation. Adaptation has several benefits for animals: It 
saves energy to be able to respond to novel stimuli (Müller et al., 1999; Kern 
et al., 2005; Kohn 2007), it reduces the energy costs to prevent fatigue, and it 
increases the signal to noise ratio (Maddess and Laughlin 1985; Müller et al., 
1999). Furthermore, the visual inputs from the natural environment span 
more than 10 orders of magnitude (Kohn, 2007). By using adaptation, bio-
logical visual systems can still code for this complexity of inputs and dis-
criminate small magnitude changes. Thus, motion adaptation is essential for 
appropriate coding of visual stimuli encountered in the natural environment.  

Different motion adaptation components can be extracted using a test-
adapt-test protocol and recording the responses to different contrasts (Harris 
et al., 2000). Three of these components are a directional, global after-
potential, which generates a vertical shift of the contrast response function; a 
local contrast gain reduction, giving a right-shift of the contrast response 
function; and a local output range reduction, which compresses the gain to 
high contrast stimuli (Harris et al., 2000; Nordström and O’Carroll 2009). A 
local effect does not spread through the neuron, but can only be measured in 
those input dendrites directly subjected to adaptation. The global after-
potential, however, spreads to previously un-stimulated parts of the neuron’s 
receptive field (Nordström and O’Carroll 2009). Since the after-potential is 
directional and global (Nordström et al., 2011), it is likely generated after the 
summation stage of the EMD (Harris et al, 2000). The contrast gain reduc-
tion and the output range reduction are non-directional (Harris et al., 2000; 
Nordström and O’Carroll 2009), indicating that they are generated before the 
multiplication stage of the EMD, before direction selectivity is formed, 
maybe in the delay filter.  
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Figure 6. Contrast response function. Three adaptation components can be identi-
fied by comparing the contrast response function before and after adaptation. The 
after-potential gives a vertical shift, the contrast gain reduction a right shift, and the 
compression of the response to high-contrast stimuli is the output range reduction. 
The C50 is calculated as the contrast that gives 50% maximum response. 

1.5 Octopamine  
Octopamine was first discovered in 1951 from the salivary gland of octopus 
(Erspamer and Boretti, 1951). Since then it has been found ubiquitously 
across invertebrates (Robertson and Juorio 1976; Stevenson et al., 2005; 
Brembs et al., 2007; Busch et al., 2009). Octopamine has an effect on ovula-
tion, learning, and aggression (Zhou et al., 2008; Monastirioti, 2003; 
Schwaerzel et al., 2003) and it has a similar role as epinephrine in verte-
brates, triggering aggression, and arousal. It is also widely released during 
flight (Davenport and Evans 1984; Bacon et al., 1995; Stevenson et al., 
2005; Breugel et al., 2014). Several octopaminergic neurons have been iden-
tified in the fly brain (Sinakevitch and Strausfeld 2006; Busch et al, 2009). 

Octopamine expression is increased in active insects (Zhou et al., 2008; 
Monastirioti, 2003; Schwaerzel et al., 2003; Bacon et al., 1995). Several 
studies have shown that behavioral activity can be mimicked with octopa-
mine or octopamine receptor agonists, such as chlordimeform (CDM). This 
is important since physically active flies might receive mechanosensory in-
puts from halteres, whereas activity mimicked flies do not have these.  

Indeed, LPTC responses in flying and walking flies are similar to CDM 
treated flies (Chiappe et al., 2010; Maimon et al., 2010). Longden and Krapp 
(2009) showed that CDM increases the baseline activity of LPTCs, and in-
creases the gain of motion responses. However, the LPTC receptive field 
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was not affected. Furthermore, application of CDM modulates the temporal 
frequency tuning to higher velocities in LPTCs (Longden and Krapp, 2010; 
Jung et al., 2011). Similarly, the LPTC velocity tuning is shifted to higher 
temporal frequencies in flying flies compared with immobilized flies 
(Chiapped et al., 2010; Jung et al., 2011). The observed shift of the velocity 
optimum could result from modulating the delay filter in the EMD (Jung et 
al., 2011).  

1.6 Emerging techniques 
Genetic tools have been developed and applied to visual studies in flies in 
the last few decades. It has greatly improved the ability to understand the 
neuronal circuit in early visual processing (Review Borst and Euler, 2011). 
However, genetic tools are only available in a limited number of species. 

Emerging techniques in fruit flies use confocal imaging of single neurons 
genetically labelled with different fluorescent dyes, and when superimposed, 
the connections between them appear (Chiang et al., 2011). In the so-called 
connectome project, all the synapses in a single medulla column have been 
reconstructed in 3D (Takemura, et al., 2013), making it possible to backtrack 
any single neuronal path. Similar methods have also been used in the mouse 
retina (Helmstaedter, et al., 2013) and lamina in flies (Rivera-Alba et al., 
2011). Nonetheless, the connectome requires many man-hours (Gilbert, 
2013). Other studies focused on the neuronal function in the motion circuit 
by silencing presynatic neurons and measuring LPTC activities (Maisak et 
al., 2013; Clark et al., 2011; Joesch et al., 2010; Reiff et al., 2010). These 
new genetic tools help understanding the connection of neurons in motion 
circuits and their importance in behavior. 

Lately, genetically manipulated fly lines have been used to silence partic-
ular neurons by ultraviolet light or by raising the temperature to activate 
gene expression. Along with the development of genetic tools, single cell 
labeled fruit fly lines are created with Gal4 enhancers, which allows promot-
er binding to activate one specific gene (Wu et al., 2011; Bahl et al., 2013; 
Haikala et al., 2013; Maisak et al., 2013; review: Luo et al., 2008; Fischer et 
al., 1988).  

Single cells or small cell populations can be labelled with fluorescent pro-
teins making them visible under the microscope thus facilitating electrophys-
iology (Maimon et al,, 2010; Suver et al, 2012; Schnell et al., 2010). Single 
neurons can also be labelled with calcium sensitive indicators, such as TN-
XXL or GCaMP3. Calcium changes are associated with neural activity, and 
can thus be used to visualize neuronal activity induced by visual stimulation 
(Reiff et al., 2010; Clark et al., 2011; Chiappe et al., 2010).  
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2 Aims 

This thesis is focused on in vivo fly motion vision electrophysiology. 
The specific aims of the following four papers were: 
Paper I: To investigate the neuronal circuits underlying higher-order motion 
sensitivity.  
Paper II: To investigate the effect of octopamine on motion adaptation. 
Paper III: To identify novel LPTCs. 
Paper IV: To investigate the neuronal mechanisms underlying figure-ground 
separation. 
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3 Materials and Methods 

3.1 Animals 
Eristalis larvae were collected during summer to early autumn in Uppsala 
County, Sweden. Flies were hatched under light-dark (12:12) hour cycle at 
22-25°C and 30-60% humidity. Adult flies were fed with a 50% ground pol-
len, 50% sugar mixture, and fresh water was supplied daily. 

3.2 Experimental setup and visual stimuli 
Adult Eristalis flies were immobilized with a bee’s wax and rosin mixture 
inside an eppendorf tube. The left backplate was removed for access the 
lobula plate for intracellular recordings. Flies were mounted 13-14 cm in 
front of a 17-inch wide red-green-blue (RGB) 160 Hz CRT monitor (Tri-
nitron, Dell, Inc.) and visual stimuli were displayed with FlyFly 
(www.flyfly.se) using the Psychophysics toolbox (www.psychtoolbox.org) 
and Matlab (The MathWorks, USA). All visual stimuli were generated and 
displayed on a monitor with a mean illuminance of 150 lux, covering 100° x 
75° of the fly’s visual field. LPTC neurons were recorded intracellularly 
using aluminum silicate micropipettes pulled on a Sutter Instruments P-1000 
puller and filled with 2 M KCl (Sigma-Aldrich, USA). Experiments were 
performed at 21-25°C with sharp electrodes with 70-140 MΩ resistance. The 
signal was amplified with an amplifier (BA-03X, npi electronic, Germany) 
and 50 Hz electric noise filtered (HumBug, Quest Scientific, Canada). The 
signal was digitized and recorded with PowerLab 4/30 and LabChart 7.1.2 
(AD Instruments, Australia) or a NiDAQ 16 bit data acquisition card (Na-
tional Instruments, NI USB-6210) recorded at 10kHz with the data acquisi-
tion toolbox in MATLAB. 

3.3 Data analysis 
The data were analyzed offline using custom written scripts in Matlab. Dif-
ferent LTPCs were identified based on the similarity of the receptive field 
and directional sensitivity with previous publications of blowflies (Krapp et 
al., 1998; Wertz et al., 2009) and hoverflies (Nordström et al., 2008). The 
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LPTC responses were compared relative to the pre-stimulus levels (either 
mean membrane potential or mean spiking frequency) and pooled based on 
neuron type.  
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4 Result and Discussion 

4.1 Main Findings Paper I 
Humans and many other vertebrates can see and respond to higher order 
motion (O’Keefe et al; 1998; Smith et al., 1998; Baier, 2000; Orger et al., 
2000). However, whether insects, such as flies, can see or respond to higher 
order motion was not well established before. In Paper I, we show that many 
hoverfly LPTCs respond to higher order motion stimuli. Our study suggests 
that the demonstrated ability of flies to track higher order motion (Theobald 
et al., 2008; Theobald et al., 2010) could come from LPTCs. This study was 
particularly interesting because responses to higher order motion cannot be 
predicted from classical EMDs. 

In paper I, our data suggest that responses to pure FM and the response to 
pure EM can be used to predict the responses to combinations of FM and 
EM. Therefore, the responses to higher order motion can be predicted from 
the responses to FM and EM. In this paper, we provided a method to sepa-
rate the response of FM and EM into space-time domain, and we thus 
showed that the response to first order motion is faster than the response to 
higher order motion. This finding is similar to behavior which shows that 
flies track a first order bar faster than a higher order bar (Theobald et al., 
2010). 

4.2 Main Findings Paper II 
Octopamine has been found in a range of insects. It acts as a neurotransmit-
ter, neurohormone, and neuromodulator. Octopamine acts as a fight-or-flight 
hormone, with effects similar to epinephrine release in vertebrates. Interest-
ingly, a range of recent work has showed that octopamine affers visual re-
sponses to motion (Jung et al., 2011). Octopamine is believed to act at dif-
ferent stages of the motion vision pathway (Jung et al., 2011). Previous work 
showed that when LPTCs are exposed to constant velocity motion, the neu-
rons adapt after a few hundred milliseconds (Nordström et al., 2011). This 
may allow the LPTCs to respond more efficiently to new velocities.  

Visual motion adaptation can be broken down into three separate compo-
nents (Harris et al., 2000). These components can be visualized by plotting 
the contrast-response function before and after adaptation. The after-
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potential generates a downward shift of the contrast-response function, the 
contrast gain reduction generates a right-shift, and the output range reduction 
is the compression of the response to full contrast stimuli. Only the after-
potential is directional, and therefore likely formed in the LPTCs. However, 
since previous studies showed that both the contrast gain reduction and the 
output range reduction are non-directional, they are likely generated pre-
synaptic to the LPTCs. By investigating the effect of the octopamine recep-
tor agonist CDM on the different components of motion adaptation, we 
could identify its location in visual processing. Our study showed that CDM 
generated a frequency dependent increase of the contrast gain reduction, 
suggesting that the octopamine gain modulation takes place presynaptic to 
the LPTCs.  

4.3 Main Findings Paper III 
Most LPTCs respond optimally to the type of wide-field motion generated 
by the fly’s own movement through the surround. In Paper III, we described 
a novel centrifugal stationary inhibited flicker excited (cSIFE) neuron. De-
spite being located in the lobula plate, cSIFE clearly does not obtain its input 
from EMDs. cSIFE responds strongly to high-speed widefield motion, with 
no directional preference. The non-directional motion response is likely 
flicker-derived, since full-field flicker also drives the neuron. Besides the 
high sensitivity to non-directional motion, cSIFE is also inhibited by station-
ary patterns. When using sinusoidal gratings, cSIFE is inhibited to wave-
lengths between 1 and 10 degrees.  

Morphological characterization of cSIFE after Lucifer Yellow injection 
shows that it projects centrifugally. It receives visual input from the hemi-
sphere contralateral to our recording site, and has outputs projecting centrif-
ugally across the two lobula plates. These outputs could affect other LPTCs, 
which have their inputs in this part of the lobula plate. We tested this by 
visually stimulating cSIFE’s contralateral receptive field and recording elec-
trophysiological responses from other (ipsilateral) LPTCs. The results indi-
cate that cSIFE may affect active synapses on input dendrites of some 
LPTCs. This is interesting since LPTCs control behavioral output, and 
cSIFE may thus play a profound role in the coding of visual motion and its 
subsequent translation to behavior. 
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4.4 Main Findings Paper IV 
In Paper IV, we showed that the HSN response to bars moving in the frontal 
visual field is highly correlated with the response to the same bar on a mov-
ing background. However, HSNE cells do not show such high correlation. 
This might indicate a unique feature of the hoverfly HSN. Early studies sug-
gested that HS cells might be involved in figure-ground discrimination 
(Hausen, 1984). However, the blowfly FD cells are tuned to small-field mo-
tion suggesting that they underlie bar tracking behavior (Egelhaaf, 1985). 
However, FD cells have not been identified in hoverflies. The hoverfly bar 
tracking behavior might thus be supported by HSN. 

The bar tracking behavior is important for flies to orientate their position 
during flight. For example, flies normally avoid expanding optic flow; how-
ever, they still tend to fly towards a bar when displayed in front of expanding 
optic flow (Reiser and Dickinson, 2010). In hoverflies, HSN has a small and 
condense receptive field in the fronto-dorsal visual field, whereas HSNE has 
a larger receptive field that is more lateral and more equatorial (Nordström et 
al., 2008). This might also explain the differences between HSN and HSNE, 
in which HSN shows a higher correlation with bar motion.  
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5 Conclusions 

Movement can be roughly separated into at least five different types (Figure 7): 
 

1. Flies perceive optic flow, with responses predicted by the EMD 
model. The LPTCs act as matched filters to different types of optic 
flow. The behavioral response is the optomotor response.  
 
2. Responses to first order bar stimuli can be predicted by the classic 
EMD model. Many LPTCs respond to bar stimuli, such as FD and 
HSN. The behavioral response is bar fixation.  
 
3. Responses to higher order motion cannot be predicted by the clas-
sic EMD model, but by some modified EMD models. In hoverflies, 
several LPTCs respond to higher order motion. The behavioral re-
sponse to bars with higher order motion is bar fixation. 
 
4. Responses to flicker and stationary stimuli, which contain no mo-
tion cues, cannot be predicted by the classic EMD model, but by the 
cSIFE model. The behavioral response is not clear. 
 
5. Responses to small target stimuli can be predicted by the ESTMD 
model. The neural correlate is provided by STMDs, and the behav-
ioral response is target tracking or pursuit. 
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Figure 7 Summary of source types of visual stimuli and corresponding behav-
iors.  Visual stimuli are here classified into 5 different types, which share some 
input pathways. Different visual stimuli often induce different behavioral output. 
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6 Future Directions 

6.1 Electrophysiology 
Genetic tools show a great potential to resolve answers to questions that 
could not be tackled for over 50 years. It seems that it can be beneficial to 
apply this technique to other dipteran flies, particularly to hoverflies. Be-
cause of the unique behavior of hoverflies and their species specific neurons, 
genetic techniques might be able to answer the reason for differences be-
tween dipteran flies in more detail. Now optogenetic tools show the possibil-
ity to improve the accuracy to target cells while recording, because the neu-
ron can be visualized. If the recording success rate improves this may also 
increase the chance to perform double or triple recordings.  

6.2 Behavior  
Previous studies show that the behavioral status affects physiological re-
sponses (Maimom et al., 2010; Niell et al., 2010), and therefore, it would be 
interesting to combine behavioral studies with electrophysiological record-
ings. For example, there are some neurons only found in hoverflies, such as 
STMD and cSIFE; however, the behavioral functions for those neurons have 
only been suggested without direct evidence. It would be a breakthrough to 
record from these neurons in active flies to particular visual stimuli (target 
stimuli for STMD and stationary patterns for cSIFE) to quantify the behav-
ioral responses. By activating neurons with current injections we might also 
see behavioral changes in the flies. Similar techniques have been done in the 
1980s to show a correlation between LPTCs and landing, lift, and yaw re-
sponses (Blondeau, 1981). However, it has not yet been performed at the 
single neuronal level, neither in the STMD or cSIFE in hoverfly. 

6.3 Role of cSIFE 
The role of a particular neuron in behavioral responses can be tested by the 
removal (such as ablation) or dysfunction (such as knockout) of a single 
neuron. However, ablation of cSIFE might be difficult to achieve in the ac-
tive flies. Dysfunction of cSIFE cannot be performed in hoverflies due to the 
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lack of genetic tools. Therefore, the behavioral function of cSIFE might not 
be easy to answer until further techniques have been developed. Neverthe-
less, there are still some interesting features of cSIFE that we can approach 
with electrophysiology, such as a further understanding about how stationary 
inhibition and flicker sensitivity is formed in this neuron. 

It would also be interesting to know if cSIFE exists in other flies, such as 
blowflies or fruit flies, or if it only exists in hoverflies. As a consequence of 
the unique behaviors of hoverflies, there might be neurons specific for their 
behaviors. 
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