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Stellingen. 

De door Reichardt ontwikkelde modellen voor bewegingszien, die 
vooral getest zijn voor optomotorische torsie-reacties van vliegende 
vliegen, vormen een goed uitgangspunt voor het begrijpen van de 
bewegingsgevoeligheid die optreedt bij de landingsreactie. 

Reichardt, W. ( 1 987) J. Comp. Physiol. 161:  533-547. 

2 De bij de landingsreactie van de vlieg optredende verschillen in 
gevoeligheid voor bewegende gepolariseerde patronen kunnen 
verklaard worden uit de specifieke lamina-receptor koppelingen in het 
equatoria1e deel van het samengestelde oog. 

Eckert, H. ( 1 983) Naturwissenschaften 70: 1 50- 1 5 1 .  

3 De door Borst en Bahde voor de landingsreactie voorgestelde 
latentietijden van ca. 25 ms zijn in de praktijk niet mogelijk vanwege 
de 25 - 35 ms durende delay, die optreedt tussen de visuele stimulus 
en het uitsteken van de poten. 

Borst, A. ,  Bahde, S. ( 1 987) Bioi. Cybern. 56: 2 1 7-224. 

4 Aggressief gedrag tussen voedselzoekende vleesvliegen is 
seizoensafhankelijk en waarschijnlijk gekoppeld aan het voorkomen 
van predatoren. 

5 De huidige televisietoestellen en personal computers werken met een 
beeldopbouw die marginaal is vergeleken met het spatlele en 
temporele oplossend vermogen van het eraan blootgestelde visueel 
systeem. 

6 Uit nader onderzoek zal moeten blijken of stimulatie van het 
evenwichtsorgaan met geluid leidt tot een sensatie, die bij totale 
doofheid een alternatief kan vormen voor b.v. het toepassen van een 
cochleair ge:implanteerde electrode. 



7 Het gesubsidieerd verspreiden van mestoverschotten stinkt. 

8 Het aantal verkeersslachtoffers onder de door kunstlicht aangetrokken 
en erdoor verblinde nachtvlinders is verontrustend. 

9 Voor de bescherming van onze vogels is in toenemende mate een 
internationale aanpak noodzakelijk. 

J.Tinbergen 
december 1 987 
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Fig. 1 .  Horizontal cross-section of the compound eye and optic lobe of the 
blowfly Calliphora erythrocephala. Re: retina, La: lamina, Me: medulla, 
Lo: lobula, Lp: lobula plate. 
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Chapter I 

INTRODUCTION 

Vision primarily depends on the absorption of light by the specialized 
visual pigment molecules, located in the visual sense cells. This light 
absorption induces a change in the conformation of the visual pigment 
molecules, which in turn triggers a cascade of amplification steps. This 
process finally results in a change in the membrane conductance and electric 
potential of the visual sense cell. The change in membrane potential is called 
the receptor potential. The visual sense cells, in the retina, are part of the 
eye, in which accessory light distributing and light screening optical 
structures together determine the directional sensitivity, i.e., a visual cell 
receives predominantly light from one direction in space. The activity of the 
sense cells together thus build an image of the environment. 

The receptor potentials of the sense cells are transmitted to, and 
processed by, the neuronal network of the visual system. This visual 
processing, in various ways and at different levels finally results in specific 
motor commands and muscular action by which the animal responds to the 
distribution of light in the environment, and specifically to the changes 
therein. 

Flying insects have a surprisingly high developed visual system, capable 
to perform many different tasks with high accuracy. For instance, motion 
detection, polarized light detection, colour vision and pattern recognition are 
well-established. 

The compound eyes and optic lobes of the fly's visual system have a 
structural complexity, which is intermediate to that of higher vertebrates 
and lower organisms. An outstanding feature is that they are built up very 
systematically and regularly. Many different aspects of the structure, general 
principles and specific characteristics of visual processes have already been 
investigated and unravelled (see for reviews Autrum 1 979, 1 98 l a,b; Ali 1 984; 
Hardie 1985). 

In the present thesis optical methods have been applied to investigate 
in vivo the dynamics of oxidative metabolic processes in the cell bodies of 
the visual sense cells. Fluorescence measurements of the eyes of white eyed 
mutant flies, lacking retinal screening pigments, yielded rapid changes in the 
redox state of mitochondrial enzymes, related with the light-dependent need 
for metabolic energy of the sense cells (Chapters 11-IV). 

In behavioural experiments on the landing response the directional 
selective movement sensitivity of flies has been studied in tethered, 
stationary flying flies (Chapters V-VII}. 
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Fig. 2. Two ommatidia from a fly retina. A fly ommatidium consists of a 
facet lens (fl), a pseudocone (psc), four Semper cells (Sc), eight retinula or 
sense cells (rete), numbered R l  to R8, two primary pigment cells (ppc), six 
secondary pigment cells (sps), and a tracheolus (tr). The rhabdomeres have a 
microvillar structure. Distally from the rhabdomeres the caps (ca) are 
situated. The rhabdomeres are separated by the ommatidial cavity or central 
matrix (em). Inside the photoreceptor cells nucleus (nu) and mitochondria 
(m) are shown. The upper ommatidium is dark adapted, the lower 
ommatidium shows the light adapted state. (From Stavenga 1 974) 
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The structure of the compound eye of the fly and the optical lobe of 
the brain is described briefly below; for more details see Hardie ( 1 985), 
Strausfeld ( 1 976, 1 984 ), Strausfeld and Nassel ( 1 98 1 )  and Hausen ( 1 984 ). 

Fig. I represents a horizontal cross-section of the lateral part of the 
head, showing the retina and the four separate ganglia of the optic lobe, 
the lamina ganglionaris, medulla, lobula and lobula plate. The functional 
unit of the compound eye, the ommatidium, is marked by the transparant 
facet lens at its distal end (Fig. 2). It contains a small retinula with 8 sense 
cells. Each sense cells possesses a rhabdomere, consisting of densely packed 
microvilli in which the 1 QB visual pigment molecules (Hamdorf 1 979) are 
embedded in the plasma membrane. The distal end of the rhabdomeres is 
covered by a cap, which is located in the focal plane of the facet lens. Light 
entering through the lens and arriving at the distal end of the rhabdomere, 
is propagated in the rhabdomere due to the high refractive index of the 
medium within the rhabdomere boundary. Thus light can be effectively 
absorbed by the visual pigment molecules. There are six main cells called 
R l -6 with long rhabdomeres containing the same type of visual pigment. 
The rhabdomeres of cells R7 and R8 are shorter and form a tandem. They 
generally contain visual pigments with spectral properties different from 
that of cells R 1 -6. The rhabdomeres are separated by a clear central matrix; 
the eye is of the so-called open rhabdom type. In the cell bodies of the 
sense cells mitochondria are abundant; they are predominantly located near 
the cell membrane. The tracheoli, supplying the necessary oxygen, penetrate 
the major part of the retina. The ommatidia are separated by pigment cells, 
containing light absorbing screening pigment granules which block light 
coming from the side. Within the sense cells tiny pigment granules are 
found, which migrate towards the rhabdomere at higher light levels and 
therefore together act as a pupil. 

Stavenga ( 1 974), Beersma ( 1 979), Smakman ( 1 985) and van Hateren ( 1 987) 
have investigated receptor optics and related visual processes in the 
compound eye. 

In the optic lobe (see Strausfeld 1 976, 1 984; Strausfeld and Nassel 1 98 1 ;  
Hausen 1 984) roughly 1 06 neurons are located. The first layer, the lamina, 
consists of an array of identical clusters of neurons, so-called 
neurocartridges, one below each ommatidium in a retinotopic organisation. 
In each cartridge six R l -6 receptors terminate and have synaptic contacts 
with second order neurons, monopolar cells. The 6 cells which terminate 
together are those receiving light from the same direction in space. The 
monopolar cells have interactions within the neurocartridges and, via the 
first optic chiasma, with several third order cells at different levels of the 
medulla. In the medulla the retinotopic organization of the neuropile is still 
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present. The sense cell axons R 7 and R8 terminate in the medulla and have 
synaptic contacts to several cell types at different levels of the medulla. A 
second optic chiasma links the medulla to the lobula-complex. 

Especially structure and characteristics of large field tangential neurons 
in the lobula plate have been extensively investigated (Strausfeld 1976, 1984; 
Hausen 1984 ). The different types of large field tangential neurons have 
synaptic connections with elements corresponding to large parts of the 
visual field, and in some cases also with the contralateral visual field. These 
neurons are predominantly movement sensitive with activation by movement 
in the preferred direction of movement and inhibition by movement in the 
opposite direction (Mastebroek 1 974; Zaagman 1977; Lenting 1 985; de 
Ruyter van Steveninck 1986). Those cells which are sensitive to horizontal 
movement have their connections at a deeper level of the lobula plate than 
those sensitive to vertical movement. The neurons in the cervical connective 
connect the optical lobe with the thoracic ganglia. The latter ganglia 
innervate the motor command system, governing wing and leg movements, 
and therefore the landing behaviour. 

The transduction mechanism of all sense cells in the fly's compound eye 
is probably in principle identical, except for a difference in gain between 
R l -6 and R 7 and R8. Upon illumination the visual sense cells respond with 
a graded, intensity dependent depolarization of the plasma membrane, e.g. 
Leutscher-Hazelhoff ( 1 973) and Muijser ( 1 980). The spectral properties of 
the sense cells, which are primarily determined by the absorption spectrum 
of the visual pigment, are identical in the main type of sense cells, R 1 -6. 
These cells have a UV -green double-peaked spectral sensitivity. It has been 
recently proved that the visual pigment is 3-hydroxyretinal-based and 
therefore the nomenclature of the visual pigment, rhodopsin, is proposed to 
be xanthopsin (Vogt 1 983). This visual pigment alone can not explain the 
double peaked spectral sensitivity. The UV -peak is predominantly due to a 
sensitizing pigment, probably 3-hydroxyretinol, which upon 
UV-illumination trans£ ers energy to the visual pigment. In cells R 7 and R8 
different spectral sensitivities have been found. The main classes are two 
types of UV -sensitive R 7 cells and blue-sensitive and yellow-sensitive R8 
cells (see Hardie 1 985). 

The various cell types have been investigated in vivo with optical 
methods, in which the autofluorescence of the visual pigments and 
photostable pigments identified the different types of sense cells 
(Franceschini et al. 1 98 1 ). The red autofluorescence of the visual pigment in 
the rhabdomeres of the R l -6 cells originates from meta states of the 
photoconvertible pigment (Stavenga et al. 1 984). 

The fluorescence studies presented in this thesis have been mainly 
concentrated on the autofluorescence emerging from the cell bodies of the 
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sense cells. The dynamic change in the emiSSion intensity discovered in 
white eyed mutant blowflies is described in Chapter II. The emission change 
is not measurable from wildtype flies, because the presence of the screening 
pigments and the dynamics of the pupil mechanism obstruct and complicate 
the signal. The characteristics of the UV -induced blue emission and the 
blue-induced green emission of the eye have been investigated in Chapter III. 
In this chapter, furthermore, the transmission of the complete eye has been 
studied under normal and hypoxia conditions. From the fluorescence and 
transmission studies it has been concluded that mitochondrial activity can 
be studied in the intact fly via the pigments of the respiratory chain (see 
Lehninger 1 970). The dynamic change in the green emission reflects a 
transient incrsystemease in flavoprotein fluorescence, or, a transient increase 
in metabolic activity. This effect is discussed in relation with the 
phototransduction process and is described in Chapter IV. This research has 
yielded that the oxidative metabolic processes in the cell bodies of the sense 
cells are modified by illumination and that these effects are reflected in the 
emission changes. Presumably, the demand for metabolic energy in the sense 
cells increases upon illumination due to a higher rate of ion exchange and 
pump activity. 

In the behavioural studies on the landing response of stationary flying 
flies, presented in Chapter V, a description of the response pattern is given, 
and has been concentrated on the responsivity to various approaching and 
non-approaching movement stimuli. A more detailed analysis of the velocity 
dependence of the sensitivity to horizontal movement stimuli, as is reflected 
in the amount of movement necessary to elicit the response, has been 
presented in Chapter VI. In the last chapter, bichromatic patterns have been 
used to test the dependence of the landing response on the spectral 
characteristics of the movement stimulus (Chapter VII). 
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Chapter II 

LIGHT DEPENDENCE OF OXIDATIVE METABOLISM IN 
FLY COMPOUND EYES STUDIED IN VIVO BY 
MICROSPECTROFLUOROMETRY 

Arthropod photoreceptors depend on oxidative metabolism for maintenance 
of the resting potential (horseshoe crab [ l  ], bee [ l  ], fruitfly [2]} and 
sensitivity to light (owlfly [3], locust [4]). In respiration measurements on 
isolated retinae (bee [5, 6], blowfly [5, 7, 8] it was demonstrated that intense 
illumination distinctly elevates the rate of oxygen consumption by the 
photoreceptor cells. Here we report microspectrofluorometric measurements 
on light-induced oxidative metabolic processes in the compound eye of 
completely intact, living blowflies. 

Fluorescence was measured from approximately 300 ommatidia of a 
compound eye of the blowfly Calliphora erythrocephala with a Leitz 
Orthoplan microscope equipped with a Leitz NPL 10 objective (aperture 
0.20), a Ploemopak illuminator and a Compact photometer system. 
Completely intact and living animals could be investigated by selecting the 
white-eyed mutant chalky. This mutant lacks the retinal screening pigments, 

which in wild-type flies obstructs in vivo fluorometry, but otherwise the 
retinal properties of the mutant appear to be identical to those of the wild 
type [9- 1 3). 

The main visual pigment of blowflies is a rhodopsin absorbing maximally 
in the blue-green (.Amax=495 nm}, which after light absorption converts into 
a thermostable metarhodopsin, absorbing maximally in the orange 
(.Amax=580 nm) [ 1 0- 1 4]. Recently it was established that the metarhodopsin 
state upon orange excitation distinctly fluoresces in the far-red [ 1 3- 1 5]. 

Applying blue excitation light and measuring in the green we failed to 
see any indication for rhodopsin fluorescence, but found that blue light, 
when delivered to the eye after a few seconds of darkness, induces a 
transient increase in green fluorescence. After longer dark times a biphasic 
process with a maximum at 1 -2 s after light onset emerges (Fig. 1 ). Because 
the amplitude appears to be governed by a mechanism having a time 
constant in the order of 1 5-30 s we hypothesized that the system is related 
to recovery of the photoreceptors' light sensitivity in the dark. The main 
phase of this so-called dark-adaptation process occurs within that same span 
of time [ 1 1 - 1 6). 

Fly photoreceptors respond to illumination by a depolarization of the cell 
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Fig. 1 .  Autofluorescence measured from the eye of a completely 
intact, living blowfly Calliphora erythrocephala mutant chalky. The 
excitation light, wavelength 456 nm and intensity 1 .2x i 017 
quanta cm-2 s-1, was applied during 5 s. Emission,measured in the 
wavelength range 5 1 0-600 nm, exhibits a biphasic time course, the 
shape of which depends on the dark time The response is presented 
with time of onset at the preceding dark time (abscissa). 

membrane. Since the light sensitivity is reduced by a lowered oxygen tension 
[ 1 -4] we applied a stream of nitrogen to the fly and measured its effect on 
the photoreceptors' fluorescence. Fig. 2 shows the effect of hypoxia during 
interrupted and continuous light, respectively. After a few seconds of 
depletion of oxygen the fluorescence signal falls and, furthermore, the light 
induced dynamic process vanishes. On the other hand, recovery from 
hypoxia is almost instantaneous and appears to induce a strong increase in 
both the static and the dynamic fluorescence signal. (Measurements 
performed during application of pure oxygen yielded identical results to 
those obtained in air.) The dynamics of the fluorescence signal depends, 
furthermore, distinctly on temperature. At low temperatures the process 
slows down, and, ultimately, no fluorescence change is observable anymore 
at S5 •. 

A preliminary analysis of the eye's blue-induced emission spectrum 
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Fig. 2. Hypoxia severely affects the fly's eye autofluorescence. The 
conditions were the same as in Fig. 1 ,  except that the 5 s flashes 
were interrupted by a 30 s dark time (during which the recorder 
halted). Application of nitrogen rapidly lowers the fluorescence 
level, and the biphasic curve is flattened; after hypoxia an 
enhanced light-induced fluorescence change occurs which gradually 
settles down (a). Essentially the same effects are seen during 
continuous light (b). 

shows a broad green peak around 520-530 nm (see also [ 1 5]), the height of 
which is lowered by anoxia. 

These findings can directly related to the studies of Chance et al. [ 1 7  - 1 9] 
on the flavins of the mitochondrial respiratory chain. They showed that 
anoxia of mitochondria results in a decrease of oxidized flavin compounds 
and thus in a fall in blue-induced green emission, and vise versa, that an 
increased rate of oxygen consumption is accompanied by an emission 
increase. Hence we suggest that the fluorescence changes induced by the 
illumination of fly photoreceptors are caused by enhanced oxidative 
metabolic processes, also because the rapid dynamics of the green 
fluorescence, being in the order of a few seconds, accord with the 
measurements of oxygen consumption induced by light flashes in isolated 
retinae [20,21  ]. 

This view is supported by our measurements of ultraviolet induced blue 
emission. The blowfly eye then exhibits a blue fluorescence peaking at about 
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Fig. 3. Fluorescence changes in blowfly eyes caused by 494 nm 
flashes (a). Previous to the flash a 2 s actinic light of either 
::::600 nm (Balzers K 60) or ::::450 nm (Balzers K 45) and a 30 s dark 
adaptation time was given. After the 0.25 s lasting flash a 477 nm 
test light (9. l x l 015 quanta cm-2 s-1) was applied 0.25 s later. The 
induced green emission {5 1 0-600 nm) was measured and in (b) the 
difference of the initial value from the value obtained after a 
low-intensity flash is drawn normalized to the maximum increment. 
�:>, o : data from two runs on experiments performed from low to 
high intensities after actinic 600 nm. Hysteresis effects were 
negligible showing a complete reset by the actinic light and the 
following dark time to the same cell condition. The data are 
approximated by the hyperbolic function [22, 23J (RJn)/{(Rf)n+l)}, 
with n= 0.6. 1 is the intensity of the 494 nm light; R-1, the intensity 
where the fluorescence change is half-maximum, is 0.32x l 015 
quanta cm-2 s-1 and J 015 quanta cm-2 s-1 after 600 nm and 450 nm 
preadaptation, respectively. The range shift is explained from the 
difference in rhodopsin content being ::::) 00% and ::::30%, 
respectively. The red fluorescence of metarhodopsin created by 
494 nm flashes of various intensity, when starting from an initial 
1 00% rhodopsin situation, is measured >665 nm (6 1 3  nm excitation). 
The resulting emission values are approximated by 1 -exp( -0.691R) 
with R-1 = 7 .3xl 015 quanta cm-2 s-1. 



460 nm [9, 1 5]. Upon illumination the ultraviolet-induced blue emission 
drops with the same dynamics as that of the green emission increase seen in 
the blue induced fluorescence experiments (the relative change is smaller 
however). 

Since oxidation of NADH results in a loss of blue fluorescence [ 1 8] we 
conclude that illumination of fly photoreceptors causes an increased oxidized 
state of the molecules in the mitochondrial respiratory chain. 

The rapid metabolic processes manifest themselves at bright light 
intensities only. In the experiment of Fig. 3 the intensity dependence was 
investigated along the following procedure. In sequence, a 2 s lasting actinic 
light, a 30 s dark adaptation time and a 0.25 s flash of 494 nm (at the 
wavelength of the rhodopsin absorption peak) was applied. The effect of the 
flash was tested by a blue (477 nm) light given 0.25 s later and the initial 
value of of the blue-induced green (5 1 0-600 nm) emission was registered. 
We executed two series of experiments; in the first series the actinic light 
was orange (Balzers K 60) and in the second blue (Balzers K 45), in order to 
establish a high (:::: 100%) and a low (::::30%) rhodopsin concentration, 
respectively, in the photoreceptors [ I  0- 12 ,  20]. It appears that the initial 
green fluorescence depends on the intensity of the preceding 494 nm flash 
by a hyperbolic function [22,23] (see legends of Fig. 3). A similar intensity 
dependence was previously found for the oxygen consumption by the 
isolated retina [7 ,8]. 

Several lines of evidence confirm the assumption that rhodopsin 
conversion triggers the enhanced metabolic activity. Firstly, preliminary 
measurements of the action spectrum indicate a clear correspondence of the 
oxygen consumption [8] and the spectral sensitivity of the main class of fly 
photoreceptors measured electrophysiologically [24]. Furthermore, the high
and low-rhodopsin curves (Fig. 3) are separated by 0.5 log unit, which can 
be explained from the difference in rhodopsin content. As the 
intensity-dependence curves in the two series are normalized we have to 
note that the saturating response is distinctly smaller in magnitude with low 
rhodopsin than with high rhodopsin, indicating a maintained demand for 
metabolic energy when metarhodopsin is abundant. 

It is of obvious interest to relate light-induced mitochondrial activity 
with phototransduction processes in general. Because the principal step in 
phototransduction is rhodopsin conversion into metarhodopsin [ I I ,24], we 
estimated the degree of rhodopsin conversion caused by the 494 nm flashes 
by measuring the resulting metarhodopsin fluorescence (6 1 3  nm excitation, 
>665 nm emission; for procedure see [ 1 3, 1 5]. As indicated in Fig. 3 the 
brightest flash applied was just insufficient to establish within the 0.25 s 
flash time the photosteady state. When we consider that of the 1 -2 x I os 
visual pigment molecules of fly photoreceptors [ 1 1 , 1 2 ,  25] ::::60% exist in 
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the metarhodopsin state after prolonged 494 nm light [ 1 1 - 1 2] we can read 
from Fig. 3 that mitochondrial activity is half-maximum when in the order 
of 1 06 rhodopsin molecules are converted. On the other hand 
electrophysiological experiments indicate that the receptor potential from a 
dark adapted cell is half-maximum when about 1 0• rhodopsin molecules are 
converted, i.e. at an intensity where activation of the mitochondrial process 
becomes slightly noticeable (log I � -4 in Fig. 3). 

Since rhodopsin conversion results in an increased membrane 
permeability and thus in ionic currents, ionic pumps are activated [26]. The 
sodium pump is an A TP-ase and hence oxygen consumption is enhanced to 
recycle the depleted ATP [20-2 1 ,  26, 27]. In bee photoreceptors at least half, 
and probably more, of the energy produced by respiration is needed for the 
sodium pump [27, 28]. However, several other processes following rhodopsin 
to metarhodopsin conversion but preceding the ionic change draw on the 
supply of ATP as has been demonstrated recently for vertebrate rods (e.g. 
[29-3 1 ]) and Limulus ventral photoreceptors [32]. 

The recognition of the origin of the light induced fluorescence changes 
opens the possibility for non-invasive measurements on photoreceptor 
metabolism, an essential part of the phototransduction machinery. 

We thank Profs. K. van Dam and R. Paulsen for comments and the Dutch 
Organisation for the Advancement of Pure Research (ZWO) for financial 
support. 
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Chapter III 

PHOTORECEPTOR REDOX STATE MONITORED IN VIVO 
BY TRANSMISSION AND FLUORESCENCE 

MICROSPECTROPHOTOMETRY IN BLOWFLY 
COMPOUND EYES 

J. TtNBERGEN and D. G. STAVENGA 
Boophysocal Department, Rojksuniversiteit Groningen, Westersingel 34. 9718 CM Gronongen. 

The Netherlands 

(Receoved 26 March 1985: on revosed form 21 August 1985) 

Abstract-The transmissoon and fluorescence of the compound eye of hvong. on tact blowfloes Cal/op!oora 

tr) throcephala, mutant chalkl', were stud1ed microspectrophotometrically. Transmission spectra were 
recorded under four conditions. The fty was either in the normal air environment or in a nitrogen 
atmosphere, and on both cases the investigated eye was adapted to red and blue light. respectively 

The absorbance dofference spectra obtained from the two chromatic adapted condotoons showed the 
clear charactenstlcs of the main v1sual pigment; the difference spectra for the air and the N� case were 
vortually odentical 

The absorbance difference spectrum obtained from the air vs N, case was very similar to the redox 
difference spectrum of the pigments on the mitochondrial chaon. The redox dofference spectra obtained for 
the two photosteady states were essentially the same. 

The fluorescence emossion spectra onduced by UV and blue excotatoon were measured woth the fly in 
aor and on a notrogen atmosphere, respectively. The UV-induced blue emossoon oncreased under hypoxoa. 
whereas the blue-onduced green emossoon dropped. The changes are typical for a reduction of moto
chondroal NADH and ftavoproteons, respectively. 

The transmissoon and fluorescence measurements corroborate each other and demonstrate mito
chondrial activity in photon:ceptors in vivo and non-invasively. 

Photoreceptor metabohsm Blowfly Hypoxoa Mocrospectrophotometry M 1crospect raft uoro-
metry Visual Pogments Motochondnal pogments 

INTRODUCTION 

Microspectrophotometry of photoreceptor cells 
has become an almost routine technique in 
vision research since the first studies on visual 
pigments in situ were started a quarter of a 
century ago (rev. Liebman, 1972). Probably due 
to their primary role in vision the visual pig
ments have received the major attention of the 
spectroscopists. Later on, the photostable (e.g. 
screening) pigments, such as those in oil drop
lets have attracted extensive interest (e.g. 
Muntz, 1972). On the other hand, the pigments 
of the mitochondrial respiratory chain, the third 
pigment class of importance for photoreceptors, 
have gained less interest. 

Liebman (1969) presented a record from the 
ellipsoid, i.e. the mitochondrial region, of a cone 
cell in Necturus. The record shows the presence 
of several types of cytochrome oxidative en
zymes in the reduced state. Liebman stated: "It 
is not known if a metabolic response is initiated 
in the mitochondria by light absorbed in the 

photoreceptor outer segment nor is it apparent 
what time course such a response would take. 
The answer to these questions might be pro
vided by microphotometry." Indeed, recently 
we observed (Stavenga and Tinbergen, 1983), 
in the course of our in rit·o microspectro
fluorometrical studies on the visual pigments in 
blowfly eyes, transient fluorescence changes. 
with a time course in the order of seconds, and 
hypothesized that these changes originated in 
light-induced redox changes in the mito
chondrial respiratory chain. The evidence was 
mainly obtained from measurements on the 
dependence of the phenomenon on light in
tensity and oxygenation. We therefore decided 
to characterize the spectral properties of the 
pigments involved by both transmission and 
fluorescence microspectrophotometry. 

I\1ATERIALS AND METHODS 

The blowfly Calliphora erythrocepha/a, white 
eyed mutant chalky. was investigated. This mu-
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Ia 
Fig. I. D1agram of housing w1th 1mmob11ized intact fly. 
Arrows ind1cate gas flow for apphcat10n of air or N: 
atmosphere. In the transmissiOn measurements illumination 
I, was applied v1a a small hght gUide at the ventral s1de of 
the eye In the fluorescence measurements allumtnatton 11 
was applied via the objective or the micro-

spectrophotometer. 

tant lacks the screening pigments, which exist 
normally, i.e. in the wild type Hy. in both the 
pigment cells and the photoreceptor cells, but in 
all other aspects, the retinal properties of mu
tant and wild type are considered identicaL 
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The Hy was immobilized with wax (and re
mained thus intact and alive; when occasionally 
a drop of sugar water is supplied, experiments 
with one and the same Hy then can easily be 
extended over several days). The Hy was sub
sequently mounted in a housing on a Leitz 
Universal stage. A window, consisting of a 
sealed-in cover slip, allowed the optical mea
surements (see Fig. 1). The composition of the 
atmosphere in the housing was changed through 
tubes connected to a selected gas cylinder. The 
atmospheres were always at room temperature. 

For the transmtssion measurements a plastic 
light guide (diameter 0.5 mm) was introduced 
through a tightly fitting hole in the wall of the 
housing and its tip was positioned ventrally to 
the compound eye (Fig. I). The other end 
received light from a 450 W Xe-arc filtered 
spectrally by an Oriel grating mono
chromomator. The objective of the micro
spectrophotometer (MSP) sampled light from c. 

c 
\ 

.3 
d 
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.1 
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467 nm 

606 nm 
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Wavel1!11glh tnm} 
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Fig. 2. Absorbance spectra of the photoreceptor l•yer of the blowfly eye and the1r absorbance d1fference 
spectra. (a) Absorbance spectra of the eye adapted to blue (467 nm) and red (606 nm) hght, respectively. 
when placed m a normal (air) atmosphere. (b) Absorbance d1fference between the two spectrd of a. (c) 
Absorbance spectra of the eye addpted to blue (467 nm) and red (606 nm) hght under hypox1a conditions 
induced by a N, atmosphere. (d) Absorbance d1fforence between the spectra of <'. Absorbance was 
calculated as the Jog10 of the rauo between the hght Sign• I obt•med from the hght gu1de d1rectly and that 
w1th the blowfly eye m the hght beam However. the ordm•te values were lowered by approxtmdtely 3 log 

umts for clanty's sake. 
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F1g 3 Absorbance spectra or the photoreceptor layer or the blowfly eye and the.r absorbance d1fference 
spectrd (a) Absorbance spectra or the red (606 nm) adapted eye under normal (air} and hypoxm 
conditiOns (b) Absorb•nce difference between the spectra or a (c) Absorbance spectra or the blue 
(467 nm) adapted eye under normal (air) and hypoxia cond1t1ons. (d) Absorbance difference between the 

spectra of c 

200 facets in the dorsal part of the eye, i.e. light 
which has been transmitted (scattered) through 
the photoreceptor layer. 

In the fluorescence measurements the ex
citation light was delivered by the objective, and 
the induced emission was similarly collected 
(epi-fluorescence ). 

The presented spectra (Figs 2 and 3) were 
from one and the same fly. For .each spectrum 
10 transmission runs were averaged. Each run 
took 15 sec. 2 min were taken in order to achieve 
a stable hypoxia state. 

The MSP is a Leitz Orthoplan equipped with 
a Ploemopak illuminator and a modified Leitz 
Compact photometer head. The modification is 
a motorized interference wedge (Schott Veril 
S200. 400 700 nm). in front of the Hamamatsu 
R928 photomultiplier. thus enabling a spectral 
analysis of the emission beam. The objective 
was a Leitz NPL 10,0.20. 

The excitation light was supplied by a 75W 
Xe-arc filtered spectrally by interference filters. 

In the experiments with UV-excitation broad 
band illumination (Balzers K36) was applied. 

and the emission was measured above 400 nm 
(Leitz cube A). At blue-excitation narrow band 
light of 477 nm (Schott DAL) was applied, and 
emission was measured above 510 nm (Leitz 
cube H2). The illumination procedures as well 
as the spectral scans were controlled by a micro
computer (Data General MP200). which also 
sampled the photomultiplier signals. Processing 
of the spectra was performed as follows. Ab
sorbance spectra were calculated from the trans
mission measurements as usual. 

Emission spectra were calculated by relating 
the measured emissions to that of a known 
source. i.e. a halogen lamp (12V. IOOW: Os
ram) run at 7.0 A. which is equivalent to 
Planck's black body at 2700 K. The spectra are 
given as number of quanta emitted per unit 
wavelength and are normalized to the peak 
value. 

It should be known that the main visual 
pigment of blowflies is a xanthopsin tX. a visual 
pigment having 3-hydroxy retinal as chromo
phore; see Vogt. 1983; Vogt and Kirschfeld, 
1984), which absorbs maximally in the blue-
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green. Upon light absorption this state converts 
into a thermostable metaxanthopsin (M) state 
which absorbs maximally in the orange. M can 
be photoreconverted into X. Prolonged red light 
establishes a photosteady state with ::::: 100% 
xanthopsin, whereas under blue illumination the 
photoresteady state can lead to :::::20% X and 
80% M (see e.g. Hamdorf, 1979). 

RESULTS 

The transmission of the photoreceptor layer 
of the white eyed blowfly mutant chalky was 
measured m the normal situation, i.e. in air in 
two photosteady states. established by 606 and 
467 nm, respectively, yielding the absorbance 
spectra of Fig. 2a. 

The absorbance difference spectrum (Fig. 2b) 
is the clear characteristic of the main blowfly 
visual pigment (see e.g. Stavenga and 
Schwemer, 1984). 

Transmission measurements during applica
tion of nitrogen yielded the absorbance spectra 
presented in Fig. 2c. Since the resulting 
difference spectrum (Fig. 2d) JS virtually identi
cal to that measured in air (Fig. 2b) Jt appears 
that the visual pigment is not affected by hyp
oxia. 

Figures 3a and 3c present the same spectra as 
Figs 2a and 2c, but they are now combined 
differently, namely Figs 3a and 3c represent the 
cases for air and hypoxia, respectively, with the 
visual pigment in each case being in one and the 
same photosteady state. Figure 3a is the case for 
the photosteady state established by 606 nm 
(high xanthopsin) and Fig. 3c that at 467 nm 
(low xanthopsin). The corresponding difference 
spectra (Fig. 3b and 3d) are virtually identical 
and are quite remmiscent to the redox difference 
spectrum of the respiratory p1gments in the 
mitochondrial chain (Chance and Williams, 
1956). 

Measurement of the fluorescence from the 
white eyed mutant blowfly yielded the spectra of 
Fig. 4. Clearly upon hypoxia the UV-induced 
emission increases (Fig. 4a). On the other hand, 
blue-induced emisswn decreases upon hypoxia. 
We note that the intense excJtatJOn light estab
lished photosteady states with low xanthopsin 
contents well before the spectral recordmgs were 
started. 

DISCUSSION 

The spectral properties of fly visual pigment 
measured in vim. with the fly m air and under 
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Fig 4 Emission spectra of the blowHy compound eye. 
measured m air and under hypo•ia. respectively. (a) UY· 
tnduced emtsston speclra (b) Blue-mduced emtsswn spectra 

hypoxia, respectively, are identical in both cases 
(Fig. 2) and are in close agreement with previous 
measurements with different techniques (see e.g. 
Stavenga, 1976; Schwemer. 1983). 

On the other hand, we found substantial 
absorption changes by retmal p1gments upon 
hypoxia, which we attributed to the respiratory 
pigments of the mitochondria, which exist abun
dantly within the photoreceptor cells (e.g. 
Boschek, 1971; Trujillo-Cen6z, 1972). The 
di:Terence spectra of Fig. 3 are very similar to 
those of mitochondria (e.g. Chance and 
Williams, 1956). The peaks appearing at 605. 
555 and 445 nm are ascribed to cytochromes a, 
a3 and c, c1 and a, a,, respectively, whereas the 
trough at 480 nm is attributed to flavoproteins 
(see also e.g. Piantidosi and Jobsis-Vandervliet, 
1984). The obtained spectra varied only very 
slightly with eye location. Different flies also 
yielded insignificant variations. 

We did not extend our absorption mea
surements into the UV. Presumably we then 
would have encountered a substantial absorb
ance increase upon hypoxia due to the reduction 
of NAD- to NADH as occurs with isolated 
mitochondria (Chance and Williams, 1956). 
This expectation seems reasonable as we found 
a clear sign of such a reduction in our 
fluorescence measurements. which show an in
crease in UV-induced emission (Fig. 4a). The 
latter phenomenon, as well as the decrease in 



blue-induced green emission (Fig. 4b). whtch 
represents the reduction of flavoproteins upon 
hypoxia. were both investtgated in detail by 
Chance and co-workers in isolated mito
chondria (Chance and Schoener, 1 966; Scholz et 
a/., 1 969). Our in riro spectra acc:lrd well with 
these studies. 

We note here that substantial concentrations 
of cytochrome have be�n discovered in the 
ellipsosomes of fish photoreceptors (Mac Nichol 
et at., 1 978; Avery and Bowmaker, 1 982). Also, 
spectra of presumably respiratory hemo
proteins, measured from primate foveas, were 
reported by Snodderly et at. ( 1 984). 

The present work reinforces our hypothesis 
(Stavenga and Tinbergen, 1 983) that redox 
changes of the respiratory pigments in fly pho
toreceptors can be measured in completely in
tact, living animals. The reported rapid 
fluorescence changes occurring upon bright 
light flashes (Stavenga and Tinbergen, 1 983) 
were interpreted as resulting from transient 
changes in mitochondrial respiratory activity. 
Having characterized the spectral properties of 
the pigments involved we have embarked upon 
a further analysis of mitochondrial activity in fly 
photoreceptors. 
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Summary. Fly Calliphora erythrocephala (white 
eyed) photoreceptors were investigated in intact, 
living animals by microspectrofluorometry in vivo. 
The fluorescence of mitochondrial flavoproteins 
(Tinbergen and Stavenga 1 986) was used to moni
tor transient changes in oxidative metabolism, 
which were induced by a test light following a stim
ulus of variable intensity. 

Two stimulus types were applied, a brief, acti
vating illumination and a prolonged, adapting illu
mination, respectively. The intensity ranges of acti
vation and adaptation appear to be separated by 
ca. 3 log units. 

Action spectra for inducing a criterion activa
tion or adaptation of the light-dependent mito
chondrial system are virtually indistinguishable 
and closely resemble the spectral sensitivity mea
sured electrophysiologically, thus reinforcing the 
hypothesis (Hamdorf and Langer 1 966 ; Stavenga 
and Tinbergen 1 983) that the light-induced chan
ges in oxidative metabolism in fly photoreceptors 
are closely linked to the phototransduction pro
cess. 

On the basis of the literature we conclude that 
a light-induced rise in cytosolic calcium concentra
tion is the likely cause for enhancing mitochondrial 
activity. 

Introduction 

The consumption of oxygen by blowfly retinal cells 
increases with illumination as was demonstrated 
by microrespirometry on isolated retinae (Autrum 
and Tscharntke 1 962 ; Hamdorf and Kaschef 1 964; 
Hamdorf and Schwemer 1 975). Hamdorf and 
Langer (1 966) showed that the wavelength depen
dence of this light-induced increase of oxygen con-

sumption closely corresponds with the spectral sen
sitivity of retinal cells measured electrophysiologi
cally. 

Studying the eyes of living, intact blowflies 
(mutant Chalky) by microspectrofluorometry we 
observed transient increases in the blue-induced 
green emission upon illumination of dark-adapted 
eyes ; these transients were abolished by hypoxia 
(Stavenga and Tinbergen 1983). We subsequently 
measured absorption and emission spectra from 
blowfly eyes in air and under hypoxia, respectively. 
The absorbance difference spectra clearly revealed 
the characteristic redox changes of the mitochon
drial pigments (Tinbergen and Stavenga 1 986). 
Furthermore, under hypoxia the blue-induced 
green emission was distinctly lower than in air, 
a typical property of mitochondrial flavoproteins 
as they fluoresce in the reduced state less than in 
the oxidized state (Chance et al.  1 979). 

Because, firstly, oxidation of the mitochondrial 
flavoproteins parallels an increased mitochondrial 
respiratory activity (Chance and Williams 1 956) 
and, secondly, the time constant of the experimen
tally observed emission transients is similar to that 
of the light-induced transient increase in oxygen 
consumption measured in isolated retinae of blow
fly (Hamdorf and Schwemer 1 975) and honeybee 
drone (Tsacopoulos et al. 1 983), we concluded that 
the transient increases in blue-light induced green 
emission reflect the transiently enhanced oxidation 
of mitochondrial flavoproteins in fly photorecep
tor cells (see Stavenga and Tin bergen 1 983 ; Tin
bergen and Stavenga 1 986). Note that anatomical 
studies have shown that mitochondria are numer
ous in photoreceptor cells (Trujillo-Cen6z 1 972), 
thus indicating the high energy demand. 

In the present paper we report action spectra 
of the light-dependent mitochondria.! activity as 
observable by fluorescence. Because the action 
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STIMULUS 

� , I 
0.1 5 
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Fig. I a, b. Diagrams of experimental procedures. a Activation. A dark adaptation t1me of 60 s preceded the stimulus. lasting 
0.1 s. Subsequently a dark mterval of 0.6 s was followed by a blue test light of 7 5 s. Whereas the mtcnsity /, and wavelength 
i., of the stimulus was variable, the test light wavelength i, WdS 477 nm and the test mtensity was a constant 5 5 · 1 0 1 7  quanta 
em 2 · s 1 The green emiSSIOn (i., 550 nm) induced by the blue test was measured The reset illummation (590 nm, 5 s) served 
to reestablish the VISual pigment population in the blowfly compound eye at a h1gh level of nat1vc xanthopsin. b Adaptatwn 
Duration of stimulus 20 s. but otherwise the procedure was idcnt•cal to that of a 

spectra correspond with the spectral senstttvlltes 
measured by electrophysiology and microrespiro
metry we conclude that microspectrofluorometry 
provides an attractive non-invasive method to 
study the role of mitochondrial respiration in pho
toreceptor function. 

Materials and methods 

Apparatus. The experiments were performed with a mJcrospcc
trophotometer which consisted of a Leitz Orthoplan micro
scope with a Ploemopak illuminator and a Compact photome
ter head. The microscope objective was a Leitz NPL 1 0, 0.20. 
Epi-illumination was admimstered by three beams emerging 
from Xenon arc lamps and equipped w1th heat, neutral density 
and interference filters. The scllings of intensity, wavelength 
and the illumination times were computer controlled ( Data 
General M P 200). 

Animals. The investigated blowflies Calilplwra erythro('(•phala, 
wh1te eyed. mutant Chalky, were ra1scd in the laboratory under 
conditions wh1ch yielded photoreceptors wnh a normal (high) 
content of visual pigment (Schwemcr 1 984). The animals were 
immobilized w1th wax and subsequently mounted on the Uni
versal stage of the microspcctrophotometer. A Pelt1er clement 
allached to the stage controlled the temperature of the fly to 
a constant 1 5  •c. 
Fluorometry. The microscope was focused at the level of the 
deep pseudopup1l frontally in one of the eyes. The field dm
phragm restricted an area of about 500 ommatidia. The green 
emission induced by blue (477 nm) excitation light passed a 
green ( Balzers K 55) barrier filter and was subsequently mea
sured by the photomultiplier ( Hamamatsu R 928). 

Light callbrations. L1ght measurements were performed with 
a calibrated photodiode ( H U V  toOO B, EG&G) at the level of 
the objective focus, and the intensit1es were subsequently calcu
lated in quanta em ' 2 ·s 1• We note that the objective delivers 
the illumination intcns1ty 1,.1 mto a cone with aperture (full 
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top angle) Lle � 22.6•; when a photoreceptor with a Gaussian 
angular sensitiVItY profile, halfw1dth Llp, IS completely covered 
by the objectiVe aperture then an axml pomt source. aligned 
With the photoreceptor. is equally effectiVe when 1\s mtensity 
is 1., - 1 •• , (1 2 LlptLle)' . 

T£•st proc edun•s 

M1tochondnal actJvlly WdS tested along two different proce
dures. applymg activating and adapting stimuh, respectively 
In both procedures m1tially the visual p1gment molecules were 
VIrtually all in the na11ve xanthopsm state (Vogt 1 983). We 
recall here that the mam v1sual pigment of the blowfly in 1ts 
native state maximally absorbs in the blue-green, at 490 nm 
(Schwemer 1984). Blue light causes photoconvcrsion of the mol
ecules mto a thermostable, orange (580 nm) absorbmg meta
xanthopsin state. Prolonged red illummation results in a pho
tosteady state with a vmually 1 00% xanthopsin population. 

In the experiments mtensc blue test lights had to be applied 
to obtain a measurable m1tochondnal fluorescence signal. Con
comJI\antly, however, these hghts induced substantial photo
conversion of the v1sual p1gment Therefore, subsequent to the 
test a red reset tllumination was given. 

In the activation procedure (Fig. I a) m each run first a 
60 s dark penod was allowed. The dark adaptat1on was fol
lowed by the activatmg light stimulus of 0.1 s duration and 
variable wavelength i. and intenslly /. Then, after a dark inter
val of 0.6 s, the bnght blue (477 nm) test light, lasting 7.5 s, 
was applied and the induced green fluorescence was registered. 
Finally a 5 s red (590 nm) reset was given. The next run started 
agam with the 60 s dark period. 

The adaptatiOn procedure (Fig. 1 b) only differed from the 
activation procedure m the duration of the stimulus which was 
now 20 s, a time sufficiently long to establish a state fully 
adapted to the stimulus. 

Calculation of em1ss10n changes 

Activatioll. The imtial value of the emission signal was deter
mined. The lowest initial value was obtamed when the stimulus 
intensity I was s; I 01 ' quanta em 2 • s - 1 and increased mono
tomcally with I (Figs. 2 a, 3). The emissiOn change with respect 
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Fig. 2a, b. Recordings of the blue-induced green emtsston from the blowny eye. The time course of the emission is biphasic 
and depends on the intensity of the preceding stimulus, which was brief (0.1 s, activation) in a and prolonged (20 s, adaptation) 
in b. Stimulus intensity in a increased from the low value 9. 1 · 10 1 2  quanta em 2 · s  1 (trace I) and increased via 5 . 1 · 1 0 1 3, 1 .7 · 1 0 14, 
5.6 · 1 0 1 4, 1 .8 · 1 0 1 5 to the highest stimulus intensity 7. 1 · 10 1 5  quanta em 2 · s  1 (trace h). Stimulus intensity in b increased from 
2.0 · 10 10 (trace I) via 6.6 · 10 10, 2.2 · 10 1 1 , 7.2 · 1 0 1 1 , 2.4 · 1 0 1 2, 2.6 · 10 1 3  to the highest value 2.8 · 10 14 quanta em 2 · s · 1 (trace h). 
In the activation series (a) the initial emission value increases with the intensity of the preceding stimulus, showmg a progressively 
enhanced mitochondrial activity. In the adaptation series (b) the amplitude of the response to the test light gradually drops, 
showing the stronger adaptation to higher stimulus intensitieS 
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Fig. Ja-;:. Intensity dependence of 
mitochondrial activity. 
a Activation. 
b Adaptation. 
The blue-induced green emission curves 
following a series of 488 nm shmulus 
lights of increasing intensity are shown 
(compare Fig. 2a, b). From these 
recordings the changes in initial 
emission and in emission amplitude, 
respectively, were calculated and the 
values are presented normalized in c. 
The activation and adaptation series 
presented were of one and the same 
animal 
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Adaptation. The first 3 s of the emission signal mduced by the 
blue test light was integrated. The obtamed value, £(/). was 
maximal, Emu , when the adapting stimulus mtensity I was 
_,;; 1 0 1 0 quanta em -2 · s  1 and decreased monitonically w1th in
creasing / to E,.,. (Figs. 2 b, 3). The normahzed responsiveness 
was calculated from S(/) • [E(/) - Em;n]/[Em.,- Em,nl ; the loss 
in responsiveness [I S(/)] 1s presented in Fig. 3c as the nor· 
malized emission change (open symbols). 
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Fig. 4IHI. Recordings of blue-induced green 
emission as obtained m the action spectra 
measurements. Each of the nine recordings m a 
(activation) and b (adaptation), respectively, IS 
the result of an ex penmen tal run as outlined in 
Fig. I (a and b, respectively). The intenSity of 
the stimulus (wavelength ;,,) m the live 
mtermediate runs 3-7 increased from /1 to I, in 
steps of 0. 1 2  log umts. In a and b i.,- 537 nm, 
From these live runs the em1ssion change was 
calculated as described in the methods and 1ts 
value was plotted in c and d, respecllvely The 
intens1ty I.(i.,), where the emiSSion change is 
zero, IS concluded to be equally effective as the 
reference stimulus 

£.stimat1on of actwn spectra 

The procedures for estimating the action spectra for activation 
and adaptallon of the hght·dependent mitochondrial system 
were in principle Identical (cf. Fig. 4 a, b). At each stimulus 
wavelength i., the mtensity I.(i.,) was determined which was 
equally effective (in activatmg or adapting, respectively) as the 
chosen reference mtensity /• (of wavelength i .• • 488 nm) being 
3 1014 quanta em 2 · s · • and 1 .7 · 10 12 quanta em ' 2 ·s - • . Sub· 
sequently 9 runs as descnbed under Test procedures were exe· 
cuted. Of these 9 runs the first and the last couple were per-
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formed wtth the 488 nm reference stimulus. Runs 3-7 were with 
5 sttmulus mtensities I, _ ,  differing 0. 1 2  log units from each 
other: these 5 stimuli were all of the same wavelength ).,. The 
intensity I3 was chosen so that its effecttvity closely approxi· 
mated that or the reference stimulus {I, = I. when ).,=488 nm). 
With the chosen procedures it appeared possible to effectively 
circumvent the effects or inevitable long term drift. 

From each of the 9 runs a value for the emission signal 
E(l )  was obtained : in the case of acttvation the initial emission 
value was determined and in the case of adaptation the first 
3 s of the blue-induced green emission was integrated. The emis
sion values were further processed as follows. The 4 values ob
tained with the reference stimulus (i.e. the first and last couple) 
were averaged, yielding £ •. The 5 values obtained with I, _ , 
were related to this average by calculating the relative emissiOn 
change: [£(/) - Eo]fE •. 

Note that with increasing intensity the relative emission 
change increases in the case of activation (Fig. 4c) and de
creases in the case of adaptation (Fig. 4d). 

The resulting graphs for each stimulus wavelength yielded 
the intensity I.().,) having equal effectivity as I0. The action 
spectrum then followed from I0fi •. 

Results 

Upon illumination with an intense blue test light 
the dark-adapted eye of a white-eyed blowny mu
tant Chalky responds with a transient increase in 
green emission (Fig. 2a). Rapidly ( ::::;; 1 00 ms) after 
light-on the emission increases, peaks at 1 .5 s, and 
gradually levels off to a plateau (cf. Stavenga and 
Tinbergen 1 983). 

The test light was preceded by 60 s darkness, 
the 0 . 1  s stimulus illumination and a 0.6 s dark 
interval (activation ; Fig. 1 a). With increasing stim
ulus intensity the initial value of the green emission 
increases (Fig. 2a), representing an increase in oxi
dized navoprotein, or an increase in mitochondrial 
activity induced by the preceding stimulus. 

The intensity dependence of this mitochondrial 
activation was investigated over an intensity range 
of well over 6 log units (Fig. 3). The stimulus inten
sity increased in steps of (approximately) 0.25 log 
units ; the stimulus wavelength in Fig. 3 was 
488 nm ; i.e., near the peak wavelength of the sensi
tivity spectrum of photoreceptors R 1 -6 (e.g. Har
die 1 985). The resulting initial emission is pre
sented normalized as a function of the preceding 
stimulus intensity in Fig. 3c (closed symbols). 

A prolonged illumination depresses the light 
sensitivity of mitochondrial activity as is shown 
in Fig. 3 b. Here the test light was preceded by 60 s 
darkness, 20 s stimulus illumination and again a 
0.6 s dark interval (adaptation ;  Fig. 1 b). Clearly, 
the amplitude of the response to the test light di
minishes progressively with increasing intensity of 
the preceding stimulus. In other words, the respon
siveness of the system underlying mitochondrial 
activation decreases due to the light adapting ac-

1.2 
> !: > ;:: 1 0  iii z w II) w 0.8 
> ;:: � w 0.6 a: 

0.4 

0.2 

� 

400 500 
WAVELENGTH (nm) 
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} Adaptation 
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Fig. 5. Actoon spectra for mttochondnal activation and adapta
tion derived from experiments as presented in Fig. 4 .  Data aver· 
aged from 5 female nies. For comparison the normalized ab
sorption spectrum of blowfly visual pigment (Schwemer 1979) 
is included (dotted curve). Both activation and adaptatoon are 
closely coupled to visual pigment absorption 

tion of the stimulus. The series of responses to 
the blue test light following the stimuli with intensi
ty increasing in steps of0.25 log units (.?., =488 nm) 
is shown in Fig. 3 b. The intensity dependence of 
the loss in responsiveness, calculated from this se
ries, is presented in Fig. 3 c  (open symbols). 

A ction spectra 

A logical step in the analysis of a photosensitive 
system is the estimation of the action spectrum 
through a constant criterion response method (Ro
dieck 1 973). 

The exemplary cases of Fig. 4a, b show the 
responses to the test light of 9 consecutive runs. 
In runs 1 ,  2, 8 and 9 the stimulus wavelength was 
J.R = 488 nm and the intensities were identical. I n  
runs 3-7 the stimulus wavelength was .?., = 537 nm 
and the intensity increased in steps of0 . 12 log units 
yielding gradually changing responses for these five 
runs. In all experimental series 9 runs were per
formed. Runs 3-7 were executed with stimulus 
light of wavelength .?., (including 488 nm). Runs 1 ,  
2, 8 and 9 (with wavelength J.R = 488 nm) served 
as the reference. The intensity of run 5 was made 
about equally effective to that of the reference 
stimulus. The resulting relative emission changes 
(see Methods) then yielded Fig. 4c, d. The action 
spectra (Fig. 5) were subsequently calculated as de
scribed in the Methods. 
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Discussion 

Fluorescence from the blowfly eye 

Upon illumination of a dark adapted eye bright 
blue light induces a transient increase in green fluo
rescence. We interpret this short-lived rise in emis
sion to represent an increase in oxidized flavopro
teins of the mitochondrial respiratory chain. Of 
course, the emission signals shown must not be 
taken as a quantitative measure of flavoprotein 
concentration. Substantial contributions to the 
green emission originate from at least the corneal 
facet lenses ; also, sources of fluorescence other 
than the mitochondria are present in the eye tissue. 
We estimate that at least 30% of the steady-state 
emission signal is from non-mitochondrial origin. 

A ction spectra 

Light absorption by the visual pigment molecules 
of blowfly photoreceptors is unequivocally in
volved in light-induced metabolic activity. Utiliz
ing a microrespirometer Hamdorf and Langer 
(1 966) measured the light-dependence of oxygen 
consumption by isolated blowfly retinae. Further
more, they recorded the light-evoked generator po
tential. Because the action spectra of oxygen con
sumption and electrical signal approximated the 
absorption spectru..m of a visual pigment (with 
peak wavelength .A.m .. =495 nm) they hypothesized 
an intimate relationship between visual pigment, 
phototransduction and oxygen consumption. 

We have investigated the light-dependence of 
metabolic activity by fly photoreceptors in the eyes 
of completely intact, living animals with a rather 
indirect method, namely via the fluorescence of 
mitochondrial flavoproteins (Tinbergen and Sta
venga 1 986). We note that the rapid increase in 
fluorescence of oxidized flavoprotein induced by 
bright illumination (Figs. 2-4) conforms with the 
rapid increase in oxygen consumption by blowfly 
retinae measured microrespirometrically by Ham
dorf and Schwemer (1 975). The action spectrum 
which we find for mitochondrial activation is simi
Jar to that measured in other physiological studies 
on photoreceptors R 1 6 of the blowfly, as there 
are the spectral sensitivities of the receptor poten
tial (Hardie 1 979) and the pupillary pigment mi
gration system (Bernard and Stavenga 1 979). I n  
these latter studies, the main peak i n  the blue-green 
originates from light absorption by blowfly xan
thopsin, whereas the high UV peak is largely due 
to a sensitizing pigment (Kirschfeld et al.  1 98 3 ;  
Hardie 1 985). We assume that in our  measure
ments contributions to the fluorescence signals by 
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the central photoreceptors R 7. 8 are minor because 
of their small relative size and number, and thus 
we conclude that the action spectra of Fig. 5 are 
representative for the mitochondrial system of 
photoreceptors R 1 -6. 

Recently Jones and Tsacopoulos (1 987) studied 
light-induced oxygen consumption in slices of the 
honeybee drone retinae using oxygen sensitive elec
trodes. They found that the action spectrum closely 
matched the absorption spectrum of the visual pig
ment, thus further strengthening the view that mi
tochondrial activity in insect photoreceptors de
pends on visual pigment conversion. 

The finding that the action spectra for both 
activation and adaptation are identical bears anal
ogy to the outcomes of electrophysiological studies 
by Strong and Lisman ( 1 978 ; barnacle) and 
Lisman and Strong (1979 ; Limulus). These authors 
specifically investigated the question whether dif
ferent pigments controlled excitation and adapta
tion of the receptor potential. No distinction be
tween excitation and adaptation spectra could be 
observed, however (cf. Hillman et al. 1 983). 

A comparison of the action spectra of Fig. 5 
with the spectral sensitivity curves determined by 
intracellular recordings from blowfly photorecep
tors (e.g. Hardie 1985;  Smakman and Stavenga 
1 986) reveals that the action spectra are less broad. 
Since we studied the white-eyed mutant Chalky 
and applied wide-field illumination a substantial 
fraction of light that activates (or adapts) the re
ceptor then enters from off-axial directions. 
Whereas with on-axis illumination self-screening 
causes broadened spectral sensitivity curves off
axis light results in narrow spectra (Hardie 1 985). 
Therefore we conclude that our action spectra are 
largely narrowed by the effect of off-axis (or stray) 
light. The narrowing effect can be easily simulated 
numerically and thus we estimate that the contri
bution by off-axis light relative to that by on-axis 
light was 3 5 fold, i.e. 0.5-0.7 log units. 

Relations with electrophysiology and intensity de
pendences 

Laughlin and Hardie (1 978) determined from in
tracellular recordings of the photoreceptor poten
tial that blowfly photoreceptors have a half
responsiveness for an axial point source 1 .. = 4.2 · 

1 0 t 2  quanta cm - 2 · s · 1 • As these photoreceptors 
had an acceptance angle t1p � 1 .44" this corre
sponds to an intensity in our experimental arrange
ment (see Methods) of /obi = 7.2 · 1 0 1 2 quanta em - 2 
· s - t .  Referring to Fig. 3 it is apparent that this 
intensity, which half-maximally depolarizes the 
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photoreceptor cell, is well below the threshold for 
mitochondrial activation. Even more, the accep
tance angle of photoreceptors in Chalky is effec
tively much larger than the above value for wild 
type flies (cf. Streck 1 972). Taking the 3-5 fold 
contribution by stray-light into account we esti
mate that half-responsiveness of Chalky photore
ceptors should be obtained at /obJ = 2 · 1 0 1 2  quanta 
em 2 • s 1, a value widely separated from the in
tensity range of mitochondrial activation ; rather, 
this value is in the intensity range of mitochondrial 
adaptation (Fig. 3). This result is in accordance 
with experiments of Tsacopoulos and Poi try ( 1 982) 
on the honeybee drone. They found that the ampli
tude of the light-induced receptor potential satu
rates at an intensity where the amplitude of the 
induced oxygen consumption is still very at a rise. 
Indeed, in the blowfly the intensity range of light 
adaptation measured electrophysiologically rough
ly coincides with the range of excitation of the 
receptor potential (Laughlin and Hardie 1 978). 
Furthermore, the time course of dark adaptation 
of the receptor excitation is similar to that of mito
chondrial activation (see Stavenga and Tinbergen 
1 983). We therefore hypothesize that the effects 
of adaptation measurable via mitochondrial activi
ty are closely related to those encountered electro
physiologically. 

The receptor potential saturates at intensities 
where mitochondrial activation becomes notice
able : 1., -;::. 1 0 1 2  quanta em 2 · s  1 (Laughlin and 
Hardie 1 978); i.e. /obj -;::. 5 · 1 0 1 3  quanta cm - 2 · s  1 
in our arrangement. We have estimated (Stavenga 
and Tinbergen 1 983) that at the intensity of half 
activation ( :::: 1 0 1 5  quanta em 2 • s - 1,  Fig. 3) in the 
order of 1 06 visual pigment molecules are con
verted, that number being in the order of I 0 o of 
the molecules of a photoreceptor. Thus at 5 · 1 0 1 3  
quanta cm- 2 · s  1 about 0.05% of the molecules 
arc converted during the 0. 1 s stimulus time. This 
corresponds well with data of Blumenfeld et al. 
( 1 985} who assessed in the white-eyed housefly 
Musca that the peak amplitude of the light-coinci
dent receptor potential ( LRP) is reached in 
:::: 20 ms after the onset of illumination with 0.01 ° o 
conversion of visual pigment, i.e. the LRP satu
rates with 0.05% conversion in :::: I 00 ms. 

After extreme intensities a prolonged depolariz
ing afterpotential (PDA) emerges which is corre
lated with a substantial photoconversion of visual 
pigment molecules from the xanthopsin into the 
metaxanthopsin state (Minke and Kirschfcld 1 984) 
and with a prolonged GTP-ase activity (Blumen
feld et al. 1 985). Net photoconversion is substan
tial only at blue illuminations of :::: 1 0 1 5  quanta 

em 2 • s 1 (see Stavenga and Tin bergen 1 983) and 
no PDA is excited at long wavelengths. Because 
mitochondrial activity is light-induced at all wave
lengths we conclude that the PDA is not a direct 
cause of mitochondrial activation. 

The cause of mitochondrial activation 

An understanding of the cellular processes leading 
ultimately to mitochondrial activation can be de
rived from fundamental photoreceptor studies per
formed predominantly on the honeybee drone and 
the horseshoe crab Limulus. Firstly, visual pigment 
conversion results in an increased membrane per
meability for ions. Sodium ions then massively 
rush into the photoreceptor as shown by Coles 
and Orkand (I 982) and Tsacopoulos et al. ( 1 983) ; 
see also Fain and Lisman ( 198 1  ). Because the in
creased intracellular ion concentration activates 
the sodium pump, which requires metabolic ener
gy, an obvious conjecture is that the increased 
pump activity results in an increased ADP concen
tration and thus enhances mitochondrial activa
tion (see e.g. Sacktor 1 975). However, oxygen con
sumption and therefore mitochondrial activity pre
cedes sodium pumping and thus Tsacopoulos et al. 
( 1 983} concluded that mitochondrial respiration 
must be stimulated by some signal which is gener
ated earlier than the rise in ADP produced by the 
Na-pump. More recently, Coles et al. ( 1 984} mea
sured the concentration of A TP in the retina of 
the honeybee drone subsequent to a bright flash 
and obtained the startling result that [ATP] tran
siently rises with a time course similar to that of 
the light-induced oxygen consumption. Further
more, Tsacopoulos et al. ( 1986) measured on a sin
gle Limu/us ventral photoreceptor cell a clear light· 
induced increase in oxygen consumption, but they 
found no change in oxygen consumption upon in
jection of sodium ions, although recordings of the 
membrane potential clearly demonstrated activa
tion of the electrogenic sodium pump. The latter 
authors therefore concluded that neither an in
crease in [Na + ] ,  nor an increase in [ADP] is the 
main stimulus of mitochondrial respiration after 
a light flash and that ' A  role for cytosolic Ca can
not be excluded ' .  

Indeed, it appears that calcium is the principal 
candidate for both mitochondrial activation and 
adaptation. Intense, brief illuminations cause a 
transient rise in intracellular calcium concentration 
(e.g. Brown and Blinks I 974 ; Levy and Fein 1 985). 
This Ca; is released from an intracellular compart
ment (see Brown and Blinks 1 974} in the most light 
sensitive part of the photoreceptor cell (Levy and 
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Fein 1 985) and presumably from the subrhabdo
meric smooth endoplasmic reticulum (SER) cister
nae (Lisman and Strong 1 979) which actively accu
mulate Ca + + (e.g. Walz 1 983). The endoplasmic 
reticulum generally appears to be the main organ
elle regulating the cytoplasmic calcium concentra
tion in non-muscle cells (Somlyo et al. 1 985). 

The light-induced increase in Ca, participates 
in both excitation of the receptor potential and 
its adaptation (Bolsover and Brown 1 98 5 ;  Payne 
et al. 1986a). The causal link between visual pig
ment conversion and the rise m Ca, probably is 
an increase in inositol trisphosphate, Ins ( 1 ,4,5) 
P3 (Brown et al. 1 984; Fein et al.  1 984), which is 
released by hydrolysis of PtdinsP2 and which in 
turn releases calcium from a non-mitochondrial 
store (review Berridge and I rvine 1 984). Brown and 
Rubin ( 1 984) and Payne et al. (1 986 b) have direct
ly demonstrated in the ventral photoreceptor of 
Limulus that InsP3 causes a rise in intracellular 
calcium and that this rise is necessary for excitation 
and adaptation of the photoreceptor by 
Ins{ 1 ,4,5) P3 (Fem 1 986;  Payne et al. 1 986b). 

Because the oxygen consumption by mitochon
dria of blowfly flight muscle IS activated by Ca + + 
(see Sacktor 1 975) we presume that also in blowfly 
photoreceptors the light-induced rise in cytosolic 
calcium enhances mitochondnal activity. Pro
longed illumination and .increased calcium concen
tration results in adaptation of the blowfly photo
receptor (see Muijser 1 979). 
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Chapter V 

THE LANDING RESPONSE OF THE BLOWFLY 

In flying insects flight motor output stabilizes or alters the position and 
orientation of the animal in the environment. The often complex sensory 
input and the subsequent rapid analysis by the neuronal system play a 
crucial role in the control of flight behaviour. The speed at which decisions 
have to be made increases with the flight velocity and the degree of 
freedom of the animal. Moreover, many different behavioural tasks are 
combined into a consistent flight behaviour in which the decision to 
terminate flight and execute a landing is an essential component. 

When an insect is landing it reduces its flight speed, and ultimately the 
unfolded legs make contact with the substrate. After the apparent decision 
to execute a landing a rather complex and variable behavioural pattern can 
be observed, in which generally substrate-oriented response components play 
an important role. In the case of an unsuccessful attempt the animal even 
may return to the same spot in order to retry to land at that particular place. 
During flight the visual environment may suddenly change and under such 
an unexpected situation the animal may be forced to terminate flight. Then 
an attempt to perform a landing directly follows, nearly without substrate 
oriented response components. Probably, this same type of behavioural 
response is elicited in tethered, stationary flying flies, upon sufficient 
movement of the environment or sudden intensity changes. 

The landing response of stationary flying blowflies. 

Analysis of the landing response is obviously difficult to perform on free 
flying animals (Wagner 1 982). On the contrary, the landing response of 
tethered animals can be relatively easily studied, especially in flies as 
described in the following. Blowflies, Calliphora erythrocephala, were 
prepared for stationary flight by connecting a small piece of aluminum wire 
to the dorsal side of both the thorax and the head. The animals were then 
mounted in the experimental set up. They were thus kept stationary for 
observation and measurements. Also the field of vision was stationary, 
because fly eye movements are due to head movements. The orientation of 
the visual field of the fly was aligned with the equipment by using a swing
in epi-illumination microscope, and observing the equatorial deep 
pseudopupils of both compound eyes (Franceschini and Kirschfeld 197 1  ). 
After the alignment of the visual field the microscope was removed. An 
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Fig. 1 .  Stationary flight of Calliphora at observation from aside. The legs 
held in a characteristic way. Due to multi-flash illumination both extreme wing 
positions are visible. 

Fig. 2. Stationary flight of Calliphora at observation from above. The hind legs 

are clearly visible beside and behind the abdomen. In the space between head and 
thorax the fore leg tibia, located just in front of the thorax, are visible also. 
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airstream was directed to the antennae in order to improve flight stability. It 
thus proved that tethered flies start flight as soon as the tactile contact 
between the legs and the substrate is removed. 

During flight the wings beat at a frequency of � 1 40 - 1 70 Hz and 
under an angle of � 30 - 50 • with the body axis, i.e. in a plane from 
below the head to above the abdomen. Directly after take-off the legs 
become positioned in a characteristic way. In this special flight posture 
femur and tibia of the fore legs are folded at either side of the body and 
held in the space between head and thorax, the fore leg tarsi point forward 
just below the head; the middle leg femur and tibia are folded similarly in 
the space between thorax and abdomen, the tarsi point forward below the 
abdomen; the hind legs are not folded, but oriented backward with the 
femur slightly upward, the tibia beside and the tarsi behind the abdomen. 
This posture improves the streamline of the body during flight. The position 
of the legs is illustrated in Figs. I and 2. 

In response to visual stimulation the fly may suddenly execute a 
characteristic unfolding of the legs, indicating that the animal has changed 
the behaviour from flight to execution of the landing response (Goodman 
1960). In the landing response the fore legs move upward and forward just 
beside the head, predominantly due to the stretching of the joints at either 
side of the tibia. The middle legs move downward and finally also forward, 
mainly due to the stretching of the joints at either side of femur and tibia. 
The hind legs are lowered by a downward rotation. In the movement of all 
legs also a lateral outward component is present. Finally then, the unfolded 
legs provide the fly a stable undercarriage. 

The leg positions at moments when the unfolding is approximately 
complete is illustrated in Figs. 3 and 4. Figs. 5 and 6, taken under 
multi-flash stroboscopic illumination, visualize successive leg positions 
during the unfolding of the legs. From these and similar pictures it has been 
obtained that the complete unfolding of the legs takes 40 - 50 ms in 
Calliphora, a slightly longer time span than in Musca, where 30 - 40 ms has 
been measured (Borst 1 986). 

Upon execution of the landing response not only leg movements occur, 
but also a sudden change of the wing beat (cf. Goodman 1960). Direct 
observations, partly under stroboscopic illumination conditions, indicate that 
both stroke angle and stroke amplitude increase, that the wing beat 
frequency decreases and that the angle of attack is suddenly altered. 
Furthermore, the fly attempts to change the orientation of the body, in 
which the ventral side and the unfolding legs are rotated in the direction of 
flight. The different components of the changing wing action and the 
change in the orientation of the body together will alter flight lift and thrust 
forces and cause deceleration of the animal. No indications have been 
noticed that leg movements have a speciai phase relation with the wing beat 
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Fig. 3. Side view of Calliphora with the legs unfolded at execution of the landing 
response. The wings are positioned frontally. 

Fig. 4. Calliphora with the legs unfolded at execution of the landing response, 

observation from above. 
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Fig. 5. Different phases of the unfolding of the legs taken under multi-flash 

illumination conditions. Flash intervals of 3.5 ms. ln this poorly flying animal the 
wings did not reach frontal positions, leaving the successive leg positions better 
visible. 

Fig. 6. The unfolding of the legs taken under multi-flash illumination 

conditions. Flash intervals of 3.5 ms. Both wings and legs did not move entirely 

symmetrically. Poorly flying animal in which the wings did not reach frontal 

positions. 
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cycle. When the landing response is induced by stimuli of short duration, 
the different response components start at nearly identical moments. 
Subthreshold stimuli for the landing response may induce changes in wing 
action being components of different behavioural response patterns. 

Execution of the landing response mediates a rapid speed reduction with 
a final deceleration by the unfolded legs at contact with the substrate. 

Measuring the landing response. 

Borst and Bahde ( 1 986, 1987) have used a method of optical detection in 
which the movement of the fore legs was measured. In the present work a 
slightly different detection method was used. Exclusively movement of the 
right fore leg was detected by an optical device, in which a 5 em long 
narrow beam of light was directed to a photodiode. The movement of the 
foreleg, of which a constant phase modulated the intensity of the detector 
beam, was registered by the diode. The beam was oriented vertically and 
positioned in front of the right compound eye, just besides the head, near 
the antenna. At this beam position and orientation the moving wing did not 
activate the detector, and the unfolding of the fore leg was detected at a 
moment, which was only a few ms delayed from the start of the fore leg 
movement. 

The moment at which the leg movement starts is not entirely identical to the 
moment at which the visual stimulus is presented. The response is slightly 
delayed with respect to the stimulus and is detected 35 ± 5 ms after the 
presentation of the adequate stimulus. Responses to different types of visual 
stimuli all demonstrated that no response is measured later than 45 ms after 
the termination of the stimulus. Consequently, a landing response state in 
which the legs are fully unfolded is reached within 0. 1 s, due to the 
duration of the delay (35 ± 5 ms) and of the unfolding of the legs 
(45 ± 5 ms). 

Visual stimuli eliciting the landing response. 

Visual stimuli consisting of changes in light intensity and a great variety of 
movement stimuli are sufficient to elicit the landing response. In a few 
cases the response to moving stimuli seemed to depend directly on the 
decrease in distance of the stimulus to the fly and therefore suggested the 
involvement of binocular distance estimation. Moving stimuli which do not 
change in their distance to the fly elicit the landing response very 
effectively. 
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Fig. 7. Approaching objects, stimulus set up. a. Object ( 0) in front of screen 
( S) moves toward or away from the stationary flying fly (V ). The object is 
mounted at the tip of a bar, which is connected to a beld driven by a stepping 
motor. The displacement of the object amounts 1 mm each 0.8 • step of the 
motor. Maximum velocity of the movement 30 cmjs and maximum distance 

30 em. Directly after the movement toward the fly the direction of the movement 

was reversed and the object moved back to the start position. b. Dark objects in 
front of bright screen. Dotted lines: after the approach the angular size 
increases. c. Angular positions of a 5 em object before and after movement over 
30 em from 35 em to 5 em. oa indicates the change in angular position of the 
edges. 
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I Responses to changes in light intensity. 

The landing response can be elicited by a decrease in ambient light 
intensity. Responses are executed depending on the relative decrease in 
intensity, but also depending on the rate of the change (Lucilia, Goodman 
I 960). In Lucilia upon an increase in light intensity no response occurred. In 
Musca the landing response to light-off has shown to occur very rapidly: the 
leg movements start just 50 ms after stimulus presentation (Borst 1986). 
Similarly, the light-off stimulus is an adequate stimulus in Calliphora. 
However, Calliphora also responds to a sudden increase in intensity, when 
presented as an intense flash of short duration (0. 1  ms). 

2 Moving stimuli. 

2. 1 Responses to approaching objects. 

A further type of stimulus eliciting the landing response is the approaching 
movement of two-dimensional simple objects. The approach of these objects 
simulates rather realistic and simple landing situations. Responses might 
directly depend on the change in distance and/or on the angular 
characteristics of the approaching movement, but, at least in part, also by 
the changes in intensity resulting from the movement of the objects. 

d (em) o c•> f a (•) 
__..30 __ � __ 20'----�-�--------'0 0 10 20 30 0 10 

Fig. 8. Approaching object of 5 em moving at 30 cm/s and starting from 

different distances. 0 indicates the average response distance. a and oa 
indicate the angular position and change in the angular position of the object 
edges until the average response 0 
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Goodman ( 1 960) studied the landing response of the blowfly Lucilia with 
dark approaching objects in front of a bright screen, moving at constant 
velocity from the direction of flight toward the stationary flying fly. The 
elicited landing responses depended on the velocity of the movement, the 
size of the object and on the distance travelled by the object. The 
movement sufficient to elicit the response was not directly determined by 
the distance over which the object travelled, but by the change in angular 
size of the object. The change in angular size eliciting a response in I 00% of 
the tests was constant at each velocity of approach and decreased with 
increasing velocity, independent of the object size ( 1 20 - 20 • in the range 
1 5  - 65 cm/s). In Goodman's experiments both distance and object size were 
varied at the same time. 

Experiments with approaching objects similar to those of Goodman 
( 1 960) were performed on Calliphora with the apparatus of Fig. 7. In the 
experimental arrangement of Fig. 8 the object moved toward the fly at 
constant velocity of approach and started from different distances. The 
elicited responses, however, appeared to depend on the distance at which the 
movement started: the change in angular size of the object was not constant. 
Evidently, the responses to the approaching movement occurred after an 
angular displacement of the object edges which depended on the time 
required for the angular displacement. The results suggest that the response 
is angular velocity dependent and that lower angular velocities contribute 
less than higher angular velocities. Low sensitivity to low angular velocity 
implies that at lower velocities of approach the landing response is elicited 
after a larger change in angular size of the object. 

Fig. 9. Approaching movement from different directions in the horizontal plane. 
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Dark, bright and textured objects elicit responses at nearly identical 
distances, indicating that predominantly the outer edges of the object 
determine the response, at least when the angular size of the object does not 
exceed :::::45 o (cf. Eckert and Hamdorf 1 980). 

Objects approaching from oblique directions elicited responses at 
different distances depending on the angle of approach. Movement toward 
the fly starting at more lateral positions resulted in responses which were 
executed later, i .e. at a shorter distance to the fly. As is illustrated in Fig. 9 
the response distance was nearly identical for the movement presented from 
frontally and 10 o laterally; the response distance was reduced at movement 
from 20 o laterally, corresponding with a larger angular displacement of the 
contrast borders and indicating a lower sensitivity. Also, the response 
percentage was reduced when the movement toward the fly started more 
laterally. These results suggest that movement sensitivity is high when both 
eyes are stimulated. Similarly, when one eye of the fly is covered by black 
paint the sensitivity to approaching movement presented frontally was 
greatly reduced compared to the normal binocular situation. Approaching 
movement presented from directions above and below the equator showed 
differences in sensitivity also. The largest response distances and high 
response percentages were found for approaching movement from directions 
just below the equator of the compound eyes (Fig. 10) . 

• "{)' gO'/o 

7o" ,00.,, 

Fig. 10.  Approaching movement from different directions in the vertical plane. 
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Fig. 1 1 .  Response delay. Objects approaching until positions a. b. and c. at 

movement of 30 cm/s . Histograms indicate response percentages and response 
moments.Responses were generally given just after the object had reached the 
closest distance to the fly. 

The responses to the approaching movement are executed always just 
later than the stimulus has been presented, as is illustrated in Fig. I I  where 
the objects moved over slightly varying distances. The visual processing and 
motor commands take on the average approximately 35 ms. 

Approaching movement of rectangular objects which are very large in the 
vertical direction produces expansion in exclusively horizontal directions. 
(Fig. 7b) and show that horizontal movement is sufficient to elicit the 
landing response. With objects of different horizontal width, consisting of 
stripes, Eckert and Hamdorf ( 1 980) have shown that the sensitivity to 
approaching movement is higher in the middle part of the visual field than 
in slightly more lateral parts: small objects of I em width induced responses 
at a distance corresponding with an angular size of 1 3.2 o ,  whereas larger 
objects (3 - 6 em width) elicited responses at distances corresponding to an 
angular size of 29.5 o .  This difference in response angle for small objects is 
attributed to a higher sensitivity in the binocular overlap area of the field of 
vision. Eckert and Hamdorf ( 1 980) have hypothesized that possibly binocular 
distance estimation plays a role in eliciting the landing response at shorter 
distances ( see also Beersma et al. 1977; Burkhardt et al. 1973). 
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2.2 Responses to patterns moving at a fixed distance to the fly. 

The change in distance between the visual stimulus and the fly is not 
essential for moving stimuli to elicit the landing response (e.g. 
Goodman 1960; Braitenberg and Taddei 1 967). Moving patterns which 
remain at a constant distance to the animal are often very effective stimuli. 
Experiments with these stimuli provide further evidence that the processing of 
distance information is generally not used. 

2.2.1  Rotating spiral patterns. 

A rather complex class of moving stimuli which do not change in 
distance to the fly are rotating linear spiral patterns (Fig. 1 2), which are 
effective depending on the direction of the rotation. When presented in the 

Fig. 12. Linear spiral pattern consisting of 8 spiral arms of equal radial 
width and constant pitch. At clockwise rotation around the center, the contrast 
borders in the pattern exhibit an expanding, centrifugal movement. having a 

radial expansion velocity directly proportional to the rotation speed and the pitch 

of the spiral arms. The movement has aspects in common with the approach of 
an object. Counterclockwise rotation induces contracting, centripetal movement of 
the contrast borders, having aspects in common with an object moving away. 
The rotation of the patterns induces a tangential movement component of the 

contrast borders also, which decreases toward the periphery of the pattern. 

Fig. 13. Exponential spiral pattern consisting of 8 spiral arms of exponentially 

increasing radial width and pitch. Clockwise rotation around the center induces 
expanding radial movement of the contrast borders in the pattern, which is 
directly related with the rotation speed and increases exponentially toward the 
periphery of the pattern, and in addition a tangential movement component. The 
movement has aspects in common with the approach of an object. 
Counterclockwise rotation induces movement in the opposite direction, having 
aspects in common with an object moving away. 
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media-frontal part of the visual field the expanding movement of the 
contrast borders elicits the landing response depending on the angular 
characteristics and on the rotation speed of the pattern (Fernandez and 
Taddei 1970; Taddei and Fernandez 1 973a,b; Fernandez and Taddei 1 975). 
Responses predominantly depend on the radial angular velocity, but the 
tangential velocities play an additional role. Furthermore, a decrease in 
spatial wavelength and an increase in contrast frequency shift the threshold 
rotation speed to a higher value. Movement in the opposite direction, i.e. 
contracting movement of the spirals, does not elicit the landing response, 
but induce accelerations of the animal, as was concluded from changes in 
the wing action. 

Especially the spiral patterns which are presented approximately coaxial 
with the direction of flight are effective stimuli in eliciting the landing 
response. Those presented in different parts of the visual field reveal that 
the directions of movement in the spiral pattern generally do not fit with 
the movement sensitivities of the visual system. Varying angular velocities 
presented simultaneously in different parts of the visual field provide 
sufficient movement to elicit the landing response also: rotating exponential 
spiral patterns (Fig. 1 3) can elicit the landing response. The highest 
angular velocities of the movement, which are generated in the periphery of 
the pattern, predominantly determine the threshold rotation speeds of the 
responses to this type of pattern. An extreme type of spiral pattern which 
also can induce landing responses is a radial pattern having a pitch = oo :  
i.e. tangential movement components are sufficient to elicit the landing 
response. 

Movement in nearly exclusively one direction has been presented using 
partly covered rotating spirals. The responses to varying direction of 
movement showed lower threshold velocities at vertical movement than at 
horizontal movement, which in monocular flies was the opposite (Taddei and 
Fernandez 1973), as was confirmed by using the type of pattern presented 
below. 

2.2.2 Moving periodic and stripe patterns. 

Especially patterns moving in one specific direction, and which do not 
change in the distance to the fly, have been applied to investigate the 
movement sensitivity of the landing response and the dependence on the 
direction of the movement (e.g. Eckert et al. 1 979; Eckert 1 980, 198 1 , 1 983; 
Eckert and Hamdorf 1980, 198 1 , 1983; Wehrhahn et al. 1 98 1 ;  Borst 1986, 
Borst and Bahde 1 986, 1 987). The spatial configuration of these patterns 
consists of simple dark and bright stripes of equal width, periodic sinewave 
patterns and single or double contrasting stripes, which all moved in the 
direction perpendicular to the contrast borders. 
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Landing responses have been elicited depending on, predominantly, the 
angular velocity of the movement, the direction of the movement and the 
position of the movement stimulus in the visual field, and furthermore also 
depending on the spatial pattern wavelength or stripe width, the contrast 
and the size of the stimulated area. Often two movement stimuli were 
presented simultaneously or successively in order to investigate excitatory 
and inhibitory contributions to the landing response and their interactions 
depending on the direction of the movement and the position in the visual 
field. Most of the experiments have been performed with stimuli presented 
in the equatorial eye region, i.e. at and around the line of mirror symmetry 
between upper and lower halves of both compound eyes. In the equatorial 
parts of the visual field the front to back direction of movement can elicit 
the landing response and therefore is excitatory (Eckert and Hamdorf 1 980; 
Wehrhahn et al. 198 1 ;  Taddei and Fernandez 1973). The opposite back to 
front inward direction of movement is not indifferent to the landing 
response but inhibitory, as follows from simultaneous or successive 
presentation of horizontal inward and horizontal outward movement (Eckert 
et al. 1 979; Eckert 1980; Eckert and Hamdorf 198 1 ;  Wehrhahn et al. 1 98 1 ). 
The directions of movement sensitivity are arranged mirror symmetrically 
for left and right eye. The preference direction is oriented along the H- (or 
Z-axis) of the ommatidia! raster of the compound eye (Eckert and Hamdorf 
1983, Eckert 1 983). The main directions of sensitivity are arranged 
approximately according to the directions in the flow field at forward flight 
(Collett 1 980). The pole is probably not located at the equatorial median 

plane, but slightly below the equator , ::; 1 0  • .  However, the preference 
direction is not the only direction of sensitivity, the perpendicular directions 
of movement are excitatory also, at least when the periodic patterns are used 
(Eckert and Hamdorf 1 983; Eckert 1 983). Similarly, the responsivity to 
horizontal outward movement presented to one eye is lower than to the 
combination with horizontal outward, upward and downward movement 
presented to the other eye (Wehr hahn et al. l98 l  ). 

Periodic patterns moving in the horizontal outward direction induce in 
the monocular visual field responses with a contrast frequency optimum at 
6 - 8 Hz (Eckert I 980; Eckert and Hamdorf I98I ;  Wehrhahn et al. I 98 I ). 
This value is higher than the I - 3 Hz generally found for the optomotor 
torque response (e.g. Eckert and Hamdorf 198 1 ). The measurements by Borst 
and Bahde ( l 987) , obtained from the landing response latencies, indicate that 
the landing response at low contrast and the optomotor torque response at 
high contrast have nearly identical contrast frequency optima,between I and 
I O  Hz, and that the landing response at high contrast has a higher optimum 
of ::; 20 Hz. Such differences indicate the involvement of different neuronal 
mechanisms. 
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Responses to movement presented in a field with the center frontally, thus 
including the binocular overlap of the visual fields of both eye (� 5 - 1 0  o ,  
Beersma et al. 1977), are complicated. The main direction of sensitivity is 
the upward direction (Taddei and Fernandez 1973; Eckert 1980; Wehrhahn 
et al. 1 98 1 ;  Eckert and Hamdorf 1983), but also horizontal movement is very 
effective in eliciting the landing response, as follows from experiments with 
two vertical stripes moving apart (e.g. Eckert et al. 1 979). The movement 
sensitivity in the frontal eye region has been tested in experiments on 
monocular flies (one eye covered by black paint). The uncovered eye was 
stimulated by the combination of an excitatory, front to back, horizontal 
movement in the monocular lateral part of the visual field and different 
directions of movement presented in the frontal part of the visual field. In 
these experiments Wehr hahn et al. ( 1 98 1 )  have shown that horizontal 
movement to the left presented in the frontal equatorial region of the right 
eye contributes in an excitatory manner to eliciting the landing response. 

40 20 
left 

0 20 40 
right 0< ( 0 )  

Fig. 14.  Horizontally outward moving dark stripes of width 3.5 o generated on a 

display screen, at 10 s intervals, moving (at I 50 o 1 s) from different start 
positions to 45 o laterally. a indicates the angular position, • stripe 
position at the moment of the response. Lines indicate angular displacements 
of the stripes in the interval between the start of the movement and the 

response. a.symmetrically moving stripes b.asymmetrically moving stripes 

c. time delayed movement of the right stripe. 
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Similar results have been obtained by Eckert and Hamdorf ( 1 983 ). This main 
direction of sensitivity of the frontal visual field is probably located in the 
contralateral part of binocular visual field and is opposite to that of the 
lateral, monocular, visual field. 

In several respects, striking differences seem to exist in the responses to 
periodic spatial patterns and those to two single stripes moving apart. For 
instance, near the median plane the sensitivity to upward movement of 
periodic patterns is high above the equator and the sensitivity to downward 
movement of periodic patterns is high below the equator. When two single 
horizontal stripes, moving apart, combine these two directions of movement 
in one pattern, i.e. upward movement in the upper part of the visual field 
and downward movement in the lower part, the striking result is no 
response at all (Eckert 1980, 1983 ). 

Furthermore, at horizontal outward movement, presented to the equatorial 
monocular parts of both eyes, the responsivity to the periodic stripe pattern 
is high (Wehrhahn et al. 198 1 ;  Borst 1 986; Borst and Bahde 1 986, 1987). With 
two outward moving single vertical stripes, one at either side of the median 
plane, Eckert et al. ( 1 979; Eckert and Hamdorf 1980) have demonstrated 
that the sensitivity to horizontal movement is high near the median plane, 
but decreases rapidly just outside the binocular visual field. 

We have tested horizontal movement sensitivity, and used a display 

screen which generated a pattern consisting of two vertical dark stripes in a 

bright field. At intervals, the stripes moved apart with constant average 
angular velocity, 1 50 • /s. The velocity was higher than the 40 • js in the 
experiments by Eckert. Fig. 1 4a shows that the angular displacement of the 
stripes, after which the response is detected, does hardly depend on the start 
position of the stripes. In Fig. 1 4b, where the start position of the stripe is 
frontally in the right half of the visual field and variable in the left half, 
similarly, the angular displacement of the stripes, after which the response is 
detected, did hardly depend on the start position also. In Fig 1 4c the 
movement of the right stripe was presented delayed with respect to the 
movement of the left stripe (i.e. each of the stripes initially appeared at the 
mid-line of the screen and subsequently moved outward). The responses 
occurred after sufficient movement of both stripes, as is indicated in the 
figure. In these experiments the movement of exclusively one stripe did not 
elicit the landing response at all. The results show that the movement 
sensitivity was approximately equal in the parts of the visual field tested 
and suggest that the special sensitivity for horizontal outward movement in 
the binocular visual field is more important at lower angular velocity than at 
higher angular velocity. 

On the display screen, instead of the two vertical stripes, was generated 
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Fig. 15. Angular velocity threshold values, horizontal outward movement. 
Periodic stripe pattern of spatial wavelength 14 ° in a 90 o x  50 o field with 

the center below the equator. Offset: angular velocity continuously presented. 
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Fig. 16.  Response angle and response percentage to horizontal outward 
movement of dark stripes and periodic stripe patterns, 75 " /s. 
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Fig. 1 7. Response latency and response percentage. Movement in opposite 
directions at either side of the visual field, 7 5 o  1 s . o = horizontal 

outward. Fields 40 • laterally, just below the equator. 

a pattern consisting of two periodic stripe patterns. The threshold angular 
velocity of the movement was determined. The angular velocity was 
gradually increased until the animal responded (in :::: 5 s). Then the 
movement stopped. After I 0 s the animal was retested. The thus obtained 
threshold angular velocity was :::: 35 o .  In similar tests, continuous movement 
was presented during the 1 0  s intervals. Due to this movement the threshold 
angular velocity shifts to higher values (Fig. 1 5). To the landing response, 
these results indicate that adaptation and habituation can play a substantial 
role. 

At angular velocities of the stripes higher than 35 • /s a response was 
elicited in :::: 1 00 % of the tests. Although the response percentages were 
identical, the response moments to various higher angular velocities were not 
identical. At movement of angular velocity 75 o /s, the average response 
latency was as short as 1 30 ms, and, at 1 50 o js 90 ms, at 300 o js 70 ms, and 
at 600 • /s :::: 60 ms. Especially with respect to the highest velocity it has to 
be noted that the angular velocity was in fact the average angular velocity 
of a stepwise movement of the stripes. The latency values are similar to 
those measured by Borst and Bahde. 

The dependence on the stripe width and spatial wavelength was tested, 
using two dark stripes moving apart and two periodic stripe patterns moving 
apart. The results are presented in Fig. 1 6. The stripes did elicit the landing 
response, independent the stripe width. The periodic stripe patterns elicited 
responses for larger spatial wavelengths. 

Finally, with a pattern, presented in a circular field and moving in 
different directions, is tested the directional selectivity of the movement 
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sensitivity. Because the angular velocity is rather low the distribution is 
narrow (Fig 1 7).  The data show that the horizontal outward direction is the main 
direction of sensitivity in the area stimulated, 40 • laterally and just below 
the equator. 

All experiments performed so far demonstrate that outward movement is the 
adequate stimulus for the landing response. This is probably also the case 
with approaching objects. The change in distance does not directly 
contribute. Especially those stimuli, which contain two outward movement 
components at the same time, have demonstrated high efficacy in eliciting 
the landing response. Low angular velocities and small spatial wavelengths 
do hardly contribute. 

Flying flies generally avoid suddenly appearing obstacles by executing a 
course correction in the opposite direction. In the case of asymmetrical 
stimulation, e.g. by an approaching object movement from one side, the 
direction in which the correction has to be executed for a successful 
avoidance is obvious. At symmetrical stimulation execution of a landing 
response might be a better solution to avoid crashes. 
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Chapter VI 

HORIZONTAL MOVEMENT SENSITIVITY OF THE 
LANDING RESPONSE IN THE HOUSEFLY. 

Abstract 

Landing responses elicited by visual stimuli have been measured on 
stationary flying houseflies, Musca domestica. Pattern speed dependence 
of horizontal movement sensitivity was investigated by applying stepwise 
outward movement of vertical stripes, presented in the medio-frontal 
visual field of the fly. The two dark stripes, one on either side of the 
bright stimulus field, moved in smaller or larger steps (Fig. I ). Both step 
angle and step interval of the movement stimulus were varied; their 
combination determined the average angular velocity of the movement. 
The response, being a constant phase in the transition from flight to 
execution of the landing response, was optically measured from fore leg 
movement. 

Repeated presentation of identical test stimuli resulted in responses 
having a probability distribution function with a steep slope and a tail 
toward longer response times, indicating that the response is not entirely 
normally distributed. 

The response moments did depend on the average angular velocity of 
the movement; the time span between stimulus onset and the response 
decreased with increasing pattern velocity. The decrease was less than 
proportional and the corresponding angular displacement of the stripes 
increased less than proportional to the pattern velocity. 

The sensitivity to the movement of the two stripes was high. The 
responses were executed very rapidly (Fig. 2). The most rapid responses 
were obtained at average angular velocity 600 o /s (movement in steps of 
oa = 3.5 o and ot = 5.8 ms) where the 50 % response was detected within 
45 ms after the onset of the movement. 

Stimulus and response are separated by a delay, lasting on the 
average 30 ±5 ms. Responses did not occur later than � 40 ms after the 
termination of the movement. The delay and the response moments 
together suggest that movement over an angle covering 3 - 5 
neighbouring visual axes is sufficient to elicit the landing response under 
conditions that the movement is presented in small steps. With 3 - 5 
successive movement steps, each with an angular distance larger than the 
interommatidial angle, the movement is sufficient to elicit the landing 
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response also. The responses then occur 25 -35 ms later, and are nearly 
independent of the average angular velocity of the movement. 

The responses to movements in steps of different size (angles of 
0.45 o - 7 o )  demonstrate that interactions between neighbouring neuro
ommatidia, as well as interactions between neuro-ommatidia with visual 
axes separated by angles larger than the interommatidial angle, contribute 
to perception of movement and thus can elicit the landing response. 

Introduction 

Since the first detailed experiments of Goodman { 1 960, 1964) the landing 
response of flying insects has been extensively studied, especially on 
dipterans. The rather complex behavioural response, which basically 
appears as a fixed action pattern, is executed at attempts to terminate 
flight. At least three different response components can be distinguished: 
a decelerating action of the wings, a change in the orientation of the 
body, and changes in the position of the legs. However, in a successful 
landing often additional substrate oriented response components can be 
distinguished. Therefore, the landing response is interpreted to be the 
response pattern produced by the animal at attempts to perform a landing 
in a standard manner in order to avoid imminent crashes into suddenly 
appearing obstacles, especially under conditions that the alternative of a 
course correction seems not to be present. Then the unfolded legs provide 
the opportunity of a final deceleration at contact with the substrate. 

Among the stimuli eliciting the landing response visual stimuli are 
very prominent, and consequently the occurrence of the landing response 
has been used to investigate characteristics of the visual system. Most 
experiments have been performed on tethered, stationary flying animals 
(e.g. Braitenberg and Taddei 1 966; Fernandez and Taddei 1970, 1 975; 
Taddei and Fernandez 1973a,b, 1975; Coggshall 1 972; Eckert et a!. 1979; 
Eckert 1980, 1 982, 1983; Eckert and Hamdorf 1980, 198 1 ,  1 983; Fischbach 
198 1 ;  Wehrhahn et a!. 198 1 ;  Tinbergen and Abeln 1 983; Borst 1 986; Borst 
and Bahde 1 986, 1987). In stationary flying animals execution of the 
landing response is detected from leg movements. The visual 
characteristics of the prelanding flight behaviour have been investigated 
on free flying animals (Wagner 1982). In the present paper the occurrence 
of the landing response in stationary flying houseflies Musca has been 
tested to investigate the sensitivity to horizontal movement. 

During flight the legs of the fly are held in a special position 
related with the streamline of the body. Generally, the front legs are folded 
in the space between head and thorax with the tarsi pointing forward just 
below the head, the middle legs folded between thorax and abdomen with 
the tarsi below the thorax and the hind legs pointing backward besides 
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the abdomen. This posture is encountered in many dipterans including 
Musca (Goodman 1 960; Borst 1 986). In some species a slightly different 
position of the legs is observed, for instance in Drosophila the fore and 
middle legs are bent backward and held close to the body during flight. 
Upon execution of the landing response the legs suddenly extend. The 
fore legs move sideward and upward with a final position of the tarsi just 
above and beside the head, the middle legs unfold with mainly downward 
and sideward movement and in many species the hind legs also move 
sideward and downward. According to a detailed analysis of the leg 
movements in Musca the unfolding of the fore legs takes 30 - 40 ms, 
whereas the hind legs hardly take part in the response (Borst 1 986). 

Visual stimuli, which play a primary role in eliciting the landing 
response, show that the reaction is produced to moving stimuli and, 
furthermore, to changes in intensity. Adequate moving stimuli are simple 
objects approaching the stationary flying animal (Goodman 1 960; Eckert 
and Hamdorf 1 980). Patterns moving at a fixed distance in respect to the 
animal are effective when they contain movement in outward 
(progressive) or expanding directions and therefore have aspects in 
common with an approaching object. Among these stimuli periodic stripe 
patterns and sinewave patterns are effective depending on contrast, spatial 
wavelength, spectral wavelength, direction and angular velocity of the 
movement and on the part of visual field which is stimulated (Fernandez 
and Taddei 1 970, 1 975; Taddei and Fernandez 1 973a,b; Coggshall 1 972; 
Eckert 1 980, 1982, 1 983; Eckert and Hamdorf 198 1 ,  1983; Wehrhahn et al. 
198 1 ;  Tinbergen and Abeln 1 983; Borst 1986; Borst and Bahde 1986 , 1 987). 
Furthermore, the movement of single stripes or contrast borders is 
generally very effective also (Goodman 1 960; Eckert et al. 1 979; Eckert 
1 980; Fischbach 1 98 1  ) .  Inhibitory effects can be obtained from movement 
in the opposite direction (Eckert et al. 1979; Eckert and Hamdorf 1 980; 
Wehrhahn et al. 198 1  ). 

The main problem underlying the present study is: how much 
movement c.q. how many movement events are necessary to induce the 
landing response. Therefore the horizontal movement sensitivity of the 
neural pathway involved in the landing response has been investigated by 
applying stepwise lateral expanding movement of two vertical stipes. 
Different average angular velocities of the movement were obtained by 
keeping the duration of the interval between the successive movement 
steps constant, whereas the step angle was varied. In a further series of 
experiments both step interval and step angle were varied. Responses 
occurred in a wide range of average angular velocities of the movement. 
The data are discussed from the view point that a limited number of 
movement events is sufficient to elicit the landing response under quite 
different movement conditions. 
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Methods 

The experiments were performed on 5 - 20 days old female houseflies 
Musca domestica (wild type) reared in the laboratory. 

A V -shaped piece of aluminum wire was connected to the dorsal side 
of the thorax and the head. Particular attention was paid to that the 
compound eyes were uncovered. The animals, with the wire on the back, 
were kept in cages and supplied with sugar and water. 

The experimental animal was attached with the aluminum wire to a 
goniometer located in front of a display screen. Optical alignment to the 
display symmetry axis was obtained by using a swing-in epi-illumination 
microscope. The animal was positioned in such a way that the equatorial 
deep pseudopupil (Franceschini and Kirschfeld 1 97 1 )  in both compound 
eyes was seen in the center of the microscope. 

An optical leg-movement detector unit, consisting of a narrow beam 
of light directed to a photodiode, was mounted just beside the head of 
the fly. The beam was oriented vertically, 20 • tilted and placed close to 
the compound eye, so allowing detection of predominantly the sideward 
component of the movement of the fore leg and preventing interruption 
of the beam by the flapping wing. 

The visual stimulus consisted of a moving stripe pattern, generated on 
the display screen (Hewlett Packard 1 3 1 1  A, phosphor P3 1 ). The repetition 
frequency of the display was 1 73 Hz, i.e. the pattern was refreshed each 
5.8 ms. The stimulus pattern, presented in a 85 • x 55 • field at a distance 
of I I  em from the fly, was basically built up from 240 vertical lines 
which each could be set bright green ("on") or dark ("off'). The angle 
between neighbouring lines was 0.45 • in the center of the field and 
slightly smaller in the periphery. The spatial pattern configuration used in 
the experiments consisted of two vertical dark stripes in a bright field 
(Fig. I ). The width of the dark stripes was 3.5 • (8 lines) and their initial 
spatial separation 9 •.  The stripes were always symmetrical with respect to 
the vertical mid-line of the display and the visual field of the fly. The 
intensity of the bright field was 60 mW /(m2sr), that of the dark stripes 
approximately 1 2  mW /(m2sr). 

In a test experiment, at t = 0 the stripes moved horizontally outward, 
i.e. the left stripe moved to the left and the right stripe moved to the 
right (Fig. I ). Generally the movement continued until the stripes 
disappeared on either side of the display in the periphery of the stimulus 
field, thus leaving an entire bright field. Subsequently, after a delay, the 
stripes were reset to the initial position. In part of the experiments (e.g. 
Fig. 4) the movement was stopped at an intermediate stripe position, i .e. 
before the stripes reached the display boundary. 
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Fig. 1 .  Diagram of the stimulus set-up. The stimulus pattern is built up 
from 240 neighbouring lines generated on a HP 1311A P31 display screen 
and consists of two dark stripes of 3.5 o width ( 8 lines) in a bright green 
field of 85 o x 55 o placed at a distance of 1 1  em from the stationary 
flying fly. Frame frequency of the pattern generation was 17  3 Hz 
( 5.8 ms I frame). Both stripes moved outward due to successive 
displacement of the stripes in steps of N lines at intervals of M frames of 
the pattern generation. With new frames every 5.8 ms and the angle 
between neighbouring lines 0.45 o the average angular velocity of the 
movement w amounts to w = (N x 0.45 x 173 1 M) o Is. with M and N 
being integers. a. The two vertical dark stripes on the screen at start 
position. each 4.5 • laterally from the symmetry line. Arrows indicate 
outward direction of the stepwise movement of the stripes. b. The pattern 
as presented to the medio-frontal visual field of the fly. Left of the 
symmetry line the stripe of 3.5 o width is indicated at the start position 
and after a movemelll step over 7 o ; right of the symmetry line two 
successive stripe positions (hatched) after movement in steps over 7 o are 
indicated. Inner edge of the stripe positions 4.5 o .  11 .5 o and 18.5 o from 
the symmetry line. respectively. c. Successive angular positions of the 
stripes at stepwise movement with constant step interval ot = 5.8 ms and 
different step angles oa = 0.45, 0.9, 1 .8, 3.5 and 7 o .  Average angular 
velocities of the movement w = 75, 150, 300, 600 and 1200 ° Is (upper 
trace). d. Successive angular positions of the stripes at stepwise movement 
with constant step angle oa = 3.5 o and different 5tep intervals ot = 5.8, 
1 1 .6, 23.2 and 46.4 ms, resulting in average angular velocities w = 600, 300, 
150 and 75 " Is (lower trace). 
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The movement was realized by repetitively shifting the stripes stepwise 
over an angle oa with a time interval ot. The resulting average angular 
velocity of the movement was w = oa 1 6't. The step angle oa was equal 
to or a multiple of the width of the vertical lines of the display: 
oa = N X 0.45 ° .  The time interval ot was equal to or a multiple of the 
time span of pattern generation: ot = M X 5.8 X I Q-3 s. With M = 1 (an 
interval of 5.8 ms) and N = 1 ,  2, 4, 8, 1 6  and 32, i.e. steps of 0.45, 0.9, 
1 .8, 3.5, 7 and 1 4  o the average angular velocity was w = 75, 1 50, 300, 
600, 1 200 and 2400 o /s, respectively. The velocity w = 37.5 o /s was realized 
by taking M = 2 ( ot = 1 1 .6 ms ) and N = 1 ( oa = 0.45 o ) ; see Fig. 2. 
Average angular velocities w = 75, 1 50, 300, 600 and 1 200 • /s were obtained 
also by combining N = 8 and 16 with M = 1 ,  2, 4 and 8 (Fig. 5 and 6). 

For flight stability both a slight airstream, directed to the antennae, and 
a low background intensity was presented during all experiments. Under 
these conditions the animals folded the fore and middle legs, lifted the 
hind legs and performed stationary flight. 

The stimulus pattern on the screen in front of the fly was kept 
stationary for 5 s. Then the stripes moved stepwise from the center to the 
periphery of the stimulus field. Interruption of the detector beam 
indicated a response of the animal and the moment of the response 
relative to the movement of the pattern and was registered using an 
electronic counter with gated clock signal. No actual landing substratum 
was presented. 

Subsequently, the stripes were reset to the initial position. The 
animal folded the legs again, as was visually controlled by the 
experimenter. After an adaptation period, lasting again 5 s the animal was 
retested, using the same or different parameter settings. The experiments 
lasted several hours. At regular intervals the animal was allowed to 
stop flight and drink sugar water. 

Results 

Responses to stepwise movement with different step angles. 

The time intervals between movement onset and the occurrence of the 
landing response are presented in the cumulative histograms of Fig. 2. At 

average angular velocities w = 1 50, 300 and 600 o /s a 100 % response was 
obtained. Responses were measured in part of the tests only for both low 
and high average angular velocities: w = 37.5, 75 and 1 200 • /s. At 

w = 2400 o /s (not shown) never a response could be elicited. The 
responsivities are given in Table I. The data of Fig. 2 also show that 
responses to identical test stimuli occur at quite variable moments after 
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movement onset. Furthermore, the distribution of the response moments 
distinctly depends on the value of the average angular velocity w. This 
dependence is demonstrated in the change of T so. i.e. the time span 
within which a response had occurred in 50 % of the tests; see Table I. 

The probability distribution functions of Fig. 2 show an increasingly 
steeper slope at increasing pattern speed w. Therefore, the data are also 
presented as a function of the angular displacement of the stripes, i.e. the 
angle between the initial stripe position and the stripe position at the 
moment that the obtained percentage of the tests had resulted in a landing 
response (Fig. 3). Clearly, at those average angular velocities where the 

Table I. 

oa  ot w Rc T5 o  s 5 o  A 5 o  s 1 5 0  A 1 5 0  

( 0 ) (ms )  ( " js)  ( % )  (ms )  ( step) ( 0 ) ( step) ( 0 ) 

0 . 4 5 1 1 . 6  3 7 . 5  1 0  - - - - -

0 . 4 5 5 . 8  7 5  8 0  1 4 0  2 4  1 0 . 5  1 9  8 . 2  

0 . 9  5 . 8  1 5 0  1 0 0  7 5  1 3  1 1 . 5  8 7 . 2  

1 . 8  5 . 8  3 0 0  1 0 0  6 0  1 1  1 9  6 1 0 . 5  

3 . 5  5 . 8  6 0 0  1 0 0  4 5  8 2 7  3 1 0 . 5  

7 5 . 8  1 2 0 0  8 5  5 5  9 > 3 8  4 3 0  

1 4  5 . 8  2 4 0 0  0 - - - -

o a  = step angle; angle between successive stripe positions. 
ot = step interval; time interval between successive stripe positions. 
w = average angular velocity of the movement determined by oa and ot. 
Rc = cumulative responsivity. 
Tso = time span within which a response has occurred in 50 % of the tests. 
Sso = number of movement steps corresponding to Tso. 
Aso = angular displacement of the stripes corresponding to Tso. 

Tso . w = A5Q = Sso . oa 
S 1 50 = number of movement steps triggering a response at  Tso taking into 

account the delay (see text). 
A 1 50 = angular displacement of the stripes triggering a response at T50 taking 

into account the delay (see text). 
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Time (ms) 

Fig. 2. Cumulative histograms of landing response moments. Results 
obtained by optical detection of fore leg movement at stimulation by 
stepwise horizontal movement of two vertical stripes ( width 3.5 o ) . The 
stripes started their outward movement at 4.5 o laterally and finally 
disappeared in the periphery of the 85 o field. The different average 
angular velocities of the movement were obtained by changing the step 
angle ( oa = 0.45 o - 7 o ) , whereas the step interval was kept constant 
( 6t = 5.8 ms) ,  except in a. where a step interval 6t = 1 1.6 ms was used. 
Average angular velocities of the movement were as indicated. Data 
based on 1800 responses in 2 female flies. 
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responsivity is 1 00 %, i.e. w = 1 50, 300 and 600 o /s, the probability 
distribution functions are virtually identical, except for a relative angular 
shift of 7 - 8 o .  These distribution functions show a steep slope and a tail 
toward larger angles, indicating that the distribution is not entirely 
normal. The A50 values, the angular displacement of the stripes 
corresponding to T5o, are given in Table I. 

QJ 
� 50 0 0.. 111 QJ 0:: 

Angular dispacement (degrees l 

Fig.3. Cumulative histograms of the landing responses as function of the 
angular displacement of the two vertical stripes ( width 3.5 o ) moving 
stepwise outward at constant average angular velocity, from 4.5 o laterally 
to the periphery of tlte 85 o stimulus field. The different average angular 
velocities of the movement indicated in the graph were obtained by 
changing the step angle ( oa = 0.45 o - 3.5 o ): the step interval was kept 
constant ( ot = 5.8 ms). Data based on 1400 responses in 2 animals. 

Response delay. 

In the case of stimulation with the pattern moving at average angular 
velocity w = 1 200 o /s, responses occurred after the stripes had already 
disappeared from the screen. In order to illustrate this Fig. 2f has been 
redrawn in Fig. 4a where the moment of disappearance of the stripes is 
indicated by END. The response distribution of Fig. 4b demonstrates that 
the responses did occur between 5 and 35 ms after the end of the 
movement stimulus, and therefore a delay between stimulus and response 
is likely. This was also investigated with lower pattern speed. An example 
is presented in Fig. 4c,d, where the average angular velocity was 
w = 1 50 o /s, but this time with a stop of the movement after 65 ms, i.e. 
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Qj 

with the stripes at an intermediate position � 1 0  o from the start position. 
Responses then occurred in 45 % of the tests. Virtually all of these 
responses did occur after the termination of the movement stimulus, and 
within � 40 ms. These results indicate that the delay between stimulus 
and response does not exceed 40 ms. The average duration of the delay was 
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Fig. 4. Response delay. Cumulative histograms and histograms of landing 
response moments. a, b. Average angular velocity of the movement 
w = 1200 ° /s. END indicates the moment at which the stripes disappeared 
in the periphery of the stimulus field. c, d. Average angular velocity of the 
movement 150 o Is. Stop indicates the intermediate stop of the stripe 
movement. 
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estimated at 30 ± 5 ms in tests where patterns with average angular 
velocities ranging from w = 75 to 1 200 o /s were applied. Because the 
interval time in these patterns was 6t = 5.8 ms, the delay time of 
30 ± 5 ms corresponds to 5 ± I movement steps. Consequently, in the 
tests of Fig. 2b-f, the last 4 - 6 movement steps before execution of the 
landing response did not contribute to the release of the response. 
Furthermore, a 30 ms delay implies that 50 % of the responses are 
actually triggered within a time span T5o - 30 ms. When w = 1 50 o /s, for 
example, T5o - 30 � 45 ms, see Table I. This period of 45 ms 
corresponds to a movement of � 8 steps and an angular displacement of 
the stripes of A 1 50 = (T5o - 30) x w � 7 o .  Because the horizontal 
interommatidial angle in the compound eye of Musca is � 2 o (Beersma 
et al. 1 975) movement over 7 o corresponds to movement over 3 - 4 
columns of visual axes. For the average angular velocities w = 75 to 
300 o /s the T5o - 30 values correspond to movement over angles A 1 50 of 
� 7 o to 10 o ,  i.e. over 3 - 5 columns of visual axes. Or, at these average 
angular velocities the successive stimulation of 3 - 5 neighbouring 
columns of visual axes is sufficient to trigger the landing response in 
50 % of the tests. 

For the higher average angular velocities, w = 600 ° /s and 1 200 ° /s, 
the step angles ( 6a = 3.5 o and 7 o ,  Table I) are larger than the 
interommatidial angle. The T5o -30 values then correspond to 3 - 5 
movement steps over an angle of 3.5 o or 7 o each, which appear to trigger 
the landing response in 50 % of the tests. Note that the efficiency of 
triggering responses diminishes when 6a = 7 ° .  

Responses to stepwise movement with different step intervals. 

In a further series of experiments special attention was paid to the 
interval of the steps. The step angle was kept constant ( 6a = 3.5 or 
7 o ) and the step interval was varied in order to test the dependence on 
longer step intervals. In the movement presented first the step 
angle was 6a = 3.5  o and the step interval 6t = 5.8, 1 1 .6,  23.2 and 
46.4 ms, resulting in average angular velocities w = 600, 300, 1 50 and 
75 o /s, respectively. The results are presented in Figs 5a, 6a and Table II. 
A responsivity of I 00 % was reached, except when the interval was 46 ms 
(w = 75 o /s) where no response was obtained. In Fig. 5a the cumulative 
response moments are presented. The corresponding T5o values are 
indicated in Table II. In Fig. 6a the cumulative responses are plotted as a 
function of the number of the successive movement steps. The data show 
that the responses occurred after a small number of movement steps. This 
number of steps decreases with increasing duration of step interval (with 
decreasing average angular velocity). Again, when a 25 - 35 ms delay 
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Fig. 5. Cumulative histograms of the landing response moments. 
Stepwise movement having different step intervals ( ot 5.8 ms. 1 1 .6 and 
23.2 ms) .  a. Step angle oa = 3.5 o . b. Step angle oa = 7 o . 
triangles: ot = 5.8 ms. dots: ot = 1 1 .6 ms, squares: ot = 23.2 ms. 
Average angular velocities of the movement indicated in the graphs. 

between stimulus and response is taken into account, only 3 - 4 
movement steps had occurred preceding the delay and the 50 % response. 
Because this was the case at all these three pattern speeds it seemed that 
the number of relevant movement steps was independent of the step 
interval and thus independent of the average angular velocity of the 
movement. 
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Fig. 6. Cumulative histograms of the landing responses as a function of 
the number of movement steps made by the pattern. Different step intervals 
ot = 5.8, 1 1 .6 and 23.2 ms. a. Step angle oa = 3 .5 • b. Step angle 
oa = 7 • .  Triangles: ot = 5.8 ms, dots: ot = 1 1 .6 ms, squares: 
ot = 23.2 ms. 

Table II. 

o a  ot w Rc T5 o  S 5 o  

( . ) (rns ) ( • j s )  ( % )  (rns )  ( step) 

3 . 5  5 . 8  6 0 0  1 0 0  4 5  8 

3 . 5  1 1 . 6  3 0 0  1 0 0  7 0  6 

3 . 5  2 3 . 2  1 5 0  1 0 0  1 1 5  5 

3 . 5  4 6 . 4  7 5  0 - -

A slightly different situation occurred at stimulation with the 
stepwise movement composed of 7 • step angles and variable step interval 
ot = 5.8, 1 1 .6, 23.2 and 46.4 ms, i.e. in average angular velocities 
w = 1 200, 600, 300 and 1 50 • js. The results are presented in Figs 5b, 6b 

and Table III. Again no response was measured when movement with the 
step interval of 46.4 ms (w = 1 50 • /s) was presented. This suggests that 
the interval duration was too long to obtain responses at all. 

As shown in the figures the movement with the step interval of 
1 1 .6 ms (w = 600 • js) resulted in a responsivity of 1 00 %, whereas with 
both 5.8 ms and 23.2 ms intervals (w = 1 200 and 300 • /s) the response 
percentage was reduced, see Table III. At ot = 1 1 .6 ms (w = 600 • /s) the 
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Table III. 

6'a 6't w Rc T5 0  s 5 o  

( 0 ) (ms ) ( o /S ) ( % )  (ms )  ( step) 

7 . 0  5 . 8  1 2 0 0  8 5  5 5  9 

7 . 0  1 1 . 6  6 0 0  1 0 0  7 0  6 

7 . 0  2 3 . 2  3 0 0  6 0  1 6 0  7 

7 . 0  4 6 . 4  1 5 0  0 - -

50 % response was reached after Sso � 6 steps (Fig. 6b). By taking into 
account a 25 - 35 ms delay, again, it follows that 3 - 4 movement steps 
had occurred before the delay and the 50 o/o response. This was not the 
case with both the longer and shorter intervals (lower and higher average 
angular velocities) where a few more steps ( 1  - 2 additional steps) were 
found. 

Discussion 

The response. 

Upon visual stimulation with horizontal movement by stepwise outward 
moving stripes the tethered stationary flying houseflies Musca 
respond with movement of the legs. As explained in the introduction this 
behavioural action is regarded as a component of execution of the landing 
response (Goodman 1960). 

Borst ( 1 986) has measured the time course of the vertical component 
of the leg movements of the landing response in Musca. According to his 
results the movement of the fore leg takes 30 - 40 ms, from the start of 
the movement with the tarsi below the head to the final position with the 
tarsi above the head. Because in the experiments presented here the 
detector beam was located very close to the fore leg position during flight, 
and therefore the moment of activation of the detector corresponds to the 
start of the fore leg movement within a few ms and is virtually identical 
to the start of upward fore leg movement in the experiments of Borst 
( 1 986). 
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In the method of optical detection used by Borst and Bah de ( 1 986, 
1 987) a different phase of the fore leg movement is measured due to a 
different position and orientation of the detector beam. 

Response distributions. 

The cumulative histograms of the responses to repeated identical 
stimulation have been depicted as a function of the angular displacement 
of the moving stripes. The response distribution curves are similar in 
shape and show an increasing angular shift indicating a larger angular 
displacement at higher pattern speed. This correspondence in shape, 
especially in the 4 curves of Fig. 3, demonstrates a strong dependence on 
the angular displacement of the stripes. Responses to identical test stimuli 
were not entirely normally distributed. The skewness of the distribution 
curves indicates a relative excess of responses occurring after a larger 
angular displacement of the stripes. 

Movement sensitivity. 

Horizontal outward movement of two vertical stripes, mechanically or 
electronically driven, is an effective stimulus for eliciting the landing 
response (Eckert et al. 1 979; Eckert 1 980; Eckert and Hamdorf 1 980; 
Fischbach 1 98 1  ). In the present experiments on Musca always a response 
was measured when the stripes moved at average angular velocities in the 
range between 75 o /s and 1 200 o /s. These values are considerably higher 
than those obtained by Eckert in experiments on Calliphora stimulated by 
mechanically moving stripes. In these experiments the response induced 
by stripes stepping over angles of 4.6 o already saturates at an average 
angular velocity as low as 4 o /s (corresponding with a step interval � 1 s); 
see Eckert et al. ( 1 979), Eckert ( 1 980), Eckert and Hamdorf ( 1 980). 
However, this difference in sensitivity is probably not only the 
consequence of the difference in species studied, but might depend on the 
properties of the mechanical vs. electronic method of stimulation also. In 
the experiments presented here the average angular velocity of 37.5 o /s 
was the lowest pattern speed at which the landing response was elicited in 
Musca and the responsivity was small. Interestingly, at this average 
angular velocity, created by step angle 8a = 0.45 o and interval 
8t = 1 1 .6 ms, neighbouring photoreceptors, separated by a horizontal 
interommatidial angle of � 2 o (Beersma et al. 1 975) are successively 
stimulated after 2 o /0.45 o � 4.4 movement steps, i.e. at intervals of 
� 50 ms. In the tests with the larger step intervals ( 8a = 3.5 o and 7 o ,  

w = 75 o /s and 1 50 o /s) a step intervals of 46.4 ms was too long for 
obtaining responses at all. Landing responses were elicited in Musca by 
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movement with intervals shorter than :::: 50 ms, values more than an order 
of magnitude smaller than the I s mentioned above. The average angular 
velocities at which the responses were elicited by the two stripes were 
similar to the pattern speeds at which periodic patterns (sinewave patterns 
and stripe patterns) did elicit the landing response (e.g. Eckert 1 980; 
Eckert and Hamdorf 1 98 1 ;  Wehrhahn et al. 1 98 1 ;  Borst 1 986; Borst and 
Bahde 1 986, 1 987). 

Response moments. 

The moments at which the landing responses were detected thus yielded 
the durations of the movement stimulus before the response. The 
timespan within which a response has occurred in 50 % of the tests, T5o, 
ranged from 45 - 1 40 ms in the test series with constant step interval 
( eS t  = 5.8 ms) and the varying step angle. At the smaller average angular 
velocities the fly produces the responses later than at the higher average 
angular velocities. The shortest T50 of 45 ms was obtained at a movement 
of average angular velocity w = 600 • /s (eS t  = 5.8 ms and 6a = 3.5 • ) .  At 
the higher average angular velocity of w = 1 200 • /s the 50 % response is 
reached slightly later: T5o = 55 ms. At this pattern speed the response 
percentage was reduced. 

Borst ( l 986) and Borst and Bahde ( 1 986, 1 987) measured the dependence of 
the response moments on the speed of horizontally moving sinewave 
patterns. The sinewave patterns elicited responses at moments different 
from those at which the responses to the two stripes were obtained. At 
stimulation with a high contrast sinewave pattern of spatial wavelength 
24 • moving at 1 44 • /s the fore legs started their upward movement at 
1 20 ms after the onset of the movement (Borst 1 986), whereas, with the 

stripes moving at average angular velocity w = 1 50 • /s ( eS t  = 5.8 ms, 
6a = 0.9 " )  the T5o value was 75 ms. Or, at w :::: 1 50 "  /s the responses to 
the stripe pattern were executed 45 ms earlier than the response to the 
the sinewave pattern. This 45 ms corresponds with a :::: 6 • smaller angular 
displacement of the stimulus pattern. At other pattern speeds, similarly, 
the responses to the moving stripes were executed more rapidly than those 
to the moving sinewave patterns (see Borst 1 986, Borst and Bahde 1 987). 
Apparently inhibitory components play a role in the visual processing of 
the periodic pattern. The only exception might be the (relatively) rapid 
responses to the movement of a sinewave pattern of 20 • in the results of 
Borst and Bahde ( 1 987, Fig. 3d). 

In the frame by frame method of pattern generation the frequency of 
the stripe pattern was 1 73 Hz. With a lower frequency of 44 Hz, obtained 
by the choice of eSt = 23.2 ms and 6a = 3.5 o and thus resulting in a 
different 1 50 o /s stepwise movement of the stripes, the responses were 
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executed after T50 = 120 ms. This delayed response moment is similar to the 
value obtained for the sinewave pattern movement by Borst ( 1 986). 
Therefore, part of the difference in response times might be due to 
differences in the methods of pattern generation. 

Large steps. 

Stripe displacements in horizontal outward direction over angles larger 
than the interommatidial angle of � 2 • did elicit landing responses (Fig. 
5,6). Therefore, not only the successive stimulation of photoreceptors with 
neighbouring visual axes, as was the case at movement in small steps, but 
also of those with visual axes separated by larger angles contribute to the 
perception of horizontal movement eliciting the landing response. 
Apparently, movement detectors with sampling base of 2 times and also 3 
times the interommatidial angle are involved in the response. 

In the optomotor course control behaviour, similarly, elementary 
movement detectors with sampling base identical to and larger than the 
interommatidial angle contribute to the perception of horizontal 
movement (Buchner 1 976). In the turning response, positive interactions 
occurred at apparent movement of stripes separated by angles up to 
ca. 8 • ,  whereas at larger angles negative interactions with opposite 
response direction were obtained (Pick and Buchner 1 979). 

Measurements on large field movement sensitive HI neurons in the 
lobula plate demonstrated that the successive illumination of 
photoreceptors with visual axes separated by I ,  2 and 3 times the 
interommatidial angle contribute to the perception of movement (e.g. 
Lenting 1 985). 

When the mechanism for movement perception receives not only input 
from elementary movement detectors with a sampling base identical to the 
interommatidial angle, but also from elementary movement detectors with 
sampling base larger than the interommatidial angle, it has the advantage 
that their parallel contributions will extend the range of movements to 
which the animal is able to respond. 

The amount of movement causing the response. 

A movement which causes a response had occurred earlier, on the 
average 30 ±5 ms earlier. The maximum value of the delay amounts to 
� 40 ms; no responses occurred later than 40 ms after the termination of 
the movement stimulus. 

Similar delay values have been measured in other visually guided 

movement dependent behavioural responses. In the turning behaviour 
during chasing and tracking of Musca a delay of 30 ± 1 2.5 ms was found 
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(Wehrhahn et al. 1 982), similar to the values obtained for Fannia (Land 
and Collett 1974). In the optomotor torque response of stationary flying 
Musca a delay of 22.5 - 28 ms has been measured at stimulation by fast 
jumping stripes, and a delay of 30 - 40 ms at stimulation by continuous 
moving stripes (Wehr hahn 198 1  ). 

The non-specific motor output of the legs in Calliphora resulted in a 
shorter delay with minimum values of 1 2  - 1 5  ms at large intensity 
changes and values of 30 - 40 ms near threshold (Kirschfeld and Vogt 
1 985), but these responses might depend on a movement independent 
visual pathway. 

A notably longer delay of � 70 ms was found in the forward velocity 
control of male chasing in Musca (Wehrhahn et al. 1 982), a result similar 
to the 60 ms obtained by Wagner ( 1 982) for the deceleration in the 
pre-landing flight behaviour of Musca. In the landing response pathway a 
delay between stimulus and response of at least 20 ms is suggested 
by the results of Borst (I 986). 

The present experiments yield that the small and rather 
constant number of 3 - 5 successive movement events is sufficient to 
trigger execution of the landing response when a response delay of only 
25 - 35 ms duration is taken into account, irrespective whether 
neighbouring visual axes or visual axes separated by angles up to 7 " are 
successively stimulated. 
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Summary. Whether or not colour discrimination 
is involved in the process of eliciting the landing 
response of the fly was investigated with rotating 
linear spiral patterns of different spectral composi
tion. With monochromatic patterns execution of 
the response depends on the contrast in the 
pattern : no response occurs within a restricted 
range of intensity ratios corresponding with low 
pattern contrast. With dichromatic patterns execu
tion of the response depends on the intensities of 
the two spectral components (which each dominate 
half the pattern). No response occurs within a re
stricted range of intensity ratios ; this range charac
teristically depends on the spectral wavelengths in 
the pattern. The mean values of these ranges are 
used to determine a spectral sensitivity distribution 
of the landing response. 

In an alternative procedure the spectral sensi
tivity was obtained from threshold intensities of 
a high contrast spiral pattern superimposed on a 
constant background. The spectra obtained by the 
two methods are very similar broad-band curves 
with peaks in the UV and in the blue-green .  At 
the intermediate and low intensity range the con
trast thresholds are slightly dependent on the inten
sity. 

Taken together the results suggest that with 
moving stimuli colour discrimination is absent in 
the landing response pathway. What is processed 
are just contrast differences determined by intensi
ty and spectral wavelength. 

Introduction 

The landing response of flying insects is a behav
ioural response executed when the animal attempts 
to perform a landing; a main component of the 

response is extension of the legs. In tethered. sta
tionary flying animals the landing response can be 
elicited with moving visual stimuli (Goodman 
1 960, 1 964 ; Braitenberg and Taddei 1 966; Fernan
dez and Taddei 1 970 ; Coggshall 1 972 ; Taddei and 
Fernandez 1 973 a, b; Heisenberg and Buchner 
1 977 :  Eckert et al.  1 979 ; Eckert and Hamdorf 
1 980, 1 982 ;  Eckert 1 980 ; Wehrhahn et al. 1 98 1 : 
Fischbach 1 98 1 ; Wagner 1 982). The present study 
investigates the way in which the spectral informa
tion contained in moving visual stimuli is pro
cessed in the pathway which serves the landing re
sponse of the fly. In the cm:npound eyes of flies 
at least 5 types of spectral classes of photoreceptor 
cells are known (e.g. Hardie 1 977 :  Hardie et al. 
1 979 ; Smola and Meffert 1 979). The spectral infor
mation in the signals relayed by the visual cells 
can in principle be used for colour discrimination 
tasks as has been shown to occur in  social insects. 
Colour discrimination by flies was studied by 
Kaiser ( 1 968, 1 975) who measured torque re
sponses induced by moving dichromatic patterns. 
However in this type of optomotor experiments 
no colour discrimination was observed. 

In the experiments described below it was 
tested whether the landing response can be trig
gered by colour differences in moving patterns. 
Necessary for such a test are chromatic patterns 
with a low subthreshold contrast. Dichromatic pat
terns, i.e. patterns composed of two intensities of 
different spectral wavelength, which each domi
nated half the pattern, and monochromatic pat
terns, i.e. patterns composed of two intensities of 
the same spectral wavelength, were used for elicit
ing the landing response. The reason for also using 
monochromatic patterns is that dichromatic pat
terns in general contain both spectral differences 
and contrast, whereas in monochromatic patterns 
only contrast is  involved. With the latter stimuli 
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a 

b 
Fig. I a, b. Tethered Calliphora. Head and thorax arc glued 
to a wire of 0.5 mm d1ametcr. a While flymg stationarity. Fore 
and middle legs arc flexed and held closely bcs1dcs and below 
the body, hmd legs arc held closely besides the abdomen 
b While performing the landmg response. The legs arc extended 

the influence of contrast on the landing response 
is investigated independently of the effect of spec
tral differences. 

If colour discrimination is not involved in the 
pathway of the landing response, i.e., if only con
trast is effective, then the spectral sensitivity char
acteristics of the landing response can be obtained 
by determining the pattern intensities at which the 
response does not occur. 

In a separate set of experiments with a pattern 
consisting of monochromatic pattern components 
superimposed on a constant background. the spec
tral sensitivity characteristics and threshold con
trast values of the landing response are determined. 
The results of both types of experiments will be 
discussed. 

Materials and Methods 

Animals. W1ld type blowflies (Calliphora erythrocephala) were 
used, both males and females The fl1es were either caught out· 
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Fig. 2. a Diagram of stimulus equipment Dichromatic pattern. 
Shdc P 1s 1magcd on screen S twice : by transm1ss1on through 
the transparent parts and by rcflcctton at the silvered parts 
of the shde. lntens1ty and spectral wavelength of the two pattern 
components are set by filters F. Opt1cal detector D registers 
foreleg movement. b The hnear sptral pattern on the screen 
Wh1te sptral arms correspond w1th the transparent parts and 
black spiral arms wtlh the rcflccltng parts of shde P A rron ' 
md1catc expandmg fash1on of rotatiOn around the centre of 
the pattern. c D1agrams of spatial distnbut1on of the mtenst11es 
along stippled line in b. White · mtens1ty 1, of spectral wave
length '• m the one set of spiral arms and 0.02 1, of i, m 
the other set (/, 0). Black : intensity /, of wavelength 1., m 
the one set of spiral arms and 0 I 0 1, of i., in the other set 
(1, = 0). d Diagrams of spattal d1stributton of the intensity in 
the d1chromat1c pattern. Black I, of i., (kept constant). ll' hue 
I, of i., . I, 1, • 0.5. 0.85 and 1 .5 respectively. Pattern contrast 
(i., • i.,) 1s minimal at 1, :: 0.92 I, and is h1gh at both low and 
h1gh 1, . Arroll's md1catc cxpdnding component of movement 

doors or reared m the laboratory : they were kept m cages and 
hved on liver. sugar. yeast. m1lkpowder and water. 

Preparation and OnenUIIIon of the Fly. The expenments were 
earned out with tethered animals. which performed stationary 
night. In order to keep the ammals flying staltonanly a small 
p1ece of alummum wtre was glued to the dorsal side of the 
head and the anterior part of the thorax (F1g. I ). m most cases 
under anaesthesia with ether. After a recovery penod of at 
least one day those ammals were selected which were flymg 
in a stable manner. i e wtlh the fore and middle legs folded 
and closely held besides the body No anaesthesia after-effects 
were observable when compared with flies to which the wtre 
was glued whole 1mmob1hzed by a well-fittmg tube. 

In the experimental set-up the ammal was mounted m a 
front to back airstream. The atrstream produced by a ventilator 
placed behind the fly, was of help in simulating a normal flight 
situatton. In a number of the experiments a small additional 
airstream was directed to the antennae from above. The dura
tion of the periods of stable flight were prolonged with th1s 
procedure and could last one to several hours. 
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The visual field of the ammdl was oriented m a standard 
manner by cxamming the deep pscudopuptl ( Franceschini and 
Kirschfcld 1 97 1 )  m an cpt-dlummaltOn mtcroscope. The animal 
was adjusted so thai the equatorial deep pseudopupil of both 
eyes became visible in the centre of lhc microscope. The visual 
axes of the equatorial ommatidia became directed approximate
ly 20 above the honzonlal plane Subsequently the microscope 
was removed and m front of the fly a dtffusing paper screen 
was placed 

Tho vtsual sltmulus pallcrn was proJected on the screen 
from lhe other side. A ctrcular area of the medtofronlal visual 
field of the ammal wa; stimulated so that the centre of the 
stimulus pallcrn was displayed al approximately 20 below the 
equator of lhc eyes. 

Stimulus Pallems. The stimulus pallcrns were linear sptral pal
terns rolaling in I he expanding fashion ( Braitcnbcrg and Taddct 
1 966 ; Fernandez and Taddei 1970). 

In our set-up the spiral pallcrn on the screen was achteved 
by projection of a rotating slide. The slide, with sptral arms 
of equal width, was manufactured by photo-etching I he spallal 
configuration in an aluminum mirror on glass, so lhdl transpar
ent and reflecting spiral arms resulted. The pallern on I he screen 
conststed of lwo sels of sptral arms correspondmg wnh the 
transparent and the reflccltng paris of the shde respecltvcly. 
The spaltal configuralton used m the expcnmcnts had 4 sptral 
arms wtlh a wtdlh of 7.S mm each and hence a sptral ptlch 
of 30 mm. The field dtameler was SO mm Wllh the screen 
placed at a dtslance of 40 mm lo the eyes of the fly lhts configu
rauon resulted m spiral arms of approximately 10 and a ptlch 
of approximately 3S . 

Two types of chromatic stimulus pallerns were used, each 
wllh application of lwo beams of illumination wllh dtffcrenl 
spectral wavelengths. In the first type, I he dichromaltc pallerns. 
each of the lwo sels of spiral arms ts dominated by a dtfferenl 
spectral wavelength. In lhc second lypc a high conlrasl mono· 
chromatic spiral pallern is superimposed on a constant back
ground of different spectral composition 

Both types of pallerns transform into a purely monochro
matic pallern when the spectral wavelengths of both beams 
of tllummalton are tdenltcal. The mlenslly of the pallerns was 
from low to mtermedtale mlenstly, the sources were nol sum
ctent to cover I he htgh intenslly range 

Du.·hromatu Patlerll.\', The dJchromatac p.lltcrns ..trc produced 
by lhe sel·up of Ftg 2 m whtch the slide P is projected on 
the screen twice. Light from source L, (direct beam) is transmit
led through the transparent parts of the slide and light from 
source L1 (indirect beam), incident via mirror M is reflected 
al the mirroring parts of lhe slide. The light sources were a 
I SO W and a 4SO W or a 900 W Xc-arc lamp. 

The spectral wavelengths of I he two beams, i, and i., re
spectively, were sci by mterfercnce fillers (Scholl, DAL. half· 
wtdlh 8-1 S mm). Side bands, if present, were suppressed by 
broad-band absorption fillers. The mlensilies, 1, and /, respec
tively, were sci by density fillers in calibrated steps of approXI
mately 10%.  

The high conlrasl images of the lwo pallern components 
were fused into one single pallern as accurately as possible. 
Small image imperfections a! the boundaries between adJacent 
spiral arms were unavoidable. They introduced maccuractcs 
which seemed to be acceptable for the lype of expenmenl 

Monochromatic Spiral Superimposed on Background. The same 
light sources, lenses. interference and density fillers as used 
in the sci-up of Fig. 2 were employed in the sci-up of Ftg. 3. 
However, the first hghl source now creates a htgh contrast 
monochromaltc sptral pallcrn of spectral wavelength )., and 

a 
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Fig. 3. a Dtagram of sumulus cqutpmcnl. Spiral superimposed 
on background. Shdc P JS imaged on screen S via source L,. 
L, provides the background. l nten>Jly and spectral wavelength 
of the two panern components are set by wedge IV and fillers 
F. Optical detector D registers foreleg movement. b The linear 
spiral pall ern on the screen. IV/III<' spiralarms: background ; 
hi ad arms spira l +  background. c Dtagrams of spatial distribu
tion of I he intensiltes along stippled line in b. Whiu• : I, of 
wavelength i, m both sets of sptral arms (1, = 0). Black : I, 
of wavelength /., 1n the one set of sptral arms and 0.02 I, in 
I he other set (1, - 0). d Dmgram of spatial distribution of the 
intensities in the spiral superimposed on background. White.: 
1, of i., (kept constant). Black : 1, of i., . Pall ern contrast m
crcascs with /:s . Arrm,•s indicate expanding component of move
ment 

intensity /, which is superimposed al a background of wave
length i., and intensity 1,, created by the second light source. 
now called L, . The laner light beam is proJected on I he screen 
via half-mirror M. The intensity /, is sci by a grey wedge W 
in calibrated steps of I %. The spiral component and back
ground component rused mlo one panern havmg nearly ncghg•
blc tmperfccltons, whtch IS an advantage of lhts type of pallern, 
when compared Wtlh lhc dtchromaltc lype of pallern 

Palter�r Comrast The contrast an a pattern havmg two mtcn· 
SllleS IS defined by 

c = l (/1 - /2)/(/1 + I,) I. ( I )  

When the intensities / 1  and /2 arc or different spectral wave
length and <X is the cffcclivily of the second beam as compared 
to the first beam the visually effective contrast becomes 

c - 1 (11 -<X /2)/(/1 + rx /2) 1. (2) 

In the dichromatic pallerns (set-up of Fig. 2) /1 and /2 were 
not purely monochromatic. Small background contributions 
were present arising from rcflcclton at the surfaces of the glass 
shdc and from scallercd hghl. 

II turned oul lhal /1 = /1 + 0.02 1, and /2 - 1, + 0. 1 0  1, 
Panern contrast was calculated wllh 
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r • i (0.90 /1-0.98 J,)/( 1 . 1 0  /1 + 1 .02 /,) 

and the effecllve contrast with 

c = 1(0.90 1, - 0.98 <X I,)/( 1 . 1 0  I,+ 1 .02 <X I,)). 

(3) 

(4) 

Th1s formula IS used for the data presented m Figs. 4 and 6. 
However, image Imperfections at the boundanes of the spiral 
arms and small local mtensity differences did sltghtly contami
nate the pattern Consequently zero contrast. expected from 
the contrast formula when I, = 0.92 I,. could not be realtzed 
m practice. The dtchromauc pattern had a contrast mmimum 
•t approximately J, - 0.92 /, . Experiments with monochromatic 
;pirals on a background suggested that the 1mage 1m perfections 
n the d1chroma1tc patterns were as effective as a few percent 
ontrast. In the contrast formula this tnaccuracy was not taken 
nto account. Yet, near mtmmum contrast the contrast m the 
•altern turned out to be subthreshold for the landmg response 
ystem, so that the spectral properties could be investigated 
uccessfully. 

With the monochromatic pattern on a background (set-up 
.f F1g. 3) the mtensities of the two pattern fields become /1 = 

, + 0.02 1, and 11 = 1, + 1, .  Thus the contrast descnbed with 
'q. ( I )  becomes 

· -0.98 1,/(2 1, + 1 .02 /,) ::= /,/{1, + 2 1,) (5) 

rh1s formula is used in the calculations of the contrast values 
>resented in F1g. I I .  

Experimental Procedure. In the d1chromatic pattern cxpen
ments it was tested whether the stimuli presented are sufficient 
or not sufficient to elicit the landing response. 

In each test stimulus parameters intensity and spectral 
wavelength of both beams {1,, i., , I, and i.1) were set while 
the pattern rotation speed was subthreshold for the landmg 
response (0.25 rps). After an adaptation period of 1 5-60 s the 
ammal was tested. During the test rotation speed of the pattern 
gradually increased to I 0 rps in 5 s. It was registered whether 
or not the stimulus was sufficient to eltcit the landing response 
Subsequent to each test rotatton speed was reset to 0.25 rps. 
Senes of tests were performed in whtch /1 , i., and i, were kept 
constant and I, was varied in steps of approximately I 0% 
Hence pattern contrast changed with I, and was h1gh at low 
values of I, , low at intermediate I, and h1gh again at high 
I, . 

In the experiments with monochromatic spirals superim
posed on a background the mtenstty of the sptral at wh1ch 
the landing response is executed was measured. l ntensny and 
spectral wavelength of the background and spectral wavelength 
of the spiral (I,, i., and i.,) were set while the pattern rotated 
at constant velocity of 5 rps (above threshold). The mtens1ty 
of the sp1ral /, was set at a very low sub-threshold value and 
kept constant durmg an adaptation penod of 1 5-60 s. Subse
quently the intensity of the sp1ral was mcreased in I � .  steps 
(5 steps/s) llll the landing response was ehctted. When the 
landmg response occurred the mtensity of the spiral was res�t 
to the low subthreshold value 

Detectton of the Response. A detector umt, consisting of a 
narrow beam of light projected on an optical detector, was 
placed JUSt beside the head of the fly. The detector was acuvated 
when the beam of light was interrupted due to foreleg move
ment of the animaL 

The beam was onentcd verllcally, such that mterruption 
of the beam at extension of the legs occurred at the halfway 
position of the horizontal component of the foreleg movement. 
Responses did occur m normal fl1es with uncovered compound 
eyes and ocelli.  No responses were obtamcd when both com-
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Fig. 4a-e. Landmg response ! - response elicited, O = absence 
of response. a H1gh contrast monochromatic 506 nm pattern 
(J, - 0). Response at all /, b Variable contrast monochromatiC 
506 nm pattern ( i , = i, and /, ::= 0.5 /, max). The response IS 
absent m the low contrast range. Lo11 er scale . contrast. accurate 
to a few percent. c As a but i., - 402 nm. d As b but ;, � , , -
402 nm. e D1chromauc pattern (i, a 506 nm. i., = 402 nm and 
I, ::= 0.5 J,max) Absence of response m restricted range of I, 

pound eyes were painted black. When the ocelli were painted 
black, the responses were identtcal to those of animals with 
uncovered ocelli. but these animals showed a decreased flight 
stability 

H ence. it was concluded that the compound eyes arc the 
essential visual component in the landmg response pathway. 
whereas contribution of the occllt is absent or at least subthresh· 
old. 

Results 

Is tile Landing Response Co/our-Dependent ? 

Experiments with both monochromatic and di
chromatic patterns are performed in order to inves
tigate whether spectral wavelength differences are 
perceived as different. Results of monochromatic 
pattern experiments (i., = J.d) demonstrating con
trast dependency of the landing response are pre
sented first. Results of dichromatic pattern experi
ments (I., + J.d) are decribed next. 

Monochromatic Stimuli 

It was investigated for a high contrast monochro
matic spiral whether or not the landing response 
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occurred at different pattern intensities. The indi
rect beam of the set-up of Fig. 2 was switched off 
(1; = 0) and the d1rect beam was kept at different 
intensities /d of J.d = 506 nm. In each test the rota
tion speed of the pattern increased in 5 s from a 
value of low subthreshold (0.25 rps) to a value 
above threshold ( 1 0  rev/s). In the intervals between 
successive tests the intensity /d was changed in steps 
of approximately 10%.  

The results (Fig. 4a) show that the high con
trast 506 nm pattern was sufficient to elicit the 
landing response at all intensities tested. 

Subsequently experiments were performed in 
which pattern contrast was varied. The intensity 
of the indirect beam was kept constant (/; ""'� /dm • •  ) . The contrast in the pattern was changed 
by changing /d in steps of approximately I 0%. An 
example of the results is given in Fig. 4 b. Landing 
responses occurred for both high and low values 
of /d , but not for values of /d close to the values 
of /, . The contrast values calculated with Eq. (3) 
are indicated in the figure and suggest that at least 
approximately 1 5% contrast was necessary to elicit 
the landing response. Figure 4c and d show the 
results for a pattern wavelength of 402 nm. Again, 
for the high contrast spiral pattern responses were 
obtained at all intensities tested (Fig. 4c) and none 
occurred for low contrast values (Fig. 4d). 

Monochromatic experiments performed with 
other spectral wavelengths yielded similar results, 
high contrast was sufficient to elicit the landing 
response and low contrast was not sufficient to 
elicit the landing response. Contrast dependency 
of the response suggests that the pattern configura
tion used is sufficient to test the influence of spec
tral differences. 

Dichromatic Stimuli 

The dichromatic stimuli were obtained by combin
ing two different spectral wavelengths in the 
pattern. In the series of tests presented first the 
spectral wavelengths 506 nm and 402 nm were se
lected, the same wavelengths as used in the experi
ments of Fig. 4a-d. A constant intensity /, (402) 
in the indirect beam was combined with different 
intensities /d (506) in the direct beam (/, (402) ::.: 
� /d (506)m •• ). Figure 4e shows the results. Landing 
responses were registered at low /d (506) and at 
high /d (506) but in a range of intermediate /A506) 
no landing response could be elicited. 

If the two wavelengths 402 nm and 506 nm 
would have been evaluated as different colours, 
then we would have expected also landing re
sponses at intermediate /d values. Hence the ex peri-
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Fig. 6. Landing response dependence on mtenslly level of 
monochromatic pallern (i.,=i., = 506 nm). At lower intensll� 
levels more contrast is necessary to elicit the response 

mental results of Fig. 4 suggest that for 402 nm 
and 506 nm discrimination between colours is not 
involved in eliciting the landing response. The 
values of IA506) at which no response is registered 
in the 506/506 nm contrast experiment (Fig. 4 b) 
are approximately 3 times higher than those in the 
dichromatic 402/506 nm experiment (Fig. 4e). This 
suggests that 506 is approximately 3 times more 
effective to the animal than 402 nm (see further 
Sect. 2). Underlying this conclusion is the hypothe
sis that the monochromatic combinations 
402/402 nm and 506/506 nm and the dichromatic 
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Fig. 7a, b. Determination of the mean mtens1ty lm of the I, 
range where no landmg response occurs a Results of 7 test 
runs, averaged m b Arrow mdicates lm , further details see text 

combination 4021506 nm are processed in essen
tially identical ways. 

The results of expenments with wavelengths 
428 and 537 nm are presented in Fig. 5. The experi
ments were performed at 2 i ntensity levels (D - 0 
and D = 2 respectively) in order to examine wheth
er the choice of the intensity level was crucial for 
the results. I t  appeared that again ranges of intensi
ty ratios are found at which no landmg response 
can be elicited. I t  seemed, however, that increased 
intensity narrows the no-response range. 

Further dichromatic pattern experiments re
vealed that, for spectral wavelengths between 350 
and 600 nm, each of the wavelength combinations 
tested resulted in a range of intensity ratios at 
which no landing response is measured. This was 
also the case for combinations in which the one 
component was monochromatic and the other 
component was white light. 

Determmation of No-Response Intensities 

Series of experiments were performed in order to 
determine the mean values of the ranges of intensi
ties in the pattern at which no landing response 
is executed. With an interpolation procedure these 
mean values were obtained from the animars re
sponses. The stimuli having intermediate value of 
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Fig. Sa-c. Mean mtensity lm of no-response range: open c1rcle 
above the through, honzontal bar: twice the standard dcvm
tion. i,- 506 nm a i, - 55 1 nm, 8 runs from 4 ammals. b i., = 

497 nm. 1 7  runs from 6 ammals c i., = 506 nm. 31 runs from 
8 an ima ls 

1, . were presented in a decreasing contrast test se
quence : with high value of /d each test was fol
lowed by a test with approximately 1 0% lower ld 
and on the other hand with low ld each test was 
followed by a test with an approximately 10% 
higher /d . In this procedure two threshold values 
were obtained, the highest value of low /d and the 
lowest value of high /d at which a landing response 
was executed, called /1 and I. respectively. In the 
high intensity range no landing response occurred 
below I. and in the low intensity range no landing 
response occurred above /1 • The mean value of 
the no-response intensity range /m , of each series 
of tests was obtained by 

lm =Vl, x l. .  (6) 

The lm values of different series of tests were aver
aged. Dichromatic stimuli were applied to deter
mine the relative sensitivity for each spectral wave
length. 

Monochromatic Stimuli 

The animals were tested first with monochromatic 
patterns ()., = ).d). The intensity of the indirect beam 
I; was fixed, while the intensity /d of the direct 
beam was changed and hence the contrast in the 
pattern. Results of series of tests performed at in-



J. Tin bergen and R.G Abeln : Spectral Sensitivity of the Landing Blowny 

I 0 

0 5  

'00 500 waveleng t h  1 nm 600 

Fig. 9. Spectral sensitivity of landmg response system. dichro
matic pallerns. Calliphora. Data based on 8 animals. Sensitivity 
values calculated from lm values of at least 8 sets of threshold 
values from 4 animals. i .• - 506 nm 

tensity levels over a range of 3 .3  log units are pre
sented in Fig. 6. The figure illustrates that the no
response range widens when the intensity is 
dropped, a result similar to that of Fig. 5.  

More contrast seems to be necessary to elicit 
the landing response at lower intensity levels. 
Hence, the threshold values Iu and I1 depend 
slightly on intensity. Threshold values obtained in 
7 series of tests with a 506{506 nm pattern are pre
sented in Fig. 7. The Im values of the no-response 
ranges were interpolated and the average value Im 
was calculated. Tm is indicated by an arrow in 
Fig. 7.  

All 506/506 nm monochromatic tests together 
yielded Tm = 0.90 I; ± 0.03 I; . In 402/402 nm mono
chromatic tests Tm = 0.89 I, + 0.05 I, was obtained. 
These values are slightly lower but close to Id = 
0.92 I, , the value which indicates the contrast 
minimum of the pattern, as predicted from the con
trast formula. The results suggest that Tm is nearby 
identical to the contrast minimum of the pattern. 

Dichromatic Stimuli 

Dichromatic experiments are performed with pat
terns of which one spectral wavelength, ).; , was 
changed and the other spectral wavelength, Ad , 
kept constant. In each series of tests the intensity 
I, was constant and the intensity Id changed step
wise. A range of Id values corresponding with no
response was obtained in all series of tests, as was 
already mentioned. The threshold values I" and 
I, were used to calculate the relative sensitivity for 
each wavelength A.; . Results of 3 spectral wave
length combinations are presented in Fig. 8 .  

Figure 8 c, where 1.; = }.d = 506 nm represents not a 
dichromatic case but is the reference for the experi
ments where }.; =I= 506 nm. The Tm value in Fig. 8 c 
corresponds with log ld = O ;  Fig. 8 a  and 8 b  are 
scaled accordingly. It thus appears that the no
response range for 1.; = 55 1  nm (Fig. 8 a) is shifted 
to much lower value and for 1.; =496 nm (Fig. 8 b) 
to slightly higher values of log Id . More Id (506 nm) 
has to be applied because of the higher sensitivity 
for 497 nm and less ld (506) because of the lower 
sensitivity for 551  nm. 

The spectral sensitivity was calculated in a simi
lar way for a number of wavelengths over the range 
between 350 nm and 600 nm. In practice the inten
sity I, was not fully identical for all wavelengths. 
The intensities /, (I.) were selected such that the cor
responding Tm values did vary less than a factor 
4 throughout the whole wavelength range. The rel
ative spectral sensitivity distribution normalized at 
wavelength 497 nm is presented in Fig. 9. A 
double-peaked curve resulted, with a broad-band 
peak in the blue-green and an about equally high 
but more variable peak in the ultraviolet. The 
peaks are separated from each other by a distinct 
trough at about 400 nm. 

Stimuflllion with Rotating Monochromatic Pattern 
on Constant Background 

Spectral Sensitivity 

Stimuli consistmg of a background to which a 
monochromatic spiral component is added are 
used. They have the advantage that the accuracy 
of the superposition of the two pattern compo
nents is better than !n the dichromatic stimuli, that 
the movement of the pattern can be kept constant. 
and that the spectral composition in the paitern 
is less variable because of the constant back
ground. With these patterns colour discrimination 
cannot be tested, however. 

A spectral sensitivity distribution of the landing 
response has been determined using as the back
ground a constant intensity of longer wavelengths 
(570-7 1 0  nm). 

The intensity of the spiral component I. was 
increased from below threshold, until at threshold 
I, the animal executed the landing response. The 
threshold values I, were used to calculate the sensi
tivity at spectral wavelength } .• . A procedural diffi
culty in this approach concerned the choice of the 
subthreshold starting value of 1 • .  With too high 
values considerable drifting and high threshold 
values were obtained in pilot experiments. In the 
following detailed experiments the subthreshold in-
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I 0 

400 500 wavelength ( n m  

Fig. 10 .  Spectral scnsnrvity of landing response system. mono
chromatic spirals on constant background of broadband wave· 
lengths i .• • 570--720 nm. Calllplwru Each d.lla pomt based on 
45 threshold 'a lues (9 animals) 

I l ·09 I 

.. � 402 nm 
- 1.88 nm 

570 nm 

Fig. I I .  Intensity dependence of landing re,ponse. threshold 
contrast for monochromattc sptral on background 1., = '·• at 
402 nm. 488 nm and 570 nm respectrvtly Each data pmnt based 
on 1 5  threshold value; (3 ammals) 

tensities were chosen at least a factor of 8 below 
threshold. 

The relative sensitivity at each wavelength was 
obtained with 

S(i.) = l, (497)tl, (i.). (7) 

The resulting spectral sensitivity curve is presented 
in Fig. 10. The curve with two peaks, one in the 
ultraviolet and one in the blue-green region of the 
spectrum is similar to that of Fig. 9. 

Intensity Dependence of the Threshold Contrast 

Patterns with ).b = .1., were applied to determine 
monochromatic threshold contrast values at which 
the landing response is executed. 
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The intensity of the background /d wa� kept 
constant and the intensity of the spiral raised in 
1 %  steps from low subthreshold until threshold. 
The experiments were performed at different inten
sity levels by inserting density filters which atten
uated both /0 and /, . 

The threshold contrasts as a function of intensi
ty were determined at wavelengths 402, 488, and 
570 nm respectively. The animal was adapted to 
every new wavelength at the htghest intensity avail
able dunng 5 min and to each background intensi
ty during 2 min in order to erase possible afteref
fects of previous tests. 

The threshold contrast values, calculated with 
Eq. (5) are presented m Fig. I I .  It  appears that 
threshold contrast decreases with increasing inten
sity. The intensity dependence is not noticeably dif
ferent for the various spectral wavelengths. Con
trast at threshold decreases only � 0. 7 log unit 
over a 3 log units intensity range . 

Discussion 

A main conclusion drawn from the results of the 
experiments with dichromatic moving patterns is 
that spectral differences are not evaluated as colour 
differences in the visual pathway leading to the 
landing response. This conclusion is based on the 
absence of the landing response in a specific range 
of intensity ratios of the dichromatic pattern ; this 
holds for all the dichromatic patterns used. Since 
with monochromatic patterns absence of the 
landing response was measured in the range of in
tensity ratios where pattern contrast was low, the 
results of the dichromatic experiments are inter
preted likewise, namely that absence of responses 
occurred at low pattern contrast. An indication 
for colour dtscrimination would have been ob
tained when landing responses occurred at all in
tensity ratios of the dichromatic pattern implying 
the independence of the landing response from 
contrast in the pattern. 

With the dichromatic patterns a spectral sensi
tivity curve was determined from the no-response 
ranges using the interpolation method ; the mean 
of the intensity ratios at the lower and upper 
thresholds was calculated. The mean corresponds 
to approximately minimal contrast as follows from 
the monochromatic experiments. The sensitivity 
spectrum thus obtained (Fig. 9) compares very well 
with the spectrum deduced from experiments with 
a spiral pattern superimposed on a background 
(Fig. 1 0). The good correspondence of the two 
spectra reinforces the above conclusion, namely 
that colour discrimination is absent and that only 
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sufficient contrast in the pattern elicits the landing 
response. 

The spectral sensitivity of the landing response 
can be compared with spectral sensitivities mea
sured from single visual sense cells by intracellular 
electrophysiology. The peripheral sense cells R1-6 
belong to a type generally described as having a 
UV + blue-green peaked sensitivity (e.g. Burkhardt 
1962 ; Dorrscheidt-Kiifer 1 972 ; Horridge and 
Mimura 1 975 ; Hardie 1 977. 1 979;  Smola and 
Meffert 1 979). The central sense cells R 7 and R8 
belong to at least four different spectral types, 
having sensitivity peaks in the UV, the UV + blue, 
the blue and in the green (Meffert and Smola 1 976 ; 
Hardie 1 977, 1979 ; Hardie et al. 1979 ; Smola and 
Meffert 1979). The absolute sensitivities of R 7's 
and R8's seem to be not higher than that of R l-6 
cells. 

Since the sensitivity spectra of the landing re
sponse and that of the receptors R1-6 are very 
similar it is tempting to hypothesize that only re
ceptor type R 1  6 contributes to the visual pathway 
leading to the landing response. A simple summa
tion of receptor outputs of R1 6, having the same 
visual axis, seems to be physiologically realistic be
cause of their convergence onto the first optic gan
glion. However, an additional contribution of the 
central receptors R 7 and/or R8 cannot be rejected 
on the basis of the spectral sensitivity distribution, 
and even involvement of exclusively receptors R 7 
and/or R8 remains an alternative possibility. For, 
if all receptors, R1 -8 together, contribute to the 
landing response pathway the spectral sensitivity 
distribution is expected to be UV + blue-green, 
double-peaked because of the dominance in 
number of R1-6. Alternatively and dependent on 
their absolute sensitivities and their relative 
numbers, the spectral sensitivity distribution of just 
R 7's and R8's together might yield a UV + blue
green double-peaked curve also, similar to the one 
obtained for the landing response. 

In Drosophila pre-adaptation with blue light re
sulted in a decreased sensitivity of the landing re
sponse system interpreted as being due to a domi
nant contribution of receptors R 1-6 in the landing 
response pathway (Heisenberg and Buchner 1977). 
Because of the similarities between the visual sys
tems of Drosophila and Calliphora we would 
suggest that at least R1 6 receptors contribute in 
the landing response pathway of Calliphora. 

The results of Fig. 1 1  illustrate the intensity de
pendence of threshold contrast. At higher intensity 
less contrast is needed to obtain responses, i.e. sen
sitivity increases with intensity. The dependence of 
log L1 1  on background log I yields a slope of ap-

proximately 0.75. Dorrscheidt-Kiifer ( 1972) cal
culated a similar slope of - 0.67 for contrast chan
ges in receptor potential of visual sense cells R 1-6 
(Calliphora, mutant chalky). Incidently, from 
Dorrscheid-Kiifer's Fig. 1 0  a change in receptor 
potential of approximately 1 m V is calculated, cor
responding to the threshold contrast for eliciting 
the landing response. Furthermore, the contrast 
sensitivity as derived for the landing response is 
consistent with the contrast sensitivity of the 
lamina monopolar cells reported by Laughlin and 
Hardie (1 978). In conclusion, the intensity depen
dence of threshold contrast as expressed in the 
landing response is not conflicting with the hypoth
esis that receptors R 1  6 and lamina monopolar 
cells are involved in the landing response pathway. 

Kaiser ( 1 968, 1975) performed optomotor ex
periments using methods similar to those applied 
in the landing response experiments presented in 
this report. With monochromatic and dichromatic 
moving stripe patterns the torque response was de
termined in the blowfly Phormia. At various spec
tral wavelength combinations the intensity ratios 
were determined where the elicited torque was 
minimal. Kaiser ( 1 968, 1 975) concluded from the 
obtained results that colour perception is not (or 
hardly at all) involved in the torque response when 
induced by moving stimuli. This conclusion is in 
line with the above for the Calliphora landing re
sponse. Kaiser determined the minima of time 
averaged torque, but never obtained a zero torque. 
The spectral sensitivity curve calculated from the 
torque minima was a double-peaked curve, in the 
UV and in the green, similar to the spectrum ob
tained at threshold using monochromatic patterns
with high contrast. Both curves show a UV peak 
distinctly lower than the green peak. This may be 
a characteristic of Phormia, but an alternative ex
planation may be found in a low vitamin A diet 
(Steiner 1 942 ; Razmjoo and Hamdorf 1 976 ; Stark 
et al. 1 977). 
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Samenvatting. 

Dit proefschrift behandelt een tweeledig onderzoek dat verricht is 
aan respectievelijk de visuele zintuigcellen in het samengestelde oog en 
de landingsreactie van vliegen. 

Het eerste deel, hoofdstuk 2-4, betreft optische metingen aan de 
energievoorziening van de visuele zintuigcellen in het oog van de bromvlieg. 
Visuele zintuigcellen bevatten een grote hoeveelheid van het 
lichtabsorberende, visuele pigment. Absorptie van Iicht door het visuele 
pigment wekt in de zintuigcel een electrisch signaal op, dat vervolgens 
doorgegeven wordt aan het visuele deel van de hersenen. Voor deze 
Iichtgevoeligheid van de visuele zintuigcel is energie nodig. De 
energievoorziening wordt verzorgd door de mitochondria, kleine 
gespecialiseerde onderdeeltjes van de eel. Daarin wordt energie 
geproduceerd in een voor de eel hanteerbare vorm, energierijk fosfaat. Dit 
als product van oxidatieve metabole processen, waarbij ondermeer zuurstof 
wordt gebruikt en koolzuur afgegeven, en wei via de tracheeen, die tot in 
het oog doorlopen. Bij de productie van energierijk fosfaat zijn 
flavoprotelnes betrokken. De activiteit van deze enzymen kan gemeten 
worden met behulp van optische methodes, met name door fluorescentie 
metingen. Uit metingen van de fluorescentie van het oog van intacte vliegen 
is bij dit onderzoek gebleken dat de flavoprotelnefluorescentie, en dus de 
energieproductie, afhangt van de belichtingstoestand van de zintuigcellen. 
De gevoeligheid van de mitochondriele activiteit voor belichting met 
verschillende zuivere kleuren blijkt hoog te zijn voor ultraviolet en groen 
Iicht, lager voor blauw Iicht en veel lager voor rood Iicht. Deze spectrale 
gevoeligheid komt overeen met die van het visuele pigment te samen met 
die van het bijbehorende ultratravioletgevoelige antenne-pigment van de 
zintuigcel. Dit geldt zowel bij plotselinge belichting vanuit danker als voor 
een toestand waarbij de zintuigcel door zgn. adaptatie zijn gevoeligheid 
geleidelijk heeft aangepast aan de belichting. Bij afwezigheid van zuurstof 
worden de mitochondriele processen geheel stilgelegd. Dit blijkt zowel uit de 
fluorescentie metingen aan de flavoprotelnes als uit absorptiemetingen aan 
de zgn. cytochromen, stoffen die eveneens direct bij de energieproductie 
betrokken zijn. Waarschijnlijk neemt bij belichting van de zintuigcel de 
concentratie van calcium-ionen in de eel toe. Daardoor stijgt de 
mitochondriele activiteit en dus de productie van metabole energie. 
Regulatie van cellulaire processen door calcium is een biologisch algemeen 
gebruikte manier. 

In het tweede dee I, hoofdstuk 5-7, worden experimenten beschreven die 
verricht zijn aan het landingsgedrag van de bromvlieg en de huisvlieg. Ze 
zijn uitgevoerd met stationair vliegende vliegen, die door een zowel aan de 
rug als aan de kop vastgeplakt draadje met de proefopstelling verbonden 
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waren. Tijdens de vlucht zijn bij de vlieg de voorste en middelste pootparen 
opgevouwen naast het lichaam, de achterpoten steken naar achteren, naast 
en achter het achterlijf. Het uitvoeren van de landingsreactie gaat gepaard 
met het plotseling uitsteken van de poten en een remmende verandering van 
de vleugelslag. Daarmee tracht het dier veilig te Ianden, of een niet meer te 
vermijden botsing met een zo gering mogelijke snelheid te Iaten 
plaatsvinden. De landingsreacties zijn gemeten met een speciale optische 
pootbewegingsdetector. De reactietijd van de vlieg is kort. Het kost ongeveer 
35 ms om een begin te maken met het uitsteken van de poten, welke 
beweging na nog eens 45 ms voltooid is. Deze gedragsreactie kan met visuele 
stimuli opgewekt worden, en dus kan de landingsreactie inzicht verschaffen 
in de werking van het visuele systeem. Het blijkt dat bewegingen, en 
plotselinge afname van de lichtintensiteit, in staat zijn de landingsreactie op 
te wekken. Bewegende patronen hoeven hiervoor niet een naderende 
beweging uit te voeren: uitwaartse bewegingen waarbij de afstand tot de 
vlieg niet verandert zijn eveneens effectieve stimuli. Deze laatste kunnen 
nadering suggereren. lnwaartse bewegingen zijn niet slechts onvoldoende om 
de landingsreactie op te wekken, maar hebben juist een remmende invloed. 
Voor in horizontale richting, uitwaarts bewegende strepen is de 
afhankelijkheid van de bewegingssnelheid geanalyseerd. Bij stapvormige 
bewegingen met gemiddelde hoeksnelheden boven ca. 40 • js is steeds vrijwel 
dezelfde hoeveelheid beweging nodig om de landingsreactie op te wekken, 
ongeacht de grootte van de stapjes en de tijdsduur tussen de stapjes waaruit 
de beweging is opgebouwd. Op grond hiervan kan geconcludeerd worden dat 
bij het zien van beweging zowel zintuigcellen met naburige blikrichtingen 
betrokken zijn als zintuigcellen met verder uiteenliggende blikrichtingen. 
Samen stellen ze de vlieg in staat zelfs bij zeer snelle bewegingen te 
reageren. Landingsreacties zijn ook opgewekt met als bewegend patroon een 
ronddraaiende spiraal waarvan de naburige spiraalarmen verschillende 
zuivere kleuren hebben. Met deze twee-kleurige patronen is onderzocht of 
vliegen bij het uitvoeren van een landingsreactie het verschil in kleur 
benutten. Dit blijkt niet het geval. Slechts het helderheidscontrast in de 
patronen blijkt de reacties te bepalen. Meting van dit contrast Ievert de 
spectrale gevoeligheid van de landingsreactie op. Deze toont een hoge 
gevoeligheid voor ultraviolet en groen licht, een lagere gevoeligheid voor 
blauw Iicht en een veel lagere voor rood Iicht. Dit demonstreert dat de 
spectrale gevoeligheid van de zintuigcellen ook terug te vinden is in de 
landingsreactie. 
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