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Abstract

The distribution of local preferred directions and motion sensitivities within the receptive fields of so-called
tangential neurons in the fly visual system was previously found to match optic flow fields as induced by certain
self-motions. The complex receptive-field organization of the tangential neurons and the recent evidence showing
that the orderly development of the fly’s peripheral visual system depends on visual experience led us to investigate
whether or not early visual input is required to establish the functional receptive-field properties of such tangential
neurons. In electrophysiological investigations of two identified tangential neurons, it turned out that dark-hatched
flies which were kept in complete darkness for 2 days develop basically the same receptive-field organization as
flies which were raised under seasonal light0dark conditions and were free to move in their cages. We did not find
any evidence that the development of the sophisticated receptive-field organization of tangential neurons depends on
sensory experience. Instead, the input to the tangential neurons seems to be “hardwired” and the specificity of these
cells to optic flow induced during self-motions of the animal may have evolved on a phylogenetical time scale.
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Introduction

Visual motion is often exploited by biological and technical sys-
tems to gain information on the three-dimensional (3D) layout of
the environment and the instantaneous rate of self-motion (re-
views: Miles & Wallman, 1993; Barron et al., 1994). Once such
information is represented in the nervous system in terms of neu-
ronal activity, it can be processed and transformed into motor
signals which allow for course control and gaze stabilization. Dur-
ing the last decades, the way in which optic flow is processed for
estimation of self-motion has been intensively investigated. The
studies range from human psychophysics (e.g. Warren & Hannon,
1988), electrophysiological experiments in primates (e.g. Tanaka
& Saito, 1989) and birds (e.g. Wylie et al., 1998), to behavioral as
well as electrophysiological investigations in insects (reviews:
Hausen & Egelhaaf, 1989; Egelhaaf & Warzecha, 1999; Krapp,
2000; Srinivasan & Zhang, 2000). Most electrophysiological stud-
ies have been aimed at identifying the neuronal substrate and the
basic processing principles of visual self-motion estimation.

In the third visual neuropil (lobula plate) of the fly, several
so-called tangential neurons were found to have receptive-field

properties adapted to sense particular self-motions (Krapp & Heng-
stenberg, 1996). They integrate on their extended dendrites the
signals of many direction-selective small-field elements. The small-
field elements are arranged in a retinotopic way; that is, neighbor-
ing points in the visual space are mapped onto neighboring columns
within the visual neuropil (Strausfeld, 1976; Bausenwein & Fisch-
bach, 1992).

Detailed investigations of the local response properties within
the receptive field of several tangential neurons showed that most
of these neurons have extended receptive fields with a character-
istic spatial distribution of local preferred directions (LPDs) and
local motion sensitivities (LMSs) (e.g. Krapp et al., 1998). The
resulting response fields in tangential neurons belonging to the
vertical system (VS; e.g. Hengstenberg et al., 1982), for instance,
show a distribution of LPDs and LMSs which is similar to the
distribution of local velocity vectors within optic flow fields in-
duced during rotations around horizontally aligned body axes (Krapp
et al., 1998). By comparing the response fields with a matched
filter model for sensing particular rotations under certain assump-
tions, individual VS neurons were shown to indicate the respective
self-rotations optimally (Franz & Krapp, 2000). The appropriate
selection and weighting of local motion information thus seems to
be one key mechanism underlying self-motion estimation in fly
tangential neurons.

The elaborate receptive-field organization of tangential neurons
raises the question of whether its orderly development requires
visual experience in a similar way as does, for instance, the de-
velopment of the mammalian visual cortex (e.g. Wiesel, 1982). In
flies, recent anatomical studies focus on the effects of different
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light regimes on the development of the animals’ visual neuropils.
It has been shown that during a critical period of 12 h after the
flies’ hatching from pupae, light experience is essential for the
neuropils to develop a normal volume. When kept in the dark,
the visual neuropils were smaller (Barth et al., 1997). Part of these
effects could be attributed to the light-dependent synaptogenesis
between photoreceptor cells of the retina and cells of the lamina,
the fly’s first visual neuropil (Barth et al., 1997; Rybak & Mein-
ertzhagen, 1997). Lamina cells are most likely input elements of
the neuronal circuits processing information about visual motion.

In the present study, we tested in the well-investigated H1 and
V1 tangential neurons (Hausen, 1984) whether visual input is re-
quired to develop their characteristic receptive-field organization.
H1 and V1, rather than other tangential neurons, were chosen for
this analysis because of the relative ease with which they can be
recorded from extracellularly even for extended periods of time.
As for most of the other tangential neurons, H1 picks up local
motion signals and—by means of action potentials—conveys the
motion informationvia a thin axon to its telodendritic output ram-
ifications in the contralateral lobula plate. The particular input–
output organization of this neuron, which is distinctly different
from all other spiking tangential neurons investigated so far, al-
lows us to identify H1 even in experiments using extracellular
recording techniques. The latter point holds true for V1, as well.
V1, however, does not receive direct retinotopic input but is post-
synaptic to two or three VS neurons and mediates motion infor-
mation to the contralateral lobula plate, where its spiking activity
can be recorded extracellularly. Thus, the V1 response field re-
flects the characteristic response fields of VS neurons VS1, VS2
and most likely VS3 (Warzecha, preliminary results, cf. Krapp &
Hengstenberg, 1997 and Krapp et al., 1998) which themselves can
only be investigated using intracellular recording techniques.

Methods

Preparation and electrophysiology

All experiments were carried out with 2–3 day-old female blow-
flies (Calliphora) in a dark laboratory at temperatures between
25–308C. Before the dissection for electrophysiology, the animals
were briefly anaesthetized with CO2. Legs and wings were re-
moved and the head was bent ventrally and affixed to a holder. The
head was aligned with the horizontal plane of the stimulus device
(see below) using the symmetrical deep pseudopupil in the frontal
region of both eyes (Franceschini, 1975). The head capsule was
opened from behind. Fat tissue, air sacs, and tracheae were re-
moved to get access to the lobula plate. Except the opening in the
head capsule, all wounds were closed with wax to prevent the
preparation from drying out. Ringer solution (7.5 g NaCl, 0.14 g
NaHCO3, 0.35 g KCl, 2.5 g glucose, buffered with 0.46 g KH2PO4

and 0.59 g Na2HPO4 in 1 l distilled water resulting in a pH'7.1)
was used to keep the nervous tissue moist.

H1 and V1 action potentials were extracellularly recorded from
their telodendritic arborizations within the left lobula plate using
tungsten electrodes. The electrode tips were sharpened electrolyt-
ically and insulated with varnish and had an impedance of about 2
MV. A glass capillary with a broken tip was used as a ground
electrode and to supply the brain with Ringer solution. The re-
corded spikes were amplified using electrophysiological standard
equipment, converted into pulses of 2-ms duration, and were sam-
pled at a rate of 0.72 kHz into a PC by an I0O board (Data

Translation, DT 2801, Marlboro, MA). The software to control the
visual stimulus (see below), the data acquisition, and the data
analysis was written in ASYST 4.0 (Macmillan Software, La Jolla,
CA).

Experimental groups

In the present work, we did experiments on two different groups of
animals. During pupation, the animals were transferred from the
stock either to the laboratory where they were kept under seasonal
ambient light0dark conditions (control group) or to complete dark-
ness of a darkroom. Flies of thedark groupwere kept in complete
darkness for 2 days after hatching until they were used in the
experiment.

The dissection ofdark groupanimals was carried out under red
light. The fly photoreceptors (R1-R6) which are involved in visual
motion analysis have a maximum absorption at a wavelength of
490 nm. The relative absorbance drops below 5% for wavelengths
greater 590 nm (Hardie, 1985). Thus, R1-R6 can be expected to be
almost insensitive to red light. Correspondingly, the sensitivity of
spiking tangential neurons in the lobula plate ofCalliphora is
reduced to less than 5% when stimulated with monochromatic
motion stimuli at a wavelength of 590 nm (McCann & Arnett,
1972). Animals of thecontrol groupwere dissected under normal
microscopy illumination. To reduce the possible influence of un-
controlled visual stimuli while transferring the flies from the prep-
aration place in the darkroom to the experimental setup, animals of
thedark groupwere either transported within a dark cardboard box
or their eyes were temporarily covered with nontoxic black paint.

Determining the local response properties

The local preferred direction (LPD) and local motion sensitivity
(LMS) were determined at 46 positions in the right and at four
positions within the frontal left hemisphere lying in the region of
the binocular overlap. A detailed description of the procedure can
be found in Krapp and Hengstenberg (1997). In brief, a black dot
(B 5 7.6 deg) was moved along a circular path (B 5 10.4 deg) for
5 cycles first in a clockwise (CW) and then in a counterclockwise
(CCW) direction. The speed of the dot’s motion was at 2 cycles0s.
When the instantaneous direction of dot motion coincided with the
local preferred direction of the recorded neuron, its response be-
came maximum (Fig. 1). Comparing the responses to CW and
CCW motion allowed us to determine the response delay and to
correct for it. Subsequently, the phase-locked average of the re-
sponses to CW and CCW motion can be used to determine the
mean angle of the resulting spike distribution by applying circular
statistics (Batschelet, 1981). The LPD is given by the mean angle
and the LMS is defined as the difference between the response
averaged within an interval of6 45 deg centered at the LPD and
an equally sized interval around the null direction response (cf. black
horizontal bars in Fig. 1B). Motion in the null direction is opposite
to motion along the preferred direction and usually inhibits the
activity of tangential neurons. The LPDs and LMSs are plotted as
black arrows in a Mercator map of visual space, within which each
position is given by two angles: the azimuthw and the elevationu
(cf. Figs. 2 and 3). To visualize the global structure of the response
fields better, gray arrows were obtained by interpolating between
the actually measured data (Matlab routine; Vers. 5.3). The algo-
rithm used is based on Delauny-Triangulation and performs a sur-
face fitting on the present data (Watson, 1994).
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Fig. 1. Determining the local response properties. (A) The fly is centered within an apparatus which allows us to apply a local motion
stimulus at many positions (w, u) within the visual space. During extracellular H1 and V1 recordings, a black dot travels at 2 circles0s
along a circular path, five times in a clockwise and subsequently five times in a counterclockwise direction. Whenever the instantaneous
dot motion coincides with the local preferred direction (LPD), the response of the neuron is maximum. Motion in the opposite direction
causes maximum inhibition. (B) After phase-locked summation of the response sweeps and correction for the response delay from the
resulting circular spike distribution the LPD and LMS can be determined. The LPD is obtained by circular statistics (direction of the
mean vector; see black arrow at LPD). The LMS we define by the difference between the mean activity within an interval of645 deg
centered at the LPD (see horizontal black bar centered at about 270 deg) and the mean activity within an interval of the same size caused
by motion in the opposite direction (see horizontal black bar centered at about 90 deg) (modified from Krapp et al., 1998).

Fig. 2. Mean H1 response field as obtained in fivecontrol group animals (A) and fivedark group animals (B). Local response
properties, that is, local preferred directions (LPDs) and relative local motion sensitivities (LMSs) are shown. The results are plotted
along azimuthw and elevationu within a map of the right visual hemisphere including the first meridian (w 5 215 deg) of the
contralateral visual field. The orientation of each arrow gives the LPD and its length indicates the LMS relative to the maximum
response measured within the response field. (A)Control group: The H1 neuron responds preferentially to horizontal back-to-front
motion along the eye equator. In the frontal and caudal response field above and below the equator, the orientation of the LPDs deviates
from the horizontal in a characteristic way; frontodorsally and caudoventrally the LPDs point downwards, whereas ventrofrontally and
caudodorsally the LPDs point upwards. H1 is most sensitive in the frontal visual field. Towards the contralateral, dorsal, ventral, and
visual field the sensitivity decreases. Along the eye equator the sensitivity is slightly reduced towards the caudal response field. (B)
Dark group: The H1 response field of dark-hatched flies kept for about 2 days in complete darkness and were then investigated with
respect to their local response properties. The characteristic features of the H1 response field found in flies of the control group are
present in the H1 response field obtained in dark reared animals, as well.
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Results

Response field of the H1 and V1 neuron in control group and
dark group flies

The average H1 response field obtained in five flies of thecontrol
groupencompasses almost the entire ipsilateral visual hemisphere
(Fig. 2A). Although weakly so, the neuron is still sensitive to
motion at the contralateral edge of the frontal region of binocular
overlap (azimuth5 215 deg). The maximum motion sensitivity is
found in the frontal to frontolateral visual field around an elevation
of 0 deg. Along the eye equator, the LMS decreases slightly to-
wards the caudal part of the visual field. The neuron is only weakly
sensitive to motion in the most dorsal and ventral visual field.
Generally, H1 responds to horizontal back-to-front motion along
the eye equator. Only in the dorsal and ventral parts of the frontal
and caudal response fields do the LPDs deviate slightly from the
horizontal. These particular features regarding the LPDs as well as
the general appearance of the response field confirm the results of
a previous investigation (Krapp & Hengstenberg, 1997).

Fig. 2B shows the average response field obtained in the same
number of experiments on dark-reared flies. Except at some posi-
tions of small motion sensitivities, the distribution of LPDs and
relative LMS within the response field ofdark groupflies is very
similar to that obtained incontrol groupflies (cf. Figs. 2A and 2B).

To estimate the interindividual variability of the LPDs obtained
from the two experimental groups, we determined the standard
deviations (SD) of the mean LPDs at 24 positions. At these posi-
tions, the relative motion sensitivity of bothcontrol groupanddark

group animals was higher than 30% of the respective maximum
motion sensitivity. LPDs at positions with lower motion sensitivity
were omitted since their determination was less reliable because of
the relatively small numbers of spikes which contributed to the
response. Themean of SDsat the 24 positions was determined as
measure of the interindividual variability of the LPDs. For the
control groupanimals, themean SDamounted to6 8 deg and for
the dark groupanimals we found amean SDof 6 9 deg. This
suggests the interindividual variability of the LPDs to be about the
same under the different experimental conditions. To test whether
the spatial distribution of LPDs at the 24 positions differ between
the control and dark group animals, we performed a two-way
ANOVA (e.g. Weber, 1970). The ANOVA did not reveal a signif-
icant difference (a 5 5%; f (192,1)5 1.74).

The same comparison was performed on V1 response fields.
The average response field obtained in twocontrol groupflies is
shown in Fig. 3A. Again the general appearance of the control
group response field is in very good agreement with the results
obtained in an earlier study (Krapp & Hengstenberg, 1997). In
contrast to H1, V1 is particularly sensitive to vertical downward
motion in the equatorial region of the frontal to frontolateral visual
field. Besides this, characteristic “fingerprints” of the V1 are its
small but sizable sensitivity to horizontal back to front motion in
the dorsolateral, and its response to tilted upward motion in the
dorsocaudal visual field. All these features are present as well in
the average V1 response field of sixdark groupflies (cf. Figs. 3A
and 3B). The local motion sensitivity of the neurons was found to
be greater than 30% of the maximum motion sensitivity in both
control group animals anddark group animals at 22 measuring

Fig. 3. Mean V1 response field as obtained in twocontrol groupanimals (A) and sixdark groupanimals (B). Data are plotted in the
same way as in Fig. 2. (A)control group: The V1 neuron responds preferentially to vertical downward motion within the equatorial
region of the frontal to frontolateral visual field. Although the responses are weak in these areas, in the dorsolateral visual field V1
responds to horizontal and in the dorsocaudal visual field to oblique vertical upward motion. The neuron is insensitive to motion in
the equatorial to ventral part of the lateral-to-caudal visual field. The maximum motion sensitivity of V1 is found in the equatorial
region of the frontolateral visual field. V1 is most likely adapted to sense self-rotations around the fly’s transverse body axis. (B)dark
group: The V1 response field of dark-hatched flies subjected to the same treatment as the H1 dark group. As in case of the H1 neuron,
the characteristic fingerprint of the V1 response field observed in flies of the control group is found as well in the V1 response field
obtained from dark-reared animals. Note that V1 does not receive retinotopic input but is postsynaptic to two to three VS tangential
neurons.
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positions. Themean SDof the LPDs obtained from these positions
amounted to67 deg incontrol groupanimals and69 deg indark
group animals. Thus—as for the experiments on H1—there is no
evidence that the interindividual variability is different between
the two experimental groups. Moreover, the two-way ANOVA did
not show the average V1 response field of dark-reared animals to
differ significantly from the one obtained from animals kept under
control conditions (a 5 5%; f (132,1)5 0.98).

Absolute local motion sensitivity of the H1 and V1 neuron
in control group and dark group flies

Within the response fields plotted in Figs. 2 and 3, the LMSs are
normalized to the maximum spike rate measured in the respective
neuron. In Figs. 4 and 5, the distributions of mean absolute motion
sensitivities obtained within the H1 and V1 response fields of
control groupand dark groupanimals are shown in the form of
contour plots. Number labels along the contour lines give the
LMSs in terms of spikes0s.

The contour plots of the mean absolute motion sensitivities as
obtained in H1 neurons ofcontrol and dark groupanimals look
very similar. The sensitivity maximum of both groups is close to
the fronto-equatorial part of the visual field. From there the sen-
sitivity declines steeply towards the frontal and less steeply to-
wards the other parts of the response field. Within the sensitivity
maximum, H1 neurons ofcontrol group animals reach average
spike rates of 70 spikes0s (Fig. 4A). Analogously to the analysis of
the LPDs, as a measure of the interindividual variability of the
motion sensitivity, we calculated themean SDof the spike rates
obtained at the 24 positions. We found a mean SD of6 11 spikes0s
for the control group animals and6 9 spikes0s for the dark group
animals. Only the peak firing rate of 80 spikes0s is slightly higher

in thedark groupthan in thecontrol groupH1 neurons. To further
quantify these results and the motion sensitivity within the two
experimental groups, we averaged the absolute LMSs over all
measuring positions for each of the five response fields resulting in
29.56 4.7 spikes0s for thecontrol groupanimals and 29.46 5.1
spikes0s for thedark groupanimals. By means of at test, we could
not find significant differences between these two samples (a .
0.4; t(8) 5 0.013). Also the mean spontaneous activity between the
two experimental groups was not significantly different (control
group: 18.56 5.1 spikes0s; dark group: 19.86 6.3 spikes0s; t test,
a . 0.3, t(8) 5 0.29).

The overall distribution of LMSs of V1 obtained indark group
animals looks similar to that derived fromcontrol groupanimals,
although differences in the absolute sensitivity are obvious. These
differences between the two experimental groups are not accom-
panied by differences in themean SDof the spike rate obtained at
the 22 measuring positions. In both cases themean SDamounted
to 6 13 spikes0s. The maximum LMSs in terms of firing rates
observed in V1 neurons of thecontrol groupanimals was on av-
erage 60 spikes0s. From its maximum in the equatorial region of
the frontolateral visual field, the sensitivity of V1 decreases to-
wards the margins of its response field (Fig. 5A). In contrast,
within the area of maximum motion sensitivity, thedark groupV1
neurons reached firing rates of up to 100 spikes0s. The high peak
firing rate within the response fields ofdark groupanimals results
in an averaged overall sensitivity of 38.86 3.7 spikes0s as com-
pared with 30.26 3.5 spikes0s within the V1 response fields of
control groupflies. Although weakly significant (a , 0.025;t(6) 5
2.84), such a difference is still in the range of variability when
different experimental data sets obtained with the same stimuli are
compared. The mean spontaneous activity ofcontrol group V1
neurons (23.91 10.0 spikes0s) was smaller than that ofdark group

Fig. 4.The absolute motion sensitivity of the H1 neuron presented by means of contour plots for H1 response fields obtained incontrol
group flies (A) and for H1 response fields measured indark groupflies (B). Small numbers along the contour lines give the mean
absolute motion sensitivity in spikes0s. (A) The maximum motion response incontrol groupH1 neurons amounts to 70 spikes0s. The
sensitivity decreases towards the receptive-field margins to less than 10 spikes0s. (B) The contour plot of the absolute motion
sensitivities obtained from H1 neurons of thedark groupis very similar to that found in thecontrol groupH1 neurons. The maximum
response is 80 spikes0s and decreases in about the same way as it does incontrol groupneurons. Same data as shown in Fig. 2.
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cells (39.91 6.9 spikes0s). At significance levelsa , 0.025, the
t test showed the mean spontaneous activities of the two groups to
be different with respect to this parameter (t(6) 5 2.60).

In summary, the results suggest that the overall receptive-field
organization of the tangential neurons H1 and V1 is basically
independent of sensory experience during early posthatching life.
Neither the distribution of the local preferred directions nor the
relative local motion sensitivities seem to be distinctly affected by
rearing the animals in complete darkness. The only indication for
sensory experience might be that dark-reared animals are slightly
more sensitive to motion than the control animals.

Discussion

Our experiments suggest that the overall receptive-field organiza-
tion of the tangential neurons H1 and V1 is not dependent on early
visual experience. The characteristic distributions of local pre-
ferred directions and relative local motion sensitivities within the
neurons’ receptive fields were found to be the same in control
animals and in animals which were reared for about 2 days in
complete darkness and were never confronted with any self-
motion induced visual input. Only the absolute sensitivity to mo-
tion might be slightly larger in dark-reared flies.

It is critical for these conclusions to be valid that the flies of the
dark groupdid not encounter any uncontrolled visual motion cues
which could possibly induce the observed response-field organi-
zation. Thedark groupwas raised in a darkroom and its cage was
additionally covered with black cloth to completely exclude any
motion cues. Dissections for electrophysiology were carried out
under red light thereby reducing potential motion stimuli to a

minimum (see Methods). We do not expect the still remaining
motion cues to be responsible for the development of the re-
sponse fields. Firstly, the flies did not perceive any self-motion
induced motion cues. Secondly, the local motion stimulus ap-
proximates all possible directions of motion which makes it in-
appropriate to imprint a particular distribution of local preferred
directions during the experiment. To assess a potential influence
of visual motion on the receptive-field organization, we sub-
jected another group of five dark-hatched flies for 2 days to a
massive unidirectional motion stimulus within a circular aper-
ture of 60 deg centered within the H1 neuron’s region of
maximum motion sensitivity. Even though we chose stimulus
parameters which elicit strong responses in both electrophysio-
logical and behavioral experiments, the overall appearance of
the H1 response field was not affected. Only the LPDs in the
stimulated part of the visual field were weakly but systemati-
cally shifted by, on average, 7.5 deg relative to the LPDs of
control group flies (a 5 1%; f(80,1) 5 33.2). Even such a strong
nonphysiological stimulus induced only a small change in the
local preferred directions. Thus, it is unlikely that the inevitable
(comparably) weak visual input thedark group flies might have
received during their handling prior to the experiment could
have affected the characteristic response field organization of H1
and V1.

Experience-dependent development of the fly visual system

For DrosophilaandMuscaanatomical investigations have shown
that the posthatching development of the optic lobes depends on
the applied light regime (Barth et al., 1997; Rybak & Mein-

Fig. 5. The absolute motion sensitivity of the V1 neuron presented by contour plots for response fields obtained incontrol groupflies
(A) and fordark groupflies (B). Data are plotted the same way as in Fig. 4. (A) The maximum motion response incontrol groupV1
neurons amounts to 60 spikes0s and is broadly tuned within the frontal to frontolateral region of the equatorial visual field. Towards
the receptive-field margins the sensitivity drops. (B) The overall appearance of the contour plot representing the absolute V1
sensitivities ofdark groupflies is similar to that of V1 neurons obtained incontrol groupanimals. However, the dark group neurons
have a higher sensitivity peak and thus a steeper sensitivity profile in the equatorial region of the frontal to frontolateral visual field.
Nevertheless, the decrease in motion sensitivity towards the receptive-field margins is in qualitative accordance with the sensitivity
profile obtained for the V1 neurons of the control group flies. Same data as shown in Fig. 3.
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ertzhagen, 1997). Flies kept in complete darkness were found to
develop a first visual neuropil (lamina) reduced in volume by up to
30% compared with flies raised under normal light conditions.
These marked differences were attributed to the absence of a light-
dependent size increase of the photoreceptor terminals which, under
normal light conditions, is induced in animals within a critical
period which is maximal during about the first 12 h of the fly’s
adult life (Barth et al., 1997). Electron-microscopic studies have
also shown the synaptogenesis of the connections between the
photoreceptor cells and their follower neurons (large monopolar
cells: LMCs) in the lamina to be affected by light reversals, re-
ducing the synaptic density in light-reared flies subject to dark
exposure (Rybak & Meinertzhagen, 1997). Even though these find-
ings demonstrate a large degree of plasticity of the visual system,
the local preferred directions characteristic of the neurons H1 and
V1 seem not to be affected. On the other hand, it might have been
expected that the reduction in the size of the peripheral visual
neuropils and of the number of synapses found in dark-exposed
flies lead to a general sensitivity reduction of the visual system.
Although this effect would not necessarily change the local pre-
ferred directions, it should decrease the sensitivity to motion. Our
experiments suggest, however, that—at least in the V1 neuron—
the absolute motion sensitivity is increased (Figs. 5A and 5B). In
this context, a study of Kral and Meinertzhagen (1989) on the
houseflyMuscamight be interesting; they investigated the effect
of different light regimes on the number of the feedback synapses
of one type of LMCs onto the photoreceptor cells. Occluding one
eye with black paint led to an increased number of feedback syn-
apses during the first 2–4 days after eclosion compared with the
number of synapses supplied by the unoccluded eye. Although the
function of the feedback synapses is not entirely clear, they are
thought to shape the LMC responses by feeding back their signals
to the presynaptic photoreceptor cells (Laughlin & Osorio, 1989).
One could speculate that the increased number of feedback syn-
apses might compensate for a general reduction of the system’s
activity due to the decreased synaptogenesis between photorecep-
tors and LMCs in dark-reared animals. Alternatively, it might be
possible that, during the electrophysiological measurements, the
photoreceptors of dark-reared flies were in a different adaptational
state than the photoreceptors of thecontrol groupanimals. This
possibility could be tested by keeping, prior to the experiments,
control group animals for a few hours in darkness.

“Hardwiring” particular tasks in visual sensory systems

Our experimental findings strongly suggest that the input organi-
zation of the tangential neurons is genetically fixed, rather than
tuned by early visual experience. What could be the rationale for
a genetically determined receptive-field organization in neurons
concerned with self-motion estimation from optic flow? The spe-
cific structure of the environment encountered by the fly in a given
situation is unpredictable. The mean distance distribution of the
surroundings, however, is most likely to be similar during the
lifetime of an individual; that is, distances towards the ground are
closer than to the sky. In addition, the fly’s repertoire of performed
self-motions can also be expected to be similar during its life.
Thus, the conditions for estimating self-motion from the momen-
tary optic flow are, on average, relatively stable. In such a case,
hardwiring the neuronal machinery in a task-specific way may be
the superior adaptation strategy compared with an experience-
dependent neuronal plasticity. Moreover, flies need to be able to
visually navigate and thus to estimate their self-motion immedi-

ately after hatching. If this task were not supported by the neuronal
system from the very beginning of their adulthood but required
visual experience, the behavioral repertoire—for instance, visual
navigation in the context of foraging and predator avoidance—
would be rather restricted and the animal’s survival would be fairly
unlikely.

A similar situation seems to be given in the polarization vision
system of the cricket. These animals use, like bees and ants, the
pattern of polarized light for navigation purposes. The neuronal
key elements involved in the analysis of the polarization pattern
are the so-called POL neurons. These visual interneurons selec-
tively integrate the output of many photoreceptors which are tuned
to similar e-vector orientations. The resulting response properties,
that is, the specificity to a particular polarization pattern, has been
found to develop even if the animals never encountered any po-
larized light at all (Helbling & Labhart, 1998).

The hypothesis that self-motion estimation is probably geneti-
cally determined is indirectly supported by a recent study com-
paring the fly eye geometry with the distribution of LPDs measured
in tangential neurons. The preferred direction of small-field ele-
ments is assumed to be determined mostly by interactions between
neighboring ommatidia along the rows and columns of the com-
pound eye lattice (Buchner, 1976). It turns out that the orientation
of the ommatidial lattice may be sufficient to explain the distribu-
tion of the LPDs within response fields of several tangential neu-
rons (Krapp & Egelhaaf, 1999; Petrowitz et al., 2000). Since the
ommatidial lattice is fully developed immediately after hatching, it
must be genetically determined. If the LPDs were solely caused by
the orientation of the eye lattice, they should therefore also be
genetically determined.

In summary, the present study shows that the receptive-field
organization of the tangential neurons is basically independent of
visual sensory information during early posthatching development.
Rather the distributions of LPDs and LMSs in tangential neurons
are suggested to be genetically determined and—as a consequence
of a task-specific adaptation—to have become established on a
phylogenetic time scale.
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