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ABSTRACT
In this study, the distribution of synapses in the ventral centrifugal horizontal (VCH)—a

nonspiking, inhibitory, motion-sensitive interneuron in the third visual ganglion (lobula
plate) of the blowfly Calliphora erythrocephala—was examined by electron microscopy and
electrophysiology. The frequency histograms of excitatory and inhibitory postsynaptic poten-
tial amplitudes recorded from the VCH during contralateral stimulus presentation suggest
the existence of three neurons, two excitatory and one inhibitory, mediating contralateral
input. To localize input and output regions of the VCH, we investigated the ultrastructure of
its two arborisation areas after intracellular iontophoretic injection of horseradish peroxidase.
The VCH has input synapses in its arborisation in the protocerebrum and in its arborisation
in the lobula plate. Output synapses were found exclusively in the lobula plate. Thus, the
large dendritic arbor of the VCH in the lobula plate serves simultaneously as an input and an
output region. There, we found input and output synapses in close vicinity (0.5–1.5 µm) to
each other. Taking into account that the VCH receives retinotopicly arranged input from the
ipsilateral eye in the lobula plate, the close location of input and output synapses in the VCH
suggests that the spatial organization of its retinotopic synaptic input is more or less
conserved in its inhibitory output pattern. The VCH has been proposed to inhibit the figure
detection 1 (FD1), another neuron of the lobula plate, that responds preferentially to small
moving objects. These results suggest that the FD1 may receive inhibitory inputs from the
VCH in the lobula plate, where the dendritic arbors of both neurons overlap. J. Comp. Neurol.
381:489–499, 1997. r 1997 Wiley-Liss, Inc.
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Objects in a visual scene can be discerned from the back-
ground by many different cues. They might have a different
brightness, color, texture, or depth than the background.
When the observer is free tomove in the environment, motion
information also can be used to segregate the environment
into objects and their background. This cue can be used for
figure-ground discrimination, because the retinal images
of objects and background usually move at different veloci-
ties. By comparing behavioral and electrophysiologic data
obtained under the same stimulus conditions, some neu-
rons of the fly visual system—the so-called figure detection
(FD) cells—have been shown to play a decisive role inmediat-
ingfigure-grounddiscriminationbehavior (Egelhaaf, 1985a,b,c,
1987; Egelhaaf et al., 1988; Reichardt et al., 1989).
So far, four FDs have been characterized. They belong to

a set of approximately 50–60 tangential neurons located in

the posterior part of the third visual neuropil, the lobula
plate. All tangential neurons studied so far respond to
motion stimuli in a directionally selective way. Most
tangential neurons, presumably including the FDs, with
their large almost planar dendrites, spatially integrate
synaptic input from retinotopically arranged neurons origi-
nating in the medulla and lobula (Strausfeld, 1984; Borst
andEgelhaaf, 1992; Egelhaaf andBorst, 1995). The tangen-
tial neurons differ with respect to their preferred direction
(Hausen, 1984) and their mode of action (Haag and Borst,
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1996). Some tangential neurons respond to motion stimu-
lation exclusively with graded potential shifts. Others (like
the FDs) are spiking neurons, whereas a third class of
neurons responds in an intermediate mode consisting of
graded potential shifts with superimposed spike-like
events. The FDs differ from all other tangential neurons
studied so far in that they respond better to small than to
large stimuli. When the stimulus pattern exceeds a certain
size, the response of the FDs decreases (Egelhaaf, 1985c).
This observation suggests that inhibitory elements exist
that mediate the tuning of the FDs to small objects
(Egelhaaf, 1985a,c). In the case of the figure detection 1
(FD1), the ventral centrifugal horizontal (VCH)—a neuron
responding exclusively with graded membrane potential
changes (Hausen, 1977)—has been suggested as the rel-
evant inhibitory neuron (Warzecha et al., 1993) by using a
photoinactivation technique developed by Miller and Sel-
verston (1979). This is in accordance with pharmacologic
evidence. Application of picrotoxinin, an antagonist of the
inhibitory transmitter g-aminobutyric acid (GABA), also
eliminates the characteristic small-field tuning of the FD1
(Egelhaaf, 1990; Warzecha et al., 1993). Indeed, the VCH
and its companion neuron the dorsal centrifugal horizon-
tal (DCH) are thought to be GABA-ergic on the basis of
histochemical investigations (Meyer et al., 1986).
The VCH and DCH are very similar in their anatomical

and electrophysiologic properties. They are depolarized by
front-to-back motion in front of the ipsilateral eye and
hyperpolarized by motion in the opposite direction (Hau-
sen, 1977). Back-to-front motion in front of the contralat-
eral eye elicits excitatory postsynaptic potentials (EPSPs),
and motion in the opposite direction elicits inhibitory
postsynaptic potentials (IPSPs; Hausen, 1977). The VCH
and DCH differ with respect to their ipsilateral receptive
fields. The VCH responds to motion in the lower part of the
ipsilateral visual field, and the DCH responds to motion in
the upper part. The VCH covers the ventral part of the
lobula plate and the DCH the dorsal part (Hausen, 1977).
Both neurons possess very fine processes that cover the
lobula plate, almost homogeneously, from the proximal to
distal ends (Hausen, 1977). In addition, these cells have a
second area of arborisation in the ipsilateral dorsal proto-
cerebrumwith short, dense processes. Both fields of arbori-
sation are connected by a presumed ‘‘axon.’’ Their somata
are on the contralateral side, dorsal to the oesophagus
foramen. They are connected to the protocerebral arborisa-
tion by a thin neurite. Calcium imaging experiments
(Egelhaaf et al., 1993) revealed that the VCH receives
excitatory input from contralateral neurons in the lobula
plate and in the protocerebrum. These recordings also
revealed that, in the lobula plate, the VCH receives
retinotopically arranged input from the ipsilateral eye. In
addition the VCH receives inhibitory input from contralat-
eral neurons. These findings indicate that the VCH re-
ceives synaptic input in the lobula plate and in the
protocerebrum. Hausen (1976, 1977) mentioned varicosi-
ties (‘‘blebs’’) in the lobula plate arborisation of the VCH
possibly indicative of output synapses. There is also a note
in Eckert and Meller (1981) that the VCH is presynaptic
and postsynaptic in the lobula plate, but ultrastructural
data concerning the synaptic organization of the VCH
have not been presented. The arborisations of the VCH
and FD1 overlap in the ventral and distal fourth of the
lobula plate, raising the possibility that the FD1 is inhib-
ited by the VCH in the lobula plate.

It is supposed that the location of the inhibitory syn-
apses that the FD1 receives from the VCH may be crucial
for the physiologic implementation of small-field tuning
(Borst and Egelhaaf, 1993). The aim of the present study is
to elucidate this point further. Therefore, we investigated
the synaptic input and output organization of the VCH by
electron microscopy.

MATERIALS AND METHODS

Preparation

Experiments were performed with 1- to 3-day-old female
blowflies,Calliphora erythrocephala, obtained from labora-
tory stocks of theMax-Planck-Institute of Biological Cyber-
netics. Flies were mounted with the dorsal side of the
thorax glued to a small piece of glass. The head capsule
was opened from behind. To allow access to the lobula
plate, airsacs and tracheas were removed. The symmetry
of the deep pseudopupil (Franceschini and Kirschfeld,
1971) of both eyes was used to adjust the animals to the
center of the stimulation device.

Electrophysiologic recording

For intracellular recording, glassmicropipettes (GC100F-
10; Clark, Electromedical, Reading, UK) were pulled on a
Brown-Flaming micropipette puller (P-87; Sutter Instru-
ments, Norato, CA). Electrode tips were backfilled with 4%
Lucifer yellow (LY) in 1 M LiCl, and electrode shafts were
filled with 1 M LiCl. The electrodes had resistances of
50–70 MV. At the end of the recording, cells were labelled
by injection of LY. To label cells for electron microscopy,
electrode tips were backfilled with a solution of 4% horse-
radish peroxidase (Boehringer, Mannheim, Germany) in
0.1 M Tris/0.5 M KCl. Electrode shafts were filled with
0.5M KCl, resulting in resistances of 150–230 MV. Re-
corded signals were amplified by the use of standard
electrophysiologic equipment and fed through an A/D
converter (DT 2801-A; Data Translation, Marlboro, MA)
into an IBM (Mainz, Germany) PS2 computer at a sam-
pling rate of 3.3 kHz.

Visual stimulation

While recording from the VCH, the flies were visually
stimulated. The animals were positioned in the center of a
cylindrical stimulus device of 240° horizontal angular
extent. Seen from the animal’s perspective, the stimulus
pattern moved horizontally in front of a cylindrical frosted
glass, behind which the background was illuminated by
eight neon lights. Seven opaque, equally spaced, vertically
oriented stripes formed a pattern of 50° horizontal extent.
All cells were recorded in the right half of the brain so that
clockwise motion (looking onto the preparation) corre-
sponded to motion in the preferred direction of VCH.
Azimuthal stimulus positions to the right or the left of the
midsagittal plane of the fly are given as positive or
negative values. Accordingly, stimulus positions above or
below the equatorial plane are given as positive or nega-
tive values. The stimulus pattern extended from 260° to
160° vertically. The center of the pattern moved from
2100° to 260° and back to 2100° (in front of the contralat-
eral eye) and from 60° to 100° and back to 60° (in front of
the ipsilateral eye) in a sinusoidal way. The pattern
contrast was 96%. The mean luminance of the pattern was
approximately 90 cd/m2.
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Cell identification

The identification of VCH was based on the following
characteristic physiologic responses tomotion stimuli (Hau-
sen, 1977; Eckert and Dvorak, 1983): 1) graded membrane
potential changes without spikes, 2) maximum sensitivity
in the ventral part of the ipsilateral visual field, 3)
depolarization in response to motion from the front to the
back in the ipsilateral visual field, and hyperpolarization
in response to motion in the opposite direction (Fig. 1,
right), 4) EPSPs in response to motion from the back to the
front in the contralateral visual field, and IPSPs in re-
sponse to motion in the opposite direction (Fig. 1, left).
Typical response traces showing the characteristics of
VCH membrane potential under the visual stimulus ar-
rangements described above are shown in Figure 1.

Electronmicroscopy

VCH was recorded as described above. After identifica-
tion of a VCH based on its response characteristics,
horseradish peroxidase (HRP) was injected for 2–20 min-

utes by a constant depolarizing current of 1–2 nA. After
diffusion of HRP for 1 hour at 4°C, the tracheae and lipid
bodies were removed from the head capsule. The head of
the fly was cut off and fixed for 3 hours at 4°C in 4%
paraformaldehyde and 0.3% glutaraldehydemixture in 0.2
M phosphate buffer with 1% sucrose, pH 7.4. The brain
was rinsed for 3 hours at 4°C in 0.05% diaminobenzidine
(DAB) and 0.002% NiNH4SO4 in 0.2 M phosphate buffer
with 1% saccharose, pH 7.4. Then, the DAB reaction was
started by transferring the brain in 0.01% H2O2 and 0.05%
DAB and 0.002% NiNH4SO4 in 0.2 M phosphate buffer
with 1% saccharose, pH 7.4. The stained cells were then
inspected with the light microscope and identified based
on their characteristic dendritic arborisation pattern (see
Fig. 3). For electron microscopic investigation, we exclu-
sively used brains in which only VCH was stained. The
preparations were placed in 1% osmium tetroxide for 1
hour at room temperature.Afterward, the brain was taken
out of the head capsule, dehydrated, and embedded in
Epon (Serva, Heidelberg, Germany). Ribbons of serial

Fig. 1. Response traces of an identified ventral centrifugal horizon-
tal (VCH, Lucifer yellow injection). The bottom row shows the
stimulus position as a function of time. The stimulus pattern (50° total
angular extent) moved clockwise (toward higher values) and counter-
clockwise (toward lower values) in front of the contralateral eye (left
column) and in front of the ipsilateral eye (right column). The middle
row shows the membrane potential of the VCH due to motion
stimulation as recorded in the axon of the cell. In the upper row the
membrane potential of the VCH during visual stimulation is shown at

higher time resolution. The resting membrane potential averaged
during the first 100 msec is plotted as a dotted line. Clockwise motion
in front of the contralateral eye elicits excitatory postsynaptic poten-
tials (EPSPs) but does not in the case of motion in front of the
ipsilateral eye. Small (s) and large (l) EPSPs can be discerned
qualitatively. Counterclockwise motion in front of the contralateral
eye elicits inhibitory postsynaptic potentials (IPSPs), without shifting
the membrane potential to more negative values, as counterclockwise
motion in front of the ipsilateral eye does.
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sections were cut with a diamond knife on an ultramicro-
tome (Ultracut, Leica, Bensheim, Germany) and collected
on Formvar (Serva, Heidelberg, Germany) coated slot
grids (Plano, Wetzlar, Germany). Sections were contrasted
with uranyl acetate and lead citrate before examination on
a Zeiss (Oberkochen, Germany) 9 S-2 electron microscope.

RESULTS

Electrophysiology

Depending on the direction of motion, VCH receives
excitatory and inhibitory input from both eyes (Fig. 1).
VCH is excited by back-to-front motion and front-to-back
motion in the contralateral and ipsilateral visual fields,
respectively. It is inhibitedbymotion in the respective opposite
directions. To analyze the number of excitatory and inhibitory
contralateral input elements of VCH, we determined the
amplitude spectra of EPSPs and IPSPs of one identified VCH
during visual motion in front of the contralateral eye, an
experiment previously performed by Hausen (1977) for
unidentified centrifugal horizontal (CH) neurons (VCH or
DCH). Back-to-front motion in front of the contralateral
eye elicits EPSPs of different amplitude. Small and large
EPSPs can be discerned qualitatively (Fig. 1 upper left). The
frequency histogram in Figure 2A shows two groups of EPSP
amplitudes. The first group shows a clear peak at 1.6mV. The
second group is broadly tuned with a peak about 6.5 mV. This
result suggests that VCH receives synaptic input from two
contralateral neurons. The broad tuning of the second group
is probably due to temporal summation of large and small
EPSPs. The amplitude spectrum of IPSPs in Figure 2B
shows one single peak at 1.7mV, suggesting that contralat-
eral inhibitory input is mediated by one neuron.

Electron microscopy

To characterize the connectivity between VCH and FD1,
we investigated the ramifications of VCH in the lobula

plate and in the protocerebrum with an electron micro-
scope. VCH was labelled by intracellular iontophoretic
injection of HRP followed by a DAB reaction. Synapses of
VCH were identified by the presence of the typical T-
shaped presynaptic ribbons, which have been found in the
optic lobes of the fly speciesCalliphora andMusca (Campos-
Ortega and Strausfeld, 1973; Burkhardt and Braitenberg,
1976; Hausen et al., 1980; Shaw and Meinertzhagen,
1986).
Figure 3 illustrates the appearance of an HRP-injected

VCH in the light microscope, showing its dense lobula
plate arborisation pattern, the axon, the protocerebral
arborisation, the cell body fibre, and the soma. Several
electron micrographs of the lobula plate are shown in
Figure 4. Cross-sections of VCH arbors are dark-labeled by
the DAB polymerization product. In Figure 4A, the charac-
teristic presynaptic ribbon (arrowhead) in close contact to
VCH arbor indicates an input synapse (I) of VCH. At this
synapse, a second unknown element at the left to VCH
receives identical input.
Figure 4B shows another example of an input synapse

onto the lobula plate arborisation of VCH. Here, two other
cells share this presynaptic site with VCH. In general, we
found up to four other unstained postsynaptic elements at
input synapses of VCH in the lobula plate. Figures 4C, D,
and E represent three successive sections of an input synapse
of VCH taken at 60- to 80-nm distance. At one end of the
presynaptic ribbonwhere only its plate is visible (arrowhead I,
Fig. 4C), two unstained elements are in contact with the
presynapse (arrowheads 1 and 2), but VCH has no contact.
In Figure 4D, where the whole presynaptic ribbon can be
seen (arrowhead I), VCH is in contact with the presynaptic
site. The unstained postsynaptic element 1 remains in the
same position as in Figure 4C, but on the arbor of VCH the
picture has changed. Two smaller elements are visible, from
which presumably the smaller one (arrowhead 3) is not yet
present in Figure 4C, and the bigger one (arrowhead 2) is

Fig. 2. (A) EPSP and (B) IPSP amplitudes recorded from an
identified VCH (Lucifer yellow injection) during motion stimulation in
front of the contralateral eye. N gives the total number of counted
postsynaptic potentials (PSPs). The absolute number of PSPs is
plotted against their amplitude (bin-width 5 0.1 mV). The PSP ampli-

tude was measured between the basis of the steep upstroke or
downstroke, respectively, and their peaks. Two amplitude groups of
EPSPs can be discerned (A), suggesting that contralateral excitatory
input is mediated by two neurons. IPSPs show only one peak (B),
indicating that one neuron mediates contralateral inhibition.
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identical with the element 2. The last micrograph of this
series shows the other end of the presynaptic ribbon,
where the contact area between VCH and the presynaptic
site is enlarged. Instead of element 1, a new element
(arrowhead 4) is in contact with the presynapse. The
contact area size between element 3 and the presynaptic
site is enlarged. This example (Fig. 4C–E) represents clear
evidence for at least four unstained postsynaptic elements
that share common synaptic input with VCH. Because it is
technically difficult to trace all postsynaptic elements to a
presynaptic site, it cannot be determined whether the
number of postsynaptic elements at input synapses of
VCH in the lobula plate is always five. There are several
candidates for input elements (see Discussion), and it is
conceivable that the synaptic organization differs among
these input elements. We never found more than one arbor
of VCH that is postsynaptic to a particular presynaptic site
in the lobula plate. Most input elements of VCH in the
lobula plate contain relatively few synaptic vesicles.
Examples of output synapses of VCH in the lobula plate

are presented in Figure 4F,G. In both micrographs a
presynaptic ribbon (arrowhead) lies inside a stained cross-
section of VCH, indicating an output synapse (O) of VCH.

Despite the overall weak staining of the arbor of VCH in
Figure 4G, the presynaptic ribbon is dark-labeled by DAB
reaction product. We observed the dark appearance of
synaptic ribbons in all stained cells but never in unstained
cells. It may be due to a strong adherence of HRP to the
ribbon proteins. For this reason, we had to take care not to
stain cells too strongly to avoid covering the presynaptic
ribbons inside VCH. Injection times from 3 to 4 minutes of
1 nA constant current (see Material and Methods) were
ideal for our purposes. The number of elements we ob-
served postsynaptically to VCH in the lobula plate varied
between two and four. For the same reason as already
mentioned for the input synapses of VCH, we are not able
to decide whether there exists a typical fixed synaptic
organization at output synapses of VCH. Figure 4H,I
provides examples for the spatial relationship between
input and output synapses in the lobula plate arborisation
of VCH. Figure 4H shows an input synapse (I) and an
output synapse (O) of VCH at a distance of approximately
1 µm to each other. A further example of this close spatial
relation of input and output synapses is presented in
Figure 4I, where both sites are 1.5 µm apart. We found this
arrangement of input and output synapses to occur not as

Fig. 3. A montage of light micrographs showing the structure of
VCH stained with horseradish peroxidase (HRP). The photographs
were made of a whole mount of the fly brain from the back site. The
dorsal site of the brain is at the top, and the right site of the brain is at

the right of the photograph. HRP was injected in the axon. oe,
oesophagus penetration site; s, soma; cbf, cell body fibre; pca, protoce-
rebrum arborisation; a, axon; lpa, lobula plate arborisation. Scale
bar 5 100 µm.
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frequently as input and output synapses alone, but this
may be due to the low probability to hit the appropriate
section plane. In one case, we found a reciprocal synaptic
connection between VCH and another neuron in the lobula
plate (Fig. 4J). The presynaptic ribbon inside VCH (arrow-

head 0) indicating an output synapse (O) is in contact with
the same element thatmakes an input synapse (I) on VCH.
Both synaptic sites are only 0.25 µm apart.
Photomicrographs of the protocerebrum are shown in

Figure 5. As in the lobula plate, presynaptic ribbons

Fig. 4. Electron micrographs of the lobula plate arborisation of
three HRP-stained VCHs. A–E: Input synapses (I) of VCH were
identified by the typical T-shaped presynaptic ribbons (arrowhead).
Postsynaptically, there are one and two other unstained postsynaptic
elements in A and B, respectively. The sections C,D,E are 60–80 nm
apart from each other, and together show probably all other unstained
postsynaptic elements (numbered arrowheads) of one particular input

synapse (I) of VCH. F,G: Output synapses (O) of VCH identified by
presynaptic ribbons (arrowhead) inside stained arbors of VCH. H,I:
Spatial relation between input synapses (I) and output synapses (O) of
the lobula plate arborisation of VCH. J: Reciprocal connection be-
tween VCH and an unstained neuron in the lobula plate. Scale bars 5
0.5 µm inA,B,F,G,H, and I, 0.5 µm in C,D,E, and J.
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Figure 4 (Continued.)
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(arrowheads) in close contact to stained arbors indicate
input synapses (I) of VCH. In Figure 5A, five cross-sections
of VCH are shown that contact an input element. Two of
these five cross-sections receive input at the same synapse.
Two input elements of VCH are visible in Figure 5B. The
input element in the left corner of Figure 5B has contact
with three cross-sections of VCH and makes synaptic
contact with two of them. Furthermore, there are three
projections of VCH inside this input element. Figure 5C,D
shows how arbors of VCH grasp around the input ele-
ments, thereby covering the input elements almost totally.
In both micrographs only one input synapse is visible, but
the tight enclosing of the input elements by arbors of VCH
highly suggests that the other VCH cross-sections receive
input from the same elements. The number of postsynaptic
elements we found at input synapses of VCH in the
protocerebrum ranged from two to four. We have not found
any output synapses of VCH in the protocerebrum. How-
ever, we cannot exclude the existence of output synapses,
because the protocerebral profiles were mostly darker-
labeled than those of the lobula plate and output synapses
might have been covered. In general, the density of VCH
arbors is very high in the protocerebrum compared with
the lobula plate. Furthermore, in the protocerebrum we
found multiple synaptic contact sites between one particu-
lar input element and profiles of VCH. This arrangement
has never been observed in the lobula plate.

DISCUSSION

We investigated the distribution of synapses in VCH, a
motion-sensitive, nonspiking inhibitory interneuron of the
third visual neuropil (lobula plate) of the blowfly C.
erythrocephala. The inhibitory action of VCH has been
suggested to be decisive for the characteristic property of
FD1 (Warzecha et al., 1993), an output neuron of the
lobula plate that responds best to small-moving stimuli
(Egelhaaf, 1985c).
Our electron microscopic results show that VCH has

input and output synapses close together (0.5–1.5 µm) in
its main arbor in the lobula plate. By contrast, VCH
appears to have only input synapses in its protocerebral
field of neurites. These studies suggest a particular input-
output organization of VCH that might be important for
the response tuning of FD1 to small-moving objects.

Connectivity between VCH and FD1

The presence of output synapses in the lobula plate
arborisation and the possible absence of output synapses
in the protocerebral arborisation of VCH indicate that
inhibition of FD1 by VCH probably takes place in the
lobula plate, where the arborisations of both neurons
overlap. In principle, inhibition of FD1 could be accom-
plished directly by VCH or indirectly by inhibition of the
retinotopic input elements feeding onto FD1. Because FD1
is difficult to impale intracellularly, we did not succeed in
clarifying whether VCH inhibits FD1 directly by using
double labeling. If both cells share common retinotopic
inputs, inhibition of the retinotopic inputs to FD1 by VCH
should result in reciprocal synaptic complexes between
VCH and these input elements. We found one example of a
reciprocal synaptic arrangement between VCH and an
unidentified element (Fig. 4J).

Input elements to VCH

Like other tangential neurons, VCH receives excitatory
and inhibitory synaptic input (Borst and Egelhaaf, 1990;
Borst et al., 1995) from retinotopically arranged (Egelhaaf
et al., 1993) ipsilateral motion-sensitive elements. Colum-
nar elements originating in the medulla (the T4 and Y
cells) and in the lobula (T5 cells) terminate in the lobula
plate (Strausfeld, 1984; Fischbach and Dittrich, 1989;
Strausfeld and Lee, 1991; Bausenwein et al., 1992). These
neurons are likely to represent the retinotopic input of the
tangential neurons in the lobula plate. T4 cells have been
shown by electron microscopy to be presynaptic to an HS
cell (Strausfeld and Lee, 1991). Most elements we found
presynaptically to VCH in the lobula plate had only few
synaptic vesicles (Fig. 4). Presynaptic elements containing
many vesicles were rare (data not shown).
VCH responds to visual motion in its preferred direction

or in its null direction in front of the contralateral eye with
EPSPs or IPSPs, respectively (Fig. 1). EPSPs with large
and small amplitudes are visible in Figure 1. The ampli-
tude spectrum (Fig. 2A) shows two amplitude groups,
suggesting the existence of two excitatory contralateral
input neurons. This is in accordance with findings of
Hausen (1977) for unidentified CH neurons (VCH or
DCH). Hausen (1977) recorded simultaneously from an
unidentified CH and the contralateral H2 as well as from
DCH and the contralateral H1. Large EPSPs of the
unidentified CH were correlated with action potentials of
H2, and small EPSPs of DCH were correlated with action
potentials of H1 (Hausen, 1977). Whether this is the same
for VCH has to be shown in further experiments. The
contralateral H1 terminates in the lobula plate, and the
contralateral H2 terminates in the protocerebrum. The
frequency spectrum of IPSPs (Fig. 2B) suggests the exis-
tence of one inhibitory contralateral input element. This
inhibitory element is hitherto unknown. Visual motion in
front of the ipsilateral eye elicits graded shifts of the
membrane potential and stimulus-correlated fluctuations
of the membrane potential (Fig. 1). EPSPs cannot be
discriminated as clearly as during contralateral stimula-
tion (Fig. 1). This phenomenon was first noted by Hausen
(1976, 1977). The difference between the responses of VCH
to contralateral and ipsilateral visual stimulation is likely
to have two reasons. First, the contralateral input is
conveyed by only three spiking neurons (two excitatory
and one inhibitory), whereas the ipsilateral input is medi-
ated by several hundred neurons that probably do not
spike in synchrony or do not spike at all. Second, by
comparing the micrographs of the lobula plate and the
protocerebrum in Figure 4, one could speculate that synap-
tic input from neurons reaching VCH in the protocerebrum
(maybe the contralateral H2) could be amplified by mul-
tiple input synapses between both neurons. In the lobula
plate, we always found only one VCH arbor postsynaptic to
a particular input synapse. In contrast, in the protocere-
brum, VCH arbors receive multiple synapses from one
presynaptic element and often twoVCHarbors are postsyn-
aptically at the same presynaptic site.

Elements sharing synaptic input with VCH

We found up to four unknown profiles at any given
synaptic site in the lobula plate that shares the same input
element as VCH (Fig. 4C–E). The dendritic trees of the
following tangential cells could receive input at the same
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synapses as VCH: FD1 in the distal part of the lobula plate,
FD4 (Egelhaaf, 1985c) south horizontal (HSS) in the ventral
lobula plate, equatorial horizontal (HSE) in themedial lobula
plate, H1, and H2 (Hausen, 1984). The unknown postsyn-
aptic elements could also belong to local interneurons of
the lobula plate, about which little is known. Furthermore,
there are reports about reciprocal synaptic contacts be-
tween neighboring terminals of T4 neurons in the lobula
plate (Strausfeld and Lee, 1991).At input synapses of VCH
in the dorsal protocerebrum, we found up to three un-

known elements that share the same input as VCH. These
elements could belong to HSE and to north horizontal
(HSN), which are known to receive (like VCH) excitatory
input from the contralateral elements (Hausen, 1982).
Double recordings revealed that HSN receives input from
the contralateral H2 in the protocerebrum (Haag, 1994).

Elements postsynaptic to VCH

The number of elements found to be postsynaptic to
VCH in the lobula plate at a given synaptic site ranges

Fig. 5. Electron micrographs of the protocerebral arborisation of
one HRP-stained VCH. We found input synapses (I) but no output
synapses of VCH in the protocerebrum. One input synapse can contact
two (A) or more (not shown) arbors of VCH. One input neuron can

make several input synapses on arbors of VCH (B). Input neurons are
often tightly surrounded by the stained profiles of VCH (C,D). Scale
bar 5 0.5 µm.
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from two to four. Could the inhibition of all these postsyn-
aptic elements be involved in the small field tuning of
FD1? We do not know whether all postsynaptic elements
are different neurons. If FD1 is directly inhibited by VCH,
the synaptic gain could be raised if several FD1 arbors
receive input from the same presynaptic site. If the
postsynaptic elements represent different neurons, one
may ask what function the inhibitory action of VCHmight
have beside the small field tuning of FD1. If FD1 is
indirectly inhibited by VCH via its retinotopic input
elements, the postsynaptic elements could be the retinotopi-
cally arranged input elements T5 and/or T4 and/or Y.
Because it is likely that several tangential neurons receive
input from the same retinotopic elements, it is possible
that their inhibition by VCH could also affect the retino-
topic input of other tangential cells. This has to be
investigated in further experiments. If this is not the case,
we have to assume that the terminal arborisations of the
retinotopic elements are functionally separated. A note in
Hausen (1981) suggests that VCH also inhibits H1.

Functional implications of colocalization of
input and output synapses

The close proximity of input and output synapses we
found in the arborisation of VCH in the lobula plate raises
the question of the functional significance of this particu-
lar wiring scheme. This point might be of general rel-
evance, because nonspiking local interneurons like VCH
with input and output synapses in their dendritic trees
have been found in several other systems, such as ama-
crine cells of the vertebrate retina (Dowling and Boycott,
1966), mitral and granule layer cells of the vertebrate
olfactory bulb (Rall et al., 1966; Rall and Shepherd, 1968),
relay neurons of the cat lateral geniculate nucleus (Hamos
et al., 1985), and nonspiking interneurons of the crayfish
(Kondoh and Hisada, 1986) and the locust (Wilson and
Phillips, 1982; Watson and Burrows, 1988). If we take into
account that VCH receives retinotopic input from the
ipsilateral eye, an obvious effect of the close location of
input and output synapses in VCH is that the retinotopic
activity pattern is spatially more or less conserved in the
inhibitory output pattern of VCH. How well this topogra-
phy is conserved depends on the spread of the electric
activity in the lobula plate arborisation of VCH and on the
properties of synaptic transmitter release at these syn-
apses. If the output synapses are electronically far away
from each other but each output synapse is close to an
input synapse, VCH would convert an excitation in an
inhibition at many locally restricted sites in the lobula
plate. The passive membrane properties of VCH, revealed
by electrophysiologic investigations and compartmental
modeling (Borst and Haag, 1996), suggest that the spread
of excitation within the VCH arbor will result in a spatially
blurred output. This is to say that VCH acts as a low-pass
spatial filter. Thus, visual stimulus patterns with low
spatial frequencies would be translated accurately in an
inhibiting output pattern, whereas high-frequency visual
stimuli would lead to a spatially uniform inhibition pat-
tern. Imaging studies of either presynaptic calcium or
membrane potential in the lobula plate arborisation of
VCH with high temporal and spatial resolutions might
help determine whether the inhibitory output pattern of
VCH is spatially blurred with respect to the retinotopic
input pattern.

The function of calcium in the lobula plate arborisation
of VCHmight also not be restricted to transmitter release.
This idea is supported by the finding that other tangential
cells that have no output synapses in the lobula plate
(Hausen et al., 1980) nevertheless possess voltage-
dependent calcium channels in their dendrites (Egelhaaf
and Borst, 1995). Besides calcium channels, VCH also
possesses voltage-dependent potassium channels (Haag
and Borst, 1996). The functional implications of these
active membrane properties, besides for transmitter re-
lease, are not yet understood. In this respect, the synaptic
organization of VCHmight provide a hint. The closeness of
input and output synapses in the lobula plate arbor of
VCH results in a very fast signal conduction without the
need for active membrane properties. Therefore, one could
speculate that the active membrane properties in VCH
will primarily affect the spatial spread of excitation in-
stead of the temporal processing of input signals (Haag
and Borst, 1996).
Another point of view concerning the active membrane

properties comes from model simulations in which an
expansive nonlinearity was found to be decisive for the
generation of small field tuning (Reichardt et al., 1983;
Egelhaaf, 1985a; Borst and Egelhaaf, 1993). These nonlin-
earities were realized by an appropriate synaptic transfer
function either between VCH and FD1 (Borst and Egel-
haaf, 1993) or between the motion-sensitive input ele-
ments and FD1 (Reichardt et al., 1983; Egelhaaf, 1985a).
The cellular mechanisms underlying such a hypothetical
nonlinearity were not specified. It has been suggested that
the active membrane properties of VCH might play a role
in the generation of such a nonlinear transfer function
(Borst and Egelhaaf, 1993).
An additional point of view comes from a study of the

inhibitory interneurons in the thoracic ganglion of the
locust (Laurent, 1993) that resemble VCH, in that input
and output synapses are intermingled in their dendritic
trees (Watson and Burrows, 1988) and in that they possess
voltage-gated potassium and calcium channels (Laurent,
1993). These neurons transfer presynaptic spikes in post-
synaptic IPSPs of almost constant amplitude irrespective
of their own membrane potential. This property is due to
the activity of their voltage-gated channels (Laurent,
1993). Assuming the same for VCH, this would realize a
linear transfer function between its synaptic input and
output in the whole lobula plate arbor irrespective of
potential differences due to its retinotopic input-output
organization and large receptive field. Further electrophysi-
ologic investigations are necessary to understand the
functional relationship between anatomy and physiology
of VCH.
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