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Krapp, Holger G. and Fabrizio Gabbiani. Spatial distribution of
inputs and local receptive field properties of a wide-field, looming
sensitive neuron. J Neurophysiol 93: 22402253, 2005. First published
November 17, 2004; doi:10.1152/jn.00965.2004. The lobula giant
movement detector (LGMD) in the locust visual system and its target
neuron, the descending contralateral movement detector (DCMD),
respond to approaching objects looming on a collision course with the
animal. They thus provide a good model to study the cellular and
network mechanisms underlying the sensitivity to this specific class of
behaviorally relevant stimuli. We determined over an entire locust eye
the density distribution of optical axes describing the spatial organi-
zation of local inputs to the visual system and compared it with the
sensitivity distribution of the LGMD/DCMD to local motion stimuli.
The density of optical axes peaks in the equatorial region of the frontal
eye. Local motion sensitivity, however, peaks in the equatorial region
of the caudolateral visual field and only correlates positively with the
dorso-ventral density of optical axes. On local stimulation, both the
velocity tuning and the response latency of the LGMD/DCMD depend
on stimulus position within the visual field. Spatial and temporal
integration experiments in which several local motion stimuli were
activated either simultaneously or at fixed delays reveal that the
LGMD processes local motion in a strongly sublinear way. Thus the
neuron’s integration properties seem to depend on several factors
including its dendritic morphology, the local characteristics of afferent
fiber inputs, and inhibition mediated by different pathways or by
voltage-gated conductances. Our study shows that the selectivity of
this looming sensitive neuron to approaching objects relies on more
complex biophysical mechanisms than previously thought.

INTRODUCTION

Visually guided collision avoidance is critical to the survival
of many species (Gibson 1979). Accordingly, objects ap-
proaching on a collision course, or their two-dimensional
projection on a screen, invariably elicit withdrawal or escape
behaviors (“looming stimuli”’, Ball and Tronick 1971). The
characteristics of neurons sensitive to looming have been
studied mainly in the visual systems of insects and birds
(Hatsopoulos et al. 1995; Simmons and Rind 1992; Sun and
Frost 1998; Wicklein and Strausfeld 2000; reviews: Gabbiani
et al. 2004; Sherk and Fowler 2001). However, little is known
about the presynaptic network and biophysical properties that
shape their responses (Gabbiani et al. 2002; Luksch et al.
2004).

In the locust visual system, two identified neurons, the
lobula giant movement detector (LGMD) and its postsynaptic
target, the descending contralateral movement detector

(DCMD), are thought to be involved in escape behavior and
flight steering (O’ Shea and Williams 1974; Pearson et al. 1980;
Robertson and Johnson 1993; Rowell 1971). The LGMD is
highly responsive to objects approaching on a collision course
with the animal (Hastopoulos et al. 1995; Judge and Rind
1997; Rind and Simmons 1992; Schlotterer 1977) but also
responds to luminance changes and to small stimuli moving
within its visual receptive field (Hatsopoulos et al. 1995;
Rowell et al. 1977). The LGMD possesses three large dendritic
fields that receive distinct inputs (O’Shea and Williams 1974).
The main dendritic field integrates synaptic inputs from thou-
sands of retinotopically arranged excitatory fibers sensitive to
local motion (O’Shea and Rowell 1976). Its dendrites are
arranged on a half-shell surface that intersects afferent fibers
approximately perpendicularly as they enter the lobula. The
remaining two dendritic fields receive local feed-forward inhi-
bition most sensitive to large and rapid changes in luminance
(Rowell et al. 1977). The LGMD membrane potential is con-
verted into spikes, which are transferred to the DCMD in a
faithful 1:1 manner via a mixed electrical/chemical synapse
(Killman et al. 1999; O’Shea and Williams 1974). The DCMD,
in turn, projects to the motor centers in the thoracic ganglia
(Burrows and Rowell 1973). Recent studies have shown that,
in the context of looming, the LGMD/DCMD firing rate peaks
when a certain retinal threshold angle is exceeded (Gabbiani et
al. 1999, 2001, 2002; Hatsopoulos et al. 1995; Matheson et al.
2004). Further studies support the idea that the instantaneous
firing rate during looming and its characteristic peak result
from a neural multiplication of excitatory and inhibitory inputs
representing the instantaneous expansion velocity and size of
the looming object, respectively (Gabbiani et al. 1999, 2002,
2004). Similar responses are found in nucleus rotundus neu-
rons of pigeons (Sun and Frost 1998). Although the exact role
the LGMD/DCMD plays in mediating behaviors has not yet
been elucidated (Gabbiani et al. 2002; Gray et al. 2001;
Hatsopoulos et al. 1995; Rind and Santer 2003), quantitative
behavioral experiments in a variety of preparations indicate
that angular threshold size may be the common variable used
to trigger visually guided escape behaviors across many taxa
(e.g., chicks, fiddler crabs: Schiff 1965; locusts: Hatsopoulos et
al. 1995; Robertson and Johnson 1993; frogs: Yamamoto et al.
2003).

A detailed characterization of the properties of local inputs
and their integration within looming-sensitive neurons has not
yet been performed in the locust or in any other preparations.
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Earlier biophysical models have therefore approximated the
LGMD as a linear summing unit directly converting inputs
from its presynaptic circuitry into firing rate (Edwards 1982;
Rind and Bramwell 1996). Recent indirect evidence suggests,
however, that the integration of excitatory synaptic inputs
within the LGMD may be nonlinear (Gabbiani et al. 2001,
2002). To investigate more directly the integration properties
of the LGMD as a model for a class of looming sensitive
neurons (Hatsopoulos et al. 1995; Sun and Frost 1998), we
took advantage of a useful feature of insect compound eyes: it
is possible to measure the orientation of optical axes in space
associated with each individual ommatidium and its photore-
ceptors. The distribution of optical axes indicates how the
retina samples visual space and can be compared with the local
motion sensitivity of the LGMD/DCMD. We then character-
ized how the speed tuning and the interactions of local exci-
tatory inputs affect the firing rate of the LGMD/DCMD.

METHODS
Measurements of optical axes

To determine how visual space is sampled by photoreceptors of the
locust visual system, we reconstructed the distribution of optical axes
associated with the mosaic of facet lenses over an entire eye (Stavenga
1979). A complete eye reconstruction was necessary because the
LGMD receptive field covers most of the visual hemisphere corre-
sponding to an entire eye (Rowell 1971). A female locust (Schisto-
cerca gregaria) was fixed sidewise with bee’s wax to a holder placed
in the center of a goniometer. To reduce breathing movements, a
ligature was made between the second and third abdominal segments.
We used an eye-piece equipped with a reticule that was mounted on
the goniometer to orient the animal according to anatomical markers.
In a first step, we adjusted the three rotational degrees of freedom of
the head. Specifically, head roll was adjusted by aligning the horizon-
tal line of the reticule parallel to the two frontal carinae. Pitch and yaw
were adjusted by aligning the vertical line of the reticule with the
vertical pigment stripes and the posterior rim of the eye, respectively.
In a second step, we positioned the head of the animal so that the
goniometer’s vertical axis, i.e., the axis through its pole, pointed at the
center of the lateral eye surface. The center was defined by its
projections halfway on the two line segments bounded by the eye’s
maximal dorso-ventral and anterior-posterior extent, respectively. The
eye equator was then defined as the great circle perpendicular to the
vertical pigment stripes passing through the center of the lateral eye
surface.

After this centering procedure, a high-resolution digital camera
(Nikon D1) was mounted on the goniometer. The orientation of the
camera’s optical axis was described in spherical coordinates by two
angles: elevation (measured with respect to the fronto-lateral plane)
and azimuth (measured around the top axis from the front; Fig. 1A).
Both angles could be adjusted independently. The vertical axis of the
goniometer coincided with the lateral axis (labeled in Fig. 1A) passing
through the center of the eye, as explained above.

The orientation of optical axes was determined by taking two
photographs at each measuring position. The first photograph was
taken at the level of the deep pseudopupil (DPP), which is a virtual
image that appears as an extended dark spot in the focal plane
corresponding to the intersection of the optical axes at the center of
the eye (Fig. 1B, top; Franceschini and Kirschfeld 1971; Stavenga
1979). The center of the DPP indicates the direction (azimuth and
elevation) from which the photograph was taken. The second photo-
graph was taken at the corneal level to obtain the local arrangement of
ommatidia on the eye surface (Fig. 1B, bottom). Orthodromic illumi-
nation was used to visualize the cornea and the DPPs. The two
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photographs (red, green, and blue channels, 16 bit/channel, 1,312 X
2,000 pixels) were transferred to a personal computer (PC) for storage
and subsequent analysis. Before starting data acquisition, the eye was
dusted with markers (blue chalk powder), which allowed us to identify
individual ommatidia in neighboring images. We took 400 (X2)
photographs along parallel circles centered on the goniometer’s ver-
tical axis. The circles were separated by 7.5° in elevation measured
with respect to the top-front plane of the eye. The number of
measurements taken per circle was scaled with the cosine of this
elevation and ranged from 36 in the top-front plane to 5 for the circle
closest to the pole of the lateral axis on the eye surface (Fig. 14, inser).
This ensured that the measurement points were equidistant on the
sphere. The same goniometer and similar data acquisition protocols
were used in previous studies investigating the arrangement of optical
axes in the compound eyes of water striders and flies (for further
technical details, see Dahmen 1991 and Petrowitz et al. 2000). The
data acquisition protocol took 24 h, during which the quality of the
images did not deteriorate.

Reconstruction of the arrangement of optical axes

Reconstructing the distribution of optical axes from the photo-
graphs to obtain the local density of inputs required five steps. They
were carried out using custom interactive programs written for the
Matlab environment (MathWorks, Natick, MA) as explained in the
following paragraphs.

First, the pixels with intensity below a manually adjustable thresh-
old were selected in a restricted area of the DPP image (Fig. 1B, top,
dashed square). The threshold was adjusted to isolate those pixels
belonging to the DPP and their center of mass was computed (Fig. 1B,
top, cross). The position of the DPP obtained in this manner was
transferred to the corneal image (Fig. 1B, bottom, cross).

Second, the position of the DPP in one corneal image was mapped
to neighboring images. For this purpose, two images were observed
side-by-side, and common markers were identified (typically 4; ar-
rows in Fig. 1C, fop left and top right). One image was transformed
using a combination of a translation, rotation, and scaling so as to
minimize the mismatch between identical markers within both images
(Klette and Zamperoni 1996). The DPPs could then easily be trans-
ferred across images by counting the ommatidia between their respec-
tive locations. The outcome is shown in the Fig. 1C, bottom. The
bottom left panel shows an enlargement of the dashed area of the rop
left panel, and the corresponding area from a neighboring image after
transformation is shown on the boffom right. The white crosses
indicate the location of the DPPs at the corneal level (after transfor-
mation for the bottom right panel), and white stars mark ommatidia
located between the two DPPs. A total of 3,453 DPPs were mapped
across images using this procedure, resulting in three or four points
with known angular coordinates and delimiting a triangle or a quad-
rangle in each corneal image.

Third, the positions of facets within each such triangle or quadran-
gle were mapped to the sphere by a local interpolation procedure. For
this purpose, the coordinates of the facets in the image plane were first
mapped onto a plane tangent to the sphere and perpendicular to the
unit vector corresponding to the DPP in the considered image. The
mapping was uniquely determined as a projective (affine) transforma-
tion by the coordinates of the four (3) DPPs in each plane. The
positions of the facets on the sphere were obtained by stereographic
projection. A total of 314 local maps of facet directions were obtained
in this way.

Fourth, the facet positions in adjacent local maps were transformed
across images using the method outlined in step 2. This allowed us to
check for missing facets and for inconsistencies across local map
boundaries.

Fifth, the local maps were plotted in a single two-dimensional graph
using a Mercator projection. This representation was used to align
rows of facets across local maps. Typically, misalignments of facet
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FIG. 1.
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B

Determining the density of optical axes and the sensitivity to local motion within the lobula giant movement detector (LGMD)/descending

contralateral movement detector (DCMD) receptive field. A: coordinate system used to describe direction of optical axes in visual space. The 3 coordinate axes,
labeled according to their viewing directions (top, front, and lateral), pass through the center of the eye. Elevation is measured with respect to the fronto-lateral
plane and azimuth around the top axis. The angular position with azimuth and elevation equal to 0° corresponds to the direction pointing directly in front of the
animal. Negative and positive elevations describe ventral and dorsal parts of the visual field with respect to the eye equator, respectively. Inset: each dot represents
an angular position from which photographs of the cornea and deep pseudopupil (DPP) were taken. B: coordinates of DPPs (white cross in framed region, top)
were determined from the center of mass of its dark core. These coordinates were mapped onto the corneal level (white cross, bottom). C: to map the DPPs from
1 image to an adjacent one, we identified common markers in both images (white arrows, top left and right). Images were put in register using a transformation
computed from the marker positions. Bottom left: magnification of the area delimited by dashed white box in the fop left image. Bottom right: corresponding area
in the 2nd image after registration. Crosses in both images indicate DPPs in neighboring images. Stars indicate matching facets between the 2 DPPs. D:
stimulation during electrophysiological recordings was achieved by placing the locust upside down at the center of an apparatus equipped with 6 local stimulators
mounted at different elevations. Azimuth of the stimulators was changed by rotation of apparatus around the vertical axis (adapted from Krapp and Hengstenberg

1997).

rows across different maps were less than one facet and could easily
be corrected. These misalignments were mainly caused by the vari-
ability in selecting pixel positions of DPPs with mouse-clicks by the
operator. In three cases, larger mismatches were found (on the order
of 2-3 facets), suggesting genuine errors in DPP mapping. Those
errors were due to the lack of clear markers between images but did
not compromise the general findings (see DISCUSSION).

Practical implementation

The transformations described in steps 2 and 3 were implemented
using the image registration routines of the Image Processing toolbox
(Mathworks). Similarly, various contrast enhancement techniques
were applied to the green or red channel of the images to facilitate the
identification of single facets and markers.

We confined ourselves to analyze a single eye. Earlier partial
reconstructions of invertebrate compound eyes have shown consistent
results across animals (water strider: Dahmen 1991; locust: Horridge
1978; fly: Beersma et al. 1975, 1977; Land and Eckert 1985; Petrowitz
et al. 2000). To assess the variability of our measurements, we first

repeated the entire alignment procedure of a single female animal in
the goniometer five times and determined after each alignment the
corneal position of the DPP at four locations (90° az., 0° el.; 90° az.,
90° el.; 135° az, 0° el.; 90° az., —45° el.). On average, the variability
in the corneal position of these DPPs was less than one facet. We next
performed the same four measurements on five different female
animals and inspected the local arrangements of facet rows at the
corneal positions of the DPPs. The orientation of facet rows was
consistent across animals and the variability was similar to that
described in the fly by Petrowitz et al. (2000).

Density map

The density of optical axes was computed on a 2 X 2° grid over the
entire eye. The number of optical axes in a 10° spherical cap centered
at each point of the grid was determined and divided by the cap area
to obtain the density per unit solid angle. The solid angle area was
expressed in squared degrees and the density is reported in units of
(optical axes/deg?). The size of the cap was chosen to match the
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spherical area stimulated locally during electrophysiological experi-
ments (see Visual stimulation below).

Dissection and electrophysiology

We recorded the spiking activity of the DCMD at the level of the
cervical connective using extracellular hook electrodes. The animals
were fixed upside down to a holder with tape and bee’s wax, which
allowed us to orient the head according to reliable anatomical markers
as described above. We opened the ventral neck, removed air sacks,
and cleaned the connective contralateral to the stimulated eye. Once a
stable recording was established, we covered the electrodes and the
neck wound with petroleum jelly to insulate the electrodes and
prevent the preparation from drying out. Recordings were performed
using standard electrophysiological equipment. DCMD spikes were
easily thresholded because of their large amplitude and were con-
verted into unit pulses sampled at a frequency of 0.72 kHz by an A/D
board (DT2801, Data Translation) and transferred to a PC. Data
acquisition and visual stimulation (see Visual stimulation) were con-
trolled using dedicated software (ASYST, Macmillan). The longest
stimulus protocols took 4-5 h, within which the recordings re-
mained stable.

Visual stimulation

Many earlier studies focused on the looming sensitivity of the
LGMD/DCMD by presenting approaching objects on a collision
course with the animal. For these stimuli, both the angular size and the
expansion velocity simultaneously change over time. In contrast, we
chose a local motion stimulus whose angular size was constant but
whose velocity was systematically varied as specified below. Using
such local motion stimuli allowed us /) to keep the neuron’s response
well below its saturation level, a necessary prerequisite when mapping
the neuron’s sensitivity profile throughout its receptive field; 2) to
study the speed dependence of the neuron’s response to local motion;
3) to focus on the spatial and temporal integration of local excitatory
inputs; and 4) to test whether the LGMD/DCMD responds to local
motion in a directionally selective way.

During electrophysiological experiments, we placed the locust in
the center of a vertical semicircular apparatus. Six independent stim-
ulators were mounted on the meridian frame at elevations ranging
from —75 to +75° and a spacing of 30°. The frame could be moved
around the animal to stimulate different azimuths (Fig. 1D). The
azimuths employed ranged from O (frontal stimulation) to 180°
(caudal stimulation) in steps of 30° (e.g., Fig. 3A). Each stimulator
was equipped with a step motor that moved a black disc (7.6° diam)
in front of a white background (contrast > 80%) along a circular path
(10.4° diam). Further details can be found in Krapp and Hengstenberg
(1997). The speed of disc motion, v, was set to 0.2, 0.5, 1.0, 2.0, or 4.0
cycles per second (c/s) depending on the stimulus protocol. Consec-
utive stimuli applied at the same azimuth but different elevations were
separated by an interstimulus interval of 5 s. An interval of =30 s
separated stimuli applied at different azimuths, as the apparatus was
adjusted manually to the new position. In all the protocols described
below, stimuli applied at the same spatial location were always
separated by an interstimulus interval of =60 s. We performed
preliminary experiments on two animals to verify that this stimulus
interval was sufficient to minimize local habituation (O’Shea and
Rowell 1975), irrespective of stimulus position.

Stimulation protocols

The first protocol was designed to assess the spatial sensitivity of
the LGMD/DCMD to local motion stimuli. The moving disc was
presented at 36 different stimulus positions (Fig. 3A). During this
protocol, each position was stimulated four times at five different
speeds (0.2, 0.5, 1.0, 2.0, and 4.0 c/s). For a given speed and position,
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we moved the stimulus two times in both counterclockwise and
clockwise directions (Fig. 3B, left insets, 1-4). A total of six female
animals were used.

The second protocol was designed to study the summation of
response to two local motion stimuli presented simultaneously in the
LGMD/DCMD receptive field. We first measured the response to
individual disc motion at all six elevations and an azimuth of 90°.
Subsequently, two discs were activated simultaneously. One of the
two discs was always presented at the same location, either at an
elevation of —45 or —15°. The position of the second disc was
systematically varied over the remaining five elevations. The speed of
disc motion was equal to 2.0 c¢/s and each measurement was repeated
five times on five animals (1 male and 4 females). An additional five
female animals were tested at a disc speed of 0.2 c/s.

The third protocol investigated the summation of response to an
increasing number of simultaneously presented local motion stimuli.
As in the previous protocol, we first measured the responses to
individual disc motion at all six elevations and an azimuth of 90°.
Next two, four, and six discs were moved simultaneously using two
different spatial arrangements. In the first one, the number of stimuli
increased from the dorsal and ventral periphery toward the center of
the visual field. The activated stations had elevations of (=75, +75°),
(=75, —45, +45, +75°), and (=75, —45, —15, +15, +45, +75°),
respectively (Fig. 1D). In the second arrangement, the number of
stimuli increased from the center toward the periphery and the
elevation of activated stations were (—15, +15°), (=45, —15, +15,
+45°), and (—75, —45, —15, +15, +45, +75°). Each measurement
was repeated five times on five animals (1 male and 4 females) at a
disc speed of 2 c/s. An additional five female animals were tested at
a disc speed of 0.2 c/s.

The fourth protocol studied the impact of the time difference
between the activation of two consecutive local motion stimuli pre-
sented at neighboring positions. A disc moving at 0.5 c/s at an
elevation of —15° was followed after 1, 50, or 100 ms by the activation
of a second disc moving at 2.0 c/s at an elevation of —45°. The
responses to both discs stimulated individually were also measured.
Each of these measurements was repeated five times on five different
animals (1 male and 4 females). The delay of 1 ms was approximately
equivalent to simultaneous activation as used in the previous two
protocols and allowed us to test for a potential influence of local speed
on spatial summation. The other two delay and speed values were
selected because they were in the range corresponding to the retinal
speed increase typically experienced by the edge of an object such as
a square approaching at a constant speed along the lateral axis at the
two stimulated positions (Gabbiani et al. 1999). This may be seen by
converting the rotational disc speed to an equivalent retinal speed by
taking into account the length of the circular path in visual space
(32.6°; obtained by multiplying the path diameter, 10.4°, by 7). Using
this conversion formula, the two retinal speed values corresponding to
0.5 and 2.0 c/s amount to 16.3 and 65.2 deg/s, respectively. Such
retinal speeds are reached 416 and 203 ms prior to collision for an
approaching square if the square half edge length divided by its
approach speed equals 50 ms. At these two time-points, 416 and 203
ms prior to collision, the corresponding object angular size amounts to
13.8 and 27.6°, respectively. During the interval separating them
(~200 ms, as well as during shorter ones when the ratio of the
square’s half edge length to approach speed is smaller), there is
significant summation of excitation in the LGMD during looming
(e.g., Fig. 2 of Gabbiani et al. 1999).

Analysis of electrophysiological data

To determine the sensitivity of the LGMD/DCMD neurons’ re-
sponse to the visual stimulus, we analyzed the data within a 250-ms
time window starting at stimulus onset. Because the maximal speed of
disc motion was 4 c/s, the stimulus passed at most once over each
location on the eye. The length of the window was selected to

« APRIL 2005 « WWW.jn.0rg



2244

A dorsal

N
o)
o)

R
(2}
1)
X
©

FIG. 2. Spherical representation of the direction and density of optical axes
from an entire locust eye. Each dot in A and B indicates the intersection of an
individual optical axis with the surface of the sphere, as seen from a dorso-
lateral and ventrocaudal perspective, respectively. Red line indicates the eye
equator; blue and green lines indicate the 0 and 90° azimuth great circles. C
and D: color-coded density of optical axes (axes/deg®). Red indicates areas of
highest and dark blue areas of lowest density. Maximal frontal density was
0.76 axes/deg”. Lateral density was 0.39 axes/deg® (see Fig. 1A for axes
labels). Density at the midpoint between lateral and front axes on the eye
equator was 0.63 axes/deg®. It was 0.28 axes/deg” at the midpoint on the 90°
azimuth great circle between the lateral and top axes.

minimize habituation effects (see RESULTS). We first determined the
mean firing rate over the 250-ms interval. Next, we estimated the
instantaneous firing rate by convolving the spike train with a Gaussian
(0 = 20 ms) and normalizing by the number of spikes over the
interval. Finally, we computed the instantaneous firing rate as the
inverse of the interspike intervals (iISIs). Several authors have dis-
cussed the significance of these measures (e.g., Pauluis and Baker
2000; Richmond et al. 1990). The total number of ommatidia stimu-
lated during a 250-ms time window depends on the speed of disc
motion. To assess whether this might have an effect on the results, we
also computed the mean and instantaneous firing rate estimates over
variable time windows corresponding to one-quarter, one-half, three-
quarters, or a full cycle of disc motion. All subsequent data analyses
were then repeated using these alternate values.

The sensitivity plots shown in Fig. 4, A and B, were obtained by
interpolating the mean and ISI-derived peak firing rates from the
experimental data grid (30 X 30° spacing) to a 15 X 15° grid using
cubic splines. In Fig. 6, the mean firing rate data points (average
across 6 animals at 1 c/s) were interpolated using the same
technique.

To characterize the dependence of mean firing rate on stimulus
speed, we computed mean responses across trials and experiments and
fitted this data at each stimulus location as a function of the base 2
logarithm of normalized stimulus speed, 1og,(V/v, ,.)s Vimax = 4 C/s.
The base 2 logarithm was chosen because it facilitated interpretation,
given the specific values of stimulus speed chosen [log,(V/v,,..) =
-4.32, =3, =2, —1, and 0 when v = 0.2, 0.5, 1, 2, and 4 c/s,
respectively]. The fit was performed independently at each spatial
stimulus location by least squares. The goodness of fit was assessed by
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computing x> values using SDs computed across experiments (Press
et al. 1992).

To characterize the latency of DCMD responses, we computed for
each animal the median latency as a function of azimuth and speed.
The median was computed across all trials obtained at the four
elevations available for each azimuth (*15 and =45°). Medians were
used because of their robustness to outliers. The median values
obtained in this way were averaged across six animals.

The results of spatial summation experiments presented in Fig. 8
were analyzed over a fixed time window of 500 ms. Similar results
were obtained over a 250-ms time window. In all experiments, the
results were independent of the sex of individual animals, as expected
from observations made in earlier studies (Gabbiani et al. 1999). Data
were thus pooled across sexes.

Finally, the data sets obtained using the first protocol were analyzed
by applying the method proposed by Krapp and Hengstenberg (1997)
to determine the local preferred directions and motion sensitivities in
fly visual interneurons.

The Pearson correlation coefficient is abbreviated by p throughout.
All programs for data analysis were written using Matlab.

RESULTS
Density of optical axes in the locust compound eye

The density of optical axes was determined over the entire
compound eye of one female locust (Schistocerca gregaria).
Figure 2, A and B, shows the orientation of optical axes from
an upper frontolateral and lower caudolateral perspective, re-
spectively. Each dot indicates the point of intersection between
an individual optical axis and the surface of a sphere repre-
senting visual space. In total, we determined the orientation of
7,317 individual optical axes across 314 different patches on
the eye surface [23.3 = 10.8 (SD) facets/patch, minimum: 4,
maximum: 75]. The density distribution of optical axes sam-
pling the visual field varies markedly across the eye (Fig. 2, C
and D). We found an acute zone in this unisotropic sensitivity
distribution with a maximum density of 0.76 axes/deg” in the
fronto-equatorial region. Along the eye equator, there is a
streak of high density that gradually decreases toward the
caudal rim of the eye. The density also decreases from the eye
equator toward the dorsal and ventral parts of the eye. The
fronto-equatorial visual field has an area of binocular overlap
of about 15-20° (Fig. 2C). The animal’s head restricts the
visual field in a caudal area below the eye equator, due to the
eye position on the head (Fig. 2D).

Characterization of the DCMD responses to local
motion stimuli

Figure 3A shows a typical example in one animal of the
DCMD spiking activity in response to the motion stimulus
depicted in Fig. 1D. The stimulus was presented at 36 different
positions within the DCMD receptive field, and each rectan-
gular box in Fig. 3A corresponds to one such position (disc
speed: 2 c/s). At stimulus onset, the DCMD generated a
response that decreased in a position-dependent manner (Fig.
3A). Several consecutive cycles of dot motion resulted in
complete habituation of the response, confirming well-known
habituation properties (e.g., O’Shea and Rowell 1975). The
four rasters in response to stimulation at +150° azimuth and
+15° elevation (shaded box in Fig. 3A) are plotted above the
time axis in Fig. 3B. The direction of disc motion for each trial
is shown on the left (insets). Taking into account the direction

J Neurophysiol « VOL 93 « APRIL 2005 + WWW.jn.0rg



RECEPTIVE FIELD STRUCTURE OF A LOOMING SENSITIVE NEURON 2245
A C 250
75 _ Vo ! o Vo 2 | -
nin W I I TR |
[ | [ TR 1] [T = ___ 2004 T g
T T WTT T\ W [ W T [T T I f“‘}” T éa
. 45 4 :Il | :: |||l| | |l: | I|“ e |::"|“|| e :I||I|I|I|I|:| | I|:||"|”||”||Iu||:| I l||I|“|| 8 %150— | I
o) i 111 T RTATER T | TRV | NI WO | I R MRy 1 P2 1 g 1
2 T WO T | [ O TT | [ WETTT T [N T [T 3 2 100 T é !
5] I RN (| || s D 107 é 1
= K N T | R R | T | BT » = é I
S i winn L o { mmnn LT R | T T =1 é i 1
= T Wi 1 T R e 8 50+ i
ST | T W IR | R T TO | R TR w0 ﬁ 1
® o v | T | R | AR
T ' wen (L me n J| mnn T | Y TR O+
I IR (O TR O 0 20 40 60 80 100 120
as |1 Wi R | R e T
0o TN 0o w [ won | e 1
(RN Wil TRURIN NI | I TR TI | TR
5 1 | :|||l| [ ] |I|I| Dm
11 A v - — - - -_—-—--
| [ 1 32350" T||TT
100 ms o & 8004 Ly !
T T T T T T ] > — 250, | Ll
0 30 60 ) 90 120 150 180 = (2] 200 |
azimuth (deg) E 5200 [
% & 1504 .
B 1. & 200 r 400 E z00f | 1
< 100{ 200 © S50 ]! L
) 0 0 Q—“i’ 0 ] 1
9 e (R —_ 1
5 B oy 400 (Z) 0 20 40 60 80 00 120
@ 2 100{ / IUW\k 200 =
= o @ E
9 0 A A I o y
3. £ 2004 400 @830 |1 “N°
9] 200 B o 2 300 Ll
g 100 I ® £ 2250 | |
G =
= ¢ T i 2 o Jw) 200 1
4, B 2004 400 2 = 1504 1
s ol AL [ g2l 4]
(G g 9 © 50| 1
: ”l.””” ||' 1] ”.l | i | , 0 |l| - »»>»>>»>»>.
0 50 100 150 200 250 0 20 40 60 80 100 120

time (ms)

FIG. 3.

mean firing rate (spk/s)

Responses to a black disc moving at 2 c/s. A: raster plots. Each box corresponds to a different position (azimuth, elevation) over the animal’s right

eye. Each line is a different trial and each vertical bar indicates a spike recorded within the 1st 250 ms after stimulus onset. B: responses obtained at 150° azimuth
and 15° elevation (gray box in A). Dot stimulus was moved alternatively in clockwise (trials 1 and 3) and counterclockwise direction (trials 2 and 4; insets to
left). Corresponding 4 spike rasters are shown at the bottom of each panel. Estimates of the instantaneous firing rate obtained by Gaussian smoothing (left
ordinate) and from individual interspike intervals (ISIs; right ordinate) are shown on top for each trial (black and gray curves, respectively). Note the different

scaling of the respective ordinates. C: distribution of Gaussian smoothed peak

firing rate as a function of mean firing rate (10 spikes/s bins). Thick horizontal

bars indicate medians, boxes delimit the upper and lower quartiles, and dashed vertical bars give the range of experimental values. D: estimate of peak

instantaneous firing rate computed from the 1st and 2nd ISIs as a function of the

mean firing rate (same plotting conventions as in C). E: peak instantaneous firing

rate obtained from the ISIs (excluding the 1st and 2nd ISIs) as a function of mean firing rate. (C—E include data pooled from 6 different animals at 5 speeds.)

of disc motion did not reveal any significant local directional
preferences of the DCMD over its receptive field (Fig. 3A).
This contrasts with results in many fly lobula plate interneurons
(e.g., Krapp et al. 1998), but is consistent with the lack of
directional selectivity reported in the DCMD for extended
stimuli, such as bars sweeping in different directions over
the eye.

To characterize the temporal dynamics of the response, we
computed estimates of the instantaneous firing rate using two
different methods: Gaussian smoothing (Gs) and calculation of
the iISI. Both estimates are plotted as a function of time above
each raster in Fig. 3B (gray curve and right ordinate for iISI
firing rate; black curve and left ordinate for Gs firing rate). The
overall shape of these curves was similar but revealed some
important differences. The iISI firing rate was very irregular
and reached peak activities of similar or identical amplitude at
several points in time. On average, the iISI firing rate differed
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by a factor of almost two from the Gs firing rate (compare the
left and right ordinates in Fig. 3B). Figure 3C shows the
distribution of Gs peak firing rates as a function of mean firing
rate for single trials, pooled across six animals at five speeds.
The relationship between these two variables was very close to
linear (p = 0.99). Such a linear relationship could not be found
when the distribution of the peak iISI firing rate was plotted
against mean firing rate. This was mostly due to the fact that
the DCMD fired a few spikes in rapid succession locked to the
onset of stimulation (Fig. 3A4). The first and second ISIs of this
transient “onset” response were typically very short and deter-
mined the peak ilSI firing rate in many trials (e.g., Fig. 3B).
Figure 3D shows this point by plotting the distribution of the
ilSI firing rate as a function of mean firing rate when only the
first and second ISIs of a response are taken into account.
Except for outliers (dashed lines), the distribution saturates at
360 spikes/s when the mean firing rate exceeds 30 spikes/s.
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Accordingly, the peak of the iISI firing rate computed
without considering the first and second ISIs was much
better correlated with the mean firing rate (p = 0.89, Fig.
3E). Thus the response of the DCMD to disc motion typi-
cally consisted of a high-frequency transient onset response
of two to three spikes followed by a sustained, irregular
response that could be characterized equally well by the peak
Gaussian firing rate or the mean firing rate and which did not
depend on the exact length of the time window analyzed. When
the first and second ISIs were excluded, the peak iISI firing rate
also led qualitatively to similar results in our subsequent
analysis.

Spatial sensitivity and speed tuning of the DCMD'’s
receptive field

We computed the sensitivity to local motion stimuli through-
out the DCMD receptive field in six animals. Figure 4, A and
B, shows characteristic examples of the sensitivity distribution
obtained at a speed of 1 c/s in one animal. The mean firing rate
and the iISI peak firing rate (Ist and 2nd ISI excluded) are
plotted over azimuth and elevation, respectively. The DCMD is
sensitive to visual motion over an extended area that covers
almost an entire visual hemisphere. However, the sensitivity
also shows a marked unisotropic distribution for both response
variables. The only slight qualitative difference between the
mean firing and iISI peak firing distributions is that in the latter
case the distribution is rather flat in the frontolateral area of the
receptive field. As outlined in the previous section, this is due
to the fact that the iISI peak firing is often determined by a
singular event, i.e., one short ISI, which does not indicate
subtle activity changes. We consistently found maximum sen-
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8 8 3 3
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sitivity in the equatorial region of the caudal receptive field
(azimuth = 150°). From here, the sensitivity steeply decreases
toward an azimuth of 180°, reflecting the margins of the
animal’s visual field. The sensitivity also decreases gradually
along the equator toward the front. It becomes minimal at 0°
azimuth, reflecting the frontal margins of the visual field (Fig.
4C). A second gradient is found along the elevation. From the
equatorial region, the sensitivity decreases toward the dorsal
and ventral parts of the receptive field, with a slightly steeper
slope in the ventral direction (Fig. 4D). This basic shape of the
sensitivity distribution changed only slightly with stimulus
speed, although higher speeds resulted in stronger DCMD
responses (Fig. 4, C and D).

Figure 5A shows the average spatial speed tuning (n = 6
animals). At each location, the stimulus speed, v, ranged
from v,,;, = 0.2 to v, = 4.0 c/s. The mean firing rate, f, ..,
was well fitted at each location by a logarithmic function of
speed

fmean =a+t B lOgZ(v/vmnx) (1)

(mean x> over spatial location: 0.62; maximum: 2.37). «
represents the mean firing rate at the maximum speed for a
given location, and 3 is the decrement for each halving of
stimulus speed. Figure 5B plots the values of 3 as a function of
a pooled over the spatial extent of the receptive field. The two
parameters were highly correlated (p = 0.97) and to a good
approximation, 8 = 0.13« + 0.28. We infer from Fig. 5B that,
in >80% of the fits, @ > 10 spikes/s and therefore the second
termin 3 = 0.13« + 0.28 is typically small compared with the
first one (<20%). Inserting this relation in Eq. / and neglecting

FIG. 4. Spatial sensitivity distribution to lo-
cal disc motion. A and B: mean firing rate and

(o8]
O
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mean firing rate (spk/s)
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ilSI peak firing rate obtained from 1 animal as a
function of stimulus position (disc speed: 1 c/s).
C and D: sections through average distribution
across 6 animals along azimuth (C, 15° eleva-
tion) and elevation (D, 150° azimuth). Individ-
ual data points give mean values, and error bars
indicate SD. Different colors denote different
stimulus speeds from 0.2 to 4.0 c/s.
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the constant term yields a simple approximation valid over
most of the receptive field

fmean = a[l +0.13 logz(v/vmax)] (2)

at the expense of a slightly decreased fit performance (mean x*
over spatial location: 1.46; maximum: 9.54). This last equation
states that the mean firing rate is reduced by about 13% of its
peak value for each halving of stimulus speed. At the lowest
velocity of 0.2 c/s, the factor in squared brackets in Eg. 2
equals 0.44, and speed sensitivity is divided on average by
slightly more than a factor two over the entire receptive field.
Figure 5C plots the mean firing rate at 4 c/s (i.e., the parameter
a) as a function of the mean firing rate at 0.2 c/s over the
spatial extent of the receptive field. These two variables were
linearly related (p = 0.97) with a slope of 2.1, corresponding
to an average reduction in sensitivity of 0.48, in good agree-
ment with Egq. 2.

Analyzing the data in terms of peak firing rates (Gs and iISI)
or over a time window corresponding to a fraction of the
stimulus cycle (see METHODS) led to qualitatively similar re-
sults, with a few quantitative differences. For example, when a
time window corresponding to a full rotation cycle was se-
lected, the mean firing rate at 0.2 c/s varied over a smaller
range (0-5 spikes/s) than that obtained over a 250-ms window.
In contrast, the mean firing rate at 4 c/s reached similar peak
values. This led to a linear relationship (p = 0.94) between the

0 10 20 30 40 50 60 70 80 0 10 20
mean firing rate @0.2 c¢/s (spk/s)

30

mean firing rate at 4 c/s and that at 0.2 c¢/s similar to that
reported in Fig. 5C, but with a steeper slope. If we denote by
v the mean firing rate at 0.2 c/s over the full rotation cycle, the
optimal linear fit was given by a = 10.0y + 5.6. Correspond-
ingly, the linear relation between « and 3 was maintained over
the full rotation cycle (p = 0.99) but with a stronger decrement
for each halving of stimulus speed (8 = 0.23a + 0.20).

Correlation between optical axes density and spatial
speed tuning

For a disc moving at a fixed speed, the density of optical
axes serves as an indicator for the number of local inputs
activated in the excitatory dendritic field, since the LGMD
receives inputs from the entire array of retinotopic visual
afferents originating in the medulla. A straightforward predic-
tion would therefore be that the sensitivity of the DCMD to
motion stimuli should be correlated with the density of local
inputs. This prediction relies on the assumption that the num-
ber of locally activated inputs plays a dominant role in deter-
mining the response of the LGMD/DCMD as opposed to other
biophysical factors. This seems reasonable given the tight
correlation often observed between dendritic anatomy, afferent
density, and receptive field structure as reported for example in
some fly lobula plate tangential neurons (Krapp et al. 1998)
and in interneurons of the cricket cercal system (Jacobs and
Theunissen 2000).
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FIG. 6. Correlation between optical axes density and local motion sensitiv-
ity. Mean interpolated firing rate in response to disc motion (1 c/s) is plotted
as a function of optical axes density. Gray circles denote densities along the
eye equator; open circles denote all positions. Regression lines were fitted to
data along the eye equator (dashed line) and to all data (straight line).
Sensitivity was averaged for each position across 6 animals. Arrows denote 2
measurements close to the eye equator (elevations of 0 and 15°) in the back of
the eye (azimuth of 180°).

To address this question, we compared directly the visual
axes density to motion sensitivity of the DCMD. Figure 6 plots
the sensitivity to disc motion across the DCMD receptive field
(mean firing rate over 6 animals, disc speed of 1 c/s) as a
function of the corresponding density of optical axes. There is
only a weak positive correlation (p = 0.24) between mean
firing rate and density. This positive correlation results from a
parallel drop in density and motion sensitivity from the equator
toward more dorsal and ventral elevations. However, this trend
is counteracted by an opposite trend along azimuth at the
equator where there was a weak negative correlation between
density and motion sensitivity (p = —0.27; Fig. 6, gray dots).
The negative correlation was considerably stronger (p
—0.69) when two “outlier” measurements corresponding to the
steep drop in motion sensitivity straight to the back of the
animal were excluded (180° azimuth; arrows in Fig. 6). This
result is particularly striking: mean firing rates decreased by a
factor of ~3 in parallel with an increase in density by about the
same factor along the eye equator (Fig. 6, gray circles). This
reflects the fact that the motion sensitivity of the DCMD peaks
in the caudal visual field (Fig. 4A), whereas the highest density
of optical axes is located in the frontal visual field (Fig. 2C).
Similar results were obtained for the other speeds of disc
motion.

Latency of response to local motion

The pronounced spatial variations in speed sensitivity sug-
gest that other variables, such as the latency of DCMD re-
sponses, might also depend on stimulus position. Because the
DCMD typically fired a few spikes locked to the onset of disc
motion, we addressed this question by computing the latency
between stimulus onset and the time of first spike occurrence.
The analysis was confined to data obtained from the equatorial
region of the eye along the azimuth since the number of
measuring positions was almost twice as extensive as along the
elevation. Figure 7 plots the average median delay as a func-
tion of the stimulus azimuth at five speeds of disc motion. The
latency to the first spike depended both on disc speed and on
azimuth. Delays decreased with increasing speed of motion
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and reached a minimum at 2 c¢/s followed by a slight increase
at 4 c/s. Interestingly, the response delay also decreased with
increasing azimuth. Stimulation in the frontal visual field
(azimuth = 0°) resulted in the longest response delays at all
stimulus speeds. The delay decreased as stimulation took place
at more posterior positions and saturated at azimuth values
=60°.

Spatial summation of local motion stimuli

We investigated the spatial summation of local motion
stimuli by displaying them simultaneously in several positions
of visual space. The mean firing rate was first measured as a
function of elevation at an azimuth of 90° for a single disc
rotating at a speed of 2 c/s (Fig. 84). We then activated two
stations simultaneously: one was located at an elevation of
—15°, whereas the position of the second one was varied among
the remaining five locations. The mean firing rate measured
under these conditions is plotted in Fig. 8B as a function of the
linear prediction obtained by summing the single station re-
sponses reported in Fig. 8A (black circles). Each data point lies
clearly below the diagonal (dash-dotted line), indicating a
strongly sublinear summation. Strikingly, the measured mean
firing rate was only slightly higher than the response elicited by
a single stimulation at —15° elevation (Fig. 8A, black circle at
—15° elevation) and independent of the particular position of
the second stimulus (Fig. 8B, filled circles in insets). The same
result was obtained when the position of the first station was
changed to —45° (Fig. 8C). Responses were again only slightly
higher than those elicited by a single stimulation at —45°
elevation (Fig. 8A, black circle at —45° elevation) and inde-
pendent of the particular position of the second stimulus. To
verify that this strongly sublinear summation was not due to a
saturation of responses, we repeated these experiments at a
speed of 0.2 c/s and obtained identical results to those depicted
in Fig. 8, B and C (data not shown).

We next investigated in five animals whether activation of
more than two simultaneous stations might alter the summation
scheme. Figure 8, D and E, shows the outcome of two exper-
iments in which either two, four, or six stations were stimulated
simultaneously, whereas Fig. 8A reports the mean responses to

80+

B %ll ....... l ....... ll
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wf T I ______________________________ {

60 90 120 150

azimuth (deg)

FIG. 7. Latency between stimulus onset and the Ist spike recorded in the
DCMD. Median latencies (from 6 different animals) are plotted against
azimuth (error bars *SD). Different symbols indicate different stimulus
speeds.
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FIG. 8.

Spatial and temporal integration of responses to local disc motion. A: mean response (=SD) across 5 animals to individual disc motion as a function

of elevation (90° azimuth). The 3 different curves and associated symbols correspond to responses acquired separately for each of 3 experiments reported in B
and C (@), D (a), and E (). B: responses to 2 simultaneously presented stimuli as a function of the linear prediction from responses to individual disc motion
(obtained from A). One of the stimuli had a fixed elevation (—15°), whereas the 2nd stimulus was presented at each of the other 5 positions (points labeled 1-5).
In this and following plots, schematic drawings corresponding to each point (fop left) indicate the elevation of the stimuli by black dots. C: experiment with the
same design as B, except that the fixed stimulus was at —45°. D: responses to an increasing number of disc stimuli plotted as a function of the linear prediction.
Number of stimuli increased from the center toward the periphery. E: summation results when the number of stimuli increased from the periphery toward the
center. Solid crosses centered with data points in B--E indicate cumulative SD for predicted values and SD for measured values. F: responses to fast (2 c/s) dot
motion at —45° elevation preceded at 3 different time delays by slow (0.5 c¢/s) dot motion at —15° elevation (right of the vertical line). Filled triangles indicate
the mean * SD obtained from 5 animals, top and bottom open triangles indicate responses of those 2 animals showing maximal and minimal summation,
respectively (error bars indicate =SD from 5 repetitions). Responses to single station stimuli are shown left of the vertical line.

single station stimulation (squares and triangles, respectively,
in Fig. 8, A, D, and E). The experimental design and data
presentation are identical to those in Fig. 8B. In the first
experiment, the number of stations activated was increased
from the eye equator outward (Fig. 8D, insets), whereas in the
second experiment, the stations were activated from the pe-
riphery inward (Fig. 8E, insets). In both protocols, summation
was strongly sublinear and independent of the number of
activated stations. Identical results were also obtained at a
speed of 0.2 c/s.

Finally, we tested whether the timing of station activation
might alter summation. In this experiment, the azimuth was
also fixed at 90°. The first activated station had an elevation of
—15° and a disc speed of 0.5 c/s. Following a variable delay, the
second station was activated at an elevation of —45° and a disc
speed of 2 c¢/s (Fig. 8F, insets). The difference in speeds was
chosen to mimic the situation of a looming stimulus approach-
ing along the lateral eye axis. Such stimuli elicit maximal
excitation in the LGMD/DCMD and edge motion occurs first
close to the equator and later toward the periphery at an
increased speed. Figure 8F shows the outcome of this experi-
ment: the mean firing rate averaged across five animals (filled
triangles) is plotted as a function of delay and showed no

summation compared with the responses elicited by single
stations alone. Similar results are shown for the two individual
animals that exhibited maximal and minimal summation, re-
spectively (Fig. 8F, open triangles).

Thus spatial and temporal summation of local motion stimuli
is strongly sublinear at the level of the LGMD/DCMD firing
rate under a wide range of experimental conditions.

DISCUSSION

This study characterized the local sensitivity and speed
tuning as well as the impact of spatial and temporal interactions
between local inputs within the receptive field of the LGMD/
DCMD. We determined both the density of optical axes and
the neuron’s local sensitivity to motion. Contrary to prior
expectations based on the correlation between anatomy and
interneuron receptive field structure observed in other systems
(e.g., Jacobs and Theunissen 2000; Krapp et al. 1998), these
two distributions are largely out of register with each other. We
also measured the local speed dependence of the LGMD/
DCMD responses in a range from 0.2 to 4.0 c/s at many
positions within the neuron’s receptive field. At all locations,
responses exhibit a speed dependence that can be accurately
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described by a two-parameter logarithmic function. Experi-
ments on spatial and temporal integration reveal that the
LGMD combines local inputs in a strongly sublinear way.
Furthermore, the latency of responses was found to depend
both on speed and position within the LGMD’s receptive field.
Taken together, our results are in clear contrast to earlier
biophysical models, which assumed the LGMD to be a linearly
and uniformly summing unit (Edwards 1982; Rind and Bram-
well 1996). Instead, the integration of local motion information
in this neuron seems to be considerably more complex than
previously thought. The LGMD is most sensitive to looming
stimuli approaching on a collision course with the animal and
is thus expected to play an important role in collision avoid-
ance (Gabbiani et al. 2004; Rind and Simmons 1992; Schlot-
terer 1977). The characterization of the spatial input structure
to the LGMD and of the local aspects of its visual responses to
motion is a necessary prerequisite to understanding how its
sensitivity to looming stimuli arises.

Optical measurements

The mapping of ommatidial axes based on the pseudopupil
method has been successfully applied to many compound eyes
in the past (e.g., Land 1997). Our work introduces one major
innovation with respect to earlier studies: we used interactive
programs and digital image registration techniques to facilitate
the mapping of deep pseudopupils across neighboring images.
This allowed us to handle the large amount of data needed to
reconstruct an entire eye. Image registration was particularly
useful to avoid potential reconstruction errors, because inap-
propriately selected markers led to large mismatches between
the reference and transformed images. After correct registra-
tion, marking facets between two deep pseudopupils was
reduced to a mechanical task because facet rows were aligned
across images. This also considerably reduced the risk of
errors. Accordingly, our reconstruction showed only few in-
consistencies and allowed us to follow individual ommatidial
rows over most of the eye lattice (Fig. 2, A and B). If we
assume conservatively a mistake of one facet per map, the total
estimated number of facets would change by 5%. This suggests
our reconstruction to be a faithful indication of the density of
optical axes.

The density distribution in S. gregaria is in good qualitative
agreement with an earlier study limited to the frontal eye
region of Locusta migratoria, in which an acute zone was also
reported (Horridge 1978). The minimum interommatidial angle
in L. migratoria was about 1.0° compared with 0.95° in S.
gregaria. Horridge (1978) also found a similar decrease in axes
density from the maximum in the frontal equatorial region.
Other common features, also characteristic for other flying
insects, include a region of binocular overlap in the frontal
visual field and a visual streak along the eye equator (Land and
Nilsson 2002).

Because of the considerable amount of work required to
reconstruct a complete ommatidial lattice, this work was con-
fined to a single female locust eye. Measurements of the local
orientation of facet rows at four positions in five additional
animals suggested little variability (METHODS) and thus con-
firmed the reliability of the results across animals. Some insect
species, such as flies, exhibit a sexual dimorphism in eye
structure that is most conspicuous in the degree of binocular
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overlap and at the level of the acute zone (Beersma et al. 1977;
Land and Eckert 1985). Typically, acute zones are located at
20-30° higher elevations in males than females and possess a
higher optical axes density (~20-30%). No sexual dimor-
phism has been reported in L. migratoria (Horridge 1978), and
our own visual inspections of male and female eyes do not
suggest such phenomenon to be present in S. gregaria. Intersex
variations, if present at all, are therefore expected to be subtle
and would only minimally affect the correlation between visual
axes density and motion sensitivity reported in Fig. 6. Our
results thus equally apply to both females and males.

Distribution of optical axes and motion sensitivity

The excitatory afferents project to the LGMD from the
medulla through the second optic chiasm. Their anatomical
organization seems to be stereotyped and retinotopic, in agree-
ment with the general architecture of insect and crustacean
visual systems (Strausfeld and Nissel 1981). Thus the higher
density of optical axes in the frontal region of the eye equator
was expected to result in a higher sensitivity to motion. Rather
surprisingly, exactly the opposite holds true (Fig. 4). Several
factors might explain this observation. First, the weaker frontal
sensitivity could very likely result from the large electrotonic
distance between the corresponding synaptic inputs to the
LGMD and its spike initiation zone. The orientation of the
LGMD excitatory field within the lobula is such that its
dendrites originate from a sturdy base corresponding to the
caudo-equatorial part of the visual receptive field. The tips of
the distal dendrites that sample the frontal receptive field are
located >300 wm from the base. Thus the caudal region on the
equator with the highest sensitivity to motion is also the closest
to the spike initiation zone, while the frontal region is located
most distant to it. Recent compartmental modeling confirmed a
substantial attenuation of electrical signals along the dendritic
branches of the LGMD (Peron et al. 2003). Electrotonic dis-
tance is unlikely to explain the drop in motion sensitivity with
elevation, since the anatomical positions of dendritic inputs
corresponding to a fixed azimuth appear to be at similar
distances from the spike initiation zone. Thus a second factor
that could also contribute to the motion sensitivity gradient is
a systematic change of the afferent synaptic weights or of the
density of synaptic contacts with elevation.

Interestingly, when the LGMD/DCMD is challenged with
looming stimuli presented at different locations within its
receptive field, peak firing barely decreases along the eye
equator from the caudal toward the frontal visual field. Instead,
it remains almost constant, within an azimuth range of 30—
150°. Only toward 0 and 180° does the peak firing rate drop
considerably, simply because the stimulus during the final
phase of the approach exceeds the margins of the receptive
field (Gabbiani et al. 2001; Rogers et al. 2003). Our findings in
combination with the studies mentioned suggest a position
dependent mechanism that compensates for the differences in
input density during looming.

Speed tuning

We tested local speed tuning in the LGMD/DCMD over a
four-octave range, 0.2—-4.0 c/s, corresponding to equivalent
retinal speeds between 6.5 and 130.4 deg/s (see METHODS).
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These values nearly covered the entire dynamic range of
responses to local motion stimuli, from very low to near
saturation at the highest speed (Fig. 5). The dependence of the
LGMD/DCMD firing rate on disc speed could be described by
the same functional form at all 36 measuring positions. This
suggests that the processing of motion presynaptic to the
LGMD follows a similar scheme across its receptive field. The
increase in firing rate of the LGMD/DCMD on increasing disc
speed could be due to a combination of several factors. One
possibility is that presynaptic afferents to the LGMD respond
with higher firing rates to faster luminance transients over the
range of speeds tested. Presynaptic network effects might also
contribute to an increase in excitation with disc speed. Lateral
inhibition, for example, is known to exist between adjacent
presynaptic afferents and is expected to be less effective as
speed increases, because of the fixed transmission delay im-
posed by the intervening inhibitory synapse. Within the
LGMD, the temporal summation of excitatory postsynaptic
potentials could also contribute to an increase in firing rate with
speed. However, summation was not observed in experiments
where two discs were activated simultaneously or at various
delays, suggesting that this effect is not preponderant. Thus the
results reported here are compatible with the suggestion that
the excitatory dendritic field receives local, speed-dependent
input (Gabbiani et al. 1999; Hatsopoulos et al. 1995). This
assumption would also explain the speed tuning observed for
edges translating across the visual field (Simmons and Rind
1992). Recent extracellular recordings from nondirectionally
selective units in the medulla, the neuropil immediately distal
to the LGMD, exhibit a similar tuning to disc motion (Cohen
and Gabbiani 2003).

Response latency and dendritic anatomy

In the present experiments, the abrupt onset of disc motion
caused a reproducible early response of the LGMD/DCMD
across repeated trials. Such abrupt transient responses may be
important to detect sudden brief movements under natural
conditions, but will not occur during smooth edge motion, as
experienced during the approach of a looming object. We thus
separated the transient component of the LGMD/DCMD re-
sponse from the sustained one in most of our analysis. How-
ever, we took advantage of the transient response to quantify
the latency between stimulus onset and the occurrence of the
first DCMD spike. We analyzed only responses to stimuli
which did not exceed the margins of the locust visual field; i.e.,
responses from 0° to 150° azimuth and from —-45 to 45°
elevation. The latency depended on stimulus speed with higher
speeds resulting in shorter response latencies =2 c/s. Rowell at
al. (1977) reported a decrease in response latency of the
LGMD with an increase in light intensity or stimulus size. In
addition, we also found the response latency to depend on
stimulus position within a range of azimuths (Fig. 6). At low
speeds, the latency decays steeply along the azimuth from 0°
toward an asymptotic value reached at 60°. Because of the
retinotopic arrangement of the afferent fibers to the LGMD,
stimulation in the frontal visual field activates excitatory inputs
to the distal branches of the excitatory field, while stimulation
in the caudal visual field activates inputs close to the spike
initiation zone. The latency differences therefore might be
explained in part by electrotonic propagation delays. Propaga-
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tion delays on the order of 10 ms along the excitatory dendritic
field have been recently predicted from a passive compartmen-
tal model of the LGMD (Peron et al. 2003; centroid delays as
in Zador et al. 1995).

Sublinear summation of local motion inputs

All our spatial and temporal integration experiments show
that the LGMD sums local motion inputs in a strongly sublin-
ear way. This result is surprising since the strong build-up of
excitation observed in the LGMD during looming has been
thought to arise from summation of local motion signals as an
object grows larger on the retina (Rind and Bramwell 1996). In
our experiments, the two tested speeds, 0.2 and 2.0 c/s, covered
the low and middle-high end of the LGMD dynamic range for
local motion stimuli, respectively. The relative activation of
two local motion stimuli was varied over a time window that
leads to substantial summation during looming. Furthermore,
the size of the moving discs was well below that of looming
stimuli or moving edges eliciting maximal firing rates (25-35
and =15°, respectively; Gabbiani et al. 1999; Simmons and
Rind 1992). Given that no summation was observed under
these conditions, we expect sublinear summation to hold over
a wide range of parameters, irrespective of the relative timing,
the particular speed or the size of locally activated motion
stimuli. Our experiments do not, however, exclude the possi-
bility that a simultaneous change in size and speed combined
with an optimal delay will result in a different summation
scheme. These results indicate that the sensitivity of the
LGMD to looming is mediated by a more complex mechanism
than linear summation of local excitation as an object expands
across its receptive field.

Sublinear summation was independent of the number of
inputs activated and of their absolute and relative location,
suggesting a postsynaptic mechanism independent of dendritic
location. An outward, depolarization-activated conductance
similar to that responsible for dendritic gain control in non-
spiking local interneurons in the locust (Laurent 1993) might
explain our results. Alternatively, the feed-forward inhibitory
pathways impinging on the inhibitory dendritic fields of the
LGMD could be activated in parallel to the excitatory retino-
topic inputs by our moving discs and prevent their summation.
Feed-forward inhibition is activated by local stimuli of size
similar to that used in this study (Rowell et al. 1977). It is also
known to influence the responses of the LGMD during looming
when the object size is still relatively small (Gabbiani et al.
2002). However, feed-forward inhibition is more effectively
activated by transient stimuli, suggesting that its effect should
be more pronounced at higher speeds. Our results suggest that
strong sublinear summation is independent of speed for the two
values tested. A weaker sublinear spatial summation has also
been reported in wide-field lobula plate interneurons in the fly
visual system, but it depends on the spatial separation between
local stimuli (Haag et al. 1992). The underlying physiological
mechanism is thought to be based on a gradual decrease of the
driving force on an increase in the number of locally activated
excitatory inputs (Borst et al. 1995). This model is unlikely to
explain our results since we observed that sublinear summation
in the LGMD is independent of stimulus separation.

In summary, the integration of local excitatory inputs sen-
sitive to motion within the LGMD is highly nonlinear and

J Neurophysiol « VOL 93 + APRIL 2005 + WWW.jn.org



2252

seems to be influenced by at least three factors: /) the temporal
and synaptic properties of presynaptic afferent fibers to the
excitatory dendritic field; 2) the extended dendritic structure of
the LGMD; and 3) the additional activation within the LGMD
dendritic tree of either inhibitory synaptic conductances or of
voltage-gated outward conductances. Because the LGMD is
accessible to intracellular recordings in vivo, it provides a
unique opportunity to investigate how these biophysical mech-
anisms underlie selectivity to looming and to clarify their role
in the context of well-defined visually guided behaviors.
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