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Krapp, Holger G., Roland Hengstenberg, and Martin Egelhaaf. specificity of such integrating elements to sense rotatory or
Binocular contributions to optic flow processing in the fly visuatranslatory self-movement can be further enhanced if motion
system.J Neurophysiol85: 724734, 2001. Integrating binoculafinformation from both visual hemispheres is combined. In

motion information tunes wide-field direction-selective neurons in t rtebrates with laterally positioned eyes, such as rabbits and

fly optic lobe to respond preferentially to specific optic flow fields,. . . - . o
This is shown by measuring the local preferred directions (LPDs) aspgds, as well as in arthropods equipped with panoramic vision,

local motion sensitivities (LMSs) at many positions within the rece&-Xte”Sive spatial pooling of motion info_rmation and inter_a_c-_
tive fields of three types of anatomically identifiable lobula platdOns between both eyes were shown to increase the sensitivity

tangential neurons: the three horizontal system (HS) neurons, the fi@doarticular optic flow fields (rabbits e.g., Leonard et al. 1988;
centrifugal horizontal (CH) neurons, and three heterolateral connebirds e.g., Wylie and Frost 1999; crustaceans: Kern et al. 1993;
ing elements. The latter impart to two of the HS and to both CNalbach and Nalbach 1987; insects e.g., Hausen and Egelhaaf
neurons a sensitivity to motion from the contralateral visual fiel_c_ngg; Ibbotson 1991; Kern 1998; Kern and Vati998).

Thus in two HS neurons and both CH neurons, the response fielqn the fly lobula plate, which is the final neuropile in the
comprises part of the ipsi- and contralateral visual hemispheres. Thgic |ohe “approximately 50—60 individually identifiable tan-
distributions of LPDs within the binocular response fields of eac ntial neurons have been found (Hausen 1984). Tangential

neuron show marked similarities to the optic flow fields created ive ibsilateral Vi i t f tinotopi
particular types of self-movements of the fly. Based on the charact gUrons receive Ipsiiateral visual input from many retinotopi-

istic distributions of local preferred directions and motion sensitivitieg@lly arranged elementary movement detectors (EMDs) (re-

within the response fields, the functional "7 st 1993). This is leading to receptive
in the context of behaviorally relevant pi me cases, comprise almost the whole
motion is discussed. visual hemisphere. Many tangential neurons are thought to be

concerned with optic flow processing in the context of course
and gaze stabilization (Bausenwein et al. 1986; Geiger and
INTRODUCTION Nassel 1981; Gtz 1983; Hausen and Wehrhahn 1990; Heisen-

Visual motion is due to relative movements between tHerg et al. 1978; Hengstenberg 1995). Recently it was shown
eyes of an observer and the visual structures of the envirdfl @ class of tangential neurons that their ipsilateral receptive
ment. The resulting motion pattern over the observer's eyedi@ld organization matches the global structure of optic-flow
commonly referred to as “optic flow” (Gibson 1950), which idields induced by self-rotations around horizontally aligned
a description of retinal image movements in terms of locPdy axes (Franz and Krapp 2000; Krapp 2000; Krapp and
velocity vectors. The global structure of optic flow fielddiengstenberg 1996). S -
reflects the observer's mode of self-motion, i.e., rotation, trans- 10 What degree does binocular vision increase the specificity
lation, or a combination of both (Koenderink and van Doorff tangential neurons to sense particular self-movements? To
1987, reviews: Lappe 2000; Lappe et al. 1999). During tran@0Swer this question, we investigated the receptive fleld_orga-
lation, nearby objects induce larger flow vectors than morézation of the horizontal system (HS) and centrifugal horizon-
distant objects. Thus translation induced optic flow contai@l (CH) wide-field tangential neurons (Dvorak et al. 1975;
relative distance information about the three-dimensional erlausen 1976b, 1982a,b), which are thought to be involved in
vironment. optomotor course control (HS neurons) and figure-ground dis-

In the nervous system, optic flow is initially analyzed bygrimination (CH neurons) (Hausen and Wehrhahn 1989; re-
arrays of retinotopically arranged local direction-selective e¥iew: Egelhaaf and Borst 1993; Hausen and Egelhaaf 1989).
ements (review: e.g., Borst and Egelhaaf 1989). Local moti@esides their ipsilateral retinotopic inputs, most of these neu-
analysis on its own, however, does not allow the system tons receive contralateral motion information (Egelhaaf et al.
decide whether self-translation or -rotation induced the respd®93; Hausen 1976a, 1981; Horstmann et al. 2000). Here we
tive retinal image shift. A common strategy to disambiguatgetermine the local preferred directions (LPDs) and local mo-
the situation is to spatially integrate motion information. Thaon sensitivities (LMSs) at many positions within the ipsi- and
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contralateral visual hemispheres. Furthermore we present ttlentification of investigated neurons

receptive f|eld organization of h_eterolateral connectlljg ele'Most of the intracellularly recorded neurons were injected with
ments, which are thought to mediate the contralateral input|tQcifer yellow and identified in situ immediately after the experi-
the binocular HS and CH neurons. Based on the HS and Gidnts by fluorescence microscopy (Zeiss, Axiophot, fluorescein iso-
neurons’ local response properties, it is quantitatively estiiocyanate filter combination). Due to their anatomical characteristic,

mated how their monocular specificity to particular self-movébe HS neurons could be easily distinguished from each other as well

ments is influenced by their binocular input. as frpm the two QH neurons (Hausen 1981). The response fields .of
individual tangential neurons are remarkably reproducible from ani-
mal to animal and can thus be considered a characteristic fingerprint

METHODS (Krapp et al. 1998). Therefore in later experiments, Lucifer yellow
was no longer applied, and the identification was achieved according
Preparation to the response fields.

The heterolateral H1 neuron can be identified unambiguously by
Experiments were performed with 1- to 2-day-old female blowfligg&cording from its output region in the left lobula plate and stimulating
of the genusCalliphora. Before dissection for electrophysiology, thethe contralateral eye from which it receives its input (Hausen 1976b).
animals were briefly anesthetized with ¢Q.egs and wings were H2, like H1, is sensitive to horizontal back-to-front motion over the
removed and the head was tilted forward and fixed to a holdélght eye and conveys its spikes to the contralateral part of the brain.
Alignment with the visual stimulus device was achieved by adjustinghe H2 recording reported here took place within its dendritic input
the head according to the symmetrical deep pseudopupil (Francescfggion. H2 was distinguished from H1 by means of physiological
1975) in the frontal region of both eyes. For intracellular recordinggifferences between the neurons. First, the spontaneous activity of H2
the gut and muscles of the mouth parts were removed to reduce bigi@lmost zero, whereas H1 spontaneously generates spikes at rates
movements. After opening the head capsule from behind to get acdegveen 10 and 40 Hz. Second, the maximum firing rate of H2 is
to the lobula plate, fat tissue, air sacs, and tracheae were removeHch lower compared with H1 firing rates (Warzecha et al. 1998).
Wounds’ except the opening in the head Capsu|e, were closed merd, the SenSitiVity distribution within the response field of H1 is
wax to prevent the animal from desiccation. By adding saline solutiofuch broader than that of H2 (cf. Fig.4andB). The V1 spikes were
the nervous tissue was kept moist (Hausen 1982a). recorded within the neuron’s output ramifications contralateral to the
side of its input region in the ventrolateral protocerebrum. V1 is as yet
the only known spiking heterolateral element that is sensitive to
Electrophysiology vertical downward motion in the frontal to frontolateral visual field
(Hausen 1976b; Krapp and Hengstenberg 1997).
Extracellular tungsten electrodes with an impedance of abouf22 M
were used to record action potentials from the heterolateral connectj i ;
elements H1, H2, and V1. For intracellular recording, we pulled glatsl"jjsgtermlnlng the local response properties
capillaries (Clark, GC 100F-10) on a Brown Flamming puller (Sutter The LPDs and LMSs were determined according to a procedure
Instruments, P87). The tips were either filled with a solution of 3%at was described in detail by Krapp and Hengstenberg (1997). A
Lucifer yellow CH (Sigma)m 1 M LiCl, and the shaft wh 1 M LiCl  black dot ¢ = 7.6°) is moved along a circular pat (= 10.4°) at 2
or the entire electrode was filled WitL M KCI. The resistance of the cycles/s for several cycles in a clockwise (cw) and subsequently in a
electrodes was 40-60 ¥ In all recordings, a tip-broken glasscounterclockwise (ccw) direction (Fig AL During intracellular re-
capillary was used as a ground electrode and to supply the brain wéthrdings, three cycles in each direction were enough to reliably
saline solution. We used electrophysiological standard equipment flatermine the LPD (Fig. B); during extracellular recordings, 10
the recordings (see Krapp et al. 1998). Extracellularly recorded spil@&les per direction were presented. When the instantaneous direction
were converted into unit-pulses and sampled at a rate of 0.72 kiét.dot motion and the preferred direction of the small field elements
Intracellularly recorded signals were sampled at the same rate. Rronverging on the recorded neuron coincide, the measured response
grams for data acquisition and evaluation, as well as for controllifgecomes maximum. An unknown phase-shift caused by response
visual stimulation, were written in ASYST 4.0 (Macmillan Software)delays can be estimated and corrected by comparing the responses to

B
-20
E -30
14
-40
-50 | Il 1 A
1 L 1 i - \j - i
0.5 1,0 t[s] direction of motion

Fic. 1. Determining the local response properties of direction-selective wide-field neAcahs. stimulus consists of a black
dot (7.6° diam) moving at constant speed (2 cycles/s) along a circular path (10.4° diam). The stimulus position is defined by its
azimuth¢ and elevationd. For example, during dot motion in a clockwise direction (cw), responses of tangential neurons are
recorded either intra- or extracellularlg: consecutive motion cycles result in a periodic change of the neuronal activity (here:
membrane potential). Within each cycle, the maximum response is reached when the momentary direction of dot motion coincides
with the recorded neuron’s local preferred direction (LPD). Unit pulses elicited once per cycle allow us to reconstruct the
momentary direction of dot motion (sdém®ttom tracg. C: the phase-locked average of 3—10 response traces obtained from the
respective number of stimulus cycles is further pooled into 72 bins, each containing the mean response to 5° intervals representing
different motion directions. After correcting for a delay-induced phase-shift, the LPD is determined by circular statistics. The local
motion sensitivity (LMS) is the difference between the mean within a 90°-wide response interval centered on the LPD and the mean
within a 90°-wide interval centered at LPB180° (thick horizontal bars). Details in Krapp and Hengstenberg (1997).
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cw and ccw motion (Krapp and Hengstenberg 1997). The phasariable amplitude (Haag et al. 1997). Wide-field motion in the
locked average of the responses to cw and ccw motion, respectivglgposite direction results in hyperpolarizing membrane poten-
were pooled in 5° bins of successive dot motion directions (F@. 1 tj3| changes (Hausen 1982b). In addition to the ipsilateral
The mean LPD was determined by calculating the direction of thgs;t HSN and HSE receive contralateral motion signals via
mean vector of the resulting circular response histogram (Batsch er,olateral connecting elements that are sensitive to back-to-

1981). To keep from loosing information about the neurons’ absolute - .
response range induced by our local stimulus, we used a Iin%[ﬂgt motion (Hausen 1976a, 1981, 1982b; Horstmann et al.

measure to define the LMS. It is defined as the difference between 81#00). Although the overall response properties are well in-
response averaged within the interval b#5° centered on the LPD Vestigated in the HS neurons (Hausen 1982a,b), information
and the response within an equally sized interval obtained durifgpout their binocular receptive field organization with respect

motion in the opposite direction (FigC). to the distribution of local preferred directions and motion
sensitivities was not known.
Mapping the local response properties Figure 2 shows the binocular response fields of HSN and

. _ ) HSE. According to its dendritic branching pattern, HSN is

In t.hIS report, we present results derived from different sets gfgore sensitive to motion in equatorial to dorsal parts of the
teai(iﬁggnijr?r:r?i.m[;?stawggl%tggrlz‘gt :321\,522’ giglrlj)c?es d%tﬁnndorﬂgxﬁeé?a Silateral visual field. The maximum motion sensitivity of this
acrylic paint to avoid binocular cross-talk. In these experiments, lo uron was fOE”d. slightly above the eye equator at'an aglmuth
motion stimuli were presented at 54 positions in the right visuQ about 0—15° (Fig. &) (cf. Hausen 1982b). From this region,
hemisphere. In experiments that aimed to investigate the binocul3e LMSs decrease toward the dorsal, caudal, and contralateral
input to HS and CH neurons and to V1, the number of measurirﬁgfirts of the response field. Within the ventral |pS|IateraI visual
positions was 46 in the right and 30 positions in the left visudield HSN does not respond to motion. The ipsilateral response
hemisphere. LPDs and LMSs are plotted as arrows in a Mercator nfegld of HSE comprises extended parts of the equatorial visual
of the visual space where positions are defined by two angles: fiemisphere that corresponds to its dendritic arborizations
azimuthe and the elevation. Positive values of indicate positions \ithin the medial part of the lobula plate. HSE shows a
in the right visual hemisphere. Positive valuesfadenote positions sensitivity maximum around an azimuth between 0 and 15° at

above the eye equator. The orientation of each arrow gives the L : o (Fi
and its length denotes the LMS, normalized to the respective mz?%- elevation of about 157 (Fig. ) (cf. Hausen 1982b). The

mum response of the recorded neuron. In the following, such map Pt'on sensitivity levels off toward the dorsal and ventral

the neurons’ local response properties are referred to as “respotis¢/@l field. The LPDs deviate from the exact horizontal in
fields.” The Mercator map inherently distorts the dorsal and tHBOSt of the HSN and HSE response fields. In the frontal
ventral part of the spherical visual field by the factor 1/¢osTo response field, LPDs determined above and below the eye
mediate a better impression of the global appearance of the respagguator are tilted upward and downward, respectively (cf.
fields, we interpolated values between the actually measured dataHausen 1982b). Deviations in the opposite directions can be
applying a Matlab routine (Vers. 5.3). The LPDs measured at tigund in caudal parts of the response fields. LPDs oriented
given positions ¢, 6) were decomposed into theirandy compo- ahout horizontally are confined to the equatorial and lateral
nents. This resulted—together with the respective LMS distribiysts of the response fields (Fig.&andB).

tion—in three two-dimensional scalar fields. The interpolation algo- The contralateral input to HSN and HSE has only a small
rithm used fits a smooth surface through two-dimensional scalar ﬁeldi

and is based on Delauny-Triangulation (Watson 1994). The interd pact on the averﬁge(?]lc membrlar_le potentlall of _these nelérons
lated arrows in the response fields were than reconstructed from usen 1982a). Therefore applying our evaluation procedure

interpolatedx andy components, scaled by the interpolated LMSSEEMETHODS) results in relatively small local motion sensitiv-
Within the response fields shown iEsuLTs all measured data areities. To visualize the LPDs determined on contralateral stim-

plotted in black; interpolated values are shown in gray. ulation in Fig. 2, the length of the arrows within the framed
In most of our experiments, we did not carry out the time-consurareas were scaled up by a factor of three (HSN) and two (HSE),
ing histology and reconstruction but identified the stained neuronsrigspectively. In this part of the response fields, both neurons
situ. To nevertheless show the morphology of the investigated nedspond preferably to horizontal back-to-front motion along the
rons, in theinsetsof Figs. 2-4, reconstructions are shown that wergye equator. Only in the frontolateral region around an azimuth
prepared, and kindly provided, by Hausen during his earlier studls —45° within the HSE response field the LPDs are slightly
(Hausen 1981, 1982a, 1993). tilted downward. This deviation from the horizontal is most
likely caused by the LPD distributions of the heterolateral
RESULTS elements that mediate the sensitivity of HSE to contralateral
HS neurons motion stimuli.

The horizontal system (HS) consists of three neurons: tagy neurons
HSN, HSE, and HSS (N, north; E, equatorial; S, south
(Hausen 1982a). Since HSS integrates only monocular motiorirhere are two CH neurons in each lobula plate, the VCH and
information, data obtained from this neuron are not included the DCH (V, ventral; D, dorsal) (Eckert and Dvorak 1983;
our present report. HSN dendrites occupy the dorsal part of tHausen 1976a, 1984). The somata of the CH neurons are
neuropil, whereas HSE dendrites ramify in the medial part obnnected via the primary neurite to their respective main
the lobula plate (Hausen 1982a) (cf. Fig.i@se). Horizontal arborization in the contralateral part of the brain (see Fig. 3,
front-to-back wide-field motion within the ipsilateral visualinse) (cf. Hausen 1993). CH neurons pick up inhibitory and
hemispheres leads in HSN and HSE to depolarizing membrameitatory inputs from the contralateral visual field in the
potential changes (Hausen 1982b). These graded membriateral protocerebrum (see Fig.ise) (cf. Gauck et al. 1997;
potential changes may be superimposed by sodium spikesHafusen 1976a, 1984, 1993). In addition, the CH neurons re-
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FIG. 2. Mean binocular response field of horizontal systems north (H§M; = 2) and east (HSEB, n = 3) and neuronal
reconstructionsifse) (combined from Hausen 1982a, 1993). To better show the individual arborization pattern of HSN and HSE,
which partly overlap, the dendrites of the HSE are plotted within the contour line of the left lobula plate (LP). The response fields
shown inA andB belong to neurons both receiving their retinotopic input within the right LP. The LPDs and LMSs are plotted
as arrows within a Mercartor map of the visual field. Black arrows indicate measured data; gray arrows were obtained by
interpolation. An azimuth and elevation of 0° corresponds to the point directly in front, an azimuth80P and an elevation of
0° indicates the point directly behind the animal. Positive and negative elevations describe the top and bottom part of the
hemisphere, respectively. To emphasize the relatively small responses to contralateral motion stimuli, the arrow length within the
framed areas of the response fields are scaled up by a factor of 3 (HSN) and 2 (HSE), respectively. IPro, lateral protocerebrum.

ceive retinotopic input to their extended arborizations withia broad sensitivity distribution with high LMSs slightly above
the lobula plate (Dr and Egelhaaf 1999; Egelhaaf et al. 1993}he eye equator in the frontal and caudal visual field (FA). 3
CH neurons whose main arborization is located within the riglithe DCH responds predominantly to horizontal motion along
half of the brain are predominantly excited by front-to-bacthe equatorial regions of the left eye up to the lateral part of the
motion in front of the right eye and by back-to-front motiorright eye. Only in the caudal parts of the right visual hemi-
within the contralateral visual hemisphere (Egelhaaf et a@phere do the LPDs tilt downward. The sensitivity maximum
1993; Hausen 1981). VCH was identified to be a wide-fieldf VCH lies in the frontal visual field slightly below the
inhibitor responsible for the small-field tuning of the figureequator (Fig. B). Unlike in DCH, the sensitivity decreases
detection neuron FD1 (Egelhaaf 1985; Warzecha et al. 1998jore steeply in all directions. A high sensitivity is maintained
The response fields of DCH and VCH extend over almoatong the equatorial region within the right visual field where
the entire visual field (Fig. 3A and B). Compared to the HS VCH is excited by horizontal front-to-back-motion. In the
neurons, CH neurons respond more strongly to contralatefrmintal to lateral region of the left visual field, the LPDs are
motion stimuli. The right part of the DCH response field showited downward. Toward the caudolateral part along the left
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Fic. 3. Mean binocular response fields of DCH, f = 3) and VCH 8, n = 2) and neuronal reconstructioringe) (modified
from Hausen 1993). As in Fig. 2, for clarity, the major dendritic field of VCH was plotted to the left half of the brain although the
mean response field shown was derived from individuals that receive retinotopic input from the right eye. Both neurons have a large
response fields. In the caudal equatorial part of the DCH response field, the orientation of the LPDs deviate from the horizontal.
Similar deviations can be found within the VCH response field around the equator of the frontal to lateral part of the left visual
hemisphere.

eye equator, the LPDs continuously change their orientatithose of H1. V1 picks up information in the terminal region of

and finally become aligned almost horizontally. part of the VS neurons of the ipsilateral lobula plate and
propagates spikes to its own output arborizations in the con-
Heterolateral elements H1. H2. and V1 tralateral lobula (see Fig. #se) (cf. Hausen 1984, 1993). To

allow for an easier comparison with the input organization of

H1 receives retinotopic input and conveys action potentiaiseir putative target neurons, the response fields of the hetero-
to its output regions in the contralateral lobula plate (Hauséateral elements of the right part of the brain are plotted as if
1976b). The dendritic arborization of H1 covers almost thibey were obtained from their respective counterparts originat-
whole lobula plate (see Fig. thse) (cf. Hausen 1976b, 1993).ing in the left half of the brain.
Its output region covers wide parts of the contralateral lobulaThe H1 response field comprises almost the entire ipsilateral
plate where it is thought to form input to HSE, DCH, and VCHisual hemisphere. Due to the region of binocular overlap, it
(see Fig. 4jnse) (cf. Hausen 1976b; Horstmann et al. 2000)ncludes a small portion of the contralateral hemisphere (Fig.
H2 has a similar input organization but propagates its spikes48). H1 responds preferentially to horizontal back-to-front
the contralateral lateral protocerebrum where it is thought tootion (cf. Hausen 1976b). Its sensitivity maximum is found in
contact HSN and HSE as well as the CH neurons (see Fig.tide equatorial region at an azimuth of abett5°. The sensi-
inse) (cf. Hausen 1981). Its dendrites are less extended tharity slightly decreases from frontal to caudal. In the most
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FIG. 4. Mean response fields of HA,(n = 6), H2 B, n= 1), and V1 C, n= 2) and neuronal reconstructioringe) (modified
from Hausen 1993). The response fields are plotted as recorded from neurons that receive their retinotopic input in the left visual
hemisphere. Correspondingly, the anatomy is shown for H1, H2, and V1 of the left lobula plate. Note that the distributions of LPDs
within the H1 and H2 response fields are very similar, but the sensitivity distribution of the H1 neuron is much broader compared
with H2. Both H1 and H2 may be excited by rotations of the animal around about the vertical body axis to the left and inhibited
during forward translation. Parts of the V1 response field show similarities with an optic flow field generated during rotation of the
animal around the transverse body axis.

dorsal and ventral parts of the visual field, H1 is insensitive ttownward in the frontolateral, to horizontal in the dorsolateral,
motion. In the frontal part of the response field, the LPD® obliquely vertical upward in the dorsocaudal visual field. At
above the equator are tilted downward, whereas the LPBs azimuth of about 120°, V1 is slightly sensitive to vertical
below the equator point slightly upward. The LPD distributiompward motion; this indicates that VS neurons converging on
of the H2 is very similar to that of H1 (cf. Fig. A andB). V1 have—at least partly—binocular receptive fields (Heng-
Moreover, H2 is also sensitive to horizontal back-to-frordtenberg, personal observation).

motion. The H2 response field, however, is less extended

because in the caudal direction, its motion sensi;ivity decre,aﬁ%ferred self-motion parameters of HS and CH neurons
more rapidly than that of H1. The V1 response field comprises

wide parts of the visual field (Fig.@). Its maximum sensitivity ~ Given the binocular response field organization of HS and
can be found in the azimuth range of 0—30° around the ey&€$1 neurons, what rotatory and translatory self-motions can be
equator. The LPDs of V1 continuously change from verticgarticularly well analyzed by these tangential neurons? To
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provide an answer to this question, we first determined tkphere. Both CH neurons prefer a translation to the dorso-
optimal combination of self-rotation and -translation, resultingquatorial region of the frontolateral left visual hemisphere.
in an optic flow field the local velocity vector distribution ofFrom their preferred self-motion parameters, CH neurons are
which most closely approximate the neuronal response fiefhrticularly sensitive to upward banked turns of the fly to the
At any given location within the optic flow field each velocityleft. For both the HS and the CH neurons, the relative magni-
vector is defined by the vector®R and T, describing the tude of R was on average about 2—-2.5 times higher than the
rotatory and translatory component of self-motion, respegiagnitude ofT (cf. Table 1). This indicates that the respective
tively. To determineR and T, we interpreted the responsedistributions of LPDs within the response fields of these neu-
fields as “noisy” optic flow fields and applied an iterativeons more closely approximate optic flow fields induced during
least-square algorithm developed by Koenderink and vaarticular self-rotations of the fly than during translations.
Doorn (1987) (KvD). Since the KvD is based on averaged

sums of local velocity vectors, we need to make two assumignificance of binocular input for optic flow processing

tions. First, the local motion signals of the elementary move- hat d d bi lar i . h ,
ment detectors (EMDs) converging on the tangential neurons! © What degree does binocular input increase the neurons

are proportional to the velocity of the local retinal image shiftSPECHfiCity t0 particrL]JIar self-movements? To answer t?lis qlf‘.elsc;
and second, the tangential neurons linearly integrate the lofg[" We estimate the neurons’ responses to an optic flow fie
motion signals. The EMD responses, however, represent tH uced_by their preferred comblnathn of sglf-rotgtlon and
velocity of a given motion stimulus only within a limited-translation EF g, 1)) as well as for optic flow fields induced
dynamic range. In addition, EMD responses depend on tﬁ self-rotation £F) and self-translationAF 1)) alone.
spatial frequency content and the contrast of the stimul€ estimations were carried out under two conditions: First,

pattern (review: Egelhaaf and Borst 1993). Furthermore taﬂﬂ—e neurons integrate monocular local motion information

gential neurons linearly integrate only a small number of loc@!Y: Which is basically motion information sampled by reti-

motion signals, but for an increasing number of activated locaptoPically arranged movement detectors within the right vi-
inputs, they show a kind of saturation characteristic (Borst g¢@ hemisphere including the first meridian of the left visual
Smsphere{— 15° = ¢ = 165°). Second, the neurons integrate

al. 1995; Hausen 1982b; review: Egelhaaf and Warzec = . X .
1999). Nevertheless, we used the KvD to obtain a first appr _no<_:u|ar local motion _mformatlon; the left and right visual
imation of the neuron’s preferred self-rotation and -translatio gm|sphr<]ares a}re cgnsuljfereel_](SO fS ¢ Sh 165°). IanOth
For the same reason, we assumed in our calculation an isoff@S€S: the preferred self-motions for each neuron,ReT,

pic distribution of distances between the eyes and the vis glethle'r respective relative magnitudes, were taken from

structures of the surroundings. The latter assumption allow . , . '
us to determine not only the direction Bfand T but also to o estimate the neurons’ responses to the optic flow fields
RAr+m FF®)y andFFq), we calculated, as a first apprexi

assess their relative magnitude. The results for the HS and . A . .
neurons are listed in Table 1. mation, the geometrical projection of the respective optic flow

The preferred rotation axes of HSN and HSE are orientdi§!ds into the response fieldsF according to

about vertically, resulting in the high specificity for sensing the SFrer = (FFgem - RF)
flow components induced during yaw-rotations of the animal to

the left. The preferred translations of the HS neurons slightly SFr = (FF® " RF)
deviate from the straight-ahead direction. They point to the SFr, = (FFe - RF)

frontolateral left visual hemisphere slightly above the horizon-

tal. Thus HS neurons appear to be specialized to sense yHwe geometrical projection (dot product) of the local motion

rotation, which may be superimposed by a translations in tkectors into the LPDs closely approximates the cosine-shaped

horizontal plane, slightly to the left. directional tuning characteristic of the tangential neurons (cf.
The preferred rotation axes of the CH neurons deviate Byg. 1C) (e.g., Hausen 1982b). The projections were calculated

about 35° from the vertical body axis of the fly. In case adnly at response field positions where the local response prop-

DCH, the axis is tilted toward the caudolateral aspect of the leftties of the neuron were experimentally obtained. The proce-

visual hemisphere, whereas the preferred rotation axis of VQdre results for each neuron in three scalar fieldsg S,

is tilted toward the frontolateral part of the right visual hemiSFg,, and Sk, which represents the neuron’s local response

TABLE 1. Estimated preferred self-motion vectors of HSN, HSE, DCH, and VCH

Preferred RotatioiR Preferred Translatio
Azimuth ¢, ° Elevation®, ° Relative Magnitude oR Azimuth ¢, ° Elevation®, ° Relative Magnitude off
HSN —86 79 0.20 —38 12 0.11
HSE —28 82 0.24 —43 23 0.10
DCH —-117 54 0.34 —55 51 0.18
VCH 44 56 0.30 —53 65 0.10

Estimated preferred self-motion vect&®sandT of horizontal system north and east (HSN and HSE), DCH, and VCH. To estimate the preferred self-motions,
we applied an iterative least-square algorithm developed by Koenderink and van Doorn (1987). The algorithm computes the self-rotation ol v&etosta
R andT used to calculate optic flow fields that most closely approximate the distributions of local preferred directions (LPDs) and local motionesensitiviti
(LMSs) within the neuronal response fields. The orientation of the preferred axis of rotation and the preferred direction of translation ishiypdheatetjles
of azimuthe and elevatiory; the magnitude of the respective parameters is given in relative units (for further explanation, see text).
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TABLE 2. Estimated monocular and binocular responses

Estimated Responses B . 1), FF ), andFF ), rel. units

Monocular Binocular Response Increments for Binocular Input
Mr1) ") ' fGaa) ") '™ Alen) Argy Aren
HSN 13.1 10.3 6.9 14.1 11.6 6.9 1.0 1.3 0.0
HSE 125 10.3 6.4 14.8 13.2 6.4 2.3 2.9 0.0
DCH 18.6 15.1 105 21.7 18.9 9.8 3.1 3.8 -0.7
VCH 13.1 10.6 34 17.1 15.7 6.0 4.0 4.3 2.6

Estimated monocular and binocular responses of HSN, HSE, DCH, and VCH to optic flow fields induced by the combination of the preferred self-rotatic
and translationkF . 1)), the preferred self-rotatior-€ ), and the preferred self-translatidf ). The preferred self-motion parameters (Table 1) were used
to calculate optic flow fields that were projected into the respective neuronal response field. The resulting local projections were integrétedwaittuoular
part and the entire binocular response field; the respective responses are giyenhy ), andr,. To assess the effect of binocular contributions to the
estimated response, we calculated the respective response incrémgnts, Ar ), andAr . Note that in all cases\r g, is higher thamAr g 1, or Ar .

contributions to optic flow fieldsFFg. 1), FFRr.7), and DISCUSSION

FF® ), respectively. To obtain an overall measure of the 1y pingcylar input organization of fly HS and CH neurons
sensitivity of the neurons to the different optic flow fields, W& as determined from measurements of the local preferred
calculated the linear sum of the local response contributiogjze tions and motion sensitivities within their receptive fields

SFr+m(.9), SFr)(@.0), and Sk (¢,0) and of their potential contralateral input elements (H1, H2, and
Fren = S SFrer(,0)/w(0) V1). Based on the local response properties, we estimated the
significance of binocular inputs for the specificity of the neu-
Fr = 2 SFg(¢,0)/W(0) rons for their preferred self-movements.

ro =2 SFEn(e,0)/w(6)

I . Experimental evidence for the identity of heterolateral
where the local response contributions were weighted bysgsments transmitting motion information

factor 1W(6). To avoid any overrepresentation of the IocatTO the HS and CH neurons
response contributions, the factomgd) compensates for dif-
ferent degrees of overlap of the respectively stimulated areaghe origin of the contralateral input to the HS and CH
during the experiments to determine the LPDs and LMS$®urons was established by combined extra- and intracellular
within the spherical visual field. In addition, to keep for eactouble recordings (Haag 1994; Hausen 1976a; Horstmann
neuron the responses to the different optic flow fields comp2800). HSN was shown to receive contralateral input from H2
rable, the absolute sums of local velocity vectors within tha its terminal region (Haag 1994). Since only one class of
flow fields FF . 1), FF gy, andFF 1, were the same. Since theexcitatory postsynaptic potentials (EPSPs) has been noticed in
HS neurons receive no inhibitory input from the contralatertthe HSN, an additional excitatory input mediated by another
visual hemisphere, their binocular response was only affecteeterolateral element is unlikely. Although the time-averaged
when the sum of contralateral projections was greater than Orésponses of HSN to local stimulation in the contralateral
Table 2, the resulting values fojz.. 1), I r), andr, are listed visual field are weak, the LPDs determined in the frontolateral
that indicate the estimated response of the HS and CH neurpast of the contralateral response field are compatible with the
to monocular and binocular optic flo#F . ), FFr. 1), and LPDs found in the corresponding region of the H2 response
FF -7 For all neurons and for monocular as well as binodield (cf. Figs. A and 4B8). The tentative binocular input
ular contributions, the strongest estimated responses werganization of HSN is schematized in FigA.5
found for the combination of self-rotation and -translation, In accordance with earlier evidences obtained by Hausen
closely followed by the estimated responses to rotation alor{@981), recent experiments have shown HSE to be postsysnap-
The weakest responses were always found for the self-trangiato both H1 and H2 (Horstmann et al. 2000). In all double
tion. To assess the impact of binocular integration on thiecordings, two classes of EPSPs could be assigned either to
neurons’ specificity to particular self-movements, we calcidl or H2 spikes, and it seems unlikely that HSE receives
lated the response incrememis ., 1), Argy, andArq, be- additional contralateral input from a third element (Horstmann
tween the monocular and binocular responses to the thedel. 2000). Because we could record sizable responses to local
different flow fields (see Table 2). contralateral stimulation, we can compare the contralateral
The response incremens 1, on binocular input has incen response field of HSE with the H1 and H2 response fields (cf.
sistent effects on the estimated responses to the preferfégls. B and 4,A andB). Although there is a small tendency of
translation; it is either zero (HSN, HSE), increases (VCH), dhe LPDs within the contralateral HSE response field to point
slightly decreases (DCH). The response increments are pakiwnward, the general trend is directed roughly horizontally
tive for both the combination of preferred rotation and trangrom back to front. Despite the minor discrepancies in the
lation (Ar 1)) and for the preferred rotatioA( ,, see Table frontolateral region below the eye equator, H1 and H2 seem to
2). For all neurons, however, the response increndgt, is  mainly contribute to the organization of the HSE response field
higher thanAr . 1, (see Table 2). Thus HS and CH neuroncf. Figs. B and 4,A and B). The wiring that most likely
seem to be adapted to indicate the rotatory self-motion coaccounts for the observed binocular input organization of HSE
ponent from the flies momentary self-movement. is illustrated in Fig. B.
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FIG. 5. Schematized binocular input organization of HSN, and HSE and the CH neurons as derived from different lines of
evidence. Each circuit refers to the individual HSahdB) and CH neurons@ andD) receiving their retinotopic input in the right
lobula plate. The neurons receive input from heterolateral tangential neurons located in the left lobula plate. Thin vertical arrows
indicate the retinotopic input. Thick arrows denote connections suggested by different lines of evidence indicatédtiorthe
right of the figure.+ and —, excitatory and inhibitory inputs, respectively. @ and D, the connection between the hitherto
unidentified element U is based on correlating U spikes with inhibitory postsynaptic potentials induced in DCH and VCH. Note
that the connection of DCH to any figure detection neuron (FD) is hypothetical at this point. More subtle interactions that have been
shown to exist, for instance, between the 2 heterolateral H1 neurons (MaCann and Forster 1971), were omitted for clarity. DN,
descending neurons.

laser ablation
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DCH was shown to receive contralateral input from H1 anabplying a modified least-square algorithm (Koenderink and
H2 and, in addition, from an inhibitory wide-field neurorvan Doorn 1987), numerical simulations showed that self-
(element U) that has not yet been anatomically identifiadotion parameters can be reliably estimated from noisy optic
(Hausen 1976a). A comparison of the respective resporfgsy fields if local motion vectors were analyzed at about 100
fields supports this conclusion (cf. FigsA@nd 4,A andB).  sampling points homogeneously distributed within about one
The influence of element U that is sensitive to horizontgisyal hemisphere (Dahmen et al. 2000). Indeed, visual inter-
front-to-back motion in the contralateral visual field cannot bgeyrons sensitive to optic flow have frequently very large

judged from the response field. However, because DCH g&Beeptive fields (seeTrobucTion). The second strategy to gain
erates inhibitory postsynaptic potentials (IPSPs) when stimkjiaple information about the self-motion is to extend the
Iatetq along 'tthe't prif%rgaHd td|rect|:>n| c;f eIFLnerl‘(ttU’f th(?[ locg|syal field in a way as to include both visual hemispheres. For
motion sensitivity o 0 contraiateral back-lo-1ront Moy, oo e if a rotation around the vertical axis is to be detected,

tion may be slightly enhanced. A schematic of the DCH input: , . o
organization is shown in Fig.G s an eminent advantage to analyze motion at positions that

VCH was thought to receive its contralateral motion sendi€ 180° apart on a connecting meridian (Dahmen et al. 1997,

tivity from H1 as well as from H2, although unambiguou 000)'_ In case of rotation, the two velocity vectors point in
double recording experiments are still lacking that might proyiPPosite directions, whereas during translation, they point in
this notion. A comparison of the contralateral VCH respondB€ Same direction. Thus a neuron integrating the signals of
field with the H1 and H2 response fields supports this hypotRMDs whose preferred directions point front-to back in the
esis only partly. In the frontolateral region of the contralaterateral right visual hemisphere and back-to-front in the lateral
visual field, the predominant LPDs point downward instead #ft visual hemisphere can be expected to respond stronger to
being horizontally aligned. The contralateral distribution igotation than to translation. The local rotation responses are
more reminiscent of a blend of inputs including H1 and Hadded up by the neuron, whereas if the sensitivity is about
signals but also of an element sensitive to downward motionégual within the two visual hemispheres, the local translation
the frontolateral visual field. One candidate neuron that magsponses cancel out each other.
supply the sensitivity to vertical downward motion is V1 (cf. The receptive field organization of DCH, VCH, HSN, and
Fig. 4C). In Fig. 5D, the hypothetical binocular input organi-HSE are well suited for the task of self-motion estimation.
zation of this neuron is illustrated. These neurons receive signals from thousands of local motion
detectors together sensing visual motion within almost the
Functional significance of extended receptive fields and theentire visual field. Such a dense sampling may partly compen-
binocular input organization of HS and CH neurons sate for uncertainties inherent to local motion analysis due to,
for estimating self-motion from optic flow for instance, neuronal noise and the pattern dependence of

From a theoretical point of view, improving the performancglémentary motion detection. Furthermore densely sampling
in estimating self-motion parameters—like the rotation vectépcal motion information has been discussed as an adaptation
R and the direction of translatioi—from the current optic to cope with sparse distributions of contrasts in some natural
flow can be achieved by two strategies: the first one concesfgnes (Dahmen et al. 2000). Most important, however, is the
the receptive field size and the number of sampling points. Byct that HSN and HSE and the CH neurons process binocular
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motion information at opposite positions within the visuabertical body axis (about yaw-rotation), which may be super-
field. imposed by a translation in the horizontal plane to the left.

The sensitivity of HS and CH neurons, in particular to the8ince the HS neurons are output elements of the visual system,
preferred self-rotation, is increased by taking into accousignals originating from both halves of the visual system could
motion within the visual field of both eyes. This is reflected bfurther interact in different ways at subsequent processing
the result that the response incremétrg, is in all cases stages to lead to more specific representations of different types
higher than the response incremefitg: , 1) andAr ), respee  of self-motion. This information could then be utilized for
tively. Recent experiments on HSE suggest that the sigrsallving a variety of tasks in flight steering, walking, and gaze
structure of this neuron may play a decisive role in encodirggabilization. Such an elaboration of the specificity for optic
self-motion. Response transients, such as spikes and laffiw is not possible for the CH cells that are intrinsic elements
amplitude EPSPs, seem to be more specific indicators of selfthe third visual neuropile and seem to indicate banked turns
rotations than the mean membrane potential (Horstmann etadlthe animal. Because of their extended binocular response
2000). Since we time-averaged the responses of the HS nield organization, CH cells are ideally suited wide-field inhib-
rons, we did not explicitly consider the transient membrarirs, for instance, in the context of figure-ground discrimina-
potential fluctuations. Therefore our calculations most liketyon (Egelhaaf 1985).
underestimate the binocular response of HSE to its preferred
rotation and the resulting response incren‘mr}k)_ ~ The authors are grateful to K. Hausen for kindly supplying the reconstruc-

It should be emphasized, however, that the way we esﬁgs of the tangential neurons and for critically reading and commenting on

I

: , . . manuscript. We also thank R. Kern, R. Kurtz, and A.-K. Warzecha for
mated the tangential neurons’ responses to optic flow fie ically reading and discussing the manuscript. In addition, we thank two

inQuced by p_articll'”ar SelfmetionS_nqu to .be ConSider.ed O{HNonymous referees for constructive criticism and language corrections that
a first approximation. Beside the simplifications we outlined imelped to improve the manuscript.
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