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Nonlinear, binocular interactions underlying flow field
selectivity of a motion-sensitive neuron
Karl Farrow1–3, Juergen Haag1,3 & Alexander Borst1
Neurons in many species have large receptive fields that are selective for specific optic flow fields. Here, we studied the neural
mechanisms underlying flow field selectivity in lobula plate tangential cells (LPTCs) of the blowfly. Among these cells, the
H2 cell responds preferentially to visual stimuli approximating rotational optic flow. Through double recordings from H2 and
many other LPTCs, we characterized a bidirectional commissural pathway that allows visual information to be shared between
the hemispheres. This pathway is mediated by axo-axonal electrical coupling of H2 and the horizontal system equatorial (HSE)
cell located in the opposite hemisphere. Using single-cell ablations, we found that this pathway is sufficient to allow H2 to
amplify and attenuate dendritic input during binocular visual stimuli. This is accomplished through a modulation of H2’s
membrane potential by input from the contralateral HSE cell, which scales the firing rate of H2 during visual stimulation
but is not sufficient to induce action potentials.

Most visually guided behavior requires the analysis of optic flow fields.
Flying animals in particular rely heavily on visual cues in order to
control chasing, cruising and landing behavior1–4. A fly’s movements
can be described as combinations of six simple movements: three
translational directions along each of the body axes (thrust, slip and lift)
and three rotational movements around the same axes (respectively,
roll, pitch and yaw). Each rotational or translational movement
generates a characteristic optic flow pattern, which can be used to
determine and maintain body posture and flight directory.
The motion-sensitive neurons that analyze these optic flow fields
often have large complex receptive fields and respond best to motion in
different directions at different locations within the receptive field.
Moreover, many of these neurons receive binocular input and are
selective for rotating or expanding flow fields. Well-studied examples
include neurons in areas MT (ref. 5) and MST (refs. 5,6) of monkeys,
the accessory optic system and cerebellar flocculus in rabbits7,8 and
pigeons9,10, the optic lobe of the locust11,12 and the lobula plate of
blowflies13–19. Across species, these neurons are involved in the visual
control of locomotion, eye and head movements, and body posture.
However, in most cases, the neural mechanisms underlying such
complex receptive fields have not been clarified.
Here we studied the mechanisms of flow field selectivity of motionsensitive neurons in the lobula plate of the female blowfly Calliphora
vicina. Each of the approximately 60 individually identifiable LPTCs
produces a directionally selective response to visual motion presented
to the ipsilateral eye, which has been ascribed to the dendritic integration of local-motion detector input to its dendrites20,21. In addition,
interactions among the LPTCs shape each cell’s receptive field to
particular optic flow patterns16,22–28. Of the cells predominately

responding to horizontal motion stimuli, a subset of 12 tangential
cells forms a symmetric bilateral network (Fig. 1a). These cells are
thus able to combine information about motion presented in front of
both eyes. Each of these 12 LPTCs has a larger response to in-phase
binocular horizontal visual motion (motion in front of both eyes
moving in the same direction) than to out-of-phase binocular motion
(motion in front of each eye moving in the opposite direction)15,16,23,24,29–31. In-phase horizontal binocular motion mimics
the optic flow produced when a fly rotates about its vertical body
axes (yaw rotation) or, for cells with receptive fields in the frontal
portion of the visual field, when a fly translates sideways in the
horizontal plain (slip translation). Out-of-phase horizontal binocular
motion imitates forward and backward translation (thrust translation).
Except where noted, in-phase visual motion stimuli will be referred
to as rotation and out-of-phase motion stimuli as translation. The 12
LPTCs making up this bilateral network include the two centrifugal
horizontal (CH) cells15,16,31, two of the three horizontal-system
(HS) cells15,16,24,29,30, and the H1 and H2 cells13,16,24,32. The HS and
CH cell families are graded-potential neurons, whereas the H1 and
H2 cells are spiking neurons that project across the midline13,16,24,31–33.
The HS and CH cells both respond in a similar way to ipsilateral
visual motion—that is, with a graded deflection of membrane potential. In addition, the HS and CH cells respond to contralateral visual
motion with modulations in the frequency of excitatory postsynaptic
potentials (EPSPs) generated by their shared excitatory input from
contralateral H1 and H2 cells (Fig. 1a and refs. 16,24,32). As a result,
the HS and CH cells respond not only to motion in front of the
ipsilateral eye, but also to motion in front of the contralateral eye.
In the case of CH cells, the graded response to binocular motion

1Max-Planck-Institute of Neurobiology, Department of Systems and Computational Neurobiology, Am Klopferspitz 18, 82152 Martinsried, Germany. 2Present address:
Massachusetts General Hospital, Harvard Medical School, 50 Blossom Street, Thier 429, Boston, Massachusetts 02114, USA. 3These authors contributed equally to this
work. Correspondence should be addressed to K.F. (kfarrow@partners.org).

Received 6 June; accepted 17 August; published online 10 September 2006; doi:10.1038/nn1769

NATURE NEUROSCIENCE ADVANCE ONLINE PUBLICATION

1

ARTICLES
Figure 1 Network connections. (a) Summary
diagram of the connections between large-field
lobula plate neurons. Red triangles, excitatory
connections; black filled circles, inhibitory
connections; resistors, electrical connections.
H1L
Black arrows, preferred direction along the eye
equator of the ipsilateral visual motion input to
HSE
HSE
each cell from the pre–lobula plate circuitry. HS
cells are the source of the ipsilateral response of
HSN
CH cells. Gray arrows, polarity of the H1 cells (the
direction in which action potentials travel down
dCH
dCH
the axon). The H1 and H2 cells project to the
dCH
vCH
vCH
?
opposite side and provide excitatory input to HSN,
H2L
HSE, dCH and vCH. H1 provides input to the
HSE
large lobula plate arborizations of each cell,
whereas H2 synapses onto small arbors near the
H2
H2
vCH
midline. The CH cells have output synapses in
Excitatory
their lobula plate arborizations and provide
Inhibitory
inhibitory input to the H1 and H2 cells by means
Electrical
of overlapping dendrites. (b) Simplified circuit
highlights two possible pathways for visual
information to reach H2 from the opposite eye.
H2R
Open triangles, excitatory connections; filled
circles, inhibitory connections; resistors, electrical
connections. Black arrows, preferred direction of
visual motion on the ipsilateral side of the cells.
H1R
HS cells are the source of the ipsilateral response
Midline
of CH cells. Blue, pathway identified in ref. 16.
Here, H2 and H1 (not shown for simplicity) carry
information across the midline, providing excitatory input to the CH cells. The CH cells then make dendro-dendritic inhibitory connections with the H2 cell in
the same lobula plate. Green, pathway identified in this study. HSE and H2 are electrically coupled and thus the graded signal from HSE passes to H2 in the
opposite hemisphere, whereas HSE receives attenuated action potentials from H2.
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stimuli approximates a linear combination of their responses to
monocular stimuli23, as would be expected from a feedforward
circuitry that does not have additional threshold nonlinearities. However, H2 neurons are different in this respect: their responses to
binocular stimuli clearly represent a nonlinear combination of their
responses to monocular stimuli. Whereas a contralateral stimulus alone
does not elicit spiking activity in H2 (refs. 15,16), it strongly modulates

H2 FFS
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the response of H2 when presented together with a monocular,
ipsilateral, excitatory one16.
A circuit diagram of H2 and other LPTCs reveals two possible
pathways by which information can reach H2 from the contralateral eye
and might thus account for its rotation selectivity (Fig. 1b). The first
pathway (blue in Fig. 1b) involves the CH cells: CH cells receive
excitatory input from the contralateral H1 and H2 cells16,24,32 and in
turn inhibit the ipsilateral H1 and H2 cells via GABAergic synapses
spread across their extensive lobula plate arborization16,24,34,35. This
pathway favors a motion stimulus that leads to the inhibition of cells on
one side and to the excitation of the same cell types on the other side.
Figure 2 Flow field selectivity of H2. (a) Average responses of H2 cells ±
s.e.m. during a 2-s presentation of the visual stimulus, a grating with either
95% (black bars, n ¼ 14) or 5% (gray bars, n ¼ 7) contrast. Schematic fly
heads and arrows indicate stimulus conditions. Although the cells did not
respond to unilateral motion in front of the right eye in either direction
(first and second groups of histogram bars), addition of this stimulus to a
back-to-front stimulus in front of the left eye influenced the response in a
directionally selective way (fourth and fifth groups of histogram bars). Flow
field selectivity (FFS) was calculated as (RRot – RTrans)/RRot (where R is the
magnitude of the response, Rot is rotation and Trans is translation). (b) The
flow field selectivity of H2L was determined with a vertically restricted
contralateral stimulus (right eye). The stimulus presented to the right eye
(contralateral for H2 and ipsilateral for the other LPTCs) was restricted to
stripes 261 in height and was presented at six different elevations. This was
performed in two sets of experiments, one for the upper three stimulus
positions (open squares, n ¼ 7) and one for the lower three (solid squares,
n ¼ 8). (c–f) The flow field selectivity of H2 cells compared to the ipsilateral
PD response of simultaneously recorded HSE. Number of experiments for
lower and upper screen positions were as follows: HSE 6,4; HSN 2,4;
vCH 2,2; dCH 0,6. All values represent the mean ± s.e.m. The closed and
open circles refer to the different sets of experiments as in b.
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Figure 3 Double intracellular recording of H2 and
H2 spiking res.
HSE cells in opposite hemispheres. Schematic fly
40
10
H2 graded res.
8
heads and arrows indicate stimulus conditions.
HSE graded res.
100
30
0
Red, HSE cell responses; black, H2 cell
6
responses. (a) Example traces of dual intracellular
20
4
–10
recording of an HSE in the right lobula plate and
50
an H2 in the left lobula plate. During motion in
2
10
–20
front of the right eye, the HSE cell in the right
0
0
lobula plate shifted its membrane potential in a
0
–30
–2
directionally selective way. During the same
–10
–40
stimulus, the H2 also showed graded shifts in
–4
–50
0
2
4
6
8
membrane potential that were of the same
Time (s)
polarity as those seen in HSE, but almost no
action potentials. However, during stimulation of
the left eye, the H2 produced action potentials at a rate that was influenced by motion presented in front of the right eye. (b) Average response of three pairs of
simultaneously recorded H2 and HSE cells during a 1-s-long presentation of each visual stimulus. Note that although H2 did not produce action potentials in
response to unilateral motion presented in front of the right eye in either direction (first and second groups of histogram bars), it did shift its membrane
potential with the same polarity as the HSE cell. Also, addition of a right eye stimulus to a back-to-front stimulus in front of the left eye influenced both the
graded and spiking responses of H2 in a directionally selective way (fourth and fifth groups of histogram bars). Error bars represent s.e.m.
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RESULTS
Flow field selectivity of H2
We performed extracellular and intracellular recordings from H2 and
either HS or CH neurons to characterize the H2 cell’s flow field
selectivity. The response of H2 cells to combinations of ipsilateral
and contralateral visual motion stimuli illustrated the rotational
selectivity of H2 cells during full screen stimulation (Methods and
Fig. 2a). At both 95% contrast and 5% contrast, the H2 cell’s response
to rotational stimuli (back-to-front motion presented to the ipsilateral
eye and front-to-back motion presented to the contralateral eye) was
significantly larger than that to ipsilateral motion alone (P ¼ 0.0009
and P ¼ 0.0313, respectively; Wilcoxon matched-pairs signed-ranks
test). Also, the response to translational motion (back-to-front in front
of both eyes) was significantly smaller than the ipsilateral response at
both 95% contrast (P ¼ 0.0001) and 5% contrast (P ¼ 0.0156). We
calculated the rotational flow field selectivity (FFS) of the H2 cell as the
percent difference between its response to rotation and translation
(Fig. 2a). We found the flow field selectivity of H2 to be spatially

a

Graded response (mV)

constrained. By restricting the stimulus of the contralateral eye to six
different vertical positions, each with a vertical extent of 261 and a
horizontal extent of 47.61, we found that the flow field selectivity of H2
turned out to be largest around the equator of the eye, at stimuli located
between –251 and +251 (Fig. 2b). Note that the flow-field selectivity
was in general larger above the equator than below it.
To determine which tangential cells contribute to the flow field
selectivity of H2, we measured the neurons’ responses during simultaneous recording of H2 (extracellular) and HS or CH cells (intracellular)
located in the opposite lobula plate (Fig. 2c–f). This was accomplished
by restricting the stimulus of one eye (contralateral for the H2 cells,
ipsilateral for the HS and CH cells) to six different positions. The
stimulus elevations at which H2 was flow field–selective matched those
at which the simultaneously recorded HSE cells were responsive during
ipsilateral preferred-direction (PD) motion (Fig. 2c). In contrast, the
elevations at which the HSN, dorsal CH (dCH) and ventral CH (vCH)
cells were responsive did not match those at which H2 was flow field–
selective (Fig. 2d–f). The overlap between the stimulus positions at
which H2 was flow field–selective and HSE was responsive to ipsilateral
PD motion suggests that HSE is best tuned to contribute to the H2 cell’s
flow field selectivity.
To better understand what leads to the H2 cell’s rotational flow field
selectivity, we obtained intracellular recordings from H2. This revealed
that during visual stimulation of the contralateral eye, there was a
graded shift in membrane potential but almost no modulation of
spiking activity (Fig. 3). Front-to-back motion presented to the

Visual stimuli inducing such patterns of neural activity include frontto-back motion in front of one eye and back-to-front motion in front
of the opposite eye. Here we demonstrate the existence of an additional
pathway (green in Fig. 1b) in which H2 and HSE cells from opposite
hemispheres are electrically coupled. We show that this coupling allows
H2 to combine visual motion information from both eyes in a specific
manner that is essential for the rotational selectivity of H2.

H2 mem. pot. (mV)
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Figure 4 Connectivity between H2 and the different HS and CH cells located in the opposite lobula plate. (a,b) Example traces of current injections into
an HSE or H2 cell located in opposite hemispheres, during dual intracellular recordings. Gray bars, time and duration of current injections. (c) Effects of
hyperpolarizing (–10 nA) and depolarizing (+10 nA) current injections into horizontally sensitive tangential cells (Tan), on the membrane potential of H2
located in the opposite hemisphere. Maximum response was seen for current injection into HSE. (d) Same as c, but current was injected into H2 and the
responses of HS and CH cells in the opposite hemisphere were measured. Current injections into H2 had maximum effect on HSE. (e) Cross correlation of the
intracellular membrane potential between H2 and a simultaneously recorded LPTC located in the opposite hemisphere. In c–e, data represent mean ± s.e.m.
of 5 H2-HSN pairs, 3 H2-HSE pairs, 1 H2-HSS pair, 5 H2-dCH pairs and 2 H2-vCH pairs.
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Figure 5 H2 EPSP comparison. The membrane potential of HSN (n ¼ 10), HSE (n ¼ 10) or CH cells (n ¼ 8) was averaged in reference to simultaneously
recorded action potentials of an H2 cell during contralateral PD motion—that is, back-to-front in front of the left eye. This stimulus excited the H2 cell
directly, but not the HSE, HSN or CH cells. (a) Response of HS and CH cells to contralateral PD motion. Each trace is a double recording of an H2 cell from
the left lobula plate and HSE, HSN or dCH cell from the right lobula plate. Note that EPSPs were much larger in the HSE and dCH cell than in the HSN cell.
(b–d) Sample spike-triggered averages (STA) of HSE, HSN and CH cells. The peak of the EPSP occurred B1 ms after the spike of H2. (e–g) Averaged EPSP
amplitude, decay time constant and delay time. Data represent mean ± s.e.m. EPSP amplitude was largest in HSE. EPSPs in HSE also had the shortest decay
time constant and delay time.

contralateral eye resulted in depolarizing membrane potential shifts in
H2, whereas back-to-front motion hyperpolarized the neuron. Also,
the graded-potential response to in-phase stimuli was larger than that
to stimulation of either eye alone. Similarly, the graded response to
back-to-front motion in front of both eyes (mimicking backward
translation) was smaller (Fig. 3b). The intracellular recording from
H2, located in the left lobula plate, was done during a simultaneous
intracellular recording of an HSE cell located in the right lobula plate.
Comparing the responses of the two cells to stimulation of the right eye
(ipsilateral for HSE, contralateral for H2) demonstrated that the shift in
membrane potential in both cells was of the same polarity and had
a similar time course (Fig. 3a). As HS cells drive the response of
CH cells25,26, the match of the time course and polarity of the shifts in
membrane potential between H2 and HSE cells suggests that H2
receives input from at least one of the graded-potential cells located
in the opposite hemisphere.
Contralateral input to H2
To investigate whether HSE cells are indeed the source of the gradedpotential shifts seen in H2 cells during contralateral motion, we
injected current while recording simultaneously from H2 and the
different HS and CH cells in the opposite lobula plate. When current
was injected into either H2 or HSE, we found that positive and negative
current passed between those cells in both directions (Fig. 4a,b). This
was also true of all H2 LPTC pairs tested (Fig. 4c,d). However, the
current passing between H2 and HSE cells was at least twice that
between H2 and any other cell tested by simultaneous double recordings. In addition, the cross-correlation coefficient between the resting
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Figure 6 Double ablations of ipsilateral CH cells. Three examples of H2
responses to rotational and translational motion of 2-s duration before (‘pre’)
and after (‘post’) ablation of both CH cells. At right, average flow field
selectivity calculated from the three experiments. H2 cells remained selective
for rotational flow fields after the ablation of both CH cells. All values
represent the mean ± s.e.m.
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membrane potential of H2 and HSE in the opposite hemisphere was
larger than that of all other H2 LPTC pairs (Fig. 4e), suggesting that H2
is most tightly coupled with HSE in the opposite hemisphere. The high
cross-correlation coefficients and current transfer seen between H2
and the other cells is probably a consequence of the high degree of
electrical coupling that exists between the HS and CH cells within
one lobula plate25,36.
Additionally, the differing characteristics of the EPSPs recorded
in HSN, HSE, dCH and vCH cells suggested that the synapses
connecting these cells have diverse properties. The HSE EPSPs were
the largest and had the fastest time course (Fig. 5). During double
recordings of the H2 cell (extracellular) in the left lobula plate and a
contralateral HS or CH cell (intracellular), we calculated the spiketriggered average (STA) of the EPSPs recorded in HSN, HSE, dCH and
vCH cells. As previously reported16,17,24, each H2 action potential was
accompanied by an EPSP in simultaneously recorded HS or CH cells
located in the opposite hemisphere (Fig. 5a). There were basic
differences between the inputs to these cells from H2 in the opposite
hemisphere (Fig. 5b–d). First, the amplitude of the EPSPs in HSE and
dCH cells was larger than that in the HSN cell, illustrating the relative
strength of the synaptic inputs (Fig. 5e). Second, both the decay time
and the time-to-peak of the HSE cell were shorter than those of either
the HSN or CH cells (Fig. 5f,g). The slower dynamics of the EPSPs in
the CH cells may be due, in part, to differences in intrinsic membrane
properties, but it is likely that the differences between the HSN and
HSE are synaptic in origin as these cells have the same intrinsic
membrane properties33,37,38.
The combined electrophysiological data suggest that H2 receives
graded input from the HSE cell in the opposite hemisphere. This
connection is mediated by axo-axonal electrical synapses, as current of
either polarity can be passed in both directions and the axons are the
only parts of the HSE and H2 cells that overlap13,39. Additionally, the
fast and large EPSPs of HSE cells relative to those of the HSN or CH
cells are consistent with the HSE being electrically coupled. HSE cells,
therefore, provide a pathway for information to reach H2 from the
opposite eye. This finding, however, raises the following question:
which of the two inputs to H2 from the opposite eye is decisive for H2’s
flow field selectivity—the previously described pathway through ipsilateral CH cells16 or the channel mediated by the contralateral HSE cell
described here (Fig. 1b)?
Test of ipsilateral CH cell pathway
To test whether the pathway involving the ipsilateral inhibitory connection between CH cells and H2 contributes to the flow field
selectivity of H2, we photoablated both CH cells in one hemisphere
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Test of contralateral HS and CH cell pathway
The next series of experiments addressed the role of the direct axoaxonal contact between H2 and contralateral HS or CH cells for the
flow field selectivity of H2 cells. We recorded extracellularly from the
axon of H2 cells in the protocerebrum while simultaneously recording
the intracellular membrane potential from the axon of one of the CH or
HS cells in the opposite lobula plate. To prevent the signals from
reaching the H2 cell axon, we photoablated individual cells or, alternatively, blocked the graded signal passing down the axon of HS or CH
cells by voltage-clamping the axonal membrane potential to rest. In the
intact fly (Fig. 7a), H2’s response was strongest to rotation (about
90 spikes per s); this dropped to 66 spikes per s during translation.
When the axonal membrane potential of the HSE cell was clamped to
–50 mV (Fig. 7b), we found that the responses to rotation and
translation were nearly identical; thus, H2 was no longer flow field–
selective. This is as expected: as signals from the right eye are integrated
in the dendrites and then passed down the axon before reaching the H2
axon, the voltage clamp should be an effective block for any signals
downstream of the electrode. When we photoablated the HSE cell, the
response of the H2 cell to stimulation of the left eye was no longer
modulated by additional stimulation of the right eye (Fig. 7c), as was
the case after voltage-clamping HSE. These experiments clearly demon-
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(Methods) and measured the flow field selectivity of H2 in the same
hemisphere before and after CH cell ablation. This experiment was
performed in three different flies. In each case, one CH cell was
recorded during photoablation to confirm that its resting membrane
potential approached zero and its visual response vanished (Methods).
In the intact fly, the average response to rotational stimuli was 52 spikes
per s and that to translational stimuli was 38 spikes per s. After ablation
of both CH cells, the average response to rotation and translation
dropped to 38 and 22 spikes per s, respectively. Nevertheless, H2
remained selective for rotation after the ablation of both CH cells in
each experiment (Fig. 6). Therefore, the ipsilateral CH pathway turned
out not to be essential for the flow field selectivity of H2 cells.
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Figure 7 Block of HS and CH cells in the
Voltage clamp
Laser ablation
100
HSE
opposite hemisphere. The results demonstrate the
0.2
0.2
effect of voltage-clamping or photoablating the
50
right HSE cell on the flow field selectivity of the
0.1
0.1
left H2 cell. (a–c) Responses of the left H2 and
0.0
0.0
–10
the right HSE cell to different types of motion
0
–35
stimuli were recorded simultaneously in the intact
–50 –25 0 25 50
–50 –25 0 25 50
–60
fly (a), when the membrane potential of the HSE
HSN
0.3
cell was clamped to its resting value (b) and after
0.2
100
0.2
ablation of the HSE cell (c). H2 responses are
0.1
0.1
shown in black as a peristimulus time histogram
50
(PSTH) calculated from 10 sweeps. Bin width,
0.0
0.0
150 ms. Responses of HSE cells represent a
–10
0
–50 –25 0 25 50
–50 –25 0 25 50
single sweep of an intracellular recording.
–35
Schematic fly heads and arrows indicate stimulus
dCH
–60
0.2
0.2
conditions. Note that in the intact fly, the
response to rotational motion was larger than
0.1
0.1
that to translational motion. This difference
50
0.0
0.0
disappeared when the axonal HSE membrane
potential was clamped to –50 mV and after the
0
–50 –25 0 25 50
–50 –25 0 25 50
HSE cell was ablated. (d–i) Summary of the effect
Stimulus elevation
Stimulus elevation
0
4
8
12
of blocking HSE (top), HSN (middle) or dCH
(deg)
(deg)
Time (s)
(bottom) cells, by voltage-clamping the axonal
membrane potential or by laser ablation. Black
line, control conditions; gray line, data collected during the voltage clamp or after the photoablation of a tangential cell. Filled squares, condition in which
stimuli were presented to the right eye at elevations of –451, –251 and –21 relative to the equator of the fly’s eye; open squares, stimuli were presented at
elevations of 21, 251 and 451. Number of experiments for lower and upper screen positions were as follows: HSE voltage clamp, 4,4; HSE ablation, 5,2;
HSN voltage clamp, 1,2; HSN ablation, 2,3; dCH voltage clamp, 0,3; dCH ablation, 0,3. All values represent the mean ± s.e.m.

g

i

strate that the graded input from the contralateral HSE cell is key to the
flow field selectivity of H2.
To measure the individual contributions of the contralateral HS and
CH cells to the flow field selectivity of H2, we presented a small-field
stimulus (vertical extent smaller than the receptive field of any single
HS or CH cell) to the contralateral eye while a large-field stimulus
provided ipsilateral input to the H2 dendrite (Methods). After determining the flow field selectivity of H2 under control conditions, we
blocked the input of the respective HS or CH neuron by axonal voltageclamp and subsequent laser ablation. H2’s responses to various motion
stimuli were again measured before and after each manipulation. The
results (Fig. 7) highlighted the role of HSE as the sole functional
contralateral input neuron to H2. Only blocking HSE input led to a
complete loss of flow field selectivity in H2 (Fig. 7d,e). Blocking HSN
(Fig. 7f,g) or dCH (Fig. 7h,i) had no effect.
Simulations
To test whether the axo-axonal coupling to HSE cells can quantitatively
account for the flow field selectivity of H2, we created a biophysically
realistic neural network that is a simplified version of the circuitry
outlined above (Fig. 1 and Methods). This network consisted of eight
cells, with single representatives in each lobula plate of the main cell
types involved: HS, CH, H1 and H2 (ref. 16). Each cell was modeled as
a series of ten isopotential compartments approximating the actual
axonal geometry. The geometry and the passive and active membrane
properties were adjusted to approximate the known biophysical properties of each tangential cell33,37,38,40. The cells were then connected,
supplied with visual input and tested for all the conditions that we had
used in the experiments.
Under control conditions, the responses of individual circuit elements to binocular motion stimuli were similar to those of their natural
counterparts (Fig. 8a). In particular, the response of the H2 cell showed
the same nonlinear combination of inputs from both eyes (compare
Fig. 8a with Figs. 7a and 2a), resulting in a flow field selectivity of 0.4.
To test which pathway contributes to flow field selectivity of the model
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Figure 8 Simulations of experiments shown in Figure 7. Left, results of simulations. Right, network comprising a single representative of the main cell types
involved in processing horizontal motion in each lobula plate. ‘L’ or ‘R’ at the end of the cell name indicates the hemisphere within which the cell’s dendrites
lie (L, left; R, right). For clarity, the H1 cell does not appear in these diagrams. Schematic fly heads and arrows indicate simulated stimulus conditions. The
cells were connected with weights as determined experimentally during current injections. The visual responses to a 1-s-long presentation of the visual stimuli
(top row) are shown. The H2L (black bars) firing rate is shown as a PSTH of 10 sweeps. Bin width, 150 ms. The HSR (red lines) and CHL (blue lines) cell
responses are representative single sweeps. (a) The response of the intact circuit demonstrates the expected flow field selectivity of the H2 cell (compare PSTH
in column 5 with that in column 6). (b) When the axonal membrane potential of HSR is clamped to –62 mV, the flow field selectivity of the H2 cell disappears.
(c) When the CHL cell is taken out of the circuit, H2 remains flow field–selective.

H2 cell, we either voltage-clamped the contralateral HS cell at –62 mV
(Fig. 8b) or ablated the ipsilateral CH cell from the network (Fig. 8c).
When the membrane potential of the HS cell was clamped to its resting
potential, the H2 cell completely lost its flow field selectivity (Fig. 8c).
In contrast, when the CH cell was taken out of the circuit, H2 remained
flow field–selective. Thus, in summary, our model circuit exhibits
exactly the same properties as the neural circuit in the fly that we
studied experimentally.
These simulations demonstrated that the simple electrical
connection between the axons of two neurons on opposite sides of
the brain, in conjunction with the H2 spiking mechanism, can account
for the ability of H2 to combine binocular visual inputs in a nonlinear
way. We suggest that the flow field selectivity of the H2 cell is a
consequence of a graded input from the contralateral HSE cell,
modulating the spiking response of the H2 cell to motion presented
to the ipsilateral eye.
DISCUSSION
In this study we investigated the mechanisms of flow field selectivity of
a neuron in the fly visual system that is sensitive to large-field,
binocular motion. We presented evidence that H2 is electrically
coupled to the HSE cell in the opposite hemisphere. Moreover, we
demonstrated that graded membrane potential of HSE passes through
electrical synapses and interacts with the active properties of H2 to
produce a functionally relevant nonlinear combination of visual input
from the two eyes. This nonlinearity is probably the spike-generating
mechanism of the H2 cell. It seems that although the graded input from
the contralateral HSE cell is unable to produce action potentials in
isolation, it influences the firing rate of H2 when H2 is simultaneously
excited by an ipsilateral motion stimulus. This new mechanism is
selective, simple and highly efficient.
The electrophysiological evidence presented above for electrical
coupling includes (i) the ability of current to be passed bidirectionally
between H2 and the HSE cell in the opposite hemisphere (Fig. 4),
(ii) the graded response of H2 to visual stimulation of the contralateral
eye (Fig. 3), and (iii) the diverse EPSP properties of the different cells
(Fig. 5). For negative current injections, this coupling between H2 and
HSE was twice as large as that of the other tangential cells. Moreover,
the coupling strength between H2 and HSS was almost identical to that
seen between all pairs except H2-HSE (Fig. 4). HSS cells, unlike HSN,
HSE, dCH and vCH cells, do not receive direct input from H2 (ref. 30);
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thus the amount of current passed between H2 and HSS gives an
estimate of the strength of the indirect coupling. This suggests that the
electrical connection between H2 and all but the HSE cell is probably
not direct but uses the extensive electrical coupling that exists among
the HS and CH cells within the lobula plate25,36. With regards to the
EPSP dynamics, the faster dynamics of the EPSPs seen in HSE cells, as
compared to those seen in the CH cells, suggests that the synapses are of
different types: namely, electrical and chemical, respectively. Although,
the differences between HSE and the CH cells may be due to the
different active properties of these cells29,38, our experiments suggest
that each cell class makes a different type of synaptic contact with H2.
The smaller EPSPs seen in the HSN cell cannot be explained by
different active membrane properties and imply either weak or indirect
contact with the H2 cell. The differences between the EPSPs driven by
H2 in HSE and HSN have been noted previously, and it has been
suggested that a difference in strength is due to a difference in the
effectiveness of the contact rather than a difference in synaptic type or
network connectivity29. Anatomical evidence shows that chemical
synapses are located on the protocerebral processes of HS and CH
cells35,41. However, it is not known from which cells these inputs
originate. The electrophysiological evidence presented here suggests
that both CH cells receive EPSPs via chemical synapses. The similar
time course of the HSN and CH cell EPSPs suggests that they may also
be chemical in nature. However, it is likely that the EPSPs seen in HSE
are transmitted via gap junctions, which would account for their fast
time course.
The strength of the electrical coupling between H2 and HSE is hard
to determine. Current injections into the HSE of –10 nA should result
in a hyperpolarization of between –30 mVand –40 mV. In our study, an
injection of this magnitude produced a membrane deflection of about
–3 mV in the H2 cell, only 10% of the deflection in HSE. This is similar
to the attenuation seen during comparable experiments between axoaxonal electrically coupled vertical-system cells27. However, a comparison of the graded responses of the H2 and HSE cells to monocular
stimulation that was ipsilateral for the HSE and contralateral for H2
suggests that less attenuation occurs under these conditions (Fig. 3).
Here, the HSE responded with 6 mV depolarization, whereas the H2
depolarized by 2 mV, 33% of the response seen in the HSE cell.
However, it remains an open question as to how the different
geometries and active properties of each cell affect both the attenuation
and the symmetry of signal transfer.
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One of the primary properties of gap junction–mediated electrical
synapses is their characteristic bidirectionality, which promotes coordinated neural activity. However, the strength and directionality of
electrical transmission depend not just on the conductance of the gap
junction but also on the electrical and geometrical properties of the
coupled cells. A theoretical study has demonstrated that two electrically
coupled passive cables will produce maximal signal transfer when the
ratio of their diameters is of a specific value42. This is true for both
steady-state signals and action potentials, and occurs at a similar value
for frequencies of up to 200 spikes per s (ref. 42). The ratio of cable
widths is optimal when the diameter of the postsynaptic cable is less
than that of the presynaptic cable, producing an asymmetric signal
transfer42. This anatomical difference is present in the H2-HSE
coupling: the HSE axon is thicker than the H2 axon, putatively favoring
current transfer into the H2. However, from the current-injection
experiments it is difficult to predict how the active properties of the
individual cells affect the directionality of the signal transfer (Fig. 4).
Behavioral relevance
In free flight, blowflies shift their gaze by making saccadic turns of body
and head43–45. As a result, blur in the visual system is substantially
reduced. This active viewing strategy leads to a separation in the image
flow resulting from rotational and forward-translational movements. It
has been proposed that between saccades, the translational optic flow
patterns allow the fly to determine the spatial layout of its surroundings18,19. The response of H1, a cell with response properties and
synaptic connections similar to those of H2 (refs. 15–17), to naturalistic
optic flow is dominated by its response during the saccadic turns; it
remains almost silent during forward translation19. It has been proposed that during saccades, H1 acts as a saccadic suppressor for cells
involved in figure-ground detection. In contrast, its intersaccadic
response suggests that it is involved in increasing the ability of HSE
to discriminate different translational optic flow patterns18,19. As H2,
like H1, is excited by back-to-front motion in front of the ipsilateral
eye, we expect that its response to naturalistic optic flow is also
dominated by its response during saccadic turns and is suppressed
during forward flight. Moreover, as H2 provides excitatory input to the
same cells as H1 (Fig. 1), it may have similar roles. However, the
locations of H2 output synapses are different from those of H1, and,
unlike H1, H2 shows strong flow field selectivity. Additionally, whereas
the H1 is an interneuron that connects the two lobula plates, H2 may
make additional connections to descending neurons and thus provide
direct output from the lobula plate.
What are the relevant behavioral situations that take advantage of the
H2 flow field–tuning? One obvious situation arises when the fly is
directed off-course by gusts of wind. Given a flying speed of about
2 m s–1 relative to air, a gust of wind at a speed of 10 km h–1 (2.8 m s–1)
would result in the fly moving backward relative to its environment,
resulting in a contracting optic flow field. Clearly a fly needs to
distinguish this situation from one where it is blown sideways.
Owing to the specific coupling of H2 and HSE, the vertical extent in
which H2 is flow field–selective is restricted, such that H2 is tuned to
distinguish between movements in the horizontal plane (Fig. 2). This is
highlighted by the fact that the vertical extent of H2’s flow field
selectivity matches the motion sensitivity distribution within the
ipsilateral receptive fields of both HSE and H2 (Fig. 2c and
refs. 15,30). The vertical extent of both H2 and HSE’s ipsilateral
receptive field, therefore, renders H2 ideally suited to distinguish
between backward and sideways movements. Furthermore, given that
the joint response of a subset of LPTCs can provide unambiguous
information about the rotational and translational components of a
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blowfly’s self-motion46, adding the response of H2 will improve the
ability of downstream circuitry to use the activity of lobula plate cells to
extract a blowfly’s flight path and the spatial layout of its surroundings.
METHODS
Animal preparation. Female 4- to 9-d-old blowflies (Calliphora vicina) were
prepared for recordings as described previously47. To summarize, each fly was
briefly anesthetized with CO2 and mounted ventral side up with wax on a small
plate of glass. The head capsule was opened from behind to gain access to the
lobula plate, and filled with Ringer’s solution.
Electrophysiology. For data analysis, the output signals of the amplifiers (NPISEL10 for intracellular recordings, threshold device for extracellular recordings)
were fed to a PIII PC via a 12-bit A/D converter (DAS-1602/12, Computerboards) and stored to a hard disc. The data presented in Figures 2a and 6 were
recorded at 1 kHz, whereas those in Figures 2b–f,3,4,5 and 7 were recorded at
5 kHz. Glass electrodes were pulled on a Brown-Flaming micropipette puller
(P-97) using thin-wall glass capillaries with an outer diameter of 1 mm (Science
Products). For the ablation experiments, the tip of each electrode was filled
with 6-carboxy-flourescein (Fluorescein, Molecular Probes). The shaft of the
electrode was filled with 2 M potassium acetate and 0.5 M KCl. Electrodes had
resistances of 15–20 MO. All recordings were made in the main thick branches
of the neurons. Two SEL10 amplifiers (Npi Electronics) operating in the bridge
mode were used for the double intracellular recordings. One electrode was filled
with the green fluorescent dye Alexa 488, the other with the red fluorescent dye
Alexa 568 (both Molecular Probes). The recordings were made from the axons
of the tangential cells and from the axon close to the terminal region of H2.
Standard extracellular tungsten electrodes with an impedance of about 1 MO
were used to record the activity of H2 cells. Extracellular signals were amplified,
band-pass filtered and subsequently processed by a threshold device delivering
a 100-mV pulse of 1 ms duration as each spike was detected (Max-PlanckInstitute). Electrodes were positioned in the protocerebrum near the axonal
end of the H2 cell, where it provides synaptic input to contralateral HS and
CH cells.
Photoablation. The selective ablation of single neurons was performed by laser
illumination of the lobula plate with a 15–30 mW blue (488 nm) laser (Spectra
Physics, 163-E11) for 90–120 s. The cell to be ablated was filled with a saturated
solution of Fluorescein in 1 M potassium acetate (–2 nA to –10 nA; 1–15 min),
while H2 was recorded extracellularly. This allowed for the selective ablation of
the Fluorescein-filled neuron. This procedure was first developed for single-cell
ablation in the lobster48.
Visual stimulation. Visual stimuli were generated on Tektronix 608 monitors
by an image synthesizer (Picasso, Innisfree). The spatial pattern consisted of a
one-dimensional grating displayed at a frame rate of 200 Hz. The specific
stimulus field properties for the different experiments are described below.
To obtain the data in Figures 2a and 6, we used two stimulation monitors,
one stimulating the ipsilateral eye and the other the contralateral eye. The
center of each screen was positioned 8 cm away from the fly’s eye, at 551 to the
left and the right of the fly’s midline along the azimuth. The screens had a
horizontal angular extent of 641 and a vertical extent of 781. The pattern
consisted of a square wave grating with a spatial wavelength of 211. The pattern
was moved a constant velocity for 2 s at a temporal frequency of 1.6 Hz. The
patterns had a contrast of either 95% or 5%. The mean luminance of the
pattern was 12 cd m–2.
For the recording data shown in Figure 3, we again used two stimulating
monitors, one for each eye. The monitors were centered 361 to the left and right
of the midline and extended from 12.21 to 59.81 horizontally and –281 to +281
vertically. The pattern had a spatial wavelength of 161 and moved at a temporal
frequency of 3.6 Hz. The mean luminance of the pattern was 12 cd m–2.
In the experiments of Figures 2b–f and 7, we again used one stimulating
monitor for each eye. The screens were located 551 to the left and the right of
the midline along the azimuth and had a horizontal angular extent of 641 and a
vertical extent of 781. The stimuli on the left screen remained the same
throughout and the visual pattern covered the whole screen. For the recording
data in Figure 7a–c and the first series (filled symbols) in Figure 7d–i, the
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stimuli on the right monitor had a vertical extent of 261 and were presented at
positions that were centered at elevations of –451, –251 and –21. In the second
series (open symbols) in Figure 7d–i, the stimuli had a vertical extent of 251
and were presented at elevations of 21, 251 and 451.
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Calculating neural responses. Data analysis was performed offline using
custom-built software written in either Delphi or Matlab. Graded neural
responses were calculated by taking an average of the membrane potential
during the stimulus, which was a one-dimensional grating or a current
injection, minus the baseline membrane potential. The spiking response of
H2 to stimuli of constant velocity was calculated by counting the average
number of spikes present during the stimulus and then dividing by the
duration of the stimulus.
Calculation of EPSP time constants. EPSPs were detected in intracellular
recordings by applying a threshold operation to the derivative of the raw traces.
The STA was calculated by averaging a 50-ms-long window of the spiking
activity of an intracellularly recorded tangential cell, triggered by spikes of the
simultaneously recorded H2 cell. Time constants of the STA EPSPs were
calculated by fitting an exponential decay. Time 0 was taken as the peak of
the averaged EPSP.
Simulations. Simulations were carried out in NEURON (ref. 49). The network
consisted of eight cells: two each of HS, CH, H1 and H2. Each model cell was a
long cylinder that consisted of ten isopotential compartments. The geometry of
each cell approximated the real axonal geometry in length and diameter. The
HS and CH cells were 250 mm in total length, and 15 mm and 20 mm,
respectively, in diameter29,31,37. The H1 and H2 cells were 500 mm and 1,000 mm,
respectively, in total length and 5 mm in diameter. For measurements or current
injections, electrodes were placed in the axons of the model cells in positions
that approximated their positions during experiments. To keep the model
relatively simple, the model cells did not have the large dendritic trees of the
real cells. Simulated visual stimulus was supplied via current injection through
a model electrode in the most lateral compartments.
Model calibration. We calibrated the model parameters to a data set derived
from single- and dual-cell recordings16,25,33,36–38. The axonal dimensions and
passive membrane properties were adjusted such that the input resistance
during axonal current injections was 3.5–4.5 MO for HS and CH cells, and
10–20 MO for H2 and H1 cells. The standard NEURON active HodgkinHuxley currents were added uniformly to H1 and H2 cells. In addition, noise
was injected into each compartment with a standard deviation, and the time
course was chosen such that H2 and H1 cells would have the appropriate
spontaneous firing rates (H1, 10–20 spikes per s; H2, 0–5 spikes per s).
Connection properties. Electrical synapses were two-sided point processes
programmed in NMODL (ref. 50). They were driven by the voltage gradient
between two connected compartments with a particular conductance. HS and
CH cells in the same hemisphere were connected electrically through their most
lateral compartments, with a conductance of 40 nS. HS and H2 cells on
opposite sides were electrically coupled through their most medial compartments, with a conductance of 40 nS. The CH cell received excitatory input from
H1 and H2 cells in the opposite hemisphere. These synapses used simple
exponential current injections triggered by spike events in the input cells,
programmed using the ExpSyn function of NEURON (ref. 50). The exponential synapses had a reversal potential of 0 mV, a decay time constant of 0.3 ms
and a peak conductance of 0.1 mS. The weight of the H1 synapse onto the most
lateral compartment of the CH cell was 0.4, and that of the H2 synapse onto the
most medial compartment of the CH cell was 0.2, as defined using the NetCon
function of NEURON (ref. 50).
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